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ABSTRACT 

Development and Characterization of Hydrogels Loaded with 

Antidiabetic Drug 
 

In this study, preparation and optimization of hydrogel formulations of 

chitosan/sodium alginate, chitosan/eudragit-L100 and chitosan/gelatin hydrogel films, 

containing metformin through solvent evaporation technique were developed, using 

central composite factorial design. Genipin was used as a crosslinking agent in all 

formulations. At first, low and high molecular weight (MW) chitosan was used as the 

polymer in different concentrations with Na-alginate to formulate chitosan/Na-alginate 

hydrogel films. Effect of low and high molecular weight chitosan was investigated in 

formulation development and drug release. Drug release kinetics were evaluated in the 

simulated gastric and intestinal medium at pH 1.2 and 7.4, respectively. For low MW 

chitosan hydrogels, highest drug release was observed at pH 1.2 i.e., 9.82 % for 2 hours 

while at pH 7.4, 95.52 % drug release was observed after 12 hours. In the case of high 

MW chitosan hydrogel, 9.67 % drug release was observed at pH 1.2 for 2 hours and 

90.63 % drug release at pH 7.4 after 12 hours. The highest T50% (the time for 50 % of 

drug release) of low MW and high MW chitosan hydrogel was observed as 22.72 and 

33.34 hours, respectively, while the highest dynamic swelling was observed as 8.21 and 

7.9, respectively. It was found that by changing the ratio of polymers as well as 

crosslinking agent, the release rate of metformin can be modified. Low MW chitosan 

hydrogel showed an increased release rate when compared with high MW chitosan 

hydrogel. Also, by increasing the concentration of the crosslinking agent, the release 

rate was found to be decreased and vice versa. Further high molecular weight chitosan 

was used in the preparation and optimization of chitosan/eudragit L-100 and 

chitosan/gelatin hydrogel films based on the results of chitosan/sodium alginate 

hydrogel. 

Chitosan/eudragit L-100 hydrogel films were subjected to evaluate drug release 

in the simulated gastric medium and intestinal medium at pH 1.2 and 7.4, respectively. 

Effect of variables on T50% and dynamic swelling were studied by using regression 

analysis and surface plots for optimum formulation selection. During the first 2 hours, 

initial burst release was observed from PECs in a gastric simulated environment and 

slow release during the other 10 hours in simulated intestinal fluid. Polymers used in 
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this study showed significant influence on T50% and dynamic swelling of the hydrogel. 

The highest value of T50% and dynamic swelling was observed at 9.89 and 7.86 hours, 

respectively. Results showed that change in polymers ratio and cross-linker 

concentration can affect the drug release in hydrogel.  

Chitosan/gelatin hydrogel films were subjected to study the drug release in the 

simulated gastric medium for 3 hours at pH 1.2. Effect of variables was evaluated by 

regression analysis and surface plots to select the optimum formulation. In first 2 hours, 

hydrogel showed burst release and drug release reached 100 % within 3 hours’ time in 

the gastric simulated environment. By changing the polymer ratios and crosslinking 

concentration a significant influence on T50% and dynamic swelling of hydrogel was 

observed. The highest T50% and dynamic swelling was observed at 40.23 and 9.1 min, 

respectively. It was noted that the release rate of metformin cloud be modified by 

changing the polymer and cross-linker concentration. 

Surface morphology of the optimized hydrogels was studied using an electron 

microscope to investigate the uniform presence of drug crystals in the hydrogel matrix. 

Fourier transform infrared spectroscopy (FTIR) for confirmation of ionic and hydrogen 

bonding between crosslinking agent and polymers leaving the drug intact in the matrix 

system. Thermal analysis, DSC were performed on polymers and hydrogel films to 

investigate the amorphous and crystalline behavior, polymorph and eutectic transitions. 

Scanning electron microscopy (SEM) images confirmed the uniform drug distribution. 

Acute oral toxicity studies were performed on optimized formulations to 

evaluate any toxic effects due to crosslinking agent and polymers in the hydrogel 

formulation. The clinical findings revealed no significant changes in complete analysis 

of blood, biochemical analysis and metabolic biomarkers. Histopathological findings 

revealed no signs of hemorrhage, lesion and tissue structure changes within the organ. 

Pharmacokinetic and pharmacodynamics evaluation of metformin was 

performed in rabbit plasma. Samples were estimated for blood glucose levels done by 

glucose oxidase method and drug plasma concentration was evaluated using sensitive 

HPLC method with UV detection. Plasma samples were prepared by precipitation of 

proteins with acetonitrile. Reverse phase chromatography technique with a silica gel 

column (250 mm × 4.6 mm, 5 µm) at 30 ºC was used for separation purpose. A mixture 

of methanol and phosphate buffer with pH adjusted to 3.8 was used as mobile phase 

with a flow rate of 0.8 ml/min and UV detector wavelength was adjusted at 240 nm. 

The calibration curve was linear in a range of 0.1-1 µg/ml with R² = 0.9982. The 
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precision (RSD, %) values were less than 2 %, whereas, the accuracy of the method 

was higher than 92.37 %. The percentage recovery values ranged between 90.14 % and 

94.97 %. Limit of detection (LOD) and limit of quantification (LOQ) values were 25 

ng/ml and 60 ng/ml, respectively. Cmax and AUC0-t values were found to be 1154.67 ± 

243.37 ng/ml and 7281.83 ± 210.84 ng/ml.h, respectively. 

The in-vivo pharmacokinetic profile of optimized chitosan hydrogel 

formulations T1 (chitosan/gelatin hydrogel), T2 (chitosan/Na-alginate hydrogel) and 

T3 (chitosan/eudragit L-100 hydrogel) after oral administration showed significant 

differences in plasma levels of T1, T2 and T3. 

The plasma level of T1 reached its maximum concentration (867.28 ± 7.78 

µg/ml) in 3 hours after oral administration while maximum concertation of T2 was 

observed 794.23 ± 7.53 in 4 hours of oral administration. T3 showed maximum 

concentration 680.61 ± 6.78 at 6 hours that was lower than that of T1 and T2 that 

showed incomplete absorption. 

For hydrogels T3, maximum concentration (680.61 ± 6.78 µg/ml) was observed at 6 

hour and slow decrease in drug concentration was noticed even at 24 hours after 

administration. Non-significant differences were found in the fall of blood sugar levels 

with T1, T2 and T3 in comparison with the control and evaluated by Dunnett’s test. It 

was observed that different formulations, with different drug release rates, showed a 

different pattern in the hypoglycemic effect of the drug due to variable bioavailability 

with respect to the oral solution of drug. 
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1.1 Modified drug delivery system 

The most suitable and convenient method is oral drug delivery system in various 

clinical situations (S. Kim, Nimni, Yang, & Han, 2005; Löbenberg, Kim, & Amidon, 

2005; Pavithra et al., 2010). Due to number of reasons modified drug delivery systems 

(MDDS) are useful to be advised in the place of conventional drug delivery system, as 

it causes less variation in peak plasma concentration and maintain a constant drug 

plasma level as well as low dose and cost (Kulkarni et al., 2012; Wadher, Kakde, & 

Umekar, 2011). MDDS reduces the dosing frequency at least two folds and improves 

patient compliance as compared to conventional oral dosage forms (Gollapudi, Javvaji, 

Tadikonda, & Arpineni, 2011; Kojima, Yoshihara, Sawada, Kondo, & Sako, 2008). For 

the fabrication of modified drug delivery systems various factors must be evaluated 

such as process variables, because they effect on the performance of MDDS to maintain 

the plasma drug level in therapeutic range for an extended period of time. Half-life of 

drug determines the rate of drug administration to obtain steady state plasma 

concentration (Lingam, Ashok, Venkateswarlu, & Rao, 2008; Maderuelo, Zarzuelo, & 

Lanao, 2011; Singh & Kim, 2000).  

The conventional drug delivery systems mostly pursue first-order release kinetics, 

where abrupt drug release causes high drug plasma levels that can cause toxic effects, 

while low plasma drug levels produce no therapeutic activity. Due to high peak to 

trough fluctuations, side effects related to the drugs following first-order release 

kinetics are usually observed (Hardy et al., 2007; Reed, Dutta, & Liu, 2009). 

Constant and sustained drug delivery is required because of its zero-order release 

system in most of the cases like antibiotic treatment, antidepressant therapy, 

antihypertensive therapy and pain management (M. Chen, Cheng, & Udipi, 2012; 

Shivaraj, Selvam, Mani, & Sivakumar, 2010). Frequent administration is required in 

case of conventional drug delivery system to achieve or maintain therapeutic 

concentration of drug in plasma. Conventional dosage forms cause abrupt release of 

drug that results in toxic and sub-therapeutic effect. That is the reason FDA emphasized 

more on significance of sustained and controlled drug delivery system. There are 

number of mechanisms involved in controlled drug delivery system and these 

mechanisms must be characterized to follow quality attributes and intellectual property 

(Siegel & Rathbone, 2012). 

 



3 

 

Some drawbacks associated with MDDS along with beneficial effects includes;  

 MDDS usually require specialized equipment and costly ingredients. 

 Sustained release properties are lost when MDDS are deformed, chewed and 

crushed. 

 Gastric transit time and food presence in stomach affects the release rate of drug 

from MDDS (Jayanthi, Manna, Madhusudhan, Mohanta, & Manavalan, 2011; 

Kayser, Lemke, & Hernandez-Trejo, 2005). 

1.2 Polymers used in modified drug delivery 

Numerous polymers have been used as drug carrier in pharmaceutical industry to 

develop modified release dosage forms. Newly advanced techniques by various 

pharmaceutical scientists have been introduced in polymeric science and technology to 

produce novel DDS for safe and effect drug delivery. Therapeutic efficacy and drug 

release profile can be altered by modifying the formulation technique. The polymers 

with desired properties have been developed and their use in effective drug delivery 

system overcomes the limitations related to conventional dosage forms. 

These are classified as  

 Natural polymers 

 Synthetic polymers 

 Biodegradable polymers 

 Non-biodegradable polymers 

 Linear and branched chained polymers (Free radical polymerization) (Kadajji 

& Betageri, 2011). 

Productive growth in polymeric materials and their use as a drug delivery has been 

considered to be superior based on its performance, safety and quality (Chew, Wen, 

Yim, & Leong, 2005). 

Erosion, dissolution and swelling mechanisms are involved in modification of drug 

release properties of polymers. Different kinds of polymers have been developed to 

achieve zero-order kinetics (Efentakis & Politis, 2006; Learoyd, Burrows, French, & 

Seville, 2009; Moodley et al., 2011). In development of oral drug delivery system, 

mostly hydrophilic polymers are used but they have limitations for highly water-soluble 

drugs (Malana & Zohra, 2013). 
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1.3 Hydrogel 

Hydrogels are cross-linked polymeric networks having three-dimensional structure. 

These networks can imbibe large amount of water without losing their integrity. The 

three-dimensional network have hydrogen bonds and van der wall forces that maintains 

its integrity (Burdick & Prestwich, 2011; Dellatore, Garcia, & Miller, 2008; Guvendiren 

& Burdick, 2010; Khetan & Burdick, 2011; Qiu & Park, 2001). Hydrogels have been 

used in tissue engineering, wound dressing, drug delivery, contact lenses and as 

implants (Song, Zhang, Yang, & Yan, 2009).  

These polymers are highly useful biomaterials that have properties to entrap drug 

molecules in its crosslinked matrix system that lead the controlled release of drug  

(Ashton, Banerjee, Punyani, Schaffer, & Kane, 2007; A. Bajpai, Shukla, Bhanu, & 

Kankane, 2008; Chung & Burdick, 2008; Khademhosseini et al., 2006; Kokabi, 

Sirousazar, & Hassan, 2007; Kretlow, Klouda, & Mikos, 2007; Yeo et al., 2007).  

The hydrophilic groups present in the polymer like -OH, -CONH-, -CONH2-, and -

SO3H, produce significant swelling, based on solvent type and nature of polymer. In 

some cases, it can reach up-to 90 % of its original weight by swelling (Brannon-Peppas 

& Peppas, 1991; Nikolaos A Peppas, 1991). In most of the hydrogels, diffusion-

controlled mechanism is observed based on non-specific physiological stimuli (King, 

Mohammed, & Murphy, 2009; W. Wu et al., 2011).  

1.3.1 Drug release from hydrogel 

Drug release from hydrogel follows passive diffusion, where solute and solvent 

molecules move freely in and out of the hydrogel structure. 

Hydrogel drug release mechanisms are described as   

 Swelling controlled mechanism 

 Diffusion controlled mechanism  

 Chemically controlled mechanism  

Swelling is considered as rate limiting step when solute diffusion is faster than the 

expansion of hydrogel network (Bettini, Colombo, Massimo, Catellani, & Vitali, 1994). 

Fick’s first law of diffusion is most dominant diffusion-controlled mechanism. 

Porosity of matrix system affects the transport of solute across the cross-linked matrix 

as shown in figure 1.1. Drug release from matrix system is affected by the polymer and 

monomer nature as well as degree of crosslinking between them. Porosity of hydrogel 
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is most important feature of hydrogel that affects the strength, degradability and 

physical properties (Cruise, Scharp, & Hubbell, 1998; Mason, Metters, Bowman, & 

Anseth, 2001). 

In chemically-controlled release, breakdown of polymeric network occurs in gel 

matrix due to hydrolytic or enzymatic bio-degradation, surface or bulk erosion of 

hydrogel (Kanjickal, Lopina, Evancho-Chapman, Schmidt, & Donovan, 2005). 

 

 

Figure 1.1 Hydrogel polymeric network 

1.3.2 Preparation of hydrogel 

In the development of hydrogels, two types of techniques have been used 

(1) physical (2) or chemical crosslinking. Physical crosslinking methods involve ionic 

interaction, graft copolymer and crystallization and cross linking of amphiphilic. While, 

chemical crosslinking techniques include radiation induced polymerization, radical 

copolymerization, enzymatic reaction with complimentary groups and chemical 

crosslinking. In the development of hydrogels both natural and synthetic polymers can 

be used. But research is trending in replacement of natural polymers with modified and 

synthetic materials by graft copolymerization technique (Bhattacharya & Misra, 2004). 

1.3.3 Characteristics of polymers in drug delivery 

Limitations of conventional drug delivery system can be overcome by 

introducing a drug delivery system with properties like biodegradability and 

biocompatibility. The development of new biopolymer has essential role in developing 

various hydrogels for ocular drug delivery such as cornea and sclera (Friedberg, Pleyer, 

& Mondino, 1991). Chitosan is a natural polymer, studied extensively has number of 

applications in drug delivery (G. Lin & Tarasevich, 2013) to eyes (Ozcelik et al., 2013), 
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nose (Sumit, Shikha, & Murthy, 2012), skin (X. Liu, Ma, Mao, & Gao, 2011) and 

kidney (J. Gao et al., 2012). List of polymers and monomer for hydrogel synthesis are 

given in table 1.1. 

Table 1.1 Polymers for hydrogel synthesis, natural and synthetic.  

 

 

 

 

 

 

 

 

 

1.3.4 Monomers 

Hydrogels can also be classified on the basis of side group present in the matrix 

system. Those may be ionic or neutral depending upon the chemicals (monomers or 

polymers) used in their preparation. Some monomers are listed in table 1.2 that are used 

in the formation of synthetic polymeric hydrogel matrices.  

Table 1.2 List of synthetic monomers for hydrogel synthesis 

S.No. Monomers Abbreviations 

1 Acrylic acid AA 

2 PEG methacrylate PEGMA 

3 Methacrylic acid MAA 

4 PEG acrylate PEGA 

5 Vinyl acetate VAc 

6 Ethylene glycol EG 

7 Hydroxyethyl methacrylate HEMA 

8 Methoxyethyl methacrylate MEMA 

9 Ethylene glycol dimethacrylate EGDMA 

10 N-vinyl-2-pyrrolidone NVP 

11 PEG dimethacrylate PEGDMA 

S.No. Natural Polymers Synthetic and semisynthetic polymers 

1 Dextran  Poly(hydroxypropyl methacrylamide) 

2 Pullulan   Poly(acrylic acid)  

3 Gelatin Polyacrylamide 

4 Collagen Poly(vinyl alcohol), 

5 Dextran sulfate Poly(lactic acid) 

6 Cyclodextrin Poly (N-vinyl pyrrolidone) 

7 Pectin Poly (ethylene glycol) 

8 Chitosan Propylene fumarate 

9 Agarose Poly(vinyl acetate) 

10 Hyaluronic acid Ethylene glycol 

11 Chondroitin sulfate Poly(lactic-co-glycolic acid) 

12 Chitin Poly(vinyl amine) 

13 Alginic acid Polycaprolactone 

14 Fibrin Poly(N-isopropyl acrylamide) 

15 Carrageenan Poly(lactic-co-glycolic acid) 
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1.3.5 Stimuli-sensitive hydrogels 

These are important class of hydrogels that respond to chemical and physical 

stimuli that causes chemical and structural changes within the hydrogel structure.  

These stimuli with their possible mechanism are given in table 1.3. Change in hydrogel 

composition affects their response, transitional, swelling and shrinking properties. 

Table 1.3 Hydrogel stimulus with possible mechanism of drug release  

S.No. 
Selective 

Stimuli 
Possible Mechanism 

1   pH   Drug release and swelling initiated by change in pH 

2 Electrical     
   Drug release and swelling initiated by differences in 

the charge distribution           

3 Magnetic    
   Magnetics field on hydrogel, resulted in pore 

formation, leading to drug release and swelling 

4 Thermal      

  Drug release and swelling from hydrogel, by change 

in polymer-polymer and polymer-water interaction due 

to temperature change  

5 
Ultrasound 

Irradiation   
  Swelling and drug release by volume transition 

6 Chemical     
  Swelling and drug release based on chemical reaction 

involvement  

7 
Enzyme-

substrate   
Drug release and swelling by enzymatic reaction  

8 Ionic Strength 
   Swelling and drug release due to change in ionic 

strength inside the hydrogel 

1.3.5.1 pH-responsive hydrogels 

In oral drug delivery system, the drug has to face the acidic pH of stomach and basic 

to neutral pH of intestine. This change in pH produces ionization of various ionizable 

groups present in the crosslinked polymeric network that play important role in 

volumetric transition of hydrogel (Gil & Hudson, 2007; Rijcken, Soga, Hennink, & Van 

Nostrum, 2007). These hydrogels are clasified as  

 Anionic hydrogel 

 Cationic hydrogel 

 Zwitterionic hydrogels  

The oppositely charged ionized groups present in hydrogel polymeric chains causes 

the electrostatic repulsion between the chains and result in swelling of hydrogel.  

These groups may include sulphate, phosphate and carboxylate. Most commonly, N, 

N′-dimethyl amino-ethyl methacrylate and 2-vinylpyridine polymers were used in 
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development of cationic pH-responsive hydrogels (Gil & Hudson, 2007; Park, Nho, 

Lim, & Kim, 2004).  

1.3.5.2 Temperature-sensitive hydrogel 

In temperature sensitive hydrogels the temperature of surround environment 

triggers the stimuli and hydrogel goes under phase separation (PNIPAM) having low 

critical solution temperature (LCST) then the surrounding environment. This is because 

of the presence of hydrophilic and hydrophobic charged groups in PNIPMA chain, so 

when the temperature is below LCST, polymer remains soluble in water due to its 

hydrogen bonding. These hydrogels are porotype in thermos-shrinking polymers (Gil 

& Hudson, 2007; X.-D. Xu et al., 2007).  

1.3.5.3 Electro-responsive hydrogels 

These hydrogels convert electric response into mechanical energy. When (DC) 

direct current is applied, deformation of hydrogel occurs due to directional flow of ions. 

These have important application in field of artificial muscle and sensor development 

(S. J. Kim et al., 2006; L. Yao & Krause, 2003).  

1.3.5.4 Photo-sensitive hydrogels 

These hydrogels have photo degradable compounds, when exposed to light, 

enormous number of ions are produced causing osmotic pressure differences inside and 

outside the hydrogel, thus the solvent is dragged inside. Other photosensitive 

compounds absorb photon and transform them to heat causing phase transition. That 

behavior was observed in Hydroxypropyl methylcellulose (HPMC) when treated with 

azobenzene (Desponds & Freitag, 2003, 2005; P. Zheng et al., 2004). 

1.3.5.5. Pressure-sensitive hydrogel 

These hydrogels respond to change in external pressure and undergoes to 

volumetric transitions (K. Lee, Cussler, Marchetti, & McHugh, 1990). 

1.3.5.6 Multi-responsive hydrogel 

These hydrogels have different functional groups that can respond to different types 

of stimuli such as hydrogel produced by poly(β-caprolactone-co-lactide)-poly (ethylene 

glycol)-poly(β-caprolactone-co-lactide) conjugated with sulfamethazine that can 

respond to pH and temperature change (Pillai & Panchagnula, 2001). 
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1.4 Applications for hydrogels  

1.4.1 Hydrogels for Drug Delivery 

Hydrogels have been used in various fields since 1960 such as in development 

of urinary catheters, contact lenses, wound dressing and surgical gloves etc. Hydrogels 

have various applications based on drug delivery (Wheeler et al., 1996). These are given 

below 

1.4.2 Hydrogels for eye 

Drug concentration to target site is important aspect in ocular drug delivery 

system as maximum amount of drug is lost by lacrimal fluid so hydrogel implants have 

been introduced to overcome this problem (Kuno & Fujii, 2011; Misra et al., 2009). 

Other important uses are therapeutic silicon hydrogel contact lenses (Vashist, Vashist, 

Gupta, & Ahmad, 2014), doxycycline hydrogels (Gordon et al., 2010), hydrogels for 

vision improvement (Almeida, Amaral, Lobão, & Sousa Lobo, 2013) and reduced drug 

with ease of administration (Raja, Thiruselvi, Sailakshmi, Ganesh, & Gnanamani, 

2013).  

1.4.3 Hydrogels for the small intestine 

There are polymers specific for drug delivery to small intestine such as alginate 

(Bertram & Bodmeier, 2012), hydroxypropyl cellulose (Giri, Thakur, Alexander, 

Badwaik, & Tripathi, 2012), pectin (Yan & Polk, 2012) and cellulose acetate (S. Bajpai 

& Banger, 2013), have been studied widely. Various hydrogels have been developed to 

treat nocturnal asthma (Kumar Singh Yadav & Shivakumar, 2012) and to increase the 

insulin permiability (Jiang, Wang, Qiu, Luo, & Zhang, 2009), targeted drug delivery to 

colon (Fajardo et al., 2012; Mounika, Appa Rao, & Prabhakar Reddy, 2012) and pH 

sensitve complexation hydrogel formation (Wood, Stone, & Peppas, 2008). 

