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ABSTRACT 

 

Polyelectrolyte complexes (PECs) between chitosan, a mucoadhesive, intestinal 

mucosal permeability-enhancing polysaccharide, and cellulose nanocrystals, rod-like 

cellulose nanoparticles with sulfate groups on their surface, have potential applications in 

oral drug delivery. The purpose of this research was to develop an understanding of the 

formation and properties of chitosan–cellulose nanocrystal PECs and determine their in 

vitro drug release properties, using caffeine and ibuprofen as model drugs. Cellulose 

nanocrystals were prepared by sulfuric acid hydrolysis of bleached wood pulp. Chitosans 

with three different molecular weights (81, 3·103, 6·103 kDa) and four different degrees 

of deacetylation (77, 80, 85, 89%) were used. PEC formation was studied by 

turbidimetric titration. PEC particles were characterized by FT-IR spectroscopy, scanning 

electron microscopy, dynamic light scattering, and laser Doppler electrophoresis. The 

formation and properties of chitosan–cellulose nanocrystal PEC particles were governed 

by the strong mismatch in the densities of the ionizable groups. The particles were 

composed primarily of cellulose nanocrystals. Particle shape and size strongly depended 

on the mixing ratio and pH of the surrounding medium. The ionic strength of the 

surrounding medium, and the molecular weight and degree of deacetylation of chitosan 

had a minor effect. Release of caffeine from the chitosan–cellulose nanocrystal PEC 

particles was rapid and uncontrolled. Ibuprofen-loaded PEC particles showed no release 

in simulated gastric fluid and rapid release in simulated intestinal fluid. Further 

evaluation studies should focus on the expected mucoadhesive and permeability-

enhancing properties of chitosan–cellulose nanocrystal PEC particles. 
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CHAPTER 1 

INTRODUCTION 

Polyelectrolytes are polymers that contain functional groups capable of dissociating 

into ions. Mixing polyelectrolytes of opposite charge results in the formation of 

polyelectrolyte complexes due to attractive Coulomb forces between the opposite 

charges. Polyelectrolyte complexes between e.g. gelatin and gum acacia or alginate have 

long been used in the food industry for the encapsulation of sensitive ingredients in food 

products. Recently, polyelectrolyte complexes have been studied for use in drug, gene, 

and protein delivery, enzyme immobilization, and cell encapsulation, among other areas. 

A bio-based polyelectrolyte that has received considerable attention is chitosan, an 

amino group (–NH2) containing polysaccharide. In acidic media, the amino groups of 

chitosan are protonated and carry a positive charge (–NH3
+). Chitosan has many 

properties that render it attractive for applications in the food and pharmaceutical 

industries. For example, chitosan has been shown to be non-toxic, biocompatible, and 

biodegradable. In addition, chitosan has been shown to enhance the intestinal absorption 

of nutrients and drugs by increasing the residence time in the intestine and the 

permeability across mucosal membranes. 

Many synthetic and natural polymers bearing negative charges have been studied 

for the formation of polyelectrolyte complexes with chitosan. The goal of this research is 

to explore a novel polyelectrolyte complex consisting of chitosan and cellulose 

nanocrystals. 

Cellulose nanocrystals are nanoscale, rod-like, crystalline particles of cellulose 

bearing a small number of sulfate groups (–OSO3H) on their surface. The sulfate groups 
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are the result of a side reaction during the preparation of the nanocrystals with sulfuric 

acid. In aqueous media, at most pH levels, these sulfate groups are deprotonated and 

carry a negative charge (–OSO3
–). Cellulose has been used as a food additive and 

excipient in drug tablets for decades. Polyelectrolyte complexes of chitosan and cellulose 

are therefore promising candidates as controlled release systems in food products and oral 

drug formulations. Moreover, the research represents one of the first studies on the 

complexation of a polyelectrolyte and rod-like nanoparticles. Thus, the results of this 

research are likely to yield new insights into the mechanisms of ionic self-assembly. The 

objectives of this research are to: 

1. Develop a method for the preparation of chitosan–cellulose nanocrystal 

polyelectrolyte complexes; 

2. Determine the effects of pH and ionic strength on the formation and properties 

of the polyelectrolyte complexes; 

3. Determine the effects of chitosan molecular weight and degree of deacetylation 

on the formation and properties of the polyelectrolyte complexes; 

4. Evaluate the drug release properties of the polyelectrolyte complexes for 

selected model drugs. 

The research results are reported in four chapters, namely Chapters 3 through 6, 

written in manuscript format. Chapter 2 reviews the relevant literature and Chapter 7 

presents the overall conclusions. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1. CHITOSAN 

2.1.1. Origin of Chitosan 

Chitosan was first reported by Rouget in 1859 upon boiling chitin in a concentrated 

potassium hydroxide solution (Rouget, 1859). However, detailed studies of chitosan did 

not start until a century later (Li et al., 1992). Before 1970, less than 10 papers per year 

related to the study of chitosan had been listed in Chemical Abstracts. By 1999, the 

number had increased to more than 2000 (Muzzarelli, 1977; Li et al., 1992; Domard and 

Domard, 2002). Chitosan is the second most abundant polymer in nature, after cellulose, 

and the primary structural component of the outer skeletons of crustaceans and of many 

other species, such as mollusks, insects, and fungi. Chitosan has attracted interest because 

of its abundance and renewability but also because of its unique physicochemical 

properties. 

Chitosan is produced from chitin, a linear homopolysaccharide of β(1–4) linked 

2-acetamido-2-deoxy-D-glucopyranose (GlcNAc) residues (Figure 2.1). There are three 

crystalline forms of chitin, α-, β-, and γ-chitin. Of the three forms, α-chitin has been 

studied most extensively because of its abundance and accessibility (Shimojoh et al., 

1998). Chitosan prepared from β-chitin has been reported to have high bactericidal 

activity and a higher reactivity than chitosan prepared from α-chitin (Kurita et al., 1993; 

Shimojoh et al., 1996). Nevertheless, the preparation of chitosan from crustacean shells, 
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composed of α-chitin, is economically and ecologically preferred over the preparation of 

chitosan from β-chitin, because large amounts of α-chitin are available as a waste 

product of the food industry. In recent years, the production of chitosan from fungi using 

fermentation methods also has attracted attention (Roberts, 1992; Nwe et al., 2002; 

Säkkinen, 2003). 
 
 

 
 

Figure 2.1. Molecular structure of chitin. 

2.1.2. Structure of Chitosan 

2.1.2.1. Molecular Structure 

Chitosan is a linear copolysaccharide of β(1–4) linked GlcNAc and 2-amino-2-

deoxy-D-glucopyranose (GlcN) residues (Figure 2.2). 
 
 

 
 

Figure 2.2. Molecular structure of chitosan. 

Chitosan is obtained by heating chitin in a concentrated (> 40%) solution of sodium 

hydroxide at high temperature (90–120 °C) (Roberts, 1992). This harsh treatment 

removes some of the acetyl groups on the GlcNAc residues, converting them into GlcN 
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residues. Different hydrolysis processes result in chitosans with different GlcNAc and 

GlcN proportions and sequences. Hydrolysis under heterogeneous conditions has been 

reported to give block-type copolymers with several-residue-long GlcNAc or GlcN 

sequences, whereas hydrolysis under homogeneous conditions has been found to produce 

copolymers with a random sequence of GlcNAc and GlcN residues (Kurita et al., 1977; 

Aiba, 1991). 

2.1.2.2. Solid-State Structure 

The solid-state structure of chitosan depends strongly on the molecular properties, 

in particular the proportions, sequence, and number of GlcNAc and GlcN residues. 

Chitosan with equal proportions and a random sequence of GlcNAc and GlcN residues 

has been reported to be completely amorphous and highly soluble (Kurita et al., 1991). 

Chitosan with a high proportion of GlcN residues and short chain length (low molecular 

weight) has been observed to be highly crystalline (Ogawa, 1991; Ogawa and Yui, 1993). 

Two crystalline forms of chitosan can be distinguished: hydrated (Okuyama et al., 1997) 

and anhydrous (Ogawa et al., 1984). In both cases, the chitosan chains have a fully 

extended two-fold helical conformation (Okuyama et al., 2000). The structure of the 

hydrated crystalline form of chitosan is shown in Figure 2.3. 
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Figure 2.3. Packing structure of hydrated chitosan projected along the a-axis (a) and 

along the c-axis (b). Filled circles denote nitrogen atoms. For the sake of 

clarity, only three polymer chains of the lower layer in (b) are shown in (a). 

(Reprinted from Okuyama et al., 1997; fair use; Copyright 1997 American 

Chemical Society) (Okuyama et al., 1997) 

2.1.2.3. Chitosan Conformation in Solution 

The conformation of chitosan molecules in solution depends on two kinds of 

parameters: parameters related to the molecular structure, such as the chain length 

(molecular weight) and proportions of GlcNAc and GlcN residues, and parameters 

related to the molecular environment, such as type of solvent, pH, ionic strength, and 

temperature. It is commonly accepted that chitosan molecules behave like more or less 

stiff wormlike chains (Sorlier et al., 2002). 
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In acidic solutions, the amino groups of the GlcN residues are protonated and 

positively charged (Figure 2.4). 
 
 

 
 

Figure 2.4. Protonated structure of chitosan occurring in acidic aqueous solutions. 

Repulsive electrostatic forces between the charges along the chain reduce the 

molecular flexibility and result in a more extended conformation (Buhler and Rinaudo, 

2000). Random coil conformation has been reported for chitosan in dilute HCl solution at 

temperatures between 10 and 50 °C (Chen and Tsaih, 1998). Temperature-induced 

conformational transitions were not observed in this study. By intrinsic viscosity 

measurements, the authors found the flexibility of chitosan molecules to be correlated 

with the molecular weight (chain length) (Tsaih and Chen, 1997; Chen and Tsaih, 1998). 

The results indicated that chitosan molecules of a molecular weight equal to or greater 

than 223 kDa had a random coil conformation, whereas molecules with a molecular 

weight of 148 kDa or lower had an extended rod-like conformation (Tsaih and Chen, 

1997). The authors attributed the observed molecular weight-induced conformational 

transition to differences in the intramolecular hydrogen bonding patterns and charge 

distributions below and above the transition. In a later study, Tsaih and Chen (1999a) 

reported that neither the ionic strength, nor the pH, or temperature substantially affected 

the conformation of chitosan molecules. Berth and Dautzenberg (2002), on the other 

hand, found that the proportions of GlcNAc and GlcN residues and the ionic strength had 

an insignificant effect on the chain conformation of chitosan. 

Due to the many –OH groups in the molecule, polysaccharides have a tendency to 

form intra- and interchain hydrogen bonds, causing insolubility or molecular aggregation 

in solutions (Rinaudo, 2008). Moreover, polysaccharides have hydrophobic properties 

due to –CH groups, which are the basis for hydrophobic interactions (Rinaudo, 2006). 
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2.1.3. Molecular Weight 

As mentioned above, chitosan is obtained by alkali hydrolysis (N-deacetylation) of 

chitin at high temperature. The harsh chemical treatment leads to a reduction in molecular 

weight from many million Daltons (Da) in chitin to molecular weights in the range 10– 

1,000 kDa (George and Abraham, 2006) for commercial chitosans. Chitosans from Fluka 

(Biochemika, Switzerland), for example, are classified as high-molecular-weight with a 

molecular weight of about 2,000 kDa; medium-molecular-weight with a weight of about 

750 kDa, and low-molecular-weight with weight of about 70 kDa. 

A number of analytical techniques have been used to measure the molecular weight 

of chitosan, including size exclusion chromatography (Wu et al., 1976; Mima et al., 

1983; Beri et al., 1993; Niola et al., 1993; Ottoy et al., 1996; Knaul et al., 1998; Schatz et 

al., 2003), dynamic light scattering (Berth et al., 1998; Buhler and Rinaudo, 2000; Pa and 

Yu, 2001), and viscometry (Wang et al., 1991; Anthonsen et al., 1993; Wang and Xu, 

1994; Lamarque et al., 2005). Of these methods, the viscosity method is the easiest and 

fastest. It measures the viscosity-average molecular weight and is based on the Mark-

Houwink equation, describing the relationship between the intrinsic viscosity, i.e. the 

viscosity at zero concentration, and the molecular weight of the solute (Wang et al., 

1991; Tsaih and Chen, 1999b). A small amount of salt in the solution is required to 

minimize the electrostatic contributions, screen ionic sites along the chain, hinder 

electrostatic repulsion, and prevent chains from aggregation (Domard and Rinaudo, 1984; 

Rinaudo et al., 1993; Anthonsen et al., 1994). Nevertheless, commercial samples used 

without further purification may yield high and variable polydispersity indices and show 

aggregate formation by self-association, leading to erroneous molecular weight values 

(Anthonsen et al., 1994; Berth et al., 1998; Shimojoh et al., 1998; Lamarque et al., 2005). 

However, most aggregates can be removed by centrifugation or filtration (Berth and 

Dautzenberg, 2002). In addition to sample purity, the type of solvent, ionic strength, and 

pH of the solution influence the consistency and reliability of the results (Beri et al., 

1993; Brugnerotto et al., 2001b). If the solvent used is not a good solvent, aggregates are 

formed, which lead to an overestimation of molecular weight. Rinaudo et al. (1993) 

reported that the solvent system 0.1 M acetic acid/0.2 M NaCl was a bad solvent, which 
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promoted aggregation and caused errors in the determination of the intrinsic viscosity.  

Filar and Wirick (1978) reported that the solvent system 0.3 M acetic acid/0.2 M sodium 

acetate minimized the presence of aggregates. 

2.1.4. Degree of Deacetylation 

The degree of deacetylation (DD) is defined as the average number of GlcN 

residues per 100 residues (Sabnis and Block, 1997) and is generally expressed as a 

percentage. Sometimes the DD is expressed as the degree of acetylation (DA) with DA = 

100 – DD. The DD is an important parameter for chitosan applications and varies for 

commercial chitosans from about 70 to 95% (Domard, 1987a; George and Abraham, 

2006), depending on the manufacturing and determination methods. Chitosan is soluble 

in dilute acidic solutions when the DD exceeds 40% (Wang and Xu, 1994). 

The effects of the DD and sequence of GlcN and GlcNAc residues, i.e. distribution 

of N-acetyl groups along the polymeric backbone, on the physical, chemical, and 

biological properties of chitosan, such as acid–base and electrostatic properties, 

biodegradability, self-aggregation properties, and sorption properties, have been studied 

extensively (Bodek, 1995; Kristiansen et al., 1998; Sorlier et al., 2001; Schatz et al., 

2003; Guibal, 2004; Balazs and Sipos, 2007; Tajik et al., 2008). The effect of the DD on 

the solution behavior of chitosan has been described by defining three domains (Schatz et 

al., 2003): (a) a polyelectrolyte domain (DD > 80%), where electrostatic interactions 

were predominant but decreased with DD; (b) a transition domain (50% < DD < 80%), 

where chitosan lost its hydrophilicity or displayed behavior between hydrophilic and 

hydrophobic; and (c) a hydrophobic domain (DD < 50%), where hydrogen bonding and 

hydrophobic interactions, primarily between GlcNAc residues, resulted in polymer 

association and aggregation. The predominance of attractive van der Waals forces in 

chitosans with a DD below 30% have also been observed by Brunel et al. (2008). The 

relationship between the viscosity of chitosan solutions and the molecular weight has 

reported as both dependent (Wang et al., 1991) and independent of the DD (Berth and 

Dautzenberg, 2002). 
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Many different methods for measuring the DD of a chitosan sample have been 

evaluated. These methods include gel permeation chromatography (Aiba, 1986); IR 

spectroscopy (Sannan, 1978; Miya et al., 1980; Moore and Roberts, 1980; Domszy and 

Roberts, 1985; Baxter et al., 1992; Sabnis and Block, 1997; Khan et al., 2002; Sahu et 

al., 2009); potentiometric and conductometric titration (Raymond et al., 1993; Kuang and 

Liu, 2006; Balazs and Sipos, 2007); 1H NMR spectroscopy (Hirai et al., 1991; Bodek, 

1995; Budovskaya et al., 1997; Jia and Li, 2002; ASTM, 2003; Jiang et al., 2003; 

Lavertu et al., 2003; Kuang and Liu, 2006; Balazs and Sipos, 2007); ninhydrin reaction 

(Prochazkova et al., 1999); and UV or first derivative UV spectrophotometry (Muzzarelli 

and Rocchetti, 1985; Aiba, 1986; Tan et al., 1998; Liu et al., 2006; Wu and Zivanovic, 

2008). It has been recognized, however, that different methods frequently yield different 

DD values for the same chitosan sample (Khan et al., 2002). 

Of the different methods, IR spectroscopy-based ones rank among the most 

convenient. The method by Domszy and Roberts (1985) uses the absorption band at 

1655 cm -1, attributed to the vibrations of the C=O groups of the GlcNAc residues, as a 

measure for the proportion of GlcNAc residues, and the absorption band at 3450 cm-1, 

arising from the vibrations for the –OH groups, as an internal standard. The DD is 

calculated from 

 
    

€ 

DD =100 − A1655 A3450( ) ⋅100 1.33[ ]  [2.1] 

where A1655 and A3450 are the absorbances at 1655 and 3450 cm-1, respectively, and the 

factor ‘1.33’ is the value of A1655/A3450 for chitin (DD = 0%). 

The method by Baxter et al. (1992) uses the same absorption bands but a different 

baseline for the absorption band at 1655 cm -1. The DD is calculated form the empirical 

equation 

 
    

€ 

DD =100 − A1655 A3450( ) ⋅115[ ]  [2.2] 

Sabnis and Block (1997) have proposed a further modification of the method, 

involving the use of a calibration curve instead of empirical equations for the 

determination of DD. The method has been shown to yield superior results. 
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2.1.5. Persistence Length 

The persistence length of a polymer is the maximum length of an uninterrupted 

chain persisting in a particular direction. It is a measure of the molecular rigidity and 

determines the viscosity of a solution of the polymer. The persistence length of 

polyelectrolytes is strongly influenced by ionic strength and polyelectrolyte concentration 

(Buhler and Rinaudo, 2000). 

The actual persistence length (Lt) of a polyelectrolyte has an intrinsic contribution 

(Lp), due to the rigidity of the uncharged chain, and an electrostatic contribution (Le) 

arising from the repulsive forces between the charges along the chain. For 

polysaccharides, Le is much smaller than Lp (Buhler and Rinaudo, 2000) because of 

extensive intramolecular hydrogen bonding. Molecular modeling studies showed a 

moderate dependence of Lp on the DD of chitosan (Mazeau et al., 2000; Mazeau and 

Rinaudo, 2004). Lp increased from 9 nm for DD = 100 % to 12.5 nm for DD = 40 %, 

after which it remained constant until DD = 0 % (completely acetylated) (Mazeau and 

Rinaudo, 2004). Schatz et al. (2004), on the other hand, observed no specific trend for Lp 

at different DDs but the chain stiffness was found to decrease with an increase in 

temperature. Brugnerotto et al. (2001a; 2001b) reported experimental Lp values, 

measured by size exclusion chromatography, of 11 nm for 75% > DD > 100 % and 15 

nm for DD = 40 %. The Lp value reported by Terbojevich et al. (1991) was 22 nm for DD 

= 58 and 85 %. Berth and Dautzenberg (2002) investigated the chain conformation of 

chitosan in salt-containing solutions (pH = 4.5, ionic strength = 0.12 M) and found that Lp 

was approximately 6 nm, irrespective of DD. For heterogeneously acetylated chitosan, Lp 

was 11 nm independent of the DD in the range 75 < DD < 100 % (Brugnerotto et al., 

2001b; Rinaudo, 2008). For homogeneously acetylated chitosans, Lp was found to 

increase slightly from 11 to 15 nm when DD decreased to 40% (Brugnerotto et al., 

2001b). 
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2.1.6. Solubility 

Chitosan is insoluble in water, alkali, and organic solvents, but soluble in many 

dilute aqueous organic acids at concentration in the range of 0.25 to 10% (Filar and 

Wirick, 1978) and some inorganic acids such as HCl, acetic acid, and dilute H2SO4 (Wu 

et al., 1976; Gamzazade et al., 1985; Amiji, 1995; Rinaudo et al., 1999; Zamani et al., 

2007). As mentioned above, in acidic aqueous media, the amino groups of chitosan are 

protonated. The pKa values reported for chitosan are in the range 6.2–7 (Hejazi and 

Amiji, 2002). The intrinsic pKa of chitosan has been found to be independent of the DD 

(Domard, 1987b; Domard and Domard, 2002). If the pH of the solution approaches the 

pKa, the amino groups become deprotonated and chitosan precipitates. The solubility of 

chitosan also depends on the hydrolysis conditions, molecular weight, and DD 

(Terbojevich et al., 1991; Brugnerotto et al., 2001a). The effect of DD is related to the 

molecular hydrophilicity, which increases with increasing DD (Sannan et al., 1976; Aiba, 

1989). However, samples with the same DD may have different solubilities if they were 

obtained with different hydrolysis processes (Kurita et al., 1977). In this case, the 

difference in solubility would be related to differences in chain length or the distrubution 

of GlcN and GlcNAc residues along the chain. Kurita et al. (1977) reported chitosans 

obtained under heterogeneous hydrolysis conditions to be insoluble in water and 

chitosans produced under homogeneous conditions to be water-soluble. 

