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Abstract 

The flexible properties of the gels make them superior candidates for the delivery of bioactive 

agents in cosmetics, medicine, biomaterials and food technologies. The aim of the present 

study was to develop bigels from the oleogel of sunflower oil and sorbitan monopalmitate for 

the delivery of metronidazole. The bigels were prepared by mixing oleogel with the polymer 

solution. Natural (proteins and polysaccharides) and synthetic polymers were used to alter 

properties of the bigels. Fluorescence microscope was used to study the microstructure of the 

bigels. The molecular interactions amongst the components of the bigels were studied by 

FTIR spectroscopy. The mechanical behavior of the bigels was determined using viscometer 

and static mechanical tester. Gel disintegration studies were carried out at pH 7.4. The 

thermal and electrical properties of the bigels were analysed using differential scanning 

calorimeter (DSC) and phase-sensitive multimeter, respectively. Goat blood and HaCaT cells 

were used to test the hemocompatibility and the cytocompatibility of the bigels, respectively. 

The antimicrobial efficacy of the drug (metronidazole) loaded bigels was studied against E. 

coli. The efficiency of the bigels as controlled delivery formulations was evaluated in vitro. 

Iontophoretic delivery of the drugs was carried out by injecting an AC current (peak current 

of 96.44 μA). The micrographs suggested the formation of an oleogel-in-hydrogel type of 

bigels. The particle size of the bigels containing proteins was smaller (4-5 μm) than the bigels 

containing natural polysaccharides and synthetic polymers. Hydrogen bonding was the major 

driving force in the formation of the bigels. The mechanical properties of the polysaccharide 

based bigels were better as compared to the other bigels. The firmness of starch bigels and 

maltodextrin bigels was found to be highest 729.4421 ± 3.1471 g and 1000.7623 ± 1.8211 g, 

respectively. All the bigels exhibited pseudoplastic flow and were viscoelastic in nature. The 

disintegration time of the bigels was dependent on the property of the polymer used. The 

melting endotherm of the bigels was ~46 °C. The bigels were biocompatible in nature. The 

drug loaded bigels showed equivalent inhibitory zones against E. coli as compared to the 

marketed formulations. The application of AC current increased the in vitro drug release. In 

conclusion the results of the study suggested that the release of metronidazole was controlled 

by various types of polymers and also greatly influenced by the physical and mechanical 

properties of the bigels. 

Keywords: Oleogels, bigels, fluorescence, pseudoplastic, viscoelastic, thermal, resistance, 

metronidazole, iontophoresis. 
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1 
 

1.1 Background and significance of study 

A substantial amount of drug should be absorbed from the site to obtain a desired therapeutic 

response. An effective therapeutic response of the drug can be attained by controlling the 

release rate of the drug from the dosage form, rate of absorption to the site and achieving a 

site specific delivery [1]. These factors can be well tailored by using controlled drug delivery 

systems (CDDS). These systems ideally release the drug at a constant rate over an extended 

period of time. CDDS initially release a part of the dose from the formulation so as to attain a 

rapid therapeutic concentration. The remaining part is then released in a definite pattern to 

maintain the desired drug level [2]. The term controlled drug release implies both sustained 

delivery of the drug for days/weeks/months/years and also for one time delivery [3]. Various 

types of dosage forms like tablets, capsules, gels, suspensions are used in CDDS. Amongst all 

these above types, gels are getting widespread attention for the preparation of CDDS. Gels 

are typically classified into oleogels and hydrogels based on the nature of liquid phase 

entrapped [4]. Apart from oleogels and hydrogels, bigels are also used as CDDS. Bigels are 

often defined as composites of organogels and hydrogels. These systems appear structurally 

as emulsions [5]. These are a new class of biphasic soft solids whose both the phases are 

semi-solid in nature. The existence of these systems was first predicted by lattice Boltzmann 

simulations in the year 2005. Recently, bigels are gaining widespread application in topical 

and transdermal delivery. One such study reported increased release of diltiazem 

hydrochloride from bigels as compared to the hydrogel and organogel formulations [5]. The 

bigels of carbopol hydrogels and oleogels of sorbitan monostearate-sweet almond oil and 

cholesterol-liquid paraffin have also been explored [6]. As bigel contains both hydrophilic 

and hydrophobic phases, it acts as an efficient delivery vehicle for both lipophilic and 

hydrophilic bioactive agents. The synergistic effect of hydrogels and oelogels can be 

achieved in bigels.  

Bigels of vegetable oil and sorbitan esters have been explored for topical and transdermal 

applications. Vegetable oils are being used in the preparation of various foods, 

pharmaceutical, and cosmetic products. Apart from vegetable oil, fish oil has also been used 

for the preparation of these types of biphasic gels [7]. This is mainly due to the functional and 

beneficial properties of vegetable oils apart from their inherent physical stability [8]. 

Vegetable oil, such as sunflower oil, is rich in vitamins and polyunsaturated fatty acids which 

make it an excellent candidate for drug delivery applications. Sorbitan esters are widely used 

in formulating pharmaceutical formulations, emulsions, solutions, oral and injectable 
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suspensions. The acceptable daily intake, as per FDA is about 25 mg a day [9]. Sorbitan 

monopalmitate (Span-40) is a sorbitan ester and has been studied as an organogelator for the 

preparation of organogels. It is non-ionic in nature with an HLB value of 6.7 [10]. Sorbitan 

monopalmitate can help in the preparation of semi-solid formulations by immobilizing apolar 

liquids e.g. hexane, isopropyl myristate, etc. [11]. 

Apart from the presence of these stabilizing agents, the effectiveness of the vigil system has 

been evaluated by adding various proteins, polysaccharides as well as synthetic polymers. 

Proteins like gelatin and whey powder have been used in many pharmaceutical and 

nutraceutical preparations. Gelatin, a protein, that is obtained from the hydrolysis of collagen 

obtained from the skin, connective tissues and bones of animals. Its biocompatibility and 

biodegradability make it a suitable candidate for the preparation of scaffolds in tissue 

engineering. Whey protein is a by-product of the food industry. It has been used as a 

stabilizer in the preparation of different types of emulsions. Amongst the polysaccharides, 

sodium alginate, sodium carboxymethyl cellulose, maltodextrin, soluble starch, xanthan gum, 

guar gum and gum arabic were chosen as representative polysaccharides for the preparation 

of the bigel. Polysaccharides such as alginates and cellulose are biochemically similar to the 

extracellular matrix components of the human body and hence are biocompatible. Apart from 

biocompatibility, these polysaccharides have easy availability. They are low-cost materials 

due to their abundance in nature, which in turn, makes them suitable for bigel preparation. All 

these polysaccharides are water soluble and are used as binders, emulsifiers, solubilizers and 

stabilizers in many pharmaceutical formulations. Due to these advantages, they were selected 

as suitable candidates for the preparation of bigels. Synthetic polymers, on the other hand, 

provide good mechanical stability. The synthetic polymers such as polyvinyl pyrrolidone 

(PVP) and polyvinyl alcohol (PVA) are non-ionic and have good hydrophilicity and 

biocompatibility. PVP is a biocompatible polymer that has been used in the preparation of 

temporary skin covers and wound dressings [12]. It is not biodegradable in the body, but may 

be eliminated by renal filtration if the molecular weight is not very high [13]. PVA has a 

good stabilizing property for various multiphase systems enabling them to be used as a 

physical property modifier.  

So far, little information is available on these bigels for the delivery of antibiotics. Their use 

as matrices for iontophoresis has been studied. The current study proposes the development 

of bigel formulations for the delivery of metronidazole. Metronidazole is a partial hydrophilic 

nitroimidazole agent that inhibits anaerobic microorganisms and protozoan infections. Its 

poor solubility in water (10 mg/ml) makes it a candidate for prolonged delivery [14]. The 
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prolonged release of this drug from bigels is preferable for reducing application frequency 

and improving patient compliance [15].  

Bigels as drug carriers for iontophoresis were also studied in-depth. Conventional 

iontophoretic setup uses direct current (DC) for the delivery of drugs, but it is associated with 

many side effects. The main disadvantage of using DC is the polarization of the electrodes 

which causes a tingling sensation and subsequently pain during the iontophoresis process 

[16]. Though the efficiency of the DC in the transportation of drug is much higher than the 

AC iontophoresis, the procedure is limited to a short duration (10-15 min) due to the 

electrochemical burns caused by the formation of hydrogen and hydroxide ions generated 

during DC iontophoresis. AC iontophoresis enables a longer duration of drug delivery with a 

negligible polarization of the electrodes and the associated disadvantages [17]. The 

iontophoresis usually employs a current density up to 0.5 mA/cm2 [18]. Keeping the above 

facts in mind, the developed bigels were tested as matrices for iontophoretic drug delivery 

applications. These bigels were thoroughly characterized using various techniques. The 

microstructural analysis of the bigels was carried out by a light and fluorescence microscope. 

The physical properties were evaluated by a viscometer and a static mechanical tester. 

Electrical and thermal characterizations of the prepared bigels were studied in-depth. The 

antimicrobial efficiency of these bigels was tested against E. coli.  
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2.1 Overview 

Technology using CDDS is nowadays used both for the temporal and the spatial placement of 

the drugs. The objectives behind the development of the CDDS usually depend on the type of 

drug used and the pathophysiology of the disease (acute or chronic). CDDS is intended for 

those drugs with short biological half-life. The use of CDDS prevents first pass metabolism 

of drugs, maintains the plasma drug concentration within the therapeutic window and 

improves the patient compliance. There have been many formulations that have been used for 

CDDS. Examples of such types of formulations are tablets, gels, implants, and devices. The 

primary mechanisms that control the release of drugs are membrane and matrix diffusion, 

osmosis and biodegradation.  

Use of gels in CDDS is gaining significant attention. A gel is defined as a semisolid system, 

containing a solvent, either hydrophobic or hydrophilic, immobilized within the spaces 

available in a three-dimensional network structure [19]. The tunable mechanical properties of 

the gels make them superior candidates for the delivery of bioactive agents in cosmetics, 

medicine, biomaterials and food technologies [20]. Gels also act as good moisturizing agents 

for skin [21]. According to the nature of the liquid phase, gels may be differentiated into 

hydrogels and organogels (oleogels). In a hydrogel, the liquid phase is aqueous, whereas, in 

an oleogel the liquid is lipophilic. Besides hydrogels and oleogels, some other types of gels 

(figure 2.1), such as emulgels, bigels and aerogels are also reported for dermal application of 

drugs. The present review discusses the different types of the gels with an emphasis on bigels 

and their applications in various fields. 

 

Figure 2.1: Classification of gel 
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2.2 Organogels  

Organogels or oleogels are gels containing apolar (e.g. chloroform, alcohol, dimethyl 

sulfoxide, hexane, etc.) liquids or oil (e.g. cod-liver, olive, groundnut, castor oil, etc.), 

respectively, as the liquid phase. The liquid is entrapped within a three-dimensional solid 

network structure. The solid-like network is formed from either low-molecular-weight 

components (LMOG) or polymers, which are collectively known as organogelator. Apart 

from these, many waxes including candelilla wax, rice bran wax, carnauba wax and 

sugarcane wax have also been investigated as organogelators for transdermal delivery of 

lipophilic drugs [22]. Apart from the above gelators, lecithin (phospholipids obtained from 

egg yolks) has also been used for the preparation of organogels. These organogels are 

biocompatible and are thermodynamically stable. The thermoreversible nature, resistance to 

microbial contamination and insensitivity to moisture make these organogels a suitable 

carrier for drug delivery [23]. 

The interactive forces that govern the formation of the three-dimensional network in the 

organogels include hydrogen bonding, van der Waals (hydrophobic) and π-stacking 

interactions. Organogels are usually formed by two mechanisms (figure 2.2). The first 

mechanism involves the formation of organogels by a solid fiber gelator network. In this 

method, the gelator is heated in an apolar solvent until it is completely solubilized. The 

temperature is then decreased below the crystallization temperature of the gelator. The 

gelator molecules start precipitating and self-assemble by physical interaction to form solid 

aggregates. These aggregates form a 3D network which immobilizes the solvent. In the 

second mechanism, organogels are obtained from the fluid-filled structures. In this method, 

the organogels are formed by the addition of polar solvents to the surfactant solution in apolar 

solvents that leads to the formation of reverse micelles. The reverse micelles form structures 

of different shapes which undergo aggregation to form 3D networks, to immobilize the 

solvent. Both of these mechanisms cause the formation of networks by non-covalent 

interactions. The major difference between these types of the organogels lies in the stability 

of the formulations. Organogels of solid fibers are usually strong, as compared to fluid filled 

structure organogels, due to the presence of large junction points.  

The release of drug from the organogels occurs mainly by diffusion and surface erosion. The 

diffusion of the drug from these organogels is further controlled by many other factors like 

pH, temperature, electric field, light, etc. One such type of mechanism of drug release was 

observed from the stearyl-acrylate organogels. When these organogels were heated above 
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their melting temperature, there was a reversible transformation from ordered crystalline 

structure to disordered amorphous structure. This type of reversible transformation further 

allows the release of drugs by diffusion [24]. The release of drug from Eudragit L based 

organogels was dependent on the surface erosion of the matrices [25]. The erosion may occur 

either from the bulk or from the surface. The erosion makes the matrices more porous, 

thereby, allowing the easier passage of the drugs across the matrices [26]. The absorption of 

the drugs through the stratum corneum from the organogels is a sequential process. The 

surfactants and phospholipids present in the organogels get absorbed into the stratum 

corneum and increase the tissue hydration. The hydration of the tissues consequently 

increases the drug permeation [27]. 

Organogels have a wide area of application in the pharmaceutical field. The major advantage 

of using organogels in the drug delivery application is their ability to enhance the drug 

penetration through stratum corneum. This may be explained by the presence of various 

components, e.g., fatty acids, glycols, surfactants and terpenes, which are established 

chemicals to promote permeation of drugs through the skin.  

Sorbitan monostearate isopropyl myristate-water organogel has been used for in vitro nasal 

delivery of propanolol hydrochloride [25]. Organogels are also used for parenteral 

administration of drugs [28]. One such study was conducted where tyrosine-based organogels 

was used for the delivery of rivastigmine to treat Alzheimer's disease[29]. Oleogels using N-

stearoyl L-alanine methyl ester organogelator in safflower oil was used for subcutaneous 

delivery of rivastigmine [30]. Gelatin based w/o microemulsion based organogels was used to 

deliver cyclosporine (immunosuppressant drug) [31]. Some literature has proposed the 

preparation of organogel-based niosomal gels for the delivery of lipid soluble vitamins and 

antigens [32]. Lecithin organogels have been used for the topical delivery of many 

therapeutically active molecules such as hormones, NSAIDS, amino acids, local anesthetics, 

antifungal agents,  peptides and vitamin A and C [33].  
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Figure 2.2: Types of organogels and their mechanism behind formation 

2.3 Hydrogels 

Hydrogels contain an aqueous dispersion medium, gelled with a suitable hydrophilic gelling 

agent. They include three-dimensional hydrophilic polymer network that can absorb large 

quantities of water [34]. In CDDS, hydrogels have been used as smart delivery systems. 

Hydrogels may be designed to alter their microstructure by giving either physical or chemical 

stimuli. The physical stimuli include electric and magnetic field, temperature, light, sound 

and pressure. The chemical stimuli that influence the hydrogel working include pH, enzyme, 

ions and molecular recognition events.  

The mechanism of hydrogel formation involves chemical or physical crosslink of the gelator 

molecules. The gelators for hydrogel preparation are hydrophilic. Hydrogels formed from 

physical crosslinks are known as ‘reversible’ or ‘physical’ hydrogels (figure 2.3). The 

physical hydrogels include crosslinks such as entanglements, crystallites, van der Waals 

interactions or hydrogen bonding. Hydrogels formed from chemical crosslink are known as 

‘‘chemical’’ or ‘‘permanent’’ gels which are formed via covalently bonded crosslinked 

networks [20]. The chemical hydrogels differ from the physical ones in many aspects. 

Chemical hydrogels as compared to the physical hydrogels have a low swelling capability 

and a high crosslink density. 

The release from the hydrogels occurs mainly by two different mechanisms, i.e., diffusion 

and chemical stimulation. Diffusion of the drug occurs across the polymer matrix. It is 

usually dependent on the concentration gradient of the drug built inside the hydrogel and the 
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environment. The release of the drugs may also occur by bulk erosion of the hydrogel matrix. 

In the case of chemically stimulated gels, swelling is the primary factor that governs the 

release of drugs. Swelling of hydrogels occurs in response to external conditions like 

temperature, pH or by enzymatic action [35]. This kind of release is well accepted for 

targeted drug delivery. In general, drug release via diffusion is more common for localized 

and non-specific drug release whereas drug release by chemical stimulation is applied mainly 

for oral drug delivery system [34]. 

There is a progressive increase in the application of hydrogels in biomedical sciences, i.e. in 

cell encapsulation, tissue repair and in the controlled delivery of growth factors. The 

discovery of hydrogels prepared from acrylated poloxamine, poloxamine hydrogels, and 

polymerized oligolactides led to a significant application in drug delivery as well as tissue 

engineering [36]. pH and temperature sensitive hydrogels have been used for the controlled 

delivery of proteins and calcitonin. Some examples of pH and temperature sensitive 

hydrogels are PAA (polyacrylamide) and PMA (polymethacrylate) hydrogels. These types of 

hydrogels were used for the development of colon-specific drug delivery systems. pH-

sensitive hydrogels of N-isopropylacrylamide have been used for the delivery of 

antithrombotic agents [37]. Hydrogel-based niosomes and proniosomes have been studied as 

potential carriers for transdermal delivery of drugs [38]. 

 

Figure 2.3: Various methods in the formation of physical and chemical hydrogels 

2.4 Aerogels and xerogels 

Aerogels and xerogels are also known as inorganic gels because both these gels are composed 

of silica [39]. Both aerogels and xerogels are prepared by sol-gel process. Xerogels are 
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obtained by drying wet silica gel under normal pressure. Aerogels, on the other hand, are 

formed by supercritical fluid technology. In this process, the liquid within the hydrogel or 

lyogel (polysaccharide gels based on organic solvents) is replaced with air or other gases. The 

supercritical fluid technology works by raising the pressure of the liquid within the gel above 

the vapour pressure of the liquid leading to the formation of gels with little shrinkage and 

high porosity [40]. Aerogels are more flexible in terms of their structure, pore size and 

surface area than xerogels. As xerogels are prepared by a normal drying process, these gels 

have a changed morphology as compared to the aerogels (figure 2.4). Drying under normal 

condition causes shrinkage and results in the formation of a dense matrix. These materials 

have small pore size as compared to other gels.  

Apart from silica aerogels, organic polysaccharide aerogels have been reported by some 

authors [41]. The commonly used polysaccharides for the preparation of aerogels are 

cellulose, nitrocellulose and agar [41]. Aerogels and xerogels as delivery systems have the 

capability to enhance the solubility of the drugs and their bioavailability by manipulating 

their release kinetics [42]. They have been used in the form of device or disc in CDDS. The 

mechanism of prolonged delivery of drugs from these formulations is diffusion mediated 

[43]. 

Silica aerogels have a high drug loading capacity due to their large surface area [44]. 

Aerogels of silica have been used for the dermal delivery of dithranol. Polyethylene glycol 

hydrogel coated aerogels have been used for the controlled delivery of ketoprofen [45]. 

Hydrophilic aerogels of silica have been tried for the delivery of ketoprofen and griseofulvin. 

The adsorption of these drugs led to an increased dissolution rate [46].  

Aerogels have several advantages. The drug release kinetics can be tailored by modifying the 

surface of the aerogel [47]. The volume and pore size of the aerogel can be easily changed. 

Their biocompatibility and nontoxic nature make them suitable systems for enzyme 

immobilization, waste treatment, biosensors and drug release [48]. Apart from the above 

aerogels also allow faster dissolution of drugs [49]. Researchers have shown that ionically 

cross-linked multi-membrane alginate aerogels increased the loading as well as prolonged the 

release of nicotinic acid [50]. Silk fibroin aerogels have been reported to extend the release of 

ibuprofen [51]. Alginate aerogels have shown to increase the release of poorly soluble drug in 

the upper gastrointestinal tract [52]. Mechanically stable whey protein aerogels were found to 

have pH controlled swelling behavior and sustained the release of ketoprofen in both stomach 

and intestine [53]. Highly porous aerogels from nanofibrillar cellulose were prepared for the 
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delivery of beclomethasone dipropionate. The study revealed that the release of the drug was 

controlled by altering and modulating the structure as well as the matrix of the aerogel, 

respectively [54].  

Xerogels are porous, resorbable materials that have been used for the delivery of low 

molecular weight antibiotics like vancomycin [55]. Xerogels are non-toxic and biocompatible 

in nature [56]. Silica xerogels have been studied in subcutaneous drug delivery, where they 

have been evaluated as drug implants [57]. The discs of silica xerogels have shown to sustain 

the release of toremifene citrate for 42 days [58]. Studies have shown that the drug release of 

dexamethasone was controlled in silica xerogel [59]. Silica xerogels loaded with gentamicin 

for the elimination of Salmonella from liver and spleen delayed the release of drug for 5 days 

[60]. Implants of silica xerogels were found to be non-toxic in liver and kidney thus making 

them a suitable candidate for the sustained delivery of drugs [61]. The drug release from 

these type of xerogels can be controlled by altering the precursor, concentration of catalyst 

and also the drying temperature [62]. A study was reported where it was found that lidocaine 

hydrochloride release can be easily controlled by substituting tetraethoxysilane with 

organosilanes [63]. Studies have also indicated that the biological activity of heparin was 

retained after its encapsulation within silica xerogels [64]. Xerogels of sodium diclofenac 

prepared by sol-gel method were found to be resistant to gastric pH [65]. Chitosan-silica 

xerogels have been used as a membrane material for the bone regeneration. These xerogels 

were found to have good mechanical properties and cellular response apart from the higher 

rate of bone regeneration in rats [66].  

 

Figure 2.4: Effect of drying on aerogel and xerogel structure 
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2.5 Emulgels  

Emulsions gels (emulgels) are highly viscous, elastic biphasic systems which have been 

widely used in the areas of food, pharmaceutical, cosmetic, paint and petroleum industries. 

The stability of the emulsions is enhanced by the addition of substances known as 

emulsifiers. The emulsifiers prevent the coalescence or coarsening of the droplets (dispersed 

phase) by reducing the interfacial tension. The commonly used emulsifiers in food and 

pharmaceutical industries include proteins, surfactants, and solid particles [67]. The 

emulsifiers are amphiphilic in nature which get adsorbed at the liquid-liquid interface to form 

a protective layer. The size of the solid particles used as emulsifiers usually range from 

nanometer to micrometer. These types of emulsions are termed as pickering emulsions. These 

types of solid-stabilized emulsions provide more mechanical rigidity to the droplet as 

compared to the other emulsions [68]. Another form of an emulsion is the emulgel. Most of 

these gel systems contain a high amount of surfactant and are anisotropic. The gelled 

emulsion are highly concentrated systems with a high internal phase volume ratio (0.74) [69]. 

These are comprised of tightly packed droplets of the dispersed phase. The radii of the 

droplets are few microns. These droplets are separated by a thin film of the continuous phase. 

Emulsion gels are prepared by mixing oil, water, non-ionic surfactant and a gelling agent 

[70].  

The formation of emulsion gels is influenced by the property of the non-ionic surfactants. 

The properties of non-ionic surfactants are dependent on the temperature. These surfactants 

form micelles at low temperature, and at higher temperature there is a transformation to 

reverse micelles. At the transition temperature, the surfactant phase coexists both with the 

water and the oil phase and results in the formation of soft emulsion gels [71]. The 

mechanism of protein based emulsion gels also occurs in a similar manner. The gels of 

proteins are formed by heating the protein stabilized emulsions above a certain temperature. 

This method causes the adsorbed proteins to unfold partially and expose some reactive amino 

acids, which are inaccessible in native (folded) proteins. These reactive amino acids then 

participate in the formation of crosslinks between proteins present in the interfacial film and 

that in the aqueous phase. These crosslinks consist of both physical and chemical bonds. The 

chemical bond responsible for the crosslink formation includes disulfide linkages. The 

physical crosslinks are formed by electrostatic, hydrophobic and hydrogen bonding. These 

crosslinks help in tailoring the mechanical properties of the interfacial film and also hinders 
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coalescence. The other advantage is that these crosslinks enable the formation of a 3D solid 

network that helps in the formation of textured emulsions [72].  

There are two classes of emulsion gels depending on the dispersed and continuous phase, one 

being the water-in-oil (W/O) and the other oil-in-water (O/W). The emulgels can also be 

classified into adhesive and non-adhesive depending on the forces acting between the 

droplets of dispersed phase. Adhesive emulgels are those emulsions that do not relax and 

maintain a high degree of packing due to the presence of attractive forces between droplets. 

The non-adhesive emulgels, on the other hand, relax in such a way that the emulsion dilates 

to the state of non-deformed droplets [73]. The emulgels have widespread application in 

pharmaceutical, cosmetic, and food industry. 

The mechanism of drug release from these systems is also governed by diffusion. The 

internal phase of the emulgels acts as a reservoir for the active compounds, which slowly 

releases the drug into the external phase. The drug finally permeates through the skin by both 

intercellular and intracellular penetration.  

Emulgels were introduced to overcome the problem associated with the delivery of the 

hydrophobic drugs. Emulgels are prepared by the addition of the gelling agent in the external 

phase, thereby, converting a classical emulsion into an emulgel. These emulgels have several 

favorable dermatological properties. They are thixotropic in nature, and their greaselessness, 

spreadability, removability, emollient properties, long shelf-life and a pleasing appearance 

make them preferable over the other gel systems [74]. Emulgels have a high patient 

acceptability. Studies reported that emulgels from carbopol and HPMC were easy to prepare 

and had a high diffusion as well as absorption rates [75]. Emulgels are excellent vehicles for 

skin care products for protection against ultraviolet A and B (UVA/UVB radiation) [76]. 

Table 2.1 summarizes the characteristic features and the available commercial products of the 

above-discussed gels. 
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Table 2.1: Summary of types of gels and their major feature with examples of 

commercial products 

Formulation 

types 

Characteristic feature Indications Commercial 

products 

Refer- 

-ences 

Organogels/

Oleogels 

Organic solvent or oil 

entrapped in the 3D 

network of organogelator 

Skin care-Acts as 

emollient bases, 

moisturizing agents 

Gilugels, 

Phlogel 

organic 

(lecithin 

organogel) 

[77] 

Hydrogels 3D network of hydrophilic 

gelling agents containing 

water 

Antimicrobial Aursta, 

transgel 

[78] 

Aerogels  Inorganic gels of silica 

produced by supercritical 

drying 

No pharmaceutical 

preparation are 

currently available 

Aerosil [79] 

Emulgels Comprises of a hydrogels 

or oleogels with any 

emulsion type and a 

surfactant 

Anti-inflammatory, 

and antifungal 

Voveran, 

Voltaran, 

Miconaz-H 

[80] 

2.6 Bigels 

Bigels consists of two immiscible fluid phases which are individually stabilized by 

independent gelators. The immobilization of the liquid phase causes a marked reduction in 

the interfacial free energy [81]. Due to the microarchitecture of the bigels, the bigels can thus 

be regarded as biphasic gels. Bigels have several other features that make them a suitable 

candidate for various applications in pharmaceutical and biomedical industries. As compared 

to the major drawbacks of the listed gels in Table 2.2, the bigels have better acceptability. 

