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ABSTRACT 

 

In this research, kappa(�)-carrageenan was extracted using different strengths of 

potassium hydroxide (KOH) from the sea-weed Kappaphycus alvarezii from farms 

in Fiji.  The extracted �-carrageenan based on their physicochemical properties was 

blended with chitosan, another natural marine polysaccharide, and crosslinked with a 

natural terrestrial product, genipin, to prepare hydrogels that could be used as drug 

delivery systems.  

 

Chapter one provides an overview of the importance and the applications of the 

biocompatible polymers namely, chitosan and carrageenan.  

 

The second chapter deals with the extraction of �-carrageenan from the seaweed 

using various concentrations of the alkali (KOH) solution and precipitating it in 

alcohol. Infrared spectra of the extracted �-carrageenan was similar to the reference 

material. With an increasing alkali concentration for the extraction, the yield of �-

carrageenan increased while the sulfate content, determined by gravimetric method, 

and the viscosity average molar mass decreased. The mechanical property of the �-

carrageenan gels determined by the texture analyser, showed an improvement for 

gels extracted with increasing alkali concentration up to 0.3 M. Higher alkali 

treatment ( > 0.3 M) showed a sharp decline in strength. The melting temperature, 

determined from differential scanning calorimetry, also showed an increase for gels 

extracted using up to 0.3 M KOH. The Young’s modulus increased up to 0. 3 M 

only, making it the most elastic gel of all the alkali extracts. The activation energy of 

viscous flow was found to decrease for the �-carrageenan solutions extracted with 

increasing alkali concentration and provided evidence for the behaviour of the gels in 

terms of chain length and its transformation to helical form. The �-carrageenan 

solutions followed the Non-Newtonian fluid behaviour.  

 

The third and the fourth chapters deal with hydrogels made by blending �-

carrageenan extracted using KOH of concentration 0.1 and 0.3 M in different ratios 
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with chitosan and crosslinking it with genipin. Drug loading technique was done in 

two ways; matrix method (chapter 3) and the encapsulation method (chapter 4).  

 

In chapter three, the membranes for drug release were prepared by blending varying 

amounts (20, 30 & 40 vol %) of �-carrageenan with chitosan and cross-linked with 

genipin. FTIR analysis showed that �-carrageenan did not crosslink with chitosan, 

thus a semi-interpenetrating network was formed. Swelling and drug release from the 

membranes were investigated in four different release media (gastric juice, acetate 

buffer, intestinal fluid and distilled/deionized water) which had a pH of 1.20, 4.50, 

6.80, 6.89 respectively. The drug content in the swelling media was measured by 

UV/Vis spectrophotometer at 291 nm. Swelling and drug release was found to be 

dependent on the ionic composition, pH of the media and the concentration gradient. 

Membranes containing �-carrageenan treated with 0.3M KOH showed faster release 

than 0.1 M. In both cases, increasing amounts of �-carrageenan showed more and 

faster release of the drug. 

 

In chapter four, the preparation of the membranes was similar to that done in chapter 

three with the exception that the drug was capsulated within the membrane and the 

whole sample was used for drug release investigation. This study was carried out in a 

pharmaceutical lab following the sink conditions and the pharmacopoeial method to 

study the release kinetics. Four equations; the Zero order, First order, the Higuchi 

plot and the Korsmeyer Peppas equations were used to explain the release kinetics 

and mechanism. The release was found to be pH dependent. Highly acidic pH media 

lead to the erosion of the membrane and hence the immediate release of the drug was 

achieved within the first 15 and 30 min respectively. In a more neutral pH, release 

was slow and was due to diffusion.  

 

The fifth chapter is the general conclusion reached from this investigation and also 

provides recommendations for further investigations especially in the use of �-

carrageenan for the development of membranes for pharmaceutical research.  
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CHAPTER ONE 

 

General Introduction 

 
Biopolymers are usually sourced from terrestrial or marine plants and animals and 

are sustained hence they are carbon neutral molecules because they do not add to the 

increase in carbon dioxide but rather is reused in the creation of it by the 

decomposition cycle. They are also biodegradable because they can be broken down 

by microorganisms by attacking the ester and hydroxyl linkages in the chain. These 

bio polymeric materials have gained popularity in the medical field due to them 

being accepted by the human tissue as they majorly comprise of polynucleotides, 

polysaccharides or polypeptides which are not foreign to the body. They are low in 

toxicity and immunogenicity and hence do not cause hyperactivity in the cells. Some 

examples of biopolymers include carrageenan, starch, agar, chitosan, gelatin, 

collagen and poly (lactic acid). Their applications  vary depending on the intended 

site of action for example, agar is used in wound dressing and as food products 

(Glicklis et al., 2000), chitosan in drug delivery (Madihally & Matthew, 1999) and 

collagen has a wide range of use from tissue engineering, drug delivery and surgery 

(Mahmood & Mathew, 2002) to name a few. The biopolymers used in this study 

were chitosan and carrageenan and will be discussed below, in terms of their 

properties, structure and applications.  

 

Chitosan, a marine biopolymer, is derived from chitin (Figure 1, adapted from 

NEUROtiker, (2007) through deacetylation process and is sourced from the shells of 

crabs, shrimps, cephalopods (squid pens) and fungi. Chitosan (Figure 1.1; (Murug, 

2007)) is composed of β (1→4)-linked 2-acetamido-2-deoxy-β-D-glucose units (P.K. 

Dutta, Ravikumar, & J. Dutta, 2002. Chitosan is deacetylated in order to achieve the 

reactivity from the amino groups and excellent results are achieved with a higher 

degree of deacetylation. This polymer has excellent medicinal properties such as, 
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biodegradability, bio-compatibility, non-toxicity, and adsorption (Hudson & Smith, 

1998) and hence widely used in biomedical applications. Chitosan has been used for 

the removal of metals (Reiad, Abdelsalam, Abadir, & Harraz, 2013), for wound 

treatment as an antimicrobial agent (Abdelgawad, Hudson, & Rojas, 2014; Dai, 

Tanaka, Huang, & Hamblin, 2011), in catalytic work (Sun & Li, 2011), fuel cell 

membrane application (Vaghari, Jafarizadeh-Malmiri, Berenjian, & Anarjan, 2013) 

and in various pharmaceutical applications (Luo & Wang, 2014; Shaji, Jain, & 

Lodha, 2010) owing to some of its properties mentioned above. 

 

Furthermore, chitosan can be made into films, beads, microspheres and precipitates 

for application in pharmaceutical for drug release. However, chitosan dissolves in 

strong acidic medium and needs to be crosslinked to improve its mechanical 

property. Several crosslinkers such as glutaraldehyde, formaldehyde, vanillin, 

genipin, radial polymerization and 1, 6-hexamethylenediisocyanate or 1, 6-

hexanedibromide has been used successfully (Aggarwal & Pahuja, 2013). However, 

all are cytotoxic except genipin.  

 

 

 

Figure 1: Proposed structure of Chitin, highlighting the region of the polymer 

chain with the acetyl group still intact with the amino group. 
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Figure 1.1: Proposed structure of Chitosan, highlighting the region of the 

polymer chain with the loss of the acetyl group by alkali treatment (deacetylated 

product). 

 

Genipin, is derived by the hydrolytic breakdown of the geniposides found in the 

fruits of Gardenia jasminoides Ellis. It has the molecular formula C11H14O5 (Figure 

1.2; (Edgar181, 2007) and contains a dihydropyran ring (Djerassi et al., 1961). 

Genipin itself is colourless but it reacts spontaneously with amino acids to form blue 

pigments (Djerassi et al., 1961).  The blue pigments are edible and is currently being 

used as a blue food colourant in East Asia (Park, Lee, Kim, Hahn, & Paik, 2002). 

Genipin is used in many food and medical applications due to low cell toxicity 

levels. It is sparingly soluble in water and can be made more soluble with 

sonification techniques. Genipin has gained high demand especially in 

biomedical/pharmaceutical uses not only due to low cytotoxicity levels but also it  

being a natural crosslinker forming highly stable, biologically compatible products 

(Muzzarelli, 2009; Butler, Ng, & Pudney, 2003). It crosslinks with chitosan (Yuan et 

al., 2007; Yan et al., 2010; Muzzarelli, 2009) due to the presence of free amine 

group. Cross-linking reactions occur via nucleophilic attack of the amino groups of 

chitosan by the dihydropyran ring of the genipin molecule, at low to neutral pH’s and 

short cross-link bridges are obtained, while at basic pH’s long cross-link bridges 

occur (Yuan, Bumgardner, Chesnutt, Haggard, & Riccardo, 2009). Genipin has been 

used as a crosslinker with gelatin in in-vivo trials showing very low cytotoxicity 

(H.C. Liang, Chang, H. F. Liang, Lee, & Sung, 2004; Kirchmajer, Watson, Ranso, & 

Panhuis, 2013; Schek, Michalek, & Iatridis, 2011). Based on the low cytotoxicity 
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over other crosslinkers, genipin has been used in the present work for cross linking 

with chitosan. 

 

Figure 1.2: Structure of Genipin 

 

Furthermore, polymers sourced from marine algae also show excellent gelling 

properties and have been easily recovered and utilised in numerous food 

applications. These algal extracts, are excellent food sources and provide much 

nutritional value if added in the correct season which may be difficult to find in other 

convenient foods in the market. Seaweed has been consumed in numerous parts of 

the world in a variety of ways and has very low calorific value and is packed with 

minerals, vitamins, dietary fiber, proteins and antioxidants (Ito & Hori, 1989; Darcy-

Vrillon, 1993; Lahaye, 1993). They have been also used in traditional remedies 

(Smit, 2004). Seaweeds are one of the natural sources abundant in primary and 

secondary metabolites which are highly important as biologically active compounds 

for medical uses (Faulkner, 2002) and their discovery has significantly increased 

recently especially within the network of drug discovery research (Smit, 2004; 

Cardozo et al., 2006; O’Sullivan et al., 2010). They have been utilised by the 

pharmaceutical industry in the progress to treat ailments such as pain, cancer, AIDS, 

inflammation, arthritis, viral, bacterial and fungus infections (Deig, Hatch, & 

Riedlinger, 1974). It is these properties also inherent in carrageenan as one of the 

above biopolymeric material, which makes it an interesting candidate for use in food 

and pharmaceutical applications (Shojaee-Aliabadi et al., 2014). 

 

Kappaphycus alvarezii is an important red algae, which yields carrageenan, a 
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commercially important biopolymer. Carrageenans are highly sulfated 

polysaccharides of the galactan group with alternating 1,3 and 1,4 linked galactose 

residues (Figure 1.4), which fill spaces between the cellulosic plant structure of red 

seaweeds (Imeson, 1992), making up between 30 to 80% of this cellulosic material 

(Whistler and Be Millar, 1997). Carrageenan, the cell wall polysaccharide, is the 

most important source of �-carrageenan in the world (Bixler, 1996). Depending on 

the number and position of the sulfate groups along the chain, carrageenans are 

classified as µ (mu), � (nu), � (lambda), ε (epsilon), � (kappa), � (iota) and � (theta) 

types (Li, Ni, Shao, & Mao, 2014) and this affects the chemical and functional 

properties of the different types of carrageenan. One of the most important properties 

of carrageenan is gel formation. � and �-carrageenan form gels in the addition of 

counter ions whereas �-carrageenan does not.  

 

The recovery process is outlined below in Figure 1.3. 

 

 

Figure 1.3: Extraction methodology via alcoholic precipitation of carrageenan 

from raw seaweed. 
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Moreover, carrageenans are employed in a range of food applications such as in 

gelling products, as thickeners, and as a commercial stabilizing agent, especially in 

frozen and milk desserts: milk chocolate, whipped cream, cottage cheese, instant 

food products, sauce, pet foods and jellies. It gives food the needed texture and 

palatability.  

Figure 1.4: Extraction of ��-carrageenan using alkali from raw carrageenan (µ).

 

The market for carrageenan is prevalent in Asia and the Pacific and present sources 

of cultivated eucheumatoids seem incompetent of sufficing the quality, price and 

volume in terms of the necessities for the handling by industries (Ask, Ledua, 

Batibasaga, & Mario, 2003). The commercial farming of Kappaphycus alvarezii was 

established in the Philippines during the latter half of the 1960s by utilising local 

varieties of the seaweed picked from the wild types (Parker, 1974). Since then, 

countries like Japan, Tanzania, Indonesia, Fiji, Kiribati, South Africa and Hawaii 

have been farming this species on a commercial scale (Johnson and Gopakumar, 

2011). 

Fiji has been exporting this seaweed to the Asian countries inclusive of the malaria-

fighting red seaweed, which has shown a promising prospect in the treatment of 

mosquito-borne sickness. Pacific Seaweed, a locally owned and operated company, 

is also commercially farming and trading bird nest seaweed, sea grapes, seaweed salt 

across the globe to countries that possesses health benefits of consuming these 

seaweeds every day (Seeto, 2014).  

In Fiji, this industry has gone through a lot of hardships from an inappropriate 

training of the staff, to a lack of farming and testing resources, and drastic weather 

conditions such as floods and typhoons. In 1997, a special funding known as the 

Commodity Development Fund, was initiated by the Ministry of Agriculture, 
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Fisheries and Forestry in order to provide the financial resources necessary for the 

development of local marine products for trade purposes. This fund was to include 

the farming and development of aquaculture projects such as pearl farming and 

cultivation of Kappaphycus alvarezii. Kappaphycus alvarezii was initially introduced 

in the year 1975 (Luxton, Robertson, & Kindley, 1987; Prakash, 1990) from the 

Philippines. As of now, it is farmed in the central division, in Tailevu, in the 

Northern division and a few other prominent islands such as Kadavu and exported to 

FMC biopolymer as dry mass. However, the current export does not meet the 

demand. Therefore, investing in this seaweed farming can prove to be economical. 

Information regarding the physicochemical properties of carrageenan is very 

important to its applications in the food and pharmaceutical industries and if 

validated while exporting, increases the demand of the product as market criteria is 

met. 

 

As a next point, chronic diseases can be maintained with the therapeutic dosage of 

the drug at approved intervals (Goyal et al., 2009). Hence, pharmaceutical release 

today targets formulations that can extend the release over a period of time or in 

other words produce a controlled/sustained release. There is an added advantage 

when a low dosage of the drug is released in comparison to burst release whereby a 

large dosage of the drug is released before the reaches a stable plateau (Huang & 

Brazel, 2001), which leads to side effects including stomach discomfort.  

 

There are three major drug release systems and these are further discussed below, 

according to Choudhary (2014). These are diffusion, dissolution and diffusion and 

dissolution controlled type systems. In diffusion controlled, usually there is a hollow 

system with the drug, which is released by the diffusion of the media, following 

Fick’s first law of diffusion. Of the diffusion controlled, there are two types; the 

reservoir and matrix device. In the reservoir type, the drug is specifically enclosed 

with a non-hydrophilic polymer and is shaped as either spherical or a slab and 

examples include beads, pellets and microencapsulations. In a matrix device, an inert 

polymer is used and the drug is evenly distributed. These devices are either rigid for 

example PVP materials or swellable such as HPMC, xanthum-gum, guar-gum 

etcetera. 
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In a dissolution controlled system on the other hand, whereby release is dependent on 

drug and device parameters, a particular kinetic profile is made use to describe the 

release pattern as discussed in the paragraph below. There are two major types, the 

matrix type and the encapsulation method. In the matrix type, the drug is compressed 

with the carrier while forming the tablet. This usually follows a first order release. 

