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Abstract 

The main objective of this research is to synthesize biocompatible gelatin-based hydrogels by 

cross-linking protein-free amino groups with aldehyde groups obtained by oxidation of sodium 

alginate, a dual cross-linking approach that incorporates both covalent and ionic bonds for 

propolis immobilization. The covalent bonds are formed by Schiff base bonds between the free 

amino groups (NH₂) of the lysine residues in the protein and the aldehyde groups (CHO) 

generated by the oxidation of sodium alginate using NaIO₄. Ionic bonds are created using Mg²⁺ 

ions. Hydrogel films were synthesized by varying the molar ratios of -CHO to -NH₂ under 

different pH conditions (3.7 and 5.5). 

The presence of aldehyde groups in oxidized sodium alginate (OSA) was confirmed by FTIR and 

NMR spectroscopy. The degree of oxidation was monitored for 48 hours and the effect of 

temperature was also studied. 

The results indicate that higher -CHO/-NH₂ molar ratios lead to an increase in the conversion 

index values for NH₂ groups, while a decrease in the swelling degree values was observed in 

media with pH values of 5.5 and 7.4. 

In addition, the effectiveness of encapsulation and release of propolis decreases as the degree of 

cross-linking of the hydrogel increases. In particular, UV irradiation enhanced the antioxidant 

activity of both free and encapsulated propolis. 

These results provide valuable insights into the design of biocompatible hydrogels for propolis 

immobilization, highlighting their potential for controlled release applications in the biomedical 

and pharmaceutical sectors. 

Key words: polysaccharides, gelatin, aldehyde groups, sodium alginate, propolis, hydrogels. 



 ملخص
 

 

انٓذف انشئٛسٙ يٍ ْزا انبحث ْٕ حخهٛك ْٛذسٔجٛلاث يخٕافمت حٕٛٚاً لائًت عهٗ انجٛلاحٍٛ، يٍ خلال انشبظ انخبادنٙ بٍٛ 

يجًٕعاث الأيٍٛ انحشة انخانٛت يٍ انبشٔحٍٛ ٔيجًٕعاث الأنذْٛذ انخٙ ٚخى انحصٕل عهٛٓا عٍ طشٚك أكسذة أنجُٛاث 

نخبادنٙ حذيج انشٔابظ انخساًْٛت ٔالإَٔٚٛت نخثبٛج يادة انبشٔبٕنٛس. ٚخى حكٍٕٚ انشٔابظ انصٕدٕٚو، ْٔٙ يماسبت ثُائٛت انشبظ ا

 (CHO) نًخهفاث انهٛسٍٛ فٙ انبشٔحٍٛ ٔيجًٕعاث الأنذْٛذ(NH₂) انخساًْٛت عبش سٔابظ شٛف بٍٛ يجًٕعاث الأيٍٛ انحشة

حى حخهٛك أفلاو  .⁺Mg² الإَٔٚٛت باسخخذاو إَٔٚاثٔحُُشأ انشٔابظ  .NaIO₄ انخٙ حُخج عٍ أكسذة أنجُٛاث انصٕدٕٚو باسخخذاو

 .)9.9ٔ 7.3ححج ظشٔف يخخهفت يٍ دسجت انحًٕضت ) NH₂- ئنٗ CHO- انٓٛذسٔجٛم عٍ طشٚك حغٛٛش انُسب انًٕنٛت يٍ

حى  .FTIR ٔNMR يٍ خلال انخحهٛم انطٛفٙ (OSA) حى حأكٛذ ٔجٕد يجًٕعاث الأنذْٛذ فٙ أنجُٛاث انصٕدٕٚو انًإكسذة

 .ساعت، ٔحًج دساست حأثٛش دسجت انحشاسة أٚضًا 84دسجت الأكسذة عهٗ يذاس يشالبت 

، NH₂ حإد٘ ئنٗ صٚادة فٙ لٛى يإشش انخحٕٚم نًجًٕعاث CHO/-NH₂- حشٛش انُخائج ئنٗ أٌ انُسب انًٕنٛت الأعهٗ يٍ

 .3.8ٔ 9.9حبهغ  pH بًُٛا نٕحع اَخفاض فٙ لٛى دسجت الاَخفاخ فٙ الأٔساط راث لٛى

ئنٗ رنك، حمم فعانٛت انخغهٛف ٔئطلاق انبشٔبٕنٛس يع صٚادة دسجت انشبظ انخبادنٙ نهٓٛذسٔجٛم. ٔعهٗ ٔجّ بالإضافت 

 .انخصٕص، عضص انخشعٛع بالأشعت فٕق انبُفسجٛت انُشاط انًضاد نلأكسذة نكم يٍ انبشٔبٕنٛس انحش ٔانًغهف

ثبٛج يادة انبشٔبٕنٛس، يًا ٚبشص ئيكاَاحٓا فٙ حطبٛماث حٕفش ْزِ انُخائج سؤٖ لًٛت حٕل حصًٛى ْٛذسٔجٛلاث يخٕافمت حٕٛٚاً نخ

خحكى فّٛ فٙ انمطاعاث انطبٛت ٔانصٛذلاَٛت ًُ  .الإطلاق ان

 .انسكشٚاث انًخعذدة، انجٛلاحٍٛ، يجًٕعاث الأنذْٛذ، أنجُٛاث انصٕدٕٚو، انبشٔبٕنٛس، انٓٛذسٔجٛلاث :لكلمات المفتاحية

 

 



Résumé 

L'objectif principal de cette recherche est de synthétiser des hydrogels biocompatibles à base de 

gélatine en réticulant des groupes amine libres de protéines avec des groupes aldéhyde obtenus 

par oxydation de l'alginate de sodium, une approche de double réticulation qui intègre à la fois 

des liaisons covalentes et ioniques pour l’immobilisation de la propolis. Les liaisons covalentes 

sont formées par des liaisons de Schiff entre les groupes amine libres (NH₂) des résidus de lysine 

de la protéine et les groupes aldéhyde (CHO) générés par l'oxydation de l'alginate de sodium à 

l'aide de NaIO₄. Les liaisons ioniques sont crées en utilisant des ions Mg²⁺. Les films d'hydrogel 

ont été synthétisés en faisant varier les rapports molaires de -CHO à -NH₂ sous différentes 

conditions de pH (3,7 et 5,5). La présence de groupes aldéhyde dans l'alginate de sodium oxydé 

(OSA) a été confirmée par spectroscopie FTIR et RMN. Le degré d'oxydation a été suivi pendant 

48 heures, et l'effet de la température a également été étudié. 

Les résultats indiquent que des rapports molaires -CHO/-NH₂ plus élevés entraînent une 

augmentation des valeurs de l'indice de conversion des groupes NH₂, tandis qu'une diminution 

des valeurs de degré de gonflement a été observée dans des milieux avec des valeurs de pH de 5,5 

et 7,4. De plus, l'efficacité de l'encapsulation et de la libération de la propolis diminue à mesure 

que le degré de réticulation de l'hydrogel augmente. En particulier, l'irradiation UV a renforcé 

l'activité antioxydante de la propolis, tant libre qu'encapsulée. Ces résultats fournissent des 

informations précieuses sur la conception d'hydrogels biocompatibles pour l’immobilisation de la 

propolis, mettant en évidence leur potentiel pour des applications de libération contrôlée dans les 

secteurs biomédical et pharmaceutique. 

Mots-clés: polysaccharides, gélatine, groupes aldéhyde, alginate de sodium, propolis, hydrogels. 
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General Introduction 

1 

 

 

Intrroduction 

A hydrogel is a three-dimensional, hydrophilic polymer network that absorbs and retains large 

amounts of water [1]. Despite their high water content, hydrogels usually behave as solids. Their 

inflated shape resembles certain elements of living systems, making them useful in a variety of 

sectors, including medical, pharmaceuticals, food, agriculture, and environmental science [1, 4]. 

Polysaccharides are complex carbohydrates made up of long chains of monosaccharide units 

linked by glycosidic bonds, characterized by their high molecular weights [5]. Naturally 

occurring in microorganisms, algae, plants, and animals, they play key roles in biological 

processes such as cell wall formation and energy storage [6, 7]. Their bioactive properties offer 

promising potential for therapeutic applications in pharmaceuticals [8]. Additionally, their unique 

physicochemical characteristics make them valuable in industries such as food [9,10], cosmetics 

[11], and materials science [12]. Ongoing research is enhancing our understanding of the 

structure-function relationships of polysaccharides, enabling innovative advancements. Scientists 

are also modifying their branching patterns, chain lengths, and functional groups to improve their 

versatility for specific applications [13]. 

A key approach to modifying polysaccharides is through the introduction of carbonyl groups into 

the biopolymer chain via oxidation [13, 14]. This targeted modification is designed to enhance 

the functionality and performance of polysaccharides for specific applications. Adding carbonyl 

groups imparts new chemical and physical properties to the polysaccharide structure, improving 

characteristics such as solubility, stability, and reactivity [15]. This process expands the potential 

uses of polysaccharides across various fields. Chemical oxidation methods are commonly 

employed to introduce these carbonyl functional groups into the polysaccharide backbone [15– 

17]. 

Introducing carbonyl groups into polysaccharides enhances their capacity to form hydrogels and 

imparts unique functionalities to the resulting materials. The addition of carbonyl groups 

increases the polysaccharide’s reactivity and cross-linking potential, allowing for precise control 

over the hydrogel's mechanical properties, swelling behavior, and responsiveness to external 

stimuli. Furthermore, these carbonyl groups facilitate the incorporation of other functional 

molecules, such as amino groups from protein chains. Cross-linking modified polysaccharides, 

particularly those with added carbonyl groups, with proteins is an important technique in 

biomaterials and biomedical research [18, 19]. 
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Proteins are natural polymers made up of amino acids linked by peptide bonds and further 

stabilized by cross-links such as sulfhydryl bonds, hydrogen bonds, and van der Waals forces, 

resulting in complex, functional structures [20]. Common proteins like collagen, gelatin, albumin, 

and soy protein are frequently used to form hydrogels [21]. Their wide array of functional 

groups—such as amino, carboxyl, hydroxyl, and sulfhydryl groups—enables diverse interactions 

and crosslinking techniques, making proteins ideal for hydrogel creation [22]. 

As the fundamental building blocks of life, proteins offer a rich variety of chemical 

functionalities and structural patterns that are particularly well-suited for developing advanced 

hydrogels. These protein-based hydrogels can promote cell growth, support tissue regeneration, 

and feature customizable mechanical properties and degradation rates [22]. The integration of 

protein-derived materials into hydrogel technology represents a cutting-edge area in biomaterials 

research, offering innovative solutions to complex challenges in healthcare and environmental 

sustainability. 

Carbonyl-modified polysaccharides cross-linked with protein-based hydrogels represent a 

promising class of materials for biomaterials and biomedical applications. These hydrogels 

combine the beneficial properties of both polysaccharides and proteins, offering key features such 

as biocompatibility, biodegradability, and adjustable mechanical properties. One of the main 

mechanisms for cross-linking in these systems is Schiff base formation, which occurs when 

carbonyl groups introduced into the polysaccharide backbone react with amino groups in proteins 

to form covalent Schiff base bonds [8, 23]. 

This cross-linking process, which involves the condensation of the carbonyl groups in 

polysaccharides with the amino groups in proteins, creates a stable, pH-dependent network that 

can be tuned for desired cross-linking levels [9]. The resulting hybrid hydrogel structure 

combines the structural and mechanical properties of polysaccharides with the bioactivity and 

functionality of proteins, making it ideal for a variety of applications. The tunability of the Schiff 

base reaction allows precise control over the physical and chemical characteristics of the 

hydrogel. 

The Schiff base hydrogels are widely applicable in biomedical fields. They enable precise control 

over drug release kinetics, enhancing therapeutic outcomes [11, 24, 25]. To develop an effective 

controlled drug delivery system using biopolymers, the first crucial step is selecting the 

appropriate biopolymer(s). This requires a deep understanding of the biopolymers' surface and 
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intrinsic properties, which are essential for designing systems that deliver optimal therapeutic 

outcomes [26, 27]. The choice of biopolymer significantly influences the hydrogel’s 

characteristics, including its mechanical strength, porosity, and responsiveness to external 

stimuli. Common biopolymers used in hydrogel synthesis include alginate, chitosan, hyaluronic 

acid, collagen, and gelatin, each contributing unique properties to the resulting material. 

Gelatin (Gel) is a water-soluble compound derived from collagen through partial hydrolysis. It 

readily dissolves at 37°C, is non-immunogenic, and exhibits amphoteric properties [28, 29]. The 

molecular weight and characteristics of Gel are influenced by two main factors: the source of 

collagen and the manufacturing process. The type of collagen used, along with the method of 

production—such as heat and enzymatic denaturation or extraction under alkaline (gelatin type 

B) or acidic (gelatin type A) conditions—significantly affect Gel’s molecular weight, viscosity, 

and gelling strength [30]. Structurally, Gel is characterized by a repeating amino acid sequence 

and a high concentration of hydroxyproline and hydroxylysine. Due to these unique properties, 

hydrogels made from Gel are extensively used in the development of drug delivery systems, 

contact lens composites, and tissue engineering matrices [30]. 

Additionally, the mechanical and chemical properties of Gel can be adjusted by using various 

cross-linking agents, such as glutaraldehyde [31], genipin [32], and dialdehydes derived from 

oxidized polysaccharides [33, 34]. Sodium alginate (SA) is a non-toxic, naturally occurring 

polysaccharide extracted from brown seaweed, like kelp, and is widely utilized in the food [35], 

pharmaceutical [36], and textile industries [37]. It is a water-soluble salt that forms a viscous, gel- 

like substance upon contact with water, making it an excellent thickener, stabilizer, and 

emulsifier. 

SA can be modified through oxidation with sodium periodate in an aqueous solution, which 

reduces its molecular weight and enhances its reactivity and biodegradability [38, 39]. This 

modification broadens the potential applications of SA in various industries, including food, 

pharmaceuticals, and biomedicine. The oxidation process transforms the hydroxyl groups at the 

C-2 and C-3 vicinal bonds in the uronic units of the alginate chains into dialdehyde groups [40]. 

These dialdehyde groups can subsequently undergo additional chemical reactions, such as cross- 

linking, resulting in more complex structures with diverse properties. 

Hydrogels based on oxidized sodium alginate (OSA) have demonstrated significant potential in 

numerous applications, including drug delivery [41], tissue engineering [42], and wound healing 
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[43]. The carbonyl groups present in the hydrogel can interact with various functional groups in 

drugs or proteins, enabling controlled release of these molecules over time. Furthermore, 

reactions involving amino groups can produce hydrogels with enhanced cell adhesion properties, 

making them suitable for a variety of applications [44]. The varying degrees of cross-linking in 

OSA-based hydrogels also contribute to the development of scaffolds for tissue engineering and 

drug delivery systems with improved stability and durability [45]. 

The Gel-OSA-based hydrogel is notable for its abundance and advantageous properties for 

creating functional materials, including biocompatibility, non-toxicity, flexibility, and 

biodegradability [40,46]. When the free amino groups of lysine and hydroxylysine residues in 

Gel react with the aldehyde groups of OSA, covalent bonds are formed through Schiff base 

linkages. This reaction results in the formation of highly stable, physiologically degradable 

networks that enhance cell adhesion and biocompatibility. 

Pettignano et al. developed a Gel-based hydrogel cross-linked with OSA using borax, resulting in 

hybrid hydrogels with self-healing capabilities due to the reversible nature of Schiff base 

formation. This bio-hydrogel merges the properties of both materials, enabling it to self-repair 

after mechanical damage. Their findings indicate that optimizing self-healing properties in these 

hydrogels requires a careful balance of concentration, the stoichiometric ratio of the two 

biopolymers, and the specific source of Gel. Additionally, the healing process is significantly 

affected by pH, underscoring the importance of the dynamic Schiff base linkages between the 

amine groups of Gel type B and the aldehyde groups of OSA in reconstructing the damaged 

hydrogel interface [46]. 

A study by Rottensteiner et al. [47] demonstrated that alginate-gelatin hydrogels exhibited 

favorable biocompatibility both in vitro and in vivo, along with strong cell adhesion and 

proliferation of mesenchymal stem cells. These encouraging results indicate that alginate-gelatin 

hydrogels hold significant potential for applications in bone tissue engineering and merit further 

research in this field [47]. 

Propolis (Pro) is a natural, resinous substance collected and processed by bees from various plant 

sources [48]. It contains over 300 components [49], including resins, gummy substances, waxes, 

essential oils, aromatic oils, phenolic compounds, and bioactive substances such as phenolic 

acids, flavonoids, ketones, and aldehydes[49,50]. The composition of propolis varies based on its 

botanical origin [51]. This diverse array of chemical compounds contributes to its wide range of 
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biological activities, which differ among samples from various geographical locations. These 

activities include anesthetic, antimicrobial, antioxidant, anti-inflammatory, and, more recently, 

antiproliferative and antitumor effects [50, 52]. Additionally, Pro is non-toxic, safe, and can 

exhibit antimicrobial synergism when used in combination with certain antibiotics [53]. Recently, 

novel biopolymer hydrogels containing Pro have been developed for various biomedical 

applications [54]. 

The primary objective of this study was to optimize the reaction parameters for producing 

hydrogel films by cross-linking gelatin with oxidized sodium alginate (OSA) to achieve the most 

favorable physicochemical properties for the controlled and sustained release of propolis (Pro). 

Within the propolis used, three phenolic acids were quantified: caffeic acid, p-coumaric acid, and 

ferulic acid [55], with para-coumaric acid selected as the key component for investigating the 

encapsulation and release performance of the fabricated hydrogels. 

The structure of the obtained OSA was analyzed using FTIR and 
1
HNMR spectroscopy to 

determine the degree of oxidation and assess the effects of varying oxidation times and 

temperatures. We also evaluated the capacity of the aldehyde groups in OSA to cross-link the 

free amino groups in gelatin by analyzing the conversion index of NH2 groups to Schiff bases, 

utilizing different NH2/CHO molar ratios and two distinct pH environments. The hydrogels, both 

with and without encapsulated propolis, were characterized using FTIR spectroscopy, scanning 

electron microscopy, and measurements of swelling degree. Furthermore, we investigated the 

protective role of the polymer matrix by assessing the antioxidant activity of propolis-containing 

films exposed to UV light for 30 minutes. We also evaluated the hydrogels' ability to control and 

sustain the release of p-coumaric acid from propolis in vitro, in buffer solutions at pH 5.5 and pH 

7.4. 

This thesis is organized into three parts: 

The first part is a bibliographic research being composed of three (chapters describing the 

oxidation of polysaccharides and their reaction with proteins to form hydrogels, their 

classification and various biomedical applications, and a description of Schiff base cross-linked 

hydrogels based on oxidised alginate and gelatin for biomedical applications. 

The second part presents the methods and materials, being organized in one chapter. 

Chapter 4 is dedicated to the presentation of the characterization synthesis methods and the 

equipment used for this purpose. 
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The third part represents the part of Results and discussion composed of one chapter which is 

chapter 5 presents the obtained results and their discussions. 

Finally, a general conclusion and suggestions for future are presented 



 

 

 

 
 

 



 

 

 

 

 



Bibliographic Research 

7 

 

 

Chapter I: Oxidation of Polysaccharides and Their Reaction with Proteins to 

Form Hydrogels 

I.1 Introduction 

This chapter presents a bibliographic summary of the generalities on the chemical and 

physical properties of polysaccharides as well as their periodic periodat oxidation or enzymatic 

oxidation which improves their crosslinking with proteins to form hydrogels. 

I.2 Polysaccharides 

Polysaccharides or essential carbohydrates are versatile molecules in the form of short 

sequences of oligosaccharides or polymeric repeating units. Both substances are found in 

abundance in plants and animals, and play a variety of roles such as structural support, energy 

storage and facilitating gel formation. Their specific functions depend on factors such as 

chemical composition, molecular weight and, in some cases, ionic properties. Because of their 

multiple capabilities, polysaccharides find applications in both food and non-food industries, 

serving as crucial components in a variety of products and processes [56]. Chemical modification 

of polysaccharides results in hydrophilic, acidic, basic or other functional groups in the 

polysaccharide structure, thus modifying their properties [19]. 

I.2.1. Introduction of carbonyl groups in polysaccharides chains by oxidation 

Chemical oxidation of polysaccharides enables the creation of structures that can be applied 

in a variety of fields. This method improves product value by triggering the oxidative cleavage of 

glycol, converting primary alcohols to carboxylic acids and enzymatically converting them to 

aldehydes [19]. These oxidation techniques modify the hydroxyl groups in the polysaccharide 

backbone, producing carboxyl or carbonyl groups. This modification lengthens the chains and 

enhances the reactivity of polysaccharides, thus broadening their potential applications [25]. 

Recent studies highlight the effectiveness of selective oxidation in introducing carbonyl 

(aldehydes, CHO) and carboxyl (COOH) groups to the polysaccharide backbone [13, 39]. More 

specifically, hydroxyl groups in the primary C-6 position can be oxidized to form aldehydes or 

carboxylic acids [19]. Among oxidation methods, the nitroxyl radical TEMPO appears to be a 

promising route for the production of polyuronic acids produced from polysaccharides, targeting 

the selective oxidation of primary alcohol groups (C-6) [57, 59]. Researchers in this field have 



Bibliographic Research 

8 

 

 

explored chemoenzymatic modifications using biocatalysts such as laccase and mediators such as 

TEMPO or 4-Amino-TEMPO under mild aqueous conditions to introduce aldehydes and surface- 

active carboxylic groups onto cellulose nanofibers. In addition, variable proportions of 

dicarboxylic and dialdehyde chemical functions can be obtained by using other oxidizing agents 

such as sodium hypochlorite and hydrogen peroxide to oxidize secondary hydroxyl groups (C-2 

and C-3) [14, 57, 60, 61]. 

The introduction of carbonyl groups into the backbone chain of polysaccharides is of great 

importance, as it profoundly influences their structural and reactive characteristics. The main 

methods for incorporating carbonyl groups into polysaccharide chains involve chemical and 

enzymatic oxidation [62]. These oxidation techniques are used to target the hydroxyl group at the 

C-6 position, resulting in the formation of aldehyde groups, as well as to cleave vicinal diols at C- 

2 and C-3, thus introducing dicarbonyl functional groups [19]. 

I.2.2 Enzymatic oxidation 

A commonly employed method for modifying and enhancing the properties of 

polysaccharides involves enzymatic oxidation. Instead of relying on chemical catalysts, enzymes 

like galactose oxidase (D-galactose: oxygen 6-oxidoreductase, E.C.1.1.3.9) are utilized. This 

enzyme exhibits selectivity in catalyzing the oxidation of the C-6 primary hydroxyl group of D- 

galactose moieties, yielding corresponding aldehydes, as depicted in Figure 1 [62]. The resulting 

galactoaldehyde products possess heightened reactivity, rendering them suitable for various 

applications, including the formation of hydrogel by cross-linking reactions [63] and the 

fabrication of new aerogels [64]. The enzymatic oxidation reaction catalyzed by galactose 

oxidase proceeds via oxidative and reductive half-reactions, utilizing oxygen as an oxidant and 

generating hydrogen peroxide as the by-product [65, 66]. 



Bibliographic Research 

9 

 

 

 
 

 

 

 

 

 

Figure 1. Enzymatic oxidation reaction by galactose oxidase. 
 

Parikka et al [67] employed a selective oxidation technique on various galactose containing 

polysaccharides, including spruce galactoglucomannan (O-acetyl galactoglucomannan), guar 

galactomannan (guar gum), larch arabinogalactan (corn arabinoxylan), and tamarind seed 

xyloglucan. They utilized a consistent three-enzyme system comprising Galactose oxidase, 

catalase, and horseradish peroxidase. Their study aimed to assess how temperature, substrate 

concentration, enzyme-to-substrate ratio, and polysaccharide structure influence both the quantity 

and quality of the resulting products through oxidation. Their findings indicate that higher 

degrees of oxidation were achieved with oxidized O-acetyl galactoglucomannan, guar gum, and 

xyloglucan compared to oxidized larch arabinogalactan and corn fiber gum [67]. 

Previous studies have also demonstrated the oxidation of polysaccharides using galactose- 

6-oxidase. Mollerup et al [68] used chemoenzymatic approaches involving galactose-6-oxidase to 

oxidize galactoglucomann and xyloglucan units in polysaccharides. The oxidized polysaccharides 

can then be adsorbed onto cellulose surfaces, improving the reactivity and barrier properties of 

cellulose-based materials. This study was undertaken with the aim of advancing this system for 

renewable energy and materials applications [68]. 

A number of studies have also focused on the chemoenzymatic alteration of cellulose pulps 

using the laccase-mediator system (LMS), which comprises laccase (EC 1.10.3.2) and the 

2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO). Operating under mild aqueous conditions 

(sodium citrate buffer, pH 6, 30 °C), this system introduces mainly aldehyde groups into 
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cellulose, with carboxyl groups forming a smaller fraction of the carbonyl groups. The reaction 

proceeds uniformly, even in the high-b-weight region, distinguishing it from other methods of 

chemical oxidation of cellulose. The effectiveness of LMS in modifying cellulose fibers, 

particularly those derived from softwood (bleached softwood kraft pulp), has been convincingly 

demonstrated [69]. Thanks to the combination of laccase and TEMPO, fibers can be endowed 

with carboxyl and aldehyde groups, with process parameters tailored for optimum enhancement 

of functional group content. The effectiveness of this approach derives from its catalytic 

oxidation pathways, highlighting enzymatic modifications suitable for papermaking applications. 

In addition, research indicates that increasing pulp consistency enhances the biorefinery potential 

of the laccase-TEMPO system. Higher pulp consistency yields heightened levels of aldehyde and 

carboxyl groups, accompanied by more pronounced reductions in pulp viscosity during 

enzymatic treatment. These not only impacts fiber strength and tear resistance but also results in 

improved water retention capabilities and mechanical properties like dry tensile index and burst 

index. The treatment fosters enhanced inter-fiber hydrogen bonding, leading to energy savings 

during refining and bolstering wet tensile strength. The observed increase in wet tensile strength 

is ascribed to inter-fiber covalent bonding facilitated by aldehyde groups [70, 71]. 

I.2.3. Periodate oxidation 

Periodate oxidation in aqueous solutions emerges as a highly effective method for 

modifying polysaccharide chains by introducing carbonyl groups, thereby potentially 

transforming the physical and chemical properties of the resulting biopolymer derivatives [15, 

72]. Typically, this oxidation process occurs with sodium metaperiodate as the oxidizing agent, 

leading to the ring-opening of 1,2-diols at positions C-2 and C-3 of polysaccharides, resulting in 

dialdehyde groups with remarkable selectivity and efficiency [19]. Malaprade first identified this 

cleavage reaction through the rapid oxidation of polyols by the periodate ion [73, 74]. 

Subsequently, Criegee noted that lead tetraacetate can cleave 1, 2-diols [75], while Fleury and 

Lange further validated Malaprade's cleavage reaction, emphasizing the role of vicinal hydroxyl 

groups in the compound [65]. Prior literature has extensively reviewed periodate oxidation [15, 

40, 76], and only a brief overview will be provided here. 

The process of oxidizing polysccharides with sodium periodate to introduce carbonyl 

groups into the polysccharide backbone starts with hydroxyl groups binding directly to iodine via 
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two successive ion-pair attacks on each hydroxyl group (Figure 2). This sequence forms a cyclic 

intermediate known as the periodate ester. Next, the cyclic iodate ester is decomposed to give 

dialdehyde groups. The crucial step in this mechanism is the formation of the periodate ester. 

Factors such as substrate structure, reaction pH and temperature can influence this process. In 

addition, the periodate oxidation reaction is exothermic and the periodate compound itself has 

relatively low light stability. Consequently, the reaction is generally carried out in the dark, at a 

temperature below 30 °C and at a pH between 3 and 7 [77]. 
 

 

 

 

 

 

 
Figure 2. Mechanism of polysaccharide oxidation by sodium periodate. 

