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                                                 ABSTRACT 
 

 
 

The present work is synthesizing novel protein-based superabsorbent hydrogels from albumin 

protein (AP) and isolated zygomycetes protein (IZP) via modification with an acylating reagent 

and a bifunctional crosslinker, also investigation on their swelling behaviors under some 

conditions. ………………… …………………………………………………………………..                      

The hydrophilic acylating reagent was introduced into albumin and zygomycetes proteins and 

hydrophylicity of albumin and isolated zygomycetes protein were increased by 

ethylenediaminetetraacetic dianhydride (EDTAD). Provided protein hydrogels through this 

method include modification of lysyl residues in the unfolded proteins via adding of one or more 

hydrophilic carboxyl groups. The reaction was developed with a dialdehyde crosslinking reagent 

(glutaraldehyde) in order to stabilize the modified protein configuration. The maximum capacity 

of EDTAD-AP hydrogel swelling was observed 296 g water per g of dry gel, and for EDTAD-

IZP hydrogel was 87 g water per g of dry gel. 

 

In this study, effect of selected physical and chemical parameters such as protein structure, extent 

of modification, protein concentration, various pH, ionic strength, gel particle size, temperature 

as important factors affecting the water uptake behavior of superabsorbent hydrogel were 

investigated. In addition, the effect of some organic solvents particularly absolute ethanol for 

increasing the swelling properties was studied. 

 

KEY WORDS: Superabsorbent, Hydrogel, Albumin protein, Isolated zygomycetes protein, 

Chemical modification, Crosslinking agent, Swelling behavior, Biodegradability.  
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INTRODUCTION         

 

Superabsorbent hydrogels are crosslinked, hydrophilic polymers which can absorb and keep a 

large amount of water or biological fluids in their polymeric structures and shrink after de-

swelling.  

Substantial amount of research has been reported on the properties of superabsorbent hydrogels, 

particularly on the pH, temperature and sensitivity to ionic strength. A variety of novel aspects of 

superabsorbent polymers (SAP) also have been investigated. These include cosmetic and toiletry 

formulations[1], immobilized enzyme in reactors[3], contact lens materials[4] , water-retention in 

agricultural and horticultural soil[1], flocculation agents[1], liquid radioactive wastes  treatment[9], 

sensors[1] and many other applications.  

Two types of polymers, biodegradable and non-biodegradable polymers, are used for providing 

of superabsorbent polymers (SAPs) for many applications. The biodegradable hydrogels are 

usually made from natural polymers such as proteins, chitosan, poly-lactic acid (PLA), poly-

glutamic acid, hyaluronic acid and some cellulose derivatives. The non-biodegradable hydrogels 

are made from synthetic materials, such as acrylic acid polymers, poly-vinylalcohol, poly-

methylmetacrylates, poly-vinylpyrrolidone, poly-acryl amide and poly-vinyl acetate. The non-

biodegrable synthetic hydrogels show several properties for different purposes, but remaining the 

number of monomers in final products can create some serious problem for human body and 

environment. 

Recently the term of biodegradation and non-toxic polymers have been introduced as main goals 

in the development of new technology. In this manner, non-toxic biodegradable hydrogels have 

been studied extensively for biomedical applications such as bio-adhesive, wound dressings for  
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medical applications, scaffold for tissue engineering, bio-matrix for drug delivery systems, food 

packaging and also other consumer products such as diapers and feminine sanitary napkins[1]. 

The aim of present work consists in synthesis of the novel protein-based superabsorbent from 

pure ovalbumin (egg white albumin) and zygomycetes proteins. Thereby the chemical 

modification of one lysyl residue of AP and IZP with one molecule of EDTAD was investigated. 

The result is the integration of three carboxyl groups for each lysyl residue in the protein 

molecules which lead to unfolding of polypeptide chains because of electrostatic repulsion force 
[15]. The glutaraldehyde (GLA) as a crosslinking agent was added in order to provide protein 

superabsorbent hydrogels. As a continuation of our research objectives on AP and IZP 

superabsorbents were to improve the rate of swelling and swelling capacity of superabsorbent 

hydrogels by optimization amounts of EDTAD and GLA. Moreover the effects of various 

conditions such as normal saline, synthetic urine, pH sensitivity and compressive load on the 

swelling properties of the AP and IZP superabsorbent hydrogels were investigated in detail.   

 

An additional objective of this work was the attempt to reduce the excessive petroleum resource 

consumption and destruction of the environment by synthesis of a biodegradable protein 

superabsorbent hydrogel from low cost protein sources, such as animal, plant and fungal proteins 

as well as waste protein from food industries.        ……………………………………………  

 

 

 

 

 

 

 

                                                                                                                       

………………………………….  .2 

http://en.wikipedia.org/wiki/Ovalbumin#cite_note-0#cite_note-0
http://en.wikipedia.org/wiki/Ovalbumin#cite_note-1#cite_note-1


 

 

1.1. Definition of Superabsorbency                                                                               

Superabsorbency is defined as the superior swelling abilities originate to absorb and retain large 

amounts of aqueous solutions up to hundreds times of its initial dry weight [1]. This phenomenon 

is due to the electrostatic repulsion between the charges on the polymer chains and the difference 

osmotic pressure between the inside and outside of the gels[8]. The Superabsorbent polymers 

(SAP) are categorized as hydrogels which can absorb aqueous solutions via hydrogen bonding 

with the water molecules. The important properties of superabsorbent polymers are the swelling 

capacity and the elastic modulus of the swollen cross-linked hydrogel (Flory-Huggins rule) [42]. 

These two properties of the swollen cross-linked hydrogel are related to the cross-link density of 

the network modulus which means that swelling capacity decreases with increasing crosslink 

density [17]. 

 

1.2. Biodegradability of Biosuperabsorbent Polymers  

Biodegradation is defined as a conversion of materials into short fragments by                    

solubilization, hydrolysis, or other biological reactions which can be done by enzymes.    ..............                     

Biodegradable biosuperabsorbent polymers (Bio-SAPs) can be derived from either natural or 

synthetic sources. Definitely, biodegradation has defined since changes in surface properties or 

mechanical strength. Some biodegradable hydrophobic polymers can be copolymerized with 

hydrophilic polymers to form copolymers that absorb significant amount of water but do not 

dissolve in water [28].  

The enzymatic reaction of microorganisms on backbone of polymer chain via breaking down or 

subsequent reduction generates low molecular weight materials. Degradation can take place by 

each of the above mechanisms alone or in combination with one or more parameters such as nature 

of polymer, environment and time [2].                            …………………… 

…………………………………………..                                                     
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1.3. What is protein?                      

Proteins are long chain poly amino acids which arranged in a linear chain and joined together by 

peptide bonds (─CO─NH─) between the carboxyl and amino groups of next amino acid residues  

Figure 1 shows that the long chain proteins have peptide linkage indicate to condensation of 

amino groups with carboxylic groups to form folded structure. The properties of proteins depend 

on type of amino acid where protein involves it [18].   

The present of amino and carboxylic acid give to protein hydrophylicity (capable of affinity for 

water), which recognize as a surface active components otherwise carbon chains give 

hydrophobicity (capable of lacking affinity for water) to protein.  

 

              

  Figure 1. Linking amino acids together by peptide bonds to form a polypeptide Structure                                      
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1.3.1. Protein Structure 

Protein folding obtains by the physical process when a polypeptide folds into its typical three-

dimensional structure [10].  

There are four categories for protein's structure: The exact sequence of the different α-amino 

acids along the protein chain is called the primary structure of the protein. As its name suggests, 

the primary structure of a protein is its linear sequence of amino acids and the location of any 

disulfide (-S-S-) bridges. The Secondary structure is formally defined by the hydrogen bonds 

between the C=O and NH groups of different peptide bonds as in α-helix and the β-sheet 

conformations. The tertiary structure is the complex three-dimensional arrangement of all atoms 

in a single polypeptide chain, and the quaternary structure results when a protein contains an 

aggregate of more than one polyamide chain (Fig.2).   

                                                         

                                            Figure 2. Four types of protein structure**  

*http://academic.brooklyn.cuny.edu/biology/bio4fv/page/3d_prot.htm          
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1.3.2. Amino Acids as Building Blocks of Proteins  

Amino acids are molecules containing both amino and carboxyl functional groups with the 

general formula H2NCHRCOOH, where R is an aliphatic or aromatic organic substitute, as a 

basic structural building units of proteins (Fig.3).  

Table 1 shows the achieved 22 α-amino acids [18] from proteins which can be split into three 

different groups on the basis of the structure of their side chains. Only 20 of the 22 α-amino 

acids are utilized by cell for protein synthesizing. Two of them are synthesized by cell after 

protein is obtained.  

 

 

 

 

                  

                             

   

                                Figure 3. Chemical structure of α-amino acids [5]

The location of the side chains of amino acids of proteins are generally those that it would expect 

from their polarities.  

1- Residues with non-polar hydrophobic side chains, such as Valine, Leucine, Isoleucine, 

Methionine and Phenylalanine, are found in the interior of the protein out of contact with the 

aqueous solvent.  
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2- Side chains of polar residues with positive or negative charges, such as Arginine, Lysine, 

Aspartic acid and Glutamic acid are usually on the surface of the protein in contact with the 

aqueous solvent. 

3- Uncharged polar side chains, such as Serine, Threonine, Aspargine, Glutamine, Tyrosine and 

Tryptophan are frequently located on the surface, but some of this are found in the interior as 

well as they are found in the interior, they are practically hydrogen bonded to other similar 

residues. In fact, hydrogen bonding helps neutralize the polarity of these groups [18].  

 

                                     Table 1. 22 Polar and non-polar amino acids found in proteins [18]

Structure of  R Amino Acid Abbreviations Side chain 
polarity 

Side chain 
charge (pH 7) 

 
─H 

 
Glycine Gly nonpolar neutral 

 
─CH3

 
Alanine Ala nonpolar neutral 

 
─CH(CH3) 2

 
Valine Val nonpolar neutral 

 
─CH2CH (CH3) 2

 
Leucine Leu nonpolar neutral 

 
       ─CH2CH (CH3) 2
        │                                    

CH3 
 

Isoleucine Ile nonpolar neutral 

 
Phenylalanine Phe nonpolar neutral 

 
─CH2CO NH 2

 
Asparagine Asn polar neutral 

 
      ─CH2CH2CO NH 2 Glutamine Gln 
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Tryptophan Trp nonpolar neutral 

 

Proline Pro nonpolar neutral 

      Complete Structure 
 

          ─CH2OH Serine Ser polar neutral 
 

           ─CH2 OH 
              │       
              CH3    

Threonine Thr polar neutral 

 
Tyrosine Tyr polar neutral 

 
Complete Structure  

Hydroxyproline Hyp nonpolar neutral 

 
─CH2SH  

 
Cysteine Cys nonpolar neutral 

─CH2S  
         │ Cystine Cys-Cys nonpolar neutral 
─CH2S  

 
─CH2CH2SCH3  

 
Methionine Met nonpolar neutral 

 
─CH2COOH  

 
Aspartic acid Asp 

 
polar negative 

 
  ─CH2CH2CH2CH2NH2  

 
Lysine Lys polar positive 

                                 NH 
                                        ║ Arginine Arg polar positive 
─CH2CH2CH2NH─C─NH2
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1.3.3. Ovalbumin , Good Source for Biosuperabsorbent 

Ovalbumin (egg-white Albumin) is a member of a water-soluble, heat-coagulating proteins 

group. Albumins are widely distribute in plant and animal tissues, such as in ovalbumin, myogen 

of muscle, serum albumin of blood, α-lactalbumin of milk, legume in of peas, and leucosin of 

wheat. Ovalbumin is the main protein found in egg white (Fig.4), making up 60-65% of the total 

proteins [6]. It belongs to the serpin super family of proteins, and like many serpins. It is unable to 

inhibit any proteases. The name of serpin is derived from active serine protease inhibitors [7].   