One important reason for choosing bigels is to provide a synergistic effect of both hydrogels 

and oleogels. Due to the combination of hydrogels and oleogels, bigels can be used as 

vehicles for simultaneous delivery of both hydrophilic and lipophilic drugs. Their easy 
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method of preparation prevents the high cost incurred during the development of other CDDS 

such as nanoparticles, liposomes, etc. 

Table 2.2: Advantages and drawbacks of different kinds of gels 

Advantages                         Drawbacks Reference 

                               Organogels  

 There is an absence of 

polymorphic transformation. 

 A large amount of lipophilic 

drug can be incorporated into 

organogels.  

 The delivery of hydrophilic 

compounds is difficult. 

 Their poor washability and oily 

texture make them poor vehicles for 

cosmetic application. 

[24, 82-83] 

                        Hydrogels 

 Hydrogels are an ideal 

candidate for the preparation of 

soft biotissue and scaffolds. 

 The water content of these 

systems makes them a suitable 

candidate for cell culturing. 

 Hydrogels of polysaccharide origin 

are prone to microbial contamination. 

 They are difficult to sterilize. 

 Act as good delivery systems for 

hydrophilic agents. 

 They possess a low mechanical 

strength. 

[20, 84] 

                          Aerogels 

 They are highly porous.  Poor mechanical and thermal 

stability. 

  High cost of preparation. 

[85-87] 

                              Emulgels  

 They have a good consistency. 

 They are easily spreadable, 

greaseless and have emollient 

properties. 

 They cause skin irritation. 

 Bubble formation during the 

preparation of emulgels. 

[88-89] 

Bigels are prepared by suspending the gelator in a single-phase of a two immiscible fluid 

mixture. The single phase is obtained by increasing the temperature of the liquid mixture to a 

critical temperature, where the fluid pair is miscible. The temperature is then lowered 

(quenched) to induce phase separation, commonly known as spinodal decomposition. During 

quenching to low temperatures, the spinodal decomposition increases and separates the liquid 
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mixture. This decreases the interfacial area due to phase coarsening (caused by interfacial 

tension). The spinodal decomposition process results in the deposition of the gelator particles 

at the interface of the two immiscible phases and causes the arresting of droplet coalescence. 

These types of the systems have the ability to withstand unequal stresses and form a stable 

structure having different anisotropic shapes [90]. The gel structures, formed after the 

arresting of the coalescence, are made up of two interpenetrating gels. The structure of a bigel 

is difficult to predict as it results from an out of equilibrium process. 

As reported earlier in the literature, bigel formation occurs when there is an equal volume 

ratio of the two liquids. Formation of pickering emulsions occurs when one fluid is present in 

the majority [91]. Pickering emulsions usually contain unconnected particle stabilized 

droplets distributed in a second continuous fluid phase while the bigels show an interface 

between the two continuous fluid phases, which is covered by particles [92]. Although there 

is a slight difference in the bigel and pickering emulsions, some authors have also reported 

that bigels are a type of pickering emulsions [93]. Another class of bigels is reported in the 

literature. They are known as bridged bigels. Bridged bigels are rich and complex multiphase 

systems. These bigels differ from the conventional bigels in their bicontinuous spinodal-like 

structure, which is stabilized mechanically by jamming at the spinodal interface. The droplets 

tend to form bridges in one liquid phase [94]. The mechanism of formation of bridged bigels 

is based on double demixing of the different phases present in the system (figure 2.5). The 

figure explains the demixing of two fluids after spinodal decomposition. During the demixing 

of the fluids the colloidal particles partition in the respective fluids resulting in the formation 

of a network like structure. These types of systems have introduced new intriguing 

observations, for future research.  

The mechanism behind the formation of the biphasic gels of oleogel and hydrogel mixture is 

not yet well identified. In some literature, it has been reported that bigels result from high 

shear mixing of oleogels and hydrogels [7]. The high shear mixing tends to break up one 

phase into droplets and disperses it into another phase. 
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Figure 2.5: Mechanism of formation of bridged bigels 

2.7 Advantages of bigels 

There are several advantages of bigels. The shear modulus of the bigels can be varied over a 

wide range of frequency by changing the process parameters and the concentration of the 

gelator. The networks formed by the particles are stable over a long period. As reported 

earlier in literature, the bigels are more resistant to strain as compared to the other gels when 

prepared in same volume fraction of the two phases. This can be attributed to the fact that in 

one component gel, the stress relaxes easily with respect to bigels where the stress remains 

constant [95]. These classes of gels have highly tunable elasticity [96]. Bigels have a cooling 

and moisturizing effect. They are easily spreadable and provide enhanced hydration of the 

stratum corneum. The easy water washability of these formulations makes them suitable for 

topical delivery of bioactive agents. 

The mechanism of drug penetration into the skin from the bigels occurs in a similar manner 

as that of hydrogels and oleogels. The mechanism of drug release through the bigels usually 

is a combination of diffusion from the hydrogels as well as penetration enhancement due to 

the presence of fatty acids in the oleogels or organogels [97]. Some authors have used bigels 

for the preparation of stimuli-responsive material. These gels contained two layers, one being 
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controlled layer that was sensitive to the environment stimulus and the other being the non- 

responsive substrate layer [98].  

As bigels are composed of both organogels and hydrogels, they contain a gelator for the 

organogel and a gelling polymer that is usually used in the hydrogel phase. The polymers 

employed in the preparation of the bigels may be of natural or synthetic origin. The synthetic 

polymers that have been used for the preparation of bigels are carbopol, polyvinyl 

pyrrolidone, polyvinyl alcohol, etc. Bigels of carbopol polymers have gained wide attention. 

Many authors have prepared carbopol bigels from the oleogels of sweet almond oil and liquid 

paraffin. The bigels were physically stable and provided a cooling effect on the human skin. 

These gels also showed good emollient property [97].  

The natural polymers that have been used in the preparation of bigels are mainly comprised 

of celluloses. Examples of cellulosic polymers that have been used in the preparation of the 

bigels are xanthan gum and sodium carboxymethyl cellulose. The use of polysaccharide 

based bigels has been explored for probiotics delivery [99]. Apart from natural and synthetic 

polymers, proteins have been used for the preparation of bigels. Amongst the proteins 

available, gelatin has been widely used. Its biodegradability, biocompatibility, low cost of 

production as well as its commercial acceptability makes it a suitable candidate for the 

preparation of the bigels.  

2.8 Pharmaceutical applications of bigels 

Recently bigels are gaining widespread use in topical as well as transdermal delivery. Bigels 

were reported to increase the release rate of diltiazem hydrochloride as compared to the 

hydrogel and organogel preparation of the same drug [5]. The developed bigels showed a 

higher permeation across the rabbit skin than the corresponding organogels of the same drug. 

The bigels of carbopol hydrogels along with oleogels of span 60-sweet almond oil and 

cholesterol-liquid paraffin have also been explored [6]. These bigels enhanced the 

moisturizing effects, thus making them promising candidates for topical application. Bigels 

of various polysaccharides have been reported to increase the viability of the probiotics. The 

bigels of N-isopropylacrylamide (NIPAAm) gel and polyacrylamide (PAAM) gels were 

prepared for the development of polymer gel actuator. These gels were used to study the 

adhesion by the silica particles [100]. Recently, edible bigels have been developed from 

gelatin and maltodextrin for the first time. These edible bigels contained various strains of 

microorganisms like yeast and L. bulgaricus. The study revealed that the presence of 

microbes altered the rheological properties of the gels to a larger extent [101]. Bigels of 
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testosterone are commercially available as anti-inflammatory and antimicrobial formulation 

[102]. The bigels are suited for the preparation of the crosslinked polymer scaffold by the 

selective polymerization of one continuous phase [103]. Bigels have potential applications in 

catalysis of chemical reaction [104]. Bigels have been used in the development of templates 

comprising of macroporous and composite materials [105]. 
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                                                CHAPTER 3 

SCOPE AND OBJECTIVE 

The present study focuses on the preparation of bigels using sorbitan 

monopalmitate/sunflower oil oleogels for controlled delivery applications. The present 

investigations included:  

(a) To study the effect of polymers (proteins: whey protein, gelatin; polysaccharides: 

maltodextrin, starch, sodium alginate, and sodium carboxymethyl cellulose: synthetic 

polymers: polyvinyl alcohol and polyvinyl pyrrolidone) on the physical and mechanical 

properties of bigels, 

(b) To ascertain the biocompatibility of the bigels,  

(c) To determine the ability of the bigels to be used as delivery matrices for drugs (e.g. 

metronidazole), and  

(d) To evaluate the ability of these bigels for iontophoretic drug delivery. 
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4.1 Materials  

Sorbitan monopalmitate (FDA approved 21 CFR), xanthan gum and PVP K30 (MW-40000) 

were purchased from Loba Chemie, Mumbai, India. Edible grade sunflower oil, (Gold 

winner®) was procured from NCS Industries Pvt. Ltd, Kakinada, India. Whey powder was 

obtained as a gift from V.R.S. foods, Malanpur, Sahibabad, India. Sodium carboxymethyl 

cellulose and acacia gum were obtained from RFCL Limited, New Delhi, India. Gelatin, 

sodium alginate (Viscosity-1% w/v solution, 25 °C: 5.5 ± 2 cps), maltodextrin (dextrose 

equivalent, DE 20%), PVA (MW-115000), rhodamine B, nutrient agar, and broth were 

purchased from Hi-media laboratories, Mumbai, India. Starch soluble and guar gum were 

procured from Merck Specialities Pvt. Limited, Mumbai, India. Fluorol yellow 088 was 

purchased from Sigma-Aldrich, USA. Metronidazole was obtained as a gift from Arti drugs, 

Mumbai, India. All the chemicals were used as received.  

Microbial culture of E. coli was obtained from NCIM, Pune, India. Dulbecco’s phosphate 

buffer saline (1X DPBS), and Trypsin-EDTA solution 1X were procured from Hi-media 

laboratories, Mumbai, India. HaCaT cell lines were procured from NCCS, Pune, India. 

Absolute alcohol was purchased from Changshu Yangyuan Chemical, China.  

For sanitization purposes, 70% (v/v) alcohol was used wherever necessary. Double distilled 

water was used throughout the study.  

Detailed specifications of the materials used have been provided in Annexure 1. 
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4.2 Preparation methods 

The preparation methods of the bigels are described in the respective chapters.  

4.3 Characterization of the gels 

4.3.1 Evaluation of microstructure 

Light and fluorescence microscopy 

The microscopic analysis of the oleogels and emulgels was carried out using an LEICA-DM 

750, compound optical microscope, Germany.  

The bigels were observed under fluorescence microscope (Optika, model XDS-3FL, Italy). 

Rhodamine B 1% (w/w) and fluorol yellow 088 1% (w/w) were dissolved in water and oil 

phases, respectively, during the preparation of the bigels.  

Particle size distribution 

The droplet size distribution of all the bigels was calculated from the micrographs using 

ImageJ software v 1.43 (NIH, USA). The span of the distribution was calculated from the 

following equation 4.1: 

90 10

50

d - d
Span=

d
                                                                                                                    (4.1) 

 

where, d90,  d10 and d50 are the average diameter of 90%, 50% and 10% droplet population  

4.3.2 Physico-chemical, thermal, electrical and mechanical evaluation  

FTIR spectroscopy 

The bigels were analyzed physicochemically using an ATR-IR spectrometer (AlphaE ATR-

FTIR, Bruker, Germany) in the range of 450-4000 cm-1. 

Viscosity analysis  

A controlled stress cone-and-plate viscometer (Bohlin Visco 88, Malvern, UK) with a cone 

angle of 5.4° and plate diameter of 30 mm was used to determine the viscosity of the freshly 

prepared formulations. The gap between the cone and the plate was set to 0.15 mm. A solvent 

trap was used to prevent the moisture loss. All the measurements were carried out at room 

temperature (20-23 °C). Ostwald-de Wale power law mathematical model (equation 4.2 and 

equation 4.3) was used to analyze the flow behavior of the gels. 

n-1η = kγ                                                                                                                      (4.2) 

Taking log on both sides the above equation becomes 
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log η = logk + (n-1) log γ         (4.3) 

where, η=shear viscosity, K=consistency index, n=power law index and γ = shear rate. 

n-1 is the slope and k is the intercept on y-axis for log η vs. log γ profile. 

Mechanical analysis 

The mechanical analysis of the bigels was carried out using a TA-HD plus Texture Analyzer 

(Stable Micro Systems Ltd, Surrey, UK). Mechanical parameters of the gels (such as 

firmness, stickiness, work of cohesion, work of adhesion and gel strength) were analyzed 

from the resultant force vs. time plots. The parameters of the tests conducted have been listed 

in Table 4.1.  

Table 4.1: Texture parameters and test condition for gels 

Type of Fixture Parameters 

Testing conditions 

Mode of 

study 

Pre test 

speed 

(mm/sec) 

Test speed 

(mm/sec) 

Post test 

speed 

(mm/sec) 

HDP/SR 

spreadability rig with 

45° conical perspex 

probe 

 Firmness 

Stickiness 

Spreadability 

 

- 

 

1 

 

1 

 

Button 

(20 mm) 

Stress 

relaxation 1 0.5 10 

Auto 

force (5g, 

5mm) 

Backward extrusion 
A/BE back 

extrusion rig 
- 1 1 

Button 

mode (20 

mm) 

Firmness, work of shear, stickiness, and work of adhesion were the parameters that were used 

to differentiate the products. Firmness was measured in terms of maximum force (g) required 

to compromise the integrity of the gels. Stickiness is the maximum force that is necessary to 

overcome the attractive forces between the surface of the sample, and the surface of the 

probe, while in contact with one another. This is an important textural property of many 

confectionery or gelled products such as jams and cheese. 

The work of shear was calculated in terms of total force required to carry out the shearing 

process and is a characteristic feature of semisolid preparations. It is a measurement of the 
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spreadability of the samples. Spreadability is defined as the ability of the product to spread 

and deform with ease and uniformity. As reported earlier in literature, work of shear is also 

the reciprocal of spreadability. 

The viscoelastic properties were determined using stress relaxation studies. For this, Peleg 

and Normand model (equation 4.4) was used. 

 0

1 2

0

F -F(t) t
k +k t

F
                                                                                                              (4.4) 

where, F0 is the maximum force and F (t) represents the force at a particular time. k1 and k2 represent the rate 

and extent of stress relaxation, respectively.  

According to this model, solid materials have k2 values close to unity. An in-depth analysis of 

the viscoelastic parameters was carried out by calculating S* and F*. F* is the asymptotic 

residual force. Equation 4.5 was used to calculate the S* values and quantify the decay in the 

force with respect to time. The S* value, in other words, was the area under the curve, 

obtained after normalization of the force-time plot of the stress relaxation study.  

b

*

a

= P(t).dtS                                                                                                                     (4.5) 

where, ‘a’ and ‘b’ are the lower and upper limits of the time, respectively 

* r

0

F
F =

F
                                                                                                                                 (4.6) 

where, Fr= Residual stress and F0= Initial stress 

The percent stress relaxation of the gels was calculated from the following equation 4.7.  

0 r

0

F -F
% Stress relaxation = 100

F

 
 

 
                                                                                    (4.7) 

The stress relaxation study was fitted to Maxwell Weichert model (figure 4.1) in order to 

know the change in stress with time. This model contains Maxwell elements, a spring and a 

dashpot that are connected in series (the exponential terms). The spring was connected in 

parallel to the Maxwell elements (asymptotic residual stress at a long time) [106-107]. The 

equation 4.8 was used to define the Maxwell model.  

0

-t-t -t
ττ τ 31 2

1 2 3P(t)=P +Pe +P e +P e                                                                                             (4.8) 
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where, P(t)  represents the stress or force at time ‘t’ 

τ1, τ2 and τ3 are the relaxation times in seconds, P0 represents the residual stress (fraction of original stress) and 

P1, P2 and P3 are pre-exponential constants so that, P0 + P1 + P2 + P3 = 1. 

 

Figure 4.1: Weichert model describing the springs and dashpots 

The backward extrusion study was conducted at 30 oC to calculate the apparent viscosity 

(ηapp) of the polymer sols (equation 4.9). The viscosity of water (ηw) was taken as a standard. 

The η app of the molten polymer sols at 30 oC was calculated as per the equation 4.10 [108].   

 
2 2

c p

app 2

c 1 p

R -R
dfη = ×

dx2πR C v
                                    (4.9) 

 
 

•

a

a
app w

b

b

df
dx

η =η K×
df

dx

                                       (4.10)   

where, 

2 2

c p

2

c 1 p

R -R
K=

2πR C v
 

The dfa/dxa and dfb/dxb is the slope of the force vs. distance curve of the hydrogels and water, respectively, as 

the probe moves out of the sample. The Rc and Rp cup and probe radii vp is the probe velocity and C1 is the 

instrument constant. The ηw of water was taken as 0.000798 Pas at 30°C.  

Gel disintegration studies 

The disintegration of the bigels was studied in phosphate buffer (pH 7.4). The test was 

carried out in a USP disintegration apparatus. 2 g of the bigels was used for the study. To 
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simulate the GIT conditions, bigels are subjected to intestinal pH 7.4 at 37 ± 2 °C. 

Disintegration time for the bigels does not provide any details about the stability of the bigels. 

This is a study to estimate the duration of the solubilisation of the gel in a particular liquid. 

The time recorded for the complete disintegration and solubilisation of the bigels were noted. 

Solubilisation here refers to the complete dissolution of the gel in the media. The 

solubilisation was assessed by visual examination of the buffer turning milky white. 

Thermal analysis 

The thermal properties of the emulgels and the bigels were evaluated using differential 

scanning calorimeter (DSC-200F3, MAIA, Netzsch, Germany) over a temperature range of 

25 °C and 120 °C at a heating rate of 1 ºC/min. 10-15 mg of bigels was used for the study. 

The analysis was performed under inert N2 atmosphere. 

Electrical analysis 

A phase-sensitive multimeter (PSM 1735, Numetriq, UK) was used to study the electrical 

properties of the bigels in a frequency range from 0.1 Hz to 1.0 MHz. The bigels were first 

sealed in vials of capacity 1.5 ml, and an AC voltage of 100 mV was applied. All the 

measurements were conducted at room temperature. The variation of the AC conductivity σ’ 

(ω) of the gels with frequency (ω) was expressed using Jonscher’s power law model. This is 

also known as AC universal law (equation 4.11) 

dc

s
σ'(ω)=σ +Aω                                                                                                           (4.11) 

where, ω is the angular frequency, σdc is the frequency independent conductivity (DC conductivity). A and s are 

constants and exponential factor, respectively. 

4.3.3 In vitro cytotoxicity of dialyzed formulation components 

The in vitro cytotoxicity of dialyzed formulation components of the gels was checked by 

hemocompatibility and cytotoxicity studies. 

Hemocompatibility studies 

The gels, placed in a dialysis tubing (MW cut-off = 12kda), were equilibrated in 50 ml of 

saline at 37 °C for 30 min. 0.5 ml aliquots of the extracts were mixed with 0.5 ml of citrated 

goat blood diluted with normal saline (prepared in 4:5 ratio), followed by the addition of 

normal saline (9 ml). The positive control (+ve) was prepared by adding 0.5 ml of 0.1 N 

hydrochloric acid to 0.5 ml of diluted blood, whereas, the negative control (-ve) was prepared 

by adding 0.5 ml of saline to 0.5 ml of diluted blood. The final volume was made up to 10 ml 
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using saline. Thereafter, the test, the +ve control, and the –ve control were incubated at 37 °C 

for 1 h. After incubation, the samples were subsequently centrifuged at 3000 rpm for 10 min. 

The supernatant was siphoned off and analyzed at 545 nm using UV-visible 

spectrophotometer (UV 3200 double beam, Labindia). % hemolysis was calculated from the 

following equation 4.12: 

Test Negative

Positive Negative

OD - OD
% Hemolysis = 100

OD - OD
       (4.12) 

where, OD Test = Optical density of test sample, OD Positive = Optical density of +ve control and OD Negative = 

Optical density of -ve control. 

In vitro cytotoxicity studies 

HaCaT cell lines were used to carry out the cytocompatibility tests. HaCaT cells are non-

tumorigenic keratinocyte cell-lines that retain their differentiation potential. These cells can 

be easily grown and passaged indefinitely. These cells have been used as a model for many 

cytotoxicity studies [109]. The cells were maintained at 5% CO2, 95% humidity and 37 °C in 

DMEM supplemented with 10% fetal bovine serum. The cells were washed with 1X 

Dulbecco’s Phosphate Buffer Saline and Trypsin-EDTA solution during passaging. After 

washing, the cells were harvested. Trypan blue dye exclusion test was used to assess the 

viable cell density in the harvested culture. The cells were then seeded onto 96 well plates in 

a concentration of 5 x 104 cells/ well and the seeded plate was kept under incubation for 12 h 

to promote the adherence. The leachants, at a concentration of 10 µg/ml were added to the 

cells and further incubated for 24 h. The cell viability was determined using MTT Assay. The 

assay is based on the principle of MTT reduction (3-[4, 5-dimethylthiazol-2-yl]-2, 5-

diphenyltetrasodium bromide) to a dark-blue formazan crystal in the presence of active 

mitochondria of living cells.  

4.3.4 Applications of the bigels 

In vitro antimicrobial studies 

The antimicrobial efficacy of the bigels was studied against E. coli, model gram-negative 

bacteria. The antimicrobial activity was determined by agar diffusion assay. Firstly, 1.3 g of 

nutrient broth was dissolved in distilled water and sterilized at 121 °C, 15 psi for 15 min in an 

autoclave. The autoclaved broth was then allowed to cool to room temperature in laminar air 

flow. Fresh colonies of bacterial strains (1 ml) were inoculated into 100 ml of nutrient broth 
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and incubated overnight at 37 °C ± 1 °C in a shaker incubator. The final volume was adjusted 

to 5 × 105 CFU/ml. Thereafter, 28 g of nutrient agar was dissolved in 1000ml of distilled 

water sterilized under the same condition as nutrient broth. 10 ml of the media was poured 

into petri plates (diameter of 10 cm) and allowed to set in laminar air flow. Inoculums of 100 

µl was spread on the agar plates with a sterilized spreader. Wells of diameter 5 mm were 

bored with a borer and then filled with 0.1 g of the bigels. Wells containing marketed 

formulation of metronidazole were used as positive control. The culture plates were 

incubated at 37±1 °C for 24 h. The zone of inhibition was measured using a ruler or vernier 

caliper. Marketed preparation of metronidazole Metrogyl® (Dosage form-1% gel, Dose-

Apply, and rub in a thin film of Metrogyl gel twice daily to affected areas after washing) was 

used as a reference. 

Solubility determination of metronidazole: 

1.5 g of the drug was weighed and added to a volumetric flask containing 50 ml of phosphate 

buffer (pH 7.4). The flask was kept on overnight stirring (100 rpm) at 37±1 °C. The solution 

was filtered the next day, and the amount of drug dissolved was analyzed 

spectrophotometrically at λmax = 321 nm using a UV-vis spectrophotometer (UV-3200, 

LabIndia, Mumbai, India) [110]. 

In vitro drug release studies 

The effect of the polymers on the metronidazole release from the gels was studied. 1.5 g of 

the gels was tied in dialysis tubing and dipped in the receptor compartment, which contained 

50 ml of phosphate buffer (pH 7.4). The whole setup was maintained at 37 ± 1 °C and 100 

rpm. To maintain the sink condition, the entire receptor fluid was replaced with fresh 

phosphate buffer (pH-7.4) at predetermined intervals. The amount of metronidazole released 

was measured spectrophotometrically at λmax = 321 nm using a UV-vis spectrophotometer 

(UV-3200, LabIndia, Mumbai, India). Marketed formulation of metronidazole Metrogyl® 

(Dosage form-gel, Dose-Apply, and rub in a thin film of Metrogyl gel twice daily to affected 

areas after washing) was used as a reference. 

Iontophoretic application of the bigels 

The bigels were tested as matrices for iontophoretic delivery applications. The iontophoretic 

drug release studies were performed using a modified Franz’s diffusion cell designed in - 

house. Stainless steel electrode (diameter = 1 cm) was used for the study. The electrode was 

connected to the donor, containing drug loaded bigels. The donor and the receptor chambers 
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were separated using a pre-activated dialysis membrane. The receptor contained 30 ml of 

phosphate buffer. The iontophoretic driver circuit injected an AC current having a peak 

current of 96.44 μA. This resulted in the peak current density of 0.122 μA/cm2. The study 

was conducted for 2 h. 3 ml of the receptor volume was sampled at regular intervals of time 

(15 min). The receptor fluid was replaced with 3 ml of fresh phosphate buffer. The samples 

were then analyzed spectrophotometrically. 

4.4 Statistical analysis 

All the experiments were performed in triplicate. Data was prepared as the mean ± standard 

deviation (S.D.). Significant differences between them were determined using ANOVA 

single factor. The p < 0.05 was considered to be a statistically significant difference.
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Graphical outline: (a) Fluorescence micrographs, (b) firmness (c) antimicrobial 

efficiency and (d) in vitro release properties of oleogels, and emulgels 
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Overview 

Oleogels and emulgels of sunflower oil and sorbitan monopalmitate were prepared for the 

delivery of metronidazole. The emulgels were prepared by adding water dropwise to the 

sunflower oil-sorbitan monopalmitate mixture at 50 °C and subsequently cooling the mixture 

to room temperature. The microstructural analysis of the gels was carried out using a bright 

field and fluorescence microscope. The molecular interactions within the oleogels and 

emulgels were studied using FTIR spectroscopy. The mechanical properties of the gels were 

evaluated by a static mechanical tester. The gel disintegration studies were carried out at pH 

7.4. A differential scanning calorimeter and phase sensitive multimeter were used to study the 

thermal and electrical properties of the gels, respectively. The in vitro cytotoxicity of the gels 

was checked using HaCaT cells. E. coli was used to test the antimicrobial efficiency of the 

drug loaded gels. The in vitro release studies were conducted in phosphate buffer (pH 7.4). 

The oleogels (G) were found to be pale yellow in color while the emulgels (GW) were white 

in color. Both types of gels were thermoreversible in nature. The microscopic analysis 

revealed the presence of rod-shaped tubules, responsible for the formation of G. GW showed 

the presence of oil droplets distributed uniformly in the aqueous phase. FTIR studies 

indicated the presence of intermolecular hydrogen bonding, responsible for gel formation. 

The firmness of emulgels (172.1127 ± 4.1175 g) was higher than oleogels (170.1043 ± 

2.9867 g). All the gels showed pseudoplastic flow behavior. The disintegration time of GW 

(57 ± 1.54 min) was slightly higher than G (55 ± 2.22 min). The melting endotherm of both G 

and GW was observed at ~47 °C. The conductivity of GW was higher than G. 