On the other hand, in the encapsulation method, the drug is coated with the 

polymeric material.  

 

At such, mathematical models are used to explain the type of diffusion and by using 

the kinetics of release, and the parameters of the study, one can identify the 

behaviour of these polymeric membranes. Dissolution studies offer an easier 

explanation due to the many hurdles as part of the preparation, polymer chain 

interactions and the nature of the polymers used. The correct model is able to 

quantitatively predict the effect of the study parameters using the release kinetics 

(Suvakanta et al., 2010). Degradation of the polymer or drug, swelling of the matrix, 

osmotic changes, adsorption, changes in the microenvironment of the matrices due to 

changes in the polymer networks, chemical reactions between the drug and or the 

polymer with the release media and shear stress affecting the shape of the matrix 

(Roman et al., 2010), are some of the release mechanisms. However, all of these 

cannot be accounted for and hence kinetic models take into account the major factors 

in order to describe the release mechanism.  

 

Drug dissolution has been characterised using many models, of which the major ones 

include the First order, Zero order, Higuchi model, Hixson-Crowel, Korsmeyer 

Peppas and Ritger Peppas, Weibul model, Baker-Lonsdale, Hofpenberg model 

(Shoaib et al., 2006) and many more. Using the graphical method, the slope (n), the 

regression coefficient and the rate constant, the mechanism of the release can be 

explained (Shoaib et al., 2006). In addition, using the Korsmeyer Peppas equation, 

whether a Fickian (n = 0.5) or a non-Fickian (n is between 0.5 and 1) type of 

diffusion, can be identified (Suvakanta et al., 2010). 

 

In addition, hydrophilic drugs are usually used for drug release systems typically as 

an oral administration due to its effectiveness in showing a release profile as well as 
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having low costs. However, drug release from hydrophilic matrices is dependent on 

the dissolution, diffusion and the erosion mechanism (Salome et al., 

2013;Ramakrishna et al., 2011), which is used to explain the behaviour of the 

polymeric membrane in the media.  

 

Hence, this project will look at the extraction and the physical characterisation of this 

extracted product from the carrageenan grown in Fiji, produce drug loaded 

biocompatible films out of the blending and crosslinking of these polymers and 

further characterise the type of release and identify the mechanism of release from 

this biocompatible blend. This will help understand the behaviour of carrageenan 

chains based on pH and the prior treatment with varying amounts of KOH 

concentration as there is limited literature on the treatment of carrageenan with KOH 

as the alkali used for pre-alkali treatment before extraction and concepts of activation 

energy, fluid behaviour and tensile tests have been used to verify this, again limited 

in the literature. 

 

 

Objectives of this study 
The objectives of this study are to: 

 

� Extract the κ-carrageenan from the sea algae, Kappaphycus alvarezii and using 

different concentrations of KOH, characterize the physicochemical properties. 

� Develop membranes of extracted κ-carrageenan blended with chitosan in 

different combinations of the two polymers and crosslinked with genipin. 

� Load model drug into the membranes and study the release kinetics in 

gastrointestinal media at different pH. 
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CHAPTER TWO: 
 

 

Physicochemical properties of kappa-carrageenan extracted 

from Kappaphycus alvarezii using different concentrations 

of potassium hydroxide and its impact on the gel 

characteristics. 
 

 

 

2.0 Introduction 
Carrageenans are water soluble, sulfated polysaccharides of the galactan group with 

alternating 1, 3 and 1, 4 linked galactose residues found in the diverse algal species 

in the aquatic environment (Tanaka , Lu , Yuasa, & Yamaura, 2001; Keppeler, Ellis, 

& Jacquier, 2009; Tecante & Santiago, 2007). These sulfated polysaccharides are 

valuable because there are no equivalents in terrestrial plants and their chemical and 

biological properties resemble the mammalian glycosaminoglycans (Silva et al., 

2012). Carrageenans are  hydrophilic (Nanaki, Karavas, Kalantzi, & Bikiaris, 2010) 

because of the presence of hydroxyl and sulfate groups in the molecule. They have 

the ability to form cooperative intra to inter chain hydrogen bonds resulting in 

hydrogels which are thermoreversible (Mustafa, Nuriye, Gulsin, & HalilIsmet, 

2011).   

 

Alkali treatment of the seaweed improves the gelation property of carrageenans 

(Almeida et al., 2011; Distantina, Wiratni, Fahrurrozi, & Rochmadi, 2011). The 

mechanism of gel formation has been well studied and is reported to be due to the 

conformational change from a coil to helical structure (Nickerson, Paulson, & 

Hallett, 2004). Potassium salt is generally used for the extraction because it converts 
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the µ -carrageenan to the � form (Azevedo et al., 2013) and improves the gelling 

ability while other metal salts do not (GENU, 2001). The presence of the sulfate 

group makes carrageenans anionic in nature and sensitive to the pH environment 

during swelling (Mitsumata, Suemitsu, K. Fujii, T. Fujii, Taniguchi, & Koyama, 

2003). Due to its excellent gelling ability, carrageenans are widely used as thickening 

agents in food and pharmaceutical industries (Campo, Daniel, Dílson, & Carvalho, 

2009; Li, Ni, Shao, & Mao, 2014), and potent as raw materials of hydrogels (Popa, 

Manuela, & Reis, 2011; Meena, Prasad, & Siddhanta, 2007; Li et al., 2014). 

Although carrageenan is widely taken in orally, it cannot be digested (Necas & 

Bartosikova, 2013) by the human body and therefore provides no nutritional benefit 

(Yeager, 2013).  

 

�-carrageenan is extracted in high levels from the seaweed Kappaphycus alvarezii 

which belong to the class of red algae (Almeida et al., 2011; Webber, de Carvalho, & 

Barreto, 2012) and is commercially farmed in many parts of the world including Fiji. 

The tropical conditions necessary for the growth of this seaweed has led many 

coastal families generating income from seaweed farming and is one way to adapt to 

climate change affecting small island nations.   

 

This seaweed, Kappaphycus alvarezii was introduced in Fiji between the years 1970 

to 1980 for commercial purposes. The seed stock was Filipino in origin but arrived in 

Fiji from Tonga after several years of research conducted in the South Pacific 

countries. Due to natural disasters, political instability from the mid 1980’s until 

2000, lack of production, unreliable marketing and more importantly insufficient 

information about this seaweed had led to the downfall of this industry (Ask, Ledua, 

Batibasaga, & Mario, 2003). However, the Kappaphycus alvarezii seaweed industry 

is now being revived and is exported as dry mass.  

 

Based on our literature survey, the information on carrageenan content and the 

physicochemical properties of extracted carrageenan gels after treatment with 

different concentrations of the alkali remains limited and inconsistent. The 

discrepancies arise mainly because of the extraction technique, analytical methods 

and geographical area for cultivation of the seaweed. The extraction process is vital 
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to tune up the gelling behavior which is of great importance in the food industry 

especially when used as thickeners, stabilizers and food jellies to name a few 

(Rinaudo, 2008; Muhamad, Shu, Hui, & Mustapha, 2011).  

 

The purpose of this study is to contribute additional information to the existing 

literature on the physicochemical properties of �-carrageenan extracted from the 

farmed Kappaphycus alvarezii using different strengths of potassium hydroxide. 

Since carrageenan is widely used in food industries, investigating the properties of 

the carrageenan polymeric chains extracted using different strengths of the alkali will 

help to understand the gelling behavior. Thus it can be used for different applications 

without further treatment. Furthermore, the activation energy of viscous flow of the 

polysaccharide chains extracted using different concentrations of the alkali was 

determined to explain the properties of the gels with respect to chain length.  
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2.1 Materials and Methods 
 

2.1.0 Sample collection and reagents  

Two strains of the seaweed, Kappaphycus alvarezii – Tambalang and Sacol, were 

used for the extraction of �-carrageenan. The Sacol strain was collected from a 

commercial farm from Nakaloaca Village of Viwa Island and the Tambalang strain 

was from Matanuku Island, Kadavu, Fiji. Both strains were transported to the 

laboratory in sea water. Laboratory grade potassium hydroxide was used for the 

extraction. All other chemicals were used without further purification. Deionised 

water was used for solution making.  

 

2.1.1 Carrageenan Extraction 

The seaweed was cleaned using distilled water to remove small debris, salt and sand. 

The washed seaweed was sun dried, cut into 	 1cm length and further oven dried at 

65 °C to a constant weight. The extraction procedure was similar to an earlier study 

(Distantina et al., 2011) with some modifications. Both the strains of the seaweed 

were used for the extraction of carrageenan. About 20 g of dry Kappaphycus 

alvarezii was soaked in deionised water for at least 15 min and then transferred to the 

respective extraction solvent (deionised water, and the different KOH concentrations: 

0.05, 0.1, 0.2, 0.3 and 0.5 M) at a temperature of  95 ± 0.1 °C and extracted for about 

an hour at this temperature.  

 

The water content was maintained in a ratio of 1:50 g/ml and stirred at 100 rpm using 

a magnetic stirrer. The hot solution was filtered using a 500 µm stainless steel mesh 

and transferred immediately into cold (~5 °C) 96 % ethanol, causing it to precipitate. 

The ratio of the carrageenan containing solution and the alcohol was 1:2 v/v. The 

alcohol solution was decanted and the fibrous precipitates/agglomerates of the 

carrageenan were maintained in an ice bath for about 15 min. The precipitated 

carrageenan was collected by vacuum filtration and oven dried at 65 °C overnight 

until a constant dry weight was achieved. The dried carrageenan was stored in a 

desiccator for further analysis. Alternatively, the extraction procedure was repeated 

using cold (~5 °C) absolute propan-2-ol to compare the yield of the extracted 

carrageenan from the two strains of the seaweed.  
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2.1.2 Gel & solution Preparation 

Solutions of concentrations of 0.5 - 1.5 % w/v were prepared by using the dried 

known mass of �-carrageenan extracted with various alkali concentrations and 

dissolving them in known volume of hot deionised water (95.0 ± 0.1 °C). These 

solutions were heated and stirred at 60 rpm using a magnetic stirrer. The solution 

temperature was maintained at 95.0 ± 0.1 °C and left at this temperature until all the 

solid mass dissolved (approximately 30 – 40 min). The hot solution was left to cool 

for 24 hours at ambient temperature. 

 

2.1.3 Infrared Spectroscopy 

ATR-FTIR (Perkin Elmer FTIR Spectrometer (Spectrum 1000) was used to identify 

the peaks in the extracted carrageenan and validate it against the standard sample. To 

observe the effect of alkali concentration on carrageenan during extraction, 0.5 % 

w/v solutions were prepared using �-carrageenan that was extracted using 0.1, 0.2, 

and 0.3 M KOH respectively and completely dried into films in a 35 mm Petri dish. 

All the films were made of a constant volume (20 mL), in order to produce an even 

film thickness. The dried films were then placed on the diamond crystal of the ATR-

IR cell and scanned 32 times at a resolution of 2 cm-1 and recorded from 400 to 4000 

cm-1. 

 

To observe the conformational change occurring during the gelling process, gels 

were made from a 1.5 % w/v concentration of �-carrageenan in order to obtain the 

spectra below and above the melting temperature. Changes in the position of the 

peaks were investigated with respect to increasing temperature using the custom 

designed high temperature FTIR cell.  

 

2.1.4 Sulfate content 

The sulfate content in the extracted carrageenan after alkali treatment was 

determined using the gravimetric method (Compendium of Food Additive 

Specifications, 2001). One gram of the extracted �-carrageenan from the Sacol strain 

was weighed and hydrolyzed in 60 ml of 1 M HCl for 40 min at 100 oC. While 

boiling, 15 mL of barium chloride dihydrate (0.25 M) was added drop wise with 

continuous stirring. The precipitate was left to stand for 30 min followed by vacuum 
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filtration using Whatman 40 ash less filter paper.  

 

Crucibles were pre-dried in an oven at 200 °C and weighed, the filter paper and the 

precipitate was placed in the crucibles and charred at 850 °C for 1 hour in a muffle 

furnace. The crucibles were weighed to three constant mass after drying at 200 °C. 

Percent sulfate content was calculated based on the weight of the barium sulfate (W1) 

obtained per dry mass of the seaweed (W2) multiplied by the quotient factor of 

molecular weight according to equation 2.0 (Compendium of Food Additive 

Specifications, 2001). 

 

                   % sulfate = (W2/W1) x 100 x 0.4116      (2.0) 

 

2.1.5 Viscosity average molecular weight 

The viscosity average molecular weight for the �-carrageenan extracted from the 

Sacol strain was determined using a Cannon-Fenske routine viscometer (# 25) at 25 

± 0.1 o C in triplicates adopted from Distantina et al. (2011) with minor 

modifications. �-carrageenan solutions were prepared in distilled water in the 

following concentration; 0.01 to 0.05 g/dL. The relative viscosity (
rel) was 

calculated using the procedure by Paul & Michael (2009) and calculated using 

equation 2.1. Here �, is the viscosity of the �-carrageenan solution and ��, is the 

viscosity of distilled water, t is the flow time of the �-carrageenan solutions and to is 

the flow time of distilled water. 

 

���� =  �
��

= 	

	
�

= 	
	�

             (2.1) 

  

The 
��� was determined by 	
	�

. The specific viscosity (���) was evaluated according 

to equation 2.2. 

��� = ���
��

= ���� − 1          (2.2) 

 

A plot of ���vs the solution concentration allowed the intrinsic viscosity (
) = 

����
� �

�→�
 to be obtained from the intercept of the y axis. The viscosity average 
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molecular weight was determined from the Mark Houwink Sakurada’s equation 

(2.3). 

 

[�] = ���                            (2.3) 

 

Where �, is the intrinsic viscosity of the polymer, M is the molecular weight of the 

polymer sample and K and a are constants determined experimentally. 

 

The values of K and a were 10-4 and 0.9 respectively determined in distilled water at 

25 °C (Walstra, 2003).  

 

2.1.6 Mechanical Property 

Solutions of concentration 1.5 % w/v prepared using carrageenan that was extracted 

using 0.05, 0.1, 0.2, 0.3 and 0.5 M KOH in deionised water formed gels after 24 

hours on standing at ambient temperature. Uniaxial compression tests were 

performed on these gels at 25.0 ± 0.1 °C using a Shimadzu Texture Analyzer EZ Test 

Series (25kg) using the compression jig set. The gels of cylindrical shape of diameter 

5 cm and a thickness of 5 cm were used. The compression depth was 1.5 cm. The gel 

surface was penetrated at a crosshead speed of 5 mm/min. The test was repeated 

thrice using new set of samples.  

 

From the curves obtained by the compression test, the slope of the curve was 

calculated and using the cross-sectional area and length of the sample, the Young’s 

modulus (E) was calculated.  

