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ABSTRACT

HYDROGEL BASED MATERIAL DESIGN USING
ARTIFICIAL INTELLIGENCE APPROACH

Diabetes is a chronic diseabat occurs as a result of the pancreas not producing enough
insulin or not using it properly. Existing traditioregplicationsused to deliver insulin to

the body can cause allergic reactions, infections and pain in the patient and complicate
the patiends living conditions.Therefore, the main aim of this thesis is to develop
biocompatible superabsorbent hydrogel films that allow controlled and regular insulin
loading and can be used in diabetes treatment by using a deep lws@agartificial

intelligence approach.

In the scope of thighesis, biocompatible superabsorbent hydrogel films containing
carboxymethyl cellulose (CMC) crosslinked with citric acid (CA) and modified with
polyethylene glycol (PEG) were developed. Hydrogel films were preparedoat
temperature using an environmentally friendly process. The effect of the degree of
crosslinking on the morphological and physicochemical properties of the final product
for the developed films was investigated by changing the weight percentage®BfGhe

and CA components in the hydrogels. The results showed that superabsorbent hydrogels
(SAP) with swelling degrees of 100% to 5444% and insulin loading ratios of 10% to
100% were produced, depending on the weight percentages of CA and PEG.

The weight pecentages and experimental parameters of the synthesized hydrogel
compositions were optimized to obtain the best results in swelling and insulin recovery
tests. A new artificial neural network (ANN) model was developed to realize the
optimization processlhe focus is on the significant improvements this approach offers
and it is intended to show how experimental modeling and design can be combined to
improve understanding of new material systems. Based on the evaluation results of the
proposed model (R= 0.9368), the proposed simple strategy to produce superabsorbent
hydrogels is expected to accelerate progress in materials science.
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1. INTRODUCTION

Diabetes is a chronic disease that results from the pancreas not producing enough insulin
or not using it properly. According to the World Health Organization report, 48% of
deaths in 2019 were diabetedated and occurred before agg¥0 Insulin, an important
anabolic hormone in the body, has an important effect on the transport and storage of
gucee and i s s -edlyottheeigslets bfyLangetans ib the panci@as
Organs and tissues that function with the action of insulin in the body cause
hyperglycemia in isulin deficiency, and so severe damage occurs throughout the body,
especially to blood vessels and the nervous system. On the other hand, excess insulin in
the body causes hypoglycemia and other undesirable side effects such as blood pressure
increases andizzinesq3]. Current approaches to insulin therapy in diabetes essentially
consist of treatments in which insulin is injected exogenously 2 to 4 times via a
subcutaneous needle syringe, insulin pen, or catheter connected to insulin pumps.
However, these traditionalrgctices are not considered appropriate because they can
cause allergic reactions, infections, and pain in the patient and complicate the patient's
living conditions[4]. As a result, research has focused on the development of new
technologies for insulin delivery, such as the administration of insulin via noninvasive
alternative routes. In this sense, the controlled delivery of insulin to the body through the
skin is considered one of the most important alternatives. This is because transdermal
insulin delivery is considered an alternative to other injection treatments that can cause
infections and allergies. However, the permeability of skin cells must be incrheased
insulin delivery through skin cells. Because thel50mm thick stratum corneum tissue

at the outermost part of the skin is considered the most critical barrier for the infusion of

insulin.

On the other hand, hydrogels are an attractive materiasfuret engineering due to their
biocompatible structure, which resembles the extracellular matrix (ECM) of tissues, and
represents promising candidates for such biomedical applicdipridesidethese, the

large pore structure, degradability and structural simplicity of hydrogels are other
advantages of using hydrog¢6. Hydrogels can also be developed as topical dosage
forms for sustained and controlled delivery of insulin through the skin because they can

store large amounts of water and exhibit occlusive behamipr These three



dimensionally crosslinkedinear, hydrophilic or branched polymers, also known as a new
class of hydrogels refied to as superabsorbent hydrogels (or SAP), can have a water
content of 30% by weight, depending on the type of materials used in the syriBesis

9]. Therefore, these swollen polymers developed for a topical application not only
distribute insulin but also hydrate the stratum corneum very well and provide a cooling
effect in the eea of application.

The delivery of insulin through biological membranes is different for hydrogels made of
natural or synthetic materialgl0]. Biomaterials made from natural polymers are
attracting increasing attention because of their biodegradability and biocompatibility. In
recent years, hydrogels based on natural polymers have become a promisireg foa
various biotechnological applications such as microencapsulation and tissue engineering
[11]. Among natural polymers, cellulose and its derivatives, which are abundant in nature,
are among the preferred naturala@xes for the preparation of hydrogels in many
biotechnological fields, especially in wound treatment, drug delivery, and tissue
engineering8, 12].

However, cellulose cannot be used in its natural form for hydrogel synthesis like other
polymers because of its rich hydroxyl groups. The preparation of cellulose hydrogels
requires the assistance of varioclsemical reactions, such as crosslinking. These
crosslinked hydrogels do not lose their excellent ability to absorb liquids because they
retain their proper shape due to hydrogen bonding, ionic interactions, and Vander Waals
interactions 10]. However, therosslinked hydrogels, often preferred for their structural
strength and biocompatibility, have disadvantages due to the low solubility of polymer
precursors such as cellulose in water and the risk of unreacted chemical crosdinkers
13, 14] On the other hand, carboxymethylcellulose (CMC) is a cellulose deawaititr

many hydroxyl {OH) and carboxylate COO-) groups in the cellulose backbone and is
preferred in hydrogels for various applications such as tissue engineering, drug delivery
and wound dressind45, 16] Therefore, many studies envision the use of chemically
modified cellulose derivatives such as CMC and biocompatible, environmentally friendly

crosslinkers (@., citric acid) to overcome the above limitatighg, 17, 18]

In addition, polymers such as polyethylene glycol (PEG) have been used in many studies
with CMC systems as effective and netwdokming agents to improve the properties of



hydrogels. PE@ a polyether approved by the U.S. Food and Drug Administration (FDA)
and classified as nontoxic, soluble in water and many organic solvents. Therefore, it is
often preferred in biomedical research, such as drug delivery and surface

functionalization, etd19].

In this study, citric acid was used as a-toxic crosslinking agent for the preparation of
carboxymethyl cellulose (CMGC)polyethylene glycol (PEG) hydrogel films. The main
objectives of the study are important fao reasons. One is to create an environmentally
friendly synthesis of carboxymethylcellulebasedsuperhydrogels and to determine
their suitability for high insulin loading. Another main objective is to use artificial neural
networks (ANN) to model thiesulin loading of the synthesized biocompatible hydrogels.



2. LITERATURE

2.1.Diabetes

Diabetes mellitus (DM) is a set of metabolic disorders characterized by hyperglycemia
and caused mainly by a deficiency in insulin production or secrg@@nDiabetes has
come one of the most serious and common habitual conditions of our time, causing life
changing , disabling and expensive complications and reducing life expe{2dfiorhe

global frequency of diabetes has reached epidemic proportions, with ¢itidn of the

IDF reporting a frequency of 9% (463 million growps) in 2019.The increasing
prevalence of diabetes is primarily attributed to the ageing of the population. However,
the decline in diabetic mortality rates due to improved medical care and the increase in
diabetes incidence in some countries due to the increasing earegabf diabetes risk

factors, particularly obesity, are also important factors in the higher prevfn@3]

Diabetes mellitus is a collection of metabolic diseasesacterizedy hyperglycemia
because ofnsulin action andinsulin production Diabetes mellits can cause thirst,
polyuria, blurred eyesight, and weight loss, among other symptoms. In the most severe
cases, ketoacidosis or a Rkenotichyperosmolar state can develop, leading to stupor,
coma, and, in the absence of adequate treatment, death. 8sgaytoms are often mild

or nonexistent, hyperglycemia severe enough to cause pathologic and functional
abnormalities might go undetected for a long period before a diagnosis is obtained.
Diabetes mellitus, cause lotgrm problems such as blindness, lagrfailure, joint
autonomic dysfunction and sexual dysfunction. People with diabetes have a higher risk
of developing heaitelated diseases such as cardiovascular, peripheral vascular, and
cerebrovascular. Various pathogenetic processes play a role idetteébopment of
diabetes. It includes processes that destroy pancreatic beta cells, leading to insulin
deficiency and causing resistance to the action of insulin. Abnormalities in carbohydrate,

fat, and protein metabolism result from insensitivity or deficy of insulin[24, 25]
2.1.1. Types ofDiabetes

People with diabetes have high blood sugar levels. The reason for the high blood sugar
level: the pancreas cannot produce insulin, or the insulin that is produced cannot be

produced in sufficient quantity and used effectively. The most common forms efeliab



are as follows.

1 Type 1 diabetes (10%), an autoimmune disease.
1 Type 2 diabetes (90%), which is associated with obesity
1 Gestationadiabetes, dorm of diabetes that occurs during pregnaj2g}.