1.4.4 Hydrogels for Skin 

The most important application of hydrogel in skin is tissue regeneration and 

wound healing that was extensively studied by Yoo and Kim (H. J. Yoo & Kim, 2008). 

Other applications are formation of adhesive films (Osti, 2006), hydrogels as burn 

shields (Helary, Zarka, & Giraud-Guille, 2012), hydrogel patches (Onuki et al., 2005), 

wound healing and cataplasm (Strehin, Nahas, Arora, Nguyen, & Elisseeff, 2010) and 

hydrogels with nanoparticles for better effect (Laroui et al., 2010).  
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1.4.5 Hydrogels for respiratory system  

Due to high rate of morbidity and mortality in respiratory diseases, they are 

considered an excellent candidate in the development of novel technology like 

hydrogels for the cure (Hinton et al., 2012; Luo et al., 2011). These hydrogels have 

been synthesized by both hydrophilic and hydrophobic polymers (Hinton et al., 2012) 

for drug targeting and diagnostic purposes (Y. Liu et al., 2009), hydrogel for lung 

cancer (Y. Gao et al., 2011) and implantable hydrogel for pathological conditions 

(Silva‐Correia et al., 2013).  

1.4.6 Hydrogels for kidneys 

Stem cell role in acute kidney injuries (AKI) have been studied extensively over 

last 20 years. There are number of problems associated with current stem cell therapy 

such as loss of endothelial progenitor cells (EPC) (Yasuda et al., 2010). Hydrogels have 

proved their role in improved renal function (J. Gao et al., 2012; C.-H. Zheng, Gao, 

Zhang, & Liang, 2004), tissue engineering (Ramakumar et al., 2005), pronectin loaded 

hydrogels (Franke, Pompe, Bornhäuser, & Werner, 2007; Y. J. Li, Chung, Rodriguez, 

Firpo, & Healy, 2006) and topical tissue sealant and in kidney inflammation reduction 

(Ramakumar et al., 2005). 

1.4.7 Hydrogels for drug delivery to brain 

Brain has various delicate barriers such as the blood brain barrier, epithelium of 

choroid plexus and epithelium of arachnoid. Drug delivery to the brain has been a 

problem due to these barriers (Abbott, Rönnbäck, & Hansson, 2006; Segal, 2000), about 

98% of newly develope drug formulations can not pass this barrier (Pardridge, 2002). 

Formation of nanoparticles for drug delivery to brain (Cerletti, Drewe, Fricker, Eberle, 

& Huwyler, 2000; Sumit et al., 2012), receptor mediated transcytosis (L Shinde, B 

Jindal, & V Devarajan, 2011) and PEG and polyethyleneimine (PEI) based nanogels 

are some advancements in drug delivery to BBB (Vinogradov, Batrakova, & Kabanov, 

2004). 

1.4.8 Hydrogels for tuberculosis 

Tuberculosis is ranked second after human immunodeficiency virus (HIV) and 

existing therapies have short biological half-life and low compliance. Various carrier 

systems have been developed such as liposomes (Deol, Khuller, & Joshi, 1997), 
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microspheres (Barrow, Winchester, Staas, Quenelle, & Barrow, 1998) and polymeric 

implants (Pandey & Khuller, 2004). These drug delivery systems were associated with 

number of drawbacks i.e., higher polymer retention (Sharma, Khuller, & Garg, 2003), 

toxicity (Bala, Hariharan, & Kumar, 2004) and reduced drug loading efficiency 

(Labana, Pandey, Sharma, & Khuller, 2002). Hydrogels have shown minimum toxicity 

(Hawkins, Milbrandt, Puleo, & Hilt, 2011), mucoadhesivity (Déat-Lainé et al., 2013) 

and biocompatibility (Grover, Lam, Nguyen, Segura, & Maynard, 2012).  

1.5 Pharmaceutical applications for hydrogels  

Pharmaceutical hydrogels have been classified into topical, implantable, 

transdermal, oral, ocular, gastrointestinal and novel hydrogels for nasal and vaginal 

drug delivery (Cameron, Morin, Eisenberg, & Brown, 2004; Dorkoosh et al., 2002; 

Kanjickal et al., 2005; Park et al., 2004; Pluta & Karolewicz, 2004; J. Wu, Wei, Wang, 

Su, & Ma, 2007). 

1.6 Limitations for hydrogels 

Hydrogels have low tensile strength, limited hydrophobic drug loading, rapid drug 

release and large pore size. So, in the practical applications of hydrogels, these 

drawbacks limit their use as drug delivery system (Hoare & Kohane, 2008). 

1.7 Hydrogels in practical and developmental stages 

Clinically approved hydrogels are available in market with desired therapeutic 

effect. (Vashist et al., 2014). Some of these hydrogels are on the market like   

ACUVUE® 2® as contact lenses and TRETIN X Gel for acne vulgaris. Some of these 

hydrogels are in pre-clinical trials such as PVA and PEG hydrogels for articulate 

cartilage and cell viability, respectively. Hydrogels in clinical stages are Attiva™ and 

BioLVR hydrogel for obesity and tissue sealant, respectively. 

1.8 Chitosan  

Chitosan is a biodegradable polyelectrolyte. It contains reactive functional groups, 

capable of excellent absorption capacity and capability of gel-formation. Chitosan is 

innate in nature, non-toxic to living tissues and biocompatible. In addition, it also has 

antitumor, antifungal and antibacterial activities that made chitosan suitable for its 

extensive use in medicine. Therapeutic system based on chitosan includes hydrogels, 

micro particles and nanoparticles. 
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A deacetylated form of chitin, which is a natural polymer was discussed by Rouget 

in 1859. That showed the historic importance of chitosan back in 19th century (Dodane 

& Vilivalam, 1998). Chitosan is obtained from natural sources like exoskeleton of 

insects, fungi and crustaceans which have been found biocompatible and biodegradable 

(Hirano, Seino, Akiyama, & Nonaka, 1990).  

Chitosan is obtained from a natural polymer chitin that is a polysaccharide and 

found abundantly in exoskeleton of insects, fungi and crustaceans (R. A. Muzzarelli, 

1973). Solubility of chitin is poor in water and organic solvents, having no practical 

application. On the other hand, chitosan, a structural variant of chitin has been found 

suitable for bio applications (Mima, Miya, Iwamoto, & Yoshikawa, 1983). Chitosan 

polymers are amino polysaccharides derived semi-synthetically from its parent polymer 

chitin with multidimensional properties, unique structure and applications in 

biomedical industries (Chandy & Sharma, 1990; R. Muzzarelli & Muzzarelli, 2005; 

Paul & Sharma, 2000). Chitosan is linear copolymer composed of β-(1-4) linked 2-

acetamido-2-β-ᴅ-glucopyranose and 2-amino-2-deoxy-β-ᴅ-glucopyranose. Chitosan 

has excellent immunogenicity, low toxicity, biocompatible and biodegradable 

properties (Hirano, 1999; Yi et al., 2005; Kurita, 2006; Jayakumar, Nwe, Tokura, & 

Tamura, 2007; Mourya & Inamdar, 2008; Rinaudo, 2008;).  

 

Figure 1.2 Chitosan structure 

1.8.1 Physiochemical properties of chitosan 

Chitosan is composed of N-acetyl-D-glucosamine. Depending upon acetylated 

moieties these units are available in different grades. Chitosan is a polycationic polymer 

having two hydroxyl and one amino group in repeating glycosidic units. Chitosan 

structure is closely related to cellulose, that is β-1,4-linked D-glucosamine with N-

acetylation except at hydroxyl of C2 position replaced by acetylamino group. Chitosan 

copolymer composed of 2-amino-2-deoxy-ᴅ-glucopyranose and N-acetyl-2-amino-2-

deoxy-D-glucopyranose units linked by 1,4-β-glycosidic linkages. Thus, chitosan has 
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intermolecular and intramolecular hydrogen bonds which are responsible for its rigid 

crystalline structure. 

The natural source of chitosan is chitin, present in fungi, crustaceans and insects 

exoskeleton. Chitin is second most abundantly found natural polymer after cellulose. 

Shells, crabs, lobsters shell and waste of shrimps are commercial source of chitin. In 

addition, millions of tons of chitin are annually harvested in the world. In the presence 

of alkali chitin is deacetylated to form chitosan and naturally it happens in certain type 

of fungi called Mucoraceae.  

Chitin undergoes into N-deacetylation when treated with 40-45 % aqueous 

solution of NaOH at 90-110 ºC for 5 hours. The molecular weight of polymer and 

degree of deacetylation (DD) depends upon the conditions used for deacetylation. 

Hydrolysis of acetate group is carried out by sodium or potassium hydroxide in the 

presence of mixture of hydrazine sulfates and anhydrous hydrazine. 

The characteristics features of chitosan at high pH range are insoluble in water, 

homeostatic and cationic but these can be inverted by addition of sulphates to the amine 

groups. Biological and physical properties of chitosan molecules changes by 

attachment with different side groups that provides useful material with specific 

functions. 

1.8.2 Structure property relationship 

In chitosan, N-acetyl-ᴅ-glucosamine and ᴅ-glucosamine residues are 

responsible for structural modification. Chemical and biological properties also change 

with change in molecular weights. Chitosan is available in two different commercial 

grades of high and low molecular weight chitosan (Sigma Aldrich). 

High grade chitosan molecular weight ranges between 190 to 375 kDa and more 

than 75 % DD. While, low grade chitosan have molecular weight in the ranges of 90 

kDa to 120 kDa and less than 75 % DD. 
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Figure 1.3 Schematic representation of chitosan’s versatility. Amine groups at low pH 

gets protonated and give rise to polycationic behavior of chitosan. Amine groups are 

deprotonated at high pH. 

 

Chitin is insoluble in many organic solvents while chitosan at low pH freely 

soluble in dilute acidic solutions. This solubility is related with protonation of amine 

groups to quaternary amines. Protonation of amine groups occurs at low pH below 6 to 

form positively charged molecule with pKa value 6.3 and chitosan becomes cationic 

water soluble polyectrolyte. While increase in pH above 6 causes deprotonation of 

chitosan and molecule becomes insoluble and losses its charge. At pH range between 6 

and 6.5, the pKa value of chitosan indicates its soluble-insoluble transition state.  

The degree of N-deacetylation is linked with pKa value and chitosan solubility. 

Molecular weight of chitosan also affects its solubility. Chitosan is biodegradable 

polymer and crosslinked with certain reagent like glutaraldehyde, ethylene glycol and 

tri-polyphosphate to produce desired effects. However, different studies proved the 

cytotoxic nature of synthetic crosslinking agents (Nishi, Nakajima, & Ikada, 1995; 

Speer, Chvapil, Eskelson, & Ulreich, 1980). Hence, it is necessary to introduce a stable 

and biocompatible crosslinking agent with no cytotoxicity. 

1.8.3 Biodegradability of chitosan 

Chitosan biodegradability plays vital role in its metabolic fate. Systemic 

absorption of hydrophilic polymer depends upon molecular weight. The molecular 

weight of polymer must be in the range of 30,000 to 40,000. If it is greater the polymer 
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will undergo chemical and enzymatic degradation for renal clearance. Chitosan is 

chemically degraded in stomach by acid. While enzymatic degradation of chitosan 

occurs by hydrolysis of glucosamine-glucosamine, N-acetyl-glucosamine-N-acetyl-

glucosamine and glucosamine-N-acetyl-glucosamine linkages by enzymes. 

Degradation of chitosan involve bacterial enzymes and lysozymes present in 

vertebrate’s colon.  

1.8.4 Chitosan-based hydrogel 

Ranjha developed verapamil loaded chitosan/acrylic acid hydrogels using 

method of free radical polymerization, using methylene bisacrylamide (MBA) as a 

crosslinking agent and benzoyl peroxide (BPO) as initiator. Drug release was dependent 

upon polymer ratios and degree of crosslinking. Drug release was found to follow non-

Fickian diffusion at pH 1.2 and 7.5. (Ranjha, Ayub, Naseem, & Ansari, 2010). 

Chitosan and N-acryloylglycine (NAGly) with glutaraldehyde as a crosslinking 

agent and photo initiator was used in development of pH and thermos-sensitive IPN 

hydrogel containing model drug 5-flurouracil. Drug release profile from hydrogel was 

evaluated at pH 1.2 and 7.4 (El-Sherbiny, Lins, Abdel-Bary, & Harding, 2005). 

Controlled release behavior of cefadroxil was evaluated by forming pH 

sensitive hydrogel, synthesized by using chitosan and poly vinyl alcohol (PVA) grafted 

with acrylamide. Glutaraldehyde was used as a crosslinking agent. Hydrogel showed 

an extended release when compared with conventional dosage form (Rao, Naidu, 

Subha, Sairam, & Aminabhavi, 2006). 

Acyclovir loaded microspheres were developed by using emulsion crosslinking 

method. Chitosan and dextran were grafted with acrylamide in presences of 

glutaraldehyde (Rokhade, Patil, & Aminabhavi, 2007).  

Polyvinyl alcohol-based hydrogels were developed with or without water 

soluble chitosan by using combined irradiation and freezing-thawing with irradiation 

and freezing-thawing alone. Both types were studied and compared to study the effect 

of water-soluble chitosan on antibacterial activity against Escherichia coli (E. coli) (X. 

Yang, Liu, Chen, Yu, & Zhu, 2008). 

Effect of chitosan concentration was studied in development of novel hydrogel 

system composed of chitosan/polyvinyl alcohol and glutaraldehyde as crosslinking 

agent. Developed hydrogel showed adequate strength, viability and can be used in skin 

engineering (de Souza Costa-Júnior, Pereira, & Mansur, 2009). 
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Interpenetrating polymer network (IPN) hydrogel was developed with chitosan 

and polyethylene glycol macromere, glutaraldehyde was used as crosslinking agent. It 

was observed that degree of crosslinking and chitosan concertation played important 

role in mechanical properties of hydrogel (S. J. Lee, Kim, & Lee, 2000). 

Swelling behaviour and in-vitro drug release was studies in chitosan beads 

coated with alginate. Varapmil was used as model drug (Pasparakis & Bouropoulos, 

2006). An interpenetrating polymeric network (IPN) composed of chitosan and 

polyvinyl alcohol was develpoed with glutaraldehye as crosslinking agent. Hydrogel 

gelation and mechanical properties were evaluated at pH 3 and 7 (T. Wang, Turhan, & 

Gunasekaran, 2004). 

(S. J. Kim, Lee, Kim, Lee, & Park, 2003) prepared interpenetrating polymeric 

network (IPN) hydrogel by using chitosan and polyvinyl alcohol with UV irradiation 

for crosslinking. Result showed that increase in humidity increases diffusion 

coefficient. 

(de Souza Costa-Júnior et al., 2009) developed chitosan/polyvinyl alcohol-

based hydrogel, glutaraldehyde was used as crosslinking agent. The developed 

hydrogel showed great potential in skin tissue repairing. 

(Mahdavinia, Pourjavadi, Hosseinzadeh, & Zohuriaan, 2004) developed 

chitosan-g-poly(AA-co-AAm) hydrogel, by mixing and crosslinking with methylene 

bisacrylamide (MBA) and initiator potassium persulfate. It was observed that swelling 

of hydrogel was dependent on pH and crosslinking concentration. 

(Huacai, Wan, & Dengke, 2006)  used graft copolymerization technique for 

development of superabsorbent chitosan resin using chitosan, acrylic acid, N,N-

methylene bisacrylamide (MBA) and ceric ion as an initiator. It was concluded that 

microwave irradiation method increases reaction rate upto 8 hours when compared with 

conventional method (Bhattarai, Ramay, & Gunn, 2005). 

Injectable thermo-sensitive hydrogels were developed by chitosan–β-

glycerophosphate. These stimuli-responsive hydrogels have application in the field of 

bone tissue engineering (Couto, Hong, & Mano, 2009). 
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1.9 Genipin 

It is a crystalline substance with defined chemical structure as shown in figure 1.4. 

 

Figure 1.4 Structure of genipin 

  Genipin was isolated from the extracts of Mexican and South American plants. 

i.e., Genipa Americana (R. A. Muzzarelli, 2009). In various traditional medicines 

extract of Gardenia jasminoides Ellis, having geniposide was used. Recent 

pharmacokinetic studies revealed that when administered orally geniposide is 

converted into genipin by enzymatic hydrolysis due to action of intestinal bacteria 

(Akao, KOBASHI, & ABURADA, 1994). Concentration of genipin was found less in 

Gardenia fruits i.e., 0.005%–0.01% as compared to geniposide (3.06 %–4.12 %) 

(Jingping, Yanlei, Yujie, & Miaona, 2001). Isolation and purifiaction of genipin is of 

great interest for use in therapy, manufacturing of food and dyes due to its 

pharmacological actions. Genipin is considered as main compound as compared to 

geniposide (H. Zheng, Dong, & Yu, 2000). Today synthesis of genipin is carried out 

from geniposide by action of b-glucosidase enzyme (Fujikawa, Yokota, Koga, & 

Kumada, 1987; Fujikawa, Fukui, et al., 1987; Tsm, Westly, Lee, & Chen, 1994). 

However, manufacturing as well as quality of genipin has been reassessed according to 

modern conditions (M. Xu et al., 2008). Microbiological process was found easy for 

extraction of genipin from its fruit (gardenia) when compared with commonly used 

chemical procedures. Genipin is produced by b-glucosidase hydrolyzes of geniposide, 

produced by penicillium nigricans. Extract of gardenia fruit was prepared by grinding 

the dry fruit, sieved through mesh # 200 and dried at 60 oC. Dry powder of 100 g was 

boiled for 30 min with 1 liter of water, twice. Extract was separated and adjusted to 1% 

concentration with the addition of distilled water. 
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1.9.1 Biochemical data on genipin safety 

In biochemical terms beneficial effects of genipin have been studied. It has been 

used for the treatment of liver cirrhosis as it suppresses the hepatic stellate cells (Inao 

et al., 2004). Anti-inflammatery as well as anti-angiogenesis activities of genipin have 

also been reported. Genipin was also found to protect hippocampal neurons in 

Alzheimer’s disease by inhibiting the lipid peroxidation (Koo et al., 2004). In a reported 

study genipin was found to inhibit the lethal effects of GalN-LPS in mice (Takeuchi et 

al., 2005). Genipin has been used in treatment of hepatic dysfunction as it suppresses 

the production of TNF-α. Symptoms of type 2 diabetes have been cured by the extract 

of Gardenia jasminoides Ellis in traditional Chinese medicine (Manickam, Sreedharan, 

& Elumalai, 2014). Dose dependent release of insulin from pancreatic cells was studied 

by administered gardenia extract to mice (C.-Y. Zhang et al., 2006).  

Gelatin and tricalcium phosphate with genipin as crosslinking agent, showed 

excellent results as a biodegardeable bone substitue composites. Genipin–gelatin–

ceramic composite was found biocompatible, biodegradable, osteoconductive and 

resulted in increased growth of new bone when compared with control (C.-H. Yao, Liu, 

Hsu, & Chen, 2005). It was investigated in a study that crosslinking of gelatin by 

genipin could improve its stability. Swelling of gelatin was found to be reduced in 

biological fluids due to crosslinking of gelatin. Genipin being less toxic could be used 

as alternative crosslinking agent in most hydrogel formulations (Bigi, Cojazzi, 

Panzavolta, Roveri, & Rubini, 2002).  

Similarly, in another study therapeutic effects of two different ketorolac gels 

were evaluated based on tromethamine and genipin. The skin permeation rate of 

tromethamine gel and genipin-based gel was found 5.75 ± 0.53 and 5.82 ± 0.74 g/cm2/h, 

respectively and greater tensile strength in ketorolac tromethamine-genipin gel (J.-H. 

Yang et al., 2007). In another study, alpha-TN4 cell was analyzed for migration, 

proliferation and actin smooth muscle expression. Commercially available calorimetric 

kit was used to determine the genipin cytotoxicity. It was found that genipin suppressed 

the cell proliferation and migration (Kitano et al., 2006).  

Genipin-crosslinked gelatin nerve conduits for peripheral nerve regeneration 

were prepared using 24%, 36% and 51% degree of crosslinking by genipin and its 

efficiency in biocompatibility and biodegradation was evaluated. Results showed that 
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36% degree of crosslinking ensured the regeneration of never with mature structure as 

compared to crosslinking degrees of 24 % and 51 % (Lu et al., 2007).  

Stable hydrogels based on agar and k-carrageenan with genipin as cosslinking 

agent were prepared to determine the increased swelling rate as well as stability by 

genipin (Meena, Prasad, & Siddhanta, 2009). In a study optimum conditions were 

developed for genipin finger print so it could be used as fingerprint reagent (Levinton-

Shamuilov, Cohen, Azoury, Chaikovsky, & Almog, 2005). Spray-dried chitosan 

microspheres were prepared in a study to determine the crosslinking protocols. 

Genipin/chitosan and glutaraldehyde/chitosan microspheres were prepared and 

analyzed for cytotoxicity. Glutaraldehyde was found more cytotoxic as compared to 

genipin. In-vitro studies revealed the effectiveness of genipin as crosslinking agent for 

biological tissue fixation (H. W. Sung, Huang, Huang, Tsai, & Chiu, 1998). 

1.9.2 Genipin and chitosan crosslinked products 

At different pH values, genipin showed different crosslinking mechanism with 

chitosan. The amino groups in chitosan react with olefinic carbon atoms under acidic 

and neutral conditions resulting in opening the dihydropyran ring. It can be concluded 

that genipin act as a di-aldehyde and products produced in result showed much more 

stability than glutaraldehyde (H.-W. Sung, Huang, Huang, & Tsai, 1999; F. L. Mi, 

Shyu, & Peng, 2005).  

Genipin and tri-polyphosphate was used in development of novel chitosan 

hydrogel beads. Ionic and covalent crosslinking was evaluated at different pH levels in 

formulation of these beads. It was observed that pH 7 and 9 facilitated the covalent 

crosslinking while at pH 1, 3 and 5 ionic crosslinking was dominant (F.-L. Mi, Sung, 

Shyu, Su, & Peng, 2003).  