 

Tensile test was carried was out on the same instrument using the dry gel films 

prepared from the same solutions used for the wet gels in triplicates. The dimensions 

of the dried films were 5 cm x 1 cm. The crosshead speed was 5 mm/min. The cut 

film was clipped on both the ends using an extensometer with a file grip teeth type 

jig-set and the Load (N) measured the amount of force needed to break the film as 

the films elongated in response to the pull by the jig sets from both the ends in 

accordance to ISO527-1:2012 ( Murakami, 2013). 
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2.1.7 Thermal Analysis 

The melting temperature for the different gels was determined using a Perkin Elmer, 

Pyris 6 Differential Scanning Calorimeter (DSC) which had a sensitivity resolution 

of around 0.6 uW. Calibration was done with Indium standard. The method was 

adopted from Mali, Grossmann, Garcia, Martino, & Zaritzky (2002). Approximately 

15 mg of the wet gel (same as the ones used for compression test) were weighed into 

an aluminum pan and sealed with epoxy adhesive and cured for 24 hours before 

analysis. This process was done to hermetically seal the pan to prevent water loss 

during heating. The samples were heated from 20 to 100 oC at a heating rate of 5 
oC/min and then cooled at the same rate to -50 oC. Three trials on each gel type were 

conducted using fresh samples.  

 

2.1.8 Conductivity measurement 

The conductivity of the dried gel films used for tensile measurement was measured 

using a Multimeter (MY 69) by supplying voltage with a 100 MS/s Oscilloscope (NI 

ELVIS ii +) and converted to Siemens per meter. Five drops of deionized water was 

added to the dried films and the reading was taken after 15 min. 

 

2.1.9 Activation Energy 

The activation energy of viscous flow (Ea) of the �-carrageenan chains treated and 

untreated with alkali was calculated by viscometric technique. Solutions of �-

carrageenan with the following concentrations; 0.2, 0.3, 0.4 and 0.5 % w/v were 

prepared in deionised water.  

 

A Haake Visco Tester (7L) with a L4 spindle was used to measure the dynamic 

viscosity at 60 rpm of the solutions at different temperatures (40 to 65 ± 0.1 °C) 

controlled by a custom designed PID controller (# 20140). Detailed experimental 

procedure for the Ea for polymer solutions is given in Rohindra, Lata, & Coll (2012). 

 

2.1.10 Fluid Behaviour 

The Newtonian behavior of the solutions (0.2 & 0.5 % w/v) was determined by 

measuring the dynamic viscosity at different rpm (0.3 – 200) with a L4 spindle at 

ambient temperature.  
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2.2 Results and Discussion 
 

2.2.0 Carrageenan Yield 

The treatment of the seaweed using different concentrations of potassium hydroxide 

affected the yield of �-carrageenan. The wet to dry ratio of the Sacol strain was 

found to be 10:1 while it was 13:1 for the Tambalang strain. The �-carrageenan yield 

increased when treated with increasing concentration of the alkali for both the strains 

of the seaweed as shown in Table 2.0. A recent study by (Azevedo et al., 2013) also 

reported higher recovery with increasing alkali treatment. Even though the 

Tambalang strain showed a slightly higher yield than the Sacol strain, the latter strain 

was used for further analysis as it was readily available.  

 

The increase in yield is suggested to be the result of the alkali’s dual role. Firstly, 

high alkali concentration ruptured the cell membrane of the seaweed which mainly 

consists of cellulose, mannose and xylose (Lechat et al., 1997). When the alkali 

metal ion penetrated into the membrane, this caused excessive swelling (Öztürk, 

Manh, & Bechtold, 2009) thus, releasing more carrageenan. Secondly, 

transformation of the µ-carrageenan to �-carrageenan occurred by the conversion of 

the sulfate group into the anhydro bridge (Ciancia, Noseda, Matulewicz, & Cerezo, 

1993; Hoffman, Gidley, Cooke, & Frith, 1995).The yield is comparable to reported 

values using the same method of extraction (Mishra, Jayasankar, & Seema, 2006). 

However, results from another similar study (Distantina et al., 2011) showed the 

yield of the �-carrageenan to decrease when treated with increasing alkali 

concentrations. This difference may be due to the amount of carrageenan/cellulose 

polysaccharide content of the seaweed or the maturity period and farming conditions. 

Furthermore, the aqueous environment based on geography and the ionic content of 

the sea water also play a vital role in the physical properties including the yield 

(Phillips, 1996).  

 

No substantial difference was seen in the yield when using ethanol and propan-2-ol 

as precipitation solvents. However, propan-2-ol was found to give a slightly better 

yield, with clear precipitates than ethanol and also showed faster drying time.  
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2.2.1 Gel preparation 

Solutions of 0.5 - 1.5 % w/v concentration of the various alkali treated �-carrageenan 

was prepared and left at ambient temperature for 24 hours. A gel was defined as any 

of the concentration range, which was able to imbibe water into its network and 

withstand gravitation when the beaker was turned upside down (Figure 2). The 

critical concentration was determined for the different alkali treatment at which the 

gel was able to firmly hold onto the beaker without flowing. For solutions which 

showed a fluid like behaviour (Figure 2), the term ‘solution’ was used in this study. 

For the different alkali treatment (0.1, 0.2, 0.3 & 0.5 M), the gelling concentration 

was found to be 1.0, 0.8, 0.7 & 0.6 w/v % respectively.  

 

Previous rheological studies have shown that in moderate concentrations (0.7 to 

1.4% w/v), in the absence of ions (Tecante & Santiago, 2007), only weak gels are 

formed which do not rupture but flow (Ross-Murphy, 1995). According to Chen, 

Liao, & Dustan (2002) concentrations below 0.7 % w/v did not form gels.  However, 

in this work, firm gels were established at 0.7 % w/v of the 0.3 M treated alkali �-

carrageenan. This suggests that �-carrageenan extracted from this species of the sea 

weed using the alkali concentration of 0.3 M, results in a better gel. As the alkali 

concentration increased to 0.3 M, more of the μ-carrageenan converted to ĸ-

carrageenan and the hence firmer gels, as was also reported by Therkelsen (1993). 

 

Table 2.0. Percentage yield of ��-carrageenan extraction from two strains using 

different concentrations of KOH. 

 

 

 

 

 

 

 

 

 

 

                      % Yield of  Sacol strain   % Yield of Tambalang strain 

 Ethanol Propanol Propanol 

Distilled water 28.58 28.36 29.34 

0.05 M KOH 33.71 31.23             

0.1 M KOH 36.08 39.74 46.24 

0.2 M KOH 48.88 52.58 

0.3 M KOH 

0.5 M KOH 

60.77 

61.49 

77.56 

60.96 

74.39 
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Figure 2. Carrageenan solutions in the form of ‘firm’ gels (left) and flowing/non-gelling 

‘solution’ (right). 

 

2.2.2 FT-Infrared spectroscopy 

To validate the identity of the extracted �-carrageenan, the ATR-FTIR spectra of the 

three different alkali treated films were compared with the reference. The peak 

positions are given in Table 2.1 which were assigned to the corresponding groups 

from the reference given in Table 2.2 (Compendium of Food Additive 

Specifications, 2001) with a few additions. To determine if the increase in yield with 

increasing alkali treatment of the seaweed was due to the conversion of µ to �-

carrageenan, the absorbance of the peak corresponding to the sulfate group was 

monitored. Figure 2.1 shows the spectra of �-carrageenan extracted using different 

concentrations of the alkali with a stable baseline at zero absorbance. Changes in the 

amount of carrageenan from the µ to � form was determined by applying the ratio 

method where the peak corresponding to the sulfate group is divided by a peak that is 

not affected by the alkali treatment. This ratio helped to identify the changes that 

occurred in the moiety subjected to various alkali treatment. This method has been 

used previously to identify peak changes in cross linked polymers (Guo, Schulte, 

Vigild, & Ndoni, 2012; Distantina, Rochmadi, Fahrurrozi, & Wiratni, 2013).  The 

peak that showed no change in absorbance (A) was at 793 cm-1 and is assigned to the 

3, 6-anhydro-D-galactose-2-sulfate moiety. This peak was used as the internal 

reference (A793) to compensate for changes in the absorbance due to film thickness. 

The peak at 842 cm-1 varied with increasing alkali concentration treatment. This peak 

is designated to the D-galactose-4-sulfate group. The ratio decreased for samples 
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extracted with increasing alkali concentration indicating a loss of sulfate group due 

to the breakdown of the polysaccharide chains by the alkali. There was a decrease in 

the absorbance of the hydroxyl group at 3396 cm-1 indicating a loss of this group due 

to the cyclization reaction (Ciancia, Matulewicz, & Cerezo, 1997). The peak at 917 

cm-1 is representative of the anhydro bridge. The ratio for this peak increased with 

increasing alkali treatment indicating cyclization due to the nucleophilic 

rearrangement.  

 

Table 2.1. FTIR peak designation for selected functional groups, the absorbance 

(A) and the ratio (A/A793). 

 

0.1 M 0.2 M 0.3M 

Peak 

(cm-1) 

A A/A793 Peak 

(cm-1) 

A A/A793 Peak 

(cm-1) 

A A/A793 

793 0.0338 1 793 0.0324 1 793 0.0388 1 

842 0.0527 1.56 842 0.0492 1.52 842 0.0586 1.51 

917 0.0452 1.34 917 0.0458 1.41 920 0.0563 1.45 

3396 0.0234 0.69 3379 0.019 0.59 3367 0.0206 0.53 

 

Table 2.2. FTIR peak designation for ��-carrageenan. 

 

To observe the conformational changes in the gels when transforming from the helix 

to the coil form during heating (Figure 2.2), the IR spectra were obtained with 

respect to increasing temperatures. Unfortunately, the conformational change from 

the helix to coil form was not detected. However, only a decrease in the OH 

Wavelength (cm-1) Functional group Wavelength (cm-1) Functional group 

3200-3600 OH 1029-1032 Glycosidic linkage 

1220-1260 the S=O of sulphate 

esters 

928-933 3,-6-anhydro-D galactose 

2902-2914 CH
2
 840-850 D-galactose-4-sulfate 

1640 Water band 800-805 3,6-anhydro-D-galactose-

2-sulfate 
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stretching was observed and is due to the escape of moisture from the heated 

chamber leading to moisture loss.  

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

700800900100011001200

A
bs

or
ba

nc
e 

Wavelength (cm-1)

0.2 M
0.1 M

0.3 M

917 cm-1 842 cm-1

793 cm-1

 
Figure 2.1. ATR-FTIR spectra of κ-carrageenan extracted using different concentrations 

of KOH. 
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Figure 2.2. (A) Temperature dependent FTIR spectra of the wet �-carrageenan gel. 

(B) Expanded region of the spectra where changes in absorbance were observed at 

different temperatures. 

 

2.2.3 Sulfate Content 

The gelling behaviour of �-carrageenan is dependent on the sulfate content and the 

molecular weight. Treatment with increasing concentration of the alkali leads to a 

decrease in the sulfate content as shown in Table 2.3. This behaviour is in good 

agreement to the reported literature (Distantina et al., 2011). A reduction in the 

sulfate group leads to better gelling due to cyclisation (Hoffman et al., 1995) and a 

shift from polymer-solvent to polymer-polymer interactions (Lahaye, 2001). The 

formation of the anhydro ring is considered a nucleophilic substitution reaction 

whereby the hydroxyl group of position 3 of the monomer chain is replaced on the 

position 6 of the sulfate (Ciancia et al., 1997), leading to the formation of the helical 

strands hence the enhanced gelling (Van, Knutsen, Usov, Rollema, & Cerezo, 2002). 
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Table 2.3.  Sulfate content of carrageenan with increasing alkali concentration 

for extraction.  

 

 

  

 

 

 

 

 

 

 

 

2.2.4 Viscosity Average Molecular Weight 

The intrinsic viscosity (
) and the viscosity average molecular weight of �-

carrageenan extracted using different strengths of the alkali are given in Table 2.4. 

The Mv was found to decrease with increasing alkali treatment and is due to polymer 

degradation. This finding is in good agreement with that reported by Y. C. Sun, Wen, 

Xu, & R. C. Sun (2001).   

 

Table 2.4. Intrinsic viscosity and the viscosity average molecular weight 

determined by the Mark Houwink Sakurada’s equation at 24.5 ± 0.1 °C. 

 

 

 

 

 

 

 

 

 

 

 

Type of extraction Mass (g) % sulphate 

 

Distilled water 0.4903 17.13 

0.05 M KOH 0.3689 12.75 

0.1 M KOH 0.3079 15.72 

0.2 M KOH 0.2195 9.03 

0.3 M KOH 

0.5 M KOH 

0.2117 

0.1786 

8.71 

7.35 

KOH (M)    ŋ (dL/g) Mv (g/mol) x 105 

0  134 64.2 

0.05  118 55.8 

0.1  106 49.5 

0.2  29 11.7 

0.3 

0.5 

 21 

18 

8.2 

6.9 
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2.2.5 Mechanical properties of the gels and the dry films 

 

The gel strength was measured in the compression mode and is given in Figure 2.3. 

The gel that required the most force to rupture the gel surface was identified as the 

strongest gel. This is given in Figure 2.3, whereby gels from 0.2 M treatment needed 

the highest force (N) to rupture the surface hence the most ntense peak was obtained 

in the graph. The region before the maximum explains the increasing force applied 

on the surface of the gel. The region after the maximum indicates the surface of the 

gel has ruptured. Strength increased for gels made from � carrageenan treated with 

increasing concentration of the alkali up to 0.3 M, also determined using the Youngs 

modulus in Figure 2.4. The gel strength reflects on the chain length and 

concentration of the cation. In this study, gels made from � carrageenan treated with 

0.2 M KOH alkali was found to be the strongest. This is in good agreement to the 

reported results by Therkelsen (1993). Chains of certain length have a better 

tendency to form the helix conformation with strong interconnecting helix linkages 

and hence a stronger gel as seen in Figure 2.3. Polymer chains of carrageenan 

obtained from higher alkali treatment, have a reduced Mv (Table 2.4). The observed 

trend suggests that as the Mv of the �-carrageenan chains get reduced, a shift in the 

helical arrangement of the chains occurs, leading to a better gelling up to a certain 

alkali concentration used for the extraction. This behaviour of the alkali treated 

carrageenan chains has been previously reported by Therkelsen (1993). Gels made 

from 0.5 M alkali treated �-carrageenan was the weakest. However, it maintained 

stress for the maximal time despite the loss in strength. The break point occurred 

after a longer time span as seen in Figure 2.3, the graph for the 0.5 M treatment 

shifts more towards the right before the maximal peak height was reached covering a 

greater distance (mm). This ability of the gel is achieved by shorter polymer chain 

length and high interlocks.  
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Figure 2.3. The gel strength of the carrageenan gel extracted with varying KOH 

concentration. 