 

In general, the properties of dialdehyde products are influenced by various processing 

parameters, such as periodate dosage, temperature and pH. Aldehyde content is influenced by 

increasing periodate dosage, but excessive molar ratios between periodate and the monomer unit 

of the polysaccharide can lead to a slight increase in aldehyde content due to the formation of 

hemiacetals. These hemiacetals are created when an aldehyde group reacts with a hydroxyl 

group, which is particularly noticeable when the aldehyde content is higher [38]. For example, 
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during the oxidation of sodium alginate, the degree of oxidation generally reaches a maximum of 

around 50% due to the formation of stable inter-residue hemiacetals, which protect the hydroxyl 

groups from further oxidation [15, 79]. In addition, temperature affects the density of dialdehyde 

products, with higher temperatures leading to deterioration of periodate ions and consequently 

reducing aldehyde content. To achieve maximum aldehyde density, it is crucial to keep the 

oxidation temperature below 30 °C, as demonstrated by Kholiya et al. [65]. Other studies have 

shown that the aldehyde density of dialdehyde-carboxymethylagarose fell from 81% to 64% 

when the temperature was raised from 30 °C to 60 °C [65]. The pH of the reaction medium also 

plays an important role in determining aldehyde density [66]. The optimum density of 

dialdehydes in oxidized polysaccharides lies within a pH range of 3 to 7. At pH values below 2.0, 

the dialdehyde product undergoes acidic degradation, while pH values above 7 result in a 

reduction in aldehyde content and molecular weight due to β-elimination reactions [66]. 

Furthermore, under alkaline conditions, some aldehyde groups may undergo further 

oxidation to form carboxyl groups through the Cannizzaro reaction [72]. Additionally, the type of 

saccharide blocks can influence the rate at which dialdehyde groups are generated. For instance, 

the periodate oxidation rate for guluronic residues of alginate was approximately 50 % faster than 

that for mannuronic residues [63]. Therefore, comprehending the impact of periodate oxidation 

factors and the structural characteristics of polysaccharides is crucial for achieving high 

dialdehyde content with the desired structure. 

When dealing with derivatives of periodate-oxidation products, caution is paramount to 

prevent unintentional or undesirable modifications. One concern involves the precipitation of free 

iodine, which can lead to adverse effects. Studies have shown that iodine can react with specific 

periodate-oxidation products, resulting in unwanted alterations. Additionally, treating the typical 

dialdehydic oxidation product with a strong base poses risks, as it may trigger an internal 

Cannizzaro reaction. For instance, the oxidation of methyl P-L-rhamnopyranoside can 

quantitatively undergo this reaction within a short period when exposed to strong bases like 

sodium hydroxide at elevated temperatures [79]. Moreover, water can produce the hydrolysis of 

polysaccharides under certain conditions, particularly in acidic or alkaline environments. This 

hydrolytic reaction breaks glycosidic bonds within polysaccharides, producing smaller 

oligosaccharides or monosaccharides. While hydrolysis is typically undesired during oxidation 
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reactions, it may occur as a side reaction if the reaction conditions are not meticulously controlled 

[79,80]. 

To mitigate undesirable reactions like free iodine precipitation or internal Cannizzaro 

reactions during the isolation of derivatives from periodate-oxidation products, several 

precautions can be implemented. Firstly, it's essential to ensure complete removal of excess 

periodate from the reaction mixture before isolation. Thorough washing or purification steps, 

such as dialysis or chromatography, can effectively separate desired oxidation products from 

unreacted periodate, thus preventing free iodine formation. Additionally, optimizing reaction 

conditions during periodate oxidation is crucial to minimize the formation of unwanted by- 

products and side reactions. Controlling factors such as pH, temperature, and reaction time can 

facilitate the selective formation of desired oxidation products [79]. 

I.3. Proteins 

Proteins are complex biological macromolecules made up of chains of amino acids. They 

are fundamental components of all living organisms and play crucial roles in various biological 

processes. Proteins are involved in structural support, enzymatic reactions, immune responses, 

cell signaling, transport of molecules, and many other functions within cells and organisms [81]. 

Proteins constitute more than half of the dry weight of cells, surpassing all other biomolecules in 

abundance. They stand out among macromolecules by orchestrating virtually every biochemical 

reaction within biological systems. However, it's crucial not to overlook the essential roles played 

by other components of living systems, as they also contribute indispensably to the intricate 

workings of life [82]. 

The structure of a protein is hierarchical, with primary, secondary, tertiary, and sometimes 

quaternary levels of organization. The primary structure refers to the linear sequence of amino 

acids in the protein chain. Secondary structure involves the folding of the polypeptide chain into 

alpha-helices, beta-sheets, or other structural motifs stabilized by hydrogen bonds. Tertiary 

structure is the overall three-dimensional folding of the protein chain, driven by interactions 

between amino acid side chains and the surrounding environment. Quaternary structure, present 

in proteins with multiple subunits, refers to the arrangement of these subunits in the protein 

complex [83]. 
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Proteins are derived from natural sources such as plants, animals, fungi, and 

microorganisms. They can be obtained through dietary sources or extracted and purified for 

various applications in research, medicine, biotechnology, and food industry. 

I.3.1. Protein’s shape and structure 

Chemically speaking, proteins represent the pinnacle of structural complexity and 

functional sophistication among known molecules. This complexity is not surprising considering 

that each protein's structure and chemistry have been honed over billions of years of evolutionary 

history. Even experts are often astounded by the remarkable versatility of proteins [84]. 

The shape of a protein is dictated by its sequence of amino acids and they are synthesized 

as linear chains of amino acids, forming a polyamide (polypeptide) structure. However, they 

adopt intricate three-dimensional shapes to fulfill their functions. While there are approximately 

300 amino acids found across various animal, plant, and microbial systems, only 20 amino acids 

(essential amino acids) are encoded by DNA for incorporation into proteins. Additionally, many 

proteins contain modified amino acids and associated components known as prosthetic groups 

[81, 84]. 

Various chemical techniques are employed to isolate and characterize proteins based on 

criteria such as mass, charge, and three-dimensional structure. Proteomics, an emerging field, 

focuses on studying the complete spectrum of protein expression within a cell or organism, 

including alterations in protein expression in response to factors such as growth, hormones, 

stress, and aging [82]. Every amino acid features a central carbon, known as the α-carbon, to 

which four distinct groups are connected (Figure 3): 

A basic amino group (—NH2). 

An acidic carboxyl group (—COOH). 

A hydrogen atom (—H). 

A unique side chain (—R). 
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Figure 3. Structure of a protein. 
 

I.4. Hydrogels 

Hydrogels are characterized as a distinctive category of cross-linked polymer networks, 

whether natural or synthetic, with the capability to absorb and retain substantial amounts of 

aqueous solutions and biological fluids [85, 86]. This water-holding ability stems from the 

presence of a hydrophilic polymer network, which can be formed through in situ physical or 

chemical cross-linking methods [85, 86]. Typically, physical networks are established through 

non-covalent interactions, including hydrogen bonding, ionic interactions (such as electrostatic 

interactions in polyelectrolyte complexes), metal coordination (for instance, the formation of 

hydrogels using metal-coordinated ligands), hydrophobic interaction (like the aggregation of 

hydrophobic segments in proteins), and host-guest interaction (such as cyclodextrin inclusion 

complexes). Alternatively, ionic cross-linking involves the use of divalent cations, such as 

calcium ions, to cross-link polymers that contain carboxylic groups as a substituent on the base 

chain [alginate, gellan, poly (acrylic acid) or its copolymers]. Chemical cross-linking can be 

achieved through various methods, each offering unique advantages and applications. One 

common approach is cross-linking polymerization where acrylamide-based monomers undergo 

radical polymerization to form polyacrylamide hydrogels. Another method employs chemical 

cross-linking agents like glutaraldehyde or genipin, which react with functional groups on 

polymer chains to create cross-links. Additionally, hydrogel formation can be facilitated through 

Michael addition, where thiol-containing polymers react to form cross-linked networks [87]. 

Enzymatic cross-linking utilizes enzymes such as transglutaminase to cross-link gelatin, resulting 

in gelatin hydrogels [88]. Metal coordination cross-linking occurs through the formation of 
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coordination bonds between polymer chains and transition metal ions. Lastly, photochemical 

cross-linking relies on exposure to UV light to induce the photo-polymerization of acrylate-based 

monomers, forming cross-linked structures [88]. These diverse methods offer versatility in 

designing hydrogels with tailored properties to suit various biomedical and industrial 

applications. Hydrogels can be created by cross-linking either a single water-soluble 

polysaccharide or a mixture thereof, resulting in a wide array of chemical and physical 

characteristics. Conversely, hydrogels can also be engineered in various physical formats, 

including slabs (sheets), microparticles, nanoparticles, coatings, and films [85]. 

Recently, hydrogels have garnered considerable attention, especially in biomedical and 

pharmaceutical domains. They have been utilized for controlled drug release, particularly for 

proteins, and for encapsulating living cells. Moreover, hydrogels find applications in various 

biomedical contexts such as contact lenses, artificial corneas, wound dressings, and coatings for 

sutures. 

I.4.1. Synthesis of hydrogels 

Hydrogels are versatile three-dimensional polymer structures defined by their cross-linking, 

a fundamental trait influencing their performance. The density of these cross-links profoundly 

affects hydrogel properties. Achieving this density entails diverse techniques like physical cross- 

linking, chemical cross-linking, grafting polymerization, and radiation cross-linking. These 

modifications are pivotal in enhancing hydrogels' viscoelasticity and mechanical traits, rendering 

them suitable for various biomedical and pharmaceutical applications [85, 89]. 

I.4.1.1. Chemical cross-linking 

Chemically cross-linked hydrogels emerge from the establishment of covalent bonds 

between the chains of one or multiple polymers. These cross-links are generated through diverse 

methods like polymerization with multifunctional monomers, exposure to high-energy radiation, 

chemical reactions involving complementary or pendant groups, or reactions facilitated by cross- 

linking agents. Enzymes can also serve as cross-linking agents [90, 91]. The figure 4 illustrates 

various techniques for synthesizing chemically cross-linked hydrogels. 

Polymerization with a multifunctional monomer can be accomplished through step or 

condensation polymerization, as well as free radical or chain polymerization methods [92]. These 
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polymerization reactions can occur in solution, bulk, emulsion or suspension. Typically, the 

polymerization process is initiated by adding a quantity of initiator after mixing the 

monofunctional and multifunctional monomers [92, 93]. 
 

 
Figure 4. Diagram representing different chemical methods of hydrogels fabrication. 

 

Cross-linking can manifest through various mechanisms, including free radical or oxidizing 

reactions facilitated by elevated temperatures and the presence of air. Alternatively, UV light or 

other radiation sources may also induce cross-linking. Another mechanism involves chemical 

reactions, such as the condensation of an alcohol or an amine with a carboxylic acid. When 

polymers undergo cross-linking, a three-dimensional network structure emerges as chemical 

bonds or bridges form between the polymer chains. This process enhances the mechanical 

properties and stability of the polymer. Cross-links can be established through chemical reactions 

triggered by factors like heat, pressure, pH changes, or irradiation [93]. 

Various initiators, including azo compounds, peroxides, and redox initiators, can be 

employed to initiate polymerization. Chemical initiation offers the advantage of yielding 

relatively pure, residue-free hydrogels [92]. 

High-energy electromagnetic irradiation, particularly gamma and electron beams, can be 

employed to chemically cross-link water-soluble monomers or polymers. This process generates 

free radicals on polymer chain ends without requiring the addition of a cross-linker [91,92]. Such 

high-energy irradiation can transform the water-soluble polymers into hydrogels, by vinyl groups 
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polymerization. Subsequently, the resulting radicals combine to form bonds between polymer 

backbones, resulting in a polymer network [87, 91, 92]. 

Moreover, chemically cross-linked hydrogels can be synthesized through click chemistry 

and dynamic reactions, particularly utilizing cross-linking reactions involving Schiff base 

formation for water-soluble polymers [86, 91]. 

Click reactions are regarded as faster, more versatile, regiospecific, and efficient compared 

to Schiff base reactions, as they typically generate no byproducts [91, 94]. Hydrogels can be 

produced using click reactions (Figure 5), which encompass azide-alkyne cycloadditions, Diels- 

Alder, thiol-ene, and oxime reactions [91]. In the case of cross-linking via Schiff base formation, 

polymers must possess functional groups like alcohol, amine, or hydrazide, which can react with 

aldehydes to form the polymer cross-linking network [92]. 

 
 

Figure 5. Click chemistry reactions employed to cross-link hydrogels. 

 

Another mechanism involves the use of enzymes as cross-linking agents, which is 

considered an appealing option due to the specificity of enzymes and the mild reaction conditions 

required. Cross-linking via enzymes occurs in two primary ways: either through direct enzymatic 

catalysis of cross-link formation, as illustrated in Figure 6, or indirectly through enzymatic 
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production of a cross-linking agent such as H2O2. This agent is capable of oxidizing reactive 

structures, leading to subsequent cross-link formation [95, 96]. Jus et al. [97] examined 

enzymatic protein cross-linking as a greener alternative to conventional methods involving toxic 

chemicals. Their study investigated the utilization of tyrosinases from various sources and 

laccases for cross- linking gelatin and gelatin hydrolysates. Through spectroscopic analyses and 

oxygen consumption measurements, enzymatic oxidation of tyrosine residues was confirmed. 

Chromatographic techniques revealed the dimerization of a model substrate. Enzymatic cross- 

linking led to a significant increase in molecular weight, resulting in material precipitation. 

Moreover, the presence of phenolic molecules augmented the cross-linking effect. This research 

underscores the potential of enzymatic approaches for protein cross-linking, presenting a safer 

and more environmentally friendly alternative to traditional chemical methods [97]. In another 

investigation, Rossi et al. [96] examined the efficacy of whey protein/pectin edible films, 

supplemented with trans glutaminase, as water barrier coatings for fried and baked foods. They 

applied these hydro colloidal films to doughnuts, french fries, and taralli biscuits to evaluate their 

impact on moisture loss, oil absorption, and texture properties. The findings revealed notable 

reductions in moisture loss and oil content in coated fried foods compared to uncoated 

counterparts. Sensory evaluation tests indicated no discernible texture differences between coated 

and uncoated products. Furthermore, the edible films effectively prevented moisture absorption 

by taralli biscuits during storage, thereby preserving their desired texture. Overall, the study 

underscores the potential of whey protein/pectin edible films in enhancing the quality and shelf 

life of fried and baked foods [96]. Additionally, Battisti and al. [98] introduced an innovative 

packaging strategy involving the application of biopolymeric solutions onto raw paper sheets. 

These solutions comprised gelatin cross-linked with trans glutaminase enzyme, along with 

glycerol and citric acid. Although there was no improvement in mechanical properties, the 

coating exhibited effective film formation, as confirmed by various analyses. Notably, it 

significantly reduced water vapor permeability while maintaining the original optical properties 

of the paper. When employed for beef packaging, the coated papers demonstrated several 

advantages: decreased microbial populations after storage, enhanced stability against lipid 

oxidation, preserved red color, and lower pH values compared to uncoated paper. Moreover, they 

effectively prevented moisture loss from the beef, highlighting their promising role in food 

preservation and quality maintenance [98] 
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Figure 6. Schematic of enzymatic cross-linking as catalyst that assemblies two functional groups of different 

polymer chains. Adapted from [99]. 

I.4.1.2. Physical cross-linking 

Physical hydrogels have recently garnered considerable interest in pharmaceutical, biomedical, 

and food applications, primarily due to their relatively straightforward fabrication protocol, which 

eliminates the need for cross-linking agents [85, 100]. These hydrogels typically feature a 

reversible structure characterized by continuous, dynamic, non-covalent bonds. The formation of 

physical hydrogels relies on intra- or intermolecular bonds that are reversible, and their 

association-dissociation dynamics are governed by the physical and chemical properties of the 

material, such as pH, temperature, ionic strength, and so forth. In contrast to chemical hydrogels, 

physical hydrogels feature cross-links composed of lower-energy non-covalent bonds [54, 56]. 

These bonds result in physical hydrogels having lower mechanical properties compared to those 

formed by chemical bonds [101, 102]. Various methods have been explored to synthesize 

physical hydrogels, including the formation of intra- and intermolecular bonds such as hydrogen 

bonds, hydrophobic association, and van der Waals interactions, as well as ionic cross-linking, 

stereo- complexation, and electrostatic interactions. Physical hydrogels derived from proteins can 

be created by altering the pH or subjecting the protein to temperatures exceeding its denaturation 

point [101]. 
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Physical hydrogels formed by ionic cross-linking are three-dimensional polymeric 

networks that are cross-linked through ion interactions under mild conditions, typically at room 

temperature and physiological pH [86, 103, 104]. This type of cross-linking can occur through 

interactions between certain di- or multivalent metal ions, such as Ca
2+

, Fe
3+

, Cu
2+

, Zn
2+

, and 

functional groups present in the polymer, such as carboxylic groups. These interactions give rise 

to ionically cross-linked hydrogels [101, 104, 105], as examples the alginate hydrogels [90, 91, 

105, 106]. 

Physically cross-linked hydrogels can be generated through the formation of hydrogen 

bonds, where a hydrogen atom is bonded with an atom possessing higher electronegativity, such 

as oxygen, nitrogen, or fluorine. In this scenario, the hydrogen atom acquires a partial positive 

charge, while the electronegative atom bears a partial negative charge, facilitating electrostatic 

interactions between them [101, 106]. Hydrogen bonds serve as physical cross-links, whether 

inter- or intramolecular, during hydrogel formation]. Particularly in natural polymer-based 

hydrogels, hydrogen bonding stands out as the primary interaction type due to the presence of 

numerous functional groups in their chains, including hydroxyl, amino, and carboxylic acid 

groups [102]. 

Stereo-complexation hydrogels arise from the cooperative interaction between polymer 

chains or molecules featuring identical chemical composition but opposite stereochemical 

configurations [102]. A prominent instance of such hydrogels involves polylactide copolymers. 

Polylactide is a biodegradable polymer sourced from renewable materials, frequently utilized in 

diverse biomedical and pharmaceutical contexts due to its biocompatibility and adjustable 

characteristics. By combining poly (l-lactide) and poly (d-lactide), both possessing differing 

stereoisomeric arrangements, stereo-complexation hydrogels are formed [107, 108]. One notable 

advantage of these hydrogels lies in their straightforward preparation, achievable by simply 

mixing copolymers dissolved in an aqueous solution [102]. 

Physical hydrogels can also be generated by exploiting electrostatic interactions between 

oppositely charged polyelectrolytes under appropriate conditions, eliminating the necessity for 

chemical cross-linkers [107, 108]. When polyanions with negative charges and polycations with 

positive charges are mixed to form polyelectrolyte complexes, robust and swift interaction 

processes occur, leading to phase separation within the solution [109]. Hydrogels offer numerous 

advantages,  including  the  absence  of  harmful  chemical  cross-linkers,  the  rapid  and 
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straightforward reaction under mild conditions, and the amalgamation of desired properties from 

two or more components [110]. 

Physical hydrogels formed via hydrophobic association typically result from the 

aggregation and association of hydrophobic groups within amphiphilic polymers, achieved 

through two main methods: copolymerization and crystallization (Figure 7). 

Copolymerization of vinyl monomers with hydrophobic monomers, or the introduction of a 

reduced quantity of hydrophobic groups through a chemical reaction it also leads to physical 

hydrogels by the association of hydrophobic sequences [110]. Within an aqueous medium, these 

hydrophobic groups undergo association and aggregation driven by entropy, ultimately giving 

rise to a three-dimensional framework. 

Crystallization, a method relying on the renaturation of gelatin or polysaccharides into their 

respective triple helical or double helical conformations during the reversible formation of sol-gel 

hydrogels. This process induces nucleation and growth of crystallites [110, 111]. As the helices 

aggregate, they form junction points influenced by temperature. At high temperatures, the helices 

adopt a random coil shape. As the temperature decreases, they transition to double helices and 

aggregate, acting as nodes that form the physical junctions (cross-linking points) of the hydrogels 

[111]. 
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Figure 7. Different physical methods of hydrogels fabrication. 

 

I.5. Cross-linking proteins with carbonyl derivatives of polysaccharides 

I.5.1. Schiff Base Linkages 

Schiff base derivatives, initially discovered in 1864 by the German chemist and Nobel 

laureate Hugo Schiff, represent a category of compounds formed through the reaction between 

amino and carbonyl groups or benzoic aldehydes, essentially belonging to the imines subclass. 

This reaction yields a double bond between a carbon and nitrogen atom, constituting an imine or 

azomethine functional group (–C=N–) [112]. Notably, Schiff base formation can occur under 

mild conditions, yielding water as the sole byproduct [113]. These linkages facilitate the creation 

of imines, hydrazones, and oximes cross-links, finding diverse applications across 

pharmaceuticals, biology, inorganic chemistry, and medicine. Scientists have also explored novel 

heterocyclic/aryl Schiff bases for developing environmentally friendly technologies, leveraging 

their simplicity, versatility, non-toxicity of reagents and products, and reversibility [113,115]. 
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Hydrogels are synthesized via Schiff base cross-linking, a process involving the reaction of 

aldehyde/ketone groups with amines, hydrazides, and aminooxy groups present in biopolymers, 

leading to the formation of imines, hydrazones, and oximes cross-links, respectively. These 

cross-links serve as the bridges within the hydrogels [16]. Notably, hydrazones and oximes cross- 

links exhibit greater stability compared to imine linkages, which are condensation products of 

aldehyde/ketone groups with α-effect nucleophiles containing amino groups adjacent to nitrogen 

and oxygen atoms, respectively [16, 114, 116]. According the Figure 8, benzoic Schiff base 

hydrogels are created by linking amines, hydrazides, and aminooxy groups with benzaldehyde 

groups, yielding benzoic imines, benzoic hydrazides, and benzoic oximes, respectively, thereby 

enhancing the carbon-nitrogen double bond (–C=N–) [16, 117]. To prepare hydrogels utilizing 

imine, hydrazone, or oxime cross-linking, polymers need to be functionalized by incorporating 

aldehyde or nucleophilic groups. While primary amino groups are commonly present in many 

native polymers, chemical modification is essential to introduce carbonyl groups in the other 

reactant [113]. Two primary methods exist for functionalizing polysaccharides: oxidation of 

vicinal hydroxyl groups in various polysaccharides using sodium metaperiodate, or utilization of 

molecules containing aldehyde groups via carbodiimide chemistry [16]. 

 

Figure 8. Representative diagram of the formation of Schiff base hydrogels[116]. 
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I.5.2. Imine bonds based hydrogels 

The imine bond constitutes a reversible dynamic covalent bond, initiated by the 

nucleophilic attack of amine derivatives on carbonyl groups (aldehyde/ketone) under 

physiological conditions [118, 119]. This reaction, termed the imine reaction, entails the 

elimination of water molecules upon the formation of the C=N bond either intra- or inter- 

molecularly through the reaction of two molecules containing amino and carbonyl groups 

(Figure 9). 

 

 

 

Figure 9 :Reaction between molecules containing amino and carbonyl groups. 
 

The reaction rate can be accelerated by acid catalysis [118, 120]. The imine bond is 

reversible, allowing the reaction to proceed in both directions. In the forward direction, water 

molecules are eliminated either physically, using the Dean-Stark apparatus under azeotropic 

conditions, or chemically, by introducing a drying agent such as molecular sieves or MgSO4 into 

the reaction mixture. This typically involves refluxing a mixture of compounds containing 

carbonyl and amine functional groups [118, 120, 121]. In the reverse direction, the addition of 

water to an imine can induce hydrolysis, reverting the condensation reaction to produce the initial 

reactants. This reversible process reaches thermodynamic equilibrium upon reheating [118, 120, 

122, 123]. The imine bond finds extensive utility across various fields due to its several 

advantages. Firstly, it's a reversible bond, conveniently synthesized from amine and aldehyde 

groups. Secondly, imine compounds exhibit low toxicity levels. Furthermore, aromatic aldehydes 

can undergo condensation with amines to yield imines, a process offering notable advantages in 

organic synthesis. Aromatic imines, commonly known as Schiff bases, formed through these 

reactions, possess enhanced stability due to resonance stabilization within the aromatic ring, thus 

resisting hydrolysis under mild conditions. The region selectivity inherent to aromatic aldehydes 

ensures the generation of a single desired product, minimizing the formation of unwanted 
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byproducts. Additionally, imines exhibit sensitivity to environmental factors such as pH, 

concentration, and temperature, providing significant advantages in organic synthesis. This 

sensitivity enables precise control over reaction conditions, facilitating the fine-tuning of 

reactivity and selectivity. Through the adjustment of these parameters, chemists can optimize 

reaction rates and product yields while minimizing the formation of undesired [122]. 

Hydrogels for diverse applications have been extensively engineered utilizing imine bonds, 

primarily owing to their reversible association and dissociation behavior, which occurs without 

intermediates [16, 96]. 

Recent investigations have focused on hydrogels incorporating imine bonds. These studies 

often involve modifying the structural units of polysaccharides with sodium periodate to 

introduce aldehyde groups. The resulting oxidized polysaccharides are then utilized to create 

imine bond-based hydrogels, often in conjunction with cationic polysaccharides or proteins. 

Additionally, various biopolymers containing primary amine groups, such as gelatin and 

chitosan, can serve as precursors for imine cross-linking [16, 124]. For instance, Ding et al. [124], 

synthesized a hydrogel using two biopolymers, acrylamide-modified chitosan, and oxidized 

alginate, employing covalent cross-linking to establish imine bonds.They observed that the 

mechanical properties and self-healing capabilities of the hydrogels were impacted by both the 

duration of cross-linking and the pH environment. Furthermore, they anticipated that these 

hydrogels held promise for the advancement of self-healing materials and could be applied across 

a broad spectrum of biomedical fields [124]. 

Furthermore, Ma et al. [125] developed an injectable hydrogel by blending oxidized 

alginate hybrid nanoparticles with hydroxyapatite and carboxymethyl chitosan through imine 

formation. These hydrogels demonstrated self-healing properties, with rheological testing 

revealing an increase in storage modulus corresponding to higher concentrations of oxidized 

alginate or longer oxidation times. These findings suggest promising applications for the 

hydrogels in bone tissue engineering [125]. Lei et al. [126], devised a self-healing hydrogel by 

leveraging imine bond formation between gelatin and dialdehyde carboxymethyl cellulose. 

Initially, gelatin was reacted with ethylenediamine to enhance the amino group content, 

subsequently cross-linked with dialdehyde groups present within the carboxymethyl cellulose 

backbone. The outcomes revealed that these hydrogels displayed commendable self-healing 

ability, fatigue resistance, and self- recovery capacity, attributed to the presence of imine bonds 

[126] 
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I.5.3. Hydrazone and acyl hydrazone bonds-based hydrogels 

Hydrazone or acylhydrazone bonds represent common reversible reactions, arising from the 

condensation of hydrazines and hydrazides, respectively, with carbonyl groups (typically ketones 

or aldehydes), elimination of water as shown in the Figure 10 [128, 129]. 

a) 

 

 

b) 

 

 

 

Figure 10. Schiff base : a) hydrazone linkages; b) acylhydrazone linkages. 

 

The hydrazone bond is distinguished by its swift formation and reversibility under specific 

conditions, alongside its heightened stability in comparison to the imine bond. Introducing an 

acyl group into the hydrazide side transforms the hydrazone bond into an acyl hydrazone bond, 

albeit at a slower rate than the hydrazone bond [114, 116, 130]. Hydrazone or acyl hydrazone 

reactions mirror those of imine bonds, being reversible and capable of changing direction through 

hydrolysis. Under acidic conditions, the rate of formation or hydrolysis accelerates significantly, 

facilitating rapid bond exchange [129, 131]. 
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Hydrazone and acyl hydrazone bonds have garnered significant attention for crafting 

biopolymer hydrogels across various applications, owing to their distinctive properties [121]. 