Metronidazole-loaded gels showed good antimicrobial properties against E. coli. The drug 

release was slightly lowered in emulgels (38.18%) than the oleogels (43.12%). The p values 

of the antimicrobial studies and in vitro drug release profile between the marketed and the 

test preparations were less than 0.05. Based on the preliminary results, the developed gels 

may be tried as delivery vehicles for various bioactive agents. 
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5.1 Introduction 

Of late, there has been an increased use of vegetable oils for the production of various food, 

cosmetic, and pharmaceutical products. This is mainly due to the functional and beneficial 

properties of vegetable oils apart from their inherent physical stability [8]. One such product 

is thermo-reversible organogels, a semi-solid product having apolar phase as the continuous 

phase. They are often also known as lipogels or oleogels [111]. They are usually prepared by 

dissolving low molecular weight gelators (MW < 3000), in concentration above critical 

gelation concentration (CGC), in hot apolar liquids followed by lowering the temperature of 

the hot gelator solution below the sol-to-gel transition temperature (Tsol-to-gel) [112]. These 

gels are viscoelastic in nature. The properties of these gels have been found to be dependent 

on the composition of the oils and fats used [113]. Though various studies on the use fatty 

acid esters as organogelators have been reported, unfortunately not much emphasis has been 

paid to the use of sorbitan monopalmitate as an organogelator. Sorbitan monopalmitate, a 

fatty acid derived ester (figure 5.1), is a non-ionic emulsifier having an HLB of 6.7, which 

makes it a good candidate to promote water-in-oil emulsion [10]. It has been reported that 

sorbitan monopalmitate can help developing semi-solid formulations by immobilizing apolar 

liquid [11].  

Sunflower oil is highly rich in vitamin E and omega- 6 polyunsaturated fatty acids (prone to 

oxidative degradation). The degradation may be reduced by converting them into highly 

cohesive gel matrix [114]. Due to this property, sunflower oil has been often used in devising 

matrices for controlled delivery of bioactive agents [115].     

Taking inspiration from the above, attempts have been made to develop oleogels using 

sorbitan monopalmitate as the organogelator and sunflower oil as the apolar liquid. Further 

attempts were also made to improve the stability of the sorbitan monopalmitate-sunflower oil 

oleogels by incorporating water into the gelled structure. 
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Figure 5.1: Structure of sorbitan monopalmitate 
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5.2 Experimental 

5.2.1 Preparation of the emulgel 

A homogeneous solution of sorbitan monopalmitate in sunflower oil was prepared by stirring 

the mixture at 50 °C. The transparent solution was subsequently cooled to room temperature 

for 2 h. The concentration of sorbitan monopalmitate was varied from 1% (w/w) to 25% 

(w/w) to find out the critical gelation concentration (CGC). CGC is the minimum 

concentration of sorbitan monopalmitate required to immobilize sunflower oil. The CGC was 

found to be 18% (w/w), and the sample was regarded as G. The gelation of the sunflower oil 

was confirmed by inverted-tube method (figure 5.2) [116]. The effect of water on the 

properties of organogel was studied by adding 5 g of water to 5 g of G. The mixture was kept 

on stirring (12000 rpm) at 50 °C. The samples were cooled to room temperature for 2 h and 

were regarded as GW. No significant differences in the pH of the formulations were 

observed. The pH of GW was found to be 6.7.  

 

Figure 5.2: Inverted-tube method showing the gel formation (a) G and (b) GW 

5.3 Results and discussion 

5.3.1 Microscopy and microstructural analysis 

The light micrographs revealed that individual tubules of sorbitan monopalmitate join to form 

a networked structure. A similar mechanism of self-assembly of the organogelators to form 

tubules has been reported earlier in the literature [117]. Figure 5.3 shows the micrographs of 

the formulations as the concentration of gelator increased during the determination of CGC. 

The micrographs of the formulations containing 2% (w/w) gelator showed the presence of 

circular structures. The formulations containing 5% (w/w) gelator showed clusters of 

particles of sorbitan monopalmitate having variable size and shape. As the concentration of 

the gelator increased to 10% (w/w), needle-shaped crystals were observed. Further increase in 

the gelator concentration to CGC, these needle-shaped crystals grew and formed 
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interconnecting networked structures. These interconnected networked structures were 

responsible for the immobilization of the apolar phase. This was attributed to the surface 

active interactions amongst the gelator and apolar phase [118].  

 

Figure 5.3: Light micrographs of oleogels showing the mechanism of gelation with the 

increase in the concentration of the gelators (a) 2%, (b) 5%, (c) 10% (d) 15% (e) 18% 

and (f) 20% of gelator 
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The gelator molecules formed fiber-like structures which entangled with each other to form a 

3D networked structure. This phenomenon was seen in figure 5.4a. The GW emulgel showed 

a uniform distribution of oil droplets (figure 5.4b). The aqueous phase was distributed as 

droplet indicating the formation of O/W emulgels which was confirmed from the 

fluorescence micrographs of the emulgels (figure 5.4c). 

The GW emulgels showed a broad size distribution (figure 5.5d). The average droplet size of 

GW was found to be 3.32 ± 0.81µm.   

 

Figure 5.4: Light micrographs of (a) G, (b) GW, (c) fluorescence micrographs of GW 

and (d) size distribution of GW 

5.3.2 FTIR analysis 

FTIR studies give information about the nature of chemical interactions (figure 5.5). 

Sunflower oil showed an absorption peak at ~3008 cm−1, which may be was associated with 

the stretching vibration of cis olefinic, C=H present in fatty acids [119]. The absorption peaks 

at ~2920 cm−1 and ~2850 cm−1 were due to CH asymmetric and symmetric stretch in CH2 and 

CH3, respectively [120]. This indicated the presence of highly ordered trans zig-zag 

conformation of aliphatic hydrocarbon chain in the sunflower oil [121]. Absorption at ~1743 



 

                                                                                                                                Chapter 5 

34 
 

cm−1 indicated the presence of stretching vibration of CO in the ester group of triglycerides 

present in sunflower oil [122]. The CH2 and CH3 scissoring vibrations were observed at 

~1460 cm−1 and 1373 cm−1 [123]. Absorption at ~1733 cm−1 in sorbitan monopalmitate 

indicated the carbonyl absorption of ester group [124]. Sorbitan monopalmitate showed an 

absorption peak at ~1172 cm-1 that may be attributed to the CO symmetric stretching 

vibration due to the sugar group present in sorbitan monopalmitate. Intramolecular hydrogen 

bonding amongst the sorbitan monopalmitate molecules was confirmed by the presence of the 

absorption peak at ~3391 cm−1 [125]. The gels also showed peaks at ~3391 cm−1, which 

indicated the presence of the intermolecular hydrogen bonding amongst the gel components. 

A shift to the higher wavenumber (~2922 cm−1 and ~2853 cm−1) of CH asymmetric and 

symmetric stretch in CH2 and CH3, respectively, in gels, showed the presence of gauche 

conformers in the hydrocarbon chain often associated with the high degree of disorderliness 

[126].   

 

Figure 5.5: FTIR of (a) sunflower oil, (b) sorbitan monopalmitate, (c) G and (d) GW 

5.3.3 Viscosity analysis  

The gels showed shear-thinning property, i.e., the viscosity of the gels decreased as the shear 

rate was increased (figure 5.6a). Gels intended for topical pharmaceutical and cosmetic 

applications are expected to have shear thinning property. This property ensures the 

formation of a thin layer of the formulation over the skin surface, which is necessary for 
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efficient delivery of bioactive agents [127]. Apart from the above, a higher viscosity at low 

shear rates ensures long term stability during storage, as the higher viscosity of the 

formulation reduces the chances of phase separation. FTIR results suggested the formation of 

hydrogen bonding during gelation. Comba and Sethi (2009) reported that these interactions 

are progressively disrupted under the influence of increased shear stress, which is responsible 

for the flow of the gels at higher shear rates [128]. The viscosity of the GW was higher than 

G. This may be attributed to the formation of a more ordered structure as water was 

incorporated in G. The ordered structure can be explained by the ordering of the water 

molecules (clathrates) at the oil-water interface. The power law indices (n) were calculated in 

the shear rate range of 13.07-97.42 s-1 (Table 5.1, figure 5.6b). The results showed that n < 1, 

indicating the pseudoplastic rheological behavior of the gels [129].  

 

Figure 5.6: Flow behavior (a) viscosity profile and (b) power law fit 

Table 5.1: Power law parameters 

Gels Power law index (n) Correlation coefficient 

G 0.6321 0.9845 

GW 0.1423 0.9911 

5.3.4 Mechanical analysis 

The firmness of the gels was calculated from the spreadability profiles (figure 5.7a). It was 

observed that GW had a little higher firmness as compared to G. These results were in 

agreement with the viscosity study. The stickiness of the GW was greater than the G oleogel. 

The spreadability of the formulations was calculated. It was observed that addition of water 

to the oleogel decreased the spreadability of the formulations. Spreadability of G was higher 

than GW. 
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The stress relaxation profile of the emulgels is shown in figure 5.7b. Table 5.2 tabulates the 

stress relaxation parameters of the gels. There was a decrease in the force (F*) to an 

equilibrium value instead of 0 in both the gels. The S* values for all the gels were found to be 

less than 1 suggesting the viscoelastic property of the gels. The S* of the gels were found to 

be closer to 1. The rate of relaxation (k1) calculated from the normalized force vs. time graph 

was calculated (figure 5.7c). It was observed that k1 was higher in the case of GW emulgels. 

The extent of relaxation (k2) could not be quantified as it was less than 0.  

It was observed that the percent stress relaxation of GW was higher than G. This suggested 

the solid viscoelastic nature of the gels. The low percent relaxation of the G may be due to 

the higher hydrophobic interactions in the organogelator molecules. 

 

Figure 5.7: Mechanical properties of G and GW gels (a) spreadability, (b) stress 

relaxation, (c) normalized force vs. time and (d) Weichert model 
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Table 5.2: Mechanical properties and stress relaxation parameters of the G and GW 

gels 

Studies  G GW 

 

Mechanical 

Properties 

Firmness (g) 170.1043 ± 2.9867 172.1127 ± 4.1175 

Stickiness (g) 68.0025 ± 5.1238 84.9208 ± 4.1854 

Spreadability 

(g.sec)-1 
0.0023 ± 0.0005 0.0009 ± 0.0001 

 

Stress relaxation 

Parameters 

F* (g) 0.2499 0.1761 

K1 (g) 0.0659 0.0964 

S* 0.8598 0.8573 

Percent stress 

relaxation 
75.0200 82.3862 

The Weichert model (figure 5.7d) was used to describe the stress decay as a function of time. 

This model describes the viscoelastic properties in details. The Weichert model parameters 

for G showed the residual stress value below 0 indicating a fluid nature. The Weichert model 

parameters for GW are listed in Table 5.3. The relaxation times (τ) were in the order of τ1 < τ2 

< τ3 and were in acceptance with the literature [107]. The sum of P0, P1, P2 and P3 was found 

to be 1 indicating a good fit. The coefficients of viscosity of the dashpots for GW are listed in 

Table 5.4. The coefficients of viscosity of the dashpots increased with the relaxation time. 

Table 5.3: Weichert model parameters of G and GW gels 

Sample code τ1 τ2 τ3    r2 

G 0.2732 2.0327 16.1467 0.9880 

GW 1.0946 6.8146 9.8146 0.9986 

  Pre-exponential factors   

Sample code P0 P1 P2 P3 

G 0.2057 0.2685 0.2683 0.2191 

GW 1.0946 0.2730 0.2430 0.2830 
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Table 5.4: Stress relaxation model fitting using Wiechert model 

Formulations Stress relaxation model 

Coefficient of viscosity of 

the dashpots 

G 
-t -t -t

0.2732 2.0327 16.1467P(t) = 0.2057 + 0.2685e + 0.2683e + 0.2191e  0.0733, 0.5453, 3.5377 

GW 
-t -t -t

1.0946 6.8146 9.8146P(t) = 1.0946 + 0.2730e + 0.2430e + 0.2830e  0.2988, 1.6559, 2.7775 

5.3.5 Gel disintegration studies 

The disintegration times of G and GW were 55 ± 2.22 min and 57 ± 1.54 min, respectively. 

No significant differences in the disintegration time of the formulations were observed in G 

and GW gels.  

5.3.6 Thermal analysis  

The thermal behavior of the gels was analyzed by DSC analysis (figure 5.8). The DSC 

profiles of the gels showed an endothermic peak at ~47 °C. This endothermic peak was 

associated with the melting of sorbitan monopalmitate molecules in the gels. An additional 

endothermic peak at ~100 °C in GW was observed. This endothermic peak may be associated 

with the evaporation of the water in the emulgel. The addition of water also influenced the 

enthalpy (ΔH) values of the endothermic peak at ~47 °C. The ΔH values for G and GW were 

found to be -4.739 J/g and -0.412 J/g, respectively. This decrease in the ΔH in GW may be 

explained by the presence of water. It has been reported earlier that addition of water 

increases the kinetic energy of the molecules during heating [130].  

 

Figure 5.8: DSC curves of G and GW 
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 5.3.7 Electrical analysis 

Figure 5.9a shows the Nyquist plot depicting the electrical properties of the oleogel and 

emulgel. The formation of a semicircle in the high-frequency region provides information 

about the bulk properties of the materials. A spike in the lower frequency region is associated 

with the formation of an electrical double layer at the electrode/sample interface. The oleogel 

showed a higher bulk resistance as compared to GW. Incorporation of water increased the 

conductivity of the emulgel. The variation of dielectric constant (ε) with frequency is shown 

in figure 5.9b. The ε value of GW was higher at low frequencies which decreased at the 

higher frequencies. This phenomenon is associated with the polar dielectric material. This 

behavior was not prominent in the oleogel. 

Figure 5.9c shows the variation of AC conductivity with frequency. The AC conductivity was 

very less for oleogel as compared to GW. The AC conductivity of the GW increased with the 

rise in the frequency. A plateau was obtained in oleogel at higher frequencies which give 

information about the DC conductivity of the gels.  

The s-values obtained from the equation for G and GW were found to be 0.48 and 0.60, 

respectively. This study showed that the addition of water to the oleogel highly influenced the 

electrical properties of the oleogel. The presence of higher conductivity relaxation in GW 

(figure 5.9d) indicated better forward and backward motion of the electrons. On the contrary, 

the oleogel showed a low conductivity relaxation. The conductive property of GW can be 

attributed to the formation of conducting aqueous channels in the system [131]. The 

preliminary results indicated that GW may be tried as a matrix for iontophoretic drug 

delivery. 
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Figure 5.9: Electrical properties (a) Nyquist plot, (b) variation of ε with frequency, (c) 

AC conductivity vs. frequency and (d) tan δ profile of G and GW gels 

5.3.8 In vitro cytotoxicity of dialyzed formulation components 

The result of in vitro cytotoxicity studies is shown in figure 5.10a and figure 5.10b. The 

absence of hemolysis is an indication of good hemocompatibility. The percent hemolysis 

indicates the extent of lysis of red blood cells when kept in contact with blood. Both the 

samples were found to be acceptable as blood compatible (percent hemolysis < 5) and may be 

regarded as biocompatible based on the preliminary study. The percent hemolysis of the GW 

was less as compared to G. The cell viability index of GW was slightly higher than that of G. 

These studies suggested that addition of water to the oleogels increased the overall 

biocompatibility of the gels. The p values for all the tests were less than 0.05 indicating a 

statistically significant difference. The HaCaT cells maintained their structure in the presence 

of the bigels (figure 5.11). 
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Figure 5.10: In vitro cytotoxicity studies (a) percent hemolysis and (b) cell viability index  

 

Figure 5.11: Micrographs of HaCaT cells (a) control, in the presence of leachates (b) G 

and (c) GW  

5.3.9 In vitro antimicrobial study 

The results of antimicrobial study are shown in table 5.5 and figure 5.12. Marketed 

formulation of metronidazole Metrogyl® (Dosage form-gel, Dose-Apply, and rub in a thin 

film of Metrogyl gel twice daily to affected areas after washing) was used as a reference. The 

study showed that GD (organogels containing drug) and GWD (emulgel containing drug) had 

comparable activity against E. coli with respect to Metrogyl® (MR). Also, the drug loaded 

gels were able to restrict the growth of the microorganisms in the surrounding area of the 

formulation and did not allow the growth of microorganisms even after 24 h. GWD showed a 

lower zone of inhibitions as compared to GD and marketed formulation. The p values were < 

0.05 indicating a significant difference. 1000 µg of the drug dose was used in all the cases for 

the test as well as for reference. 
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Figure 5.12: Antimicrobial activity of the formulations against E. coli. (a) GD and (b) 

GWD. MR-Marketed formulation 

Table 5.5: Zone of inhibitions of GD and GWD gels 

 

Sample code 

Zone of inhibitions (cm) 

E. coli 

Test MR Blank 

GD 2.5 ± 0.11 2.5 ± 0.55 - 

GWD 2.0  ± 0.17 2.6 ± 0.68 - 

5.3.10 In vitro drug release studies 

The solubility of metronidazole in phosphate buffer (pH 7.4) was found out to be 19.4286 ± 

4.3764 mg/ml. 

The cumulative percentage drug release (CPDR) profile of the gels is shown in figure 5.13. A 

level of statistical significance was found between the samples (p < 0.05). The GD, GWD, 

and MR showed 43.12%, 38.18%, and 90.44% release of metronidazole at the end of 12 h, 

respectively. It was observed from the graph that GD and GWD were able to control the 

release of the drug as compared to the marketed formulations. The incorporation of water in 

G slightly decreased the drug release. This may be associated with the higher viscosity and 

firmness of GW, which hindered the solvent diffusion into the matrix and also the drug 

release. The release mechanism from the oleogels and emulgels followed Higuchian kinetics 

(Table 5.6). The Higuchian kinetics is a common phenomenon and is observed in the matrix 

type delivery systems [132]. The mechanism of diffusion was further evaluated from the ‘n’ 
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value (release exponent) of Korsmeyer-Peppas model. A value greater than 0.5, but less than 

1, it indicates non-Fickian diffusion. The results showed n ≤ 0.5 indicating a Fickian release 

of metronidazole from the bigels [133]. Marketed formulation of metronidazole Metrogyl® 

(Dosage form-gel, Dose-Apply, and rub in a thin film of Metrogyl gel twice daily to affected 

areas after washing) was used as a reference. 

 

Figure 5.13: In vitro drug release profile of metronidazole from GD, GWD, and 

Metrogyl® (MR) 

Table 5.6: In vitro drug release kinetics of metronidazole 

 

 

 

 

 

 

Sample 

code 

Zero 

order 

r2 

    Higuchi  

r2 

Best fit 

model 

  KP model Mechanism 

of release 

 r2 n value  

GD 0.9812 0.9923 Higuchi 0.9872 0.4500 Fickian 

GWD 0.9954 0.9956 Higuchi 0.9812 0.4700 Fickian 

MR 0.9885 0.8872 Zero order 0.9174 0.4700 Fickian 
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5.4 Major Outcomes 

 The incorporation of water into the organogel produced mechanically stronger 

emulgel.  

 The emulgel exhibited a higher viscosity.  

 The conductivity of these gels may allow them to be used as an efficient vehicle for 

iontophoretic drug delivery systems.  

 The emulgel can be used as a vehicle for the delivery of hydrophilic, lipophilic and 

amphiphilic agents. 

  The use of edible oil rich in unsaturated fatty acid in gel formation can serve as a 

substitute for many food supplements. 

 

 

 

 

 

 

 

 



 

 

 

                                                  CHAPTER 6 

Preparation and characterization of protein-

based bigels using emulgels of sunflower oil 

and sorbitan monopalmitate 

 
 

 

 

 

 

 

 

Graphical outline: (a) Fluorescence micrographs, (b) Mechanical properties, (c) 

antimicrobial efficiency, and (d) in vitro release profile of protein based bigels.  
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Overview 

Sunflower oil and protein (gelatin and whey powder) based bigels for were prepared and 

characterized drug delivery applications. Sorbitan monopalmitate was used as an 

organogelator for the preparation of the bigels. The bigels were characterized by fluorescence 

microscopy, FTIR, and viscometer. The mechanical properties of the bigels were evaluated 

by a static mechanical tester. The thermal and electrical properties of the bigels were 

determined using DSC and phase sensitive multimeter, respectively. Goat blood RBC and 

HaCaT cells were used to check the in vitro cytotoxicity of the bigels. The micrographs 

showed that the droplets were apolar in nature (oleogels) while the continuum phase was 

polar in nature (protein hydrogel matrix). Incorporation of the proteins improved the stability 

of the bigels. Intermolecular hydrogen bonding was the major driving force behind the bigel 

formation. The bigels exhibited shear thinning behavior. Bigels containing gelatin showed 

higher firmness as compared to the other bigel. The melting endotherm of the bigels was 

observed at ~47 °C. The whey powder based bigels disintegrated faster as compared to other 

bigels. The melting endotherm of the bigels was observed at ~47 °C. The bulk resistance of 

the gelatin based bigel was lower than that of whey powder based bigels. The bigels were 

biocompatible in nature. The drug loaded bigels showed good antimicrobial efficiency 

against E. coli. The addition of proteins resulted in the controlled release of metronidazole. 

The release was diffusion mediated.  
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6.1 Introduction 

A gel is an elastic, semisolid and solvent rich system. Gel is reported to form interconnected 

assembled structures of macromolecules or colloidal particles. The gels are classified 

depending upon the nature of the networked structure. If the network structure arises from 

crosslinked polymer molecules, the gels are known as polymer gels. If aggregated colloidal 

particles are involved in the network formation, then the gels are known as particle gels 

[134]. Major classes of gels that have been used for the topical and transdermal delivery 

applications are broadly classified as organogels and hydrogels. Organogels are semisolid 

systems that contain apolar phase entrapped within the 3D matrix of the gelator. The 

organogels prepared from edible oils, such as sunflower oil, have been tried as matrices for 

many biomedical applications like the controlled release of pharmaceuticals. The commonly 

used gelators for the preparation of organogels include low molecular weight organogelators 

and polymeric surfactants with non-ionic, anionic and cationic structures. On the contrary, 

hydrogels are defined as the polymer networks in which water/ aqueous phase has been 

imbibed and entrapped. The amount of water absorbed may be up to thousand times the dry 

weight of the polymer structure. Gelatin is a natural protein obtained from the controlled 

hydrolysis of the collagen. The main advantages of gelatin include biodegradable and 

biocompatible properties. Also, it is available at low cost. Whey powder, on the other hand, is 

a byproduct of the food industry. It is available in three forms-whey protein isolate, 

concentrate, and hydrolase [135]. Whey powder is also low cost and is readily available. It 

has poor film forming properties. Proteins get adsorbed at the oil-water interface and tend to 

form stabilizing layers around the droplets. In this chapter, this advantage of proteins has 

been explored to formulate bigels for the controlled release of metronidazole. Metronidazole 

belongs to a class of azole group and is poorly soluble in water and pharmaceutical oils[15]. 

The available aqueous gel compositions are limited to a concentration of 0.75% because of 

the poor solubility of the drug in water. This results in the increased dosing frequency of the 

formulation which, in turn, reduces the patient compliance. The problems associated with 

these kinds of drugs can be eliminated by loading them in bigels rather than single-phase 

aqueous gels. 
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6.2 Experimental 

6.2.1 Preparation of proteins based bigels 

0.9g of sorbitan monopalmitate was dissolved in sunflower oil (50 °C). To the above 

solution, phosphate buffer (pH 7.4; 50 °C) was added dropwise with continuous stirring. 

After the addition of the specified volume of phosphate buffer, the solution mixture was 

vigorously mixed using a high-speed vortex (12000 rpm) for 30 min and cooled to room 

temperature to induce gelation. Bigels of gelatin and whey powder were prepared and 

regarded as GG and WG, respectively (Table 6.1). Drug loaded bigels were prepared in a 

similar manner. Metronidazole was first dissolved in sunflower oil. Rest of the procedure was 

same.  

Table 6.1: Composition of the proteins based bigels 

Formulation  

Code 

Composition, % (w/w) 

Sorbitan 

monopamitate 

Sunflower 

oil 

Phosphate 

buffer  
Gelatin 

Whey 

Powder 
Metronidazole 

SG 9.0 41.0 50.0 - - - 

GG 9.0 41.0 49.0 1.0 - - 

WG 9.0 41.0 49.0 - 1.0 - 

SGM 9.0 41.0 49.0 - - 1.0 

GGM 9.0 41.0 48.0 1.0 - 1.0 

WGM 9.0 41.0 48.0 - 1.0 1.0 

6.3 Results and discussion 

6.3.1 Preparation of protein based bigels 

The viscosities of the gelatin and whey powder sols, obtained from the backward extrusion 

study (figure 6.1), were 0.0081 ± 0.0011 Poise and 0.0080 ± 0.0021 Poise, respectively. The 

sols followed Newtonian flow behavior. The mechanism of formation of whey protein based 

bigel is a consequence of its complex structure. Lactoglobulin, α-lactalbumin, bovine serum 

albumin (BSA) and the immunoglobulins are the essential components of whey protein [136]. 

As the bigel formation requires a heating process, whey protein undergoes denaturation 

process. A fraction of the denatured whey proteins undergoes irreversible aggregation at the 

initial point of gel formation, thus forming a primary spatial structure of the gel. After the gel 

point, the remaining proteins are incorporated into the gel network [137]. The phenomenon of 

aggregation of these globular proteins is a combination of conformational changes, chemical 



 

                                                                                                                                    Chapter 6 

48 
 

reactions and physical interactions. The conformational changes during the denaturation step 

are reversible. The irreversible aggregation occurs via non-covalent and covalent interactions. 

The non-covalent bonds are van der Waals attractive forces, electrostatic interactions, 

hydrogen bonds and hydrophobic interactions. The covalent bonds are intermolecular 

disulphide bonds, formed during sulphydryl-disulphide exchange reactions and in sulphydryl-

sulphydryl reactions These sulphydryl groups are exposed from β-lactoglobulin and BSA on 

heating whey protein [138]. A somewhat similar mechanism works behind the formation of 

gelatine based bigels. The fundamental unit of gelatin is collagen, a triple helical protein 

structure. The triple helical structure is composed of three α-chains with continuous repeated 

units of Gly–X–Y- sequence. The X is proline and Y is hydroxyproline.  Gelatin consists of 

varying amounts of 18 amino acids [139-140]. Gelatin above 40°C exists as flexible, isolated, 

and usually lightly cross-linked, chains.The gelatin present in the bigels on tend to gel as 

cooling occurs by the formation of ordered quasi-crystalline triple helical junction zones 

[141].  

 

Figure 6.1: Backward extrusion of water, gelatin and whey sol 

Figure 6.2 shows the pictographs of the bigels. The white color of the formulations is often 

associated with the biphasic nature. Diffraction of light from the interface of the oleogel-

hydrogel mixture can explain the appearance of the white color. The bigels prepared were 

smooth and soft. All the bigels were in the pH range of 6 and 7. The bigels were stable for > 

10 + months when incubated at 30 °C ± 2 °C/65% RH ± 5% RH. 
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Figure 6.2: Inverted-tube method for the formation of bigels (a) SG, (b) GG and (c) WG 

bigels 

6.3.2 Microscopy and microstructural analysis 

The micrographs (figure 6.3a) showed the presence of apolar phase as the dispersed phase 

while the external phase was aqueous in nature (stained red). This indicated that the bigels 

were oil-in-water (i.e. organogel-in-hydrogel) type. The droplet size distribution was 

determined by Image J. The broad droplet size distribution in WG may be attributed to the 

coalescence of the droplets [142]. The coalescence is said to occur due to the lower viscosity 

of the aqueous whey powder phase. The average size of the droplets (figure 6.3d) in GG 

(4.12 ± 1.05 µm) and WG (4.94 ± 0.16 µm) was found to be greater than SG (3.62 ± 1.24 

µm). This may be explained by the adsorption of gelatin and whey protein onto the emulsion 

droplet surface. Adsorption of proteins on the droplet surface may be attributed to the 

presence of both apolar and polar amino acids in the polypeptide backbone of the protein 

molecules [143]. This phenomenon of adsorption of proteins at the surface of the polar-apolar 

interface lead to an increase in the volume fraction of the emulsion droplets in GG and WG. 

