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¥ZET 

YAPAY ZEKA YAKLAķIMI KULLANILARAK HĶDROJEL 

TEMELLĶ MALZEME TASARIMI 
 

Diyabet, pankreasēn ins¿lini yeterli miktarda ¿retememesi veya doĵru bir ĸekilde 

kullanamamasē sonucu ortaya ­ēkan kronik bir hastalēktēr. Ķns¿lini v¿cuda vermek i­in 

kullanēlan mevcut geleneksel uygulamalar hastada alerjik reaksiyonlara, enfeksiyonlara 

ve aĵrēya neden olabilmekte ve hastanēn yaĸam koĸullarēnē zorlaĸtērabilmektedir. Bu 

nedenle, bu tezin temel amacē, derin ºĵrenme temelli yapay zeka yaklaĸēmē kullanarak 

kontroll¿ ve d¿zenli ins¿lin y¿klemesine izin veren ve diyabet tedavisinde 

kullanēlabilecek biyouyumlu s¿per emici hidrojel filmler geliĸtirmektir. 

Bu tez kapsamēnda, sitrik asit (CA) ile ­apraz baĵlanmēĸ ve polietilen glikol (PEG) ile 

modifiye edilmiĸ karboksimetil sel¿loz (CMC) i­eren biyouyumlu s¿per emici hidrojel 

filmleri geliĸtirildi. Hidrojel filmler ­evre dostu bir iĸlem kullanēlarak oda sēcaklēĵēnda 

hazērlandē. Geliĸtirilen filmler i­in ­apraz baĵlanma derecesinin nihai ¿r¿n¿n morfolojik 

ve fizikokimyasal ºzellikleri ¿zerindeki etkisi, hidrojellerin i­eriĵindeki PEG ve CA 

bileĸenlerinin aĵērlēk y¿zdeleri deĵiĸtirilerek incelendi. Elde edilen sonu­lar, CA ve 

PEGôin aĵērlēk y¿zdelerine baĵlē olarak, ĸiĸme dereceleri %100 ile %5444 ve ins¿lin 

y¿kleme oranē %10 ile %100 arasēnda deĵiĸen s¿per emici hidrojellerin (SAP) ¿retildiĵini 

gºstermiĸtir. 

ķiĸme ve ins¿lin geri kazanēm testlerinde en iyi sonu­larē elde etmek i­in, sentezlenen 

hidrojel bileĸimlerinin aĵērlēk y¿zdeleri ve deneysel parametreler optimize edildi. 

Optimizasyon s¿recini ger­ekleĸtirmek i­in yeni bir yapay sinir aĵē (YSA) modeli 

geliĸtirildi. Bu yaklaĸēmēn sunduĵu ºnemli iyileĸtirmelere odaklanēlmēĸtēr ve yeni 

malzeme sistemlerinin anlaĸēlmasēnē geliĸtirmek i­in deneysel modelleme ve tasarēmēn 

nasēl birleĸtirilebileceĵi gºsterilmek istenmiĸtir. ¥nerilen modelin deĵerlendirme 

sonu­larēna (R2 = 0.9368) dayanarak, s¿per emici hidrojeller ¿retmek i­in ºnerilen basit 

stratejinin malzeme bilimindeki ilerlemeyi hēzlandērmasē beklenmektedir. 
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ABSTRACT 

HYDROGEL BASED MATERIAL DESIGN USING 

ARTIFICIAL INTELLIGENCE APPROACH  
 

Diabetes is a chronic disease that occurs as a result of the pancreas not producing enough 

insulin or not using it properly. Existing traditional applications used to deliver insulin to 

the body can cause allergic reactions, infections and pain in the patient and complicate 

the patientôs 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 learning-based artificial 

intelligence approach. 

In the scope of this thesis, biocompatible superabsorbent hydrogel films containing 

carboxymethyl cellulose (CMC) crosslinked with citric acid (CA) and modified with 

polyethylene glycol (PEG) were developed. Hydrogel films were prepared at room 

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 percentages of the PEG 

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 percentages 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 process. The 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 (R2 = 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 diabetes-related and occurred before age 70 [1]. Insulin, an important 

anabolic hormone in the body, has an important effect on the transport and storage of 

glucose and is secreted by the ɓ-cells of the islets of Langerhans in the pancreas [2]. 

Organs and tissues that function with the action of insulin in the body cause 

hyperglycemia in insulin 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 and dizziness [3]. 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 traditional practices 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 increased for 

insulin delivery through skin cells. Because the 10-15 mm 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 material for tissue engineering due to their 

biocompatible structure, which resembles the extracellular matrix (ECM) of tissues, and 

represents promising candidates for such biomedical applications [5]. Beside these, the 

large pore structure, degradability and structural simplicity of hydrogels are other 

advantages of using hydrogels [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 behavior [7]. These three-
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dimensionally crosslinked, linear, hydrophilic or branched polymers, also known as a new 

class of hydrogels referred to as superabsorbent hydrogels (or SAP), can have a water 

content of 30-90% by weight, depending on the type of materials used in the synthesis [8, 

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 area of application. 

The delivery of insulin through biological membranes is different for hydrogels made of 

natural or synthetic materials [10]. 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 promising material for 

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 natural resources for the preparation of hydrogels in many 

biotechnological fields, especially in wound treatment, drug delivery, and tissue 

engineering [8, 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 various chemical 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, the crosslinked 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 crosslinkers [8, 

13, 14].  On the other hand, carboxymethylcellulose (CMC) is a cellulose derivative with 

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 dressings [15, 16]. Therefore, many studies envision the use of chemically 

modified cellulose derivatives such as CMC and biocompatible, environmentally friendly 

crosslinkers (e.g., citric acid) to overcome the above limitations [14, 17, 18]. 

In addition, polymers such as polyethylene glycol (PEG) have been used in many studies 

with CMC systems as effective and network-forming agents to improve the properties of 
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hydrogels. PEG is 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, etc. [19]. 