Most commercial chitosans obtained by heterogeneous deacetylation of chitin have 

a tendency to form molecular aggregates in solution (Anthonsen et al., 1994). The 

aggregation activity of chitosan obtained from β-chitin was found to be higher than that 

obtained from α-chitin (Shimojoh et al., 1998). Shimojoh et al.(1998) also reported that 

even low-molecular-weight chitosan obtained from β-chitin formed aggregates in dilute 

solution. The critical aggregation concentration has been reported as 10-4 kg/L (Qun and 

Ajun, 2006). Wu et al. (1995) observed by dynamic laser light scanning that even in 

dilute solution, chitosan forms a certain amount of large aggregates. 

The mechanism of aggregate formation is not well understood. Hydrophobic 

moieties in chitosan, such as the acetyl groups and glucosidic rings, are believed to play a 

significant role by promoting hydrophobic interactions (Aiba, 1991; Amiji, 1995; Ottoy 
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et al., 1996; Philippova et al., 2001; Schatz et al., 2003). Low-molecular-weight 

electrolytes shield the repulsive interactions allowing attractive interactions to dominate 

(Philippova et al., 2001). 

2.1.7. Biological Properties 

Chitosan is an unusual polysaccharide because it bears exclusively positive charges. 

Chitosan shows notable bioactivities including the promotion of wound healing, 

hemostatic activity, immune enhancement, hypolipidemic activity, mucoadhesion, and 

antimicrobial activity (Kurita, 2006; Klossner et al., 2008). Chitosan is largely 

indigestible and non-absorbable by humans but shows lysozymic digestibility (Aiba, 

1992). It can be degraded by certain enzymes, such as chitinases, chitobiases, 

chitosanases, and glucosaminidases (Hirano et al., 1989; Aiba, 1993; Domard and 

Domard, 2002; Roncal et al., 2007; Zhang and Sun, 2007). Aiba (1992) proposed an 

increase in degradation rate with decreasing DD (Figure 2.5). 

Deuchi et al. (1994) proposed that chitosan was soluble in the stomach to form an 

emulsion with intragastric oil droplets and precipitated in the small intestine at pH 6–6.5. 

Chitosan is not degraded in the human intestine due to the absence of suitable enzymes 

and behaves as a dietary fiber (Shahidi et al., 1999). Shimojoh et al. (1998) found that 

low-molecular-weight chitosan (11–436 kDa) derived from α-chitin was less susceptible 

to degradation than chitosan from β-chitin. Hirano et al. (1990) reported chitosan to be 

digestible and hypolipidemic at an appropriate dosage by oral administration in rabbits, 

hens, and broilers. In a recent study, Yang et al.(2007) investigated the biodegradation of 

chitosan fiber and its acetylated derivatives in vitro and in vivo and reported that the 

degradation rate of chitosan fibers was strongly dependent on DD. A higher degradability 

was observed for lower DDs of chitosan. 
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Figure 2.5. Speculative representation of the action of lysozyme on the various types of 

chitosans: () D-glucosamine; () N-acetyl-D-glucosamine; (E) 

lysozyme; (A) chitosan (DD ≈ 70%) prepared by deacetylation of chitin; 

(B) chitosan (DD ≈ 70%) prepared by acetylation of high-DD chitosan; (C) 

chitosan (DD < 50%) prepared by acetylation of high-DD chitosan; (D) 

chitosan (DD < 50%) prepared by acetylation of medium-DD chitosan. 

(Reprinted from Aiba, 1992; fair use; Copyright 1992 Elsevier B.V.) (Aiba, 

1992) 

Chitosan also exhibits antimicrobial activities. Chitosan constitutes a source of 

carbon and nitrogen for various kinds of bacteria and fungi such as Aspergillus oryzae, 

Mucor mucedo, and Phycomyces blakesleeanus (Chung et al., 1994). The growth of 

Escherichia coli, Fuarium, Alternaria was inhibited by chitosan at a concentration of 

0.025% (Hirano and Nagao, 1989; Hirano, 1999). The cationic amino groups of chitosan 

were proposed to bind to anionic chemical groups on these microorganisms resulting in 

growth inhibition. 
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2.2. CELLULOSE 

2.2.1. Origin of Cellulose 

Cellulose, first characterized by Anselme Payen in 1838, is the main component of 

the cell walls of higher plants (French et al., 2004). It is one of the few natural 

compounds the structure of which is the same regardless whether its source is wood, 

cotton, grass, or any of a number of other plants. Acetic acid bacteria (Acetobacter 

xylinum), some animals (tunicates), many forms of algae, as well as the oomycetes are 

also known to synthesize cellulose (Hirano et al., 2003). Cellulose occurs in nature in the 

form of highly crystalline microscopic fibrils. 

2.2.2. Structure of Cellulose 

Cellulose is a linear homopolysaccharide of β(1–4) linked D-glucopyranose (Glc) 

residues (Figure 2.6). Unlike amylase, a component of starch and linear 

homopolysaccharide of α(1–4) linked Glc residues, cellulose molecules do not form coils 

but adopt an extended rod-like conformation. There are two natural crystalline 

polymorphs of cellulose, known as Iα and Iβ. In both polymorphs, cellulose molecules 

have a twofold screw symmetry in chain direction (Salmon and Hudson, 1997; Baker et 

al., 2000). 
 
 
 
 

 
 

Figure 2.6. Molecular structure of cellulose. 
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2.2.3. Morphology of Native Cellulose 

Macroscopic cellulose fibers are aggregates of small microfibrils of 2–20 nm in 

width, a crystallinity of 65–95%, lengths depending on the cellulose origin (Helbert et al., 

1996; Grunert, 2002; Saito et al., 2007). In the crystalline structures, cellulose molecules 

form inter-, and intramolecular hydrogen bonds (Heiner et al., 1995) (Figure 2.7). 

Intramolecular hydrogen bonds are formed between O(3)H and O(5), and between O(2)H 

and O(6) of adjacent anhydroglucose residues (Grunert, 2002). Intermolecular hydrogen 

bonds are formed between O(6)H and O(3) of anhydroglucose residues in neighboring 

chains. The intermolecular hydrogen bonds are believed to be the primary factor holding 

cellulose chains together cellulose microfibrils. 
 
 
 
 

 
 
 

Figure 2.7. Intra- and intermolecular hydrogen bonding in native cellulose. (Reprinted 

from Heiner et al., 1995; fair use; Copyright 1995 Elsevier Science Ltd.) 

 (Heiner et al., 1995) 
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2.2.4. Degree of Polymerization 

Many properties of cellulose depend on its degree of polymerization (DP), i.e. 

average number of glucose residues per cellulose molecule. Cellulose from wood pulp 

has typical DPs between 300 and 1700. Cotton and other plant fibers as well as bacterial 

celluloses have DPs ranging from 800 to 10,000 (Klemm et al., 2005). Molecules with 

very low DPs can be obtained by acidic breakdown of cellulose. 

2.2.5. Cellulose Nanocrystals 

Rånby and Ribi (1950) were the first to produce stable suspensions of colloidal-

sized cellulose crystals by sulfuric acid hydrolysis of wood and cotton cellulose. Acid 

hydrolysis of the cellulose microfibrils is a complex heterogeneous reaction. Early studies 

of the homogeneous and heterogeneous hydrolysis of cellulose, have shown that wood 

cellulose is depolymerized at a faster rate than cotton cellulose (Rånby and Marchessault, 

1959). In a heterogeneous hydrolysis reaction, acid first penetrates into the amorphous 

regions and breaks down the elementary fibrils into highly crystalline fragments. As more 

glycosidic bonds in the fibers are hydrolyzed, the rate of the reaction slows down 

significantly, leveling off at a certain level-off-degree of polymerization. Thus, acid 

hydrolysis of cellulose fibers yields highly crystalline rod-like particles termed cellulose 

nanocrystals (Figure 2.8) (Marchessault et al., 1961; Fan et al., 1987; Revol et al., 1992; 

Revol et al., 1994; Favier et al., 1995; Camacho et al., 1996; Dong et al., 1996; Araki et 

al., 1998; French et al., 2004; Roman and Winter, 2004; Beck-Candanedo et al., 2005; 

Coffey et al., 2006).  
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Figure 2.8. Schematic degradation pattern of a cellulose microfibril subjected to acid: 

A, original cellulose microfibril; B, initial attack in the amorphous regions; 

C, residual crystallites and digestion of short chain fragments. (Reprinted 

from Fan et al., 1987; fair use; Copyright 1987 Springer Verlag) (Fan et al., 

1987) 

The mechanism for cleavage of β(1–4) glycosidic bonds in acid medium involves 

three steps (Rånby and Marchessault, 1959; Fan et al., 1987; Grunert, 2002; Xiang et al., 

2003), as illustrated in Figure 2.9. The reaction begins with the protonization of the acetal 

oxygen by the acid interacting rapidly with the glycosidic oxygen, linking two sugar 

residues, thus forming a conjugate acid. Cleavage of the C–O bond is related to a shift of 

an electron pair to the anomeric carbon. Finally, water attacks the carbonium ion to form 

a neutral endgroup and a proton. According to Xiang et al. (2003), the formation of the 

intermediate carbonium ion takes place more rapidly at the end than in the middle of the 

polysaccharide chain. Accordingly, the yield of monosaccharides after partial hydrolysis 

is higher than that calculated on the basis of a random bond cleavage. 
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Figure 2.9. Mechanisms of the acidic hydrolysis of cellulose. (Adapted from Fan et al., 

1987; fair use; Copyright 1987 Springer Verlag) (Fan et al., 1987) 

2.2.5.1. Particle Charge 

During the process of hydrolysis with sulfuric acid, sulfuric ester groups are 

introduced to the surface of the cellulose nanocrystals (Figure 2.10). 
 

 
 
 

Figure 2.10. Partial esterification of surface hydroxyl groups by sulfuric acid during 

cellulose hydrolysis. 
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The sulfur content in cellulose nanocrystals produced with H2SO4 depends on the 

hydrolysis conditions, such as time, temperature, acid concentration, and acid-to-

substrate ratio, and can reach 0.5–2% (Marchessault et al., 1961; Revol et al., 1992; 

Revol et al., 1994; Favier et al., 1995; Dong et al., 1996). In aqueous solution, the sulfate 

groups are deprotonated and negatively charged.  

2.2.5.2. Suspension Properties 

Cellulose nanocrystals form stable aqueous suspensions because of repulsive 

electrostatic interactions between the negatively charged rods (Beck-Candanedo et al., 

2005; Beck-Candanedo et al., 2006; Beck-Candanedo et al., 2007). The interparticle 

forces depend on the ionic strength of the system (Dong and Gray, 1997). In salt free 

condition cellulose nanocrystal suspensions form chiral nematic ordered phases above a 

critical concentration beginning at around 5–7% cellulose (Marchessault et al., 1959; 

Dong et al., 1998; Beck-Candanedo et al., 2006). 

2.2.5.3. Particle Size 

It is generally accepted that cellulose molecules in wood form long crystalline 

elements with cross-sectional dimensions around 2–5 nm (sometimes called elementary 

fibrils) that aggregate into larger microfibrils with lateral dimensions in the tens of 

nanometers (de Souza Lima and Borsali, 2004; French et al., 2004; Beck-Candanedo et 

al., 2005; Roman and Gray, 2005). The dimensions of cellulose nanocrystals depend 

mainly on cellulose origin and the preparation methods (de Souza Lima et al., 2003; 

Beck-Candanedo et al., 2005). It has been reported that cellulose nanocrystals made from 

cotton have typical dimensions of 100–300 nm in length and 8–10 nm in diameter, while 

those of tunicate cellulose nanocrystals range from 100 nm to a few micrometers in 

length and 10 to 20 nm in diameter (Beck-Candanedo et al. 2005). Ultrasonic treatment 

of cellulose nanocrystal suspensions was found to break down aggregates but did not 

cause a reduction in the average length of the particles (Marchessault et al., 1961).  
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Determining the exact dimensions of cellulose microfibrils is challenging. Several 

different analytical methods have been evaluated in the past decades including atomic 

force microscopy (Hanley et al., 1992; Beck-Candanedo et al., 2005; Kvien et al., 2005; 

Lefebvre and Gray, 2005; Shutava et al., 2005; Kontturi et al., 2007), transmission 

electron microscopy (Hanley et al., 1992; Grunert and Winter, 2002; Roman and Winter, 

2004; Shin et al., 2007a), field emission scanning electron microscope (Shin et al., 

2007b), scanning electron microscopy (Matsumura et al., 2000; Xiang et al., 2003; Samir 

et al., 2004), and dynamic and static light scattering techniques (de Souza Lima and 

Borsali, 2004). 

2.2.6. Applications 

Applications of cellulose and its derivatives have involved many areas of chemistry, 

biology, and technology in paper, textiles, water-soluble adhesives and binders, as 

thickeners and stabilizers in processed foods, and in the pharmaceutical industry (Favier 

et al., 1995; Helbert et al., 1996; Dong et al., 1998; Suzuki and Makino, 1999; Iijima and 

Takeo, 2000; Biermann et al., 2001). Microcrystalline cellulose has been listed as a 

GRAS (Generally Recognized As Safe) substance by the U.S. Food and Drug 

Administration. 

Cellulose nanocrystals, with their ability to form stable aqueous suspensions, have a 

number of potential applications in drug/bioactives delivery as well as in controlled 

release applications. By reason of their small dimensions, high aspect ratio, and high 

modulus, cellulose nanocrystals have been studied as reinforcing particles in polymeric 

materials (Helbert et al., 1996; Chazeau et al., 1999). Cellulose nanocrystals from 

tunicate cellulose have been mixed with polymer latexes to yield nanocomposite 

materials with superior mechanical properties (Favier et al., 1995; Heux et al., 2000). 
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2.3. POLYELECTROLYTE COMPLEXES IN DRUG DELIVERY 

2.3.1. Polyelectrolytes 

A polymer the repeat units of which bear electrical charges is called a 

polyelectrolyte (Walstra, 2003). There are three types of polyelectrolytes, namely 

polybases, polyacids, and polyampholytes. Polybases, or cationic polyelectrolytes, 

mainly contain –NH2 or =NH groups that are protonated at sufficiently low pH. The most 

common charged groups in polyacids, or anionic polyelectrolytes, are carboxyl groups (–

COOH), or sulfate groups (–OSO3H). Polyampholytes, such as proteins, DNA, and RNA, 

contain both positively and negatively charged groups. Polyelectrolytes exhibit properties 

of both polymers and electrolytes, providing them with a range of physicochemical 

behaviors, from those of neutral long chain polymers to those of simple electrolytes 

(Fuoss, 1951). Like salts, their solutions are electrically conductive; like polymers, their 

solutions are often viscous. 

The physical properties of polyelectrolyte solutions are usually strongly affected by 

the degree of ionization or charge density. Intramolecular repulsive Coulomb interactions 

cause the chain to adopt a more expanded, rigid-rod-like conformation. If the solution 

contains low-molecular-weight electrolytes, the intramolecular electrostatic interactions 

will be screened and the polyelectrolyte chain takes on a more coiled conformation 

(Fuoss, 1951; Philipp et al., 1989). 

2.3.2. Polyelectrolyte Complexes 

Polyelectrolytes of opposite charge, when mixed, form polyelectrolyte complexes 

(PECs). Studies on the interaction between oppositely charged polyelectrolytes date back 

to 1896 when Kossel (1896) precipitated egg albumin with protamine. Since then, PECs 

have been studied extensively (Tsuchida and Abe, 1982). In the early 1930’s, researchers 

focused their attention on aqueous solutions of oppositely charged natural 

polyelectrolytes. When those polyelectrolytes, having a relatively low charge density, 

were mixed, phase separation and the formation of aggregates took place under certain 
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conditions (Zezin and Kabanov, 1982). Willstatter and Rohdewald (1934) coined the 

term “simplex” for polyanion-polycation-complexes. Systematic studies of simplex 

formation started in the early 1960’s with the work of Michaels and Miekka (1961), who 

discovered the formation of stoichiometric polysalts between oppositely charged 

synthetic polyelectrolytes. Mixing of strong polyelectrolytes with high charge densities 

resulted in the formation of PECs that precipitated from solution. In the following 

decades, a large number of new simplex-forming systems have been patented (Philipp et 

al., 1984). In recent years, more and more interdisciplinary research has focused again on 

polyelectrolytes occurring in nature. 

The reaction between polyelectrolytes can be represented schematically as shown in 

Figure 2.11.  
 
 

 
 

Figure 2.11. Reaction between polyelectrolytes. AX is a unit of a polymeric acid or its 

salt and YB is a unit of the polymeric base or its salt. (Reprinted from 

Zezin and Kabanov, 1982; fair use; Copyright 1982 Turpion Ltd.) (Zezin 

and Kabanov, 1982) 

Coulomb forces between the oppositely charged polyelectrolytes and the release of 

the small counter ions are considered the main driving forces for PEC formation (Philipp 

et al., 1984; Raspaud et al., 1998; Quemeneur et al., 2007). Other intermolecular 

interactions may also be involved in the formation of PEC structures, including hydrogen 

bonding, hydrophobic interactions, van der Waals forces (Schatz et al., 2004). 

The concentration, pH, and ionic strength of polyelectrolyte solutions are the major 

factors influencing PEC formation (Dautzenberg et al., 1996). Concentrated 

polyelectrolyte solutions lead to macroscopic flocculation. Dilute solutions, mixed at 
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non-stoichiometric ratios, yield colloidal PEC particles with a neutral core surrounded by 

excess polyelectrolyte, stabilizing the PEC particles against further coalescence. With a 

small amount of salt present in the solution, the process of PEC formation is 

thermodynamically controlled and results in non-stoichiometric polyelectrolyte 

complexes (N-PECs) (Dautzenberg and Karibyants, 1999; Nordmeier and Beyer, 1999). 

In salt free solutions, the formation of PECs is rapid and leads to non-equilibrium 

structures. Changes in solution pH result in changes in the charge densities of the 

polyelectrolytes causing structural changes in the PECs (Zezin and Kabanov, 1982). 

Kabanov and Zezin (1984b) have demonstrated that the types of ionic groups and 

the relative molecular dimensions of the polyelectrolytes also play an important role. 

Polyelectrolytes with strong ionic groups and comparable molecular dimensions yield 

insoluble and highly aggregated PECs whereas polyelectrolytes with weak ionic groups 

and large differences in molecular dimensions yield water-soluble PECs at non-

stoichiometric ratios (Kabanov and Zezin, 1984a). Soluble, non-stoichiometric 

polyanion-polycation aggregates have been termed “soluble simplexes” by Tsuchida et 

al. (1972). Kabanov and Zezin (1984a) proposed that soluble simplexes consisted of very 

long “host-polyions” and shorter, sequentially attached “guest-polyions” of opposite 

charge. 

In general, three types of PEC systems can be distinguished: (a) macroscopically 

homogeneous systems containing small complex aggregates (soluble complex); (b) turbid 

colloidal systems with suspended complex particles in a transition range to phase 

separation; (c) two-phase systems of a liquid supernatant and precipitated polysalt, easily 

separated and obtainable in the solid state after washing and drying (Philipp et al., 1989). 

2.3.3. Stable Colloidal Dispersions 

In a colloidal system, colloidal particles of well-defined size can self-assemble into 

ordered, crystalline structures under non-equilibrium conditions, originating from various 

forces including van der Waals, electrostatic, hydrodynamic, and capillary forces, as well 

as Brownian motions (Li et al., 2008). Many interactions act simultaneously. A stable 
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colloidal system is one in which the particles resist flocculation or aggregation. The 

stability of a colloidal system depends on the balance of repulsive and attractive forces 

that exist between particles due to Brownian motion (van Driessche and Hoste, 2006). If 

all particles have a mutual repulsion, the dispersion will remain stable. However, if the 

particles have little or no repulsive force then some instability mechanism, such as 

flocculation or aggregation, will eventually take place. In that case the particles in the 

colloidal system adhere to one another and form aggregates that settle out under the 

influence of gravity. 