These hydrogels are formed through hydrazone and acyl hydrazone cross-linking, achieved by 

blending oxidized polysaccharides with hydrazides or acyl hydrazides. Typically, the 

functionalization of hydrazides involves carbodiimide chemistry, facilitating the reaction between 

the free carboxylic acid groups present in the biopolymer backbone and dihydrazide-containing 

components like adipicdihydrazide (ADA) and carbodihydrazide (CDH) [16, 124]. Researchers 

have investigated hydrogels utilizing hydrazone/acyl hydrazone cross-links due to their notable 

properties such as injectability, shear-thinning behavior, and self-healing capabilities [132, 133]. 

Wei and al. [132] introduced a novel biocompatible self-healing hydrogel by leveraging the 

dynamic interaction between carboxyethyl chitosan functionalized with adipic acid dihydrazide 

(ADH) and oxidized sodium alginate. They demonstrated that these hydrogels exhibited 

exceptional self-healing abilities without requiring external stimuli, likely attributed to the 

dynamic nature of imine and acyl hydrazone bonds within the hydrogel networks. Additionally, 

the hydrogels demonstrated favorable cytocompatibility and cell release characteristics [132]. In 

a separate study, Lehmann-horn et al. [133], demonstrated that oxidized hyaluronic acid (HA- 

ALD) could be paired with hyaluronic acid functionalized with adipic-dihydrazide (HA-ADH) to 

produce a self-healing and shear-thinning hydrogel suitable for bioprinting applications. 

Additionally, the incorporation of thiol-ene cross-linkable groups into the resulting hydrogel 

networks enhanced the mechanical properties of the films [133]. Yang and colleagues [134], 

developed a range of cellulose-based self-healing hydrogels, constructed via dynamic covalent 

acylhydrazone linkages. These synthesized hydrogels exhibit outstanding mechanical properties 

and self-healing capabilities, achieving a healing efficiency exceeding 96%. Moreover, the 

hydrogels demonstrate dual-responsive sol-gel transition behaviors triggered by pH and redox 

stimuli, suggesting potential for controlled release applications, particularly in the context of 

doxorubicin delivery [134]. 

I.5.4. Oxime bonds-based hydrogels 

The oxime bond represents a reversible reaction within dynamic covalent chemistry. It 

forms through the condensation reaction between an aldehyde or ketone group and a 
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hydroxylamine functional group under mild conditions, with water being the sole byproduct 

(Figure 11) [114, 136, 137]. 

 

 

 

Figure 11. Schematic illustration of Schiff base oxime linkages. 
 

As previously noted, while oxime formation displays some reversibility, this reaction 

provides improved hydrolytic stability compared to imine and hydrazone bonds, which poses a 

constraint in developing dynamic covalent bulk materials [129,130]. Furthermore, the oxime 

reaction offers several advantageous features, including high efficiency, chemoselectivity, 

formation in aqueous solvents, and non-toxicity, with water being the sole byproduct [136]. 

Additionally, acidic conditions catalyze oxime formation through electron transfer from adjacent 

oxygen [129, 138]. Due to the electron-donating resonance effect of the oxygen atom, oximes and 

oxime ethers exhibit lower reactivity towards nucleophilic attack compared to imines, as the sp
2
 

carbon atom of the oxime is less electrophilic than that of the corresponding imines [138]. Oxime 

bonds, with their distinctive properties, have found widespread application across various 

domains, including cell surface modification, hydrogel fabrication, scaffold preparation, 

conjugation, and biological molecule labeling [135]. In recent times, oxime cross-linking has 

emerged as a promising technique for bioconjugation, particularly in the creation of covalently- 

cross-linked hydrogels. By combining aminooxy-functionalized biopolymers with aldehyde- 

functionalized biopolymers, oxime-based hydrogels can be synthesized [114, 131]. Mukherjee 

and al. [139] introduced a self-healing hydrogel functionalized with oxime groups, capable of 

reversible gel-to-sol transition in acidic conditions through controlled oxime exchange. They 

employed conventional polymerization of N, N-dimethyl acrylamide (DMA) and diacetone 

acrylamide (DAA) to prepare keto-functional copolymers, which were subsequently chemically 

cross-linked with difunctionalalkoxyamines to form hydrogels via oxime bond formation. The 

researchers demonstrated that the reversible nature of oxime cross-links endowed the hydrogels 

with autonomous healing capabilities [139]. In another study, Lin and al. [135] synthesized 
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hydrogels based on poly(ethylene glycol) (PEG) utilizing oxime bonds as cross-links. They 

achieved this by combining dialdehyde-functionalized PEG (PEG-bCHO) with a 4-arm 

aminooxy cross-linker molecule. The properties of the hydrogel were found to be influenced by 

pH and the presence or absence of an aniline catalyst. Additionally, azide-functionalized oxime 

hydrogels were generated using copper (I)-catalyzed alkyne-azidecycloaddition (CuAAC) and 

metal-free strain-promoted alkyne-azidecycloadditions (SPAAC). This allowed for the 

incorporation of RGD peptides into the hydrogel post-gelation, confirming the availability of 

azide groups for subsequent reactions [135]. 

In alkene-derived oxime hydrogels, the investigation into 3D photo peptide patterning via 

thiol-ene chemistry has garnered attention. Payam et al. and Cole and al. [141, 142] have 

demonstrated a synthetic approach for hydrogel preparation utilizing a photolabile protecting 

group, 2-(2-nitrophenyl) propyloxycarbonyl (NPPOC), as a direct photocage for releasing 

aminooxy groups. Upon exposure to UV radiation, the aminooxy groups are liberated from the 

NPPOC photocages, subsequently interacting with aldehydes derived from poly (ethylene glycol) 

(PEG) end-functionalized with benzaldehyde to form oxime linkages. This enables control over 

the location and degree of cross-linking via photo-mediated oxime connections, facilitating 

systematic adjustment of mechanical properties. Moreover, the use of photo-mediated oxime 

linkages enables the immobilization of various biomolecules with spatiotemporal control and 

micron-scale resolution [141, 142]. 

The cross-linking of hydrogels via Schiff base linkages stands as a crucial element in the 

advancement of versatile and functional materials with promising applications spanning multiple 

domains. These hydrogels can be efficiently cross-linked through various methods, primarily 

utilizing imine, hydrazone, acylhydrazone, and oxime linkage formation. The flexibility offered 

by these cross-linking strategies enables precise control over the properties of the hydrogels, 

making them adaptable for a wide range of applications. 

While Schiff-based hydrogels hold considerable promise for various applications, they 

encounter challenges related to long-term stability and biodegradability. Researchers are actively 

striving to tackle these issues, seeking to improve the overall performance of these hydrogels. In 

summary, Schiff base hydrogels and their cross-linking methods offer significant potential for the 

development of advanced materials. Nonetheless, ongoing research is indispensable to optimize 

the properties of hydrogels and surmount potential limitations. 



Bibliographic Research 

31 

 

 

I.6. Conclusion 

In conclusion, the modification of polysaccharides through oxidation represents a versatile 

approach for introducing carbonyl groups, thereby facilitating their cross-linking with proteins or 

other polymers bearing amino groups, to fabricate hydrogels. Polysaccharides, owing to their 

abundance, biocompatibility, and tunable properties, serve as excellent candidates for hydrogel 

synthesis. The introduction of carbonyl groups using periodate oxidation or enzymatic oxidation 

enhances the reactivity of polysaccharides, enabling efficient cross-linking with proteins. 

The formation of Schiff base linkages between the carbonyl groups in oxidized 

polysaccharides and proteins plays a pivotal role in hydrogel fabrication. This cross-linking 

mechanism offers several advantages, including simplicity, reversibility, and biocompatibility. 

By adjusting the oxidation conditions and protein composition, the properties of the resulting 

hydrogels, such as mechanical strength, swelling behavior, and degradation rate, can be tailored 

to suit specific applications. 

Generally, polysaccharides modified by oxidation for the introduction of carbonyl groups 

provide a promising platform for the development of hydrogels with diverse applications in tissue 

engineering, drug delivery, and biomedical devices. Further research efforts aimed at optimizing 

the oxidation process, elucidating the cross-linking mechanisms, and exploring novel 

polysaccharide-protein combinations will continue to advance the field of hydrogel technology. 
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Chapter II: Classification of hydrogels and their different biomedical 

applications 

II.1. Introduction 

This chapter presents the classification of hydrogels and their biomedical applications 

cross-linked with carbonyl derivatives of polysaccharides sequenced as follows: - Biomedical 

applications of film Schiff base hydrogels; - Biomedical applications of microparticles hydrogels; 

- Biomedical applications of nanoparticles hydrogels (nanogels). 

II.2. Classification of hydrogels 

Hydrogels are pivotal in material engineering, showcasing distinctive and diverse 

applications (Figure 13). Among them, Schiff-base cross-linked hydrogels have garnered 

considerable interest in biomedicine due to their biocompatibility, autonomous structural 

integrity, tissue affinity, porous architecture, adjustable characteristics, and potential for precise 

drug release [121]. These hydrogels form through polymeric chain cross-linking via condensation 

reactions involving carbonyl and amino groups, leading to Schiff bases (imine) bond formation. 

This resulting structure offers an ideal milieu for an array of biomedical uses, spanning from 

tissue engineering to drug delivery, wound mending, shape adaptation, and self-repair 

mechanisms. Their primary strength lies in their dynamic nature and capacity to conform to 

evolving conditions, rendering them exceedingly adaptable and sought-after materials across 

various biomedical domains. 

 

 
Figure 12. Hydrogels types discussed different classifications of hydrogels based on their format. 
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From the Figure 12, hydrogels synthesized through Schiff base cross-linking. Depending on the 

intended application, these hydrogels can be tailored into various formats, including films, 

membranes, rods, particles, and emulsions, utilizing different methodologies [142]. 

 

 
Figure.13. Different biomedical applications of cross-linked hydrogels formed by Schiff base reaction. 

 

II.3. Hydrogels films 

Hydrogels, renowned for their hydrophilic and pliable nature, retain water and mimic the 

extracellular matrix through their intricately cross-linked 3D structure. They boast features like 

significant swelling, remarkable biocompatibility, and notable adaptability in shape [143]. 

Recently, there's been progress in crafting hydrogel films, or membranes, with precise thickness. 

These films are constructed from interconnected networks of either natural polymers (such as 

chitosan, gelatin, carrageenan, and alginate) or synthetic polymers (including poly(vinyl alcohol), 

poly(acrylic acid), polyacrylamide, and poly(N-isopropyl acrylamide), among others). These 

films inherit both the chemical and physical traits of bulk hydrogels and exhibit rapid 

responsiveness and outstanding flexibility. Such characteristics render them compatible with 
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biological systems and sensitive to external stimuli, thus paving the way for innovative 

functionalities [145, 146]. 

In their study, Ding and al. [146], introduce a novel biofilm derived from natural polymers 

with Schiff base formation. This self-healable polymeric hydrogel is formed by self-crosslinking 

acrylamide-modified chitin (AMC) and oxidized alginate. Utilizing dynamic covalent linkages, 

the hydrogel achieves self-healing capabilities through Schiff base bonds between polysaccharide 

chains. The hydrogel's ability to self-heal is contingent upon the ratio of AMC to oxidized 

alginate and the surrounding pH. Notably, it exhibits complete recovery post-damage and 

exceptional stretchability, a unique trait in polysaccharide-based hydrogels. Furthermore, its self- 

healing property can be preserved through freeze-drying and reactivated upon rehydration. 

Moreover, the hydrogel acts as a scaffold for directing the repair of inorganic materials like 

hydroxyapatite. With its biocompatible and biodegradable composition, this self-healable 

hydrogel shows promise for a wide array of biomedical applications [146]. Additionally, 

Higueras et al. [147], introduce an innovative approach wherein cinnamaldehyde is tethered to 

chitosan films via imino-covalent bonding, providing a reversible attachment mechanism. 

Employing solid-phase synthesis, chitosan films are immersed in an acidified ethanolic solution 

containing the aldehyde, resulting in a high substitution degree nearing 70 %. The formation of 

the chitosan-cinnamaldehyde Schiff base is confirmed through ATR-FTIR spectroscopy. 

Examination of hydrolysis and cinnamaldehyde release under simulated food preservation 

conditions yields insights into film stability and kinetics. Evaluation of antimicrobial properties 

against diverse bacteria, including Listeria monocytogenes, demonstrates efficacy influenced by 

treatment conditions and bond hydrolysis levels. Notably, the films impede L. monocytogenes 

growth for an extended period under refrigeration, potentially augmenting food shelf life. 

Sensory analysis reveals consumer acceptance of the cinnamon aroma, opening avenues for 

applications in antimicrobial food packaging and beyond, especially where sustained-release 

systems are imperative [147]. Hydrogel films constructed from natural polymers with Schiff base 

formation present a versatile platform boasting diverse applications, accompanied by unique 

advantages and considerations. Stemming from biocompatible sources, these films hold 

significant promise in biomedical realms like wound care, targeted drug delivery, and tissue 

regeneration. Their eco-friendly derivation from renewable materials aligns with sustainability 

objectives. Adjustable properties, achievable through tailored compositions, enable customized 
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performance tailored to specific application demands. The inherent self-healing capabilities 

imparted by Schiff base formation bolster durability, yet challenges persist, including inherent 

mechanical limitations and questions surrounding biodegradability. Processing intricacies, such 

as gelation kinetics and film uniformity, pose hurdles that can impact scalability and 

reproducibility. While the potential is undeniable, a judicious evaluation of both strengths and 

limitations is imperative to maximize their efficacy across a spectrum of applications. 

In exploring biofilms based on natural polymers with Schiff base formation, Wang and al. 

[148] investigated the development of a semi-interpenetrating polymeric network using chitosan 

and poly (vinyl alcohol) (PVA), cross-linked with glutaraldehyde. The study meticulously 

characterized the molecular weight and degree of deacetylation of chitosan, delving into the 

chemical bonds formed during the cross-linking reaction and their response to varying pH 

conditions. Examination of the gelation properties of the chitosan-PVA pregel solution and the 

resultant hydrogel's mechanical attributes yielded significant insights. FTIR spectra analysis 

unveiled the formation of Schiff's base (C=N) and its pH-dependent transition, underscoring 

chitosan's pivotal role in hydrogel formation via Schiff's base reaction with glutaraldehyde. 

Furthermore, the study observed an augmentation in mechanical properties with PVA 

incorporation but noted PVA leaching during prolonged swelling periods in acidic environments 

due to the hydrolysis of gel networks, particularly Schiff's base bonds. This research contributes 

substantially to the comprehension and optimization of chitosan-PVA hydrogels for a myriad of 

applications [148]. Moreover, Zhumadilova et al. [149], synthesized innovative copolymers 

comprising acrylic acid and Schiff base, featuring amine groups in the main chain and carboxylic 

groups in the side chain. These copolymers exhibited poly(ampholyte-electrolyte) behavior and 

formed complexes with anionic, cationic, and non-ionic polymers. The study delved into how 

external factors such as solvent quality, temperature, pH, and ionic strength influenced the phase 

and volume transitions of these complexes. This research yields valuable insights into the 

behavior and interactions of these copolymers and their complexes across diverse conditions, 

presenting potential applications across various fields [149]. These films are highly adaptable, 

allowing for precise tailoring to meet specific requirements like mechanical strength, swelling 

behavior, and responsiveness to stimuli. This versatility enables a wide range of applications 

spanning from biomedical needs such as drug delivery and tissue engineering to industrial and 

environmental uses like sensors and wastewater treatment. Moreover, their synthetic composition 
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ensures consistent quality and reproducibility, making them well-suited for diverse fields. 

However, it's important to consider potential issues such as cytotoxicity and limited 

biodegradability associated with certain synthetic polymers, underscoring the necessity for 

thorough evaluation and optimization tailored to individual applications. 

Creating biomaterial structures via hydrogel film preparation has emerged as a popular and 

straightforward method. This approach facilitates the transformation of a diverse array of natural 

and synthetic polymers into cross-linked hydrogel films suitable for applications in tissue 

engineering, controlled drug release, and various medical contexts [151, 152]. 

The fabrication of hydrogel films from biopolymers via cross-linking reactions involving 

Schiff base linkages is garnering significant attention. This method holds promise for diverse 

applications, leveraging the combined benefits of biocompatibility, controlled hydrogel 

properties, and the unique characteristics imparted by the Schiff base reaction. 

II.4. Hydrogel Particles 

Schiff base hydrogel particles, whether micro or nano-sized, are spherical structures derived 

from either synthetic or natural polymers, and can be tailored in various sizes and shapes using 

techniques compatible with encapsulating biological compounds such as cells and drugs [144, 

151]. These biomaterials offer unique potential, combining the advantageous properties of 

hydrogels—such as high water retention—with those of micro/nanoparticles, including small size 

and large specific surface area [152]. In recent years, hydrogel particles have gained substantial 

traction in the biomedical domain due to their remarkable biocompatibility, substantial loading 

capacity, and responsiveness to environmental factors like pH, temperature, and ionic strength 

[152]. According to the International Union of Pure and Applied Chemistry (IUPAC) definition, 

nanogels (hydrogel nanoparticles) are characterized as gel particles capable of assuming any 

shape with an equivalent diameter ranging from 1 nm to 100 nm. Conversely, microgels 

(hydrogel microparticles) are gel particles with diameters falling within the range of 100 nm to 

100 μm (Tableau 1) [153]. 

Daly and al. [154], categorized hydrogel microparticles into three main groups: 

suspensions, granular hydrogels, and composites. In hydrogel microparticle suspensions, the 

particles are dispersed within a fluid (liquid), with minimal interactions between them. However, 

as the packing density of the particles increases, particle-particle interactions become significant, 

leading to the formation of granular hydrogels. Granular hydrogels predominantly exist in a 
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jammed or stuck state, ranging from loosely packed configurations with high porosity to ultra- 

close-packing states. In the latter, hydrogel microparticles deform, and interstitial spaces collapse, 

resulting in a loss of microporosity. Additionally, when hydrogel microparticles are integrated 

within a bulk hydrogel, hydrogel microparticle composites are formed [154]. 

Hydrogel microparticles present distinct benefits compared to larger hydrogel forms, 

rendering them appealing for biomedical use. Their small size enables simple administration via 

fine needles, catheters, or inhalation, facilitating minimally invasive delivery of cells and 

biologics, thereby streamlining medical procedures [155]. Moreover, the interplay among 

particles within granular systems induces a shear-thinning effect, allowing effortless injection 

followed by a transition to a solid-like state post-injection, all achieved without requiring 

chemical alterations [155]. Alternatively, interparticle interactions can be introduced by forming 

chemical bonds between polymer particles within a hydrogel through cross-linking chemistries, 

offering the potential to further tailor the properties of granular hydrogels[156]. Secondly, 

microgel systems exhibit inherent modularity, allowing for the blending of multiple hydrogel 

microparticle populations with diverse compositions, sizes, and contents to generate a wide array 

of materials. In their review, Mealy and al [157], delved into the modification of di- 

thiolcrosslinkers to engineer stable and cleavable microgels within granular hydrogels. These 

stable microgels, created using a non-degradable di-thiolcrosslinker (DTT), and cleavable 

microgels, integrating a peptide sequence susceptible to matrix metalloproteinase (MMP) 

cleavage, were laden with distinct payloads. Investigation of payload release and hydrogel 

degradation showcased differing responses to proteases, with cleavable hydrogels displaying 

swifter payload release and degradation in the presence of collagenase compared to stable 

hydrogels. Combining stable and cleavable microgels in a two-component granular hydrogel 

enabled the development of intricate materials with unique attributes, offering potential for 

controlled release of multiple factors and cellular infiltration within a singular hydrogel system. 

This study underscores the adaptability of microgel cross linkers in governing granular gel 

behaviors and the release dynamics of encapsulated molecules, shedding light on the design of 

versatile hydrogel materials for biomedical purposes. Such adaptability facilitates the 

customization of hydrogel formulations to address specific biomedical needs [157]. Thirdly, 

granular hydrogels often possess considerable porosity, stemming from the interstitial gaps 

between hydrogel microparticles [178]. This porosity is contingent upon the size and packing 
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density of the hydrogel microparticles and can be finely tuned to facilitate cellular proliferation 

and migration. For instance, Lee and al [158], innovatively introduced a new method by 

integrating a thiol-functionalized thermo-responsive polymer into oxidized hyaluronic acid 

microgel assemblies. This approach facilitated the development of granular hydrogels with 

distinct attributes, including shear-thinning and self-healing properties driven by the swift 

exchange rate of thiol-aldehyde dynamic covalent bonds. Moreover, the phase transition behavior 

of the thermo-responsive polymer acted as secondary crosslinking, bolstering stability at 

physiological temperatures. These granular hydrogels displayed exceptional injectability, shape 

retention, and mechanical robustness, positioning them as promising contenders for diverse 

biomedical applications. Additionally, the presence of aldehyde groups within the microgels 

provided covalent anchoring sites for sustained drug release, enhancing their versatility. Notably, 

these hydrogels could function as platforms for cell encapsulation and delivery, and they were 

compatible with 3D printing without necessitating supplementary post-processing steps for 

mechanical support. In sum, this study presents thermo-responsive granular hydrogels endowed 

with multifunctional capabilities, holding significant promise for biomedical research and clinical 

utilization [158]. Additionally, Xu and al [159]. introduced injectable lutetium-177-labeled 3D 

hollow porous granular hydrogels (177Lu-3D-HPGH) designed for SPECT imaging-guided 

intravascular brachytherapy, targeting tumors abundant in blood vessels. These hydrogels, 

fabricated via microfluidics and UV photo-cross-linking, exhibited outstanding attributes such as 

biocompatibility, chemical stability, and precise delivery capabilities. The 177Lu-3D-HPGH 

displayed promise in interventional brachytherapy, achieving complete tumor suppression in 

rabbit VX2 liver tumors. This advancement signifies a significant stride in cancer treatment 

modalities [159]. This characteristic holds pivotal importance in tissue engineering and 

regenerative medicine, where scaffolds with adequate porosity are essential for optimal cellular 

growth and functionality [151, 156]. 

Nanogels, also known as hydrogel nanoparticles, are dispersions of polymer particles 

formed through chemical or physical cross-linking of polymer chains, exhibiting an internal 

three-dimensional network structure. Typically ranging in particle size from 1 to 200 nm, 

nanogels represent an advanced nano-delivery carrier [160]. In comparison to microgels, 

nanogels boast smaller particle sizes and larger specific surface areas, rendering them 

advantageous for enhanced biocoupling and targeted drug delivery [143]. Hydrogel nanoparticles 
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have garnered attention as potential vehicles for drug delivery owing to their favorable attributes, 

including biocompatibility, excellent stability, tunable particle sizes, efficient drug-loading 

capacities, and surface customizability. This surface modification facilitates active targeting by 

attaching specific ligands capable of recognizing receptors on desired cells or tissues [161]. 

Additionally, nanogels demonstrate superior capabilities in surmounting in vivo 

physiological barriers, exhibiting high stability in systemic circulation, and enhancing the 

bioavailability of immobilized drugs. They efficiently transport bioactive substances to 

therapeutic doses at the target site in vivo [162]. Hydrogel nanoparticles are recognized as 

intelligent or smart materials due to their ability to undergo structural alterations in response to 

environmental changes. These environmental factors encompass variations in temperature, pH, 

light exposure, reduction reactions, and intracellular enzyme activity. The drug is released from 

intelligent nanogels within the tissue or even within the target cell. Moreover, the responsiveness 

to external stimuli is significantly enhanced, irrespective of the specific drug encapsulated within 

the nanogels [161]. 

Table 1. Nano/microparticles obtained through covalent cross-linking and Shiff base formation and their biomedical 

applications. 

Crosslinking 

types 
Materiels Biomedical application References 

Thiol-ene 

coupling 

Hyaluronic acid- 

poly(ethylene glycol)- 

bis(thiol) 

 

Drug delivery 

 

[163] 

Enzymatic 

crosslinking 

Gelatin- gelatin ( using 

transglutaminase (mTG)) 
Wound healing and tissue engineering. [164] 

Enzymatic 

crosslinking, and 

Diels–Alder 

furylamine (furan) and 

tyramine (TA) grafted 

Hyaluronic acid (HA) 

molecules(HA-furan/TA) 

 

 

Cell encapsulation and delivery 

 

 

[165] 

 

 

Hydrazone 

cross-linked 

Hyaluronic acid hydrazide- 

hyaluronic acid aldehyde 

Hyaluronic acid hydrazide - 

poly(ethylene glycol) 

dialdehyde 

the treatment of vocal fold scarring, not 

just as biocompatible filler materials, 

repair focal defects, smooth the vocal 

fold margin, and potentially soften and 

dissolve scar tissue. 

 

 

[166] 
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Hydrazone 

cross-linked 

Hydrazide functionalized 

carboxymethyl cellulose – 

Aldehyde functionalized 

dextran (DEX-B) 

 

 

cell encapsulation or drug delivery 

 

 

[167] 

Imine 

crosslinked 

Hybrid bovine serum 

albumin-gum arabic 

aldehyde (BSA-GAA) 

Drug delivery and other biomedical 

application 

 

[168] 

 

Imine 

crosslinked 

 

Oxidized sodium alginate- 

chitosan 

Crrier for the colon-specific delivery of 

anti-inflammatory drugs including 5- 

ASA and the enhanced therapeutic 

effect of ulcerative colitis. 

 

[169] 

 

                      II.5. Biomedical applications of hydrogels obtained through Schiff base chemistry 

Recent years have witnessed significant strides at the intersection of polymer chemistry 

and biomedical sciences, yielding remarkable advancements in biomaterials. Among these 

breakthroughs, microparticle, nanoparticle, and film hydrogels synthesized via Schiff base 

reactions have emerged as highly adaptable platforms with promising applications in healthcare. 

These hydrogel structures exhibit precision and tunability inherent to Schiff base chemistry, 

rendering them well-suited for a wide array of biomedical purposes. From targeted drug delivery 

and tissue regeneration to diagnostic sensing and wound healing, these hydrogels possess the 

potential to transform medical therapies and diagnostics, paving the way for more effective and 

personalized interventions. This review delves into the intricate hydrogel systems achieved 

through Schiff base chemistry and their prospective role in shaping the future of biomedical 

applications. 

II.5.1. Biomedical applications of film Schiff base hydrogels 

Schiff-base hydrogel films have garnered considerable interest in recent years, thanks to 

their distinctive properties and wide-ranging applications. These films form a stable, cross-linked 

network through the chemical interaction between aldehydes and primary amines. The resultant 

hydrogel film showcases outstanding biocompatibility, adjustable mechanical attributes, and 

remarkable water absorption capacity. Such qualities position Schiff base hydrogel films as 

promising contenders for diverse applications, spanning from drug delivery and wound healing to 

tissue engineering. 
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 II.5.1.1.Drug delivery 

Targeted drug delivery entails the precise delivery of a medication to a particular site within the 

body (Figure 14). By employing targeted drug delivery, the medication's effectiveness is 

concentrated solely on a designated area, thereby reducing potential side effects and safeguarding 

the viability of cells in that region [170]. 

 

Figure 14. The immobilization of the drug in the film matrix. 

 

Hydrogel films engineered for drug delivery epitomize a pioneering approach in 

pharmaceutical and biomedical sciences. Comprising water-swollen polymer networks, these 

films provide an exceptional platform for the controlled and targeted release of therapeutic 

agents. Widely embraced in biomedicine, hydrogel films boast a spectrum of attributes that have 

propelled their extensive utilization in drug delivery applications. Noteworthy among these 

attributes are superior biocompatibility, robust stability, injectable characteristics, and the ability 

to facilitate controlled and sustained release of therapeutics [154,22]. 

Schiff-based hydrogel films have surfaced as a fresh and promising avenue for 

sophisticated drug delivery applications. These hydrogel films present a distinctive blend of 

properties that render them ideal for controlled and targeted drug release. The porous structure 

inherent in Schiff base hydrogels plays a pivotal role in numerous applications, notably in drug 

delivery. These pores within Schiff base hydrogels dictate the creation of a three-dimensional 

matrix capable of effectively encapsulating drugs or bioactive molecules. The polymer matrix 
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shields the drugs from degradation, enhancing their stability and facilitating controlled release 

over time. 