It has been reported earlier in the literature that biphasic systems stabilized by proteins are 

highly prone to droplet coalescence. This is due to the interfacial membrane formed by the 

globular proteins which tend to break due to the generation of strong repulsive forces The 

span of the droplet size was in the range of 1-2.5 for all the sets of bigels [144]. The span 

factor of SG, GG and WG was found to be 1.60 ± 0.21, 1.52 ± 1.31 and 2.08 ± 2. 2, 

respectively. The span factor for GG bigels was lower than SG and WG. The span factor 

determines the uniformity of the droplet size [145].  
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Figure 6.3: Fluorescence micrographs: (a) SG, (b) GG, (c) WG and (d) size distribution 

analyses of the bigels 

6.3.3 FTIR analysis 

The FTIR spectrograms of the proteins and the bigels have been shown in figure 6.4. Gelatin 

and whey powder showed characteristic bands of an amide linkage. The peaks at ~3304 cm-1 

(NH stretching) and ~3080 cm -1 may be associated with the presence of amide group. The 

peak at 1470-1575 cm-1 suggested the presence of amide II bond. The peak in the range of 

1640-1656 cm-1 may be associated with the presence of amide I band, responsible for the 

protein secondary structure. Any change in the peak position is associated with the 

conformational change in the native protein [146]. GG and WG contained all the peaks of 

amide I and amide II of gelatin and whey protein, respectively. This suggested that the 

proteins were present in their native state. The peak at ~1640 cm-1 in SG was associated with 

the bending vibrations of the water molecules. The vibrational band at 1741 cm-1 in SG was 

due to the stretching of the ester group CO in sorbitan monopalmitate. There was an increase 

in the intensity of the ester group CO stretching peaks in GG and WG. This may be 

accounted to the CO stretching vibrations due to the presence of glutamic acid and aspartic 

acid in gelatin and whey powder [147]. The presence of a broad peak at 3300-3550 cm-1 in 
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SG indicated strong intermolecular hydrogen bonding. There was a decrease in the intensity 

of OH stretching vibrations with a subsequent broadening of the peaks as the proteins were 

added to the bigels. This may be associated with the strong intermolecular hydrogen bonding 

amongst the NH group of the proteins and OH group of the water molecules [148]. The 

interaction was stronger in GG as compared to WG. Another possible interaction may be 

amongst the protein amines and the polar groups of sorbitan monopalmitate [149]. 

 

Figure 6.4: FTIR analysis (a) Gelatin (b) whey powder (c) WG (d) GG (e) SG 

6.3.4 Viscosity analysis 

The viscosity profiles of the bigels suggested non-Newtonian flow behavior (figure 6.5a-

figure 6.5b). The non-Newtonian behavior has been reported to be an important parameter for 

topical and spreadable food formulations. The flow behavior of the bigels was predicted 

using the Ostwald-de Wale power law model. 

The results indicated pseudoplastic flow behavior of the bigels with n < 1. The protein based 

bigels showed best fit (Table 6.3). The apparent viscosity of the bigels decreased in the order 

GG > WG > SG. The addition of the proteins increased the viscosity of the bigels. The 

movement of the droplets was reduced due to the presence of protein molecules at the 

interface. This resulted in the increase in the viscosity and the stability of the proteins based 
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bigels [143]. The increase in the viscosity may be associated with the intermolecular 

hydrogen bonding amongst the bigel components, as evident from the FTIR studies. The 

higher viscosity of the bigels containing proteins may be attributed to the presence of 

submicroscopic solid protein particles [150]. These submicroscopic solid protein particles 

swell in the presence of water. A higher viscosity of GG as compared to WG may be due to 

the occlusion of a large amount of water within the submicroscopic solid gelatin particles 

present in GG [151]. The droplet size of the formulations may have tailored the viscosity 

profile of the bigels. In general, the smaller the size of the droplets, the higher is the number 

of the particles and greater interaction amongst the droplets. This causes an increase in the 

viscosity [76]. Since the droplet size of GG was smaller than WG (Table 3), it was expected 

that the viscosity of GG would have been higher. 

 

Figure 6.5: A plot of viscosity vs. shear rate of the bigels showing (a) shear thinning    

behavior and (b) power law fit 

Table 6.2: Power law parameters 

Sample 

code 

n values Correlation coefficient 

r2 

SG 0.5523 0.9023 

GG 0.1195 0.9721 

WG 0.1901 0.9635 

6.3.5 Mechanical analysis 

The presence of the proteins within soft materials may promote the formation of 3D matrices 

which, in turn, may help alter the mechanical properties (e.g. firmness, stickiness, 

spreadability, etc.) of the formulations. Figure 6.6a show the spreadability profile of the 

developed bigels. The value of the positive and the negative peaks corresponds to firmness 
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and adhesiveness (or stickiness) of the bigels, respectively. The firmness and the stickiness of 

the bigels decreased in the order of GG > WG > SG. It was seen that the addition of gelatin 

and whey powder increased the firmness and stickiness of the bigels. This may be due to the 

increased intermolecular hydrogen bonding when the protein molecules were incorporated (as 

confirmed by FTIR studies). The structural morphology of proteins is complex. When they 

are adsorbed onto the interface, they unfold and rearrange themselves exposing their 

hydrophobic functional groups that lead to aggregation and interactions, thereby increasing 

the firmness of the gels [152]. As reported earlier in literature the strength of the gel matrix is 

directly related to the viscosity of the gels. The above results show that GG bigels have a 

higher viscosity as compared to other bigels which might have contributed to its greater 

firmness [153].  

The spreadability of the bigels was also calculated. Spreadability is defined as the reciprocal 

of work of shear [154]. The spreadability of the protein based bigels was less as compared to 

SG. The spreadability decreased in the order of SG > WG > GG. These results were in 

agreement with the viscosity studies. The k1 and k2 indicate the initial rate and extent of 

relaxation, respectively calculated from the normalized force vs. time profile (figure 6.6c). 

Table 6.4 shows the stress relaxation parameters of the bigels. The rate of relaxation (k1) was 

nearly equal in all the bigels. The extent of relaxation (k2) was greater in protein-based bigels. 

An in-depth analysis of the stress relaxation was further carried out by determining S*, F* and 

percent stress relaxation values. For viscoelastic materials, the S* value ranges from 0-1. The 

S* values of the bigels were < 1. The F* (asymptotic residual force) values for the bigels were 

≈ 0.3. This indicated the viscoelastic behavior of the formulations.  

The percent stress relaxation of the bigels decreased in the following order SG > WG > GG. 

As reported earlier, the percent stress relaxation for ideal elastic solid is 0, whereas, it is 100 

for liquids [155]. The percent stress relaxation of the bigels was in the range of 65-70 

suggesting viscoelastic nature of the bigels.  
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Figure 6.6: Mechanical properties of bigels (a) spreadability, (b) stress relaxation, (c) 

normalized force vs. time and (d) Wiechert model 

Table 6.3: Mechanical properties of the bigels 

Studies Parameters SG GG WG 

 

 

Mechanical 

properties 

Firmness (g) 
435.2341 ± 

2.7121 

693.1212 ± 

2.8211 

468.0634 ± 

2.7231 

Stickiness (g) 
265.2723 ± 

4.5732 

449.0512 ± 

4.1824 

332.6913 ± 

3.8931 

Spreadability 

(g.sec)-1 

0.0085 ± 

0.0017 

0.0011 ± 

0.0009 

0.0016 ± 

0.0008 

 

Stress relaxation 

study 

Percent stress 

relaxation 

69.1860 ± 

1.2521 

66. 5382 ±  

3. 5172 

68.1762 ± 

3.0182 

K1 0.1375 0.1567 0.1674 

K2 0.0012 0.0282 0.0297 

S* 0.7501 0.7504 0.7468 
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Table 6.4: Wiechert model parameters of the bigels 

Formulation 

code 
τ1 τ2 τ3 r2 

SG 0.1948 1.8739 13.6694 0.9992 

GG 0.2473 1.7085 12.2699 0.9941 

WG 0.2503 1.8856 12.8824 0.9954 

Pre-exponential parameters 

 P0 P1 P2 P3 

SG 0.2733 0.2732 0.2345 0.2276 

GG 0.2982 0.2808 0.2806 0.2525 

WG 0.2970 0.2716 0.2615 0.2202 

The stress relaxation profiles were fitted as per the Weichert model having a spring and a 

dashpot. The spring and the dashpot represent the elastic and viscous components, 

respectively. This model describes the behavior of the protein based bigels with respect to 

different relaxation times. The use of n number of relaxation times gives a better fit to the 

model [156]. The Weichert model parameters were calculated. P0 (residual stress) was higher 

in protein containing bigels, indicating higher solid-like nature of bigels. τ1 (instantaneous 

relaxation time) was higher in GG and WG. On the other hand, the long-term relaxation times 

(τ2 and τ3) were higher in SG. Parameters like τ2 and τ3 provide information about the 

disintegration and breakage of polymer-polymer interactions. The long-term relaxation times 

τ2 and τ3 for the protein-based bigels was slightly lower than that of blank bigels. This 

indicated the formation of better and strong gel matrix in GG and WG. The coefficient of 

viscosities of all protein based bigels was higher than that of the normal bigels. This can be 

attributed to the formation of ordered triple helices during the heating and cooling process of 

bigel formation. These types of ordered triple helices are believed to give rise to crosslinks 

and junction zones which further resist to the stress applied to the gel matrix [157].  
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Table 6.5: Stress relaxation model fitting using Wiechert model 

Formulation 

Code 

Stress relaxation  

Model 

Coefficient of 

viscosity of the 

dashpots 

SG 

-t -t -t
0.1948 1.8739 13.6694P(t) = 0.2733 + 0.2732e + 0.2345e + 0.2276e  

0.0532, 0.4394, 

3.1111 

GG 

-t -t -t
0.2473 2.801 23.082P(t) = 0.2982 + 0.2808e + 0.2806e + 0.2525e  

0.0694, 0.4794, 

3.0981 

WG 

-t -t -t
0.2503 1.8856 12.8824P(t) = 0.2970 + 0.2716e + 0.2615e + 0.2202e  

0.0679, 0.4930, 

2.8367 

6.3.6 Gel disintegration studies 

The disintegration property of the bigels was determined using USP disintegration apparatus 

(Table 3). The disintegration times of SG, GG, and WG were found to be 55.0 ± 1.2 min, 

37.0 ± 2.1 min and 27.0 ± 0.9 min, respectively. The results showed that the protein 

containing bigels disintegrated faster as compared to SG. The rapid solubilisation of the 

protein resulted in the faster disintegration of the protein bigels as compared to SG [158]. 

Amongst GG and WG, the disintegration of WG was faster. This may be due to the greater 

structural integrity of GG due to higher hydrogen bonding as confirmed by the FTIR studies. 

6.3.7 Thermal analysis 

The thermograms of the bigels have been shown in figure 6.7. The bigels showed melting 

temperature (Tm) at ~45 ºC. The broad endothermic peaks of SG, GG, and WG, may be 

associated with the loss of moisture present within the gels. The results suggested that the 

evaporation of the moisture from SG was at a much lower temperature as compared to GG 

and WG. This may be attributed to the increase in the intermolecular hydrogen bonding 

amongst the bigel components when the proteins (gelatin and whey powder) were 

incorporated within the gel. The increase in the melting point of GG and WG indicated 

improved thermal stability of GG and WG as compared to SG. The change in the enthalpy of 

the bigels decreased in the following order GG (422 J/g) > WG (272 J/g) > SG (220 J/g). The 

change in the enthalpy is associated (ΔH) with the increase in the intermolecular interactions 

(hydrogen bonding) amongst the bigel.  
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Figure 6.7: DSC profiles SG, GG, and WG 

6.3.8 Electrical analysis 

The electrical properties of the bigels were measured at room temperature. The presence of 

two semicircles in the Nyquist plot (figure 6.8a) may be attributed to the presence of both 

bulk and grain boundary effects. The intercept of the semicircles on the real axis gives a bulk 

resistance of the materials. There was a decrease in the bulk resistance (Rb) of the bigels as 

proteins were incorporated. This was due to the presence of the charged groups in proteins. 

The conductivity of GG was higher as compared to WG. The observed phenomenon may be 

due to the higher adsorption of SG at the electrode surface as compared to WG and GG. The 

dielectric constant (ε) profile has been shown in figure 6.8b. The presence of hydrophilic 

functional groups in the proteins resulted in the slightly higher ε of GG and WG. The 

variation in the AC conductivity of the bigels has been shown in figure 6.8c. The AC 

conductivity of GG and WG was higher than SG. The presence of protein in the gels 

contributed to an increase in the AC conductivity due to the hopping of charge carriers 

between the orbitals located at the residues of native protein [159]. The presence of the 

hydrophobic amino acids in whey protein led to a slight decrease in the AC conductivity. The 

variation of total AC conductivity σ’ (ω) of the gels with frequency (ω) was expressed using 

Jonscher’s power law model (figure 6.8c). The AC conductivity of the bigels increased with 

the frequency. The plateau in the high-frequency region (1000-10000 Hz) gave an indication 

of the DC conductivity of the bigels. The s values of SG, GG, and WG were found to be 0.24, 

0.28, and 0.21, respectively.  



 

                                                                                                                                    Chapter 6 

58 
 

The tan δ profile has been shown in figure 6.8d. All the bigels showed a single relaxation 

peak. There was a slight variation in the relaxation of the bigels. This may be due to the ionic 

transport process in the bulk.  

 

Figure 6.8: Electrical properties of the bigels, (a) Nyquist plot, (b) dielectric constant, (c) 

AC conductivity, and (d) tan δ profile 

6.3.9 In vitro cytotoxicity of dialyzed formulation components 

The results of the cytotoxicity tests of the bigels have been summarized in figure 6.9. The 

percent hemolysis of the bigels was less than 5 indicating their hemocompatibility (figure 

6.9a). In vitro cytotoxicity test was carried out using HaCaT cells showed a higher cell 

viability index (figure 6.9b) in the case of GG as compared to SG and WG. The study 

suggested that the addition of the proteins to the gels improved the cytocompatibility. The 

variations in the cell viability were found to be significantly different (p < 0.05).  
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Figure 6.9: In vitro cytotoxicity of dialyzed formulation components (a) percent 

hemolysis and (b) cell viability index of SG, GG, and WG bigels 

 

Figure 6.10: Micrographs of HaCaT cells (a) control, in the presence of leachates of 

bigels (b) SG, (c) GG and (d) WG bigels 
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6.3.10 In vitro antimicrobial studies 

Antimicrobial activity of the metronidazole loaded bigels was carried out against the gram-

negative bacterium, E. coli. MR (Metrogyl®) was used as the positive control. The study 

showed that SGM, GGM, and WGM had good antimicrobial activity against E. coli. The 

zone of inhibition was in the order of MR > GGM > WGM > SG (figure 6.11, table 6.6). This 

can be attributed to the faster diffusion of the drug from MR followed by GGM, WGM, and 

SGM, respectively. The in vitro drug release profile also showed release pattern in similar 

order. These results suggested that the developed formulations can prolong the release of the 

drug thus making them suitable for controlled delivery applications. The p values > 0.05 

indicated comparable antimicrobial activity of the drug loaded bigels and Metrogyl® MR 

(Dosage form- gel, Dose-Apply, and rub in a thin film of Metrogyl gel twice daily to affected 

areas after washing) used as a reference. 1000 µg of the drug dose was used in all the cases 

for the test as well as for reference. 

 

Figure 6.11: Antimicrobial activity of the bigels against E. coli. (a) SGM, (b) GGM and 

(c) WGM 

Table 6.6: Zone of inhibitions of SGM, GGM, and WGM bigels 

 

Sample code 

Zone of inhibitions (cm) 

E. coli 

Test MR Blank (BL) 

SGM 1.45 ± 0.25 2.1 ± 0.62 - 

GGM 1.72  ± 0.25 2.4 ±  0.53 - 

WGM 1.51 ± 0.40 2.2 ± 0.73 - 
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6.3.11 In vitro drug release studies 

The release profiles of metronidazole from SGM, GGM, and WGM have been shown in 

figure 6.12a and the release kinetics parameters have been tabulated in Table 6.7. The release 

profiles suggested 20.9%, 58.3% and 30.2% of metronidazole was released from SGM, 

GGM, and WGM, respectively, at the end of 12h. The release of the drug was compared with 

the marketed formulation of metronidazole. The marketed formulation (Metrogyl®) showed 

comparatively higher release (89.9%). The drug release from the bigels decreased in the order 

of GGM > WGM > SGM. The higher release from GGM can be explained by the dissolution 

of the gelatin molecules, which leaves behind pores which accelerate the release of the drug 

from the matrix [160]. 

This was expected, as the bulk resistance calculated from the impedance spectroscopy were 

in the same order of SG > WG > GG. In other words, the conductivity of the bigels was in the 

order of GG > WG > SG. In general, the formulations with higher conductivity usually show 

higher drug release profiles, if the sink conditions are properly maintained. The release 

profiles showed a burst release of metronidazole from MR. The burst release was lower in the 

developed bigels. The burst release was significantly higher in GGM amongst the prepared 

bigels but was significantly lower as compared to MR. The burst release of metronidazole 

from MR and GGM may be associated with the hydrophilic nature of the formulations. This 

study showed that the release of metronidazole may be tailored by altering the compositions 

of the bigels. The release of metronidazole from the bigels and MR followed Higuchi release 

kinetic model. This indicated diffusion mediated drug release from the formulations. The 

release exponent was calculated from the Korsmeyer-Peppas model to identify the 

mechanism of diffusion. The release exponent of GGM was less than 0.5 suggesting quasi-

Fickian diffusion mechanism [161]. This may be attributed to the presence of tiny interstices 

of helical fibres of gelatin in GGM. The release exponent of SGM and WGM was greater 

than 0.5 indicating a combination of diffusion and erosion of the formulations as a probable 

mechanism of drug release. Marketed formulation of metronidazole Metrogyl® (Dosage 

form- gel, Dose-Apply, and rub in a thin film of Metrogyl gel twice daily to affected areas 

after washing) was used as a reference. 

Figure 6.12c and table 6.7 showed that the release of metronidazole followed zero-order 

kinetics on the application of AC. Metronidazole release from the marketed formulation was 

almost equivalent to that of GGM bigels. The drug release from the marketed formulation 

under active condition was highest amongst all the bigels. The release of metronidazole was 

highest from GGM followed by WGM and SGM, respectively. The results can be explained 
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by the conductivity profile of the bigels. The release of the drug was higher when AC current 

was used as compared to the passive conditions (figure 6.12d). The percent increase in the 

release of metronidazole was found to be highest in SGM followed by WGM and GGM, 

respectively. This may be due to the easy diffusion of the drug from WGM and GGM, which 

resulted in the reduced efficiency of the iontophoretic system. The effect was more 

pronounced in SGM, where the diffusion of metronidazole was restricted (as seen from 

passive release profile). The mechanism of drug release from the bigels followed zero order 

mass transport on the application of current. The “n” value for the KP model was found to be 

in the range 0.5-1. 

Table 6.7: Drug release kinetics from normal and iontophoretic setup 

Formulation 

code 

Zero 

order 

model 

(r2) 

Higuchi 

model 

(r2) 

Best fit 

model 

Korsmeyer-

Peppas 

Mechanism 

of drug 

release 
(r2) N 

 Passive drug delivery 

SGM 0.9602 0.9910 Higuchi 0.9901 0.6213 Diffusion 

GGM 0.8012 0.9621 Higuchi 0.9902 0.3513 Diffusion 

WGM 0.9182 0.9900 Higuchi 0.9811 0.7002 Diffusion 

MR 0.9801 0.8801 Higuchi 0.9802 0.4700 Diffusion 

 Iontophoretic drug delivery 

SGM (Passive) 0.8512 0.9916 Higuchi 0.9228 0.7702 Diffusion 

GGM (Passive) 0.5602 0.9808 Higuchi 0.9310 0.3813 Diffusion 

WGM (Passive) 0.9700 0.9210 Higuchi 0.8802 0.4721 Diffusion 

SGM (Active) 0.9931 0.9511 Zero order 0.8510 0.8304 Anomalous 

GGM (Active) 0.9902 0.9600 Zero order 0.7291 0.8471 Anomalous 

WGM (Active) 0.9912 0.9700 Zero order 0.6101 0.7521 Anomalous 
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Figure 6.12: In vitro metronidazole release. (a) passive drug release, (b) passive drug 

release using iontophoretic drug release setup, (c) active drug release using 

iontophoretic drug release setup and (d) effect of iontophoresis over passive drug 

release 
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6.4 Major outcomes 

 Fluorescence microscopy suggested that oleogels were present as the dispersed phase.   

 The bigels containing whey powder and gelatin had a larger droplet size as compared to 

the blank bigel. This was attributed to the adsorption of the proteins on the droplet 

surface. 

 The viscosity and firmness of the gelatin bigel were higher as compared to the whey 

powder bigel due to droplet size and intermolecular hydrogen bonding, respectively. 

 The conductivity of proteins based bigel was reported to have a higher conductivity as 

compared to the blank bigels. This was due to the presence of hopping charge carriers. 

The higher conductivity of gelatin bigels with respect to whey powder based bigels was 

attributed to the lesser bulk resistance of these bigels. 

 HaCaT cells showed good viability in the presence of the bigels indicating the 

biocompatibility of the bigels. 

  The bigels showed good antimicrobial activity against E. coli.  

 The higher release from gelatin-based bigels as compared to other bigels was due to the 

faster dissolution of the gelatin molecules. The faster dissolution of gelatin leaves behind 

pores which accelerated the release of the drug from the matrix. Controlled release of the 

drug from the whey powder gels was due to its ability to swell in the presence of water. 

 

 

 

 

 

 

 



          

 

 
 

                                                    CHAPTER 7 

Preparation and characterization of 

polysaccharides based bigels using emulgels 

of sunflower oil and sorbitan monopalmitate 

 

 

 

Graphical outline: (a) Fluorescence micrographs, (b) Mechanical properties, (c) 

antimicrobial activity, and (d) in vitro drug release behavior of polysaccharides based 

bigels. 
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Overview 

The effect of various polysaccharides on the physical and mechanical properties of bigels was 

explored in depth. The bigels were prepared by mixing sorbitan monopalmitate-sunflower oil 

oleogels with the aqueous polysaccharide sols. A fluorescence microscope was used to 

analyze the microstructure of the bigels. The types of physicochemical interactions occurring 

within the bigels were analysed using an FTIR. The flow behavior of the gels was studied 

using viscometer. The bigels were further characterized for their mechanical and viscoelastic 

properties using a static mechanical tester. Gel disintegration studies were carried out at pH 

7.4. A differential scanning calorimeter and a phase sensitive multimeter were used to 

determine the thermal and electrical properties of the bigels. The in vitro cytotoxicity studies 

of the bigels were carried using goat blood RBC and HaCaT cells. The antimicrobial 

efficiency of the bigels was investigated using E.coli. In vitro drug release studies were 

conducted under passive as well as active conditions at pH 7.4. The micrographs showed 

spherical droplets of oleogels in the continuous aqueous phase. The FTIR studies showed 

hydrogen bonding in the bigels. The bigels were viscoelastic in nature and exhibited shear-

thinning behavior. The disintegration time of bigels containing starch and maltodextrin was 

found to be slower. The thermal profile showed the presence of more than one event. The 

bigels were electrically conductive. These bigels showed good antimicrobial efficacy. The 

release of metronidazole (model drug) from the bigels was diffusion mediated. The 

application of AC current to the bigels released the drug in a constant manner. The 

preliminary studies suggest that the developed bigels can be used effectively as controlled 

delivery matrices. 
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7.1 Introduction 

Gelation of edible oil is a promising alternative that modifies the physical properties of the 

edible oil as compared to the chemical methods, which often results in the production of 

trans-fatty acids. However, structured edible oils are not consumed as such; instead, they are 

further formulated into food products. They are usually delivered in the form of emulsion 

systems such as margarine (w/o systems) or mayonnaises and dressings (o/w systems). 

Polysaccharides are naturally occurring polymers and may either be obtained from plant, 

animal or microbes [162]. Since the polysaccharides are biochemically similar to the 

extracellular matrix components of the human body, they are often found to be biocompatible 

in nature. Due to this reason, they have been extensively studied to develop food and 

pharmaceutical products. One of the most commonly used applications is the development of 

hydrogel-based matrices for controlled delivery of bioactive agents.  

In this study, two classes of natural polysaccharides, viz. linear and branched, were chosen for 

formulating bigels. Sodium alginate and sodium carboxymethyl cellulose were used as the 

linear polysaccharide, whereas, starch soluble (potato starch) and maltodextrin were used as 

the branched polysaccharides. The stability, availability, renewability and low toxicity of 

these polymers make them attractive for various pharmaceutical and food applications. 

Sodium alginate is a natural anionic copolymer extracted from brown seaweed and algae 

composed of α-L-guluronic acid (G) and β-D-mannuronic acid (M) residues. The formation of 

a gelatinous barrier of alginate upon hydration acts as a diffusion barrier for many drugs and 

is an important phenomenon for controlled delivery of bioactive agents. Carboxymethyl 

cellulose is a semi-synthetic anionic water-soluble polysaccharide possessing β-(1→4)-D-

glucopyranose units. It has been widely studied for biomedical applications. It is often 

available as sodium salt, and its viscosity-imparting tendency has been used to tailor the 

release properties of the drugs [163]. Soluble starch (C6H10O5)n is one of the most abundant 

polymers in nature, comprising of glucose units with ‘n’ ranging from 300 to 1000. It is a 

mixture of linear polymer amylose and highly branched amylopectin. Maltodextrin is a 

neutral polysaccharide derived by enzymatic degradation of starch. Its film-forming property 

and ability to act as an osmotically bulk forming agent make it a suitable candidate for food 

and pharmaceutical applications 

Keeping the facts above in mind, an attempt was made to develop polysaccharide based 

bigels for the controlled delivery of antibiotics (e.g. metronidazole). 
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7.2 Experimental 

7.2.1 Preparation of polysaccharides based bigels 

The compositions of the polysaccharide based bigels are mentioned in Table 7.1. 5 g of the 

prepared polysaccharide solution (50 °C) was added drop-wise to the 5 g of oleogel (50 °C). 

The mixture was thoroughly mixed at 12000 rpm until a milky white emulsion was formed. 

This mixture was then allowed to cool to room temperature to form bigels. Drug loaded 

bigels were prepared in a similar manner.  