Similarly, in another study genipin was used as crosslinking agent in 

development of novel pH sensitive hydrogel based on alginate and carboxymethyl 

chitosan (S.-C. Chen et al., 2004).  

Hydrogel with excellent water absorption and retention capability was 

developed with carboxymethyl hexanoyl chitosan and genipin as crosslinking agent 

(T.-Y. Liu, Chen, Lin, & Liu, 2006). 

Gelling and viscoelastic ability of chitosan was studied in which they found that 

the genipin concentration can modify the chitosan properties (Moura, Figueiredo, & 

Gil, 2007). 
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Genipin played important role in tissue regeneration of bovine pericardium 

isolated cellular tissues. On the basis of these results genipin can be used for 

encapsulation of cells and bioactive compounds (Liang, Chang, Hsu, Lee, & Sung, 

2004). 

Similarly, in a previous study chitosan-based hydrogel were found appropriate 

for intervertebral disc cells encapsulation and functional extracellular matrix (Roughley 

et al., 2006). Similar scaffolds were prepared and analyzed in various studies (Chang et 

al., 2006; Kuo & Ku, 2008). 

The tensile strength can be significantly improved in a chitosan scaffolds by the 

presence of chitin. Chitin has been reported to be used in wound healing and hemostasis 

(R. A. A. Muzzarelli, 2009). 

Genipin was used in a mixture of silk fibroin and chitosan to evaluate the time 

required in gel formation. Chitosan contents with high and low concentration showed 

different time durations for hydrogel formulation. A dark blue gel was formed within 3 

hours with high chitosan content in mixture. While, low chitosan content took up-to 24 

hours at 37 oC (Silva et al., 2008). 

1.10 Sodium alginate 

 Sodium alginate is a non-toxic, biocompatible, biodegradable and water-soluble 

anionic polymer. It is composed of α-1,4 L-glucuronic acid and β-1,4 D-mannuronic 

acid in different ratios. Sodium alginate can be obtained from bacteria and marine algae 

(El-Ghaffar, Hashem, El-Awady, & Rabie, 2012; Gad, Aly, & Abdel-Aal, 2011; Huang 

et al., 2015; Thakur, Pandey, & Arotiba, 2016).  

By using various chemical and physical methods, sodium alginate can easily be 

modified. The modifications of polymer was associated with its componding and 

blending with other functional components (Sæther, Holme, Maurstad, Smidsrød, & 

Stokke, 2008; Hua & Wang, 2009; Işıklan, Kurşun, & İnal, 2010). These preferences 

make sodium alginate to be considered in medical and industrial field (Y.-H. Lin, Liang, 

Chung, Chen, & Sung, 2005; S.-H. Yoo, Song, Chang, & Lee, 2006). 
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Figure 1.5 Structure of sodium alginate 

An improved drug delivery system was developed by the ratio of polyvinyl 

alcohol (PVA) to sulfonic acid (SA) 3:1 to encapsulate diclofenac sodium. Results 

showed that encapsulation efficiency was improved while swelling and degradation 

was influenced by pH of the medium (Hua, Ma, Li, Yang, & Wang, 2010). 

Sodium alginate-based superabsorbent hydrogel was developed by using 

polyvinyl pyrrolidone and methylen-bis-acrylamide (MBA) as a crosslinking agent.  

Hydrogel showed significant pH sensitivity to external stimuli with reversible swelling 

abilities (W. Wang & Wang, 2010). 

Sodium alginate was used with hydroxyl ethyl acryl chitosan (HC) to develop 

pH sensitive hydrogel formulation. Slow release in simulated gastrointestinal fluid and 

burst release in simulated intestinal fluid was observed with model drug paracetamol.  

It was observed that the combination of these two polymers resulted in delayed 

degradation of hydrogel. Moreover, the calcium crosslinking showed better stability 

than zinc and copper. These features make it suitable for site specific drug delivery 

(Treenate & Monvisade, 2017). 

Response surface methodology with Box-Behnken experimental design was 

used to formulate micelles based on chitosan and β-GP with CaCl2. These systems 

showed improved colon drug delivery of hydrophobic drugs with sustained drug release 

(Cong et al., 2018). 

Multiple responsive hydrogels were prepared by blending solutions of alginate, 

chitosan, gelatin and carboxymethyl cellulose by using CaCl2 and glutaraldehyde as 

crosslinking agent. These hydrogels have potential application as microsensors, 
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actuators, artificial muscles and drug delivery systems (Dai, Ou, Huang, Liu, & 

Huang, 2018).  

 1.11 Gelatin 

Gelatin is an animal protein prepared from collagen obtained from bones and skin 

of animals by treating with dilute acid. Gelatin contains various units of proline, 

glycine and 4-hydroxy proline. Gelatin structure contains –Ala-gly-Pro-Arg-Gly-Glu-

4Hyp-Gly-Pro 

 

Figure 1.6 Structure of gelatin 

It is a gel forming agent that form thermoreversible gels on cooling and on 

dehydration it undergoes irreversible conformational changes to from surface films. 

Influence of chitosan at constant gelatin concentration was studied to evaluate the 

viscoelastic properties of hydrogel formed. Increasing chitosan concentration resulted 

in greater viscosity, yield stress, and storage modulus. But 0.8 % Chitosan 

concentration leaded to reduction in these rheological parameters in these 

supramolecular hydrogels because of electrostatic repulsion (Derkach, Voron’ko, & 

Sokolan, 2017). 

A biodegradable and anti-bacterial composite hydrogel wound dressing was 

developed by gelation mechanism between oxidized alginate and carboxymethyl 

chitosan. Tetracycline hydrochloride loaded gelatin microspheres were integrated into 

OAlg-CMCS hydrogel to produce a composite gel dressing that showed enhanced 

antibacterial activity against Escherichia coli and Staphylococcus aureus (H. Chen et 

al., 2017).  

The viability of the encapsulated adipose-derived stem cells (ASCs) were 

significantly enhanced by blending the mixture of gelatin and chitosan to develop 

thermosensitive hydrogels in promoting angiogenesis which showed great clinical 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/stem-cells
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potential in treating ischemic diseases. Sustained release of ASCs was the reason of 

slow degradation of gelatin (Cheng, Lin, Ling, & Young, 2017). 

Gelatin and chitosan were studied as a potential wound dressing material. 

Chitosan showed no cell toxicity in fibroblast cells cultured with different concentration 

with chitosan (I. H. Chen et al., 2018). 

A biocompatible and biodegradable scaffold with good mechanical properties were 

made from gelatin cross-linked with genipin in tissue reconstruction to replace muscle 

loss in injuries and congenital defects. 

The application of these biomaterials as skeletal muscle and tissue repair in mouse 

skin showed good biodegradability and biocompatibility (Gattazzo et al., 2018). 

1.12 Eudragit-L100 

EUDRAGIT® L-100 is white powder having characteristic faint odor. It is an 

anionic polymer that contains methacrylic acid and methyl methacrylate with ratio of 

(1:1).  

  

 

Figure 1.7 Structure of Eudragit L-100 

The molecular weight of eudragit L-100 is approximately 125,000 g/mol. 

EUDRAGIT® L-100 gives clear to cloudy solution when 1 g is dissolved in 7 g 

methanol, ethanol as well as 1 N NaOH. Eudragit L-100 is insoluble in water, ethyl 

acetate, methylene chloride and petroleum ether. EUDRAGIT® L-100 dissolve at pH 

above 6 and this make it suitable candidate for targeted drug delivery. It is mostly used 

as coating material and granulation of drug for controlled release and site-specific drug 

delivery. 

There are various formulations for different applications such as liposomes, 

nanoparticles, micro-sponges and microspheres for sustain release and bioavailability 

enhancement of insulin.  
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Eudragit L-100 was used in formulating micro-sponges containing curcumin 

that showed promising results in preventing the drug release in upper part of GIT for 

ulcerative colitis (Sareen, Nath, Jain, & Dhar, 2014).   

Hosny et al. (Hosny, Ahmed, & Al-Abdali, 2013) made optimized enteric-coated 

nanoliposomes of alendronate sodium for osteoporosis treatment. These eudragit L-100 

coated nanoliposome resisted the alendronate sodium release in stomach.  

Wilson et al., (B. Wilson, Babubhai, Sajeev, Jenita, & Priyadarshini, 2013) prepared 

sustained release tablets of pantoprazole by coting with cellulose acetate phthalate and 

eudragit L-100. Results showed sustained release that significantly reduced the ulcer 

formation. 

Smart hydrogels for treatment of diabetes were formulated by using 

hydroxyethyl methacrylate and eudragit L-100. Smart hydrogels were crosslinked by 

ethylene glycol dimethacrylate in the presence of initiator, ammonium persulfate 

(Ozgunduz, Ozturk, Kandilci, & Acarali, 2018). 

Nano-systems were developed to treat colon specific diseases such as colorectal 

cancer, inflammatory bowel disease and endocrine diseases. These nanotechnology-

based systems were well described (Fonte, Reis, Sarmento, & Nunes, 2018). 

Macroporous hydrogels were developed by solvent casting-co-particulate 

leaching. These hydrogels resemble the blood vessels 3D matrix. These matrix systems 

proved excellent choice for tissue engineering of blood vessels (Badhe et al., 2017).  

Chitosan and eudragit L-100 polyelectrolyte complexes were developed and their 

application in controlled drug delivery system was evaluated (Prusty & Gupta, 2017). 

1.13 Criteria of drug selection 

Modified drug delivery system has number of advantages but there are some 

drawbacks which are required to deal with to achieve required characteristics. 

There are some aspects that must be considered to develop MDDS. 

 Drug with short half-life must be considered for developing modified release 

dosage form as drug with long half-life may cause toxic effect due to slow 

elimination rate. 

  Drug should be selected with ideal solubility. 

 Drug should have dissolution properties that must support the controlled 

release.  
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 In-vitro and in-vivo drug release profile should be same for modified release 

formulations (Diakidou, Vertzoni, Abrahamsson, Dressman, & Reppas, 2009; 

Kojima et al., 2008; Nokhodchi, Raja, Patel, & Asare-Addo, 2012; Siahi, 

Barzegar-Jalali, Monajjemzadeh, Ghaffari, & Azarmi, 2005; Sudha, Sridhar, & 

Srinatha, 2010). 

1.14 Metformin 

Metformin hydrochloride chemical name is 1,1-dimethylbiguanide hydrochloride. 

It is odorless, crystalline, white and hygroscopic powder. Metformin is freely soluble 

is water, insoluble in organic solvents like chloroform and ether while slightly soluble 

in 96 % ethanol. 

Metformin has favorable response in patients both in controlling blood glucose 

levels and accidental overdoses of drug associated with low risk of hypoglycemia. But 

it suffers some drawbacks such as frequent high doses schedule (1000-2000 mg/day), 

gastrointestinal symptoms, low bioavailability (50-60%), short biological half-life (1.5-

4.5 hours) and risks in renal impairment that makes its dose optimization complicated.  

To overcome these problems, a controlled release system with optimal release rate 

may be desired to improve patient compliance. 

 

 

Figure 1.8 Structure of metformin 

1.14.1 Pharmacokinetics 

1.14.1.1 Absorption 

Metformin hydrochloride is absorbed well in gastrointestinal mucosa after oral 

administration. Steady state plasma concentration of metformin is less than 1 µg/ml 

reached in 24-48 hours and maximum levels of metformin concentrations does not 

exceed more than 5 µg/ml even at maximum doses. 
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1.14.1.2 Distribution 

Not bound with plasma proteins. 

1.14.1.3 Metabolism 

It does not undergo hepatic metabolism and excreted unchanged from the urine 

(Scheen, 1996). 

1.14.1.4 Excretion 

Metformin exhibits prolonged plasma half-life in patients with decreased renal 

functions that depends upon the creatinine clearance. If creatinine clearance is 10-30 

ml/min the renal clearance will reduce to 20 % of its normal value. 

1.14.2 Mechanism of action 

Metformin is hypoglycemic agent belongs to oral biguanides class. It increases 

the endogenous and exogenous insulin efficacy by peripheral glucose up take.  

Metformin does not stimulate the release of insulin rather it depends upon the presence 

of available insulin for applying its hypoglycemic influence. Its mode of action may be 

related with increase of insulin sensitivity. The possible mechanisms of action of 

metformin include an increase in glucose uptake by peripheral tissues, decrease in 

glucose absorption from GIT and inhibition of gluconeogenesis from the liver. In 

diabetic patients, metformin lowers both post-prandial and basal blood glucose level 

but it does not cause hypoglycemia in normal individuals or diabetics (Patrick, 2002). 

1.14.3 Indications 

 Used in type2 diabetes particularly in overweight adults when diet and exercise 

control does not cause proper glycemic effect (Mahmood, Naeem, & 

Rahimnajjad, 2013; Nathan et al., 2009). 

 Metformin can be used alone or with other hypoglycemic agents. 

 Used in adjuvant therapy in insulin dependent diabetes. 

1.14.4 Dosage and administration 

1.14.4.1 Monotherapy 

Initial metformin dose is 500 mg, once or twice and can be increased up-to 1 g 

three times daily if necessary. Diabetic control is often obtained by 500 mg three times 

a day. Metformin should be used carefully with minimum dose, for good diabetic 
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control. It can be used with a maximum dose of 3 g per day in patients with creatinine 

clearance value more than 120 ml/min. 

1.14.4.2 Combine therapy 

Metformin can be used with insulin and sulfonylurea but blood sugar levels 

should be monitored regularly as combination therapy may cause hypoglycemia. 

1.14.4.3 Renal impairment 

Patients with renal diseases and impaired renal functions are at the risk of lactic 

acidosis, thus creatinine clearance levels should be monitored carefully before starting 

the treatment with metformin. It is contraindicated with less than 15 ml/min creatinine 

clearance. Metformin dose should be adjusted according to the creatinine clearance as 

shown in table 1.4. 

Table 1.4 Creatinine clearance with maximum daily dose 

Creatinine clearance Maximum daily dose 

Between 15-30 ml/ min 500 mg 

Between 30-60 ml/min 1000 mg 

Between 60-120 ml/min 2000 mg 

Above 120 ml/min 3000 mg 

1.14.5 Contraindications 

There are some condition in which metformin is contraindicated: 

1. Diabetes mellitus maintained by only diet. 

2. Juvenile diabetes mellitus. 

3. During the surgery or immediately after, when insulin is mandatory. 

4. Diabetic precoma and ketoacidosis. 

5. Hypersensitivity to biguanides or metformin hydrochloride or any excipients. 

6. Renal insufficiency with creatinine clearance less than 15 ml/min. 

7. Lactic acidosis 

8. Hepatic impairment and alcoholism. 

9.  Acute conditions such as severe infection, dehydration and contrast media 

administration that alter the renal function. 

10. Other acute conditions such as respiratory failure, cardiac failure, blood loss and 

pancreatitis that may cause tissue hypoxia. 
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1.14.6 Adverse effects 

1.14.6.1 Gastrointestinal disorders 

Very common adverse effects of metformin are gastrointestinal tract disorders 

including loss of appetite, diarrhea, nausea and vomiting. These side effects can be 

minimized by using metformin with meal and temporary dose reduction may be 

considered. If once established, reoccurrence of gastrointestinal problems may be due 

to other diseases like lactic acidosis. 

1.14.6.2 Metabolic and nutrition disorders 

Vitamin D deficiency is a serious metabolic disorder associated with 

accumulation of metformin during long term treatment.  

1.14.6.3 Skin and subcutaneous tissue disorders 

Pruritus, urticaria and mild erythema are reported in hypersensitive patients. 

1.14.6.4 CNS disorders 

Causes metallic taste 

1.14.6.5 Hepatic disorders 

LFTs abnormalities or hepatitis that may be resolved with hepatitis 

discontinuation 

1.14.7 Drug Interaction 

1.14.7.1 Pharmacokinetic drug interaction 

Cimetidine: a decrease in metformin clearance was observed with cimetidine 

treatment, so reduction in dose is recommended. 

Anticoagulants: vitamin k elimination increases with use of metformin, so when 

metformin and vitamin k co-administered in patients their prothrombin time should be 

closely monitored. 

Nifedipine: metformin and Nifedipine when co-administered in healthy volunteers the 

results obtained are; 1) AUC and Cmax of metformin increases up-to 9 and 20 %, 

respectively 2) excretion of metformin in urine increases 3) absorption of metformin 

increases.  
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However, it has been reported that metformin showed little effects on 

pharmacokinetics of Nifedipine. 

1.14.7.2 Pharmacodynamics interaction 

Repaglinide and sulfonylurea: may cause hypoglycemia, so glucose level in blood 

should be monitored 

ACE inhibitors: co-administration enhances the hypoglycemic effect; glucose 

monitoring is required during dose adjustment 

Beta blockers: hypoglycemic effect enhances with metformin and beta blockers which 

may lead to tachycardia thus, glucose monitoring is required during dose adjustment. 

Thyroid products: produces hyperglycemia 

Corticosteroids: produces hyperglycemia 

Alcohol: consumption results in decreased blood glucose levels by inhibition of hepatic 

glucose output which may lead to hypoglycemia. Level of blood lactates elevated with 

excessive consumption of alcohol. 

Thiazide diuretics; glucose tolerance is impaired with thiazide therapy and dose 

adjustment is required. 

Iodinated contrast media: renal functions are altered with these contrast media 

1.14.8 Warnings and precautions 

1.14.8.1 Lactic acidosis  

A rare condition lactic acidosis which occurs due to the accumulation of lactate 

in the body. If it happens, it is fatal in more than 25 % cases and should be treated 

immediately in hospital. Patients with renal dysfunction and tissue hypoxia are at the 

greater risk of developing lactic acidosis. Plasma levels of metformin are found to be 

more than 5 µg/ml in lactic acidosis. 

1.14.8.2 Renal dysfunction 

Patients with renal diseases and impaired renal functions are at the risk of lactic 

acidosis thus, creatinine clearance levels should be monitored carefully before starting 

the treatment with metformin. It is contraindicated if patient has less than 15 ml/min 

creatinine clearance. Metformin therapy should be discontinued in patients with 

dehydration, hypoxemia, trauma and infections. 
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1.14.8.3 Hepatic dysfunction 

Lactate clearance is reduced in patients with hepatic dysfunctions, so metformin 

should be used with caution in mild hepatic disease while contraindicated in sever 

hepatic insufficiency.  

1.14.8.4 Cardiac dysfunction 

Renal insufficiency and hypo-perfusion are associated with metformin therapy 

in cardiac failure patients, so renal function should be monitored carefully in patients 

with heart failure. 

1.14.8.5 Surgery 

Metformin therapy should discontinue for 48 hours before surgery under 

general, epidural or spinal anesthesia. 

1.14.8.6 Alcohol 

Level of blood lactates elevates with excessive consumption of alcohol. 

Therefore, patients should be warned about alcohol intake during the therapy. 

1.14.8.7 Other precautions 

Regular assessment of hepatic, renal and cardiac functions should be performed 

during prolong period of metformin therapy. Level of vitamin B12 should be monitored 

annually because metformin decreases the absorption of vitamin B12. 

1.14.8.8 Mutagenicity, carcinogenicity, infertility 

Different tests e.g. aberration test on human lymphocytes, gene mutation tests 

on mouse lymphoma cells, Ames test (S. typhimurium), or In-vivo micronuclei test on 

mouse bone marrow were performed to study the mutagenic effects of metformin. No 

signs of mutagenic effects of metformin were found. 

Metformin showed no evidence of carcinogenicity in mice and rats with long term 

therapy of up-to 91 weeks and 104 weeks at the doses of 900 mg/kg and 1500 mg/kg 

respectively in two to three times recommended daily human doses.  Metformin doses 

not affect the fertility of male and female at doses up to 600 mg/kg per day. 

1.14.9 Over dosage 

Metformin does not cause hypoglycemia upto 85 g of ingestion but it can cause 

lactic acidosis which is associated with symptoms like, respiratory depression, increase 
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somnolence, myalgia and non-specific gastric distress. In addition, hypothermia, 

resistant bradyarrhythmia and hypotension are associated with acidosis. 

1.14.10 Use in pregnancy: category C 

Oral hypoglycemic are responsible for neonatal hypoglycemia by entering the 

fetal circulation. Metformin should be replaced with insulin during pregnancy. 

1.14.11 Use in lactation 

It has been reported that metformin excretes in milk so, precaution should be 

exercised in lactating patients with discontinuation of either drug or nursing. 

1.14.12 Use in children 

Not recommended. 

1.14.13 Pharmaceutical precautions 

Should be stored below 25ºC 

1.14.14 Should protect from light, heat and moisture 

Shelf life is three years from manufacture date. 

1.15 Statement of problem 

Toxicity of developed hydrogels are major cause of restriction in their oral use 

nowadays. Most of the polymers and crosslinking agents are cytotoxic in nature and 

they have to be used because of their excellent crosslinking properties with some 

specific monomers and polymers to attain the desired features in hydrogel development. 

Hydrogel development techniques also influence on the drug effectiveness in final 

formulation Therefore, it is indeed a challenging to develop nontoxic oral hydrogel 

system by selecting nontoxic natural and synthetic polymers and crosslinking agent. 

1.16 Aims and Objectives 

This research was focused on the safe hydrogel formulation development and 

optimization by response surface methodology for effective delivery of metformin by 

using solvent evaporation technique. Different types of formulation were designed by 

using the varied concentrations of natural polymers and crosslinking agent, as 

elaborated below: 



32 

 

 Development of safe hydrogels loaded with metformin by using FDA 

approved polymers (chitosan, sodium alginate, eudragit L-100, and gelatin) 

and natural crosslinking agent (genipin) for oral use.  

 Investigation of hydrogel parameters like Flory Huggins parameters, sol-gel 

fraction, porosity, dynamic swelling and their effect on drug release. 

  Optimization of formulations by response surface methodology and final 

selection of optimized formulation by adjustment of polymers and 

crosslinking agent concentration by statistical analysis for each type of 

formulation. 

 Characterization of optimized formulations by SEM, FT-IR, DSC and XRD. 

 In vitro drug release evaluation of all formulations and optimized formulations 

 Safety assessment of all optimized formulations by performing toxicity 

studies. 