In this study, citric acid was used as a non-toxic crosslinking agent for the preparation of 

carboxymethyl cellulose (CMC) - polyethylene glycol (PEG) hydrogel films. The main 

objectives of the study are important for two reasons. One is to create an environmentally 

friendly synthesis of carboxymethylcellulose-based super hydrogels and to determine 

their suitability for high insulin loading. Another main objective is to use artificial neural 

networks (ANN) to model the insulin loading of the synthesized biocompatible hydrogels.  
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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 secretion [20]. Diabetes has 

come one of the most serious and common habitual conditions of our time, causing life- 

changing , disabling and expensive complications and reducing life expectation [21]. The 

global frequency of diabetes has reached epidemic proportions, with the 9th edition of the 

IDF reporting a frequency of 9% (463 million grown-ups) 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 prevalence of diabetes risk 

factors, particularly obesity, are also important factors in the higher prevalence [22, 23]. 

Diabetes mellitus is a collection of metabolic diseases characterized by hyperglycemia 

because of insulin action and insulin production. Diabetes mellitus can cause thirst, 

polyuria, blurred eyesight, and weight loss, among other symptoms. In the most severe 

cases, ketoacidosis or a non-kenotic hyperosmolar state can develop, leading to stupor, 

coma, and, in the absence of adequate treatment, death. Because symptoms 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 long-term problems such as blindness, kidney failure, joint 

autonomic dysfunction and sexual dysfunction. People with diabetes have a higher risk 

of developing heart-related diseases such as cardiovascular, peripheral vascular, and 

cerebrovascular. Various pathogenetic processes play a role in the development 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 deficiency of insulin [24, 25]. 

2.1.1. Types of Diabetes 

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 of diabetes 
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are as follows. 

¶ Type 1 diabetes (10%), an autoimmune disease. 

¶ Type 2 diabetes (90%), which is associated with obesity 

¶ Gestational diabetes, a form of diabetes that occurs during pregnancy [26]. 

 

Figure 2.1. Healthy pancreas and pancreas in type 1 and type 2 diabetes [26]. 

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 destruction of 

pancreatic beta cells due to genetic, environmental, 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 who have a genetic 

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, people with type 1 diabetes 

have no insulin. What are the consequences of untreated, neglected and uncontrolled type 
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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 insulin secretion 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 overweight [29]. 

2.1.1.3. Gestational Diabetes Mellitus (GDM) 

Gestational diabetes, defined as glucose tolerance first detected during pregnancy, is 

becoming more widely recognized with the rise in the economy and standard of living 

[30]. Gestational diabetes is 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 affects 8-15% 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 problems. GDM is associated with an increased risk of 

many health complications. GDM is a rise in blood glucose levels defined at an average 

of 16 weeks of gestation. Within 6 years of diagnosis of GDM, both mother and child are 

at risk of developing type 2 diabetes (T2D) and obesity [32, 33]. 

2.2. Insulin 

Insulin is a protein consisting of 51 amino acids. As shown in the Figure 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 chains are connected by disulfide bridges. In 

addition, the A chain contains a disulfide bridge within the chain connecting 6 and 11 [34, 

35]. 
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Figure 2.2. The structure of insulin [36]. 

Insulin is a peptide hormone secreted by the ɓ-cells of the pancreatic islets. It facilitates 

the absorption of glucose into the body's cells. Its main function is to maintain glucose 

levels in the blood. It also promotes cell growth by regulating carbohydrate, lipid and 

protein metabolism [36]. 

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 of the regulatory effect of insulin on glucose 

metabolism varies from person to person [37]. 

2.2.1. The History of Insulin 

Insulin molecular weight is 5.8 kilodaltons (kDa). Insulin is derived from the Latin word 

ñinsulaò, meaning ñislandò, and is released by the islets of Langerhans, the hormonal 

secretion units of the pancreas [38]. 

In 1869, Paul Langerhans, a medical student in Berlin, 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, later called "islets of Langerhans," whose activity 

was unclear at the time, possibly secreted a digestive fluid [38]. 

In 1889, Polish-German physician Oscar Minkowski, in research with Joseph von 

Mehring, removed the pancreas of a healthy dog to illustrate the presumed involvement 
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of the pancreas in digestion. Minkowskiôs zookeeper saw flies in the dog's urine a few 

days later, 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 stated that ñthe etiology of diabetes 

consists in the elimination of the islets of Langerhans and that it develops exclusively by 

the partial or complete death of these isletsò. In 1923, the Nobel Prize Committee saw fit 

to award a team from the University of Toronto for the discovery of a useful method of 

obtaining insulin. The insulin patent is sold to the University of Toronto for $1 [38, 39]. 

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 far-reaching consequences throughout the body. 

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 insulin is used as a therapy in 

patients with type 1 and type 2 diabetes when other drugs are insufficient [40]. 

Insulin is usually administered subcutaneously, or in some special cases intramuscularly, 

intravenously, or intraperitoneally. 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 

advances, insulin therapy today is still far from being physiological. Insulin pumps that 

allow subcutaneous insulin infusion (SCII) are expensive to use and are used in many 

centers and can provide more intensive metabolic control [41]. 
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Figure 2.3. Insulin injection sites [41]. 

Insulin entered the history of DM as a life-saving agent after its introduction in the 1920s. 

Insulin therapy is a life-saving treatment for this disease. The life expectancy of people 

with type 1 diabetes, which was very 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 significantly [42]. 

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 short half-life. Subsequent 

technological developments focused on finding methods that would extend the half-life 

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 in this way. 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 extremely low [44]. 
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2.3. Hydrogel 

Hydrogels are three-dimensional polymer networks that swell greatly upon contact with 

water. Hydrogels with a high degree of flexibility are made from natural or synthetic 

materials. Under physiological conditions, they are able to absorb large amounts of water 

or biological fluids. Hydrogels can swell and shrink significantly as the amount of water 

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 robotics, and tissue 

engineering are all possible applications. Many hydrogels are synthetic, but some are 

derived from nature [45-47]. 