Healthy
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Figure 2.1. Healthypancreas and pancreas in type 1 and type 2 digjl2éles

2.1.1.1. Type 1 Diabetes

Type 1 diabetes is insulin dependent. It is a form of diabetes caused by a lack or absence
of the hormone insulin secreted by the pancreas. It is caused by the destaicti
pancreatic beta cells due to genegayvironmental,and immunological causes. The
etiology of type 1 diabetes is unknown. However, type 1 diabetes is known to be triggered
by an event such as viral infection, stress, or trauma in individuals wieoahgenetic
susceptibility to the disease. In people with a genetic predisposition, the pancreatic beta
cells that produce insulin completely disappear after an autoimmune process. Since no
insulin hormone can be produced when the beta cells die, pedpléype 1 diabetes

have no insulin. What are the consequences of untreated, neglected and uncontrolled type



1 diabetes Since there is an insulin deficiency, the only solution is intensive insulin
therapy[27, 28]

2.1.1.2. Type 2 Diabetes

The most common form of diabetes is type 2, with type 2 diabetes accounting for 90% of
all diabetes cases. Two main factors contribute to the development of type 2 diabetes:
impaired insulinsecretion and insulin resistance in the body. In most cases, there are no
symptoms of diabetes, so the diagnosis is made by chance. It is more common in adults

over 45 years of age who are overwei@].
2.1.1.3. Gestational DiabetesM ellitus (GDM)

Gedgational diabetes, definegis glucose tolerance first detected during pregnaiscy
becoming more widely recognized with the rise in the economy and standard of living
[30]. Gestational diabeteis a pregnancy complication in which the maternal pancreas
cannot compensate for the increase in insulin resistance during pregnancy due to maternal
subclinical beta cell dysfunction. This complication affects586 of pregnant women

[31].

Gestational diabetes is the most common type of diabetes. Abnormal blood glucose levels
in pregnant women with gestational diabetes puts both the mother and her children at
higher risk for numerous health problen®&DM is associated with an increased risk of
many health complication&DM is a rise in blood glucose levels defined at an average

of 16 weeks ofjestationWithin 6 years of diagnosis of GDM, both mother and chitd ar

at risk of developing type 2 diabetes (T2D) and obg3Ry 33]

2.2.Insulin

Insulin is a protein consisting of 51 amino acids. As shown irFifpere 2.2, insulin
consists of 2 polypeptide chains. The A chain consists of 21 amino acids and the B chain
consists of 31 amino acids. The A and B chainscarmected by disulfide bridges. In
addition, the A chain contains a disulfide bridge within the chain connecting 6 B4l 11

35].
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Figure 2.2. The structure of insulif36].
I nsulin is a pepti deelshfdhe paoaneatic isletsc It factitateas by t |

the absorption of glucose into the body's cells. Its main function is to maintain glucose
levels in the blood. It also promotes cell gtbviby regulating carbohydrate, lipid and
protein metabolisni36].

The structure of insulin varies due to the small differences between animal species,
although porcine insulin, with only a single amino acid unit, is structurally most
comparable to human insulin. The efficiency oftigulatory effect of insulin on glucose

metabolism varies from person to per$dn).
2.2.1. The History of Insulin

Insulin moleculamweightis 5.8 kilodaltons (kDa)lnsulin is derived from the Latin word
finsulad meaningfisland® and is released by the islets of Langerhans, the hormonal

secretion units of thpancrea$38].

In 1869, Paul Langerhans, a medical studiefgerlin, discovered previously unknown
clusters of cells that had proliferated in the exocrine tissue of the pancreas during
microscopic examination of the anatomy of the pancreas. After some time, Eduard
Laguesse postulated that these cells, lateeddislets of Langerhans,” whose activity
was unclear at the time, possibly secreted a digestive[#8]d

In 1889, PolishGerman physician Oscar Minkowski, in research with Joseph von

Mehring, removed the pancreas of a healthy dog to illustrate the presumed involvement



of the pancreas in digestion. Minkow&kizookeeper saw flies in the dog's urine a few
dayslater, and when the dog's urine was examined, it was found to contain sugar. This
was the first discovery of a link between the pancreas and diabetes. Another significant
advance was made in 1901 when Eugene Opie clearly statéthe etiologyof diabees
consists in the elimination of the islets of Langerhans and that it develops exclusively by
the partial or complete death of these isldits 1923, the Nobel Prize Committee saw fit

to award a team from the University of Toronto for the discoveryusfedul method of

obtaining insulin. The insulin patent is sold to the University of Toronto f¢8&139]
2.2.2. Insulin Treatment for Diabetes

Insulin is not only the master regulator of glucose uptake but is also involved in fat and
protein metabolism in conjunction with carbohydrate metabolism, and fluctuations in
insulin concentration in the blood have-faaching consequences throughoutkbdy.

Type 1 diabetes (hyperglycemia) is caused by a total deficiency of this hormone, while
type 2 diabetes is caused by a relative deficiency, insulin resistance, or a combination of
both (hypoglycemia). In this context, industrially produced insulused as a therapy in

patients with type 1 and type 2 diabetes when other drugssarfficient[40].

Insulin is usually administered subcutaneously, or in some special cases intramuscularly,
intravenously, or ntraperitoneally. Insulin injections are given with a conventional
injector, an insulin pen, a jet injector, a syringe needle, and an insulin pump. Insulin is
absorbed most rapidly in the abdominal region and last in the thigh region. Despite all the
advartes, insulin therapy today is still far from being physiological. Insulin pumps that
allow subcutaneous insulin infusion (SCIl) are expensive to use and are used in many

centers and can provide more intensive metabolic cddttgl
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Figure 2.3. Insulininjection siteq41].

Insulin entered the history of DM as a {gaving agent after its introduction in the 1920s.
Insulin therapy is a lifesaving treatment for this disease. The life expectancy of people
with type ldiabeteswhich wasvery short before the discovery of insulin, has lengthened
significantly in the last 50 years due to the discovery of insulin and technological

innovations. The incidence of complications has decreased signifig&2ily

The first insulin preparations used for treatment were pancreatic extracts obtained from
the animal pancreas. In later years, it became possible to isolate insulin from bovine and
porcine pancreas. These natural insulin preparations had a very shbféh8libsequent
technological developments focused on finding methods that would extend ttigehalf

of insulin[43].

Without a doubt, the greatest advance in insulin technology is that with the development
of recombinant technology, human insulin could be obtained iméys Human insulin
has many advantages over the insulins used in the past. The possibility of a drug reaction

or the development of antibodies to human insulin is extremely4éjv



2.3. Hydrogel

Hydrogels are thredimensional polymer networks that swell greatly upon contact with
water. Hydrogels with a high degree of flexibility are made from natural or synthetic
materials. Undephysiological conditions, they are able to absorb large amounts of water
or biologicalfluids. Hydrogelscan swell and shrink significantly as the amount ofewat

in the polymer network varies, which can happen in response to a variety of stimuli
including temperature, light, pH, ionic strength, and others. Drug delivery, form change,
shape memory, soft actuators, sensors, artificial muscles, soft roboticsissunel t
engineering are all possible applicatioMany hydrogels are synthetic, but some are
derived from natur@5-47].

The term "hydrogel" was first used in a paper published in 1894. The material eééscrib
there was a colloidal gel of inorganic salts, not a hydrogel in the contemporary sense.
Wichterle and Lim published the first study on the usage of hydrogels in the biological
sector in 1960. Th@umberof studies on hydrogels for biomedical applicatidmas
expanded since then, particularly in the 1970s. Over time, the aims and the number of

materials changed and expand8, 49]

Hydrogels do not disintegrate during swelling because their structure is crosslinked. To
initiate chemical crosslinking, a low molecular weight sfiv&ing agent must be added

to the reaction mixture in addition to a polymer. In the absence of crosslinking points,
hydrophilic linear polymer chains dissolve in water due to thermodynamic compatibility
between the polymer chain and water. However, énpttesence of crosslinking points,

the dissolution is balanced by the retraction force of the flexibility of the crosslinking
points in the network. When these forces are balanced, swelling reaches equjsblium

The hydrogelshave of hydrophilic groups such asNHz, -COOH, -OH, -CONH;, -
CONH- and-SGOsH [51]. Chemical and physical creBeking points maintain the three

dimensional network structure of hydrogels in the swollen §&ie
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2.3.1. Classification of Hydrogel

Hydrogels are classified based on their physacaperties, response, preparation, ionic

charge, source, degradability and crosslinkbg].

HYDROGELS
Crozslinking Degradibility Source Iome Charge Preparation Phﬂi’c?" Rezponse
P Properties
= Phrysically - Biodezradable = Matural = Cationic = Copolymeric » Smart + Cheraically
Croaclinking - Man-  Symthetic + Anianic * Homopalymeric * Convantional | | » Biochemiraly
* Chemically biodezradable » Hyhrid * Non-ignic * Interpenstratin o Phvsically
Crosslinidng y netoark ysrcally

Figure 2.4. Classification of hydrogeldepending owariousparameterfs3].

2.3.1.1. Based onSources
2.3.1.1.1. Natural Hydrogels

Collagen, gelatin, and other natural polymers are derived from natural sources. Because
natural polymer gels are abundant in most animals and plants, natural hydrogels are one
of the most promising biomaterials for tissue engineering applications. Preteinas
gelatin,collagenand polysaccharides such as hyaluronic acid (HA), alginateh@odan

are the two main forms of natural polymers utilized to make natural hydrogels. They are
biodegradable, cheap, economicafe,and free from side effectslowever, they are
microbially contaminated, vary from batch to batch, have uncontrolled hydration rate,
and are contaminated with heavy metals. In addition, their production rate depends on the
environment and many other factors and cannot be changedt8al polymers have a

slow production rat§s3-58].