 

From the compression test data, the gradient of the straight line was calculated and 

using the cross sectional area (625 mm2) and height of the original sample (30 mm), 

the Young’s modulus (E), was calculated. The derivation, adapted from Koliandris 

(2008) is as follows: 

 

E = �/e = �/�
��/� = F/A x L/�L   (2.4) 

 

Where:� = stress, e = strain, F = the applied force, A = the cross sectional area, L = 

the initial, unstressed length and ΔL = the change in length due to the stress 

 

According to Figure 2.4, the Young’s modulus of the gels increased as the alkali 

treatment concentration increased and was the highest for the 0.3 M. The films that 

were obtained by the drying of the gels, which were prepared from the different 

alkali treated concentrations (0.1 – 0.5 M), are given in Figure 2.5. All the films 

appeared transparent; carrageenan without alkali treatment doesn’t have film forming 
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ability hence exclusive from the studies. These films were tested to determine the 

nature of the κ-carrageenan chain networks. Figure 2.6 shows that the tensile 

strength of the dried gel films increased with increasing cation concentration before 

the films reached their break point. The films that needed the most force (N) to 

break, were identified as stronger. This behaviour is again believed to be similar to 

the explanation given for the compression test.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Young’s modulus, E for the different alkali treated carrageenan.  
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Figure 2.5. Dried films of �-carrageenan obtained from the varying alkali 

treatments; 0.1M (A), 0.2M (B), 0.3M (C) & 0.5M (D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. The strength of the dried films, as a function of Load (N) and Distance 

(mm).  
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2.2.6 Melting temperature 

The melting of the gel involves the orientation of the carrageenan chains from the 

helical to a coil conformation (Silva et al., 2012). This transition in the gels was 

determined using Differential Scanning Calorimetry. Figure 2.7 shows the 

thermograms for the different gels obtained in the heating scan. The endothermic 

peak is due to the melting of the gels and was found to shift towards higher 

temperatures for gels extracted using higher alkaline concentration. This behaviour 

was similar to that reported by Watase & Nishinari (1986). However, the cooling 

process did not show any exothermic peak indicating that gelling is a prolonged 

process and takes at least 24 hours according to Section 2.2.1. The changes in 

transition from phase order to disorder due to melting have been also reported using 

micro-DSC (Tecante &Santiago, 2007) for lower strengths of �-carrageenan however 

in normal DSC, no cooling (exothermic) peak is observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. The DSC scan of the hydrogels, showing the endothermic peak in the gels 

prepared using carrageenan extracted using different concentration of the KOH. 
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2.2.7 Conductivity measurement 

Bio-conductivity is an important property of biomaterials that are used in the medical 

sciences to transport proteins and enzymes in biological systems based on electrically 

charged films (Ates, 2013). �-carrageenan showed conductivity in both, the dry and 

the hydrated form as shown in Table 2.5. With the addition of deionised water, the 

conductivity increased greatly. It is suggested that the slightly negative initial charge 

of the carrageenan due to the presence of the sulfate group makes it reactive to the 

alkali metal ion. With the introduction of the potassium ion, carrageenan forms an 

ionic charge. It is this charge that is responsible for the electrical conductivity. With 

water as the media, the ions in the rigid state become mobile and thus the increased 

conductivity. Hence the conductivity of the carrageenan in the dry as well as the 

hydrated from is believed to be influenced directly by the presence of the amount of 

ions. 

  

Table 2.5. The dielectric properties of the dry and wet gel made from ��-

carrageenan extracted using different concentrations of KOH. 

 

 

 

 

 

 

 

 

 

 

 

2.2.8 Activation Energy 

Carrageenan extracted using alkali concentration up to 0.3 M showed better gel 

strength. In order to form strong gels, the amount of helical conformation of the 

chains in the gel should be high. Chains up to a certain length will favour such 

behaviour. Mv was found to decrease with increasing alkali concentration treatment. 

Therefore, the amount of energy required for the carrageenan chains to move should 

KOH 

Conc. 

Conductivity 

of Dry films 

(S/m) 

Conductivity 

of Hydrogel 

(S/m) 

0.1 M 2.27 x 10 -7 1.2 x 10 -4 

0.2 M 3.33 x 10 -7 1.28 x 10 -4 

0.3 M 

0.5 M          

8.47 x 10-7 

21.87 x 10 -7 

2.19 x 10-4 

9.25 x 10 -4 
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decrease for gels extracted with a higher concentration of the alkali because of 

decreasing molecular weight as shown in Figure 2.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Ea as a function of solution concentration and different alkali treatment 

of the �- carrageenan. 

 

Since viscosity is a direct measure of a fluid’s resistance to flow, it was possible to 

calculate the energy required by the polymer chains to move in a solution, through 

the Eyring’s equation (equation 2.5). This energy is known as the “activation energy 

of viscous flow” (Ea) and stipulates that a molecule in motion has to pass through an 

energy barrier produced by the surrounding molecules. 

 

η = Ae
��
�!               (2.5) 

 

ln η = "�
#$ + ln  A   (2.6) 

 

Taking the natural log of each side of equation 2.5 linearizes the Eyring’s equation. 
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Equation 2.6 provides a relationship between temperature and viscosity and from the 

slope of the plot of ln 
 vs 1/T, the Ea is calculated by multiplying the slope by the 

gas constant, 8.314 J K-1mol-1 (Rohindra et al., 2012). 

 

The calculated Ea’s for the �-carrageenan solutions are given in Table 2.6. The Ea 

was found to increase significantly (p = 0.003) for solutions with increasing �-

carrageenan concentration. However, when comparing the Ea of the �-carrageenan 

solutions extracted with increasing alkali concentrations, it decreased significantly (p 

= 0.0002).  

 

This behaviour of Ea can be attributed as follows; carrageenan extracted using the 

same alkali treatment but with increasing concentration showed increasing viscosity 

because more polysaccharide chains were introduced in a given volume which led to 

more chain to chain interactions, thus giving higher activation energy of viscous 

flow.  

 

On the other hand, the viscosity for carrageenan treated with increasing alkali 

concentrations decreased because the chain length decreased due to chain 

degradation, hence a decrease in activation energy. Small chains have lower viscosity 

due to less intermolecular interactions (Figure 2.9) with neighboring molecules and 

thus easy to flow (Harvey et al., 1999). The activation energy of the 0.5 M solution 

could not be determined at the concentrations and temperatures used for other 

solutions.  

 

 

Figure 2.9. Illustration of the effect of increasing the alkali concentration treatment 

on the chain length and the interlocking network in the carrageenan chains. 
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Table 2.6. The Activation Energy of Viscous Flow for the three different gels.  

 

2.2.9 Fluid behaviour 

In order to study the fluid behaviour of the �-carrageenan solutions the apparent 

viscosity (η) was measured with respect to different shear rate (θ) by increasing the 

rpm of the spindle. Figure 2.10 shows how the apparent viscosity changed with rpm 

for the different solutions. The relationship between shear stress (т) and the shear rate 

(θ) is given in Equation 2.7 (Subramanian, 2002).  

 

т = η θ           (2.7)   

 

Non-Newtonian behaviour was observed for all the carrageenan solutions at different 

concentrations. For the 0.3 M alkali treated carrageenan, a 0.5 % w/v solution 

showed pseudoplastic (shear-thinning) behavior which was also observed for basil 

seed gum at higher concentrations (Hosseini-Parvar, Matia-Merino, Goh, Razavi & 

Mortazavi, 2010) and has been  previously reported for carrageenan however, using 

different ionic compositions and shear (Harris, 2012: Therkelsen, 1993) while the 

other alkali treated carrageenan (0, 0.1 & 0.2 M) solutions at the same concentration 

showed a shear thickening (dilatant) behavior. Shear thinning in carrageenan 

solutions is reported to be due to the deformation of the cation-sulfate group 

Conc. (% w/v)  ± 

Measurement Error 

Ea (KJ) ± 

Measurement 

Error 

Conc. (% w/v)  ± 

Measurement Error 

Ea (KJ) ± 

Measurement 

Error 

0 M   0.2 M  

0.5002 (1.2505/250) ± 0.003 25.48 ± 0.05 0.5004 (1.2510/250) ± 0.003 21.03 ± 0.002 

0.4006 (1.0015/250) ± 0.004 21.23 ± 0.07 0.4002 (1.0005/250) ± 0.004 16.12 ± 0.003 

0.3001 (0.7503/250) ± 0.005 20.29 ± 0.15 0.3008 (0.7520/250) ± 0.005 15.48 ± 0.005 

0.2004 (0.5010/250) ± 0.008 19.19 ± 0.10 0.2004 (0.5010/250) ± 0.008 14.11 ± 0.007 

0.1 M   0.3 M  

0.5006 (1.2515/250) ± 0.003 19.52 ± 0.002 0.5004 (1.2510/250) ± 0.003 18.70 ± 0.005 

0.4005 (1.0013/250) ± 0.004 17.27 ± 0.003 0.4009 (1.0023/250) ± 0.004 15.52 ± 0.006 

0.3007 (0.7518/250) ± 0.005 16.70 ± 0.003 0.3002 (0.7505/250) ± 0.005 15.42 ± 0.009 

0.2002 (0.5005/250) ± 0.008 16.57 ± 0.004 0.2001(0.5003/250) ± 0.008 13.80 ±  0.01 
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aggregate (Iglauer, Wu, Shuler, Tang, & Goddard-Iii, 2011). However, for all the 

alkali treated �-carrageenan, a 0.2 % w/v solution showed shear thickening behavior 

(Figure 2.11). Shear thickening is a rare phenomenon, and can be explained when 

fluids become unstable, undergo some structural rearrangement, or undergo phase 

separation (Frank, 2014). However, some researchers have reported this behavior for 

polysaccharides other than seaweeds such as the polymer extracted from the fronds 

of black tree fern (Mamaku) at high concentrations and in the presence of cations 

(Matia-Merino, Goh & Singh, 2012) and for starch prepared gently in alkaline 

conditions (Kim, Willett, Carriere & Felker, 2002) and very recently for another 

seaweed, the chlorophytan seaweeds, Ulva fasciata (Shao, Qin, Han & Sun, 2014). 

Usually for low polymer concentration solutions, shear thickening is observed up to a 

certain shear rate and is suggested to be due to shear induced flocculation or colloidal 

instability. Shear thinning occurs at high shear rate (Triantafillopoulos, 1988). In case 

of �-carrageenan, shear thickening is proposed to be due to increased chain 

entanglement with increasing shear. This phenomenon has not been reported in 

previous studies with carrageenan. 

 

To further verify this behaviour since at very high and low shear rates, the particles 

are aligned in the flow direction and do not extend further but in between show a 

power law region (Subramanian, 2002). The power law equation is used since some 

liquids, show Newtonian as well as Non-Newtonian behaviour as a factor of the 

shear rate. Log of the apparent viscosity versus log of the shear rate, gives a straight 

line rather than a curve and the power law can be used to identify the behaviour of 

the liquids. Where K is the consistency or the absolute viscosity at a shear rate of 1s-

1. The power law index is given by the n value according to equation 2.8 

(Subramanian, 2002). 

η= Kθn        (2.8) 

 

For this measurement, the viscometer reading could only be detected at very low �-

carrageenan concentrations (< 0.6 % w/v) and hence the rpm at 1s-1 could not be 

determined experimentally nor could it be estimated by extrapolation methods, thus 

the inability to use the power law. 
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Figure 2.10. Non-Newtonian fluid behaviour of the 0.5% w/v solutions with 

increasing shear rate. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

 

Figure 2.11. Non-Newtonian fluid behaviour of the 0.2% w/v solutions with 

increasing shear rate. 
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2.3 Conclusion 
 

Alkali treatment during carrageenan extraction from the seaweed had different 

effects on the gel properties. Treatment of the seaweed with increasing alkali 

concentration up to 0.3 M, gave higher yields of the carrageenan and stronger gel 

strength, while the molecular weight and the sulfate content decreased. The 

carrageenan solutions showed a non-Newtonian fluid behavior.  The Young’s 

modulus showed a higher elastic value for gels made from 0.3 M alkali extract. The 

activation energy of viscous flow of the carrageenan extracted using increasing alkali 

concentration was found to decrease due to decreasing chain size. The combined 

information suggests that in order to form stronger gels, it is necessary to extract the 

carrageenan in alkali concentrations between 0.2 - 0.3 M to obtain the polysaccharide 

chains of optimal length that allow easy transition (less activation energy) from the 

coil to helical conformation.  
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CHAPTER THREE: 

 

 

Genipin cross-linked chitosan/��-carrageenan composites, a 

plausible drug release formulation characterized using a 

hydrophilic drug in simulated gastrointestinal fluids. 

 

 

 

3.0  Introduction 
Biopolymers extracted from marine sources today are of interest in several areas of 

industrial applications such as in food processing, cosmetics, medicine, 

biotechnology and pharmaceutics because of its high biocompatibility and cheap 

extraction methodologies. If these biopolymers are made into hydrogels by inter-

locking the polymeric chains through crosslinking into a network of firm structure, it 

would help to tailor the type of hydrogel required for different applications. 

Hydrogels are three dimensional networks that swell in different media without 

disintegrating (Gehrke & Lee, 1990; Rasool, Yasin, Heng, & Akhter, 2010). The 

swelling of the hydrogel is affected by either a change in pH, temperature or ionic 

stimuli. 

 

These hydrogels are employed in drug delivery systems to easily control the amount 

of drug released per time. These systems not only target the rate of release but the 

site of release as well (National Institute of Biomedical Imaging and Bioengineering, 

2013). According to the same institute, drug delivery systems today are majorly 
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divided into four categories: the route of delivery, vehicles as delivery, cargo, and 

drug targeting strategies. In the route for delivery systems, the site of application is 

considered, either be it oral, dermal, inhalation or so on. Secondly, as delivery 

vehicles, mostly biocompatible polymers are used to carry drugs and then be broken 

down by the body. As a cargo system, the body’s own defense system is used in the 

treatment rather than drugs itself and finally, to target drugs at the specific site of 

defect, is the other role of drug delivery systems today. The most important 

phenomenon that is related to the release of drugs from these systems is swelling or 

more accurately, diffusion. 

 

Swelling is an important property affecting the drug release behaviour. Generally, the 

drug is embedded inside the network of the hydrogel and during swelling the drug is 

ejected out of the matrix. If the drug can be trapped for a longer time, a more 

sustained release can be achieved. This is the basic principle for the use of hydrogels 

as vehicles of drug release. An excellent gelling agent extracted from marine 

seaweed is carrageenan. 

 

Carrageenan is a hydrophilic polymer which has been used as an excipient in drug 

delivery and has been recently incorporated into the European, American and British 

Pharmacopoeia (Li, Ni, Shao, & Mao, 2014). Carrageenan is a high molecular 

weight, water-soluble sulfated polysaccharide extracted from red seaweeds (Campo, 

Kawano, Silva Jr, & Carvalho, 2009; Rinaudo, 2008) and is present predominantly in 

the species Kappaphycus alvarezii or Eucheuma cottonii as it was known previously. 