Table 7.1: Composition of the polysaccharide based bigels 

Sample 

code 

Polysaccharides % (w/w) Sorbitan 

Mono 

palmitate  

% (w/w) 

Sun 

flower 

oil % 

(w/w) 

Metronidazo

le % (w/w) Sodium 

alginate 

Sodium 

carboxy 

methyl 

cellulose 

Maltodextrin Starch 

soluble 

FA 0.5 - - - 9 41 - 

FC - 0.5 - - 9 41 - 

FM - - 0.5 - 9 41 - 

FS - - - 0.5 9 41 - 

FAM 0.5 - - - 9 41 1 

FCM - 0.5 - - 9 41 1 

FMM - - 0.5 - 9 41 1 

FSM - - - 0.5 9 41 1 

7.3 Results and discussion 

7.3.1 Preparation of bigels 

The backward extrusion profile (figure 7.1) of the sols suggested Newtonian flow behavior. 

The viscosities of sodium alginate, sodium CMC, maltodextrin and starch sols were found to 

be 0.01028 ± 0.00514 Poise, 0.01365 ± 0.00625 Poise, 0.00893 ± 0.004 Poise and 0.00798 ± 

0.0035 Poise, respectively. When sodium alginate and carboxymethyl cellulose are dispersed 

in water, an electrolytic reaction occurs separating the alginate and carboxymethyl cellulose 

into sodium cations and polyanionic polymers. In addition to this, the water molecules and -
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OH groups on the alginate and carboxymethyl cellulose molecules exhibit electric dipole 

moments which considerably enhance electrostatic interacting forces which increase the 

viscosity of sodium alginate and sodium carboxymethyl cellulose solutions as compared to 

soluble starch and maltodextrin. 

 

Figure 7.1: Viscosity profile of the polysaccharide sol from the backward extrusion 

method 

Inverted-tube method was used to confirm the gel formation (Figure 7.2). The prepared bigels 

were found to be stable for >10 months under intermediate testing conditions. In this test, the 

bigels were kept under the specified conditions as mentioned above. The evaluation was 

based on visible signs of destabilization of bigels such as phase separation and changes in the 

color. A minimum of 3 batches of each sample was studied under these conditions. The pH of 

all the bigels was found to be in the range of 6-7.  

 

Figure 7.2: Inverted-tube for the confirmation of bigels formation (a) FA, (b) FC, (c) 

FM and (d) FS 
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Alginate belongs to a class of linear unbranched polysaccharides containing varying amounts 

of 1, 4′-linked β-D-mannuronic acid and α-L-guluronic acid residues. These homopolymeric 

regions of β-D-mannuronic acid blocks and α-L-guluronic acid blocks are inter dispersed with 

regions of alternating structure (β-D-mannuronic acid–α-L-guluronic acid blocks)[164]. The 

crosslinking and gelation of the polymers are mainly achieved by the exchange of sodium 

ions from the guluronic acids with the divalent cations, and the stacking of these guluronic 

groups to form the characteristic egg-box structure. Each alginate chain can dimerize to form 

junctions with many other chains as a result of which gel networks are formed rather than 

insoluble precipitates [164]. The bigels of sodium carboxymethyl cellulose are formed 

majorly due to the hydrogen bonding. The hydrogen bonding usually occurs due to the 

presence of hydroxyl groups [165]. 

Soluble starch (C6H10O5) n is one of the most abundant polymers in nature, comprising of 

glucose units with “n” ranging from 300 to 1000. It is a mixture of linear polymer amylose 

and highly branched amylopectin. During the process of heating, the starch granules undergo 

gelatinization that causes a reorganization of the structure. Starch is organized in concentric 

alternating semi-crystalline and amorphous layers in the form of granules [166]. These 

granules vary in size. On heating water first starts entering the rings. These rings start 

swelling and at a certain degree, release the amylose units. On cooling, there is an interaction 

between the amylose units forming a gel network. The major interactions that bind both the 

components of the starch are hydrogen bonds and hydrate bridges. The amylopectin 

rearrangement occurs, later on, giving rigidity to the gel matrix [167]. The formation of 

maltodextrin gels is similar to that of the starch as it is a hydrolysed product of starch. The 

chemistry behind these gels is the formation of smaller crystallites from the nuclei 

(aggregates of double helices of amylose) thereby growing into a stronger gel. During this 

process, there is a conversion of helices to coil structure [168].  

7.3.2 Microscopy and microstructural analysis 

Figure 7.3 shows the presence of spherical droplets in a continuum phase. The droplets were 

green indicating the presence of oleogel as the dispersed phase. The presence of red color as 

the continuum phase suggested the presence of water as the external phase. The observations 

from the micrographs indicated the formation of an oil-in-water type of bigels. The average 

droplet size (or 50% of the droplets) of the dispersed phase in the bigels was in the range of 

5.0-16.0 μm (Figure 2e). The average droplet size of the dispersed phase of FM was smaller 

as compared to the other bigels. The differences in the droplet sizes of the internal phase of 
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FM and FC were statistically insignificant (p > 0.05) while for the rest of the bigels showed p 

< 0.05 indicating that the droplet sizes were statistically different. A narrow size distribution 

of the dispersed phase droplet of FC and FM bigels was observed. These results may be due 

to the viscosity-imparting effect of carboxymethyl cellulose and maltodextrin [169]. FA and 

FS, on the other hand, showed a broad size distribution. This difference in the particle sizes 

of FS was due to the poor efficiency of starch granules to stabilize oil droplets, which may be 

accounted to the low surface hydrophobicity of the starch granules [170]. This, in turn, 

affects the droplet size distribution (DSD) of the final bigels. Due to the low hydrophobicity 

of starch, the droplets started to coalesce resulting in a wider DSD in FS. Alginate chains, on 

the other hand, readily form hydrogen bonds with the surrounding molecules which reduced 

the electrostatic repulsion [171]. This could have promoted droplet coalescence resulting in a 

broad size distribution in FA.  

The span factor of FA, FC, FM and FS was 1.52 ± 2.14, 1.28 ± 1.51, 2.01 ± 1.86 and 2.91 ± 

2. 52, respectively. The span factor for FA and FC bigels was found to be lower than FM and 

FS. This indicated the formation of near uniform droplets in FA and FC. 
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Figure 7.3: Fluorescence micrographs of: (a) FA, (b) FC, (c) FM, (d) FS, (e) average 

droplet size and (f)  droplet size distribution 

7.3.3 FTIR analysis 

FTIR spectrum (figure 7.4a) of sodium alginate showed CO stretching vibrations at 1645 cm-

1. The free OH stretching vibrations were seen in the range of 3046-3301 cm-1. The IR peak 

at 1460 cm-1 was due to COO- groups. The FTIR spectrum of sodium carboxymethyl 

cellulose showed a sharp peak at 1146 cm-1 indicating the stretching vibrations due to the 

ether groups. The peaks at 2934 cm-1 and 2855 cm-1 were due to the CH stretching vibrations 

in CH2 and CH groups. The FTIR bands at 1600 cm-1 and 1417 cm-1 were due to the 

stretching vibrations of COO- groups. Starch soluble and maltodextrin showed characteristic 
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peaks at 859 cm−1 and 853 cm−1 indicating the presence of α-type glycosidic linkage. The 

polysaccharides showed a characteristic peak at 1023-1080 cm-1 which were due to the CO 

stretching vibrations (COC group of sugar ring). The disappearance of this peak in the bigels 

(figure 7.4b) indicated the breaking of the ring structure present in the polysaccharides due to 

the presence of molecular interactions in the bigels. The bigels showed a blue shift to a higher 

wavenumber from 3143 cm-1 to 3331cm-1, 3320 cm-1 to 3358 cm-1, 3275 cm-1 to 3363 cm-1 

and 3281 cm-1 to 3363 cm-1 for FA, FC, FM and FS, respectively (figure 3b). The blue shift 

suggested stronger hydrogen bonding in the polysaccharides as compared to the bigels. An 

increase in the broadening of the peak in the range of 3000-3693 cm-1 in bigels was 

associated due to the overlapping of OH stretching vibrations of polysaccharides and water. 

 

Figure 7.4: FTIR of (a) raw materials and (b) bigels 

(A: Sodium alginate, C: Sodium carboxymethyl cellulose, M- Maltodextrin and S-

soluble starch)  

7.3.4 Viscosity analysis 

The viscosity of the bigels decreased with the increase in the shear rate indicating shear 

thinning behavior. The viscosities of the bigels were in the order of FM ≈ FS > FA > FC 

(Figure 7.5a). The viscosity data were fitted to the power law equation as discussed in chapter 

4.  
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The ‘n’ values were determined from the log-log plot of η and γ. The ‘n’ values were < 1. 

(Figure 7.5b, table 7.2). The viscosity of FM and FS were higher than the FA and FC bigels. 

The low viscosities of FA and FC may be associated with the interaction of the linear 

polysaccharides with the non-ionic surfactants. There have been studies related to the 

interaction of the anionic polymer with the non-ionic surfactants. Some part of the sodium 

CMC and sodium alginate might have interacted with the polar head group of the non-ionic 

surfactant (sorbitan monopalmitate). This exposed the non-polar groups, thereby, enhancing 

the overall hydrophobicity and possibly the interpolymer association [172-173]. The decrease 

in the relative viscosities for polymer-thickened systems can also be explained in terms of the 

viscosity ratio between the continuous phase viscosity (ηc) and the dispersed phase viscosity 

(ηd), i.e., ηc/ηd. [173]. The interaction between surfactant and the polysaccharide resulted in 

the decrease in the viscosity of the continuous phase. This resulted in the decrease in the 

viscosity of the bigels even though the viscosity of the polysaccharide sol was higher. It has 

also been reported earlier that the addition of lipids and surfactants make the starch granules 

more rigid, which might have resulted in the increase in the viscosity of FS. The higher 

viscosity of FM was due to the use of high-saccharified maltodextrin. The high-saccharified 

maltodextrin has been reported to swell to a high degree resulting in the thickening of the 

maltodextrin sol. This explained the higher viscosity of FM. The higher viscosity of FS was 

due to the amylose content within the starch molecules. Higher amylose content resulted in 

the higher viscosity which is due to the increased chain entanglement amongst the amylose 

chains. The higher viscosity of FM and FS is also associated with the branched structure of 

maltodextrin and starch. With the increase in the branching, the entanglement amongst the 

polysaccharide chains increased, resulting in the increase in the viscosity.  

The inter-chain interaction amongst the linear polysaccharides was minimal. The inter-chain 

interaction refers to the presence of a helical structure of amylose and amylopectin as 

reported earlier in the literature [174]. The interactions that play a major role in these 

polymers are the hydrogen bonds. Strong hydrogen bonds stabilize the linear chain of sodium 

CMC along the direction of the chain thus maintaining and reinforcing the flat, linear, and 

rigid conformation of the chain. The axial and equatorial arrangement of all the aliphatic 

hydrogen groups and a polar hydroxyl group, respectively, render the complete cellulose 

chains hydrophobic with only the sides being hydrophilic and capable of forming hydrogen 

bonding. Thus, there are no intermolecular hydrogen bonding between the chains [175]. An 

opposite phenomenon is observed in the branched polysaccharides. In the case of branched 
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polysaccharides starch and maltodextrin, the amylose and amylopectin play an important 

role. The complex structure of these polymers predominates the other factors that affect the 

gel formation and viscosity. Amylose has a higher mobility and lower molecular weight as 

compared to amylopectin [176]. Amylose exists as a random coil in water. There might be an 

aggregation of amylose during the gel formation, which accounts for the lower viscosity of 

the alginate and sodium carboxymethyl cellulose based bigels [177]. 

 

Figure 7.5: (a) Viscosity of the bigels and (b) power law fit of the bigels 

Table 7.2: Power law parameters 

Sample 

code 

n values Correlation coefficient 

r2 

FA 0.0912 0.9767 

FC 0.5756 0.9123 

FM 0.0870 0.9995 

FS 0.1412 0.9968 

7.3.5 Mechanical analysis 

The effect of the polysaccharides on the mechanical property of the bigels was studied by 

performing spreadability studies (Table 7.3). Usually, firmness is dependent on the viscosity 

of the polymer used and its concentration. The firmness (Figure 7.6a) of bigels were in the 

order of FM > FS > FA > FC, respectively. The results were in agreement with the viscosity 

studies which suggested that the incorporation of the branched polysaccharide resulted in the 

increase in the strength of the bigels. The lower firmness of FS as compared to FM can be 

attributed to the decreased retrogradation of the starch (amylose and amylopectin) granules 

[178]. The amylose retrogradation, present in the starch, determines the initial hardness of the 
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bigels. The formation of amylose-lipid complexes reduces the availability of amylose for 

intermolecular hydrogen bonding thus reducing the firmness [179]. Many researchers have 

reported that amylose retrogradation is a fast process and takes place within minutes to hours 

in comparison to amylopectin, which takes almost hours to days. Amylose retrogradation is 

almost complete before the product is cooled to room temperature [180]. The spreadability of 

the branched polysaccharides based bigels was less as compared to that of linear 

polysaccharides based bigels. The stickiness of the bigels was also in the order of the 

firmness studies, except the stickiness of FM. The stickiness of FM was much lower than 

other bigels. This may be attributed to the stickiness-reducing effect of maltodextrin as 

reported earlier in the literature [181]. 

 

Figure 7.6: Mechanical analysis (a) spreadability, (b) stress relaxation, (c) normalised 

force vs. time and (d) Wiechert model 

It was observed from the graph that the force reaches asymptotically to an equilibrium value 

instead of 0. This showed that these bigels behaved as a viscoelastic material. 

It has been reported earlier that solid materials have higher k2 values as compared to the soft 

or semi-solid formulations and showed a value close to unity [182]. However, no clear trend 
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could be discerned from both k1 (rate) and k2 (extent) values. Hence, the viscoelastic 

parameter (S*) was subsequently quantified. The S* values are in the range of 0-1 for 

viscoelastic materials. Viscoelastic materials with higher elastic behavior have S* values 

closer to 1. The S* values of all the bigels were < 1 indicating the viscoelastic property of 

these bigels. The differences between the S* values was insignificant. 

Percent stress relaxation was dependent on the properties of the polysaccharide incorporated 

in the bigels. The relaxation of the gels containing linear polysaccharides was much higher as 

compared to the branched polysaccharides. Greater relaxation of FA and FC bigels means 

that the bigels had more capacity to dissipate the applied stress (energy) as compared to FM 

and FS. The lower degree of relaxation in FM and FS can be explained by the complex 

structures of amylose and amylopectin units which are present in both starch and 

maltodextrin. The branching increases the number of polymer chain ends in comparison to 

linear polymers of same molecular weight. This restricts the chain relaxation process [183]. It 

was observed that the bigels with lower firmness showed greater relaxation as compared to 

the firmer bigels. The relaxation decreased in the order of FC > FA > FS > FM. Percent stress 

relaxation for ideal elastic solid corresponds to 0% while for liquid it is 100%. The percent 

stress relaxation for the bigels was in between 0% and 100% indicating their viscoelastic 

behavior. 

The Weichert’s model (figure 7.6d), was used to provide the relaxation behavior with respect 

to time. This relaxation model is similar to the viscoelastic model used to describe the shape 

recovery behavior after the application of stress. This model is used to describe the 

crosslinking stability and polymer segment mobility in the bigels [184]. The residual stress 

(P0) is an indicator of the stability of the bigels. A decrease in the residual stress indicates the 

breaking of bonds in the polymer network. The residual stress was higher in the FM and FS 

(table 7.4). The P0 values decreased in the following order of FM=FS> FA>FC. A lower 

percent stress relaxation was observed when branched polysaccharides were used. The 

relaxation times (τ) were in the order of τ1 < τ2 < τ3 and were in acceptance with the literature 

[107]. According to the earlier studies, each relaxation constant is associated with specific 

structural rearrangement. τ1 is the shortest relaxation time constant and τ3 is the longest 

relaxation time constant. τ2 and τ3 are the important parameters that decide the stability of the 

bigels and are associated with the polymer rearrangement occurring during the relaxation 

process [106].  

The values of τ2 and τ3 correspond to the disentanglement and breakage of polymer 

interactions, respectively. The decrease in the values of τ2 and τ3 can be attributed to the 
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formation of better network and interaction amongst the polysaccharide chains in the bigels. 

It was also observed from the model that the τ2 and τ3 values of the branched polysaccharide 

based bigels were higher as compared to linear polysaccharides based bigels. These results 

confirm that the disorganization of the bigels containing branched polysaccharides is less as 

compared that containing linear polysaccharides when stress is applied. The coefficients of 

viscosities of all the bigels displayed a complex behavior. The results showed that the 

viscosity at particular stress value and relaxation time was dependent on the viscosity of the 

hydrogel phase in the bigels. These findings were in agreement with the backward extrusion 

study which showed that sodium CMC sol had a higher viscosity as compared to sodium 

alginate, maltodextrin, and soluble starch based sols. 
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Table 7.3: Mechanical properties of the gels  

Studies Parameters FA FC FM FS 

Mechanical 

properties 

Firmness (g) 682.4721± 3.1423 646.2832 ± 2.5287 1000.7623 ± 1.8211 729.4421 ± 3.1471 

Stickiness (g) 
555.2812 ± 

2.1503 

472.0912  ± 

3.1653 

274.9421 ± 

1.3282 
800.2737 ± 2.1552 

Spreadability (g.sec)-1 0.0021 ± 0.0013 0.0015 ± 0.0013 0.0007 ± 0.0005 0.0010 ± 0.0090 

K1 (g) 0.1549 ± 0.0234 0.0948 ± 0.0054 0.1527 ± 0.0043 0.1666 ± 0.0347 

K2 (g) 0.0285 ± 0.0142 0.0269 ± 0.0134 0.0278 ± 0.0123 0.0284 ±  0.0097 

S* 0.7505 ± 0.1232 0.7499 ± 0.2456 0.7502 ± 0.1386 0.7516 ± 0.2376 

Percent stress 

Relaxation 
70.5202 ± 3.6585 76.1627 ± 1.4282 65.3332 ± 2.4792 65.6251 ± 1.4726 
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Table 7.4: Weichert model parameters of the bigels 

Formulation 

code 
τ1 τ2 τ3 r2  

FA 0.3121 2.1421 12.3356 0.9812 

FC 0.3565 1.7034 14.9398 0.9734 

FM 0.3074 1.2911 12.1701 0.9781 

FS 0.2563 1.1839 11.6969 0.9908 

                     Pre-exponential parameters 

 P0 P1 P2 P3 

FA 0.2499 0.2698 0.2078 0.2579 

FC 0.2124 0.2602 0.2762 0.3496 

FM 0.3338 0.2788 0.2538 0.2586 

FS 0.3011 0.2041 0.2092 0.2763 

Table 7.5: Stress relaxation model fitting using Wiechert model 

Formulation 

Code 

Stress relaxation  

Model 

Coefficient of 

viscosity of the 

dashpots 

FA  
0.0842, 0.4451, 

3.1813 

FC  
0.0927, 0.4704, 

5.2229 

FM  
0.0857, 0.3276, 

3.1471 

FS  
0.0523, 0.2476, 

3.2318 

7.3.6 Gel disintegration studies 

The disintegration times of FA, FC, FM and FS in pH 7.4 were 360 ± 1.26 min, 240 ± 1.53 

min, 60 ± 0.98 min, 108 ± 1.12 min, and, respectively.The faster disintegration of FM bigels 

was associated with the increased solubility of maltodextrins. The slow disintegration of FA 

and FC was due to the formation of a thick, viscous layer of sodium alginate and 

carboxymethyl cellulose solutions around the oil droplets which hindered the diffusion of the 

-t -t -t
0.3121 2.1421 12.3356P(t) = 0.2499 + 0.2698e + 0.2078e + 0.2579e

-t -t -t
0.3565 1.7034 14.9398P(t) = 0.2124 + 0.2602e + 0.2762e + 0.3496e

-t -t -t
0.3074 1.2911 12.1701P(t) = 0.3338 + 0.2788e + 0.2538e + 0.2586e

-t -t -t
0.2563 1.1839 11.6969P(t) = 0.3011 + 0.2041e + 0.2092e + 0.2763e
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aqueous media within the gel matrix, which in turn, resulted in the slow disintegration of the 

bigels. 

7.3.7 Thermal analysis 

Figure 7.7 shows the DSC profiles of the bigels. The DSC profiles of all the bigels showed 

more than one endothermic peak indicating the presence of more than one thermal event. The 

endothermic peak in the range of 45-50 °C was due to the melting of sorbitan monopalmitate. 

The endothermic peak of FA and FC at 87.1 °C and 86.76 °C was due to the loss of the 

absorbed water associated with the hydrophilic group of sodium alginate and sodium 

carboxymethyl cellulose, respectively [185]. The endothermic peak for all the bigels between 

90-102 °C may be associated with the evaporation of water present within the bigel matrix. 

Small endothermic peaks in the range of 105-120 °C for FM and FS were associated with the 

melting of amylose-lipid complexes formed by the interaction of amylose with the fatty acids 

present in sunflower oil and sorbitan monopalmitate [186]. Table 7.5 lists ΔH of the bigels. 

The branched polysaccharide based bigels, had a higher enthalpy than FA and FC. The higher 

enthalpy was associated with, the more stable gel formation. The enthalpy is the total heat 

energy uptake by the sample after suitable baseline correction during the transition [187].  

 

Figure 7.7: DSC profile of (a) FA, (b) FC, (c) FM and (d) FS 
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Table 7.6: DSC parameters of the gels 

Sample code ΔH (J/g) 

FA 917.6 

FC 1008 

FM 923.2 

FS 1088 

7.3.8 Electrical analysis 

Figure 7.8 shows the electrical properties of the bigels. The bulk resistance of the bigels was 

calculated from the Nyquist plot (figure 7.8a). FM showed highest bulk resistance as 

compared to the other polysaccharide based bigels. The bulk resistance of the bigels 

decreased in the following order FM > FS > FC > FA. The results suggested that bigels 

containing branched polysaccharides had higher bulk resistance. Figure 7.8b shows the 

variation of dielectric constant with frequency. A decrease in the dielectric constant was 

observed. This was attributed to the alignment of the dipoles in the direction of applied 

electric field at low frequency, however, at higher frequencies quick reversal of the dipole 

happens [188]. The AC conductivity increased with a rise in the frequency (figure 7.8c). AC 

conductivity of FM was lower than the other bigels. This may be attributed to the higher 

viscosity of the branched polysaccharides based bigels which might have altered the 

movement of the conducting ions. The plateau in the profile contributed to the DC 

conductivity of the gels.  

The s-values obtained from the equation were in the range of 0 and 1. The‘s’ for FA, FC, FM 

and FS were 0.63, 0.63, 0.42 and 0.65, respectively. The variation of tan δ with frequency is 

shown in figure 9d. It was observed from the graph that the bigels exhibited a zero dielectric 

loss at higher frequencies The higher tan δ at lower frequencies was attributed to the 

conductivity relaxation of the polymers present in the bigels [189]. The relaxation was also 

associated with the flexibility of the polysaccharide chain. High values of dielectric loss are 

associated with grain boundary resistance, where higher energy is required for electron 

exchange. It was also observed from the above graph that the FC and FA showed two 

relaxation peaks. The two relaxation peaks may be called as α and β peaks. The α relaxation 

peak may be associated with the strong intra and inter molecular hydrogen bonding within the 

cellulose chains [190]. The β relaxation of cellulose is associated with the bound water 

molecules.  
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Figure 7.8: Impedance profile of the bigels (a) Nyquist plot, (b) dielectric constant vs. 

frequency, (c) AC conductivity, and (d) tan δ vs. frequency 

7.3.9 In vitro cytotoxicity of dialyzed formulation components 

The percent hemolysis and cell viability index of the HaCaT cells are shown in figure 7.9. 

The bigels were found to be highly hemocompatible, indicating the nontoxic nature (figure 

7.9a) of the developed bigels. This nature of the bigels was expected because the components 

used for the preparation of the bigels are FDA approved. The cell viability was also 

dependent on the type of the polysaccharides used in the study (figure 7.9b). It was observed 

from the graph that FM and FS showed a slightly higher viability index as compared to FA 

and FC. The results were found to be statistically insignificant. This confirmed that the bigels 

were biocompatible. The cells remained unchanged in the presence of the bigels (figure 7.10). 
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Figure 7.9: In vitro cytotoxicity of dialyzed formulation components (a) percent 

hemolysis and (b) cell viability index of polysaccharides based bigels 

 

Figure 7.10: Micrographs of the cells (a) control, in the presence of leachates of bigels 

(b) FA, (c) FC, (d) FM and (e) FS 

7.3.10 In vitro antimicrobial studies 

The antimicrobial efficiency of the drug loaded bigels was tested against E. coli (Table 7.6). 

It was observed the marketed and the metronidazole loaded bigels showed nearly equal 

antimicrobial efficiency (Figure 7.11). The difference in the antimicrobial efficiency was 

insignificant (p <. 0.05). The zone of inhibitions of the bigels containing branched 

polysaccharides was slightly lower. This can be accounted to the sustained release of the drug 

from the gel matrices, as was evident from the drug release studies. This indicated that the 

efficiency of bigels was nearly equal to the Metrogyl® (MR) (Dosage form-gel, Dose-Apply, 
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and rub in a thin film of Metrogyl gel twice daily to affected areas after washing) used as a 

reference. 1000 µg of the drug dose was used in all the cases for the test as well as for 

reference. 

 

Figure 7 10: Zone of inhibitions of polysaccharide based bigels against E. coli 

Table 7.7: Zone of inhibition of the metronidazole loaded bigels against E. coli 

 

Sample code 

Zone of inhibition (cm) 

E. coli 

Test Marketed BL 

FAM 2.2 ± 0.7 2.5 ± 0.5 - 

FCM 2.2  ± 1.0 2.5 ±  0.6 - 

FMM 2.6 ± 0.1 2.5 ± 0.1 - 

FSM 2.4 ± 0.4 2.5  ± 0.7 - 

7.3.11 In vitro drug release studies 

The in vitro drug release profile of metronidazole from the prepared formulations and 

Metrogyl® (MR) (Dosage form-gel, Dose-Apply, and rub in a thin film of Metrogyl gel twice 

daily to affected areas after washing) has been shown in Figure 7.12a. MR showed 90.33% 

release of metronidazole in a span of 12 h. FAM, FCM, FSM and FMM showed 71.68%, 
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65.67% 57.97% and 53.87% release of metronidazole, respectively. The results indicated that 

the branched polysaccharides slowed down the diffusion of the metronidazole molecules to a 

greater extent as compared to the linear polysaccharides. This reduced the release of the drug 

molecules from the bigels containing branched polysaccharides. The effect of branching and 

controlled release properties of starch and maltodextrin on the drug release has been 

previously studied. The branching in these polysaccharides plays an important role in 

improving the strength of gel matrix, which in turn, influences the diffusion of the drugs. It is 

believed that a structure with a highly ordered organization is a good candidate for the 

controlled release of drugs [191]. Amylopectin and amylose present in these branched 

polysaccharides help in the formation and stabilization of the matrix structure. The highly 

branched amylopectin is expected to enhance an extensive interaction amongst the 

amylopectin molecules resulting in a viscous matrix capable of sustaining drug release. The 

linear chains in sodium CMC and sodium alginate, on the other hand, cannot make these 

types of arrangements due to the axially oriented conformations. The more efficiently the 

networks are formed, lesser is the diffusion of the molecule [192]. Faster release of 

metronidazole from FAM and FCM bigels may be attributed to the ionization of carboxylate 

groups. The ionization further increases the concentration of free H+ inside the gel which 

facilitates the water intake by increasing the osmotic pressure. This causes a swelling of the 

bigel matrix thus ensuring a faster release of the drug [193-194].  