2.3.1.1.2. Synthetic hydrogels

Synthetic hydrogels are crosslinked polymers made in a lab using an additional process
or ring-opening polymerization. The backhkmfor the manufacture of synthetic hydrogels
is commonly polyacrylic acid and its derivatives, polyvinyl alcohol, and so on. They have

the benefit of being easily manufactured and chemically manipulated in the lab.

11



Mechanical characteristics and other dese features can be designed into synthetic
polymer hydrogels, but they are not as bioactive as natural hydibgdet9, 60]

2.3.1.2. Based onCrosslinking

Hydrogels are formed mainly by the method of crosslinking stable polymer networks.
Among thevarious crosslinking methods, the physical crosslinking method and the
chemical crosslinking method are the two main mettiets

2.3.1.2.1. Physically Crosslinked Hydrogels

Physically crosslinked hydrogels are generally formed by intermolecular interactions
such as crystallization/stereo complexation, ionic/electrostatic interaction, hydrogen
bonding, hydrophobic/hydrophilic interactions, polymerized entanglement, metal
coordind i o n ,-"-stackidg. The obvious advantage of physical crosslinking is that it
has no potential cytotoxicity from unreacted chemical crosslinkers due to the absence of
chemical crosslinking agents. Therefore, they are biomedically safe. In addition,
physically crosslinked hydrogels have properties such ashealing at room
temperature. Therefore, hydrogels can be developed for the delivery of therapeutic
moleculed62-64].

Figure 2.5. Physicallycrosslinking strategies for hydrogel constructjé4].
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2.3.1.2.2. Chemically Crosslinked hydrogels

Chemical hydrogels are generated with molecules are chemically crosslinked, and this
crosslinking is irreversible. Chemically crosslinked hydrogels usually form covalent
bonds between polymer chains, and most of their ba@ndsstrong and permanent
compared to those of physically crosslinked hydrogels. Chemically crosslinked hydrogels
absorb water and/or bioactive molecules without dissolving them, allowing medications
to be released by diffusion. Compared vakiemicallycrosslinked hydrogelghysically
crosslinked hydrogels generally have adjustable degradation behavior and improved

stability and excellent mechanical properties under physiological condfiéns5]

Polymer chain A oindioract

Polymer chain C

Figure 2.6. Chemicallycrosslinked hydroggb5].

2.3.1.3. Smart Hydrogels

Smart hydrogels can change their structural and volumetric phase in response to external
stimuli, which opensa world of possibilities for scientific research and advanced
multidimensional technological applications. The active ingredient is releasqudal ty
therapeutic systems consisting of hydrogels through shrinkage or swelling of the material,
diffusion, and matrix disintegration. A stimuksponsive hydrogel is defined as a matrix

that can vary its properties in response to external conditionsasuemperature, pH, or
magnetic field. Parameters such as the ability to absorb water or physiological fluid, the
structure of the matrix, or the solubility can vdmgcause ofhese factors, and a phase

transition between sol and gel can also of66+69].
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2.4. Carboxymethylcellulose (CMC)

Cellulose isa carbohydrate polymer abundant on earth. ftastoxic, biocompatible,
inexpensive and biodegradable. Cellulose and its derivatives have a large number of
hydroxyl groups as they are used to make hydrop&$ Carboxymethylcellulose
(CMC) is a member of the cellulose derivative family. It is the reaction product of
monochloroacetic acid on alkali cellulose and is generally marketed as a sodium salt in
the form of a white, granular, odorless, and tasteless powder. This salt is readily soluble
or dispersible in water or alkaline solutions, forming highly viscous solutions that are
useful for their thickening, suspending, and stabilizing properties; in addition, these
solutions can be evaporated to form tough fil@arboxymethyiCellulose (CMC) is a
watersoluble polyanionic cellulose derivative widely used in biomedical and

pharmaceutical fieldg/1].

H OCH;CO0Ma

CMC

Figure 2.7. Chemicalstructure of CM(71].
Carboxymethylcellulose (CMC), first produced in 1918 and commercially produced in
Germany as early as the early 1920s, remains the most important ionic cellulose product
today.Largescale production of CMC is carried owctusively by slurry process, i.e.,
by reacting alkali cellulose swollen in aqueous NaOMC is biodegraded in nature and
biological wastewater treatment plants by aerobic and anaerobic microorganisms. After
initial hydrolysis by extracellular enzymes,ethresulting products are degraded by
cellulolytic and norcellulolytic microorganisms. The biodegradation rate of CMC is
inversely proportional to the degree of substitut®amearticleshave recommended it

for wound healinginfection managememtndord delivery systenj72-76].
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2.4.1. Carboxymethylcellulose(CMC) Hydrogels

CMC crosslinked hydrogels are very absorbent and have good physical and dynamic
viscoelastic characteristics. CMI@y/drogel is a possible choice for wound dressings
because to its unique features. Becaus€NI&, being an amylose with several hydroxyl

and carboxyl groups, can absorb water and moisture, the hydrogel formed from it has a
high-water content, good biodegiability, and a wide range of leeost sources. As a
result, NaCMC can be successfully employed in agriculture and forestry. Because CMC
is derived from plants, it is less likely to elicit an immunological reaction, which is a
significant advantage overatural fillers derived from animals, such as collagen.
Disruption of chemically crosslinked CMC networks, on the other hand, causes
irreversible damage to polymer networks, and the chemical compounds involved are
typically hazardous. Although some studiesus on the physical crosslinking of CMC

chains with organic acids, hydrog&ésechanical performance is lackifif, 7780].

The unique properties of CMC are widely used as thickeners, suspending agents,
stabilizers, binders, and filnformers. CMC hydrogels exhibit excellent swelling

properties and viscodynamic elastidii].
2.5. PolyethyleneGlycol (PEG)

PEGs are also known as Macrogols. It's agiblgr made up of ethylene glycol units that

are repeated. The CAS (Chemical Abstracts Society) numbers for polyethylene oxide and
PEG are the same. They do, however, differ in terms of molecular weight (M\&).
anionic polymerization of ethylene oxide Wwiny hydroxyl initiator can be used to make
PEG. Water, ethylene glycol, or any diols can all have a hydroxyl group-dRemgng
polymerization can also be used to make them from epoxyethane. As a result, commercial
PEGs with various degrees of polymatipn and activated functional groups are

available[82, 83] PEG is watessoluble, biocompatible and neammunogenid84].

Iﬂ"‘“r‘/"\{n/i\fi'uv:x"oq

PEG

Figure 2.8. Chemicalstructure of PEG84].
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Polyethylene glycol (PEG) derivatives have proven beneficial in a range of chemical and
biological applications. Peptide synthesis, phase transfer catalysis, pharmaceutical
modification, progin and cell purification, polymdsound reagents, and binding tests are

among the applications. Rige2.9 depicts the numerous applications of P[B&, 86]

PEG-400
PEG-5000

Chemical intermediates
Food additive
Gramlation, Lubrication
Qintment base solutions

Liguids, Cream, Lotion
Gelatin capsule
Toothpaste
Anti-fouling agent for nanocarries

Anti-fouling agent for protein
enzymes

Purely cosmetic
purposes

PEG-
32000000

Figure 2.9. Applications of PEG86].

Increasing molecular weight of
PEGs

2.5.1. PolyethyleneGlycol (PEG) Hydrogels

PEG Hydrogels are often prepared by radiatawsslinking of high molecular weight

PEG or by chemical crosslinking through reaction of hydroxyl groups at the ends of PEG.
PEG hydrogels are one of the most researched and used materials in biomedical research.
PEG hydrogels have been widely used as ica¢éidn delivery matrices and cell
transporters to aid tissue regeneration. To imitate particular degradation, PEG hydrogels
were crosdinked with either matrix metalloproteinase (MMP) or plastsémsitive

peptide sequences (NPEG or P PEG). In animalnvestigations, both sequences were
found to allow for proteolytic remodeling and subsequent regeneration of critical size
bone lesion$87-90].
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2.6.Citric Acid (CA)

Citric acid, a tricarboxylic acid (EsO7-H20), is found in the juice of citrus fruits and
pineapples and is a frequent metabolic product of plants and animals. Citric acid is
colorless, has a molecular weight of 210.14 g/mol, and is easily sotublatér. It is a
multifunctional chemical for sequestering, buffering, wetting, cleaning, and dispersing
that is biodegradable, environmentally friendly, inexpensive, and safe. Citric acid and its
salts (mostly sodium and potassium) are employed in matusinal applications for
chelation, buffering, pH control, and derivatization due to their usefulness and
environmental tolerance. Detergents, shampoos, cosmetics, increased oil recovery, and

dry cleaning are among these applicati@is94].

Hy OH H

]
HDHEHI-'-'HJ.:#EMT.’#“-

D
||l.'.l"£'-w?‘
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Citric acid

Figure 2.10. Chemicalstructure of CA[94].

2.6.1. Hydrogels Crosslinked with Citric acid

CA's three carboxyl groups and one hydroxyl group can actively participate in hydrogen
bonding with other polymer networks, improving their characteristics. Through
crosslinking processes, it is commonly employed as a polyamaitmodifier to turn OH
polymers into reactive functional polymers known as citbetged biomaterials (CBBS).
CBBs are being used in a variety of biomedical applications, including tissue engineering,
drug delivery, bioimaging, biosensing, and cancerragye This is due to its
biocompatibility, biodegradability, and good physical and mechanical qualities, which

may be customized to each application's individual ng¥&98].
2.7. Artificial Neural Network (ANN)

ANNs are weHlknown mathematical models inspired of nervous system and involve

artificial neurons onnected to each othf&#9, 100] Multi-layer structure is one of the
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most popular network structures and is usually built by modeling of operational
parameters with aid of arranged neurons in layers. A general network contains three layers
including input, hidden and output. Each of neurons can connect to all other nieurons
the neighboring layers through signal multipliers that behave like synaptic wiigijs
Artificial neurons operate as output generator for given input parameters.entord
comprehend the process occurred in the artificial neuron, the input parameters are
multiplied with their weights () and the bias valu@j) is added102].