2.3.4. Chitosan in Controlled Release Systems 

Controlled release is a recent technology used to increase the effectiveness of many 

drugs and bioactives in food and drug delivery (Pothakamury and Barbosa-Cánovas, 

1995). Controlled release may be defined as a method by which one or more active 

agents or ingredients are made available at a desired site and time at a specific rate 

(Grattard et al., 2002). Controlled release systems generally involve an enclosed solid or 

liquid active in a water-soluble or meltable matrix (matrix system) or shell (core-shell 

system). Most controlled release devices currently used in the food industry are core-shell 

systems with temperature or solvent activated (triggered) release, depending on the shell 

material. With the emergence of controlled-release technology, some heat-, temperature- 

or pH-sensitive additives can be used very conveniently in food systems and drug 

delivery (Figure 2.12) (Pothakamury and Barbosa-Cánovas, 1995; Brannon-Peppas, 

1997). 
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Figure 2.12. Drug delivery from environmentally sensitive release systems. (Adapted 

from Brannon-Peppas, 1997; fair use; Copyright 1997 Medical Plastics and 

Biomaterials) (Brannon-Peppas, 1997) 

Passive absorption of drug across mucosal tissues involves either trans- or 

paracellular diffusion through one or several epithelial cell layers. The transcellular route 

is mainly restricted to small hydrophobic compounds capable of passing through the 

lipophilic cell membranes (Schipper et al., 1996). In contrast, the absorption of orally 

administered hydrophilic drugs is limited by low permeability of the intestinal mucosal to 

such compounds. Recently, many efforts have been made to improve the uptake of poorly 

absorbed drugs. Chitosan, an acidic polycationic polyelectrolyte, has been employed in 

many studies as a pharmaceutical excipient for the dissolution and sustained release of 

drugs (Schipper et al., 1996). 

The use of colloidal carriers made of hydrophilic polysaccharides has arisen as a 

promising alternative for improving the transport of such macromolecules across 

biological surfaces (Janes et al., 2001). Chitosan has been shown to form colloidal 

particles and entrap macromolecules through a number of mechanisms, including ionic 

crosslinking, desolvation, or ionic complexation. The particular advantages of chitosan 

for developing micro/nanoparticles include low toxicity, ability to control the release of 

active agents, cationic nature in aqueous solution for ionic cross-linking with multivalent 

anions, and mucoadhesive character that increases residual time at the site of absorption 

(Agnihotri et al., 2004). Ohya et al. (1994) was the first researcher to present data 

involving chitosan nanospheres for drug delivery applications. Chitosan capsules as 
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controlled release vectors for applications in food processing and biochemical reagents 

were developed in the early 1990’s (He et al., 1998). These pioneering studies 

demonstrated the feasibility of synthesizing stable, reproducible, nanosized chitosan 

particles that could entrap and deliver drugs. However, negative effects of 

glutaraldehyde, used as chitosan cross-linker, discovered in cell viability studies, shifted 

the general interest to less harsh procedures for the synthesis of chitosan nanospheres 

(Janes et al., 2001). Ionic crosslinking with negatively charged polyelectrolytes has the 

advantage that it allows tailoring the properties of the resulting particles, such as the size, 

swelling behavior, and pH sensitivity. 
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CHAPTER 3 

CHITOSAN–CELLULOSE NANOCRYSTAL POLYELECTROLYTE 

COMPLEX—PART I: FORMATION AND PROPERTIES 

3.1. ABSTRACT 

This study was conducted to examine a new type of polyelectrolyte complex (PEC) 

between chitosan, a cationic polysaccharide, and cellulose nanocrystals, anionic rod-like 

nanoparticles. Cellulose nanocrystals were prepared by sulfuric acid hydrolysis of 

bleached wood pulp. The sulfate group density of the rod-like nanoparticles was 0.18 

mol/kg and the amino group density of chitosan was 5.83 mol/kg. PEC formation was 

studied by turbidimetric titration using 0.001% (w/v) chitosan solutions and 0.001–0.04% 

(w/v) cellulose nanocrystal suspensions. The turbidity increased much more rapidly for 

more concentrated cellulose nanocrystal suspensions than for dilute ones. In titrations of 

a chitosan solution with a cellulose nanocrystal suspension, the turbidity reached a 

plateau but had a maximum and then decreased when the direction of titration was 

reversed. Chitosan–cellulose nanocrystal PEC particles were characterized by FT-IR 

spectroscopy, scanning electron microscopy, dynamic light scattering, and laser Doppler 

electrophoresis. The particles were composed primarily of cellulose nanocrystals. 

Particles formed at high amino/sulfate group molar ratios (N/S ratios) were spherical in 

shape, positively charged, and had a chitosan shell. Particles formed at low N/S ratios 

were non-spherical in shape, negatively charged, and had a cellulose nanocrystal shell. 

The formation and properties of chitosan–cellulose nanocrystal PEC particles were 

governed by the strong mismatch in the densities of the ionizable groups. 
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3.2. INTRODUCTION 

Polyelectrolytes are polymers that contain functional groups capable of dissociating 

into ions. Three types of polyelectrolytes can be distinguished: polycations, bearing 

positive charges; polyanions, bearing negative charges; and polyampholytes, bearing both 

positive and negative charges. Upon mixing, polycations and polyanions form 

polyelectrolyte complexes (PECs) under release of the counterions. The properties of 

PECs depend on a number of factors, primarily the molecular weights and densities of 

ionizable groups of the two polyelectrolytes, the polyelectrolyte concentrations upon 

mixing, the mixing ratio, and the pH and ionic strength of the surrounding medium. 

PECs have many current and potential applications, including the encapsulation of 

sensitive ingredients in food products (de Kruif et al., 2004), the delivery of drugs (Liu et 

al., 2008b) and genes (Midoux et al., 2008), the entrapment and delivery of proteins and 

immobilization of enzymes (Cooper et al., 2005), and the encapsulation of cells (Bhatia 

et al., 2005). One polyelectrolyte that has been extensively studied for use in future PEC 

applications is chitosan, a cationic polysaccharide. Chitosan is a linear copolymer of  

β(1–4)-linked 2-amino-2-deoxy-D-glucopyranose (GlcN) and 2-acetamido-2-deoxy-D-

glucopyranose residues. In acidic media, the amino groups of the GlcN residues are 

dissociated and bear a positive charge. Polyanions that have been studied for the 

complexation with chitosan include alginate (Cekic et al., 2007; Sarmento et al., 2007b; 

Sarmento et al., 2007c; Dai et al., 2008; Liu et al., 2008a; Motwani et al., 2008), 

hyaluronic acid (de la Fuente et al., 2008a; de la Fuente et al., 2008b), xanthan (Chellat et 

al., 2000a; Chellat et al., 2000b), pectin (Wong and Nurjaya, 2008), poly-γ-glutamic acid 

(Dai et al., 2007; Hajdu et al., 2008), carboxymethyl cellulose (Zhang et al., 2001; 

Gomez-Burgaz et al., 2008),  κ-carrageenan (Piyakulawat et al., 2007), chondroitin 

sulfate (Sui et al., 2008), heparin (Liu et al., 2007), chitosan sulfate (Berth et al., 2002), 

and dextran sulfate (Schatz et al., 2004a; Schatz et al., 2004b; Sarmento et al., 2006; 

Chen et al., 2007; Drogoz et al., 2007; Sarmento et al., 2007a; Drogoz et al., 2008). 

Here we report a new type of PEC between chitosan and anionic, rod-like 

nanoparticles. The anionic nanoparticles are composed of cellulose, a linear 

polysaccharide of β(1–4)-linked D-glucopyranose residues, structurally very similar to 
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chitosan. Cellulose exists in nature in form of highly crystalline fibrils with nanoscale 

cross-sectional dimensions. Rod-like nanoparticles of cellulose, often termed cellulose 

nanocrystals, were discovered in 1949 by Bengt Rånby (1949), a Swedish scientist, and 

attracted interest in the 1990s for their ability to form chiral-nematic liquid crystalline 

phases (Revol et al., 1992; Revol et al., 1994). Cellulose nanocrystals are generally 

prepared by hydrolysis of a purified cellulose starting material with either hydrochloric or 

sulfuric acid (Araki et al., 1998; Fleming et al., 2001). The use of sulfuric acid results in 

the partial esterification of the surface hydroxyl groups and introduction of sulfate 

groups. At neutral and basic pH values, the sulfate groups are dissociated and bear a 

negative charge. As a consequence, cellulose nanocrystals prepared with sulfuric acid are 

anionic in nature. 

The objectives of this study were to investigate the formation of PECs between 

chitosan and cellulose nanocrystals, with a focus on the effect of the polyelectrolyte 

concentration and mixing sequence, and to determine the properties of the resulting PEC 

particles. 
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3.3. EXPERIMENTAL SECTION 

3.3.1. Materials 

Chitosan (“medium molecular weight”, Fluka BioChemika) was purchased from 

Sigma-Aldrich and purified as follows. Typically, 1 g of chitosan was dissolved 

overnight in 250 mL 0.1 N HCl and the solution was filtered through a series of Millipore 

polyvinylidene fluoride (PVDF) syringe filters (pore sizes 1, 0.45, and 0.22 µm). Next, 

chitosan was precipitated by addition of 1 N NaOH until the solution pH reached 9–10. 

The purified chitosan was collected by centrifugation (4900 rpm for 15 min at 4 °C), 

washed three times with deionized water, and freeze-dried overnight. 

Cellulose, in the form of dissolving-grade softwood sulfite pulp (Temalfa 93 A-A), 

was kindly provided by Tembec, Inc. H2SO4 (>95%), HCl (0.1 N, certified), NaOH 

(0.1 N and 1 N, certified), and NaCl (certified) were purchased from Fisher Scientific. 

The water used in the experiments was deionized water from a Millipore Direct-Q 5 

Ultrapure Water System (resistivity at 25 °C: 18.2 MΩ·cm). 

3.3.2. Preparation of Chitosan Solutions 

Chitosan solutions for the complexation experiments and chitosan characterization 

procedures were prepared from a stock solution of ~0.1% (w/v) by dilution with 

deionized water. For preparation of the stock solution, purified chitosan was dried in an 

oven at 105 °C for 2 h. Then, 0.1 g of the oven-dried, purified chitosan was dissolved in 

100 mL 0.1 N HCl. The exact concentration of the stock solution was determined in 

triplicate by thermogravimetric analysis (TGA). To this end, 30 µL of the stock 

suspension was heated under nitrogen in a TA Instruments Q5000 TGA to 120 °C, at a 

heating rate of 20 °C/min, and held isothermal for 10 min. The concentration was 

determined from the initial suspension volume and the residual weight. If needed, the pH 

and ionic strength of the dilute chitosan solutions were adjusted with 0.1 N HCl or 0.1 N 

NaOH and NaCl, respectively. 
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3.3.3. Characterization of Chitosan 

3.3.3.1. Molecular Weight 

The molecular weight of the purified chitosan was calculated from the intrinsic 

viscosity, obtained from a serious of viscosity measurements at different concentrations 

(2.5–200 mg/mL). Measurements were performed at 30 °C with an Ubbelohde capillary 

viscometer with an inner capillary diameter of 0.53 mm. In this method, extrapolation of 

a plot of reduced viscosity, η/c, versus c to c = 0 yields the intrinsic viscosity, [η], from 

which the molecular weight, M, can be calculated using the Mark–Houwink equation:  

     

€ 

[η] = KM a  [3.1] 

The Mark–Houwink parameters, K and a, for chitosan were obtained from the literature 

(Tsaih and Chen, 1999). 

3.3.3.2. Degree of Deacetylation 

The degree of deacetylation (DD) of the chitosan sample was determined by 1H 

NMR spectroscopy according to ASTM standard F2260–03 (ASTM, 2003). Specifically, 

10 mg of purified and oven-dried chitosan was dissolved in a mixture of 1.96 mL D2O 

and 0.04 mL DCl. Approximately 1 mL of the solution was transferred to an NMR tube 

(diameter = 5 mm). 1H NMR spectra were acquired on a Variance Mercury 400 MHz 

NMR spectrometer at 90 ± 1 °C. The DD was calculated using eq 3.2 (Lavertu et al., 

2003): 

 
  

€ 

DD =
H1D

H1D + HAc 3( )
 

 
 
 

 

 
 
 
×100% [3.2] 

where H1D is the integral of the H1 GlcN peak and HAc is the integral of the peak 

corresponding to the three protons of the GlcNAc acetyl group. 
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3.3.3.3. Hydrodynamic Diameter and Electrophoretic Mobility 

The z-average hydrodynamic diameter (cumulants mean) and electrophoretic 

mobility of chitosan were measured with a Malvern Zetasizer Nano ZS using Malvern 

DTS1060 folded capillary cells and a 0.001% (w/v) chitosan solution without further 

modification of the pH or ionic strength. Measurements were performed in triplicate at 

25 °C. 

3.3.3.4. Amino Group Density 

The amino group density of the purified chitosan was measured in triplicate by 

conductometric titration using a Mettler Toledo SevenMulti S47 pH/conductivity meter 

with an InLab 730 conductivity probe. A standard NaOH solution (0.1 N) was added in 

drop-wise under nitrogen and stirring to 25 mL of a 0.1% (w/v) chitosan solution, having 

an ionic strength of 50 mM. At every 10th drop, the conductivity of the chitosan solution 

was recorded. The amino group density was calculated from the titrant volume between 

the two equivalence points. 

3.3.4. Synthesis of Cellulose Nanocrystals 

Dissolving-grade softwood sulfite pulp was ground in a Thomas Wiley Mini-Mill 

(Thomas Scientific, Swedesboro, NJ) to pass a 60-mesh screen. Fifty grams of pulp was 

treated under stirring with a mechanical stirrer with 500 mL 64 wt % H2SO4 at 45 °C for 

45 min. The hydrolysis was stopped by 10-fold dilution of the reaction medium with 

deionized water. The cellulose nanocrystals were collected by centrifugation for 15 min 

at 4900 rpm under cooling (4 °C) and redispersed in deionized water after discarding the 

supernatant. For removal of the remaining acid, the nanocrystals were dialyzed against 

deionized water using regenerated cellulose dialysis tubing (Spectra/Por4, Spectrum 

Laboratories, MWCO 12–14 kDa) until the pH of the dialysis water stayed constant. The 

obtained suspension was sonicated under ice-bath cooling for 15 min at 40% output with 

an ultrasonic processor (GE 505, Sonics & Material, Inc. USA). Finally, the suspension 
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was filtered through a 0.45 µm and then 0.22 µm PVDF syringe filter. The concentration 

of the filtered cellulose nanocrystal stock suspension, determined in triplicate from the 

weight difference of a 5 mL aliquot before and after drying for 2 h in an oven at 80 °C, 

was generally in the range of 0.6–0.9% (w/v). 

3.3.5. Preparation of Cellulose Nanocrystal Suspensions 

Dilute cellulose nanocrystal suspensions for the complexation experiments and 

cellulose nanocrystal characterization procedures were prepared from the filtered stock 

suspension by dilution with deionized water. If needed, the pH and ionic strength of the 

dilute cellulose nanocrystal suspensions were adjusted with 0.1 N HCl or 0.1 N NaOH 

and NaCl, respectively. 

3.3.6. Characterization of Cellulose Nanocrystals  

3.3.6.1. Particle Morphology 

The morphology of the resulting cellulose nanocrystals was characterized by atomic 

force microscopy (AFM). A 10 µL drop of a 0.001% (w/v) cellulose nanocrystal 

suspension was spin coated at 2000 rpm with a Laurell Technologies WS-400B-

6NPP/LITE spin coater onto a freshly cleaved mica disc (V1 mica, 9.9 mm, Ted Pella). 

The mica disc was then mounted onto a standard microscope slide using epoxy adhesive. 

AFM images were recorded in AC mode in air with an Asylum Research MFP-3D Bio-

AFM using standard silicon probes (OLYMPUS-AC160TS, nominal tip radius: <10 nm, 

nominal force: 42 N/m). 

3.3.6.2. Hydrodynamic Diameter and Electrophoretic Mobility 

The z-average hydrodynamic diameter (cumulants mean) and electrophoretic 

mobility of the cellulose nanocrystals were measured with a Malvern Zetasizer Nano ZS 

using Malvern DTS1060 folded capillary cells and a 0.02% (w/v) cellulose nanocrystal 
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suspension without further modification of the pH or ionic strength. Measurements were 

performed in triplicate at 25 °C. 

3.3.6.3. Sulfate Group Density 

The sulfate group density of the cellulose nanocrystals was measured in triplicate 

by conductometric titration using a Mettler Toledo SevenMulti S47 pH/conductivity 

meter with an InLab 730 conductivity probe. Titrations were carried out with 25 mL 

aliquots of the filtered stock suspension. The ionic strength of the titrand was adjusted to 

0.02 M through addition of NaCl. The titrant, 0.02 N NaOH, prepared by dilution of 0.1 

N NaOH with deionized water, was added under nitrogen gas with stirring in 0.5 mL 

increments. After each addition, the conductivity of the titrand was recorded. The sulfate 

group density was calculated from the titrant volume at the equivalence point. 

3.3.7. Turbidimetric Titration 

Turbidimetric titrations were performed using a 0.001% (w/v) chitosan solution and 

a dilute cellulose nanocrystal suspension (0.02% (w/v), unless stated otherwise), both 

having a pH of 2.6 and an ionic strength of 1 mM. The ionic strength and pH values were 

chosen based on preliminary screening experiments. The effect of pH and ionic strength 

on the formation and properties of the complex are discussed in Chapter 4. In a 

turbidimetric titration experiment, the cellulose nanocrystal suspension was added drop-

wise under vigorous stirring with a magnetic bar to the chitosan solution or vice versa. 

The transmittance of the reaction mixture was monitored with a probe colorimeter (PC 

950, Brinkman, USA) with a 1 cm optical cell (2 cm path length), operating at a 

wavelength of 420 nm. Turbidity values were calculated as 100 – transmittance (%). 

Prior to the each titration, the probe colorimeter was zeroed in deionized water. Each 

experiment was performed in triplicate. 
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3.3.8. Characterization of PEC Particles 

3.3.8.1. Chemical Structure 

The chemical structure of the PEC particles was analyzed by Fourier transform 

infrared (FTIR) spectroscopy. FTIR spectra were recorded from KBr pellets with a 

resolution of 4 cm-1 and a number of scans of 128 using a Thermo Nicolet Nexus 470 

ESP FTIR spectrometer. KBr pellets were prepared by grinding 98 mg of dry KBr with 2 

mg of sample and compressing the mixture between the ends of two stainless steel bolts 

inserted from opposite ends into a deep stainless steel nut, which served as the sample 

holder. The KBr pellet was dried in an oven prior to the measurement. 

3.3.8.2. Particle Morphology 

The morphology of the PEC particles was analyzed by field emission scanning 

electron microscopy (FE-SEM). Images were recorded with a LEO 1550 FE-SEM using 

an accelerating voltage of 1 kV and a working distance of 4–5 mm. Particles for SEM 

imaging were prepared at different amino/sulfate group molar ratios (N/S ratios) by 

mixing under vigorous stirring with a magnetic bar the appropriate amounts of a 0.001% 

(w/v) chitosan solution and a 0.02% (w/v) cellulose nanocrystal suspension, both having 

a pH of 2.6 and an ionic strength of 1 mM. For SEM sample preparation, a 10 µL drop of 

the PEC particle suspension was deposited onto Ni–Cu conductive tape (Ted Pella) 

mounted onto a standard SEM stub (Ted Pella) and allowed to dry under ambient 

conditions. Prior to imaging, the SEM samples were coated with a thin (6 nm) layer of 

carbon. 

3.3.8.3. Hydrodynamic Diameter and Electrophoretic Mobility 

The z-average hydrodynamic diameter (cumulants mean) and electrophoretic 

mobility of the PEC particles were measured with a Malvern Zetasizer Nano ZS using 

Malvern DTS1060 folded capillary cells. The PEC particle suspensions, obtained as 
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described above, were used directly without further dilution or filtration. Measurements 

were performed in triplicate at 25 °C. 
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3.4. RESULTS AND DISCUSSION 

3.4.1. Properties of the Individual Components 

The molecular weight and DD of chitosan were 3.1·106 g/mol and 88%, 

respectively, yielding a degree of polymerization of ~18·103. Assuming a monomer 

length of 0.517 nm, based on the crystal lattice unit cell dimensions of hydrated chitosan 

(Okuyama et al., 2000), we calculated an average contour length of ~9.5 µm. For 

comparison, the cellulose nanocrystals had a length on the order of a few tens to a few 

hundred nanometers as shown in Figure 3.1. The average length ratio of the two PEC 

components was estimated to about 70:1 (chitosan molecule/cellulose nanocrystal). 

Dynamic light scattering experiments yielded z-average hydrodynamic diameters of 265 

and 104 nm for chitosan and cellulose nanocrystals, respectively. It should be noted, 

however, that especially for rod-like species the hydrodynamic diameter does not 

represent the actual size of the particles or molecules but simply represents a size 

measure for comparison. 
 
 

 
 

Figure 3.1.  AFM amplitude image of cellulose nanocrystals (scan size: 5 µm × 5 µm). 



 

 58 

The amino group density of chitosan and the sulfate group density of the cellulose 

nanocrystals were determined by conductometric titration. Figure 3.2 shows typical 

conductometric titration curves. 
 
