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1. Background of the problem 

 Carrageenan is an extract of red seaweeds found in various parts of the world.  

These are primarily sulfated polysaccharides of varying ester content that give the 

three basic types of carrageenan (κ, kappa;  ι, iota; λ, lambda) their interesting and 

unique properties [1].  It is used extensively as a suspending, stabilizing and 

emulsifying agent in food products [2] as well as pro-inflammatory agent for 

screening potential anti-inflammatory agents [3]. Carrageenan is the only hydro-

colloid that is produced in the Philippines in commercial scale.  The Philippines is the 

world’s leading supplier of Eucheuma seaweeds, accounting for 80% of world supply 

and the largest supplier of Philippine Natural Grade (PNG) carrageenan, a product of 

Filipino-developed technology [4].  Hence, the Philippine carrageenan industry is one 

of the top dollar earners among other industries in the country. It also ranks among 

the top 10 as world supplier of refined carrageenan.  It played a major role in 

boosting up the Philippine economy in terms of dollar income and job opportunities 

to hundreds of Filipinos. Due to increasing demand for use of polysaccharides in 

gene/drug delivery system as well as for antibacterial surface coating, carrageenan 

being a hydrocolloid and a polysaccharide find its way to other applications aside 

from being utilized as food additive. 

Carrageenan is a sulphated linear polysaccharide of D-galactose and 3,6-

anhydro-D-galactose (3,6-AG) [5].  Due to these half-ester sulphate groups, 

carrageenan is considered an anionic polysaccharide.  All carrageenans are made 

up     of     alternating    1,3 - linked     β - D - galactopyranosyl       and   1,4   -  linked 
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α-D-galactopyranosyl units (Figure 1). The 1,3-linked units occur as the 2- and 4-

sulfates, or occasionally unsulfated [5] while the 1,4-linked units occur as the 2- and 

6-sulfates, the 2,6-disulfate, the 3,6-anhydride, and the 3,6-anhydride-2-sulfate [6].  

Sulfation at C3 apparently never occurs [5].  

In Kappa-carrageenan (Figure 2), the 1,3- and 1,4 linked units are 

respectively D-galactose-4-sulfate and 3,6-anhydro-D-galactose [5]. Iota-

carrageenan (Figure 2)   is   of the alternating 1,3-linked β-D-galactose-4-sulfate and 

1,4-linked 3,6-anhydro-α-d-galactose-2-sulfate residues [5].  Lambda-carrageenan 

consists  of  alternating  1,3-linked  β-D-galactose  having   about   70%  of  the   C2’s  

 

Figure 1. Repeating structure of carrageenan [5] 
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sulfated and 1,4-linked α-D-galactose-2,6-disulfate [5].  Lambda-carrageenan is non  

gelling in water.  

 

Figure 2. Chemical Structures of Carrageenan [5]  

 Kappa-carrageenan has an ester sulfate content of about 25 to 30% and a 

3,6AG content of about 28 to 35%. Iota-carrageenan has an ester sulfate content of 

about 28 to 30% and a 3,6-AG content of about 25 to 30%. Lambda-carrageenan 

has an ester sulfate content of about 32 to 39% and no contentof 3,6-AG [6].  The 

chemical reactivity of carrageenans is primarilydue to their half-ester sulfate groups 

which are strongly anionic, being comparable to inorganic sulfate in this respect. The 

free acid is unstable, and commercial carrageenans are available as stable sodium 

potassium and calcium salts or, most commonly, as a mixture of these. The 

associated cations together with the conformation of the sugar units in the polymer 

chain determine the physical properties of the carrageenans. Carrageenan has no 

nutritional  value  and  is used  in  food  preparation  for  its  gelling,  thickening, and  
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emulsifying properties [7] and in pharmaceutical applications [7].  In experimental 

medicine this substance is often used for the testing of anti-inflammatory agents [8]. 

The study therefore will focus on the evaluation and assessment of Philippine 

carrageenan for potential  applications in gene delivery, drug/protein  delivery as well 

as antibacterial surface coating.  It is supported by the assumption that carrageenan 

being a polysaccharide and a hydrocolloid can be used in the said applications and 

can be interacted electrostatically with other polymers like polyethylenimine (PEI) 

and chitosan.  

Carrageenan is an anionic polymer that can bind to cationic polymers through 

electrostatic interaction in order to form a complex or polyelectrolytes (9-10). 

2. STATEMENT OF THE PROBLEM 

The application of carrageenan from Philippine Eucheuma species has been 

limited to emulsifier, thickener, binder and filler.  Local market of carrageenan in the 

Philippines are mostly food industries and manufacturers of toothpaste.  The general 

problem is to find other applications of Philippine carrageenan in the field of 

drug/gene delivery and as anti-bacterial surface coating. 

3. OBJECTIVES OF THE STUDY 

The study intends to utilize carrageenan in drug/gene delivery system and as 

a anti-bacterial surface coating. It also  aims to  interact  carrageenan with other 

polymers like Polyethylenimine (PEI) and Chitosan and evaluate its ability to form 

complexes or polyelectrolytes through electrostatic interaction.  
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4. SCOPE AND LIMITATION OF THE STUDY 

The study is limited to the utilization of Philippine carrageenan (Kappa, Iota, 

Lambda  types)  interacted   with   PEI  and  Chitosan  to  form  polyelectrolytes  

through electrostatic interaction for possible application in gene and drug delivery 

system as well as anti-bacterial coating. 

5. STRUCTURE OF THE THESIS  

The following is an annotated thesis organization:  

CHAPTER 1: Introduction  

This chapter presents the general introduction of the study that includes the 

background of the study, the statement of the problem, purpose of the study, 

objectives, scope and limitations of the study.  

CHAPTER 2: Literature review 

This chapter provides the general overview of gene delivery and drug delivery 

system. It also includes the overview of anti-bacterial surface coating as well as a 

brief note on the properties of carrageenan, polyethylenimine and chitosan.  

CHAPTER 3: Evaluation of pDNA-Polyethylenimine Complex Coated  with Iota 

Carrageenan for In Vitro Gene Delivery 

This chapter demonstrates the addition of iota-carrageenan to pDNA-PEI 

complex which resulted to the formation of a ternary polyion complex that showed 

potential use and its viability in gene delivery. The carrageenan was attached to the 

cationic surface of the pDNA/PEI complex. It increased the stability of the pDNA/PEI 

complex, decreased its cytotoxic effects and protected the DNA from DNase 

degradation  and  other  glycosaminoglycans  without  losing  its  efficiency  for  gene  
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expression in CHO-K1, HUH-7 and COS-7 cells.  The use of carrageenan as a 

protective coating for pDNA/PEI complex in gene delivery is promising. 

CHAPTER 4: Encapsulation of glucose oxidase (GOD) in polyelectrolyte  

complexes of chitosan–carrageenan 

 This chapter shows the potential ability of carrageenan (κ, ι, λ) and chitosan 

to form a controlled-release system for glucose oxidase (GOD). GOD was 

encapsulated in chitosan/carrageenan complexes at charge ratios (+/-) of 3 and 5 in 

mildly acidic solution (pH 6.0). The simple preparation of chitosan/carrageenan 

complexes and their ability to protect protein integrity under acidic conditions make 

them a promising drug delivery system for the oral administration of peptides and 

proteins. 

CHAPTER 5: Ability of chitosan/carrageenan complex to encapsulate bovine  

serum albumin (BSA) for potential use in protein delivery 

 This  chapter  focuses  on  examining  the  capability  of chitosan/carrageenan  

complex formed by electrostatic interaction as a carrier system for protein delivery.  

Chitosan/carrageenan complex was formulated at charge ratios (+/-) of 1,3,5,7 while 

bovine serum albumin (BSA) was the model protein.  The ease of preparation and 

the ability of protecting protein integrity, make chitosan/carrageenan complex a 

promising drug delivery system for oral administration of peptides and proteins.    
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CHAPTER 6: Structural Studies on ι-Carrageenan Derived Oligosaccharides  

and Its Application 

This chapter discusses the two oligosaccharides isolated from ι-carrageenan 

by mild acid hydrolysis and its application for protein delivery.  The oligosaccharides 

were characterized in terms of chemical structure and sugar units. It was also 

evaluated for its efficiency to encapsulate bovine serum albumin (BSA). 

CHAPTER 7: Formation of Polyethylenimine/Carrageenan Bi-layer as 

Monitored by Atomic Force Microscopy and Biomolecular Interaction  Analysis  

This chapter describes the forming of the bi-layer of polyethylenimine and 

carrageenan monitored by atomic force microscopy and biomolecular binding 

analysis.  

CHAPTER 8: Antibacterial activity of polyethylenimine/carrageenan multi-layer 

against pathogenic bacteria 

 This chapter describes the formation of multi-layers of polyethylenimine (PEI) 

and  carrageenan (κ, ι, λ)  by  layer-by-layer  assembly  and  its  antibacterial activity  

against Enterobacter cloaceae, Staphylococcus aureus and Enterococcus faecalis 

29505 for potential use as coating on biomaterial surface. All the multi-layers 

exhibited growth inhibition.   

CHAPTER 9: Summary of the thesis  
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LITERATURE REVIEW  

1. Gene delivery/therapy 

The underlying principle of gene therapy is based on the introduction of 

genetic material into living cells in order to achieve a therapeutic biological effect [1]. 

Generally, this involves introducing DNA encoding a gene for a therapeutic protein.  

The therapeutic benefits of gene therapy can be expanded to a wide range of 

diseases that are not strictly hereditary, such as cancer (2) and cardiovascular 

disease (3).  A gene delivery system (GDS) or vector consists of a polynucleotide, 

encoding the therapeutic gene, and a carrier.  According to Thomas et al. 2013 [4], 

the carrier has several important properties (Fig.1).  First, it condenses the 

polynucleotide, protecting it from mechanical stress and enzymatic attack.  Second, 

the carrier should facilitate transport of the therapeutic gene from the extracellular 

space into the nuclear compartment, where transcription can take place [4]. Living 

organisms are generally well protected by intra- and extracellular barriers against 

invasion of foreign genetic material.  This is required to ensure the genetic stability of 

the species.  Depending on the method of administration, the vector needs to 

circumvent host defense mechanisms, i.e. extracellular barriers.  For example, when 

injected into the bloodstream, circulating antibodies and complement factors may 

inactivate the vector [5-7].  Vectors delivered to the airways face a spectrum of host 

defense mechanisms: the vector can be entrapped in the mucus layer and 

subsequently removed by cilliary clearance.  Scavenging macrophages and dendritic 

cells can degrade the vector by phagocytosis and induce an inflammation response.   
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In addition, many potential receptors for GDSs are located on the basolateral 

membrane of airway epithelial cells, safely shielded from the milieu exterieure by 

tight junctions thus the receptors are inaccessible for GDSs [8].  Gene delivery 

systems can be can be divided into two classes. These are viral and non-viral (based 

on synthetic self-assembling systems).   The viral gene delivery systems can be 

based on various viruses. These include adenoviral [9], adeno-associated viral 

(AAV) [10], lentiviral vectors [11-12]. In addition, viral vectors based on poxvirus [13-

14], sendai [15] and herpes virus [16] are under investigation for gene transfer. Viral 

capsids and envelopes of these known viruses are well adapted to perform gene 

delivery. When applied in vivo, the main advantage of viral vectors is the relatively 

high transduction efficiency, which is either defined as the number of transgene 

expressing target cells per transduced genome, or as the percentage of transduced 

target cells. In addition, the use of integrating vectors such as AAV and HIV derived 

vectors results in stable transduction of a population of mitotically active target cells 

[1], which can not be achieved with the commonly used plasmid derived synthetic 

vectors. On the down side, viral-based gene therapy poses serious safety concerns. 

Administration of viral vector evokes a host defense response to the viral vector [17- 

18] and transduced cells, containing viral components. This response can range 

from a relatively mild acute inflammation to a cytotoxic lymphocyte response. Indeed, 

one fatality was reported due to  an  escalated  immune response to an 

administrated adenoviral vector [19].  
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The viral genome of the vector can recombine with or be activated by wild 

type viral genome, giving rise to potentially hazardous agents. 

 

Figure 1. Schematic diagram in non-viral gene transfer [20]. 

When integrating vectors are used, there is a risk of insertional mutagenesis, 

as randomly integrating genes can alter the host genome. As recently reported, two 

patients treated with bone marrow cells transfected with a retroviral vector were 

diagnosed with leukemia caused by an insertional modification of a proto-oncogene 

by the therapeutic gene containing vector [21-22]. In summary, viral vectors are 

highly efficient for gene transfer in vivo, but their clinical applications may be 

restricted due to their safety concerns. The restrictions imposed on viral vectors have 

led to the development of synthetic gene delivery systems such as cationic lipids and 

polymers. These vectors may overcome the current problems in safety, 

immunogenicity and mutagenesis associated with viral vectors [23]. In addition, the 

size of the therapeutic gene is not limited for self-assembling synthetic vectors and 

cost-effective large-scale production is feasible. The major challenge is that non-viral  
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vectors lack the high in vivo transduction efficiency demonstrated by viral vectors. 

Viral based vectors have addressed the complexity of the gene delivery process with 

specialized mechanisms for intracellular transport and nuclear delivery [24] and non-

viral vectors need to be designed to do so either. 

In gene transfer, viruses are parasitic non-cellular organisms that require cells 

for their viability and growth. They have evolved over time to deliver their genome to 

the host cell nucleus with high efficiency. In many different shapes and molecular 

designs, viruses consist of a polynucleotide genome packaged in a protein complex 

called a capsid. The capsid proteins are well adapted to allow efficient binding to 

target cells, penetration of the plasma- or endosomal membrane, facilitation of 

intracellular transport, and subsequent import of the genome into the nucleus [1]. 

Viruses have developed many different mechanisms to approach this trafficking 

problem. What they have in common is the use of innate cellular transport systems, 

through interactions of their capsids with intracellular transport systems of the host. 

The latest generation of non-viral vectors is designed to mimic the properties of viral 

capsids with target proteins. 

Viral vectors are generated by replacing part of the viral genome (either DNA 

or RNA) with a therapeutic gene. Most viral genes are removed from the genomic 

backbone of the virus with the exception of the genetic components involved in the 

genome packaging in the capsid and replication. The genes removed are required 

for capsid assembly and genome replication and these gene products are provided 

by  packaging cells.  Packaging cells transfected with the therapeutic viral vector can  
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then produce infectious therapeutic virus. The size of the vector sequence and thus 

of the therapeutic gene insert is limited by the properties of the viral capsid [25]. 

Non-viral vectors generally comprise cationic polymers (Fig 1) or lipids that 

are  able to condense the negatively charged DNA. For example, poly-L-lysine (PLL) 

is a widely used component of transfection agents. The primary amino group on the 

side chain of the monomer L-lysine allows for protonation and thus a positive charge. 

At physiological pH nearly all N-atoms of the polymer are protonated. Electrostatic 

interaction with the negatively charged phosphate groups of the DNA results in 

compact, ordered particles varying from 20 to 200 nm diameter in size [26]. The 

packaged genetic material, usually plasmid DNA isolated from bacteria, is protected 

from mechanic stress and enzymatic degradation [27]. 

1.1 How the vectors target cell binding and entry 

In gene delivery system (GDS), it has to target a specific cell to achieve its 

therapeutic goal and minimize unwanted side effects. Prior to cell entry, non-viral 

and viral GDSs attach to the surface of target cells. Subsequently the attached 

vehicle is endocytosed (Fig.1). Viral vectors generally target specific receptors on the 

plasma membrane and can enter the cell by fusion with the plasma membrane (HIV, 

influenza), pore formation (polio virus) or by acid induced membrane disruption after 

receptor-mediated endocytosis (adenovirus) [28]. 

Adenovirus and adenoviral vectors bind to the cell following two sequential 

receptor interactions. Firstly, the capsid fiber binds to a glycoprotein of the 

immunoglobulin family called CAR (Coxsackie, Adenovirus Receptor), which is 

expressed  in  many  human cell types but is located on the basolateral membrane of  
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airway epithelial cells [29]. Secondly, the fibronectin-binding integrin (integrin _v_5) 

binds to the penton base protein, an adenoviral capsid protein [30]. The binding is 

followed by receptor-mediated endocytosis on the basolateral membrane of airway 

epithelial cells for cell entry [31]. A receptor (heparan sulfate) for adeno associated 

virus derived vectors has been located on the basolateral membrane of airway 

epithelial cells [32] and it has been demonstrated that the apical membrane contains 

an abundant high affinity receptor for serotypes AAV5 and AAV4 [33-34]. Vesicular 

stomatitis virus G protein (VSV-G) pseudotyped retro- and lentiviral vectors are not 

able to infect airway epithelia efficiently when administrated to the apical surface of 

polarized airway epithelial cells due to the lack of an apical receptor. To overcome 

this problem retroviral vectors were pseudotyped with apical membrane-binding 

envelope proteins [35], leading to the development of a filovirus-pseudotyped HIV 

vector that efficiently infects airway epithelia in vivo [36]. Also, a feline 

immunodeficiency virus (FIV)-based lentiviral vector was pseudotyped with the 

glycoproteins from Ross River Virus, resulting in a vector that displayed an increased 

tropism for the liver [37]. 

Non-viral gene delivery systems generally are completely dependent on 

endocytosis for cell entry. Polycations complexed to DNA result into positively 

charged particles named polyplexes. They interact electrostatically with negatively 

charged proteoglycans of the cell membrane, which leads to endocytosis [38-39]. 

This non-specific mode of cell entry can be altered by the addition of a targeting 

ligand to the surface of the DNA delivery vehicle. The first targeting ligand used for 

non-viral gene delivery was asialorosomucoid which is specific for hepatocytes [40].  
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Numerous ligands are under investigation and are reviewed. They include 

transferrin, folate, specific monoclonal antibodies [24, 41], invasin [42] and several 

carbohydrates [43]. While such formulations were effective in vitro, specific cell 

targeted gene delivery in vivo is still problematic. The positive surface charge of the 

synthetic vector, causes non-specific electrostatic interaction with non-target cells 

[44]. This unwanted interaction of synthetic vectors with biomolecules of non-target 

cells can be reduced by addition of hydrophilic segments such as poly(ethylene 

glycol) (PEG). A PEGylated GDS has a hydrophilic shell at the exterior that masks 

the positive surface charge and prevents interaction by steric repulsion [45] resulting 

in less aggregation and reduced transfection of non-target cells. 

After endocytosis, the normal endosomal transition into lysosomal vesicles 

results in acidification, which provides a milieu for the activity of hydrolytic enzymes. 

In order to avoid the degradation of the therapeutic DNA, a GDS must escape from 

endosomes [46]. To alleviate this degradation problem viral vectors take advantage 

of pathways that were selected during the evolution of natural viruses. Adenovirus, a 

non-enveloped virus, uses the acidification of endosomes to activate three capsid 

proteins, which then lyse the endosomal membrane [47-48]. The enveloped 

influenza virus uses an amphiphilic protein, the haemagglutinin protein (HA) to 

escape from the endosome. When the pH in the endosome drops, the geometric 

structure of HA changes rapidly, leading to a fusion of the viral and endosomal 

membrane and so endosomal escape of the virus particle [49]. 

Non-viral vectors must also have mechanisms to circumvent lysosomal 

degradation:  some   polycationic    polymers   such   as   polyethylenimine [50]   and  
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pDMAEMA [51] are able to escape the endosome due to intrinsic properties of the 

polymer.  First, the high buffer capacity of the compounds results in swelling of the 

endosomes as the lysosomal proton pump attempts to reduce the luminal pH. 

Further, cationic polymers in high concentrations tend to destabilize membranes. 

However, since the bulk of the DNA delivered this way does not escape hydrolysis, 

the DNA-containing particles are largely retained in perinuclear 

endosomes/lysosomes [52]. This phenomena remains one of the bottlenecks in 

delivery by synthetic GDS. 

Pharmacological agents such as chloroquine can be used to disrupt the 

normal internal routing of the GDS from the endosomes to the lysosomes [53]. 

Chloroquine is a weak base (pKa 8.1 and 10.2) that accumulates in the endosome 

when the luminal pH is lowered. It is thought this accumulation results in osmotic 

swelling, followed by the destabilization of the endosomal membrane and 

subsequent release of the contents into the cytosol [47]. The presence of 

chloroquine enhanced transfection efficiency of lactosylated PLL considerably [54], 

which is generally low unless endosomolytic or lysosomaltropic agents are present 

[55] 

Another strategy to promote endosomal release is the addition of endosome-

disrupting peptides such as N-terminal amphilic anionic peptide of HA2 [56], derived 

from the influenza virus HA [57]. Also the synthetic amphipathic peptides GALA 

(glutamatic acid-alanine-leucine-alanine) [58] has been shown to enhance the 

transfection efficiency of liposomes [59]. LALA (lysine-alanine-leucine-alanine) is a 

cationic   amphipatic   peptide   and   was   designed   to   both  condense  DNA  and  
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destabilize the endosomal membrane. When compared to gene transfer using PLL, 

KALA was more efficient and yielded a 100-fold greater reporter gene expression 

[60]. Glycerol is another agent that promotes endosomal escape. It was reported that 

PLL had endosomal membrane disrupting properties in the presence of glycerol [61]. 

Poly-L-histidine (PLH) has been used in studies of membrane fusion and has served 

as a pH-responsive fusogen [62]. PLH was used in combination with PLL-based 

GDS for pH responsive escape [63].  Also partial substitution of the ε-amino groups 

of PLL with histidine resulted in a gene transfer agent that was able to transfect 

HepG2 cells without the addition of helper agents such as chloroquine, glycerol and 

fusogenic peptide [64-65]. 

A relatively new approach to facilitate endosomal release of the gene delivery 

vehicle is photochemical internalization (PCI), based on light-induced photochemical 

reactions [66]. A number of photosensitizers such as tetra(4-

sulfonatophenyl)porphine (TPPS4) and meso-tetraphenylporphine (TPPS2a) localize 

primarily to endosomes and lysosomes [67]. When exposed to light, these 

photosensitizers induce the formation of reactive oxygen species. These are short-

lived and have a short range of action (10-20 nm) [68]. Therefore, once light-

activated, photosensitizers located in endo- or lysosomes may destroy the 

membrane but leave the organelle contents intact [69]. PCI enhanced the 

transfection efficiency of PLL by 10-fold and of adenovirus-mediated gene transfer 

by 6-fold [70]. 
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1.2  The intracellular transport of vector DNA 

The vector DNA must reach the nucleus to be effective once released from 

the endosomes. Extremely large molecular structures such as viral capsids and non-

viral vector complexes do not diffuse easily through the viscous and crowded 

cytoplasm. Viral vectors exploit the intracellular transport system of the host cell, 

including the microtubule/motors or actin filaments for intracellular movement [71]. 

Baculovirus is thought to transport itself in mammalian cells via actin filaments [72]. 

Vaccinia virus is also reported to use actin filaments for transport. Herpes viruses 

employ microtubulebased transport to move within the host cell towards the nucleus, 

presumably mediated by the attachment of viral capsid to the motor protein dynein 

[71]. It is generally thought that viral-based vectors employ the same strategies as 

their wild-type virus counterparts. 

Little is known about how synthetic gene delivery vehicles move within the 

host cell. They may diffuse freely through the cell or “piggy back ride” with the host 

cell’s own intracellular carriers. An attractive option to enhance intracellular transport 

of synthetic vectors is the addition of peptides, derived from viral proteins 

responsible for intracellular transport. 

Once in the perinuclear region, the foreign DNA must enter the nucleus in 

order to be trasnscribed. However, the nucleoplasm is separated from the cytosol by 

a hydrophobic barrier: the nuclear envelope that consists of an outer nuclear 

membrane and an inner nuclear membrane. These membranes are connected to 

each other by the nuclear pore complex (NPC), a protein structure [73]. NPCs form 

aqueous  channels  through  the  double  membrane of the nucleus [74] and allow for  
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transport of cargo. Small molecules (up to 9 nm in diameter, or proteins up to 50 

kDa) can passively diffuse, but larger cargo (up to 25 nm in diameter, or ~1000 kDa) 

is transported in an active signal-mediated manner. Nuclear localization signals 

(NLS) on cargo, binding to cytoplasmatic proteins named a-importins, which in turn 

bind to b-importin. The b-Importin is responsible for docking the import cargo on the 

NPC. The translocation into and across the NPC involves a key regulatory molecule, 

GTPase Ran [75]. 

In principle, there are two approaches for viral and non-viral vectors to deliver 

the genetic material into the nucleus. First, the vector resides in the cytosol until the 

nuclear envelope is disassembled during mitosis. The foreign genome can enter a 

newly assembling nucleus. Alternatively, the genomic material can be delivered 

through the envelope of the interase nucleus via the NPC [76]. 

Many viruses that are used as GDS are able to transport their genome into 

the cell nucleus. Retroviruses, with the exception of lentiviruses, cannot deliver their 

genome into an intact nucleus and can therefore only infect dividing cells. Most 

viruses have developed a mechanism to deliver their genome through the NPC. For 

example, influenza virus transports its genome through the NPC in small RNA 

segments packaged into viral ribonucleoprotein complexes [77]. Adenoviral DNA has 

a linear structure and is transported to the nucleus stored in a protective capsid. The 

capsid docks to the nucleus via nucleoporins, the building stones of the NPC. 

Subsequently, the viral DNA is transported through the NPC [78]. Baculovirus has a 

cigar-shaped plasmid that is able to penetrate the NPC of mammalian cells [72]. The 

nature of the interactions between capsid and NPC is yet unclear. 
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Lentiviruses such as HIV-1 have developed mechanisms to transport their 

genome into cell nucleus of non-dividing cells [79]. After the reverse transcription of 

genomic HIV-1 RNA into linear double stranded DNA, the DNA remains part of a 

nucleoprotein complex called the pre-integration complex. Proteins involved in the 

nuclear import are matrix protein, Vpr and integrase. Their function remains unclear 

but they may act as a NLS. In addition, Vpr may facilitate nuclear docking of the 

complex and induce transient herniations of the nuclear envelope allowing nuclear 

translocation of the complex [76]. HIV-1 nuclear import has been reported to also 

depend on signals present in viral DNA: the reverse-transcribed HIV-1 genome 

contains a short triple-stranded overlap, the central DNA flap. When the central DNA 

flap is mutated, the virus cannot enter the nucleus in an integration-competent form 

[80]. 

Non-viral GDS do not have such sophisticated mechanisms as their viral 

counterparts and it is still unknown how DNA of therapeuticly relevant sizes (up to 10 

kbp) can pass through the NPC [81]. It was postulated that nuclear uptake occurs 

preferentially in those cells entering mitosis, consequent to break down of the 

nuclear membrane [56, 82]. In contrast, there are also reports that suggest a nuclear 

import mechanism through the NPC. Since transferrin/polylysine complexes were 

found to gave high transgene expression levels in growth arrested fibroblasts [83]. 

Moreover, Pollard et al [84] reported that some polycations facilitate the nuclear 

uptake of DNA complexes. The size-restrictions for NPC-mediated import were also 

challenged by reports that plasmid DNA up to 14.4 kbp was found to be localized in 

the  nucleus  in  the  absence  of  cell  division.  The  nuclear import required energy,  
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cytoplasmic factors and was blocked by wheat germ agglutinin an inhibitor of NPC 

function. Furthermore plasmid DNA is thought to form a complex with NPC proteins 

prior to transit and translocation [85]. Likewise it has been shown that single-

stranded DNA/protein complexes were efficiently imported in mammalian nuclei 

following the classical importin-dependent nuclear import pathway [86]. Polycations 

modified by the addition of a NLS have been reported to increase gene transfer [87]. 

However, none of these studies appear completely conclusive. In experiments 

with supposedly ‘non-mitotic cells’, actual controls of mitotic activity after addition of 

the vector are often missing. It should be noted that non-viral GDS are generally 

cytotoxic. Application of such GDS can easily result in a burst of transient mitotic 

activity. With regards to transport studies using fluorescent-labelled DNA, 

fragmentation of the DNA prior to nuclear transport cannot be excluded. It is well 

known that small DNA fragments (<500 bp) readily accumulate in the nucleus, as 

opposed to larger molecules that are required for a therapeutic gene [88]. 

Well-documented studies have shown that viruses have efficient strategies for 

nuclear import. How and if non-viral vectors can enter an intact nucleus still remains 

unclear despite reports suggestive for NPC-mediated nuclear import. Indisputable 

evidence of transport of synthetic vectors through the NPC has not yet been 

presented. 

1.3. Transgene expression. 

After entry in the nucleus, transcription of the therapeutic gene should take 

place. A prerequisite is the availability of the DNA for the host cell transcriptional 

machinery. Transgene expression is generally transient [89]. Viral and non-viral GDS  
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must address this problem. Lentiviral vectors and recombinant AAV address the 

problem of poor persistence [90] by integration into the host DNA. However, the 

major drawback of integration is the possible risk of mutagenesis [22]. Several 

strategies are developed to resolve the problem of transient reporter gene 

expression in non-viral gene transfer [89]. So far, expression vectors are generally of 

relatively simple design, comprising a core promoter/enhancer, therapeutic cDNA, 

and a simple intron structure if any. Clearly, this does not match the intricate mosaic 

of regulatory and structural elements found in chromosomal genes, which is required 

for stable and cell-specific expression. The construction of minichromosomes that 

have full telomere and centromer functions, offers the possibility to introduce a large 

genomic element, complete with distal regulatory elements. [91]. Transfer of such a 

therapeutic mini chromosome to a target cell population should lead to stable and 

perfectly controlled expression of the therapeutic gene. However, successful transfer 

of such a large construct into a sufficient number of relevant target cells remains a 

challenge [92-93]. Another approach to extend reporter gene expression is the 

design of tissue specific self-replicating plasmid. A replicating episomal plasmid 

mediated under the human beta locus control region sustained reporter gene 

expression in culture up to 60 generations [94]. Development of integrating vectors 

based on the Sleeping Beauty transposon system resulting in sustainable transgene 

expression have been reported [95-97]. In addition, in non-viral gene transfer using 

plasmid DNA, absence of the methylated sequences may contribute to prolonged 

longevity of transgene expression of bacterial plasmid DNA in the human host cell 

[98]. 
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1.4 Non-viral vectors: DNA condensing components and their 

glycosylated derivatives. 

As described above a GDS must be well designed to a) condense DNA, b) 

bind to a specific cell surface and promote uptake, c) escape from the endosomal 

compartment, and d) provide for nuclear translocation either by nuclear import or by 

entry during mitosis. While vectors based on viruses take advantage of the strategies 

that were developed by their natural counterparts during evolution, non-viral GDSs 

will have to be constructed de novo to meet the high demands of efficient gene 

transfer. Essentially, a synthetic GDS is an artificial virus, consisting of DNA, usually 

in the shape of a plasmid and a carrier. The carrier therefore needs to be equipped 

with tools that can fulfill the task of the viral capsid. In order to condense DNA, the 

carrier has to be positively charged. Carriers can be roughly divided in two groups: 

cationic lipids and cationic polymers. Both can be modified to mimic the actions and 

functions of the viral capsid. One specific modification is glycosylation. The presence 

of carbohydrates on the DNA condensing compound allows for interaction with 

lectins which are proteins that bind to specific carbohydrate structures [99]. 

1.5 Glycosylation to target cellular lectins 

The natural ligands for most lectins are typically complex glycoconjugates that 

carry clustered arrays of the cognate carbohydrate, thus cooperating with clustered 

lectin-binding sites to generate high-avidity binding [100]. Some membrane-bound 

lectins are internalized upon ligand binding, followed by delivery to internal acidic 

compartments [101]. The covalent linkage of carbohydrates to non-viral GDS may 

enhance  cell  specific  binding  by  targeting  membrane-bound lectins and triggering  
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receptor-mediated endocytosis. There are two well-known lectins that are 

carbohydrate-binding receptors. The mannose receptor recognizes glycoproteins 

with mannose, glucose, fucose and N-acetylglucosamine residues in exposed 

positions [102] and is located on a variety of macrophage subtypes [103]. 