Xl wi" Bj
Bias value
X, W s
Xy Wi E (W)ﬂ X out;
: i=1

FEL W) X; + B))

Figure 2.11. Artificial neuron
In general, the initial weight and bias values are randomly delivered to the model. The
output of neuron seen in Figur@11 is described with activetn function
(B w & 06 )that@n ke found in various forms. In this study, logarithmic
sigmoid transfer function applied as an activation function can be found as following
equation103, 104]

0B w @ O BY — ool I (2-1)

The type of multlayer network structure is generally categorized according to layer
number, topology and learning regime. The input signal is activated in the first layer with
transfer function and then transferred to thesddayer in which signals are processed.
This layer generally called as hidden layer because the process is not participated with
user. However, themformation processed in the last part of the model is shared with user

and this layer is entitled as outdayer[105].
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The feedforward neural network system was trained with the implementation of
backpropagation algorithm to reduce the mean square error between observed and
predicted output datasets. The fundamental properties aiuhigayer network are the
forward processing of the input signals and the backward propagation of the error signals
by changing the weight connections. With this algorithm, the gradient descent method
was used to quantify the weight and bias values throtige optimization. The
optimization of the synaptic weights between connected neurons is carried out by
corresponding the output parameters with suitable target values as minimizing the error
until the desired goal is achieved. Therefore, the output efddégveloped model is
continually directed to be expected target in the duration of model training. In this
progress, the calculated error signals are implemented for synaptic weight optimization.
However, the weight optimization of the hidden layer is ngoraplex due to the presence

of nonlinear functions through the netw¢tk6].

ANN relies on a network of nodepdrceptiony that are programmed with a set of

al gorithms meant t o mi famcon. Bdtause wfathis, their ma n
primary function is to analyze data for trends and produce future predifti@njs To

obtain the best possible model, it is necessary to adjust all of the hyperparameters.

Hyperparameters have a significant role in the performance of each machine learning

method. In this respect, numerous optimization techniqueseserged in the literature

[102].

To improve forecast accuracy, someone may use Bayesian optimization to find the best
hyperparameter settings. A proxy model, which is a probabilistic model of ripet ta
function, uses the Bayes Theor§l08] to find the hyperparameters that would provide
the bestpossible results. An iterative process can be used to find the value that best

characterizes the prediction effectiveness of the algofiti®.

The aim of Bayesian optimization is to choose the optimum hyperparameters that provide
the minimum error value. Assuming the space of suitable hyperparam&tand the
objective function ig to reduce validation error, the Bayesian optimizatian bestated
as[110]:

¢ AdcEN® (2.2
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wherex is any value of apacéandx’ is the collection of hyperparameters that yields the
minimum value of the target scofehe optimizations defined as a global search for the
optimal values of unknown functions (black boxes) without knowledge of their
underlying expressions or derivativg$11]. Moreover, wen compared to other
optimization strategies, such as random, grid, or manual search methods, this one proves
to be the most efficierjfil12]. Based on the outcomes of previous iterations, new values
are selected for the following cycle. Therefore, it is more efficient than random selection
in producing the best possible locati@pecifically, Bayesprinciple canbe stated as
follows [113]:

(T - — 23)

To be more precise, the posterior probability is denotgm{wiD), wherep(w)is the prior
probability, p(D) is the evidenceandp(D|w) is the likelihood The acquisition function,
which is a consequenad the surrogate model, is used to decide whiahtps optimal

for further evaluatio [113].

20



3. MATERIALS AND METHODS
3.1. Materials

Carboxymethyl cellulose (CMC) with degree of substitution (DS) is 0.65 and viscosity
2% in HO at 25°C, 523 c¢cps were purchased from
polyethylene glycol 300 (PEGOO0), average molecular weight is 2855 g/mol and
viscosity (20’3C) is 1,11-1,14 g/cm were purchased from Tekkim Kimya Sanayi

TI C.LTD. KTK. Ci t r i omolecdar deiglat mshl92dl?2 g/ma wefeC A)

purchased from Alev Kimya. Filter paper from Schleicher&Schuell and pore size of 125
mm. Deionized water (DI water) was produced daily in the laboratory

3.2. Synthesisof CMC -PEG-CA Hydrogel

Different concentrations of @C: PEG polymer solutions were prepared by adding CMC
and PEG to DI water. 100lmof DI water was transferred into a beaker and stirred at
room temperature. Firstly, the weighed amount of CMC was slowly added to the mixed
water, then PEG was added to thetore. The solution was stirred at room temperature
until complete solubilization (about 90 minutes). After complete solubilization, the
crosslinking agent CA was added to the CMC: PEG polymer solutions at various
concentrations and stirred for 30 minut8sibsequently, the solutions were poured into
glass molds (glass petri dish, diameter = 60 mm) and dried in an oven for 48 hours at 30

N A2 to remove water.

.“

Figure 3.1. CMC-PEGCA hydrogel bulkmage taken into a glass petri dish before

drying in oven
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Figure 3.2. CMC-PEGCA hydrogel film image after drying in oven

The prepared hydrogels were stored in a desiccator until analysis to prevenirenoist
absorption. The schematic diagram of the hydrogel synthesis procedure is ishown
Figure3.3.

= Ol V(= Chpowie

H-d-L0- KA

Figure 3.3. Synthesigprocedure of CMEGPEGCA hydrogel
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CMC-PEGCA hydrogel films were prepared by tbesslinking method. The chemical
structures of CMC and PEG polymers and the crosslinking agent CA are shown in Figure
3-4.

,,’ \/‘]\ PEG
HO o
HO  OH /%AN///HO OH H OH

0 .. n
.Wo o%u
: 0
HO "o ?\( HO

0-Ma O OH O

5 HO OH
cmC 0% ™ OH
CA

Figure 3.4. Chemicalstructure of CMC, PEG and CA25].

Citric acid was used as crosslinking agent to form CMEBEG hydrogel films. The
reaction mechanism for the formation of the hydrogel is shown in Figbr€BRric acid
(crosslinking agent) contains 3 hydroxyl groups. Citric acid is perforeséstification

the reactive OH growgof CMC and PEG, resulting in the formation of crosslinks. The
hydroxyl groups attached to carbon 6 in the structure of CMC and the free OH groups at
the end of PEG are very reactive and can easily participate in the esterification reaction

with citric add, forming CMGPEG hydrogels.

To achieve the formation of a hydrogel, the polymers CMC and PEG were first dissolved
in water and well dispersed in the solution. (The mixture was stirred for 90 minutes to
ensure a homogeneous dispersion). The mixing psosas then continued by adding
citric acid, a crosslinking agent, to ensure that the CMC and PEG polymers bonded
together. The carboxyl groups of the added citric acid were crosslinked with the hydroxyl
groups of CMGPEG by an esterification reaction. Hgdel films were formed by
removing the water used to dissolve and homogeneously distribute the polymers by

drying.
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Figure 3.5. Structure of CMGPEGCA hydrogel[125].

3.3. Characterization of CMC-PEG-CA Hydrogel
3.3.1. Swellingand Degradation Tests

Swelling is a characteristic feature of polymer networks. This network structure can
absorb a large amount of liquid without breaking down according to the degree of
crosslinking. Swelling is eondition that results from the interaction between the polymer
chains in the polymer solution and the solvent. For the characterization of hydrogels, one
of the most fundamental methods is the determination of swelling behavior. Equilibrium
swelling valus are very important for the characterization of hydrogels and for industrial
use. Crosslinked polymers begin to swell when the solvent enters the polymeric structure
in the appropriate solvent environment. After a certain time, the rate at which thea solve
enters the gel and the rate at which it leaves the gel equalize. This is the equilibrium state
where the maximum swelling value is reached. Hydrogels are classified according to their

water content into natural, leawelling (2050%), mediurrswelling (3-90%), high
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swelling (9099.5%) and superabsorbent (> 91%4].

The hydrogels were cut into Y®to stabilizd thel 0 mm

mass, and weighed @Mnitial mass).

Figure36.10mm I 10 mm hy defoegwellings ampl e s

Hydrogels (triplicate, n = 3) were then placed in sample pots with 10.0 mL DI water at
room temperature. After 60 min, the hydrogel was removed from the solution, carefully
wiped with filter paper to removeedundantiquid from the sampleand weighed (\&/

swollen mass).

Figure3.72.20 T 10 mm hydrogel samples after

~

The samples were then dried at 30 N 2UC un

was recorded (Wfinal mass).

The weight measurements obtained in each step of the process were used to calculate the
degree of swelling (SD) and the degree of dedgradgDD) of the hydrogels using
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equations (1) and (2), respectively, as described in the litefatlbe17].

YOP — PTT (3.1

0O 0b — pPTT (3.2

3.3.2. Physical Test

Four different analysis methods were developed to identifpltlysicalperformanceof
the synthesized hydrogels. The developed methods are as follows.