The term "hydrogel" was first used in a paper published in 1894. The material described 

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. The number of studies on hydrogels for biomedical applications has 

expanded since then, particularly in the 1970s. Over time, the aims and the number of 

materials changed and expanded [48, 49]. 

Hydrogels do not disintegrate during swelling because their structure is crosslinked. To 

initiate chemical crosslinking, a low molecular weight crosslinking 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, in the presence 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 equilibrium [50]. 

The hydrogels have of hydrophilic groups such as -NH2, -COOH, -OH, -CONH2, -

CONH- and -SO3H [51]. Chemical and physical cross-linking points maintain the three-

dimensional network structure of hydrogels in the swollen state [52]. 
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2.3.1. Classification of Hydrogel 

Hydrogels are classified based on their physical properties, response, preparation, ionic 

charge, source, degradability and crosslinking [53]. 

 

Figure 2.4. Classification of hydrogels depending on various parameters [53]. 

2.3.1.1. Based on Sources 

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. Proteins such as 

gelatin, collagen and polysaccharides such as hyaluronic acid (HA), alginate, and chitosan 

are the two main forms of natural polymers utilized to make natural hydrogels.  They are 

biodegradable, cheap, economical, safe, and free from side effects. However, 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 changed. So natural polymers have a 

slow production rate [53-58]. 

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 backbone for 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. 
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Mechanical characteristics and other desirable features can be designed into synthetic 

polymer hydrogels, but they are not as bioactive as natural hydrogels [54, 59, 60]. 

2.3.1.2. Based on Crosslinking 

Hydrogels are formed mainly by the method of crosslinking stable polymer networks. 

Among the various crosslinking methods, the physical crosslinking method and the 

chemical crosslinking method are the two main methods [61]. 

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 

coordination, and ˊ- -́stacking. 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 as self-healing at room 

temperature. Therefore, hydrogels can be developed for the delivery of therapeutic 

molecules [62-64]. 

 

Figure 2.5. Physically crosslinking strategies for hydrogel construction [64]. 
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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 bonds are strong 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 with chemically crosslinked hydrogels, physically 

crosslinked hydrogels generally have adjustable degradation behavior and improved 

stability and excellent mechanical properties under physiological conditions [54, 65]. 

 

Figure 2.6. Chemically crosslinked hydrogel [65]. 

2.3.1.3. Smart Hydrogels 

Smart hydrogels can change their structural and volumetric phase in response to external 

stimuli, which opens a world of possibilities for scientific research and advanced 

multidimensional technological applications. The active ingredient is released in typical 

therapeutic systems consisting of hydrogels through shrinkage or swelling of the material, 

diffusion, and matrix disintegration. A stimuli-responsive hydrogel is defined as a matrix 

that can vary its properties in response to external conditions such as temperature, pH, or 

magnetic field. Parameters such as the ability to absorb water or physiological fluid, the 

structure of the matrix, or the solubility can vary because of these factors, and a phase 

transition between sol and gel can also occur [66-69]. 
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2.4. Carboxymethylcellulose (CMC) 

Cellulose is a carbohydrate polymer abundant on earth. It is nontoxic, biocompatible, 

inexpensive  and  biodegradable. Cellulose and its derivatives have a large number of 

hydroxyl groups as they are used to make hydrogels [70]. 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 films. Carboxymethyl Cellulose (CMC) is a 

water-soluble polyanionic cellulose derivative widely used in biomedical and 

pharmaceutical fields [71]. 

 

Figure 2.7. Chemical structure of CMC [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. Large-scale production of CMC is carried out exclusively by slurry process, i.e., 

by reacting alkali cellulose swollen in aqueous NaOH. CMC is biodegraded in nature and 

biological wastewater treatment plants by aerobic and anaerobic microorganisms. After 

initial hydrolysis by extracellular enzymes, the resulting products are degraded by 

cellulolytic and non-cellulolytic microorganisms. The biodegradation rate of CMC is 

inversely proportional to the degree of substitution. Some articles have recommended it 

for wound healing, infection management and oral delivery system [72-76]. 
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2.4.1.  Carboxymethylcellulose (CMC) Hydrogels 

CMC crosslinked hydrogels are very absorbent and have good physical and dynamic 

viscoelastic characteristics. CMC hydrogel is a possible choice for wound dressings 

because to its unique features. Because Na-CMC, 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 biodegradability, and a wide range of low-cost sources. As a 

result, Na-CMC 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 over natural 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 studies focus on the physical crosslinking of CMC 

chains with organic acids, hydrogelsô mechanical performance is lacking [13, 77-80]. 

The unique properties of CMC are widely used as thickeners, suspending agents, 

stabilizers, binders, and film formers. CMC hydrogels exhibit excellent swelling 

properties and viscodynamic elasticity [81]. 

2.5. Polyethylene Glycol (PEG) 

PEGs are also known as Macrogols. It's a polyether 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 (MW). The 

anionic polymerization of ethylene oxide with any hydroxyl initiator can be used to make 

PEG. Water, ethylene glycol, or any diols can all have a hydroxyl group. Ring-opening 

polymerization can also be used to make them from epoxyethane. As a result, commercial 

PEGs with various degrees of polymerization and activated functional groups are 

available [82, 83]. PEG is water-soluble, biocompatible and non-immunogenic [84]. 

 

Figure 2.8. Chemical structure of PEG [84]. 
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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, protein and cell purification, polymer-bound reagents, and binding tests are 

among the applications. Figure 2.9 depicts the numerous applications of PEG [85, 86]. 

 

Figure 2.9. Applications of PEG [86]. 

2.5.1. Polyethylene Glycol (PEG) Hydrogels 

PEG Hydrogels are often prepared by radiation crosslinking 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 medication delivery matrices and cell 

transporters to aid tissue regeneration. To imitate particular degradation, PEG hydrogels 

were cross-linked with either matrix metalloproteinase (MMP) or plasmin-sensitive 

peptide sequences (M- PEG or P- PEG). In animal investigations, both sequences were 

found to allow for proteolytic remodeling and subsequent regeneration of critical size 

bone lesions [87-90]. 
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2.6. Citric Acid  (CA) 

Citric acid, a tricarboxylic acid (C6H8O7-H2O), 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 soluble in water. 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 many industrial 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 applications [91-94]. 