Furthermore, the porosity of the hydrogel matrix can be fine-tuned by adjusting the cross- 

linking density [2]. Schiff base hydrogels demonstrate remarkable responsiveness to 

environmental stimuli such as pH, temperature, and specific molecules. This characteristic can be 

harnessed to induce customized drug release profiles. 

Additionally, numerous Schiff base precursors and resultant hydrogels boast 

biocompatibility, rendering them well-suited for biomedical applications. Dalei and al [171], 

provide compelling evidence for the practical implementation of in situ cross-linked chitosan- 

dialdehyde guar gum (CsDAGG) hydrogels in dual drug release strategies for colorectal cancer 

treatment. Their research involved the fabrication of various grades of CsDAGG hydrogels by 

adjusting the dialdehyde guar gum (DAGG) content. The investigation centered on combining 

curcumin with aspirin to target colon carcinoma. The hydrogels demonstrated the capacity to 

shield the drugs from premature absorption in the stomach and small intestine, thereby enabling a 

precisely controlled release within the colorectal region [171]. In a separate investigation, 

Hosseini and Nabid [172] concentrate on the development of pH-sensitive hydrogel films using 

basil seed mucilage (OBM) biopolymer as a novel approach for wound dressing and drug 

delivery. Through the incorporation of varying proportions of poly (vinyl alcohol) (PVA), 

glutaraldehyde (GA) as a cross-linker, and glycerol as a plasticizer, an optimal equilibrium of 

flexibility and durability was attained. The refined formulations of hydrogel films were 

subsequently employed to encapsulate Tetracycline hydrochloride (TH) as a model drug, 

revealing enhanced release profiles at pH levels 8.5 and 7.4, underscoring their potential for 

wound healing and drug delivery applications [172]. 

      II.5.1.2. Tissue engineering 

Tissue engineering (TE) involves the application of scientific and engineering principles 

to create, regenerate, enhance, or control the structure and functionality of living tissues [173]. 

Tissue engineering principles have gained widespread acceptance in the restoration of damaged 

or dysfunctional tissues and organs, aiming to restore them to their normal or improved function 

[174]. Given the structural similarity of hydrogels to the extracellular matrix of various tissues, 

they are utilized as scaffolds in regenerative medicine [175]. These scaffolds provide structural 

support, guide cellular organization and development, act as tissue barriers and adhesives, serve 
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as reservoirs for drugs, facilitate the delivery of bioactive substances that promote natural 

healing, and encapsulate and transport cells. Hydrogels elicit favorable tissue responses owing to 

their unique physical and chemical properties. Their high water content renders them highly 

compatible with cells, enabling specific or non-specific binding with cellular receptors. Protein 

and polysaccharide-based hydrogels can integrate ligands that enhance cell binding, rendering 

them valuable scaffolds for cell encapsulation [174]. These biomaterials can undergo chemical or 

physical cross-linking to yield various forms of hydrogels, serving as versatile scaffolds for a 

wide array of regenerative medicine applications. 

Schiff base hydrogel films emerge as compelling candidates for scaffolds in tissue 

engineering, boasting notable attributes such as biocompatibility, customizable properties, 

responsiveness to stimuli, and the ability to support both cell growth and controlled drug 

delivery. These hydrogels hold immense potential across various regenerative medicine 

applications, where precise control over scaffold properties is crucial for ensuring the efficacy of 

tissue regeneration.In a comprehensive research endeavor, Rajalekshmi and collaborators [176]. 

Meticulously investigated the fibrin (FIB) integrated injectable alginate dialdehyde (ADA) - 

gelatin (G) hydrogel system, potentially serving as a scaffold for liver tissue regeneration. To 

fulfill this objective, they ingeniously formulated a hydrogel system by incorporating fibrin into 

ADA-G, enabling a thorough exploration of its physicochemical and rheological properties. The 

research encompassed a comprehensive evaluation of the hydrogel's biological characteristics, 

encompassing cytocompatibility, HepG2 cell viability, and the examination of crucial functional 

markers. These evaluations encompassed various assessments, including the indocyanine green 

uptake assay, Live Cell Imaging Analysis (LDL) uptake assay, glycogen storage analysis, CYP- 

P450 expression analysis, ammonia clearance assay, and albumin assay. The outcomes of these 

experiments indicate that the fibrin-incorporated ADA-G-Fib hydrogel exhibits the potential to 

significantly enhance cellular adhesion, proliferation, and overall functionality. These findings 

underscore the obtained delivery system as a highly promising candidate for applications in liver 

tissue regeneration [176]. In a separate investigation led by Cheng and al [177], a novel method 

was employed to immobilize collagen onto cellulose film without inducing conformational 

changes or degradation. The study explored the efficacy of periodate-oxidized regenerated 

cellulose films in stabilizing collagen through the Schiff base reaction, wherein NH2 groups in 

collagen interacted with CHO groups in the 2,3-dialdehyde cellulose (DARC) backbone[177]. 
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The resultant composite material displayed considerable potential as a scaffold for tissue 

engineering applications. It exhibited notable strength in a swollen state, provided flexibility in 

situ, maintained a favorable equilibrium-swelling ratio, allowed for air permeability, and 

demonstrated remarkable biocompatibility [177]. Liu et al [178], introduced a pioneering 

approach involving the synthesis of methacrylate- and aldehyde-functionalized dextran, termed 

Dex–MA–AD. This study unveiled an innovative family of cell-encapsulating hydrogels 

achieved by modulating the synergy between the polymers Dex–MA–AD and gelatin. The 

hydrogel was fabricated via ultraviolet (UV) crosslinking, leveraging methacrylate groups on 

Dex–MA–AD and a Schiff base reaction between Dex–MA–AD and gelatin. These hydrogels 

exhibit promising potential as 3-D vascular tissue engineering scaffolds [178]. 

   II.5.1.3. Wound healing 

Hydrogel-based wound dressings play a pivotal role in various wound care strategies, 

addressing superficial burns, abrasions, donor sites, pressure ulcers, and chronic wounds. They 

create an optimal wound environment by promoting cleansing, facilitating the body's natural 

removal of necrotic tissue, maintaining moisture, shielding against contamination, absorbing 

exudate, and actively supporting the healing process [175,180]. Hydrogel treatment offers a 

plethora of advantages in wound care. It fosters the development of new blood vessels and the 

regeneration of intricate layers of skin, including hair follicles and oil-producing glands, thereby 

reducing scarring risk. Additionally, hydrogels serve as a protective barrier against wound 

desiccation, crucial for preserving moisture content, enhancing patient comfort, managing pain, 

and providing a soothing, cooling effect. With their high moisture content, hydrogel dressings 

effectively block bacteria and oxygen from entering the wound, thereby forming a protective 

shield against infections. 

Moreover, hydrogels have demonstrated the ability to enhance fibroblast proliferation by 

minimizing fluid loss from the wound surface. This protective effect shields the wound from 

external irritants and accelerates the healing process. Hydrogel dressings also play a crucial role 

in maintaining an optimal microclimate for cellular activities on the wound surface, which is 

essential for facilitating biosynthetic reactions [175,180,181]. 

Schiff base hydrogel films represent a significant advancement in wound care. Comprising 

hydrogel materials formed through Schiff base reactions, these films offer a plethora of 

advantages, rendering them particularly promising for wound management [16]. Firstly, they play 
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a vital role in maintaining a moist wound environment, a critical factor in promoting effective 

wound healing. Schiff base hydrogel films facilitate tissue regeneration by preventing wound 

desiccation. Additionally, these hydrogel films aid in managing wound exudate, as they possess 

the ability to absorb excess exudate while releasing moisture into the wound bed, thereby 

maintaining an optimal balance and preventing maceration. Moreover, Schiff-base hydrogel films 

are generally well-tolerated by the skin and exhibit biocompatibility, thereby reducing the risk of 

irritation or allergic reactions [181]. An important advantage of these films is their non-adherent 

nature when in contact with the wound, which reduces the risk of trauma or damage to newly 

formed tissue during dressing changes [182]. Furthermore, specific Schiff base hydrogels can be 

engineered to respond to particular stimuli, such as changes in pH or fluctuations in temperature. 

This capability enables controlled drug delivery or customized wound treatment strategies[183]. 

Depending on their composition, Schiff base hydrogels may also exhibit inherent antimicrobial 

properties, enhancing their effectiveness in preventing wound infections [184,185,186]. Their 

ease of application and ability to conform to various wound shapes and sizes further enhance 

their appeal. 

Guo and al [186], embarked on a novel study aimed at developing a hydrogel for wound 

dressing with significant potential for chronic wound healing applications. Their innovative 

hydrogel was synthesized through a Schiff base reaction, utilizing oxidized hyaluronic acid 

(OHA) and carboxymethyl chitosan (CMCS). This hydrogel was further enriched by the 

incorporation of active polypeptides extracted from Periplanetaamericana (PAE), commonly 

known as the American cockroach. The role of the peptide was likely to enhance the hydrogel's 

properties or functionality. Peptides sourced from natural origins like Periplanetaamericana often 

possess bioactive properties, such as antimicrobial, antioxidant, or wound healing effects. Hence, 

integrating these peptides into the hydrogel may have conferred additional therapeutic benefits, 

such as promoting tissue regeneration or providing antimicrobial protection. OHA/CMCS/PAE 

composite hydrogels hold immense promise as candidates for addressing challenges in chronic 

wound healing. With their robust properties and demonstrated therapeutic effects, these hydrogels 

offer a potential avenue for improving the management of chronic wounds, particularly in 

diabetic wound healing scenarios [186]. In a distinct study, Zhang and al [187], utilized a Schiff 

base reaction to fabricate hydrogels using oxidized sodium alginate, chitosan, and zinc oxide. 

These hydrogels exhibited notable swelling and porosity characteristics. Extensive in vitro 
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experiments were conducted to evaluate their biocompatibility with diverse cell lines, including 

293T cells, blood cells, and 3T3 cells. The results were highly promising, demonstrating the 

favorable biocompatibility of the hydrogels. Remarkably, these hydrogels displayed exceptional 

antibacterial properties, effectively combatting Bacillus subtilis, Candida albicans, and 

Staphylococcus aureus. Concurrently, they demonstrated the ability to expedite the healing 

process of scalded wounds in rat models. This comprehensive investigation underscores the 

potential and versatility of these hydrogels in various biomedical applications [187]. In a study 

conducted by Oh and al [188], hydrogels were synthesized via a Schiff base reaction involving 

gelatin, oxidized sodium alginate, chitosan, and salicylic acid. These hydrogels showcased 

remarkable wound healing properties while also displaying a notable absence of toxicity [188]. 

II.5.2 Biomedical applications of microparticles hydrogels 

In biomedical realms, microgels, characterized by their micron-scale diameters, assume a 

pivotal role. Their diminutive size facilitates injection and surface modification, rendering them 

versatile tools in the biomedical domain. With expansive specific surface areas and impressive 

loading capacities, microgels hold promise for localized therapeutic delivery and integration into 

granular scaffold structures. These hydrogel microparticles find myriad biomedical applications, 

including topical drug delivery, bone and soft tissue regeneration, and immunomodulation. 

Similarly, hydrogel microparticles synthesized through cross-linking with imine bond formation 

play a crucial role in biomedical contexts. These hydrogels offer tunable properties, such as 

responsiveness to environmental cues, biocompatibility, and controlled release of encapsulated 

biological molecules. Their capacity for tailored responses to physiological conditions enables 

precise drug targeting. Furthermore, their biocompatibility ensures harmonious interactions with 

living tissues, rendering them ideal for tissue engineering and regenerative medicine applications. 

The potential impact of Schiff base particle hydrogels on the biomedical field is substantial, 

promising enhanced drug delivery precision, support for tissue regeneration, and advancements in 

therapeutic strategies. 

 II.5.2.1. Schiff base micro gels for drug delivery 

Hydrogel microparticles have emerged as a favored drug delivery system. Bioactive agents 

are either physically bound to the delivery system or encapsulated within hydrogel 

microparticles. Their distinctive attributes, such as high water content, adjustable porosity, ample 

specific surface area, capability to regulate drug release, and favorable biocompatibility and 



Bibliographic Research 

47 

 

 

mobility, render them exceptional carriers for a diverse array of drugs, encompassing small 

molecules, proteins, and nucleic acids, in comparison to conventional hydrogels [154]. 

The application of the Schiff-base reaction, which entails the interaction between a 

polysaccharide typically containing amine and aldehyde functional groups, has been instrumental 

in the development of diverse hydrogels and microgels relevant to biomedical contexts. Literature 

highlights the benefits of hydrogels synthesized via Schiff-base chemistry, such as their 

biocompatibility, antibacterial properties, and responsiveness to environmental factors [189]. Du 

and al. [189], devised drug-loaded microgels through the Schiff-base reaction involving 

carboxymethyl chitosan and oxidized carboxymethyl cellulose. These microgels were 

subsequently integrated into hydrogels, yielding a notable hydrogel-microgels composite referred 

to as Gel/MGs. Findings affirmed that the inclusion of microgels imparted superior stability, 

enhanced mechanical strength, and heightened drug release sensitivity to both acidic and alkaline 

conditions in vitro. Moreover, Gel/MGs wound dressings demonstrated favorable antibacterial 

properties, positioning them as promising candidates for wound dressing applications [189]. Su 

and al. [152], pioneered the development of hydrogel microparticles through the formation of 

Schiff bases between aldehyded dextran and ethylenediamine within water-in-oil (W/O) 

microemulsion system. These microgels exhibited particle sizes ranging from 800 to 1100 nm. 

Their groundbreaking work underscores the potential of pH-sensitive microgels as versatile and 

efficient drug delivery systems, holding immense promise for a wide array of biomedical 

applications [152]. Yan and al. [190], have recently ingeniously engineered hydrogel 

microparticles designed for pulmonary drug delivery. These microparticles, composed of Zn
2+

, 

carboxymethyl chitosan, and hyaluronan aldehyde, were fabricated using the spray drying 

method. Results demonstrated that the produced hydrogel microparticles showcased a sustained 

drug release profile, reaching equilibrium after 24 hours in vitro. They adeptly evaded clearance 

by alveolar macrophages and exhibited substantially prolonged residence times in vivo, thus 

holding significant potential for enhancing the treatment and management of respiratory 

conditions [190]. In a separate investigation, Cheng and al. [191] introduced an innovative 

injectable hydrogel microparticle system aimed at achieving sustained release of antibiotics, 

specifically lysostaphin (Ls) and vancomycin (Van), at infection sites. The process involved a 

two-step approach: first, microfluidic encapsulation of Van within gelatin methacryloylmicrogels, 

followed by their incorporation into a solution of gelatin and oxidized starch prepolymer to form 
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a hydrogel through Schiff base reaction. The introduction of transglutaminase facilitated the 

creation of a dual cross-linked network scaffold for controlled drug release. This system offers 

sequential antibiotic release, facilitating targeted eradication of biofilm bacteria and minimizing 

toxicity from hydrogel degradation products, thereby presenting a promising strategy for 

infection treatment [191]. 

II.5.2.2. Schiff base microgels for cell encapsulation 

Hydrogel microparticles, particularly those formed via Schiff base chemistry, have garnered 

significant interest as a versatile platform for cell encapsulation across diverse biomedical 

applications. These minute, gel-based particles are designed to encapsulate and shield individual 

cells or cell clusters, furnishing an optimal microenvironment for their growth, proliferation, and 

therapeutic functions. The hydrogel matrix of these microparticles can be precisely engineered to 

mimic the extracellular matrix, providing mechanical support, facilitating nutrient exchange, and 

enabling controlled release of bioactive molecules [154, 193]. Jang eand al. [193], devised a 

polysaccharide-based microgel by cross-linking oxidized dextran (ODX) with N-carboxyethyl 

chitosan (N-CEC) via Schiff base chemistry. They entrapped NIH-3T3 fibroblast cells (a mouse 

embryonic fibroblast cell line) within these microgels and evaluated cell viability. The study 

revealed that these microgels displayed excellent biocompatibility, indicating their potential for 

various biomedical uses. Moreover, the technique allows for the on-the-spot formation of 

microgels from two thick polymer solutions, offering versatility. This advancement could pave 

the way for novel biomedical research and applications [193]. 

 II.5.2.3. Schiff base microgels for bone regeneration 

Bone regeneration poses a multifaceted challenge demanding novel approaches for 

improved outcomes. Microparticle Schiff Base Hydrogels (MSBHs) represent a notable 

breakthrough in this domain. What distinguishes MSBHs is their microparticulate architecture 

and distinctive attributes including softness, size, injectability, porosity, and degradability. These 

characteristics render them well-suited for transporting drugs, bioactive agents, and cells, tailored 

for tissue restoration and regrowth [194]. Zhou's team [195], has developed a groundbreaking 

injectable system utilizing Gelatin-Methacryloyl (Gelma) hydrogel microspheres as the delivery 

medium. Their objective is to induce epigenetic reprogramming within micro-fluidic microsphere 

systems to augment bone regeneration and modulate the microenvironment during the initial 

fracture phase. This system is specifically engineered for targeting macrophages, employing 
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micro/nano microspheres Gelmaphosphatidylserine-specific liposomes (Gelma@Lip@Pla) to 

amplify therapeutic effects. The Gelma@Lip@Plamicrogel necessary for this purpose was 

synthesized through Schiff base cross-linking between residual amino groups on the low- 

substituted Gelma surface and aldehyde groups on the Lip@Pla surface. The researchers have 

validated that the Gelma@Lip@Plamicrogel holds significant promise as an extended-release 

platform for addressing bone defects and various immune-related conditions involving 

macrophages [195]. In their study, Zhang and al. [196], engineered a 3D microsphere comprising 

bacterial cellulose and collagen, interconnected through Malaprade and Schiff base reactions, 

resulting in a multi-stage structure with diverse composition. The aim was to leverage this 

construct in bone tissue engineering endeavors. Remarkably, this multi-level architecture 

exhibited outstanding biocompatibility and notably enhanced the attachment, proliferation, and 

osteogenic differentiation of MC3T3-E1 cells in murine models [196]. Moreover, these Schiff 

base-linked 'smart' hydrogels not only safeguard encapsulated drugs, peptides, and proteins 

against external influences but also enable controlled release by responding to fluctuations in the 

polymer network's swelling and shrinking, effectively functioning as an "on-off" switch for 

controlled drug delivery [197]. 

II.5.3. Biomedical applications of nanoparticles hydrogels (nanogels) 

Nanogels offer a plethora of advantages, including stable size, remarkable hydrophilicity, 

biocompatibility, and the ability to adapt to specific environmental cues. Their minimal non- 

specific interaction with blood proteins lowers the likelihood of immune responses. As such, 

nanogels emerge as promising contenders in the realm of biomedicine. In this segment, we offer a 

succinct overview of recent nanogel applications spanning drug delivery, anti-tumor/cancer 

therapies, antibacterial interventions, nerve regeneration, and disease prevention and diagnosis. 

  II.5.3.1. Nanogels for drug delivery 

Many nanogels demonstrate outstanding drug encapsulation efficiency and loading capacity, 

rendering them ideal for transporting a broad spectrum of pharmaceuticals, including both 

hydrophilic and hydrophobic drugs. Additionally, the structure of nanogels can be readily 

customized to integrate features from different materials, offering a substantial advantage for 

simultaneously encapsulating drugs with diverse physicochemical properties, such as small 

molecules, proteins, and nucleic acids [198]. 
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Schiff base nanogels possess a distinctive capability to form and break reversible covalent 

bonds, enabling them to uphold a stable drug structure while facilitating controlled and 

responsive drug release. Researchers can tailor these nanogels to react to particular environmental 

cues, such as variations in pH, temperature, or enzymatic activity, thereby allowing for precise 

customization of drug release profiles. This adaptability proves particularly valuable across 

various therapeutic applications.In a pioneering investigation by Su and al. [199], a dextran-based 

nanogel system was devised to enhance the efficacy of Schiff base formation for drug delivery, 

with doxorubicin (DOX) serving as the model drug. This innovative nanogel was synthesized 

utilizing the inverse microemulsion technique, wherein the covalent conjugation of DOX to the 

nanogel was accomplished via Schiff base linkages. Notably, this nanogel exhibits a pH- 

dependent drug release profile attributable to its acid-sensitive Schiff base linkages, resulting in 

faster drug release in acidic environments compared to physiological solutions. This research 

underscores the fusion of nanotechnology and chemistry in the development of intelligent drug 

delivery systems [199]. In a noteworthy investigation, Sarika and her team [200], encapsulated 

curcumin, a naturally occurring therapeutic compound, within nanogels crafted from dialdehyde 

alginate and gelatin (AlgAld-Gel). They utilized the inverse miniemulsion technique to fabricate 

these nanoparticles. Their findings unequivocally underscore the efficacy of ingeniously designed 

nanogels in delivering curcumin specifically to breast cancer cells. This promising advancement 

heralds fresh opportunities for enhanced and targeted drug delivery in breast cancer treatment 

[200]. 

                                    II.5.3.2. Nanogel for anti-tumor and cancer therapy 

Schiff base nanogels are emerging as promising contenders in the realm of anti-tumor and 

cancer therapy, providing a versatile platform for drug delivery with a specific emphasis on 

targeting cancer cells. Leveraging Schiff base chemistry, these nanogels can be precisely 

engineered to react to the specific pH conditions prevalent in tumor microenvironments. This pH 

sensitivity enables controlled and selective drug release at the tumor site, thereby minimizing off-

target effects and bolstering therapeutic efficacy [201]. An outstanding advantage of Schiff base 

nanogels lies in their capability to encapsulate a diverse array of anti-cancer drugs, spanning 

chemotherapeutic agents, targeted therapies, and even macromolecules like nucleic acids. This 

versatility facilitates tailored treatment strategies for various cancer types and stages [199, 203]. 

Moreover, the presence of multiple aldehyde groups on Schiff base nanogels presents 

opportunities for additional functionalization, such as the attachment of targeting ligands or 



Bibliographic Research 

51 

 

 

imaging probes. This enhances the specificity of drug delivery to cancer cells while minimizing 

collateral damage to healthy tissues [203]. 

Recent studies have showcased the potential of Schiff base nanogels to surmount drug 

resistance, enhance drug solubility, and elevate overall therapeutic efficacy in cancer treatment. 

Their biocompatibility and adjustable properties render them invaluable assets for refining anti-

tumor and cancer therapies, enabling greater effectiveness and precision. As research in this 

domain progresses, Schiff base nanogels emerge as promising contenders for revolutionizing 

cancer treatment strategies.In a study led by Yu and colleagues [204], dextran-based (Dex-SS) 

nanogels were synthesized using a direct method that relied on the formation of disulfide 

intermolecular bonds and Schiff base linkages between polyaldehyde dextran and cystamine 

within a water-in-oil inverse microemulsion. These nanogels possess a unique attribute: they 

respond to both acidic and reductive environments, a crucial trait for drug delivery in cancer 

therapy. The innovative aspect of this research was the covalent conjugation of the anticancer 

drug doxorubicin (DOX) into the dextran nanogels via Schiff base linkages. This strategic drug 

encapsulation enabled the development of pH/GSH (glutathione) dual-responsive drug release 

profiles, ensuring predominant release of DOX in the acidic and reductive tumor 

microenvironment [204]. In their study, Bachiri and al. [168], employed gum Arabic oxidized 

with sodium periodate as a naturally derived, non-toxic cross-linker to fabricate hybrid bovine 

serum albumin-gum arabic aldehyde (BSA-GAA) nanogels via a Schiff base reaction, utilizing 5-

fluorouracil (5-FU) as the model anti-cancer drug. Notably, the entire synthesis process was 

conducted without the use of toxic organic solvents, with fractionated coconut oil serving as the 

continuous phase. The outcomes of the study suggest that these biobased hybrid nanogels hold 

promise for various anti-cancer therapies [168]. Ziaei and colleagues [205], devised pH- 

responsive, in-situ forming hydrogels by employing oxidized alginate and gelatin encapsulated 

with doxorubicin (DOX) within chitosan/gold nanoparticles (CS/AuNPs) nanogels. The polymer 

chains are interconnected through Schiff-base bonds, and β-glycerophosphate (β-GP) was utilized 

as an ionic accelerator crosslinker. As anticipated, both the drug-loaded hydrogel and free DOX 

at a specific concentration induced significant cell death in MCF-7 cells, underscoring the 

potential of these hydrogels for localized breast cancer treatment [205]. 

   II.5.3.3. Nanogels for antibacterial applications 

The formation of bacterial biofilms presents a formidable challenge in clinical settings, frequently 

leading to implant failure and severe complications, including life-threatening scenarios. 

Effectively tackling this issue is paramount, and nanogels emerge as a promising solution. 
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Renowned for their stability and capacity to target specific sites, nanogel carriers facilitate the 

controlled release of antimicrobial agents at concentrated levels within localized areas. This 

notable attribute positions them as invaluable assets in combatting bacterial infections and 

mitigating their ensuing complications [207, 208]. Furthermore, incorporating Schiff base 

chemistry into nanogels amplifies their versatility for antibacterial applications. The Schiff base 

linkages within these nanogels can be customized to react to particular environmental stimuli, 

facilitating pH or other stimuli-responsive drug releases, thereby enhancing their antibacterial 

efficacy. This multifaceted approach holds immense promise in combating bacterial biofilms and 

stands to revolutionize antibacterial and anti-infection strategies in clinical settings.In a recent 

study by Chung and al. [208], nanogels (NGs) were engineered through precise chemical 

modifications. Aldehyde groups were cross- linked with primary amines using a Schiff reaction 

to create DNA-HCl-S-benzyl-L-cysteine (SBLC). Simultaneously, alginate acid (AA) was treated 

with a water-soluble derivative of carbodiimide (EDAC), resulting in AA-EDAC, which was 

further substituted with SBLC to yield AA-SBLC.  

These modifications were incorporated into an emulsification process, yielding spherical 

NGs with grafted benzene rings. The authors verified that SBLC modifications notably enhanced 

the antimicrobial properties of the NGs.  

This study presents a promising clinical solution for antibiotic-resistant biofilm strains 

[208]. In a separate investigation, Gao and al. [209], synthesized antimicrobial quaternized 

chitosan/Ag composite nanogels (QCS/Ag CNGs) via the inverse miniemulsion technique, 

achieving a high encapsulation efficiency of NH2-Ag nanoparticles.  

The QCS/Ag CNGs exhibit potent broad-spectrum antimicrobial properties with minimal 

toxicity, attributed to the synergistic action of Ag nanoparticles and QCS. These NH2- Ag NPs 

are securely bound to the QCS structure through Schiff base reactions, endowing the resulting 

QCS/Ag CNGs with reactive groups that ensure enduring antibacterial performance on cotton 

fabrics. This research presents a straightforward and adaptable approach for fabricating 

polymer/inorganic CNGs, addressing the urgent need for antibacterial materials and fabrics [209].  

II.6. Conclusion 

In conclusion, the biomedical applications of hydrogels based on cross-linked proteins with 

carbonyl derivatives of polysaccharides offer a versatile platform with diverse forms such as 

films, nanoparticles, and microparticles, each holding distinct advantages in various biomedical 

contexts. 
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Film hydrogels, with their thin and flexible structure, are well-suited for wound healing, 

tissue engineering scaffolds, and drug delivery patches. Their ability to conform to irregular 

surfaces makes them particularly useful for wound dressings and ocular drug delivery systems. 

Microparticle hydrogels, with their larger size and controlled release properties, are ideal for 

localized drug delivery, tissue engineering, and cell encapsulation. They can provide sustained 

release of therapeutic agents, promote tissue regeneration, and protect encapsulated cells from 

immune rejection. 