 

Ovalbumin is soluble in water and it will be half saturated with a salt such as ammonium sulfate. 

Albumin can be coagulated by heat to form a solid or semisolid mass, such as cooked egg white. 

                    
 
                                              Figure 4. Ovalbumin Structure [12]   

 

Ovalbumin include 2 strings with 385 amino acid from 8 types of them [11]  (Glutamic , Cycteine 

, Lysine, Aspartic , Tyrosine , Methionine , Arginine , Histidine acids) with different polarity 

which are illustrated in Table 2.  

 

Molecular weight of ovalbumin is 45 kDa. It is one kind of glycoprotein with 4 sites of 

glycosylation [11]. Average of molecular weight of amino acids in ovalbumin is 142 with 

molecular weight 35± 0.5. Separation of albumins from other types of proteins can be carried out 

by electrophoresis or by fractional precipitation with various salts [12].    
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Table 2. The values are expressed as the percentage of the amino acid in the Albumin protein 

(equivalent to calculating to 16 percent N) [11]

 

 

Amino acid  Mol.wt Percentage 
Gm. molecule per     

100 gr. protein 
Polar Non-polar

Glutamic 147.13 13.97 0.095      +         − 

Cysteine 121.16 1.21 0.01      +         − 

Lysine 146.188 4.97 0.034      +         − 

Aspartic 133.10 5.98 0.045      +         − 

Tyrosine 181.19 4.16 0.023      +         − 

Methionine 149.21 5.07 0.034      −         + 

Arginine 174.2      +         −  5.57 0.032 

     − Histidine 155.16 1.39 0.009         + 

   
    

1.4. Zygomycetes 
 
History of Zygomycetes 

Earlier the zygomycetes named phycomycetes (alga fungous), which is considered as a primal 

group of fungi in water since about a billion years ago [13]. Phylogeny studies of zygomycetes 

DNA have shown that this microorganism more similar to animal than to bacteria or microscopic 

plants.The zygomycetes as a source of protein and vitamin have been extensively used for food 

preparation mainly in South East Asia. Also zygomycetes protein is using as a fish feed [13]. 
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One of the paper preparation processes from wood pulp is sulfite process ,in this process the 

wood pulps  introduce into the sodium sulfite solution  in order to pre-delignification, so the 

result of treatment will be lignosulfonate 60%, sugars 20% and other material 20% where 

dominating sugars are glucose, galactose, mannose and xylose[13].  

One of the waste waters at this process is spent sulfite liquor as an undesirable and toxic 

material. Trough water treatment processes zygomycetes use all sugars; pentoses as well as 

hexoses. Toxic compounds such as hydroxymethylfurfural, furfural and acetic acid at high 

concentrations in sodium sulfite solution prevent the growth of zygomycetes [13].  

 

1.4.1. Structure of Zygomycetes 

The structure of zygomycetes cell is long branching filamentous (Hyphae) which are not divided 

into numerous individual cells (nonseptate mycelium) and protoplasm of zygomycetes can flow 

through out the tube-like structures. The component of cell wall is mainly chitosan (56-60%) 

which is responsible for increasing of mechanical strength and shape of cell wall and rest 

components are protein, triglycerides and mineral complexes of calcium [13].    

 

1.4.2. Cultivation of Zygomycetes 

For cultivation of zygomycetes on spent sodium sulfite liquor (SSL) were used air-lift blowers 

and cultivation consist of a 5 zygomycetes strain (zit 102) which was  isolated from Indonesian 

Tempe (a solid fermented Soya bean 'cake' which is widely consumed as a flavor meat substitute 

in Indonesia), moreover recovered SSL after ethanol fermentation process by saccharomyces 

cerevisiae was added to zygomycetes medium as a nutrient [14].This composition contains high 

nutritious value, but before adding of Rhizopuse oryzae to SSL and dilutions, the pH was 

adjusted with ammonia and ammonium phosphate (pH 5-6.3) and  to supply additional                 

nitrogen and phosphate source. Finally this solution was incubated at 36-38oC[13]. 

……………………………...                                                                                       
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1.4.3. Zygomycetes Biomass Components  

The microbial biomasses of zygomycetes from family of Rhizopus oryzae ordinary contain a 

high concentration of Chitin/Chitosan in cell wall. The cytoplasmic components contain proteins, 

Unsaturated C18 triglycerides, some vitamins and some other components respectively [13]. 

 Determination of TFM (Total fatty matter) showed  total fatty matter of biomass sample was 10-

20% (w/w) [13], which main amounts contain 70-80% unsaturated 18 carbon fatty acids, such as 

oleic acid, linoleic and linolenic acids, respectively. 

 Further analysis was shown that zygomycetes protein is one of the complete sources of amino 

acids in nature which can use as food-stuffs. The amino acids of zygomycetes protein are 

presented in Table 3. The protein concentration according to our experimental work was 47.7% 

of the dry weight of biomass (see section3.1.Ⅱ). 

 

1.4.4. Zygomycetes Proteins   

The Rhizopus oryzae contains various kinds of proteins and enzymes. Table 3 shows the types 

and percentage of amino acids in the zygomycetes mycellum. The main enzymes are including 

amylase, isomerase, protease, dehydrogenase, hydratase and lipase*. These enzymes help to 

decompose of macromolecules to short fragments in order to catalytical reactions. Also they are 

able to hydrolyzing the bacterial proteins so its antimicrobial effects due to destruction of 

bacterial plasma membrane.  

 

 

                      

*http://expasy.org 
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Figure 5 shows the amino acids content of the albumin and zygomycetes proteins. The albumin 

protein includes 84.74% polar amino acids and 15.26% non-polar amino acids compare to 

zygomycetes protein which is included 54.49% polar amino acids and 45.51% non-polar amino 

acids. This results could be verified more solubility of albumin protein comparison to zygomycetes 

protein. 

              

Amino-acids content of Albumin & Zygomycetes Proteins
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         Figure 5. Comparison of amino acids between albumin and zygomycetes proteins 
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Table 3. The values are expressed as the percentage of the amino acids in the zygomycetes mycelium [13]  

 

Amino acid Mol.wt Percentage 
Gm. molecule per     

100 gr. protein 
  Polar Non-Polar 

Glutamic  147.13 8.2 0.180       +         − 

Cysteine  121. 16 0.814 1.488       +         − 

Lysine 146. 188 5.3 0.275       +         − 

Aspartic  133.10 6.98 0.190       +         − 

Tyrosine  181.19 7.82 0.231       +         − 

Methionine  149.21 1.83 0.815       −         + 

Arginine   174.2 4.16 0.418       +         −   

Histidine  155.16 1.64 0.946       −         + 

Threonine  119.12 3.23 0.368       +         − 

Serine  105.09 3.22 0.326       +         −  

Proline  115.13 2.81 0.409       −          + 

Alanine    89.1 5.18 0.172        −          + 

Valine  117.15 4.08 0.287       −          + 

Leucine  131.18 5.58 0.235       −         + 

Isoleucine  131.17 4.22 0.310       −          + 

  Phenylalanine  165.19 3.35 0.493       −         + 

Glycine   75.07 3.43 0.218       −         + 

Tryptophan 204.225 1.06 1.926       −         + 
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1.5. The Thermodynamic of Protein Folding-Unfolding  

Stability of proteins relate to the free energy change between the folded and unfolded states which 

is represented by the following equation [19]:  

                                         ΔG = ΔH ─TΔS              

Where ΔG represents the free energy change between folded and unfolded, T is Kelvin 

temperature, ΔH is the enthalpy change and ΔS is the entropy change from folded to unfolded 

protein. 

The enthalpy corresponds to the binding energy and in folded conformation of an area is in a fairly 

low level of free energy, and unfolded conformation needs a substantial increase in free energy so 

the large heat facility change conformation of protein to unfolded. The maximum stabilities arises 

when S<0 in folded state. So intermolecular binding (folded state) decrease the entropy and 

stabilize the protein structure. In this condition interaction between unfolded protein and water 

would be expected to be stronger than the interaction between the folded protein and water. 

Proteins folded with globular form are more thermodynamically stable with 5-20 kcal/mol free 

Gibbs energy (ΔG) compare to unfolded form [19]. This free energy of folding arises from 

hydrophobic interactions, hydrogen bonding, Van der Waals’ forces and electrostatic forces.                             

The major force contrasting protein folding is the conformational entropy of protein. This means 

that folding phenomena obtain with decreasing the entropy (ΔS<0) and release the energy in 

native form of protein. This state is related to some variables such as temperature, pH, salt, etc. 

When the protein–solvent system destabilize by changing these variables, unfolding will arise in 

solvent.  

In the coil structure where involved α-helix and β-sheet mixed structure, it has been shown that 

after disclosure to unfolding conditions such as heating at 65oC and pH 12 for 30 min albumin and 

zygomycetes  proteins generated a major amount of β-sheet structure. They will back to initial 

form when the temperature decreases to room temperature and pH 7.  
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If secondary structure in hydrogel network converts to random-coil, it can greatly develop the rate 

of swelling behavior of protein based hydrogels. The maximum swelling capacity hydrogels in 30 

min shows its ability as a superabsorbent in diapers and other consumer products.  

Protein–surface interactions play a significant role for water absorbtion. Base on DLVO theory 

which explain the force between charged surfaces and liquid medium*. The protein molecule and 

water molecule close to each other create two forces between them, one of them is attraction force 

which is called Van der Waals’ forces and another is repulsion force which is called electrostatic 

forces (Fig.6). The total interaction energy between protein molecule and water illustrate in 

following equation: 

                                               V total ═ Vatt + Vrep 

Where Vatt is Vander Waals energy and Vrep is the electrostatic energy [19-20].                                                 

                                                                      

 Figure 6. DLVO model for water uptake of two protein conformations. The random coil has 

minimum level of energy barrier for water uptake, so it can better absorb water compare to secondary 

structure with high level of energy barrier                                          

* www.wikipeadia.org                                      
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In order to chemical modification of protein chain, denaturation or unfolding is necessary. 

Unfolding process creates very reactive free amino groups against electrophilic reactions.  

In this research work unfolding and modification of albumin and zygomycetes proteins in order to 

prepare protein based- superabsorbent hydrogel were done.  