 

 
 
 

 
 
 

Figure 3.2. Conductometric titration curves for the determination of the amino group 

density of chitosan (a) and the sulfate group density of the cellulose 

nanocrystals (b). 
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The titration curve for chitosan (Figure 3.2(a)) had three sections. The initial linear 

decrease in conductivity was due to the neutralization of HCl and the lower mobility and 

molar conductivity of Na+ with respect to H+. At the first equivalence point, the decrease 

in conductivity slowed down. The middle section of the conductivity curve corresponded 

to the titration of the chitosan amino groups. At the second equivalence point, the 

conductivity started to increase upon further NaOH addition due to an increasing excess 

of sodium and hydroxyl ions. The titration curve for the cellulose nanocrystals (Figure 

3.2(b)) had two branches corresponding to the neutralization of the partially dissociated 

surface sulfate groups (–SO3H and –SO3
– H+) and excess NaOH, respectively. The amino 

group density of chitosan was 5.83 mol/kg and the sulfate group density of the cellulose 

nanocrystals was 0.18 mol/kg. In other words, the amino group density of chitosan was 

33 times higher than the sulfate group density of the cellulose nanocrystals. Thus, there 

was a strong mismatch in the densities of ionizable groups of the two PEC components. 

3.4.2. Polyelectrolyte Complex Formation 

3.4.2.1. Effect of Cellulose Nanocrystal Concentration 

When a cellulose nanocrystal suspension was added drop-wise to a chitosan 

solution of the same pH and ionic strength, the reaction mixture immediately became 

opaque due to the formation of an insoluble complex. Figure 3.3 shows turbidimetric 

titration curves for the titration of a 0.001% (w/v) chitosan solution with cellulose 

nanocrystal suspensions of different concentration. The chitosan solution was completely 

transparent. Upon drop-wise addition of the cellulose nanocrystal suspension, the 

turbidity increased linearly for cellulose nanocrystal concentrations up to 0.02% (w/v) 

and the increase was more pronounced at higher concentrations. At cellulose nanocrystal 

concentrations above 0.02% (w/v), the increase in turbidity started to be asymptotic 

rather than linear. 
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Figure 3.3. Turbidimetric titration curves for titrations of a 0.001% (w/v) chitosan 

solution with cellulose nanocrystal suspensions of different concentration. 

(The titrand volume was 25 mL. Data points are means of three 

measurements. Error bars represent one standard deviation.) 

At cellulose nanocrystal concentrations above 0.02% (w/v), flocculation occurred 

relatively early during the titration, resulting in sedimentation of the complex. Large flocs 

interfered with the turbidity measurements and caused strong fluctuations in the turbidity 

data (large error bars). The lowest cellulose nanocrystal concentrations (0.001 and 0.01% 

(w/v)) gave turbidity values only slightly above the detection limit of the instrument 

(~2%), which is why we chose an intermediate cellulose nanocrystal concentration 

(0.02% (w/v)) for subsequent experiments. 

Our results are in accordance with those of Dautzenberg et al. (1993), who 

observed higher levels of aggregation at higher polyelectrolyte concentrations for PEC 

formation between sodium poly(styrene sulfonate) and poly(diallyldimethylammonium 

chloride). 
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Two mechanisms for flocculation can be distinguished in colloidal systems that 

contain both particles and polymer molecules: bridging flocculation and depletion 

flocculation (Jenkins and Snowden, 1996). Bridging flocculation occurs when a polymer 

molecule adsorbs simultaneously onto two different particles, thus tying these particles 

together. Depletion flocculation occurs when adsorption of the polymer molecules onto 

the surface of the particles is unfavorable. In this case, the decrease in conformational 

entropy of the polymer molecules is not compensated by an adsorption energy and, 

consequently, prevents the molecules from approaching the particle surface. For dilute 

polymer solutions, the thickness of the depletion zone is commonly equated with the 

polymer’s radius of gyration. Above a critical polymer concentration, particle 

aggregation is spontaneous because it causes overlapping of the depletion zones of 

adjacent particles and, thus, an increase in the volume that is available to the polymer 

molecules. The magnitude of the depletion attraction can be controlled through the 

polymer’s molecular weight and concentration. However, aggregation due to depletion 

flocculation is weak, relative to that due to bridging flocculation, and reversible. 

Potential interactions between chitosan and cellulose nanocrystals include attractive 

Coulomb interactions, van der Waals interactions, and hydrogen bonding. Thus, it is 

likely, that chitosan molecules adsorb onto the surface of cellulose nanocrystals. 

Considering the estimated contour length of the chitosan molecules of ~9.5 µm, bridging 

flocculation might have been the reason for the observed increase in turbidity. Another 

possible result of mixing the two components could be covering of the cellulose 

nanocrystal surface by chitosan molecules, which would likely cause overcompensation 

of the negative surface charge of the cellulose nanocrystals because of the much higher 

amino group density of chitosan, compared to the sulfate group density of the cellulose 

nanocrystals. Depending on the type and magnitude of interactions between the chitosan-

covered cellulose nanocrystals as well as the chitosan concentration, depletion 

flocculation might occur. However, because of the low flexibility of chitosan molecules, 

with reported persistence lengths of 6–22 nm (Terbojevich et al., 1991; Brugnerotto et 

al., 2001a; Brugnerotto et al., 2001b; Berth and Dautzenberg, 2002; Mazeau and 

Rinaudo, 2004; Schatz et al., 2004b; Rinaudo, 2008), covering of an individual cellulose 
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nanocrystal, having a diameter of approximately 5 nm, by a chitosan molecule is less 

likely than bridging of several cellulose nanocrystals by the chitosan molecule. 

Furthermore, when the chitosan–cellulose nanocrystal aggregates were isolated by 

centrifugation and redispersed in deionized water by vortexing, the aggregates did not 

disintegrate, indicating that aggregation was irreversible and more likely due to strong 

electrostatic interactions, rather than depletion attraction. Thus, we attributed the 

observed flocculation to bridging flocculation. 

3.4.2.2. Effect of Mixing Sequence 

The turbidity profile upon incremental mixing of a chitosan solution with a 

cellulose nanocrystal suspension depended on the mixing sequence. Figure 3.4 shows the 

titration curves for the titration of a chitosan solution with a cellulose nanocrystal 

suspension (type 1) and the reverse direction (type 2).  
 
 

 
 

Figure 3.4. Turbidimetric titration curves for the titration of a chitosan solution with a 

cellulose nanocrystal suspension (type 1, ) and the reverse direction 

(type 2, ). (Data points are means of three measurements. Error bars 

represent one standard deviation.) 
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In type 1 titrations, the turbidity increased rapidly initially up to a sulfate/amino 

group molar ratio (S/N ratio) of about 0.5. Upon further increase of the S/N ratio, the 

turbidity leveled off and asymptotically approached a maximum turbidity level. In type 2 

titrations, the turbidity also increased rapidly initially up to an amino/sulfate group molar 

ratio (N/S ratio) of about 0.5. The initial increase in turbidity was similar to that observed 

in type 1 titrations. However, upon further increase of the N/S ratio, the turbidity 

decreased. 

Shybaila et al. (2008) made a similar observation in a study of the complexation of 

chitosan and chitosan sulfate acetate (CSA). Turbidity levels reached a plateau in 

titrations of a chitosan solution with a CSA solution and decreased after reaching a 

maximum in titrations of the reverse direction. The decrease in turbidity was related to 

the presence of a low-molecular-weight electrolyte (CH3COONa). In the absence of 

electrolyte, the turbidity stayed constant after reaching the maximum, i.e. exhibited a 

plateau. The ionic strength in our titration was 1 mM. The fact that the decrease in 

turbidity was only observed in the presence of electrolyte suggests that it was based on 

charge screening effects. 

As will be shown in Chapter 4, at pH 2.6, which was the pH of the turbidimetric 

titrations, the degree of ionization of the cellulose nanocrystals was 0.5, i.e. only 50% of 

the sulfate groups were dissociated and carried a negative charge. Therefore, an N/S ratio 

of 0.5 represents a NH3
+/SO3

– charge ratio of unity. It is commonly accepted that PECs 

exhibit maximum aggregation at a stoichiometric charge ratio because the net charge of 

the PECs is zero. At non-stoichiometric charge ratios, PEC particles bear a non-zero net 

charge and are therefore charge stabilized. Aggregation of the chitosan–cellulose 

nanocrystal PECs due to a stoichiometric charge ratio would explain the turbidity 

maximum at an N/S ratio of 0.5 in type 2 titrations. Upon further increase of the N/S 

ratio, charge overcompensation by incorporation of additional chitosan molecules into the 

PECs would lead to a net positive charge and charge stabilization of the PECs, reversing 

PEC aggregation. The incorporation of additional chitosan molecules into the PECs 

might have been facilitated by the NaCl (1 mM) because of the ability of the Na+ and Cl– 

ions to reduce the attraction forces between the PEC components through charge 
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screening. The presence of low-molecular-weight electrolytes during PEC formation is 

known to enable structural rearrangements (Bakeev et al., 1988). 

In type 1 titrations, charge stoichiometry corresponded to an S/N ratio of 2, which 

coincided with the turbidity maximum. The rapid increase in turbidity at low S/N ratios 

was probably related to the particulate nature of one of the PEC components. Upon 

addition of cellulose nanocrystals to a chitosan solution, the chitosan molecules likely 

caused bridging flocculation. The net charge of these flocs would be positive because of 

an excess of ammonium groups. Upon further increase of the S/N ratio, the net charge of 

the PEC particles would decrease. 

To confirm this interpretation, we monitored the size and net charge of PEC 

particles during type 1 and type 2 titrations. The titrations for this analysis were 

performed differently from those of Figure 3.4. As a result, the ranges for the S/N and 

N/S ratios are different. Table 3.1 lists the hydrodynamic diameters and electrophoretic 

mobilities of PEC particles obtained at different mixing ratios and sequences.  

Table 3.1. PEC particle properties at different mixing ratios and sequencesa 

Volume 
ratio 

Cellulose/chitosan 
mass ratio 

S/N 
ratio 

N/S 
ratio 

Hydrodynamic 
diameter (nm) 

Electrophoretic mobility 
(µm·cm/V·s) 

Titration of a 0.001% chitosan solution with a 0.02% cellulose nanocrystal suspension (type 1)b 
0.0  0  0  ∞ 265 ± 14 4.0 ± 0.1 
0.2  4  0.12  8.28 347 ± 6 2.9 ± 0.2 
0.4  8  0.24  4.14 411 ± 22 3.6 ± 0.1 
0.6  12  0.36  2.76 472 ± 17 3.4 ± 0.1 
0.8  16  0.48  2.07 969 ± 81 3.4 ± 0.0 
1.0  20  0.60  1.66 –c 2.5 ± 0.0 

Titration of a 0.02% cellulose nanocrystal suspension with a 0.001% chitosan solution (type 2)b 
0.0  ∞  ∞  0 104 ± 4 -2.8 ± 0.2 
0.2  100  3.02  0.33 154 ± 12 -2.7 ± 0.0 
0.4  50  1.51  0.66 410 ± 91 -2.4 ± 0.1 
0.6  33  1.01  0.99 –c -1.2 ± 0.0 
0.8  25  0.75  1.33 –c 1.0 ± 0.1 
1.0  20  0.60  1.66 –c 2.7 ± 0.1 

a reaction conditions: pH 2.6, ionic strength 1 mM 
b all concentrations are % (w/v) 

c scattering data unsuitable for size determination 
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At all volume ratios greater than 0, the cellulose/chitosan mass ratio was greater 

than 1, meaning that the mass of cellulose nanocrystals present in the reaction mixture 

was always greater than that of chitosan. The cellulose/chitosan mass ratio ranged from 4 

to 100. In type 1 titrations, the hydrodynamic diameter of the PEC particles increased 

from 347 nm at an S/N ratio of 0.12 to 969 nm at an S/N ratio of 0.48. At an S/N ratio of 

0.6, the reaction mixture yielded scattering data unsuitable for size determination of the 

aggregates, probably due to large or non-uniform floc sizes. In type 2 titrations, the 

hydrodynamic diameter increased more gradually, having values of only 154 nm at an 

N/S ratio of 0.33 and 410 nm at 0.66. At N/S ratios of 0.99 on higher, the reaction 

mixtures yielded scattering data unsuitable for size determination of the aggregates. 

During type 1 titrations, the electrophoretic mobility of the PEC particles was 

positive, indicating an excess of ammonium groups, and decreased slightly toward the 

end. During type 2 titrations, the electrophoretic mobility of the PEC particles was 

initially negative, indicating an excess of sulfate groups, and increased with increasing 

N/S ratio. The electrophoretic mobility of the particles became positive at an N/S ratio of 

1.33. It is important to note, that the composition of the PEC particles, in terms of 

cellulose/chitosan mass ratio, and S/N or N/S ratio, most likely differed from that of the 

reaction mixture. For example, the negative electrophoretic mobility value obtained in 

type 2 titrations at an N/S ratio in the reaction mixture of 0.99 (estimated to correspond to 

an NH3
+/SO3

– ratio of 2) indicated an excess of ionized sulfate groups in the PEC 

particles. Consequently, the reaction mixture must have contained unreacted chitosan. 

The proposed mechanisms of chitosan–cellulose nanocrystal complexation for the 

two mixing sequences are schematically shown in Figure 3.5. In type 1 titrations, the 

short, rigid cellulose nanocrystals are added incrementally to the long, flexible chitosan 

molecules (Figure 3.5(a)). The added cellulose nanocrystals bind to the chitosan 

molecules and partially compensate the positive charge along the chitosan chain, 

allowing the chains to take on a more tightly coiled conformation. Upon further addition 

of cellulose nanocrystals, more charges will be compensated and the charge ratio will 

eventually reach unity. At this charge ratio, the net charge of the PECs is close to zero 

and the PECs may aggregate. If more cellulose nanocrystals were added at this point, 
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additional cellulose nanocrystals would be incorporated in the PECs, resulting in charge 

overcompensation and a net negative charge. PEC aggregation would be suppressed 

through repulsive forces between the negatively charged PECs. Unbound cellulose 

nanocrystals would be present in the reaction mixture. 
 
 

 
 

Figure 3.5. Proposed mechanisms of chitosan–cellulose nanocrystal complexation: (a) 

titration of a chitosan solution with a cellulose nanocrystal suspension (type 

1), (b) titration of a cellulose nanocrystal suspension with a chitosan 

solution (type 2). 

In type 2 titrations, the long, more flexible chitosan molecules are added 

incrementally to the short, rigid cellulose nanocrystals (Figure 3.5(b)). Upon addition to 

the cellulose nanocrystal suspension, the chitosan molecules rapidly bind a large number 

of cellulose nanocrystals and form dense PEC particles with an excess of negatively 

charged sulfate groups (negative electrophoretic mobility, see Table 3.1). Upon further 

addition of chitosan molecules, all cellulose nanocrystals present in the mixture 
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eventually become bound. At a charge ratio of unity, the net charge of the PECs is close 

to zero and the PECs may aggregate. Further addition of chitosan molecules results in 

charge overcompensation by incorporation of additional chitosan molecules into the 

PECs (positive electrophoretic mobility, see Table 3.1) and the presence of unbound 

chitosan molecules in the mixture. In acidic aqueous media, loose ends of chitosan 

molecules are likely to protrude from the PEC particle surface. 

3.4.3. Characterization of PEC Particles 

3.4.3.1. Chemical Structure 

The chemical structure of the PEC particles was analyzed by FTIR spectroscopy. 

Figure 3.6 shows the FTIR spectra of chitosan (Figure 3.6(a)), cellulose nanocrystals 

(Figure 3.6(b)), and of PEC particles formed by mixing equal volumes of a 0.01% (w/v) 

chitosan solution and a 0.01% (w/v) cellulose nanocrystal suspension. The FT-IR spectra 

of chitosan (Figure 3.6(a)) and cellulose nanocrystals (Figure 3.6(b)) were nearly 

identical because of the similarity of the molecular structures of chitosan and cellulose. In 

the spectrum of the cellulose nanocrystals, the broad absorption band between 3600 and 

3000 cm–1 was related to OH stretching vibrations (Hinterstoisser and Salmén, 1999). 

The absorption bands between 3000 and 2800 cm–1 and 1500 and 1250 cm–1 stemmed 

from the CH and CH2 stretching and bending vibrations, respectively (Marchessault and 

Liang, 1960). The bands in the fingerprint region have been assigned to the 

antisymmetric bridge C–O–C stretching vibration (Nikonenko et al., 2000; Nikonenko et 

al., 2005), and the CO stretching vibrations at C–2, C–3, and C–6 (Maréchal and Chanzy, 

2000). And lastly, the band between 800 and 450 cm–1 originated in the OH out-of-plane 

bending vibrations (Kondo and Sawatari, 1996; Oh et al., 2005). The FT-IR spectrum of 

chitosan had additional absorption bands between 1700 and 1500   cm–1, assigned to the 

carbonyl stretching vibrations (amide I band) and NH bending vibrations (amide II band) 

(Duarte et al., 2002). 
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Figure 3.6. FT-IR spectra of (a) chitosan, (b) cellulose nanocrystals, (c) PEC complex 

particles, (d) PEC complex particles collected after adjusting the pH to 10, 

and (e) a 50:50 physical blend of chitosan and cellulose nanocrystals. 

The FTIR spectrum of the PEC particles (spectrum (c)) was identical to that of the 

cellulose nanocrystals (spectrum (b)) and did not show the characteristic absorption 

bands of chitosan. The absence of chitosan absorption bands from the spectrum of the 

PEC particles confirmed that the particles consisted primarily of cellulose nanocrystals 

and that chitosan was the minor component. 

The PEC particles used to obtain spectrum (c) had been isolated from the reaction 

mixture by centrifugation, washed three times with deionized water, and freeze-dried. 

The low chitosan content of the PEC particles indicated that part of the chitosan in the 

reaction mixture had remained in solution during complex formation and been discarded 

with the supernatant. To test this hypothesis, we repeated the complexation experiment 
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but raised the pH of the reaction mixture with 1 N NaOH to about 10 before 

centrifugation. Raising the pH caused the chitosan that had remained in solution to 

precipitate and be present in the sediment after centrifugation. Spectrum (d) in Figure 3.6 

is the FTIR spectrum obtained from the washed and freeze-dried sediment of this 

experiment. The characteristic absorption bands of chitosan are clearly visible, 

corroborating our hypothesis that during complex formation a large fraction of chitosan 

remains in solution. Spectrum (e) is an FTIR spectrum of a 50:50 physical blend of 

chitosan and cellulose nanocrystals, recorded for comparison. 

To quantify the chitosan content of the binary FTIR samples, we analyzed the FTIR 

spectra further (Figure 3.7). The largest difference between the absorbances of chitosan 

and cellulose nanocrystals (spectra (a) and (b) in Figure 3.7, respectively) was observed 

at a wavelength of 1581 cm-1. At this wavelength, chitosan showed carbonyl and NH-

related absorption, whereas absorption by cellulose was minimal. The absorbance at 

1375 cm-1, related to CH2 bending vibrations (Kondo and Sawatari, 1996), was used as an 

internal reference. The ratios of the absorbances at 1581 and 1375 cm-1 (A1581/A1375) for 

chitosan and cellulose as well as the three binary FTIR samples are listed in Table 3.2. 

Table 3.2. Ratios of FTIR absorbances at 1581 and 1375 cm-1 (A1581/A1375) for chitosan 

and cellulose as well as the three binary FTIR samples and calculated 

chitosan contents 

Sample A1581/A1375 
Chitosan 

content (%) 
Chitosan 0.76 100 
Cellulose nanocrystals 0.09 0 
PEC complex particles formed by mixing equal volumes of a 0.01% (w/v) 
chitosan solution and a 0.01% (w/v) cellulose nanocrystal suspension 

0.08 0 

PEC complex particles collected after adjusting the pH to 10 0.40 46 
50:50 physical blend of chitosan and cellulose nanocrystals 0.49 60 
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Figure 3.7. Quantitative analysis of FTIR spectra (same as in Figure 3.6). The ratios of 

the absorbances at 1581 and 1375 cm-1 (A1581/A1375) was used for 

quantification of the chitosan content. 

Assuming that this ratio is unaffected by the process of mixing the two components, 

it can be used to estimate the composition of the mixtures. The calculated chitosan 

contents of the three binary FTIR samples are listed in Table 3.2. The values confirm that 

the chitosan content of PEC particles formed by mixing equal volumes of a 0.01% (w/v) 

chitosan solution and a 0.01% (w/v) cellulose nanocrystal suspension was very low. 

Increasing the pH to 10 before centrifugation resulted in a chitosan content close to 50%, 

suggesting that most of the chitosan remained in solution during complex formation. The 

high chitosan content of the ‘50:50’ physical blend of 60% indicates either a low 

accuracy of the analysis method or insufficient mixing during sample preparation. 
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3.4.3.2. Particle Morphology 

The morphology of the PEC particles was analyzed by FE-SEM. Figure 3.8 shows 

SEM images of PEC particles formed by addition of a 0.001% (w/v) chitosan solution to 

a 0.02% (w/v) cellulose nanocrystal suspension at different N/S ratios in the reaction 

mixture. At N/S ratios below 1 (Figure 3.8(a)-(c)), the PEC particles were non-spherical 

and had more or less well-defined edges. The shape of the particles seemed to become 

better defined as the N/S ratio in the reaction mixture approached 1. At N/S ratios of 0.66 

and 0.99, many particles appeared to have a somewhat symmetric hexagonal shape with 

three long and three short sides. Some particles had four long sides and two short ones, 

approaching a rhombus in shape (see also Figure 3.9(a)).  