An increase in the entanglement of the polymeric chains results in the increase in the physical 

crosslink points. This not only decreases the spaces available within the interpolymeric 

chains of the gelled matrices but also the hydration of the polymer matrices. This 

phenomenon, in turn, hindered the diffusion of the drug molecules within the matrices. The 

release of the drugs from the bigels followed Higuchi release kinetics while the release of 

drug from Metrogyl® followed zero order kinetics. This showed diffusion mediated transport 

of the drug from the bigels. The release exponent was calculated from the Korsmeyer-Peppas 

model. The release exponent was < 0.5 suggesting Fickian diffusion of the drug molecules 

(table 5). The differences in the release profile were statistically significant (p > 0.05).  
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Figure 7.11: In vitro metronidazole release. (a) passive drug release, (b) passive drug 

release using iontophoretic drug release setup, (c) active drug release using 

iontophoretic drug release setup and (d) effect of iontophoresis over passive drug 

release 
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Table 7.8: Release kinetics of the metronidazole from polysaccharides based bigels 

Formulation 

code  

Zero order 

model (r2)  

Higuchi 

model (r2)  

Best fit 

model  

Korsmeyer-

Peppas  

 

Mechanism  

of release  
(r2)  n  

                  Passive drug delivery  

FAM  0.8821 0.9900 Higuchi 0.9812 0.4010 Diffusion 

FCM  0.9001 0.9919 HIguchi  0.9792 0.4700 Diffusion 

FMM  0.8513 0.9702 Higuchi 0.9810 0.4802 Diffusion 

FSM  0.8002 0.9631 Higuchi 0.9830 0.4513 Diffusion 

MR  0.9816 0.8801 Zero order 0.9812 0.4702 Diffusion 

                    Iontophoretic drug delivery  

FAM (Passive)  0.9817 0.9910 Higuchi 0.9929 0.4901 Diffusion 

FCM (Passive)  0.9712 0.9802 Higuchi 0.9923 0.4800 Diffusion 

FMM (Passive)  0.9862 0.9900 Higuchi 0.9942 0.4901 Diffusion 

FSM (Passive)  0.9828 0.9919 Higuchi 0.9953 0.4802 Diffusion 

FAM (Active)  0.9901 0.9702 Zero order 0.9698 0.7501 Anomalous 

FCM (Active)  0.9803 0.9503 Zero order 0.8900 0.7403 Anomalous 

FMM (Active)  0.9912 0.9721 Zero order 0.8601 0.7002 Anomalous 

FSM (Active)  0.9818 0.8482 Zero order 0.8802 0.7113 Anomalous 

The effect of AC current on the drug release was studied. The results have been shown in 

figure 7.11c and table 7.7. It was observed that the mechanism of metronidazole release was 

zero-order when the AC current was applied. The marketed preparation of metronidazole 

showed a faster release of the drug under both active and passive condition. This suggested 

that metronidazole was released from the matrices at a constant rate [195]. The release at a 

constant rate indicates that the dissolution of the drug was the rate limiting step. The diffusion 

exponent (n-value) was calculated from the KP model. According to this model, n=0.5 

(diffusion controlled drug release), n=1 (swelling controlled drug release). Values of n 

between 0.5 and 1.0 is an indicator for the superposition of both phenomena (anomalous 

transport), which was found in the bigels.  
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7.4 Major outcomes 

 Bigels were prepared using polysaccharides and characterized as controlled delivery 

matrices.  

 The addition of starch to the bigels increased the droplet size of the dispersed phase to a 

larger extent as compared to maltodextrin, sodium alginate and sodium CMC bigels. 

 The bigels containing branched polysaccharides had a higher viscosity as compared to 

linear polysaccharides based bigels. The bigels showed a viscoelastic property.  

 The mechanical properties of the bigels varied depending on the composition of the 

bigels. The bigels containing maltodextrin and starch showed higher firmness as 

compared to that of bigels containing linear polysaccharides.  

 Drug release from the bigels containing soluble starch and maltodextrin-based bigels was 

lower as compared to bigels containing sodium alginate and sodium CMC. 

 The drug loaded bigels showed similar antimicrobial efficiency with the marketed 

formulations of metronidazole. 
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gums based bigels using emulgels of 
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Graphical outline: (a) Fluorescence micrographs, (b) Mechanical properties, (c) 

antimicrobial activity and (d) in vitro drug release behavior. 
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Overview 

In this chapter, sunflower oil-sorbitan monopalmitate-natural gum based bigels were prepared 

and thoroughly characterized. The bigels were prepared by mixing the oleogels of sunflower 

oil-sorbitan monopalmitate and the hydrogels of natural gums. The microstructure of the 

bigels was analyzed by fluorescence microscopy. The molecular interactions amongst the 

components of the bigels were studied by FTIR spectroscopy. The flow and mechanical 

behavior of the bigels were analyzed using viscometer and static mechanical tester, 

respectively. The gel disintegration studies were carried out at pH 7.4. The thermal and 

electrical properties of the bigels were evaluated using differential scanning calorimeter 

(DSC) and a phase sensitive multimeter, respectively. The efficiency of the bigels as a carrier 

for the delivery of metronidazole was explored. The antimicrobial efficiency and cytotoxicity 

studies of the bigels were checked against E. coli and HaCaT cells, respectively. In vitro drug 

release was carried out under physiological conditions. The fluorescence microscopy 

suggested the presence of oleogels as the internal phase. FTIR studies showed hydrogen 

bonding within the bigels as the major molecular interaction. The viscosity and mechanical 

studies indicated that the bigels were viscoelastic in nature. The disintegration of the bigels 

was dependent on the viscosity of the bigels. The melting endotherm of the bigels was 

observed at 45-52 °C. The bigels were electrically conductive. The viability index of HaCaT 

cells was good in the presence of the bigels. The in vitro drug release study suggested 

diffusion-mediated drug release. The drug loaded bigels showed near equal antimicrobial 

efficacy as compared to the available marketed formulation. The results suggested that the 

bigels had sufficient properties as in vitro delivery matrices. 
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8.1 Introduction 

Gels based on edible oils are preferred over organic solvents due to consumer demands 

originating from health concerns. Edible oils, such as sunflower oil, soybean oil, groundnut 

oil and sesame oil are rich in ω- 6 polyunsaturated fatty acids and vitamin E. These classes of 

oils are important sources of fatty acids which are precursors of signaling molecules such as 

eicosanoids e.g. prostaglandins. These fatty acids control many physiological factors such as 

cholesterol level and blood pressure. Due to the presence of the unsaturated fatty acids, 

sunflower oil is prone to oxidation which results in a product of short shelf- life and low 

nutritional quality. Structuring of these types of oils in the form of oleogels, emulgels or 

bigels increases their acceptability for food and pharmaceutical applications [196]. These 

structured formulations also reduce the level of zero trans-fatty acids, thereby, improving the 

nutritional value. The major types of structuring agents of edible oils include low molecular 

weight organogelators such as aromatic rings, alkylamide, fatty acids steroid derivative and 

anthryl derivatives.  

Mixing of oleogels with hydrogels forms a biphasic system that not only prevents the 

oxidative deterioration but also acts as effective carriers for the delivery of bioactive agents 

for biomedical, pharmaceutical, and nutraceutical applications. These types of formulations 

are termed as bigels, also called as biphasic gels. They offer a combined advantage of 

hydrogels as well as oleogels. Main advantages of these types of systems are that both 

lipophilic and hydrophilic agents can be delivered simultaneously. Enhanced hydration of the 

stratum corneum is an added advantage. These gels have a cooling and moisturizing effect 

[5]. Easy spreadability and water washability, when applied to the skin, makes them superior 

candidates over other formulations for topical applications. The objective of this chapter was 

to study the effect of natural gums on the properties of sunflower oil-sorbitan monopalmitate 

based bigels and check the efficiency of these systems as a delivery vehicle. 
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8.2 Experimental 

8.2.1 Preparation and evaluation of natural gums based bigels  

Accurately weighed amount of sorbitan monopalmitate (table 8.1) was first dissolved in 

sunflower oil (50 °C) to form a clear isotropic mixture of gelator and oil. Bigels were formed 

by the drop-wise addition of gum solution at 50 °C with a continuous stirring at 12000 rpm. 

The tubes were inverted to check any flow from the bigels. Metronidazole was used as a 

model drug for the preparation of drug loaded bigels.  

Table 8.1: Composition of the natural gums based bigels 

 

Sample 

code 

Amount of Gum % (w/w)   

Water 

% (w/w) 

Sorbitan 

monopal

mitate 

 % (w/w) 

Sunflower 

oil 

% (w/w) 

Metronid

azole 

% (w/w) 

 

Aacaia 

 

Guar 

 

Xanthan 

AG 0.6 - - 49.4 9 41 - 

GG - 0.6 - 49.4 9 41 - 

XG - - 0.6 49.4 9 41 - 

AGM 0.6 - - 49.4 9 40 1 

GGM - 0.6 - 49.4 9 40 1 

XGM - - 0.6 49.4 9 40 1 

8.3 Results and discussion 

8.3.1 Preparation of bigels 

The viscosities of the acacia, guar and xanthan gum sols (0.6 % w/w) were found to be 

0.8637 ± 0.1454 mPa.s, 0.9310 ± 0.2642 mPa.s and 3.3182 ± 0.2463 mPa.s, respectively. The 

high viscosity of the xanthan gum sol may be attributed to its complex chemical structure. 

The molecules of xanthan gum form complex aggregates via hydrogen bonding resulting in 

polymer entanglement. This results in a higher viscosity of xanthan gum sol. This type of 

interaction is not significant in guar gum and acacia gum thus, a lower viscosity was 

observed. 
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Figure 8.1: Backward extrusion of acacia, guar, and xanthan gum sol 

A-Acacia gum, G-Guar gum and X-Xanthan gum. 

The bigels appeared to be milky-white opaque in nature (figure 8.2). The bigels were stable 

even after 10 months. The pH of the bigels was in the range of 6-7.  

 

Figure 8.2: Inverted-tube method confirming the bigel formation (a) AG, (b) GG and (c) 

XG 

The different chemical structure of the natural gums plays an important role in the formation 

of bigels. Xanthan gum contains β-D-(1-4) linked glucan backbone and short trisaccharide 

side chain. The trisaccharide side chain is composed of α-mannose, β-D- glucuronic acid and 

β-mannose on alternating glucose residues. During the heating, there is a change in the 

conformation of the gum. This conformational change leads to the intermolecular binding 

involving co-crystallization of the disordered chains xanthan gums giving rise to an ordered 

networked structure [197]. Guar gum contains a backbone of D-mannopyranosyl residues (M) 
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linked β-(1→4), and side chains of a single galactopyranosyl units (G) linked α-(1→6) [198]. 

The bigel formation is believed to occur due to the self-association of galactomannan chains 

[199]. Gum arabic (acacia gum) on the other hand, is a highly branched, branch-on-branch, 

complex acidic heteropolysaccharide with the (1→3)-β-D-galactopyranosyl units as the main 

chain and side chains containing L-arabinofuranosyl, L-rhamnopyranosyl, D-

galactopyranosyl, and D-glucopyranosyl uronic acid units [200]. It is a protein-

polysaccharide hybrid with the protein fraction playing a crucial part in the interfacial 

functionality and the formation of bigels. The major proteins found in acacia gum are 

arabinogalactan protein, arabinogalactan, and glycoprotein. On heating, the protein molecules 

of the gum start agglomerating. This agglomeration is a combination of both covalent and 

non-covalent interactions leading to the formation of bigels [201-202]. 

8.3.2 Microscopy and microstructural analysis 

The fluorescence micrographs of the bigels confirmed the presence of the oleogel and 

hydrogel as the dispersed phase and the external phase, respectively (Figure 8.3). The 

observations from the micrographs indicated the formation of an oleogel-in-hydrogel type of 

bigels. The average droplet size of bigels was found to be in the range of 8.0-13.0 μm (Figure 

3e). The average droplet size of the dispersed phase of XG was smaller than AG and GG. The 

differences in the droplet sizes of the internal phase of AG, GG, and XG were statistically 

insignificant (p > 0.05). A narrow size distribution of the dispersed phase droplet of XG was 

observed as compared to AG and GG. This may be explained by the higher viscosity of the 

aqueous solutions of xanthan gum, as determined from the backward extrusion study. The 

higher viscosity of the continuous phase prevents the liquid drainage between two colliding 

particles thus giving a smaller droplet size distribution [203]. The droplets AG and GG, on 

the other hand, showed a broad size distribution due to the presence of both large and small 

droplets. The span factor for AG, GG and XG was found to be 2.27 ± 1.14, 2.52 ± 0.47 and 

1.96 ± 0.46, respectively. The span factor determines the uniformity of the droplet size [145]. 

The lower span factor of XG bigels suggested the presence of uniform droplets. 
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Figure 8.3: Fluorescence micrographs of: (a) AG, (b) GG, (c) XG, (d) droplet size 

distribution and (e) average droplet size 

8.3.3 FTIR analysis 

Figure 8.4 shows the FTIR spectra of the raw materials and the bigels. The fingerprint region 

for both the raw materials and bigels was in the wavenumber range of 880 cm-1 and 1500 cm-

1. The peaks in this region provided information about the carbohydrate specific bonds and 

functional groups. The major contribution was due to the sugar ring structure present in the 

gums. The peaks at 3420 cm-1, 3337 cm-1, and 3450 cm−1 were assigned to OH stretching 

vibrations in acacia, guar and xanthan gums, respectively. The OH stretching vibrations 

observed in gum acacia was associated with the glucosidic ring. The symmetric and 

asymmetric stretching vibrations of CH2 in acacia gum were observed at 2149.1 cm−1 and 

2927.1 cm−1, respectively. CO stretching vibrations (carbonyl group) of the saccharide were 

observed at 1611.2 cm−1. Another peak at 1426.8 cm−1 was assigned to CO stretching 

vibrations of COO- group. The CH2 symmetrical stretching vibration in guar gum was 

observed at 2913 cm-1. The peak at 1626 cm-1 in xanthan gum was associated with CO groups 

of pyruvate [204]. The COC absorption peak of acetal group was observed at 1065 cm-1. The 

peaks at 1548 cm−1 were associated with CO asymmetric stretching vibrations of carboxylate 

anion in the xanthan gum side chain [205].  
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The IR spectra of the bigels showed a peak broadening in the wavenumber region of 2500 

cm-1-3500 cm-1. The peak broadening in this region indicated a large number of hydroxyl 

groups available for hydrogen bonding in the bigels due to the presence of water. The extent 

of hydrogen bonding, in the bigels, was predicted by calculating the area under the curve 

(AUC) in the wavenumber range of 2500 cm-1 and 3500 cm-1. The AUCs were 764.431, 

947.316 and 1088.716 for AG, GG, and XG, respectively. This suggested that the degree of 

hydrogen bonding was in the order of XG > GG > AG.  

 

Figure 8.4: FTIR spectra of (a) raw materials: (A- Acacia gum, G- guar gum, X- 

xanthan gum and (b) bigels 

8.3.4 Viscosity analysis 

The viscosities of the bigels in low shear rate were in the order of GG > XG > AG (Figure 

8.5a). At higher shear rates the viscosity was in the order of GG > AG > XG. The viscosity of 

XG was found to be lowest at high shear rates. The increased viscosity of XG at low shear 

rates may be due to the complex molecular structure and high molecular weight of xanthan 

gum as reported earlier in the literature [206]. The water absorption capacity of xanthan gum 

is high due to the existence of many free carboxyl groups. When the gum is dispersed in 

water, a conformational transition is observed. The transition usually occurs from a double 

helical structure to complex aggregates. These transitions occur through hydrogen bonds and 

polymer entanglement. Due to the formation of this complicated network and entanglements, 

the addition of xanthan gum resulted in higher viscosity and pseudoplastic behavior of XG at 

low shear rates. However, these entanglements progressively break at high shear rates. This is 
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attributed to the inherent property of xanthan gum [128]. It has been reported earlier in the 

literature that the hydrophobic interactions are strong forces and play a significant role in 

strengthening of the matrix. Some researchers have also proposed the hydrophobic 

interactions as the major driving forces that help in the adsorption of guar gum to the surfaces 

of the hydrophobic talc [207]. These interactions predominantly are difficult to break at both 

low and high shear rates. The low viscosity of XG at higher shear rates is because the chains 

in xanthan gum have a weak intermolecular association that tend to break at higher shear 

rates. The low viscosity of AG was attributed to the low hydraulic radius and lower 

intermolecular interactions in the solution of acacia gum [208].  

The parameters for the power law fit of the bigels have been tabulated in Table 8.2, and the 

model fit has been shown in figure 8.5b. It was observed that n was < 1 indicating a 

pseudoplastic behavior (shear thinning).  

 

Figure 8.5: (a) Viscosity profile and (b) power law fit of the gum based bigels 

Table 8.2: r2 values of the power law fit 

Sample code n values r2 values 

AG 0.1232 0.9356 

GG 0.0367 0.9672 

XG 0.1573 0.9012 

8.3.5 Mechanical analysis 

The results obtained from large-scale deformation studies have been summarized in table 8.3 

and figure 8.6. The effect of the natural gums on the structural integrity of the bigels was 

studied from the firmness studies. The firmness (Figure 8.6a) of the bigels was in the order of 

GG > AG > XG, respectively. The results were in accordance with the viscosity studies at 
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higher shear rates, which suggested the presence of a strong network in GG and AG as 

compared to XG. The results can be explained by the higher hydrogen bonding in AG and 

GG gels as compared to XG gels. The firmness is also dependent on the composition of the 

gums. As guar gum is a galactomannan, the M/G ratio (mannose: galactose) has an important 

effect in the strengthening of gel matrix [209]. The M/G ratio corresponds to 2:1 for guar 

gum [210]. The dense arrangement and packing of mannan residues in GG promoted 

hydrogen bonding causing an increase in the firmness as compared to AG. The presence of 

galactomannan in guar gum has been used to increase the stiffness of many formulations 

including tablets and emulsions by improving chain entanglement and association at the 

molecular level [211]. The addition of galactomannan has been reported to increase the water 

binding capacity and gel strength [212].  

 

Figure 8.6: Texture properties of AG, GG and XG gels, (a) firmness, (b) stress 

relaxation, (c) normalised force vs. time and (d) Wiechert model 

The conformation of xanthan gum has been reported to affect the rheological as well as the 

mechanical properties [213]. The electrostatic repulsion between the charged groups in 

xanthan gum gives rise to an elongated structure. This elongated structure causes xanthan 
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gum molecules to align themselves, results in the intermolecular association (hydrogen 

bonding) resulting in the formation of a weakly structured material [214]. The extension of 

the polymer may also result from the packing of the oleogels into the hydrogel matrix of 

xanthan gum. This further led to the lower firmness of XG as compared to AG and GG. 

Another reason for the lower firmness of XG may be accounted for the formation of 

hydration shells around the stiffer rods of xanthan gum due to the presence of free water 

[215]. The stickiness of the bigels was in the order of their firmness. Bigels with higher 

firmness showed lower spreadability.  

The viscoelastic behavior of the bigels was studied from the stress relaxation study (Figure 

8.6b). The stress relaxation data was fitted using modified Peleg’s equation discussed in 

chapter 4. The percent stress relaxation parameters, k1 (rate) and k2 (extent), were calculated 

to analyze the viscoelastic properties (figure 8.6c). The rate of relaxation (k1) decreased in the 

following order XG > GG > AG. It was reported earlier by Peleg and Normand (1983) that 

solid materials had higher k2 values as compared to the soft or semi-solid formulations and 

showed a value close to unity. However, no clear trend could be discerned from these values. 

The viscoelastic parameter S* was further calculated. A material is said to be viscoelastic if 

the S* values range from 0-1. For viscoelastic materials having higher elastic component the 

S* values are closer to 1. All the bigels showed S* values < 1 indicating the viscoelastic 

property of the gels.  

The bigels were classified as viscoelastic as the force reached asymptotically to an 

equilibrium value instead of 0. The percent stress relaxation decreased in the following order 

GG > XG > AG (Table 8.3). The greater relaxation means higher energy was dissipated 

during the relaxation process. The results showed that the energy dissipated was more in GG. 

As reported earlier, more energy is dissipated due to the friction where chain entanglement is 

predominant. Guar gum forms network through chain entanglements [216]. For the stress 

relaxation to occur, a breakup of the physical entanglements bonds is required [209]. The gels 

formed by entanglements form a flexible transient network which releases the stress, 

dissipating energy [217].  

The semi flexible nature of xanthan and the tendency of self-aggregation and association 

dissipate less energy as a result of which lower %SR was observed for XG bigels as 

compared to AG bigels. As the guar gum is composed of galactomannan, which has been 

used as sieving matrices in many applications, the presence of voids in these natural sieves 

might have released the hydraulic pressure to a greater extent, thereby increasing the % SR as 

compared to XG bigels. 
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Table 8.3: Mechanical properties of the bigels 

 

Studies Parameters AG GG XG 

 

Firmness (g) 249.8212 ± 3.7656 309.6623 ± 2.9896 135.4823 ± 2.6453 

Stickiness (g) 142.6324 ± 3.7678 213.3915 ± 2.6412 85.3715 ± 3.2135 

Spreadability (g.sec)-1 0.0029 ± 0.0013 0.0020 ± 0.0015 0.0049 ± 0.0021 

Stress  

relaxation 

 

F* (g) 4.6442 5.7058 5.0423 

K1 (g) 0.1276 0.1283 0.1527 

K2 (g) 0.0239 0.0244 0.0253 

S* 0.7818 0.7789 0.7693 

Percent stress 

relaxation 
63.1572 71.8951 67.7962 
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To know the change in the stress with respect to time, the data was fitted to three relaxation 

Weichert model (figure 8.6d). The use of three element model describes the stress decay to an 

infinite time point. The residual stress (P0) is an indicator of the stability of the bigels. A 

decrease in the residual stress indicates the breaking of bonds in the polymer network. The 

residual stress was higher in the GG and AG (Table 8.4). The P0 values decreased in the 

following order GG > AG > XG. These values were in agreement with the firmness of the 

bigels. The Weichert model was used to describe the stress decay as a function of time. The 

relaxation times (τ) were in the order of τ1 < τ2 < τ3 and were in acceptance with the literature 

[107]. The sum of all pre-exponential factors was 1 indicating a good fit (table 8.5). The 

coefficients of viscosity of GG bigels was little higher than other AG and XG bigels at τ1. 

These results were in agreement with the viscosity studies. During the long term, relaxation 

times τ2 and τ3 a complex phenomenon was observed. XG bigels showed a higher coefficient 

of viscosity which may be attributed to the rearrangement of xanthan chains from helix to 

coil and vice versa after the application of stress [218]. 

Table 8.4: Weichert model parameters of the bigels 

Sample code τ1 τ2 τ3    r2 

AG 0.3722 2.8016 23.0825 0.9989 

GG 0.3214 2.4769 16.5942 0.9968 

XG 0.3346 2.8781 30.1967 0.9988 

  Pre-exponential 

factors 

  

Sample code P0 P1 P2 P3 

AG 0.2522 0.2054 0.2312 0.3171 

GG 0.2670 0.2981 0.2061 0.2362 

XG 0.2450 0.2720 0.2284 0.2585 
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Table 8.5: Stress relaxation model fitting using Wiechert model 

Formulation 

code 

Stress relaxation model Coefficient of 

viscosity of the 

dashpots 

AG 
 

-t -t -t
0.3722 2.8016 23.0825P(t) = 0.2522 + 0.2054e + 0.2312e + 0.317e  

0.0762, 0.6471, 

7.3164 

GG 
 

-t -t -t
0.3214 2.4769 16.5942P(t) = 0.2670 + 0.2981e + 0.2061e + 0.2362e  

0.0951, 0.5101, 

3.9167 

XG 
 

-t -t -t
0.3346 2.8781 30.1967P(t) = 0.2450+ 0.2720e + 0.2284e + 0.2585e  

0.0902, 0.6563, 

7.7901 

8.3.6 Gel disintegration studies 

The disintegration time of AG, GG, and XG was found to be 25.5 ± 0.70 min, 50.5 ± 2.12 

min and 53 ± 2.82 min, respectively (XG > GG > AG) at pH 7.4. Disintegration is fastened 

with the permeation of water into the gel matrix. As the viscosity of the xanthan gum sol was 

highest, the permeation of water was much lower in the viscous layer. The slow permeation 

of water in XG resulted in the increase in the disintegration time.  

8.3.7 Thermal analysis 

Figure 8.7 shows the DSC profiles of the gum based bigels. The values of ΔH decreased in 

the order of GG > XG > AG (table 8.6). Parameters like onset temperature (To) peak 

temperature (Tp) and conclusion temperature (Tc) were determined from the graph. There was 

a slight increase in To, Tp and Tc for GG as compared to AG and XG bigels. The melting 

enthalpy of GG was greater as compared to other gels indicating a higher thermal stability of 

GG. The ∆H of the system is also associated with the crystallinity, conformational change, 

and presence of ordered structure [219]. It reflects the effects of cumulative endothermic 

events, associated with the breaking of the hydrogen bonds [220]. The results were in 

agreement with the viscosity and the mechanical studies where GG gels were found to be 

firmer. As reported earlier, xanthan gum undergoes a thermally induced transition from an 

ordered state to a disordered arrangement (helix-coil). This resulted in the decrease of the ΔH 

values as compared to GG. 

The decrease in the ΔH (Table 6) of XG as compared to GG and AG can also be accounted 

for the availability of water molecules in the gums [221]. This could be because xanthan gum 

retains more water molecules by hydrogen bonding. This was evident from the FTIR studies. 
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The high water binding capacity of xanthan gum lowers the energy required for crystal 

disorganization in XG. This, in turn, increases the kinetic energy and subsequently lowers the 

ΔH values [130].  

 

Figure 8.7: DSC profiles of (a) AG, (b) GG and, (c) XG bigels 

Table 8.6: Thermal parameters studied from DSC 

Sample code To (°C) Tp (°C) Tc (°C) ∆H (J/g) 

AG 49.3 50.2 51.6 -0.114 

GG 52.6 53.1 55.2 -1.858 

XG 49.6 51.9 54.9 -0.429 

8.3.8 Electrical analysis 

Figure 8.8 shows the electrical properties of the bigels. The bulk resistance (Nyquist plot) of 

the gels decreased in the order of AG > GG > XG. AG was found to have highest bulk 

resistance as compared to the bigels. The resistance of GG was higher than XG. It has been 

reported earlier that the integral part of gum acacia structure contains proteins (2-3%). The 

gel formation over here requires a heat treatment. The heat treatment could have caused the 

aggregation of the protein molecules, thereby, increasing the bulk resistance of  AG [222]. 

Figure 8.8b shows the variation of dielectric constant with frequency. A decrease in the 
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dielectric constant was observed as the frequency was increased. This was attributed to the 

alignment of the dipoles in the direction of the applied electric field at low frequencies, 

however, at higher frequencies, quick reversal of the dipoles happen [188]. The dielectric 

constant decreased with the increase in the frequency. FTIR studies indicated that XG 

showed higher hydrogen bonding. It has been reported earlier that the electron transfer across 

these hydrogen bonds is greatly increased due to the coupling of electron motions with those 

of the protons [223]. This resulted in the increased conductivity of XG as compared to AG 

and GG. The AC conductivity was explained by the universal power law equation (figure 

8.8c). The plateau in the profile contributed to the DC conductivity of the gels. The s-values 

(dimensionless) obtained from the equation were in between 0 and 1. The s values for AG, 

GG, and XG were 0.20, 0.20 and 0.22, respectively.  