1.6. Acylation 

Acylation is one of the most common methods for hydrophilization of biopolymers in order to 

improve of swelling capacity. Acylation of the lysine amino groups is the most important 

chemically method for the acylation of the N-terminus (Fig.18). Commonly proteins are modified 

by acylating agents. The acylation reagents involved an acyl group (R-C=O) that in one side is 

linked to an electro negative group such as O–, Cl–. This type of structure presents a very reactive 

group for electrophilic reactions. Anhydrides of carboxylic acids, Acyl chlorides, Polycarboxylic 

anhydrides and Mono-anhydrides are the main acylation reagents. Definitely the protein structure 

with a lot of amount NH2- groups can react easily to acylation agents and obtain hydrophilic 

protein. The acylation agents with two or more carboxylic group give more ability of water uptake. 

Suitable dianhydrides which can be used in the present invention consist of, Benzentetracarboxylic 

dianhydride, Cyclobutane tetracarboxylic dianhydride, diethylene-triaminepentaacetic dianhydride, 

and ethylenediaminetetraacetic anhydride (EDTAD) [21]. The EDTAD is an acylating agent which 

is used in our experimental work.        

 1.6.1. Acylating Agents 

Acylating agents are complexes that include an activated acyl group where the nuecleophile 

compounds attack to carbonyl groups and displace with a leaving group such as H2O or HCl.     

The rate of acylation of nuecleophile depends on its pKa 
[22]. 

Water is a powerful nuecleophile as a hydrolyzing agent that might be caused an important side 

reaction to consume extensive amount of acylating reagent. Thus, even using large excess of the 

acetylating reagents, may be difficult to complete acylation of a protein. In this reaction all of the 

nucleophiles in proteins react by acylating reagent [22].  
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All the nucleophilic groups in proteins are sensitive to acylating. Tyrosine phenolic groups against 

nucleophilic reactions are usually less reactive than linear amino groups partly because of their 

higher pKa and partly because they are normally shielded in proteins structure. Another important 

difference is instability of acylated tyrosine due to acylation of tyrosine residues may easily 

reversible. 

Comparable case of reversibility of acylated products of other nucleophiles, such as imidazolyl, 

carboxyl and sulfhydryl are more selective than amino groups, hence EDTAD or succinic 

anhydride has been utilized to convert amino groups to carboxylic acid [22] (Fig. 7).                                                

                       

           Figure 7. Conversion of an amine to carboxylic acid with succinic anhydride   
 
 
 
 

1.7. Crosslinking 

The most common method for decreasing molecular freedom is crosslinking which joins the 

polymer chains together through covalent or ionic bonds to form a network (Fig.8). Frequently the 

term curing is used to indicate crosslinking.  

The crosslinking may possibly contain the same structural features as the main chains, or they may 

have a completely different structure. In the presence of solvent, a crosslinked polymer swells for 

the reason that solvent molecules penetrate into the network. The degree of swelling depends on 

the affinity of solvent and polymer for one another, as well as the level of crosslinking, protein 

concentration during the crosslinking step, gel particle size, and environmental condition, such as 

temperature, pH, and ionic strength [17].  
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The swollen crosslinked polymer may be called a gel, but if the gel particles are very small (300-

1000 μ), they are called microgels that act as strongly packed spheres can be suspended in 

solvents, so they have interested with development of solid-phase synthesis and techniques for 

immobilizing catalysts in recent years*. There are two categories for crosslinking which is 

described in following:  

1- Physical crosslinking 

2- Chemical crosslinking                                                                                                                              

                                                                                                                                         

 

                                                                                                                                                                                                                        

                                                                                                   

 

 

 Polymer chains doesn’t join together 

                                                                                                                 

Polymer chains joined together by 
crosslinking agent (shown in red) 

to form a single molecule 

Figure 8. Schematic structure of crosslinked and uncrosslinked polymers  

 

 

*www.chemheritage.org                                      
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 1.7.1. Physical Crosslinking of Proteins 

 
Physical hydrogels have three dimensional networks in absent of chemical cross- linking agent. 

High energy irradiations can separate electrons from atoms or molecules to form a free radical as 

an active initiator for crosslinking reaction. 

   

Many soluble proteins with this configuration can build physical hydrogels, but the weaknesses of 

such gels are low mechanically strength.In order to increase the mechanical strength, the protein 

should modify with chemical crosslinkers (see section 1.7.2). 

In this overview, some different physical crosslinking methods used for the purpose of 

biodegradable hydrogels are summarized as fallow. 

 

1.7.1.1. Crosslinking by Thermal Method 

Thermal denaturation has been used to crosslink proteins. Albumin and some other proteins such 

as collagen can crosslink by heating. The proteins become coagulate and insoluble by formation of 

inter-reaction between chains due to amide bond. By this way proteins are usually heated at a high 

temperature (around 140oC) for a day and dehydrated at greater than 100 oC for a few days [30]. 

The albumin hydrogel microspheres are a good example for heat crosslinking method. The extent 

of crosslinking of albumin hydrogel depends on the temperature and time. These thermal 

denaturized albumin microspheres were used to deliver various drugs including anticancer agent 

such as fluorouracil or mitomycin [31]. Also thermal decomposed gelatin causes water-insoluble, 

although it still swells to a certain extent [32].  

1.7.1.2. Crosslinking by Ultrasound Method 

Ultrasound was employed to make protein hydrogel microspheres. At the first ultrasound separates 

small droplets of oil or other non-polar organic liquids containing protein in water, similar to 

emulsification process used to produce mayonnaise. This method creates cavitation which cause to 

homolysis of water molecules due to produce radicals (H • and OH •) [33]. 

 
                                                                        20 
 
                                                                    
 

http://en.wikipedia.org/wiki/Ovalbumin#cite_note-1#cite_note-1
http://en.wikipedia.org/wiki/Ovalbumin#cite_note-1#cite_note-1
http://en.wikipedia.org/wiki/Ovalbumin#cite_note-1#cite_note-1
http://en.wikipedia.org/wiki/Ovalbumin#cite_note-1#cite_note-1


 
 
 
 
 
1.7.1.3. Crosslinking by UV-Irradiation Method 
 

 
In addition to ionizing radiation, ultraviolet (UV) radiation can also be used due to obtain free 

radicals (see section 1.7.2.1). UV radiation, however, is more limited in that the depth of 

penetration into a sample. Also it has significantly less energy compare to γ-irradiation. The UV-

induced crosslinking reaction of macromolecules arise only a thin layer on the surface. This 

property, though, may be practical if it is desirable to crosslink only the surface layer of polymer 
[19]. The UV- irradiation of proteins at 254 nm creates radicals in the form of unpaired electrons 

located principally on the nuclei of the aromatic residues such as tyrosine and phenylalanine. 

Bonding between these two radicals establishes crosslinking. As a result, proteins can be 

crosslinked by exposure to UV light [26]. 
                                               
1.7.2. Chemical Crosslinking of Proteins 

Chemical crosslinking of water–soluble polymers are obtained by the addition of bifunctional or 

multifunctional reactants results in chemical hydrogels. The active side chains of polymers, 

particularly their nucleophilic nature could be employed in crosslinkage formation by using 

bifunctional crosslinkers [29]. The crosslinking reagent includes reactive groups at both ends and 

links two molecules by covalent bonding. If the macromolecules have functional parts only at their 

end groups, then bifunctional crosslinking agents easily attach macro molecules to result in block 

copolymers. If macromolecules have functional groups in the length of the backbone, hydrogel can 

be creat by bi-functional reagents. 

The proficiency of crosslinking reaction by bi- and multifunctional reactants depends on specific 

groups that it should be functionalized. Hence, the selection of crosslinking reagents is so 

important to successful crosslinking[16]. 

 

                                                                                                                                                           

……………………………………………… 
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It would be perfect if the crosslinking agents have high selectivity and specificity for a certain 

functional groups. The absence of specificity could be important in the modification of polymers 

which have more than one kind of functional group, as it exists in protein molecules. Bifunctional 

crosslinking reagents are categorize into three groups [22]:        ……………………………….             

…………………………………..                          …………………..………….                     

1- Homobifunctional crosslinking reagents include two similar functional groups which can react 

with functional groups of macromolecule.       …………………………………………….                      

2- Hetrobifunctional agents have two similar functional groups of different sensitivity and 

specificity because of their neighbor structure is different and so reacts with different functional 

groups of the polymer.. …………………………………………………………………………                      

3- Zero-length crosslinking reagents connect polymers without the addition of additional 

compounds like polycondensation reaction. This type of crosslinking agents condense carboxyl 

groups with primary amino, carboxylic, hydroxyl and thio groups to forms of amide, ester and 

thio-ester components (Fig.9). Hence, zero-length crosslinking reagents are employed in protein 

structure with various functional groups. 

The use of chemical crosslinking reagents is important not only for joining two macromolecules to 

form of hydrogels but also for immobilizing bioactive components, such enzymes and drugs, to 

water-soluble polymers or hydrogel matrixes [16].  

               
 
                                                                       OXIDATION 
                            

                                           
                                                   
 

                  Figure 9. Hydrogel formation of polysaccharides through cysteine-derivatization [16]  
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1.7.2.1. Non-specific Crosslinking 

High reactive molecules such as free radicals, Nitrenes and Carbenes as non-specific crosslinking 

agents can obtain from high energy irradiations of inert molecules (Fig.10). Hemolytic cleavage of 

single bond and a double bond produce free radicals, carbene or nitrene. For modification of 

chemically stable polymers, they should be active to form radicals by ionizing irradiation such as 

γ-ray, UV-ray or by other radicals. 

                                

                                             Figure 10. Three forms of high reactive molecules 

       

Carbenes and Nitrenes obtain from photoactivatable reagents. They are able to attack various 

chemical bonds including carbon-hydrogen bonds upon irradiation. So the crosslinking by 

carbenes or nitrenes will be nonspecific and nondiscriminatory (randomly crosslinker)[34].  

The eventual result of crosslinking by high reactive molecules is the formation of three-

dimensional hydrogel network. Figure 11 shows the crosslinking of polymers by γ-irradiation. The 

proteins could also be crosslinked to form hydrogel by high energy radiation. In this manner, the 

level of γ-irradiation should be adjusted at 20 Mrads [35].   

…… ………

…                             Figure 11. Crosslinking of polymers by γ-irradiation ……………                                                

………………                                                                                                                                                         
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1.7.2.2. Crosslinking with functional groups  

There are different chemical types of crosslinking agents which have been used to crosslink 

functional groups of polymer molecules, particularly polysaccharides and proteins.                      

The crosslinking with functional groups can be divided into three main groups.  

● Crosslinking with hydroxyl groups (Fig. 12 a)  

● Crosslinking with amine groups (Fig. 12 b) 

● Crosslinking with vinyl groups (Fig. 12 c) 

 

   

 

…                         

         

       Figure 12. Reaction of three types of crosslinker with protein,(a) crosslinking with hydroxyl groups,                    

(b) crosslinking with amine groups,(c) crosslinking with vinyl groups[16]

 

 ……….                
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1.8. Determination the Degree of crosslinking 

The determination of cross-link density is an important characterizing parameter of 

superabsorbents. The crosslinking density describe about the molecular structure of a crosslinked 

protein hydrogel and its properties. The conventional spectroscopic techniques such as Infrared 

Spectroscopy (IR) and Nuclear Magnetic Resonance spectrometry (NMR) are not very useful 

methods for determination of the cross-link density of hydrogels[17].  