 

Figure 2.10. Chemical structure 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 polyfunctional modifier to turn OH 

polymers into reactive functional polymers known as citrate-based biomaterials (CBBs). 

CBBs are being used in a variety of biomedical applications, including tissue engineering, 

drug delivery, bioimaging, biosensing, and cancer therapy. This is due to its 

biocompatibility, biodegradability, and good physical and mechanical qualities, which 

may be customized to each application's individual needs [95-98]. 

2.7. Artificial Neural Network (ANN) 

ANNs are well-known mathematical models inspired of nervous system and involve 

artificial neurons connected to each other [99, 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 neurons in 

the neighboring layers through signal multipliers that behave like synaptic weights [101]. 

Artificial neurons operate as output generator for given input parameters. In order to 

comprehend the process occurred in the artificial neuron, the input parameters are 

multiplied with their weights (Wji) and the bias value (Bj) is added [102].   

 

 

                                                     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 Figure 2.11 is described with activation function 

(ὪВ ὡ  ὢ ὄ ) that can be found in various forms. In this study, logarithmic 

sigmoid transfer function applied as an activation function can be found as following 

equation [103, 104]: 

ὪВ ὡ  ὢ ὄ
В ╦ ▒░ ╧░║▒
╝
░

                                                          (2.1) 

The type of multi-layer 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 the second layer in which signals are processed. 

This layer generally called as hidden layer because the process is not participated with 

user. However, the information processed in the last part of the model is shared with user 

and this layer is entitled as output layer [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 of the multilayer 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 through the 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 of the developed 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 more complex due to the presence 

of nonlinear functions through the network [106].  

ANN relies on a network of nodes (perceptions) that are programmed with a set of 

algorithms meant to mimic the way human neuronôs function. Because of this, their 

primary function is to analyze data for trends and produce future predictions [107]. 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 techniques are presented 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 the target 

function, uses the Bayes Theorem [108] to find the hyperparameters that would provide 

the best possible results. An iterative process can be used to find the value that best 

characterizes the prediction effectiveness of the algorithm [109]. 

The aim of Bayesian optimization is to choose the optimum hyperparameters that provide 

the minimum error value. Assuming the space of suitable hyperparameter is X and the 

objective function is f to reduce validation error, the Bayesian optimization can be stated 

as [110]: 

ὼᶻ ÁÒÇÍÉÎ
ᶰ
Ὢὼ                                                                                                            (2.2) 
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where x is any value of apace X and x* is the collection of hyperparameters that yields the 

minimum value of the target score. The optimization is defined as a global search for the 

optimal values of unknown functions (black boxes) without knowledge of their 

underlying expressions or derivatives [111]. Moreover, when compared to other 

optimization strategies, such as random, grid, or manual search methods, this one proves 

to be the most efficient [112]. 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 location. Specifically, Bayes principle can be stated as 

follows [113]: 

ὴύȿὈ
Ὀύ

                                                                                                   (2.3) 

To be more precise, the posterior probability is denoted by p(w|D), where p(w) is the prior 

probability, p(D) is the evidence, and p(D|w) is the likelihood. The acquisition function, 

which is a consequence of the surrogate model, is used to decide which point is optimal 

for further evaluation [113]. 
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3. MATERIALS AND METHODS  

3.1. Materials  

Carboxymethyl cellulose (CMC) with degree of substitution (DS) is 0.65 and viscosity 

2% in H2O at 25 0C, 523 cps were purchased from USK Kimya A.ķ. Extra pure 

polyethylene glycol 300 (PEG-300), average molecular weight is 285-315 g/mol and 

viscosity (20 ÁC) is 1,11 -1,14 g/cm3 were purchased from Tekkim Kimya Sanayi 

TIC.LTD.ķTĶ. Citric acid anhydrous (CA), molecular weight is 192,12 g/mol were 

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. Synthesis of CMC-PEG-CA Hydrogel 

Different concentrations of CMC: PEG polymer solutions were prepared by adding CMC 

and PEG to DI water. 100 mL of 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 the mixture. 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 minutes. Subsequently, the solutions were poured into 

glass molds (glass petri dish, diameter = 60 mm) and dried in an oven for 48 hours at 30 

Ñ 2 ÁC to remove water.  

 

Figure 3.1. CMC-PEG-CA hydrogel bulk image taken into a glass petri dish before 

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

The prepared hydrogels were stored in a desiccator until analysis to prevent moisture 

absorption. The schematic diagram of the hydrogel synthesis procedure is shown in 

Figure 3.3. 

 

Figure 3.3. Synthesis procedure of CMC-PEG-CA hydrogel. 
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CMC-PEG-CA hydrogel films were prepared by the crosslinking method. The chemical 

structures of CMC and PEG polymers and the crosslinking agent CA are shown in Figure 

3-4. 

 
Figure 3.4. Chemical structure of CMC, PEG and CA [125]. 

Citric acid was used as a crosslinking agent to form CMC-PEG hydrogel films. The 

reaction mechanism for the formation of the hydrogel is shown in Figure 3.5. Citric acid 

(crosslinking agent) contains 3 hydroxyl groups. Citric acid is performed esterification 

the reactive OH groups of 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 acid, forming CMC-PEG 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 process was 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 CMC-PEG by an esterification reaction. Hydrogel 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 CMC-PEG-CA hydrogel [125]. 

3.3. Characterization of CMC-PEG-CA Hydrogel 

3.3.1. Swelling and 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 a condition 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 values 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 the solvent 

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, low-swelling (20-50%), medium-swelling (50-90%), high-
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swelling (90-99.5%) and superabsorbent (> 99.5)[114]. 

The hydrogels were cut into 10 mm Ĭ 10 mm samples, dried at 30 Ñ 2 ÁC to stabilize the 

mass, and weighed (W0, initial mass).  