 

Figure 8.8: Impedance profile of gum based gels (a) Nyquist plot, (b) dielectric constant 

vs. frequency, (c) AC conductivity vs. frequency and (d) tan δ vs. frequency 

The variation of tan δ with frequency is shown in figure 8.8d. The relaxation was also 

associated with the flexibility of the gum chain. High values of dielectric loss are associated 
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with grain boundary resistance, associated with more energy requirement for electron 

exchange. AG showed a higher dielectric loss as compared to GG and XG.  

8.3.9 In vitro cytotoxicity of dialyzed formulation components 

Figure 8.9 shows that the percent hemolysis of the bigels was found to be < 5. This indicated 

that the bigels were hemocompatible in nature. The cell viability index (figure 8.9b) was 

dependent on the type of the gums used. The cell viability index was in the order of XG > 

AG > GG. XG had a higher cytocompatibility. The differences were statistically significant 

(p < 0.05). This suggested that the bigels were biocompatible. There was no change in the 

structure of the cells (figure 8.10). 

 

Figure 8.9: In vitro cytotoxicity of dialyzed formulation components (a) percent 

hemolysis and (b) in vitro cytotoxicity 



  

                                                                                                                                      Chapter 8 

105 
 

 

Figure 8.10: Micrographs of HaCaT cells (a) control, in the presence of the leachates of 

the bigels (b) AG, (c) GG and (d) XG 

8.3.10 In vitro antimicrobial studies 

The marketed formulation of metronidazole, Metrogyl®, MR (Dosage form- gel, Dose-Apply, 

and rub in a thin film of Metrogyl gel twice daily to affected areas after washing) was used as 

a reference to check the antimicrobial efficiency of the drug loaded bigels against E. coli 

(table 8.7). 1000 µg of the drug dose was used in all the cases for the test as well as for 

reference. The method was based on bore well technique. AG, GG, and XG were taken as 

negative controls. The antimicrobial efficiency of AGM was little higher as compared to the 

other bigels. The statistical analysis showed no significant difference amongst the 

antimicrobial activity of drug loaded bigels and MR (p > 0.05) suggesting that the efficiency 

of the drug loaded bigels was equal to MR.  
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Table 8.7: Zone of inhibition of the metronidazole loaded bigels against E. coli (BL-

refers to bigels without drug) 

 

Sample code 

Zone of inhibition (cm) 

E. coli 

Test Marketed BL 

AGM 2.6 ± 0.1 2.5 ± 0.5 - 

GGM 2.2  ± 1.0 2.5 ±  0.6 - 

XGM 2.1 ± 1.7 2.5 ± 0.1 - 

 

Figure 8.10: Antimicrobial efficiency of (a) AGM, (b) GGM, and (c)XGM bigels against 

E. coli 

8.3.11 In vitro drug release studies 

The in vitro release of metronidazole from the bigels and reference Metrogyl® MR (Dosage 

form- gel, Dose-Apply, and rub in a thin film of Metrogyl gel twice daily to affected areas 

after washing) has been shown in figure 8.12. MR showed 90.44% release of metronidazole 

in a span of 12 h. AGM, GGM and XGM showed 87.72%, 75.75%, and 73.04% release of 

metronidazole, respectively. The differences in the drug release from bigels were statistically 

significant (p < 0.05).  

The drug release was affected by the viscosity of the gels to a larger extent [224]. The results 

from backward extrusion study showed that the xanthan gum sol had a higher viscosity. The 

slow permeation of water due to the high viscosity of xanthan gum in XG gels decreased the 

wettability and particle aggregation thereby decreasing the dissolution efficiency of XGM 

bigels. Another factor that contributed to the slow release of metronidazole from the XGM 

was caused by less swelling of xanthan gum in the external hydrogel matrix due to the elastic 
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retraction of the acetyl side chains [225]. Apart from the viscosity of the bigels, faster release 

of metronidazole from AGM was also attributed to the rapid swelling of acacia gum in pH > 

6.5. The rapid swelling of AGM in pH 7.4 might have disrupted the gel structure by 

increasing the porosity and water uptake. This was also evident from the faster disintegration 

of the bigels containing acacia gum. This resulted in a faster release of the drug from AGM as 

compared to GGM and XGM [226]. 

Various models like Higuchi, Zero and Peppas models were used to predict the kinetics of 

drug release (table 8.8). The r2 values were found to be better in Higuchi model indicating 

that the release of the drug was a diffusion-mediated process. The results showed n ≤ 0.5 

indicating a Fickian or pseudo Fickian release of metronidazole [227]. 

 

Figure 8.11: In vitro drug release of metronidazole from AGM, GGM, and XGM bigels 

(a) 12 h release under passive condition, (b) 2 h release under passive condition, (c) 

active release for 2h and (d) percentage rise in the drug release 

The effect of AC current on the drug release is shown in figure 11b and table 8.8. It was 

observed that the mechanism of metronidazole release was zero-order when the AC current 

was applied. This suggests that metronidazole was released from the matrices at a constant 
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rate. According to this mechanism, the ingress of water into the polymer matrix causes the 

relaxation of the polymer chains. The relaxation process was the rate controlling step in the 

release. The relaxation of the polysaccharide chains in the bigels increases the mobility of the 

active compounds and finally expanding the gel volume resulting in the release of the drugs 

[228]. The ‘n’ values for the bigels were in the range of 0.5 and 1 indicating the superposition 

of both diffusion and relaxation of the polysaccharides responsible for the release of the 

drugs. Drug release from the marketed preparation showed a similar pattern as carried out 

under normal condition. 

Table 8.8: Release kinetics of metronidazole from of AGM, GGM and XGM bigels 

Formulation 

code 

Zero 

order 

model (r2) 

Higuchi 

model 

(r2) 

 

Best fit model 

Korsmeyer-

Peppas 
Mechanism 

of release 
(r2) N 

                            Passive drug delivery 

AGM 0.8012 0.9591 Higuchi 0.9900 0.4500 Diffusion 

GGM 0.8123 0.9942 Higuchi 0.9701 0.2800 Diffusion 

XGM 0.8863 0.9921 Higuchi 0.9711 0.3700 Diffusion 

MR 0.9891 0.8815 Zero order 0.9721 0.4712 Diffusion 

                         Iontophoretic drug delivery 

AGM (Passive) 0.9849 0.9900 Higuchi 0.9923 0.4801 Diffusion 

GGM (Passive) 0.9802 0.9917 Higuchi 0.9650 0.5001 Diffusion 

XGM (Passive) 0.9731 0.9802 Higuchi 0.9902 0.4800 Diffusion 

AGM (Active) 0.9912 0.9814 Zero order 0.9210 0.7903 Anomalous 

GGM (Active) 0.9901 0.9830 Zero order 0.8702 0.7502 Anomalous 

XGM (Active) 1.0012 0.9882 Zero order 0.9711 0.7810 Anomalous 
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8.4 Major outcomes 

 The bigels containing acacia gum and guar gum showed greater firmness and stickiness 

as compared to bigels containing xanthan gum.  

 FTIR studies showed the formation of physical bigels indicating hydrogen bonding as 

an important driving force behind the gelation.  

 The viscosity of the bigels decreased as the shear rate was increased, indicating a 

pseudoplastic flow. 

 The mechanical studies revealed the viscoelastic nature of the bigels.  

 The antimicrobial activity of the gum based bigels was comparable to that of marketed 

formulation 

 The release from these bigels was diffusion controlled. The addition of gums to the 

bigels slightly lowered the drug release as compared to the marketed preparation of 

metronidazole. 

 

 

 

 

 

 

 

 

 

 



 

 
 

                                                    CHAPTER 9 

Preparation and characterization of synthetic 

polymers based bigels using emulgels of 

sunflower oil and sorbitan monopalmitate 

 

 

 

 

Graphical outline: (a) Fluorescence micrographs, (b) mechanical properties, (c) CPI, 

and (d) antimicrobial efficacy of synthetic polymer based bigels. 
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Overview 

Bigels of sunflower oil, sorbitan monopalmitate and water soluble synthetic polymers (e.g. 

polyvinyl alcohol and polyvinyl pyrrolidone) were prepared and explored as matrices for the 

controlled delivery of metronidazole. Fluorescence microscope was used to characterize the 

microstructure of the bigels. Static mechanical tester was used to study the mechanical 

properties of the bigels. Ostwald-de Wale power law was used to predict the flow behavior of 

the bigels. Phosphate buffer pH 7.4 was used to determine the gel disintegration time. 

Thermal and electrical properties of the bigels were studied by DSC and phase sensitive 

multimeter, respectively. The efficiency of these bigels as a delivery vehicle for antimicrobial 

agents was assessed in vitro using E. coli. The cytotoxicity studies were conducted in vitro 

using HaCaT cell line. The microstructure of the bigels showed the presence of hydrogel as a 

continuous phase and oleogels as the dispersed form. The bigels were viscoelastic in nature 

and showed a pseudoplastic flow behavior. The addition of PVA to the bigels prolonged the 

disintegration time as compared to PVP. There was no change in the melting point of sorbitan 

monopalmitate even after the addition of the synthetic polymers. The synthetic polymers 

affected the conductivity of the bigels to a larger extent. An increase in the polymer 

concentration resulted in the decrease in the drug release. The bigels showed a high cell 

viability index indicating their biocompatible nature. The drug loaded bigels showed 

equivalent inhibitory zones against E. coli as compared to the commercially available 

formulations. 
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9.1 Introduction 

Oleogels are semisolid systems which contain immobilized edible oil in an organogelator 

matrix. They have been used as a dermatological base. Health concerns originating from the 

use of gels of organic solvents have initiated an in- depth research on edible oils. Edible oil, 

like sunflower oil, is rich in ω- 6 polyunsaturated fatty acids and vitamin E. It has been used 

in the production of margarine. Oleogels prepared by structuring the edible oils provide 

desired textural properties. There are many structuring agents available currently, which can 

tailor the properties of the oleogels. Mixing oleogels with hydrogels forms biphasic systems 

which are known as bigels [5]. Bigels are soft solids that belong to a class of interfacially 

jammed emulsion gels. These classes of biphasic gels are relatively unexplored and have 

been gaining attention in food as well as pharmaceutical industries due to their tunable 

mechanical properties. These gels have combined advantages of hydrogels as well as 

oleogels. Apart from the pharmaceutical applications, bigels can also be used as delivery 

carriers for nutraceuticals [229]. Bigels containing water soluble synthetic polymers are being 

used for the delivery of the pharmaceutical agents. The commonly used non-ionic synthetic 

polymers are polyvinylpyrrolidone (PVP) and polyvinyl alcohol (PVA). PVP belongs to a 

class of amphiphilic synthetic polymers. The molecular weight of PVP ranges from 2500 to 

3000000 and is often classified by the K value, calculated using Fikentscher's equation. PVP 

K30, utilized in the present study, had a molecular weight of 50000 [230]. It has been used in 

many formulations for preparing nanoparticles, liposomes, and diblock polymer micelles for 

the delivery of drugs. PVP is a non-ionic linear polymer that can be used as hydrophobisizer 

and stabilizer to prevent oxidation and decrease chemical instability [231]. The good 

solubility, non-toxicity, biodegradability and excellent affinity to various polymers and resins 

have widened its application in medicine, pharmaceuticals, cosmetics, food, printing inks, 

textiles, and many other fields. PVP has been considered as a suitable component for the 

preparation of semi-IPN hydrogel with satisfactory swelling behavior and pH sensitivity, 

which has been explored in drug delivery systems [232]. However, the inferior fragile 

mechanical properties and low swelling capability of PVP has limited its application in 

hydrogel preparation. This problem can be avoided by blending the hydrogels with another 

polymer, such as polysaccharides [12]. PVA is biocompatible in nature and can be readily 

functionalized. It is a polyhydroxy polymer that has been used in many practical applications 

because of its easy availability and biodegradability. It is one of the very few vinyl polymers 

which is soluble in water [233]. These classes of polymers have good stabilizing property for 
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various multiphase systems enabling them to be used as a property modifier in the present 

study.  

The changes in the properties of the bigels using water soluble synthetic polymers have not 

been explored so far. The present study was conducted to compare the properties of the bigels 

containing the above-mentioned synthetic polymers and check their suitability for the 

delivery of metronidazole.  
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9.2 Experimental 

9.2.1 Preparation of the synthetic polymer based bigels 

The composition of the synthetic polymer based bigels is mentioned in table 9.1. The bigels 

were prepared using various concentrations of PVA and PVP solutions. Rest of the procedure 

was same as mentioned in the previous chapters.  

Table 9.1: Composition of the PVA and PVP bigel 

Sample 

code 

Sorbitan 

monopalmitate  

% (w/w) 

Sunflower 

oil  

% (w/w) 

Polymer % (w/w) Water 

% (w/w) 

Metronidazole 

% (w/w) PVA PVP 

PP1 9 41 - 1 49 - 

PP2 9 41 - 3 47 - 

PP3 9 41 - 5 45 - 

PA1 9 41 1 - 49 - 

PA2 9 41 3 - 47 - 

PA3 9 41 5 - 45 - 

PPM1 9 40 - 1 49 1 

PPM2 9 40 - 3 47 1 

PPM3 9 40 - 5 45 1 

PAM1 9 40 1 - 49 1 

PAM2 9 40 3 - 47 1 

PAM3 9 40 5 - 45 1 

9.3 Results and discussion 

9.3.1 Preparation of the bigels 

The backward extrusion profile (figure 9.1) of the sols suggested Newtonian flow behavior. 

There was a slight difference in the viscosities of the polymer sols. The viscosities of the PP1, 

PP2, PP3, PA1, PA2 and PA3 were found to be 0.0822 ± 0.0456 Poise, 0.0853 ± 0.0128 

Poise, 0.9017 ± 0.0223 Poise, 0.0831 ± 0.0123 Poise, 0.0872 ± 0.1065 Poise and 0.9063 ± 
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0.2466 Poise, respectively. The viscosities of the polymer solutions were dependent on the 

concentration of the polymer used. An increase in the polymer concentration resulted in the 

increase in the viscosity. The viscosity of the PVA solution was slightly higher than PVP 

solution. This was attributed to the high molecular weight of PVA as compared to PVP. The 

mechanism of bigels formation from the synthetic polymers is attributed to the hydrogen 

bonding. The molecular formula of PVA is [CH2CH (OH)]n. The PVA bigels are formed 

majorly by cross-linkings between interchains by hydrogen bonding [234-235]. These 

interactions are basically due to the polycondensation of the -OH group of PVA with any OH 

groups or alkyl groups, driven thermally during the preparation of bigels. These crosslinks 

further lead to the crystallisation of PVA molecules in the bigels [236-237].  

The molecular formula of PVP is (C6H9NO)n. It has a pyrrolidone attached to the vinyl group. 

Each PVP unit has two vacancies due to uncoupled electrons at the oxygen atom of the 

carbonyl group for hydrogen bonding. The presence of PVP in the gels increase the hydrogen 

bonding in the gel network [238]. Apart from hydrogen bonding the hydrophobic interactions 

of the side chains with that of span 40 lead to the formation of a rigid gel matrix [239]. 

 

Figure 9.1: Backward extrusion of the polymer sol 

The formation of the bigels was confirmed by inverted-tube method (Figure 9.2). All bigels 

were milky-white and non-greasy to touch, often associated with hydrogels. There were no 

visible signs of destabilization or color change for >10 months in the bigels.  
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Figure 9.2: Inverted-tube method to confirm bigel formation (a) PP1, (b) PP2, (c) PP3, 

(d) PA1, (e) PA2 and (f) PA3                                                                                          

9.3.2 Microscopy and microstructural analysis 

The fluorescence micrographs confirmed the presence of oleogels dispersed as droplets 

(colored green droplets) (figure 9.3). The continuous phase was aqueous in nature (red 

colored). The droplets were spherical in shape. The micrographs suggested the formation of 

oleogel-in- hydrogel type of bigels. The average droplet size (50% of the droplets) was in the 

range of 8.0-13.0 μm (Figure 9.3e). The average droplet size of the dispersed phase of PA 

bigels was smaller than PP bigels. The differences in the droplet sizes of the internal phase of 

PA and PP bigels were statistically significant (p < 0.05). The larger droplet size of PP bigels 

may be attributed interchain self-aggregation of PVP chains [240]. The droplet size 

distribution was narrower in PA bigels as compared to the PP bigels. These observations may 

be explained by the emulsion stabilizing property of PVA [241]. The span of the droplet size 

was in the range of 1-2.5 for all the bigels. The span factor for PP1, PP2 and PP3 bigels was 

2.12± 0.13, 2.18 ± 0.21 and 1.75 ± 0. 16, respectively. The span factor for PA1, PA2 and PA3 

was found to be 1.98 ± 0.42, 1.85 ± 0.65 and 1.61± 0.42 respectively. The span factor 

determines the uniformity of the droplet size [145]. It was found that span factor of PA bigels 

was comparatively less than PP bigels showing the formation of more uniform droplets. 
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Figure 9.3: Fluorescent micrographs of (a) PP1, (b) PP2, (c) PP3, (d) PA1, (e) PA2, (f) 

PA3, (g) average particle size distribution and (h) frequency vs. diameter 

9.3.3 FTIR analysis 

FTIR of PVA (figure 9.4a) showed broad C–H alkyl stretching vibrations at 2850-3000 cm−1. 

The absorption peak of strong OH stretching vibrations of the free alcohol group was seen at 

3600-3650 cm−1 and the absorption peak due to the hydrogen bonded OH groups was 

observed at 3200-3570 cm−1. The hydrophilic forces in PVA chains present in PA bigels give 

rise to intramolecular and intermolecular hydrogen bondings. The PA bigels showed 

significant change in the peak intensity as the PVA content was increased. The carbonyl 

absorption (C=O) in the PA bigels due to sorbitan monopalmitate and sunflower oil 

molecules was seen at 1716 cm-1. With the rise in the PVA content from PA1 to PA3, this 

peak became less intense. This may be associated with the involvement of C=O groups 

present in sorbitan monopalmitate and sunflower oil in the formation of hydrogen bonds. The 

peak at 1652 cm−1 was associated with the C-C stretching vibrations of vinyl groups in PVA 

chains. This peak was also intensified with the increase in the PVA content from PA1 to PA3. 

This was also accompanied by the increased intensity of OH stretching vibrations in the 



 

                                                                                                                                   Chapter 9 

117 
 

region of 3000-3500 cm-1. This suggested an increase in the hydrogen bonding within the 

formulations.  

The FTIR of PVP (figure 9.4b) showed an absorption peak at 1647 cm−1 which was due to the 

C=O groups attached to the pyrrole ring. The C-N stretching vibrations were seen at 1572 

cm−1. The characteristic absorption peak at 1465 cm−1 in PVP molecules was due to C-H 

bending vibrations [232]. The C-H stretching vibrations in PP bigels shifted to 2973 cm-1. 

The C=O absorption peak associated with sorbitan monopalmitate and sunflower oil 

molecules in PP bigels was shifted to 1732 cm-1, indicating the interaction of this group with 

the PVP molecules. The hydrogen bonding in the PP bigels was also associated with the 

shifting of the C=O absorption peaks in PVP to a lower frequency in the bigels. The 

hydrogen bonding also increased with the increase in the PVP concentration in the PP bigels. 

 

Figure 9.4: FTIR spectra of (a) PA and (b) PP bigels 

9.3.4 Viscosity analysis 

Figure 9.5a shows the viscosity profiles of PP and PA bigels. It was observed that PA bigels 

had a higher viscosity as compared to PP bigels. The viscosity of the bigels increased with 

the increase in the polymer concentration. The flow behavior of the bigels was estimated 

using Ostwald-de Wale power law mathematical model. 

It was clear from the figure the model fitting that the bigels exhibited a shear-thinning 

phenomena (r2 ≈ 0.99) (table 9.2). This indicated that the viscosity of the bigels progressively 
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decreased with the increase in the shear rate (figure 9.5b). The ‘n’ value was found to be < 1 

(from model fitting) indicating a non-Newtonian shear-thinning flow behavior. This type of 

phenomenon is necessary for the efficient delivery of drugs, as this property enables the 

formation of a thin layer of the formulation over the skin surface. This helps in enhancing the 

topical absorption of the drug. Apart from the above, long-term stability during storage is 

achieved. This is due to the higher viscosity at low shear rates, which reduces the chances of 

phase separation. The shear- thinning behavior was attributed to the progressive breaking of 

the hydrogen bonds under the influence of shear stress. This phenomenon resulted in the flow 

of the bigels, thereby, making the bigels flow. As evident from the results of the FTIR, all the 

bigels showed the presence of hydrogen bonding, which was disrupted when shear stress was 

applied. This may explain the pseudoplastic behavior of the bigels. The intermolecular forces 

play an important role in determining the viscosity of a system. It has been reported earlier, 

that more hydrogen bonds per molecule of the polymer enable the formation of strong three-

dimensional networks between the molecules [242]. This resulted in the higher viscosity of 

the bigels at low shear rates. 

The magnitude of the viscosity decreased was in the order of PA3 > PA2 > PA1 > PP3 > PP2 

> PP1. This observation can be related to the droplet size. The decrease in the droplet size 

might have decreased the mean separation distance between the droplets which increased the 

aggregation of the droplets. This aggregation finally led to an increased viscosity of the 

bigels.  

 

Figure 9.5: Flow behavior of PA and PP bigels (a) viscosity and (b) power law fit 
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Table 9.2: Power law fit of the bigels 

Sample code n-values r2 values 

PP1 0.1361 0.9862 

PP2 0.2123 0.9907 

PP3 0.6912 0.9912 

PA1 0.8797 0.9832 

PA2 0.7462 0.9764 

PA3 0.6719 0.9991 

9.3.5 Mechanical analysis 

The results of the mechanical analysis have been summarized in Table 9.3, figure 9.6. These 

results were in agreement with the viscosity studies. The firmness of PP bigels was less as 

compared to the PA bigels. It has been reported earlier that addition of PVP decreases the 

strength of chitosan blends due to its fragile nature [243]. The stickiness of the PA bigels was 

more as compared to PP bigels. The stickiness of the bigels may also be related to the 

concentration of the polymer. The absorption capacity of water by PVA is higher than PVP. 

This provides an adhesive force, to form liquid bridges leading to particle aggregates. 

Firmness was also dependent on the concentration of the polymer. As the polymer 

concentration increased, the aggregation and interaction increased leading to a rigid gel 

matrix and thus increased the firmness of the bigels [244]. The work of shear was calculated 

in terms of total force required to carry out the shearing process. It is a characteristic feature 

of semisolid formulations. It provides information about the spreadability of the formulations. 

Work of shear is inversely proportional to spreadability. The spreadability of PP bigels was 

found to be higher as compared to PA bigels. This parameter was found to be dependent on 

the concentration of the polymer in the bigels. It was observed that the spreadability 

decreased with the increase in the polymer concentration. The spreadability of the 

formulations was in the following order PP1 > PP2 > PP3 for PP bigels and PA1 > PA2 > 

PA3 for PA bigels. The work of shear and firmness of the bigels were in direct relation to 

each other. 
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Figure 9.6: Mechanical analysis (a) spreadability (b) stress relaxation (c) normalized 

force vs. time and (d) Weichert model 

The stress relaxation studies were carried out to evaluate the viscoelastic properties of the 

bigels (Figure 9.6d). It was observed from the graph that the force reached asymptotically to 

an equilibrium value instead of 0. The k1 (rate) and k2 (extent) parameters were calculated 

from Peleg and Normand equation to determine the viscoelastic properties of the bigels. 

According to Peleg and Normand (1983), solid materials have k2 values close to unity. 

However, a clear trend was not observed from these values. 

Hence, other viscoelastic parameters such as S* and F* were further quantified. For 

viscoelastic materials, the S* value ranges from 0-1. Materials with higher elastic behavior 

have S* values closer to 1. The S* values of all the bigels (PA and PP) were < 1, indicating 

the viscoelastic property of the bigels. There was a marginal decrease in the F* values with 

the increase in the PVP content. On the contrary, an increase in the PVA content resulted in 

the increase in the F* values.  

The percent stress relaxation decreased with the increase in the polymer concentration. It was 

also observed that the percent stress relaxation in PP bigels was little higher as compared to 

PA bigels. For stress relaxation to occur, the polymer should move across easily. The 

movement of the polymer also depends on the firmness of the bigels. It was found that PA 
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bigels were firmer as compared to PP bigels. Hence, a lesser percent stress relaxation was 

observed in PA bigels. The percent stress relaxation was reduced with the increase in the 

polymer concentration. As reported earlier, the hydrophobic alkyl chain ends of PP forms a 

tiny hydrophobic region and facilitates the formation of the regular polymeric network. An 

increase in the polymer concentration results in the increase in the formation of physical 

crosslinks, which is responsible for the decrease in the percent stress relaxation. In the case of 

PA bigels, strong hydrogen bonding plays an important role in the percent stress relaxation of 

the bigels. 

A greater relaxation means a higher energy was dissipated as the stress was applied. Percent 

stress relaxation for ideal elastic solid corresponds to 0% while for liquid it is 100%. The 

percent stress relaxation for the bigels was in the range of 65%-70% indicating their liquid-

predominant nature.  
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Table 9.3: Texture properties of the bigels 

 

Studies Parameters PP1 PP2 PP3 PA1 PA2 PA3 

Mechanical 

properties 

Firmness (g) 100.3162 ± 

1.2624 

144.5031± 

2.6946 

152.7306 ± 

3.8587 

135.2157 ± 

2.7676 

167.4576 ± 

1.6378 

176.6132 ± 

6.6132 

Spreadability (g-

1.sec-1) 

0.0068 ± 

0.0031 

0.0058 ± 

0.0011 

0.0056 ± 

0.0021 

0.0044 ± 

0.0017 

0.0041 ± 

0.0012 

0.0037 ± 

0.0016 

 

Stickiness (g) 

41.2681 ± 

7.1752 

49.0972 ± 

6.8233 

55.5994 ± 

7.9325 

62.2336 ± 

3.2172 

70.1957 ± 

4.1236 

81.208 ± 

2.1756 

Stress relaxation 

 

F* (g) 0.3173 0.3147 0.2923 0.2217 0.291 0.3216 

K1 (g) 0.1361 0.0611 0.0948 0.0251 0.0246 0.0234 

K2 (g) 0.0247 0.0227 0.0269 0.0241 0.0246 0.0243 

S* 0.7794 0.7784 0.7786 0.3892 0.3899 0.3900 

Percent stress 

relaxation 

69.6873 68.6651 68.1908 68.8571 67.8392 67.5590 
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The Peleg’s model, as reported, was unable to provide a complete picture of the relaxation. 

To have an in-depth knowledge, the data was fitted to three Maxwell elements Weichert 

viscoelastic model (figure 9.6d). This decay in stress over time was explained by this model. 

The profile of stress relaxation shows that initially the decay in stress with time was fast 

followed by a slow dissipation of stress. The relaxation times τ1, τ2, and τ3 represent the 

various process of polymer rearrangement occurring within the bigels when stress is applied. 