Breaking Tes{After Drying)

Curling (After Swelling Test)

Dispersion (After Swelling Test)

Moisture Feeling on the Surface (After Drying)

N =2 =2 =2 -a

3.3.2.1. Breaking Test (After Drying)

The synthesized hydrogels are removed from the oven after 48 hours of drying and
allowed to come to room temperature for 30 minutes. The hydrogel films, which come to
room temperature, are gently removed from the petri dish. It is checked by hand whether

it is broken or not.

Figure 3.8. No breaking hydrogdilms.
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Results are determined by the following.

1 0; no breaking
1 0.5; medium breaking
1 1.0; there is a breaking
3.3.2.2. Curling test (After swelling test)

For synthesized hydrogels, swelling test is performed with ionized water. Hydrogels
waiting in ionized water for 60 minutes are removed water as gently. The excess water
on the hydrogel is removed with filter paper as gently. After swelling, the hydrogels are

checked for curling. Results are determined according to the following values.

1 0-no curling
1 0.5 medium curling

1 1.0-There is curling

Figure 3.9. Samples oturling test(After swelling tesy.
3.3.2.3. Dispersion (After swelling test)

For synthesized hydrogels, swelling test is performed with ionized water. It is checked
whether the hydrogels, which are kept in ionized water for 60 minutes, are dispersed in

the water. Results are determined accordirtgedollowing values.

1 0-no dispersion
1 0.5 medium dispersion

9 1.0there is dispersion
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Figure 3.10. Dispersed hydrogel samples after swelling
3.3.2.4. Moisture Feeling on the surfaceAfter drying)

The synthesized hydrogels are removed from the oven after 48 hours of drying and
allowed to come to room temperature for 30 minutes. The hydrogel films, which come to
room temperature, are gently removed from the petri dish. It is checked whether it has
moistue feeling on the surface. Results are determined according to the following.

1 0-no moisture feeling on the surface

1 0.5 medium moisture feeling on the surface

1 1.0there is moisture feeling on the surface

Figure 3.11 Moisture feeling on the surfacAfter drying)
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3.3.3. X-ray Diffraction (XRD)

X-ray diffraction (XRD) analysis analyzes tltshortrange structure of crystalline

materials and thdéong-range structure of necrystalline materials. Xay diffraction

analysis provides information on the degree of crystallinity, crystal defects, average grain

size, and electron density of the mateNghen the incident Xays strike the material,

the regular scattering of the beam by the atoms at regular intervals results in point patterns

in monocrystalline materials and ring patterns in polycrystalline materials that scatter the

beams. The pattern dafiffraction maxima, their intensities (peaks or lines), and their

| ocation (Bragg angle d or interplanetary d
structure. In this way, the degree of crystallinity can be easily determined using XRD

[118, 119]

The basic instrumentation components foray diffraction collection are an -Kay

source and a detector. These componentshemen in Figure3.12[120].

Diffiracted Lines

X-ray

Source Detector

Slit Stop

Figure 3.12. The basic instrumentation components fera¥ diffraction[111].

3.3.4. Thermal Analysis(TA)

The International Confederation of Thermal Analysis and Calorimetry (ICTAC) defines
thermal analysis (TA) as a groupvadysthat monitor changes in the physical or chemical
properties of a sample with time as a temperature program. Thermogravimetreeenaly
(TGA) monitor and record theime, temperatureand mass of the sample. The
temperature program may includeooling heating and isothermal holds, or a
combination thereof. The analyzer consists oédigetionmicrobalance thermobalance
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connectedd a sample pan in an oven with temperature programmer and controller. The

balance weighs the sample m@aen[121, 122]

—|Weighing mechanism I—

A

Temperature i

programmer

Furnace

v
[¥p)
i
3
=
i

Figure 3.13. Schematic diagram of TG instrumghi4].

3.3.5. ScanningElectron Microscopy (SEM)

Scanning electron microscopy (SEM) is an important electron microscopy technique that
can provide a detailed visual image of a particle with high quality and spatial resolution.
SEM is a statef-the-art multipurpose analytical instrument used primarilyobserve
conditions on material surfaces. The sample is exposed to-améghy electron beam at
SEM, and a material'srystallographic topography,grain orientation morphology,
composition, chemistrinformation, etc., provide information. SEM is thieme a useful

tool for understanding the characterization of mateN&lsile morphology refers teize,
topographyandshaperefers to the surface propertiesftooko texture, smoothness, or
roughness of an object. Similarly, composition refers toldraents and compounds that
make up the material, while crystallography refers to the arrangement of atoms in
materials. Scanning electron microscopy helps to provide information about the

morphology, composition of polymeandsurface topographiyl 23-125].
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Figure 3.14. Componerg of SEM[116].

3.4.Insulin Loading

Insulin was loaded into the hydrogels as a model drug via a swdlffagion method

[126]. Loaded insulin amount was measured WiN-Vis spectrophotometerThe
evaluation of hydrogelssing ultraviolet light is an interesting alternative to evaluate drug
loading mechanism&JV-Vis is occurred by passing light through a specific region of a
degraded or dilute polymer solution or drug. The light absorbed by a molecule of the
compound catransition from its ground state to an electronically excited state, and this
information is stored by a detector that measures these parameters. For most conjugated

molecules, the photon absorption energy is in the near UV and visible lighfi27ge

Ultraviolet and visible absorption spectrophotometry is a technique based on the
measuremernf electromagnetic radiation attenuated by an absorber. This radiation has
a spectral range of about 2800 nm, which also differs from other relevant ranges in

terms of energy ranges and type of excitafik#8].

=>4 | =

Light Source Lens Grating Wavelength Sample Detector
selector

Figure 3.15. The basic instrumentation of th&/-Vis spectrometefl121].
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3.4.1. Calibration Study for Insulin Solutions

To determine at which concentrations, the insulin loading study should be performed, a
pre-concentration study was performed. The absorption of the standard insulin solution
and after insulin loaded into the hydrogel absorptiomsistencyf the remainingrisulin

in the solution were measured BY/-Vis spectrometry at 270 nfii29].

Based on the results of the grencentration study, it was determined that the insulin

loading staly should be performed with four different concentrations of insulin solution.
Therefore, acalibration study was performed for standard insulin solutions prepared
before starting the insulin loading into the hydrogel study. First, highly concentratied stoc

insulin solutions were prepared.

Preparation of Stock-1 Insulin Solution: The drug solution with insulin concentration
of 3.49mg/mL; 3 mL of it is diluted with 50 rh of ionized water, and Stoek solution

with concentration of 0.209%g/mL insulin was prepared.

Preparation of Stock-2 Insulin Solution: The Stock-2 solution with insulin
concentration of 0.104ihg/mLis prepared by diluting 50 Imof Stock1 solution to B0
mL.

Preparation of Standard Insulin Loading Solution: The standard solutions with insulin
concentrations of 0.02611dg/mL, 0.01745ng/mL, 0.013087%ng/mL, 0.01047mg/mL
were prepared by diluting the Ste2ksolution as indicated in tA@able3.1.

Table 3.1 Preparation oftandard insulin loading solutiobg diluting theStock-2 insulin

solution
Stock-2 (mL) Dilute (mL) Cinsuin(mg/mL)
Standard Solution-1 180 720 0.026175
Standard Solution-2 120 720 0.01745
Standard Solution-3 90 720 0.013087
Standard Solution-4 72 720 0.01047

Standard human insulin calibration curve was generated from a sdrisslof solutions
ranging from 0.01047 t0.026125mg/mL. The amount of insulin from theydrogels was

calculated using calibration line.
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3.4.2. Insulin Loading Study

The insulin loading study was performed for 4 different concentrations and 6 different

retention times. Therefore, 24 insulin loading studies were performed for each hydrogel.

The synthesized CMPEGCA hydr ogel films are kempt i n a
mass is stable. The hydrogel sample, whose mass was fixed and dried, was weighed into
24 different sample cups of 0.5 g each.

The weighed hydrogel samples are divided into 4 groups and the groups are named
according to the concentration of standarsulm solution. Hydrogel samples divided
into 4 groups are divided into 6 groups according to retention times (5, 10, 20, 30, 60 and

120 minutes).

Figure 3.16. Preparation of insulin loading analysis

159 of standard insulin solution (Standard insulin solutions were stored in the refrigerator
after preparation to prevent deterioration. For the hydrogel insulin loading study,
approximately 90 g of each standard hydrogel solution was taken on the dalypastii

the solutions were allowed to come to room temperature.

After the allotted time, the swelling hydrogels were removed from the insulin standard
solutions. The remaining insulin solutions in the container were transferred to vials for
analysis. Eaclnalysis was performed on the same day without waiting tird&/a¥is
spectrophotometdfi26, 130, 131]
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4. RESULTS

4.1.Characterization of CMC and PEG Hydrogel
4.1.1. Results of Swelling and Degradation Behavior

Various versions of CM@PEGCA hydrogels have been synthesized in the literature. In
these studies, the characterization properties of the synthesized hydrogels, especially their
swelling behavior, were investigated. In a study published in ZDMC hydrogels with

two degrees of substitution (DS = 0.77 and 1.22) were prepared and chemically
crosslinked with citric acid (CA). In addition, PEG1500 was used. Hydrogels containing
10 to 25% CA were synthesized. The swelling of the synthesized hysliregelbetween

100% and 25009215]. The swelling values of the hydrogels synthesized in this study
varied between 5444% and 55%. In another study published in 2018, PEG 2000 was used
with a CMC degree of substitution of 0.7. The dingl results ranged from 45% to
7094132].