 

Figure 3.6. 10 mm Ĭ 10 mm hydrogel samples before swelling. 

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 remove redundant liquid from the sample, and weighed (Ws, 

swollen mass).  

 

Figure 3.7. 10 Ĭ 10 mm hydrogel samples after swelling in water. 

The samples were then dried at 30 Ñ 2ǓC until the mass stabilized, and the final weight 

was recorded (Wf, final mass). 

The weight measurements obtained in each step of the process were used to calculate the 

degree of swelling (SD) and the degree of degradation (DD) of the hydrogels using 
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equations (1) and (2), respectively, as described in the literature [115-117]. 

ὛὈϷ ρππ                                                                                                                (3.1) 

ὈὈϷ ρππ                                                                                                   (3.2) 

3.3.2. Physical Test  

Four different analysis methods were developed to identify the physical performance of 

the synthesized hydrogels. The developed methods are as follows. 

¶ Breaking Test (After Drying) 

¶ Curling (After Swelling Test) 

¶ Dispersion (After Swelling Test) 

¶ Moisture Feeling on the Surface (After Drying) 

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 hydrogel films. 
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Results are determined by the following. 

¶ 0; no breaking 

¶ 0.5; medium breaking 

¶ 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. 

¶ 0-no curling 

¶ 0.5- medium curling 

¶ 1.0-There is curling 

 

Figure 3.9. Samples of curling test (After swelling test). 

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 according to the following values. 

¶ 0-no dispersion 

¶ 0.5- medium dispersion 

¶ 1.0-there is dispersion 
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Figure 3.10. Dispersed hydrogel samples after swelling. 

3.3.2.4. Moisture Feeling on the surface (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 whether it has 

moisture feeling on the surface. Results are determined according to the following. 

¶ 0-no moisture feeling on the surface 

¶ 0.5- medium moisture feeling on the surface 

¶ 1.0-there is moisture feeling on the surface 

 

 

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

X-ray diffraction (XRD) analysis analyzes the short-range structure of crystalline 

materials and the long-range structure of non-crystalline materials. X-ray diffraction 

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

size, and electron density of the material. When the incident X-rays 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 of diffraction maxima, their intensities (peaks or lines), and their 

location (Bragg angle ɗ or interplanetary distance) are associated with a particular crystal 

structure. In this way, the degree of crystallinity can be easily determined using XRD 

[118, 119]. 

The basic instrumentation components for X-ray diffraction collection are an X-ray 

source and a detector. These components are shown in Figure 3.12 [120]. 

 

Figure 3.12. The basic instrumentation components for X-ray diffraction [111]. 

3.3.4. Thermal Analysis (TA) 

The International Confederation of Thermal Analysis and Calorimetry (ICTAC) defines 

thermal analysis (TA) as a group of ways that monitor changes in the physical or chemical 

properties of a sample with time as a temperature program. Thermogravimetric analyzers 

(TGA) monitor and record the time, temperature, and mass of the sample. The 

temperature program may include cooling, heating and isothermal holds, or a 

combination thereof. The analyzer consists of a perfection microbalance - thermobalance 
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connected to a sample pan in an oven with temperature programmer and controller. The 

balance weighs the sample in an oven [121, 122]. 

 

Figure 3.13. Schematic diagram of TG instrument [114]. 

3.3.5. Scanning Electron 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 state-of-the-art multipurpose analytical instrument used primarily to observe 

conditions on material surfaces. The sample is exposed to a high-energy electron beam at 

SEM, and a material's crystallographic, topography, grain orientation, morphology, 

composition, chemistry information, etc., provide information. SEM is therefore a useful 

tool for understanding the characterization of materials. While morphology refers to size, 

topography and shape refers to the surface properties or ñlookò, texture, smoothness, or 

roughness of an object. Similarly, composition refers to the elements 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 polymers and surface topography [123-125]. 
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Figure 3.14. Components of SEM [116]. 

 

3.4. Insulin Loading 

Insulin was loaded into the hydrogels as a model drug via a swelling-diffusion method 

[126]. Loaded insulin amount was measured with UV-Vis spectrophotometer. The 

evaluation of hydrogels using ultraviolet light is an interesting alternative to evaluate drug 

loading mechanisms. UV-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 can transition 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 light range [127]. 

Ultraviolet and visible absorption spectrophotometry is a technique based on the 

measurement of electromagnetic radiation attenuated by an absorber. This radiation has 

a spectral range of about 190-800 nm, which also differs from other relevant ranges in 

terms of energy ranges and type of excitation [128]. 

 

Figure 3.15. The basic instrumentation of the UV-Vis spectrometer [121]. 



32 

 

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 absorption consistency of the remaining insulin 

in the solution were measured by UV-Vis  spectrometry at 270 nm [129]. 

Based on the results of the pre-concentration study, it was determined that the insulin 

loading study should be performed with four different concentrations of insulin solution. 

Therefore, a calibration study was performed for standard insulin solutions prepared 

before starting the insulin loading into the hydrogel study. First, highly concentrated stock 

insulin solutions were prepared.  

Preparation of Stock-1 Insulin Solution: The drug solution with insulin concentration 

of 3.49 mg/mL; 3 mL of it is diluted with 50 mL of ionized water, and Stock-1 solution 

with concentration of 0.2094 mg/mL insulin was prepared. 

Preparation of Stock-2 Insulin Solution: The Stock-2 solution with insulin 

concentration of 0.1047 mg/mL is prepared by diluting 50 mL of Stock-1 solution to 500 

mL. 

Preparation of Standard Insulin Loading Solution: The standard solutions with insulin 

concentrations of 0.026175 mg/mL, 0.01745 mg/mL, 0.0130875 mg/mL, 0.01047 mg/mL 

were prepared by diluting the Stock-2 solution as indicated in the Table 3.1. 

Table 3.1 Preparation of standard insulin loading solutions by diluting the Stock-2 insulin 

solution. 

 

Standard human insulin calibration curve was generated from a series of insulin solutions 

ranging from 0.01047 to 0.026125 mg/mL. The amount of insulin from the hydrogels was 

calculated using calibration line. 