 Pharmacokinetic evaluation of all optimized formulations 
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2.1 Materials 

2.1.1 Chemicals 

Chemicals utilized in the formulation of hydrogels and their characterization are 

listed in table 2.1. 

Table 2.1 chemicals and manufacturer list  

Sr. No. Chemicals Manufacturer 

1 Chitosan 
Sigma Aldrich 

Germany  

2 Sodium alginate 
Sigma Aldrich 

Germany  

3 Gelatin 
Sigma Aldrich 

Germany  

4 Eudragit L-100 
Sigma Aldrich 

Germany 

5 Genipin 
Challenge Bio-

products 

6 Metformin Sanofi Aventis 

7 Alloxan 
Sigma Aldrich 

Germany 

8 Ethanol Merck, Germany 

9 Methanol Merck, Germany 

10 
Sodium hydroxide (Matsuoka, Igisu, Lin, & 

Inoue) 
DaeJung, Korea 

11 Potassium dihydrogen phosphate (KH2PO4) DaeJung, Korea 

12 Acetonitrile 
Sigma Aldrich 

Germany 

13 Conc. Hydrochloric acid (HCl) 
Sigma Aldrich 

Germany 

14 Glacial acetic acid Merck, Germany 
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2.1.2 Equipments 

Equipment used in formulation preparations and characterizations were given 

in table 2.2.  

Table 2.2  List of equipment’s and their manufacturer’s name 

Sr. 

No  
Equipment Manufacturer 

1 UV spectrophotometer Pharma Spec 1700 Shimadzu Japan 

2 USP dissolution apparatus 2 Curio (DL-0609), Germany 

3 Weigh balance Shimadzu (AUX 220), Japan 

4 Centrifuge Model 4000, Kubota, Japan 

5 Filter Whatman™ GF 51, Germany 

6 Magnetic stirrer VELP Italy 

7 FTIR spectrophotometer Alpha Bruker-Germany, ECO-ATR 

8 pH meter WTW, Germany 

9 Software 

Design-Expert 10, Chemdraw, 

GraphPad Prism®5, Microsoft Office 

2010 

10 Vortex mixer WiseMix® VM–10 Korea 

11 Sonicator Elma Germany 

12 

Differential Scanning 

Calorimetry and Thermal 

analyzer 

8500, Perkin Elmer, USA 

13 X-ray diffractometer Siemens D-500 

14 
High performance Liquid 

Chromatography 
Agilent 1200 series, USA 

15 Filter paper MCE-USA 

16 
Glucometer 

(ACCU-CHEK Active) 
Roche Diagnostics Gmbh 

17 Accu-Chek Active strips Roche Diagnostics Gmbh 

18 EDTA tubes Bio-One GmbH, Germany 

19 Eppendorf tubes Lavortechnik, Germany 

20 Micropipette Softpet, Finland 

21 Optical microscope Olympus, Japan 

22 Glassware Pyrex, France 

2.2 Methods 

2.2.1 Preparation of Low and High MV Chitosan/Na-alginate Hydrogel 

Formulations of hydrogels were optimized by response surface methodology 

(RSM) (Korsmeyer, Gurny, Doelker, Buri, & Peppas). The various ratios of 

formulation variables such as chitosan and Na-alginate with different concentration of 

genipin were generated by RSM using central composite face-centered design. Casting 

solvent evaporation technique was employed for making formulations. 
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Chitosan stock solution (3 %, W/V) in 0.1 M acetic acid was prepared. 

Afterwards, the percentage solutions of Na-alginate with corresponding percentage 

solutions of chitosan of both grades (Low and High MW chitosan) were mixed 

separately. Then, 20 ml of metformin stock solution (1 %, W/V) prepared in distilled 

water and subjected to the mixture and thoroughly blended. After 10 min, each 

formulation was subjected to different concentrations of genipin (0.2, 0.5 and 0.8 mM) 

aforementioned by RSM and mixed for a further 10 min. The prepared blend was 

sonicated for the removal of air bubbles. After that, the blend was transferred into the 

glass Petri-dishes with 8.5 cm diameter and kept for 72 hours at a controlled 

temperature of 25 ± 2 °C for crosslinking and then air dried. Chitosan/Na-alginate films 

of various thicknesses (ranging from 0.1 to 2.5 mm) were cut into small discs of 13.5 

mm diameter for further studies. 

2.2.1.1 Experimental design 

For optimization of chitosan/Na-alginate hydrogels, cross-linked with genipin 

and loaded with metformin, 3-factor, 3-level CCD (central composite design) with 

alpha = 1 (face-centered), was selected. Chitosan (X1), Na-alginate (X2) and genipin 

(X3) were carefully chosen as the independent variables (factors) in RSM, with levels 

of variation as low, medium and high such as 1 %, 2 % and 3 % solutions of Na-alginate 

and chitosan and 0.2, 0.5 and 0.8 mM for genipin. The time for 50 % of drug release 

(T50%) and dynamic swelling coefficient (DS) was taken as the dependent variables 

(responses). 

Design Expert software (10.0.1.0) was used for statistical analysis and 

numerical optimization to further design new formulations with desired responses. The 

investigated factors in matrix design are shown for both grades of chitosan in table 2.3.  
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Table 2.3 Factorial design of hydrogel formulations designed by RSM (coded levels 

in bracket) 

Formulation codes 

Levels generated by RSM for independent variables  

(factors) 

X1 X2 X3 

F-1 2.00 (0) 2.00 (0) 0.2 (-1) 

F-2 2.00 (0) 2.00 (0) 0.5 (0) 

F-3 2.00 (0) 3.00 (+1) 0.5 (0) 

F-4 1.00 (-1) 3.00 (+1) 0.8 (+1) 

F-5 2.00 (0) 2.00 (0) 0.5 (0) 

F-6 1.00 (-1) 1.00 (-1) 0.2 (-1) 

F-7 2.00 (0) 2.00 (0) 0.8 (+1) 

F-8 2.00 (0) 2.00 (0) 0.5 (0) 

F-9 1.00 (-1) 2.00 (0) 0.5 (0) 

F-10 3.00 (+1) 2.00 (0) 0.5 (0) 

F-11 2.00 (0) 2.00 (0) 0.5 (0) 

F-12 2.00 (0) 2.00 (0) 0.5 (0) 

F-13 3.00 (+1) 1.00 (-1) 0.8 (+1) 

F-14 3.00 (+1) 3.00 (+1) 0.2 (-1) 

F-15 2.00 (0) 1.00 (-1) 0.5 (0) 

(+1) = higher values, (0) = middle value and (−1) = lower values. 

X1 = % solution of Low/High MW Chitosan 

X2 = % solution of Na-alginate 
X3 = Genipin in mM concentration 

Mean ± S.D., n = 3. 

 

2.2.2 Preparation of Chitosan/Eudragit L-100 Hydrogel films 

Various ratios of formulation variables such as chitosan and eudragit L-100 

(EL-100) with different concentration of genipin were generated by RSM using central 

composite design. Casting solvent evaporation technique was employed for making 

formulations. 

Chitosan stock solution (3 %, W/V) in 0.1 M acetic acid was prepared. 

Afterwards, the percentage solutions of eudragit L-100 in methanol were vigorously 

mixed with corresponding percentage solutions of chitosan. Then, 20 ml from a stock 

solution of metformin (1 % W/V) prepared in distilled water was subjected to the 

mixture and thoroughly blended. After 10 min, each formulation was subjected to 

different concentrations of genipin (0.2, 0.5 and 0.8 mM) aforementioned by RSM and 

mixed for a further 10 min. The prepared blend was then sonicated for the removal of 

air bubbles. After that, the blend was transferred into the glass Petri-dishes with 8.5 cm 

diameter and kept for 72 hours at a controlled temperature of 25 ± 2 °C for crosslinking 
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and then air dried. Chitosan/eudragit L-100 films of various thicknesses (ranging from 

0.1 to 2.5 mm) were cut into small discs of 13.5 mm diameter for further studies. 

2.2.2.1 Experimental design 

For optimization of chitosan/eudragit L-100 hydrogels, cross-linked with 

genipin and loaded with metformin, 3-factor, 3-level CCD (central composite design) 

with alpha = 1 (face-centered), was selected. Chitosan (X1), eudragit L-100 (X2) and 

genipin (X3) were carefully chosen as the independent variables (factors) in RSM, with 

levels of variation as low, medium and high such as 1 %, 2 % and 3 % solutions of 

chitosan and 0.5 %, 1 %, 1.5 % solutions for eudragit L-100 and 0.2, 0.5 and 0.8 mM 

for genipin. 

Design Expert software (10.0.1.0) was used for statistical analysis and 

numerical optimization for further design of new formulations with desired responses. 

The factors in matrix design are shown in table 2.4.  

Table 2.4 Factorial design of hydrogel formulations designed by RSM (coded levels 

in bracket) 

Formulation 

codes 

Levels generated by RSM for independent variables 

(factors) 

X1 X2 X3 

F-1 3.00 (+1) 1.5 (+1) 0.2 (-1) 

F-2 3.00 (+1) 0.5 (-1) 0.8 (+1) 

F-3 1.00 (-1) 1.5 (+1) 0.8 (+1) 

F-4 1.00 (-1) 0.5 (-1) 0.2 (-1) 

F-5 1.00 (-1) 1 (0) 0.5 (0) 

F-6 3.00 (+1) 1 (0) 0.5 (0) 

F-7 2.00 (0) 0.5 (-1) 0.5 (0) 

F-8 2.00 (0) 1.5 (+1) 0.5 (0) 

F-9 2.00 (0) 1 (0) 0.2 (-1) 

F-10 2.00 (0) 1 (0) 0.8 (+1) 

F-11 2.00 (0) 1 (0) 0.5 (0) 

F-12 2.00 (0) 1 (0) 0.5 (0) 

F-13 2.00 (0) 1 (0) 0.5 (0) 

F-14 2.00 (0) 1 (0) 0.5 (0) 

F-15 2.00 (0) 1 (0) 0.5 (0) 

(+1) = higher values, (0) = middle value and (−1) = lower values. 
X1 = % solution of chitosan 

X2 = % solution of eudragit L-100 

X3 = Genipin in mM concentration 

Mean ± S. D., n = 3. 
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2.2.3 Preparation of Chitosan/Gelatin Hydrogel films 

Various ratios of formulation variables such as chitosan and gelatin (GLN) with 

different concentrations of genipin were generated by response surface methodology 

(RSM) using central composite design. Casting solvent evaporation technique was used 

to design formulations. 

Chitosan stock solution (3 %, W/V) in 0.1 M acetic acid was prepared. Afterwards, the 

percentage solutions of gelatin (GLN) was prepared by mixing at 50 °C for 40 min in 

distilled water and vigorously mixed with corresponding percentage solutions of 

chitosan to make a homogeneous blend. Then, 20 ml from a stock solution of metformin 

(MTN) (1 % W/V) prepared in distilled water and subjected to the mixture and 

thoroughly blended. After 10 min, each formulation was subjected to different 

concentrations of genipin (0.2, 0.5 and 0.8 mM) aforementioned by RSM and mixed 

for a further 10 min. The prepared blend was sonicated for the removal of air bubbles. 

After that, the blend was transferred into the glass Petri-dishes with 8.5 cm diameter 

and kept for 72 hours at a controlled temperature of 25 ± 2 °C for crosslinking and air 

dried. CHI/GLN films of various thicknesses (ranging from 0.1 to 2.5 mm) were cut 

into small discs of 13.5 mm diameter for further studies.  

2.2.3.1 Experimental design 

For optimization of chitosan/gelatin hydrogels, cross-linked with genipin and 

loaded with MTN, 3-factor, 3-level CCD (central composite design) with alpha = 1 

(face-centered), was selected. Chitosan (X1), gelatin (X2) and genipin (X3) were 

carefully chosen as independent variables in RSM, with levels of variation as low, 

medium and high such as 1 %, 2 % and 3 % solutions of chitosan and 0.5 %, 1 %, 1.5 

% solutions for gelatin and 0.2, 0.5 and 0.8 mM for genipin. Dynamic swelling and 

T50% were selected as independent variables or response. 

Design Expert software (10.0.1.0) was used for statistical analysis and numerical 

optimization to further design new formulations with desired responses. The factors in 

matrix design are shown in table 2.5. 
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Table 2.5 Factorial design of metformin-loaded hydrogel formulations designed by 

RSM (coded levels in bracket) 

Formulation codes 

Levels generated by RSM for independent variables 

(factors) 

X1 X2 X3 

F-1 3.00 (+1) 8.00 (+1) 0.2 (-1) 

F-2 3.00 (+1) 2.00 (-1) 0.8 (+1) 

F-3 1.00 (-1) 8.00 (+1) 0.8 (+1) 

F-4 1.00 (-1) 2.00 (-1) 0.2 (-1) 

F-5 1.00 (-1) 5.00 (0) 0.5 (0) 

F-6 3.00 (+1) 5.00 (0) 0.5 (0) 

F-7 2.00 (0) 2.00 (-1) 0.5 (0) 

F-8 2.00 (0) 8.00 (+1) 0.5 (0) 

F-9 2.00 (0) 5.00 (0) 0.2 (-1) 

F-10 2.00 (0) 5.00 (0) 0.8 (+1) 

F-11 2.00 (0) 5.00 (0) 0.5 (0) 

F-12 2.00 (0) 5.00 (0) 0.5 (0) 

F-13 2.00 (0) 5.00 (0) 0.5 (0) 

F-14 2.00 (0) 5.00 (0) 0.5 (0) 

F-15 2.00 (0) 5.00 (0) 0.5 (0) 

(+1) = higher values, (0) = middle value and (−1) = lower values. 

X1 = % solution of chitosan 

X2 = % solution of gelatin 

X3 = Genipin in mM concentration 

Mean ± S. D., n = 3. 

 

To estimate the effect of independent variables on dependent variables, the 

following mathematical equation was used in optimization analysis to elaborate various 

level of interaction between independent variables for a generated response. 

Y = b0 + b1X1 + b2X2 + b3X3 + b4X1X2 + b5X1X3 + b6X2X3 (1) 

Here, Y represents the dependent variable and b0 shows the intercept value. While 

the values of b1, b2, b3, b4, b5 and b6 represent a regression coefficient and values of 

X1, X2 and X3 are independent variables. The interaction of these independent variables 

with each other is given in equation by X1X2, X1X3 and X2X3. The value of p < 0.05 

was fixed as significant for the model in individual response parameters, calculated by 

one-way ANOVA. 
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2.3 Characterization 

2.3.1 Swelling studies 

Equilibrium with dynamic swelling ratios was calculated at pH 1.2 and 7.4. For 

this study, 350 ml medium at 37 °C were used. For dynamic swelling, the study was 

conducted for 12 h, while equilibrium swelling studies were continued until samples 

gained constant weight, the time duration for that was 72 hours. Moreover, swelling 

ratios of all formulations were also studied. Besides, diffusion coefficient (D) was also 

studied that exhibit the amount of solvent that diffuses across a unit area in unit time 

under the effect of gradient having a unit value. This is an important parameter to 

measure the kinetics of diffusion (Ganguly, Aminabhavi, & Kulkarni, 2011).  

2.3.2 Diffusion coefficient 

The diffusion coefficient (D) is the solvent amount that diffuses across a unit 

area in unit time. This is an important parameter to measure the kinetics of diffusion, 

as given by the following equation. 

 

D = π (
h. θ

4. qeq
)

2

                                                      (2) 

Where qeq represent the swelling of the gel at equilibrium, h shows gel thickness before 

swelling, and θ represent the slope of linear parts in curves of swelling gel. 

2.3.3 Sol-gel fraction 

Hydrogel samples without washing were used in sol-gel analysis. Freshly 

prepared hydrogel samples were taken and cut into discs having 13.5 mm diameter and 

dried at 45 °C in an oven to achieve a constant weight. These dried discs were placed 

in soxhlet extraction using deionized water for 4 hours. The uncross-linked polymer in 

hydrogel was removed by this process and discs were subjected to oven for drying at 

45 °C and weighed to determine the weight loss during the extraction process. The gel 

fraction was measured by the following equation:  

Sol fraction (%) = [
W0 − W1

W0
] × 100                                     (3) 

𝐺𝑒𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) = 100 − 𝑆𝑜𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛                          (4) 



42 

 

Where W0 represent dry gel weight and W1 is extracted dry gel weight (Yin, Fei, Cui, 

Tang, & Yin, 2007). 

2.3.4 Porosity measurement of hydrogel formulations 

The porosity of hydrogels was measured by solvent replacement method. 

Hydrogel samples were dried and immersed in absolute ethanol for 8 hours. This 

process causes an excess of solvent to penetrate in hydrogel network and on its surface. 

Porosity was determined by following equation (F.-L. Mi, Sung, & Shyu, 2001).  

 

 Porosity =  
(M2 − M1)

ρV
× 100                                             (5)    

Where,  M1 and M2 represent dry and wet hydrogel masses. ρ indicates a density of 

ethanol and V symbolizes the hydrogel volume. 

2.3.5 Characterization of hydrogels structural network 

For the determination of solvent interaction parameters χ, the theory proposed 

by Flory Huggins was used (Flisi & Crespi, 1968). According to this theory: 

    χ =
In(1−v2,s

2 )+v2,s

v2,s
2                                      (6)   

Where V2,s (ml/mol-1) represents the swollen gel volume fraction in an equilibrium 

state. 

To determine the average MW between two crosslinks, which are adjacent to each 

other, the following equation is employed (Britton et al., 1988). 

      Mc =
dpvs(v2,3

1/3
−v2,s/2)

ln(1−v2,s)+v2,s+ χv2,s
2                                 (7) 

Where ds and dp are the densities of solvent and polymer, respectively. V is interaction 

parameter of solvent and polymer. v2,s having unit ml/mol is volume fraction at an 

equilibrium state of hydrogel (C.-C. Lin & Metters, 2006) that can be determined with 

the following equation. 

                           v2,s = [1 +
dp

ds
(

Ma

Mb
− 1)]

−1

                             (8) 

Where, ds and dp denotes densities of polymer and solvent. While, Mb and Ma, 

represent polymers dry mass and swollen mass. Hydrogel networks are characterized 
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by cross-linked densities and the equation for cross-linked density determination is 

given by the following (Nicholas A Peppas, Hilt, Khademhosseini, & Langer, 2006). 

                          N =
2Mc

Mr
                                    (9) 

Where, Mc is average MW between adjacent crosslinks and Mr is a molar mass of 

repeating units, represented by the following equation: 

      Mt =
mCHIMCHI+mALGMALG+mGNPMGNP

mCHI+mALG+mGNP
                    (10) 

Where mCHI, mALG and  mGNP represent a molar mass of chitosan, alginate, and genipin 

respectively. 

2.3.6 SEM analysis for surface morphology 

The surface analysis of formulated hydrogels containing metformin was 

performed by scanning electron microscope (SEM) (JSM-5910, USA). Experimentally, 

hydrogel films were subjected to gold coating with brass stub under vacuum in ion 

sputter (JSM-5910, USA). 

2.3.7 FTIR analysis of hydrogel 

FTIR spectroscopy analysis was conducted by Alpha Bruker-Germany, ECO-

ATR for Na-alginate, chitosan, metformin, plain hydrogels, drug-loaded hydrogels and 

to assess the interaction of metformin with Na-alginate, chitosan, gelatin, eudragit L-

100 and crosslinker. Hydrogel film samples were positioned in sample holder without 

crushing for scanning in a range of 600 cm-1 to 4000 cm-1 wavelengths. 

2.3.8 Differential scanning calorimetry (DSC) 

DSC is useful for the characterization of thermal behavior of materials that are 

correlated with their structure, association states and hydrophilic properties. Interaction 

of chitosan with Na-alginate, gelatin and eudragit L-100 was determined by DSC. 

Thermograms of chitosan, Na-alginate, metformin and drug-loaded hydrogels were 

recorded using DSC (8500, Perkin Elmer, USA). Each sample, accurately weighed 

around 3 to 4 mg was placed in a hermetically sealed aluminum pan. Calculations were 

carried out in the nitrogen atmosphere of (20 ml/min) at 30-600 °C with the heating rate 

of 10 °C/min. 
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2.3.9 X-Ray diffraction (XRD) of chitosan hydrogel 

X-Ray diffraction patterns of Na-alginate, chitosan, gelatin, eudragit L-100 and 

metformin, plain hydrogels and drug-loaded hydrogels were studied using XR-

diffractometer (Siemens D-500). The specifications and conditions of instrument 

consisted, targeting of CuKα, of voltage power of 40 KV and the current of 30 mA. A 

modified system of diverging and receiving as well as receiving and anti-scattering slits 

of 1o, 1o, 1o, and 0.15o, respectively, was applied. Software Jade 9.6 (Materials Delta 

Inc. 2010) was implemented. By utilizing a step width of 0.04o 2𝜃 between 5o and 60o, 

the XRD patterns were acquired. 

2.4 In-vitro drug release studies 

Metformin-loaded hydrogels were subjected to in-vitro studies using dissolution 

apparatus type-2 (Pharma lab PT-DT7). Metformin incorporated hydrogels were 

subjected to 900 ml of simulated gastric and intestinal medium at pH 1.2 for 2 hours 

and 7.4 for further 10 hours, respectively. Sink conditions were maintained at 37 ± 2 

°C at 100 rpm paddle speed. 5 ml of samples from the dissolution medium were taken 

at specified intervals, filtered and appropriately diluted. 5 ml of medium was replaced 

to maintain the sink conditions after taking a sample. Diluted samples were analyzed 

by UV spectrophotometer (Perkin Elmer C 618 0337 Lambda 3A) at λmax of 232 nm. 

The analysis of mechanisms for in-vitro drug release was investigated by zero-order 

kinetics, first-order kinetics, Higuchi model and Korsmeyer-Peppas model. Correlation 

coefficient (R2) values represent an accuracy of models to predict the best fit model by 

using DDSolver software (Y. Zhang et al., 2010). The value of n exponent in 

Korsmeyer-Peppas model, if ≤ 0.43 then it represents the Fickian release while value ≥ 

0.85 represent case-II transport. The values between 0.43 and 0.85 denote non-Fickian 

release. 