 

Determine the degree of crosslinking in protein superabsorbent hydrogels by measurement of 

equilibrium elastic module and equilibrium volume swelling could heve been possible [38]. So, the 

gravimetric method is commonly more popular than other methods for determination of swelling 

capacity which is dependent on the degree of crosslinking of hydrogels. The general method for 

determination of swelling capacity is the centrifuged capacity. A porous bag with about 20 square 

centimeters size from a water-wettable fabric is constructed, next a small amount of the dried 

hydrogel powder is put into the bag, and the bag is sealed. After that, the bag is immersed in the 

test fluid and left to absorb liquid for a certain period of time or for different times, if the kinetics 

of swelling is desired. Finally, the bags are placed into a laboratory centrifuge, and centrifuged for 

a few minutes to take away any unabsorbed fluid from the hydrogel mass. The swelling capacity is 

calculated from the increase in weight of dry hydrogel and is reported as a ratio of the gram of 

absorbed fluid per gram of dry hydrogel [17]. (See section 2.1.5)  

The elastic modulus of swollen hydrogels is usually measured on a compact mass of swollen gels, 

such as absorbency under load test which measures the swelling capacity of the polymer, even 

though an external pressure is requested to the swelling hydrogel. 

… 
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1.9. Superabsorbent Hydrogel 

Superabsorbent hydrogels are crosslinked hydrophilic polymers that absorb water several times of 

their own weight. These polymers divided into two groups: synthetic and natural superabsorbent 

hydrogels.  

Natural superabsorbent polymers are generally polysaccharides and proteins. These types of 

hydrogels degrade by enzymatic reaction as well as chemical hydrolysis into smaller molecular 

weight products. Hence hydrogels prepared of natural resources go through degradation by 

decomposition in backbone of polymers.  

Although the synthetic superabsorbent hydrogels demonstrate excellent water-absorbing 

properties, but the toxicity and carcinogenicity of residual monomers in such kind of gels might 

create major problems whenever use in drug delivery systems, biomedical and personal hygiene 

products. Additionally, synthetic polymers are non-biodegradable that will remain long term 

periods in environment. Previously, chemical modification of some natural proteins have been 

investigated, such as fish proteins (FPs) and soy protein (SP) with a tetracarboxylic dianhydride 

then followed by crosslinking of the modified protein with glutaraldehyde (GLA) [21]. The result is 

a polyanionic hydrogel with superabsorbent properties and divalent metal chelating properties.     

If the maximum swelling ability of superabsorbent hydrogels could be attained in 30 min, it would 

greatly increase its potential as a superabsorbent in diapers and other consumer products [17].  

 

1.9.1. Types of Biodegradable Supeabsorbent Hydrogels  

Biodegradable hydrogels are the objective of modern bio-materials as a way to generate new 

combination of properties at three levels contains: 1-Molecular level, 2-Materials level, 3-Surface 

level [16]. Many polymers are not water soluble and don’t form hydrogels even in the presence of 

abundant water. The water insoluble polymer can be used to hydrogels form by preparing either 

block copolymer, polymer blends or inter penetrating polymer network (IPN) with water soluble 

polymers. 
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These preparations contain considerable fractions of hydrophilic polymers which can absorb large 

amounts of water and swell without dissolving in water to form hydrogels. So water                     

insoluble polymers could be effectively used to prepare biodegradable hydrogels.                     

The degradation of hydrogels can be classified in to three categories:  

1- The polymer backbone chain can be degraded by either hydrolysis or enzymatic degradations.   

2- The crosslinking agents can be degraded while the polymer back bone may remain unbroken.                      

3- Pendant groups attached to polymer back bone may be cleaved while the polymer backbone and 

the crosslinking agent remain unchanged (Fig.13) [16].         

                                                                  

      Figure 13. (a) Protein hydrogel degradation by cleavage of polymer backbone (b) cleavage of 
crosslinking agent (c) cleavage of pendant groups [16]

                                                                                                         
1.9.2. Superabsorbent Hydrogels based on Albumin    

1.9.2.1. Albumin as a Crosslinking Agent      

Albumin can be modified by an epoxide group in a vinyl monomer as a crosslinking agent. The 

modified group can be controlled by concentration of reagents and reaction time. In such kind of 

reactions epoxide groups easily react with amino groups of albumin.            ………………………                       
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The extent of reaction can be evaluated by measuring of lysyl residues in free amino groups before 

and after reaction. This modified albumin will use in polymerization onto acryl amide, vinyl 

pyrolidone, acrylic acid and glycidyl acrylate as a crosslinker. If vinyl or epoxy groups will be less 

than 10% of total amino groups of protein, such kind modified proteins will not be efficient 

crosslinker and hydrogel can not be formed as well [45].  

1.9.2.2. Albumin as a Backbone 

Albumin can modify by acylation reaction in order to obtain maximum hydrophilization of protein. 

The acylated and lyophilized albumin will be immobilized by bifunctional crosslinker such as 

glutaraldehyde. The rest of ε-amino groups after acylation by EDTAD react with glutaraldehyde to 

form crosslinked hydrogel.  

……………………………………………                                                                           

1.10. Effect of Superabsorbent structure on Swelling  

Swelling is a diffusion phenomenon motivated by the affinity of the absorbent molecules for the 

molecules of the contacting liquid. Figure 14 shows five models of swollen superabsorbent gel 

structures. The first Figure (a), a typical crosslinked network, has swelling limit controlled by 

equilibrium between thermodynamic forces due to polymer solvent interactions and entropic force 

of coiled polymer chains. The second model (b) is similar as a Pseudo-crosslink, which generally 

is an insoluble crystalline phase. In some terms model (b) may reversively transform to model (C) 

as a polymer diluted matrix. The (d) model is a similar to house of cards structure and also 

Paracrystaline state (e), which both of them are colloidal in characterization. In fact current 

absorbent materials are more commonly represented as model (a) or (b) [46]. 

  

                  Figure 14. Five models of swollen superabsorbent hydrogel structures      
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                                                                      2 
                     MATERIALS AND METHODS 

 

2.1. Method of preparation of protein-based hydrogel  
 

Production of protein hydrogels consist three main steps: 

1- Separation and purification of protein 

2- Modification of protein 

3-Treatment of modified protein 

4- Hydrogel production 

2.1.1. Preparation of Zygomycetes Cell Wall Protein                                  

Zygomycetes has about 45-48% protein in their structure; this protein has chemical bonding with 

other components inside of micelles. The Protein with three dimension structures bonds to 

polysaccharides (chitin/chitosan) as a ligand via covalent bonding. At the first the biomass was 

dried in a freeze dryer during 48 hours, then grinding and sifting to get a fine powder (mesh 200-

300). For chemical extraction of intracellular proteins from fungi, the ionized water was added to 

dried zygomycetes biomass with ratio 4:1 (w/w) respectively. Then the pH was adjusted at 12 by 

sodium hydroxide solution 2.5 M. The suspension was mixed with Isopropyl alcohol with ratio 

1:2(v/v) for 60 min at ambient temperature (65oC) in water bath as an alcoholic-alkaline 

extraction.                                                                  
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 In this solution, protein, lipids and other organic soluble matters were hydrolysized and 

solubilized. Insoluble alkaline materials (IAM) in this solution were then separated by 

centrifugation at 10000 rpm for 10 min. 

The unfolded protein solution was neutralized at pH 7 by HCl 1 M, and then the filtered Protein 

solution was precipitated by adding ammonium sulfate with ratio 1:4 (w/v). The precipitated fungi 

protein was then separated by filter vacuum and washed 3 times with 70% aqueous ethanol 

solution. Drying process was occurred in freeze dryer so prepared protein was ready to further 

processing. Figure 15 shows a schematic diagram of basic steps of protein extraction from 

zygomycetes fungi. 

 

2.1.2. Separation and Purification Process of Protein 

2.1.2.1.Clarification and concentration of Zygomycetes Protein 

All biological systems (e.g., Cell culture or animal and plant sources) produce a complex mixture 

of proteins, waste materials, growth media, extra cellular and intra cellular products in which the 

target molecule is normally a small quantity. The first step of purification of target proteins is often 

a removal of the particulate matter in the process stream. The process by which this removal is 

attained called clarification.  

……………………………………………………………………….                                                                       

Much laboratory scale clarification is achieved by centrifugation of small volumes of process 

stream. Definitely centrifugation is based on the difference in density between particulate materials 

and the liquid where the particles are contained. Centrifuges can be used to remove particulates 

material down to 0.5 μm in size before to filtration for preparation prior to determination by 

analytical instruments such as chromatography and UV. Spectrophotometer. 

 

After clarification many process use a concentration step to increase the quality of the protein as a 

feed stream for subsequent process. This concentration step can be performed by chemical or 

physical methods. A common technique in the laboratory is solvent extraction, which is usually 

known as liquid-liquid extraction and can be done in the aqueous or solvent phase. The process is  
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based on the solubility of the protein molecule in different solvents. Next step is the addition of 

salts or other organic components that join with the hydrophobicity parts in every protein, common 

additives which used are ammonium sulfate and polyethylene glycol (PEG) [27].  

 

Depending on concentration of additives used, the protein can be particularly targeted to one fluid 

or another, or entirely precipitated out of solution. This method is common in many industries but 

is less useful for protein purification due to the risk of denaturation of protein and because the 

equipment required for solvent recovery. A concentration method, which directly related to liquid-

liquid extraction, is called precipitation. By this way, the addition or removal of a chemical 

material is used to precipitate the proteins present in the solution.     

                                            

Common chemical materials in liquid-liquid extraction are used to reduce the solubility of the 

protein until the proteins salt-out as a solid. For this manner mixed salts contain 20-80% 

ammonium sulfate, potassium phosphate / sodium sulphate are often used in laboratory conditions 

to provide a protein precipitate [27]. In detail, residual salt in consequent steps can cause 

interference with later purification steps. Some salts such as ammonium sulfate can be used as 

precipitants for many proteins.  

 

A big problem with all precipitation methods for proteins is the possibility of causing protein 

denaturation. This must be studied on a case-by-case method, as even denaturation of the protein 

may not be difficult for some purposes. To protect the integrity and quality of protein molecules, a 

general laboratory method is to add a certain amount of protease inhibitors to crud protein 

solutions. In large scale the usage of inhibitor is less common, because of their high costs and also 

the removal process of such inhibitors require additional processing steps for certain products. 