Carrageenans are composed of D-galactose residues linked alternately in 3-linked-b-

D-galactopyranose and 4-linked-a-D-galactopyranose units (Tanaka, Lu, Yuasa, & 

Yamaura, 2001; Wu & Imai, 2012; Martins, Cerqueira, Bourbon, Pinheiro, Souza, & 

Vicente, 2012). Substitutions are generally either with the addition of ester sulfate or 

the presence of the 3, 6-anhydride on the 4-linked residue (Li et al., 2014). It consists 

of various conformations and the kappa form is of particular interest today. �-

carrageenan has excellent gelling properties (Naim, Samuel, Chauhan, & Paradkar, 

2004), is soluble in hot water (Silva et al., 2012) and is easily obtained from red 

algae with simple extraction. It is widely used in many industrial applications from 

super absorbent gels (Pourjavadi, Harzandi, & Hosseinzadeh, 2004), wound healing 
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(Boateng, Pawar, & Tetteh, 2013), drug release (Panyoyai, Bannikova, Small, & 

Kasapis, 2014), to food processing (Li et al., 2014). 

 

Apart from gelling properties, �-carrageenan has a good film forming property which 

is due to the presence of high amounts of O-H bonds in this polymer which results in 

strong hydrogen bonding. However, on its own it easily disintegrates depending on 

the influence of the ionic media as it does not have a firm network  to maintain itself 

in a solution over a given critical overlap concentration (Tecante & Santiago, 2007). 

In order to improve the structural stability of �-carrageenan, it needs to be modified 

by crosslinking it to withstand some harsh conditions such as low and high 

temperature, varying pH and ionic concentrations.  

 

According to literature, a comprehensive crosslinking mechanism of carrageenan is 

yet to be reported. The properties after crosslinking of carrageenan may also become 

limited if there is a complete change in the structure of the polymeric chains. There is 

still possibility to either incorporate it into a network of structures as a hydrogel or 

use it by the physical crosslinking via the O-H bonds in order to produce desired 

matrices while maintaining the native properties. 

 

Chitosan, is an abundant natural polymer, next highest to cellulose (Saijala, 

Amareshwar, & Chakravarty, 2010) and has been extensively cross-linked and used 

in a range of medical uses, tissue engineering, pharmaceutical developments and 

environmental reclamation as an adsorbent (Torres, Vieira, Beppu, Arruda, & 

Santana, 2007). It can be easily prepared into solution form depending on the degree 

of de-acetylation, pH of the media and the protonation of the NH2 groups (Bansal, V. 

Sharma, P. Sharma, Pal, & Malviya,  2011). Chitosan is in demand due to it being 

easily modified into many different forms through chemical or enzymatic changes 

(Rinaudo, 2008) to its structure making it a versatile ingredient for many 

applications. It has been used extensively in oral, ocular, mucosal or topical dosage 

forms (Bansal et al., 2011), as a chelating agent (Wan, Creber, Peppley, & Bui, 2003) 

and a pH dependent viscosity enhancing agent. It also has film forming abilities 

(Bansal et al., 2011) like carrageenan and this is due to the free amino groups that get 

protonated. When cross-linked, these amino groups are no longer free and thus a 
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decrease in solubility occurs. One of the least cytotoxic crosslinkers of chitosan is 

genipin. 

 

Genipin, is a natural plant derivative, attained from the enzymatic breakdown of 

geniposide obtained from the fruits of Gardenia jasminoides Ellis (Mi, Shyu, & 

Peng, 2005). Genipin, a natural cross linker is found to be 10000 times less toxic 

than the commonly used crosslinking agents such as glutaraldehyde and it also forms 

very stable cross linked products making it suitable in the food processing industry 

(Sung, Huang, Huang, & Tsai, 1999). Furthermore, cross-linked hydrogels exhibit 

improved properties compared to native ones. 

 

Cross-linked hydrogels such as alginate and chitosan have shown improved swelling 

properties (Lin, Liang, Chung, Chen, & Sung, 2005). The swelling behaviour of the 

hydrogel depends upon the nature of the polymer, polymer-solvent compatibility and 

the degree of crosslinking (Martínez-Ruvalcaba, Sánchez-Díaz, Becerra, Cruz-Barba, 

& González-Álvarez, 2009). Swelling highly contributes to the amount of drug 

released from polymer matrices and is vital to be studied in order to determine the 

release mechanics. Among various routes for administrating drugs, the oral route is 

preferred due to its high level of patient acceptance and long term compliance. 

Hence, in studying oral dosage forms, in-vitro studies are carried out in order to pre-

determine the behaviour of the formulations in gastrointestinal fluids and how the 

release pattern may take place. 

 

Quite a number of studies have been done using carrageenan for drug release 

however, there is a vast scope of improvement in these techniques and is yet to 

achieve standards in comparison to other biopolymers like cellulose and chitosan. 

Based on literature survey, there has been only one study incorporating the three 

biopolymers together however, only as a polyelectrolyte complex formulation (Devi 

& Kumar, 2010). The purpose of this study was to prepare matrix type 

membranes/composites from varying amounts of �-carrageenan mixed with chitosan 

and crosslinked by genipin and loaded with the drug. �-carrageenan used for this 

study was extracted using 0.1 and 0.3 M KOH. The drug release profiles from these 

membranes was investigated in simulated gastrointestinal fluids. 
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3.1 Materials and Method 
 

3.1.0 Raw materials and reagents 

�-carrageenan was extracted from the seaweed Kappaphycus alvarezii according to 

section 2.1.1. Chitosan (90% deacetylated) and Genipin (≥ 98 % HPLC grade) were 

purchased from Sunrise Nutrachem Group in China. Glacial acetic acid (99.5 % 

HPLC grade) was purchased from Iobachemie, India. The drug, Quetiapine 

Fumarate, was a kind gift from Douglas Pharmaceuticals Fiji Limited and had been 

validated and quantified in house and showed high solubility and stability in the four 

media of study. 

 

3.1.1 Hydrogel preparation  

 

Part A: Genipin/Chitosan hydrogels 

In order to determine the ideal crosslinker ratio, hydrogels using genipin in varying 

amounts were prepared. A concentration of 1% w/v was prepared with the following 

volumes; 1, 2, 3, 4 & 5 mL. This was cross-linked with 20 mL of 2 % w/v chitosan 

by stirring the solution for 5 min with a magnetic stirrer at 100 rpm after which a 

known volume was poured into petri dishes and vacuum dried for 1 week. The ideal 

crosslinker volume was identified from swelling studies and was used as the standard 

ratio in the preparation of �-carrageenan blend membranes. 

 

Part B: Genipin/ Chitosan/��-carrageenan hydrogels with drug loading 

A 0.3% w/v solution of �-carrageenan was prepared in hot distilled water using 

samples extracted with 0.1 & 0.3 M KOH respectively. Higher concentrations of the 

solution lead to increased aggregation during mixing hence the above concentration 

is suggested to be optimal. A 2 % w/v solution of chitosan was prepared in 1% v/v 

acetic acid solution. To 20 mL of the chitosan solution, 1 mL of 1% w/v genipin 

solution was added and mechanically stirred. After 5 min of stirring, different 

volumes of �-carrageenan solution was added to the chitosan/genipin solution 

slowly, in order to prevent aggregation to give blend ratios of 0, 20, 30 & 40 % v/v of 

the prepared �-carrageenan solution in the mixture. The solution with no �-

carrageenan was used as the control. To the solution containing all the components, 
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25 mg of the drug was added and further mixed for 5 min.  The prepared solutions 

were poured into polystyrene petri-dishes and left to dry at room temperature (27.0 ± 

0.1 C) for 1 week. The dried films were washed twice with acetone to remove any 

unreacted genipin. The films were further oven dried at 40.0 ± 0.01 C for 24 hrs. 

The drug loaded films were used for drug release studies. All chemicals were kept at 

4.0 ± 0.1 °C when not in use.  

 

3.1.2 Atomic Force Microscopy (AFM) 

The surface morphology of the genipin crosslinked chitosan films were observed 

using a Nanoscope III MultiMode AFM (Digital Instruments) in the tapping mode 

with a resonance frequency of approximately 300 kHz and a spring constant of about 

30 N/m were used (Rohindra, 2009). The height and the phase images were recorded 

simultaneously.  

 

3.1.3 Infrared Spectroscopy 

The infrared spectroscopy of the pure and the blend films was carried out as outlined 

in section 2.1.3.  

 

3.1.4 Metallurgical Microscopy 

A metallurgical microscope (Metcon IMM 901) was used to observe the surface 

structure of the hydrogel films. The images were captured using an Olympus UC30 

camera integrated with the Analysis get IT soft Imaging Solutions ambH software.  

 

3.1.5  Preparation of the swelling media 

For pH studies, distilled/deionised water (pH 6.98 ± 0.01), simulated gastric fluid pH 

1.20 ± 0.01 (without pepsin), acetate buffer pH 4.50 ± 0.01 and intestinal fluid pH 

6.80 ± 0.01 that mimic the gastrointestinal fluid of the human body (Council of 

Europe, 2008) were prepared. Simulated gastric fluid was prepared by dissolving 

10.0 g of sodium chloride in 100 mL of 1M HCl and diluted up to 500 mL with 

distilled/deionised water. Acetate buffer of pH 4.50 was prepared by dissolving 77.1 

g of ammonium acetate in 100 mL water. To this solution 70 mL of glacial acetic acid 

was added and diluted up to 1000 mL with distilled/deionised water. Intestinal fluid 

of pH 6.80 was prepared by dissolving 6.80 g of monobasic potassium phosphate 
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(KH2PO4) in 250 mL of distilled/deionised water. To this KH2PO4 solution, 77 mL of 

0.2M sodium hydroxide solution and 500 mL distilled/deionised water were added. 

The pH was adjusted to 6.80 and diluted to 1000 mL with distilled/deionised water. 

 

3.1.6 Swelling Studies of the prepared hydrogels 

The swelling behavior of the prepared films without adding the drug was determined 

in artificial gastrointestinal media of different pH at 37.0 � 0.1 °C. Swelling studies 

were adapted from Khurma, Rohindra & Nand (2005). Each film (surface area 

approximately 1cm2) was weighed and immersed in a beaker containing 50 mL of 

the swelling media. At pre-set time intervals, the films were withdrawn and their wet 

weight was determined after blotting it with a filter paper to remove excess water and 

immediately weighing the films. The swelled films were immersed back in the same 

solution and the swelling measurements were continued until a constant weight was 

observed. An average of three trials was taken for each media. The swelling ratio was 

calculated using equation 3.0. 

 

         SR (%) = [(Ws – Wd) / Wd] × 100        (3.0) 

 

Where SR is the percentage swelling ratio of the films, Wd and Ws are the weights of 

the films in the dry and swollen states respectively. 

 

3.1.7 In vitro drug release studies 

The in vitro drug release from the films was carried out at 37.0 � 0.1 °C in the same 

pH media used for swelling studies were conducted. Sample films were cut 

according to section 3.1.7 and placed in 15 mL of the different swelling medium 

which were pre-equilibrated in screw type bottles. Three mL aliquot of the swelling 

medium was withdrawn at preset time intervals for 6 hours and the absorbance was 

measured using a Perkin Elmer Lambda 25 UV-Vis Spectrophotometer at 291nm. 

After each measurement, the withdrawn swelling medium was carefully returned to 

the bottle to maintain the total volume of the media. A calibration curve was plotted 

using known concentrations of the drug against absorbance. The amount of drug 

released in the test medium was obtained from the maximum absorption and 

correlated from the calibration curve. The concentration of the drug was then 
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calculated by multiplying with the total volume and then with the mass factor of the 

film sample to the total film mass and finally multiplied with the total mass of the 

drug in the prepared films (25 mg). The amount of drug released from the films was 

expressed in mg per mg of the film sample. 

 

3.1.8 Statistical Analysis 

Analysis of variance (ANOVA) was employed for the statistical analysis. This was 

carried out using Microsoft excel 2010 at the 5 % significance level to determine 

significant differences (p � 0.05). The significant releases were subjected to the 

Tukeys post-hoc test and the HSD (honestly significant difference) was calculated in 

order to identify which mean values were actually deviating. 
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3.2 Results and Discussion 
3.2.0 Physical characteristics of the film  

All the hydrogel films prepared containing genipin appeared blue green in colour due 

to the production of characteristic derivatives as a result of the crosslinking of 

genipin to the amino groups of chitosan (Mirzaei, Faridi-Majidi, Shokrgozar, & 

Paskiabi, 2014). Figure 3 shows that as the amount of �-carrageenan increased in the 

blend, aggregation increased making the films inhomogeneous. Using 0.3 M 

treatment, the best film was produced at the 20% ratio of �-carrageenan. Higher 

concentrations lead to aggregation while in comparison to the 0.1 M treatment, 

which generally formed better films with almost no aggregation (F-H). 
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Figure 3: Films after drying; for the 0.3 M alkali treatment: Pure Chitosan (A), 20% 

carrageenan blend (B), 30% carrageenan blend (C), 40% carrageenan blend (D) and 

the control blend film (E). For the 0.1 M treated films; 20% carrageenan blend (F), 

30% carrageenan blend (G), and 40% carrageenan blend (H).  

 
3.2.1 Surface morphology using AFM 

AFM was used to study the surface morphology (exposed surface) of the genipin 

crosslinked chitosan films with increasing amount of genipin to decide on the ideal 

concentration of genipin for the best crosslinking ratio. Pure chitosan without genipin 

showed a lot of unevenness on the surface of the film as shown in Figure 3.1.  This 

suggests that pure chitosan chains had the maximum movement and while drying, 

they formed an uneven surface. As the genipin concentration increased, the 

movement of the chains got restricted due to intense crosslinking and therefore while 
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drying, movement was still restricted resulting in the smoothening of the film 

surface. From the AFM images below, even though a 3 mL volume of the genipin 

solution used for crosslinking shows the best evenness in surface, the resultant film 

becomes very brittle as high compactness is achieved (Figure 3.1, D). Hence either a 

1 or 2 mL volume of the genipin solution seems to be the best volume for the 

crosslinking of chitosan but this would be better confirmed from the swelling studies 

below using ĸ-carrageenan in the network. 

 

 

B 

A 



48 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Atomic Force Microscopy of the Surface Morphology of the cross-linked 

films: Pure chitosan (A), Chitosan/1mL Genipin (B), Chitosan/2mL Genipin (C), 

Chitosan/3mL Genipin (D). 

 

3.2.2 Ideal cross linker ratio from swelling studies 

To determine how increasing the amount of genipin affected the swelling properties 

of chitosan due to crosslinking, chitosan films were prepared with varying amounts 

of genipin and swelled in all the gastrointestinal fluids as shown in Figures 3.2-3.5. 

C 

D 
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Films with 2 mL and more genipin, showed a reduction in swelling in comparison to 

films containing 1 mL of the crosslinker.  With increasing crosslinker concentration, 

the chitosan chains were further locked resulting in a compact structure. This result is 

consistent with those reported in earlier  studies (Keppeler et al., 2009; 

Karnchanajindanun, Srisa-ard, Srihanam, & Baimark,  2010; Aggarwal & Sonia, 

2013).  1 mL genipin was considered as the optimal crosslinker ratio and was used in 

this study for the preparation of drug release study. In addition, with the increasing 

volume of genipin in the solution (>1 mL), residual stress was encountered causing 

wrinkling of the films. 