Table 4.1 Results of swelling and degradation

SD% DD%
s (va't\.AO/Co) (vF\:tI.E (ﬁ) (wctﬁ/()) ([S)‘é"ge:gre‘? (Dggégfea;i)on
Hydrogel 1 550 301 150 544403  75.16
Hydrogel 2 648 250 102 541315  28.24
Hydrogel 3 648 201 151 413353  68.15
Hydrogel 4 547 351 102 4087.43  68.25
Hydrogel 5  70.0 211 89  3627.30  68.43
Hydrogel 6 59.6 22.5 179 3512.95 77.66
Hydrogel 7 649 201 151 345522 7479
Hydrogel 8 647 263 90 330724 6572

Hydrogel @ 600 300 100 324270  67.97

Hydrogel 10 59.8 29.2 10.9 3160.46 65.91
Hydrogel 11 69.5 19.3 11.2  3101.92 69.60
Hydrogel 12 65.0 26.9 8.1 3085.48 60.73
Hydrogel 13 64.9 28.0 7.1 2903.03 54.90
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SD% DD%
Swelling (Degradation
Degree) Degree)

Hydrogel CMC PEG CA (
Name (wt.%)  (Wt.%) (wt.%)

Hydrogel 14 89.4 5.5 51 2901.52 61.24
Hydrogel 15 70.8 18.0 11.2  2853.93 59.56
Hydrogel 16 68.8 15.7 15.6  2799.08 78.32
Hydrogel 17 45.6 43.9 104  2797.84 57.98
Hydrogel 18 65.0 22.9 121  2766.86 69.38
Hydrogel 19 52.2 42.9 4.9 2747.55 49.25
Hydrogel 20 79.1 152 57  2697.04 55.24
Hydrogel 21 715 16.4 121  2645.02 65.40
Hydrogel 22 69.8 20.0 10.1  2607.33 63.20
Hydrogel 23 65.0 30.0 5.0 2553.01 69.48
Hydrogel 24 45.5 38.7 15.8  2549.67 54.93
Hydrogel 25 60.0 25.0 15.0 2536.20 59.55
Hydrogel 26 69.7 15.1 15.2  2513.85 61.89
Hydrogel 27 64.7 24.4 10.9  2486.97 57.43
Hydrogel 28 60.4 28.1 11.6 244244 68.00
Hydrogel 29 70.7 16.1 13.2  2383.30 49.12
Hydrogel 30 69.9 18.1 12.1  2347.64 1.18
Hydrogel 31 69.8 22.0 8.2 2330.29 87.44
Hydrogel 32 75.7 19.1 5.2 2271.83 58.83
Hydrogel 33 64.7 28.9 6.5 2240.64 65.85
Hydrogel 34 60.0 26.0 14.0 2225.79 68.21
Hydrogel 35 50.1 44.9 5.1 2225.76 44.41
Hydrogel 36 44.9 25.1 30.0 2225.76 44.41
Hydrogel 37 41.5 43.0 155 2189.89 66.36
Hydrogel 38 82.4 8.9 8.7 2144.90 58.80
Hydrogel 39 59.8 32.8 7.4 2122.06 50.88
Hydrogel 40 60.0 24.2 159 2112.64 70.21
Hydrogel 41 59.5 23.3 17.1  2092.47 70.24
Hydrogel 42 40.0 39.7 20.3  2051.80 71.85
Hydrogel 43 50.2 39.6 10.2  2037.60 48.30
Hydrogel 44 60.2 20.9 19.0 1968.83 71.28
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SD% DD%
Swelling (Degradation
Degree) Degree)

Hydrogel CMC PEG CA (
Name (wt.%)  (Wt.%) (wt.%)

Hydrogel 45 74.3 15.6 10.2  1915.18 50.98
Hydrogel 46 55.6 31.1 134 1910.68 67.15
Hydrogel 47 80.9 10.2 8.9 1842.33 55.95
Hydrogel 48 69.5 20.2 10.3  1829.46 61.13
Hydrogel 49 54.3 32.7 13.0 1770.12 67.39
Hydrogel 50 84.8 10.3 4.8 1731.96 61.25
Hydrogel 51 59.7 26.8 135 1727.61 65.49
Hydrogel 52 59.8 34.9 5.3 1668.78 58.98
Hydrogel 53 69.8 10.0 20.1  1488.45 66.95
Hydrogel 54 71.8 18.0 10.2  1456.56 51.05
Hydrogel 55 84.0 8.1 7.9 1380.94 68.50
Hydrogel 56 65.0 21.1 13.9 1325.10 61.55
Hydrogel 57 69.9 17.1 13.0 1323.70 73.15
Hydrogel 58 75.1 8.3 16.6 1311.60 66.34
Hydrogel 59 50.0 44.2 5.8 1309.11 39.00
Hydrogel 60 69.7 25.3 5.0 1307.34 47.12
Hydrogel 61 70.0 16.1 14.0 1251.14 52.69
Hydrogel 62 89.9 4.2 6.0 1243.90 68.34
Hydrogel 63 64.9 22.1 13.0 1196.92 58.65
Hydrogel 64 55.0 33.1 119 1114.85 66.09
Hydrogel 65 67.8 16.2 16.0 1110.24 62.71
Hydrogel 66 69.5 12.9 17.6  1102.17 79.00
Hydrogel 67 44.1 5.9 50.0 1095.66 79.44

Hydrogel 68 500 350 150 972.30 59.54
Hydrogel 69 550 249 20.2  948.34 69.00
Hydrogel 70 60.2 319 80 93840 34.76
Hydrogel 71 546 345 110  926.60 64.65
Hydrogel 72 64.6 179 175  921.19 77.43
Hydrogel 73 69.8 112 191  901.75 68.01
Hydrogel 74 595 307 9.8 85256 42.02
Hydrogel 75 75.0 8.4 166  792.34 65.44
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SD% DD%

HyNd;r%geel (vcvltvI OZ) (VF\:E cﬁ) (wct.% ([S)‘é"gr"e'}re‘g (D‘Egergfeae“)o”
Hydrogel 76 54.9 29.1 16.0 754.65 68.79
Hydrogel 77 69.9 14.2 16.0 742.66 60.88
Hydrogel 78 74.4 5.7 19.9 694.69 61.44
Hydrogel 79 65.9 17.0 17.2 689.35 66.81
Hydrogel 80 54.8 27.3 17.9 686.61 70.87
Hydrogel 81 54.9 28.1 17.0 641.53 68.29
Hydrogel 82 49.8 30.0 202 582.82 65.90
Hydrogel 83 54.8 26.4 18.9 536.88 70.45
Hydrogel 84 69.7 120 18.2 515.25 64.96
Hydrogel 85 66.8 16.6 16.6 452.55 54.86
Hydrogel 86 63.6 16.5 19.9  428.24 63.35
Hydrogel 87 59.7 20.3 20.0 362.50 59.01
Hydrogel 88 40.3 249 349  356.92 77.32
Hydrogel 89 35.0 35.0 30.0 337.65 82.75
Hydrogel 90 40.1 30.0 29.9 330.61 71.00
Hydrogel 91 50.0 19.8 30.2 278.95 71.54
Hydrogel 92 73.8 9.7 16.6 277.87 67.74
Hydrogel 93 51.0 16.6 32.4 265.47 75.28
Hydrogel 94 55.0 226 224  258.96 77.84
Hydrogel 95 50.9 17.8 31.3 249.09 73.59
Hydrogel 96 41.0 32.9 26.1 228.93 73.69
Hydrogel 97 49.6 19.2 31.3 200.60 70.67
Hydrogel 98 50.3 25.0 24.8 198.28 71.54
Hydrogel 99 50.3 5.0 447 192.79 62.43
Hydrogel 100 45.0 20.0 35.0 191.82 79.60
Hydrogel 101 35.0 29.9 35.1 191.82 79.60
Hydrogel 102  35.1 326 324 18761 79.94
Hydrogel 103 60.6 14.5 24.9 180.77 67.40

Hydrogel 104 64.5 104 252  176.81 66.36
Hydrogel 105 55.0 20.1 25.0 170.89 69.87
Hydrogel 106 40.0 30.0 30.0 167.91 78.69
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SD% DD%

HyNd;r%geel (vcvltvI OZ) (VF\:E cﬁ) (wct.% ([S)‘é"gr"e'}re‘g (D‘Egergfeae“)o”
Hydrogel 107 50.4 15.0 34.7 160.23 75.33
Hydrogel 108 35.0 20.0 45.0 154.20 76.82
Hydrogel 109 39.5 20.1 40.4 150.97 87.39
Hydrogel 116 50.3 10.0 39.8 146.91 73.36
Hydrogel 111 59.8 10.0 30.2 127.93 69.25
Hydrogel 112 54.5 5.7 39.8 123.39 69.81
Hydrogel 113 45.3 29.6 25.1 123.39 69.81
Hydrogel 114 50.1 10.0 39.9 120.74 69.10
Hydrogel 115 44.9 15.0 40.1 120.26 77.38
Hydrogel 116 34.8 14.9 50.3 120.26 77.38
Hydrogel 117 56.2 8.1 35.6 117.92 69.09
Hydrogel 118 45.1 34.7 20.1 117.92 69.09
Hydrogel 119 39.9 5.2 54.9 104.30 85.52
Hydrogel 120 44.9 10.2 44.9 101.69 78.85
Hydrogel 121 34.8 25.1 40.0 101.69 78.85
Hydrogel 122 39.3 10.1 50.7 98.00 79.49
Hydrogel 123 58.4 7.1 345 9227 65.41
Hydrogel 124 34.6 9.9 55.5 47.95 81.27