Macrophages are targets for gene therapy of diseases as Gaucher's disease [104] 

and HIV infection [105] but may also be a target cell for expressing an exogenous 

gene with therapeutical effects [106]. The asialoglycoprotein receptor is located on 

the hepatocyte membrane and specifically recognizes terminally linked b-galactose 

or GalNAc (N-acetyl galactosamine) residues on circulating glycoproteins and cells 

[107]. A variety of DNA carriers are in development using galactose/lactose as a 

tageting ligand for the hepatocyte asialoglycoprotein receptor, taking advantage of 

receptor-mediated endocytosis to both enhance efficiency and specificity of gene 

transfer [43]. 

1.6. Glycosylation of cationic lipids 

Cationic-lipid based gene delivery systems are composed of lipid:DNA 

complexes (liposomes). Such complexes have been successfully delivered to e.g. 

airway epithelium in vivo [108], although at generally less efficiency rates than viral 

vector gene delivery [109]. Initial clinical trials have indicated that liposomes have a 

relatively low toxicity profile when administrated to nasal epithelium [110-113]. 

However, liposome administration to human lungs caused mild influenza-like 

symptoms which may be related to the DNA component of the complex [114]. 

The composition of lipids in the liposome based gene delivery vehicles varies 

and  is  known to be critical to vector targeting and efficiency. Additional components  
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such as carbohydrates can both increase efficiency and promote selective targeting 

[115]. 

Indeed, when the biodistribution of mannosylated liposomes in mice was 

studied, it was found that intravenously administered mannosylated liposomes were 

taken up mainly by non-parenchymal cells in the liver [116]. Moreover, mouse 

peritoneal macrophages were efficiently transfected in vitro [117]. However, in vivo 

expression of the reporter gene was detected in the non-parenchymal cells of the 

liver. This was reduced by pre-dosing with mannosylated bovine serum albumin and 

was enhanced by the incorporation of PEI into the liposome complex [118]. 

Correspondently, galactosylated liposome/DNA complex transfected the mouse liver 

through asialoglycoprotein receptor-mediated endocytosis [119]. The liver is reported 

to express two types of galactose receptors, one specific for parenchymal cells and 

one for Kupffer cells. The lactosyl residue of galactose provides the targeting ligand. 

Indeed, when bound to low density lipoprotein the lactosyl residue can target both 

Kupffer cells and parenchymal cells of the liver. The specificity depends on the 

degree of lactosylation. At high substitution of lactose, lactosylated low-density 

lipoprotein is mainly taken up by Kupffer cells. At low substitution of lactose, 

parenchymal cells are the main site of uptake of lactosylated low-density lipoprotein 

[120]. 

1.7. Cationic polymers for DNA condensing 

Polymers with primary and secondary amino groups that are protonated at 

physiological pH have the potential to interact with the negatively charged DNA 

through their positive charges. The electrostatic interaction results in the formation of  
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a transfection complex [24] and that packages the DNA and protects it from 

degradation [27]. Numerous natural and synthetic polyations are under investigation 

for use in gene transfer. Natural polycations include histones [121] and chitosan, an 

aminopolysaccharide [122]. Among synthetic vectors are peptides such as poly-

lysine and poly-L-ornithine, as well as polyamines such as polyethylenimine [50]. 

Also synthetically manufactured are poly(ß-aminoesters) both linear [123] and 

dendritic [124] and metacrylate-based polymers such as poly(2-dimethylamino) ethyl 

methacrylate (pDMAEMA) [125]. Currently most synthetic vectors are being modified 

so as to optimize important steps in the transfection process. The addition of a 

targeting ligand, e.g. carbohydrate, can enhance cell specificity. Also, adding a 

nuclear localization signal appears to improve nuclear delivery [126]. Despite all 

efforts, a satisfactory gene delivery system for clinical applications has not been 

developed.  

 The most popular cationic polymer as non-viral vector is PEI. It forms a 

complex with pDNA and showed high gene expressions in both in vitro and in vivo 

gene delivery [127-128]. The complex binds non-specifically to negatively charged 

proteoglycans on cell membranes and agglutinates with blood components, such as 

erythrocytes and serum albumins. This often leads to its rapid elimination and 

adverse effects, such as embolism and inflammatory reaction [129-132].   To solve 

these problems, studies were made to reduce the cytotoxicity and agglutination with 

blood components. These involve preparation and development of several novel 

polymers  of  PEI  covalently  bind  to  hydrophilic  polymers like: polyethylene  glycol  
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(PEG), polyhydroxypropylmethacrylamide (pHPMA), and polyvinylpyrrolidine to 

modify the complex surface [130,132-133].  Aside from hydrophilic polymers, studies 

were also done on the use of anionic polymers.  Studies showed that the introduction 

of a protective polyanion coating of pDNA/polycation binary complex using 

polyacrylic acid derivatives resulted in high level gene expression in lung after 

injection into mouse tail vein wherein the surface of the resulting ternary complex 

was recharged to negative one [134]. Anionic polymers can bind to the cationic 

complex electrostatically to modify the complex surface [134-135]. These polyanions 

do not decompose the pDNA/polycation complex but attached to the cationic surface 

of the complex forming a ternary polyion (pDNA/polycation/polyanion) complex that 

retains its transfection efficiency [136]. 

Polysaccharides have been used for quite some time as controlled release 

coatings, matrices, macromolecular carriers, and biodegradable carriers [137].  

These consist mostly of chains of monosaccharide or disaccharide units linked 

together by O-glycosidic linkages with a large number of derivatizable groups, a wide 

range of molecular weights, varying chemical compositions, and for the most part, a 

low toxicity and biodegradability, yet a high stability [137].   

The group of Kawakami [138] reported that mannosylated, fucosylated, and 

galactosylated liposomes showed high accumulation in the liver via each specific 

receptor.  An example of this, is hyaluronic acid which is taken by a specific receptor-

mediated endocytosis and used for targeted drug delivery systems [139-140].  

Hyaluronic acid also forms a ternary complex with polycation and DNA with  high 

gene  expression  and  stability  in  serum-containing  medium [135].   
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Kurosaki et al, 2009 [141], has developed a gene vector electrostatically 

assembled with a polysaccharide capsule.  λ-Carrageenan was one of the 

polysaccharides used in the coating of pDNA-PEI complex.  They reported that the 

ternary complex coated with λ-carrageenan and other polysaccharides except for 

chitosan showed little uptake and gene expression.  In this study,  ι-carrageenan  

was used as polyanion coating for pDNA-PEI complex through electrostatic 

interaction. The resulting ternary complexes were then evaluated according to its 

transfection efficiency, physical properties and morphology.  The ratios of the ternary 

complexes were also modified using lower N/P (PEI/DNA) ratios of 3.3 and 3.5 than 

the study of Kurosaki et al [141] which used an N/P ratio of 8 with varying ratios of 

carrageenan.  In their study, transfection was carried out in reduced serum medium 

using B16-F10 cells.  In our study, we used CHO-K1, COS-7 and HUH-7 cells for the 

evaluation of transfection efficiency in the presence of 10% FBS for four hours. 

2. Drug delivery system 

 A drug delivery system can be defined as a mechanism to introduce 

therapeutic agents into the body.  An optimal drug delivery system ensures that the 

active drug is available at the site of action for the correct time and duration. 

Significant advances have been made in drug delivery technologies throughout the 

past 3 decades, and drug delivery at a desired release rate is now possible 

[142]. Even highly sophisticated drug delivery technologies, however, often fail to 

produce marketable oral controlled-release dosage forms, as a result of the 

physiological limitations of the gastrointestinal (GI) tract and/or the utilization of non-

feasible pharmaceutical components [142].    
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In oral drug delivery, there are many scientific challenges that could be 

studied for years to come, and breakthrough technologies are required to generate 

novel dosage forms raising drug delivery to higher level [142].  

 A controlled release system utilized polymer matrix or pump as a rate-

controlling device to deliver the drug in a fixed, pre-determined pattern for a desired 

time period [143].  The system offered several advantages [144] namely: (1) the 

possible maintenance of plasma drug levels to a therapeutically desirable range, (2) 

possible elimination or reduction of harmful side effects from systemic administration 

(3) improvement and facilitation of underprivileged areas where good medical 

supervision is unavailable (4)  facilitation in the administration of drugs with a short in 

vivo half-life (5) continuous  small  amounts  of  drug  maybe less painful than 

several large doses (6) improvement of patient compliance (7) less expensive 

product and less waste of drug.  Since the pioneering work in controlled drug 

delivery, it was demonstrated that when a pharmaceutical agent is encapsulated 

within, or attached to, a polymer or lipid, drug safety and efficacy may be greatly 

improved and new therapies are possible (145). This concept prompted active and 

intensive investigations for the design of degradable materials, intelligent delivery 

systems, and approaches for delivery through different portals in the body. Recent 

efforts have led to development of a new approach in the field of controlled drug 

delivery with the creation of responsive polymeric drug delivery systems [146].  

There are different approaches for controlled drug delivery.  These are: Localized 

Drug Delivery; Targeted  Drug  Delivery; Sustained  Drug Delivery (Zero Order 

Release  Profile );  Modulated   Drug   Delivery  ( Nonzero – Order  Release  Profile);  
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Feedback Controlled Drug Delivery; Implantable Controlled Drug Delivery Devices 

[144]. 

 Despite extensive research in drug delivery, the advances in oral applications 

have been relatively slow [142].  While the oral route is the most convenient method 

of drug administration, advances in oral drug delivery technologies have been limited. 

One of the reasons for this is the limitations imposed by the unique GI physiology 

illustrated in Figure 2. In these areas, even small improvements in drug delivery 

technology can make significant differences in enhancing patient compliance and 

drug bioavailability [147]. 

 

Figure 2. Illustration of GI Physiology [142] 

 One of the “holy grails” in oral drug delivery is to develop gastric retention 

platforms for long-term (ranging from 6 to 24 hours) delivery of drugs by oral 

administration. Currently, there are a number of drugs that can be delivered using 

once-daily  formulations.   This  is  possible  only   for  drugs  that  are  well absorbed  

through out the GI tract or typically have long terminal elimination half-lives [142].  
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There are a large number of drugs that are not absorbed to the same extent once 

they pass the upper small intestine, and thus, once-daily formulations are elusive for 

these drugs. One method to overcome the fast GI transit is to maintain the dosage 

form in the stomach for extended periods of time, and therefore, research efforts 

have been focused on development of gastric retention platforms [142]. 

2.1 Oral delivery of proteins 

 The development of peptides and proteins as therapeutic agents has been 

greatly accelerated by advances in the fields of biotechnology. A class of peptides 

receiving much attention are the various growth factors, many of which have been 

synthesized by genetic engineering or isolated from natural sources [148]. 

Currently, the clinical administration of these drugs requires repeated 

intramuscular or subcutaneous injections because oral administration is not suitable 

due to degradation caused by proteolytic enzymes in the gastrointestinal tract [149]. 

Clearly, there is a need for novel drug delivery systems capable of prolonged release 

in order to minimize dosing frequency and improve patient compliance [150-153]. 

The major problem encountered when using orally administered peptides and 

proteins is the interaction with the proteolytic enzymes such as peptidases [154]. It 

has recently been estimated that an orally administered peptide might encounter in 

excess of 40 different peptidases during the passage through the GI tract [155]. 

Peptidases are enzymes that hydrolyze the peptide bond formed between two amino 

acids [154]. They have been traditionally divided into two major classes: the 

endopeptidases, which hydrolyze peptide bonds interior to the terminal bonds of the  
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peptide chain, and the exopeptidases, which hydrolyze the bond linking the N-

terminal or C-terminal amino acid to the peptide chain [154]. 

2.2 Route of drugs in the GI tract  

 In Figure 2, the sites of GI tract are shown where the orally administered 

peptides and proteins will pass. In each of these sites, the lumen and the cell 

membranes constitute the major barriers prior to any absorption. The stomach 

constitutes an extremely hostile environment for peptides and proteins [154]. The 

stomach lumen is very acidic (pH 1-2) and the endopeptidase pepsin is secreted into 

the stomach lumen via the gastric pits [154]. The small intestine is the most favored 

site for the absorption of orally administered drugs, due to the very large surface 

area of brush border membrane, which in humans is estimated to be between 200 

and 500 m2  [154]. The small intestine has a mucosa, which has a rapid cell turnover. 

Cells migrate from the crypts at the base of the villi and gradually work their way up 

the villi. Finally, the cells are extruded or sloughed off from the top of the villi into the 

lumen of the intestine. In a human the entire process takes from 3 to 6 days [154]. 

In recent years, the colon has been considered as a potential site for the 

delivery of therapeutic peptides and proteins since it represents less of an enzymatic 

barrier to proteins. There is also a development of delivery systems able to target the 

colon [156-158]. 

2.3 Mechanisms of uptake of proteins by the intestinal epithelium 
 

There are four routes of transport of proteins across the cell [154]: The first 

one is pinocytosic transport (Figure 3a), which is one of endocytic processes. In this 

process,  a  region  of  the  plasma  membrane  engulfs  external  solutes  to form an  
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intracellular vesicle having less than 0.1 μm in diameter. This vesicle is transported 

through the cell and the engulfed solutes are secreted to the other side. The second 

is a receptor-mediated endocytosis transport (Figure 3b). This is a similar process 

with the pinocytosis but a specific receptor on the surface of membrane recognizes 

an extracellular macromolecule (the ligand), and binds to it then the plasma 

membrane region containing the receptor-ligand complex forms a vesicle. The third 

mechanism is phagocytosis transport (Figure 3c). In this process, the target particle 

is bound to the cell surface then the plasma membrane expands along the surface of 

the particle and eventually engulfs it. Vesicles formed by phagocytosis are typically 

1-2 μm or greater in diameter, much larger than those formed by endocytosis. The 

fourth and most interesting in this study is paracellular transport (Figure 3d). The 

intestinal epithelia are aggregates of individual cells and they are bound together by 

tight junctions. In certain conditions such as removal of Ca2+ from extracellular 

media, the tight junctions are open and the protein can diffuse to other side [159]. 

2.4 Polymer-based drug-delivery systems 

Polymers have been used extensively in controlled drug delivery systems. These 

can be classified as (1) nondegradable polymeric reservoirs and matrices, and (2) 

biodegradable polymeric devices [160]. The two most commonly used 

nondegradable polymers are silicone and poly(ethylene-covinyl acetate) (EVAc) 

[161]. In nondegradable polymeric systems, these are prepared by homogeneous 

dispersement  of  drug  particles  throughout the matrix [161]. Drug release occurs by 

diffusion through the polymer matrix or by leaching or a combination of both [162].   
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Figure 3- Possible transport mechanisms of orally administered protein across 
intestinal epithelium: (a) pinocytosis transport, (b) receptor mediated endocytosis 
transport, (c) phagocytosis transport, and (d) paracellular transport [154]. 
       

The matrix may be composed of either a lipophilic or hydrophilic polymer depending 

on the properties of the drug and the rate of release desired.  However, it is difficult 

to achieve constant rates of drug release with nondegrad able matrix systems, for 

example, the rate of release of carmustine from an EVAc matrix device drops 

continuously during incubation in buffered water [163]. Biodegradable polymeric 

devices are formed by physically entrapping drug molecules into matrices or 

microspheres. These polymers dissolve when implanted (injected) and release drugs.  
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Examples of biodegradable polymers are poly(lactide-co-glycolide) (PLGA), and poly 

(p – carboxy phenoxy propane – co - sebacic acid) (PCPP - SA) [164].  Some  of  the  

commercially    available    polymeric    devices    are     Decapeptyl,   Lupron   Depot 

(microspheres), and Zoladex (cylindrical implants) for prostate cancer and Gliadel for 

recurrent malignant glioma. The half-life of therapeutics administered by 

microspheres  is  much  longer  than  free  drug  injection.   Polymers  are  also being  

investigated for treating brain tumors [165], and delivery of proteins and other 

macromolecules [166]. 

 The use of natural biodegradable polymers to deliver drugs continues to be an 

area of active research despite the advent of synthetic biodegradable polymers (167-

174).  The desirable characteristics of polymer systems used for drug delivery, 

whether natural or synthetic, are minimal effect on biological systems after 

introduction into the body; in vivo degradation at a well-defined rate to nontoxic and 

readily excreted degradation products; absence of toxic endogenous impurities or 

residual chemicals used in their preparation, e.g., crosslinking agents [148]. Natural 

polymers remain attractive primarily because they are natural products of living 

organisms, readily available, relatively inexpensive, and capable of a multitude of 

chemical modifications [148]. 

 A majority of investigations of natural polymers as matrices in drug delivery 

systems have centered on proteins (e.g., collagen, gelatin, and albumin) and 

polysaccharides (e. g., starch, dextran, inulin, cellulose, and hyaluronic acid) [175]. 

There are three general mechanisms by which drugs are delivered from polymer or 

lipid  systems:  (1)  diffusion  o f the  drug species  from  or  through the system; (2) a  
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chemical or enzymatic reaction leading to degradation of the system, or cleavage of 

the  drug  from  the  system;  and  (3)  solvent  activation,  either  through osmosis or  

swelling of the system [176]. Advantages and disadvantages of these systems have 

been discussed previously [177]. A combination of mechanisms is possible. 

Polymer-based systems have had an enormous impact on drug therapies (Fig. 4). In 

one approach, the drug is physically entrapped inside a solid polymer that can then 

be injected or implanted in the body. Early forms of these systems involved non-

degradable  polymers  (membrane - controlled  diffusion)  (Fig. 4a)  such  as  silicone 

rubber, which could release low molecular mass lipophilic drugs for extremely long 

times [178]. This type of approach led to the development of Norplant, small silicone 

capsules containing contraceptives that are slowly released by diffusion through the 

polymer for 5 years. However, this approach does not permit the slow delivery of 

either ionic species or molecules with a relative molecular mass (Mr) over about 400 

because they are not able to diffuse through such polymers. To address this problem, 

drugs were physically embedded in polymers at concentrations high enough to 

create a series of interconnecting pores through which the drug could subsequently 

slowly diffuse [179] (a type of matrix system, Fig. 4b). Early studies utilized ethylene–

vinyl acetate copolymer or various hydrogels as model polymers. Subsequently, to 

develop biodegradable systems with such properties, lactic/glycolic acid copolymers 

were utilized. In this case, the combination of diffusion through pores as well as 

polymer matrix degradation allows control of release rates. This approach has 

provided the basis for injectable delivery systems lasting for 1 to 4 months for 

normally   short-lived   polypeptide  hormones  such as luteinizing hormone releasing  
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hormone analogues [180] now used by about 300,000 patients annually for treating 

advanced prostate cancer, endometriosis or precocious puberty. 

 

 The major scientific challenges in the development of gastric retention devices 

is to overcome strong gastric contractions that occur every few hours, particularly in 

the fasted state [181]. If the gastric retention technology is based on swelling or 

expansion of the system, this then must be sufficient to maintain the delivery system 

in the stomach in the fasted condition. The extensive swelling or expansion, however, 

tends to result in mechanically weak properties, which may not withstand the 

compression exerted by the housekeeper waves. For this reason, fast swelling 

hydrogels with mechanically strong and elastic polymers have been developed [182]. 

2.5 Hydrogels for drug delivery applications  
 

Hydrogels are hydrophilic polymer networks capable of absorbing large 

amounts  of  water,  yet  insoluble  because of the presence of cross-links, crystalline  

Figure 4. Examples of polymer-based delivery systems. 
In a-c, small dots represent drug, and arrows show the 
direction in which drug is released. a, Reservoir system in 
which drug diffuses through a polymer membrane (blue 
rim). This is the design for Norplant, Ocusert and a number 
of other systems. b, Matrix system in which the drug is 
evenly distributed through a polymer system. The drug can 
be released by diffusion through the polymer. Alternatively, 
drug release can occur by a combination of drug diffusion 
and polymer erosion. c, Osmotic system in which drug is 
pumped out through a laser-drilled hole. Water is attracted 
through the blue semi permeable membrane (the 
membrane is permeable to water but impermeable to drug) 
by osmosis due to the drug or a coencapsulated salt in the 
system. d, Polymeric drug conjugates. The curved line 
represents polymer. The bonds connecting drug (D) and 
polymer are cleavable inside the body. The targeting 
moiety, T, is optional [181]. 
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regions, or entanglements [142]. Hydrogels are either neutral or ionic, depending on 

the nature of the side groups. They can be classified based on the network 

morphology as amorphous, semicrystalline, hydrogen-bonded structures, 

supermolecular structures, and hydrocolloidal aggregates. Additionally, in terms of 

their network structures, hydrogels can be classified as macroporous, microporous, 

or nanoporous [183-184]. Since the development of poly(2-hydroxy ethyl 

methacrylate) gels, hydrogels have been considered for use in a wide range of 

biomedical and pharmaceutical applications, mainly due to their high water content 

and rubbery nature. Because of these properties, hydrogel materials resemble 

natural living tissue more than any other class of synthetic biomaterials. Furthermore, 

the high water content allows these materials to exhibit excellent biocompatibility. 

Some applications of hydrogels include contact lenses, biosensors, artificial organs, 

dental materials, and drug delivery systems [185-190]. 

2.6 pH-Sensitive complexation of hydrogels 
 

Depending on the nature of the side groups along the polymer chains, 

hydrogels have the ability to respond to their environmental changes such as pH, 

ionic strength, temperature, or specific chemical compounds [191-192]. This 

environmentally sensitive behavior has led to the extensive use of hydrogels in 

controlled drug delivery systems, where they can respond to changes in the 

environment thus, regulate drug release [193-198]. One of the hydrogels that exhibit 

pH-responsive behavior is complexation hydrogels. Osada studied complex 

formation in PMAA hydrogels [199]. In acidic media, the PMAA membranes 

collapsed  in  the  linear  PEG chains due to the formation of interpolymer complexes  
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between the PMAA and PEG. The gels swelled when placed in neutral or basic 

media. The permeability of these membranes was strongly dependent on the 

environmental pH and PEG concentration [200]. Similar results were observed with 

hydrogels of PAA and linear PEG [201]. Interpenetrating polymer networks of PVA 

and PAA that exhibit pH-sensitive behavior due to complexation between the 

polymers were prepared and the release behavior of indomethacin was studied [202- 

203]. Peppas et al. [204-208] have developed a class of graft copolymer hydrogels of 

PMAA with grafted PEG (P(MAA-g-EG)). These gels exhibited pH-dependent 

swelling behavior due to the presence of acidic dependent groups and the formation 

of interpolymer complexes between the ether groups on the graft chains and 

protonated pendent groups. Klier et al. [206] studied the responsive abilities of the 

P(MAA-g-PEG) materials to their environment. The materials exhibited a dynamic 

volume change depending on the pH of their environment. Klier et al. [206] also 

studied the ability of the material to act as a controlled release drug delivery device. 

The materials exhibited a release of drugs dependant on their environment 

possessing a controlled release at high pH values, while hindering the release at low 

pH.  

In 1997, Lowman and Peppas first discussed the use of P(MAAg- PEG) as a 

carrier for oral protein delivery systems [209]. Their work showed that the hydrogels 

possessed the ability to regulate the release of drugs depending on the surrounding 

environmental pH. Thus, in low pH environments the network would stay collapsed 

and the mesh of the network would keep the drug inside of the polymer. Whereas in 

neutral or high pH environments, the network would swell open and the meshwork of  
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the polymer chains would open up. This would allow the drug to diffuse out of the 

polymer and into the surrounding environment. These studies were conducted with 

microspheres of the material made via an emulsion polymerization that used silica oil 

and water as the phases. This technique yielded particles of a specific size but used 

an organic solvent. The solvent had to later be removed from the materials to avoid 

causing problems with other studies [155]. 

Madsen and Peppas [210] conducted studies into the ability of P(MAA-g-

PEG) hydrogels to inhibit proteolytic enzymes. It was found that the calcium binding 

properties of the copolymer inhibited the enzymatic activities of model digestive 

enzymes. This study is important because it shows that not only is the material able 

to provide a stable carrier that is sensitive to pH and can release the insulin into the 

targeted upper small intestine, but also that the material is able to provide protection 

to the insulin inside by deactivating some of the digestive enzymes in the stomach. 

By protecting its contents the amount of active insulin that reaches the upper small 

intestine increases. 

2.7 Polymer complexes  in stimuli-sensitive behavior 
 

Polymer complexes are insoluble, macromolecular structures formed by the 

non-covalent association of polymers with an affinity for one another. The complexes 

form due to association of repeating units on different chains (interpolymer 

complexes) or on separate regions of the same chain (intrapolymer complexes). 

Polymer complexes are classified by the nature of the association. The major 

classes of polymer complexes are stereocomplexes, polyelectrolyte (polyionic) 

complexes,  and hydrogen-bonded complexes [211-213].   The non-ionic association  
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of stereoisomers caused by van der Waals interactions forms stereocomplexes. One 

example of this type of complex is van der Waals complexes between poly(methyl 

methacrylate)PMMA and poly(methacrylic acid) (PMAA) [211]. 

Polyelectrolyte complexes are formed between macromolecular acids and 

bases or their salts. These complexes are stabilized by ionic bonds. Some of the 

polymers that exhibit polyelectrolyte complexation include poly(acrylic acid) (PAA) 

and PMAA with poly(ethyleneimine) [214-216], and PAA with chitosan [217].  

Polyelectrolytes have been identified for use as desalination and ultrafiltration 

membranes, dialysis membranes, and peptide stabilizers [218]. Interpolymer 

complexes stabilized by hydrogen bonds are formed between polymers containing 

electron-donating protons, typically poly(carboxylic acids), and polymers containing 

electron-donating groups such as poly(ethylene glycol) (PEG), polypyrrolidones, or 

alcohols. Some examples of polymer systems that form complexes due to hydrogen 

bonding include PAA and polyacrylamide [216], PAA and poly(vinyl alcohol) [204, 

219-220], PAA and PEG [221-223], PMAA and poly(vinyl pyrrolidone) [224-226], and 

PMAA and PEG [208-209, 221, 227-228]. 

Hydrogen-bonded complexes are generally formed in aqueous media within a 

narrow range of solvent composition, pH, and ionic strength. In addition, the 

complexes are stabilized by the composition and structure of the copolymer, as well 

as by hydrophobic interactions. The stability of hydrogen-bonded complexes is also 

dependent on many environmental factors such as temperature, nature of the 

solvent, pH, or ionic strength. Hydrogen-bonded complexes involving polyacids are 

only formed when the pH if the solution is sufficiently low for  substantial  protonation  
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of the acidic groups. Additionally, this type of interpolymer complexation process is 

reversible in nature. Because of their nature, hydrogen-bonded complexation 

polymer systems have the ability to function in a wide variety of applications. Of 

various applications, the application for drug delivery has received significant interest. 

In particular, complexation copolymers of PMAA/PEG have been studied great 

detailed for use as drug delivery systems [206-207, 229]. In these copolymers, 

interpolymer complexes form in acidic media due to hydrogen bonding between 

protonated carboxylic groups and the PEG ether groups. These complexes 

dissociate in neutral or basic media due to ionization of the acid groups (Figure 5). 

 

 

Figure 5 - Complexation/decomplexation of P(MAA-g-EG) networks: (a) in acidic 

media when the carboxylic acid group is protonated,   and (b) is in neutral or basic 

media when the carboxylic acid group is ionized [154]. 

 

Polyelectrolyte complexes (PECs) [230], formed by mixing polysaccharides of 

opposite  charge,  have  recently  attracted  considerable  attention  because  of their  
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potential for use in drug delivery systems as well as in various biotechnological 

applications [231-234]. The multitude of reactions in biology that involve 

polyelectrolyte-polyelectrolyte interaction increases the interest in investigating this 

area. The characteristic properties of the polyelectrolytes, e.g. charge density, chain 

conformation and the response of PECs to variation in pH, ionic strength and 

temperature, offer a wide set of variables with a potential to be employed in 

pharmaceutical formulations. Interaction between a completely dissociated polyanion 

and a polycation, both of comparatively high charge densities, may be considered 

primarily to be of an electrostatic nature since such interactions are strong as well as 

of relatively long-range order. The possible influence of, for example, hydrophobic 

interactions and Van der Waals forces on the formation of PECs must also be 

considered, especially when the charge-charge interaction is screened by a 

supporting electrolyte of high ionic strength. Not only is the intermolecular interaction 

governed by the nature and structure of the polyelectrolytes involved but it can 

indeed be significantly affected by the prevailing solute – solvent and solvent-solvent 

conditions. 

2.8 Protein and water diffusion in hydrogels 

When a hydrophilic polymer network is brought into contact with water), the latter 

enters the polymer network resulting in a swollen gel phase. If a solute (protein or 

drug) is incorporated in the glassy polymer network, the solute will be released [235-

237]. There have been many efforts to make use of this process of water penetration 

and subsequent protein release in polymer materials for controlled protein delivery 

systems. For many applications, the equilibrium swelling of the hydrogels may not be  



47 

 

Chapter 2       

 

the most important characteristic of the gel. For some applications, it is vital that the 

gel be able to exhibit fully reversible swelling and de-swelling in response to pH 

changes or ionic strength. The rate at which the gel swells or collapses in response 

to changes in the environmental pH are vital in determining whether or not a 

particular gel is suitable for a given application. The early work of Katchalsky [238-

240] in the area of polyelectrolyte gels usually used in stimuli-sensitive devices 

established the fact that the collapse and expansion of poly(methacrylic acid) gels 

occurred reversibly by simply adjusting the pH of the fluid. The group of Tanaka [241] 

performed significant work in this area as well and confirmed the reversible behavior 

of polyelectrolyte networks. Ohmine and Tanaka have also observed the sudden 

collapse of ionic networks in response to sudden changes in the ionic strength of the 

swelling medium. Studies by Khare and Peppas [242] examined the swelling kinetics 

of poly(methacrylic acid) or poly(acrylic acid) with poly(hydroxylethyl methacrylate). 

They observed pH and ionic strength dependent swelling kinetics in these gels.     

3. Polyethylenimine 

Polyethylenimine (PEI) is a weakly basic, aliphatic, non toxic synthetic 

polymer which is polycationic owing to the presence of primary, secondary, and 

tertiary amino groups [243].  The most popular cationic polymer as non-viral vector is 

PEI. It forms a complex with pDNA and showed high gene expressions in both in 

vitro and in vivo gene delivery [244-245]. PEI is a highly water soluble, positively 

charged, synthetic polymer in which every third atom is a nitrogen that can be 

protonated  as well as provide a potential branching point [246].  Approximately  20%  
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of the nitrogen of PEI are protonated under physiological conditions [247-248]. As a 

result, the  polymer can change its ionization state over a broad pH range [246].  PEI  

is a highly efficient vector for delivering  oligonucleotides and plasmids both in vitro 

and in vivo [249].  It is an organic macromolecule with the highest cationic-charge-

density potential [249]. PEI has been used previously to coat surfaces to promote the 

attachment of neurons in primary cell cultures [250-253]. Polyethylenimine is an 

effective attachment factor for weakly anchoring cell lines and primary cells [254]. Its 

use in lipofection protocols makes the procedures more reliable and increases the 

yield of expressed products with commonly used cell lines such as PC-12 and HEK-

293 cells [254]. Since 1995, PEI has been found to be a versatile polymeric vector 

for gene delivery that tightly condenses plasmid DNA and is able to promote 

transgene delivery to the nucleus of mammalian cells [244,249,253-255].   PEI has a 

strong permeabilizing effect but no bactericidal effect on gram-negative bacteria 

[255].  PEI prepared in nanoparticles were incorporated in dental provisional 

cements and found to had antibacterial effect against Streptococcus mutans [256]. 