2.4.1 Statistical Analysis 

The Design expert software (Stat-Ease Inc., USA 10.0) was used to develop 

hydrogel formulations, optimization and statistical analyses. Experiments were 

performed as a set of three and their mean and standard deviation values were expressed 

in data. 
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2.5 Acute oral toxicity studies 

2.5.1 Animal housing 

In acute oral toxicity study, twenty-one male healthy albino rabbits with a 

weight range of 1.5-2.0 kg, obtained from the animal house of Pharmacy Department, 

Islamia University of Bahawalpur, Punjab, Pakistan. The animals were acclimatized in 

the experimental room for one week before the experiment and given food and water 

ad libitium. Rabbits were housed 3 per well-ventilated cages with a controlled room 

temperature of 22 to 25 °C with 12 hours of day and night cycle.  

2.5.2 Experimental design 

The study was executed according to the maximum tolerance dose method 

approved by an organization of economic cooperation and development (OECD) for 

acute toxicity studies (Guideline, 2008). Twenty-one rabbits were divided into four 

groups. Group I contain three rabbits while in each Group II, III and IV, 6 rabbits were 

placed, three for unloaded hydrogel and three assigned to loaded hydrogel as shown in 

Table 2.6. Group I that was control group received distilled water. Group II, III and IV 

were given unloaded and loaded hydrogels intragastrically. 

Table 2.6 Grouping of rabbits 

Sr. 

No. 

Group 

Code 

Intra gastric administration of 

Hydrogels 

1 Group I Distill water (Control group) 

2 Group II 
Chitosan/alginate loaded and unloaded 

hydrogel 

3 Group III 
Chitosan/Eudragit L-100 loaded and 

unloaded hydrogel 

4 Group IV 
Chitosan/gelatin loaded and unloaded 

hydrogel 

 

2.5.3 Clinical manifestation 

General conditions of all the animals were observed i.e., food and water intake, 

body weight, convulsions, hyperactivity, salivation, corneal reflex, pain response and 

righting reflex during the whole experimental period. 
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2.5.3.1 Blood analysis 

On the 15th day of experimentation, the jugular vein of rabbit was used for blood 

samples collection. Blood samples were transferred to (EDTA) ethylenediamine 

tetraacetic acid collection tubes for hematological parameters analysis. 

2.5.3.2 Histopathological examination 

For histopathological analysis, necropsies of rabbits were performed and vital 

organs were removed, cleaned, weighed and well-preserved in 10 % formaldehyde 

solution for 48 hours. Hematoxylin and Eosin stained slides were prepared by tissue 

fixation and dehydration with absolute alcohol. These slides were examined under an 

optical microscope.  

2.6 In-vivo studies 

2.6.1 Animal housing 

Healthy male rabbits having weight 2.5 ± 0.5 kg were selected and kept in 

quarantine area to acclimate with the environment. Rabbits were housed six per well-

ventilated cage in a room at 25 ± 5 °C. Animals were provided free access to food and 

water. Rabbits were fully examined for any ailment and each rabbit was marked a code 

on the inner side of the ear. Rabbits were treated properly according to good agreement 

with the Committee on Animal Research and Ethics. 

2.6.2 Induction of Diabetes in experimental animals 

The diabetic animal model is helpful to overcome the limitations on the human 

body in diabetic research. Pancreatic β-cell are selectively destroyed by alloxan (ALX) 

and streptozotocin (STZ) by a chemical reaction that secretes insulin. Alloxan induced 

diabetic model have advantages when compared with streptozotocin (STZ) because of 

low price, fast modeling and high success rate (R.-j. YANG, LI, & ZHAO, 2006). 

Results showed that toxicity increases with higher doses of alloxan (Ji, Zhang, & Wang, 

2003). It was also observed that alloxan is not highly selective as it can cause toxicity 

to kidenys in mouse (J. Zhang, 1998). The death rate in animals was found 50 % and 

12.5 % with high doses of 160 mg/kg and low doses of 130 mg/kg, respectively (J. 

Zhang, 1998). 
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With the increase of ALX dose, damage to pancreatic cells increases, and death 

rate of animal rose significantly. But alloxan dosage varies in most of the reported cases 

100 to 200 mg/kg (H. Gao, Liu, & Xia, 2005).  

Highest success rate and minimum death rate was reported by injecting alloxan 

150 mg/kg three times in normal saline in marginal ear vein of rabbit for induction of 

hyperglycemia (Sun, Lei, Bi, Chen, & Zhang, 2010). Seven days after alloxan injection, 

serum glucose levels were determined by glucose oxidase method and rabbits with 

glucose levels greater than 200 mg/dl were considered diabetic for further study.  

Alloxan selectively damages the pancreatic β-cells without damaging the alpha 

cells found in the pancreas. It binds almost instantly to islet membrane and causes 

inhibition of the insulin secretary mechanism because of structural similarity between 

alloxan and D-glucose (G. Wilson, Patton, McCord, Mullins, & Mossman, 1984).  

Alloxan has structural similarity to glucose that makes it excellent compound 

for induction of diabetes in laboratory animals.  Alloxan is not toxic to human even in 

high doses due to different glucose uptake mechanism in humans (Tyrberg, Andersson, 

& Borg, 2001) but it is toxic to liver and kidney in high doses (Eizirik et al., 1994).  The 

exact mechanism of alloxan diabetes induction is unknown.  

2.6.3 Preparation of Isotonic Alloxan Injection 

Alloxan was first weighed individually at a dose of 150 mg/Kg of body weight 

for each animal and then solubilized with water for injection just prior to injection. 

2.6.4. Methods for preparation of Isotonic Solution 

Methods used for the preparation of isotonic solution are given in the following. 

 Freeze point depression method 

 Sodium chloride equivalent method 

Calculation for freeze point depression method  

                           𝐼𝑠𝑜𝑡𝑜𝑛𝑖𝑐𝑖𝑡𝑦 = (𝑀𝑊)(−0.52)/(−1.86)(i) 

Where, 

𝑖 = 𝑖𝑜𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 

𝑖𝑜𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 = 1 

𝐴𝑙𝑙𝑜𝑥𝑎𝑛 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 = 142 

𝐼𝑠𝑜𝑡𝑜𝑛𝑖𝑐𝑖𝑡𝑦 =
(𝑀𝑊)(−0.52)

(−1.86)(𝑖)
= (

142(−.52)

(−1.86)(1)
                                    (11) 
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              𝐼𝑠𝑜𝑡𝑜𝑛𝑖𝑐𝑖𝑡𝑦 = 39.71𝑔 of alloxan in 1000 g of water  

2.6.5 Estimation of Blood Glucose Level 

Glucose oxidase method was used for blood glucose level estimation. 

Glucometer was used for this purpose.  

2.6.5.1 Principle of Glucometer 

A glucometer is based on the principle of glucose oxidase per oxidase method, 

specific for glucose estimation. Reagent mixture comprises of an enzyme, glucose 

oxidase per oxidase with a chromomeric substance. Serum glucose is oxidized to 

gluconic acid and H2O2, nascent oxygen is produced when H2O2 splits into H2O and 

that oxygen causes the chromogenic substance to a colored complex. The intensity of 

that colored complex is directly proportional to the glucose concentration. 

2.6.6 Study design 

Parallel design with single dose was selected for an experiment. Animals were 

divided into groups (n = 6) randomly i.e. Group A, B, C and D as given in Table 2.7. 

Rabbits were placed in the restrained box for dose administration orally in hard gelatin 

capsule followed by administration of water to avoid choking. Study protocols were 

approved by “Pharmacy Research Ethics Committee” Faculty of Pharmacy and 

Alternative Medicine (Ref.No.37-2015/PREC), Islamia University of Bahawalpur, 

Punjab, Pakistan. 

Table 2.7 Grouping of rabbits 

Sr. No. Group Code Hydrogel Formulation 

1 Group A Oral solution (metformin) (OS) 

2 Group B Drug-loaded Chitosan-gelatin hydrogel (T1) 

3 Group C Drug-loaded Chitosan/alginate hydrogel (T2) 

4 Group D Drug-loaded Chitosan/EU-L100 hydrogel (T3) 

2.6.7 Sample collection 

Blood samples were taken from a jugular vein of rabbits after dose 

administration in sterilized syringes (BD, 3 ml) in EDTA tubes each time. Sample site 

was treated with depilatory cream to remove hairs one day before the experiment. Blood 

samples were taken at 0.00, 0.50, 1, 2, 3, 4, 6, 8, 12, 24 h and centrifuged (Model 4000, 

Kubota, Japan) at 5000 rpm for 10 min. The supernatant part was carefully collected 

and subjected to freeze at -70 °C (Sanyo Japan).  
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2.6.8 Instrumentation and chromatographic conditions 

A high-performance liquid chromatographic system (Agilent 100 series, USA), 

vacuum degasser, a manual rheodyne injector 20 µl and UV-G1315B DAD-UV Visible 

detector was used. Microsoft excel 10 was used for bioanalytical calculation. Different 

mobile phase combinations with different organic phases were used for the optimization 

of chromatic conditions. Chromatographic work was performed with C18 having 

various combinations of mobile phases with pH range of 2.5 to 4.0. The mobile phase 

was explored with varied flow rate 0.5-1.0 ml/min.  

The optimum method was obtained with ODS HYPERSIL (Thermo scientific) 

(250 mm × 4.6 mm i.d., Particle size 5 µm) column and a mobile phase consisting of 

methanol and phosphate buffer with pH 3.8 in gradient mode. The temperature of 

column oven was maintained at 30 °C and UV detector at 240 nm. 

2.6.8.1 Plasma sample preparation and extraction 

Stock solutions (100 µg/ml) of metformin (MET) in methanol was prepared and 

stored at -20 °C. Preparation of calibration curve from standard plasma samples was 

carried out by spiking of plasma (drug free) with the known concentration of metformin 

from stock solution. 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, and 1 µg/ml spiked plasma samples 

were prepared on daily basis and the aliquots are stored at -20 °C.  

Protein precipitation was used for drug extraction from matrix using 500 µl 

plasma and 2 ml acetonitrile. After 5 min of the vortex, the blend was subjected to 

centrifuge for 10 min at 15 k rpm at 4 °C. The collected supernatant was filtered by 

using a 0.45 µm nylon membrane. The filtrate was dried at 40 °C under a nitrogen 

stream. Then the extract was reconstituted by 400 µl mobile phase, from which 20 µl 

was injected into the HPLC system. The area of the chromatographic peak was used to 

determine the plasma drug concentration using the calibration curve. 

2.6.9 Method validation 

The validation parameters such as sensitivity (limit of detection and 

quantification), precision, linearity, accuracy, specificity, robustness and stability were 

evaluated (Walfish, 2006). 
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2.6.9.1 Linearity of a calibration curve 

The linearity range of metformin was tested using eight different 

concentrations, i.e. 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, and 1 µg/ml. A calibration curve was 

constructed between the concentrations used and their responses (the associated peak 

areas), and the least square equation was obtained. 

2.6.9.2 Precision and Accuracy 

Precision represents the repeatability and closeness of a value in a set of 

measurements. Inter-day and intra-day studies are based on this principle (Awari, 

Meyyanathan, Karthik, & Jawahar). A number of three injections were subjected to 

evaluation for intra-day precision on the same day with different time span i.e., 

beginning, middle and end of the same day. While inter-day precision was evaluated in 

different days. The precision and accuracy of metformin were evaluated over the 

concentration range of low (1 µg/ml), middle (2 µg/ml) and high (4 µg/ml) quality 

control samples (n = 3). The accuracy and precision were taken as percentage and 

percent coefficient of variation over the concentration range of metformin sample 

during the course of validation. The accuracy of the optimized method was determined 

by absolute recovery experiments and calculated by the following equation. 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
𝑀𝑒𝑎𝑛 𝑉𝑎𝑙𝑢𝑒

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑉𝑎𝑙𝑢𝑒
× 100                                        (12) 

2.6.9.3 LOD and LOQ  

The minimum amount of an analyte that can be detected by the given method 

represent the Limit of detection (LOD) and limit of quantification (LOQ) is the amount 

that can be quantified accurately. 

𝐿𝑂𝐷 = 3.3 ×
𝑆𝐷

𝑆
                                                                     (13) 

𝐿𝑂𝑄 = 10 ×
𝑆𝐷

𝑆
                                                                      (14) 

Where S represent slope and SD represent standard deviation. 

2.6.9.4 Stability and Specificity 

Metformin stability in plasma was determined by three freez-thaw cycles at 

room temperature for 4 hours and for long term stability studies for 4 weeks at -20 °C. 

Specificity was carried out from a blank plasma analysis of several healthy rabbits. 
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2.6.9.5 Recovery effect 

Extraction efficiency was determined by spiking 500 µl of plasma with 2, 4 and 

8 µg/ml of metformin. 

2.6.9.6 System suitability test (SST) 

System suitability was determined by injecting 10 injections of the same 

standard to calculate various parameters such as peak area, tailing factor and theoretical 

plates (Awari et al.). 

2.6.10 Pharmacokinetic analysis 

Pharmacokinetic parameters i.e. Tmax, Cmax, MRT, AUC0-inf, Ke, AUC0-t and t1/2 

were calculated by a non-compartmental method using Kinetica version 5.1 (Thermo 

Electron Cooperation). 

2.6.11 Pharmacodynamic analysis 

Blood glucose levels of optimized formulations were compared with control 

formulation to study the effect of bioavailability of the drug in different optimized 

formulations. 
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3.1 Low MW chitosan/Na-alginate hydrogel (CH1/ALG) 

3.1.1 Swelling studies, gel fraction and porosity studies  

Swelling studies, gel fraction and porosity studies are shown in table 3.1. 

Table 3.1 Low MW chitosan/Na-alginate hydrogels porosity, gel fraction and dynamic 

swelling 

Formulations 
Dynamic 

Swelling 

Gel 

Fraction (%) 
Porosity 

F-1 7.76 86.72 11.33 

F-2 7.29 85.71 9.38 

F-3 8.21 82.96 11.81 

F-4 7.97 82.65 8.97 

F-5 7.21 84.99 9.22 

F-6 8.12 83.63 10.54 

F-7 7.76 87.70 8.86 

F-8 7.31 84.65 9.43 

F-9 8.21 82.96 11.81 

F-10 3.67 87.06 8.09 

F-11 7.28 86.23 9.13 

F-12 7.22 85.34 9.44 

F-13 1.84 89.54 7.09 

F-14 7.12 81.87 9.79 

F-15 3.56 86.89 8.15 
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Flory Huggins parameters of low MW chitosan/Na-alginate hydrogel are given in table 

3.2. 

Table 3.2 Low MW chitosan/Na-alginate hydrogels with Flory Huggins network 

parameters 

Formulations V2,s X Mc Mr N 
D 10-5 

(cm2 s-1) 

F-1 0.119 0.539 484.01 25088.49 0.01929 6.04 

F-2 0.088 0.531 977.39 25049.40 0.03902 6.70 

F-3 0.089 0.532 779.38 16168.63 0.04820 4.32 

F-4 0.082 0.529 1075.17 12298.11 0.08743 4.81 

F-5 0.088 0.531 982.15 25049.40 0.03921 6.60 

F-6 0.108 0.539 480.76 25098.83 0.01915 5.54 

F-7 0.108 0.539 655.97 25010.12 0.02623 8.74 

F-8 0.087 0.531 970.32 25049.40 0.03874 6.41 

F-9 0.092 0.532 715.61 16168.63 0.04426 4.27 

F-10 0.186 0.572 181.92 33972.16 0.00536 22.26 

F-11 0.086 0.531 1042.22 25049.40 0.04161 6.74 

F-12 0.088 0.531 992.85 25049.40 0.03964 6.78 

F-13 0.413 0.702 41.61 37822.61 0.00110 151.98 

F-14 0.112 0.541 465.10 25101.80 0.01853 6.39 

F-15 0.193 0.575 164.73 33972.16 0.00485 23.15 
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3.1.2 Scanning electron Microscope (SEM) analysis 

Plain and drug-loaded low MW chitosan/Na-alginate hydrogels are shown in figure 3.1 

at different levels of magnification. 

 

Figure 3.1 (A, C, E and G) plain hydrogel with different magnifications (B, D, F and    

H) drug-loaded hydrogel at different magnifications, SEM images  
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3.1.3 Fourier transform infrared spectroscopic (FT-IR) analysis 

FT-IR spectrum of polymers, hydrogel, drug-loaded hydrogel and drug were described in figure 3.2. 

 

Figure 3.2 FTIR of (A) low MW chitosan; (B) Na-alginate; (C) hydrogel; (D) 

metformin; (E) metformin-loaded hydrogel  
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3.1.4 Differential scanning calorimetry (DSC) analysis  

DSC thermograms of polymers, hydrogel, drug-loaded hydrogel and drug were 

described in figure 3.3.  

 

Figure 3.3 DSC thermograms of (A) low MW chitosan; (B) Na-alginate; (C) hydrogel 

(D) metformin; (E) metformin-loaded hydrogel 
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3.1.5 X-ray diffractometer (XRD) analysis 

XRD spectrum of polymers, hydrogel, drug-loaded hydrogel and drug were given in 

figure 3.4.  

 

 

Figure 3.4 Representing patterns of XRD for (A) low MW chitosan; (B) Na-alginate; 

(C) hydrogel (D) metformin-loaded hydrogel (E) metformin
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3.1.6 In-vitro drug release profile 

Drug release pattern of Low MW chitosan/Na-alginate hydrogels at pH 1.2 and 7.4 are 

shown in figure 3.5. 

 

 

Figure 3.5 In-vitro drug release profile of Low MW chitosan/Na-alginate Hydrogels 

containing metformin, (mean ± S.D.; n = 3)
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Kinetic models for low MW chitosan/Na-alginate hydrogels are given in table 3.3.  

Table 3.3 Metformin drug release kinetics and curve fitting for hydrogels prepared   

from low MW chitosan 

Formulation 

Code 

Zero order 

model 

First order 

model 

Higuchi 

Model 

Korsmeyer–

Peppas model 

Ko 

(h¹־) 
R2 

K1 

(h¹־) 
R2 

K2 

(h¹־) 
R2 n R2 

F1 7.33 0.926 0.11 0.971 32.39 0.971 0.75 0.953 

F2 6.70 0.903 0.12 0.961 29.79 0.959 0.72 0.937 

F3 8.07 0.921 0.10 0.963 35.68 0.966 0.76 0.946 

F4 7.29 0.905 0.11 0.955 32.37 0.958 0.75 0.934 

F5 6.66 0.906 0.12 0.961 29.57 0.960 0.72 0.939 

F6 7.50 0.896 0.13 0.956 33.41 0.955 0.71 0.932 

F7 5.75 0.885 0.14 0.956 25.72 0.951 0.69 0.927 

F8 6.67 0.901 0.12 0.958 29.69 0.957 0.72 0.935 

F9 8.07 0.918 0.10 0.964 35.68 0.965 0.74 0.947 

F10 4.95 0.913 0.13 0.967 32.26 0.965 0.71 0.947 

F11 6.73 0.902 0.12 0.959 29.94 0.958 0.72 0.936 

F12 6.68 0.903 0.13 0.959 29.70 0.958 0.72 0.937 

F13 1.88 0.830 0.27 0.985 8.63 0.935 0.50 0.931 

F14 7.10 0.901 0.12 0.954 31.53 0.955 0.73 0.933 

F15 5.01 0.911 0.13 0.969 22.27 0.965 0.71 0.947 
R2 = correlation coefficient; Ko, K1 and K2 are rate constants; n = diffusional exponent. All results 
were obtained using DDsolver software. 

 

3.1.7 Optimization 

Statistical analysis was performed on a total of 15 trail formulations and 

investigated against the responses T50% and swelling coefficient. The Quadratic 

polynomial equation, representing individual factors and interaction within the factors 

are given with their R2 values. 

The model equation relating T50% as response became: 

𝑇50% (𝐶𝐻1/𝐴𝐿𝐺) = 3.84 − 0.596𝑋1 + 4.003𝑋2 − 7.914𝑋3 − 3.54𝑋1𝑋2 +

7.955𝑋1𝑋3 − 8.504𝑋2𝑋3 + 1.370𝑋1
2 + 1.4226𝑋2

2 + 11.548𝑋3
2                              (1)                               

𝑅2 =  0.9926;  𝐹  𝑉𝑎𝑙𝑢𝑒 = 74.74 ;  𝑝 < 0.05                                                                   (2)       

The model equation relating swelling coefficient as response became 

𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (𝐶𝐻1/𝐴𝐿𝐺) = 9.401 − 3.13𝑋1 − 4.23𝑋2 + 13.945𝑋3 +

1.35𝑋1𝑋2 + 3.475𝑋1𝑋3 − 1.625𝑋2𝑋3 − 0.897𝑋1
2 − 0.952𝑋2

2 + 10.24𝑋3
2                (3)  

𝑅2 = 0.989;  𝐹  𝑉𝑎𝑙𝑢𝑒 = 52.54;  𝑝 < 0.05                                                                        (4)  



61 

 

Table 3.4 Analysis of variance for response surface parameters of Low MW 

chitosan/Na-alginate hydrogel formulations 

 

 

Model equation without non-significant terms are given as 

𝑇50% (𝑙𝐶𝐻1/𝐴𝐿𝐺) = 3.84 − 0.963𝑋1 − 4.237𝑋2 − 3.54𝑋1𝑋2 + 7.955𝑋1𝑋3 −

8.604𝑋2𝑋3 + 1.454𝑋1
2 + 1.376𝑋2

2 + 11.038𝑋3
2                                                               (5)  

𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (𝐶𝐻1/𝐴𝐿𝐺) = 9.401 − 3.13𝑋1 − 4.23𝑋2 + 1.35𝑋1𝑋2 +

3.475𝑋1𝑋3 − 0.897𝑋1
2 − 0.952𝑋2

2 + 10.24𝑋3
2                                                                 (6)  

 

 

 

Source 

Sum of 

Squares 

 

df 

Mean 

Square 

 

F value 
p- value 

prob.> F 

Significant/

Non- 

significant 

For 𝐓𝟓𝟎% (𝐂𝐇𝟏/𝐀𝐋𝐆) 

Model 260.47 9 28.94 74.74 < 0.0001 Sig. 