 

The concentration of product is obtained by the selective removal solvent method, typically water 

from the protein solution. Another alternative for removing solvents is use of membrane 

technology as a preferable method in many applications [27].  
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                                     Figure 15. Schematic diagram of protein extraction from zygomycetes 
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2.1.2.2. Determination of Zygomycetes Protein  

The protein content of the lyophilized sample was determined by the Biuret method [48]. The Biuret 

protein determination method is accepted as a reference for total protein determination based on 

colorimetric at 540 nm where in alkaline solution create copper complex bond with NH2 of peptide 

chains. In this method, substances containing two or more peptide bonds are able to react to form a 

purple complex with copper salts at alkaline pH in the aqueous solution [48]. 

                                                                      OH
−     

                                                                           
Copper-protein complexes  Copper (II) sulfate + Protein solution

The copper–protein complex was measured by UV-Visible spectrophotometer (Shimatzu, UV-160 

A) at T: 25°C, Absorbency: 540 nm, Light path: 1 cm  
 
Preparation of standards for Biuret Method 

 

ITEMS REAGENTS % W/V 

A Sodium Chloride Solution (NaCl) 0.85 

B Protein Standard Solution (PSS) 0.5 

C 

Biuret Reagent C: 

    2.25 gm Sodium potassium tartrate (M.w 282.22) 

    0.75 gm Copper (II) sulfate 5 H2O (M.w 249.68)  

1.25 gm Potassium iodide (M.w 166.0) 

0.2 M NaOH (M.W 40) 

           Protein Sample in solution : 

D A solution containing 0.5 - 4 mg protein sample / ml of 

Sample in Reagent A 
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In order to preparation of Biuret reagent (C), all  C components in above Table were dissolved in 

100 ml 0.2 M NaOH then increased volume to 250 ml with deionized water by volumetric flask 

and if a black precipitate forms, it should be thrown away. 

 

Pipette (in ml) the following reagents into suitable containers: 

  

Reagent Test STD 1 STD 2 STD 3 STD 4 STD 5 Blank 

A (NaCl) ─ 0.96 0.9 0.8 0.4 ─ 1.00 

B (WPS) ─ 0.04 0.1 0.2 0.6 1.00 ─ 

D (Protein)  1.00 ─ ─ ─ ─ ─ ─ 

 
       

                                            Mix by swirling then add (C)  

C (Biuret) 4.00 4.00 4.00 4.00 4.00 4.00 4.00 

   

 

Mix above samples thoroughly by vortexing and incubate for 30 minutes at 25°C. Transfer to 

suitable cuvettes and record the absorbance at 540 nm for Test, Standards, and Blank. The standard 

curve absorbance measurement of zygomycetes protein is shown in Figure 30 (Part 3.1.Ⅱ.). 
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2.1.3. Modification of proteins 
 
Albumin / Zygomycetes protein solution (1%) was made in deionized water. The pH of suspension 

was adjusted to 12 and heated for 60 min at 60 oC, then cooled to room temperature and modified 

by the calculated amount of EDTAD. The mixture was constantly stirred and the pH of the protein 

solution during the reaction was maintained at 12.0 by addition of base (NaOH).The pH of 

solution can be controlled by using a pH meter apparatus (Jenway model 3505). After a 2-3h 

reaction period, the pH of the protein solution was adjusted to 7 by addition of acid (HCl) and this 

solution was thoroughly dialyzed against  deionized water overnight, in order to remove salts and 

mainly EDTA-Na and then lyophilization by freeze-dryer (FreeZone2.5 Liter,Labconco).  The 

degree of lysyl residues modified with EDTAD was determined by the  

2, 4, 6- trinitrobenzenesulfunic acid (TNBS) method as described by Hall et al [23]. 

 

2.1.3.1. Determination of the Extent of Modification  
 
Unmodified protein was used as a degree of modification which was defined as the percentage of 

the total available amine groups. The extent of modification was involved to the total modified 

lysyl residues. The unmodified lysyl content and acylated albumin / zgomycetes protein can 

determine by 2.4.6-trinitrobenzenesulfonic acid (TNBS) method as explained by Hall et al [23]. 

 

In this method, 1 ml of sodium bicarbonate (NaHCO3) solution 4% was added to 0.8 mL of 

solution protein including less than 5 mg modified protein, followed by to this solution was added 

0.2 ml of a water solution TNBS in concentration 12.5 mg/ml. This solution was mixed gently and 

was heated in incubator at 40 oC for 2 h, afterward 3.5 ml HCl (35%) was added. The solution 

should be kept in incubator at 110 oC for 3 h, then was cooled down at 25 oC and diluted with 

deionized water up to 10ml. After that it was extracted by pure diethyl ether 2 times. The residue 

of diethyl ether in the solution was evaporated at 40 oC.  
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The yellow solution which is containing of ε −TNP lysine was measured by UV-

spectrophotometer at 415 nm. The quantity of reacted lysyl residues in the acylated and unacylated 

of albumin / zygomycetes protein by EDTAD was determined to Lysine standard curve [23-36].                   
 

 2.1.4. Preparation of Superabsorbent 
 

After acylation, the modified albumin / zygomycetes protein isolate was crosslinked by using 

bifunctional crosslinking reagent. A wide type of suitable bifunctional crosslinking agents are 

known in the art. Dialdehydes will react with lysine residues to form crosslinks between 

polypeptide chains as a backbone structure. 

Bifunctional aldehydes are superior crosslinking reagents. In the present research, any type of 

dialdehyde can act as a crosslinking reagent but the preferable bifunctional crosslinking reagent is 

bifunctional aldehyde which has this structure: 

                                   
                                          OCH−(CH2) x−CHO 

                                                                                                             
In which X is a numeral of from 2 to 8.The suitable bifunctional dialdehyde is glutaraldehyde 

wherein X=3 [21]. 

As follow, acylated protein solution 10% (w/w) was made of deionized water and pH was adjusted 

at 9 by pH meter (Model 3505, Jenway analytical instruments). To 10 ml of this solution was 

added suitable amount of 25% aqueous solution of glutaraldehyde to crosslink the modified 

protein. After the addition of glutaraldehyde to solution, the mixture was roughly stirred and 

allowed to cure overnight at room temperature. The cured gel was dried in oven (Termaks) at              

40 oC and it was milled in mortar. Flow charts of albumin and zygomycetes protein-based 

superabsorbent production are presented in Figure 19, 20. 
 

2.1.5. Determination of Water Uptake 
 

The water uptake of protein-based hydregel was determined in the following procedure, for 

determination of the water absorbency of the hydrogels; the particles were used with 40-60 meshes 

of amorphous shape.  
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The first step was weighted a 30 mg (0.03g) of dried sample in non-woven heat-sealable pouch 

(like to a tea bag).The sealed pouch was immersed in 200 ml deionized water for 24h at room 

temperature (25 ± 2oC).Then the pouches were centrifuged in a clinical centrifuge at 214 × g with             

sample holders containing plastic wire mesh for suitable drainage of the excess water from the 

swollen gel (The Vivaspin 20ml centrifugal concentrators from Sartorius). The sample was 

weighted instantly and the wet weight of swollen gel was determined. Afterward the wet pouch 

with swollen gel was dried in oven at 104oC to constant weight. Finally, the water uptake of gel 

was measured in different times by the weight of wet gel divided by the weight of dried gel 

according to the following equation (1):  

 
                                111111111111111111111            (1)   W – Wo 

        Wo
Water uptake (g/g) = 

 
 

Where W is the weight of swollen gel and W0 is the weigh of dried matrix [17]. 

                                                  
 2.1.6. Swelling Kinetics  
 
Absorption rate or swelling rate contains diffusion of liquid into the polymer networks.  Several 

methods have been employed to achieve swelling kinetics of hydrogels [1]. In this study, the 

equilibrium swelling of crosslinked protein hydrogels upon immersion in liquids as a function of 

time have been investigated. Figure 24, 34 show the swelling rates of the EDTAD-AP and 

EDTAD-IZP hydrogels in deionized water. By this way, swelling rates were measured for all 

samples of AP and IZP-superabsorbent hydrogels at 25±2° C by gravimetric technique. A weighed 

amount of dried gels were pocketed in heat-sealable pouches and allowed to swell in deionized 

water. After the exact time, the bags removed and centrifuged at 214 × g for 5 min in a clinical 

centrifuge with sample holders containing plastic wire mesh for accepted drainage of the excess 

water to the bottom of the holder, thereafter the weight of swollen gels were determined 

immediately. The wet pouches were dried in an oven at 104oC to constant weight. As a result, 

absorbency was calculated as a gram of water per gram of dried gel (g/g) according to Eq.1 at 

period of constant time. 
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2.1.7. Swelling at various pH values 
 
Cationic and anionic hydrogels typically show different degrees of equilibrium swelling at various 

pH values depending on the ionic and polymeric structure. Since the hydrophilicity of hydrogel 

and the degree of ionization are directly related to pH, this is of intense advantage to control the 

gel hydrophilicity. According to this matter, different buffer solutions with pH ranging from 3.0 to 

12.0 were used to determine the effect of pH on the water uptake of the AP and IZP hydrogels. 

The following buffers were used:  

 

1- pH 3: 50 ml of 0.1M potassium hydrogen phthalate was added to 22.3 ml of 0.1M HCl. 

2- pH 4: 50 ml of 0.1 M potassium hydrogen phthalate was added to 0.1 ml of 0.1M HCl. 

3- pH 5: 50 ml of 0.1M potassium hydrogen phthalate was added to 22.6 ml of 0.1M NaOH. 

4- pH 6: 50 ml of 0.1M potassium dihydrogen phosphate was added to 5.6 ml of 0.1M NaOH. 

5- pH 7: 50 ml of 0.1M potassium dihydrogen phosphate was added to 29.1 ml of 0.1M NaOH.  

6- pH 8: 50 ml of 0.1M potassium dihydrogen phosphate was added to 46.1 ml of 0.1M NaOH.  

7- pH 9: 50 ml of 0.1 M tris(hydroxymethyl)aminomethane was added to 5.7 ml of 0.1M HCl. 

8- pH 10: 50 ml of 0.025 M borax was added to 18.3 ml of 0.1 M NaOH. 

9- pH 11: 50 ml of 0.05 M sodium bicarbonate was added to 22.7ml of 0.1 M NaOH. 

10- pH 12: 50 ml of 0.1 M disodium hydrogen phosphate was added to 26.9 ml of 0.1 M NaOH [37]  

Swelling capacity of the hydrogels at each pH was measured according to Eq.1 at period of 

constant time (24h). 
 
2.1.8. Measurement of Swelling under Compressive Load   
                                                     
 
Superabsorbents in personal care subjects should resist against deformation and deswelling under 

different external load because this ability has been concern to developed performance in pad and 

diaper analysis. When uniaxial compression is applied to the swelling hydrogel particle, it is forced 

to change shape which in turn depends on the initial crosslink density and extent of swelling. 

There are two experimental techniques that measure the effect of mechanical compression on the 

swelling process in the study of commercial superabsorbent polymers. These are known as the         

centrifuge retention capacity (CRC) and absorbency under load (AUL). …………………………..                     