 Stock-2 (mL) Dilute (mL) CInsulin(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 
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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 CMC-PEG-CA hydrogel films are kept in an oven at 30 ÁC until their 

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 standard insulin 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.  

15 g 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 day of study, and 

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. Each analysis was performed on the same day without waiting time at UV-Vis 

spectrophotometer [126, 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 CMC-PEG-CA 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 2017, CMC 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 hydrogels was between 

100% and 2500%[115]. 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 swelling results ranged from 45% to 

70%[132]. 

 

Table 4.1 Results of swelling and degradation. 

Hydrogel 

Name 

CMC 

(wt.%)  

PEG 

(wt.%)  

CA 

(wt.%)  

SD% 

(Swelling 

Degree) 

DD% 

(Degradation 

Degree) 

Hydrogel 1 55.0 30.1 15.0 5444.03 75.16 

Hydrogel 2 64.8 25.0 10.2 5413.15 28.24 

Hydrogel 3 64.8 20.1 15.1 4133.53 68.15 

Hydrogel 4 54.7 35.1 10.2 4087.43 68.25 

Hydrogel 5 70.0 21.1 8.9 3627.30 68.43 

Hydrogel 6 59.6 22.5 17.9 3512.95 77.66 

Hydrogel 7 64.9 20.1 15.1 3455.22 74.79 

Hydrogel 8 64.7 26.3 9.0 3307.24 65.72 

Hydrogel 9*  60.0 30.0 10.0 3242.70 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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Hydrogel 

Name 

CMC 

(wt.%)  

PEG 

(wt.%)  

CA 

(wt.%)  

SD% 

(Swelling 

Degree) 

DD% 

(Degradation 

Degree) 

Hydrogel 14 89.4 5.5 5.1 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 10.4 2797.84 57.98 

Hydrogel 18 65.0 22.9 12.1 2766.86 69.38 

Hydrogel 19 52.2 42.9 4.9 2747.55 49.25 

Hydrogel 20 79.1 15.2 5.7 2697.04 55.24 

Hydrogel 21 71.5 16.4 12.1 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 2442.44 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 15.5 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 15.9 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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Hydrogel 

Name 

CMC 

(wt.%)  

PEG 

(wt.%)  

CA 

(wt.%)  

SD% 

(Swelling 

Degree) 

DD% 

(Degradation 

Degree) 

Hydrogel 45 74.3 15.6 10.2 1915.18 50.98 

Hydrogel 46*  55.6 31.1 13.4 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 13.5 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 11.9 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 50.0 35.0 15.0 972.30 59.54 

Hydrogel 69*  55.0 24.9 20.2 948.34 69.00 

Hydrogel 70 60.2 31.9 8.0 938.40 34.76 

Hydrogel 71 54.6 34.5 11.0 926.60 64.65 

Hydrogel 72 64.6 17.9 17.5 921.19 77.43 

Hydrogel 73*  69.8 11.2 19.1 901.75 68.01 

Hydrogel 74 59.5 30.7 9.8 852.56 42.02 

Hydrogel 75 75.0 8.4 16.6 792.34 65.44 
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Hydrogel 

Name 

CMC 

(wt.%)  

PEG 

(wt.%)  

CA 

(wt.%)  

SD% 

(Swelling 

Degree) 

DD% 

(Degradation 

Degree) 

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 20.2 582.82 65.90 

Hydrogel 83 54.8 26.4 18.9 536.88 70.45 

Hydrogel 84 69.7 12.0 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 24.9 34.9 356.92 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 22.6 22.4 258.96 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 44.7 192.79 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 32.6 32.4 187.61 79.94 

Hydrogel 103 60.6 14.5 24.9 180.77 67.40 

Hydrogel 104*  64.5 10.4 25.2 176.81 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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Hydrogel 

Name 

CMC 

(wt.%)  

PEG 

(wt.%)  

CA 

(wt.%)  

SD% 

(Swelling 

Degree) 

DD% 

(Degradation 

Degree) 

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 110*  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 34.5 92.27 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 in the swelling/degradation 

studies. 

 

Figure 4.1. Percentage of swelling degree depending on the presence of CMC in the 

hydrogel content. 

In Figure 4.1, it can be seen that the swelling degree increase when the CMC content in 

the hydrogel structure is between 50% and 70%. In this context, a swelling degree of 

5444% was determined at a CMC value of 55%. It was found that the swelling degree 

varies between 1000% and 3000% when the CMC content increases in other regions. It 

was observed that when the CMC ratio was below 45%, the swelling degree quickly 

decreased below 1000%. 
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Figure 4.2. Percentage of degradation degree depending on the presence of CMC in the 

hydrogel content. 

Figure 4.2 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 swelling degree depending on the presence of PEG in the 

hydrogel content. 

Figure 4.3 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 appears to reach about 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 degradation degree depending on the presence of PEG in the 

hydrogel content. 

Figure 4.4 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 swelling degree depending on the presence of CA in the 

hydrogel content. 

Figure 4.5 shows the degree of swelling of the hydrogel as a function of the content of 

CA in the hydrogel structure. 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 cases where the CA content is above 20%, the degree of swelling of the 

hydrogel is generally below 1000%. 

0

1000

2000

3000

4000

5000

6000

0 10 20 30 40 50 60

%
S

D

%CA



44 

 

 

Figure 4.6. Percentage of degradation degree depending on the presence of CA in the 

hydrogel content. 

Figure 4.6 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 be concluded 

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. Results of Physical Tests 

4.1.2.1. 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 (After Drying). As a result of the analyze; it was 

observed that hydrogels containing 50%-80% CMC, 15-20% or 30-35% PEG, 8%-20% 

or 30-35% CA were not broken. The graphs of the results are in Figure 4.7, Figure 4.8 

and Figure 4.9 below. 

 

Figure 4.7. Results of drying test after drying for %CMC. 
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Figure 4.8. Results of drying test after drying for %PEG. 