At N/S ratios above 1, the shape of the PEC particles became more and more 

spherical with increasing N/S ratio in the reaction mixture. The reason for the non-

spherical shape of the PEC particles at the N/S ratios 0.66 and 0.99 is not clear. It is 

likely to be related to packing constraints due to the rod-like shape of the cellulose 

nanocrystals. However, the spatial arrangement of the cellulose nanocrystals in the PEC 

particles is not known. 

Figure 3.9 shows two PEC particles at higher magnification. The particle formed at 

an N/S ratio of 0.66 (Figure 3.9(a)) was covered in cellulose nanocrystals. The rod-like 

particles were also covering the substrate indicating that at this N/S ratio, unbound 

cellulose nanocrystals were present in the reaction mixture. The cellulose nanocrystal 

coating of the PEC particle was in accordance with the observed negative electrophoretic 

mobility at this N/S ratio (Table 3.1). 
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Figure 3.8. FE-SEM images of PEC particles formed by addition of a 0.001% (w/v) 

chitosan solution to a 0.02% (w/v) cellulose nanocrystal suspension at 

reaction mixture N/S ratios of (a) 0.33, (b) 0.66, (c) 0.99, (d) 1.33, (e) 1.66. 

Scale bar: 3 µm (applies to all images). 
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Figure 3.9. Surface morphology of PEC particles at different reaction mixture N/S 

ratios: (a) 0.66, (b) 1.33. (Cellulose/chitosan mass ratio: (a) 50, (b) 25). 

Scale bar: 1 µm. 

The particle formed at an N/S ratio of 1.33 (Figure 3.9(b)), on the other hand, was 

coated in chitosan. The chitosan coating of the particle and the substrate indicated that at 

this N/S ratio, unbound chitosan was present in the reaction mixture. This is somewhat 

surprising as the cellulose/chitosan mass ratio at this N/S ratio was still 25, i.e. in terms of 

mass, there was 25 times more cellulose present in the reaction mixture than chitosan. 

The chitosan coating of the PEC particle was in agreement with the observed positive 

electrophoretic mobility at this N/S ratio (Table 3.1). The images in Figure 3.9 support 

the proposed mechanism of chitosan–cellulose nanocrystal complexation during type 2 

titrations (Figure 3.5(b)). Figure 3.9(a) and (b) corresponds to the second and fourth stage 

of the sequence shown in Figure 3.5(b), respectively. 
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3.5. CONCLUSIONS 

The formation and properties of PEC particles from chitosan and cellulose 

nanocrystals are governed by the strong mismatch in the densities of ionizable groups. 

Chitosan–cellulose nanocrystal PEC particles are composed primarily of cellulose 

nanocrystals. Different mixing ratios result in different particle compositions and shapes. 

Higher chitosan proportions during PEC formation result in spherical particles with a 

chitosan shell and positive net charge, whereas lower chitosan proportions result in non-

spherical particles with a cellulose nanocrystal shell and negative net charge. The 

concentration of cellulose nanocrystals has a strong effect on PEC formation. Higher 

cellulose nanocrystal concentrations result in larger or more highly aggregated PEC 

particles. The effect of the mixing sequence on the formation of PEC particles is 

governed by the charge stoichiometry at a given mixing ratio. 
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CHAPTER 4 

CHITOSAN–CELLULOSE NANOCRYSTAL POLYELECTROLYTE 

COMPLEX—PART II: EFFECTS OF PH AND IONIC STRENGTH 

4.1. ABSTRACT 

This study was conducted to determine the effects of pH and ionic strength on the 

formation and properties of chitosan–cellulose nanocrystal polyelectrolyte complexes 

(PECs). The pKa of the cellulose nanocrystals, determined indirectly by potentiometric 

titration, was 2.6 and the pKb of chitosan was 6.4. PEC formation at different pH values 

and ionic strengths was studied by turbidimetric titration. In titrations of a chitosan 

solution with a cellulose nanocrystal suspension (type 1), the maximum turbidity was 

reached at an SO3
–/NH3

+ ratio of 0.45 ± 0.12. In titrations of the reverse direction, the 

turbidity maximum occurred at an NH3
+/SO3

– ratio of 1.22 ± 0.13. The turbidity of a PEC 

particle suspension increased strongly upon lowering the pH from 2.6 and decreased 

upon raising the pH above 5.5, which was attributed to a swelling and shrinking of the 

PEC particles, respectively. In type 1 titrations, an increase in ionic strength caused the 

maximum turbidity to be reached at higher sulfate/amino group molar ratios. The 

turbidity of a PEC particle suspension decreased upon raising the ionic strength from 0 to 

0.5 M, which was attributed to a shrinking of the particles. A decrease in particle size 

with increasing pH and ionic strength was confirmed by scanning electron microscopy. 

The effect of pH was based on its influence on the degree of ionization and, thus, charge 

density of the PEC components. Formation of PEC particles at higher ionic strengths was 

less kinetically controlled and resulted in particles with closer-to-equilibrium structures. 
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4.2. INTRODUCTION 

Upon mixing, polyelectrolytes of opposite charge form polyelectrolyte complexes 

(PECs) under release of the counter ions. The properties of PECs depend on a number of 

factors, primarily the molecular weights and densities of ionizable groups of the two 

polyelectrolytes, the polyelectrolyte concentrations upon mixing, the mixing ratio, and 

the pH and ionic strength of the surrounding medium. The effect of pH is primarily 

related to its effect on the degree of ionization, and thus charge density, of the 

polyelectrolytes. As the pH approaches or drops below the pKa of the poly-acid, the 

acidic groups gradually become protonated and loose their negative charge. Accordingly, 

as the pH approaches or rises above the pKb of the poly-base, the basic groups gradually 

become deprotonated and loose their positive charge. 

The effects of charge density on the formation, structure, and composition of PECs 

have been studied by several groups (Dautzenberg et al., 1982; Koetz et al., 1986; 

Vishalakshi et al., 1993; Hugerth et al., 1997; Dautzenberg and Jaeger, 2002; Shovsky et 

al., 2009a; Shovsky et al., 2009b). The results indicate that densely structured PECs are 

formed when the charge densities of the two polyelectrolytes are similar whereas highly 

swellable PECs with lower structural densities are formed in the case of a mismatch in 

the charge densities of the polyelectrolytes (Dautzenberg et al., 1996; Dautzenberg and 

Jaeger, 2002). These findings are in agreement with the results of numerous studies on 

the pH-sensitive swelling behavior of PECs (Sakiyama et al., 1993; Chu et al., 1995; 

Ikeda et al., 1995; Chu et al., 1996; Kumagai et al., 1996; Yao et al., 1997; Sakiyama et 

al., 1999; Sui et al., 2006). 

The effects of ionic strength on the formation and stability of PECs have been 

studied extensively (Cundall et al., 1979; Izumrudov et al., 1980; Kabanov et al., 1982; 

Zezin and Kabanov, 1982; Bakeev et al., 1988; Pergushov et al., 1993; Trinh and 

Schnabel, 1993; Pergushov et al., 1995; Dautzenberg, 1997; Dautzenberg and 

Karibyants, 1999; Nordmeier and Beyer, 1999; Dragan and Cristea, 2001; Chen et al., 

2003; de Vasconcelos et al., 2006; Kovacevic et al., 2007; Vasheghani et al., 2008). Salt 

effects are based on the ability of the salt ions to screen the Coulomb interactions 

between the polyelectrolytes. Small amounts of salt, present during the formation of the 
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PECs, enable rearrangement processes toward a state of thermodynamic equilibrium 

(Bakeev et al., 1988). Addition of small amounts of salt subsequent to PEC formation 

causes the PECs to shrink due to charge screening. Higher salt levels may cause 

rearrangement and flocculation of the PECs through secondary aggregation (Dautzenberg 

and Karibyants, 1999). Depending on the types of ionizable groups present in the 

polyelectrolytes, yet higher ionic strengths may lead to the dissociation of the PECs 

(Izumrudov et al., 1980; Pergushov et al., 1993; Nordmeier and Beyer, 1999).   

In Chapter 3, we have reported a new type of PEC consisting of chitosan, a 

positively charged polysaccharide, and cellulose nanocrystals, negatively charged, rod-

like nanoparticles. The formation and properties of these PECs were governed by the 

strong mismatch in density of the ionizable groups. The size, shape, and net charge of the 

PEC particles depended strongly on the mixing ratio during PEC formation. This study is 

a continuation of the previous work with the aim to deepen our understanding of the 

factors that affect the complexation of chitosan and cellulose nanocrystals. The specific 

objectives of this study were to determine the effects of the pH and ionic strength of the 

surrounding medium on the formation and properties of chitosan–cellulose nanocrystal 

PEC particles. 
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4.3. MATERIALS AND METHODS 

4.3.1. Materials 

Chitosan (medium molecular weight, Fluka BioChemika) was purchased from 

Sigma-Aldrich and purified as follows. Typically, 1 g of chitosan was dissolved 

overnight in 250 mL 0.1 N HCl and the solution was filtered through a series of Millipore 

polyvinylidene fluoride (PVDF) syringe filters (pore sizes 1, 0.45, and 0.22 µm). Next, 

chitosan was precipitated by addition of 1 N NaOH until the solution pH reached 9–10. 

The purified chitosan was collected by centrifugation (4900 rpm for 15 min at 4 °C), 

washed three times with deionized water, and freeze-dried overnight. The purified 

chitosan was characterized as described in Chapter 3. The molecular weight and degree 

of deacetylation were 3.1 × 106 Dalton and 87.8%, respectively. The amino group density 

was 5.83 mol/kg. 

Cellulose nanocrystals were prepared and characterized as described in Chapter 3. 

Briefly, 50 g ground (60-mesh) dissolving-grade softwood sulfite pulp (Temalfa 93 A-A), 

kindly provided by Tembec, Inc., was treated with 500 mL 64 wt % H2SO4 at 45 °C for 

45 min. The hydrolysis was stopped by 10-fold dilution of the reaction medium with 

deionized water. The cellulose nanocrystals were collected by centrifugation and dialyzed 

against deionized water until the pH of the dialysis water stayed constant. The obtained 

suspension was sonicated under ice-bath cooling and subsequently filtered through a 0.45 

µm and then 0.22 µm PVDF syringe filter. The concentration of the filtered cellulose 

nanocrystal stock suspension was generally in the range of 0.6–0.9% (w/v). The cellulose 

nanocrystals had a sulfate group density of 0.18 mmol/kg. 

H2SO4 (>95%), HCl (0.1 N and 5 N, certified), NaOH (0.1 N and 1 N, certified), 

and NaCl (certified) were purchased from Fisher Scientific. The water used in the 

experiments was deionized water from a Millipore Direct-Q 5 Ultrapure Water System 

(resistivity at 25 °C: 18.2 MΩ·cm). 
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4.3.2. Preparation of Chitosan Solutions 

Chitosan solutions for the complexation experiments were prepared from a stock 

solution of ~0.1% (w/v) by dilution with deionized water. For preparation of the stock 

solution, purified chitosan was dried in an oven at 105 °C for 2 h. Then, 0.1 g of the 

oven-dried, purified chitosan was dissolved in 100 mL 0.1 N HCl. The exact 

concentration of the stock solution was determined in triplicate by thermogravimetric 

analysis as described in Chapter 3. The pH and ionic strength of the dilute chitosan 

solutions were adjusted with 0.1 N HCl or 0.1 N NaOH and NaCl, respectively. 

4.3.3. Preparation of Cellulose Nanocrystal Suspensions 

Dilute cellulose nanocrystal suspensions for the complexation experiments were 

prepared from the filtered stock suspension by dilution with deionized water. The pH and 

ionic strength of the dilute cellulose nanocrystal suspensions were adjusted with 0.1 N 

HCl or 0.1 N NaOH and NaCl, respectively. 

4.3.4. Potentiometric Titration 

Potentiometric titration curves were measured in triplicate using a Mettler Toledo 

SevenMulti S47 pH/conductivity meter with an InLab 413 pH electrode. In the case of 

cellulose nanocrystals, titrations were carried out with 25–50 mL aliquots of the filtered 

stock suspension, adjusted to an ionic strength of 1 mM through addition of NaCl. In the 

case of chitosan, the titrand was 100 mL of a 0.1% (w/v) solution of chitosan in 0.025 N 

HCl with an ionic strength of 0.1 M. The titrant, 0.02 N NaOH, prepared by dilution of 

0.1 N NaOH with deionized water, was added under nitrogen and stirring in 0.5 mL 

increments. After each addition, the pH of the titrand was recorded. 
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4.3.5. Turbidimetric Titration 

Turbidimetric titrations were performed with a 0.001% (w/v) chitosan solution and 

a 0.02% (w/v) cellulose nanocrystal suspension, both having the same pH and ionic 

strength. The concentrations were chosen based on the results reported in the preceding 

chapter. In a turbidimetric titration experiment, the cellulose nanocrystal suspension was 

added drop-wise under vigorous stirring with a magnetic bar to the chitosan solution or 

vice versa. The transmittance of the reaction mixture was monitored with a probe 

colorimeter (PC 950, Brinkman, USA) with a 1 cm optical cell (2 cm path length), 

operating at a wavelength of 420 nm. Turbidity values were calculated as  

100 – transmittance (%). Prior to each titration, the probe colorimeter was zeroed in 

deionized water. Each experiment was performed in triplicate. 

4.3.6. Characterization of PEC Particles 

The morphology of the PEC particles was analyzed by field emission scanning 

electron microscopy (FE-SEM). Images were recorded with a LEO 1550 FE-SEM using 

an accelerating voltage of 1 kV and a working distance of 4–5 mm. Particles for SEM 

imaging were prepared at an amino/sulfate group molar ratio (N/S ratio) of unity by 

mixing under vigorous stirring with a magnetic bar the appropriate amounts of a 0.001% 

(w/v) chitosan solution and a 0.02% (w/v) cellulose nanocrystal suspension, both having 

a pH of 2.6 and an ionic strength of 1 mM. The pH and ionic strength of the PEC particle 

suspensions were subsequently adjusted with 0.1 N HCl or 0.1 N NaOH and 5 M NaCl, 

respectively, and the particles were allowed to equilibrate for a minimum of 10 min. For 

SEM sample preparation, a 10 µL drop of the suspension was deposited onto Ni–Cu 

conductive tape (Ted Pella) mounted onto a standard SEM stub (Ted Pella) and allowed 

to dry under ambient conditions. For the highly acidic sample (pH 1), a spherical piece of 

gold foil was used as the substrate instead of the Ni–Cu tape, because with the Ni–Cu 

tape, NiCl2 formation interfered with the analysis. Prior to imaging, the SEM samples 

were coated with a thin (6 nm) layer of carbon. 
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4.4. RESULTS AND DISCUSSION 

4.4.1. Effect of pH 

The effect of pH on the complexation of chitosan and cellulose nanocrystals was 

studied by turbidimetric titration. Figure 4.1 shows the turbidimetric titration curves for 

the titration of a 0.001% (w/v) chitosan solution with a 0.02% (w/v) cellulose nanocrystal 

suspension (type 1) and the inverse titration (type 2) for different pH values and an ionic 

strength of 1 mM. In accordance with the results presented in the preceding chapter, in 

the type 1 titrations, the turbidity of the reaction mixture asymptotically approached a 

maximum value with increasing sulfate/amino group molar ratio (S/N ratio) (Figure 

4.1(a)), whereas the turbidity reached a maximum and then decreased with increasing 

N/S ratio in type 2 titrations (Figure 4.1(b)). For both methods, an increase in pH from 

2.6 to 5.6 resulted in a decrease in maximum turbidity. Furthermore, in type 2 titrations, 

an increase in pH caused a shift of the turbidity maximum to higher N/S ratios. 

The turbidity of a colloidal dispersion is a complicated function of the number 

density, i.e. the number per unit volume, size, and optical properties of the light-

scattering bodies. In the system studied here, the number density and size of the light-

scattering PEC particles are inversely related. Furthermore, the optical properties of the 

PEC particles depend on the optical properties of the two components and the particle 

composition. The particle composition, in turn, depends on the charge stoichiometry in 

the reaction mixture, which is governed by the mass ratio of the two components, their 

ionizable group density, and their degree of ionization, i.e. the fraction of ionizable 

groups ionized. To better understand the composition of the PEC particles, we 

determined the degrees of ionization of the two components at the four pH values 

investigated. 
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Figure 4.1. Turbidimetric titration curves for (a) the titration of a chitosan solution with 

a cellulose nanocrystal suspension (type 1) and (b) the reverse direction 

(type 2) for different pH values and an ionic strength of 1 mM. (Data points 

are means of three measurements. Error bars are omitted for clarity.) 
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For basic groups, the degree of ionization, αb, is related to the pH by 

 
  

€ 

pH = pKb − log αb

1-αb

 

 
 

 

 
  [4.1] 

where pKb is the dissociation constant of the basic groups. For acidic groups, the degree 

of ionization, αa, is related to the pH by 

 
  

€ 

pH = pKa + log αa

1-αa

 

 
 

 

 
  [4.2] 

where pKa is the dissociation constant of the acidic groups. The pKb of chitosan was 

measured by potentiometric titration. A typical potentiometric titration curve for chitosan 

is shown in Figure 4.2. The obtained pKb, given by the pH at the halfway point between 

the two equivalence points, was 6.40 ± 0.03, in good agreement with the literature 

(Hejazi and Amiji, 2002). 
 
 

 
 

Figure 4.2. Potentiometric titration curves for chitosan () and cellulose nanocrystals 

(). 
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Determination of the pKa of the cellulose nanocrystals was more difficult because 

of their low sulfate group density (0.18 mol/kg). A titration simulation assuming a pKa of 

2.6 for the sulfate groups showed that a barely measurable equivalence point for the onset 

of sulfate group dissociation would require 14 g of cellulose nanocrystals suspended in 

25 mL 0.1 N HCl to be titrated with 2 N NaOH. In lack of a practical method for 

measuring the pKa of the sulfate groups directly, we used the approach of Ikeda et al. 

(1995) to determine the degree of ionization of the sulfate groups at different pH values 

from the charge balance. The degree of ionization of the sulfate groups, αa, for a direct 

titration of an aqueous cellulose nanocrystal suspension, containing dissolved CO2, with 

NaOH can be expressed as 

 

    

€ 

αa =

[H+] +
C ⋅V

V0 + V
−

KW

[H+]
−
αCO2

⋅CCO2
⋅V0

V0 + V
Ca ⋅V0

V0 + V

 [4.3] 

where [H+] is the concentration of hydrogen ions; C, the concentration of the titrant; V, 

the volume of the titrant added; V0, the initial volume of the titrand; KW, the ionic product 

of water; Ca, the initial concentration of sulfate groups, CCO2, the initial concentration of 

dissolved CO2; and αCO2, the fraction of CO2 molecules present as HCO3
–. αCO2 is given 

by (([H+]/Ka,CO2)+1)–1, where Ka,CO2 is the dissociation constant for the reaction CO2 + 

H2O ⇌ HCO3
− + H+, taken as 6.352 (Harned and Scholes, 1941). The reaction HCO3

− ⇌ 

CO3
2− + H+ has been disregarded because it occurs at pH levels outside the relevant 

range. 

A typical potentiometric titration curve for cellulose nanocrystals is shown in 

Figure 4.2. The equivalence point corresponds to the completion of the dissociation of 

sulfate groups. The dashed line indicates the hypothetical shape of the titration curve in 

the absence of dissolved CO2. Figure 4.3 shows the degree of ionization values obtained 

with eq 4.3 from the titration data. The plotted values assume a dissolved CO2 

concentration of 4% of the total initial concentration of anion forming species. The 

dashed line in Figure 4.3 shows the degree of ionization curve obtained with eq. 4.2. The 

best fit with the measured data was obtained for a pKa of 2.6. 
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Figure 4.3. Degree of ionization as a function of pH for chitosan (αb) and cellulose 

nanocrystals (αa): — αb for pKb = 6.4 (measured),  experimental αa 

values, – – αa for pKa = 2.6 (best fit). 

Also shown in Figure 4.3 is the degree of ionization curve for chitosan obtained 

with eq. 4.1 and the measured pKb of 6.40. It is apparent in Figure 4.3 that the pH range 

in which both components are completely ionized is narrow and centered at 4.5. At 

higher pH values, chitosan is incompletely ionized, and at lower pH values, the cellulose 

nanocrystals loose their charge. The degrees of ionization of the two components for the 

investigated pH values are listed in Table 4.1. As seen in Table 4.1, with increasing pH, 

the degree of ionization of the amino groups decreased and that of the sulfate groups 

increased, causing a decrease in NH3
+/SO3

– charge ratio at any given N/S ratio. 