 

 
Figure 3.2: Swelling profile in gastric juice for native chitosan and after crosslinking 

with varying amounts of genipin (Gen). 
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Figure 3.3: Swelling profile in acetate buffer (buffer media) for native chitosan and 

after crosslinking with varying amounts of genipin. 

 
Figure 3.4: Swelling profile in intestinal fluid for native chitosan and after 

crosslinking with varying amounts of genipin. 
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Figure 3.5: Swelling profile in distilled water (used as a control media) for native 

chitosan and after crosslinking with varying amounts of genipin. 

 

3.2.3 Fourier Transform Infrared Spectroscopy (FTIR)  

Figure 3.6 shows the IR spectra of the chitosan/genipin crosslink and the blends with 

�-carrageenan extracted using 0.1 and 0.3 M KOH. Neither peak shift, nor the 

formation of new peaks was observed, indicating no chemical crosslink’s between 

chitosan and �-carrageenan. This result suggests that �-carrageenan was only 

dispersed between the crosslinked chitosan chains forming a semi interpenetrating 

network. The high intensity of the O-H peaks (3500cm-1) is due to the increased O-H 

groups present in ĸ-carrageenan and chitosan.  

 

�-carrageenan was not expected to form any chemical bond with genipin because of 

the non-presence of amino group. However, some researchers (Meena, Prasad, & 

Siddhanta, 2007) have claimed �-carrageenan to crosslink with genipin even though 

nitrogen is not present in the structure of �-carrageenan. This finding had been 

explained on the basis that during the extraction of �-carrageenan, proteins are also 

extracted from the seaweed. In addition, the amino groups of the protein are 

responsible for the crosslinking with genipin.  The protein content is dependent on 
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the source of the seaweed as some researchers have shown to extract substantial 

amounts (Rajasulochana, Krishnamoorthy, & Dhamotharan, 2012; Abirami & 

Kowsalya, 2011) while others have found it in very low concentrations (Chan, 

Mirhosseini, Taip, Ling, & Tan, 2013; Campo, Kawano, Silva Jr, & Carvalho, 2009; 

Palace, Fitzpatrick, Tran, Phoebe, & Norton, 1999). Thus, genipin may be used as the 

cross linker depending on the extraction methodology of the carrageenan which 

affects the protein content considerably. However, in this study, the carrageenan 

sample gave negative results (no colour change was observed using the ninhydrin 

test as well as no precipitation occurred) in the protein assay carried out using the 

free amino acid analysis as per the methodology proposed by Barbarino and 

Lourence (2005). This is also supported by the FTIR data above thus the behaviour 

of ĸ-carrageenan is expected to behave as per the behaviour in the pure form without 

any interference from other polysaccharides from the extract. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: FTIR spectra of the control blend with �-carrageenan extracted using 0.1 

and 0.3 M KOH.
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3.2.4 Metallurgical Microscopy 

The opaque nature of the film allowed it to be viewed by the Metallurgical 

microscope as light was passed from the top of the specimen onto the lens using the 

concept of episcopic illumination (Pavlis, 2009). For the 0.3 M (20%) carrageenan, a 

smooth film surface morphology was seen in comparison to the 0.1 M treatment 

which may be due to the short chains being easily dispersed in the matrix (Figure 

3.8). As the concentration increased to 30 and 40 %, for the 0.3 M, effects of 

aggregation was seen in the surface morphology of the films (Figures 3.9 & 3.10). 

The control film showed a very smooth surface indicating no segregation of the films 

(Figure 3.7).  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 3.7: Metallurgical microscopy of the films: control film 
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Figure 3.8: Metallurgical microscopy of the films: 0.1M (A), 0.3M (B) for the 20 % 

blend. 
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Figure 3.9: Metallurgical microscopy of the films: 0.1M (A), 0.3M (B) for the 30 % 

blend. 
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Figure 3.10: Metallurgical microscopy of the films: 0.1M (A), 0.3M (B) for the 40 

% blend. 

B 
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3.2.5 Swelling studies 
 
The swelling behaviour of the hydrogel films with and without �-carrageenan was 

investigated in different gastrointestinal fluids; pH 1.20 to 6.89. Figures 3.11 and 

3.12 show the swelling behavior of the hydrogels containing different amounts of �-

carrageenan extracted using 0.1 and 0.3 M KOH in distilled/deionized water 

respectively. Hydrogels containing �-carrageenan treated with 0.3 M KOH swelled 

the most when compared to that of the 0.1 M treatment of �-carrageenan blend. This 

is due to the excellent gelling properties of �-carrageenan extracted using higher 

alkali treatment. The gelling gives the hydrogel the ability to absorb larger amounts 

of water, which enables to form a more flexible gel and maintain the structure of the 

network. 

 

 
Figure 3.11: Swelling profile of the blend films containing different amounts of �-

carrageenan extracted using 0.1M KOH in distilled water of pH 6.89. 
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Figure 3.12: Swelling profile of the blend films containing different amounts of �-

carrageenan extracted using 0.3M KOH in distilled water of pH 6.89.  

 
Shorter chains easily conform to the helical form in the formation of gels while 

longer chain carrageenan produces weaker gels which have been identified by the 

activation energy from section 2.2.8. As the amount of �-carrageenan increased, so 

did the swelling, believed to be a direct effect of the increased hydrophilicity of the 

blend because of the addition of more O-H bonds as well as an increase in the 

sulphate groups (charged group) on the polymer chain making due to the higher 

alkali treatment as explained using Figure 3.6. This effect is only seen in deionized 

water due to no ionic effect. This observation has also been reported by Akhgari, 

Abbaspour, Rezaee, & Kuchak (2011). Changing the concentration of the alkali for 

the treatment of carrageenan did not influence the swelling profile at this pH.  

 

Looking at the intestinal fluid of pH 6.80 (Figures 3.13 and 3.14); reduction in 

swelling was seen. This is suggested to be due to the presence of potassium ions on 

�-carrageenan and phosphate ions in the swelling media which interacts and affects 

the swelling. Since phosphates have an overall negative charge and surpasses the 

ionic equivalent to the positive charge from potassium ions, a net negative charge 
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leads to the constriction of the carrageenan network, leading to rigidity or the 

reduced swelling. This in fact, leads to weaker gels or the unfavorable formation of 

helical aggregates as was also reported by  Salgueiro, Daniel-da-Silva,  Fateixa, & 

Trindade (2013) using zeta potential studies. However, increasing the amount of �-

carrageenan (using both the alkali treatments), lead to a better swelling ratio due to 

reasons explained earlier. While the basic pH media decreases swelling due to the 

presence of ions, an acidic pH almost triples the swelling behaviour of the 

composites (Figures 3.15, 3.16, 3.17 & 3.18 respectively).  

 

A pH of 1.20, leads to a high swelling profile, almost near to that of the acetate 

buffer. Again, with increasing the amount of �-carrageenan, the mass of the matrices 

increases due to the higher retention of the media with no cationic effect from the 

solution. In an acidic pH, the media is easily able to penetrate into the network 

through diffusion and this leads to an immediate swelling and an increase in the mass 

of the swollen state. This when compared to the acetate buffer, with almost the same 

swelling ratio, is only different in the time it takes for swelling to attain equilibrium. 

For the gastric juice, equilibrium swelling is attained within 16 min (Figure 3.15 & 

3.16) while for the acetate buffer, it is almost the double of this time again owing to 

the strength of the acid. With an increase in �-carrageenan content, a better swelling 

was achieved as was for all the other media. Interestingly, the control matrix showed 

the highest swelling in the acetate media of pH 4.50 (Figure 3.17 & 3.18). This 

effect is also evident on native chitosan, swelling over 1000 percent in the acetate 

buffer (Figure 3.3) owing to the protonation of the charges leading to an increased 

osmotic pressure inside the membrane and thus the enhanced swelling. Nonetheless, 

the crosslinked composites swell less than uncrosslinked chitosan and almost the 

same in both the acidic media (pH 1.20 and 4.50).  
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Figure 3.13: Swelling profile of the blend films containing different amounts of �-

carrageenan extracted using 0.3M KOH in intestinal fluid of pH 6.80. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14: Swelling profile of the blend films containing different amounts of �-

carrageenan extracted using 0.1M KOH in intestinal fluid of pH 6.80. 
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Figure 3.15: Swelling profile of the blend films containing different amounts of �-

carrageenan extracted using 0.1M KOH in gastric juice of pH 1.20. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16: Swelling profile of the blend films containing different amounts of �-

carrageenan extracted using 0.3M KOH in gastric juice of pH 1.20. 
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Figure 3.17: Swelling profile of the blend films containing different amounts of �-

carrageenan extracted using 0.1M KOH in acetate buffer of pH 4.50. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18: Swelling profile of the blend films containing different amounts of �-

carrageenan extracted using 0.3M KOH in acetate buffer of pH 4.50. 
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3.2.6 Drug Release studies 

Drug release profile from the different hydrogels was investigated by examining the 

amount of Quetiapine fumarate released (mg/mg of the sample) over a period of time 

in the different media. This particular drug was used as it is highly hydrophilic, stable 

even above ambient conditions, as well as has an ideal dissolution in all the four 

media of study as the per in-house validation data from Douglas pharmaceuticals. In 

addition, it is also a targeted drug for the treatment of schizophrenia, bipolar disorder 

and depression related mental illnesses which are of growing concern and is sold by 

the brand name of SEROQUEL®, administered from 25-400 mg tablets (WebMD, 

2015). In distilled water, least amount of drug was released (	 maxima of 0.06 

mg/mg film of drug; Figures 3.19 & 3.20). As mentioned in the swelling studies, this 

is due to the osmotic process of water into the membrane. Drug release is believed to 

have occurred by the normal diffusion mechanism and will be further elaborated in 

chapter four when the kinetic models will be employed for the release mechanism. 

There was not much of a change seen in the release of the drug using �-carrageenan 

with different alkali treatment at this pH. However, increasing the amount of 

carrageenan lead to a higher release of the drug again owing to the hydrophilicity of 

�-carrageenan. 

 

A slightly better release was obtained from the intestinal fluid (	 maxima of 0.08 

mg/mg film of drug; Figures 3.21 & 3.22). Despite having the least swelling ratio, 

drug release was higher than that of distilled water. Using a hydrophilic drug rules 

out the question of drug solubility in release studies especially with the use of this 

particular drug, which was stable and highly soluble in all media. At higher pH (> 5), 

the sulphate group remains in the anionic form, hence the electrostatic attraction with 

the cationic drug seemed to be the highest leading to the slow release as was with the 

distilled water in comparison to the low acidic media as determined by Gu, Decker & 

McClements (2005). Nonetheless, pH has almost no effect on the gelling behaviour 

of carrageenan over a wide range (5-11) except for lower pH values (Ould-Eleya, & 

Turgeon, 2000). Higher pH values do not interfere much with the gel transition 

temperature (Drohan, Tziboula, McNulty, & Horne, 1997) and thus the gelling and 

has little effect even on gel strength (Ould-Eleya, & Turgeon, 2000). 
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Figure 3.19: Drug release profile in distilled water, 0.3 M films. 
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Figure 3.20: Drug release profile in distilled water, 0.1 M films. 
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Swelling of the matrix helps to release the drug to a maximum level. After 

equilibrium, there is no active exchange of the drug due to a loss of the concentration 

gradient.  
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Figure 3.21: Drug release profile in intestinal fluid, 0.3 M films. 
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Figure 3.22: Drug release profile in intestinal fluid, 0.1 M films. 
 

When comparing both the acidic media (pH 1.20 and 4.50), very little to no 

difference in drug release was seen. In both the cases, less release was accomplished 

by the 0.1 M treatment due to the polymer chains having a higher molecular weight 

and hence a higher chain entanglement in the matrix composite in comparison to 

shorter chain �-carrageenan. The strength of the acidic media did seem to play a 

substantial role in the amount of drug released. The highest amount of drug release of 

all the media was obtained around these two pH (1.20 and 4.50) to an approximately 

maxima of 0.1 mg/mg of drug per film sample. The amount of drug released per time 

did not change suggesting a zero order release profile. This kinetic profile has been 

previously reported by Nanaki et al (2010), Bonferoni, Rossi, Ferrari, Bettinetti, & 

Caramella (2000), Hariharan, Wheatley, & Price (1997) and Picker (1999) for 

carrageenan as well. The only difference in the release using these two acidic media, 

as was also seen with the swelling studies, was the time taken for the maxima to be 

achieved. It was almost instant in a pH of 1.20 (Figure 3.23 & 3.24) believed to be 

due to the high porosity of the membrane caused by the osmotic gradient in the 

presence of Na+ ions, also confirmed by an earlier study by Ghanam & Kleinebudde 
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(2011). At pH 1.20, burst release of the drug is observed unlikely of the other media 

of studies, also confirming that carrageenan is unstable at this pH and hence the 

membrane is disintegrated leading to the release of the drug at the shortest time. 

 

The gastric juice of pH 1.20 causes the protonation of the anionic sulphate groups of 

�-carrageenan causing the loss of ionic interaction with the drug, triggering the fast 

release. This is proposed because the pKa value of the sulphate group on �-

carrageenan is at around a pH of 2 (Brady, & Holum, 1993). As the media penetrates 

the polymer network, swelling and erosion is responsible for the release of the drug 

(Nanaki et al., 2010) due to acid hydrolysis of carrageenan (Mleko, Li-Chan & Pikus, 

1997).  
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Figure 3.23: Drug release profile in gastric juice, 0.1 M films. 
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Figure 3.24: Drug release profile in gastric juice, 0.3 M films. 

 

In the acetate buffer, approximately 50 min was needed for the maximum release to 

be obtained at this pH (Figure 3.25 & 3.26). Hence, highly acidic media lead to an 

immediate release while the more basic media, lead to a slow release of the drug. 

This release behaviour has also been reported in the case of chitosan hydrogels in 

earlier studies (Harris, Lecumberri & Heras, 2010; Sinha et al., 2004).  
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Figure 3.25: Drug release profile in acetate buffer, 0.3 M films. 
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Figure 3.26: Drug release profile in acetate buffer, 0.1 M films. 



70 
 

Comparing the release of drug in all the media, there is a significant difference 

(p<0.05) between the control and the �-carrageenan blend. �-carrageenan is highly 

hydrophilic and has a rapid dissolution, expelling high amounts of drug initially 

(Nanaki, Karavas, Kalantzi, & Bikiaris, 2010). Burst release was seen only at a pH 

1.20 when short chain �-carrageenan (0.3 M treated) was used while slow release 

was achieved in other release media, (Figures 3.19-3.26) indicating the efficient 

entrapping of the drug in the crosslinked matrix blend. It also signifies that when 

using a sodium salt based drug with a positive affinity, the negative charge of the 

sulphates from the �-carrageenan, forms an ionic interaction preventing the initial 

burst release characteristic of release using �-carrageenan, also reported by 

Bonferoni et al (1993).   

 

In all the release media, there was a significant difference (p<0.05) between the 

release of the drug between the control and the different �-carrageenan 

concentrations (20-40%) in the blend. From the post-hoc test, the significant 

difference was observed up to a time of 50 min for pH 1.5 and 4.5, 120 min for 

distilled water and 300 min for the intestinal fluid. With increasing time, the plateau 

observed, is almost stagnant as proven by the Tukey’s test after a certain time limit. 