Insoluble cross-linked quaternary ammonium polyethylenimine (PEI) nanoparticles 

incorporated at 1 or 2% w/w in a resin composite also has antimicrobial effect 

against Staphylococcus aureus, Staphylococcus epidermidis, Enterococcus faecalis, 

Pseudomonas aeruginosa and Escherichia coli [257]. 

4. Chitosan  

Chitosan (β-(1→4)-2-amino-2-deoxy-D-glucan) is prepared by the alkaline 

deacetylation of chitin (β-(1→4)-2-acetamido-2-deoxy-D-glucan) which is at the 

second place in the nature among the renewable organic resources after cellulose  
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 [258–260]. Chitosan is the only cationic polyelectrolyte among the natural 

polysaccharides  [261-262].  The  presence  of positively charged amino groups in its  

molecule causes this polysaccharide to bind to metal ions via chelation and to be 

adsorbed at various interfaces, in most cases negatively charged. Chitosan is widely 

used in the industry as a flocculant for wastewater purification and a thickener for 

aqueous media. It is also used to prepare fibers, films, membranes, coatings, and 

microcapsules for manufacturing paper, fabrics, photographic materials, food 

packages, and drug deliverysystems [258-260, 263-264]. Chitosan is absolutely 

nontoxic and exhibits excellent biocompatibility, as well as immunostimulating, 

wound healing, antiseptic, and high sorption effects. All these properties explain a 

drastically increasing chitosan application as a component of drugs for the external 

use; an enterosorbent added to preparations for weight loss and health 

improvement; and a component of other compositions used in biological medicine 

[259-260, 263-267]. Because chitosan is a cationic polyelectrolyte, it is widely used 

to form PECs with various anionic polysaccharides and synthetic polymers [258, 

268–274]. Its mixtures with carrageenans were studied in a number of works. The 

insoluble complexes of chitosan with k-carrageenan were used in [275] for the 

preparation of microcapsule shells, and in [276] these complexes were applied for 

chitosan separation from wastewater of food industry enterprises. Chitosan–k-

carrageenan gels were obtained in quite concentrated solutions (4%) [277-278]. The 

interactions between chitosans deacetylated to different degrees and carrageenans 

of the three types (κ, ι, λ) were studied in detail by a group of Swedish researchers  

[279].    Chitosan,    the      deacetylated     form   of   chitin  is  non-toxic  and   easily  
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bioabsorbable [122] with gel forming ability at low pH. Moreover, chitosan has 

antacid  and  anti-ulcer activities that prevent or weaken drug irritation in the stomach  

[122]. Also, chitosan matrix formulations appear to float and gradually swell in acid 

medium. All these interesting properties of chitosan made this polymer an ideal 

candidate for controlled drug release formulations [123]. Chitosan is also used in 

drug delivery systems in  nanoparticles, hydrogels, microcapsules and transdermal 

devices [1]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



51 

 

Chapter 2       

 

5.0 REFERENCES 

[1]  Verma, I.M. and N. Somia, Gene therapy -promises, problems and prospects.  

Nature, 1997. 389:239-242. 

[2] Douglas, J.T., Cancer gene therapy. Technol Cancer Res Treat, 2003. 2:51-64. 

[3] McKay, M.J. and M.A. Gaballa, Gene transfer therapy in vascular diseases.  

Cardiovasc Drug Rev, 2001. 19:245-262. 

[4] Thomas, M. and A.M. Klibanov, Non-viral gene therapy: polycation-mediated  

DNA delivery. Appl Microbiol Biotechnol, 2003. 62:27-34. 

[5] Ward, C.M., Read, M.L. and L.W. Seymour, Systemic circulation of poly(L- 

lysine)/DNA vectors is influenced by polycation molecular weight and type of 

DNA: differential circulation in mice and rats and the implications for human 

gene therapy. Blood, 2001. 97:2221-2229.  

[6] Ogris, M., Brunner, S., Schuller, S., Kircheis, R. et al., PEGylated  

DNA/transferrin-PEI complexes: reduced interaction with blood components, 

extended circulation in blood and potential for systemic gene delivery. Gene 

Ther, 1999. 6:595-605.  

[7] Cichon, G., Boeckh-Herwig, S., Schmidt, H.H., Wehnes, E.  et al., Complement  

activation by recombinant adenoviruses. Gene Ther, 2001. 8:1794-1800.  

[8] Ferrari, S., Geddes, D.M. and E.W. Alton, Barriers to and new approaches for  

gene therapy and gene delivery in cystic fibrosis. Adv Drug Deliv Rev, 2002. 

54:1373-1393. 

[9]  St George, J.A., Gene therapy progress and prospects: adenoviral vectors. Gene  

Ther, 2003. 10:1135-1141. 



52 

 

Chapter 2                                     

 

[10] Buning, H., Nicklin, S.A.,  Perabo, L.,  Hallek, M.  et al., AAV-based gene  

transfer. Curr Opin Mol Ther, 2003. 5:367-375. 

[11] Galimi, F. and I.M. Verma, Opportunities for the use of lentiviral vectors in  

human gene therapy. Curr Top Microbiol Immunol, 2002. 261:245-254. 

[12] Ailles, L.E. and L. Naldini, HIV-1-derived lentiviral vectors. Curr Top Microbiol  

Immunol, 2002. 261:31-52. 

[13] Mastrangelo, M.J., Eisenlohr, L.C., Gomella, L.  and E.C. Lattime, Poxvirus  

vectors: orphaned and underappreciated.J Clin Invest, 2000.105:1031-1034. 

[14] Mastrangelo, M.J. and E.C. Lattime, Virotherapy clinical trials for regional  

disease: in situ immune modulation using recombinant poxvirus vectors. 

Cancer Gene Ther, 2002. 9:1013-1021. 

[15] Bitzer, M., Ungerechts, G.,  Bossow, S.,  Graepler, F.  et al., Negative-strand  

RNA viral vectors: intravenous application of Sendai virus vectors for the  

          systemic delivery of therapeutic genes. Mol Ther, 2003. 7:210-217. 

[16] Shah, A.C., Benos, D.,  Gillespie, G.Y.  and J.M. Markert, Oncolytic viruses:  

clinical applications as vectors for the treatment of malignant gliomas. J 

Neurooncol, 2003. 65:203-26. 

[17] Harvey, B.G., Maroni J., O'Donoghue, K.A., Chu, K.W. et al., Safety of local  

delivery of low- and intermediate-dose adenovirus gene transfer vectors to 

individuals with a spectrum of comorbid conditions. Hum Gene Ther, 2002. 

13:15-16. 

[18] Crystal, R.G., McElvaney, N.G., Rosenfeld, M.A., Chu, C.S. et al.,   

Administration of an adenovirus containing the human CFTR cDNA to the 



53 

 

Chapter 2      

             

 respiratory tract of individuals with cystic fibrosis. Nat Genet, 1994. 8:42-51. 

[19] Lehrman, S., Virus treatment questioned after gene therapy death. Nature,  

1999. 401:517-518. 

[20] Klink, D.T., Polycation-Based Gene Delivery: on the mechanisms of transfection  

with lactosylated and poly(ehtylene glycol) derivatized cationic polymers. 

Erasmus University Rotterdam. Retrieved from 

http://hdl.handle.net/1765/7342, 2004. 

[21] Kaiser, J., Gene therapy. Seeking the cause of induced leukemias in X-SCID  

trial. Science, 2003. 299:495. 

[22] Kohn, D.B., Sadelain, M. and J.C. Glorioso, Occurrence of leukaemia following  

gene therapy of Xlinked SCID. Nat Rev Cancer, 2003. 3:477-488. 

[23] Han, S., Mahato, R.I., Sung, Y.K.  and S.W. Kim, Development of biomaterials  

           for gene therapy. Mol Ther, 2000. 2:302-317. 

[24] Brown, M.D., Schatzlein, A.G. and I.F. Uchegbu, Gene delivery with synthetic  

(non viral) carriers. Int J Pharm, 2001. 229:1-21. 

[25] Somia, N. and I.M. Verma, Gene therapy: trials and tribulations. Nat Rev Genet,  

2000. 1:91-99. 

[26] Liu, G., Molas,M., Grossmann, G.A., Pasumarthy, M. et al., Biological properties  

of poly-L-lysine-DNA complexes generated by cooperative binding of the 

polycation. J Biol Chem, 2001. 276:34379-87. 

[27] Capan, Y., Woo, B.H., Gebrekidan, S., Ahmed, S.  et al., Stability of poly(L- 

            lysine)- complexed plasmid DNA during mechanical stress and DNase I 

treatment. Pharm Dev Technol, 1999. 4:491-498. 

http://hdl.handle.net/1765/7342


54 

 

Chapter 2                                      

 

 [28] Alberts, B., Johnson, A., Lewis, J., Raff, M., et al., Pathogens, infection, and  

           innate immunity, in molecular biology of the cell. 2002, Garland Science: New  

           York. 1423-1463. 

[29] Bergelson, J.M., Cunningham,J.A., Droguett, G., Kurt-Jones,E.A., et al.,  

            Isolation of a common receptor for Coxsackie B viruses and adenoviruses 2  

           and 5. Science, 1997. 275:1320-1323. 

[30] Wickham, T.J., Filardo, E.J.,Cheresh, D.A. and G.R. Nemerow, Integrin alpha v  

beta 5 selectively promotes adenovirus mediated cell membrane 

permeabilization. J Cell Biol, 1994. 127: 257-264. 

[31] Greber, U.F., Willetts, M., Webster, P. and A. Helenius, Stepwise dismantling of  

adenovirus 2 during entry into cells. Cell, 1993. 75:477-486. 

[32] Summerford, C. and R.J. Samulski, Membrane-associated heparan sulfate  

proteoglycan is a receptor for adeno-associated virus type 2 virions. J Virol, 

1998. 72:1438-1445. 

[33] Kaludov, N., Brown, K.E., Walters, R.W., Zabner,J. et al., Adeno-associated  

           virus serotype 4 (AAV4) and Aav5 both require sialic acid binding for 

hemagglutination and efficient transduction but differ in sialic acid linkage 

specifity. J Virol, 2001. 75:6884-6893. 

[34] Walters, R.W., Yi, S.M.P., Keshavjee, S., Brown,K.E. et al., Binding of Adeno- 

associated virus type 5 to 2,3-linked sialic acid is required for gene transfer. J 

Biol Chem, 2001. 276:20610-20616. 

[35] Johnson, L.G., Retroviral approaches to gene therapy of cystic fibrosis. Ann N Y  

Acad Sci, 2001. 953:43-52. 



55 

 

Chapter 2                                      

 

 [36] Kobinger, G.P., Weiner, D.J., Yu, Q.C. and J.M. Wilson, Filovirus - pseudotyped  

lentiviral vector can efficiently and stably transduce airway epithelia in vivo. 

Nat Biotechnol, 2001. 19:225-230. 

[37] Kang, Y., Stein, C.S., Heth, J.A., Sinn,P.L. et al., In vivo gene transfer using a  

nonprimate lentiviral vector pseudotyped with Ross River Virus glycoproteins. 

J Virol, 2002. 76:9378-9388. 

[38] Belting, M., Heparan sulfate proteoglycan as a plasma membrane carrier.  

Trends Biochem Sci, 2003. 28:145-151.  

[39] Erbacher, P., Remy, J.S. and J.P. Behr, Gene transfer with synthetic virus-like  

particles via the integrin-mediated endocytosis pathway. Gene Ther, 1999. 

6:138-145. 

[40] Wu, G.Y. and C.H. Wu, Receptor-mediated in vitro gene transformation by a  

soluble DNA carrier system. J Biol Chem, 1987. 262:4429-4432. 

[41] Ogris, M. and E. Wagner, Targeting tumors with non-viral gene delivery  

systems. Drug Discov Today, 2002. 7:479-485. 

[42] Fortunati, E., Ehlert, E., Van Loo, N.D., Wyman, C. et al., A multi-domain protein  

for beta1 integrintargeted DNA delivery. Gene Ther, 2000. 7:1505-1515. 

[43] Klink, D.T., Glick, M.C.,and T.F. Scanlin, Gene therapy of cystic fibrosis (CF)  

airways: a review emphasizing targeting with lactose/galactose. 

Glycoconjugate J, 2002. 18:731-740. 

[44] Finsinger, D., Remy, J.S., Erbacher, P.,Koch, C. et al., Protective copolymers for  

nonviral gene vectors: synthesis, vector characterization and application in 

gene delivery. Gene Ther, 2000. 7:1183-1192. 



56 

 

Chapter 2                                      

 

[45] De Smedt, S.C., Demeester, J. and W.E. Hennink, Cationic polymer based gene  

delivery systems. Pharm Res, 2000. 17:113-126 

[46] Wivel, N.A. and J.M. Wilson, Methods of gene therapy. Hematol Oncol Clin  

North Am, 1998. 12:483-499. 

[47] Seth, P., Willingham, M.C. and I. Pastan, Adenovirus-dependent release of 51Cr  

from KB cells at an acidic pH. J Biol Chem, 1984. 259:14350-14353. 

[48] Seth, P., Willingham, M.C. and I. Pastan, Binding of adenovirus and its external  

proteins to Triton X-114. Dependence on pH. J Biol Chem, 1985. 260:14431-

14434. 

[49] Carr, C.M., Chaudhry, C. and P.S. Kim, Influenza hemagglutinin is spring-loaded  

by a metastable native conformation. Proc Natl Acad Sci U S A, 1997. 94: 

14306-14313. 

[50] Boussif, O., Lezoualc'h, F., Zanta,M.A., Mergny,M.D. et al., A versatile vector for  

gene and oligonucleotide transfer into cells in culture and in vivo:

 polyethylenimine. Proc Natl Acad Sci USA, 1995. 92:7297-301. 

[51] Van de Wetering, P., Moret, E.E., Schuurmans-Nieuwenbroek, N.M.,  van  

         Steenbergen, M.J.  et al., Structure-activity relationships of water-soluble  

         cationic methacrylate/methacrylamide polymers for nonviral gene delivery.     

         Bioconjug Chem, 1999. 10:589-97. 

[52] Huang, L. and E. Viroonchatapan, Introduction., in Non-viral vectors for gene  

therapy, L. Huang, M.C. Hung, and E. Wagner, Editors. 1999, Academic 

Press: San Diego. 13-14. 

[53] Wagner, E., Zenke, M. , Cotton, M., Beug, H.  et al., Transferin-polycation  



57 

 

Chapter 2       

 

conjugates as carriers for DNA uptake into cells. Proc Natl Acad Sci USA, 

1990. 87:3410-3414. 

[54] Kollen, W.J.W., Midoux, P.,  Erbacher, P., Yip, A. et al., Gluconoylated and  

glycosylated polylysine as vectors for gene transfer into cystic fibrosis airway 

epithelial cells. Hum Gene Ther, 1996. 7:1577-1586. 

[55] Kollen, W.J.W., Schembri, F.M., Gerwig, G.J., Vliegenthart, J.F.G. et al.,  

Enhanced efficiency of lactosylated poly-L-lysine-mediated gene transfer into 

cystic fibrosis airway epithelial cells. Am J Respir Cell Mol Biol, 1999. 20:  

1081-1086. 

[56] Wilke, M., Fortunati, E., van den Broek, M.,  Hoogeveen, A.T. et al., Efficacy of a  

peptide-based gene delivery system depends on mitotic activity. Gene Ther, 

1996. 3:1133-1142. 

[57] Wagner, E., Plank, C., Zatloukal, K., Cotten, M.  et al., Influenza virus 

hemagglutinin HA-2 N terminal fusogenic peptides augment gene transfer by 

transferrin-polylysine-DNA complexes: toward a synthetic virus-like gene-

transfer vehicle. Proc Natl Acad Sci U S A, 1992. 89:7934-7938. 

[58] Parente, R.A., Nir, S. and F.C. Szoka, Jr., Mechanism of leakage of  

phospholipid vesicle contents induced by the peptide GALA. Biochemistry, 

1990. 29:8720-8728. 

[59] De Lima, M.C., Simoes, S., Pires, P., Gaspar, R. et al., Gene delivery mediated  

by cationic liposomes: from biophysical aspects to enhancement of 

transfection. Mol Membr Biol, 1999. 16:103-109. 

[60] Wyman, T.B., Nicol, F., Zelphati, O., Scaria, P.V. et al., Design, synthesis, and  



58 

 

Chapter 2       

 

characterization of a cationic peptide that binds to nucleic acids and 

permeabilizes bilayers. Biochemistry, 1997. 36:3008-3017. 

[61] Zauner, W., Kichler, A., Schmidt, W., Mechtler, K. et al., Glycerol and polylysine  

synergize in their ability to rupture vesicular membranes: a mechanism for 

increased transferrin-polylysine-mediated gene transfer. Exp Cell Res, 1997. 

232:137-145. 

[62] Wang, C.Y. and L. Huang, Polyhistidine mediates an acid-dependent fusion of  

negatively charged liposomes. Biochemistry, 1984. 23:4409-4416. 

[63] Pack, D.W., Putnam, D. and R. Langer, Design of imidazole-containing  

endosomolytic biopolymers for gene delivery. Biotechnol Bioeng, 2000. 67: 

217-223. 

[64] Midoux, P. and M. Monsigny, Efficient gene transfer by histidylated  

polylysine/pDNA complexes. Bioconjug Chem, 1999. 10:406-411. 

[65] Bello Roufai, M. and P. Midoux, Histidylated polylysine as DNA vector: elevation  

of the imidazole protonation and reduced cellular uptake without change in the 

polyfection efficiency of serum stabilized negative polyplexes. Bioconjug 

Chem, 2001. 12:92-99. 

[66] Berg, K., Selbo, P.K.,  Prasmickaite, L., Tjelle, T.E. et al., Photochemical  

internalization: a novel technology for delivery of macromolecules into cytosol. 

Cancer Res, 1999. 59:1180-1183. 

[67] Berg, K. and J. Moan, Lysosomes and microtubules as targets for  

photochemotherapy of cancer. Photochem Photobiol, 1997. 65:403-409. 

[68] Moan, J. and K. Berg, The photodegradation of porphyrins in cells can be used  



59 

 

Chapter 2 

 

to estimate the lifetime of singlet oxygen. Photochem Photobiol, 1991.  

53:549-553. 

[69] Berg, K. and J. Moan, Lysosomes as photochemical targets. Int J Cancer, 1994.  

59:814-822. 

[70] Prasmickaite, L., Hogset, A., Selbo, P.K., Engesaeter, B.O. et al.,  

           Photochemical disruption of endocytic vesicles before delivery of drugs: a  

          new strategy for cancer therapy. Br J Cancer, 2002. 86:652-657. 

[71]  Alberts, B., Johnson, A., Lewis, J., Martin, R. et al., pathogens, infection, and  

innate immunity, in molecular biology of the cell. 2002, Garland Science: New 

York. 1423-1463.. 

[72] van Loo, N.D., Fortunati,E., Ehlert,E., Rabelink, M. et al., Baculovirus infection of  

non-dividing mammalian cells: mechanisms of entry and nuclear transport of 

capsids. J Virol, 2001. 75:961-970. 

[73] Goldberg, J.C. and T.D. Allen, Structural and functional organization of the  

nuclear envelope. Curr Opin Cell Biol, 1995. 7:301-309. 

[74] Talcott, B. and M.S. Moore, Getting across the nuclear pore complex. Trends  

Cell Biol, 1999. 9:312-318. 

[75] Macara, I.G., Transport into and out of the nucleus. Microbiol Mol Biol Rev,  

2001. 65:570-594. 

[76] Whittaker, G.R., Virus nuclear import. Adv Drug Deliv Rev, 2003. 55:733- 

47. 

[77] O'Neill, R.E., Jaskunas,R., Blobel,G., Palese,P. et al., Nuclear import of  

influenza virus RNA can be mediated by viral nucleoprotein and transport 



60 

 

Chapter 2 

 

factors required for protein import. J Biol Chem, 1995. 270:22701-22704. 

[78] Greber, U. F., Suomalainen, M., Stidwill, R. P., Boucke, K., et al.,  The role of  

the nuclear core complex in adenovirus DNA entry. EMBO J, 1997. 16:5998-

6007. 

 [79] Lewis, P.F. and M. Emerman, Passage through mitosis is required for  

oncoretroviruses but not for the human immunodeficiency virus. J Virol, 1994. 

68:510-516. 

[80] Zennou, V.,Petit, C., Guetard,D., Nerhbass,U. et al., HIV-1 genome nuclear  

import is mediated by a central DNA flap. Cell, 2000. 101:173-185. 

[81] Meyer,K., Uyechi, L.S. and F.C.J. Szoka Jr.,  Intracellular trafficking of nucleic  

acids, in Gene Therapy for Diseases of the lung, K.L. Brigham, Editor. 1997, 

Marcel Dekker, Inc.: New York. 135-180. 

 [82] Kichler, A., Behr, J.P. and P. Erbacher, Polyethylenimines: A family of potent  

            polymers for nucleic acid delivery. In: Huang L., Hung M. C. and Wagner E.  

          (Eds), Non-viral Vectors for Gene Therapy. 1999, Academic Press: San Diego.  

         191–205. 

[83] Zauner, W., Kichler, A., Schmidt, W., Sinski, A. et al., Glycerol enhancement of 

 ligand polylysine/DNA transfection. Biotechniques, 1996. 20:905-13. 

[84] Pollard, H., Remy, J.S., Loussouarn, G.,Demolombe,S. et al., Polyethylenimine  

but not cationic lipids promotes transgene delivery to the nucleus in 

mammalian cells. J Biol Chem, 1998. 273:7507-7511.  

[85] Wilson, G.L., Dean,B.S., Wang,G. and D.A. Dean, Nuclear import of plasmid  

DNA in digiton in permeabilized cells requires both cytoplasmic factors and 



61 

 

Chapter 2                                      

 

  specific DNA sequences. J Biol Chem, 1999. 274:22025-22032. 

[86] Ziemienowicz, A., Gorlich, D., Lanka,E.,Hohn,B. et al., Import of DNA into  

mammalian nuclei by proteins originating from a plant pathogenic bacterium. 

Proc Natl Acad Sci U S A, 1999. 96:3729-3733. 

[87] Chan, C.K. and D.A. Jans, Using nuclear targeting signals to enhance non-viral  

gene transfer. Immunol Cell Biol, 2002. 80:119-130. 

[88] Lukacs, G.L., Haggie,P., Seksek,O., Lechardeur, D. et al., Size-dependent DNA  

mobility in cytoplasm and nucleus. J Biol Chem, 2000. 275:1625-1629. 

[89] Niidome, T. and L. Huang, Gene therapy progress and prospects: nonviral  

vectors. Gene Ther, 2002. 9:1647-1652. 

[90] Crystal, R.G., Transfer of genes to humans: early lessons and obstacles to  

success. Science,1995. 270:404-410. 

[91] Auriche, C., Carpani,D., Conese, M., Caci, E. et al., Functional human CFTR  

produced by a stable minichromosome. EMBO Rep, 2002. 3:862-868. 

[92] Oberle, V., Jong, G. De., Drayer,J.I. and D. Hoekstra, Efficient transfer of  

chromosome-based DNA constructs into mammalian cells. Biochim Biophys 

Acta, 2004. 1676:223-230. 

[93] Magin-Lachmann, C., Kotzamanis, G., D'Aiuto, L., Cooke,H. et al., In vitro and in  

 vivo delivery of intact BAC DNA - comparison of different methods. J Gene  

Med, 2004. 6:195-209. 

[94] Chow, C.M., Athanassiadou, A., Raguz, S., Psiouri,L. et al., LCR-mediated,  

long-term tissue specific gene expression within replicating episomal plasmid 

and cosmid vectors. Gene Ther, 2002. 9:327-336. 



62 

 

Chapter 2 

 

[95] Geurts, A.M., Yang,Y., Clark,K.J., Liu, G. et al., Gene transfer into genomes of  

human cells by the sleeping beauty transposon system. Mol Ther, 2003.  

8:108-117. 

[96] Ortiz-Urda, S., Lin, Q., Yant, S.R., Keene, D. et al., Sustainable correction of  

junctional epidermolysis bullosa via transposon-mediated nonviral gene 

transfer. Gene Ther, 2003. 10:1099-1104. 

[97] Kaminski, J.M., Huber, M.R., Summers,J.B. and M.B. Ward, Design of a nonviral  

vector for site selective, efficient integration into the human genome. Faseb J, 

2002. 16:1242-1247. 

[98] Allamane, S., Jourdes,P., Ratel, D., Vicat, J.M. et al., Bacterial DNA methylation  

and gene transfer efficiency. Biochem Biophys Res Commun, 2000. 276: 

1261-1264. 

[99] Sharon, N., Lectins, ed. N. Sharon and H. Lis. 1989, New York: Chapman and  

Hall. 1-5. 

[100] Sharon, N., Lectin-carbohydrate complexes of plants and animals: An atomic  

view. Trends Biochem Sci, 1993. 18:221-226. 

[101] Weis, W.I. and K. Drickamer, Structural basis of lectin-carbohydrate  

recognition. Annu Rev Biochem, 1996. 60: 443-473.     

[102] Shepherd, V.L., Lee, Y.C., Schlesinger, P.H. and P.D. Stahl, L-Fucose- 

terminated glycoconjugates are recognized by pinocytosis receptors on 

macrophages. Proc Natl Acad Sci USA, 1981. 78:1019-1022. 

[103] Wileman, T., Boshans, R. and P. Stahl, Studies on ATP-dependent receptor- 

ligand dissociation. J Biol Chem, 1985. 260:7387-7393. 



63 

 

Chapter 2  

 

[104] Ohashi, T., Gene therapy for Gaucher disease. Nippon Rinsho, 1995.  

53:3089-3094. 

[105] Kohn, D.B. and N. Sarver, Gene therapy for HIV-1 infection. Adv Exp Med Biol,  

1996. 394:421-428. 

[106] Erbacher, P., Bousser,M.T., Raimond, J., Monsigny, M. et al., Gene transfer by  

DNA/glycosylated polylysine complexes into human blood monocyte-derived 

macrophages. Hum Gene Ther, 1996. 7:721-729. 

[107] Ashwell, G. and J. Harford, Carbohydrate-specific receptors of the liver. Ann  

Rev Biochem, 1982. 51:531-554. 

[108] Yoshimura, K., Rosenfeld, M.A., Nakamura, H., Scherer, E.M.  et al.,    

            Expression of the human cystic fibrosis transmembrane conductance  

           regulator gene in the mouse lung after in vivo intratracheal plasmid- mediated  

          gene transfer. Nucl Acid Res, 1992. 20:3233-3240. 

[109] Flotte, T.R. and B.L. Laube, Gene therapy in Cystic Fibrosis. Chest, 2001.  

120:124S-131S. 

[110] Caplen, N.J., Alton, E.W.,  Middleton, P.G., Dorin, J.R.  et al., Liposome- 

   mediated CFTR gene transfer to the nasal epithelium of patients with cystic    

   fibrosis. Nat Med, 1995. 1:39-46. 

[111] Porteous, D.J., Dorin, J.R., McLachlan, G.,  Davidson-Smith, H.  et al.,    

Evidence for safety and efficacy of DOTAP cationic liposome mediated 

CFTR gene transfer to the nasal epithelium of patients with cystic fibrosis. 

Gene Ther, 1997. 4:210-18. 

[112] Noone, P.G., Hohneker, K.W.,  Zhou, Z., Johnson, L.G. et al., Safety and 



64 

 

Chapter 2 

  

biological efficacy of a lipid-CFTR complex for gene transfer in the nasal    

epithelium of adult patients with cystic fibrosis. Mol Ther, 2000. 1:105-114. 

[113] Hyde, S.C., Southern, K.W., Gileadi U., Fitzjohn, E.M.  et al., Repeat  

administration of DNA/liposomes to the nasal epithelium of patients with cystic 

fibrosis. Gene Ther, 2000. 7:1156-1165. 

[114] Alton, E.W.F.W., Stern,M., Farley,R., Jaffe ,A. et al., Cationic lipid-mediated  

CFTR gene transfer to the lungs and nose of patients with cystic fibrosis: a 

double-blind placebo-controlled trial. Lancet, 1999. 353:947-954. 

[115] West, J. and D.M. Rodman, Gene therapy for pulmonary diseases. Chest,  

2001. 119:613-617. 

[116] Kawakami, S., Wong, J., Sato, A., Hattori,Y. et al., Biodistribution  

characteristics of mannosylated, fucosylated, and galactosylated liposomes in 

mice. Biochim Biophys Acta, 2000. 1524:258-265. 

[117] Kawakami, S., Wong, J., Sato, A., Hattori,Y. et al., Mannose receptor-mediated  

gene transfer into macrophages using novel mannosylated cationic     

liposomes. Gene Ther, 2000. 7:292-299. 

[118] Sato, A., S. Kawakami, M. Yamada, F. Yamashita, et al., Enhanced gene  

              Transfection in macrophages using mannosylated cationic liposome- 

              using polyethylenimine-plasmid DNA complexes. J Drug Target 2001, 

   9:201-207. 

[119] Kawakami, S., Yamashita,F., Nishikawa,M., Takakura, Y. et al.,  

   Asialoglycoprotein receptormediated gene transfer using novel    

  galactosylated cationic liposomes. Biochem Biophys Res Commun, 1998.   



65 

 

Chapter 2 

   

252:78-83. 

[120] Bijsterbosch, M.K. and T.J. Van Berkel, Uptake of lactosylated low-density  

 lipoprotein by galactose-specific receptors in rat liver. Biochem J, 1990.  

270:233-39. 

[121] Balicki, D., Reisfeld, R.A., Pertl, U., Beutler, E. et al., Histone H2A-mediated  

transient cytokine gene delivery induces efficient antitumor responses in  

murine neuroblastoma. Proc Natl Acad Sci U S A, 2000. 97:11500-11504. 

[122] Borchard, G. and H.E. Junginger, Modern drug delivery applications of  

chitosan. Adv Drug Deliv Rev, 2001. 52:103. 

[123] Lynn, D.M., Anderson, D.G., Putnam, D. and R. Langer, Accelerated discovery  

of synthetic transfection vectors: parallel synthesis and screening of a   

degradable polymer library. J Am Chem Soc, 2001. 123:8155-8156. 

[124] Lim, Y.B., S.M. Kim, H. Suh, and J.S. Park, Biodegradable, endosome  

disruptive, and cationic network-type polymer as a highly efficient and   

nontoxic gene delivery carrier. Bioconjug Chem, 2002. 13:952-957. 

[125] Cherng, J.Y., van de Wetering, P., Talsma, H., Crommelin,D.J. et al., Effect of  

size and serum proteins on transfection efficiency of poly ((2-   

dimethylamino)ethyl methacrylate)-plasmid nanoparticles. Pharm Res,  

1996.13:1038-1042. 

[126] Chan, K.C. and D.A. Jans, Enhancement of polylysine mediated  

transferrinfection by nuclear localization of sequences: polylysine does not   

function as a nuclear localization sequence. Hum Gene Ther, 1999.   

10:1695-1702. 



66 

 

Chapter 2  

 

[127] Godbey, W.T.,  Wu,K.K. and A.G. Mikos, Poly(ethylenimine) and its role in  

gene delivery. J. Control Rel. 1999.60:149-60. 

[128] Kircheis, R., Wightman, L. and E.  Wagner,  Design and gene delivery activity  

of modified polyethylenimines. Adv. Drug Deliv. Rev. 2001. 53:341-358. 

[129] Fischer,D., Bieber, T., Li, Y., Elsasser, H.P. and  T. Kissel, A novel non-viral  

vector for DNA delivery based on low molecular weight, branched  

polyethylenimin: effect of molecular weight on transesterification efficiency  

and cytotoxicity.  Pharm. Res. 1999.16:1273-1279.  