Consequently, at higher pH values, an NH3
+/SO3

– charge ratio of unity required a higher 

N/S ratio. As the NH3
+/SO3

– charge ratio increased, the cellulose/chitosan mass ratio for 

an NH3
+/SO3

– charge ratio of unity decreased from 66 at a pH of 2.6 to 28 at a pH of 5.6. 
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Table 4.1. Degrees of ionization of the chitosan amino groups, αb, and the cellulose 

nanocrystal sulfate groups, αa; NH3
+/SO3

– charge ratio in the reaction mixture 

at an N/S ratio of unity; and cellulose/chitosan mass ratio in the reaction 

mixture at an NH3
+/SO3

– ratio of unity, at the four pH values investigated 

pH αb αa NH3
+/SO3

– at N/S = 1 
cellulose/chitosan mass ratio at 

NH3
+/SO3

– = 1 
2.6 1.00 0.50 2.00 66 
3.5 1.00 0.89 1.12 37 
4.5 0.99 0.99 1.00 33 
5.6 0.86 1.00 0.86 28 

 

The decrease in maximum turbidity in the turbidimetric titration curves (Figure 4.1) 

with increasing pH was therefore attributed to the decrease in NH3
+/SO3

– charge ratio of 

the two components, requiring fewer cellulose nanocrystals at higher pH values to 

compensate the charge of chitosan. The decrease in NH3
+/SO3

– charge ratio with 

increasing pH was also considered the reason for the shift of the turbidity maximum to 

higher N/S ratios in the type 2 titrations. The curve maxima at pH 2.6, 3.5, 4.5, and 5.6 

occurred at N/S ratios of 0.7, 1.0, 1.2, and 1.3, respectively, corresponding to an 

NH3
+/SO3

– charge ratio of 1.22 ± 0.13. In the type 1 titrations (Figure 4.1(a)), the 

maximum turbidity levels at pH 2.6, 3.5, 4.5, and 5.6 were reached at S/N ratios of 0.3, 

0.5, 0.7, and 0.7, corresponding to an SO3
–/NH3

+ charge ratio of 0.45 ± 0.12. 

To further elucidate the effect of pH on chitosan–cellulose nanocrystal complexes, 

we studied the turbidity of a reaction mixture with an N/S ratio of unity as a function of 

pH. The initial pH and ionic strength of the reaction mixture were 2.6 and 1 mM, 

respectively. The turbidity of the reaction mixture was monitored upon addition of 0.1 N 

NaOH or 5 N HCl. Figure 4.4 shows the changes in turbidity of the reaction mixture with 

increasing or decreasing pH, with respect to the starting pH of 2.6. 
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Figure 4.4. Turbidity of a PEC particle suspension of an ionic strength of 1 mM and an 

N/S ratio of unity as a function of pH. 

Lowering of the reaction mixture’s pH from 2.6 to 0.9 caused a strong increase in 

turbidity. According to Figure 4.3, the decrease in pH from 2.6 to 0.9 resulted in a 

decrease in the degree of ionization of the cellulose nanocrystals from 0.50 to 0.02 

whereas the degree of ionization of chitosan stayed constant and had a value of unity. The 

observed increase in turbidity was attributed to an increase in the size of the PEC 

particles with decreasing SO3
–/NH3

+ charge ratio, as more and more cellulose 

nanocrystals were needed to compensate the charge of a given number of ammonium 

groups. In addition, the chitosan chains may partially uncoil as some of the ammonium 

groups along the chitosan backbone loose their counter ion (SO3
–). Raising the reaction 

mixture’s pH from 2.6 to 11.4 caused initially no change in turbidity and then a decrease 

above a pH value of about 5.5. At pH 5.5, the cellulose nanocrystals had a degree of 

ionization of unity and chitosan had a degree of ionization of 0.89. The degree of 

ionization of chitosan reached a value of zero at a pH of about 9. The observed decrease 

in turbidity was attributed to a decrease in the size of the PEC particles. As the chitosan 

degree of ionization decreased, the PEC particles may have partially dissociated and 

rearranged into smaller particles with a higher chitosan/cellulose mass ratio. Furthermore, 
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the decrease in chitosan charge density may have caused the chitosan molecules to form 

tighter coils and precipitate. The observed decrease in PEC particle size with increasing 

pH above 5.5 was in agreement with the results of López-León et al. (2005) who 

observed a decrease in mean particle diameter for a pH increase from 4 to 7 in 

suspensions of chitosan–tripolyphosphate nanoparticles. 

The morphology of chitosan–cellulose nanocrystal PEC particles equilibrated at 

different pH values were analyzed by FE-SEM. Figure 4.5 shows SEM images of 

particles equilibrated at a pH of 1.0, 4.5, 6.5, 7.5, and 9.0. At all pH values, the particles 

were roughly spherical in shape. The SEM images confirmed a decrease in particle size 

with increasing pH. 
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Figure 4.5. FE-SEM images of PEC particles equilibrated at different pH values: (a) 

1.0, (b) 4.5, (c) 6.5, (d) 7.5, (e) 9.0. Scale bar: 1 µm (applies to all images). 

4.4.2. Effect of Ionic Strength 

Figure 4.6 shows the turbidimetric titration curves for the addition of a 0.02% (w/v) 

cellulose nanocrystal suspension to a 0.001% (w/v) chitosan solution for a pH of 2.6 and 

different ionic strengths. The maximum turbidity observed in the presence of electrolyte 
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was slightly lower than that observed in the absence of electrolyte. Furthermore, in the 

absence of electrolyte, the maximum turbidity was reached at an S/N ratio of 0.5, 

whereas at ionic strengths of 0.1 M and 0.4 M, the maximum turbidity was reached at 

S/N ratios of 0.75 and unity, respectively. In other words, at S/N ratios below unity a 

higher ionic strength resulted in a lower turbidity. As mentioned earlier, small amounts of 

salt, present during the formation of PECs, have been shown to enable rearrangement 

processes toward a state of thermodynamic equilibrium (Bakeev et al., 1988). The lower 

turbidity values observed at higher ionic strengths might therefore indicate smaller PEC 

particles with closer-to-equilibrium structures. 
 
 

 
 

Figure 4.6. Turbidimetric titration curves for the addition of a cellulose nanocrystal 

suspension to a chitosan solution for different ionic strengths and a pH of 

2.6. (Data points are means of three measurements. Error bars represent 

one standard deviation.) 

Figure 4.7 shows the turbidity of a reaction mixture with an N/S ratio of unity as a 

function of ionic strength. The initial pH and ionic strength of the reaction mixture were 

2.6 and 1 mM, respectively. The ionic strength of six aliquots of the reaction mixture was 

adjusted to different values through addition of 5 M NaCl and the turbidity of each 
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aliquot was determined after a short equilibration period (3 min). The turbidity decreased 

with increasing ionic strength up to an ionic strength of 0.1 M. Upon further increase of 

the ionic strength, the turbidity leveled off and asymptotically approached a minimum 

turbidity level. 
 
 

 
 

Figure 4.7. Turbidity of a PEC particle suspension of pH 2.6 and a reaction mixture 

N/S ratio of unity as a function of ionic strength. (Data points are means of 

three measurements. Error bars represent ± one standard deviation.) 

The observed changes in turbidity with ionic strength are in accordance with the 

observed maximum turbidity levels in the turbidimetric titrations (Figure 4.6). The 

maximum turbidity in the titrations decreased with an increase in ionic strength from 0 to 

0.1 M and stayed constant with an increase from 0.1 to 0.4 M. As shown above, at a pH 

of 2.6, only 50% of the sulfate groups on the cellulose nanocrystals are charged. 

Consequently, an N/S ratio of unity represents an NH3
+/SO3

–charge ratio of 2 and 

therefore an excess of chitosan ammonium groups. A low-molecular-weight electrolyte 

will partially screen the excess charge and enable the chitosan molecules to take on a 

more tightly coiled conformation, resulting in a shrinking of the particles. 
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The size and morphology of chitosan–cellulose nanocrystal PEC particles 

equilibrated at different ionic strengths were analyzed by FE-SEM. Figure 4.8 shows 

SEM images of particles equilibrated at an ionic strength of 0.001, 0.005, 0.1, and 0.5 M. 

The SEM images confirm that the particle size decreased with increasing ionic strength 

and that the decrease was more pronounced at lower ionic strengths. 
 
 

 
 

Figure 4.8. FE-SEM images of PEC particles equilibrated at different ionic strengths: 

(a) 1 mM, (b) 5 mM, (c) 100 mM, (d) 500 mM. Scale bar: 500 nm (applies 

to all images). 
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4.5. CONCLUSIONS 

The pH strongly affects the formation and properties of chitosan–cellulose 

nanocrystal PEC particles. The effect of the pH is based on its influence on the degree of 

ionization and, thus, charge density of the PEC components. A decrease in pH below a 

certain value causes swelling of the PEC particles due to a decrease in the charge density 

of the cellulose nanocrystals. An increase in pH above a certain value causes shrinking of 

the PEC particles due to a decrease in the charge density of chitosan. At levels within the 

range of this study, the ionic strength has a minor effect on the formation and properties 

of chitosan–cellulose nanocrystal PEC particles. An increase in ionic strength causes 

shrinking of the PEC particles due to charge screening. Formation of PEC particles at 

higher ionic strengths is less kinetically controlled and results in particles with closer-to-

equilibrium structures. 
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CHAPTER 5 

CHITOSAN–CELLULOSE NANOCRYSTAL POLYELECTROLYTE 

COMPLEX—PART III: EFFECTS OF CHITOSAN MOLECULAR 

WEIGHT AND DEGREE OF DEACETYLATION 

5.1. ABSTRACT 

This study was conducted to determine the effects of chitosan molecular weight and 

degree of deacetylation (DD) on the formation and properties of chitosan–cellulose 

nanocrystal polyelectrolyte complexes (PECs). Chitosan samples with three different 

molecular weights (81, 3·103, 6·103 kDa) and four different DDs (77, 80, 85, 89%) were 

used. The effects on PEC formation were determined by turbidimetric titration. An effect 

of the molecular weight of chitosan was not observed in turbidimetric titrations. Turbidity 

levels were higher for chitosans with higher DDs. PEC particles from chitosans with 

different molecular weights were characterized by scanning electron microscopy, 

dynamic light scattering, and laser Doppler electrophoresis. PECs from high-molecular-

weight chitosan were more spherical and those from medium-molecular-weight chitosan 

had a slightly larger hydrodynamic diameter than PECs from the respective other two 

chitosans. The molecular weight of chitosan was concluded to have no effect on the 

formation of chitosan–cellulose nanocrystal PEC particles and only a minor effect on the 

shape and size of the particles. The effect of chitosan DD on the formation and properties 

of chitosan–cellulose nanocrystal PEC particles was attributed to its correlation with 

charge density. 
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5.2. INTRODUCTION 

Chitosan is one of very few known polysaccharides that bear exclusively positive 

charges. A positive charge in polysaccharides is generally related to the amino group of 

2-amino-2-deoxy-D-glucopyranosyl (GlcN) residues, which is protonated in acidic 

aqueous media. In addition to these residues, chitosan contains 2-acetamido-2-deoxy-D-

glucopyranosyl (GlcNAc) residues, which under most conditions bear no charge. The 

proportions of GlcN and GlcNAc residues in a chitosan sample depend on the processing 

conditions during manufacture or preparation, involving the chemical or enzymatic 

deacetylation of the parent polysaccharide chitin. The fraction of GlcN residues in a 

chitosan sample is termed the degree of deacetylation (DD), generally expressed in 

percent. The polycationic nature and availability of chitosan render it attractive for 

applications involving ionic interactions. For such applications, the DD is a crucial 

parameter as it is related to the charge density along the polymer chain. 

An area of intense research, into which chitosan has been absorbed, is the area of 

polyelectrolyte complexes (PECs). PECs are intermolecular complexes of oppositely 

charged polyelectrolytes based on attractive Coulomb interactions (Thünemann et al., 

2004). The interest in PECs is motivated by their numerous current and potential 

applications, such as the encapsulation of sensitive ingredients in food products (de Kruif 

et al., 2004), the delivery of drugs (Liu et al., 2008) and genes (Midoux et al., 2008), the 

entrapment and delivery of proteins and immobilization of enzymes (Cooper et al., 

2005), and the encapsulation of cells (Bhatia et al., 2005). The properties of PECs depend 

on a number of factors, primarily the molecular weights and densities of ionizable groups 

of the two polyelectrolytes, the polyelectrolyte concentrations upon mixing, the mixing 

ratio, and the pH and ionic strength of the surrounding medium. 

The effect of molecular weight on the properties of PECs is incompletely 

understood. Several groups have reported the composition of PECs to be independent of 

the molecular weight of the polyelectrolytes (Vishalakshi et al., 1993; Becherán-Marón et 

al., 2004). Dautzenberg (2001) and his collaborators have observed no effect of the 

molecular weight of sodium poly(styrene sulfate) on the structural parameters of its PECs 

with poly(diallyldimethylammonium chloride). De Vasconcelos et al. (2006), on the 
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other hand, have reported an increase and shift in the turbidity maximum in turbidimetric 

titrations of poly(methacrylic acid) (PMMA) with chitosan toward a higher 

chitosan/PMMA mass ratio with increasing molecular weight of PMMA. The authors 

concluded that PECs from PMMA of higher molecular weight were more water-soluble 

and larger than PECs from PMMA of lower molecular weight. 

The effect of the density of ionizable groups, generally equated with the charge 

density, on the properties of PECs is much better understood as it has been more widely 

studied (Dautzenberg et al., 1982; Koetz et al., 1986; Vishalakshi et al., 1993; Hugerth et 

al., 1997; Dautzenberg and Jaeger, 2002; Shovsky et al., 2009a; Shovsky et al., 2009b). 

The results of these studies indicate that densely structured PECs are formed when the 

charge densities of the two polyelectrolytes are similar whereas highly swellable PECs 

with lower structural densities are formed in the case of a mismatch in the charge 

densities of the polyelectrolytes (Dautzenberg et al., 1996; Dautzenberg and Jaeger, 

2002). 

In the preceding chapters, we have reported a new type of PEC between chitosan 

and cellulose nanocrystals, anionic, rod-like nanoparticles. The formation and properties 

of these PECs were governed by the strong mismatch in density of the ionizable groups. 

A decrease in pH of the surrounding medium was found to amplify the mismatch and 

cause PEC particle swelling whereas an increase in pH resulted in particle shrinking. 

Moreover, an increase in ionic strength caused a slight decrease in particles size, which 

was attributed to charge screening. This study is a continuation of the previous work with 

the aim to deepen our understanding of the factors that affect the complexation of 

chitosan and cellulose nanocrystals. The specific objectives of this study were to 

determine the effects of the molecular weight and DD of chitosan on the formation and 

properties of chitosan–cellulose nanocrystal PEC particles. 
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5.3. MATERIALS AND METHODS 

5.3.1. Materials 

High, medium, and low molecular weight chitosan (Fluka BioChemika) was 

purchased from Sigma-Aldrich and purified as follows. Typically, 1 g of chitosan was 

dissolved overnight in 250 mL 0.1 N HCl and the solution was filtered through a series of 

Millipore polyvinylidene fluoride (PVDF) syringe filters (pore sizes 1, 0.45, and 0.22 

µm). Next, chitosan was precipitated by addition of 1 N NaOH until the solution pH 

reached 9–10. The purified chitosan was collected by centrifugation (4900 rpm for 15 

min at 4 °C), washed three times with deionized water, and freeze-dried overnight. The 

purified chitosans were characterized as described in Chapter 3. The characteristics of the 

three types of chitosan are listed in Table 5.1. 

Table 5.1. Characteristics of the high, medium, and low-molecular-weight chitosan 

Chitosan 

Molecular 
weight a 

(kDa) 
DDb 
(%) 

Hydrodynamic 
diameterc 

(nm) 

Electrophoretic 
mobilityd 

(µm·cm/V·s) 

Amino group 
densitye 

(mol/kg) 
High Mwf 6·103 87 319 ± 18 2.6 ± 0.2 6.1 
Medium Mwf 3·103 88 265 ± 14 3.2 ± 0.1 5.8 
Low Mwf 81 88 238 ± 52 1.7 ± 0.9 5.3 
a Calculated from the intrinsic viscosity 
b Determined by 1H NMR 
c Determined by dynamic light scattering 
d Measured with a Malvern Zetasizer Nano ZS 90 
e Determined by conductometric titration 
f molecular weight 

 

Cellulose nanocrystals were prepared and characterized as described in Chapter 3. 

Briefly, 50 g ground (60-mesh) dissolving-grade softwood sulfite pulp (Temalfa 93 A-A), 

kindly provided by Tembec, Inc., was treated with 500 mL 64 wt % H2SO4 at 45 °C for 

45 min. The hydrolysis was stopped by 10-fold dilution of the reaction medium with 

deionized water. The cellulose nanocrystals were collected by centrifugation and dialyzed 

against deionized water until the pH of the dialysis water stayed constant. The obtained 
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suspension was sonicated under ice-bath cooling and subsequently filtered through a 0.45 

1 µm and then 0.22 µm PVDF syringe filter. The concentration of the filtered cellulose 

nanocrystal stock suspension was generally in the range of 0.6–0.9% (w/v). The results 

reported here stem from two different batches of cellulose nanocrystals. The second batch 

(Batch 2) was prepared with a hydrolysis time of 60 min instead of 45 min, resulting in 

slightly different properties, compared to the first batch (Batch 1). The nanocrystals were 

characterized as described in Chapter 3. Table 5.2 lists the characteristics of the cellulose 

nanocrystals from the two batches. 

Table 5.2. Characteristics of the cellulose nanocrystals from the two batches 

Cellulose nanocrystal sample 

Hydrodynamic 
diametera 

(nm) 

Electrophoretic 
mobilityb 

(µm·cm/V·s) 

Sulfate group 
densityb 

(mol/kg) 
Batch 1 104 ± 4 -2.8 ± 0.2 0.18 
Batch 2 68 ± 5 -3.1 ± 0.4 0.33 
a Determined by dynamic light scattering 
b Determined by conductometric titration 

 

Beta-(1,4)-2-acetamido-2-deoxy-D-glucose (chitin) was purchased from ACROS, 

New Jersey, USA. H2SO4 (>95%), HCl (0.1 N, certified), NaOH (0.1 N and 1.0 N, 

certified), and NaCl (certified) were purchased from Fisher Scientific. 50% NaOH was 

ACS reagent grade and purchased from Ricca Chemical Company, Texas, USA. The 

water used in the experiments was deionized water from a Millipore Direct-Q 5 Ultrapure 

Water System (resistivity at 25 °C: 18.2 MΩ·cm). 

5.3.2. Preparation of Chitosan Samples with Different DDs 

Chitosan samples with different DDs were prepared by deacetylation of chitin 

according to literature procedures (Mima et al., 1983; No and Meyers, 1995). In detail, 

20 g chitin was heated for 1 h under nitrogen and stirring in 400 mL 47% NaOH at 

110 °C. The reaction mixture was allowed to cool to 80 °C and the reaction product was 

washed with deionized water and dried in an oven at 105 °C for 2 h. Approximately 5 g 
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of the reaction product was set aside and the rest was subjected again to the procedure 

above. This process was repeated twice more to yield a total of four samples with 

different DDs. Finally, the chitosan samples were purified as described above by 

dissolution, filtration, precipitation, washing, and freeze-drying. 

5.3.3. Characterization of Chitosan Samples with Different DDs 

5.3.3.1. Molecular weight 

The molecular weights of the four prepared chitosan samples were determined with 

the viscosity method using the Mark–Houwink equation ([η] = KMa) as described in 

Chapter 3. The values used for the Mark–Houwink parameters, K and a, obtained from 

the literature (Wang et al., 1991), were K = 1.64 × 10–30 × DD14, and a = –1.02 × 10–2 × 

DD + 1.82. 

5.3.3.2. Degree of Deacetylation 

The DDs of the four samples were determined by FTIR spectroscopy according to 

the method by Baxter et al. (1992). The method is based on the intensity ratio of the 

amide I band at 1650 cm-1 and the hydroxyl band at 3450 cm-1. KBr pellets were prepared 

by grinding 98 mg of dry KBr with 2 mg of sample and compressing the mixture between 

the ends of two stainless steel bolts inserted from opposite ends into a deep stainless steel 

nut, which served as the sample holder. The KBr pellet was dried in an oven prior to the 

measurement. FTIR spectra were recorded from KBr pellets with a resolution of 4 cm-1 

and a number of scans of 128 using a Thermo Nicolet Nexus 470 FTIR spectrometer.  