Nanoparticle hydrogels, owing to their small size and large surface area, are excellent 

carriers for drug delivery, gene therapy, and imaging agents. Their ability to penetrate biological 

barriers and target specific tissues or cells makes them valuable tools in cancer therapy, 

regenerative medicine, and diagnostics. 
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Chapter III: Hydrogels based on oxidized alginate/gelatin cross-linked by 

Schiff base crosslinking for biomedical applications 

III.1. Introduction 

This chapter first describes the chemical properties of gelatin, as well as the formation of 

hydrogels from oxidized alginate and gelatin cross-linked by the Schiff chemistry. He also 

defines the properties of this type of hydrogels such as biocompatibility, hydrophilicity, 

biodegradability, controlled release and cell compatibility. 

III.2. Hydrogels on base alginate and gelatin 

Hydrogels play a crucial role in various biomedical applications due to their unique 

properties, such as high water content, biocompatibility, and tunable mechanical characteristics. 

One promising class of hydrogels is derived from the crosslinking of oxidized alginate and 

gelatin through Schiff base chemistry. This innovative approach combines the advantages of 

alginate, a natural polysaccharide extracted from seaweed, and gelatin, a protein derived from 

collagen. 

The crosslinking process involves the formation of Schiff base linkages, which occur 

through the reaction between aldehyde groups in oxidized alginate and amino groups in gelatin. 

This covalent bonding creates a stable network within the hydrogel, imparting it with enhanced 

mechanical strength and stability. The resulting hydrogel exhibits a three-dimensional structure 

that closely mimics the extracellular matrix found in natural tissues. These hydrogels have 

garnered significant attention in the biomedical field for applications such as drug delivery, tissue 

engineering, and wound healing. The controlled release of therapeutic agents from the hydrogel 

matrix is facilitated by its porous structure, offering a promising solution for targeted and 

sustained drug delivery. Moreover, the biocompatibility of the hydrogel makes it suitable for 

encapsulating cells and promoting tissue regeneration. 

The Schiff base cross-linked hydrogels based on oxidized alginate and gelatin represent a 

versatile platform with tunable properties, making them adaptable to specific biomedical 

requirements. Their potential impact spans a range of applications, contributing to advancements 

in personalized medicine, regenerative therapies, and other areas of healthcare. As research in 

this field progresses, these hydrogels hold promise for addressing diverse biomedical challenges 

and improving patient outcomes. 
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III.3. Gelatin: Raw material 

Gelatin production begins with the utilization of collagen-containing tissues, which can 

vary widely in origin. While hides, skins, and bones from mammals like pigs and cows are 

commonly preferred sources, gelatins are also derived from the skins of both cold and warm 

water fish species, with minor quantities sourced from fowl. The manufacturing process 

encompasses several stages, starting with the cleaning of the source tissues, followed by pre- 

treatment to prepare them for extraction. Gelatin extraction is then carried out, followed by 

processes of filtration, purification, and sterilization to refine the product. Subsequently, the 

gelatin is concentrated, dried, and finally milled to achieve the desired form for various 

applications [211, 212]. 

III.3.1. Process of obtaining of gelatin 

The process of obtaining gelatin initiates with the thorough washing of the raw material to 

eliminate any impurities (Figure 15). For bones, a distinct procedure is followed: after washing 

and crushing, the degreased bone chips undergo a maceration process in acidic conditions, 

typically using 4±7 % hydrochloric acid, for a minimum of two days. This maceration results in 

the removal of mineral components such as hydroxyl apatite (Ca5 (PO4)3(OH)) and calcium 

carbonate, leaving behind a sponge-like bone material known as ossein. The concentrated raw 

materials may then be utilized immediately or dried and stored for future use. Subsequently, 

depending on the source of collagen and the desired quality of the final gelatin, the raw material 

undergoes either acid or alkaline pre-treatment, followed by gelatin extraction [210]. 
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                                                                Figure 15. Industrial setup for manufacturing and production of gelatin [212]. 

 

III.3.1.1. Acid pre-treatment 

The acid pre-treatment method yields type A gelatins, predominantly utilized in industrial 

settings. This process involves immersing the washed and hydrated rawmaterial (porcine skin, 

porcine bone, beef hides) in a cold dilute mineral acid solution with a pH ranging from 1.5 to 3.0 

for duration of 8 to 30 hours, typically around 18 to 24 hours, adjusted according to the thickness 

and size of the raw material. Following treatment, the material undergoes thorough washing in 

running water and neutralization until the extraction pH is achieved [211, 213]. 

III.3.1.2. Alkaline pre-treatment 

Type B gelatins are the outcome of the alkaline pre-treatment process. Various alkaline 

agents may be employed for this treatment, although saturated lime water (Ca (OH)2) with a pH 
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of 12.0 stands as the most commonly used curing liquid. The washed raw material (bovine bone, 

beef hides and porcine bones) is placed in pits or vats alongside the liquid, with sufficient 

hydrated lime to maintain saturation. Throughout the process, the temperature is carefully 

regulated to remain below 24°C, and the mixture is periodically agitated using poles or 

mechanical means. The duration of this process ranges from at least 20 days to up to 6 months, 

typically lasting around 2 to 3 months, contingent upon the thickness and type of the raw 

material. Upon completion of treatment, the limed material undergoes thorough washing with 

water until reaching approximately neutral conditions before further treatment with dilute acid 

(e.g., HCl) to achieve the appropriate extraction pH [211, 213]. 

III.3.1.3. From extraction to final gelatin product 

To extract gelatin, the pre-treated raw material is introduced into extraction kettles and 

immersed in hot water. Multiple extractions are performed using successive batches of hot water, 

typically ranging from three to five, with each extraction conducted at progressively higher 

temperatures within the range of 55 to 100 °C. This combined pre-treatment and extraction 

process results in the final gelatin product being a blend of polypeptide chains with varying 

compositions and molecular weights which results three primary fragments. The three primary 

fragments found in gelatin are: free α-chains, β-chains formed by the covalent linkage of two α- 

chains, and γ-chains formed by the covalent linkage of three α-chains. Additionally, the free α- 

chains may undergo depolymerization into sub-α-chains, which are polypeptides with lower 

molecular weights than a single α-chain. This non-monodisperse nature distinguishes gelatin 

from monodisperse proteins like globular proteins, and thus, all parameters describing the 

chemical and physical properties of gelatins represent average values [210]. 

High-quality gelatins, distinguished by their average molecular weight and gel-forming 

properties, are typically produced during lower temperature extractions, as they result in minimal 

hydrolysis of the polypeptide backbone. Subsequent extractions yield gelatin with increased 

depolymerization and a darker coloration. The color of gelatin is attributed to the 

Maillardreaction occurring between α-amino groups of amino acids in gelatin and residual 

carbohydrates in the raw material. At this stage, the gelatins typically have an ash content of 2 to 

3%, which can be reduced through ion exchange to eliminate excess salt [210]. 

The aqueous gelatin solutions are concentrated by evaporation until further concentration 
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becomes impractical due to increased viscosity, typically reaching concentrations of 20-25% for 

high molecular weight gelatins and over 40% for low molecular weight varieties. Following 

concentration and filtration, the gelatin solutions undergo sterilization, employing both indirect 

methods like plate heat exchangers and direct steam sterilization. After sterilization, the solutions 

are cooled, leading to gel formation. For powder gelatins, gels are extruded into noodles and 

dried on conveyor belts using filtered, de-humidified, and microbially clean air. The drying 

process starts at approximately 30°C and adjusts based on gelatin dryness. The dried noodles are 

then crushed and milled into blends with particle sizes ranging from 0.1 to 10 mm in diameter. 

Commercial gelatins typically have moisture content between 8 to 12 %, requiring precise water 

content determination. Additionally, for use in food, pharmaceuticals, and photography, gelatins 

must have ash content below 2% to meet regulatory standards [210]. 

III.3.2. Gelatin Structure and composition 

Gelatin is a high-molecular-weight polypeptide originating from the protein collagen, 

achieved through processes that entail the disruption of cross-linkages between polypeptide 

chains and the partial cleavage of polypeptide bonds [213]. The process of collagen hydrolysis 

into gelatin results in the formation of molecules with diverse molecular weights, but each of 

them is a fragment of the collagen chain from which it was cleaved [214]. Considering this 

characteristic, gelatin isn't a single chemical compound but rather a blend of fractions, each 

comprising amino acids connected by peptide bonds. These bonds form low molecular weight 

polypeptides, represented by the general formula where R1, R2, R3, R4 (Figure 16) denote various 

radicals. These polypeptides have molecular masses ranging from 15,000 upwards, or they may 

form aggregates with molecular masses falling within the range of 200,000 to 300,000, 

Comprising residues of 18 out of the 20 natural amino acids, with the exception of cystine and 

cysteine, gelatin is often referred to as a biopolymer due to the high molecular values of its 

constituent polypeptides. In subsequent discussions, we may also use this term to describe gelatin 

[214]. The gelatin structure is shown in the Figure 17 and some idea of the average amino acid 

composition of gelatin is given by the generalized diagram presented in Figure 17 given from 

[214, 215]. 
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    Figure 16. The structural formula of the gelatin. 

 

               

      Figure 17. Amino acid composition of gelatin. 

 

III.3.3.  Gelatin properties 

III.3.3.1. Viscosity 

The viscosity of gelatin varies depending on several factors such as its concentration, 

temperature, and molecular weight distribution of its constituent polypeptides. Generally, as the 

concentration of gelatin increases, so does its viscosity. Similarly, higher temperatures tend to 

decrease the viscosity of gelatin solutions. The molecular weight distribution of the polypeptides 

in gelatin also influences its viscosity, with higher molecular weight fractions contributing to 

increased viscosity. Overall, gelatin exhibits a range of viscosities depending on its specific 

formulation and processing conditions [213, 217, 216 and 219]. 
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III.3.3.2. Solubility 

The solubility of gelatin is influenced by various factors including temperature, pH, and 

nature of solvent [218]. Gelatin exhibits excellent solubility in water, particularly at higher 

temperatures, where it readily forms a homogeneous solution. The solubility of gelatin decreases 

at lower temperatures, leading to gel formation as the solution cools. Additionally, the solubility 

of gelatin can be affected by pH, with optimal solubility typically occurring in slightly acidic to 

neutral conditions. In the presence of certain ions, such as calcium ions, gelatin may exhibit 

decreased solubility due to the formation of insoluble complexes [216]. 

III.3.3.3. Gelation 

Gelatin exhibits the ability to form gels when heated and then cooled. This gelation 

behavior is due to the formation of a three-dimensional network of molecules, resulting in the 

trapping of water molecules within the gel structure. Gelatin's gelation properties find extensive 

use in the food industry for producing gummy candies, marshmallows, and other confectionery 

products [212]. 

III.3.3.4. Hydrophilicity 

Gelatin is hydrophilic, meaning it has a high affinity for water. This property allows gelatin 

to form hydrogels when hydrated, making it useful in applications such as food thickening agents 

and wound dressings [212, 221]. 

III.3.3.5. Biodegradability 

Gelatin is biodegradable, meaning it can be broken down by biological processes. This 

property makes gelatin environmentally friendly and suitable for use in applications where 

biodegradability is desired, such as in biomedical implants and controlled-release drug delivery 

systems [211]. 

III.3.4. Gelatin based hydrogels 

Gelatin demonstrates superb biocompatibility, plasticity, and adhesiveness, rendering it a 

highly proficient material for the formation of films and particles [212, 213]. Furthermore, it 

creates a thermoreversible gel with a melting point near body temperature, a feature of particular 

significance in applications related to edibles and pharmaceuticals [222]. Gelatin undergoes 

dissolution in water through heating the solution to around 40 °C, causing collagen chains to 

exhibit a random coil structure above this temperature. Upon cooling, the aqueous solution 

undergoes a transition from sol to gel state, contingent on the concentration being sufficiently 
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high [215, 216]. In addition to its role in the food industry as a gelling agent in desserts, 

marshmallows, and gummy candies, gelatin finds application in pharmaceuticals for 

encapsulating drugs in softgel capsules. It is also utilized in photography, cosmetics, and various 

medical and laboratory settings. The diverse properties of gelatin make it a valuable and widely 

used biomaterial with a range of industrial and scientific applications. 

 Gelatin finds extensive utilization across a spectrum of industries, spanning from food 

production [225] to medical and pharmaceutical sectors [226]. In the realm of tissue engineering 

and regenerative medicine, gelatin emerges as a promising foundational substance for crafting 

'intelligent' hydrogels tailored for drug administration purposes. The growing enthusiasm for 

gelatin in these domains arises from its array of advantageous attributes, encompassing 

biocompatibility, biodegradability, affordability, and ease of handling [227]. Moreover, gelatin 

holds the status of being deemed safe (GRAS) by the US Food and Drug Administration (FDA) 

for its application in food processing [227]. Moreover, it is a commonplace choice in clinical 

settings, where it serves as a plasma expander and acts as a stabilizing agent in various protein 

formulations, including vaccines [228]. 

Gelatin, a proteinaceous substance primarily composed of denatured and partially 

hydrolyzed native collagen, notably type I [229], displays limited antigenicity compared to 

collagen, a result of heat denaturation [230]. Crucially, gelatin preserves key bioactive sequences 

of collagen, such as the arginine-glycine-aspartic acid (RGD) peptide responsible for cell 

attachment and matrix metalloproteinase (MMP)-sensitive degradation sites, within its structure 

[231]. Consequently, gelatin facilitates essential cellular functions like migration, proliferation, 

and differentiation through integrin-mediated cell adhesion and cell-mediated enzymatic 

degradation [224, 225]. The main shortcoming of gelatin as a material lies in its poor mechanical 

properties, limiting its potential applications. These properties are intricately linked to the 

renaturation level of the protein. However, both mechanical and thermal stability can be 

significantly enhanced through crosslinking. Chemical crosslinking is particularly advantageous 

due to the abundance of functional side groups present in gelatin. Common crosslinking agents 

include glutaraldehyde, genipin, diisocyanates, carbodiimides, and polyepoxy compounds. 

III.4. Alginate 

Alginates are a significant class of natural polysaccharides extracted from marine brown 

algae, composed mainly of linear chains of 1,4-linked β-D-mannuronate (M) and 1,4-linked α-L- 

guluronate (G) residues and their sodium salts [233, 235]. These two different repeating 
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monomers could form regions with varying proportions of M residues (MM blocks), G residues 

(GG blocks), or alternating M and G structures (MG blocks) [236, 238]. The source and species 

that produce the alginate may specify the M and G residues in the alginate chain as well as the 

physical properties of the polymers [40]. Thanks to the excellent biocompatibility [76], 

biodegradability and immunogenicity, non-toxicity, and functional groups [77], the alginate has 

been widely used in biomedical such as drug carrier material [78], tissue engineering [18], 

controlled-release [236], as well as cell immobilization [237]. 

 

 

   Figure 18. Schematic of chemical structure of sodium alginate molecule. 

 

III.4.1. Periodate oxidation of sodium alginate 

Periodate oxidation is an important reaction for polysaccharides modifications. Sodium 

alginate can be modified by the oxidation reaction using sodium periodate as oxidizing agent in 

an aqueous solution. The oxidized alginate molecular weight decreased [233], its reactivity and 

biodegradability were improved, and the application fields increased [238, 239]. The 

modification by oxidation of sodium alginate with sodium periodate (Figure 19) occurs by 

cleaving the dihydroxyl groups at C-2 and C-3 vicinal bonds in the uronic units forming 

dialdehyde groups on the alginate chains [235]. In the ring-opening reaction, aldehyde groups can 

be generated by selective cleavage of carbon-carbon bonds in the uronic residues resulting in a 

decline of the alginate molecular weight [234, 240]. The higher reactivity of the dialdehyde 

product occurs as a spontaneous interaction between the aldehyde groups and vicinal hydroxyl 

groups present on the unoxidized residues. The intramolecular and intermolecular hemiacetals 

that can reduce aldehyde groups' content are formed [63]. Moreover, Painter obtained that 

alginate possessed limited oxidation of close to 50% due to the formation of stable inter-residue 

hemiacetals [63]. The periodate oxidation of alginate was one of the most extensively studied 

oxidation. Gomez et al. oxidized the sodium alginate using sodium periodate at room 
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temperature for 24 hours in the dark. This oxidation resulted in a decline in the alginate stiffness 

by breaking the C2–C3 bond with a backbone scission as a simultaneous reaction. The molecular 

weight also decreased rapidly until the oxidation degree is of 10 % and then remained nearly 

constant. Until this oxidation degree, they observed that gel was not formed in the presence of 

calcium excess [44]. 

 

                        

 

 Sodium Alginate                                                    0xidized Sodium Alginate 

 Figure 19. Oxidation of sodium alginate.  

 Ding et al. [235] synthesized oxidized sodium alginate with different sodium periodate 

concentrations. After that, the samples were further fractionated by graded ethanol precipitation 

to obtain four oxidized sodium alginate fractions with a narrower molecular weight range.  

The structure and properties of OSA samples and fractions were characterized using 

different methods. Then the cross-linking performances of oxidized sodium alginate/fractions on 

collagen fiber were investigated. Generally, they observed that the molecular weight of oxidized 

sodium alginate plays a decisive role in improving the properties of the cross-linked collagen 

fiber [235]. 

Balakrishnan et al. [239], examined the oxidation of sodium alginate in the aqueous 

solution and in a 1:1 ethanol-water mixture. They compared the oxidation in these two different 

media to obtain a higher quantity of the oxidized product with a minimum amount of solvent in 

one reaction. The results show a similarity in the oxidation kinetic and facile oxidation in both 

mediums. Moreover, the cleavage of the dihydroxyl groups in the oxidation reaction occurs in 

both media, but it was extensive in the ethanol-water medium, and the product yield was higher 

in this medium than in water. One noteworthy advantage of oxidizing the alginate in adispersion 

for this study lies in its ability to yield larger quantities of the oxidized product with higher 

efficiency, while also consuming less solvent, making it an attractive approach for large-scale 

applications [239]. 
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III.5. Hydrogels base on gelatin cross-linked with oxidized sodium alginate 

Hydrogels based on gelatin cross-linked with oxidized sodium alginate represent a 

sophisticated biomaterial platform with a wide range of applications [215]. Gelatin, derived from 

collagen, offers excellent biocompatibility and contains bioactive sequences crucial for cellular 

functions like adhesion, proliferation, and differentiation [240]. However, gelatin's inherent poor 

mechanical properties limit its utility in certain applications.To address this limitation, 

researchers have turned to cross-linking strategies, leveraging the unique properties of oxidized 

sodium alginate. Sodium alginate is a natural polysaccharide derived from seaweed, known for its 

biocompatibility and biodegradability. When oxidized, sodium alginate gains additional 

functional groups, enhancing its cross-linking potential with gelatin.The cross-linking process 

typically involves the reaction between the aldehyde groups of oxidized sodium alginate and the 

amino groups of gelatin, forming stable covalent bonds (Figure 20). This chemical bonding 

results in the formation of a three-dimensional network within the hydrogel matrix, significantly 

improving its mechanical strength and stability.Moreover, the incorporation of oxidized sodium 

alginate allows for precise tuning of the hydrogel's properties, such as porosity, swelling 

behavior, and degradation kinetics, by adjusting the cross-linking density and degree of 

oxidation. 

 

 
 

 

 

 

 

 
 

Figure 20. Reaction of an amino group with an aldehyde group. 

These gelatin-based hydrogels cross-linked with oxidized sodium alginate find applications 

in various biomedical fields. In tissue engineering, they serve as scaffolds to support cell growth 

and tissue regeneration. Their controlled release properties make them ideal candidates for drug 

delivery systems, where therapeutics can be encapsulated within the hydrogel matrix and released 

in a controlled manner over time. Furthermore, the biocompatibility and tunable properties of 

these hydrogels make them promising candidates for other applications, including wound healing, 

cartilage repair, and 3D cell culture systems. 

III.5.1. Gelatin/oxidized sodium alginate hydrogels properties 

Both gelatin and sodium alginate hydrogels are widely studied in biomedical and 
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pharmaceutical fields due to their biocompatibility and tunable properties. When combined, their 

properties can be further modified to suit specific applications. Here are some key properties of 

gelatin and oxidized sodium alginate hydrogels: 

III.5.1.1. Biocompatibility 

Gelatin/ oxidized sodium alginate hydrogels demonstrate exceptional biocompatibility, 

rendering them invaluable materials in various biomedical applications. Derived from natural 

sources, gelatin originates from collagen found abundantly in animal tissues, while sodium 

alginate is extracted from seaweed. This natural origin substantially diminishes the likelihood of 

adverse immune reactions or toxicity, making these hydrogels inherently safer for use within the 

body. Furthermore, their biodegradability ensures that they can be broken down into harmless 

byproducts through enzymatic or hydrolytic processes, eliminating concerns associated with 

long-term implantation. Crucially, these hydrogels provoke minimal inflammatory responses 

when implanted in vivo, owing to their natural composition and the biocompatible nature of their 

degradation products. This characteristic not only reduces the risk of adverse reactions but also 

 fosters an environment conducive to tissue regeneration and healing [42]. Gelatin and sodium 

alginate hydrogels also offer an ideal milieu for cellular interactions, supporting attachment, 

proliferation, and differentiation. Through careful adjustment of parameters such as crosslinking 

density, composition, and degradation kinetics, their biocompatibility can be further tailored to 

meet specific biological requirements, ensuring their suitability for a diverse array of biomedical 

endeavors. Thus, the biocompatibility of gelatin and oxidized sodium alginate hydrogels 

underscores their pivotal role in advancing fields such as tissue engineering, regenerative 

medicine, drug delivery, and cell therapy….etc. 

III.5.1.2. Hydrophilicity 

Gelatin/oxidized sodium alginate hydrogels are characterized by their hydrophilicity, a 

fundamental property influencing their performance in aqueous environments. These hydrogels 

possess hydrophilic functional groups that readily interact with water molecules through 

hydrogen bonding [241]. This interaction facilitates the absorption and retention of water within 

the hydrogel matrix, leading to swelling. The extent of swelling can be controlled by factors such 

as polymer concentration and crosslinking density [242]. Hydrophilicity also impacts the 

mechanical properties of the hydrogels, enhancing their flexibility while maintaining softness. In 

biomedical applications like drug delivery and tissue engineering, the hydrophilic nature of these 

hydrogels enables controlled release of water-soluble molecules and provides a hydrated 
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microenvironment conducive to cell growth and tissue regeneration. Understanding and 

leveraging the hydrophilic properties of gelatin and oxidized sodium alginate hydrogels are 

crucial for designing biomaterials tailored to specific applications in medicine and biotechnology. 

III.5.1.3. Biodegradability 

Gelatin/ oxidized sodium alginate hydrogels are characterized by their significant 

biodegradability, making them valuable in biomedical contexts. This property allows for gradual 

degradation through enzymatic or hydrolytic processes, eliminating the need for surgical removal 

post-application. The degradation rate can be controlled by adjusting factors such as polymer 

concentration and crosslinking density. In tissue engineering, their biodegradability supports 

temporary scaffolds, facilitating tissue regeneration without the risk of chronic inflammation. 

Additionally, in drug delivery systems, the gradual degradation of these hydrogels enables 

 sustained release of therapeutic agents, minimizing systemic toxicity. Overall, the 

biodegradability of gelatin and oxidized sodium alginate hydrogels offers a versatile solution for 

various biomedical applications, providing controlled degradation alongside biocompatibility and 

therapeutic efficacy [245, 246]. 

III.5.1.4. Controlled Release 

Gelatin/ oxidized sodium alginate hydrogels are highly effective in facilitating controlled 

release of bioactive substances, making them invaluable in drug delivery systems. Through 

careful manipulation of various factors, including polymer composition, crosslinking density, 

drug encapsulation methods, hydrogel structure, and environmental stimuli, these hydrogels offer 

precise modulation of release kinetics. Their controlled release mechanism allows for tailored 

drug delivery profiles, optimizing therapeutic efficacy while minimizing potential side effects. 

The composition of the hydrogel, its crosslinking density, and the method of drug encapsulation 

all contribute to determining the release kinetics. Additionally, hydrogel morphology and 

response to environmental stimuli further enhance their versatility in drug delivery applications 

[247, 248]. 

III.5.1.5. Cell Compatibility 

Gelatin cross-linked oxidized sodium alginate based hydrogels exhibit exceptional 

compatibility with cells, positioning them as valuable biomaterials in various biomedical 

applications, particularly in tissue engineering and regenerative medicine. Derived from natural 

sources, gelatin from collagen and sodium alginate from seaweed, these hydrogels provide a 

biologically relevant environment for cell growth and function. Their hydrophilic nature 
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promotes cell adhesion, spreading, and proliferation, while their porous structure enhances 

nutrient and oxygen diffusion to encapsulated or seeded cells, mimicking the native tissue 

microenvironment. Furthermore, the tunable properties of these hydrogels, including crosslinking 

density, composition, and degradation rate, allow for customization to match specific cellular 

requirements. Surface modifications can also be employed to incorporate bioactive molecules or 

cell-adhesive peptides, further enhancing cell compatibility and promoting desired cellular 

responses. Overall, gelatin and oxidized sodium alginate hydrogels serve as versatile platforms 

for supporting cell viability, proliferation, and differentiation, paving the way for advancements 

 in tissue engineering, drug delivery, and regenerative therapies [248,  250]. 

III.6. Conclusion 

Hydrogels formed from oxidized alginate and gelatin cross-linked via Schiff base chemistry 

offer a versatile platform for various biomedical applications due to their unique properties. 

Oxidized alginate, derived from alginate, undergoes partial oxidation to introduce aldehyde 

functional groups, enabling Schiff base cross-linking with amino groups of gelatin. This cross- 

linking mechanism allows for control over the gel's mechanical strength, swelling behavior, and 

degradation rate, crucial factors for specific biomedical uses. 

The resulting hydrogels exhibit excellent biocompatibility, promoting cell adhesion, 

proliferation, and differentiation, which are essential for tissue engineering applications. Their 

porous structure and high water content resemble the natural extracellular matrix, facilitating 

nutrient exchange and waste removal. Furthermore, the hydrogels can be tailored to mimic the 

biochemical and biomechanical cues of specific tissues, enhancing their ability to support tissue 

regeneration. 

Despite these advantages, challenges remain in optimizing hydrogel properties for specific 

biomedical applications. Further research is needed to enhance mechanical strength, fine-tune 

degradation kinetics, improve long-term stability, and investigate in vivo biocompatibility and 

therapeutic efficacy. Additionally, the scalability and cost-effectiveness of production methods 

should be considered to facilitate translation from bench to bedside. Overall, hydrogels based on 

oxidized alginate/gelatin cross-linked by Schiff base crosslinking hold great promise for 

advancing biomedical technologies and addressing unmet clinical needs. 
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Chapter IV: Experimental work 
IV.1. Introduction 

This chapter presents the methods and materials used for the preparation and 

characterisation of hydrogels based on oxidised sodium alginate (OSA) and gelatin. The process 

involves two main steps: the preparation of OSA, followed by the formation of hydrogels films 

by combining OSA and gelatin. During this work/action, various analytical techniques were used, 

including Fourier transform infrared spectroscopy (FTIR), nuclear magnetic resonance 

spectroscopy (NMR) and thermogravimetric analysis (TGA), to study the chemical structure and 

thermal stability of OSA and sodium alginate (SA). In addition, the oxidation kinetics were 

monitored, the quantification of aldehyde groups and the effects of temperature were evaluated. 

For the hydrogels, scanning electron microscopy (SEM), FTIR and GTA were used to analyse 

their morphology, structure and thermal stability. Further characterisation includes measurement 

of amino group conversion index (CI %), assessment of swelling behaviour, encapsulation 

efficiency, release kinetics and antioxidant activity. This comprehensive analysis provides 

valuable information on the properties and potential applications of these hydrogel systems in 

biomedical fields. 