[130] Ogris, M., Brunner, S., Schuller, S., Kircheis, R. and  E. Wagner, PEGylated  

DNA/transferrin-PEI complexes: reduced interaction with blood components,  

           extended circulation in blood and potential for systemic gene delivery.  Gene  

          Ther. 1999.6:595-605  

[131] Ogris, M. and E. Wagner, Targeting tumors with non-viral gene delivery  

systems. Drug Discov Today 2002. 7:479-485. 

[132] Cook, S.E., Park, I.K., Kim, E.M., Jeong, H.J., Park, T.G. et al., Galactosylated  

Polyethylenimine-graft-Poly(vinyl pyrrolidone) as a Hepatocyte-Targeting  

Gene Carrier. J. Control Rel. 2005. 105:151-163. 



67 

 

Chapter 2  

 

[133] Oupicky, D., Ogris, M., Howard,K.A., Dash, P.R. et al., Importance of lateral  

and steric stabilization of polyelectrolyte gene delivery vectors for extended 

systemic circulation. Mol. Ther. 2002. 5:463-472. 

[134] Trubetskoy, V.S., Wong, S.C., Subbotin, V., Budker, V. G. et al., Recharging  

cationic DNA complexes with highly charged polyanions for in vitro and in     

vivo gene delivery. Gene Ther. 2003. 10:261-271. 

[135] Ito, T., Tanaka, I.N., Sato, T., Yang, Z., Niidome,T., Kawano, T. and Y.  

Koyama, Hyaluronic Acid as a Self Assembled Coating of  

Plasmid/Polycation Complexes for Cell-Specific Gene Delivery. Mol. Ther.  

2004. 9:S321-S322. 

[136] Taira, K., Kataoka, K. and T. Niidome, Protective polyanion coating of   

polycation/DNA Complexes: A ternary Polyion Complex Vector  System. In:  

Y. Koyama, (Ed).  Non-viral Gene Therapy, Gene Design and Delivery,  

2005. Springer-Verlag, Tokyo, 215. 

[137] Hovgaard, L. and  H. Brøndsted, Current applications of polysaccharides in  

colon targeting. Crit. Rev. Ther. Drug Carrier Syst. 1996.13:185-223. 

[138] Kawakami, S., Wong, J., Sato, A., Hattori, Y. et al.,  Biodistribution  

characteristics of mannosylated, fucosylated, and galactosylated liposomes  

   in mice. Biochim. Biophys. Acta. 2000. 1524:258-265. 



68 

 

Chapter 2  

 

[139] Coradini, D.,  Pellizzaro, C., G. Miglierini, G., Daidone, M.G. and  A. Perbellini,   

Hyaluronic acid as drug delivery for sodium butyrate: improvement of the  

anti-proliferative activity on a breast-cancer cell line. Int. J. Cancer. 1999.   

81:411-416.  

[140] Luo, Y., Bernshaw, N.J., Lu, Z.R., Kopecek, J. and  G.D. Prestwich, Targeted  

delivery of doxorubicin by HPMA copolymer-hyaluronan bioconjugates.  
 
           Pharm. Res. 2002. 19:396-402. 
 
[141] Kurosaki, T., Kitahara, T., Kawakami, S., Nishida, K., Nakamura, J.  et al., The  

development of a gene vector electrostatically assembled with a  

           polysaccharide capsule. Biomaterials 2009. 30: 4427-4434. 

[142] Rocca, J.G., and  K. Paros, Oral Drug Delivery: Prospects & Challenges. Drug 

Del. Technol. 2004. 4:52-54. 

[143] Langer R. Implantable controlled release systems. Pharmacol Ther. 1983.  

21:35–51. 

[144] Paolino, D., Fresta, M., Sinha,P. and  M. Ferrari, Drug Delivery Systems,  

Encyclopedia of Medical Devices and Instrumentation, Second Edition,  

           John G. Webster, Ed. John Wiley & Sons, Inc., 2006. 

[145] Langer, R. Drug delivery and targeting. Nature (London) 1998. 392:5–10. 

[146] Kost, J. and R. Langer. Responsive polymeric delivery systems. Adv Drug  

Deliv Rev 2001. 46:125–148. 



69 

 

Chapter 2  

 

[147] Hwang, S.J., Park, H. and K. Park. Gastric retentive drug delivery systems. Crit  

Rev Therap Drug Carr Sys. 1998.15:243-284.  

 [148] Bogdansky, S. in Natural Polymers as Drug Delivery Systems in  

Biodegradable Polymers as Drug Delivery Systems, M. chasin, R. Langer,  

           Eds., Marcel Dekker Inc. New York, 1990. 

[149] Heller, J., in Hydrogels in Medicine and Pharmacy, Vol. 3, Properties and  

Applications (N. A. Peppas, ed.), CRC Press, Boca Raton, 1987. 

[150] Lee, V. H. L., Enzymatic barriers to peptide and protein absorption. Crit. Rev  

Ther Drug Carrier Syst. 1988. 5:69-97. 

[151] Banga, A. K., and Y.W. Chien,  Systemic delivery of therapeutic peptides and                

proteins. Int. J. Pharm. 1988. 48:15-50. 

[152] Eppstein, D. A. and J.P. Longenecker, Alternative delivery systems for  

Peptides and proteins as drugs. Crit. Rev. Therapeut. Drug Carrier  

Syst.1988. 5: 99-139. 

[153] Siddiqui, O., and Y. W. Chien, Crit. Rev. Therapeut. Drug Syst. 1986. 3:195  

[154] Peppas, N.A., and B. Kim, Stimuli-sensitive protein delivery systems. J. Drug  

Del. Sci. Tech. 2006. 16:11-18. 

[155] Woodley, J.F., Enzymatic barriers for GI peptide and protein delivery.  Crit.  

Rev. Ther. Drug, 1994. 11:61-95. 

[156] Kopecek, J., Kopecková P.,  Brøndsted H., Rathi R., et al., Polymers for colon- 

specific drug delivery. J. Control. Release, 1992. 19:121-30. 

[157] Rubinstein, A.,Tirosh, B., Baluom, M., Nassar, T., et al., The rationale for  

peptide drugs delivery to the colon and the potential of polymeric carriers    



70 

 

Chapter 2  

 

           as effective tools. J. Control. Release, 1997. 46:59-73. 

[158] Sangalli, M.E., Maroni, A., Zema, L.,Busetti, C., et al.,  In vitro and in vivo  

evaluation of an oral system for time and/or site-specific drug delivery. J.  

           Control. Release, 2001. 73:103-110. 

[159] Darnell, J., Lodish, H. and D. Baltimore, In: Molecular Cell Biology, 2nd  

Ed., Scientific American Books Inc., 1990, 531-582. 

[160] Paolino, D., Fresta, M., Sinha, P., and M. Ferrari, Drug Delivery Systems, 

 Encyclopedia of Medical Devices and Instrumentation, Second Edition, 

 John G. Webster, Ed. John Wiley & Sons, Inc., 2006. 

[161] Danckwerts, M. and A. Fassihili, Optimization and development of a core-in- 

cup tablet for modulated release of theophylline in simulated  

gastrointestinal fluids. Drug Dev Ind Pharm 1991. 17:1465–1502. 

[162] Hall,  E.A.H. The developing biosensor arena. Enz Microb Technol.  

1986. 8:651–658. 

[163] Yang, M.B., Tamargo, R. and H. Brem, Controlled delivery of 1,3-  

bis(2chloroethyl)-l-nitrosourea from ethylene-vinyl acetate copolymer.  

          Cancer Res.1989. 49:5103–5107. 

[164] Fung, L.K. and W.M. Saltzman, Polymeric implants for cancer chemotherapy.  

Adv Drug Deliv Rev, 1997. 26:209–230. 

[165] Gutman, R.L., Peacock, G. and D.R. Lu, Targeted drug delivery for brain  

 



71 

 

Chapter 2 

 

cancer treatment. J Control Rel, 2000. 65:31–41. 

[166] Raiche, A.T. and D.A. Puleo, Association polymers for modulated release of  

bioactive proteins. IEEE Eng Med Biol Mag, 2003. 22:35–41. 

[167] Rosen, H. B., Kohn, J., Leong, K., and R. Langer, in Controlled Release  

         Systems: Fabrication Technology, Vol. 2 (D. Hsieh, ed.), CRC Press, Boca  

         Raton, 1988. 

[168] Illum, L., and S.S. Davis (eds.), Polymers in Controlled Drug Delivery, Wright,  

Bristol, 1987. 

[169] Langer, R., and N.J. Peppas, Chemical and physical structure of polymers as  

carriers for controlled release of bioactive agents. J. Macromol. Sci. 1983. 

23:61-126.. 

 [170] Juni, K.,and M. Nakano,Crit. Rev. Therapeut. Drug Carrier Syst. 1986. 3: 209. 

[171] Holland, S. J., Tighe, B. J., and P.L. Gould, Polymers for biodegradable  

medical devices. I. The Patent Polyesters as controlled macromolecular 

release systems.J. Control. Rel. 1986. 4:155. 

 [172] Mills, S. N., and S. S. Davis, in Polymers in Controlled Drug Delivery (L. Illum 

     and S. S. Davis, eds.), Wright, Bristol, 1987. 

[173] Juni, K., and M. Nakano, in Polymers in Controlled Drug Delivery (L. Illum and  

                S. S. Davis, eds.), Wright, Bristol, 1987. 

[174] MaUlding, H. V.  Prolonged delivery of peptides by microcapsules. J. Control.  

 

 



72 

 

Chapter 2 

 

     ReI.1987. 6:167.   

 [175] Heller, J., in Hydrogels in Medicine and Pharmacy, Vol. 3, Properties and  

           Applications (N. A. Peppas, ed.), 1987. CRC Press, Boca Raton 

[176] Langer, R. New methods of drug delivery. Science, 1990. 249:1527–1533.  

[177] Langer, R. Polymeric delivery systems for controlled drug release. Chem. Eng.  

Commun. 1980. 6:15–48. 

[178] Folkman, J. and D. Long, The use of silicone rubber as a carrier for prolonged  

drug therapy. Surg. Res. 1964. 4:139–42. 

[179] Langer, R. and J. Folkman, Polymers for the sustained release of proteins and  

          other macromolecules. Nature, 1976. 263:797–800.  

[180] Ogawa, Y., Yamamoto, M., Okada, H., Yashiki, T. and T. Shimamoto, A new  

          technique to efficiently entrap leuprolide acetate into microcapsules of  

          polylactic acid and copoly(lactic/glycolic acid). Bull. Chem. Pharm. 1988.  

         36:1095–1103. 

[181] Langer, R. Drug delivery and targeting. Nature, 1998. 392:5-10. 

[182] Hwang, S.J., Park, H. and K. Park, Gastric retentive drug delivery systems. Crit  

           Rev Therap Drug Carr Sys. 1998.15:243-84. 

[183] Bell, C.L. and N.A. Peppas, Biomedical membranes from hydrogels and  

          interpolymer complexes. Adv. Polym. Sci. 1995. 122:125-75. 

[184] Langer, R. and R. Peppas, Chemical and physical structure of polymers as  

          carriers for controlled release of bioactive agents: a review.  J. Mater. Sci.,  

          Rev. Macromol. Chem. Phys. 1983. C23:61-126. 

[185] Peppas, N.A. and D.L. Meadows, Macromolecular structure and solute  



73 

 

Chapter 2 

 

            diffusion in membranes: an overview of recent theories. J. Membr. Sci.,  

           1983. 16:361-77. 

[186] Peppas, N. A. Hydrogels in Medicine and Pharmacy, Vol. III, CRS Press Inc.,  

           1986. Boca Raton, FL. 

[187] Blanchette, J.O., Kavimandan, N. and N.A. Peppas, Principles of transmucosal 

           delivery of therapeutic agents. Biomedicine & Pharmacotherapy, 2004.  

           58:42-51. 

[188] Langer, R., and N.A. Peppas, Advances in biomaterials, drug delivery, and  

           bionanotechnology. AIChE J. 2003. 49:2990-3006. 

[189] Peppas, N.A. Hydrogels and drug delivery. - Curr. Opin. Colloids Int. Sci. 1997.  

           2:531-537. 

[190] Venkatesh, S., Byrne, M.E. and Peppas, N.A. and J.Z. HILT,  Applications 

           of biomimetic systems in drug delivery.  Expert Opin. Drug Deliv. 2005. 2:  

          1085-1096. 

[191] Owens, D. E. and N.A. Peppas, Opsonization, biodistribution and  

            pharmacokinetics of polymeric nanoparticles. Int. J. Pharm. 2006. 307:  

           93-102. 

[192] Peppas, N.A. Physiologically responsive hydrogels. J. Bioact. Compat. Polym.   

                 1991.6:241-46. 

[193] Byrne, M., Park, K. and N.A. Peppas, Molecular imprinting within hydrogels.  

                  Adv. Drug Deliv. Rev. 2002. 54:149-61. 

[194] Peppas, N.A., Bures, P., Leobandung, W. and H. Ichikawa, BURES P.,  

                Hydrogels in pharmaceutical formulations. Eur. J. Pharm. Biopharm. 2000.  



74 

 

Chapter 2 

 

            50:27-46. 

[195] Peppas, N.A., Kim, B.S., Donini, C., Sipahigil, O. and W. Leobandung, Stimuli- 

           sensitive polymers for oral and parenteral administration. In: New  

           Trends in Polymers for Oral and Parenteral Administration, From Design  

           To Receptors, G. Barratt, D. Duchêne, F. Fattal, J. Y. Legendre Eds.,  

            Éditions de Santé, Paris, 2001. 32-41. 

[196] Torres-Lugo, M., Garcia, M., Record, R. and N. A. Peppas, Physicochemical  

           behavior and cytotoxic effects of P(MAAg-EG) nanospheres for oral  

           delivery of proteins. J. Control. Release, 2002. 80:197-205. 

[197] Peppas, N.A., Keys, K.B., Torres-Lugo M. and A.M. Lowman, Poly(ethylene  

           glycol)-containing hydrogels in drug delivery. J. Control. Release,  

          1999.62:81-87. 

[198] Torres-Lugo M. and N.A. Peppas, Molecular design and in vitro studies of  

           novel pH-sensitive hydrogels for the oral delivery of calcitonin.  

           Macromolecules, 1999. 32:6646-51. 

[199] Osada, Y. Effects of polymers and their chain lengths on the contraction of  

           poly(methacrylic acid) network. J. Polym. Sci., Polym. Lett. Ed. 1980,  

           18:281-86. 

[200] Osada, Y., Honda, K. and M. Ohta, Control of water permeability by  

            mechanochemical contraction of poly(methacrylic acid) grafted  

           membranes. J. Membr. Sci. 1986. 27:339-47. 

[201] Nishi, S. and T. Kotaka, Complex-forming poly(oxyethylene): poly(acrylic acid)  

   interpenetrating polymer networks. 2. Function as a chemical valve.  

          Macromolecules, 1986. 19:978-84. 



75 

 

Chapter 2        

 

[202] Byun, J., Lee, Y.M. and C.S. Cho, Swelling of thermosensitive interpenetrating  

            polymer networks composed of poly(vinylalcohol) and poly(acrylic acid). J.  

            Appl. Polym. Sci. 1996. 61:697-702. 

[203] Shin, H.S., Kim, S.Y.and Y.M. Lee,Indomethacin release behaviors from pH  

           and thermoresponsive poly(vinyl alcohol) and poly(acrylic acid) in  

           hydrogels for site-specific drug delivery. J. Appl. Polym. Sci. 1997.  

           65:685-693. 

[204] Lowman, A.M. and Solute transport analysis in pH-responsive,  

           complexing hydrogels of poly(methacrylic acid-g-ethylene glycol). J.  

           Biomater. Sci., Polymer Ed. 1999.10:999-1009. 

[205] Drummond, R.K., Klier, J., Alameda, J.A. and N.A. Peppas, Preparation of  

           poly(methacrylic acid-g-ethylene oxide) microspheres. Macromolecules,  

          1989. 22:3816-3818. 

[206] Klier, J., Scranton, A.B. and N.A. Peppas, Self-associating networks of  

           poly(methacrylic acid-g-ethylene glycol). Macromolecules, 1990.  

           23:4944-4949. 

[207] Peppas, N.A. and J. Klier, Controlled release by using poly(ethylene oxide- 

          g-methacrylic acid) hydrogels. J. Control. Release, 1991. 16:203-214.  

[208] Bell, C.L. and N.A. Peppas, Water, solute and protein diffusion in  

          physiologically-responsive hydrogels of poly(methacrylic acid-g-ethylene 

          glycol). Biomaterials, 1996. 17:1203-1218. 

[209] Lowman, A.M. and N.A. Peppas, Complexation graft copolymers as oral drug  

          delivery systems. Polym. Prepr. 1997. 38:566-67. 

[210] Madsen, F. and N.A. Peppas, Complexation graft copolymer networks: swelling 



76 

 

Chapter 2             

  

           properties calcium binding and proteolytic enzyme inhibition. Biomaterials,  

          1999. 20:1701-08. 

[211] Bekturov, E.A. and L.A. Bimendina, Interpolymer complexes. Adv. Polym.  

           Sci. 1981. 41:99-147. 

[212] Tsuchida, E. and K. Abe, Interactions between macromolecules in solution and  

          intramacromolecular complexes. Adv. Polym. Sci. 1982. 45:119. 

[213] Papisov, M. and A.A. Litmanovich, Molecular “recognition” in interpolymer  

          interactions and matrix polymerization.  Adv. Polym. Sci. 1989. 90:139-179.  

[214] Kono, K., Tabata, F. and T. Takagishi, ABATA F., pH-Responsive permeability  

          of poly(acrylic acid)-poly(ethylenimine) complex capsule membrane. J.  

          Membr. Sci. 1993. 76:233-243. 

[215] Chatterjee, S.K., Dureja, V.S. and S. Nigam, Interpolymer association 

          between phenolic copolymers and polyelectrolytes: effects of copolymer  

          structure and hydrophobic interactions on the stability of polycomplexes.  

          Polym. Bull. 1996. 37:265-272. 

[216] Chatterjee, S.K. and N. Misra, Interpolymer association between random  

           and graft acrylic copolymers with poly(ethyleneimine): effects of copolymer  

          structure.  Polymer, 1997. 38:1485-1490. 

[217] Wang, H., Lim, W., Lu, Y., Wang, Z. and W.  Zhong, Studies on chitosan and 

           poly(acrylic acid) interpolymer complex. 2. Solution behaviors of the  

           mixture of water-soluble chitosan and poly(acrylic acid). J. Appl. Polym.  

           Sci. 1996. 61:2221-2224. 

[218] Samsonov, G.V. Polymeric complexes on synthetic polyelectrolytes and  

           physiologically active components. Vysokomol. Soedin. 1979. A21:723-733.  



77 

 

Chapter 2             

 

[219] Lee, Y.M., Kim, S.H. and C.S. CHO, Synthesis and swelling characteristics of  

          pH and thermoresponsive interpenetrating polymer network hydrogel 

          between poly(methacrylic acid) hydrogels and poly(ethylene glycol).  J. 

          Appl. Polym. Sci. 1996. 62:301-311. 

[220] Wang, Q., He, L. and J. Huang, Supermolecular structure and mechanical  

            properties of P(AN-AM-A)/PVA intermacromolecular complex formed 

           through hydrogen bonding. J. Appl. Polym. Sci. 1997. 64:2089-2096. 

[221] Nishi, S. and T. Kotaka, Complex-forming poly(oxyethylene) poly(acrylic acid)  

           interpenetrating polymer networks. 2. Function as a chemical valve.  

           Macromolecules, 1986. 19:785-790. 

[222] Nishi, S. and T. Kotaka, Complex-forming poly(oxyethylene):poly(acrylic acid)  

           interpenetrating polymer networks. 1. Preparation, structure, and  

           viscoelastic properties. Macromolecules, 1985.18:1519-1525. 

[223] Krupers, M.J., Van Der Gaag, F.J. and J. Feijen, Complexation of  

           poly(ethylene oxide) with poly(acrylic acid-co-hydroxyethyl methacrylate)s.   

           Eur. Polym. J. 1996. 32:785-790. 

[224] Bimendina, L.A., Roganov,  V.V. and E.A. Bekturov, Hydrodynamic 

           properties of polymethacrylic acid-polyvinylpyrrolidone complexes in  

           solution. Vysokomol. Soedin. 1974. A16:2810-2814. 

[225] Ohno, H., Abe,K. and E. Tsuchida, Solvent effect on the formation of  

          poly(methacrylic acid)-poly(N-vinyl pyrrolidone) complex through  

          hydrogen bonding. Makromol. Chem. 1978. 179:755-763. 

[226] Usaitis, A., Maunu, S.L. and H. Tenhu, Aggregation of the interpolymer  

                complex of poly(methacrylic acid) and poly(vinylpyrrolidone) in aqueous  



78 

 

Chapter 2 

 

           solutions. Eur. Polym. J. 1997. 33:219-223. 

[227] Osada, Y. and M. Sato, Thermal equilibrium of intramolecular complexes of  

           polycarboxylic acids realized by cooperative hydrogen bonding. J. Polym.  

           Sci., Polym. Letters Ed. 1976. 14:129-34. 

[228] Hemker, D.J., Garza, V. and C.W. Frank, Complexation of poly(acrylic acid)  

           and poly(methacrylic acid) with pyrene-end labeled poly(ethylene glycol) –  

           pH and fluorescence measurements. Macromolecules, 1990. 23:4411-4418. 

 [229] Bell, C.L. and N.A. Peppas, Modulation of drug permeation through  

           interpolymer complexed hydrogels for drug delivery applications. J. Control.  

           Release, 1997. 39:201-207. 

[230] Bungenberg de Jong, H.G. and H.R. Kruyt, Koazervation (Entmischung in  

          kolloiden Systemen). Kolloid Zeitsthrift, 1930. 50:39-48. 

[231] Yoshioka, T., Hirano, R., Shioya, Y. and M. Kako, Encapsulation of  

           mammalian cell with chitosan_CMC capsule. Biotechnol. Bioengng. 1990.  

           35:6672. 

[232] Takaharu, C., Chia-Hong, F., Tokomoyuki, Y. and Y. Toshimasa, Preparation  

          of a polyelectrolyte complex gel from chitosan and κ-carrageenan and its   

          pH-sensitive swelling. J. Appl. Polym. Sci. 1993. 50:2021–2025. 

[233] Tomida, H., Nakamura, C. and S. Kiryu, A novel method for the preparation of  

          controlled-release theophylline capsules coated with a polyelectrolyte    

          complex of κ-carrageenan and chitosan. Chem. Pharm. Bull. 1994.  

          42:979-981. 

[234] Ikeda, S., Kumagai, H., Sakiyama, T., Chu, C.-H. and K. Nakamura,  

          Method for analyzing pH-sensitive swelling of amphotheric hydrogels.     



79 

 

Chapter 2 

          

          Application to a polyelectrolyte complex gel prepared from xanthan and 

        chitosan. Biosci. Biotech. Biochem. 1995. 59:1422-1427. 

[235] Korsmeyer, R.W., Lustig, S.R. and N.A. Peppas, Solute and penetrant  

           diffusion in swellable polymers. I. Mathematical modelling. J. Polym. Sci.    

           Polym. Phys. Ed. 1986. 24:395-408. 

[236] Peppas, N.A. and N.M. Franson, The swelling interface number as a criterion  

           for prediction of diffusional solute release mechanisms in swellable    

           polymers. J. Polym. Sci., Polym. Phys. Ed. 1983. 21:983-997. 

[237] Brazel, C.S. and N.A. Peppas, Mechanisms of solute and drug transport in   

relaxing, swellable, hydrophilic glassy polymers. Polymer, 1999. 40:3383-

3398.  

[238] Katchalsky, A. Rapid swelling and deswelling of reversible gels of polymeric  

    acids by ionization. Experimentia, 1949. 5:319-320. 

[239] Katchalsky, A., Lifson, S., and H. Eisenberg, Equation of swelling for  

polyelectrolyte gels. J. Polym. Sci. 1951. 7:571-574. 

[240] Katchalsky, A. and I. Michaeli, Polyelectrolyte gels in salt solution. J.  

      Polym. Sci. 1955. 15: 69-86. 

[241] Tanaka, T. Phase transition in gels and a single polymer. Polymer, 1979. 20:     

          1404-1412. 

[242] Khare, A. and N.A. Peppas, Swelling/deswelling of anionic copolymer gels.   

        Biomaterials, 1995. 16:559-567 . 

 [243] Khalil,H., Chen, T., Riffon, R., Wang, R. and Z. Wang, Synergy between  

polyethylenimine and  different families of antibiotics against a resistant 



80 

 

Chapter 2 

  

clinical isolate of Pseudomonas aeruginosa. Antimicrobial Agents and     

      Chemotherapy, 2008. 52(5):1635–1641. 

[244]  Godbey, W.T. , Wu, K.K. and  A.G. Mikos,  Poly(ethylenimine) and its Role in  

           Gene Therapy.  J. Control Rel. 1999. 60:149-160. 

[245] Kircheis, R., Wightman, L. and E. Wagner, Design and gene delivery activity of  

modified polyethylenimines. Adv. Drug Deliv. Rev. 2001. 53:341-358.. 

[246] Choosakoonkriang, S., Lobo, B.A., Koe, G.S., Koe, J.G. and C.R. Middaugh,  

        Biophysical characterization of PEI/DNA complexes. Journal of   

       Pharmaceutical Sciences, 2002. 92: 1710-1722. 

[247] Suh, J., Paik, H.J. and B.K. Hwang, Ionization of poly(ethylenimine) and  

poly(allylamine) at various pH’s. Bioorg Chem. 1994. 22:318–327. 

[248] Tang, M.X. and F.C. Szoka, The influence of polymer structure on the  

interactions of cationic polymers with DNA and morphology of the resulting     

complexes. Gene Ther. 1997. 4:823–832.  

[249] Boussif, O., Kezoualch, F., Zanta, M.A., Mergny, M.D. et al., A versatile vector  

  for gene and oligonucleotide transfer into cells in culture and in vivo:  

          Polyethylenimine. Proc Natl  Acad Sci USA, 1995. 92:7297-7301. 

[250] Ruegg, U.T. and F. Hefti, Growth of dissociated neurons in culture dishes  

        coated with synthetic polymeric amines. Neurosci Lett .1984. 49:319-324. 

[251] Lelong, I.H., Petegnief, V. and G. Rebel,  Neuronal cells mature faster on  

polyethyleneimine coated plates than on polylysine coated plates. J     

Neurosci Res. 1992. 32:562-568. 

[252] Vancha, A.R.,  Govindaraju, S., Parsa, K.V.L.,  Jasti, M. et al.  Use of   

http://www.ncbi.nlm.nih.gov/pubmed/?term=Vancha%20AR%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Govindaraju%20S%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Parsa%20KV%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jasti%20M%5Bauth%5D


81 

 

Chapter 2  

 

           polyethyleneimine polymer in cell culture as attachment factor and  

          lipofection enhancer. BMC Biotechnol. 2004. 4:23-34.                          

[253] Godbey, W.T., Wu, K.K. and A.G Mikos, Tracking the intracellular path of  

poly(ethylenimine)/DNA complexes for gene delivery. Proc Natl Acad Sci U    

S A. 1999. 96:5177-5181.  

[254] Pollard, H., Remy, J.S., Loussouarn, G., Demolombe, S. et al.  

Polyethylenimine but not cationic lipids promotes transgene delivery to the    

nucleus in mammalian cells. J Biol Chem. 1998. 273:7507-7511.  

[255] Helander, I.M., Alakomi, H., Latva-Kala, K. and P. Koski, Polyethylenimine is  

        an effective permeabilizer of gram-negative bacteria. Microbiology.   

          1997.143:3193–3199.   

[256] Shvero, D.K.,  Davidi, M.P., Weiss, E.I., Srerer, N. and  N. Beyth, Antibacterial  

         effect of polyethyleneimine nanoparticles incorporated in provisional   

cements against Streptococcus mutans. J Biomed Mater Res B Appl      

Biomater. 2010. 94:367-371.  

[257] Beyth, N., Houri-Haddad,Y., Baraness-Hadar, L.,  Yudovin-Farber, I. et al.  

Surface antimicrobial activity and biocompatibility of incorporated             

polyethylenimine nanoparticles. Biomaterials, 2008.  29:4157-4163. 

[258] Roberts, G.A.F., Chitin Chemistry, Basingstoke: Mac-Millan, 1992. 

[259] Hudson, S.M. and C. Smith, Biopolymers from Renewable Resources, Kaplan,  

D.L., Ed., Berlin: Springer-Verlag, 1998, 96-118. 

[260] Winterowd, J.G. and P.A. Sandford, Food Polysaccharides and Their  

Applications, Stephen, A.M., Ed., New York: Marcel Dekker, 1995, 441. 

http://www.ncbi.nlm.nih.gov/pubmed/18678404
http://www.ncbi.nlm.nih.gov/pubmed/18678404


82 

 

Chapter 2 

 

[261] Gruber, J.V., Principles of Polymer Science and Technology in Cosmetics and  

Personal Care, Goddard, E.D. and Gruber, J.V., Eds., New York: Marcel   

Dekker, 1999, 365-366. 

[262] Kaplan, D.L., Biopolymers from Renewable Resources, Kaplan, D.L., Ed.,  

Berlin: Springer-Verlag, 1998, 1-29. 

[263] Hirano, S., Chitin biotechnology applications. Biotechnol. Annu. Rev. 1996.  

2:37-38. 

[264] Sandford, P.A., Chitin and Chitosan. Sources, Chemistry, Biochemistry,  

Physical Properties, and Applications, Skjak-Braek, G., Anthonsen, T., and   

Sandford, P.A.,Eds., London: Elsevier Applied Science, 1989, 51-69. 

[265] Kivman, G.Ya., Lyashenko, Yu.V., Rabinovich, E.E., and Fleiderman, Ya.I.,  

       Khim.-Farm. Zh., 1994. 21-22. 

[266] Martin P. Wound healing-Aiming for perfect skin regeneration. Science, 1997.  

276:75-81. 

[267] Singh, D.K. and A.R. Ray, Biomedical applications of chitin, chitosan, and their  

Derivatives. J. Macromol. Sci., Rev. Macromol. Chem. Phys.,  2000. C40:69-

83. 

[268] Domard, A., Chitosan Interactions. Advances in Chitin Science: Vol.II 

          Domard, A., Roberts, G.A.F. and Varum, K.M., Eds., Lyon: Jacques Andre   

           Publ., 1998, 410-420. 

[269] Sinitsin, A.P., Rainina, B.I., Lozinskii, V.I., and S.D. Spasov,  

           Immobilizovannye kletki mikroorganizmov (Immobilized Microorganism Cells),  

Moscow: Mosk. Gos. Univ. 1994. 



83 

 

Chapter 2 

 

[270] Fukuda, H. and Y. Kikuchi, Macromol. Chem. Phys.1977. 178:2895-2899. 

[271] Gaserod, O., Smidsrod, O., and G. Skjak-Braek, Microcapsules of alginate- 

chitosan II. A study of a capsules stability and permeability. Biomaterials,   

          1998. 20:773-783. 

[272] Kim, H.J., Lee, H.C., Oh, J.S., Shin, B.A. et al., Polyelectroylte complex  

composed of chitosan and sodium alginate for wound dressing application.  

J. Biomater. Sci. Polym. Ed., 1999.10: 543-556. 

[273] Kotz, J. and S. Kosmella, Advances in Chitin Science: 7th Int. Conf. on Chitin  

         and Chitosan, Domard, A., Roberts, G.A.F., and Varum, K.M., Eds., Lyon:  

         Jacques Andre Publ., 1998, 476-477. 

[274] Yao, K.D., Peng, T., Yin, Y.J., Xu, M.X., and M.F.A., Goosen, J. Macromol.  

Sci., Rev. Macromol. Chem. Phys. 1995. 35:155 -180. 

[275] Beaumont, M.D. and D. Knorr, Biotechnol. Lett. 1987. 9:377-382. 