5.3.4. Preparation of Chitosan Solutions 

Chitosan solutions for the complexation experiments were prepared from a stock 

solution of ~0.1% (w/v) by dilution with deionized water. For preparation of the stock 

solution, purified chitosan was dried in an oven at 105 °C for 2 h. Then, 0.1 g of the 
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oven-dried, purified chitosan was dissolved in 100 mL 0.1 N HCl. The exact 

concentration of the stock solution was determined in triplicate by thermogravimetric 

analysis as described in Chapter 3. Prior to the complexaton experiments, the pH and 

ionic strength of the chitosan solutions were adjusted with 0.1 N HCl or 0.1 N NaOH and 

NaCl, respectively. 

5.3.5. Preparation of Cellulose Nanocrystal Suspensions 

Dilute cellulose nanocrystal suspensions for the complexation experiments were 

prepared from the filtered stock suspension by dilution with deionized water. Prior to the 

complexation experiments, the pH and ionic strength of the cellulose nanocrystal 

suspensions were adjusted with 0.1 N HCl or 0.1 N NaOH and NaCl, respectively. 

5.3.6. Turbidimetric Titrations 

Turbidimetric titrations were performed with a 0.001% (w/v) chitosan solution and 

a 0.02% (w/v) cellulose nanocrystal suspension, both having a pH of 2.6 and an ionic 

strength of 1 mM. The concentrations, pH, and ionic strength were chosen based on the 

results reported in Chapters 3 and 4. In a turbidimetric titration experiment, the cellulose 

nanocrystal suspension was added drop-wise under vigorous stirring with a magnetic bar 

to the chitosan solution or vice versa. The transmittance of the reaction mixture was 

monitored with a probe colorimeter (PC 950, Brinkman, USA) with a 1 cm optical cell (2 

cm path length), operating at a wavelength of 420 nm. Turbidity values were calculated 

as 100 – transmittance (%). Prior to each titration, the probe colorimeter was zeroed in 

deionized water. Each experiment was performed in triplicate. 
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5.3.7. Characterization of PEC Particles 

5.3.7.1. Morphology 

The morphology of chitosan–cellulose nanocrystal PEC particles was analyzed by 

field emission scanning electron microscopy (FE-SEM). Images were recorded with a 

LEO 1550 FE-SEM using an accelerating voltage of 5 kV and a working distance of 4 

mm. Particles for SEM imaging were prepared at an amino/sulfate group molar ratio (N/S 

ratio) of unity by mixing under vigorous stirring with a magnetic bar the appropriate 

amounts of a 0.001% (w/v) chitosan solution and a 0.02% (w/v) cellulose nanocrystal 

suspension, both having a pH of 3.4 and an ionic strength of 1 mM. For SEM sample 

preparation, a 10 µL drop of the PEC particle suspension was deposited onto Ni–Cu 

conductive tape (Ted Pella) mounted onto a standard SEM stub (Ted Pella) and allowed 

to dry under ambient conditions. Prior to imaging, the SEM samples were coated with a 

thin (6 nm) layer of carbon. 

5.3.7.2. Hydrodynamic diameter and electrophoretic mobility 

The z-average hydrodynamic diameter and electrophoretic mobility of chitosan–

cellulose nanocrystal PEC particles were measured with a Malvern Zetasizer Nano ZS90 

using Malvern DTS1060 folded capillary cells. Particles for this analysis were prepared 

at an sulfate/amino group molar ratio (S/N ratio) of 0.3 by mixing under rapid stirring 

with a small magnetic bar the appropriate amounts of a 0.001% (w/v) chitosan solution 

and a 0.02% (w/v) cellulose nanocrystal suspension, both having a pH of 2.6 and an ionic 

strength of 1 mM. The resulting PEC particle suspensions were used directly without 

further dilution or filtration. Measurements were performed in triplicate at 25 °C. 

5.3.8. Statistical Data Analysis 

The turbidity data from the turbidimetric titrations were analyzed using one-way 

analysis of variance (ANOVA) with a 95% confidence interval (α = 0.05) and Tukey's 
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HSD (Honestly Significant Difference) test. Statistical analysis of the data was carried 

out with the SAS software JMP 7.0. 
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5.4. RESULTS AND DISCUSSION 

5.4.1. Effect of Chitosan Molecular Weight 

The complexation of cellulose nanocrystals with chitosans of different molecular 

weight was studied by turbidimetric titration. The titration curves for the titration of a 

chitosan solution with a cellulose nanocrystal suspension from both Batch 1 and 2 are 

shown in Figure 5.1. In all titrations, upon addition of the cellulose nanocrystal 

suspension to the chitosan solution, the turbidity increased rapidly initially and then 

leveled off or decreased slightly at higher S/N ratios. In the titrations using cellulose 

nanocrystals from Batch 1 (Figure 5.1(a)), the maximum turbidity was reached at lower 

S/N ratios than in the titrations using cellulose nanocrystals from Batch 2 (Figure 5.1(b)). 

The difference was attributable to the higher cellulose/chitosan mass ratio required for 

charge stoichiometry in the case of the cellulose nanocrystals with lower sulfate group 

density. The turbidimetric titrations were carried out at a pH of 2.6. As shown in Chapter 

4, at this pH the cellulose nanocrystals had a degree of ionization of 0.5, i.e. only 50% of 

the available sulfate groups were deprotonated and negatively charged. Charge 

stoichiometry, or an NH3
+/SO3

– ratio of unity, required a cellulose/chitosan mass ratio of 

about 66:1 for the cellulose nanocrystals from Batch 1 and of about 35:1 for the cellulose 

nanocrystals from Batch 2. As a result, PEC particles prepared with cellulose 

nanocrystals from Batch 1 probably contained more cellulose nanocrystals and were 

bulkier than PEC particles prepared with cellulose nanocrystals from Batch 2. The initial 

formation of bulkier PEC particles in the case of cellulose nanocrystals from Batch 1 

might be the reason for the observed faster increase in turbidity. 

The titration curves for different molecular weights of chitosan differed slightly. 

Because of the large standard deviations of the measured turbidity values (error bars in 

Figure 5.1), the significance of the observed differences in the titration curves was 

assessed by one-way ANOVA of the turbidity data. The ANOVA test results are listed in 

Table 5.3. 
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Figure 5.1. Turbidimetric titration curves for the addition of a cellulose nanocrystal 

suspension to a chitosan solution for different molecular weight chitosans 

and cellulose nanocrystals from (a) Batch 1 and (b) Batch 2. (Data points 

are means of three measurements. Error bars represent ± one standard 

deviation.) 



 

 117 

Table 5.3. One-way ANOVA test results (α = 0.05) for the effect of molecular weight of 

the commercial chitosan samples on the turbidity 

Source of cellulose nanocrystals DF F Ratio Prob > F 
Batch 1 2 0.1250 0.8827 
Batch 2 2 0.4208 0.6580 

 

Statistical analysis of the turbidity data revealed that there was no significant 

difference between the data from different molecular weight chitosans. Thus, an effect of 

the molecular weight of chitosan was not observed in the turbidimetric titrations 

experiments. 

The effect of the molecular weight of chitosan on the morphology of chitosan–

cellulose nanocrystal PEC particles was studied by SEM. Figure 5.2 shows FE-SEM 

images of PEC particles prepared with different molecular weight chitosans. The particles 

from high-molecular-weight chitosan appeared to be more spherical than the particles 

from medium and low-molecular-weight chitosan. This finding is in accordance with the 

results of Ko et al. (2002), who reported more spherical particle shapes at higher 

molecular weights for tripolyphosphate-crosslinked chitosan microparticles. 

Table 5.4 lists the hydrodynamic diameters and electrophoretic mobilities of 

chitosan–cellulose nanocrystal PEC particles from different molecular weight chitosans. 

The particles were formed at an N/S ratio of 0.3 to yield sizes within the analytical range. 

The particles from medium-molecular-weight chitosan were slightly larger than those 

from high and low-molecular weight chitosan. PEC particles from the latter two types 

were of comparable size. The slightly larger size of the PEC particles from medium-

molecular-weight chitosan might indicate and optimum length ratio of the PEC 

components. The estimated length ratios (contour length of the chitosan molecules/length 

of the cellulose nanocrystals) were 140, 70, and 2:1 for the high, medium, and low-

molecular weight chitosan respectively. The electrophoretic mobilities of the PEC 

particles were positive for all chitosan types, indicating a non-stoichiometric composition 

and excess of ammonium groups in the particles. 
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Figure 5.2. FE-SEM images of PEC particles formed by addition of a cellulose 

nanocrystal suspension to a chitosan solution for different chitosan 

molecular weights: (a) 6·103 kDa, (b) 3·103 kDa, (c) 80 kDa. Scale bar: 

3 µm (applies to all images). 

 

Table 5.4. Hydrodynamic diameter and electrophoretic mobility of PEC particles from 

different molecular weight chitosans 

Sample 
Hydrodynamic diameter 

(nm) 
Electrophoretic mobility 

(µm·cm/V·s) 
PEC with high-molecular-weight chitosan 373 ± 9 3.0 ± 0.1 
PEC with medium-molecular-weight chitosan 539 ± 32 3.4 ± 0.1 
PEC with low-molecular-weight chitosan 363 ± 37 2.9 ± 0.2 
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Our results are in accordance with those studies that have found the molecular 

weight to have not effect on the parameters of PECs (Vishalakshi et al., 1993; 

Dautzenberg, 2001; Becherán-Marón et al., 2004). 

5.4.2. Effect of Chitosan Degree of Deacetylation 

The effect of the DD of chitosan on chitosan–cellulose nanocrystal PEC particles 

was studied by turbidimetric titration using chitosan samples prepared by a chitin 

deacetylation procedure. The characteristics of these chitosan samples are listed in Table 

5.5. The data in Table 5.5 shows that the deacetylation procedure caused a decrease in the 

molecular weight in addition to an increase in the DD. 

Table 5.5. Characteristics of the chitosan samples prepared in-house by chitin 

deacetylation 

Number of deacetylation cycles Molecular weight a (kDa) DDb (%) 
1 1.7 77 
2 1.9 80 
3 1.4 85 
4 1.0 89 

a Calculated from intrinsic viscosity 
b Determined by FTIR spectroscopy 

 

The turbidimetric titrations curves for titrations of cellulose nanocrystal suspensions 

from Batch 1 with chitosan solutions of different DD are shown in Figure 5.3. Upon 

addition of the chitosan solution to the cellulose nanocrystal suspension, the turbidity 

increased rapidly initially and then leveled off. At higher volumes of chitosan solution 

added, the turbidity decreased slightly in accordance with the results reported in Chapter 

3 for the effect of mixing sequence. 
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Figure 5.3. Turbidimetric titration curves for the addition of a chitosan solution to a 

cellulose nanocrystal suspension for chitosans with different DDs. (Data 

points are means of three measurements. Error bars are omitted for clarity.) 

At any given volume of chitosan solution added, the turbidity increased with 

increasing DD. To establish whether the observed effect was related to the sample 

differences in DD or molecular weight, we analyzed the turbidity data by one-way 

ANOVA. The ANOVA test results are shown in Table 5.6. 

Table 5.6. One-way ANOVA test results (α = 0.05) for the effects of DD and molecular 

weight of the deacetylated chitin samples on the turbidity 

Effect DF F Ratio Prob > F 

Molecular weight 2 1.7644 0.2497 
DD 3 8.7221 <.0001* 

 

Analysis of the data by one-way ANOVA showed that the molecular weight did not 

have a significant effect on the turbidity and that the differences in the turbidity curves 

were due to the differences in DD. Post hoc comparisons using the Tukey HSD test 
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(Table 5.7) indicated that the turbidity levels for a DD of 80 and 77% were significantly 

lower than for a DD of 89 and 85%. 

Table 5.7. Significance levels and least squares means (Tukey HSD, α = 0.05) for the 

effect of DD of the deacetylated chitin samples on the turbidity 

Number of deacetylation cycles Level (DD %) Significancea Least Squares Mean 

1 77 A 4.871285 
2 80 A 5.270278 
3 85 B 5.422639 
4 89 B 5.975972 

a Levels not connected by same letter are significantly different 

 

A lower DD signifies a lower charge density resulting in a closer match in the 

charge densities of the two components since the charge density of the cellulose 

nanocrystals was much lower than that of chitosan. According to a study by Dautzenberg 

and Jaeger (2002), PECs have a denser structure when the charge densities of the two 

polyelectrolytes are similar and a less dense structure when there is a mismatch in the 

charge densities. In light of these findings, the lower turbidity levels for the lower DD 

chitosans could be attributed to a higher structural density of the PEC particles. An 

alternative explanation could be that a higher charge density of chitosan requires a larger 

number of cellulose nanocrystals for charge compensation. Thus, PEC particles from 

chitosans with higher DDs might contain a larger number of cellulose nanocrystals and 

therefore be larger than PEC particles from chitosans with lower DDs.  
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5.5. CONCLUSIONS 

The molecular weight of chitosan has no effect on the formation of chitosan–

cellulose nanocrystal PEC particles and only a minor effect on the shape and size of the 

particles. The effect of chitosan DD on the formation and properties of chitosan–cellulose 

nanocrystal PEC particles is based on its correlation with charge density. Chitosans with 

higher DDs form larger PEC particles because the higher charge density requires a larger 

number of cellulose nanocrystal for charge compensation. 
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CHAPTER 6 

CHITOSAN–CELLULOSE NANOCRYSTAL POLYELECTROLYTE 

COMPLEX—PART IV: IN VITRO DRUG RELEASE PROPERTIES 

6.1. ABSTRACT 

Polyelectrolyte complexes (PECs) between chitosan, a mucoadhesive, permeability-

enhancing polysaccharide, and cellulose nanocrystals, rod-like cellulose nanoparticles 

with sulfate groups on their surface, have potential applications in oral drug delivery. The 

purpose of this research was to determine the in vitro drug release properties of chitosan–

cellulose nanocrystal PEC particles, using caffeine and ibuprofen as model drugs. Drug-

loaded PEC particles were characterized by FTIR spectroscopy and scanning electron 

microscopy. The drug-loaded PEC particles were spherical in shape and had diameters of 

a few hundred nanometers to a few micrometers. Release of caffeine from the PEC 

particles at a pH of 3.4 and an ionic strength of 1 mM was rapid and uncontrolled. 

Ibuprofen-loaded PEC particles showed no release in simulated gastric fluid and rapid 

release in simulated intestinal fluid. Complexation of ionized ibuprofen by chitosan was 

potentially the reason for the incomplete release observed in simulated intestinal fluid. 

Chitosan–cellulose nanocrystal PEC particles provided no control over the release rates 

of caffeine and ibuprofen and did not noticeably enhance the solubility of ibuprofen in 

simulated gastric fluid. Further evaluation studies should focus on the expected 

mucoadhesive and permeability-enhancing properties.  
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6.2. INTRODUCTION 

In oral drug delivery, multi-particulate dosage forms have several advantages over 

single-unit formulations. They distribute more uniformly in the gastrointestinal (GI) tract, 

resulting in more uniform drug release and a reduced risk of local irritation. Moreover, 

their larger surface area-to-volume ratio provides a larger interface for partitioning and 

release of the drug. One of the main challenges of oral drug delivery is the limited and 

variable GI transit time of the drug formulation. Particles smaller than 10 µm in diameter 

are assumed to have the advantage of entering the intestinal mucosa, resulting in longer 

residence times in the intestine and close contact between the drug formulation and the 

site of absorption (Galindo-Rodriguez et al., 2005). The ability of submicron particles to 

provide extended release of the encapsulated drug, enhance its absorption and, thus, 

bioavailability has been demonstrated in several in vivo studies (Dunn and Hollister, 

1995; Callender et al., 1999; Arangoa et al., 2001; Jiao et al., 2002; Wang et al., 2004). 

However, a study by Kreuter et al. (1989), involving mice, reported a low retention of 

only 5% of orally administered nanoparticles 24 h after administration. 

One possible means of controlling the residence time of drug formulations in the 

small intestine is to incorporate materials into the formulation that engage in nonspecific 

or specific interactions with the mucosal membrane, thus temporarily immobilizing the 

drug formulation in the small intestine. In addition to prolonging the transit time through 

the small intestine, mucoadhesive drug formulations release the drug near the site of 

absorption, limiting the drugs exposure to digestive enzymes. A mucoadhesive material 

that has received substantial attention in oral drug delivery is chitosan, a linear 

polysaccharide of β(1–4)-linked 2-amino-2-deoxy-D-glucopyranose and 2-acetamido-2-

deoxy-D-glucopyranose residues. The mucoadhesive properties of chitosan-coated 

nanoparticles have been attributed to attractive electrostatic interactions between the 

negatively charged intestinal mucosa and the positively charge nanoparticles as well as 

physical entanglements between the chitosan molecules and mucus components 

(Kawashima et al., 2000). In addition, chitosan has been shown to open up the tight 

junctions in the intestinal epithelium (Illum et al., 1994; Kotze et al., 1997; Schipper et 

al., 1997; Junginger and Verhoef, 1998). Chitosan is therefore considered a GI 
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paracellular permeability enhancer, i.e. a compound that increases the flux of poorly 

absorbed drugs through the intestinal epithelium by modulating the paracellular pathway. 

Nanoparticulate chitosan matrices have shown promise in the oral delivery of both 

hydrophilic and hydrophobic drugs (El-Shabouri, 2002; Pan et al., 2002; Ma et al., 2005). 

Several methods for the preparation of multi-particulate chitosan drug delivery systems 

have been explored. Because chitosan is soluble in the acidic environment of the 

stomach, it has to be crosslinked for chitosan-based particles to maintain integrity. 

Chemical crosslinking methods often involve organic solvents or toxic crosslinking 

agents, such as glutaraldehyde (Wei et al., 2008), which could be detrimental if released 

in the GI tract. Ionic crosslinking with low molecular weight, negatively charged 

multivalent ions, in particular tripolyphosphate, is generally preferred because of the mild 

conditions during particle preparation and the absence of toxic substances (Agnihotri et 

al., 2004). Alternatively, ionic crosslinking with negatively charged polyelectrolytes has 

been investigated for the formation of chitosan-containing micro- and nanoparticles for 

oral drug delivery. To this end, many natural and synthetic polyanions have been studied, 

including alginate (Cekic et al., 2007; Sarmento et al., 2007b; Sarmento et al., 2007c; Dai 

et al., 2008; Liu et al., 2008; Motwani et al., 2008), hyaluronic acid (de la Fuente et al., 

2008a; de la Fuente et al., 2008b), xanthan (Chellat et al., 2000a; Chellat et al., 2000b), 

pectin (Wong and Nurjaya, 2008), poly-γ-glutamic acid (Dai et al., 2007; Hajdu et al., 

2008), carboxymethyl cellulose (Zhang et al., 2001; Gomez-Burgaz et al., 2008),  κ-

carrageenan (Piyakulawat et al., 2007), chondroitin sulfate (Sui et al., 2008), heparin (Liu 

et al., 2007), chitosan sulfate (Berth et al., 2002), and dextran sulfate (Schatz et al., 

2004a; Schatz et al., 2004b; Sarmento et al., 2006; Chen et al., 2007; Drogoz et al., 2007; 

Sarmento et al., 2007a; Drogoz et al., 2008). 

In the preceding chapters, we have reported a new type of polyelectrolyte complex 

(PEC) between chitosan and cellulose nanocrystals, rod-like cellulose nanoparticles with 

a small number of sulfate groups on the surface. The motivation for the research was two-

fold. First, the study of ionic complexes between a polyelectrolyte and a rod-like 

nanoparticle might yield new insights into charge-based self-assembly processes. Second, 

ionic complexes of chitosan and cellulose might show promise for oral drug delivery 
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applications. Though it has not been experimentally proven, the safety of cellulose 

nanocrystals with regard to oral consumption is likely, given the following facts: 

Cellulose, in the form of micron-scale particles has been used as a pharmaceutical 

excipient since 1966 (Steele et al., 2003). Microparticulate cellulose has GRAS 

(generally recognized as safe) status with the U.S. Food and Drug Administration. An in 

vivo study has revealed no physical or chemical breakdown of micron and sub-micron 

cellulose particles in humans upon ingestion (Tusing et al., 1964). And finally, a study on 

the GI absorption of sodium cellulose sulfate in cats has shown that cellulose sulfate is 

neither hydrolyzed nor absorbed from the duodenal loops and that GI absorption upon 

administration by mouth is insignificant (Morrow et al., 1952). These facts suggest that 

cellulose nanocrystals would neither be absorbed nor digested when administered orally. 

Chitosan is generally considered safe for oral administration (Agnihotri et al., 2004). 

Our previous studies have shown that the formation and properties of chitosan–

cellulose nanocrystal PECs are governed by the strong mismatch in the densities of 

ionizable groups. The molecular weight and degree of deacetylation of chitosan as well as 

the ionic strength of the surrounding medium have had a minor effect. The PECs had 

diameters of several hundred nanometers to several micrometers, depending on the 

preparation conditions, and showed strong swelling at pH values below 2, due to 

protonation of the sulfate groups of the cellulose nanocrystals, and shrinking at pH values 

above 6, due to deprotonation of the chitosan amino groups. This study is a continuation 

of the previous work with the aim to evaluate the potential of chitosan–cellulose 

nanocrystal PECs in oral drug delivery applications. The specific objectives of this study 

were to determine the drug release properties of the PECs. Caffeine and ibuprofen were 

chosen as a highly soluble, non-ionizable and a poorly soluble, ionizable model drug, 

respectively. The molecular structures of caffeine and ibuprofen are shown in Figure 6.1.  
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Figure 6.1. Molecular structures of caffeine (a) and ibuprofen (b). 