𝑿𝟏 6.22 1 6.22 16.07 0.010  

𝑿𝟐 5.48 1 5.48 14.15 0.013  

𝑿𝟑 1.16 1 1.158 2.99 0.144 NS 

𝑿𝟏𝑿𝟐 16.79 1 16.79 43.38 0.001  

𝑿𝟏𝑿𝟑 7.59 1 7.59 19.61 0.006  

𝑿𝟐𝑿𝟑 8.67 1 8.67 22.40 0.005  

𝑿𝟏
𝟐 4.91 1 4.91 12.68 0.016  

𝑿𝟐
𝟐 5.29 1 5.29 13.67 0.014  

𝑿𝟑
𝟐 2.82 1 2.82 7.29 0.042  

For dynamic swelling (CH1/ALG) 

 

Model 54.28 9 6.03 52.54 0.001 Sig. 

𝑿𝟏 10.31 1 10.33 89.77 0.001  

𝑿𝟐 10.81 1 10.81 94.17 0.001  

𝑿𝟑 10.88 1 1.6 32.76 0.670 NS 

𝑿𝟏𝑿𝟐 2.45 1 2.45 21.40 0.005  

𝑿𝟏𝑿𝟑 1.44 1 1.44 12.62 0.016  

𝑿𝟐𝑿𝟑 0.31 1 0.32 2.76 0.157 NS 

𝑿𝟏
𝟐 2.10 1 2.11 18.36 0.007  

𝑿𝟐
𝟐 2.37 1 2.37 20.68 0.006  

𝑿𝟑
𝟐 2.22 1 2.22 19.36 0.007  

𝑋1, 𝑋2 and 𝑋3 represent amount of chitosan (%), Na-alginate (%) and genipin (mM), respectively. 

𝑋1𝑋2, 𝑋1𝑋3 and 𝑋2𝑋3 are the interaction effects and  𝑋1
2, 𝑋2

2 and 𝑋3
2 are sum of effects.  

Sig. = significant and NS represent non-significant terms, respectively. d.f represent a degree of 

freedom. 
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RMS generated residual plots and predicted plots for T50% are given in Figure 3.6. 

 

Figure 3.6 Residual plot showing residuals versus predicted values (a), actual versus 

predicted linear correlation plot (b) for T50% (CH1/ALG). 

RMS generated residual plots and predicted plots for swelling coefficient are given in 

Figure 3.7. 

 

 

Figure 3.7 Residual plot showing residuals versus predicted values (a), actual versus 

predicted linear correlation plot (b) for dynamic swelling (CH1/ALG). 
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Two- and three-dimensional response surface plots for T50% are given in Figure 3.8 and 

3.9 respectively. 

A 

 

 

 

 

B 

 

 

 

 

C 

 

 

 

 

Figure 3.8 Two-dimensional response 

surface plots (A, B and C) for combined 

effect of (X1 and X2), (X1 and X3) and (X2 

and X3) on T50%  

Figure 3.9 Three-dimensional response 

surface plots (A, B and C) for 

combined effect of (X1 and X2), (X1 

and X3) and (X2 and X3) on T50% 
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Two- and three-dimensional response surface plots for swelling coefficient are given in 

Figure 3.10 and 3.11 respectively. 

A 

 

 

 

 

B 

 

 

 

 

C 

 

 

 

 

Figure 3.10 Two-dimensional response 

surface plots (A, B and C) for combined 

effect of (X1 and X2), (X1 and X3) and (X2 

and X3) on dynamic swelling  

Figure 3.11 Three-dimensional response 

surface plots (A, B and C) for combined 

effect of (X1 and X2), (X1 and X3) and 

(X2 and X3) on dynamic swelling 
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3.2 High MW chitosan/Na-alginate hydrogel (CH2/ALG) 

3.2.1 Swelling studies, gel fraction and porosity studies  

Swelling studies, gel fraction and porosity studies are shown in table 3.5. 

Table 3.5 High MW chitosan/Na-alginate hydrogels porosity, gel fraction and dynamic 

swelling. 

Formulations 
Dynamic 

Swelling 

Gel 

Fraction (%) 
Porosity 

F-1 7.58 88.59 9.98 

F-2 7.11 89.76 8.86 

F-3 8.11 85.36 11.22 

F-4 7.82 76.67 8.39 

F-5 6.98 89.55 8.61 

F-6 7.89 85.76 9.87 

F-7 7.58 88.33 8.39 

F-8 7.32 87.00 8.86 

F-9 7.98 85.36 11.22 

F-10 3.54 88.25 8.09 

F-11 7.23 89.88 8.53 

F-12 7.12 89.34 8.87 

F-13 1.32 90.97 6.28 

F-14 6.93 83.48 9.48 

F-15 3.27 87.96 8.12 
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Flory Huggins parameters of high MW chitosan/Na-alginate hydrogels are given in 

table 3.6. 

Table 3.6 High MW chitosan/Na-alginate hydrogels with Flory Huggins network para 

meters. 

Formulations V2,s X Mc Mr N 
D10-5 

(cm2 s-1) 

F-1 0.154 0.558 186.98 95072.74 0.002 6.77 

F-2 0.086 0.530 1106.74 94884.23 0.012 7.36 

F-3 0.101 0.536 588.68 61029.34 0.009 6.17 

F-4 0.113 0.541 442.54 46274.27 0.009 6.08 

F-5 0.088 0.531 1010.88 94884.23 0.011 7.26 

F-6 0.149 0.556 192.05 95033.3 0.002 6.11 

F-7 0.152 0.557 246.68 94734.43 0.003 10.4 

F-8 0.087 0.531 1097.09 94884.23 0.012 7.63 

F-9 0.104 0.537 563.55 61029.34 0.009 6.47 

F-10 0.175 0.567 244.92 128899.2 0.002 28.9 

F-11 0.086 0.530 1135.89 94884.23 0.012 7.85 

F-12 0.086 0.530 1142.10 94884.23 0.012 7.96 

F-13 0.437 0.720 40.75 143577.8 0.001 193.3 

F-14 0.164 0.562 160.17 95084.06 0.002 7.49 

F-15 0.174 0.566 239.13 128899.2 0.002 27.01 
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3.2.2 Scanning electron Microscope (SEM) analysis 

Plain and drug-loaded high MW chitosan/Na-alginate hydrogels are given in figure 3.12 

at different levels of magnification. 

 

Figure 3.12 (A, C, E and G) plain high MW chitosan/Na-alginate hydrogel with 

different magnification (B, D, F and H) Drug-loaded high MW chitosan/Na-alginate 

hydrogel at different magnifications, SEM images.  
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3.2.3 Fourier transform infrared spectroscopic (FT-IR) analysis 

FT-IR spectrum of polymers, hydrogel, drug-loaded hydrogel and drug were described 

in figure 3.13.  

 

Figure 3.13 FTIR of (A) high MW chitosan; (B) Na-alginate; (C) hydrogel; (D) 

metformin; (E) metformin-loaded hydrogel  
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3.2.4 Differential scanning calorimetry (DSC) analysis  

DSC thermograms of polymers, hydrogel, drug-loaded hydrogel and drug were 

described in figure 3.14. 

  

Figure 3.14 DSC thermograms of (A) high MW chitosan; (B) Na-alginate; (C) 

hydrogel; (D) metformin; (E) metformin-loaded hydrogel
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3.2.5 X-ray diffractometer (XRD) analysis 

XRD spectrum of polymers, hydrogel, drug-loaded hydrogel and drug were described 

in figure 3.15.  

 

Figure 3.15 Representing patterns of XRD for (A) high MW chitosan; (B) Na-alginate; 

(C) hydrogel; (D) metformin-loaded hydrogel; (E) metformin 
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3.2.6 In-vitro drug release profile 

Drug release pattern of High MW chitosan/Na-alginate hydrogels at pH 1.2 and 7.4 are 

shown in figure 3.16. 

 

 

Figure 3.16 In-vitro drug release profile of high MW chitosan/Na-alginate hydrogel 

formulations containing metformin, (mean ± S.D.; n = 3). 
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Kinetic models for high MW chitosan/Na-alginate hydrogels given in table 3.7. 

Table 3.7 Metformin release kinetics and curve fitting for hydrogels prepared from high 

MW chitosan 

Formulation 

Code 

Zero order 

Model 

First order 

model 

Higuchi 

model 

Korsmeyer-

Peppas model 

Ko 

(h¹־) 
R2 

K1 

(h¹־) 
R2 

K2 

(h¹־) 
R2 n R2 

F1 7.06 0.919 0.10 0.963 31.24 0.966 0.760 0.945 

F2 6.51 0.863 0.15 0.941 29.23 0.935 0.687 0.908 

F3 7.84 0.901 0.11 0.952 34.81 0.954 0.746 0.930 

F4 6.46 0.917 0.10 0.957 28.52 0.962 0.764 0.941 

F5 6.18 0.881 0.14 0.95 27.66 0.947 0.703 0.921 

F6 6.83 0.926 0.11 0.969 30.15 0.970 0.749 0.952 

F7 5.04 0.894 0.13 0.955 22.46 0.953 0.711 0.931 

F8 6.25 0.876 0.14 0.947 27.98 0.943 0.701 0.917 

F9 7.90 0.898 0.11 0.951 35.08 0.953 0.742 0.929 

F10 4.44 0.880 0.15 0.958 19.89 0.949 0.663 0.928 

F11 6.12 0.883 0.13 0.949 27.31 0.946 0.711 0.921 

F12 6.27 0.876 0.14 0.948 28.06 0.943 0.697 0.917 

F13 1.32 0.849 0.30 0.984 5.99 0.948 0.458 0.953 

F14 6.80 0.922 0.10 0.963 30.04 0.967 0.766 0.946 

F15 4.39 0.884 0.15 0.961 19.62 0.951 0.663 0.931 
R2 = correlation coefficient; Ko, K1 and K2 are rate constants; n= diffusional exponent. All results 
were obtained using DDsolver software. 

 

3.2.7 Optimization 

The model equation relating T50% as response became: 

𝑇50% (𝐶𝐻2/𝐴𝐿𝐺) = 5.760 − 3.010𝑋1 + 7.24𝑋2 − 19.57𝑋3 − 5.60𝑋1𝑋2 +

14.709𝑋1𝑋3 − 15.13𝑋2𝑋3 + 2.242𝑋1
2 + 2.347𝑋2

2 + 24.54𝑋3
2                                     (7)   

 𝑅2 = 0.989;   𝐹  𝑉𝑎𝑙𝑢𝑒 = 51.70;   𝑝 < 0.05                                                                     (8) 

The model equation relating swelling coefficient as response became 

𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (𝐶𝐻2/𝐴𝐿𝐺) = 9.073 − 3.001𝑋1 + 4.24𝑋2 − 14.23𝑋3 +

1.42𝑋1𝑋2 + 3.433𝑋1𝑋3 − 1.18𝑋2𝑋3 − 0.944𝑋1
2 − 1.019𝑋2

2 + 9.732𝑋3
2                  (9) 

𝑅2 = 0.988;   𝐹  𝑉𝑎𝑙𝑢𝑒 = 46.51;   𝑝 < 0.05                                                                   (10)  
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Table 3.8 Analysis of variance for response surface parameters of High MW 

chitosan/Na-alginate hydrogel formulations 

Source 

Sum of 

Squares 

 

d.f 

Mean 

square 

 

F 

value 

P-value 

Prob. > 

F 

 

Significant/Non

- significant 

For T50% (CH2/ALG) 

Model 661.49 9 73.49 51.70 0.001 Sig. 

𝑿𝟏 8.88 1 8.88 6.25 0.054 NS 

𝑿𝟐 9.16 1 9.16 6.44 0.052 NS 

𝑿𝟑 3.05 1 3.05 2.14 0.203 NS 

𝑿𝟏𝑿𝟐 41.85 1 41.85 29.44 0.002  

𝑿𝟏𝑿𝟑 25.96 1 25.96 18.26 0.008  

𝑿𝟐𝑿𝟑 27.49 1 27.49 19.34 0.007  

𝑿𝟏
𝟐 13.15 1 13.15 9.24 0.028  

𝑿𝟐
𝟐 14.41 1 14.41 10.14 0.024  

𝑿𝟑
𝟐 12.76 1 12.76 8.98 0.030  

For dynamic swelling (CH2/ALG) 

Model 58.45 9 6.49 46.51 0.001 Sig. 

𝑿𝟏 9.85 1 9.85 70.58 0.001  

𝑿𝟐 11.66 1 11.66 83.53 0.001  

𝑿𝟑 10.51 1 1.44 2.54 0.890 NS 

𝑿𝟏𝑿𝟐 2.68 1 2.68 19.25 0.007  

𝑿𝟏𝑿𝟑 1.41 1 1.41 10.13 0.024  

𝑿𝟐𝑿𝟑 0.17 1 0.16 1.20 0.322 NS 

𝑿𝟏
𝟐 2.33 1 2.33 16.69 0.009  

𝑿𝟐
𝟐 2.72 1 2.71 19.45 0.007  

𝑿𝟑
𝟐 2.01 1 2.01 14.36 0.013  

𝑋1, 𝑋2 and 𝑋3 represent amount of chitosan (%) Na-alginate (%), and genipin (mM), respectively. 

𝑋1𝑋2, 𝑋1𝑋3 and 𝑋2𝑋3 are the interaction effects and   𝑋1
2, 𝑋2

2 and 𝑋3
2 are sum of effects. Sig. = 

significant and NS represents non-significant terms, respectively. d.f represent degree of freedom  

 

The results of ANOVA mentioned in table 3.8 represents that the models for high MW 

chitosan/Na-alginate hydrogel, are significant with values of p less than 0.05 for 

calculated responses. These models are more simplified by removing non-significant 

(p > 0.05) terms in quadratic polynomial equations (Nayak et al., 2011). 

 𝑇50% (𝐶𝐻2/𝐴𝐿𝐺) = 5.760 − 5.60𝑋1𝑋2 + 14.709𝑋1𝑋3 − 15.13𝑋2𝑋3 + 2.242𝑋1
2 +

2.347𝑋2
2 + 24.54𝑋3

2                                                                                                              (11)  

𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (𝐶𝐻2/𝐴𝐿𝐺) = 9.073 − 3.001𝑋1 + 4.24𝑋2 + 1.42𝑋1𝑋2 +

3.433𝑋1𝑋3 − 0.944𝑋1
2 − 1.019𝑋2

2 + 9.732𝑋3
2                                                               (12)  
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Residuals plots present the scatter of residuals and predicted response values while 

predicted and actual responses present linear correlation plots in figures 3.17.  

 

Figure 3.17 Residual plot showing residuals versus predicted values (a), actual versus 

predicted linear correlation plot (b) for T50% (CH2/ALG) 

RMS generated residual plots and predicted plots for swelling coefficient are given in 

figure 3.18. 

 

Figure 3.18 Residual plot showing residuals versus predicted values (a), actual versus 

predicted linear correlation plot (b) for dynamic swelling (CH2/ALG) 
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Two- and three-dimensional response surface plots for T50% are given in Figure 3.19 

and 3.20 respectively. 

A 

 

 

 

 

B 

 

 

 

 

C 

 

 

 

 

Figure 3.19 Two-dimensional response 

surface plots (A, B and C) for combined 

effect of (X1 and X2), (X1 and X3) and 

(X2 and X3) on T50%  

Figure 3.20 Three-dimensional 

response surface plots (A, B and C) for 

combined effect of (X1 and X2), (X1 

and X3) and (X2 and X3) on T50% 
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Two- and three-dimensional response surface plots for swelling coefficient are given in 

Figure 3.21 and 3.22 respectively. 
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Figure 3.21 Two-dimensional response 

surface plots (A, B and C) for combined 

effect of (X1 and X2), (X1 and X3) and  

(X2 and X3) on dynamic swelling  

Figure 3.22 Three-dimensional response 

surface plots (A, B and C) for combined 

effect of (X1 and X2), (X1 and X3) and 

(X2 and X3) on dynamic swelling 
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 3.2.8 Acute oral toxicity studies 

3.2.8.1 Clinical manifestations 

Clinical findings proved that there were no deaths in any group during toxicity 

studies and no significant change was found in food consumption and body weights of 

rabbits. Additionally, no clinical signs of ailments related to the administration of 

loaded and unloaded hydrogels were observed. 

3.2.8.2 Blood analysis  

Blood analysis provides important information about pathophysiological 

conditions on animals. (Traesel et al., 2014). In complete blood analysis, TLC, 

neutrophils, lymphocytes, eosinophils, monocytes, TRBC, platelet count, MCV, 

MCHC test were performed and shown in table 3.9. Biochemical tests were performed 

to investigate toxic effects in different tissues, especially for kidney and liver 

(Guideline, 2008). In this study, liver function tests (AST, ALT) and renal markers 

(urea, uric acid and creatinine) were also executed. Metabolic biomarkers (triglyceride, 

cholesterol) were also measured. Results are shown in table 3.10.  

Table 3.9 Hematological parameters of rabbits treated with unloaded hydrogel and 

drug-loaded hydrogel 

Parameters Control group 

Group treated 

with unloaded 

hydrogel 

Group treated 

with drug-loaded 

hydrogel 

Hemoglobin (g/dl) 13.51 ± 0.29 13.45 ± 0.27 13.37 ± 0.30 

WBCs x 109/l 6.64 ± 0.76 6.22 ± 0.50 6.33 ± 0.30 

Neutrophils (%) 54.33 ± 1.62 55.51 ± 1.08 54.53 ± 1.49 

Lymphocytes (%) 65.60 ± 1.15 65.34 ± 1.19 61.37 ± 2.03 

Monocytes (%) 3.29 ± 0.13 3.63 ± 0.15 3.71 ± 0.45 

RBCs x 106/mm3 6.42 ± 0.34 6.40 ± 0.31 6.44 ± 0.26 

MCV (%) 65.16 ± 1.20 64.77 ± 1.67 63.91 ± 1.44 

MCHC (%) 22.32 ± 0.34 22.08 ± 0.46 22.37 ± 0.57 

Platelets x 109/l 4.38 ± 0.26 4.46 ± 0.22 4.33 ± 0.25 
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Table 3.10 Biochemical parameters of rabbits treated with unloaded hydrogel and drug-

loaded hydrogel 

Parameters 
Control 

group 

Group treated 

with unloaded 

hydrogel 

Group treated 

with drug-loaded 

hydrogel 

ALT (SGPT) (IU/L) 156.54 ± 2.78 156.57 ± 1.16 155.32 ± 2.21 

AST (SGOT) (IU/L) 77.94 ± 5.17 79.53 ± 1.44 76.46 ± 3.16 

Serum Urea (mmol/l) 14.99 ± 1.22 13.83 ± 0.32 14.59 ± 0.57 

Serum Uric acid 

(mg/dl) 
3.54 ± 0.28 3.34 ± 0.25 3.44 ± 0.27 

Cholesterol (mg/dl) 64.60 ± 1.41 62.61 ± 1.13 64.08 ± 1.18 

Triglycerides (mg/dl) 60.68 ± 3.96 64.46 ± 4.09 65.05 ± 2.15 

Creatinine (mg/dl) 1.15 ± 0.02 1.20 ± 0.05 1.15 ± 0.02 

 

 

Table 3.11 Organ weight (g) of rabbits treated with unloaded hydrogel and drug-loaded 

hydrogel 

Treatment 

Group 
Heart (g) Kidney (g) 

Small 

intestine 

(g) 

Spleen (g) Liver (g) 

Control 

group 
4.42 ± 0.24 12.3 ± 0.46 8.80 ± 0.47 1.16 ± 0.05 70.1 ± 1.79 

Group 

treated 

with 

unloaded 

hydrogel 

4.22 ± 0.16 12.4 ± 0.25 8.85 ± 0.60 1.24 ± 0.17 71.5 ± 1.29 

Group 

treated 

with drug-

loaded 

hydrogel 

4.50 ± 0.22 12.4 ± 0.38 8.66 ± 0.48 1.16 ± 0.04 71.3 ± 1.46 

 

 

 

 

 

 

 

 

 

 



79 

 

Histopathological examination of various tissues in acute oral toxicity studies are 

shown in figure 3.23. 

 

Figure 3.23 Histological observations of tissues (A) Liver; (B) Heart; (C) kidney; (D) 

Spleen and (E) Small intestine 
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3.3. Chitosan/Eudragit L-100 hydrogel (CHI/EL-100) 

3.3.1. Swelling studies, gel fraction and porosity studies 

Swelling studies, gel fraction and porosity studies are shown in table 3.12. 

Table 3.12 Porosity, gel fraction and dynamic swelling analysis of chitosan/eudragit L-

100 hydrogels 

Formulations 
Dynamic 

Swelling 

Gel 

Fraction (%) 
Porosity 

F-1 7.14 81.08 7.88 

F-2 8.5 96.39 5.06 

F-3 5.98 96.55 5.32 

F-4 5.88 85.97 10.13 

F-5 4.2 93.37 25.77 

F-6 8.1 87.50 11.28 

F-7 6.02 94.83 16.73 

F-8 5.1 89.33 6.64 

F-9 7.86 83.27 5.45 

F-10 5.6 96.30 14.27 

F-11 6.21 92.09 32.31 

F-12 5.56 91.53 34.40 

F-13 5.79 90.40 31.27 

F-14 5.87 89.83 31.84 

F-15 5.55 89.94 32.42 
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Flory Huggins parameters of Chitosan/Eudragit L-100 hydrogels are given in table 

3.13. 

Table 3.13 Flory Huggins network para meters 

Formulations V2,s Mc X N 
D10-5 

(cm2 s-1) 

F-1 0.764 0.67 1.166 0.004 4.51 

F-2 0.557 3.37 0.829 0.020 9.61 

F-3 0.110 186.99 0.540 1.134 9.89 

F-4 0.838 1.14 1.399 0.007 3.69 

F-5 0.595 6.83 0.872 0.041 9.61 

F-6 0.154 87.62 0.558 0.539 6.22 

F-7 0.249 110.92 0.602 0.655 5.64 

F-8 0.193 323.57 0.575 1.992 10.4 

F-9 0.281 67.45 0.619 0.409 4.09 

F-10 0.704 2.77 1.037 0.017 5.32 

F-11 0.595 6.84 0.872 0.041 11.9 

F-12 0.556 11.01 0.828 0.067 12.5 

F-13 0.528 14.11 0.799 0.085 12.6 

F-14 0.556 11.02 0.828 0.067 12.8 

F-15 0.513 16.18 0.785 0.098 12.3 
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3.3.2 Scanning electron Microscope (SEM) analysis 

Plain and drug-loaded Chitosan/Eudragit L-100 hydrogels are given in figure 3.24 at 

different levels of magnification. 