IV.2. Methods and materials 

IV.2.1. Materials 

Medium molecular weight Gel type A, native sodium alginate (SA) were purchased from 

Sigma Aldrich; Pro solution (30%) was a gift from Apitherapy, Tween 80, p-coumaric acid 

(PCA), sodium meta periodate, ninhydrin, glutamic acid, dialysis membrane with pores of 14kDa 

were purchased from Sigma Aldrich, sodium thiosulfate, acetic acid, potassium iodide, sodium 

chloride, disodium phosphate, monosodium phosphate, ethanol, sodium hydroxide (NaOH), were 

purchase from chemical Company, Iași, Romania 

IV.2.2. Methods 

IV.2.2.1. Oxidized sodium alginate (OSA) Preparation 

The oxidized sodium alginate (OSA) was prepared by utilizing NaIO4 as an oxidizing 

agent and bi-distilled water as a solvent (Figure 21). Initially, 2 g of native sodium alginate was 
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dissolved in 100 mL of bi-distilled water at 80 °C. The resulting solution was then transferred 

into a 250 milliliter flask and allowed to cool to 30 °C. Meanwhile, 1.5 g of NaIO4 was dissolved 

in 20 mL of bi-distilled water at room temperature and added dropwise to the sodium alginate 

solution at 30°C. The oxidation reaction occurred in the absence of light for duration of 24 hours. 

Subsequently, the resulting solution underwent purification through dialysis against 

deionized ultra-pure water. Cinq changements d'eau bi-distillée sur une période de trois jours ont 

été réalisés au cours de la dialyse. A la fin, la solution purifiée a été lyophilisée pour obtenir 

l'OSA. 

 

Figure 21. Protocol for the preparation of oxidized sodium alginate (OSA). 
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IV.2.2.2. Hydrogel Films Based on Gelatin and OSA Preparation 

The hydrogels based on gelatin/oxidized sodium alginate (G/OSA) were prepared by 

combining OSA and gelatin at varying -CHO/-NH2 molar ratios (0.5:1; 0.75:1; 1:1; 1.5:1 

mol/mol) in acetate buffer solution (ABS) at two different pH levels (pH = 5.5 and 3.7), as 

depicted in Figure 22. 

Initially, a specified amount of OSA was dissolved in ABS solution at 80 °C for 30 

minutes. Subsequently, 1.2 mL of a 5 % w/v Mg
2+

 aqueous solution was introduced to facilitate 

the interaction with carboxyl groups (COO-) within the oxidized sodium alginate chains. The 

mixture underwent ultrasonic treatment for 15 minutes to ensure thorough mixing. 

Concurrently, 0.2 g of gelatin was dissolved in 2 mL of ABS at 40 °C. The resulting gelatin 

solution was then added dropwise to the OSA solution and stirred for a period of 6 hours. On the 

other, 3g of glycerin was incorporated to impart flexibility and prevent fragility in the resulting 

hydrogel 

To produce hydrogels films, the polymer solution was poured into Petri dishes with a 

diameter of 9 cm and allowed air-dried to at room temperature. Once dried, the films were 

carefully removed from the Petri dishes and at room temperature for subsequent analysis. The 

experimental program used to obtain covalently cross-linked G/OSA based hydrogel films in 

ABS pH=5.5 is given by the table 2. 

Table 2. Experimental program used to obtain covalently cross-linked G/OSA based hydrogel films in ABS pH = 

5.5. 

Samples 

Codes* 

Molar ratio 

-CHO/-NH2 

Number of moles of 

-CHO*10-4 

PA1 (PB1) 0.5/1 1.69 

PA2 (PB2) 0.75/1 2.535 

PA3 (PB3) 1/1 3.38 

PA4 (PB4) 1.5/1 5.07 

 

*The number of moles of CHO, and the molar report CHO: NH2 were the same for the hydrogels which prepared in 

ABS at pH medium of 3.7, they coded PB1, PB2, PB3, PB4. The films containing propolis and containing the same 

molar ratios prepared at ABS pH of 5.5 and 3.7 were coded with PAP1, PAP2, PAP3, PAP4, and PBP1, PBP2, 

PBP3, PBP4 respectively. 
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a 

Figure 22. Schematic illustration of (a) experimental work of gelatin/ OSA based hydrogel preparation (b) Reaction 

of Schiff base formation between NH2 of gelatin and CHO of OSA. 

IV.3. Characterizations methods 

The characterization of oxidized sodium alginate (OSA) and sodium alginate (SA) involved 

a comprehensive array of analytical techniques. Fourier Transform Infrared (FTIR) Spectroscopy, 

Nuclear Magnetic Resonance (NMR) Spectroscopy, and Thermogravimetric Analysis (TGA) 

were employed to assess the chemical structure and thermal stability of both materials. 
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Additionally, quantification of aldehyde groups, investigation of oxidation kinetics, and 

examination of temperature effects were conducted to gain insights into the modification process. 

Hydrogels with varying compositions and under different pH conditions were subjected to 

thorough characterization utilizing a variety of analytical methods. Scanning Electron 

Microscopy (SEM), FTIR spectroscopy, and TGA were employed to analyze the morphology, 

structure, and thermal stability of the hydrogels. Furthermore, the determination of the Amino 

Groups' Conversion Index (CI %), assessment of swelling behavior, evaluation of encapsulation 

efficiency, release kinetics, and antioxidant activity studies were performed to elucidate the 

properties and performance of the hydrogel formulations. 

IV.3.1. Comprehensive Characterization of Oxidized Sodium Alginate (OSA), Sodium 

Alginate (SA), and Gelatin for Hydrogel Formulation 

IV.3.1.1. Fourier-Transform Infrared Spectroscopy 

The FTIR analysis aimed to elucidate the chemical structure of both sodium alginate (SA) 

and oxidized sodium alginate (OSA). Using a Bruker Vertex FTIR spectrophotometer (Billerica, 

MA, USA), spectral data were collected over a range of wavenumbers from 400 to 4000 cm-
1
. To 

ensure uniformity and accuracy in measurements, SA and OSA samples were prepared as KBr 

pellets. This preparation method facilitates consistent spectral recordings and enables detailed 

analysis of functional groups and molecular vibrations within the samples. 

IV.3.1.2. Nuclear magnetic resonance spectroscopy of SA and OSA 

1
H NMR spectra were obtained using a Bruker NEO 1-400 NMR spectrometer (Billerica, 

MA, USA) to elucidate the molecular structure of sodium alginate (SA) before and after 

oxidation. The samples (SA and OSA) were dissolved in deuterium oxide (D2O) prior to analysis, 

with 
1
H NMR employed for detailed molecular characterization. 

IV.3.1.3. Quantification of Aldehyde Groups in OSA 

To determine the content of aldehyde groups in the resulting oxidized sodium alginate 

(OSA), a modified protocol based on Dellali and al. [40], was employed. The amount of aldehyde 

groups present in OSA was indirectly quantified through a titration method using residual sodium 

periodate, as described by Lange in 1961. 
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In this context, a 1 mL volume of the OSA solution obtained from the oxidation reaction 

mixture was added to a mixture containing 1 mL of 20 % KI solution and 1 mL of 37 % HCl in a 

beaker. The formation of iodine (I2) was then titrated with 0.05 N Na2S2O3 until the endpoint was 

reached. At the endpoint, the solution changed from blue to transparent, indicating the 

disappearance of iodine. This transition was visualized by the addition of 1 mL of starch solution. 

Through the titration reaction, the amount of unreacted sodium periodate in the oxidation 

reaction was determined by subtracting the amount of NaIO4 that remained unreacted from the 

initial amount added. To calculate the number of moles of aldehyde groups produced in the 

reaction, the stoichiometry of the reaction had to be taken into account. Since it takes 1 mole of 

NaIO4 to produce 2 moles of aldehyde groups in oxidized sodium alginate, this ratio was utilized 

in the calculation. 

IV.3.1.4. Oxidation kinetics and temperature effect studies 

The kinetics of the oxidation reaction was investigated at a temperature of 30 °C. Initially, 

100 mL of an aqueous solution containing 2 % w/v sodium alginate (SA) was prepared. The 

oxidation reaction was initiated by adding a calculated amount of sodium periodate (NaIO4) with 

a 1:1 molar ratio of SA to NaIO4, ensuring an excess of 34 % of sodium periodate, into the 

reaction flask. The reaction mixture was kept in a dark environment to prevent photochemical 

reactions. At hourly intervals over a period of 72 hours, 1 mL samples of the reaction mixture 

were withdrawn and titrated with sodium thiosulfate (Na2S2O3) to monitor the progress of the 

oxidation reaction. The titration allowed for the determination of the amount of unreacted NaIO4, 

indicating the extent of the oxidation reaction.The degree of oxidation (OD) was calculated using 

equation (1), where OD represents the extent of conversion of SA to oxidized sodium alginate 

(OSA) over time.                                                                                   

     
  

  
                                                          

 

Where MR, and MT represent the amount of NaIO4 reacted and NaIO4 total amount respectively. 

To explore the influence of temperature on the performance of the oxidation reaction, a 

similar protocol to the kinetic studies was followed. However, in this experiment, the samples 

were prepared at different temperature settings ranging from 25 to 45 degrees Celsius (T °C) and 

maintained for duration of 24 hours. Following the preparation of each sample, 1 mL of the 

reaction mixture from each temperature setting was collected and subjected to titration with 
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sodium thiosulfate (Na2S2O3). This process allowed for the determination of the extent of the 

oxidation reaction at each temperature condition. 

IV.3.1.5. Thermogravimitric property 

The thermal properties of sodium alginate (SA), oxidized sodium alginate (OSA), gelatin, 

and propolis were examined using a TA Instruments model TGA Q500. These experiments were 

carried out under a nitrogen atmosphere to prevent oxidation, with a dynamic heating rate of 10 

°C min⁻¹.The temperature range for the analyses spanned from 20 to 800 °C. Alumina was 

utilized as the reference material throughout the experiments to ensure accurate temperature 

calibration and measurement. 

IV.3.1.6. Gelatin Amino Groups’ determination 

The ninhydrin test was used to assess the concentration of amino groups in gelatin. A stock 

solution of 0.1% (w/v) glutamic acid in acetic acid was prepared to establish a calibration curve. 

This involved pouring 10 mL of the solution into a 100 mL flask and adding acetate buffer 

solution (pH = 5.6, 0.1 M) to mark the flask. Various volumes were withdrawn from this solution 

to prepare six concentrations of glutamic acid ranging from 0.04 to 0.1 mg/mL, each brought to 

volume with acetate buffer solution (pH = 5.6) in 5 mL volumetric flasks. For the ninhydrin test, 

1 mL of each prepared glutamic acid solution with different concentrations was mixed with 2 mL 

of 2% ninhydrin solution in ethanol in test tubes. The mixtures were heated at 95°C for 30 

minutes, resulting in a dark blue coloration. After cooling, a mixture of 8 mL ethanol and distilled 

water (1:1 volume ratio) was added to each tube. To calibrate the spectrophotometer, a blank 

solution without glutamic acid was prepared by adding 1 mL of acetate buffer (pH = 5.6) instead. 

Absorbances of all solutions were measured at 570 nm using a UV spectrophotometer. Finally, 

the initial concentrations of the solutions in mg/mL were converted to molar concentrations, 

indicating the number of moles of amino groups per milliliter (Figure 23). 
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                                                                                   Figure 23. Experimental protocol for Gelatin Amino. 

IV.3.2. Comprehensive Characterization of the fabricated hydrogels 

IV.3.2.1. Fourier-Transform Infrared Spectroscopy 

FTIR analysis was conducted to elucidate the chemical structure of gelatin/SA, 

gelatin/OSA, and gelatin/OSA propolis based hydrogels. Spectra were obtained using a Bruker 

Vertex FTIR spectrophotometer (Billerica, MA, USA). Samples were prepared as KBr pellets 

and analyzed over wavenumbers ranging from 400 to 4000 cm
−1

 at room temperature, with a 

resolution of 4 cm
−1

. 

IV.3.2.2. Thermal property 

The thermal properties of SA/gelatin, OSA/gelatin, and OSA/gelatin/propolis hydrogels 

were investigated using a TA Instruments model TGA Q500. The experiments were performed 

under a nitrogen atmosphere with a dynamic heating rate of 10 °C min⁻¹. Analysis was conducted 

over a temperature range of 20 to 800 °C, with alumina serving as the reference material for the 

experiments. 

IV.3.2.3. Scanning Electron Microscopy 

The surface morphology of hydrogel films was examined using scanning electron 

microscopy (SEM) after drying and gold metallization achieved via spray deposition. Analysis 
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was conducted using a HITACHI SU 1510 electron microscope (Hitachi SU-1510, Hitachi 

Company, Chiyoda City, Tokyo, Japan). 

IV.3.2.4. The Amino Groups’ conversion index (CI %) Determination into Schiff Bases in 

Hydrogel Films 

The ninhydrine test was deemed essential for assessing the concentration of unbound amino 

groups within the obtained films. The method described for constructing the glutamic acid 

calibration curve was applied in this study to standardize the experimental procedure. Fragments 

of the films were weighed and placed into test tubes, followed by the addition of 1 mL of 0.1 M 

acetate buffer with pH = 5.6 and 2 mL of 2% ninhydrine solution. After allowing the mixture to 

incubate at room temperature for one hour to ensure ninhydrin penetration into the films, it was 

then heated at 95°C for 30 minutes. Subsequently, upon cooling, an 8 mL mixture of ethanol and 

distilled water in a 1:1 volume ratio was introduced. The absorbance of the resulting solution was 

measured at 570 nm wavelength. The concentration of unbound amino groups in the hydrogel 

films was determined utilizing the previously established glutamic acid calibration curve. This 

facilitated the computation of the total number of amino groups involved in the formation of 

Schiff bases, utilizing the difference between the total moles of free amino groups initially added 

in the reaction (Figure 24). The conversion index was calculated using equation (2): 

     
        

  
                                                

Where Na refers to the number of moles of free amino groups present before cross-linking, 

while Nb represents the number of moles of free amino groups present after cross-linking, The 

difference between Na and Nb represents the number of amino groups that have formed covalent 

bonds within the hydrogel film. 
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         Figure 24. The amino groups’ determination into Schiff bases in hydrogel films protocol. 

IV.3.2.5. Swelling behavior of OSA/ gelatin based hydrogels 

To evaluate the capacity of the OSA/gelatin hydrogels to absorb and retain aqueous 

medium without dissolution, a swelling degree experiment was conducted. This characteristic 

holds importance as it directly influences the diffusion rates of the active ingredient from the 

hydrogel matrix. 

To investigate the swelling behavior of the samples, we employed a conventional 

gravimetric approach using buffer solutions mimicking physiological fluids: phosphate buffer at 

pH = 7.4 and acetate buffer resembling skin pH at pH = 5.5. The detailed procedure involved: 

accurately weighing dried hydrogel samples (W dry) and immersing them in 5 mL of solutions 

with varying pH values at 37°C. At different time intervals, the samples were removed from the 

solution, excess water was blotted off using filter paper, and the weight of the swollen films (W 

swelling films) was measured. Subsequently, the samples were returned to the solution. This process 

continued at regular intervals until equilibrium was achieved. The difference between the weight of the 

swollen films (W swelling films) and the weight of the dry films (W dry) represented the amount of 

solution absorbed by the hydrogels (W solution). The degree of swelling was determined by 

calculating the ratio of the solution retained by the films at each time interval to the weight of the 

completely dry film, as indicated by Equation (3). 

        
         

    
                                                 

 

IV.3.3. Encapsulation Efficiency 
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To anchor the propolis within the hydrogel matrix, the propolis was initially characterized 

by High-Performance Liquid Chromatography (HPLC) [39], to analyze its composition. The 

composition of propolis is outlined below: 

A solution consisting of 500 μL of propolis liquid, containing 22.75 mg of para-coumaric 

(PCA) acid, was incorporated into the polymer solution. The mixture was then subjected to an 

ultrasonic bath at 37 °C for 30 minutes. Subsequently, the solution was transferred into Petri 

dishes and left to dry for 48 hours. 

Because of the intricate composition of propolis, determining its encapsulation and release 

presents practical challenges. However, researchers have indeed assessed the quantity of p- 

coumaric acid, which is the principal component in propolis' composition. 

To ascertain the quantity of propolis that remained unimmobilized, the content of para- 

coumaric acid (PCA) from the hydrogels was quantified. However, before proceeding, it was 

necessary to establish a PCA calibration curve (Figure 25). The procedure was as follows: 5 mg 

of PCA was dissolved in 10 mL of 1 % tween solution, prepared in ABS pH = 5.5 and PBS pH = 

7.4. This mixture was then transferred into a 50 mL flask and brought to a total volume of 50 mL 

with 1% tween solution. Seven different concentrations of PCA ranging from 0.01 to 0.05 mg/mL 

were prepared using varying volumes. The absorbances of these solutions were measured using a 

UV spectrophotometer at wavelengths of 299 nm for ABS pH = 5.5 and 287 nm for PBS pH = 

7.4. The resulting calibration curve illustrates absorbance plotted against the concentration of 

PCA. 
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    Figure 25. Calibration curve of p-coumaric acid in: (a) tween of pH 7.4 (ya = 1.1561x); (b) tween of pH 5.5 (yb 

= 2.1182x); (c) ethanol (yc = 0.7689x). 

In order to determine the propolis quantity that was not immobilized, a fragment of each 

film was immersed into 1mL of bi-distilled water for one hour, after that 10 mL of ethanol was 

added and stirred for 24 hours at 37 °C (Figure 26). After wile, the absorbances of the solutions 

in which the fragments were immersed were measured using Nano Drop UV-spectroscopy at 

wavelength of 311 nm. 
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  Figure 26. Encapsulation efficiency experimental work. 

IV.3.4. Release efficiency 

To assess the release efficiency of propolis immobilized within the hydrogel matrix, a 

fragment of the dried film was immersed in separate tubs containing 20 mL of buffer solutions, 

specifically ABS at pH=5.5 and PBS at pH=7.4. Over time, samples of 0.250 mL volume were 

periodically withdrawn (Figure 27). To maintain a consistent volume for all samples, 3 mL of 

buffer solution was added after each withdrawal. 

The amount of propolis released was determined spectrophotometrically, leveraging the 

para-coumaric acid (PCA) calibration curves previously established in the respective buffer 

solutions. This allowed for accurate quantification of the released propolis content. 
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  Figure 27. Release efficiency experimental protocol. 

IV.3.5. Antioxidant activity 

The methodology, initially outlined by Choi and al. [41], was adapted with specific 

adjustments for this study. Six samples of OSA/G-based hydrogels were prepared, each 

containing encapsulated propolis for subsequent antioxidant activity evaluation (Figure 28 (a)). 

These hydrogels were divided into two groups for further experimentation. The DPPH test of the 

antioxidant principle and the DPPH reaction with natural antioxidants is shown in the Figure 28 

(b). 



Mathods and Materials 

83 

 

 

 

 

 

 

 

 

 

 

 

 
A 

 

 
 

 B 

Figure 28. (a) DPPH antioxidant principle assay.  

                           (b) DPPH reaction with natural antioxidants. 

In the first group, propolis extraction was carried out by immersing half of the hydrogels 

directly in 20 mL of ethanol for 24 hours. Conversely, the second group of hydrogels underwent 

UV irradiation for 30 minutes before being subjected to the same 24-hour ethanol immersion. In 

parallel, a volum of 0.250 mL of free propolis was exposed to UV irradiation for 30 minutes, 

followed by immersion in 20 mL of ethanol. Additionally, an equivalent volume of propolis was 

dissolved in 20 mL of ethanol without prior UV irradiation. These procedures resulted in the 

creation of stock solutions for each sample (Figure 29). 
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      Figure 29. DPPH antioxidant assay OSA/Gelatin based film encapsulating the propolis. 

To evaluate antioxidant activity, various dilutions were prepared from the stock solutions, 

with final propolis concentrations ranging from 5 to 25 µg/mL. In test tubes, 2 mL of each 

solution concentration was combined with 2 mL of a 0.1 mM DPPH solution (in ethanol). After 

vortexing the samples for 20–30 seconds, they were placed in the dark at a temperature of 37°C 

for 1 hour. Subsequently, the absorbance of the samples was measured using a UV 

spectrophotometer at a wavelength of 517 nm. As a reference, ascorbic acid was employed. 

The resulting absorbance values were then converted into percentages representing antioxidant 

activity, expressed as the inhibition percentage of free radicals in DPPH (DPPH-I %). This 

transformation was achieved using the following relation (4): 
 

                             

 

(4) 
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With: I (%): inhibition percentage. 

The spectrophotometer underwent calibration using ethanol, with (As) denoting the 

absorbance values corresponding to diverse solution concentrations.For the blank reference (Ab), 

a solution containing 2 mL of ethanol and 2 mL of propolis solutions at various concentrations 

was employed. The absorbance of the blank was recorded for each concentration. And a control 

solution was prepared by combining 2 mL of ethanol with 2 mL of DPPH solution. 

The IC50 value, expressed in µg/mL, was determined from the graphical representation of 

inhibition percentage (I %) against concentration. This value represents the concentration of the 

sample required to neutralize 50% of the free radicals present in the DPPH solution. 

IV.4. Conclusion 

The comprehensive characterization of oxidized sodium alginate (OSA), sodium alginate 

(SA) and gelatin for hydrogel formulation was carried out using Fourier transform infrared 

spectroscopy and nuclear magnetic resonance spectroscopy. Other effects were studied such as, 

oxidation kinetics and temperature effect studies and thermogravimetric properties as well as 

determination of gelatin amino groups and a comprehensive characterization of the fabricated 

hydrogels. The thermal properties of SA/gelatin, OSA/gelatin and OSA/gelatin/propolis 

hydrogels were studied using a TA Q500 TGA. Also, the surface morphology of the hydrogel 

films was examined by scanning electron microscopy (SEM). 

The determination of the conversion index of amino groups (CI %) Shiff bases in hydrogel 

films as well as the swelling behavior of OSA and gelatin based hydrogels. The latter 

characteristic is important because it directly influences the diffusion rates of the active 

ingredient from the hydrogel matrix. The encapsulation efficiency was characterized by high 

performance liquid chromatography (HPLC) of propolis that is to be anchored in the hydrogel. 

The release efficiency of propolis in the hydrogel was verified by ABS at pH = 5.5 and ABS at 

pH = 6.5. The antioxidant activity is an important characteristic of hydrogels, the latter was 

evaluated by the addition of certain volumes of DPPH solution 
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Chapter V: Synthesis of hydrogels based on oxidized sodium alginate cross-

linked with gelatin for propolis encapsulation 

V.1. Introduction 

This chapter presents the results and discussions of the development of biocompatible 

gelatin-based hydrogels by cross-linking protein-free amino groups with aldehyde groups 

obtained by oxidation of sodium alginate. FTIR and NMR spectroscopy results confirm the 

presence of aldehyde groups in the oxidised alginate. The results concerning the synthesis of 

hydrogels with different molar ratios between oxidised alginate and gelatin, and the effects of pH 

and degree of cross-linking on the properties of the hydrogels were studied in this work. 

V.2. FTIR Spectroscopy of SA and OSA 

The FTIR analysis was carried out to detect the appearance of new chemical bonds or the 

modification of existing ones, which could demonstrate the oxidation of SA and the presence of 

aldehyde groups in the OSA. Figure 30 shows the infrared spectra of SA and OSA after 24 hours 

of oxidation. 

 
Figure 30. Fourier-transform infrared (FTIR) spectra of SA and OSA (oxidation time: 24 h) 

The infrared spectra of the alginate present the typical bands of its polysaccharide structure. 

The broad absorption peak shown at 3465 cm
-1

 is assigned to the stretching vibration of hydroxyl 

groups (–OH) [38–41]. And the absorption bands at 2943, 1031 and 1105 cm
-1

 are typical peaks 
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of all polysaccharide derivatives. This can be attributed to the C–H stretching vibration 

elongation of the C–O–C groups and C–C stretching groups, respectively [248–250]. The 

absorption peak at 1622 and 1421 cm
-1

 is related to asymmetric and symmetric carboxylate salt 

groups of alginate [38–42,44,251]; the figure also shows a peak at 1312 cm
-1

 due to single bond 

stretching vibration C–O groups [252]. Compared to the SA infrared spectra, a new characteristic 

band is shown at 1735 cm
-1

 in the FTIR spectra of OSA; it is assigned to the carbonyl signal 

peaks of the aldehyde group -C=O, which confirmed the occurrence of the oxidation reaction 

[40,45,74,248,249,253–256]. This peak was too weak and, in some studies, is not detected due to 

the formation of intermolecular hemiacetals structures between the free aldehydes groups and 

neighboring hydroxyl groups on the adjacent uronic acid [40,65,248,257]. 

Moreover, the stretching vibration frequency of the absorption peak of -C–O bonds shifted 

from 1314 cm
-1

 in the SA spectrum to 1352 cm
-1

 in the spectrum of OSA [252]. These results 

indicated the cleavage of –C2–C3– bonds between vicinal glycols on alginate uronic acid residue 

by the oxidation reaction [248,251,252]. In addition, the similarity of infrared spectroscopy 

results of the OSA and native SA demonstrated that the periodate cleaved only the -C2–C3- bond 

by the oxidation reaction [60]. Absorption bands from about 800 cm
−1

 can be attributed to 

hemiacetals formed between the aldehyde group and vicinal hydroxyl groups in an acidic 

medium but could also occur in a neutral medium. 

V.3. NMR Spectroscopy of SA and OSA 

The oxidation of sodium alginate was confirmed by the comparison of 
1
H NMR spectra of 

SA and OSA using D2O as a solvent (Figure 31): 
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Figure 31. Proton nuclear magnetic resonance (
1
H NMR) spectra for SA dissolved in water (a), and OSA 

dissolved in D2O (b). 
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The 
1
H NMR spectra of SA exhibited ranging peaks from 3.762 to 5.0 ppm corresponding 

to the anomeric proton of Glucuronic (G) and Mannuronic (M) units [258]. The peaks at 5.0 and 

3.7 ppm were assigned to the G-1 and M-5 protons, respectively. Meanwhile, the peaks between 

4.66 and 4.798 ppm corresponded to the G-5 and M-1 protons [258–260]. Compared to the OSA 

1
H NMR spectra, a new peak at 8.24 ppm appears, which is attributed to the proton of the 

aldehyde groups -CHO [65, 74, 258]. Two signals at 5.449 and 5.702 ppm were assigned to the 

protons in hemiacetals structures [44, 252, 254, 255, 26]. These structures resulted from the adol 

condensation reaction between the aldehyde and contiguous hydroxyl groups in the D2O solvent 

[258, 262, 263]. Moreover, the intensity of the peaks at 3.7 and 5.0 ppm that correspond to the 

signals of protons of M-5 and G-1 were decreased, and the signal of the G-5 proton was 

modified. The above results confirmed the oxidation of sodium alginate using NaIO
4
 and the 

change of surroundings caused by the cleavage of the vicinal -C2-C3- bonds [264]. In some 

cases, the peak of aldehyde groups did not appear due to the equilibrium of the aldehydes in 

water with their hydrated forms, and they react with the unreacted hydroxyl groups of the SA 

chain [260]. 

V.4. Oxidation reaction kinetic of SA 

The kinetics of the SA oxidation in the presence of NaIO4 was studied by determining the 

consumption of sodium periodate during the reaction. Figure 32 shows the obtained results. 



Results and Discussion 

90 

 

 

                                                          

 
Figure 32. Variation in time of the oxidation degree of SA. 

In an aqueous solution, SA was oxidized in the dark using sodium periodate as an oxidizing 

agent at room temperature for 24 hours. Different reaction times were used to determine the 

maximum oxidation degree value and optimize the oxidation reaction parameters (Figure 32). 

The sodium periodate cleaved the vicinal dihydroxyl groups in the SA chains at C2-C3. The 

aldehyde groups were generated, and the degradation of the polymer occurred [44, 251]. 

The result shows that the oxidation degree gradually increases with time until 24 h, 

reaching the value of 35.26 %. After 24 h, the oxidation degree value was maintained almost 

constant until 72 h, meaning that not all the vicinal hydroxyl groups were oxidized, and the SA 

was only partially oxidized. Similar results were found in the literature, in which the oxidation 

degree increases over time up to 24 hours [74]. 