 

Figure 4.9. Results of drying test after drying of %CA. 
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4.1.2.2. Curling Test (After Swelling) 

After drying each synthesized hydrogel, analysis of swelling was performed, and curling 

degree was checked as described in the Section 3.3.2.2. Curling Test (After Swelling). As 

a result of the analyze; it was observed that hydrogels containing 48%-70% CMC, 15-

20% or 25-30% PEG, 5%-12% or 30-40% CA were no curling. The graphs of the results 

are in Figure 4.10, Figure 4.11 and Figure 4.12 below. 

 

Figure 4.10. Results of curling test (after swelling test) of %CMC. 
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Figure 4.11. Results of curling test (after swelling test) of %PEG. 

 

 

Figure 4.12. Results of curling test (after swelling test) of %CA. 
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4.1.2.3. Dispersion (After Swelling Test) 

After drying each synthesized hydrogel, analysis of swelling was performed, and 

dispersion was checked as described in the Section 3.3.2.3. Dispersion Test (After 

Swelling). As a result of the analyze; it was observed that hydrogels containing 50%-70% 

CMC, 15-20% or 25-30% PEG, 8%-20% or 30-35% CA were no dispersion. The graphs 

of the results are in Figure 4.13, Figure 4.14 and Figure 4.15 below. 

 

Figure 4.13. Results of dispersion (after swelling test) of %CMC. 
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Figure 4.14. Results of dispersion (after swelling test) of %PEG. 

 

 

Figure 4.15. Results of dispersion (after swelling test) of %CA. 
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4.1.2.4. Moisture Feeling on the Surface (After Drying) 

After drying each synthesized hydrogel, moisture feeling on the surface was checked as 

described in the Section 3.3.2.4. As a result of the analyze; it was observed that hydrogels 

containing 50%-70% CMC, 15-20% PEG, 15%-20% or 30-35% CA were no dispersion. 

The graphs of the results are in Figure 4.16, Figure 4.17 and Figure 4.18 below. 

 

Figure 4.16. Results of moisture feeling on the surface (after drying) of %CMC. 
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Figure 4.17. Results of moisture feeling on the surface (after drying) of %PEG. 

 

 

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

As explained in Section 3.1.1.X-ray Diffraction (XRD); X-ray diffraction patterns of the 

CMC-CA, CMC-PEG and CMC-PEG-CA hydrogels were cataloged by an X-ray 

diffraction diffractometer. Figure 4.19 and Figure 4.20 exhibited the XRD patterns of 

CMC-CA, CMC-PEG, and CMC-PEG-CA hydrogels. The diffraction peak observed in 

the XRD spectra of CMC-CA hybrid at about 2ɗ = 32Á indicates the CMC crystal 

structure. The sharp peaks at 9.4 and 20.1Á 2ɗ angles attributed in the literature to the 

partial crystal structure of pure CMC [133] are also at approximate points for other CMC-

containing hybrid hydrogels (15.37Á and 19.21Á for CMC-CA; 14.11Á and 17.05Á for 

CMC-PEG; 14.03Á and 17.01Á for CMC-PEG-CA). These characteristic peaks match the 

CMC standard diffraction pattern.  On the other hand, XRD patterns of CMC-CA showed 

that the diffraction peak appeared at around 2ɗ = 25Á which was an mark of CA crystalline 

structure.   

In the literature, single intense peaks at 19.0Á and 23.1Á in the 2Á to 80Á 2ɗ diffraction 

region are generally considered to be prominent peaks of crystalline PEG [134]. As can 

be seen from the diffraction patterns of the crosslinked hydrogels CMC-PEG and CMC-

PEG-CA shown in Figure 4.19, there are no considerable differences in the diffraction 

patterns. The XRD pattern of CMC-PEG showed the characteristic intense peaks in the 

range of 14-17Á.  

The disappearance of the diffraction peaks of the CMC-PEG hybrid and its spread over a 

broader spectrum, as seen in the XRD of the hydrogel with higher PEG content (Figure 

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 structures [135]. Therefore, these results demonstrated that 

CMC-CA, CMC-PEG and CMC-PEG-CA hybrid hydrogels were more amorphous in 

nature.  
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Figure 4.19. XRD graphic for hydrogel of 51.02 CMC - 16.61 PEG- 32.37 CA. 

 

Figure 4.20. XRD graphic for hydrogel of 59.97 CMC ï 30.03 PEG- 10.00 CA. 
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4.1.4. Results of Thermal 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 was used to further 

probe the modification of the polymer network by the degree of crosslinking and mixing 

with PEG. Figures 4.21 and 4.22 show primary thermograms (TG) and derivative 

thermograms (DTG) for 51.02 CMC - 16.61 PEG - 32.37 CA and 59.97 CMC - 30.03 

PEG - 10.00 CA, respectively. 

According to the result hydrogel of 51.02 CMC - 16.61 PEG - 32.37 CA in Figure 4.21; 

three important thermal events were observed. Below 211.3 ÁC, a small mass loss (Ḑ2 %) 

is due to desorption of free water from the hydrogel. The second event started at about 

320 ÁC and is completed at about 430 ÁC with a mass loss of 28% and elimination of 

volatile products, corresponds to decomposition and evaporation. The mass loss of about 

28.80% below 250 ÁC is due to the evaporation of water, which is tightly bound to the 

polymer matrix [136]. As can be seen in Figure 4.22, 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%. Depending on the carboxymethylcellulose content of the hydrogel, 

the relatively high mass loss of 29.59%, which starts at about 430 ÁC and ends at 880 ÁC, 

can be attributed to water molecules bound to hydrophilic polar carboxymethyl groups. 

However, as shown in Figure 4.22, the decreasing mass loss with increasing CMC content 

may be related to the percentage of citric acid crosslinking, 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 

molecules [17]. 
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Figure 4.21. TG analysis graphic for hydrogel of 51.02 CMC - 16.61 PEG - 32.37 CA. 