There was no significant difference in the release of the drug in all the media when 

the amount of �-carrageenan was changed in the blend however a significant 

difference (p<0.05) in the drug release was seen with increasing time. From the post-

hoc test, the time for the significant release differs largely from 5-15 min for the 

gastric juice, 5-30 min for the acetate buffer, 5-120 min for the distilled water and 5-

300 min for the intestinal fluid.  

 

Furthermore, in all the release media, 0.3 M KOH treated �-carrageenan showed a 

higher release of the drug in comparison to the 0.1 M treatment. This behaviour is 

analogous to the chain length behaviour which also affects the sulphate content of the 

polymer, both of which is due to the chain scission mechanism in the presence of 

alkali salts.  Shorter chains have less sulphate and thus the higher release of the drug 

in comparison to the longer chain carrageenan, observed for all the media studies. 

This can be used to control the release of the drug in the media. This can also be 

related to an earlier study, whereby the authors concluded that the higher the number 
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of sulphate ester moieties (less alkali conversion into the anhydro-bridges), a slower 

release would be seen (Pavli, Vrečer, & Baumgartner, 2010). In all the pH media, 

there was a highly significant difference in the release rate (p< 0.001) between the 

0.1 and 0.3 M alkali treatment except for the 40% carrageenan for the pH media of 

4.50, 30% carrageenan for the pH media of 6.80 and 30% carrageenan for the pH 

media of 6.89, which only showed a significant statistical difference (p< 0.05) in the 

release of the sodium drug (Table 3.0). Thus, the amount of alkali treatment played 

an important role on the release profile.  

 

The crosslinked genipin and chitosan matrix (control) showed the more sustained 

release over the given time. In all the release media, irrespective of the pH, the least 

and slowest release was attained using the control matrix. This formulation 

incorporating �-carrageenan in the matrix can be a desired release formulation for an 

oral administration, reaching desired levels of drug within a short time frame yet 

preventing the usual burst release characteristic of carrageenan.  

 

Table 3.0: ANOVA (two way, with replication) 0.1 M vs. 0.3 M p values 

 

 

3.3 Conclusion 

 
The presence of �-carrageenan with varying Mv and sulphate content in the blend of 

chitosan crosslinked by genipin changed the release pattern of the drug in different 

  
pH 1.2 

 
pH 4.5 

 
pH 6.8 

 
pH 6.89 

 
20% 

 
0.0010699589 

 
0.000650971 

 
0.000498676 

 
2.34476 x 10-05 

 
 
 
30 % 

 
 
9.49017 x 10-05 

 

0.000550174 

 

0.015167766 

 

0.0407017848 

 
40 % 

 
2.43525 x 10-08 

 
0.041218049 

 
0.0095916733 

 
6.21164 x 10-05 
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pH’s of the gastrointestinal fluid. The drug release was found to be dependent on the 

ionic concentration of the release media, the pH of the media and the amount of �-

carrageenan in the polymer blends. Blends containing �-carrageenan treated using 

0.3 M KOH showed higher drug release in all media when compared to blends 

containing �-carrageenan treated using 0.1 M KOH. In both blend systems, higher 

content of �-carrageenan lead to an increased drug release in the same time period. 

Swelling studies showed a similar pattern to the drug release behaviour in all media.  
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CHAPTER FOUR: 

 

 

In-vitro pH responsive drug release kinetics of alkali 

extracted carrageenan crosslinked genipin/chitosan 

matrices using a non-pH solubility dependent hydrophilic 

drug. 
 

 

 

4.0 Introduction 
Natural polymers are gaining popularity in the medical field due its acceptance in 

medical applications. Polymers with similar characteristics to natural tissues which 

are responsive to changes in surrounding environments such as: pH, salt 

concentrations, thermal and electrical signals are being developed for animal tissue 

engineering, drug delivery and biosensor systems (Chen & Chang, 2014). Polymers 

used for such applications have low cytotoxicity and are usually sourced from plant, 

animal or marine sources. Examples include carrageenan, starch, agar, chitosan, 

gelatin, collagen, poly-vinyl alcohol and poly ethylene glycol. Their use vary 

depending on the intended site of action for example, agar is used in wound dressing 

and in food products (Bao, Yang, Mao, Mou, & Tang, 2008; Cullen, Boothman, & 

Aickin, 2012), chitosan in drug delivery (Croisier & Jérôme, 2013; Madihally & 

Matthew, 1999; Patel, Vandevord, Matthew, Desilva, Wu, & Ph, 2008) and collagen 

from drug release to surgery (Mahmood & Mathew, 2002; Tan, Krishnaraj, & Desai, 

2001).  

 

As shown in chapter three, swelling greatly affects the release rate of the drug from 
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the polymer matrices. In contrast to the previous chapter, the drug loading technique 

was changed to the encapsulation methodology in order to entrap the drug to delay 

the swelling of the hydrogel. In this chapter, kinetic models were used to describe the 

release. 

 

The parameters of study obtained from the % cumulative drug release versus time, 

was fitted into the kinetic models below as given in Salome et al (2013) and 

Suvakanta, Narasimha, Lilakanta, & Chowdhry (2010) to determine the release 

kinetics. 

 

Zero order:  

The zero order rate equation 4.0 describes systems where the rate of drug release is 

not dependent on its concentration.  

 

C = k0t....................................   (4.0) 

 

Where C is the concentration of the drug at a particular time (t), k0, is the zero-order 

rate constant of which the units are expressed as concentration/time whereby t is the 

time in min. 

 

First order: 

The first order rate (equation 4.1), designates the release of drug from systems whose 

release rate is dependent on the concentration.  

 

LogC0 – LogCt = kt / 2.303…….. (4.1) 

 

Where Ct is the amount of drug released in time t, C0 is the initial concentration of 

drug and k1 is the first order constant, interpreted from the conversion factor with the 

slope. For this relationship, the graphical representation of the log of the % 

cumulative drug remaining (log C0 – Ct) against time will be linear with a negative 

slope. The dosage form follows this type of profile if they are containing hydrophilic 

drug in a porous matric (Suvakanta et al., 2010).  
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Higuchi model: 

The Higuchi model was developed to study the release of hydrophilic and low 

solubility drugs entrapped into semisolid and solid matrices. This is described in 

equation 4.2 below. 

 

Q = kHt1/2………….…...       (4.2) 

 

Where Q, is the amount of drug released in time (t), kH, is the contant which reflects 

the design variables of the system, t is the time in min (Siepmann, & Peppas, 2001). 

 

The Higuchi model defines drug release as a diffusion process based on Fick’s 

second law, between the fractional amount of drug release and the square root time 

dependent (Siepmann, & Peppas, 2001). For diffusion controlled process, a plot of Q 

versus the square root of time is linear in nature. 

 

In determining the mechanism of drug release, Korsmeyer, Gunny, & Peppas (1983), 

derived a simple relationship which describes drug release from a polymeric system 

(equation 4.3).To find out the mechanism of drug release, first 60% of the drug 

release data was plotted using the Korsmeyer–Peppas model (Ramakrishna, Mihira, 

& Tabitha, 2011). The equation is represented as:  

 

                                          Mt/M� = ktn………………. (4.3)  

 

Where Mt/M�, is the fraction of drug released at time t, n is the diffusion exponent 

indicative of the mechanism of drug transportation through the polymer, and k is the 

kinetic constant incorporating the structural and geometrical properties (Shoaib et al., 

2006). The n exponent is described in Table 4.0. 

 

 

 

 

 



76 
 

Table 4.0: Diffusion exponent and the solute diffusion mechanism developed by 

Korsmeyer Peppas. 

 

Diffusion exponent (n) Solute diffusion mechanism 

 
0.5 

 
Fickian diffusion  

0.5 < n < 1.0 Anomalous/ non-Fickian diffusion 

1.0 Case-II transport  

 

This study aims at constructing a biocompatible membrane using chitosan and �-

carrageenan of varying molecular weight cross–linked by genipin. The release 

mechanism of the drug was studied using some of the major kinetic models in 

various release media of varied pH which could not be incorporated into the previous 

chapter due to the sink conditions being inappropriate for the larger film size. 
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4.1 Materials and Method 
 

4.1.0 Materials and reagents 

As per section 3.1.0. 

 

4.1.1 Hydrogel preparation with drug loading 

The preparation of the hydrogel followed the same methodology as per section 3.1.1, 

Part B with a few modifications in the drug loading stage. Two millilitres of the 

solution was transferred into a high density polyethylene cup. The solution was left 

to dry at room temperature for 12 hours. Five milligrams of the drug was placed in 

the mid-section of the pre-gel and left at ambient temperature for another 12 hours 

for the drug to settle onto the pre-gel layer. Further 2 mL of the same cross linked 

solution was transferred onto the pre-gel layer containing the drug in order to 

encapsulate the drug. The formulation was left to dry at room temperature for 1 

week. The drug loaded films were subjected to drug release studies. All chemicals 

were kept at 4.0 ± 0.1 °C when not in use.  

 

4.1.2 In vitro drug release studies 

The same methodology used to prepare the release media in section 3.1.7 was used. 

The in-vitro release of drug was adopted from the standard European Pharmacopeia, 

6th Edition (Council of Europe, 2008). The dissolution was carried out at 37°C � 

0.1°C in a USP Apparatus 2 (Basket Method) Vankel VK7000 dissolution test station 

coupled with VK8000 dissolution sampling station (in house reference SOP 1268, 

R10) in triplicates. The paddle speed was set to 50 rpm. The dissolution media 

volume was prepared as 500 mL, of which 10 mL was removed at preset time 

intervals between 5-90 min. Fresh media was immediately replaced in the bath after 

every displacement. Samples were analyzed using a Shimadzu UV 1700 PharmaSpec 

Spectrophotometer. Standards (80, 100 & 120% (w/v)) were run before every 

analysis for which the standard drug was prepared in the three different media of 

study. A calibration curve of the drug was constructed and the concentration of the 

drug in the test solution was measured against the maximum absorption wavelength 

of 290 nm and the corrected % cumulative drug release was obtained using an in-

house validated excel sheet for which the equation (4.4) is provided below and is 
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multiplied with the drug purity of 100% and a calculation factor of 40. This profile 

determination was adopted from the in house reference at Douglas Pharmaceuticals 

Fiji Limited for Quetiapine Fumarate (SOP 1236; R7) 

 

Corrected % Dissolution = a (T1), b + %&
'&

 (a) (T2), c + %&
'&

 (a) + %(
'(

 (b) (T3)...    (4.4) 

 

Where, Tn is the sample dissolution time 

a,b,c, is the uncorrected value (mg) according to the measured absorbance at the 

particular time, T from the standard curve. 

Xn, is the volume of the aliquot sampled (mL) 

Vn, is the volume of the dissolution media (mL) per vessel at the time, T at point n. 

 

 

4.1.3 Statistical Analysis 

As per section 3.1.8. 
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4.2 Results and Discussion 

 

4.2.0 Dissolution profiles 

Three different pH media (pH 1.2, 4.5 & 6.8) were used for the drug release studies. 

The effect of alkali treatment (0.1 and 0.3 M), and the amount of �-carrageenan 

present in the formulation was investigated from the dissolution profile. The release 

profile at pH 1.2 (Figure 4 & 4.1) shows a difference in the release of drug from 

blends containing �-carrageenan treated with 0.1 and 0.3 M KOH. Furthermore, 20% 

of �-carrageenan treated using 0.1 M in the formulation showed a slower release of 

the drug compared to the 30 and 40% v/v of the �-carrageenan solution in the blend. 

This strongly supported by the swelling results from section 3.2.5. Since the blends 

were prepared in an identical manner, the swelling studies should depict the same 

pattern. The 0.1 M blends swelled less as per section 3.2.5, thus the release profile 

for this section can be related well to the same discussions provided. This may be 

also due to the fact that 20% of �-carrageenan blend ratio in the film did not interrupt 

the crosslinked network of the film as much as the other formulations, and hence the 

immediate release.   On the other hand, 0.3 M alkali treatment films in the 

formulation showed the highest release when compared to the 0.1 M treatment and 

the control. 0.3 M treated films also showed an elevated swelling in section 3.2.5, 

and reasons have been provided for this behavior. As a further addition, this may be 

due to the fact that shorter chains of alkali in the 0.3 M treatment are ruptured easily 

or lose their physical bonding in the high acidic media quickly when compared to the 

0.1 M treatment in which longer chains showed a slower release due to chain 

stability as a result of less scission during extraction and the resultant entanglement 

in the network identified by the physical characterization of carrageenan in section 

2.2.8. There is a very fast release in pH 1.2 due to immense swelling and hence the 

collapse of the matrix owing to the screening effect of chloride ions (Pourjavadi, & 

Mahdavinia, 2006; Martínez-Ruvalcaba, Sánchez-Díaz, Becerra, Cruz-Barba, 

González-Álvarez, 2009) and reasons explained in section 3.2.6. There was no 

significant difference (p > 0.05) in the release of drug by the control film to the 

blends with varying �-carrageenan. However, graphical data was able to show a 

difference based on the release profiles as discussed above. 



80 
 

0

20

40

60

80

100

120

0 10 20 30 40 50 60 70

0% 
20 %
30 %
40 %

%
 C

um
ul

at
iv

e 
R

el
ea

se

Time (Minutes)  
Figure 4: Dissolution profile in pH 1.2, 0.1 M films. 
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Figure 4.1: Dissolution profile in pH 1.2, 0.3 M films. 
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A very similar behaviour was observed in pH 4.5 as 100% release was achieved 

within the first 30 minutes without the effect of burst release. A difference was seen 

in the release profile from the matrix containing �-carrageenan treated with 0.1 and 

0.3 M KOH (Figure 4.2 & 4.3). For the 0.1 M treated �-carrageenan, 40% blend of 

�-carrageenan controlled the release compared to the 20% in a pH of 1.2. It is 

perhaps that at pH 4.5, chitosan is able to swell the most and the higher concentration 

of the �-carrageenan in the formulation is able to trap the drug inside the polymeric 

network in comparison to the 0.3 M treatment, which has short chain polymers, 

which easily loose stability. The same was attained from the swelling studies (section 

3.2.5). The control showed a higher release in relation to other pH’s due to reasons 

discussed in the same section. At pH of around 1.2, swelling is high, slightly less 

than that at pH 4.5. Reasons for this behavior have been discussed in detail in section 

3.2.5. At this pH, swelling reaches its maxima so fast that the network is not able to 

hold its conformation and hence the collapse of the formulation also occurs by the 

time 100% drug release is obtained from the formulations. 
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Figure 4.2: Dissolution profile in pH 4.5, 0.1 M films. 
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Figure 4.3: Dissolution profile in pH 4.5, 0.3 M films. 
 