The maximum degree of oxidation varies between (35% and 50%) due to the formation of 

stable inter-residue hemiacetals between an aldehyde group and a hydroxyl group in the 

monomeric units resulting in the protection of the hydroxyl group from further oxidation [38, 63, 

239, 265]. 

V.5. Temperature influence on the oxidation degree 

The effect of temperature on the degree of oxidation of SA was studied by keeping the duration of the 

reaction constant (t = 24 h). Figure 33 shows the results obtained.
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Figure 33. Variation of SA oxidation degree as a function of temperature (t = 24 h). 

In order to study the effect of temperature on the oxidation reaction, different oxidation 

degrees were determined at various reaction temperatures varying from 25 °C to 45 °C (Figure 

33). The results show that the oxidation degree was higher when the temperature increased to 30 

°C, reaching an oxidation degree of 35%. Increasing the temperature up to 45 °C leads to a 

decrease in oxidation degree to 30%. This diminish in the oxidation degree is in agreement with 

the decomposition of periodate, which affects the aldehyde groups yield more or less if the 

oxidation reaction occurs at temperatures over 45°C as already reported by Chemin et al. and Li 

et al [266, 267]. At higher temperatures, the periodate ion (IO
4-

) can undergo a series of reactions 

that result in the formation of iodate (IO
3-

) and oxygen (O
2
) gas. This process can lead to 

incomplete or inefficient oxidation and reduces the effectiveness of periodate as an oxidant in the 

reaction, which can induce lower yields or undesirable byproducts. 

V.6. FTIR spectroscopy of the hydrogels 

Figure 34 illustrates the FTIR spectra of Gel, Pro, P’2, PA3, and PAP3 hydrogels at a pH 

of 5.5 (with and without Pro) to establish the new absorption bands. 
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Figure 34. FTIR analysis of hydrogels (P’2 SA/G 1:1, PA3 OSA/G 1:1, PAP3 OSA/G/Pro hydrogels), Gel and Pro. 

The FTIR spectrum presented in Figure 34 reveals distinctive absorption bands 

corresponding to the protein structure of the Gel. Notably, the peaks at 1628, 1531, 1250, cm
-1

 

are assigned to the -N–H stretching vibration peaks for amide I, amide II, amide III [268,269]. On 

the other hand, the bands around 1036 and 1092 cm
-1

, which refer to the -C-O and -CO-C 

vibration of groups in mannuronic and guluronic units, respectively, and 925 cm
-1

 assigned to -C- 

O vibration of groups in a-configuration of the guluronic units, these bounds are attributed to the 

saccharide structure of SA [270]. The bands at 1421 cm
−1

 are attributed to -COO- (in the SA and 

OSA, Figure 30) shifted to a lower wavenumber in the hydrogels samples to 1406 cm-1, 

confirming the ionic cross-linking of SA with Mg
2+

 [271]. Moreover, the absorption band at 3274 

cm
-1

 could be attributed to the stretching vibration of the -O-H group (from the SA or OSA) 

bonded to the -N-H group (from the Gel). The peak of this band in the SA and OSA was at the 

wavenumber of 3500 cm-1 and 3284 cm
-1

 in the Gel spectrum, respectively. The maximum 

intensity of this bond exhibited a reduction in polymers compared to the spectra of the individual 

polymer, proving the interaction of this group in the cross-linking reaction [271, 272]. 

FTIR spectrum of the PA3 and PAP hydrogels verified the interactions between the 

carbonyl group from the OSA and the amino groups from the Gel to produce the Schiff base 

cross-linking. The presence of -N=C- bonds confirms the realization of the cross-linking reaction. 
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In Figure 8, the PA3 and PAP3 spectra present two intense bonds at 1556 and 1633 cm
-1

 due to 

the -N=C- stretching, which suggests the formation of the Schiff base bonds [273–276]. The 

band's broadening at 1633 cm
−1

 attributed to ’Schiff’s base is likely a result of overlap with the 

band at 1628 cm
−1

 corresponding to amide I of uncrosslinked Gel [275]. Furthermore, the 

absorption peak corresponding to the aldehyde group in OSA at 1735 cm
−1

 vanished, and a 

distinct peak emerged at 1633 cm
−1

, indicative of a -C=N- double bond leading to the formation 

of a hydrogel network [277]. 

The FTIR spectrum of Pro showed the presence of phenolic compounds or their esters (-O- 

H at 3318 cm
-1

, -C-O- at 2884 cm
-1

, and -C-H aromatic at 2975 cm
-1

) [278]. The peaks observed 

in the range of 1642 cm
−1

 are attributed to the -C=O and -C=C- stretching vibrations of 

flavonoids, as well as the -N-H asymmetric stretching of amino acids. Furthermore, a strong 

agreement is noted between the signals in the analyzed sample and the literature [279] for 

phenols and flavonoids. This correspondence serves as a robust indicator of the presence of both 

types of compounds in the extract. The characteristic signals for these compounds include 

stretching and bending vibrations at 1450 cm
−1

, vibrations and bending at 1378 cm
-1

, and 

vibrations and bending at 1088 cm
−1

. The peak at 1267 cm
−1

 is attributed to the hydrocarbons' 

asymmetrical -O-H and -C-CO bending. The peaks at 1043 cm
−1

 and 880 cm
−1

 are also associated 

with primary and secondary alcohols. Specifically, ethanol exhibits a symmetrical stretching at 

881-880 cm
−1

, aligning with the fact that the extracts are dissolved in ethanol [279]. Moreover, 

the minor peak at 1517 cm
-1

 might be attributed to the flavonoids or aromatic ring, and the bound 

at 1165 cm
-1

 corresponds to the lipid or the tertiary alcohol groups [280]. 

V.7. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis of pure materials (SA, Gelatin, propolis) and OSA, as well as 

P’2, PA3, and PAP3 hydrogels, are presented in Figure 35, and the main data are summarized in 

Table 3. 
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Figure 35. Thermogravimetric analysis curves of A) SA, OSA, Gel, and Pro; B) hydrogels. 

TGA is a robust method for evaluating the thermal stability of composite hydrogels. It 

provides a foundation for indirectly investigating the interactions among the components of these 

hydrogels. This is achieved by comparing key parameters, such as the final mass loss, the rate of 

weight loss at the final stage, and the Tmax, which refers to the temperature at which the 

maximum rate of weight loss occurs during the thermal decomposition across different samples. 

Figure 35A shows that the thermogravimetric curve of Gel displays three stages of thermal 

degradation. The first stage of weight loss is perceived across the temperature ranges of 38-115 

°C, accompanied by a weight loss of 7.86%, possibly due to the release of free-binding water and 

volatile components loss. In the second stage, 45.68% weight loss in the temperature range of 

230-420°C related to the decomposition of molecules with low molecular weights in the Gel 

[281]. 

Table 3. Thermal characteristics of SA, OSA, Gel, P’2, PA3 and PAP3. 

Samples Temperature range 

(°C) 

Weight loss (%) Final residual fraction 

(%) 

Tmax (°C) 

SA 

40-100 
200-290 

558-601 

13.45 
37.15 

13.8 

19.18  
240 
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OSA 

40-100 

170-300 

658-700 

9.33 

30.54 

14.77 

 
 

28.71 

 
 

219 

Gelatin 

38-115 

230-420 

470-660 

7.86 

45.68 
36.32 

 
 
0 

 

 
 

310 

Propolis 

40-130 

140-300 

390-600 

15.38 

33.08 

38.26 

 
 
0 

 
 

440 

P'2 

53.18-164 

180-295 

611-680 

14.01 

35.24 

10.15 

 
 

10.55 

 
 

250 

PA3 

130-190 

200-285 

557-610 

11.08 

20.35 

19.1 

 
 

13 

 
 

240 

PAP3 

131-180 

200-280 

600-690 

8.21 

19.99 

7.13 

22.39  
 

237 

Between temperatures of 470 to 660 °C, the third phase of weight reduction became evident 

with a weight loss of 36.32%, referring to the complete thermal decomposition of Gel chains 

[276]. On the other side, from the TGA curve of Pro, it can be appreciated that the Pro thermal 

stability sample was assessed by three main degeneration stages where the significant decrease 
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observed in the temperature of 440 °C indicated a substantial reduction in the weight of the 

samples. The first degradation stage occurred in the temperature range between 40 and 130 °C, 

with mass losses of approximately 15.38%. This indicates the breaking of hydrogen bonds, 

subsequently releasing water molecules and other volatile compounds with low molecular weight 

[282, 284]. 

Besides SA and OSA, the TGA curve also illustrates three phases. From Table 3, the first 

phase saw 13.45% and 9.33% weight loss for SA and OSA at a temperature below 100°C due to 

the evaporation of free and bound water in the samples [245]. At 170-300°C, significant weight 

was reduced by about 37.15% and 30.54% for SA and OSA, respectively, which might be 

attributed to the dehydration of hydroxyl groups along the alginate backbone and the thermal 

decomposition of mannuronic acid (M) and guluronic acid (G) residues, which known as 

hexuronic acid segments [279]. In the temperature range between 560°C-700°C, due to the more 

carbonization decomposition and decarboxylation of the residues [285] compared to the Gel and 

SA, OSA exhibits a higher residual fraction (28.71%) as well as a lower degradation rate. 

Moreover, the temperatures at which the maximum rate of weight loss occurred during the 

thermal decomposition were 240°C and 219°C for SA and OSA, and all these results confirmed 

the higher thermal stability. We determined from the results that oxidized functional groups, such 

as carbonyl groups, may contribute to increased thermal stability by introducing stronger 

chemical bonds and modifying the overall molecular structure. These modifications can make the 

polysaccharide more resistant to thermal decomposition. During the second stage, 33.08% weight 

loss was observed at a temperature range of 140-300°C, which might have contributed to the 

degradation of phenolics, carbohydrates, and amino acids [282, 283, 286]. At higher 

temperatures, the elimination of other organic compounds occurs. This process is minorly related 

to the combined decomposition of amino acidsand fiber, continuing until the final residues are 

obtained [282, 283]. On the other hand, it can be seen from Figure 35b that the hydrogels TGA 

curve of all hydrogels showed three stages, the first one at approximately temperature range of 

53.18-164 

°C, 130-190° C, 130-181°C with weight loss of 14.01%, 11.08%, 8.21% for P’2, PA3, PAP3 

respectively. These temperature ranges correspond to the removal of adsorbed and bound water 

and the loss of volatile compounds. The second stage was in the temperature range of 180- 

295°C, 200-285 °C, and 200-280 °C with weight loss of 35.24%, 20.35%, and 19.99% for P’2, 

PA3, and PAP3, respectively, which might describe the degradation of peptide bonds within 
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protein chains and the hydroxylic gropes within the hydrogels. The third stage for P’2 hydrogel 

occurred in the rage of 611-680°C with a weight loss of 10.15% due to the decomposition of the 

Gel residual chain. However, for PA3 and PAP3 samples, the decomposition occurred between 

557 and 610°C 600 and 690°C for PA3 and PAP3, respectively, with weight loss of 19.1% and 

13%, which contributed to the decomposition of thermally stable structures such as imine bound. 

Table 2 shows that the P’2 hydrogel presents a lower weight loss rate with a lower final fraction 

residual of 10.55% compared to the PA3 (13%) or PAP3 (22.39%) Schiff base-based hydrogels. 

Moreover, the Tmax reduces with the introduction of the aldehyde groups into the hydrogel 

matrix, which means that the P’2 exhibits a higher Tmax (250 °C) compared to PA3 (240 °C) and 

PAP3 (237 °C) hydrogels. Therefore, the Schiff base hydrogels PA3 and PAP3 demonstrated 

more excellent stability against thermal degradation than the SA/Gel-based hydrogels ’P’2. This 

suggests that the cross-linking of Gel/OSA with an imine bond significantly improved the 

thermal stability [285]. Moreover, the addition of Pro within the OSA/ Gel matrix hydrogel 

makes the hydrogel more thermally stable, as it was confirmed on the sample PAP3. 

V.8. Scanning electron microscopy (SEM) analysis 

SEM analysis was conducted to visualize the film’s surface and cross-section morphology. 

To demonstrate how the incorporation of OSA in the film matrix and the addition of Pro affect 

the morphology of the hydrogel films, we selected P’2, PA3, and PAP3 samples for this aim. The 

molar ratios of -CH=O/-NH2 used to obtain the films were 1:1 for both samples, adding 0.5 ml of 

Pro to the PAP3 sample. 

  

                                                         a                                          b 
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e f 
Figure 36. Scanning electron microscopy photographs of the samples 

                                                                         a) PSA2 surface b) PSA2 cross-section  

                                                                          c) POA3 surface d) POA3 cross-section  

                                                                          e) POAP3 cross-section f) POAP3 cross-section. 

Figure 36 displays SEM surface images as well as the cross-section for SA/ Gel, OSA/ 

Gel, and OSA/ Gel/ Pro hydrogels to evidence the effect of cross-linking by Schiff base links, as 

well as the introduction of the Pro in the hydrogel matrix. It can be seen that the roughness of the 

hydrogel surface increased with the addition of the OSA and the Pro in the hydrogel matrix. The 

SA/Gel P’2 hydrogel showed a compact, smooth, continuous, flat surface morphology. However, 

the OSA/Gel base hydrogel surface exhibits a rough, dense, and slightly porous morphology. 

Incorporating Pro into the hydrogel matrix increases the roughnessof the hydrogels. 

The cross-section morphology of the native P'2 was compact and lacked any distinctive 
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pores structure. On the other hand, the OSA/ Gel and OSA/Gel/Pro composite hydrogels 

indicated less compact morphology. As illustrated in Figure 36 (f), the incorporation of Pro into 

the OSA/Gel matrix is evident in a more densely packed structure [276]. 

V.9. Amino groups conversion index determination 

The number of moles of free amino groups from Gel was determined using the ninhydrine 

test. This information was essential in order to prepare the hydrogel films. We used different 

molar ratios between the free amino groups from Gel and aldehyde groups from OSA. 

Based on the glutamic acid calibration curve and the ninhydrin test, the free amino groups 

presented in the native Gel (found at 1.69×10
-3

 mol/g) and in the obtained hydrogels were 

determined. Hence, by the difference between the number of initial free amino groups in Gel and 

those determined in the films, the conversion index of amino groups obtained in Schiff’s bases in 

hydrogel films was established based on Equation (2) from methods. Table 4 shows the values of 

the conversion index for the hydrogels in correlation with Pro's encapsulation efficiency. 

Table 4. Conversion index of the samples with Pro. 

 

Samples* 

 

codes 

Molar ratio 

 

-CHO: NH2 

Conversion 

index (%) 

PAP1 0.5:1 63.60 

PAP2 0.75:1 72.40 

PAP3 1:1 78.24 

PAP4 1.5:1 81.78 

PBP1 0.5 :1 60.79 

PBP2 0.75 :1 71.93 

PBP3 1 :1 76.47 

PBP4 1.5 :1 79.36 
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The average percentage of free amino groups after cross-linking reaction at different pH 

(3.7 and 5.5) and different molar ratios CHO/NH2 was determined by using the ninhydrine test. 

The results are shown in Figure.37: 

 

 

 

 

 Figure 37. The variation of the amino group’s conversion index values in function of the molar CHO/NH2 ratios and pH  

(t reaction =6 hr, T reaction =37 °C) 

(a) samples with OSA without propolis obtain at pH 3.5 and5.5 

(b) samples with OSA with propolis obtain at pH 3.5 and5.5 

(c) samples with SA without propolis obtain at pH 3.5 and5.5 

(d) samples with SA with propolis obtain at pH 3.5 and5.5. 

Table 5. The CI (%) for the hydrogels obtained by chemical cross-linking and the physical interaction between Gel 

and OSA, respectively, by the interaction of the amine groups of Gel with the carboxylic groups of SA. 
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Samples pH 

 

of the 

medium 

Molar ratio 

CHO/NH2 

CI Chemical crosslinking+ 

physical interaction (%) 

CI Physical 

interaction (%) 

CI Chemical crosslinking+ physical 

Interaction  –  CI  Physical 

interaction =  CI Chemical 

crosslinking (Schiff base 

crosslinking) (%) 

PB1 3.7 0.5:1 59.31±0.50 17.96±0.38 41.35 

PB2 3.7 1:1 75.04±2.10 26.36±0.82 48.67 

PB3 3.7 1.5:1 78.53±1.50 28.14±2.15 50.39 

PA1 5.5 0.5:1 61.19±3.90 32.15±0.71 34.79 

PA2 5.5 1:1 77.98±2.90 37.15±0.40 40.82 

PA3 5.5 1.5:1 80.67±0.04 38.57±0.44 42.09 

PBP1 3.7 0.5:1 60.70±0.13 20.27±1.70 40.52 

PBP2 3.7 1:1 76.47±5.10 28.80±0.97 47.66 

PBP3 3.7 1.5:1 79.36±1.03 30.21±2.41 49.15 

PAP1 5.5 0.5:1 63.60±1.91 33.21±0.20 30.41 

PAP2 5.5 1:1 78.24±0.28 38.69±1.49 39.54 

PAP3 5.5 1.5:1 81.78±3.60 40.07±1.04 41.71 

 

 The hydrogels were prepared using different molar ratios between the amino groups from 

Gel and the aldehyde groups from OSA. The number of moles of amino groups from Gel was 

maintained constant for all the samples namely 3.38×10
-3

 moles, and the number of moles of 

carbonyl groups from OSA was varied by variation of OSA amount. The pH of the medium in 

which the biopolymers were dissolved before obtaining the hydrogel was 3.5 and 5.5. The 

magnesium ions were added to the OSA solution before adding the Gel to avoid the ionic 

complexation between the Gel and OSA. Figure 37 shows that the CI values increase when the - 

CHO/-NH2 molar ratio increases from 0.5:1 to 1.5:1. The pH medium’s value does not 

significantly influence the CI values obtained. It increases from 59% to 78% for pH=3.5 and 

from 61% to 80% for pH=5.5; the difference between the values obtained at pHs = 3.5 and 5.5 

are small and statistically insignificant. This means that the degree of cross-linking is higher as 

the amount of OSA increases, because the reaction of aldehyde groups facilitates hydrogel

 formation [261,279]. The IC values of hydrogels with immobilized active ingredient increased 

from 60% to 79% at pH=3.5 and from 63% to 83% at pH=5.5; these values are close to those 

obtained in the absence of propolis. The difference observed between samples with propolis and 

those without is minimal and has no statistical significance. This suggests that, although there is a 

slight variation, propolis components do not interact significantly with gelatin amino groups. 

Although minor interactions, such as hydrogen bonds, may occur, these are likely to be disrupted 

at the reaction temperature of 100°C, where the ninhydrin reaction takes place. This means that 
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the presence of propolis has no significant effect on the interaction with gelatin under these 

conditions. 

Because Pro contains various compounds, they may interact with amino acids and protein 

groups from Gel to form several bonds such as covalent binding, hydrogen bonding, and 

electrostatic interactions, which can slightly increase the CI values. 

On the other hand, the aldehyde groups within OSA might form hemiacetals with the 

hydroxyl groups. Thus, not all the resulting aldehyde groups are available to react with the amino 

groups from the Gel to form Schiff bases (or imine bonds), and this could describe the incomplete 

reactivity of amino groups even in the case of excess aldehyde groups theoretically presented in 

the OSA. Moreover, it must be noted that some intermolecular interactions exist, such as 

hydrogen bonds, which could block the free amino groups [287]. 

Another parameter affecting the cross-linking reaction is the pH of an acidic medium. 

Figure 5 shows that the conversion index at pH =3.7 is slightly lower than at pH 5.5. In both 

acidic media, protonated amine groups in the gel facilitate the crosslinking reaction with 

aldehyde groups [288]. The isoelectric point of Gel type A is found at a pH value between 7 and 

8.5. At this pH, the charge of the protein is neutral, and its functional groups do not react. The 

literature mentions rapid gelation before the isoelectric point until pH=7, where the amino groups 

are protonated [289]. A negative charge could be generated on the Gel backbone above the 

isoelectric point because the proteins have an amphoteric character [290]; in this pH range, the 

substituting –COOH groups on the main chain of the protein are found in dissociated form, 

respectively as carboxylate ions. The pKa of the carboxyl groups is at pH 3.5. At this pH, 

electrostatic interactions between the carboxyl groups of the OSA and the protonated amine 

groups of the gel did not occur. The CI values are slightly higher at pH=5.5 because, at this pH 

value, the free amino groups within Gel may react not only with the aldehyde groups but also 

with the carboxylic groups that did not participate in the ionic cross-linking with Mg
2+

 and form 

also polyelectrolyte complexes. Since steric hindrances can occur between macromolecules, it is 

not possible to obtain a 100% conversion index of amino groups to Schiff bases, even if a -CHO/- 

NH2 molar ratio of 1.5:1 (so, excess of –CHO groups) was used. 

To elucidate the specific Schiff base cross-linking within the film and explore the potential 

formation of electrostatic interactions between amino groups from gelatin and -COOH groups 

from OSA at two different pH levels, twelve films (six without Pro and six with Pro) were 

studied. The free amino groups were quantified by dosing them with ninhydrin after drying the 
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hydrogel films. The results are illustrated in Table 5 and Figures 37c and 37d. It is important to 

note that the films were prepared with sodium alginate to facilitate this test. 

It should be noted that the CI (%) values are annotated as follows: 

CI chemical crosslinking+ physical interaction (%) represents the overall involvement of amino 

groups in both chemical bonds and physical interactions. 

CI physical interactions (%) indicates the percentage of amino groups exclusively involved in 

physical interactions. 

CI chemical crosslinking+ physical interaction–CI Physical interaction = CI chemical cross- 

linking (Schiff base) (%), which exclusively involved the Schiff base interaction between the 

amino and the CHO groups. 

A first finding is that, indeed, it was found that in non-chemically cross-linked samples, 

some of the amino groups from Gel did not participate in the reaction with ninhydrin, obviously 

because –NH2 groups were involved in stable interactions with carboxylic groups of SA. It is 

assumed that the same effect occurs when cross-linked samples are obtained, i.e., some of the 

amino groups of Gel react with the OSA carbonyl groups, and others interact with the carboxylic 

group of OSA. These interactions could explain the high CI values corresponding to these 

samples, which do not correctly express the CI of amino groups into Schiff bases. 

Thus, for the samples prepared at a pH of 3.5, the P1 sample, CI Schiff base (%) difference 

was 41.35%. According to the molar ratio of the functional groups involved in the P1 sample, the 

maximum theoretical value of the cross-linking reaction is 50% (0.5 moles of -CH=O for 1 mol 

of -NH2). In the case of the P2 sample, CI Schiff base (%) was significant at 48.67% and the 

molar ratio was 1:1. For the P3 sample the difference was 50.39%, corresponding to given that 

the molar ratio between these two types of functional groups was 1.5:1. For the samples which 

prepared at pH = 5.5, P’1 the Schiff base (%) difference was 34.79%, while the maximum 

theoretical value of the corresponding CI being 50% (the molar ratio was0.5 moles of -CH=O for 

1 mol of -NH2). Likewise, in the case of the P’2 sample, there was a notable difference of 

40.82%, considering the molar ratio between these two types of functional groups was set at 1:1. 

In the case of sample P’3, characterized by a molar ratio of 0.5 moles of -CHO groups for 1 mol 

of -NH2 groups, the observed difference was 42.09%. 

The observed difference in physical cross-linking between amino groups from Gel and 

carboxylic groups from SA in samples prepared at pH 3.5 versus those at pH 5.5 is likely 

influenced by several factors. 
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The difference observed in the physical cross-linking between Gel amino groups and SA 

carboxyl groups in samples prepared at pH 3.5 compared with those prepared at pH 5.5 is 

probably influenced by several factors. At pH values of 3.5 or 5.5, the NH2 groups of gelatin are 

protonated, as these pH values are below the isoelectric point of gelatin. At pH values above 3.5 

(pka for COOH groups), carboxyl groups can be deprotonated, forming carboxylate ions that can 

be found in oxidized alginate in a large number as the pH value of the cross-linking reaction 

medium increases. These carboxylate groups can react with amino groups instantly, leading to the 

formation of polyelectrolyte complexes and preventing the formation of Schiff bases, which 

occurs after a few hours. Generally, the carboxylate groups of anionic polysaccharides are fully 

deprotonated under basic pH conditions, increasing their reactivity in such complex-forming 

processes. 

The results confirme that the Schiff base cross-linking crosslinking for the samples abtained 

at pH 5.5 were slightly lower compared to those at pH 3.5, which confirmed that the although pH 

has an influence on cross-linking, the variation in pH does not significantly affect the Schiff base 

formation between gelatin and OSA groups. 

V.10. The molar ratio -CHO/-NH2 influences on the swelling degree. 

The swelling degree (Q %) was determined to evaluate the capacity of the OSA/G 

hydrogels to absorb and retain the aqueous solution at different pH mediums. The Q% is an 

essential property of hydrogels with biomedical applications because the diffusion of the 

encapsulated bioactive principle from the polymer matrix depends on it. The swelling degree of 

the hydrogels with/without propolis, with different -CHO/-NH2 molar ratio values, was measured 

until equilibrium in two different pH mediums (pH= 5.5 and pH=7.4) at 37⁰C. The results are 

 shown in Figure 38 and Figure 39 . 
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Figure 38. The swelling degree kinetics at different -CHO/-NH2 molar ratios of 

                               (a) hydrogels prepared at pH= 3.5 immersed in acetate buffer solution (ABS) at pH= 5.5  

                               (b) hydrogels prepared at pH= 3.5 immersed in phosphate buffer solution (PBS) at pH= 7.4 

                                 (c) hydrogels prepared at pH= 5.5 immersed in acetate buffer solution at pH= 5.5 

                                                 (d) hydrogels prepared at pH= 5.5 immersed in phosphate buffer solution pH = 7.4. 

                                                                                                                                                                 

 

 

 

 

 

Figure 39. The swelling degree kinetics at different -CHO/-NH2 molar ratios of  
          (a) hydrogels prepared at pH= 3.5 with Pro immersed in acetate buffer solution (ABS) at pH= 5.5  

                 (b) hydrogels prepared at pH= 3.5 with Pro immersed in phosphate buffer solution (PBS) at pH= 7.4  

                 (c) hydrogels prepared at pH= 5.5 with Pro immersed in acetate buffer solution at pH= 5.5  
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                 (d) hydrogels prepared at pH= 5.5 with Pro immersed in phosphate buffer solution pH= 7.4. 

Figure 38 shows that Q% values were higher at pH=7.4 than at pH=5.5 because the 

hydrogels contain OSA in their structure. Therefore, the basic pH induces the formation of 

carboxylate anions from the acid groups that did not participate in the cross-linking with Mg
2+

 ions or in interactions with amino groups, which leads to the electrostatic repulsions between the 

polysaccharide chains and has an effect on the relaxation of the network, facilitating the diffusion 

of higher amounts of water. 

The isoelectric point of Gel type A is found at around pH=7.4. At this pH, the interactions 

of the functional groups within the protein are weak, and the hydrogen bonds do not form. At pH 

= 5.5, several hydrogen bonds could be formed in the hydrogel films, leading to lower adsorption 

of the swelling medium. These intermolecular attraction forces predominantly have, as a 

consequence polymer-polymer interactions and not medium-polymer interactions resulting in a 

smaller amount of medium absorbed by these hydrogel [291]. 

The variation in the degree of swelling of the material is inversely proportional to the 

degree of crosslinking, meaning that as the degree of crosslinking increases, the degree of 

swelling decreases. This relationship is influenced by the molar ratio of amino groups to carbonyl 

groups used in the crosslinking process. Whereas, carboxyl groups in oxidized sodium alginate 

significantly influence the swelling behavior of the hydrogels prepared. They introduce additional 

hydrophilic sites, increasing the hydrogel's capacity to absorb water. These results were 

confirmed in the work of Baron et al. [292] and Tincu (Iurciuc) et al. [293], they demonstrated 

similar findings. These results align well with the conversion index, confirming the expected 

behavior of the material under varying cross-linking conditions. 