[276] Mireles, C., Martino, M., Bouzas, J., and J.A. Torres, Advances in Chitin and  

Chitosan, Porine, C.J., Sandford, P.A., and Zikakis, J.P., Eds., London:    

           Elsevier Applied Science, 1992, 506-515. 

[277] Sakiyama, T., Chu, C.H., Fujii, T., and T. Yano, J. Appl. Polym. Sci., 1993. 

    50:2021-2025. 

[278] Sakiyama, T., Takata, H., Kikuchi, M., and K. Nakanishi, K., J. Appl. Polym.  

       Sci., 1999. 73:2227-2233. 

[279] Hugerth, A., Ninus,C.L. and L.O. Sundelof, Carbohydrate Polym.  

       1997. 34:149-156. 

 



84 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 3 

Evaluation of pDNA-Polyethylenimine Complex Coated  

with Iota Carrageenan for In Vitro Gene Delivery 

 

 

 

 

 

       

 

 

 

 

 



85 

 

Chapter 3       

 

ABSTRACT 

In the present study, we evaluated pDNA/PEI complex coated with iota 

carrageenan via electrostatic interaction at various N/P ratios for its efficiency in 

transfecting  CHO-K1, COS-7 and HuH-7 cells in the presence of 10% (w/v) fetal 

bovine serum (FBS) with four hours exposure. Results showed that at N/P ratio 

(PEI/pDNA)  of  3.3  coated with iota carrageenan showed  higher  transfection  

efficiency  in CHO-K1 cells as compared to N/P ratios of 5 and 7.  The ratio of 

1:3.3:0.3 (pDNA/PEI/Iota-carrageenan) exceeded the transfection efficiency of 

pDNA/PEI complex by 72.0%. Comparing the transfection efficiency in HuH-7 cells, 

we found out that  pDNA/PEI/Iota-carrageenan is less effective.  Adjusting the N/P 

ratio of PEI/pDNA from 3.3 to 3.5, transfection efficiency is more effective in COS-7 

cells and HuH-7 cells. Using N/P ratio of 3.5 in CHO-K1 cells, transfection efficiency 

is more effective at ratio of 1:3.5:0.5 (pDNA/PEI/Iota-carrageenan). It exceeded the 

efficiency of pDNA/PEI complex by 89.7%.  The prepared complexes showed 

resistance to DNase I degradation and showed no significant cytotoxicity to COS-7 

and CHO-K1 cells. It is stable after exposure to increasing concentration of bovine 

serum albumin, dextran sodium sulfate and chondroitin sulfate solutions. Atomic 

force microscopy  showed  that  the coated complexes exhibited mostly spherical 

shape in nanoparticle size with negative  to  positive  zeta potential.  The addition of 

iota-carrageenan to pDNA-PEI complex resulted in the formation of a ternary polyion 

complex that shows potential use in gene delivery. 
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INTRODUCTION 

 The most popular cationic polymer as non-viral vector is PEI. It forms a 

complex with pDNA and showed high gene expressions in both in vitro and in vivo 

gene delivery [1,2]. The complex binds non-specifically to negatively charged 

proteoglycans on cell membranes and agglutinates with blood components, such as 

erythrocytes and serum albumins. This often leads to its rapid elimination and 

adverse effects, such as embolism and inflammatory reaction [3-6].   To solve these 

problems, studies were made to reduce the cytotoxicity and agglutination with blood 

components. These involve preparation and development of several novel polymers 

of PEI covalently bind to hydrophilic polymers like: polyethyleneglycol (PEG), 

polyhydroxypropylmethacrylamide (pHPMA), and polyvinylpyrrolidine to modify the 

complex surface [4,6,7].  Aside from hydrophilic polymers, studies were also done on 

the use of anionic polymers.  Studies showed that the introduction of a protective 

polyanion coating of pDNA/polycation binary complex using polyacrylic acid 

derivatives resulted in high level gene expression in lung after injection into mouse 

tail vein wherein the surface of the resulting ternary complex was recharged to 

negative one [8]. Anionic polymers can bind to the cationic complex electrostatically 

to modify the complex surface [8,9]. These polyanions do not decompose the 

pDNA/polycation complex but attached to the cationic surface of the complex 

forming a ternary polyion (pDNA/polycation/polyanion) complex that retains its 

transfection efficiency [10]. Polysaccharides have been used for quite some time as 

controlled release coatings, matrices, macromolecular carriers, and biodegradable 

carriers [11].  These  consist  mostly  of  chains  of  monosaccharide  or disaccharide 
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units linked together by O-glycosidic linkages with a large number of derivatizable 

groups, a wide range of molecular weights, varying chemical compositions, and for 

the most part, a low toxicity and biodegradability, yet a high stability [11].   

The group of Kawakami [12] reported that mannosylated, fucosylated, and 

galactosylated liposomes showed high accumulation in the liver via each specific 

receptor.  An example of this, is hyaluronic acid which is taken by a specific receptor-

mediated endocytosis and used for targeted drug delivery systems [13,14].  

Hyaluronic acid also forms a ternary complex with polycation and DNA with  high 

gene expression and stability in serum-containing medium [9].  Kurosaki et al, 2009 

[15], has developed a gene vector electrostatically assembled with a polysaccharide 

capsule.  Lambda type carrageenan was one of the polysaccharides used in the 

coating of pDNA-PEI complex.  They reported that the ternary complex coated with 

lambda type carrageenan and other polysaccharides except for chitosan showed 

little uptake and gene expression.  In this study, iota-carrageenan  was used as 

polyanion coating for pDNA-PEI complex through electrostatic interaction. The 

resulting ternary complexes were then evaluated according to its transfection 

efficiency, physical properties and morphology.  The ratios of the ternary complexes 

were also modified using lower N/P (PEI/DNA) ratios of 3.3 and 3.5 than the study of 

Kurosaki et al [15] which used an N/P ratio of 8 with varying ratios of carrageenan.  

In their study, transfection was carried out in reduced serum medium using B16-F10 

cells.  In our study, we used CHO-K1, COS-7 and HUH-7 cells for the evaluation of 

transfection efficiency in the presence of 10% FBS for four hours. 
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RESULTS AND DISCUSSION 

Complex formation of pDNA/PEI/Carrageenan 

The formation of ternary complex of pDNA-PEI-carrageenan was determined 

by gel retardation assay.  Release of DNA was not observed in the agarose gel 

chromatogram (Figure 1), hence a ternary complex was formed after addition of 

carrageenan to pDNA/PEI complex (N/P = 3.3)  prepared at various charge ratios 

(+/-).  All images obtained from atomic force microscope (AFM) in Figure 2, showed 

no unbound DNA confirming a good complex formation. Discrete particles with 

spherical or toroidal shapes were observed.  In Figure 3 (N/P ratio of 3.5), the 

electron micrographs showed complexes with spherical shapes in most charge ratios.  

The size of the carrageenan coated complexes was also determined by dynamic 

laser light scattering (DLS).  Both mean size and dispersity depended on the charge 

ratios (Figure 3).  The complex with charge ratio of 1:3.5:2.5 (Figure 3D) has the 

largest particle size compared to the other ratios which is in conformity with the AFM 

micrograph. The shape of the complex is circular and is the biggest among the other 

complexes.  The charge ratio of 1:3.5:6.0 has the smallest particle size even smaller 

than pDNA/PEI complex (N/P = 3.5).  Therefore charge ratios greatly influence the 

particle size of the complex. 

Transfection efficiency 

As observed in Figure 4, the results of transfection efficiency showed that the 

complex of PEI/pDNA at  N/P ratio of  3.3  coated with iota carrageenan showed  

higher  transfection  efficiency  in CHO-K1 cells as compared to N/P ratios of 5 and 7.   

The   ratio  of   1:3.3:0.3  (pDNA/PEI/Iota-carrageenan)  exceeded   the   transfection  
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Figure 1.  Effect of carrageenan on electrophoretic migration of pDNA through 
an agarose gel. Each complex was loaded onto agarose gel, and electrophoresis 
was carried out.  Retardation of pDNA was visualized using ethidium bromide. Lanes 
1 & 9: pDNA (0.1 µg); lane 2: pDNA/PEI (N/P=3.3); lane 3: pDNA/PEI/Iota-
carrageenan (1:3.3:8.3); lane 4: pDNA/PEI/Iota-carrageenan (1:3.3:3.3); lane 5: 
pDNA/PEI/Iota-carrageenan (1:3.3:2.3); lane 6: pDNA/PEI/Iota-carrageenan 
(1:3.3:1.3); lane 7: pDNA/PEI/Iota carrageenan (1:3.3:0.3); lane 8: pDNA/PEI/Iota- 
carrageenan (1:5.0:10.0); lane 10: pDNA/PEI (N/P=5.0); lane 11: pDNA/PEI/Iota- 
carrageenan (1:5.0:5.0); lane 12: pDNA/PEI/Iota-carrageenan (1:5.0:4.0); lane 13: 
pDNA/PEI/Iota-carrageenan (1:5.0:3.0); lane 14: pDNA/PEI/Iota-carrageenan 
(1:5.0:2.0); lane 15: pDNA/PEI/Iota-carrageenan (1:5.0:1.0); lane 16: pDNA/PEI (N/P 
= 7.0); lane 17: pDNA/PEI/Iota-carrageenan (1:7.0:15.0); lane 18: pDNA/PEI/Iota- 
carrageenan (1:7.0:12.0); lane 19: pDNA/PEI/Iota-carrageenan (1:7.0:10.0); lane 20: 
pDNA/PEI/Iota-carrageenan (1:7.0:9.0); lane 21: pDNA/PEI/Iota-carrageenan 
(1:7.0:8.0); lane 22: pDNA/PEI/Iota-carrageenan (1:7.0:6.0); lane 23: pDNA/PEI/Iota- 
carrageenan (1:7.0:3.0). 
 
         (A)                  (B)     (C)       (D)      (E)                (F)  

Figure 2. AFM images of pDNA/PEI/Iota carrageenan complexes at 10 µg/mL 
plasmid concentration. (A). pDNA/PEI (N/P=3.3); (B). pDNA/PEI/Iota-carrageenan 
(1:3.3:8.3); (C). pDNA/PEI/Iota-carrageenan(1:3.3:3.3); (D). pDNA/PEI/Iota-
carrageenan (1:3.3:2.3); (E). pDNA/PEI/Iota-carrageenan (1:3.3:1.3);  
(F). pDNA/PEI/Iota-carrageenan (1:3.3:0.3). 
 
 
efficiency of pDNA/PEI complex by 72.0%. Comparing the transfection efficiency in 

HuH-7 cells (Figure 5), we found out that pDNA/PEI/Iota-carrageenan is less 

effective.  Adjusting the N/P ratio of PEI/pDNA from 3.3 to 3.5, transfection efficiency 
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is more effective in COS-7 cells and HuH-7 cells as shown in Figures 6 -7. Using N/P 

ratio of 3.5 in CHO-K1 cells (Figure 8), transfection efficiency is more effective at 

ratio of 1:3.5:0.5 (pDNA/PEI/Iota-carrageenan). It exceeded the efficiency of 

pDNA/PEI complex by 89.7%.  Zeta potential of the complexes was also determined.  

As shown in the graph (Figure 9), the pDNA/PEI complex at N/P ratio of 3.5 has a 

positive zeta potential of +19.8mV while the rest of the complexes coated with 

carrageenan have lower values of zeta potential confirming the complete charge 

masking of the complex.  The zeta potential measurements showed the shielding 

effect of carrageenan.  The complex with a ratio of 1:3.5:0.5 displayed a strongly 

positive zeta potential and exhibited a good transfection efficiency in CHO-K1 and 

HuH-7 cells.  However it displayed a poor transfection activity in COS-7 cells.  The 

complex with a ratio of 1:3.5:4.0 which displayed a negative zeta potential exhibited 

good transfection efficiency in COS-7 while the complex with a ratio of 1:3.5:2.5 

which has a positive zeta potential also gave high transfection efficiency in COS-7 

cells as compared to other ratios.  It was reported that cationic pDNA/PEI complex is 

taken up by the cells through endocytosis according to the electrostatic interaction 

with cell membrane [9].  Hence the complexes with positive zeta potential showed 

good transfection efficiency in CHO-K1, HuH-7 and COS-7 cells.  Anionic complexes 

could not be taken by cells in the same manner [15] thus, the poor transfection 

efficiency of the complexes with negative zeta potential was observed.   
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Figure 3.  AFM images and size of pDNA/PEI/Iota-carrageenan complexes with 
N/P ratio of 3.5 at 10 µg/mL plasmid concentration. Bars represent 1000 nm.  
A.(1:3.5:6.0); B. (1:3.5:5.0); C. (1:3.5:4.0); D. (1:3.5:2.5); E. (1:3.5:1); F. (1:3.5:0.5). 
G. pDNA-PEI = 3.5. 10 μL of ternary complexes with DNA (10 μg/mL) was applied in 
mica disk. A commercial atomic force microscope, SPA-300 system, Seiko 
Instrument, Inc. was used for imaging with Si3N4 tip. Dynamic light scattering shows 
an increase in particle size for charge ratio of 1:3.5:2.5. 
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Figure 4. Transgene efficiency of each complex coated with iota-carrageenan. 
CHO-K1 cells were transfected with complex containing pGL3(SV40).  Twenty-four 
hours after transfection the luciferase efficiency was evaluated. Each bar represents 
the mean ± S.E. of three experiments. * : P = 0.008 vs pDNA/PEI ; ** : P < 0.001 vs 
pDNA/PEI; *** P = 0.0027 vs pDNA/PEI.  Transfection using pDNA-PEI-carrageenan 
complex was made in the presence of 10% FBS at a plasmid concentration of 5 
µg/mL. 
 
 

 
Figure 5. Transgene efficiency of each complex coated with iota-carrageenan. 
HuH-7 cells were transfected with complex containing pGL3(SV40).  Twenty-four 
hours after transfection the luciferase efficiency was evaluated. Each bar represents 
the mean ± S.E. of three experiments. * : P < 0.001 vs pDNA/PEI. Transfection using 
pDNA/PEI/Iota-carrageenan complex was made in the presence of 10% FBS at a 
plasmid concentration of 5 µg/mL. 
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Figure 6. Transgene efficiency of each complex coated with iota-carrageenan. 
COS-7 cells were transfected with complex containing pGL3(SV40).  Twenty-four 
hours after transfection the luciferase efficiency was evaluated. Each bar represents 
the mean ± S.E. of three experiments. * : P < 0.001 vs pDNA/PEI. Transfection using 
pDNA/PEI/Iota-carrageenan complex was made in the presence of 10% FBS at a 
plasmid concentration of 5 µg/mL. 
 
 

 
Figure 7. Transgene efficiency of each complex coated with iota-carrageenan. 
HuH-7 cells were transfected with complex containing pGL3(SV40).  Twenty-four 
hours after transfection the luciferase efficiency was evaluated. Each bar represents 
the mean ± S.E. of three experiments. * : P < 0.001 vs pDNA/PEI. Transfection using 
pDNA/PEI/Iota-carrageenan complex was made in the presence of 10% FBS at a 
plasmid concentration of 5 µg/mL. 
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Figure 8. Transgene efficiency of each complex coated with iota-carrageenan. 
CHO-K1 cells were transfected with complex containing pGL3(SV40).  Twenty-four 
hours after transfection the luciferase efficiency was evaluated. Each bar represents 
the mean ± S.E. of three experiments. * : P < 0.001 vs pDNA/PEI. Transfection using 
pDNA/PEI/Iota-carrageenan complex was made in the presence of 10% FBS at a 
plasmid concentration of 5 µg/mL. 
 

 
Figure 9.  Zeta potential of pDNA/PEI complexes (N/P = 3.5) coated with iota-
carrageenan.  Each bar represents the mean ± S.E. of three experiments. * : P < 
0.001 vs N/P =3.5 (pDNA/PEI). 
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Evaluation of Cytotoxicity 

As shown in Figure 10, the complex with carrageenan has less toxic effects in 

the COS-7 cells as compared with pDNA/PEI complex. In previous studies made by 

Goula et al. [20], Bragonzi et al. [21] and Kircheis et al. [22] branched PEI (25 and 

800 kDa) are generally less efficient and often toxic, particularly at high polycation 

nitrogen to DNA phosphate ratios (N/P) as compared to linear PEI [22].   In this study, 

the incorporation of carrageenan in the pDNA-PEI complex reduces the cytotoxic 

effects of PEI in the CHO-K1, HuH-7 and COS-7 cells. This is due to the 

neutralization effect of carrageenan in PEI.  At 1 hour incubation period, viability of 

cells is above 80% for both cell lines.  Viability of CHO-K1 cells slightly decreases 

after 4 hours incubation with the complex except in COS-7 cells.  The complex with 

charge ratios 1:3.5:2.5; 1:3.5:1.0; 1:3.5:0.5 increases the viability of the COS-7 cells 

after 4 hours incubation as compared with CHO-K1 cells then decreases for another 

4 hours incubation.  The pDNA/PEI complex (N/P = 3.5; 3.3) decreases the viability 

of both CHO-K1, HuH-7 and COS-7 cells all throughout the 48 hours incubation 

period.  

Stability in serum albumin 

Previous studies showed that cationic complexes bound with serum albumin 

and formed aggregates [23].  The aggregation of pDNA complexes would induce a 

rapid clearance from plasma and be a disadvantage for nonviral gene delivery.  The 

interaction of polycations with blood proteins such as albumin can also cause the 

complex to disassemble exposing DNA to degrading enzymes [23] thus the stability 

of the complexes with the presence of BSA was examined. Stability  of  the complex  
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Figure 10.  Cytotoxicity of pDNA/PEI/Iota-carrageenan (N/P = 3.5) against COS-
7 cells (A); HuH-7 cells (B) and CHO-K1 (C), n=4.  Each bar represents the mean 
± S.E. of three experiments. * : P < 0.001 vs Blank. 
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for one week incubation was determined by turbidity assay at 350 nm. As shown in 

Figure 11, all of the complexes have lower turbidity reading compared with 

pDNA/PEI complex.  The turbidity reading of pDNA/PEI complex decreased 

significantly suggesting formation of aggregates while carrageenan coated 

pDNA/PEI complexes had more stable turbidity readings.   Carrageenan coating 

suppresses BSA-induced aggregation.  The addition of carrageenan to the pDNA-

PEI complex contributes to the stability of the pDNA complexes in the presence of 

serum.  Carrageenan forms a complex with bovine serum albumin (BSA) through 

electrostatic interaction.  Iota carrageenan gives a stronger electrostatic interaction 

than kappa type.  The strength of complexation is dependent on the charge density 

on the polysaccharide [24]. 

Resistance to DNase I digestion 

 The resistance of ternary complexes to DNA hydrolysis by DNase I was 

examined.  Figure 12 shows the agarose gel chromatogram of the complexes 

treated with DNase I.  All of the ternary complexes showed resistance to DNase I 

while the free DNA and pDNA-PEI complex were degraded.  The assay for DNA 

digestion showed that the complexes coated with carrageenan at various charge 

ratios were stable against DNase I degradation.  Based on their morphology as 

observed in the AFM micrographs (Fig. 3), the complexes are mostly in spherical 

shapes showing a compacted pDNA.  The results of the DNA digestion assay are 

well consistent with the AFM observation.    
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Figure 11. Turbidity of complexes after incubation with BSA (5 mg/mL) at 37 oC 
with mild agitation for 1 week. Conc. of pDNA = 100 μg/mL.  The pDNA/PEI 
complexes were formed at N/P = 3.5 coated with iota carrageenan at various charge 
ratios. Each bar represents the mean ± S.E. of three experiments. * : P < 0.001 vs 
pDNA/PEI. 
 
 

 
Figure 12.  DNase I protection assay.  pDNAPEI/Iota-carrageenan complexes at 
various charge ratios were separately incubated with DNase I solution (0.5 
units) in DNase/Mg2+ digestion buffer at 37 0 C for 15 mins.  Lane 1: Free DNA 
(0.1µg,); Lane 2: pDNA/PEI  (N/P = 3.5); Lane 3:(1:3.5:6.0); Lanes 4:(1:3.5:5.0); 
Lane 5: (1:3.5:4.0); Lane 6: (1:3.5:2.5); Lane 7:(1:3.5:1.0); Lane 8: (1:3.5:0.5). 
 

Stability  in glycosaminoglycan 

Exposure of the complexes with chondroitin sulfate showed no release of 

DNA. All of the complexes remain intact (Figure 13A).  Full retention of the 

complexes  was  observed  in  the  well.  Release  of  DNA  was  not  observed since 
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carrageenan  has  no binding effect with chondroitin sulfate.  Both compounds are all  

polyanions.  Carrageenan shielded the complex from interaction with chondroitin 

sulfate.  In the case of dextran sodium sulfate, release of DNA was observed in 

ratios 1:3.5:6.0; 1:3.5:5.0; 1:3.5:4.0; 1:3.5:2.5; 1:3.5:1.0; (Figure 13B) but without 

degradation.  pDNA/PEI complex (N/P = 3.5, Lane 2, Fig. 13B) and ternary complex 

with charge ratio of 1:3.5:0.5 (Lane 8, Fig. 13B) showed resistance in the release of 

DNA.   

 
Figure 13. DNA release assay by glycosaminoglycans. pDNA/PEI/Iota-
carrageenan complex at various +/- ratios were mixed with 2.5 mg/mL chondroitin 
sulfate and dextran sodium sulfate then incubated at  37 oC for 20 min. A: 
Chondroitin sulfate; B. Dextran sodium sulfate. Lane: Free DNA (0.1 ug); Lane 2: 
pDNA/PEI (N/P = 3.5); Lane 3:(1:3.5:6.0); Lane 4:(1:3.5:5.0); Lane 5: (1:3.5:4.0); 
Lane 6: (1:3.5:2.5); Lane 7:(1:3.5:1.0); Lane 8: (1:3.5:0.5).  
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MATERIALS AND METHODS 

 PEI (average molecular weight, 25 kDa; branched with degree of 

polymerization, 580) was obtained from Aldrich Company. Iota carrageenan 

(Benvisco SI-100, average molecular weight, 560 kDa) was obtained from Shemberg 

Biotech Corporation.  Plasmid pGL3(SV40) was amplified in E. coli and isolated  with 

a Qiagen Endotoxin-free Plasmid Giga Kit (Qiagen Inc.) according to the instruction 

manual. All other chemicals used were of analytical grade. 

Preparation of complexes 

The PEI-DNA complex was prepared at various molar ratios of PEI nitrogen 

(N) to DNA phosphate (P) from N/P = 3.3 and N/P = 3.5, by mixing the solution of 

PEI (which was previously stabilized for 20 minutes) in the DNA solution. The pDNA-

PEI complex was stabilized at room temperature for 20 minutes prior to the addition 

of carrageenan solution. Carrageenan solution was prepared at a concentration of 

5.63 mg/mL. All solutions of pDNA/PEI/carrageenan were prepared in phosphate 

buffer saline (PBS) solution  at pH 7.3.  Complex formation was verified by 

electrophoresis on a 1% agarose gel with Tris-acetate (TAE) running buffer, 100V for 

30 minutes.  DNA was visualized with ethidium bromide (0.2 µg/mL).   

Resistance of pDNA-PEI-Carrageenan complex against DNase I degradation  

 Ternary complexes of pDNA/PEI/Carrageenan, pDNA/PEI complex and pDNA  

were separately incubated with DNase I solution (130 Units/mL) as previously 

described [16].  EDTA (0.5M) was used to stop DNase degradation.  All samples 

were then immediately placed in an ice bath.  After the addition of 5% heparin, 

aliquots of the sample were subjected to electrophoresis.   
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Study of the effect of heparin and other glycosaminoglycan (chondroitin 

sulfate and dextran sulfate) on the stability of ternary complexes 

 The effect of heparin at 0.1% concentration on the stability of ternary 

complexes was assayed by means of the changes in electrophoretic mobility as 

previously described [16].  The complexes were incubated at 37 oC for 10 minutes.   

 The effect of chondroitin sulfate and dextran sulfate on the stability of ternary 

complexes was conducted by adding 1.0-2.0 mg of chondroitin sulfate and dextran 

sodium sulfate to the ternary complexes followed by incubation at 37 oC for 30 

minutes as previously described [17].  Release of DNA from the complex was 

investigated by electrophoresis on a 1% agarose gel. 

Atomic force microscopy (AFM) measurement 

Solution of ternary complexes (10 µL) with a final DNA concentration of  10 

µg/mL at different charge ratios were applied in drop deposition onto the surface of a 

mica disk as previously described (17,18).  Following adsorption for 2 minutes at 

room temperature, excess fluid was removed by absorption with filter paper.  Then 

50 µL of water was added to the surface to wash excess salt from the PBS solution.  

The mica surface was subsequently dried at room temperature prior to imaging.  A 

commercial atomic force microscope (SPA-300 system of Seiko Instruments, Inc. 

Japan) was used for imaging using a Si3N4 tip on the cantilever (100 nm x 400 nm, 

SN-AF01-A, Olympus Optical Co.) with tapping mode and non-contact recording 

under ambient condition.  
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Transfection of cells 

 For gene transfer studies, the human hepatoma cell line HuH-7 (JTC-39 

established in Japan), Hela, COS-7 and CHO-K1 cells were used in this experiment.  

Cells were seeded with 1 x 104 cells per cm2 per well in 24 well plate.  These were 

grown as adherent culture in 1 mL DMEM supplemented with 10%(w/v) fetal bovine 

serum (FBS)  for HuH-7 cells and COS-7 cells and 1 mL F12 + 10 % (w/v) FBS  for 

CHO-K1 cells incubated at  37 oC with 5% CO2 in a humidified chamber.  To 

transfect the cells, 5 µg pGL3(SV40), 3.2825 µg PEI were separately diluted with 50 

µL each with phosphate buffer saline (PBS) solution and stabilized for 20 minutes 

prior to addition of carrageenan solution.  100 µL of the ternary complex solution was 

added per well.  Cells were incubated for 4 hours with the same condition as 

mentioned before and further incubated to 24 hours after changing the medium to 1 

mL.  pDNA and pDNA/PEI complexes were used as control.   

Measurement of luciferase 

 After the transfection experiment, the cells were washed with PBS, pH 7.3 

and scraped off the dishes in 100 µL of lysis buffer (Promega,USA).  The resulting 

lysate was centrifuged at 12000 X g for 1 minute and 20 µL supernatant was mixed 

together with 100 µL substrate solution (Promega, USA).  A luminometer (Turner 

Designs) was then used to measure the light units (RLUs) due to luciferase activity.  

Protein assay was undertaken according to the manufacture’s instruction (Bio-Rad 

Laboratories, Japan). 
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Measurement of zeta potential and particle size 

 Surface charges of the ternary complexes of carrageenan was evaluated 

using a Coulter DELSA 440SX Zeta Potential Analyzer.   Samples of 1.5 mL 

containing 20 µg/mL of pDNA were used as test solutions.  Size measurement was 

determined by using a High Performance Particle Sizer (Malvern Instrument), UK.  

 Stability assay 

 The ternary complexes of carrageenan were mixed with 5.0 mg/mL bovine 

serum albumin then incubated at 37 oC with mild agitation.  Turbidity measurements 

at a wavelength 350 nm were undertaken for everyday for one week using a 

UV/Visible spectrophotometer (Ultrospec 3000) by Pharmacia Biotech. 

Evaluation of cytotoxicity 

 Cellular toxicity of the ternary complexes of carrageenan was carried out 

using COS-7 and CHO-K1 cells in quadruplicate.  Viability of the cells following 

exposure to the complexes was evaluated using the MTT assay (WST-1/1-methoxy-

PMS), by the protocol of Dojindo Laboratories, Japan.  Confluent COS-7 and CHO-

K1 cells were seeded with 1.5 x 103 cells per cm2 per well in 96 well plate with their 

corresponding growth medium as mentioned before.  These were then exposed to 

the ternary complexes of carrageenan for 1, 4. 8, 16, 24, 48 hours (incubation time at 

37 oC).  After incubation, 10 µL of MTT solution was added followed by incubating 

again at 37 oC for 2 hours.  Absorbance readings were taken at 450-690 nm using a 

Lab systems Multiskan MS microplate reader.  Cell viability was expressed as 

percentage of control (untreated cells). MTT solution was prepared by mixing WST-1  
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in PBS, 16.5 mg/4.5 mL, with 1-methoxy PMS, 0.7 mg/mL at a volume ratio of 1:9, 

(PMS:WST-1). 
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ABSTRACT 

The purpose of this study was to investigate the potential ability of 

carrageenan (κ-, ι-, λ-) and chitosan to form a controlled-release system for glucose 

oxidase (GOD). GOD was encapsulated in chitosan/carrageenan complexes at 

charge ratios (+/-) of 3 and 5 in mildly acidic solution.  The encapsulation efficiency 

and activity of the loaded GOD were investigated. Among the different complexes 

prepared, chitosan/κ-carrageenan complex showed high encapsulation efficiencies 

of 79% and 62.5% at charge ratios of 3 and 5, respectively. The order of 

encapsulation efficiency decreases toward chitosan/λ-carrageenan complex (κ > ι > 

λ). After treatment with chitosanase and pepsin solutions, the activity of 

encapsulated glucose oxidase (GOD) was preserved for all complexes. The 

chitosan/κ-carrageenan complex was able to preserve 80.2% of GOD activity in pH 

1.2 solution, 73.3% in chitosanase solution and 66.4% in pepsin solution. Controlled 

release of GOD was observed when the complexes were treated with different 

physiological and enzyme solutions; the complex of chitosan/κ-carrageenan had the 

lowest release rate of GOD. The simple preparation of chitosan/carrageenan 

complexes and their ability to protect protein integrity under acidic conditions make 

them a promising drug delivery system for the oral administration of peptides and 

proteins. 
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INTRODUCTION 

Oral delivery of peptide and protein drugs has been a highly active research 

area [1]. Although many highly sophisticated drug delivery technologies are available, 

these often fail to produce marketable controlled-release dosage forms because of 

the physiological limitations of gastrointestinal (GI) tract and the utilization of non-

feasible pharmaceutical components [1].  

For effective peptide and protein delivery via the gastrointestinal tract, a 

carrier system should overcome significant enzymatic and diffusion barriers. Various 

protein formulations have been reported [2] to deal with these limitations. These 

include hydrogels [2], nano/microspheres [3–7] and lipid-based systems such as 

liposomes [8], solid lipid nanoparticles and water-in-oil (W/O) emulsions [9–11]. Of 

these methods, the one that is the most widely used for protein formulation 

technology is encapsulation using polymers which aims to maintain the activity of 

protein-based drugs and prolong the their circulation time [2]. Proteins immobilized in 

polymeric microparticles have the advantages of improved biological and thermal 

stabilities, pH suitability, extended therapeutic effect and the possibility for targeted 

delivery [2]. The entrapment efficiency and retention of protein activity in polymeric 

protein delivery systems are largely dependent on the polymer and reagents used, 

the type of immobilization technique, and other process variables [9,12]. As reported 

in previous studies [13,14], the presence of a water/organic solvent interface in the 

case of poly(D/L-lactic-coglycolic acid) (PLGA) microspheres was believed to be 

responsible for the low encapsulation efficiency, inactivation and aggregation of 

proteins hence, hydrogel systems are more desirable for protein delivery [15].  
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Hydrogel systems have relatively high water content with a soft consistency 

similar to natural tissue and are more compatible with proteins [15]. 

Among the hydrogels used in protein delivery systems, alginate and chitosan 

are the most widely-used materials. Alginate has been studied for the sustained 

release or immobilization of bioactive agents such as enzymes [16], vaccines [17], 

insulin [18] and cytokines [19-20]. Chitosan has also been extensively studied as a 

promising protein carrier [21–25]. 

There have been no studies reported yet on the use of a chitosan– 

carrageenan polyelectrolyte complex for controlled release of glucose oxidase. 