38                                                                  
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2.1.8.1. Centrifuge Retention Capacity (CRC)  

 
The retention capacity was approximately determined by weight 0.03 g of the dried hydrogel in a 

non-woven pouch (6 × 4 cm). Then this closed pouch was placed in both water and 0.9% sodium 

chloride (Normal saline) for 30 min at 25±2° C and allowed to dip into liquids. The swollen pouch 

was removed from the water and saline solution and placed on a sieve (100-mesh) in order to 

remove the excess water for 5 min and then centrifuged in the centrifuge tube (Viva spin 20, 

Sartorius Biolab product), at 250 × g force for 5 min. The retention capacity of the protein 

hydrogel was calculated by using the equation (2) [17].  

 
              
             
                          Weight of swollen gel after centrifuge – weight of dried gel 

  CRC =      (2) 
                                         Weight of initial protein superabsorbent 
 

 
 
2.1.8.2. Absorbency Under Load (AUL)  

 
The absorbency under load (AUL) is a test method which measures the ability of a superabsorbent 

material to absorb different liquids under an applied load or controlling force in order to various 

absorbent products such as pad and diapers. 

A high value of AUL depends on high hydrogel strength and the high hydrogel strength can 

maintain a more hydrogel mass during swelling, even at high concentrations of superabsorbent 

material. The superabsorbent polymer with superior hydrogel strength has been achieved by 

increasing the degree of crosslinking.  

 

In general in the superabsorbent polymer when the AUL value, as a function of the degree of 

crosslinking is increased the retention capacity, as a reciprocal function of the degree of 

crosslinking is reduced at the same time [17] (Fig.16).   
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Figure 16. Retention capacity and absorption under load as a function of crosslink density of the 

superabsorbent polymer [17]                                                             

 

2.1.8.3. Test Device of AUL Method  
 

AUL was measured by making use of a piston allows additional weights on the top of the 

superabsorbent sample. The test system consists of a porous filter plate was placed in a petri dish, 

and 0.9% by weight sodium chloride solution (Normal Saline) was added to the top of the filter 

plate. A filter paper was placed on the filter plate to completely wet with saline solution. 

A quantity of dried superabsorbent polymer (0.5 g) was placed into contact with a saline solution 

on to the filter screen of test device (a cylinder with diameter=60mm, height=50mm) (Fig.17). 

A standard weight to attain a load of 0.3 psi (or 0.7 psi) is placed on the top of the superabsorbent 

polymer. After 60 minutes, the swollen hydrogel was weighted, and absorbency under load was 

calculated by using the equation (2).         
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                  Figure 17. Schematic of device used for  the AUL measurement 

 
 

2.1.9. Instrumental Analysis  

Infrared Analysis (FT- IR) 

IR spectrophotometery is a principal instrument for identification and characterization of chemical 

materials, especially polymeric materials [24]. One of the important characteristic of IR 

spectrophotometery is the study of molecular structure or functional groups that can be determined 

based on the vibrational motions of atoms within the molecule after interaction with electro 

magnetic radiation [18], which is called the absorption spectrum of the materials. Infrared 

spectroscopy is a simple and rapid instrumental technique which is normally used for the 

identification of raw materials, intermediates and final products in analytical and quality control 

laboratories. 

 

In the present study, the infrared spectroscopy (FT-IR) analysis was investigated to confirm the 

various functional groups and chemical structures of unmodified, EDTAD-modified proteins, as 

well as EDTAD-AP and IZP hydrogel.  
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                                                                 3 
                       RESULT AND DISCUSSION 

 

 

The important part of present study is that through chemical modification of lysyl residues with 

EDTAD by introducing a number of carboxyl groups into protein molecules. It should be 

mentioned that EDTAD is a bifunctional reagent which is able to acylate of polypeptides either 

inter or intramolecularly. Theoretically, one molecule of EDTAD reacts with one lysyl residue  

which is shown in Figure 18. In this reaction three carboxyl groups can be incorporated for each 

lysyl residue modified, into the protein molecule [15]. This completely improves the net anionic 

charge of the protein with various sites for water binding, which causes in unfolding the protein 

structure. 

 

Crosslinking of EDTAD-modified protein with cross-linking agents such as glutaraldehyde should 

be produced the chemically-crosslinked protein hydrogel with superabsorbent properties. 

Moreover, crosslinking is rather performed in aqueous solution in order to develop both intera and 

inter molecular bonding for immobilizing the modified protein in the aqueous solutions. The ideal 

reaction pathway for the reaction of protein with EDTAD and GLA is shown in Figure 18. 

 

In the present work, after crosslinking with GLA and before drying, the protein superabsorbent 

hydrogels were treated with polar organic solvents. Organic solvents are able to remove any 

residual GLA and breakdown undesirable bonds between GLA and hydroxyl groups of amino acid 

chains, so the hydrophilic hydroxyl groups attend to absorb water molecules. In detail, the effect of 

ethanol, isopropanol and acetone for increasing the swelling capacity of protein hydrogel was 

investigated.  
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Results showed the effect of ethanol on the swelling properties of EDTAD-AP and IZP 

superabsorbent hydrogels were more preferable than isopropanol and acetone respectively, 

because of the extent of swelling capacity of hydrogels which treated with isopropanol and acetone 

were lower than hydrogel that treated with ethanol.  

 

The effect of pH in buffer solutions (pH 3-12) on swelling capacity of the AP and IZP 

superabsorbent was also investigated. This study provided evidence to introduce isoelectric points 

in both AP and IZP superabsorbent hydrogels. The isoelectric point is importance in protein 

purification because it is the pH at which solubility is frequently minimal and mobility in an 

electrofocusing system is zero to form folded protein. The isoelectric points in the anionic proteins 

which have anionic hydrophilic groups in their structures demonstrate at certain alkaline pH 

contain uniform equilibrium charge distribution on their surface.  

 

According to results and schematic diagrams of the AP superabsorbent (Fig.23), the isoelectric 

points with maximum of swelling is around pH=9 and for IZP superabsorbent is around pH=8 

(Fig.34). In this form the modified protein hydrogel surrounded by water due to minimum 

repulsion compare to high concentration of charged particles in acidic or basic conditions.  

 

As follow, the swelling kinetics AP and IZP superabsorbent were surveyed in deionized water. 

Water uptake of AP and IZP superabsorbent hydrogels increased during first hour quickly and 

reached a maximum water uptake level of 296 g water / g dry gel after 24 h for AP superabsorbent 

hydrogel, this amount was 87 g water / g dry gel after 24 h for IZP superabsorbent hydrogel. 

Among the reasons, the initial quick rate might be due to penetrate water into the hydrogels 

networks by charged groups. The decrease in the swelling rate of hydrogels after the first hour 

indicates to repulsion of hydrophilic groups inside the hydrogels network and difference in 

osmotic pressure between the internal of the hydrogels and the external solution until the 

equilibrium swelling is reached. 

To this end, the infrared spectroscopy (FT-IR) was carried out to approve the chemical structure of 

the unmodified and EDTAD-modified AP and IZP superabsorbent hydrogels. 
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This section consists of two parts:  The experiment results of the AP-superabsorbent hydrogel are 

presented in first part and the second part are about experiment results of IZP-superabsorbent 

hydrogel. 

 

                  

 

                            Figure 18. Schematic reactions of protein with EDTAD and GLA  
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                   Figure 19. Flow chart of albumin superabsorbent hydrogel production 
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      Figure 20. Flow chart of zygomycetes protein superabsorbent hydrogel production 
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PART Ⅰ   

 

ALBUMIN SUPERABSORBENT HYDROGEL 
 

 

3.1.Ⅰ. Extent of chemical modification 

 

Figure 21 shows the percentage of chemical modification of lysyl residues in albumin protein (AP) 

with EDTAD. The experimental work was shown, the extent of modification increase with rising 

amount of EDTAD to protein ratio (w/w %). For AP, the protein to EDTAD ratio of 1: 0.2 was 

sufficient to modify 90% of the lysyl residues. The various protein sources with different amounts 

of lysyl content may be required different amounts of EDTAD.    
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      Figure 21. Diagram of modification percentage of lysyl residue of albumin with EDTAD 
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3.2.Ⅰ. Effect of Glutaraldehyde  

 
The effect of glutaraldehyde (GLA) concentration as a crosslinker on the swelling behavior of the 

albumin superabsorbent hydrogel is shown in Figure 22. In this experiment, increasing the 

concentration of GLA from 0.01 to 0.08 M when preserving the acylated albumin protein 

concentration at 1% (w/w) was investigated.  

 

In fact, increasing the concentration of GLA led to change the color of the bulk from off-white to 

brown. Also the swelling capacity of the AP-hydrogel was decreased with increasing the 

concentration of GLA, because the excess of crosslinker may be caused to reduce the hydrophilic 

functional groups of hydrogel. Furthermore the higher amounts of crosslinker can lead to less 

flexibility and poor elasticity, so the hydrogel can not extend and keep a large quantity of water. 
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Figure 22. Effect of Glutaraldehyde concentration on the swelling capacity of the EDTAD-AP hydrogel 
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3.3.Ⅰ. Effect of Buffer solution  

 
The change of the equilibrium swelling degree of AP-hydrogel as a meaning of the pH of the 

buffered solution is shown in Figure 23. In the range of pH 3–6.0 the equilibrium swelling capacity 

was incredibly low and showed a little change with pH, but at pH 6.0 was started to rise of the 

equilibrium swelling degree. In AP-hydrogel a jump was observed from pH 7 to pH 9. Therefore 

the water uptake capacity increased from 43 g water / g dry gel at pH 3 to about 115 g water / g 

dry gel at pH 9. In the present work, the swelling of the modified AP-hydrogel increased 

significantly when the pH raised in the alkaline buffer solution (pH 9) at 25±2 oC. The increase in 

water uptake at pH 9 might be due to further increase in the no net electrical charge at the surface 

of the albumin protein. It seems that around the pH 9 might be the isoelectric point (pI) of EDTAD 

AP-hydrogel.  

 

It should be mentioned that increasing swelling capacity of hydrogel is not directly related to the 

binding of water molecules to ionized carboxyl groups. It could be related to untangling of the 

protein chain due to electrostatic repulsion inside the hydrogel network, resulting in maximum 

water absorption.  
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            Figure 23. Effect of pH in buffer solutions on swelling capacity of the AP-hydrogel  
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3.4.Ⅰ. Kinetics of Swelling  

 
Figure 24 illustrates the swelling kinetic of EDTAD-AP hydrogel in deionized water as a function 

of time. Swelling behavior of the AP-hydrogel was shown during the 24 h a maximum water 

uptake of 296 g water/g dry gel after 24 h at room temperature. The maximum rate of swelling was 

obtained during first hour and then the slope increased very slowly up to 24 hours. In fact, the 

swelling kinetic of superabsorbent is better to determine up to first hour of immersion.  

 

Moreover the equilibrium swelling rate of albumin protein-based hydrogel is comparable to 

synthetic hydrogels such as polyacrylate (ALCOGUM L520). Our results showed that during the 

first 5 minutes, water uptake of AP-hydrogel and polyacrylate are equal but polyacrylate will 

overtake little by little from the AP-hydrogel after about 30min to 1hour of immersion in deionized 

water (Fig. 25). This distinction might be due to the presence of significant amounts of residual 

folded structure in the crosslinked AP-hydrogel. 