Figure 39 shows that the addition of Pro leads to a slightly decreased swelling degree 

compared to the ones that don’t contain the active principle. The active principle is located within 

the pores of the polymer matrix, reducing the aqueous solution's absorption. Additionally, 

propolis is poorly soluble in water and can make the film hydrophobic, leading to lower aqueous 

solution absorption and, consequently, a lower degree of swelling. 

V. 11. Encapsulation Efficiency 

As previously mentioned, propolis's encapsulation and release have been indirectly 

assessed through the encapsulation and release of the p-coumaric acid it contains. 

Figure 40 presents the results obtained for the encapsulation efficiency of Pro for the 

OSA/Gel-based hydrogels prepared in two different pH mediums. 
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Figure 40. Pro encapsulation efficiency in OSA/Gel-based hydrogels obtained at different pH mediums, at different -CHO/- 

NH2 molar ratios. 

Due to the biocompatibility of the biopolymers used in the OSA/Gel-based hydrogels 

preparation, this study further aims to confirm their feasibility for the encapsulation and release 

of active compounds. The selection of Pro as a drug model involved assessing its encapsulation 

efficiency within OSA/G-based hydrogels, which was determined by evaluating the presence of 

p-coumaric acid as a crucial component of Pro [The volume of Pro solution (with 30% 

concentration) was 500 μl which contains 22.75 mg of p-coumaric acid)]. 

The results are presented in Figure 13. It was found that the encapsulation efficiency of p- 

coumaric acid decreased with the increase of the OSA quantity within the hydrogel matrix, which 

means that the encapsulation efficiency decreased when the cross-linking degree was higher. 

With the increase of the molar ratio in favor of the -CHO groups, thus of the cross-linking degree, 

the polymer network meshes become smaller and cannot immobilize a large amount of Pro. 

However, a higher Pro amount could be immobilized at a lower cross-linking degree. 

V. 12. Release kinetics of Pro from hydrogel films 

The release kinetic studies were performed in vitro in two different pH mediums (pH = 7.4- 

PBS 0.1 M and pH = 5.5-ABS. 0.1 M using tween 80 of 1% w/w concentration) at 37⁰C for 3 

hours until equilibrium. Para-coumaric acid was only dosed to study the release efficiency of Pro 

from the hydrogels; the results obtained are presented in Figure 41. 
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Figure 41. The p-coumaric acid release kinetics in time at different -CHO/-NH2 molar ratio of (a) hydrogels prepared at 

pH= 3.5 immersed in acetate buffer solution pH= 5.5 (b) hydrogels prepared at pH= 3.5 immersed in phosphate- 

buffer solution pH= 7.4 (c) hydrogels prepared at pH= 5.5 immersed in acetate buffer solution pH= 5.5 (d) hydrogels 

prepared at pH= 5.5 immersed in phosphate buffer solution pH= 7.4 

A controlled release is achieved when the active compound can diffuse out of the film’s 

network gradually in a limited time with appropriate dosage. Hence, drug waste is avoided and a 

suitable treatment effect is reached. 

The release of the bioactive principle was rapid in the first phase of the study due to the 
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higher concentration gradient of the drug present at the start of the test, which could act as a 

driving force for the drug release from the OSA/Gel hydrogels network. The release rate 

decreases over time until the equilibrium; this decrease might be caused by the thickness of the 

film that acts as a diffusion barrier [29,288,289]. These results are due to the hydrogel's dense 

matrix, where strong physical interactions between drug and hydrogel thus limiting drug release 

from the hydrogel. The work of Kapare et al [61] showed similar results for the encapsulation of 

propolis on a polyvinyl alcohol (PVA)-based hydrogel, according to a research paper by Kapare 

et al [294], they demonstrated similar results, obtaining by encapsulation of propolis on 

polyvinyl alcohol (PVA) hydrogel based hydrogel. 

It was reported that the drug release depends on the interaction between the polymer 

network and the drug, the hydrogel swelling behavior in an aqueous solution, and the solubility of 

the drug [35,36]. The OSA/Gel-based hydrogels could be used in biomedical applications for 

controlled and sustained release of the bioactive principle. It was found that the release efficiency 

was higher in the PBS 0.1 M at pH=7.4, compared with the release efficiency values obtained in 

ABS. 0.1 M. pH=5.5. The maximum p-coumaric acid release efficiency was 82% in PBS at 

pH=7.4 after 1800 minutes; when it was used the hydrogel synthesized at pH=3.7 with 

immobilized Pro (molar ratio -CHO/-NH2 was 0.5/1). Also, the p-coumaric acid release 

efficiency values increased when the cross-linking density (or molar ratio) of the OSA/Gel-based 

hydrogel was lower. The Pro (p-coumaric acid) release kinetics from OSA/Gel-based hydrogels 

are consistent with the degree of hydrogel swelling. The results show that the hydrogels with a 

smaller –CHO/-NH2 molar ratio had a higher swelling degree and released a higher p-coumaric 

acid amount in both pH mediums. These results confirmed that the release efficiency increased 

with the decrease of the cross-linking degree due to the influence of the polymer network mesh 

size, which was higher in hydrogels with a lower cross-linking degree. An identic effect was 

observed in many studies. Sarmah et al. Yan et al. and Gull et al. suggest that increased cross-

linking density in the hydrogel structure impedes drug release. The tight cross-linking network 

limits the movement of drug molecules, slowing the rate of release or reducing the efficiency of 

drug release. Thus, a high degree of cross-linking limits drug diffusion from the hydrogel matrix 

[295–297]. 

V. 13. Antioxidant activity 

DPPH possesses an unpaired electron capable of accepting either electrons or hydrogen 

ions, leading to a color reaction. This characteristic makes it a straightforward and ideal model 
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for assessing free radical scavenging activity. In the scope of this investigation, we assessed the 

DPPH free radical scavenging activity of OSA/G Pro-encapsulated hydrogels; OSA/G Pro- 

encapsulated UV-irradiated hydrogels, free Pro, UV-irradiated free Pro, and utilized ascorbic acid 

as a standard. The assessment involved determining the inhibition percentage of free radicals 

from DPPH, and based on these findings, the antioxidant activity was expressed through IC50. 

The examination of antioxidant activity focused on the immobilized Pro within hydrogel films, 

allowing for an exploration of the impact of constituent polymers and the molar ratio between 

polymers on this crucial feature of the active principle. Additionally, the study considered the 

influence of UV irradiation on the hydrogels and Pro as an active principle. In essence, a lower 

IC50 value signifies higher antioxidant activity. As mentioned earlier, the IC50 value was 

calculated from the graphical representation depicting the inhibition percentage versus 

concentration, expressed in µg/mL. The findings from these analyses are presented in Figure 42. 

 
 

Figure 42. The obtained IC50 values for the analyzed samples (I made the standard deviation but it doesn’t apeare 

because thr deference is too smal). 

UV irradiation can significantly affect the antioxidant activity of propolis. Studies show 

that exposure to UV light can alter propolis's free radical scavenging capacity, either enhancing 

or reducing its effectiveness, depending on the preparation and form of the propolis. For instance, 

a study found that UV irradiation decreased the antioxidant activity of propolis drops, whereas 

propolis spray showed an increase in antioxidant activity after UV exposure. This difference may 

be due to the formulation and how each reacts with UV-induced oxidative stress [298,299]. 

Furthermore, another study demonstrated that propolis methanolic extracts exhibited strong 
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antioxidant activity and provided protection against UV-induced oxidative damage in skin cells, 

suggesting a potential photoprotective role [299]. 

These findings suggest that while UV irradiation can sometimes diminish the antioxidant 

potential of propolis, specific formulations may benefit from UV exposure in terms of increased 

activity, which can be explored for applications like skin protection against UV damage. 

The investigation revealed that the IC50 values for both free Pro and OSA/G Pro- 

encapsulated hydrogels decrease with an increased amount in the films. This trend was observed 

for both UV-irradiated and non-irradiated samples and under both pH mediums. Notably, at a pH 

medium of 5.5, the IC50 value is lower than at a pH of 3.5, suggesting that the antioxidant 

activity of Pro-loaded hydrogel films intensifies with a higher degree of cross-linking in the 

hydrogel film. Another noteworthy observation is that the IC50 value decreases upon exposing 

the samples to UV irradiation. UV irradiation of Pro results in a lower IC50 value than free Pro, 

indicating enhanced antioxidant activity. This effect is also observed in UV-irradiated, 

encapsulated propolis, suggesting that UV exposure boosts the antioxidant activity of both free 

and encapsulated forms. This increase in activity is likely due to the degradation of polyphenols 

under UV light, which produces lower molecular weight products. Some studies have shown that 

UV irradiation can increase the antioxidant activity of propolis, particularly in certain 

formulations like propolis sprays. This enhancement is likely due to the alteration of phenolic 

compounds, such as flavonoids and phenolic acids, which become more reactive after UV 

exposure. UV light might also activate latent antioxidants in propolis, making them more 

effective at scavenging free radicals. Additionally, synergistic effects between modified and 

existing antioxidants in propolis could further boost its antioxidant potential. However, the 

impact of UV irradiation is not uniform across all propolis forms, as drops, for example, have 

been observed to experience a decrease in activity after UV exposure [298,299]. 

Acompelling correlation emerged from the results, revealing that the antioxidant content 

increases concomitantly with the rise in Schiff base cross-linking. Antioxidants inherent in Pro 

play a crucial role in neutralizing harmful free radicals, exerting their protective effects. 

The observed increase in antioxidant activity in both Pro and Pro encapsulated in hydrogel 

films following UV irradiation can be attributed to a complex interplay of factors. Propolis 

contains several antioxidant compounds, including phenolics and prenylates such as flavonoids, 

p-coumaric acid, ferulic acid, caffeic acid and drupanine [55,300], it has inherent properties that 

contribute to its ability to neutralize free radicals and counter oxidative stress, as highlighted by 
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Andritoiu et al [55]. UV irradiation acts as a catalyst in this phenomenon, inducing changes in the 

chemical composition and properties of the natural substances within Pro. This process has the 

potential to either form new compounds or modify existing ones. UV light has been recognized 

for its capacity to activate phytochemicals by breaking chemical bonds or initiating specific 

reactions. Such activation can result in the scavenging of free radicals, thereby bolstering the 

protective capabilities of Pro against oxidative stress and consequently enhancing its overall 

antioxidant properties [301]. Moreover, UV irradiation has been shown to generate reactive 

oxygen species (ROS) within Pro. While ROS are commonly associated with oxidative damage, 

at lower levels, they can paradoxically stimulate the production of endogenous antioxidants 

within organisms. In the context of Pro exposed to UV light, this phenomenon may trigger the 

synthesis of its own antioxidants as a defense mechanism [302]. Ebrahimi et al. [303] have 

demonstrated that exposure of chlorophylls to UV-A light can lead to the generation of singlet 

oxygen (a reactive oxygen species). Singlet oxygen can oxidize neighboring molecules, and the 

oxidative stress caused by oxygen triggers a series of biochemical events within the extract, 

ultimately leading to the synthesis and accumulation of secondary metabolites, including 

phenolic compounds. Consequently, this intrinsic response contributes to an overall augmentation 

of antioxidant activity. This dual action of UV light—activating existing phytochemicals and 

stimulating the synthesis of endogenous antioxidants creates a synergistic effect that reinforces 

the antioxidant potential of Pro. This phenomenon is confined to Pro alone and extends to 

hydrogel films encapsulating propolis, highlighting the adaptability and responsiveness of this 

composite system to UV irradiation. These findings underscore the intricate relationship between 

UV exposure, the chemical dynamics of Pro and the resulting enhancement of its antioxidant 

properties, offering valuable insights into potential applications in biomedical and therapeutic 

contexts. 

Indeed, the closer the antioxidant activity of the propolis extracted from the films is to that 

of unirradiated free propolis, the more effectively the polymer matrix protects the encapsulated 

propolis. This demonstrates the protective role of the hydrogel film, which helps to preserve the 

integrity and functionality of the propolis when exposed to UV light. In medical applications, this 

protective mechanism is crucial for maintaining the therapeutic efficacy of propolis in various 

formulations. 

V14. Conclusion 

This study successfully developed biocompatible hydrogels based on gelatin by cross- 
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linking protein-free amino groups with aldehyde groups obtained through sodium alginate 

oxidation. The hydrogels were synthesized with different molar ratios between the oxidized 

alginate and gelatin, and the effects of pH and cross-linking degree were investigated. The 

presence of aldehyde groups in the oxidized alginate was confirmed through FTIR and NMR 

spectroscopy. 

The results showed that increasing the molar ratio NH2/CHO led to higher conversion index 

values of amino groups of gelatin and improved hydrogel stability. However, it also resulted in 

decreased swelling degree values in different pH mediums. The encapsulation efficiency of 

propolis increases when the concentrations of oxidized alginate in the hydrogel decrease, while 

the release efficiency of immobilized propolis decreases with an increase in the cross-linking 

degree, being in concordance with the swelling degree. By Pro immobilization, its antioxidant 

activity is not affected. The values of IC 50 of encapsulated Pro are very close to or lower than 

that of free Pro. The results show that the antioxidant activity increases if the samples are UV 

irradiated or have more oxidized alginate within the polymeric matrix. These findings also show 

that the hydrogel films could be UV irradiated for sterilization and used as wound dressing to 

treat different skin diseases. These findings provide valuable insights into the design and 

optimization of hydrogels for propolis immobilization and controlled release applications. The 

developed hydrogels have the potential for use in various biomedical and pharmaceutical fields, 

such as drug delivery systems or wound healing applications.
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General Conclusion 

This study successfully developed biocompatible hydrogels based on gelatin by cross- 

linking amino groups (-NH2), devoid of free proteins with aldehyde groups (-CHO) generated 

through the oxidation of sodium alginate with sodium periodate NaIO4. 

1. The results showed, on the one hand, that the degree of oxidation increased progressively 

with time up to 24 h, reaching a value of 35.26%; it remained practically constant up to 72 h. 

On the other hand, the optimum temperature at which the degree of oxidation reached the 

maximum value (35%) was 30°C, but increasing the temperature to 45°C resulted in a 

decrease in the degree of oxidation to 30%. 

2. The presence of aldehyde groups in oxidized sodium alginate (OSA) was confirmed using 

FTIR spectroscopy, new stretching bonds at 1735 cm
-1

; and NMR spectroscopy, a new 

stretching links appears at 8.24 ppm, which is attributed to the proton of the aldehyde groups 

-CHO. 

3. The results confirmed that oxidized functional groups, such as carbonyl groups, can 

contribute to increased thermal stability of OSA. 

4. The Schiff hydrogels OSA/Gel were synthesized with different molar ratios of –NH2 groups 

of gelatin to –CHO groups from oxidized alginate, at different pH values (3.5 and 5.5). FTIR 

analysis showed the appearance of new bonds at 1556 cm-1 and 1633 cm
-1

 for the OSA/gel 

hydrogels, confirming the presence of -N=C- bonds. TGA analysis of the composite 

hydrogels showed that the imine bond significantly improved the thermal stability. SEM 

results of the film surface and cross section showed that the roughness of the hydrogel 

surface increased with the addition of OSA and Pro to the hydrogel matrix. On the other 

hand, OSA/Gel and OSA/Gel/Pro composite hydrogels showed less compact morphology. 

5. Increasing the -NH2/-CHO molar ratio significantly increased the rate of conversion of the 

gelatin amino groups, leading to improved hydrogel stability but reduced swelling in 

different pHs mediums (5.5 and 7.4). Propolis encapsulation efficiency was higher at lower 

concentrations of oxidised alginate in the hydrogel, while higher degrees of cross-linking led 

to a reduction in propolis release efficiency, in agreement with the degree of swelling. 

6. Importantly, the antioxidant activity of immobilized propolis remained intact, with IC50 

values for encapsulated propolis being comparable or lower than those of free propolis. 

Additionally, UV irradiation or increased oxidized alginate within the matrix enhanced 
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antioxidant activity. These findings suggest that the hydrogels can be sterilized via UV 

irradiation and serve as wound dressings for treating skin conditions. 

The successful development of these hydrogels represents a significant advancement in 

biomaterials research, providing a platform for further exploration and application in health care 

and environmental sustainability. 

Future research could focus on optimizing the formulation and exploring additional 

biopolymer combinations to enhance the functionality and applicability of these innovative 

materials in various biomedical fields. 
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Perspectives  
Hydrogels based on OSA/Gel/Pro represent a promising area in biomaterials research with 

significant biomedical potential. These hybrid hydrogels leverage the complementary features of 

proteins and polysac-charides, offering biocompatibility, biodegradability, and tailored properties.  

These hydrogels are particularly promising for tissue engineering, drug delivery, and regenerative 

medicine, serving as scaffolds, delivery systems, and implantable devices. Their biodegradability 

reduces long-term adverse effects, and their ability to encapsulate bioactive molecules enhances 

therapeutic outcomes. 

However, several challenges and opportunities lie ahead. Optimization of synthesis methods, 

including cross-linking efficiency and gelation kinetics, is essential to achieve reproducible and 

scalable production of hydrogels with consistent properties. Compre-hensive characterization and 

evaluation of their biocompatibility, mechanical properties, and degradation behavior are crucial to 

ensure their safety and efficacy in clinical trials. Furthermore, exploring novel formulations, such as 

hybrid hydrogels with enhanced stimuli responsiveness or multifunctional capabilities, holds 

promise for addressing unmet needs in regenerative medicine and drug delivery.
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APPENDIX 



Appendix 
 

 

Stability test for the tested hydrogels by Lowry method: Immersion medium pH=7.4 

 
samples 

obtained 

in pH 

7.4 

Time 

(h) 

PH MT(g) MF(g) Initial 

amount of 

protein in 

samples 

(mg) 

A1 A2 A3 C1 

(mg) 

C2(mg) C3(mg) Average C STDEV Proteins 

diffused 1 

% 

Proteins 

diffused 2 

% 

Proteins 

diffused3 

% 

Average STDEV 

GSA 

I(7.4) 

4 7.4 0.6253 0.0519 16.600032 0.019 0.019 0.022 5.9375 5.9375 6.875 6.25 0.4419417 37.552293 37.552293 43.481603 39.52873 2.7951033 

6 0.029 0.026 0.028 9.0625 8.125 8.75 8.645833333 0.389756 57.316658 51.387349 55.340222 54.68141 2.4650494 

GSA II 

(7.4) 

4 7.4 0.6806 0.058 18.551095 0.025 0.023 0.023 7.8125 7.1875 7.1875 7.395833333 0.2946278 50.951793 46.87565 46.87565 48.234364 1.9215124 

6 0.047 0.044 0.045 14.6875 13.75 14.0625 14.16666667 0.389756 95.789371 89.675156 91.713228 92.392585 2.541922 

GOSAI 

(7.4) 

4 7.4 0.8491 0.0813 19.149688 0.016 0.016 0.015 5 5 4.6875 4.895833333 0.1473139 21.651099 21.651099 20.297905 21.200034 0.6379016 

6 0.027 0.027 0.03 8.4375 8.4375 9.375 8.75 0.4419417 36.536229 36.536229 40.59581 37.889423 1.9137049 

GOSAII 

(7.4) 

4 7.4 0.8133 0.0763 17.97197 0.016 0.016 0.016 5 5 5 5 0 16.418744 16.418744 16.418744 16.418744 0 

6 0.017 0.017 0.018 5.3125 5.3125 - 5.3125 0 17.444915 17.444915 - 17.444915 0 
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Stability test for a tested hydrogels by Lowry method: Immersion medium pH=5.5 

 
samples 

obtained in 

pH 7.4 

Time 

(h) 

PH MT(g) MF(g) Initial 

amount 

of 

protein 

in 

samples 

(mg) 

A1 A2 A3 C1 

(mg) 

C2(mg) C3(mg) Average C STDEV Proteins 

diffused 

1 % 

Proteins 

diffused 

2 % 

Proteins 

diffused3 

% 

Average STDEV 

GOSAI 

(7.4) 

4 5.5 0.8491 0.0747 17.5951 0.002 0.003 0.003 0.625 0.9375 0.9375 0.833333333 0.147314 3.952873 5.929309 5.929309 5.270497 0.931701 

6 0.007 0.007 0.07 2.1875 2.1875 21.875 8.75 9.280777 13.83506 13.83506 138.3506 55.34022 58.69717 

GOSAII 

(7.4) 

4 5.5 0.8133 0.081 19.91885 0.006 0.006 0.006 1.875 1.875 1.875 1.875 0 12.22843 12.22843 12.22843 12.22843 0 

6 0.008 0.009 0.01 2.5 2.8125 3.125 2.8125 0.255155 16.30457 18.34265 20.38072 18.34265 1.664079 

GOSA-I 

(5.5) 

4 7.4 0.6944 0.0686 19.75806 0.008 0.005 0.005 2.5 1.5625 1.5625 1.875 0.441942 10.82555 6.765968 6.765968 8.119162 1.913705 

 6 0.01 0.011 0.012 3.125 3.4375 3.75 3.4375 0.255155 13.53194 14.88513 16.23832 14.88513 1.104878 

GOSA-II 

(5.5) 

4 7.4 0.7196 0.0539 14.98054 0.005 0.005 0.006 1.5625 1.5625 1.875 1.666666667 0.147314 5.130857 5.130857 6.157029 5.472915 0.483742 

 6 0.008 0.007 0.006 2.5 2.1875 1.875 2.1875 0.255155 8.209372 7.1832 6.157029 7.1832 0.837866 

GOSA-I 

(5.5) 

4 5.5 0.6944 0.0639 18.40438 0.003 0.005 0.004 0.9375 1.5625 1.25 1.25 0.255155 3.078514 5.130857 4.104686 4.104686 0.837866 

 6 0.008 0.007 0.008 2.5 2.1875 2.5 2.395833333 0.147314 8.209372 7.1832 8.209372 7.867315 0.483742 

GOSA-II 

(5.5) 

4 5.5 0.7196 0.0764 21.23402 0.001 0.001 0.001 0.3125 0.3125 0.3125 0.3125 0 1.026171 1.026171 1.026171 1.026171 0 

 6 0.006 0.008 0.005 1.875 2.5 1.5625 1.979166667 0.389756 6.157029 8.209372 5.130857 6.499086 1.279861 
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Stability for examined hydrogels by Lowry method: Immersion medium pH=5.5 
 

sampl 

es 

obtain 

ed 6 

MAY 

2022 

Ti 

me 

(h) 

P 

H 

MT( 

g) 

MF( 

g) 

Initial 

amount 

of 

protein 

in 

sample 

s (mg) 

A1 A2 A3 C1 

(mg) 

C2(m 

g) 

C3(m 

g) 

Average 

C 

STDE 

V 

Protei 

ns 

diffuse 

d 1 % 

Protei 

ns 

diffuse 

d 2 % 

Protei 

ns 

diffuse 

d3 % 

Avera 

ge 

STDE 

V 

GOS 4 5. 0.68 0.04 13.215 0.0 0.0 0.0 0.31 0.312 0.625 0.416666 0.1473 1.9764 1.9764 3.9528 2.6352 0.9317 

AI  5 1 5 86 01 01 02 25 5  667 14 36 36 73 49 01 

(5.5)- 

24 

                  

6     0.0 

04 

0.0 

04 

0.0 

04 

1.25 1.25 1.25 1.25 0 7.9057 

46 

7.9057 

46 

7.9057 

46 

7.9057 

46 

0 

GOS 4 5. 0.70 0.04 12.695 0.0 0.0 0.0 1.25 1.562 1.25 1.354166 0.1473 8.1522 10.190 8.1522 8.8316 0.9607 

AII  5 89 5 73 04 05 04  5  667 14 87 36 87 44 56 

(5.5)- 

24 

                  

6     0.0 

1 

0.0 

1 

0.0 

1 

3.12 

5 

3.125 3.125 3.125 0 20.380 

72 

20.380 

72 

20.380 

72 

20.380 

72 

0 

GOS 4 7. 0.68 0.05 15.271 0.0 0.0 0.0 1.56 1.875 2.187 1.875 0.2551 6.7659 8.1191 9.4723 8.1191 1.1048 

A-I  4 1 2 66 05 06 07 25  5  55 68 62 56 62 78 

(5.5)- 

24 

                  

6     0.0 

05 

0.0 

06 

0.0 

06 

1.56 

25 

1.875 1.875 1.770833 

333 

0.1473 

14 

6.7659 

68 

8.1191 

62 

8.1191 

62 

7.6680 

98 

0.6379 

02 

GOS 4 7. 0.70 0.03 10.607 0.0 0.0 0.0 3.12 3.437 3.75 3.4375 0.2551 10.261 11.287 12.314 11.287 0.8378 

A-II  4 89 76 98 1 11 12 5 5   55 71 89 06 89 66 

(5.5)- 

24 

                  

6     0.0 

11 

0.0 

12 

0.0 

15 

3.43 

75 

3.75 4.687 

5 

3.958333 

333 

0.5311 

48 

11.287 

89 

12.314 

06 

15.392 

57 

12.998 

17 

1.7441 

56 

GSAI 4 5. 0.64 0.05 16.081 0.0 0.0 0.0 4.68 5 5.312 5 0.2551 15.392 16.418 17.444 16.418 0.8378 
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(5.5)- 

24 

 5 67 2 65 15 16 17 75  5  55 57 74 92 74 66 

6 0.0 

19 

0.0 

15 

0.0 

16 

5.93 

75 

4.687 

5 

5 5.208333 

333 

0.5311 

48 

19.497 

26 

15.392 

57 

16.418 

74 

17.102 

86 

1.7441 

56 

GSAI 4 5. 0.71 0.04 13.624 0.0 0.0 0.0 3.12 3.437 3.437 3.333333 0.1473 10.261 11.287 11.287 10.945 0.4837 

I  5 93 9 36 1 11 11 5 5 5 333 14 71 89 89 83 42 

(5.5)- 

24 

                  

6     0.0 

11 

0.0 

13 

0.0 

15 

3.43 

75 

4.062 

5 

4.687 

5 

4.0625 0.5103 

1 

11.287 

89 

13.340 

23 

15.392 

57 

13.340 

23 

1.6757 

31 

GSA- 4 7. 0.64 0.03 12.061 0.0 0.0 0.0 5 5 5 5 0 16.418 16.418 16.418 16.418 0 

I  4 67 9 23 16 16 16      74 74 74 74  

(5.5)- 

24 

                  

6     0.0 

16 

0.0 

17 

0.0 

18 

5 5.312 

5 

5.625 5.3125 0.2551 

55 

16.418 

74 

17.444 

92 

18.471 

09 

17.444 

92 

0.8378 

66 

GSA- 4 7. 0.71 0.04 11.539 0.0 0.0 0.0 6.25 6.875 6.875 6.666666 0.2946 20.523 22.575 22.575 21.891 0.9674 

II  4 93 15  2 22 22    667 28 43 77 77 66 84 

(5.5)- 

24 

                  

6     0.0 

46 

0.0 

41 

0.0 

41 

14.3 

75 

12.81 

25 

12.81 

25 

13.33333 

333 

0.7365 

7 

47.203 

89 

42.073 

03 

42.073 

03 

43.783 

32 

2.4187 

09 
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Figure for the carbonyl groups generated over the time 
 

 

 

Glutamic acid calibration curve for ninhydrine test 



Appendix 
 

 

Table of the Antioxidant activity expressed by IC50 for the analyzed samples ((UV) means that the 

sample which exposed to UV irradiation). 

 

Sample IC50 µg/mL 

Ascorbic acid 3.69±0.0076 

Free Pro 10.33±0.0085 

Free Pro (UV) 7.97±0.0074 

PBP1 10.10±0.0052 

PBP3 10.00±0.0076 

PBP4 9.03±0.0079 

PAP1 9.23±0.0098 

PAP3 8.42±0.0049 

PAP4 8.37±0.005 

PBP1(UV) 8.77±0.0093 

PBP3(UV) 7.96±0.0018 

PBP4 (UV) 7.91±0.0009 

PAP1 (UV) 8.90±0.0062 

PAP3 (UV) 8.18±0.0032 

PAP4 (UV) 7.91±0.0064 

 