Hence, the objective of this study is to evaluate the possibility of using polyelectrolyte 

complexes from chitosan and different types of carrageenan (κ, ι, λ) to encapsulate 

glucose oxidase and control or prolong its release. In this study, a simple 

coacervation process was used to prepare a chitosan–carrageenan polyelectrolyte 

complex. This method is a mild process occurring in a pure aqueous environment 

and is ideal for the in process stability of proteins and peptides [26]. Because 

chitosan is water soluble, the encapsulation of glucose oxidase was carried out at pH 

6.0 as compared to the study of Liu et al. [2] which used Ph 4.0 to encapsulate GOD. 

The use of chitosan–carrageenan complex to encapsulate produced nanospheres in 

contrast with the alginate/chitosan microspheres. The most suitable type of 

carrageenan to form a polyelectrolyte complex with chitosan was also determined in 

this study. 

Published studies on the use of the polyelectolyte complex of chitosan–

carrageenan bhave focused on the prolonged release of diltiazem bchlorhydrate [27]  
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and the controlled release of sodium diclofenac [28] and theophylline [29] in tablet 

and capsule forms.  It was also used for efficient b-galactosidase immobilization [30]. 

Carrageenan has also been used in many published studies for controlled 

release of drugs. These include: diltiazem HCl, bupropion HCl, metoprolol tartrate, 

and tramadol HCl [31]; acetaminophen [32]; verapimil HCl and ibuprofen [33]; 

mefenamic acid [34]; ketoprofen [35]; chlorpheniramine maleate [36]; and 

theophylline [37]. It has also been cross-linked with polyacrylic acid-co-poly- 2-

acrylamido-2-methylpropanesulfonic acid (PAA-co-PAMPS) to form a biodegradable 

hydrogel as a candidate for a drug delivery system [38]. Carrageenan is classified as 

a food additive [39] and shows potential use for a new drug delivery system 

providing more control over the release rate of drugs. 

Studies done on the encapsulation and immobilization of glucose oxidase 

were based on alginate/chitosan microspheres [2]; alginate microspheres [3]; sodium 

alginate–cellulose sulfate–poly(methylene-co-guanidine) capsules [4]; chitosan 

matrix cross-linked with glyoxal [5]; layer-by-layer films of chitosan [7]; alginate 

microspheres with photoreactive diazoresin nanofilm coatings [6]; and copolymers of 

N-pyrrolyl terminated polydimethylsiloxane/polypyrrole (PDMS/PPy) matrices via 

electrochemical polymerization [40]. 
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RESULTS AND DISCUSSION 

Encapsulation efficiency 

Chitosan is known to form stable complexes with carrageenans [42]. The 

maximum yield of complex formation was observed for the molar mixing ratio of 1:1 

which suggests a stoichiometric anion–cation interaction [42]. The complexation of 

chitosan and carrageenan was due to the opposite charges between the positively 

charged amine groups (NH3) in chitosan and the negatively charged sulfate groups 

(SO4) in carrageenan. In this study, chitosan/carrageenan complexes were prepared 

at charge ratios (+/-) of 3 and 5 at 1 mg/mL. GOD (isolectric point of 4.2 [43]) was 

negatively charged when the pH > 4.2 and could form a complex with chitosan at pH 

6.0 through electrostatic interactions. The resulting cationic GOD-loaded chitosan 

was then combined with carrageenan to form a complex via electrostatic interaction. 

As shown in Fig. 1A, higher encapsulation efficiency of GOD in 

chitosan/carrageenan complexes was observed as compared to single polymer (Fig. 

1B). The efficiency was doubled in polymer blends, which exhibited greater ability to 

encapsulate protein compared to a single polymer. At a charge ratio of ±3, 

chitosan/κ-carrageenan complexes showed the highest encapsulation efficiency of 

79%, followed by chitosan/ι-carrageenan at 54% and chitosan/λ-carrageenan at 

40.5%. The obtained results were compared to the encapsulation efficiency of 

chitosan/dextran sodium sulfate as the positive control, which showed an efficiency 

of 75%. In the study by Liu et al. [2], using a 1 mg/mL concentration of GOD, the 

chitosan/alginate  microspheres  had  an  encapsulation  efficiency of 79.8%, which 

is slightly higher than that of the chitosan/carrageenan complex.  At a charge ratio  of      
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5 (Fig. 1A), lower efficiency was observed (compared with charge ratio of 3) but 

higher than that of the single blends. The observed efficiencies are as follows: 62.5% 

for chitosan/κ-carrageenan, 43.5% for chitosan/ι-carrageenan and 33.8% for 

chitosan/λ-carrageenan. An increase in the charge ratio indicates an increase in the 

amount of chitosan, which may affect the encapsulation efficiency. Chitosan 

concentration had a significant effect on GOD loading, encapsulation efficiency and 

the loaded GOD activity according to Liu et al. [2]. They determined that GOD 

loading and encapsulation decreased with increasing chitosan concentration due to 

desorption of GOD as a result of competition between the chitosan and GOD for 

ionic binding sites [2]. Although their study [2] involved chitosan/alginate 

microspheres for the encapsulation of GOD, this behavior also applies in 

chitosan/carrageenan complex because carrageenan and alginate are both 

polyanions. The chemical structure and molecular weight of carrageenan used in this 

experiment may also influence the encapsulation efficiency. λ-Carrageenan had the 

highest molecular weight of 750 kDa and was the most anionic due to its three 

sulfate groups of the alternating 1,3-linked β-D-galactopyranosyl and 1,4-linked β-D-

galactopyranosyl sugar units. ι-Carrageenan, on the other hand, has two sulfate 

groups attached to its alternating sugar units [44]. The presence of these excess 

sulfate groups may cause competitive interaction between carrageenan and glucose 

oxidase, thus lowering the encapsulation efficiency of the complex. κ-Carrageenan, 

however, has only one sulfate group attached to its alternating sugar units thus, 

competitive interaction was weaker [44]. 
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Fig. 1. Efficiency of chitosan/carrageenan complex (A) and single polymers (B) to    
encapsulate GOD(1 mg/mL). A.  n  : chitosan/κ-carrageenan;  ¨ : chitosan/ι-
carrageenan;      :chitosan/λ-carrageenan;     : chitosan/dextran sodium sulphate. The 
values represent the mean ± SD, n = 4.  GOD indicates glucose oxidase. 
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Morphology of the chitosan/carrageenan complex loaded with GOD 

AFM images of the polymers (carrageenan, chitosan) and GOD are shown in 

Fig. 2J–N. The complexation of chitosan with carrageenan through electrostatic 

interaction forms a good complex with GOD (Fig. 2A–H). It shows compact, almost 

uniform circular structure confirming complex formation. The complexes of chitosan/ 

κ-carrageenan (Fig. 2A and B) and chitosan/dextran sodium sulfate (Fig. 2D and H) 

show good complex formation with GOD, compared to ι-, λ-carrageenan and 

chitosan (Fig. 2B and F, C and G, I), where some GOD could be seen looping out of 

the complex. These findings conform to the results of the encapsulation efficiency 

(Fig. 1) of the polyion complex. κ-Carrageenan (Fig. 2J) forms an aggregated 

network, in conformity with the results of McIntire and Brant [45], who used water to 

dilute the carrageenan samples and prepared by aerosol spray deposition. There 

was no difference noted in this study, which used PBS solution adjusted to pH 6.5 to 

dilute the carrageenan. The presence of single stranded chains was also confirmed 

in the micrograph (Fig. 2J). ι-Carrageenan (Fig. 2K) displays a peculiar structure that 

is quite different from that previously reported by McIntire and Brant in 1999 [45]. 

The molecular structure of ι-carrageenan has ‘‘kinks” that increase its flexibility and 

reduce the space occupied by the molecule as described by Kirby et al. [46]. This 

might explain the irregularities of the structure. In λ-carrageenan (Fig. 2L), the 

structure exhibits a network of typical chains for the polymeric molecule. It has the 

same  morphology   as   described   by   Oliva  et al. [47]  in  their studies. A dendritic  
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topography was observed in the AFM image of chitosan (Fig. 2M). According to 

Xiaoqing et al. [48], based on AFM images, chitosan  forms a prominent and delicate  

dendritic structures, which are fully-simulated and grow in clusters composed of 

nanoparticles with varying sizes. The findings of Xiaoqu ing et al. [48] were also 

observed in this study. Fig. 2N shows an image of GOD. Most of the nanospheres 

were of similar size, while some show a dimeric structure. This observation 

corresponds to the folded form of two identical polypeptide chains of the GOD 

molecule [49]. 

 

Fig. 2.  AFM images of GOD loaded chitosan/carrageenan complex.  A-D: +/- ratio = 3; 
E-H: +/- ratio = 5; A & E: chitosan/κ-carrageenan; B & F: chitosan/ι– carrageenan; C & G: 
chitosan/λcarrageenan; D & H: chitosan/dextran sodium sulphate; I: chitosan/GOD; J: κ-
carrageenan; K: ι– carrageenan;  L: λ−carrageenan  M: chitosan; N: glucose oxidase (GOD). 



118 

 

Chapter 4                       

 

Zeta potential and particle size of the chitosan/carrageenan complex loaded 

with GOD 

Negative zeta potentials were observed for all of the prepared complexes. As 

shown in Tables 1 and 2, there is no significant difference in the zeta potential 

between the two charge ratios. Complexes with charge ratio (+/-) = 3 displayed 

positive zeta potentials > 30 while at charge ratio (+/-) = 5, the complexes exhibited 

positive zeta potentials > 35. A high zeta potential value, suggests high stability of 

the complex. The particle size of chitosan/ carrageenan complexes loaded with GOD 

was higher than that of chitosan/GOD alone. An increase in the particle size was 

expected at charge ratio (+/-) = 3 as compared to charge ratio (+/-) = 5 because the 

former contains more carrageenan than the latter. The high values of particle size 

show that the entrapment of GOD and the complexation of chitosan with 

carrageenan were achieved. 

Table 1. Zeta potential and particle size of GOD loaded chitosan-carrageenan 

complexes at charge (+/-) ratio of 3. 

Charge (+/-) ratio  = 3 Zeta Potential (mV) Particle Size (nm) Polydispersity 
Index (SD) 

Chitosan/κ-carrageenan  - 47.0 (±1.3) 1288.5 (± 140.71) 0.80 (± 0.02) 

Chitosan/ι-carrageenan - 44.7 (±6.8) 816.5 (± 113.35) 0.55 (± 0.26) 
Chitosan/λ-carrageenan - 47.2 (±5.0) 618.4 (± 76.08) 0.22 (± 0.10) 
Chitosan/Dextran 
sodium sulfate 

- 48.6 (±6.6) 1787.3 (± 492.88) 0.50 (± 0.36) 

Chitosan - 47.0 (±1.2) 360.0 (± 5.12) 0.40 (± 0.03) 
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Table 2. Zeta potential and particle size of GOD loaded chitosan-carrageenan 

complexes at charge (+/-) ratio of 5 

Charge (+/-) ratio  = 5 Zeta Potential 
(mV) 

Particle Size (nm) Polydispersity 
Index (SD) 

Chitosan/κ-carrageenan - 49.4 (±2.3) 1386.7 (±190.00) 0.40 (± 0.37) 
Chitosan/ι-carrageenan - 48.0 (±8.3) 577.5 (± 74.95) 0.50 (± 0.12) 
Chitosan/λ-carrageenan  - 50.0 (±7.6) 600.7 (± 165.82) 0.36 (± 0.18) 
Chitosan/Dextran sodium 
sulfate 

- 52.0 (±7.2) 1990.0 (± 489.32) 0.30 (± 0.26) 

Chitosan - 46.0 (±4.7) 360.0 (±5.12) 0.40 (± 0.03) 
 

In vitro release of GOD from the chitosan/carrageenan complex 

There are three primary mechanisms by which active agents can be released 

from a delivery system: diffusion, degradation, and swelling followed by diffusion [50]. 

In this study, release of GOD was due to the swelling of chitosan/carrageenan 

complex. The complexes made up of hydrogels swell without dissolving when placed 

in water or other biological fluids [50]. GOD diffused through the swollen complex 

into the external environment. In this study, the release profile of GOD from the 

chitosan/carrageenan complex was evaluated in 0.1 mg/mL solution of chitosanase, 

pepsin and different physiological solutions. In Figs. 3–5, controlled release of GOD 

was observed with the lowest rate was exhibited by the chitosan/j-carrageenan 

complex. The complex of chitosan and dextran sodium sulfate also showed slow 

release rate of GOD as compared to that of the chitosan/j-carrageenan complex. 

Chitosan showed the highest release rate of GOD, approximately > 60% after an 

one-hour incubation in chitosanase and pepsin (data not shown). This suggests that 

a single polymer (chitosan) was easily degraded by the enzymes as compared to  

 



120 

 

Chapter 4                       

 

polymer blends; thus, high release rate was observed. Using different physiological 

solutions (Fig. 5), controlled release of GOD was also observed. At low pH (1.2–7.0),  

the cumulative release rate of GOD was <20% while at pH of 7.3, an increase in 

release rate of GOD was observed. The studies made by Sakiyama et al. [51] for the 

swelling mechanism of chitosan/carrageenan complex showed that in an acidic 

solution, no swelling was observed. This is due to the presence of electrostatic 

bonds between chitosan and carrageenan. The sulfate groups of carrageenan will 

remain negatively charged and interact with the positively charged amino groups of 

chitosan hence, the cumulative release rate of GOD was not too excessive. In 

alkaline solution, the amino groups of chitosan will be neutralized, and the sulfate 

groups of carrageenan will remain negatively charged therefore, the electrostatic 

linkage between the two polymers disappears [51]. The electrostatic repulsion 

between sulfonate groups will contribute to the swelling mechanism [51]; thus, higher 

release rate of GOD was observed. In alkaline solution, GOD is negatively charged; 

thus, there is no electrostatic interaction with chitosan. GOD, which has a pI of 4.2 

[43], is anionic at physiological pH of 7.4 [2]. Among the prepared complexes, 

chitosan/λ-carrageenan complex showed the lowest release rate of GOD. This 

behavior might be due to its chemical structure. Since κ-carrageenan contains only 

one sulfate group attached to its alternating sugar units, less electrostatic repulsion 

is expected with fewer ionic binding sites. It also undergoes a helix-coil transition, 

creating additional cross-links and forming a more rigid system [52]. λ-Carrageenan 

had the highest release rate of GOD among the three types. This type contains three 

sulfate groups of the alternating sugar units, creating more electrostatic repulsion  



121 

 

Chapter 4                       

 

and ionic binding sites. This type does not gel and does not undergo a helix coil 

transition, which precludes additional cross-links [52]. 

 

Fig. 3.  Cumulative release of GOD from chitosan/carrageenan complex prepared at 
various charge ratios in chitosanase solution (0.1 mg/mL). A: (+/-) = 3; B: (+/-) = 5; 
♦ = chitosan/κ-carrageenan; ÿ = chitosan/ι-carrageenan; ∆= chitosan/λ-carrageenan; × = 
chitosan/dextran sodium sulphate. Incubation temperature: 37 0C.  pH: 6.0. The values 
represent the mean ± SD, n = 3.  GOD indicates glucose oxidase. 
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Fig. 4.  Cumulative release of GOD from chitosan/carrageenan complex prepared at 
various charge ratios in pepsin solution (0.1 mg/mL). A: (+/-) = 3; B: (+/-) = 5; ♦ = 
chitosan/κ -carrageenan; ÿ = chitosan/ι-carrageenan; ∆= chitosan/λ-carrageenan; × = 
chitosan/dextran sodium sulphate. Incubation temperature: 37 0C.  pH: 6.0. The values 
represent the mean ± SD, n = 3.  GOD indicates glucose oxidase. 
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Fig. 5.  Cumulative release of GOD from chitosan/carrageenan complex prepared at  
charge ratio (+/-) of 3 in various physiological solutions.  ♦ = chitosan/κ-carrageenan; 
ÿ= chitosan/ι-carrageenan; ∆ = chitosan/λ-carrageenan; × = chitosan/dextran sodium 
sulphate.  Incubation temperature: 37 0C.  The values represent the mean ± SD, n = 3. GOD 
indicates glucose oxidase. 
 

Stability of GOD loaded in the complex 

In protein delivery, the protein must be protected by the complex formulation 

during its application. The stability and integrity of GOD in the complex were 

evaluated by gel electrophoresis. The use of pepsin solution and pH 1.2 was 

employed to investigate the integrity of GOD. Fig. 6 shows the SDS–PAGE analysis  
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of release fractions  of  GOD  in  chitosan/carrageenan  complexes;  free  GOD and 

treated free GOD were used as controls. Analysis showed that the treated free GOD 

(Fig. 6A, Lane 3) was completely degraded as compared to the GOD released from 

the polymers and complexes. Pepsin has very high chitosanolytic activity; thus, the 

degradation of chitosan takes place very quickly during an initial time period and 

then gradually slows down [53] with optimum pH and temperature of 4.6 and 55 oC, 

respectively. Increasing the enzyme or substrate concentration led to the 

degradation of chitosan. The GOD fractions released from chitosan/carrageenan 

complex showed partial degradation at a much slower rate, as observed in Fig. 6A. 

Most of the GOD was still in the well, as indicated by the intensity of the bands, 

showing controlled release and resistance to degradation. The lanes mostly showed 

more than one band, showing a slower rate of GOD degradation. The integrity of 

GOD at pH 1.2 was also investigated by gel electrophoresis. In Fig. 6B, GOD 

fractions released from the complexes were not degraded as compared to the 

treated free GOD (Fig. 6B, Lane 3). The GOD was protected from being degraded 

and hydrolyzed. The use of chitosan/carrageenan complex prevented degradation of 

GOD in acidic solution. 
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Fig. 6.  Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
analysis for stability of  GOD released from chitosan/carrageenan complex  in: (A). 
pepsin solution (1 mg/mL) and (B). pH 1.2  solution incubated at 37 0C for one hour. 
Lane 1: Protein marker; Lane 2: Free GOD; Lanes 3: Treated GOD; Lanes 4 & 8:  
chitosan/κ-carrageenan; Lanes 5 & 9; chitosan/ι-carrageenan; Lanes 6 & 10; chitosan/λ-
carrageenan; Lanes 7 & 11; chitosan/dextran sodium sulphate; GOD indicates glucose 
oxidase. 
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GOD activity in the complex 

The activity of GOD in the complex is shown in Fig. 7. Evaluation of the 

activity was done after treating the GOD-loaded complex with chitosanase, pepsin 

and acidic solutions. Activity was well preserved and showed better H2O2 generating 

behavior than did the GOD-loaded chitosan and treated free GOD. Higher activity 

reading was observed in an acidic solution than in chitosanase and pepsin solutions. 

The chitosan/κ-carrageenan complex is the most efficient among the prepared 

complexes prepared in preserving GOD activity. In acidic solution (Fig. 7B), about 

80.3% activity of GOD was preserved by chitosan/κ-carrageenan complex, followed 

by chitosan/ι-carrageenan complex at 73.3% and chitosan/λ-carrageenan complex 

at 66.7%. These results are in agreement with the SDS–PAGE results (Fig. 6B). In 

Fig. 7A,  chitosan/κ-carrageenan   was  able  to  preserve  73.3%  of  GOD activity in  

chitosanase solution and 66.4% in pepsin solution (Fig. 7C), much higher than using 

chitosan/ι-carrageenan, chitosan/λ-carrageenan and chitosan/dextran sodium 

sulfate complexes. The activity of free GOD was preserved at <10% and <23% for 

chitosan in all solutions. 
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Fig. 7.  Activity of glucose oxidase (GOD) encapsulated in chitosan/carrageenan 
complex at charge ratio (+/-) of 3 treated with A: chitosanase solution (1mg/mL); B: pH 
1.2 solution; C: pepsin solution (1 mg/mL); n: chitosan/κ-carrageenan; ¨: chitosan/ι-
carrageenan;          : chitosan/λ-carrageenan;      : chitosan/dextran sodium sulphate;       : 
treated free GOD;        : chitosan/GOD.  The values represent the mean ± SD, n = 3. 
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Turbidity of the complex loaded with GOD in different physiological solutions 

The stabilities of GOD-loaded chitosan/carrageenan complexes were 

evaluated according to their turbidity readings in various physiological solutions. Fig. 

8 shows the turbidity readings at absorbance of 500 nm. The GOD-loaded 

chitosan/κ-carrageenan complex is the most stable, compared to ι- and λ-type 

carrageenan and to dextran sodium sulfate in all physiological solutions. The GOD-

loaded chitosan/λ-carrageenan is not as stable in low pH solutions of 1.2, 4.0 and 

6.0 while GOD-loaded chitosan/ι-carrageenan is not as stable in pH 1.2 and 7.0. 

This behavior agrees with the observed higher cumulative release of GOD in the 

said complexes as compared to chitosan/κ-carrageenan complex. 
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Fig. 8. Turbidity reading of the chitosan/carrageenan complex loaded with GOD 
at charge (+/-) ratio = 3 in different physiological solutions: pH 1.2: 35 mM 
sodium chloride (NaCl); pH 4.0: 50 mM acetic acid; pH 6.0: 200 mM sodium 
chloride (NaCl) in 2-(N-morpholino)ethanesulfonic acid. (MES) buffer; pH 6.8: 
50 mM potassium phosphate buffer; pH 7.0: H20; pH 7.3: phosphate buffered 
saline (PBS, 0.01 g/mL). ♦ = chitosan/κ-carrageenan; ÿ= chitosan/ι-carrageenan; 
∆= chitosan/λ-carrageenan; × = chitosan/dextran sodium sulphate. Turbidity was 
measured at 500 nm.The values represent the mean ± SD, n = 3. GOD indicates 
glucose oxidase. 
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MATERIALS AND METHODS  

Materials 

Chitosan (average MW= 45 kDa, with degree of acetylation of 75.4%) was 

obtained from YSK Yaizu Suisankagaku Industry Co., Ltd., Japan. κ-Carrageenan 

(Bengel KK-100, Lot No. XO300-2, average MW= 510 kDa), ι-carrageenan 

(Benvisco SI-100, Lot No. M1400-1, average MW= 560 kDa) and λ-carrageenan 

(Benvisco SL-100, Lot No. S2703-2, average MW= 750 kDa) were obtained from 

Shemberg Biotech Corporation (Carmen, Cebu, Philippines, 6005). Glucose oxidase 

(GOD) and dextran sodium sulfate (average MW= 5 kDa) were purchased from 

Wako Pure Chemical Industries, Ltd., Japan. All other chemicals and reagents used 

were of analytical grade. 

Preparation of solution 

Chitosan solution was prepared at 1 mg/mL in 2-(N-morpholino) 

ethanesulfonic acid (MES) buffer solution at pH 6.0.  Carrageenan(1 mg/mL), 

dextran sodium sulfate (1 mg/mL) and GOD (4 mg/mL) solutions were prepared in 

Milli-Q water. 

Preparation of complex 

GOD solution was added to chitosan solution, mixed thoroughly and allowed 

to stabilize at room temperature for 15 min.  Carrageenan solution was then slowly 

added to the mixture, mixed again followed by another 15 min of stabilization at room 

temperature. The final concentration of GOD in the complex was 1 mg/mL. 

Thereafter the final mixture was incubated for 24 h at 4 oC with agitation at 200 rpm. 
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Encapsulation efficiency (EE) 

After incubation, the solution was centrifuged at 10,000 rpm for 20 min at 4 oC 

using an Allegra 21R centrifuge (Beckman Coulter). The resulting supernatant was 

then assayed for its protein content following the manufacturer instruction (Bio-Rad 

Laboratories, Japan). All experiments were performed in quadruplicate. 

Encapsulation efficiency was determined according to the following equation: 

     

where Co is the initial concentration of the protein, and  Cr is the protein reading from 

the assay. 

Stability at different physiological solutions 

After centrifugation of the solution, the supernatant was removed, and the 

resulting precipitate was subjected to various simulated physiological solutions: (a) 

35 mM NaCl solution adjusted the pH to1.2 by adding 1 N HCl solution; (b) 50 mM 

acetic acid adjusted the pH to 4.0; (c) 200 mM NaCl in MES buffer adjusted the pH 

to 6.0 by adding 1 N HCl; (d) 50 mM potassium phosphate buffer adjusted to pH 6.8; 

(e) Milli-Q H2O; (f) phosphate buffered solution (PBS) solution at pH 7.3 and 

incubated at 37 oC with mild agitation. Absorbance was read at 500 nm. 

Atomic force microscopy (AFM) measurement 

After incubation for 24 h at 4 oC with agitation (200 rpm), 10 µL of the solution 

was diluted with MES buffer (pH 6.0) to make 100 µL, then a 20 µL drop was 

deposited  onto  the  surface  of  a  mica  disk as previously described [41]. Following  
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adsorption for two minutes at room temperature, excess fluid was removed by 

absorption with filter paper. Then, 50 µL of water was added to the surface to wash 

excess salt from the PBS solution. The mica surface was subsequently dried at room 

temperature prior to imaging. A commercial atomic force microscope (SPA-300 

system of Seiko Instruments, Inc., Japan) was used for imaging using a Si3N4 tip on 

the cantilever (100 µm x 400 nm, SN-AF01-A, Olympus Optical Co.) with tapping 

mode and non-contact recording under ambient condition. 

Measurement of zeta potential and particle size 

Surface charges of the complexes were evaluated using a CoulterDELSA 

440SX Zeta Potential Analyzer. The complex, after incubation for 24 h at 4 oC with 

shaking (200 rpm), was diluted with MES buffer (pH 6.0) to make a final volume of 

1.5 mL.  Size measurement was determined by using a High Performance Particle 

Sizer Malvern Instrument, UK), diluting 3 µL of the complex with MES buffer (pH 6.0) 

to make a final volume of 1.2 mL. 

Cumulative release of GOD from the complex after treatment with different 

physiological solutions 

The precipitate formed after centrifugation was treated with 1 mL each of the 

different physiological solutions at 37 oC with mild agitation (60 rpm) for 0, 1, 3, 5, 

and 7 h. After each time interval, the treated samples were assayed for their protein 

contents as previously described. Cumulative release of GOD from the complex was 

determined according to the following equation: 
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where Cc is the concentration of the protein in the complex, and  Cr is the protein 

reading from the assay.  Cumulative release of GOD from the complex after 

treatment with enzymes (chitosanase and pepsin solution at 0.1 mg/mL) 

The same procedure was followed as previously described. Release of GOD 

from the complex was determined by protein assay of the supernatant collected after 

each time interval of 1, 3, 5, 7, and 9 h. 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS–PAGE) analysis 

The release and degradation of GOD from the complex, after exposure to 

pepsin (1 mg/mL) and 35 mM NaCl solution adjusted to pH 1.2, were monitored by 

SDS–PAGE electrophoresis using Bio-Rad Ready Gels J (161J341 V) in running 

buffer (1 x tris–glycine, 0.1% SDS) with constant current mode, 20 mA. About 5 µL of 

sample was applied to each well. A pre-stained protein marker was also used. 

Coomassie Brilliant Blue was used as the staining solution. 

Determination of glucose oxidase (GOD) activity 

The activities of free GOD and encapsulated GOD in chitosan/ carrageenan 

complexes were determined according to manufacturer instruction (Wako Pure 

Chemical Industries, Ltd.) using a quick endpoint activity assay to determine the 

relative activity among the complexes. The glucose was oxidized by GOD to D-

glucono-d-lactone and hydrogen peroxide. The hydrogen peroxide then oxidized a  

reduced dye, o-dianisidine, catalyzed by peroxidase. The absorbance change for 5 

min  at  25 oC  was  measured  in  436  nm wavelength with water as the control. The  
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assay consisted of 24 mL of 0.2 mM o-dianisidine solution, 1 mL of 5 mg/mL 

peroxidase solution and 5 mL of 0.1 g/L glucose aqueous solution, which was 

prepared 1 h before use. The GOD activity was measured immediately after rinsing 

the GOD-loaded complex with water. 
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Ability of chitosan/carrageenan complex to encapsulate 
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ABSTRACT 

The purpose of this study was to examine the capability of 

chitosan/carrageenan complex formed by electrostatic interaction as a carrier system 

for protein delivery.  Chitosan/carrageenan complex was formulated at charge ratios 

(+/-) of 1,3,5,7 while bovine serum albumin (BSA) was the model protein. 

Microencapsulation of BSA was carried out by mixing BSA with chitosan solution 

followed by κ-, ι-, or λ-carrageenan then agitated at 200 rpm for 24 hours at 4 oC. 

The resulting complex was then evaluated by different physical methods. Results 

showed that the polyelectrolyte complex with κ-carrageenan had the highest 

encapsulation efficiency at 74 % with the order of κ>ι>λ and was stable in pH 1.2 to 

7.3. The complex of chitosan/carrageenan was more efficient in the encapsulation of 

BSA than using chitosan or carrageenan alone.  Controlled release of BSA from the 

complex was observed when treated with enzymes and different physiological 

solutions. Among the complexes prepared, chitosan/κ-carrageenan complex was the 

most stable releasing the BSA at the lowest rate.  SDS-PAGE analysis of the 

complex showed no degradation of BSA when exposed in pH 1.2 solution 37 oC  for 

1 hour while gradual degradation was observed in pepsin solution (1 mg/mL). Zeta 

potential ranged from -40 mV to -50 mV with z-average size from 334 nm to  782 nm. 

Atomic Force Microscopy (AFM) images of chitosan/carrageenan complex loaded 

with BSA showed compact structure with almost uniform circular structure. 
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INTRODUCTION 

At present, researches being done on protein drugs are directed towards 

developing effective oral formulations and increasing the oral absorption of intact 

protein through the use of formulations that protect the macromolecule and/or 

enhance it’s uptake into the intestinal mucosa [1].  In order to effect the delivery of 

peptides and proteins via the gastrointestinal tract, a carrier system should overcome 

significant enzymatic and diffusion barriers. The most widely used carrier is the 

cationic polysaccharide chitosan.  It is biodegradable, biocompatible, bioadhesive 

and has permeation enhancing properties [2]. Previous study revealed that drug 

release from polyion complexes affords more sustained effect than the preformed 

complexes [3]. Polymer blends can combine attributes of different polymers to give a 

superior quality for the dosage form [4]. Since carrageenan reacts with chitosan 

forming a polyelectrolyte complex [5], the objective of this study is to evaluate the 

possibility of using polyelectrolyte complexes from chitosan and different types of 

carrageenan (κ, ι, λ) produced from Philippine Eucheuma species as carrier system 

for protein delivery. The model protein used in this study is bovine serum albumin 

(BSA).  Carrageenan is an anionic polymer extracted from marine red algae and has 

also been used in many published studies as a carrier system for drug delivery 

[6,7,8,9,10,].   It shows potential use for new drug delivery system providing more 

control over the release rate of drugs.  Previous studies showed that polyelectrolyte 

complex (PEC) in the form of beads and microspheres that are formed by cationic 

polymer(s) and anionic polymer(s) could enhance the controlled or prolonged 

release   of   a   drug.   Examples   of   PEC   for   controlling   drug   release   include  
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alginate/chitosan [5], chitosan-cellulose multicore microparticles [6], chitosan-coated 

pectin [7], chitosan/poly(acrylic acid) complexes [8], poly(vinyl alcohol)/sodium 

alginate blend beads [9],  poly(methacrylic acid-g-ethylene glycol) particles [10]. The 

potential use of carrageenan for oral protein delivery will indirectly boost the 

carrageenan industry in the Philippines since all of the carrageenan samples used in 

this study were produced in the said country.  