* Hydrogels used in insulin loading
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The effects of the percentages of CMC, PEG and CA in the hydrogel structure on the
swelling and degradation behavior of the hydrogel were found swlking/degradation

studies.
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Figure 4.1. Percentage of swellindegreedepending on the presence of CMC in the
hydrogel content

In Figure4.1, it can be seen that the swellidggreencrease when the CMC content in
the hydrogel structure is between 50% and 70%. In this context, a swaigngeof
5444% was determined at a CMC value of 55%. It was found that the swagijnge
varies betweed000% and 3000% when the CMC content increases in other regions. It
was observed that when the CMC ratio was below 45%, the sweliggeequickly

decreased below 1000%.
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Figure 4.2. Percentage of degradtat degreedepending on the presence of CMC in the
hydrogel content

Figure4.2 shows the degradation degree of the hydrogel as a function of the CMC content
in the hydrogel structure. In the cases where the CMC content is between 50% and 70%,
it can be seen that the degradation degree varies in the range between 60% and 75%. In
this context, in cases where the CMC content is between 50% and 65%, cases are

observed where the degradation rate falls below 60%.
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Figure 4.3. Percentage of swellindegreedepending on the presence of PEGia
hydrogel content

Figure4.3 shows the degree of swelling of the hydrogel as a function of the content of
PEG in the hydrogel structure. In cases where the content of PEG is between 5% and
35%, the degree of swelling of the hydrogel often appearath rgbout 4000%. In this
context, it can be seen that the degree of swelling of the hydrogel at a value of 30% PEG
is 5444%.
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Figure 4.4. Percentage of degtationdegreedepending on the presenceREGin the
hydrogel content

Figure4.4 shows the degree of hydrogel degradation as a function of the content of PEG
in the hydrogel structure. In cases where the content of PEG is between 5% and 30%, the

degree of degradation varies between 50% and 80%.
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Figure 4.5. Percentage of swellindegreedepending on the presence of CA in the
hydrogel content

Figure4.5 shows the degree of swelling of the hydrogel as a function of the content of
CAin the hydrogel streture. When the content of CA is between 5% and 20%, the degree
of swelling of the hydrogel is generally between about 1000% and 3600%. In this context,
it should be noted that the degree of swelling of the hydrogel at a CA value of 15% is
5444%. In casewvhere the CA content is above 20%, the degree of swelling of the

hydrogel is generally below 1000%.
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Figure 4.6. Percentage of degradatidegreedepending on the presence of CA in the
hydrogel content

Figure4.6 shows the degree of hydrogel degradation as a function of the content of CA
in the hydrogel structure. In cases where the content of CA is between 10% and 20%, the
degree of degradation varies between 40% and 70%. In this context, it can Indewnc

that the rate of degradation in cases where the content of CA is 20% or more is usually

between 60% and 85%.
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4.1.2. Resultsof Physical Tests

41.2.1. Breaking Test (After Drying)

After drying each synthesized hydrogel, analysis of breaking was performed as described
in the Section 3.3.2.1. Breaking Test (Afigrying). As a result of the analyze; it was
observed that hydrogels containing 582 CMC, 1520% or 3035% PEG, 8%20%

or 30-35% CA were not brokehe graphs of the results areRigure 47, Figure 48
andFigure 49 below.
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Figure 4.7. Results of drying test after drying for %CMC
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Figure 4.9. Results of drying test after dryirgd %CA.
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41.2.2. Curling Test (After Swelling)

After drying each synthesized hydrogeialysis ofswellingwas performedand curling
degree was checked described in the Section 3.2.Zurling Test (AfterSwelling). As

a result of the analyze; it was observed that hydrogels contalB¥eg/0% CMC, 15
20% 0r25-30% PEG 5%-12% or 3040% CA wereno curling. The graphs of the results
are inFigure 410, Figure 411 andFigure 412 below.
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Figure 4.10. Results of curling test (after swelling test) of %CMC
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4.1.2.3. Dispersion After Swelling Test)

After drying each synthesized hydrogel, analysis of swelling was performed, and
dispersionwas checked as described in the Section23.3DispersionTest (After
Swelling). As a result of the analyze; it was observed that hydrogels conta@rg0%

CMC, 1520% or 2530% PEG8%-20% or 3035% CA were nalispersion The graphs

of the results are iRigure 413, Figure 414 andFigure 415 below.
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Figure 4.13. Results of dispersion (after swelling test) of %CMC
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4.1.2.4. Moisture Feelingon the Surface (After Drying)

After drying each synthesized hydrogelpisture feeling on the surfaveas checked as
described in the Section 3.312As a result of the analyze; it was observed that hydrogels
containing 50%70% CMC, 1520% PEG15%-20% or 3635% CA were no dispersion.
The graphs of the results areFigure 416, Figure 417 andFigure4.18 below.

1 © @ 0 eV D DI ©
0,5 @ @00 0@ O®@

MOISTURE FEELING ON THE SURFACE (AFTER DRYING))

Figure 4.16. Results of moisture feeling on the surface (after drying) of %CMC
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Figure 4.18. Results of moisture feeling on the faae (after dryinyof %CA.
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4.1.3. Results of X-ray Diffraction (XRD)

As explained in Section 3.1.1-pay Diffraction (XRD); Xray diffraction patterns of the
CMC-CA, CMC-PEG and CMCGPEGCA hydrogels werecatalogedby an Xray
diffraction diffractometerFigure 419 andFigure 420 exhibited the XRD patterns of
CMC-CA, CMC-PEG, and CME&PEGCA hydrogels.The diffraction peak observed in

the XRD spectra of CMCA hybrid at about 2d = 32A
structureThe sharp peaks at 9. 4 aaltera®@dtothd 2 d

partial crystal structure of pure CMC33] are also at approximate points for other GMC

i n

an

containng hybrid hydrogels (-/&; 374A. lanAl drd 21 A.

CMC-PEG; 14.03A anHEEGCA).ThetekhafactearisticpbRs match the
CMC standard diffraction patter®n the other han&RD patternsof CMC-CA showed

that thediffractionpeaka ppear ed at ar ou ncharkdflCAerys@allhdd whi c h

structure.

I n the | iterature, single intense peaks
region are generally considered to be prominent peaks of crystalling1BE[5As can

be seen from the diffraction patterns of tmesslinkechydrogels CMGPEG and CME
PEGCA shown in Figure 49, there are noonsiderabldifferences in the diffraction
patterrs. The XRD pattern of CME@PEG showed the characteristic intense peaks in the
range of 141 7 A .

The disappearance of the diffraction peaks of the €NEG hybrid and its spread over a
broader spectrum, as seen in the XRD of the hydrogel with higher PE®Gtodtideire

4.20), can be attributed to the increased PEG content.

For refraction patterns showing broad diffraction with few weak crystal peaks show low
crystallinity of amorphous structur¢$35]. Therefore, hese results demonstrated that
CMC-CA, CMC-PEG and CMEPEGCA hybrid hydrogels were more amorphous in

nature.
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Figure 4.19. XRD graphic for hydrogebf 51.02 CMC- 16.61 PEG32.37 CA
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Figure 4.20. XRD graphic for hydrgel of 59.97 CMQ 30.03 PEG10.00 CA
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4.1.4. Results ofThermal Analysis

Thermal characterization was performed to further investigate the effects of the degree of
crosslinking on the polymeric network of the hydrogels, which showed the expected
performance based on the results of the swelling test. Thermal analysis wadwiskdrto
probethe modification of the polymer network by the degree of crosslinking and mixing
with PEG. Figures 21 and 422 show primary thermograms (TG) and derivative
thermograms (DTG) for 51.02 CM€16.61 PEG 32.37 CA and 59.97 CM€30.03

PEG- 10.00 CA, respectively.

According to the result hydrogel of 51.02 CM@6.61 PEG 32.37 CA in Figure 21;
threeimportant thermal events were observed. Below 241,.2 small mass losBR %)

is due to desorption of free water from thgrogel The £cond event started at about

320°C and is completed at about 48D with a mass loss of 28% aetimination of

volatile productscorresponds to decompositiandevaporationThe mass loss of about
28.80% below 250 AC i s dwvhieh isttightlytbdured toedhea por a't
polymer matrix[136]. As can be seen in Figud&e22, it was found that the mass loss
decreased to 23.30% when the percentage of PEG composition of the hydrogel was
increased to 30.03%epending on the carboxymethylcellulose content of the hydrogel,

the relatively high mass loss of 29.59%, which statat about 430 AC and
can be attributed to water molecules bound to hydrophilic polar carboxymethyl groups.
However, as shown in Figure?2, the decreasing mass loss with increasing CMC content

may be related to the percentage of citriicl @cosslinking, which decreased from 32.37

to 10.00% of the hydrogel content. This is because, according to the literature, the
crosslinking of CA and CMC results in fewer hydrophilic groups interacting with water
moleculeq17].