 

Figure 3.24 (A, C, E and G) plain hydrogel with different magnifications, (B, D, F and 

H) drug-loaded hydrogel at different magnifications, SEM images.  
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3.3.3 Fourier transform infrared spectroscopic (FT-IR) analysis 

FT-IR spectrum of polymers, hydrogel, drug-loaded hydrogel and drug were 

described in figure 3.25. 

 

Figure 3.25  FTIR of (A) chitosan; (B) eudragit L-100; (C) hydrogel; (D) metformin; 

(E) metformin-loaded hydrogel  
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3.3.4 Differential scanning calorimetry (DSC) analysis  

DSC thermograms of polymers, hydrogel, drug-loaded hydrogel and drug were 

combined in figure 3.26.  

 

Figure 3.26 DSC thermograms of (A) chitosan; (B) eudragit L-100; (C) hydrogel; (D) 

metformin; (E) metformin-loaded hydrogel 
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3.3.5 X-ray diffractometer (XRD) analysis 

XRD spectrum of polymers, hydrogel, drug-loaded hydrogel and drug were described 

in figure 3.27.  

 

Figure 3.27 Representing patterns of XRD for (A) chitosan; (B) eudragit L-100; (C) 

hydrogel; (D) metformin-loaded hydrogel; (E) metformin 
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3.3.6 In-vitro drug release profile 

Drug release pattern of chitosan/eudragit L-100 hydrogels at pH 1.2 and 7.4 are given 

in figure 3.28. 

 

 

 

Figure 3.28 In-vitro drug release profile of drug-loaded chitosan/eudragit L-100 

hydrogels (mean ± S.D.; n = 3) 

 

 

 

 

0

20

40

60

80

100

120

0 2 4 6 8 10 12 14

%
 D

ru
g
 r

el
ea

se

Time (h)

F1 F2 F3 F4 F8 F6 F7 F8

F9 F10 F11 F12 F13 F14 F15

pH 1.2          pH 7.4



87 

 

Kinetic models for chitosan/eudragit L-100 hydrogels are given in table 3.14. 

Table 3.14 Metformin drug release kinetics and curve fitting for hydrogel formulations 

 

Formulation 

Code 

Zero order 

model 

First order 

model 

Higuchi 

Model 

Korsmeyer–

Peppas model 

Ko 

(h¹־) 
R2 

K1 

(h¹־) 
R2 

K2 

(h¹־) 
R2 n R2 

F1 7.14 0.913 0.12 0.963 31.62 0.964 0.73 0.944 

F2 9.09 0.86 0.14 0.945 40.82 0.94 0.71 0.910 

F3 7.88 0.879 0.15 0.956 35.28 0.947 0.66 0.927 

F4 0.13 0.959 0.12 0.967 33.18 0.957 0.71 0.935 

F5 4.43 0.909 0.13 0.975 19.72 0.967 0.69 0.948 

F6 8.09 0.907 0.12 0.965 35.97 0.962 0.72 0.942 

F7 7.56 0.907 0.12 0.963 33.57 0.962 0.72 0.940 

F8 5.62 0.896 0.13 0.956 25.02 0.955 0.71 0.932 

F9 7.99 0.886 0.14 0.957 35.70 0.951 0.68 0.930 

F10 5.54 0.946 0.14 0.984 24.33 0.981 0.65 0.976 

F11 6.09 0.889 0.13 0.953 27.19 0.951 0.71 0.926 

F12 5.21 0.948 0.15 0.985 22.86 0.983 0.63 0.980 

F13 5.16 0.888 0.14 0.952 23.04 0.950 0.69 0.928 

F14 6.09 0.889 0.13 0.953 27.19 0.950 0.71 0.926 

F15 6.10 0.889 0.13 0.953 27.12 0.951 0.71 0.927 
R2 = correlation coefficient; Ko, K1 and K2 are rate constants; n = diffusional exponent. All results 

were obtained using DDsolver software. 

 

3.3.7 Optimization 

RSM provided quadratic polynomial equation, representing individual factors 

and interaction within the factors when data is fitted in equation. 

The model equation relating T50% as response became: 

𝑇50% (CHI/EL−100) = 7.43 − 1.36𝑋1 + 2.18𝑋2 + 1.112𝑋3 + 1.47𝑋1𝑋2 +

1.788𝑋1𝑋3 − 1.656𝑋2𝑋3 − 1.123𝑋1
2 + 0.220𝑋2

2 − 1.628𝑋3
2                                     (13)                 

𝑅2 =  0.968;  𝐹  𝑉𝑎𝑙𝑢𝑒 = 16.80 ;  𝑝 < 0.05                                                                   (14)                                   

The model equation relating swelling coefficient as response became. 

 𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔(CHI/EL−100) = 4.75 + 3.72𝑋1 + 3.52𝑋2 − 19.98𝑋3 −

2.99𝑋1𝑋2 − 0.483𝑋1𝑋3 + 6.7𝑋2𝑋3 + 0.3636𝑋1
2 − 0.905𝑋2

2 +

10.48𝑋3
2                                                                                                                                   (15)  

 𝑅2 = 0.984;  𝐹  𝑉𝑎𝑙𝑢𝑒 = 36.20;  𝑝 < 0.05                                                                    (16)   
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Table 3.15 Analysis of variance for response surface parameters of chitosan/eudragit 

L-100 hydrogel formulations. 

 

 

The results of ANOVA mentioned in table 3.15 represents that the models for 

CHI/EL-100 hydrogel is significant with values of p less than 0.05 for calculated 

responses. These models are more simplified by removing non-significant (p > 0.05) 

terms in quadratic polynomial equations (nayak and pal 2011). 

𝑇50% (CHI/EL−100) = 7.43 − 1.36𝑋1 + 2.18𝑋2 + 1.112𝑋3 + 1.47𝑋1𝑋2 +

1.788𝑋1𝑋3 − 1.656𝑋2𝑋3 − 1.123𝑋1
2 − 1.628𝑋3

2                                                          (17)                                                           

𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔(CHI/EL−100) = 4.75 + 3.72𝑋1 + 3.52𝑋2 − 19.98𝑋3 −

2.99𝑋1𝑋2 + 6.7𝑋2𝑋3 + 10.48𝑋3
2                                                                                       (18) 

 

 

Source 
Sum of 

Squares 
d.f. 

Mean 

Square 
F value 

p- value 

prob.> F 

Significant/Non- 

significant 

For T50% (CH1/EL-100) 

Model 35.38 9 3.93 16.80 0.01 Sig. 

𝑿𝟏 3.75 1 3.75 16.03 0.01  

𝑿𝟐 9.52 1 9.52 40.68 0.01  

𝑿𝟑 2.47 1 2.47 10.58 0.02  

𝑿𝟏𝑿𝟐 2.89 1 2.89 12.35 0.02  

𝑿𝟏𝑿𝟑 4.26 1 4.26 18.24 0.01  

𝑿𝟐𝑿𝟑 3.66 1 3.66 15.64 0.01  

𝑿𝟏
𝟐 3.30 1 3.3 14.12 0.01  

𝑿𝟐
𝟐 0.13 1 0.13 0.54 0.49 NS 

𝑿𝟑
𝟐 6.93 1 6.93 29.64 0.01  

For Dynamic swelling (CH1/EL-100) 

Model 19.10 9 2.12 36.21 0.001 Sig. 

𝑿𝟏 7.60 1 7.61 129.74 0.001  

𝑿𝟐 0.42 1 0.42 7.22 0.04  

𝑿𝟑 2.55 1 2.55 43.56 0.001  

𝑿𝟏𝑿𝟐 2.98 1 2.99 50.84 0.001  

𝑿𝟏𝑿𝟑 0.03 1 0.03 0.48 0.52 NS 

𝑿𝟐𝑿𝟑 1.34 1 1.34 22.97 0.01  

𝑿𝟏
𝟐 0.34 1 0.34 5.90 0.06 NS 

𝑿𝟐
𝟐 0.13 1 0.13 2.28 0.19 NS 

𝑿𝟑
𝟐 2.33 1 2.33 39.73 0.001  

𝑋1, 𝑋2 and 𝑋3 represent amount of chitosan (%), eudragit L-100 (%) and genipin (mM), respectively. 

𝑋1𝑋2, 𝑋1𝑋3 and 𝑋2𝑋3 are the interaction effects and  𝑋1
2, 𝑋2

2 and 𝑋3
2 are sum of effects. Sig. = 

significant and NS represent non-significant terms, respectively. d.f represent degree of freedom. 
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RMS generated residual plots and predicted plots for T50% (CH1/EL-100) are given in Figure 

3.29. 

 

Figure 3.29 Residual plot showing residuals versus predicted values (a), actual versus 

predicted linear correlation plot (b) for T50% (CH1/EL-100) 

RMS generated residual plots and predicted plots for swelling coefficient are given in 

Figure 3.30. 

 

Figure 3.30 Residual plot showing residuals versus predicted values (a), actual versus 

predicted linear correlation plot (b) for dynamic swelling (CH1/EL-100)   
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Two- and three-dimensional response surface plots for T50% (CHI/EL-100) are given in 

Figure 3.31 and 3.32 respectively. 
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Figure 3.31 Two-dimensional response 

surface plots (A, B and C) for combined 

effect of (X1 and X2), (X1 and X3) and  

(X2 and X3) on T50%  

Figure 3.32  Three-dimensional 

response surface plots (A, B and C) for 

combined effect of (X1 and X2), (X1 

and X3) and (X2 and X3) onT50% 
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Two- and three-dimensional response surface plots for swelling coefficient are given in 

Figure 3.33 and 3.34 respectively. 

A 
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Figure 3.33  Two-dimensional response 

surface plots (A, B and C) for combined 

effect of (X1 and X2), (X1 and X3) and (X2 

and X3) on dynamic swelling  

Figure 3.34  Three-dimensional 

response surface plots (a, b and c) 

for combined effect of (X1 and X2), 

(X1 and X3) and (X2 and X3) on 

dynamic swelling 
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3.3.8 Acute oral toxicity studies 

3.3.8.1 Clinical manifestations 

Clinical finding proved that there were no deaths in any group during toxicity 

studies and no significant change were found in food consumption and body weights of 

rabbits. Additionally, no clinical signs of ailments related to administration of loaded 

and unloaded hydrogel were observed. 

3.3.8.2 Blood analysis  

Blood analysis provide important information about pathophysiological 

condition on animals. (Traesel et al., 2014). In complete blood analysis, TLC, 

neutrophils, lymphocytes, eosinophils, monocytes, TRBC, platelet count, MCV, 

MCHC test were performed and shown in table 3.16. Biochemical tests were performed 

to investigate toxic effects in different tissues, especially for kidney and liver 

(Guideline, 2008). In this study, liver function tests (AST, ALT) and renal markers 

(urea, uric acid and creatinine) were executed. Metabolic biomarkers (triglyceride, 

cholesterol) were also measured. Results are shown in table 3.17.  

Table 3.16 Hematological parameters of rabbits treated with unloaded hydrogel and 

drug-loaded hydrogel 

Parameters Control group 

Group treated 

with unloaded 

hydrogel 

Group treated 

with drug-

loaded hydrogel 

Hemoglobin (g/dl) 13.50 ± 0.28 13.48 ± 0.40 13.27 ± 0.35 

WBCs x 109/l 6.51 ± 0.67 6.23 ± 0.15 6.34 ± 0.30 

Neutrophils (%) 53.86 ± 0.87 55.05 ± 1.37 54.83 ± 1.40 

Lymphocytes (%) 65.38 ± 1.11 65.21 ± 1.58 60.29 ± 1.75 

Monocytes (%) 3.46 ± 0.16 3.53 ± 0.28 3.54 ± 0.24 

RBCs x 106/mm3 6.24 ± 0.11 6.44 ± 0.17 6.49 ± 0.20 

MCV (%) 65.46 ± 0.93 64.63 ± 1.47 64.03 ± 1.99 

MCHC (%) 22.25 ± 0.41 22.27 ± 0.42 22.10 ± 0.72 

Platelets x 109/l 4.38 ± 0.21 4.50 ± 0.16 4.43 ± 0.18 
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Table 3.17 Biochemical parameters of rabbits treated with unloaded hydrogel and drug-

loaded hydrogel 

Parameters 
Control 

group 

Group treated 

with unloaded 

hydrogel 

Group treated 

with drug-loaded 

hydrogel 

ALT (SGPT) (IU/L) 155.96 ± 2.54 156.41 ± 2.49 156.37 ± 1.40 

AST (SGOT) (IU/L) 77.88 ± 6.06 79.27 ± 2.73 77.45 ± 2.68 

Serum Urea (mmol/l) 15.25 ± 1.10 14.37 ± 0.65 14.75 ± 0.69 

Serum Uric acid (mg/dl) 3.38 ± 0.27 3.30 ± 0.14 3.56 ± 0.29 

Cholesterol (mg/dl) 64.34 ± 1.59 63.14 ± 0.69 64.31 ± 0.84 

Triglycerides (mg/dl) 60.57 ± 4.45 65.25 ± 4.35 64.16 ± 2.72 

Creatinine (mg/dl) 1.12 ± 0.04 1.16 ± 0.04 1.13 ± 0.02 

 

 

Table 3.18 Organ weight (g) of rabbits treated with unloaded hydrogel and drug-loaded 

hydrogel 

 

Treatment 

Group 
Heart (g) Kidney (g) 

Small 

intestine 

(g) 

Spleen (g) Liver (g) 

Control 

group 
4.27 ± 0.22 

12.28 ± 

0.53 
9.07 ± 0.41 1.15 ± 0.03 

70.80 ± 

1.96 

Group 

treated 

with 

unloaded 

hydrogel 

4.41 ± 0.32 
12.11 ± 

0.30 
8.70 ± 0.51 1.14 ± 0.01 

70.87 ± 

1.33 

Group 

treated 

with drug-

loaded 

hydrogel 

4.38 ± 0.27 
12.22 ± 

0.34 
8.51 ± 0.40 1.18 ± 0.03 

70.37 ± 

1.65 
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Histopathological examination of various tissues in acute oral toxicity studies are 

shown in  

figure 3.35. 

 

Figure 3.35 Histological observations of tissues (a) Heart; (b) Liver; (c) kidney; (d) 

Spleen and (e) Small intestine 
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3.4 Chitosan/Gelatin hydrogel (CHI/GLN) 

3.4.1 Swelling studies, gel fraction and porosity studies 

Swelling studies, gel fraction and porosity studies are shown in table 3.19. 

Table 3.19 Porosity, gel fraction and dynamic swelling analysis of chitosan/gelatin 

hydrogel formulations 

Formulations 
Dynamic 

Swelling 

Gel 

Fraction (%) 
Porosity 

F-1 9.6 81.08 7.88 

F-2 9.1 83.27 5.45 

F-3 4.6 96.55 5.32 

F-4 8.76 85.97 10.13 

F-5 8.14 93.37 25.77 

F-6 6.6 87.50 11.28 

F-7 6.1 94.83 16.73 

F-8 7.89 89.33 6.64 

F-9 4.2 96.39 5.06 

F-10 4.4 96.30 14.27 

F-11 8.61 92.09 32.31 

F-12 8.69 91.53 34.40 

F-13 8.72 90.40 31.27 

F-14 8.79 89.83 31.84 

F-15 8.75 89.94 32.42 

 



96 

 

Flory Huggins parameters of chitosan/gelatin hydrogel given in table 3.20. 

Table 3.20 Flory Huggins network para meters 

Formulatio

ns 
V2,s Mc X N 

D 10-5 

(cm2 s-1) 

F-1 0.25 116.73 0.60 0.19 4.09 

F-2 0.27 88.36 0.61 0.14 11.5 

F-3 0.61 7.66 0.89 0.01 9.89 

F-4 0.56 13.13 0.83 0.02 3.31 

F-5 0.79 1.93 1.25 0.01 9.61 

F-6 0.27 88.36 0.61 0.14 6.07 

F-7 0.65 8.74 0.94 0.01 5.64 

F-8 0.40 76.80 0.69 0.12 11.43 

F-9 0.34 102.00 0.65 0.16 3.69 

F-10 0.63 8.87 0.91 0.02 4.77 

F-11 0.26 101.33 0.61 0.16 9.37 

F-12 0.36 35.83 0.67 0.07 8.98 

F-13 0.59 11.52 0.86 0.02 8.78 

F-14 0.55 14.16 0.82 0.02 8.59 

F-15 0.55 13.60 0.82 0.02 9.48 
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3.4.2 Scanning electron Microscope (SEM) analysis 

Plain and drug-loaded chitosan/gelatin hydrogels are given in figure 3.36 at different 

levels of magnification. 

 

Figure 3.36 (A, C, E and G) plain hydrogel with different magnifications, (B, D, F and 

H) Drug-loaded hydrogel at different magnifications, SEM images  
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3.4.3 Fourier transform infrared spectroscopic (FT-IR) analysis 

FT-IR spectrum of polymers, hydrogel, drug-loaded hydrogel and drug were described 

in figure 3.37.  

 

Figure 3.37 FTIR of (A) chitosan; (B) gelatin; (C) hydrogel; (D) metformin; (E) 

metformin-loaded hydrogel 
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3.4.4 Differential scanning calorimetry (DSC) analysis  

DSC thermograms of polymers, hydrogel, drug-loaded hydrogel and drug were 

described in figure 3.38.  

 

 

Figure 3.38 DSC thermograms of (A) chitosan; (B) gelatin; (C) hydrogel; (D) 

metformin; (E) metformin-loaded hydrogel 
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3.4.5 X-ray diffractometer (XRD) analysis 

XRD spectrum of polymers, hydrogel, drug-loaded hydrogel and drug were described 

in figure 3.39.  

 

Figure 3.39 Representing patterns of XRD for (A) chitosan; (B) gelatin; (C) hydrogel; 

(D) metformin-loaded hydrogel; (E) metformin 
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3.4.6 In-vitro drug release profile  

Drug release pattern of chitosan/gelatin hydrogel at pH 1.2 was shown in figure 3.40. 

 

 

Figure 3.40 In-vitro drug release profile of drug-loaded chitosan/gelatin hydrogels  

 (mean ± S.D.; n = 3) 
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Kinetic models for chitosan/gelatin hydrogels are given in table 3.21. 

Table 3.21 Metformin drug release kinetics and curve fitting for hydrogel formulations 

 

Formulation 

Code 

Zero order 

model 

First order 

model 

Higuchi 

Model 

Korsmeyer 

Peppas 

model 

Ko 

(h¹־) 
R2 

K1 

(h¹־) 
R2 

K2 

(h¹־) 
R2 n R2 

F1 0.44 0.973 0.011 0.986 8.04 0.995 0.58 0.994 

F2 0.41 0.976 0.010 0.993 8.46 0.996 0.60 0.994 

F3 0.43 0.978 0.010 0.989 7.82 0.997 0.60 0.997 

F4 0.43 0.978 0.010 0.988 7.74 0.997 0.59 0.997 

F5 0.41 0.976 0.009 0.993 7.42 0.998 0.62 0.997 

F6 0.41 0.958 0.015 0.964 7.61 0.990 0.48 0.991 

F7 0.42 0.979 0.010 0.987 7.71 0.997 0.59 0.997 

F8 0.39 0.979 0.009 0.994 7.09 0.997 0.64 0.997 

F9 0.27 0.882 0.034 0.857 5.18 0.953 0.56 0.971 

F10 0.40 0.962 0.011 0.982 7.32 0.990 0.56 0.989 

F11 0.41 0.969 0.011 0.992 7.58 0.996 0.58 0.995 

F12 0.42 0.973 0.011 0.989 7.62 0.997 0.58 0.996 

F13 0.43 0.987 0.006 0.997 7.83 0.996 0.71 0.997 

F14 0.43 0.979 0.010 0.987 7.83 0.998 0.59 0.998 

F15 0.44 0.978 0.010 0.988 7.92 0.997 0.59 0.997 

R2 = correlation coefficient; Ko, K1 and K2 are rate constants; n = diffusional exponent. All results 

were obtained using DDsolver software. 

 

3.4.7 Optimization 

RSM provided quadratic polynomial equation, representing individual factors 

and interaction within the factors when data is fitted in equations. 

The model equation relating T50% as response became: 

𝑇50% (𝐶𝐻𝐼/𝐺𝐿𝑁) = 65.95 + 3.42𝑋1 + 0.416𝑋2 + 23.38𝑋3 + 11.38𝑋1𝑋2 −

16.03𝑋1𝑋3 − 3.42𝑋2𝑋3 − 0.413𝑋1
2 + 2.90𝑋2

2 − 2.135𝑋3
2                                          (19)  

𝑅2 =  0.996;  𝐹  𝑉𝑎𝑙𝑢𝑒 = 164.59 ;  𝑝 < 0.05                                                                 (20)  

The model equation relating swelling coefficient as response became. 

𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔(𝐶𝐻𝐼/𝐺𝐿𝑁) = 8.06 − 0.72𝑋1 + 0.795𝑋2 − 2.45𝑋3 −

0.1075𝑋1𝑋2 + 0.5375𝑋1𝑋3 − 0.927𝑋2𝑋3 − 0.199𝑋1
2 − 0.724𝑋2

2 − 0.669𝑋3
2      (21)  

 𝑅2 = 0.986;  𝐹  𝑉𝑎𝑙𝑢𝑒 = 38.94;  𝑝 < 0.05                                                                    (22) 
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Table 3.22 Analysis of variance for response surface parameters 

 

 

The results of ANOVA mentioned in table 3.22 represents that the models for 

chitosan/gelatin hydrogel is significant with values of p less than 0.05 for calculated 

responses. These models are more simplified by removing non-significant (p > 0.05) 

terms in quadratic polynomial equation (Nayak and pal 2011). 

𝑇50% (CHI/GLN) = 65.95 + 3.42𝑋1 + 23.38𝑋3 + 11.38𝑋1𝑋2 − 16.03𝑋1𝑋3 −

3.42𝑋2𝑋3 + 2.90𝑋2
2                                                                                                               (23)  

𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (CHI/GLN) = 8.06 − 0.72𝑋1 + 0.795𝑋2 − 2.45𝑋3 −

0.927𝑋2𝑋3 − 0.724𝑋2
2 − 0.669𝑋3

2                                                                                    (24)  

 

Source 
Sum of 

Squares 
d.f. 