RESULTS: 

Encapsulation Efficiency 

In this study, different charge ratios (+/-) of 1,3,5,7 were prepared to 

determine the efficiency of the polyelectrolyte complex to encapsulate BSA. As 

shown in Figure 1A, the complex of chitosan/κ-carrageenan had the highest 

encapsulation efficiency of 74% followed by chitosan/ι-carrageenan. The least 

efficient was the λ-type. Chitosan/dextran sodium sulphate complex showed an 

encapsulation efficiency of 68%. Encapsulation efficiency of each of the polymers 

was also investigated.  ι- carrageenan exhibited the highest efficiency (Fig. 1B) 

followed by κ-carrageenan and λ-carrageenan.  Chitosan only showed an efficiency 

of about 10%.  Since charge ratios of 3 & 5 exhibited high encapsulation efficiency, 

chitosan/carrageenan complexes prepared at these ratios were furthered 

investigated and studied according to its morphology, stability and physical 

properties.   
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Morphology of the complex 

 As observed in Figures 1J, 1L, 1M, 1N, AFM images of the polymers 

(carrageenan, chitosan) and BSA (Figure 1K) showed morphologies that are fibrous  

in shape.  Complexation of chitosan with carrageenan through electrostatic 

interaction formed a good complex with BSA (Figures 1A-1I). AFM images of 

chitosan/carrageenan complex loaded with BSA (Figures 1A-1I) showed compact 

structure with almost uniform circular structure confirming a complex formation. The 

complexes  of chitosan/κ-carrageenan (Figure 1A, AFM image) and chitosan/dextran  

sodium sulphate (Figs. 1D & 1H, AFM images)  showed  a good complex formation 

with BSA as compared to ι-, λ-carrageenan and chitosan (Figs 1B, 1C, 1F, 1G, 1I, 

AFM images) where some BSA could be seen looping out of the complex.  These 

findings conformed to the results of the encapsulation efficiency (Figures 1A & B) of 

the polyion complex. As observed in the AFM images, complexes with encapsulation 

efficiency of < 85% showed some unbound BSA in the background.   
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Fig. 1. Efficiency of chitosan/carrageenan complex A and single polymers (B) 

to    encapsulate BSA (1 mg/mL) at different charge (+/-) ratios and AFM images of  

BSA encapsuated with the complex.     : chitosan/κ-carrageenan;  n  :  chitosan/ι- 

carrageenan;   ¨ :chitosan/λ-carrageenan;     : chitosan/dextran sodium sulphate.  

The values represent the mean ± SD, n = 4.  BSA bovine serum albumin. AFM 

images A & E: chitosan/κ-carrageenan; B & F: chitosan/ι– carrageenan; C & G:  

chitosan/λcarrageenan; D & H: chitosan/dextran sodium sulphate; I: chitosan (with  

BSA); J: κ-carrageenan; K: BSA; L: ι– carrageenan; M: λ- carrageenan; N: chitosan. 

Zeta potential and particle Size 

 Negative zeta potential (Figure 2) was observed in all of the complexes 

prepared.  There was no significance change in zeta potential in both charge ratios.  

Charge ratio (+/-) = 3  displayed  negative  zeta potential at > - 45  while charge ratio  
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(+/-) = 5 exhibited negative zeta potential of < - 46.    High values of zeta potential 

suggested high stability of the complex.  Particle size of chitosan/carrageenan 

complexes with BSA were higher in values than chitosan/BSA alone.  Increase of 

particle size was expected in charge ratio (+/-) = 3 as compared to charge ratio (+/-) 

= 5 since the former contained more carrageenan than the latter.  The high values of 

particle size showed that entrapment of BSA and complexation of chitosan with 

carrageenan were achieved. 

 

 
Figure 2. Zeta potential and particle size of the chitosan/carrageenan complex 

with BSA (1 mg/mL). The values represent the mean ± SD, n = 4.  BSA indicates 

bovine serum albumin. 
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I-Chitosanase 

 

II-Pepsin 
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III-Trypsin 

 
Figure 3.  Cumulative release of BSA from chitosan/carrageenan complex 
prepared at various charge ratios in different enzyme solutions (0.1 mg/mL). A: 
(+/-) = 3; B: (+/-) = 5; ◊ = chitosan/κ-carrageenan; ■ = chitosan/ι-carrageenan; ▲= 
chitosan/λ-carrageenan; × = chitosan/dextran sodium sulphate； □ = chitosan. 
Incubation temperature: 37 oC.  pH: 6.0. The values represent the mean ± SD, n = 3.  
BSA indicates bovine serum albumin. 

In Vitro Release Studies 

 The release profile of BSA from the chitosan/carrageenan complex were 

evaluated in 0.1 mg/mL solution of chitosanase, pepsin and trypsin and different 

physiological solutions.   In Figure 3 controlled release of BSA was observed in 

which the lowest rate was exhibited by chitosan/κ-carrageenan complex.   The 

electrostatic interaction of the amino group of chitosan with the sulphate group of κ-

carrageenan   was   more   stable   than  the  interaction  between  chitosan to ι- & λ- 
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carrageenan.  The complex of chitosan and dextran sodium sulphate also showed 

slow release rate of BSA next to chitosan/κ-carrageenan complex.  Chitosan showed 

the highest release rate of BSA at about > 60% after one hour incubation in 

chitosanase and pepsin (Figure 3).  Using different physiological solutions (Figure 4), 

the chitosan/κ-carrageenan still showed the lowest release rate of BSA.  Even  at  

low pH of 1.2,  the chitosan/κ-carrageenan  complex  was the most stable among the 

complexes releasing the BSA in a much controlled rate. At this condition (below the 

isoelectric point of BSA), the BSA was positively charged and was bound more to 

carrageenan making the release rate more slower. Complexation of chitosan with 

carrageenan controlled the release of BSA at a given time and temperature.  
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Figure 4.  Cumulative release of BSA from chitosan/carrageenan complex 
prepared at various charge ratios in various physiological solutions. ◊ = 
chitosan/κ-carrageenan; ■ = chitosan/ι-carrageenan;  ▲= chitosan/λ-carrageenan; × 
= chitosan/dextran sodium sulphate. Incubation temperature: 37 oC. The values 
represent the mean± SD, n = 3. BSA indicates bovine serum albumin. 
 

Relative stability at different physiological solutions  

 The complexes were relatively stable in different physiological solutions at 

various pH (Figure 5).  Among the complexes prepared, chitosan/dextran sodium 

sulfate has the highest turbidity reading as compared to chitosan/carrageenan 

complex. The chitosan/λ-carrageenan complex was the most stable as there was no  



157 

 

Chapter 5  

 

significant change observed in the turbidity reading at various pH.  Turbidity reading 

increases at pH 6.0 in chitosan/κ-carrageenan, chitosan/ι-carrageenan and 

chitosan/dextran sodium sulfate complexes. 
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Figure 5.  Relative stability of encapsulated BSA in chitosan/carrageenan 
complex (+/- ratio = 3) using different physiological solutions.  pH 1.2: 35 
mMNaCl; pH 4.0: 50 mM acetic acid; pH 6.0: 200 mMNaCl in MES buffer; pH 6.8: 
50 mM potassium phosphate buffer; pH 7.0: H20; pH 7.3: PBS (0.01 g/mL). 
Turbidity of the encapsulated BSA with the different physiological solutions was 
measured at 500 nm against the control.  BSA indicates bovine serum albumin; PBS, 
phosphate buffered saline; MES, 2-(N-morpholino)ethanesulfonic acid. 

Stability of BSA in pepsin solution and pH 1.2 

 In protein delivery, the protein must be protected by the complex formation 

during its application.  The stability and integrity of BSA in the complex were 

evaluated   by  gel   elecrophoresis.   The  use  of  pepsin  solution  and  pH  1.2 was  

employed to investigate the integrity of BSA. Figure 6 shows the SDS-PAGE 

analysis of release fractions of BSA in chitosan, carrageenan and dextran sodium 

sulfate (Figure 6A) and BSA in chitosan/carrageenan complexes (Figure 6B), free 

BSA and treated free BSA that were used as a control.  The study showed that the 

treated free BSA (Figure 6A & B, Lane 3) was degraded completely as compared to 

the BSA released from the polymers and complexes. In Figure 6A, the BSA released  

from chitosan (Lane 8), carrageenan (Lanes 4-6) and dextran sodium sulfate (Lane 

7) was degraded in a slower rate based on the formation of more than one band as 
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from chitosan (Lane 8), carrageenan (Lanes 4-6) and dextran sodium sulfate (Lane 

7) was degraded in a slower rate based on the formation of more than one band as 

compared to  treated free BSA in which only one band (Lane 3) was observed.  The 

BSA fractions released from chitosan/carrageenan complex showed also 

degradation but in a much slower rate.  In Figure 6B, most of the BSA were still in 

the well as observed in the intensity of the bands showing resistance to release and 

degradation.  Most of the lanes showed more than one band showing the slower rate 

of BSA degradation in the polyion complex than using one polymer in the 

encapsulation process.  The integrity of BSA in pH 1.2 was also investigated by gel 

electrophoresis.  In Figure 7, BSA fractions released from the complexes were not 

degraded as compared to the treated free BSA (Figure 7, Lane 7).  The BSA was 

protected from being degraded and hydrolyzed. The use of chitosan/carrageenan 

complex prevented degradation of BSA in acidic solution. 

 

 

 



160 

 

Chapter 5 

 

Figure 6.  Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis 
for stability of  BSA released from the complex  treated with pepsin (1 mg/mL) 
and incubated at 37 oC for one hour.  A. BSA released in carrageenan, dextran 
sodium sulphate and chitosan. Lane 1: Protein marker; Lane 2: Free BSA; Lane 3: 
Treated BSA; Lane 4: κ-carrageenan; Lane 5: ι-carrageenan; Lane 6: λ-
carrageenan; Lane 7; Dextran sodium sulphate; Lane 8:Chitosan; B.BSA released in  
chitosan/carragee nan complex. Lane 1: Protein marker; Lane 2: Free BSA; 
Lane 3: Treated BSA; Lanes 4 & 8: chitosan/κ-carrageenan; Lanes 5 & 9; chitosan/ι-
carrageenan; Lanes 6 & 10; chitosan/λ-carrageenan; Lanes 7 & 11; chitosan/dextran 
sodium sulphate; BSA indicates bovine serum albumin. 
 

 

Figure 7.  Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis 
for stability of  BSA released from chitosan/carrageenan complex  in pH 1.2  
incubated at 37 oC for one hour. Lane 1: Protein marker; Lane 2: Free BSA; Lanes 
3 & 7:  chitosan/κ-carrageenan; Lanes 4 & 8; chitosan/ι-carrageenan; Lanes 5 & 9; 
chitosan/λ-carrageenan; Lanes 6 & 10; chitosan/dextran sodium sulphate; Lane 11: 
Treated BSA; BSA indicates bovine serum albumin. 
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DISCUSSION: 

The formation of the micro particles of chitosan/carrageenan complex was 

due to its opposite charges between the positively charged amine groups (NH3 
+) in 

chitosan and the negatively charged sulphate groups (SO3
-) in carrageenan. 

Chitosan/dextran sodium sulphate was used as the control in this study since 

previous study showed the high efficiency of this complex to entrap BSA and 

Rhodamine at an efficiency of  98% [12].  The low efficiency of chitosan to 

encapsulate BSA might be attributed to the condition used in this study wherein no 

cross  linker  was  used  as  compared  to  the  previous  study  which  make  used of   

tripolyphosphate (TPP) as cross linker [13].  Here, we were able to show that polyion 

complex (chitosan/carrageenan) was more efficient than using just one polymer 

without the use of a crosslinking agent. The electrostatic interaction of the sulphate 

group of carrageenan and the amine group of chitosan make a better entrapment of 

BSA than chitosan alone.  Charge ratios (+/-) of 3 & 5 were the most efficient as 

compared to 1 & 7 ratios.  The difference of encapsulation efficiency among the 

three types of carrageenan could be due to its chemical structure and molecular 

weight.  λ- carrageenan had the highest molecular weight of 750 kDa and being the 

most anionic due to its three sulphate groups of the alternating 1,3-linked β-D-

galactopyranosyl and 1,4-linked α-D-galactopyranosyl sugar units while ι-

carrageenan has two sulphate groups attached to its alternating sugar [14].  The 

isoelectric point of BSA is 4.8 [12] and the pH used in this study for complex 

formation was pH 6.0 which is above the isoelectric point of BSA. At this condition, 

the  BSA  would  be  predominantly  negatively  charged  thus would ionically interact  
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with chitosan competing with the more anionic carrageenan. The swelling 

mechanism of chitosan/carrageenan complex showed that in an acidic solution, no 

swelling was observed [5]. This is due to the presence of electrostatic bonds 

between chitosan and carrageenan. The sulfate groups of carrageenan will remain 

negatively charged and interact with the positively charged amino groups of chitosan 

hence, the cumulative release rate of BSA was not too excessive. In alkaline solution, 

the amino groups of chitosan will be neutralized, and the sulfate groups of 

carrageenan will remain negatively charged therefore, the electrostatic linkage 

between the two polymers disappears [5]. The electrostatic repulsion between 

sulfonate groups will contribute to the swelling mechanism [5]; thus, higher release 

rate of BSA was observed. In alkaline solution, BSA is negatively charged; thus, 

there is no electrostatic interaction with chitosan. BSA, which has a pI of 4.7 [15], is 

anionic at physiological pH of 7.3. Among the prepared complexes, chitosan/κ-

carrageenan complex showed the lowest release rate of BSA. This behavior might 

be due to its chemical structure. Since κ-carrageenan contains only one sulfate 

group attached to its alternating sugar units, less electrostatic repulsion is expected 

with fewer ionic binding sites. It also undergoes a helix-coil transition, creating 

additional cross-links and forming a more rigid system [16]. λ-Carrageenan had the 

highest release rate of BSA among the three types. This type contains three sulfate 

groups of the alternating sugar units, creating more electrostatic repulsion and ionic 

binding sites. This type does not gel and does not undergo a helixcoil transition, 

which precludes additional cross-links [16]. 
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MATERIALS AND METHODS 

Materials  

 Chitosan (average MW = 45 kDa, with degree of acetylation of 75.4%) was 

obtained fromYSK YaizuSuisankagaku Industry Co, Ltd., Japan.  κ-carrageenan 

(Bengel KK-100, Lot No. XO300-2, average MW = 510 kDa ), ι-carrageenan 

(Benvisco SI-100, Lot No.M1400-1, average MW= 560 kDa) and λ-carrageenan 

(Benvisco SL-100, Lot No. S2703-2, average MW = 750 kDa) were obtained from 

Shemberg Biotech Corporation (Carmen, Cebu, Philippines, 6005). Bovine serum 

albumin  (BSA)  was  purchased from Sigma Aldrich Japan K.K while dextran sodium  

sulphate (average MW = 5 kDa) was purchased from Wako Japan.  All other 

chemicals and reagents used were of analytical grade.   

Preparation of solution 

 Chitosan solution was prepared at 1mg/mL in MES buffer solution at pH 6.0.  

Carrageenan (1mg/mL), Dextran sodium sulphate (1 mg/mL) and BSA (4 mg/mL) 

solutions were prepared in MilliQ water.   

Preparation of complex 

BSA solution was added to chitosan solution, mixed thoroughly and allowed to 

stabilize at room temperature for 15 minutes.  Carrageenan solution was then slowly 

added to the mixture, mixed again followed by another 15 minutes stabilization at 

room temperature. Final concentration of BSA in the complex was 1mg/mL.  

Thereafter  the  final  mixture  was  incubated  for  24 hours at 4 0C with  shaking 

(200 rpm).   The volumes used to prepare the complex at various charge ratios (+/-) 
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 and type of carrageenan are shown in Table 1.  

Encapsulation efficiency (E.E.) 

 After incubation of the complex, the solution was centrifuged at 10,000 rpm for 

20 minutes at 4 0C.  The resulting supernatant was then assayed for its protein 

content following the manufacture’s instruction (Bio-Rad Laboratories, Japan).  All 

experiments were performed in triplicate. Encapsulation efficiency was determined 

according to the following equation: 

 

where where Co is the initial concentration of the protein, and Cr  is the protein 

reading from the assay. 

Relative stability at different physiological solutions  

 After centrifugation of the solution, the supernatant was removed and the 

resulting precipitate was subjected to various simulated physiological solutions: a. 35 

mMNaCl solution adjusted to pH 1.2; b. 50 mM Acetic acid adjusted to pH 4.0; c. 200 

mMNaCl in MES  buffer  adjusted  to  pH  6.0;  d. 50 mM  Potassium phosphate 

buffer adjusted to pH 6.8; e. MilliQ H2O; f. PBS solution at pH 7.3 The relative 

stability was calculated according to the following equation: 

 

 

Atomic force microscopy (AFM) measurement  

After incubation for 24 hours at 4 oC with shaking (200 rpm), 10 uL of the  
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solution  was  diluted  with  MES  buffer  (pH 6.0)  to make 100 uL then applied 20 uL  

drop deposition onto the surface of a mica disk as previously described [11]. 

Following adsorption for 2 minutes at room temperature, excess fluid was removed 

by absorption with filter paper.  Then 50 µL of water was added to the surface to 

wash excess salt from the PBS solution.  The mica surface was subsequently dried 

at room temperature prior to imaging.  A commercial atomic force microscope (SPA-

300 system of Seiko Instruments, Inc. Japan) was used for imaging using a Si3N4 tip 

on the cantilever (100 µm x 400 nm, SN-AF01-A, Olympus Optical Co.) with tapping 

mode and non-contact recording under ambient condition. 

Measurement of zeta potential and particle size 

 Surface charges of the complexes  were evaluated  using a Coulter DELSA 

440SX Zeta Potential Analyzer.   The complex after incubation for 24 hours at 4 oC 

with shaking (200 rpm) was diluted with MES buffer (pH 6.0) to make a final volume 

of 1.5 mL.  Size measurement was determined by using a High Performance Particle 

Sizer (Malvern Instrument, UK) diluting 3 uL of the complex with MES buffer (pH 6.0) 

to make a final volume of 1.2 mL. 

Cumulative release of BSA from the complex after treament with different 

physiological solutions  

 The precipitate formed after centrifugation was treated with 1 mL each of the 

different physiological solutions at 37 oC with mild agitation (60 rpm) for 10, 30, 60, 

120, 180 minutes. After each time interval, the treated samples were assayed for its 

protein content as previously described.     
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 Cumulative release of BSA from the complex was determined according to 

the following equation: 

 

where Cc is the concentration of the BSA in the complex, and  Cr is the BSA reading 

from the assay.   

Cumulative release of BSA from the complex after treatment with enzymes 

(Chitosanase & Papain, 1 mg/mL, Pepsin & Trypsin, 0.1 mg/mL)  

 The same procedure was followed as previously described. Release of BSA 

from the complex was determined by protein assay of the supernatant collected after 

each time interval of 1, 3, 5, 7, 9 hours.  

SDS PAGE analysis 

 Release and degradation of BSA from the complex after exposure to pepsin 

(1 mg/mL) and pH 1.2 was monitored by SDS-PAGE electrophoresis using 

Bioradredy gels J (161J341V) in running buffer (1 x Tris-Glycine, 0.1% SDS) with 

constant current mode, 20 mA.  About 5 uL of sample was applied in each well.  A 

pre-stained protein marker was also used.  Staining solution used was Coomasie 

Brilliant Blue. 
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ABSTRACT  

Mild hydrochloric acid hydrolysis of ι−carrageenan from Eucheuma spinosum 

yielded two oligosaccharides of sulfated tetrasaccharide structure. These were 

characterized by Fourier Transform Infrared Spectroscopy (FT-IR), Nuclear Magnetic 

Resonance (NMR) and Electrospray Ionization Mass Spectrometry (ESIMS). Both 

oligosaccharides have structure of β-D-galactopyranose(Galp)4S-(1→4)-α-D-

AnGalp2S-(1→3)-β-D-galactopyranoseGalp)4S-(1→4)-α-D-AnGalp2S-(1→3). 

Application of the resulting oligosaccharides on protein delivery system in 

terms of encapsulation efficiency was performed. 
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 INTRODUCTION  

Oligosaccharides which are sugars of shorter chains derived from larger 

polysaccharides or being synthesized are now of scientific interest for therapeutics 

and medical applications [1-8]. It can be obtained by direct extraction from natural 

sources, or chemical processes such as hydrolyzation of polysaccharides or 

chemical synthesis from disaccharides [9]. In this paper, oligosaccharides were 

derived by mild hydrolysis from ι-carrageenan. Previous studies showed that by 

using mild hydrolysis, oligosaccharides can be derived from κ-carrageenan [10,11]. 

There were no studies reported yet on deriving oligosaccharides from ι-carrageenan 

using mild acid hydrolysis. The published method was by enzymatic hydrolysis [12] 

and also used in κ-carrageenan and λ-carrageenan [13, 14]. Hence, the aim of this 

study is to prepare oligosac- charides from ι-carrageenan by mild acid hydrolysis 

and evaluate its potential use for protein delivery system.  

Numerous studies were also made on the use of carrageenan for controlled 

release of drugs [15-21]. Carrageenan has also been cross-linked with polyacrylic 

acid co-poly-2-acrylamido-2-methylpropanesulfonic acid (PAA—co-PAMPS) to form 

a biodegradable hydrogel as a candidate for a drug delivery system [22] and 

interacted with chitosan to form a polyelectrolyte complex to en- capsulate GOD [23]. 

There has been no study done on the use of oligosaccharides derived from ι-

carrageenan for protein delivery system thus in this study, its application for protein 

delivery system was preliminary investigated.  
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RESULTS AND DISCUSSION  

Characterization of Oligosaccharides  

The structure of ι-carrageenan is composed of (1→3)-β-D-

galactopyranose(Galp)4S-(1→4)-α-D-AnGalp2S-(1→) n as shown in Figure 1 [26] 

while oligosaccharides are composed of longer chains of monosaccharide (between 

two and nine) units bound together by glycosidic bonds. In this study, two 

oligosaccharides (F1 & F2) were separated and purified. Prior to characterization of 

the derived oligosaccharides, the samples were subjected to thin layer 

chromatography analysis. Single spot was observed (data not shown) for both 

fractions illustrating a pure compound. IR analysis showed that the oligosaccharides 

contain the basic sugar unit 3,6-anydrogalactose and sulphated galactose as shown 

in Table 1. The pre-sence of ester sulfates was also confirmed.  

The ESIMS spectra gave molecular ions for the sodium salt forms of both 

sulphated oligosaccharides. ESIMS analysis of compound F1 shown in Figure 2 and 

Table 2 displayed a molecular ion (M+ Na+) at m/z 940.4 corresponding to a mass of 

917.4 while compound F2 exhibited a mass of 944.1 at m/z 967.1 (refer to Table 2 

and Figure 2) suggesting that both oligosaccharides are of tetrasaccharide 

containing two galactopyranose (Galp) residues and two 3,6 

anhydrogalactopyranose (AnGalp) with four O-sulfo groups.  Fragmentation analysis 

of carrageenan oligosaccharides is illustrated in Figure 3. The fragmentation was 

consistent with each of the three galactose residues carrying one O-sulfo group. In 

13C NMR analysis of the oligosaccharides, the region of 105 to 90 ppm (Figure 4), is 

the most  informative  since it is where the anomeric carbon signals are  
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observed [12]. Unhydrolyzed iota carrageenan displays signals at around 103 ppm 

for the β-Galp4S and at around 93 ppm for the AnGalp2S [12]. Both 

oligosaccharides exhibited peaks at the 105 ppm for β-Galp4S and 94.65 ppm for 

AnGalp2S (Table 3). This signal at around 94.65 ppm may be attributed to the 

anomeric carbon of the galactopyranosyl-4-sulfate residue at the reducing end of the 

chain which may have either α or β conformations as observed [27]. No peaks are 

present at 66.4 ppm corresponding to C-4 of unsulfated Galp residues; thus, the 13C 

spectra (Figure 4) confirm that all Galp residues contained a 4-O-sulfo group [11]. 

The 13C NMR spectra of the degraded products clearly showed that besides the 

known splitting of 3,6-anhydrogalactosidic linkages, the linkage between alpha-D-

galactose 2,6-disulphate and beta-D-galactose 4-sulphate is also cleaved. One-

dimensional 1H NMR confirmed the high level of purity of both oligosaccharides 

(Figures 5 & 6). NMR and MS analysis definitively establish the structures of the 

oligosaccharides F1 & F2 to be sulfated tetrasaccharide of the structure: β-D-

galactopyranose (Galp) 4S-(1→4)-α-D-AnGalp2S-(1→3)-β-D-

galactopyranose(Galp)4S-(1→4)-)-α-D-AnGalp2S-(1→3). 

 

Figure 1. Disaccharide group of ι-carrageenan [26]. 
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Table 1. Molecular assignment of carrageenan oligosaccharides by IR analysis 

 

 

Figure 2. ESIMS analysis of oligosaccharides F1 & F2. 

Table 2. Assignment of ESIMS of ι-carrageenan oligosaccharides (F1 & F2) 
Ion Carrageenan  

oligossacharide 
F1 F2 

M+Na+ 940.4 967.1 
M-6Na+-2H20 833.5  
M-Na+H20  924.2 
M-2NA+-2H20  846.2 
M-9Na+-6H20 696.7 696.7 
M-Galρ4SAnGalρ2S-Na+-2H20 511.3 511.3 
Galρ4SAnGalρ2SGalρ4SAnGalρ2S-4Na+ 940.4  
Galρ4SAnGalρ2SGalρ4SAnGalρ2S-3Na+  967.1 
Galρ4SAnGalρ2S-N+-2H20 527.2 527.2 
Galρ4S-Na+-H20 239.2  
Galρ4S-2Na+-H20  239.2 
AnGalρ2S-NaS03+H+ 157.1 157.1 

 Literature  
values 

[27] 

lota  
carrageenan 

(Unhydrolyzed
) 

Carrageenan 
oligosacchari

de 
(F1) 

Carrageenan 
oligosacchari

de 
(F2) 

Ester sulfate 1220-1260 cm-1 1254.31 cm-1 1231.70 cm-1  1232.29 cm-1 
3,6-anhydrogalactose 928-933 cm-1 930.94 cm-1 927.99 cm-1 928.10 cm-1 
Galactose -4-sulfate 840-850 cm-1 849.07 cm-1 847.82 cm-1 - 
3,6 anhydrogalactose -2- 
sulfate 

800-805 cm-1 804.33 cm-1 804.01 cm-1 802.77 cm-1 
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Figure 3. Fragmentation analysis of oligosaccharides F1 & F2. 
 
Table 3. 13C NMR chemical shifts of the ι-carrageenan oligosaccharides 
                                                             (F1 &  F2) 

 

Residue 

Chemical shift (ppm) 

C1 C2 C3 C4 C5 C6 

Oligosaccharide F1 

β-Galρ4S 

 

105.08 

 

71.60 

 

77.30 

 

74.50 

 

79.41 

 

63.70 

 

AnGalρ2S 

 

94.64 

 

72.31 

 

80.90 

 

80.27 

 

77.40 

 

63.78 

Oligosaccharide F2 

β-Galρ4S 

 

105.05 

 

71.60 

 

77.29 

 

74.59 

 

79.40 

 

63.70 

 

AnGalρ2S 

 

94.65 

 

72.23 

 

80.91 

 

80.30 

 

77.39 

 

64.01 
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Figure 4. 13C NMR spectra of the ι-carrageenan oligosaccharides (F1 & F2). 
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Figure 5. One dimensional 1H NMR spectrum of ι-carrageenan oligosaccharide 
F1. Signals: (a) α-Galp-4S H-1; (b) AnGalp2S H-1; (c) α-Galp-4S H-4; (d) β-Galp-4S 
H-4; (e) β-Galp-4S H-1; (f) AnGalp2S H-6b; (g) AnGalp2S H-2; (h) AnGalp2S H-6a; 
(i) β-Galp-4S H-5; (j) β-Galp-4S H-2. 
 

 
 
Figure 6. One dimensional 1H NMR spectrum of ι-carrageenan oligosaccharide 
F2. Signals: (a) α-Galp-4S H-1; (b) AnGalp2S H-1; (c) α-Galp-4S H-4; (d) β-Galp-4S 
H-4; (e) β-Galp-4S H-1; (f) AnGalp2S H-6b; (g) AnGalp2S H-2; (h) AnGalp2S H-6a; 
(i) β-Galp-4S H-5; (j) β-Galp-4S H-2. 
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Application of oigosaccharides in protein delivery system  

The oligosaccharides were evaluated for their ability to form a complex with 

chitosan to encapsulate Bovine Serum Albumin (BSA) as the protein model. 

Chitosan is known to form stable complexes with carrageenans [28]. The maximum 

yield of complex formation was observed for the molar mixing ratio of 1:1, which 

suggests a stoichiometric anion-cation interaction [28]. The complexation of chitosan 

and carrageenan was due to the opposite charges between the positively charged 

amine groups (NH3 
+) in chitosan and the negatively charged sulfate groups (SO3 

-) in 

carrageenan. In this study, different charge ratios (+/−) of 0.5, 1, 3, 5, 7 were 

prepared to determine the encapsulation efficiency of the polyelectrolyte complex of 

ι-carrageenan oligosaccharide/chitosan. In previous study [25], chitosan and 

carrageenan complex were formed by electrostatic interaction without using a cross-

linker. Here, a crosslinker which is trisodium citrate was used in the preparation of 

the complex. As shown in Figure 7, the complex of chitosan/ι-carrageenan 

oligosaccharide had the highest encapsulation efficiency of 67.0% at a charge ratio 

of 5 while chitosan with the cross-linker had the highest encapsulation efficiency of 

67.14% at a charge ratio of 1.  In previous study, the encapsulation efficiency of 

chitosan without the cross linker is only 10% while the unhydrolyzed ι-carrageenan is 

24% [25]. With the use of a cross linker, the encapsulation efficiency increases. 

However, the complex of chitosan with unhydrolyzed ι-carrageenan has an 

encapsulation efficiency of 73.0% at charge ratio of 3 [25].  
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The encapsulation efficiency of BSA using the complex of chitosan and 

carrageenan (hydrolyzed and unhydrolyzed) is dependent on the charge ratios and 

its  molecular weight.  The   polyion complex (chitosan/carrageenan) is more efficient  

than using just one polymer without the use of a crosslinking agent. The electrostatic 

interaction of the sulphate group of carrageenan and the amine group of chitosan 

makes a better entrapment of BSA than chitosan alone. Charge ratios (+/−) of 3 & 5 

were the most efficient as compared to 1 & 7 ratios using unhydrolyzed carrageenan 

[25] while the ι-carrageenan oligosaccharide tends to favor 5 & 7 charge ratios 

(Figure 7). The entrapment of BSA with the complex is due to ionic interaction. The 

isoelectric point of BSA is 4.8 [12] and the pH used in this study for complex 

formation was pH 6.0 which is above the isoelectric point of BSA. At this condition, 

the BSA would be predominantly negatively charged thus would ionically interact 

with chitosan competing with the more anionic carrageenan. 

 

Figure 7. Efficiency of chitosan/ι-carrageenan oligosaccharide complex to 
encapsulate BSA (1 mg/mL) at different charge (+/−) ratios. The values represent 
the mean ± SD, n = 4. BSA indicates bovine serum albumin. 
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MATERIALS AND METHODS 

Mild hydrolysis of ι-carrageenan 

ι-Carrageenan (Benvisco SI-100, Lot No. M1400-1, average MW= 560 kDa) was 

obtained from Shemberg Biotech Corporation (Carmen, Cebu, Philippines, 6005). 

Hydrolysis was carried out by dissolving 10g of ι-Carrageenan with 500 mL of 0.1M 

hydrochloric acid and heated at 60 oC for 3 hours. The degradation was terminated 

by neutralization with 0.1 M NaOH, then filtered followed by desalting and freeze 

drying. Separation and purification of ι-carrageenan oligosaccharides were done 

following the method of Guangli Yu et al [11].  