55



TG /% DTG /(%/min)

0.5
100 1 [ Mass Change: -4.75 %
i R 300
N, Ve T /
\, Mass Change: -23.30 % \ P J
\, . \ ' -0.5
80 1 \ / X % /
% : o — \ I \ ’
, e ¥ J
! Peak: 383.2 °C, -0.85 %/min Y X r-1.0
| S R
i ' Peak: 918.4 °C, ‘1.0§</7min
60 - l ‘ Mass Change: -24.05 % T -15
i Peak: 1065.0 °C, -1.48 %/min
i \ F-2.0
| |
A Mass Change: -12.85 %
40 - oy | F-2.5
\4 l \ l Mass Change: -7.17 %
Vi 44 H-3.0
FERE
|-
20 - 4_1 \.\ " MassChange: -17/58 % | 35
PN
POSEIRR e w;:::k:_ﬁ 347C, 3,92 Smin Residual Mass: 10.46 % (1199.8 °C) | -4.0
200 400 600 800 1000

Temperature /°C

Figure 4.21. TG analysis graphic for hydrogef 51.02 CMC- 16.61 PEG 32.37 CA
The TG and DTG curves of the CMEEG CA hydrogels (Figre4.22) were found to be
similar to those seen in Rige4.21, with mass Iasprimarily due to water removal at 210
250 ACcC, foll owed bHpwepen thermakstability evgsrfoaurtd dotbe o n .
higher in hydrogels (Figre4.21) with a higher percent CA conter@ince an increase in
ester reactions is expected at higher am®af CA, a relative increase in thermal stability
was observed for 51.02 CMCL6.61 PEG 32.37 CA compared to 59.97 CM@G0.03
PEG - 10.00 CA. It can also be observed that CMC, although more heat stable,

decomposes rapidly leaving a small amount sifthge (about 10%).

According to the result hydrogel of 59.97 CNM@G0.03 PEG 10.00 CA in Figure 22;
three important thermal events were observed. Below 285.8 small mass losB4.75

%) is due to desorption of free water from liyelrogel The second event started at about
313AC and is completed at about 3822 with a mass loss of 23.30% aelimination

of volatile productscorresponds to decompositiamdevaporation for PEG. The third
event started at about 38D and is completed about 918C with a mass loss of 24.05%

for CMC as shown in detail in Figure24L..
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Figure 4.22. TG analysis graphic for hydrogéb.97 CMCi 30.03 PEG10.00 CA

4.1.5. Results of SEM

The morphology of two of # hydrogels that gave the best results in the swelling and
insulin loadedtests was characterized by scanning electron microscopy (SEM). Figures
4.23 and4.24 show scanning electron micrographs (SEi¥the surface of two hydrogels
containing different concentrations of CMC, PEG, and CA. It is known that the smooth
surface morphology of hydrogels indicates the homogeneity of microstructural hydrogels
[137]. CMC: PEG: CA = 3:1:2 (Figre 4.23) and 2:1:3 (Figre 4.24) show that the
hydrogel matrices haveffiérent degrees ofegularity. The surface morphology of the
hydrogel in Figuret.23 showed expansions and branching at the surfaces with pinhole
like structures in Figurd.24. It is believed that this situation arises due to the increase in
the concenation of crosslinking citric acid. Hydrogels with a weight fraction of 32.37%
CA are believed to have cratike structures observed at the surface, probably due to the
forced movement of CMC clusters in the cavities of the PEG network, compared to

hydrocels with a fraction of 10% CAL38]. As can be seen from the SEM image of the
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hybrid hydrogel with a lower CA content (Fig24), the surfacenorphology is smoother
and the depth at which the layer fracture occurs is lower.

Figure 4.24. SEMimagesfor hydrogel59.97 CMC- 30.03 PEG 10.00 CA
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4.2.Resultsof Insulin Loading Study
4.2.1. Results ofCalibration Study for Standard Insulin Solutions

Insulin solutions in 4 different concentrations yaspared in order to examine how much
insulin can be loaded into the prepared GMEGCA hydrogels according to the
procedure described in the Section 3@alibration Study for Standard Insulin Solutions

The insulinabsorbancegbtained from th&V-Vis spectrophotometet a wavelength of

272 nm belonging to the prepared standard insulin solutions at different concentrations

are givenFigure 425 below.
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Figure 4.25. UV-Vis spectraof insulin standard solutien
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Figure 4.26. Calibrationcurve of standard insulin solution.

Based on the absorption results obtained fromUkfeVis spectrophotometeof the
prepared standard insulin solutions at a waveleng@i@2him, the calibration curve graph

was drawn and the’Ralueand line equatiowas calculated.
4.2.2. Resultsof Insulin Loading Study

To perform the insulin loading study, 15 hydrogels were sdeftom 24 hydrogels
based on the results of swelling, degradation, and mechanical analysis of the synthesized
hydrogels.These hydrogels are listed in the table below.

Table 4.2 Hydrogels selected fansulin loading

Hydrogel Name CMC(wt.%) PEG(Wt.%) CA(Wt.%)
Hydrogel 1 51.02 16.61 32.37
Hydrogel 2 59.97 30.03 10.00
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Hydrogel Name CMC(wt.%) PEG(Wt.%) CA(Wt.%)

Hydrogel 3 64.46 10.35 25.19
Hydrogel 4 69.65 15.14 15.20
Hydrogel 5 69.75 11.17 19.08
Hydrogel 6 59.97 24.18 15.85
Hydrogel 7 64.98 26.93 8.09
Hydrogel 8 69.85 14.15 16.00
Hydrogel 9 54.96 24.89 20.15
Hydrogel 10 64.99 21.10 13.91
Hydrogel 11 55.03 33.06 11.91
Hydrogel 12 54.76 27.32 17.92
Hydrogel 13 55.59 31.05 13.36
Hydrogel 14 40.25 24.90 34.86
Hydrogel 15 50.25 9.99 39.76

For each of the selected hydrogels, 24 different insulin loading studies were performed,
and a total of 360 insulin loading studies were performed. As a result of the studies, each
hydrogel was successfully loaded witisulin. In 2 of the 15 selected hydrogels, all the

insulin contained in the medium, i.e., 100%, was absorbed by the hydrogel. These

hydrogels are listed in the table below.

Table 4.3 The hydrogels thabsorb all the insulin in the medium

Hydrogel Name CMC (wt.%) PEG(Wt.%) CA(wt.%)
1. Hydrogel 51.02 16.61 32.73
2. Hydrogel 59.97 30.03 10.00

The UV-Visible Spectraof insulin absorption of these two hydrogels are shown in the
following figures.
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Figure 4.27. UV-Visible spectra of 1hydrogel in 0.02617%ng/mL insulinsolution.

For the 1. hydrogel the UV-Vis spectraof the loading study performed at an insulin
concentration of 0.02617fmg/mL are shown in Figure 4.27. It can be seen from the
spectra that the insulin absorption decreases with increasing contact time of the hydrogel
with the insulin solution. That is, ¢hinsulin in the solution was loaded into the hydrogel
and the amount of insulin in the remaining solution decreased. From the results of the
UV-Vis spectra, it was determined that all of the insulin in the medium was loaded into

the hydrogel at the end tfe 120 minutes.
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Figure 4.28. UV-Visible spectra of 1hydrogel in 0.0174%ng/mL insulin solution

For the 1. hydrogel, the UWVis spectra of the loading study performed at an insulin
concentration of 0.0174%g/mLare shown in Figure 4.28. It can be seen from the spectra

that the insulin absorption decreases with increasing contact time of the hydrogel with the

insulin solution. That is, the insulin in the solution was loaded into the hydrogel and the

amount of insulin in the remaining solution decreased. From the results of thésUV

spectra, it was determined that all of the insulin in the medium was loadethénto

hydrogel at the end of the 120 minutes.
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Figure 4.29. UV-Visible spectra of 1hydrogel in 0.01308g/mL insulinsolution.

For the 1 hydrogel, the UWVis spectra of the loading study performed at an insulin
concentration of 0.01308hg/mL are shown in Figure 4.29. It can be seen from the
spectrum that all the insulin in solution was loaded into the hydrogel within five minutes.
The loadng wasoccurredvery fast because the amount of insulin in solution was small.
In addition, the results of th20- and 30minute insulin loading also show that the

hydrogel releagktheinsulin slowly over time.
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Figure 4.30. UV-Visible spectra of 1hydrogel in 0.0104™g/mL insulinsolution.

For the 1. hydrogel the UV-Vis spectra of the loading study performed at an insulin
concentration of 01047mg/mLare shown in Figure 30. It can be seen from the spectra
that the insulin absorption decreases with increasing contact time of the hydrogel with the
insulin sdution. That is, the insulin in the solution was loaded into the hydrogel and the
amount of insulin in the remaining solution decreased. From the results of thésUV
spectra, it was determined that all of the insulin in the medium was loaded into the

hydrogel at the end of th&0 minutes.
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Figure 4.31. UV-Visible spectra of 2hydrogel in 0026175mg/mL insulin solution

For the 2. hydrogel the U\:Vis spectra of the loading study performed atiraulin
concentration of 026175mg/mL are shown in Figure 1. It can be seen from the
spectra thaboth loading and release occur during the residence time of the hydrogel in
the insulin solution. It was observed that all the insulin in the mediunfoadsd into the
hydrogel within the first 5 minutes. However, within the next 5 minutes, it was observed
that 15% of the insulin loaded into the hydrogel was released back into the environment.

After 120 minutes, all of the insulin in the medium was loadezthe hydrogel.
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