 

                             

0

50

100

150

200

250

300

350

0 10 20
Time (h)

S
w

el
lin

g 
(g

/g
)

30

                 

                                              Figure 24. Kinetics of swelling of AP-hydrogel at 25oC 
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Figure 25. Comparison of swelling rate in deionized water between AP-hydrogel and L520 at 25oC  

 

  

3.5.Ⅰ. Effect of Ionic strength  

 
The swelling ratio in superabsorbent hydrogels (SAH) are concerned to the characteristics of the 

type of medium solution such as charged number, Ionic strength and concentration of the Ionic 

solution, as well as the character of protein- based hydrogel structure, the number of hydrophilic 

groups, the elasticity of the network and the extent of crosslinking density. It is observable that 

swelling behavior decrease with increasing the charge of cations. 

 

The swelling behavior of EDTAD-AP hydrogel was sensitive to ionic strength which is usual in 

the polyanionic hydrogels. According to this study the swelling ratio of hydrogels decreases with 

increasing of NaCl concentration. Figure 26 shows a sheer decrease in water uptake of the 

EDTAD-AP hydrogel from 167 g water/g dry gel in deionized water to 52g water/g dry gel when 

it was exposed to a 0.15M NaCl solution after 1 h at 37 OC. 

 

 

 

 

 

                                                                       51 

 



 

 

 

Furthermore, absorbency of EDTAD-AP hydrogel was also estimated in synthetic urine (970 ml 

deionized water, 19.4 g urea, 8 g NaCl, 0.6 g CaCl2 anhydrous, 2.05 g MgSO4.7H2O) [47]. Result 

showed that the EDTAD-AP hydrogel swelling capacity was decreased from 167 g water /g dry 

gel in water to 44 g water/g dry gel when it was exposed to synthetic urine after 1 h at 37 OC 

(Table.4 and Fig.27). 
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Figure 26. Effect of various NaCl concentrations on swelling behavior of EDTAD-AP hydrogel and 
unmodified AP- hydrogel   

                          
 
 
 

Table 4. Comparison of swelling rates of modified AP superabsorbent hydrogel in deionized water, normal   
saline and synthetic urine (average results of 10 samples) 

                                                                               

                                Deionized water                                      Normal Saline                                  Synthetic urine 
     Sample 

                         1 min           1 hr              24 hr               1 min        1 hr           24 hr             1 min           1 hr            24 hr            
                

   AP-hydrogel     51.0 ± 8.3    137.3 ± 29.6    276.3± 19.6      29.5 ± 3.9   47.5± 4.4    56.7± 7.1        26.6 ± 2.0     39.2 ± 4.8      51.4 ± 4.9   
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Figure 27. Comparison of swelling rates of EDTAD-AP hydrogel in deionized water, normal   saline and 
synthetic urine 

 
 
 

3.6.Ⅰ. Absorbency Under Load (AUL) 

Absorbency under load is an important experimental technique that measures the effect of 

mechanical compression on the swelling process of superabsorbents. In general the rate of swelling 

under pressure is related to the particle size and particle size distribution, specific surface area and 

density of the superabsorbent polymer. 

 

Figure 28 shows an absorbency of AP-superabsorbent with our without applied loads, as the rate 

(g/g) of swelling in normal saline solution. In this study, the AP-superabsorbent under various 

constant pressures of 2.07 kPa (0.3 psi) and 4.14 kPa (0.7psi) during 70 min was investigated. The 

curves show that increasing the amount of loading cause to decreasing the swelling capacity of 

AP-hydrogel. 
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As a result, when a compressive load is employed to the swelling superabsorbent particles, it is 

forced to change shape, so dimension of pores with increasing the pressure is decreased. The 

degree of the deformation depends on the initial crosslinking density and extent of swelling 

capacity.  
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       Figure 28. The absorbency under load of AP-hydrogel versus time under applied loads 

 

 

3.7.Ⅰ . Centrifugal Retention Capacity (CRC) 

 
The CRC measurement method is described as the amount of 9% saline maintain after the swollen 

hydrogel has been centrifuged for 5 minutes at 250 × g. As noted earlier, the CRC of synthetic 

hydrogels is in the range of 30 to 35 g/g [25]. In compare, the CRC of current  

synthesized AP- superabsorbent hydrogel is in the range of from about 18 to 22 g/g at about 25±2° 

C, depending on the extent of modification. In fact, the main limiting factor of the saline retention 

capacity is the amount of carboxyl groups per unit mass of the dry gel. 

 

 

                                                                       54 

 

 

http://en.wikipedia.org/wiki/Ovalbumin#cite_note-1#cite_note-1


 
 
 

3.8.Ⅰ.  Effect of Temperature  
 

Protein-based hydrogel has a high tendency to absorb the water due to hydrophilic groups. This 

study showed temperature plays an important role in the swelling capacity of AP hydrogel at pH 7. 

Figure 29 illustrates the water uptake capacity of AP hydrogel was significantly increased with 

temperature between 20-45 oC. Higher temperature leads to increase the diffusion of water 

molecules and cause the large content of water penetrates in to the polymeric network.  This 

positive effect on the equilibrium swelling might be related to increase in the degree of expansion 

of the protein-based hydrogel. This hydrogel was rapidly shrunk while the temperature increased 

above a critical temperature (45 oC) and then water uptake was decreased. 
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                Figure 29. Effect of temperature on the water uptake of AP-hydrogel 
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3.9.Ⅰ. Effect of Particle Size 

 
The dependency of particle size on the equilibrium swelling ratio of the EDTAD- AP hydrogel 

were measured by sieve analysis. The results showed that the water absorption rate was increased 

with decreasing particle size. Decreases in particle size caused to increases in the surface area per 

unit of hydrogel mass and led to rapid water absorption. Moreover the water desorption rate 

increased slightly with decreasing particle size for the same reason. In this study, the maximum 

results were obtained by use the average mesh size 25-30 for determination of swelling behavior of 

the AP hydrogel. 

 

 

3.10.Ⅰ. FTIR-Spectroscopy analysis of AP- Superabsorbent 

Figure 30 shows the FT-IR spectra of unmodified albumin protein (a), EDTAD-modified AP (b) 

and EDTAD-AP hydrogel (c), in the frequency region from 700 to 4000 cm−1. 

In spectra the broad band at 3100–3300 cm−1 due to O–H stretching, an additional peak at 2950-

3200 cm−1 occurs due to the N─H stretching of amino acids. Amide I and amide II bands illustrate 

two important bands of the protein infrared spectrum, so the stretching band observed at 1640 cm−1 

can be attributed to amide I (RCONH2) and the peak at 1550 cm−1 is due to amide II (RCONHR') 

in albumin protein (Fig.30a). 

 

The EDTAD-modified protein carries carboxylate functional groups which are verified by a strong 

band at 1730 cm−1 (Fig.30b,30c).Moreover ,the medium band detected at 1522 cm−1 can be 

allocated to N-H bending coupled with C-N stretching[14]. The AP-hydrogel compared with 

unmodified and EDTAD-modified albumin protein indicates an important peak at 2360 cm−1  

(medium), that might be due to anti-symmetric stretching ─NCO (Fig.30c), because of the 

rearrangement mechanism.  
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In this rearrangement the R─ group migrates with its electrons from the acyl carbon to the nitrogen 

atom in present of OH─. The band at 1450 cm−1 represents asymmetric CH2 bending modes of end 

ethyl groups of albumin protein. 

 

 

 

                                     
 

Figure 30. FTIR-spectra of the unmodified albumin (a), EDTAD-modified AP (b) and the EDTAD-AP 
hydrogel (c)  
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PART Ⅱ   

 

ZYGOMYCETES SUPERABSORBENT HYDROGEL 
 
 

 

3.1.Ⅱ. Determination of Zygomycetes Protein (Biuret Method) 

 
A simple, highly selective and rapid analyze for determination of zygomycetes protein based on 

the Biuret method in the ultraviolet region has been developed. This method can be used for 

determination of total protein. In the present approach, the Biuret assay is based on the reaction of 

proteins with copper ions under alkaline conditions to form a copper–protein complex at 540 nm 

was investigated. The standard curve of absorbance versus zygomycetes protein concentration is 

shown in Figure 31. Furthermore related calculation for percentage of zygomycetes protein is 

presented as follow. 
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            Figure 31. Determination of zygomycetes protein concentration by UV. Spectroscopy method  
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Calculations 

As a result by solving the following equation that was achieved from standard curve of protein 

concentration, the percentage of zygomycetes protein concentration was calculated.  

        Y = 1.8569 X ─ 0.0133 

        1.27 = 1.8569 X ─ 0.0133  ⇒   X = mg of protein from the standard curve = 0.69 

mg Protein = mg of protein from the standard curve = 0.69  

 

                                                               (mg Protein)             
                                % Protein = ───────────────── (100)  
                                                       (mg solid ⁄ ml Reagent D) 

 
        
                         
 
                         

                                                            0.69   mg          
     % Protein of zygomycetes = ───────────── (100) = % 47.7 
                                                         1.446 mg ⁄ ml 

 

 

3.2.Ⅱ..Determination.of Zygomycetes.Lipid.content      ……. 

………………………….. ……………………………………..               
Zygomycetes biomass lipid includes fatty acids ester. The amount of lipid present in zygomycetes 

biomass was determined by solvent extraction method. To 50 ml of 5% w/v extracted protein 

solution in water, the mixed solvents which contain: absolute ethanol (20 ml), diethyl ether (50ml), 

petroleum ether (50ml) was added in decanter and roughly agitated. The extraction process was 

repeated three times and the solvent phase was evaporated in weighed aluminum pans, next dried 

in oven at 100 oC until a constant weight was achieved. According to our experimental work the 

lipid content of zygomycetes fungi was 13.08 g lipid per 100 g dried biomass.  
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3.3.Ⅱ. Extent of Chemical Modification 

 
Figure 32 shows the percentage of chemical modification of lysyl residues in isolated zygomycetes 

protein (IZP) with EDTAD. The experimental work was shown, the extent of modification 

increase with rising amount of EDTAD to protein ratio (w/w %). For IZP, the protein to EDTAD 

ratio of 1: 0.4 was sufficient to modify 90% of the lysyl residues.   
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          Figure 32. Diagram of modification percentage of lysyl residue of IZP with EDTAD    

 
 

 3.4.Ⅱ. Effect of Glutaraldehyde  

 
Figure. 33 shows the effect of glutaraldehyde (GLA) concentration as a crosslinker on the swelling 

behavior of the IZP- superabsorbent hydrogel. In this experiment, increasing the concentration of 

GLA from 0.01 to 0.08 M when preserving the acylated zygomycetes protein concentration at 1% 

(w/w) was studied.  
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In the present work, increasing the concentration of GLA caused to change the color of the bulk 

from beige to dark brown. The swelling capacity of the IZP-hydrogel was decreased with 

increasing the concentration of GLA, because the excess of crosslinker may be reduced the 

hydrophilic functional groups of superabsorbent hydrogel. In general, the higher amount of 

crosslinker can lead to less flexibility and poor elasticity, so the hydrogel can not extend and keep 

a large quantity of water.  
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Figure 33. Effect of GLA concentration on the swelling capacity of EDTAD-IZP hydrogel 

 

3.5.Ⅱ. Effect of Buffer Solution  

The change of the equilibrium swelling degree of IZP hydrogel as a meaning of the pH of the 

buffered solution is shown in Figure 34. In the range of pH 3–5.0 the equilibrium swelling capacity 

was particularly low and showed a little change with pH, but at pH 5.0 was started to rise of the 

equilibrium swelling degree. In case of IZP superabsorbent hydrogel a jump was observed from 

pH 7 to pH 8. The water uptake capacity increased from 31.5 g water / g dry gel at pH 3 to about 

68 g water / g dry gel at pH 8.  