The TG and DTG curves of the CMC-PEG-CA hydrogels (Figure 4.22) were found to be 

similar to those seen in Figure 4.21, with mass loss primarily due to water removal at 210-

250 ÁC, followed by polymer degradation. However, thermal stability was found to be 

higher in hydrogels (Figure 4.21) with a higher percent CA content.  Since an increase in 

ester reactions is expected at higher amounts of CA, a relative increase in thermal stability 

was observed for 51.02 CMC - 16.61 PEG - 32.37 CA compared to 59.97 CMC - 30.03 

PEG - 10.00 CA. It can also be observed that CMC, although more heat stable, 

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

According to the result hydrogel of 59.97 CMC ï 30.03 PEG- 10.00 CA in Figure 4.22; 

three important thermal events were observed. Below 235.5 ÁC, a small mass loss (Ḑ4.75 

%) is due to desorption of free water from the hydrogel. The second event started at about 

313 ÁC and is completed at about 383.2 ÁC with a mass loss of 23.30% and elimination 

of volatile products, corresponds to decomposition, and evaporation for PEG. The third 

event started at about 380 ÁC and is completed at about 918 ÁC with a mass loss of 24.05% 

for CMC as shown in detail in Figure 4.21. 
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Figure 4.22. TG analysis graphic for hydrogel 59.97 CMC ï 30.03 PEG- 10.00 CA. 

4.1.5. Results of SEM 

The morphology of two of the hydrogels that gave the best results in the swelling and 

insulin loaded tests was characterized by scanning electron microscopy (SEM). Figures 

4.23 and 4.24 show scanning electron micrographs (SEM) of 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 (Figure 4.23) and 2:1:3 (Figure 4.24) show that the 

hydrogel matrices have different degrees of regularity. The surface morphology of the 

hydrogel in Figure 4.23 showed expansions and branching at the surfaces with pinhole-

like structures in Figure 4.24. It is believed that this situation arises due to the increase in 

the concentration of crosslinking citric acid.  Hydrogels with a weight fraction of 32.37% 

CA are believed to have crack-like structures observed at the surface, probably due to the 

forced movement of CMC clusters in the cavities of the PEG network, compared to 

hydrogels with a fraction of 10% CA [138]. As can be seen from the SEM image of the 
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hybrid hydrogel with a lower CA content (Fig. 4-24), the surface morphology is smoother 

and the depth at which the layer fracture occurs is lower. 

 

Figure 4.23. SEM images for hydrogel of 51.02 CMC - 16.61 PEG - 32.37 CA. 

 

Figure 4.24. SEM images for hydrogel 59.97 CMC - 30.03 PEG - 10.00 CA. 

 

 

 

 

 

 

 

 

 



59 

 

4.2. Results of Insulin Loading Study 

4.2.1. Results of Calibration Study for Standard Insulin Solutions 

Insulin solutions in 4 different concentrations was prepared in order to examine how much 

insulin can be loaded into the prepared CMC-PEG-CA hydrogels according to the 

procedure described in the Section 3.4.1 Calibration Study for Standard Insulin Solutions. 

The insulin absorbances obtained from the UV-Vis spectrophotometer at a wavelength of 

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

are given Figure 4.25 below. 

 

Figure 4.25. UV-Vis spectra of insulin standard solutions. 
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Figure 4.26. Calibration curve of standard insulin solution. 

Based on the absorption results obtained from the UV-Vis spectrophotometer of the 

prepared standard insulin solutions at a wavelength of 272 nm, the calibration curve graph 

was drawn and the R2 value and line equation was calculated.  

4.2.2. Results of Insulin Loading Study 

To perform the insulin loading study, 15 hydrogels were selected from 124 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 for insulin 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 with insulin. 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 that absorb 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 Spectra of insulin absorption of these two hydrogels are shown in the 

following figures. 
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Figure 4.27. UV-Visible spectra of 1. hydrogel in 0.026175 mg/mL insulin solution. 

For the 1. hydrogel, the UV-Vis spectra of the loading study performed at an insulin 

concentration of 0.026175 mg/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, the insulin 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 of the 120 minutes. 
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Figure 4.28. UV-Visible spectra of 1. hydrogel in 0.01745 mg/mL insulin solution. 

For the 1. hydrogel, the UV-Vis spectra of the loading study performed at an insulin 

concentration of 0.01745 mg/mL are 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 the UV-Vis 

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

hydrogel at the end of the 120 minutes. 

-0,005

0

0,005

0,01

0,015

0,02

0,025

0,03

0,035

0,04

240 250 260 270 280 290 300

A
b

s
o

rb
a

n
c
e

Wavelength (nm)

0.01745mg/ml Insulin Standard 5 min for 1.Hydrogel

10 min for 1.Hydrogel 20 min for 1.Hydrogel

30 min for 1.Hydrogel 120min for 1.Hydrogel



64 

 

 

Figure 4.29. UV-Visible spectra of 1. hydrogel in 0.013087 mg/mL insulin solution. 

For the 1. hydrogel, the UV-Vis spectra of the loading study performed at an insulin 

concentration of 0.013087 mg/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 loading was occurred very fast because the amount of insulin in solution was small. 

In addition, the results of the 20- and 30-minute insulin loading also show that the 

hydrogel released the insulin slowly over time. 
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Figure 4.30. UV-Visible spectra of 1. hydrogel in 0.01047 mg/mL insulin solution. 

For the 1. hydrogel, the UV-Vis spectra of the loading study performed at an insulin 

concentration of 0.01047 mg/mL are shown in Figure 4.30. 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 the UV-Vis 

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

hydrogel at the end of the 30 minutes. 
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Figure 4.31. UV-Visible spectra of 2. hydrogel in 0.026175 mg/mL insulin solution. 

For the 2. hydrogel, the UV-Vis spectra of the loading study performed at an insulin 

concentration of 0.026175 mg/mL are shown in Figure 4.31. It can be seen from the 

spectra that both loading and release occur during the residence time of the hydrogel in 

the insulin solution. It was observed that all the insulin in the medium was loaded 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 loaded into the hydrogel. 
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