 

For formulations containing �-carrageenan treated with 0.3 M KOH, 40% of �-

carrageenan blend showed the opposite effect to the 0.1 M treated and the reason is 

same as that of pH 1.2. Forty percent �-carrageenan was identified as the best 

working concentration for the formulation in pH 4.5. There was no significant 

difference between the other concentrations and the control formulation for this 

media as well. A high release is seen in pH of 4.5. This is because chitosan shows the 

highest swelling ratio at this pH, swelling up to a 1000 fold, results of which had 

been discussed in section 3.2.1 and has also been reported by Rajendran & Basu 

(2009). This can be explained using the pKa of chitosan, which is 6.5 and thus the 

high absorbency at a pH value of 4.5 due to a protonation of the charges and hence 

the increased osmotic pressure inside the polymer network (Pourjavadi, & 

Mahdavinia, 2006; Martínez-Ruvalcaba et al., 2009). Swelling of chitosan affects the 

matrix in terms of the behaviour of the �-carrageenan which was embedded in the 

formulations as explained earlier. 
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On the other hand, a pH of 6.8 showed a dissimilar type of release profile (Figure 

4.4 & 4.5). The release profile fits in line to the swelling studies as per section 3.2.5. 

The control releases at a higher rate than the carrageenan blends in the same fashion 

as the swelling profile. Some discussions are provided below in relation and addition 

to those discussed previously. Only 80% of the drug was released at an extended time 

of 90 minutes. The restriction in the use of the paddle motor for longer time periods 

was a constrain and hence further release could not be plotted graphically. The slow 

release confirms that the release profile is highly dependent on the pH of the media. 

This behavior has also been observed by Kianfar, Antonijevic, Chowdhry, & 

Boateng (2011). There was no difference in the release between 0.1 and 0.3 M KOH 

treated �-carrageenan at this pH when compared to release at pH of 1.2 and 4.5. This 

could be due to the non-rupturing of the matrix achieved by the high stability at 

around a neutral pH of the media. Chitosan is less protonated at this pH, hence the 

resultant decrease in swelling in comparison to other media. At such, the higher 

carrageenan ratio controlled the release. The higher the carrageenan content, the 

more was the control of the drug release as higher carrageenan chains would tend to 

hold the drug due to formation of networks inside the membrane in comparison to 

the control, whereby the drug release must be entirely diffusion controlled.  At such, 

the polymer chains of �-carrageenan must have remained very stable and did not 

show any significance in controlling the release.  

 

At this pH range, the hydrogen bonding between the amine of the chitosan and the 

carboxylic acid of the genipin, may lead to a type of crosslinking with an observed 

decrease in swelling thus the slow release behaviour (Pourjavadi, & Mahdavinia, 

2006; Martínez-Ruvalcaba et al., 2009). A change in pH affects the pore network of 

the polymeric membrane and is the major cause of pH responsive release as seen 

above (Gupta, Vermani, & Garg, 2002). 
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Figure 4.4: Dissolution profile in pH 6.8, 0.1 M films. 
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Figure 4.5: Dissolution profile in pH 6.8, 0.3 M films. 
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There was no significant difference in the drug release between the control and the 

blends containing varying amounts of the �-carrageenan in pH 1.2 and 4.5. However, 

significant difference was seen between the control and the blends at pH of 6.8 (p < 

0.001) for both the alkali treatment of �-carrageenan.  

 

Another comparison was made between the 0.1 and 0.3 M alkali concentration of 

processing. In all the pH media, no significant difference was observed in any of the 

carrageenan concentrations between the two groups (0.1 and 0.3 M alkali. However 

in a pH media of 6.8, there existed a significant difference (p < 0.05) in the release 

when 0, 20, 30 and 40 % of carrageenan blend ratio was used for both the alkali 

concentrations in making the films. The post hoc Tukey’s test revealed that this 

difference occurred at different time intervals. At 5, 30, 60 and 90 min, there existed 

a significant difference in the release for all the carrageenan concentrations (0-40 %) 

however at 15 and 45 min, this difference was only seen for the control and the 20 % 

blend. This concludes that there exists differences in the release profile by changing 

the alkali concentration while processing the carrageenan (at pH of 6.8 only), such a 

change is noticeable and is due to the polymer chain properties after extraction as 

discussed earlier.  

 

4.2.1 Release kinetics using the model equations 

Using the Zero order, First order, and the Higuchi plot, the kinetics of drug release 

was determined. The results are presented in Tables 4.1-4.3. For pH media of 1.2 and 

4.5, these models could not be used due to a lack of linearity. This indicates that the 

release profiles constructed using the graphical parameters did not fit into the 

proposed kinetic model due to fast release. This deviation suggests that the drug 

release at this media could be highly due to erosion mechanisms. 

 

When the drug is released in high concentrations within the first 15-30 minutes, the 

release is always identified to be as an effect of the erosion of the polymeric network 

releasing the entire drug in the media, leading to 100% release. Adding �-

carrageenan to the crosslinked chitosan and genipin blend, affects the pore size in 

between the crosslinks as �-carrageenan does not crosslink to genipin and chitosan, 
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thus the fast release. As it is a biopolymer, effect of low pH (< 5.0), leads to a loss  of 

integrity and strength of the structure, also reported by Mleko, Li-Chan, & Pikus 

(1997) and Gustaw, & Mleko (2003) using whey proteins with �-carrageenan, 

leading to large pore sizes and the immediate release. 

 

The kinetic models were best utilized in the phosphate buffer (pH 6.8), where a very 

high linearity was achieved. Out of all the kinetic models, the Higuchi model showed 

the highest r2 value (> 0.99)  for all the formulations, indicative of the drug release of 

the matrix to be a square root of time dependent process based on the laws of Fickian 

diffusion.  

 

Table 4.1: Release kinetics using the dissolution models at pH of 1.2. 

 

Treatment Zero Order First Order Higuchi Model Korsmeyer-Peppas 

     

0.1 M K0 r2 K1 r2 KH r2 n r2 

Control 0.21117 0.42893 0.0025 0.53363 2.4538 0.56975 0.066105 0.72561 

20% 0.39086 0.58553 0.0037 0.9911 4.3801 0.72333 0.12144 0.84297 

30 % 0.20305 0.62476 0.0016 0.35131 2.2486 0.75371 0.057242 0.86837 

40 % 0.11878 0.42893 0.0014 0.53363 1.3803 0.56975 0.035406 0.72561 

 

0.3 M 

        

20 % 0.45685 0.56017 0.0054 0.64622 5.1469 0.6994 0.13526 0.8237 

30 % 0.1599 0.4938 0.0019 0.58945 1.818 0.62791 0.047613 0.76873 

40 % 0.28985 0.79264 0.0032 0.85721 3.1152 0.90069 0.076669 0.9702 
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Table 4.2: Release kinetics using the dissolution models at pH of 4.5. 

Treatment Zero Order First Order Higuchi Model Korsmeyer-Peppas 

     

0.1 M K0 r2 K1 r2 KH r2 n r2 

Control 0.99086 0.69395 0.01522 0.72219 10.9 0.82603 0.41343 0.88929 

20% 0.81929 0.68133 0.01177 0.72107 9.032 0.81476 0.29303 0.89682 

30 % 0.67259 0.6505 0.00955 0.70369 7.4556 0.78628 0.23823 0.87809 

40 % 0.70964 0.67895 0.01117 0.72644 7.8296 0.81301 0.27698 0.89668 

0.3 M         

20 % 0.91473 0.76128 0.01507 0.77731 9.9055 0.87819 0.36699 0.92416 

30 % 0.81472 0.79928 0.01287 0.81841 8.7492 0.90674 0.30934 0.94911 

40 % 0.71472 0.66067 0.01005 0.72151 7.914 0.79684 0.2489 0.88749 

 

 

Table 4.3: Release kinetics using the dissolution models at pH of 6.8. 

Treatment Zero Order First Order Higuchi Model Korsmeyer-Peppas 

     
0.1 M K0 r2 K1 r2 KH r2 n r2 

Control 0.45671 0.96536 0.00754 0.99532 5.4907 0.99995 0.24416 0.98917 

20% 0.48674 0.95462 0.00938 0.99393 5.8866 0.99284 0.27791 0.99072 

30 % 0.38238 0.96046 0.0083 0.99623 4.6227 0.99814 0.24563 0.99087 

40 % 0.36818 0.93083 0.00891 0.98518 4.5015 0.99941 0.26588 0.9955 

0.3 M         

20 % 0.50043 0.98177 0.00980 0.99735 6.0404 0.99859 0.29004 0.99199 

30 % 0.30111 0.98268 0.00746 0.99269 3.629 0.9974 0.22058 0.98692 

40 % 0.33088 0.98348 0.00764 0.99434 3.9857 0.99799 0.22545 0.98297 
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4.2.2 Drug release mechanism 

In the design of this formulation, the entire drug was encapsulated between two 

hydrogel layers. If there is enhanced swelling, the drug will be released very quickly 

in large dosages causing a burst release. Looking at the nature of the polymer matrix, 

which comprises of amorphous phase showing that the distance between polymer 

chains is still not very intact hence allowing higher pore network (Zilberman, 2005) 

and hence the expected quick release (Karavelidis, Karavas, Giliopoulos, 

Papadimitriou, & Bikiaris, 2011). This is observed in a pH of 1.2 and 4.5. However, 

if the swelling is slow, and the diffusion of the media takes time, the drug will 

become bioavailable slowly based on the time taken to dissolve the drug. In this case, 

a hydrophilic drug was used to rule out the effect of solubility hence it was assumed 

that the entire drug dissolved in contact with the media. 

 

Using the Korsmeyer Peppas equation for the first 60% of the release data, the 

mechanism of release can be identified using the n (slope of the linear plot) value. It 

is limited to an explanation of either being a Fickian diffusion, non-Fickian or case II 

transport mechanism (Table 4.0). At pH of 1.2, high linearity was not obtained. This 

is again believed to be due to the adverse effect of the quick release occurring at low 

pH. The acidic environment causes the matrix to rupture (Kim, & Pack, 2006), 

leading to erosion and the abrupt release of drug. The loss of integrity of the layers 

contributes to this effect and the hydrophilic nature of the formation membranes 

makes this more predictive. 

 

In the acetate buffer (pH 4.5), linearity was observed however, the power law could 

not be used as the n value was below 0.5. Nonetheless, as discussed earlier, release 

could be dependent on the swelling induced by pH. Hence, pH of 6.8 was the best 

media of investigation as it had the most linear correlation. Almost the same n value 

was obtained from the Korsmeyer Peppas plot for all the formulations (Table 4.4). 

The power law could not be used to identify the mechanism of the release due to its 

limitation below the n value of 0.5 as was for the lower pH values. Thus, it is 

suggested that �-carrageenan can be used in order to tune the release profile in 

pharmaceutical formulations. Nonetheless, similar to chapter three, no burst release 
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was seen as is the characteristic release using carrageenan, hence desirable results 

were obtained for a possible oral administration. 

 

 

4.3 Conclusion 

This study was able to discuss that using �-carrageenan of varying Mv and sulphate 

content with cross-linked chitosan to make membrane for drug delivery in different 

gastrointestinal media had an impact on drug release. The kinetics of release was best 

explained by the Higuchi plot and is suggested to be diffusion controlled; with a high 

linearity in the results (> 0.99). However, the Korsmeyer Peppas model could not be 

applied to predict the mechanism of release due to the limitation of the power law 

below the n value of 0.5. Highly acidic pH media lead to the erosion of the 

membrane and hence the immediate release of the drug was achieved within the first 

15 and 30 min respectively. In a more neutral pH, release was slow but the correct 

mechanism was limited in this study from the kinetic models. Thus, pH plays a vital 

role in the behaviour of polymeric matrices and hence the release. 
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CHAPTER FIVE 

 

General Conclusion 

Biopolymers such as carrageenan and chitosan extracted from marine sources are in 

high demand in food processing and in pharmaceutical research because of its 

biocompatibility and gelling properties. In food processing, carrageenan has been 

used extensively for its gelling and viscous properties. Studying the effect of KOH 

concentration during extraction of on the physicochemical properties of �-

carrageenan, provides interesting data to the food industries.  

 

In the second chapter, it was found that treatment of the seaweed with increasing 

alkali concentration up to 0.3 M, gave higher yields of the �-carrageenan and 

stronger gel strength, while the molecular weight and the sulfate content decreased. 

The �-carrageenan solutions showed a non-Newtonian fluid behaviour. The Young’s 

modulus showed a higher elastic value for gels made from 0.3 M alkali extract. The 

activation energy of viscous flow of the �-carrageenan extracted using increasing 

alkali concentration was found to decrease due to decreasing chain size. The 

combined information suggests that in order to form stronger gels, it is necessary to 

extract the carrageenan in alkali concentrations between 0.2 - 0.3 M to obtain the 

polysaccharide chains of optimal length that allow easy transition from the coil to 

helical conformation. This information collectively highlights that carrageenan 

extracted from the local sea is of high  quality and can be further exported as pure �-

carrageenan, which not only will save transportation costs, but will further benefit 

local farmers due to the high market value of this biopolymer and can be easily 

extracted. 

 

In the third chapter, it was verified that carrageenan can change the release pattern if 

incorporated into the hydrogels as to be either a fast or slow release depending on the 

alkali treatment. Higher �-carrageenan content lead to a faster release. Alkali 
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treatment of the carrageenan played a very critical role in shaping the release 

behaviour. Longer chained carrageenan lead to a decrease in the release. This 

property can be used to further control drug release patterns. Swelling studies were 

used to confirm the same behaviour and the mechanism was mostly found to be 

diffusion and erosion controlled. The release was related to the ionic concentration, 

the concentration gradient in the media, the pH of the media and the amount of 

carrageenan in the polymer composites. Mostly zero order release profiles were 

obtained, this was interesting as carrageenan on its own releases as a burst 

formulation according to literature.  

 

In the fourth chapter, this work verified that changing the alkali concentration for the 

extraction of carrageenan during extraction has an effect on the behaviour of the 

polymer as confirmed by the dissolution profile. Treatment using 0.3 M and 0.1 M 

alkali did not produce any significant difference in the release rate. However, at a 

higher pH (only at 6.80), a difference by changing the amount of ĸ-carrageenan was 

seen. This confirms that the release is responsive to pH changes. The kinetics of 

release was best explained by the Higuchi plot and is accepted to be diffusion 

controlled; with a high linearity in the results (> 0.99). However, the Korsmeyer 

Peppas model could not be applied to predict the mechanism of release due to the 

limitation of the power law below the n value of 0.5. It is suggested that pH plays a 

vital role in the behaviour of polymeric matrices and hence the release.  

 

Some ideas arose during the course of this research which will be interesting to 

explore further. From the first part of the characterisation study, rheological study is 

required to identify the elastic and the viscous modulus of the gels. When preparing 

the hydrogels, higher concentrations of genipin needs to be used in the development 

of the matrix for a more controlled release of the drug including residual strain 

studies. The internal morphology of the prepared films needs to be examined using 

Scanning Electron Microscopy (SEM) in order to further justify the pattern or 

mechanism of release especially if ‘voids’ can be identified from the film samples. It 

would be interesting to chemically crosslink �-carrageenan with an excellent and low 

cytotoxic crosslinker without modifying its physiochemical properties and then target 

drug release. 
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