Figure 34 clearly illustrates, swelling of the modified IZP- hydrogel increased significantly when 

the pH increased in the alkaline buffer solution (pH 8) at 25±2° C. 
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The increase in water uptake at pH 8 might be due to increase in the no net electrical charge at the 

surface of the zygomycetes protein, it seems that around pH 8 might be the isoelectric point (pI) of 

IZP-hydrogel. It should be mentioned that increasing swelling capacity of hydrogel is not directly 

related to the binding of water molecules to ionized carboxyl groups. It could be related to 

untangling of the protein chain due to electrostatic repulsion inside the hydrogel network, resulting 

in maximum water absorption.  
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Figure 34. Effect of pH in buffer solutions on swelling capacity of the IZP-Hydrogel 

 
 

3.6.Ⅱ. Kinetics of Swelling  
 

Figure 35 illustrates the swelling kinetic of EDTAD-IZP hydrogel in deionized water as a function 

of time. Swelling behavior of the IZP-hydrogel was shown during the 24 h a maximum water 

uptake of 87 g water/g dry gel after 24h at 25±2° C. The maximum rate of water uptake was 

obtained during first hour, afterward slope increase very slowly up to 24 hours. In fact, the 

swelling kinetic of superabsorbent is better to determine up to first hour of immersion.  
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In detail, Figure 36 shows the comparison swelling rate in deionized water between AP, IZP and 

polyacrylate (ALCOGUM L520) during 24 h at 25±2° C.  
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0000000 0                Figure 35. Kinetics of swelling of IZP-hydrogel at 25oC 
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Figure 36. Comparison of rate of swelling in deionized water between AP-hydrogel, IZP-hydrogel and 
L520 at 25oC  
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 3.7.Ⅱ. Effect of Ionic strength  

 
The swelling ratio is concerned to the characteristics of the type of medium solution such as 

charged number, Ionic strength and concentration of the Ionic solution, as well as the character of 

protein- based hydrogel structure, the number of hydrophilic groups, the elasticity of the network 

and the extent of crosslinking density. Generally, the swelling ratio of hydrogels decrease with 

increasing of NaCl concentration. Figure 37 shows the swelling behavior of EDTAD-IZP hydrogel 

was sensitive to ionic strength which is usual in the polyanionic hydrogels.The EDTAD-IZP 

hydrogel showed a mild decrease in water uptake from 62 g water/g dry gel in deionized water to 

42 g water/g dry gel when it was exposed to a 0.15M NaCl solution after 1 h at 25±2° C. 

In this experimental work, absorbency of EDTAD-IZP hydrogel was also estimated in synthetic 

urine. The EDTAD-IZP hydrogel water uptake from 62 g water/g dry gel in deionized water 

decreased to 37 g water/g dry gel when it was exposed to synthetic urine after 1 h at 25±2°C  

(Table 5, Fig 38).     
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Figure 37. Effect of various NaCl concentrations on swelling behavior of EDTAD-IZP hydrogel and unmodified 
IZP- hydrogel 
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Table 5. Comparison of swelling rates of modified IZP superabsorbent hydrogel in 3 types aqueous solutions. 
(Average results of 7 samples) 
 

                                 Deionized water                                           Normal Saline                                            Synthetic urine 
     Sample 

                     1 min           1 hr              24 hr                     1 min        1 hr           24 hr                   1 min            1 hr            24 hr                    
                 

   
   IZP-hydrogel    28.5 ± 2.3    55.3 ± 6.7    84.3± 3.2           26.5 ± 1.8    39.5± 2.2     44.1 ± 3.3         24.4± 2.0     34.2 ± 2.8    38.6 ± 3.0  
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Figure 38. Comparison of swelling rates of IZP superabsorbent hydrogel in deionized water, normal 
saline and synthetic urine 
 
 
                                                                

3.8.Ⅱ. Absorbency Under Load (AUL) 

 
Figure 39 shows absorbency under load (AUL) as the amount of (g/g) of swelling rate in normal 

saline by the IZP superabsorbent hydrogel under various constant pressures of 2.07 kPa (0.3 psi) 

and 4.14 kPa (0.7psi) during 70 min. the curves shows that  increasing the amount of loading cause 

to decreasing  the swelling capacity of hydrogels. 
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        Figure 39. The absorbency under load of IZP-Hydrogel versus time under applied loads 

 

 

3.9.Ⅱ. FTIR-Spectroscopy analysis of IZP-Superabsorbent 

 

Figure 40 shows the FT-IR spectra of unmodified zygomycetes protein, EDTAD-modified IZP and 

EDTAD-IZP hydrogel, in the frequency region from 700 to 4000 cm−1.  In spectra the broad band 

at 3100–3500 cm−1 due to O–H stretching, an additional peak at 2900-3200 cm−1 occurs due to the 

N─H stretching of amino acids. Amide I and amide II bands illustrate two important bands of the 

protein infrared spectrum, so the stretching band observed at 1643 cm−1 can be attributed to amide 

I (RCONH2) and the peak at 1552 cm−1 is due to amide II (RCONHR') in zygomycetes protein 

(Fig.40a). The EDTAD-modified IZP carries carboxylate functional groups which are verified by a 

shoulder at about 1710 cm−1 (Fig.40b). Moreover, the medium band detected at 1520 cm−1 can be 

allocated to N-H bending coupled with C-N stretching[44]. 
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The IZP-hydrogel compared with unmodified and EDTAD-modified zygomycetes protein 

indicates an important peak at 2342 cm−1 (medium), that might be due to anti-symmetric 

Stretching ─NCO (Fig.40C), because of the rearrangement mechanism. In this rearrangement the 

R─ group migrates with its electrons from the acyl carbon to the nitrogen atom in present of OH─. 

The band at 1450 cm−1 represents asymmetric CH2 bending modes of end ethyl groups of 

zygomycetes protein. 

 

    
 
Figure 40. FTIR-Spectra of the unmodified zygomycetes protein (a), EDTAD-modified IZP (b) and the 
EDTAD-IZP hydrogel (c)  
 
 
 
 
 
 
 
 
 
                                                      
                                                
                                                      67 

 

 



 

 

                                                                 4 
                                             CONCLUSION 

 

The presented results in this study show successful synthesis of ovalbumin and isolated 

zygomycetes protein superabsorbents. Remarkable results for water uptake of AP-superabsorbent 

hydrogel showed that it could be developed with outstanding potential to replace with the synthetic 

superabsorbent hydrogels. 

 

 According to this work, the swelling kinetic of AP-hydrogel is able to compete with polyacrylate 

(L520) in various aqueous fluids such as deionized water, normal saline and synthetic urine at 

initial time. Although the swollen albumin superabsorbent holds acceptable amount of saline under 

slight pressure (1-4 kPa), so it could be a possible alternative instead of synthetic superabsorbent 

for personal hygiene products without any toxic residual monomers. 

 

Sensitivity of AP-hydrogel as an anionic polymer to change in water, ionic strength and various 

pH creates suitable smart sensor for employ in different applications. Because of its liquid-water 

absorption properties, the AP- superabsorbent hydrogel is able to absorb water from the vapor 

status and use to control humidity. This property can be used for food packaging in order to absorb 

juice or water for fresh foods. Therefore the EDTA group in the EDTAD-modified protein 

hydrogel is an excellent bi-valent metal ion chelator, which can be used for elimination of heavy 

metals from industrial waste waters, also can absorb noxious gases and heavy metals gases as a 

chem-bio filter.  

 

 

 

 

                                                                                68 

 

 



 

 

 

According to our results, the swelling capacity of IZP-superabsorbent hydrogel was successfully 

developed with excellent capability in normal saline and synthetic urine. Also the swollen IZP 

hydrogel holds suitable amount of normal saline and urine under pressure (1-4 kPa). Because the 

IZP-hydrogel was shown the high swelling rate at initial time so it can be used in several cosmetic 

formulations as humectants. In detail the zygomycetes and albumin protein-based superabsorbents 

are hydrolytically degradable, and the results of degradation are non-toxic amino acid derivatives, 

so they are useful as controlled -release transdermal drug for internal and external applications.  

                                                                                                                  

5. Future Works                                      

In fact, the results and details of AP and IZP superabsorbent hydrogels were quite investigated 

during this research work, but future work can   be developed for variety products by improving 

features of superabsorbent via copolymerization, graft-polymerization or conjugation with various 

natural or synthetic polymers and nanoparticles. As follow, many of the further and emerging 

applications of superabsorbents can be obtained by chemical modification of functional groups in 

order to extend in various purposes. The multi-element nature of such this systems offer 

adaptability in terms of both biodegradation and mechanical properties. 

 

Also, a similar approach can be used on other proteins, such as microbial proteins, animal proteins, 

and proteins recovered from food-processing wastes. 
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                                       NOMENCLATURE 

 

AP: Albumin Protein 

AUL: Absorbency under load 

Bio-SAPs: Bio-Superabsorbent polymers 

CRC: Centrifuge retention capacity 

Cm -1: Wave number or reciprocal centimeter  

Da : Dalton (The atomic mass unit of proteins) 

DNA: Deoxyribonucleic acid 

EDTA: Ethylenediamineteraacetic acid 

EDTAD: Ethylenediaminetetraacetic anhydride 

FTIR: Fourier transform infrared spectroscopy  

GLA: Glutaraldehyde 

IAM: Insoluble alkaline materials 

IPA: Isopropyl alcohol 
IPN: Inter penetrating polymer network 

IZP: Isolated Zygomycetes Protein  

MW: Molecular weight 

NMR: Nuclear magnetic resonance 

PEG: polyethylene glycol 

pH: measure of acidity of aqueous solution  

pI: Isoelectric point   

SAH: superabsorbent hydrogels   
SAP: Superabsorbent polymers 

SSL: sodium sulfite liquor   

TFM: Total fatty matter 

TNBS: 2,4,6-trinitrobenzenesulfonic acid 

UV: Ultraviolet  
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	Mix above samples thoroughly by vortexing and incubate for 30 minutes at 25°C. Transfer to suitable cuvettes and record the absorbance at 540 nm for Test, Standards, and Blank. The standard curve absorbance measurement of zygomycetes protein is shown in Figure 30 (Part 3.1.Ⅱ.).