The residual stress (P0) is an indicator of the stability of the bigels. A decrease in the residual 

stress indicates the breaking of the associative bonds in the polymer network [245]. The 

residual stress was higher in the formulations with higher polymer content (Table 9.4). It was 

observed from the study that the stability of the PA bigels was more as compared to PP 

bigels. The easier structural rearrangements of the PVP and the PVA chains resulted in the 

higher stress decay as the polymer concentration was increased. The relaxation times (τ) were 

in the order of τ1 < τ2 < τ3 and were in acceptance with the literature [107]. According to the 

earlier studies, each relaxation constant is associated with the specific structural 

rearrangement. τ1 is the shortest relaxation time constant and τ3 is the longest relaxation time 

constant. τ2 and τ3 are the important parameters that decide the stability of the bigels and are 

associated with the polymer rearrangement occurring during the relaxation process [106]. 

Since the values of τ2 and τ3 correspond to the disentanglement and breakage of the polymer 

interactions under the applied stress. The decrease in the value of τ2 and τ3 can be attributed 

to the formation of better network and interaction amongst the polymer chains in the bigels. 

The τ2 and τ3 values decreased with the increase in the polymer concentration (table 9.4). It 

was also observed from the model that the τ2 and τ3 values of the PA bigels were lower as 

compared to the PP bigels. This indicated that the interactions in the PA bigels were much 

stronger than the PP bigels. These results were in agreement with the firmness results of the 

bigels. The coefficient of viscosity (Table 9.5) of the dashpots decreased with an increase in 

the polymer concentration. These results were in accordance with the above backward 

extrusion and viscosity studies.  
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Table 9.4: Weichert model parameters of PA and PP bigels 

Sample code τ1 τ2 τ3    r2 

PP1 0.6857 3.3103 19.6001 0.9910 

PP2 0.3982 1.9861 15.2442 0.9870 

PP3 0.1957 1.9319 14.9492 0.9880 

PA1 0.2469 2.2921 16.2933 0.9890 

PA2 0.1923 1.9411 14.9392 0.9901 

PA3 0.1857 1.8397 14.3976 0.9931 

  Pre-exponential factors   

Sample code P0 P1 P2 P3 

PP1 0.2816 0.2876 0.2345 0.1963 

PP2 0.2889 0.2492 0.1835 0.2850 

PP3 0.2933 0.2341 0.2341 0.2563 

PA1 0.2936 0.2695 0.2371 0.2000 

PA2 0.2941 0.2181 0.2490 0.2388 

PA3 0.2988 0.2624 0.3162 0.1226 

Table 9.5: Stress relaxation model fitting using Wiechert model 

Formulation 

Code 

Stress relaxation 

Model 

Coefficient of 

viscosity of the 

dashpots 

PP1 

-t -t -t
0.6857 3.3103 19.6001P(t)=0.2816 + 0.2876e + 0.2345e + 0.1963e  

0.1972, 0.7762, 

3.8474 

PP2 

-t -t -t
0.3982 1.9861 15.2442P(t)=0.2889 + 0.2492e + 0.1835e + 0.2850e  0.0991, 0.3644, 

4.3445 

PP3 

-t -t -t
0.1957 1.9319 14.9492P(t)=0.2933 + 0.2341e + 0.2341e + 0.2563e  

0.0458, 0.4522, 

3.8314 

PA1 

-t -t -t
0.2469 2.2921 16.2933P(t)=0.2936 + 0.2695e + 0.2371e + 0.2000e  

0.0665, 0.5434, 

3.2586 

PA2 

-t -t -t
0.1923 1.9411 14.9392P(t)=0.2941 + 0.2181e + 0.2490e + 0.2388e  

0.0419, 0.4833, 

3.5674 

PA3 

-t -t -t
0.1857 1.8397 14.3976P(t)=0.2988 + 0.2624e + 0.3162e + 0.1226e  

0.0487, 0.5817, 

1.7650 
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9.3.6 Gel disintegration studies 

The gel disintegration studies of PA1, PA2, PA3, PP1, PP2 and PP3 was found to be 105 ± 

0.54 sec, 113 ± 1.12 sec, 120 ± 0.24 sec, 60 ± 1.24 sec, 95 ± 2.54, 98 ± 1.67 sec, respectively. 

These results were in agreement with the viscosity of the polymer sol and the mechanical 

properties of the bigels. The higher viscosity of PA bigels hindered the permeation of the 

solvent. This caused a slower disintegration of the PA bigels as compared to that of the PP 

bigels. These results were also in agreement with the mechanical and rheological properties 

of the bigels.  

9.3.7 Thermal analysis 

The DSC profiles of the bigels are shown in figure 9.7, table 9.6. The effect of the polymers 

on the change in the enthalpy (∆H) was calculated. The ΔH value of PP3 bigels was higher as 

compared to the PA3 bigels. The decrease in the ΔH value of PA3 as compared to PP3 can be 

explained by the interaction of the water molecules with the PVA chains [221]. PVA in PA 

bigels retains more water molecules. This is due to more hydrophilic nature of PVA as 

compared to PVP. High water retaining capacity of PVA in PA bigels lowers the energy 

required for crystal disorganization. This increases the mobility of the polymer chains within 

the bigels during heating. This, in turn, increases the kinetic energy and finally lowers the ΔH 

values [130]. The heating cycle in the DSC showed another endothermic peak (40-44 °C), 

with a positive heat flow indicating the melting of the sorbitan monopalmitate molecules in 

the bigels.  

 

Figure 9.7: DSC profile of PA3 and PP3 bigels 
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Table 9.6: Thermal parameters studied from DSC 

Sample code ΔH (J/g) 

PA 751.9  

PP 923.8  

9.3.8 Electrical analysis 

The Nyquist plot of the bigels has been shown in figure 9.8. The bulk resistance was obtained 

from the intercept of the semicircle with the real axis in the low-frequency region. It was 

observed that the bulk resistance of the bigels was in the order of PP3 > PP2 ≈ PP1 ≈ PA3 > 

PA2 > PA1 (figure 9.8a). This may be attributed to the fact that an increase in the PVP 

content increased the hydrophobicity of the bigels. This may be attributed to the presence of 

nonpolar methylene and methine groups in PVP.  

The dielectric constant (ε) is a measure of the stored charge in the bigels (figure 9.8b). A 

reduction in the ‘ε’ was observed at higher frequencies. This can be explained by the 

electrode polarization at low frequency. However, the polarization effect was minimized at 

high frequencies.  

The ‘ε’ values of PA bigels were higher than PP bigels. It has been reported earlier that PVA 

has a very high dielectric constant with a value > 1000 kV/mm. These results were in 

accordance with the earlier reported literature, where aqueous PVP solution has been reported 

to have lower ‘ε’ values as compared PVA solution. The PVA chains have flexible side 

groups with a polar rotating bond with an intense dielectric α-transition [246]. The OH 

groups of PVA are capable of both accepting and donating protons. This promotes 

interactions of the water molecules with a large number of PVA monomers as compared to 

PVP. This strong hydrogen bonding orients the PVA chains present in the PA bigels to 

increase the net polarization. The low ε values of PP are due to the dominance of the strong 

hydrophobic effect in PVP as compared to the hydrophilic interactions amongst the carboxyl 

groups of PVP monomers and water molecules. Another factor that led to the decrease in ɛ 

values may be the difference in the orientation of randomly coiled flexible PVP chain 

segments in the external aqueous phase of the bigels [247]. 

The AC conductivity σ’ (ω) profiles of the bigels have been shown in figure 9.8c. The AC 

conductivity was in the order of PA1 > PA2 > PA3 = PP1 = PP2 = PP3. The PA bigels 

contain PVA in the external phase, and hence, the properties of these bigels predominantly 

depend on the PVA molecules. PVA has a tendency to swell in the presence of water. This 

property of the polymer results in the formation of the ion transfer channels, which play an 
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important role in imparting ionic conductivity [248]. This resulted in an increase in the AC 

conductivity of PA bigels as compared to the PP bigels. The AC conductivity of the PA 

bigels was inversely proportional to that of the concentration of the polymer. The results of 

AC conductivity of the bigels were in support of the results of the bulk resistance (DC 

impedance) and ε. The PP bigels, on the other hand, did not much variation in the AC 

conductivity. 

The loss factor (tan δ) represents the dissipation of energy in the dielectric system. The 

variation of tan δ with frequency is shown in figure 9.8d. It was observed from the graph that 

the samples exhibited a zero dielectric loss at higher frequencies. The higher tan δ at lower 

frequencies was due to the relaxation of the polymers in the bigels. The relaxation is 

associated with the flexibility of the polymer chain. High values of dielectric loss are 

associated with grain boundary resistance, thereby requiring more energy for electron 

exchange. As the PVA concentration was increased, the bigels became less conductive due to 

the increase in the local viscosity, which in turn, increased the dielectric loss [249]. 

 

Figure 9.8: Electrical properties of PA and PP (a) Nyquist plot, (b) variation of 

dielectric constant with frequency, (c) AC conductivity vs. frequency and (d) tan δ vs. 

frequency 
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9.3.9 In vitro cytotoxicity of dialyzed formulation components 

The percent hemolysis of the goat RBC was in the range of 0-2% (figure 9.9a). This 

suggested non-hemolytic nature of the bigels as per the ASTM F756-00, 2000 (American 

Society for Testing and Materials) protocol [250]. 

 

Figure 9.9: In vitro cytotoxicity of dialyzed formulation components of PA and PP bigels 

(a) micrographs of control, (b) cells in the presence of PA1, (c) PA2, (d) PA3, (e) PP1, (f) 

PP2, (g) PP3, (h) cell viability index and (i) percent hemolysis. 

The cytotoxicity studies were performed by MTT assay. The MTT (3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide) assay is a simple colorimetric assay to measure 

cytotoxicity, cell viability. The viability of HaCaT cells in the presence of leachates of PP 

and PA bigels is shown in figure 9.9b. The cell viability index of PA bigels was concentration 

dependent and was found to be higher in the presence of leachates of PA bigels as compared 
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to PP bigels. The cell viability varied in the order of PA3 > PA2 > PA1. On the contrary, the 

viability index of the PP bigels was same. The cell viability index of PP bigels was 

significantly lower than the control. The difference was statistically significant (p < 0.05). 

The structure of the cells was maintained in the presence of leachates. 

9.3.10 In vitro antimicrobial studies  

The antimicrobial efficiency of the drug loaded bigels (PPM1, PPM2, PPM3, PAM1, PAM2, 

and PAM3) was carried out against E. coli (Table 9.7). Marketed formulation of 

metronidazole Metrogyl®, MR (Dosage form-gel, Dose-Apply, and rub in a thin film of 

Metrogyl gel twice daily to affected areas after washing) was used as a reference. 1000 µg of 

the drug dose was used in all the cases for the test as well as for reference. PP1, PP2, PP3, 

PA1, PA2 and PA3 were taken as negative controls. It was observed that the efficiency of 

MR and metronidazole loaded bigels showed nearly equal antimicrobial efficiency (figure 

9.10). The statistical analysis showed no significant difference between the bigels and MR (p 

> 0.05) This suggested that the antimicrobial effectiveness of the bigels was nearly equal to 

MR and thus, can act as efficient carriers for the delivery of antibiotics. 

Table 9.7: Zone of inhibition of the metronidazole loaded bigels against E. coli 

 

Sample code 

Zone of inhibitions (cm) 

E. coli 

Test MR Blank 

PPM1 2.6 ± 0.1 2.6 ± 0.5 - 

PPM2 2.4  ± 0.1 2.6 ±  0.6 - 

PPM3 2.3 ± 0.7 2.5 ± 0.1 - 

PAM1 2.6 ± 0.1 2.6 ± 0.2 - 

PAM2 2.5  ± 0.1 2.6 ±  0.6 - 

PAM3 2.3 ± 0.7 2.5 ± 0.2 - 
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Figure 9.10: Antimicrobial activity of metronidazole loaded PP and PA bigels  

9.3.11 In vitro drug release studies 

In vitro drug release of metronidazole from PA and PP bigels has been shown in figure 9.11. 

Marketed formulation of metronidazole Metrogyl® MR (Dosage form-gel, Dose-Apply, and 

rub in a thin film of Metrogyl gel twice daily to affected areas after washing) was used as a 

reference. There was 63.65%, 60.42%, 53.96%, 51.97%, 42.91% and 38.08% drug release 

from PPM1, PPM2, PPM3, PAM1, PAM2 and PAM3, respectively at the end of 12h. The 

release rate of metronidazole was slightly decreased with an increase in the polymer content. 

PAM bigels showed lower drug release as compared to PPM bigels. According to the 

viscosity and mechanical experiments, the presence of PVA resulted in the formation of more 

viscous and stronger gels. Strong and viscous bigels reduced the drug release to a larger 

extent. The results from the viscosity studies showed that PA bigels had a higher viscosity as 

compared to PP bigels. The earlier It has also been reported earlier that PVA macromolecular 

chains form a compact network that hinders the diffusion of the macromolecules [251]. 

Another factor that led to the slower release of the drug from the bigels was attributed to the 

stabilizing effect of PVA. As reported earlier, a higher PVA concentration yields a more 

stable emulsion. This hinders the mass transfer of the active component from the 

formulations [252]. It has been reported earlier that PVP increases the surface wettability and 

also the water penetration into the matrix, thus giving a faster release of drug from the PP 

bigels [253].  
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The kinetics of in vitro release was predicted by fitting the cumulative percentage drug 

release data to various models such as zero-order and Higuchi. The mechanism of the release 

was predicted by fitting the data to Korsmeyer–Peppas model. The correlation coefficient (r2) 

and n-value (calculated from the slope) has been tabulated in Table 9.8. Based on the results, 

it was found that the r2 values were better in Higuchi model indicating diffusion as a process 

governing criterion for the drug release. The mechanism of diffusion was further evaluated 

from the ‘n’ value (release exponent) of Korsmeyer-Peppas model. The results showed n ≤ 

0.5 indicating Fickian or pseudo-Fickian diffusion of metronidazole from the bigels. The 

pseudo-Fickian release is considered as a complex release mechanism which is dependent on 

various other factors such as swelling and erosion of polymers, the porosity of the matrix and 

drug diffusion rate.  

 

Figure 9.11: In vitro metronidazole release (a) passive drug release, (b) passive drug 

release using iontophoretic drug release setup, (c) active drug release using 

iontophoretic drug release setup and (d) Effect of iontophoresis over passive drug 

release. 
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Figure 9.11b and Figure 9.11c shows iontophoretic release profile of metronidazole. The 

mechanism of drug release was found to be zero order under active condition. This 

phenomenon indicated the presence of both diffusion as well as molecular relaxation that 

governed the release of drugs through the matrix. Here the rate-controlling step is the 

relaxation process of the macromolecules after absorption of the water molecules. The drug 

release under the active condition is dependent on the bulk resistance of the bigels. The bulk 

resistance of the PA bigels was more as compared to PP the bigels. This high conductivity of 

the PA bigels formed conducting channels which acted as the major driving force behind the 

faster drug release. The ‘n’ values of the Korsmeyer-Peppas model were in the range of 0.5 

and 1.0. This indicated the anomalous transport of the drug which was a superposition of both 

diffusion and other mechanism playing an important role in the transport of the 

macromolecule. 
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Table 9.8: Release kinetics of metronidazole from PA and PP bigels (Metrogyl® denoted 

as MR) 

Formulation 

code 

Zero 

order 

model (r2) 

Higuchi 

model (r2) 

Best fit 

model 

Korsmeyer- 

Peppas 
Mechanism 

of release 
(r2) N 

Passive drug delivery 

PPM1 0.9101 0.9991 Higuchi 0.9928 0.5000 Diffusion 

PPM2 0.9120 0.9921 Higuchi 0.9962 0.5000 Diffusion 

PPM3 0.9021 0.9992 Higuchi 0.9912 0.5000 Diffusion 

PAM1 0.9421 0.9972 Higuchi 0.9912 0.5000 Diffusion 

PAM2 0.9601 0.9931 Higuchi 0.9937 0.5000 Diffusion 

PAM3 0.9603 0.9912 Higuchi 0.9901 0.5000 Diffusion 

MR 0.9811 0.8800 Zero order 0.9734 0.4702 Difusion 

Iontophoretic drug delivery 

PPM1 (Passive) 0.9184 0.9911 Higuchi 0.9812 0.5000 Diffusion 

PPM2 (Passive) 0.8521 0.9811 Higuchi 0.9854 0.4612 Diffusion 

PPM3 (Passive) 0.9312 0.9983 Higuchi 0.9904 0.5001 Diffusion 

PAM1 (Passive) 0.9212 0.9821 Higuchi 0.9905 0.4500 Diffusion 

PAM2 (Passive) 0.9401 0.9900 Higuchi 0.9910 0.4823 Diffusion 

PAM3 (Passive) 0.9700 0.9802 Higuchi 0.9981 0.4805 Diffusion 

PPM1 (Active) 0.9821 0.9702 Zero-order 0.9718 0.6811 Anomalous 

PPM2 (Active) 0.9800 0.9621 Zero-order 0.9721 0.6102 Anomalous 

PPM3 (Active) 0.9903 0.9701 Zero-order 0.9810 0.6800 Anomalous 

PAM1 (Active) 0.9922 0.9721 Zero-order 0.9621 0.6601 Anomalous 

PAM2 (Active) 0.9901 0.9500 Zero-order 0.9821 0.6901 Anomalous 

PAM3 (Active) 0.9812 0.9302 Zero-order 0.9801 0.6200 Anomalous 
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9.4 Major outcomes 

 The bigels containing PVA showed greater firmness as compared to the bigels 

containing PVP.  

 The mechanical studies revealed the viscoelastic behavior of the bigels.  

 The viscosity of the bigels increased with the increase in the concentration of PVA and 

PVP. The bigels showed shear thinning behavior.  

 The electrical properties showed that the conductivity of the PVA bigels was higher as 

compared to the PVP bigels. 

 The cell viability index of the bigels increased with the increase in the PVA 

concentration. 

 The inclusion of PVA resulted in a much slower release of the drug as compared to the 

PVP bigels and marketed formulation under active condition. 
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10.1 Summary and conclusion 

The thesis provides a broad investigation on the promising role of bigels in the delivery of 

poorly soluble drugs, and their use as matrices in iontophoresis. The bigels were prepared 

using different proteins, polysaccharides, and synthetic polymers. They were then 

characterized thoroughly. The comparison between various types of bigels is shown in table 

10.1. From the above study, it was concluded that the effectiveness of interfacial jamming 

and stabilization of these multiphase systems was dependent on the type and concentration 

of polymer used in the study. The major conclusions drawn are 

 The particle size of protein based bigels was found to be smaller as compared to that 

of polysaccharides, gums, and synthetic polymers based bigels. The particle size of 

protein based bigels varied from 4-5 µm as compared to other polymers based bigels 

where the size ranged from 7-17 µm. 

 The effect of proteins, polysaccharides, gums and synthetic polymers on the viscosity 

profile was not significant. All the bigels exhibited a pseudoplastic flow behavior.  

 The bigels containing polysaccharides like maltodextrin and starch showed higher 

firmness than other polymer based bigels. The synthetic polymers and xanthan gum 

based bigels were found to be less firm as compared to other bigels. The starch-based 

bigels were found to have more stickiness values.  

 The synthetic polymer based bigels were found to be less sticky as compared to 

protein, polysaccharides, and natural gums based bigels. The spreadability of starch 

and maltodextrin-based bigels were least amongst all other bigels. Although the 

protein based bigels had little higher spreadability as compared to that of starch and 

maltodextrin-based bigels, their spreadability was lower as compared to other 

polysaccharides, natural gum, and synthetic polymer based bigels.  

 All the bigels showed a viscoelastic behavior.  

 There was no change in the stability of all the bigels even though after 10 months as 

per ICH guidelines. 

 A slow release of metronidazole as compared to marketed formulation was obtained 

in all the bigels containing proteins, polysaccharides, natural gums and synthetic 

polymers. Release behavior of the drug from the whey protein based bigels was more 

controlled as compared to all other bigels. Drug release from gum based bigels was 

comparatively higher than that of proteins, polysaccharides, and synthetic polymers 

based bigels but quite slower than available marketed formulation of the same drug. 
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 Application of AC current to the bigels led to the release of drug in a constant 

manner, thus making them suitable candidates for iontophoresis.  

 Although there was not much difference in the antimicrobial efficiency of different 

types of bigels, the antimicrobial activity of all the drug loaded bigels was comparable 

with that of the marketed formulations of metronidazole.  

 The in vitro cytotoxicity studies of the bigels showed that they can be well tolerated. 

Based on above results it can be concluded that the physical and mechanical 

properties, stability, drug release, and antimicrobial efficiency were closely related to 

the type of polymers used in the study. 

 From the above study, it was concluded that the protein and starch based bigels served 

as a good carrier for the controlled delivery of metronidazole. 

  Furthermore, the low expenses incurred during the preparation of bigels can also help 

in the development of suitable cost effective biomaterial to be used in both 

pharmaceutical and biomedical industries. 
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         Table 10.1: Comparative account of the bigel formulations 

Sample 

code 

Size 

distribution 

(μm) 

Texture studies Bulk 

resistance 

(Ω) 

In vitro drug 

release 

cell viability 

index Firmness 

      (g) 

Stickiness 

       (g) 

Spreadability 

     (g-1sec-1) 

    Emulgels    

GW 3.3245 ± 0.8123 172.1127 ± 4.1175 84.9208 ± 4.1854 0.0009 ± 0.0081 21545.9712 43.1228 ± 0.5612 0.8521± 0.0342 

    Bigels    

SG 3.6214 ± 1.2473 435.2341 ± 2.7121 265.2723 ± 4.5732 0.0085 ± 0.0017 5202.3145 76.2123 ± 3.5231 0.8602 ± 0.0342 

GG 4.1264 ± 1.0572 693.1756 ± 2.8731 449.0512 ± 4.15824 0.0011 ± 0.0009 2407.7221 58.3173 ± 0.1321 0.8521 ± 0.0132 

WG 4.9492 ± 0.16722 468.0634 ± 2.7231 332.6913 ± 3.8931 0.0016 ± 0.0008 4469.1226 30.2275 ± 1.0421 0.9331 ± 0.0543 

FA 13.3712 ± 0.7972 682.4721± 3.1423 555.2812 ± 2.1503 0.0021 ± 0.0013 31968.2817 71.6889 ± 1.9312 0.9151 ± 0.0385 

FC 7.9146 ± 0.2183  646.2832 ± 2.5287 472.0912 ± 3.1653 0.0015 ± 0.0013 40743.8674 65.6773± 1.5521 0.9253 ± 0.0172 

FM 7.7724 ± 0.31278 1000.7623 ± 1.8211 274.9421 ± 1.3282 0.0007 ± 0.0005 19222.7321 53.8782 ± 2.3765 0.9425 ± 0.0238 

FS 16.6213 ± 0.2479 729.4421 ± 3.1471 800.27 37± 2.1552 0.0010 ± 0.0090 12327.6284 57.9712 ± 1.0721 0.9730 ± 0.0238 

AG 12.5561 ± 2.4354 249.8212 ± 3.7656 142.6324 ± 3.7678 0.0029 ± 0.0013 51516.8821 87.7292 ± 1.4167 0.8734 ± 0.0087 

GAG 10.1923 ± 2.1473 309.6623 ± 2.9896 213.3915 ± 2.6412 0.0020 ± 0.0015 36406.4812 75.7561± 1.6728 0.8658± 0.0537 

XG 8.2921 ± 3.1467 135.4823 ± 2.6453 85.3715 ± 3.2135 0.0049 ± 0.0021 23812.3045 73.0492 ± 0.4182 0.9440 ± 0.0461 

PA 10.1827 ± 0.4916 135.2157 ± 2.7676 62.2336 ± 3.2172 0.0044 ± 0.0017 20104.8267 51.9712 ± 2.1419 0.8683 ± 0.0491 

PP 16.8173 ± 0.5326 100.3162 ± 1.2624 41.2681 ± 7.1752 0.0068 ± 0.0031 33463.1284 63.6527 ± 1.2192 0.7611 ± 0.0285 
                GW: Sorbitan monopalmitate          SG: Blank bigels                                    FA- Alginate based bigels                                                   AG-Acacia gum based bigels                      PA-Polyvinly alcohol basedbigels 

                          and sunflower oil based           GG-Gelatin based bigels                       FC- Carboxymethyl cellulose based bigels                       GAG-Guar gum based bigels                      PP- Polyvinyl pyrrolidone based                              

                          emulgels                                    WG- Whey protein based bigels           FM- Maltodextrin based bigels                                          XG-Xanthan gum based bigels                               bigels   

                                                                                                                                               FS- Starch based bigels                                            
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ANNEXURE-1 

Materials used 

Materials used Specification 

Sorbitan monopalmitate (Span 40) MW: 402.64 

Hydroxyl value: 270-305 

Saponification value  140-155 

Identity (IR) Passes test 

Gelatin Maximum limits of impurities 

Calcium:   0.2% 

Chloride:   0.2% 

Sodium alginate Viscosity- 1% w/v solution, 25 °C : 5.5 ± 2 

cps 

Maltodextrin dextrose equivalent, DE < = 20% 

Maximum limits of impurities 

Total protein  0.1%% 

Heavy metals (as Pb) 0.005% 

Carboxymethyl cellulose sodium salt 

 

 

 

 

Assay (as Na; on dried basis) 6.5-10.0% 

pH value (1% w/v water) 6.0-8.0 

Viscosity- 1% w/v solution, 20 °C: 1100- 

1900 cps 

Maximum limits of impurities 

Chloride:  0.25% 

Arsenic:  0.0003% 

Heavy metals (as Pb):  0.0020% 

Loss on drying: 10% 

Sulphated ash (on dried substance): 20.0- 

33.3% 

Starch soluble pH value (2% water) 6-7.5 

Sensitivity                  passes test 

Loss on drying (105 °C) ≤ 10% 

Sulfated ash ≤ 0.35% 

Acacia gum Loss on drying       NMT 15.0% 

Ash                         NMT 6.0% 

Xanthan gum pure (food grade) Loss on drying 15.0% 

Odour feeble no desabreable 

Particle size :100-200 mesh 

Ash: 6.5-16.0% 

pH of 1 % sol. In water 6.0-8.0 

Nitrogen 1.5% 

Pyruvic acid 2.40% 

Heavy metals (as lead) 0.001% 

Lead (Pb) 0.0005% 

Arsenic(As) 0.0002%  

PVP K30 Assay of Nitrogen(N): 11.5% to 12.8% 

Maximum limits of impurities 

Heavy metals (as Pb): 0.001% 

Loss on drying: 5.0% 

K value (Intrinsic velocity): 29-32 
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PVA MW: 115000 

Maximum limits of impurities 

Chloride(Cl): 0.001% 

Viscosity: 4-6 cps (4% aqueous solution, 20 

°C 

Nutrient broth Peptic digest of animal tissue      5 g/l 

Sodium chloride                           5 g/l 

Beef extract                                  1.50 g/l 

Yeast extract                                 1.50 g/l 

Final pH (at 25 °C) 7.4±0.2 

Nutrient agar Peptic digest of animal tissue      5 g/l 

Sodium chloride                           5 g/l 

Beef extract                                  1.50 g/l 

Yeast extract                                 1.50 g/l 

Agar                                              15.00 g/l 

Final pH (at 25 °C) 7.4±0.2 
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