Characterization of oligosaccharides 

The analysis of physicochemical properties of the oligosacchrides were based 

on the procedures found in USP XXII [24]. Fourier Transform Infrared Spectra (FT-IR) 

for oligosaccharides were measured using RX-1 Perkin Elmer FTIR spectrometer 

prepared as thin film on a potassium bromide pellet. The oligosaccharides were also 

analyzed by 13C Nuclear Magnetic Resonance (NMR) spectroscopy (JEOL Lambda 

LA 400 NMR spectrometer) and Electrospray Ionization Mass Spectrometry (ESIMS) 

3000 plus Esquire mass selective detector (Bruker Daltonics) using a 1:1 mixture of 

water and acetonitrile. 

Application of oligosaccharides in protein delivery system  

The oligosaccharide solution and protein complex was prepared following the 

procedure of A.V. Briones and T. Sato [25] with some modification. Chitosan (45  
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KDa) solution was prepared at 1 mg/mL in Phosphate Buffer Solution (PBS) at pH 

6.5. Carrageenan (1 mg/mL), Trisodium Citrate (1 mg/mL) and BSA (4 mg/mL) 

solutions were prepared in MilliQ water. BSA solution was added to chitosan solution, 

mixed thoroughly followed by addition of trisodium citrate solution and allowed to 

stabilize at room temperature for 15 minutes. Carrageenan solution was then slowly 

added to the mixture, mixed again followed by another 15 minutes stabilization at 

room temperature. Final concentration of BSA in the complex was 1 mg/mL. 

Thereafter the final mixture was incubated for 24 hours at 4oC with shaking at 200 

rpm [25]. After incubation of the complex, the solution was centrifuged at 10,000 rpm 

for 20 minutes at 4oC. The resulting supernatant was then assayed for its protein 

content following the manufacture’s instruction (Bio-Rad Laboratories, Japan). All 

experiments were performed in triplicate. To determine the efficacy of the complex of 

ι-carrageenan oligosaccharide and chitosan to entrap the protein (BSA) the 

encapsulation efficiency (E.E.) was measured according to the following equation:  

 

Where Co is the initial concentration of protein (amount of BSA used, 1 

mg/mL); and Cr is the protein reading from the assay (amount of BSA recovered 

from the complex ). 
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Formation of Polyethylenimine/Carrageenan Bi-layer as 

Monitored by Atomic Force Microscopy and Biomolecular 

Interaction Analysis 
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ABSTRACT 

Atomic force microscopy (AFM) was used to monitor the formation of 

polyethylenimine (PEI)/carrageenan bi-layer for potential use as anti-bacterial 

coating on biomaterial surfaces. All samples were prepared in phosphate buffer 

solution and applied to mica disk alternately. The micrographs showed the formation 

of bi-layer of polyethylenimine and carrageenan (κ, ι, λ ) as observed in the change 

of height of the layer and surface morphology. The bimolecular binding of 

carrageenan with polyethylenimine was also investigated using a biosensor. The 

sensorgram showed that PEI interacted molecularly with carrageenan. Results were: 

1,916.08 pg/nm2 for kappa type; 1,844.1 pg/nm2 for iota type and 6,074.24 pg/nm2 

for lambda type. 
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INTRODUCTION 

The use of layer-by-layer technique as anti-bacterial coating on biomaterial 

surfaces is becoming popular. This technique is based on alternating deposition of 

oppositely charged synthetic or natural polyelectrolytes to form a thin film layer-by-

layer assembly [1-3]. One of the key advantages of layer-by-layer assembly is that 

the films often display close to identical properties after deposition of the first few 

layers, even if films are deposited on very different surfaces [4].  Previous studies 

done using this technique was the use of chitosan/κ-carrageenan multi-layers [5].  

In this study, polyethylenimine [PEI] was used instead of chitosan. It was then 

layered with the three types of carrageenan.  Studies showed that PEI prepared in 

nanoparticles were incorporated in dental provisional cements and found to had 

antibacterial effect against Streptococcus mutans [6]. Insoluble cross-linked 

quaternary ammonium polyethylenimine (PEI) nanoparticles incorporated at 1 or 2% 

w/w in a resin composite also has antimicrobial effect against Staphylococcus 

aureus, Staphylococcus epidermidis, Enterococcus faecalis, Pseudomonas 

aeruginosa and Escherichia coli [7].  Carrageenan is a family of natural, sulfated 

polysaccharides that are biocompatible, biodegradable, non toxic, cheap and gel-

forming [8]. It has been shown that variation of carrageenan type for multilayers 

buildup allows formation of films differing in thickness, surface morphology, and 

elasticity [9], although the use of it for coatings is limited so far [9-10]. 

Atomic force microscopy [AFM] imaging was done to determine the 

morphology of bi-layers.  AFM [11] was previously used in lipid fims research due to 

its unique advantages over other techniques [12].  These include: capacity to study  
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in real time and in aqueous environment, the surface nanostructure of the films and 

the conformational changes of individual molecule; ability to directly measure 

physical properties at high spatial resolution; possibility to perturb film structure and 

biophysical processes in a controlled way [12]. 

The bimolecular binding of carrageenan with polyethylenimine was also 

investigated using a biosensor based on surface plasmon resonance (SPR) 

technology.  According to Tanious et al. [13], the surface plasmon resonance (SPR) 

biosensor method has emerged as a very flexible and powerful approach for 

detecting a wide diversity of biomolecular interactions. SPR monitors molecular 

interactions in real time and provides significant advantages over optical or 

calorimetric methods for systems with strong binding and low spectroscopic signals 

or reaction heats [13]. 
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RESULTS AND DISCUSSION 

Morphologies of κ, ι, λ type carrageenan are shown in Fig. 1. κ-carrageenan 

(Fig. 1A) forms an aggregated network in conformity with the results of McIntire and 

Brant, 1999 [14] who uses water to dilute the carrageenan samples and prepared by 

aerosol spray deposition. Polymer chains are separated with some overlap. The 

network is composed of a continuous bifurcated fibrous structure [15]. 

 

 
 
Figure 1. AFM micrographs of κ, ι, λ carrageenan and polyethylenimine. Scale 
bar: 2 μm. 
 

ι-carrageenan forms a compact network as compared with κ-carrageenan. As 

seen in Figure 1C, there was no separation of polymer chains since the molecular 

structure of ι-carrageenan has “kinks” that increase its flexibility and reduce the 

space occupied by the molecule [15], this might explain the irregularities of the 

structure. It forms a homogeneous and continuous polymer network. In λ-

carrageenan  (Fig.1E)   the  structure  exhibited  a  network  or  typical  chains for the  

B D 

F H 
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polymeric molecule. It has the same morphology as described by Oliva et al, 2003 

[16] in their studies. PEI film (Fig. 1G) shows a network that is similar to κ-

carrageenan but its polymer chains are arranged uniformly. 

 

Figure 2. AFM micrographs of PEI/carrageenan layer. 

Figure 2 shows the AFM micrographs of the PEI/carrageenan bi-layers. The 

images (Fig.2 A,C,E) shows  the formation of layer -by- layer assembly as observed 

in the change of height.  The change in height of the bi-layer film was observed in 

the images (Fig. 2B,D,F) as compared to the images of single polymer (Fig. 1 B, D, 

F,H). Table 1 shows the change in height of the single polymer layer and bi-layers. 
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The formation of bi-layer was further analyzed using a biosensor (BIACORE 

X). Figure 3 shows the sensorgram of the interaction between different types of 

carrageenan and PEI. The binding capacity of PEI with carrageenan is tabulated in 

Table 2. Results showed that PEI interacted molecularly with carrageenan. 

Table 1.  Height of single polymer and bi-layer of PEI and carrageenan 

 Height (nm) 
Kappa carrageenan 30  
Iota carrageenan 60 
Lambda carrageenan 100 
Polyethylenimine (PEI) 15 
Kappa carrageenan/PEI bi-layer 150 
Iota carrageenan/PEI bi-layer 60 
Lambda carrageenan/PEI bi-layer 200 

 

 

Figure 3.  Sensorgram of the interaction of PEI and different types of 
carrageenan. 
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Table 2. Binding capacity of PEI with different types of carrageenan 

 Binding 
capacity 
(pg/nm2) 

Kappa carrageenan 1,916.08 
Iota carrageenan 1,844.1 
Lambda carrageenan 6,074.24 

 

MATERIALS AND METHODS 

Materials 

PEI (average MW=25KDA, branched with degree of polymerization of 580) 

was obtained from Aldrich Company (St Quentin Fallavier, France).  κ-carrageenan 

(Bengel KK-100, Lot No. XO300-2),  ι-carrageenan (Benvisco SI-100, Lot 

No.M1400-1) and λ-carrageenan (Benvisco SL-100, Lot No. S2703-2) was obtained 

from Shemberg Biotech Corporation (Carmen, Cebu, Philippines, 6005). Dulbecco’s  

PBS (-) was obtained from Nissui Pharmaceutical Co. Ltd (Japan). 

Sample preparation 

κ, ι, λ carrageenan and PEI were dissolved in PBS (-) solution then mixed 

using a vortex machine, followed by ultrasonication and shaken at 200 rpm for 8 

hours. Final concentration of each sample is: 1 mg/mL.  

Preparation of sample for AFM analysis 

The silica glass was dipped in carrageenan solution then allowed to dry at 

room temperature followed by washing with water to remove excess buffer solution 

and allowed to dry again. The dried coated silica glass was immersed in PEI solution, 

dried and washed with water followed by final drying at room temperature. 
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Atomic force microscopy (AFM) measurement 

Imaging was done through a commercial SPA-300 system of Seiko 

Instruments, Inc. Japan. A Si3N4 tip on the cantilever with a length of 100μm and a 

depth of 400 nm (SN-AF01-A, Olympus Optical Co.) was used with tapping mode. 

Imaging was recorded in non-contact mode under ambient condition. Solutions of 

PEI and carrageenan on the mica disk were observed as control. 

Biomolecular interaction analysis 

Analysis of biomolecular binding of carrageenan and PEI was done using 

BIACORE X, Pharmacia Biosensor AB, Uppsala, Sweden equipped with sensor chip 

C1 BIACORE Lot no. 10020781. Samples of κ, ι, λ-carrageenan solution and PEI 

solution at 1 mg/mL concentration was injected at 120 µL with a flowrate of 10 

µL/min. 
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Antibacterial activity of polyethylenimine/carrageenan 

multi-layer against pathogenic bacteria 
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ABSTRACT 

The multi-layer of polyethylenimine (PEI) and carrageenan (κ, ι, λ) formed by 

layer-by-layer assembly was investigated for its antibacterial activity against 

Enterobacter cloaceae, Staphylococcus aureus and Enterococcus faecalis 29505 for 

potential use as coating on biomaterial surface. All the multi-layers exhibited growth 

inhibition.  PEI/ι-carrageenan multi-layer is effective in inhibiting the growth of the E. 

cloaceae, S. aureus and E. faecalis while PEI/λ-carrageenan is effective in inhibiting 

the growth of E. cloaceae. Results of the paper strip test for combined action of 

carrageenan and PEI showed synergism with regards to bacterial growth inhibition. 

The multi-layers have also contact-killing effect with the test organisms. The multi-

layers were also characterized by atomic force microscopy (AFM), X-ray 

photoelectron spectroscopy (XPS) and biomolecular interaction analysis. 
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INTRODUCTION 

Designing an antibacterial coating on biomaterial surfaces using layer-by-

layer technique is becoming popular. This technique is based on alternating 

deposition of oppositely charged synthetic or natural polyelectrolytes to form a thin 

film layer-by-layer assembly which is a cheap method eliminating complicated 

multistage covalent grafting process that produce materials with controllable 

adhesive properties [1-3].  There are a lot of antibacterial coatings developed based 

on hydrophobicing agents, application of positive charge, polymer brush coatings [4-

5], thermoresponsive  polymers [6],   drug eluting coatings, silver coatings, natural [7] 

or synthetic polymeric biocides [8-9].  However, clinical efficacies of these many 

coatings still have to be validated. Coatings should not negatively impact tissue 

integration of a prosthesis which would be the best guarantee for a long-term 

functioning of an implanted prosthesis [10].  

Previous studies done using this technique was the use of 

chitosan/hyaluronan3 and chitosan/κ-carrageenan multi-layers [11].  In this study, 

polyethylenimine (Figure 1) was used instead of chitosan then layered with the three 

types of carrageenan (Figure 1). There have been no studies reported yet on the use 

of PEI-carrageenan multi-layer for use as anti-bacterial coating without modifying the 

structure of PEI. Hence, the aim of this study is to evaluate the potential of PEI-

carrageenan multi-layer as antibacterial coating.  
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                                                     Polyethylenimine 

Figure 1. Chemical structure of polyethylenimine and carrageenan. 

Polyethylenimine (PEI) is a weakly basic, aliphatic, nontoxic synthetic polymer 

which is polycationic owing to the presence of primary, secondary, and tertiary amino 

groups [12].  It has a strong permeabilizing effect but no bactericidal effect on gram-

negative bacteria [13].  PEI prepared in nanoparticles were incorporated in dental 

provisional cements and found to had antibacterial effect against Streptococcus 

mutans [14]. Insoluble cross-linked quaternary ammonium polyethylenimine (PEI) 

nanoparticles   incorporated   at   1  or   2%   w/w    in  a  resin  composite   also   

has antimicrobial effect against Staphylococcus aureus, Staphylococcus epidermidis, 
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antimicrobial effect against Staphylococcus aureus, Staphylococcus epidermidis, 

Enterococcus faecalis, Pseudomonas aeruginosa and Escherichia coli [15]. 

Carrageenan is classified as a food additive [16] and shows potential use for a 

new drug delivery system providing more control over the release rate of drugs.  

Being a sulfated polysaccharide, carrageenan is biocompatible, biodegradable, 

nontoxic, cheap and gel forming [17], however, the use of carrageenan as 

antibacterial coating is limited [18-19].  

In one study, oligosaccharides from κ- carrageenan has antibacterial activities 

against E. coli; S. aureus; S. cere; P.citr and Mucor sp.[20].         

RESULTS AND DISCUSSION 

Formation of multi-layers 

The multi-layers were formed by electrostatic interaction between the cationic 

PEI and anionic carragenan using the layer-by-layer self-assembly technique [23-24]. 

The interaction of PEI and carrageenan was due to the opposite charges between 

the positively charged amine groups (NH3
+) in PEI and the negatively charged sulfate 

groups (SO3 
-) in carrageenan. This method is very useful in many applications that 

require multilayer thin films. The process is relatively inexpensive with no complex 

reaction mechanisms. The process is simple just to dip a substrate into alternating 

positive and negative charge containing solutions to form uniform and stable layers. 

The formation and build-up of multilayers were monitored using an atomic force 

microscope (AFM, SPA-300 system of Seiko Instruments, Inc. Japan). The results 

were previously published in International Proceedings of Chemical, Biological,  
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Environmental Engineering Journal [21].  The AFM micrographs of the 

PEI/carrageenan bi-layers showed the formation of  layer - by- layer assembly [21]. 

The AFM micrographs also showed the change in height of the bi-layer film as 

compared to the images of single polymers (Carrageenan and PEI) [21].  The 

formation of bi-layer was further analyzed using a biosensor (BIACORE X). The 

results were also previously published in International Proceedings of Chemical, 

Biological, Environmental Engineering Journal [21].  The results showed that PEI 

interacted molecularly with carrageenan with PEI [21]. Binding  capacity  (pg/mm2)  

for each  type  of carrageenan with PEI was also shown [21]. The multi-layer of PEI/λ 

-carrageenan had the highest binding capacity of 6,074. 24 pg/mm2  followed by 

PEI/κ-carrageenan (1,916.08 pg/mm2)  and PEI/ι-carrageenan multi-layers (1,844.1 

pg/mm2) [21].  Based on the binding curves of all multi-layer [21], a single injection of 

PEI apparently reached binding equilibrium with the membrane. Then after injection 

with carrageenan the signal increased, reaching a higher plateau confirming binding 

of the two polymers as observed in the staircase- like binding curves in all multi-

layers [21].   

Surface composition of the multi-layer by XPS 

The XPS survey spectra of the multilayer of carrageenan and 

polyethylenimine is shown in Figure 2. All multilayer showed similar spectra 

regardless of the mode of deposition.  XPS is one of the most commonly used 

techniques of surface analysis [25]. Upon  exposure of the sample to an X-ray beam, 

the binding energies of characteristically emitted photoelectrons are measured, 

providing  information  on  the  elements  from  which  they  originate, as well as their  
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chemical bonding [25].  As shown in Figure 3, all spectra did not show peaks at 

285.0 eV which represent saturated hydrocarbons suggesting that no carbon 

contamination for all the surfaces.   The surfaces of PEI/ι-carrageenan and PEI/λ-

carrageenan have peaks in 286.8 eV and 286.6 eV (Figure 3) respectively due to C-

N groups of PEI and the residual amide groups while PEI/κ-carrageenan tend to shift 

to the lower side and has a peak at 287.2 eV.  

The peak observed at 287.5 for both PEI/ι-carrageenan and PEI/λ-

carrageenan is  due  to  the O-C-O groups of the saccharide unit. The O-C-O groups  

of  PEI/κ-carrageenan is observed at 288.2 eV.  Among the three surfaces, PEI/λ-

carrageenan  showed a peak at 288.4 eV due to oxidized saccharide species. PEI/κ-

carrageenan (1,916.08 pg/mm2)  and PEI/ι-carrageenan 

 

Figure 2. XPS spectra of multi-layers of PEI/Carrageenan. A. κ-carrageenan B. ι-
carrageenan, C. λ-carrageenan, A1. PEI/κ-carrageenan, B1. PEI/ι-carrageenan, C1. 
PEI/λ-carrageenan.  
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Figure 3. XPS carbon spectra of multi-layer. A. PEI/κ-carrageenan, B. PEI/ι-
carrageenan, C. PEI/ PEI/λ-carrageenan   
 

Bacterial growth inhibition 

The results of bacterial growth inhibition is shown in Figures 4-6.  All the multi-

layers exhibited growth inhibition. The multi-layer of PEI/λ-carrageenan  showed the 

highest growth inhibition of E. cloaceae of 84.6% followed by PEI/ι-carrageenan of 

81.32% and PEI/κ-carrageenan of 69.12% (Figure 4).  Against S. aureus the multi-

layer of PEI/ι-carrageenan showed the highest inhibition growth of 66.84% followed 

by PEI/κ-carrageenan of 38.86% and PEI/λ-carrageenan of 38.35% (Figure 5). The 

multi-layers were also tried against E. faecalis. This organism is known to be 

involved in the clogging of biliary stents [1].  Again the multi-layer of PEI/ι-

carrageenan showed the highest inhibition growth of 77.66% followed by PEI/κ-

carrageenan of 62.17% and PEI/λ-carrageenan of 57.28% (Figure 6). In summary, 

PEI/Iota carrageenan is effective in inhibiting the growth of the E. cloaceae, S. 

aureus and E.  faecalis while PEI/λ-carrageenan is effective in inhibiting the growth 

of E. cloaceae.  The PEI and carrageenan alone were also investigated for its ability  

to inhibit bacterial growth.  Shown in Figure 7 are the results of bacterial count after 
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24 hours incubation period with PEI and carrageenan.  PEI has zero bacterial growth 

(100% growth inhibition) when exposed to S. aureus and E. cloaceace (Figure 7) but 

when exposed to E. faecalis, inhibition growth is only about 76.2% (Figure 7).  

Carrageenan showed bacterial growth inhibition in S. aureus with the highest 

inhibition growth of 25.0% by λ-carrageenan (Figure 7) while ι-carrageenan 

displayed the highest inhibition growth of 48.20% to E. faecalis and 4.1% inhibition 

growth to E. cloaceae.  λ-carrageenan did not show any inhibition growth for both E. 

cloaceae and E. faecalis (Figure 7) instead it increased the growth of E. faecalis by 

29.5% (Figure 7).  κ-carrageenan and λ-carrageenan showed an increase of growth 

in E. cloaceae  by  18.0%  and   17.44% respectively (Figure 7). Although the results 

of bacterial growth  inhibition obtained from carrageenan were not that quite high for 

S.aureus, it indeed showed that it has bacterial activity as previously reported [20].   

 

Figure 4. Bacterial growth of Enterobacter cloaceae after 24 hours exposure to 
multi-layers of PEI and carrageenan. 
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Figure 5. Bacterial growth of Staphylococcus aureus after 24 hours exposure 
to multi-layers of PEI and carrageenan.  
 

 

Figure 6. Bacterial growth of Enterococcus faecalis (29505) after 24 hours 
exposure to  multi-layers of PEI and carrageenan. 
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Figure 7. Bacterial growth of Enterococcus faecalis (29505) after 24 hours 
exposure to  PEI and carrageenan.  

 

Paper strip test for combined action 

Figures 8-9 showed the paper strip test for combined action of double layer 

and multi-layers of carrageenan and PEI.  The test was done to determine the 

antagonizing effect of PEI with carrageenan.  During incubation PEI diffused together 

with carrageenan and the shape of inhibition area within the area of overlap indicates 

whether stimulation or antagonism has taken place.  The results showed that PEI 

and carrageenan have synergistic effect with regards to antibacterial activity and 

does not antagonize nor create competitive reversal of bacterial growth inhibition of 

S. aureus and E. cloaceae.  Synergism is displayed by a clear area devoid of growth 

in the angle between PEI (vertical) and carrageenan (horizontal) strips as observed 

in both Figures 8 -9. Lack of synergism is displayed by growth of organism in the 

zone of inhibition which is not observed in both Figures.   
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Figure 8. Paper strip test for combined action  of the Double and Multi-layers of 

Carrageenan and Polyethylenimine in S. aureus. A & E. PEI/κ-carrageenan. B & 

D. PEI/ λ-carrageenan. C & F. PEI/ι-carrageenan.  All experiments were done in 

triplicate. 

Figure 9. Paper strip test for combined action  of the Double andMulti-layers of 

Carrageenan and Polyethylenimine in E. cloaceae. A & D. PEI/ι-carrageenan. B 

& E. PEI/κ-carrageenan. C & F. PEI/λ-carrageenan . All experiments were done in 

triplicate. 

 

Zone of inhibition test 

The result of zone of inhibition test is found in Figure 10.  The multi-layers of 

PEI/Carrageenan were tested against E. coli, E. cloaceae and S. aureus.  The zone  

 

 

 



211 

 

Chapter 8 

    

of inhibition were observed after 24 and 48 hours.   As   shown  in   Figure 10a,  

there  was no growth observed for all the test strips after 24 hours of incubation. 

Extending the incubation to 48 hours of exposure, still no growth was observed and 

the zone of inhibition is more distinct than overnight incubation as observed in S. 

aureus (Figure 10b).  The test clearly showed that the multi-layers of 

PEI/Carrageenan have contact-killing effect with the test organisms. 

 

Figure 10. Zone inhibition test against E. coli (1), E. cloaceae (46) and S. aureus 
(9). a. 24 hours incubation. b. 48 hours incubation. All experiments were done in 
triplicate. 
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MATERIALS AND METHODS 

Materials 

PEI (average MW=25KDA, branched with degree of polymerization of 580) 

was obtained from Aldrich Company (St Quentin Fallavier, France).  κ-carrageenan 

(Bengel KK-100, Lot No. XO300-2),  ι-carrageenan (Benvisco SI-100, Lot 

No.M1400-1) and λ-carrageenan (Benvisco SL-100, Lot No. S2703-2) was obtained 

from Shemberg Biotech Corporation (Carmen, Cebu, Philippines, 6005). Dulbecco’s  

PBS (-) was obtained from Nissui Pharmaceutical Co. Ltd (Japan). 

Sample preparation 

κ, ι, λ carrageenan and PEI were dissolved in PBS (-) solution then mixed 

using a vortex machine, followed by ultrasonication and shaken at 200 rpm for 8 

hours. Final concentration of each sample is: 1 mg/mL.  

Preparation of multilayers 

Multilayers were prepared by successive immersion of a substratum to 

solutions of carrageenan and PEI for 10 minutes then allowed to dry at room 

temperature followed by washing with water to remove excess buffer solution and 

allowed to dry again.  This was done alternately for each polymer.  The process was 

repeated thrice each for every solution to make a final of 6 coatings with alternating  

layer of carrageenan and PEI solution. 
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Atomic force microscopy (AFM) measurement 

This method was previously published in International Proceedings of 

Chemical, Biological, Environmental Engineering Journal [21].  Imaging was done 

through a commercial SPA-300 system of Seiko Instruments, Inc. Japan.  A Si3N4 tip  

on the cantilever with a length of 100nm and a depth of 400 nm (SN-AF01-A, 

Olympus Optical Co.) was used with tapping mode.  The imaging was recorded in 

non-contact mode under ambient condition. Solutions of PEI and carrageenan on the 

mica disk were observed as control.  

Biomolecular interaction analysis 

This method was previously published in International Proceedings of 

Chemical, Biological, Environmental Engineering Journal [21].  Analysis of 

biomolecular binding of carrageenan and PEI was done using BIACORE X, 

Pharmacia Biosensor AB, Uppsala, Sweden equipped with sensor chip C1 

BIACORE Lot no. 10020781. Samples of κ, ι, λ-carrageenan solution and PEI 

solution at 1 mg/mL concentration was injected at 120 uL with a flowrate of 10 

uL/min.   

Surface composition of the multi-layer by X-ray photoelectron spectroscopy (XPS) 

The surface composition of the multi-layer was measured using X-ray 

photoelectron spectroscopy (XPS), model JPS-9000MX (JEOL) using Mg Kα 

radiation (10 kV-10 mA). Peak positions were calibrated C1s position at 284 eV. 

Bacterial growth inhibition 

Antibacterial activity was determined using the methodology of S.G. Hu et al 

[22], with some modification. The bacteria used in this study were: E. cloaceace, S.  
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aureaus and E. faecalis. Frozen preserved stock was thawed at room temperature, 

and then 0.1 mL was pipetted and streaked into a quadrant on a sheep-blood agar 

plate (Difco Laboratories, Detroit, MI) and cultured at 37°C overnight. Afterward, a 

single colony was scraped with a loop and swabbed onto a 15°-slant medium (10 mL  

of nutrient agar) and was incubated at 37 oC. After 18–24 h of culturing, 20 mL of 

PBS was added (72 mL of 0.2M Na2HPO4 was mixed with 28 mL of 0.2M NaH2PO4, 

and 0.5 g of NaCl and 2 g/L Tween 80 were added; this brought the total volume to 

1000 mL). After mixing, 1 mL of the solution was moved into 9 mL of nutrient broth 

(concentration = 8 g/L) and mixed with a vortex mixer. The solution was then diluted 

with PBS to 1. 5 ± 0.3 x 105 cells/mL and was placed in flasks (three samples, with 

PEI/Carrageenan coated mica disk per sample for each group). After incubation at 

37 oC for 0–18 h, 20 mL of PBS was added, and the mixture was stirred for 30 s. 

Consecutive dilute solutions were prepared by 1 mL of the previous solution being 

mixed with 9 mL of PBS. From this solution, 1 mL was transferred to a 50-mL 

centrifugal tube, mixed with 15 mL of nutrient agar (at 45 oC), poured into a 9-cm 

plate, allowed to cool, and incubated at 37 °C for 18–24 h. The number of surviving 

bacteria was then counted. 

Paper strip test for combined action 

The nutrient agar was prepared by dissolving 2.3 g in 100 mL of water and 

autoclaved for 15 minutes at 121 oC.  After sterilization, 10 mL was plated and 

allowed to solidify.  The sterilized agar medium have been seeded with the test 

organism in the same manner as in the agar-diffusion test. One of the strip was 

coated with PEI and placed vertically on the plate while the other strip coated with  
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carrageenan and multilayers of PEI/Carrageenan was placed horizontally.  

Zone of inhibition 

The nutrient agar was prepared as of the preparation of the paper strip test. 

Test  organisms  were  streaked  singly and continuously in the sterilized agar media  

parallel to each other.  Test strips coated with PEI/Carrageenan were placed on top 

of the media crossing the streaked line. 
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SUMMARY AND CONCLUSION 

 

1. Evaluation of pDNA-polyethylenimine complex coated  with iota-  
    carrageenan for in vitro gene delivery 
 

In this study, the use of carrageenan for the formation of an 

interpolyelectrolyte ternary complex through electrostatic interaction for in vitro gene 

delivery is viable.  Carrageenan attached to the cationic surface of the pDNA/PEI 

complex. It increased the stability of the pDNA/PEI complex, decreased its cytotoxic 

effects and protected the DNA from DNase degradation and other 

glycosaminoglycans without losing its efficiency for gene expression in CHO-K1, 

HUH-7 and COS-7 cells.  The use of carrageenan as a protective coating for 

pDNA/PEI complex in gene delivery is promising.  

 

2. Encapsulation of Glucose Oxidase (GOD) in polyelectrolyte complexes of  
    chitosan–carrageenan 
 

This study has demonstrated that chitosan/carrageenan complexes at charge 

ratios of 3 and 5 can allow entrap GOD and control its release. Electrostatic 

interaction is the main mechanism involved in the incorporation of the protein into the 

complex. The controlled release of GOD from the complex is due to the swelling 

mechanism of the chitosan/carrageenan complex. The chitosan/carrageenan 

complex can be a promising agent for protein delivery. The ease of preparation and 

the ability to protect the protein integrity make chitosan/carrageenan complexes a 

promising drug delivery system for oral administration of peptides and proteins. 
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3. Ability of chitosan/carrageenan complex to encapsulate bovine serum  
     albumin (BSA) for potential use in protein delivery 

This study has demonstrated that chitosan/carrageenan complex at charge 

ratios of 3 & 5 can allow entrapment of BSA and control its release.  Electrostatic 

interaction is the main mechanism involved in the incorporation of protein and its 

release from the complex.  It has found importance in the application of 

chitosan/carrageenan complex for protein delivery.  The ease of preparation and the 

ability of protecting protein integrity, make chitosan/carrageenan complex a 

promising drug delivery system for oral administration of peptides and proteins.    

 

4. Structural studies on ι-carrageenan derived oligosaccharides and its  
    application 
 

The study was able to isolate and characterize two oligo-saccharides from 

iota carrageenan using mild acid hy-drolysis. The oligosaccharides were of be 

sulfated tetra-saccharide of the structure: β-D-galactopyranose(Galp) 4S-(1→4)-α-D-

AnGalp2S-(1→3)-β-D-galactopyranose (Galp)4S-(1→4)-)-α-D-AnGalp2S-(1→3). The 

oligo-saccharides have the ability to form a complex with chi-tosan to encapsulate 

Bovine Serum Albumin (BSA) and have the potential to be used in protein delivery 

system. 

 

5. Formation of polyethylenimine/carrageenan bi-layer as monitored by  
    atomic force microscopy and biomolecular interaction analysis 
 

The study showed that through AFM imaging and biosensor analysis, bi-layer 

formation of PEI and carrageenan can be monitored and evaluated. 
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6. Antibacterial activity of polyethylenimine/carrageenan multi-layer against  
    pathogenic bacteria 
 

The study showed that multi-layers of carrageenan/polyethyleimine were 

formed using the layer-by-layer assembly absorption technique. The formation was 

monitored by atomic force microscopy (AFM) and biomolecular interaction analysis.  

PEI interacted molecularly with carrageenan to form the multi-layer. The multi-layer 

showed antibacterial activity against Enterobacter cloaceae, Staphylococcus aureus 

and Enterococcus faecalis.  PEI/Iota-Carrageenan is effective in inhibiting the growth 

of S. aureus and E.  faecalis while PEI/Lambda-Carrageenan is most effective in 

inhibiting the growth of E. cloaceae.  PEI/Kappa-Carrageenan is effective in inhibiting 

the growth of E.  faecalis.  All multi-layers have contact-killing effect to the test 

organisms. Synergism was also observed between PEI and carrageeenan for its 

combined action on antibacterial growth. 
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