Mean 

Square 
F value 

p- value 

prob.> 

F 

Significant/Non- 

significant 

For T50% (CHI/GLN) 

Model 2989.89 9 332.21 164.59 0.001 Sig. 

𝑿𝟏 23.39 1 23.39 11.59 0.019  

𝑿𝟐 0.346 1 0.34 0.17 0.69 NS 

𝑿𝟑 1094.04 1 1094.04 542.05 0.001  

𝑿𝟏𝑿𝟐 172.96 1 172.96 85.69 0.0025  

𝑿𝟏𝑿𝟑 342.73 1 342.73 169.81 0.0005  

𝑿𝟐𝑿𝟑 15.65 1 15.65 7.75 0.038  

𝑿𝟏
𝟐 0.448 1 0.44 0.22 0.65 NS 

𝑿𝟐
𝟐 22.02 1 22.02 10.91 0.02  

𝑿𝟑
𝟐 11.92 1 11.92 5.90 0.051 NS 

For Dynamic swelling (CHI/GLN) 

Model 42.78 9 4.754 38.94 0.0001 Sig. 

𝑿𝟏 1.037 1 1.037 8.49 0.03  

𝑿𝟐 1.264 1 1.26 10.35 0.02  

𝑿𝟑 12.01 1 12.01 98.35 0.001  

𝑿𝟏𝑿𝟐 0.02 1 0.02 0.12 0.73 NS 

𝑿𝟏𝑿𝟑 0.38 1 0.38 3.15 0.13 NS 

𝑿𝟐𝑿𝟑 1.15 1 1.15 9.39 0.02  

𝑿𝟏
𝟐 0.11 1 0.11 0.85 0.39 NS 

𝑿𝟐
𝟐 1.37 1 1.37 11.25 0.02  

𝑿𝟑
𝟐 1.17 1 1.17 9.61 0.03  

𝑋1, 𝑋2 and 𝑋3 represent amount of chitosan (%), gelatin (%) and genipin (mM), respectively.  𝑋1𝑋2, 𝑋1𝑋3 

and 𝑋2𝑋3 are the interaction effects and  𝑋1
2, 𝑋2

2 and 𝑋3
2 are sum of effects. Sig. = significant and NS 

represent non-significant terms, respectively. d.f represent degree of freedom. 
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RMS generated residual plots and predicted plots for T50% (CHI/GLN) are given in figure 

3.41. 

 

Figure 3.41 Residual plot showing residuals versus predicted values (a), actual versus 

predicted linear correlation plot (b) for T50% (CHI/GLN) 

RMS generated residual plots and predicted plots for swelling coefficient are given in 

figure 3.42. 

 

Figure 3.42 Residual plot showing residuals versus predicted values (a), actual versus 

predicted linear correlation plot (b) for dynamic swelling (CHI/GLN)  
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Two- and three-dimensional response surface plots for T50% (CHI/GLN) are given in figure 

3.43 and 3.44 respectively. 

A 

 

 

 

 

B 

 

 

 

 

C 

 

 

 

 

Figure 3.43 Two-dimensional response 

surface plots (A, B and C) for combined 

effect of (X1 and X2), (X1 and X3) and 

(X2 and X3) on T50%  

Figure 3.44 Three-dimensional 

response surface plots (A, B and C) 

for combined effect of (X1 and X2), 

(X1 and X3) and (X2 and X3) on T50% 
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Two- and three-dimensional response surface plots for swelling coefficient (CHI/GLN) are 

given in figure 3.45 and 3.46 respectively. 

  

A 

 

 

 

 

B 

 

 

 

 

C 

 

 

 

 

Figure 3.45 Two-dimensional response 

surface plots (A, B and C) for combined 

effect of (X1 and X2), (X1 and X3) and 

(X2 and X3) on dynamic swelling  

Figure 3.46 Three-dimensional 

response surface plots (a, b and c) 

for combined effect of (X1 and X2), 

X1 and X3) and (X2 and X3) on 

dynamic swelling 
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3.4.8. Acute oral toxicity studies 

3.4.8.1. Clinical manifestations 

Clinical findings revealed no significant changes in food consumption, body 

weights of rabbits as well as no deaths were seen in any group during toxicity studies. 

Additionally, no clinical signs of ailments related to administration of loaded and 

unloaded hydrogel were observed. 

3.4.8.2. Blood analysis  

Blood analysis provide important information about pathophysiological 

condition on animals. (Traesel et al., 2014). In complete blood analysis, TLC, 

neutrophils, lymphocytes, eosinophils, monocytes, TRBC, platelet count, MCV, 

MCHC test were performed and shown in table 3.23. Biochemical analysis was carried 

out to investigate the toxic effects in different tissues especially in kidney and liver 

(Guideline, 2008). Liver function tests (AST, ALT), renal (urea, uric acid and 

creatinine) and metabolic biomarkers (triglyceride, cholesterol) were also determined 

given in table 3.24.  

Table 3.23 Hematological parameters of rabbits treated with unloaded hydrogel and 

drug-loaded hydrogel 

Parameters Control group 

Group treated 

with unloaded 

hydrogel 

Group treated 

with drug-loaded 

hydrogel 

Hemoglobin (g/dl) 13.49 ± 0.27 13.36 ± 0.25 13.22 ± 0.29 

WBCs x 109/l 6.34 ± 0.41 6.30 ± 0.61 6.09 ± 0.30 

Neutrophils (%) 53.45 ± 0.92 54.46 ± 1.08 54.63 ± 1.58 

Lymphocytes (%) 65.20 ± 1.08 64.74 ± 2.12 62.34 ± 1.94 

Monocytes (%) 3.51 ± 0.18 3.48 ± 0.25 3.57 ± 0.33 

RBCs x 106/mm3 6.24 ± 0.11 6.50 ± 0.30 6.56 ± 0.34 

MCV (%) 65.64 ± 1.14 63.49 ± 1.67 63.06 ± 0.99 

MCHC (%) 22.44 ± 0.62 22.23 ± 0.57 22.25 ± 0.50 

Platelets x 109/l 4.45 ± 0.18 4.38 ± 0.35 4.52 ± 0.33 
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Table 3.24 Biochemical parameters of rabbits treated with unloaded hydrogel and 

drug-loaded hydrogel 

Parameters Control group 

Group treated 

with unloaded 

hydrogel 

Group treated 

with drug-loaded 

hydrogel 

ALT (SGPT) 

(IU/L) 
155.51 ± 1.28 155.39 ± 1.99 156.15 ± 2.48 

AST (SGOT) 

(IU/L) 
75.09 ± 2.77 74.72 ± 2.89 76.02 ± 2.19 

Serum Urea 

(mmol/l) 
14.78 ± 0.53 14.43 ± 0.43 14.24 ± 0.42 

Serum Uric acid 

(mg/dl) 
3.56 ± 0.24 3.68 ± 0.27 3.56 ± 0.29 

Cholesterol 

(mg/dl) 
64.20 ± 1.63 62.89 ± 1.27 63.13 ± 0.99 

Triglycerides 

(mg/dl) 
62.28 ± 2.11 63.90 ± 2.95 64.18 ± 1.42 

Creatinine 

(mg/dl) 
1.15 ± 0.02 1.17 ± 0.03 1.17 ± 0.05 
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Table 3.25 Organ weight (g) of rabbits treated with unloaded hydrogel and drug-

loaded hydrogel 

Treatment 

Group 
Heart (g) Kidney (g) 

Small 

intestine 

(g) 

Spleen (g) Liver (g) 

Control 

group 
4.20 ± 0.30 

12.21 ± 

0.44 
8.33 ± 0.61 1.16 ± 0.04 

71.87 ± 

1.00 

Group 

treated 

with 

unloaded 

hydrogel 

4.38 ± 0.14 
12.30 ± 

0.45 
8.44 ± 0.34 1.14 ± 0.15 

71.61 ± 

1.52 

Group 

treated 

with drug-

loaded 

hydrogel 

4.73 ± 0.24 
12.12 ± 

0.70 
8.46 ± 0.58 1.18 ± 0.09 

71.79 ± 

1.72 
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Histopathological examination of various tissues in acute oral toxicity studies are 

shown in figure 3.47 

 

Figure 3.47 Histological observations of tissues (a) Heart; (b) Liver; (c) kidney; (d) 

Spleen and (e) Small intestine  











































































147 

 

4.4.5.1 Effect of gelatin concentration on swelling and drug release  

Addition of GLN as a second polymer in hydrogel formulation tends to 

increases the swelling of hydrogel in gastric pH while keeping the concentration of 

crosslinking agent constant. GLN being cationic polymer, tends to swell in acidic pH. 

That is why dynamic swelling coefficient do not show considerable change at increased 

concentration of GLN in hydrogel at basic pH values.  

4.4.5.2 Effect of degree of cross-linking on swelling and drug release  

In the development of CHI/GLN network, different concentration of cross-linking 

agent (0.2, 0.5 and 0.8 mM) were used to determine the effect on dynamic swelling 

and drug release. As the concentration of cross-linking agent increases, swelling 

decreases due to hydrogen bonding between CHI and GLN. Increased 

concentration of crosslinking agent causes the polymer to highly crosslinked, 

leaving less amino groups for ionization (Ranjha et al., 2011). 

The values of Mc and V shown in Table 3.20 represent the MW between the 

crosslinks with solvent interaction parameter (V). Values indicated that by increasing 

the concentration of CHI the value of V increases indicating the strong interaction of 

solvent and its hydrophilic nature. CHI concentration increases Mc value due to 

ionization of its carboxylic group. While N values are directly related to average MW 

between crosslinks (Flisi & Crespi, 1968). Formulations with higher CHI 

concentrations showed high values of gel fraction as shown in the Table 3.19. By 

increasing the crosslinking concentration polymer interaction increases resulting in 

improve strength of hydrogel (Said et al., 2004).  

4.4.6 Optimization 

A total of 15 trail formulations were designed by RSM for further optimization. 

The central composite design was employed to generate coded levels for formulations 

with three independent variables and two dependent variables as responses. Further 

optimization was performed on the basis of results obtained through statistical analysis. 

Three independent variables, CHI (𝑋1%), GLN (𝑋2%) and GNP (𝑋3 𝑚𝑀) with three 

different values with levels of high, middle and low were taken for formulation design. 

The independent variables were investigated against the responses T50% and swelling 

coefficient. These observed responses of experimental trials are presented in table 3.22.  
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A numerical optimization technique was utilized to design new optimized 

formulation for desired responses. To produce that desirability in responses, 

independent variables were given desirable selected values in the optimization 

prediction process. Here 𝑋1 and 𝑋2  were given in ranges from 1 % to 3 % and 2 % to 

8 %, respectively. While 𝑋3 in range of 0.2 to 0.6 𝑚𝑀 concentration. The desirability 

of responses were also selected and restricted in the range of 31.12 to 88.01 T50% values 

and swelling coefficient at its maximum. Optimized formulations were developed, 

based on results obtained in mathematical optimization after specified values of 

independent and dependent variables to analyze the capability of factorial design. The 

optimized formulations containing MTN were subjected to in-vitro and swelling studies 

for predicted responses. T50% and swelling coefficient values were compared with 

optimization generated values for the closeness of the actual and predicted responses 

generated by mathematical optimization. 

Experimental results with the predicted response by the mathematical optimized model 

was tested by in-vitro and dynamic swelling studies with an optimized hydrogel 

containing MTN, values of T50% and dynamic swelling coefficients 40.43 and 9.84, 

respectively with SD of 0.21 for T50% and 0.105 for dynamic swelling coefficient. The 

experimental results showed that the mathematical optimization model obtained from 

factorial design was well fitted. 

From RSM generated formulations, F2 formulation was selected based on its 

T50% and dynamic swelling values close to the optimized values generated by response 

surface methodology. F8 formulation was given coded value of T1 for further 

experimentations in acute oral toxicity studies and in-vivo studies in rabbits. 

4.4.7 Drug release mechanism of hydrogel 

The RSM generated formulations were studied for release profiles (Figure 3.40) 

to investigate the best fit model. Release constant and Correlation coefficient (R2) 

values were obtained. R2 value closer to 1 is considered to be the optimum for the best 

fit model. R2 values of first-order release kinetics were found higher than zero-order 

kinetics i.e., 0.857 to 0.997 and 0.882 to 0.979 respectively. Values of R2 in the Higuchi 

model were in the range of 0.998 to 0.954 that revelead the diffusion controlled drug 

release. While in the Peppas model the value of diffusion exponent (n) ranging from 

0.48 to 0.71 with correlation coefficient R2  0.971 to 0.998. These results confirmed the 

non-Fickian behavior of hydrogel formulations as shown in table 3.21. The drug release 
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profile of drug-loaded hydrogels in the simulated gastric medium was determined, 

exhibiting pH-sensitive drug release behavior. Degree of ionization of CHI and GLN 

affect the stability of hydrogel. It can be depicted from figure 3.40 that the release of 

the model drug at pH 1.2 was abrupt as CHI get ionized at low pH resulting in increased 

relaxation of the polymer chains. However reduced concentration of a crosslinking 

agent causes more rapid drug release from the hydrogel at pH 1.2 due to increased 

protonation of the –NH2 groups of CHI. As the concentration of crosslinking agent 

increases availability of –NH2 group for protonation decreases thus less relaxation of 

polymer chains with reduced drug release.  

The fully protonated and unbound GLN molecules caused the unprotected drug 

to be dissolved in the surrounding medium. Results showed that the drug release rate 

significantly decreased when the ratio of GLN and crosslinking agent was increased in 

the formulation. This was attributed to the higher amount of polycations and increased 

crosslinking between the chains of CHI. The fastest rate of drug release was found in 

formulation with mass ratios of CHI-GLN (3:3) with lowest crosslinking agent 

concentration 0.2 mM. The cumulative drug release in the simulated gastric conditions 

was found to be 100 % at pH 1.2 in 2 hours. Drug release was found slower when CHI 

was used in ratio of 1:8 with GLN with the highest concentration of crosslinking agent 

0.8 mM. This causes the strong bonding between CHI polymer chains leading the 

polymer not to dissolve in the dissolution medium. A viscous layer was produced due 

to hydration of hydrogel that results in difficult diffusion of the solvent surrounding the 

hydrogel (Čalija et al., 2013).  

Drug release data predicted that it followed Korsmeyer-Peppas model while the n value 

depends upon release mechanism. Swelling Studies showed that water uptake capacity 

of hydrogel formulation was dependent on the pH of the medium. In acidic condition 

CHI get protonated when less concentration of crosslinking agent is used in 

formulations leaving more –NH2 group to get ionized and causing the hydrogel to swell 

and release the drug. Based on these findings it can be concluded that drug release from 

the formulation was swelling controlled. The stability of the formulation depends upon 

the concentration of crosslinking agent. As more the crosslinking agent, more stable is 

the hydrogel formulation in acidic medium because it prevents formulation to dissolve 

in acidic medium. The higher content of GLN results in slow release of drug from the 

formulation, keeping the crosslinking and CHI polymer concentration fixed in 

formulation.  
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4.4.8 Acute oral toxicity studies 

4.4.8.1 Clinical manifestations 

Clinical findings revealed no significant changes in food consumption, body 

weights of rabbits as well as no deaths were seen in any group during toxicity studies. 

Additionally, no clinical signs of ailments related to the administration of loaded and 

unloaded hydrogel were observed. 

4.4.8.2 Blood analysis  

Blood analysis provide important information about the pathophysiological 

condition on animals. (Traesel et al., 2014). In complete blood analysis, TLC, 

neutrophils, lymphocytes, eosinophils, monocytes, TRBC, platelet count, MCV, 

MCHC test were performed and shown in table 3.23. All values were found within the 

normal range. 

4.4.8.3 Histopathological analysis  

The damage to the organs and tissues as well as alterations in weight were 

accessed by histopathological findings that revealed no abnormality and toxicity in 

tissue structures of rabbits (P. Li et al., 2013). Table 3.25 showed no significant weight 

variations in organs. No signs of hemorrhage, lesion and tissue structure changes within 

the organ was observed as shown in figure 3.47. Safety of hydrogel could be easily 

predicted with acceptable results of blood analysis and weight variation. 

4.5 Pharmacokinetic analysis 

The in-vivo pharmacokinetic profile of optimized chitosan hydrogel 

formulations T1, T2 and T3 after oral administration were investigated as shown in 

figure 3.54. The bioavailability parameters listed in table 3.38 showed significant 

differences in plasma levels of T1, T2 and T3. The plasma level of T1 reached its 

maximum concentration (867.28 ± 7.78 ng/ml) in 3 hours after oral administration 

while maximum concertation of T2 was observed 794.23 ± 7.53 in 3.25 hours of oral 

administration. T3 showed maximum concentration 680.61 ± 6.78 at 4.12 hours that 

was lower than that of T1 and T2, depicting incomplete absorption. A marked fall in 

concertation was observed in T1, between 3 and 12 hours. While a lower rate of fall in 

plasma drug concentration was noticed in T3. 
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For hydrogel T3, maximum concentration (680.61 ± 6.78 ng/ml) was noticed at 

4.12 hours after drug administration and after 24 hours the concentration was found to 

fell slowly which was very interesting fact to observe. Studied have shown that 

metformin has incomplete absorption from GI tract (Dunn & Peters, 1995). Another 

study revealed that by taking immediate-release formulation, maximum drug absorbed 

within 6 hours (Tucker et al., 1981). Various studies have reported that the sustained 

release formulations showed reduced bioavailability when compared with immediate 

release formulation. This phenomenon predicts that metformin absorption is confined 

to small intestine (Pentikäinen, 1986).  

Metformin absorption rat constant (Ka) was found higher in duodenum which 

decreases gradually in jejunum and ileum, respectively (Hu, Liu, Tang, & Zhang, 

2006). In another study metformin showed absorption in small intestine that decreases 

rapidly in colon (Marathe et al., 2000). These studies depicted that metformin showed 

site specific drug absorption that justified the fact that sustained-release formulations 

have low bioavailability as compared to immediate-release formulations 

It was considered that the factors influencing in-vitro drug release and in-vivo 

drug absorption must be evaluated to predict the in-vivo drug behavior. It can be 

concluded that these two aspects played an important role in absorption mechanism of 

T3. The pH values of different regions of GI tract played important role in 

bioavailability as stomach pH ranged from 1.2 to 2.0, small intestine having pH 6.4 – 

7.4, cecum with pH 6.0-6.4 and colon having pH 6.1-6.6 (Johnson-Delaney, 2006; 

Merchant et al., 2011). 

When comparing the pharmacokinetic behavior of T1 and T2, the site 

specificity and its saturable absorpbtion in that particular region of GI tract must be 

considered (Sambol et al., 1996). To mimic the pharmacokinetic absorption mechanism 

of metformin, two dissolution media. 0.1 M HCl (pH 1.2) and phosphate buffer (pH7.4) 

were studied. Immediate release formulation increases the dissolution of drug because 

of metformin solubility in water. 

But it has poor absorption in stomach (10% in 4 hours) (Vidon et al., 1988). So the drug 

transit and much amount is available at its absorption site which creates its saturation 

at that place resulting some drug excreted in faeces. For T3, the polymer eudragit L-

100 produced insoluble film that swelled the entire GI tract causing drug release at 

constant level. T3 showed minimum drug release at stomach pH that cannot be 

absorbed in stomach so transit drug became surplus at its absorption site and sturable 
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absorption took place at deudomun jejunum and ileum. After 5 to 7 hours the much of 

the drug as unreleased reaches the colon causing low bioavailability. From the 

experiments it is evident that when T3 formulation reaches from stomach to intestine, 

drug release increases greatly as compared to T1 and T2. 

4.6 Pharmacodynamics analysis 

Rabbit blood glucose levels were determined after oral administration of oral 

solution, T1, T2 and T3 at 0, 1, 2, 3, 4, 8, 10, 12, and 24 hours’ intervals. Samples 

reading before and after drug administration were evaluated. 

Blood glucose levels of metformin oral solution were low when compared with T1, T2 

and T3 as shown in table 3.40. 

4.6.1 Comparison of control with other formulations 

The difference in blood glucose levels of all formulations were subjected to Dunnett’s 

test. Results showed non-significant differences of metformin oral solution and 

optimized formulations as shown in table 3.41. It is believed that the differences in 

blood glucose levels of control and optimized formulations are due to different release 

rate and the drug bioavailability causes the hypoglycemic effect that was significantly 

different in values with respect to the oral solution of drug or control group in a single 

dose study. 

4.7 Conclusion 

This substantial research work fulfills the need of developing a safe oral drug delivery 

hydrogel. Chitosan-based hydrogels were developed through a simple solvent 

evaporation technique. This newly-developed chitosan-based drug delivery system 

reduced dosage frequency, side effects, and enhance patient compliance. It is found that 

high molecular weight chitosan-based hydrogel containing sodium alginate, eudragit, 

and gelatin is a potential pH-sensitive polymeric system for controlling drug release 

of active pharmaceutical ingredient. Moreover, response surface methodology 

potentially helped to design the optimized formulation with the best combination of 

chitosan, genipin and other polymers (sodium alginate, eudragit, and gelatin). The 

acute oral toxicity studies revealed the safety of all the prepared hydrogels. 

Pharmacokinetic evaluation of the optimized formulations concluded that alginate 
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and eudragit L-100 modified the hydrogel to effectively control drug release with 

better hyperglycemic effect when compared with control.  

4.8 Future recommendations 

Followings are the recommendations for future studies in this area: 

 The integrative approach in non-toxic hydrogel formulation should be further 

explored with other polymers and crosslinking agents. Other hydrophilic and 

lipophilic drugs for diabetic control should also be investigated. 

 The pH sensitivity of hydrogels results in different drug release patterns as 

observed in in-vitro studies. Therefore, it is difficult to formulate an optimized 

hydrogel with the desired drug release rate. By altering the polymers 

composition and their interaction with crosslinking agent need to be explored 

on a molecular basis to achieve desired results. 

 Drug instability and drug dumping in an acidic environment can be altered by 

different coating techniques of the hydrogel. 

 Oral administration of hydrogels may cause lethal or toxic clinical symptoms in 

repeated intake for long-term uses. So chronic toxicity studies are required for 

the confirmation of further safety of hydrogels 
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