Caffeine is a heterocyclic aromatic molecule with a pKa of its conjugate acid of 

around 0.7 (Katsu et al., 2008). The caffeine molecule is therefore neutral at most pH 

values. The solubility of caffeine in aqueous media is around 22 mg/mL (Al-Maaieh and 

Flanagan, 2002). Ibuprofen is an aromatic carboxylic acid, the pKa of which has been 

reported to lie in the range 4.4–5.3 (Shaw et al., 2005; Domanska et al., 2009). Its 

solubility in aqueous media is strongly dependent on pH and has been reported as 0.058 

mg/mL in the pH range 1–4 and 0.938 mg/mL at a nominal pH of 7 (actual pH of 5.55) 

(Shaw et al., 2005). 



 

 131 

6.3. MATERIALS AND METHODS 

6.3.1. Materials 

Chitosan (medium molecular weight, Fluka BioChemika) was purchased from 

Sigma-Aldrich and purified as follows. Typically, 1 g of chitosan was dissolved 

overnight in 250 mL 0.1 N HCl and the solution was filtered through a series of Millipore 

polyvinylidene fluoride (PVDF) syringe filters (pore sizes 1, 0.45, and 0.22 µm). Next, 

chitosan was precipitated by addition of 1 N NaOH until the solution pH reached 9–10. 

The purified chitosan was collected by centrifugation (4900 rpm for 15 min at 4 °C), 

washed three times with deionized water, and freeze-dried overnight. The purified 

chitosan was characterized as described in Chapter 3. The molecular weight and degree 

of deacetylation were 3.1 × 106 Dalton and 87.8%, respectively. The amino group density 

was 5830 mmol/kg. 

Cellulose nanocrystals were prepared and characterized as described in Chapter 3. 

Briefly, 50 g ground (60-mesh) dissolving-grade softwood sulfite pulp (Temalfa 93 A-A), 

kindly provided by Tembec, Inc., was treated with 500 mL 64 wt % H2SO4 at 45 °C for 

45 min. The hydrolysis was stopped by 10-fold dilution of the reaction medium with 

deionized water. The cellulose nanocrystals were collected by centrifugation and dialyzed 

against deionized water until the pH of the dialysis water stayed constant. The obtained 

suspension was sonicated under ice-bath cooling and subsequently filtered through a 0.45 

µm and then 0.22 µm PVDF syringe filter. The concentration of the filtered cellulose 

nanocrystal stock suspension was generally in the range of 0.6–0.9% (w/v). The cellulose 

nanocrystals had a sulfate group density of 333 mmol/kg. 

Caffeine (99.7 %) was purchased from Alfa Aesar. Ibuprofen (99%, Acros 

Organics), H2SO4 (> 95%), HCl (0.1 N, certified), NaOH (0.1 N and 1.0 N, certified), 

NaCl (certified), and phosphate buffered saline (ACS reagent grade) were purchased 

from Fisher Scientific. Simulated gastric fluid (ACS reagent grade) was purchased from 

Ricca Chemical Company. The water used in the experiments was deionized water from 

a Millipore Direct-Q 5 Ultrapure Water System (resistivity at 25 °C: 18.2 MΩ·cm). 
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6.3.2. Preparation of Chitosan Solutions 

Chitosan solutions were prepared from a stock solution of ~0.1% (w/v) by dilution 

with deionized water. For preparation of the stock solution, purified chitosan was dried in 

an oven at 105 °C for 2 h. Then, 0.1 g of the oven-dried, purified chitosan was dissolved 

in 100 mL 0.1 N HCl. The exact concentration of the stock solution was determined in 

triplicate by thermogravimetric analysis as described in Chapter 3. The pH and ionic 

strength of the final solutions were adjusted with 0.1 N HCl or 0.1 N NaOH and NaCl, 

respectively. 

6.3.3. Preparation of Cellulose Nanocrystal Suspensions 

Dilute cellulose nanocrystal suspensions were prepared from the filtered stock 

suspension by dilution with deionized water. The pH and ionic strength were adjusted 

with 0.1 N HCl or 0.1 N NaOH and NaCl, respectively. 

6.3.4. UV–vis Spectroscopy 

Solution concentrations of caffeine and ibuprofen were determined by UV–vis 

spectroscopy using a Thermo Scientific Evolution 300 UV–vis spectrophotometer and 

1 cm light-path-length quartz cuvettes. UV–vis spectra of solutions were recorded at 

solution concentrations between 10 and 100 µM using a bandwidth of 1.0 nm, intelliscan 

scan speed, and 3 scan cycles. Caffeine concentrations were measured at a wavelength of 

273 nm and ibuprofen concentrations at 222 nm. 

6.3.5. Drug Loading Procedures 

6.3.5.1. Caffeine Loading 

Caffeine loading experiments were performed with a 0.001% (w/v) chitosan 

solution and a 0.02% (w/v) cellulose nanocrystal suspension, both having a pH of 3.4 and 
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ionic strength of 1 mM. The volumes of the chitosan solution and cellulose nanocrystal 

suspension to be added to one another were chosen to yield a sulfate/amino group molar 

ratio of unity. Two different drug loading methods were evaluated. In Method 1, a certain 

amount of caffeine was dissolved in the chitosan solution and the cellulose nanocrystal 

suspension was subsequently added drop-wise and under stirring (500 rpm), resulting in 

the formation of caffeine-loaded PECs. In Method 2, caffeine was dissolved in the 

cellulose nanocrystal suspension and the chitosan solution was added. The amount of 

caffeine was chosen based on the final volume of the PEC suspension to yield a caffeine 

concentration of 2 mg/mL. After stirring at 250 rpm for 24 h, the loaded PEC particles 

were collected by centrifugation for 15 min at 4400 rpm and 4 °C. The supernatant was 

decanted and the loaded PEC particles were resuspended by vortexing in deionized water, 

freeze-dried over night, and oven-dried at 80 °C for 2 h. The drug loading and loading 

efficiency were calculated using eqs 6.1 and 6.2, respectively. 

 
    

€ 

drug loading (%) =
mA −mB

mPEC
×100% [6.1] 

 
    

€ 

loading efficiency (%) =
mA −mB

mA
×100% [6.2] 

where mA is the mass of drug initially present, mB is the mass of drug present in the 

supernatant, and mPEC is the mass of unloaded PEC particles, taken to be the combined 

mass of chitosan and cellulose nanocrystals before complexation. The drug concentration 

in the supernatant, for calculation of mB, was determined spectrophotometrically. 

In a modified loading method, denoted hereafter with -d, the loaded PEC particles 

were freeze-dried directly from the caffeine solution, omitting the centrifugation and 

resuspension steps. All experiments were performed in triplicate. 

6.3.5.2. Ibuprofen Loading 

Because of the low solubility of ibuprofen in acidic aqueous media (~ 0.06 mg/mL 

at pH 1–4 (Shaw et al., 2005)), loading of ibuprofen into PEC particles was carried out in 
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a mixed solvent system. The solvent system consisted of ethanol and deionized water at a 

volume ratio of 80:20. The pH and ionic strength were adjusted through addition of 0.1 N 

HCl and NaCl to 4.6 and 1 mM, respectively. Ibuprofen was dissolved in the solvent 

system at a concentration of 2 mg/mL. PEC particles for ibuprofen loading were prepared 

by mixing a 0.001% (w/v) chitosan solution with a 0.02% (w/v) cellulose nanocrystal 

suspension, both having a pH and ionic strength of 2.6 and 1 mM, respectively, at a 

sulfate/amino group molar ratio of 1:1. The PEC particles were collected by 

centrifugation, washed three times with deionized water, and freeze dried. For ibuprofen 

loading, 20 mg of PEC particles, were added to 25 mL of the ibuprofen solution and 

stirred at 200 rpm for 24 h. The loaded PEC particles were collected by centrifugation for 

15 min at 4400 rpm and 4 °C. The supernatant was decanted and the loaded PEC particles 

were resuspended in deionized water, freeze-dried over night, and oven-dried at 80 °C for 

2 h. The drug loading and loading efficiency were calculated as described above. All 

experiments were performed in triplicate. 

6.3.6. In Vitro Drug Release Procedures 

6.3.6.1. Caffeine Release 

Caffeine release experiments were carried out at room temperature at a pH of 3.4 

and an ionic strength of 1 mM. Ten milligrams of caffeine-loaded PEC particles were 

dispersed in 25 mL of dissolution medium in regenerated cellulose dialysis tubing of a 

given length (Spectrum Spectra/Por 4, molecular weight cut-off of 12–14 kDa). The 

dialysis tubing was immersed in 250 mL of dissolution medium, stirred at 500 rpm with a 

magnetic bar. At predetermined times during the release experiment, a 5 mL aliquot was 

withdrawn from the external dissolution medium and an equal volume of fresh 

dissolution medium was added so that the total volume of the dissolution medium stayed 

constant (275 mL). The caffeine concentration in the aliquot was determined 

spectrophotometrically after suitable dilution. The mass of caffeine released from the 

loaded PEC particles, mt, at a given sampling time, t, denoting the number of times an 

aliquot has been withdrawn, was calculated from 
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€ 

mt = VCt M + vtCt M
0

t−1

∑  [6.3] 

where V is the total volume of dissolution medium, Ct is the drug concentration in the 

aliquot at sampling time t, M is the molar mass of the drug, and vt is the aliquot volume at 

sampling time t. The mass released was expressed as a percentage of the total mass 

initially present in the loaded PEC particles. All experiments were performed in triplicate. 

6.3.6.2. Ibuprofen Release 

Ibuprofen release experiments were carried out in simulated gastric fluid (pH 1.2) 

and simulated intestinal fluid (phosphate buffered saline, pH 7.4) at 37 °C. Five to twenty 

milligram of ibuprofen-loaded PEC particles were dispersed in 50 mL of dissolution 

medium. The dissolution medium was stirred at 250 rpm with a magnetic bar during the 

experiment. At predetermined times, a 1–3 mL aliquot was withdrawn and centrifuged at 

13,200 rpm for 5 min. The sediment was redispersed in an equal volume of fresh 

dissolution medium and returned to the vessel. The ibuprofen concentration in the 

supernatant was determined spectrophotometrically after suitable dilution. The mass of 

ibuprofen released from the loaded PEC particles at a given sampling time was calculated 

using eq 6.1 and expressed as a percentage of the total mass initially present in the loaded 

PEC particles. All experiments were performed in triplicate. 

6.3.7. Characterization of Drug-Loaded PEC Particles 

6.3.7.1. FTIR Spectroscopy 

FTIR spectra were recorded from KBr pellets with a resolution of 4 cm-1 and a 

number of scans of 128 using a Thermo Nicolet Nexus 470 ESP FTIR spectrometer. KBr 

pellets were prepared by grinding 98 mg of dry KBr with 2 mg of sample and 

compressing the mixture between the ends of two stainless steel bolts inserted from 

opposite ends into a deep stainless steel nut, which served as the sample holder. The KBr 

pellet was dried in an oven prior to the measurement. 
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6.3.7.2. Scanning Electron Microscopy 

Scanning electron microscopy (SEM) images were recorded with a LEO 1550 field-

emission SEM using an accelerating voltage of 5 kV and a working distance of 5 mm. 

For sample preparation, a 10 µL drop of the drug solution from the loading experiments, 

containing the loaded PEC particles, was deposited onto Ni–Cu conductive tape (Ted 

Pella) mounted onto a standard SEM stub (Ted Pella) and allowed to dry under ambient 

conditions. Prior to imaging, the SEM samples were coated with a thin (6 nm) layer of 

carbon. 
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6.4. RESULTS AND DISCUSSION 

6.4.1. UV–Vis Spectra of the Model Drugs 

The UV–Vis spectrum of caffeine in aqueous solution at a pH of 3.4 and ionic 

strength of 1 mM is shown in Figure 6.2. The spectrum showed two absorption maxima, 

one at a wavelength of 203 nm and one at 273 nm, in accordance with previous reports 

(Li et al., 1990; Lopez-Martinez et al., 2003; Belay et al., 2008; Yamauchi et al., 2008). 

We chose the absorption intensity at 273 nm for the determination of caffeine solution 

concentrations. The molar extinction coefficient of caffeine at 273 nm under these 

solution conditions was measured to 8.82·103 M–1·cm–1. The coefficient of determination 

(R2 value) for the linear regression of the absorbance values, measured at concentrations 

in the range 10–90 µM, was 0.99995. Our value for the molar extinction coefficient of 

caffeine was somewhat lower than the previously reported values of 9.74·103 M–1·cm–1 

(Veselkov et al., 2000), 9.85·103 M–1·cm–1 (Li et al., 1990), and 9.81·103 M–1·cm–1 

(Yamauchi et al., 2008). The difference could be due to differences in the choice of 

solvent and solution pH. 

The UV–Vis spectra of ibuprofen dissolved in simulated gastric and intestinal fluid 

are shown in Figure 6.3. The spectra showed a broad absorption peak with a maximum 

around 205 nm. The absorption intensity of ibuprofen in simulated gastric fluid (pH 1.2) 

was slight higher than that in simulated intestinal fluid (pH 7.4). The spectra obtained 

from the ibuprofen sample used in this study differed from those reported in the literature 

(Krzek et al., 2005; Du et al., 2006). The main absorption peak of ibuprofen has been 

reported to occur at 222 nm. The differences in appearance of the spectra reported here 

and those previously reported could be due to experimental differences with respect to 

solvent and ibuprofen concentration. The absorption intensity at 222 nm is frequently 

chosen for the determination of ibuprofen concentrations (Sochor et al., 1994; Sochor et 

al., 1995; Save et al., 1997; Liu and Fang, 1998; Krzek et al., 2005). Here, we evaluated 

both this wavelength (222 nm) and that of maximum absorption intensity (205 nm) and 

observed no significant difference. Therefore, only the values for 222 nm are reported. 
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Figure 6.2. UV–vis spectrum of caffeine in water at a concentration of 2·10–5 M, a pH 

of 3.4, and an ionic strength of 1 mM. (The dotted line marks the 

wavelength that was used for quantification.) 

 

 
 

Figure 6.3. UV–vis spectra of ibuprofen in simulated gastric fluid (—) and simulated 

intestinal fluid (—) at a concentration of 10–4 M. (The dotted line marks the 

wavelength that was used for quantification.) 
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The molar extinction coefficients of ibuprofen at 222 nm in simulated gastric and 

intestinal fluid were measured to 5.60·103 and 6.63·103 M–1·cm–1, respectively. The 

coefficients of determination for the linear regression of the absorbance values, measured 

at concentrations in the range 30–100 µM, were 0.99932 and 0.99813 for simulated 

gastric and intestinal fluid, respectively. Our values for the molar extinction coefficient of 

ibuprofen were significantly lower than the previously reported value of 1.27·104          

M–1·cm–1 (Du et al., 2006). The reasons for this difference are probably related to those 

for the differences in appearance of the absorption spectra. 

6.4.2. Characterization of Drug-Loaded PEC particles 

6.4.2.1. FT-IR Spectroscopy 

The drug-loaded PEC particles were characterized by FT-IR spectroscopy. The FT-

IR spectra for the PEC particles before and after loading and those of caffeine and 

ibuprofen are shown in Figure 6.4. As discussed in Chapter 3, the PEC particles consisted 

primarily of cellulose nanocrystals and contained only very little chitosan. Thus, the FT-

IR spectrum of the PEC particles (Figure 6.4(a)) showed only the characteristic 

absorption bands of cellulose. The broad absorption band between 3600 and 3000 cm–1 is 

related to OH stretching vibrations (Hinterstoisser and Salmén, 1999). The absorption 

bands between 3000 and 2800 cm–1 and 1500 and 1250 cm–1 stem from the CH and CH2 

stretching and bending vibrations, respectively (Marchessault and Liang, 1960). The 

bands in the fingerprint region have been assigned to the antisymmetric bridge C–O–C 

stretching vibration (Nikonenko et al., 2000; Nikonenko et al., 2005) and the CO 

stretching vibrations at C–2, C–3, and C–6 (Maréchal and Chanzy, 2000). And the band 

between 800 and 450 cm–1 originates in the OH out-of-plane bending vibrations (Kondo 

and Sawatari, 1996; Oh et al., 2005). 

Spectrum (b) in Figure 6.4 is the FT-IR spectrum of caffeine. The most prominent 

feature of the caffeine spectrum are the absorption bands at 1700 and 1660 cm–1, assigned 

to the stretching vibrations of the two caffeine carbonyl groups (Kesimli et al., 2003). 
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Figure 6.4. FT-IR spectra of (a) chitosan–cellulose nanocrystal PEC particles, (b) 

caffeine, (c) caffeine-loaded PEC particles, (d) ibuprofen, (e) ibuprofen-

loaded PEC particles. 

The FT-IR spectrum of the caffeine-loaded PEC particles (Figure 6.4(c)), prepared 

by Method 1-d, clearly showed the caffeine absorption bands, indicating a high caffeine 

content in the sample. Spectrum (d) is the FT-IR spectrum of ibuprofen. The most 

prominent feature of the ibuprofen spectrum is the absorption band at 1722 cm–1, 

originating from the stretching vibration of the ibuprofen carbonyl group (Matkovic et 

al., 2005). The FT-IR absorption bands of ibuprofen were clearly visible in the spectrum 

of the ibuprofen-loaded PEC particles (Figure 6.4(f)), confirming the presence of 

ibuprofen in the loaded particles. The relative intensity of the ibuprofen bands with 

respect to the bands of the PEC particles was lower than that of the caffeine bands in 
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spectrum (c), suggesting a lower drug loading for the ibuprofen-loaded PEC particles 

compared to the caffeine-loaded particles, loaded with Method 1-d. 

6.4.2.2. Scanning Electron Microscopy 

Figure 6.5 shows FE-SEM images of the drug-loaded PEC particles. The 

morphology of the particles was roughly spherical in both cases. Both images were 

recorded with the same microscope settings and at the same magnification. A comparison 

of the images revealed that the ibuprofen-loaded PEC particles were much smaller than 

the caffeine-loaded particles. Most caffeine-loaded particles in Figure 6.5(a) had 

diameters in the range 300–1000 nm. The diameters of most ibuprofen-loaded particles 

were below 200 nm. We attributed the difference to the limited solubility of chitosan in 

the ethanol/water solvent system used for ibuprofen loading, as reported in the literature 

(Sano et al., 1999). Upon immersion of the PEC particles, freeze-dried from deionized 

water, into the ethanol-containing ibuprofen solution, the particles probably took on a 

more compact structure to minimize unfavorable solvent interactions. 
 
 

 
 

Figure 6.5. FE-SEM images of drug-loaded PEC particles: (a) Caffeine-loaded 

particles prepared by Method 1, (b) ibuprofen-loaded particles. Scale bar: 

1 µm (applies to both images). 
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6.4.3. Drug Loading and Loading Efficiency 

The drug loadings and loading efficiencies for caffeine and ibuprofen are listed in 

Table 6.1. The values obtained with Method 1 did not differ significantly from those 

obtained with Method 2, indicating that the polyelectrolyte mixing sequence during 

loading did not play a role. The values for Methods 1-d and 2-d (PEC particles freeze-

dried directly from the caffeine solution) were given by the experimental conditions. It 

was assumed that all of the caffeine initially present was present after freeze-drying in the 

loaded PEC particles. The experimental conditions for ibuprofen loading were quite 

different from those used for caffeine loading. During caffeine loading, the amount of 

caffeine initially present was 20 times the combined amount of chitosan and cellulose 

nanocrystals. During ibuprofen loading, the amount of ibuprofen initially present was 

only 2.4 times the amount of unloaded PEC particles. The difference in experimental 

conditions explains the much lower loading efficiencies obtained for caffeine (Methods 1 

and 2) compared with that obtained for ibuprofen. Interestingly, the drug loadings 

achieved with caffeine (Methods 1 and 2) were comparable to the drug loading achieved 

with ibuprofen. 

Table 6.1. Loading efficiencies for caffeine and ibuprofen 

Drug/Loading Method Drug Loading (%) Loading Efficiency (%) 
Caffeine   
 Method 1 263 ± 52 13.0 ± 2.6 
 Method 2 227 ± 55 11.2 ± 2.7 
 Method 1-d 2021 100 
 Method 2-d 2021 100 
Ibuprofen 207 ± 5 87.6 ± 1.0 

6.4.4. In Vitro Drug Release 

The drug release profiles of the caffeine-loaded chitosan–cellulose nanocrystal PEC 

particles are shown in Figure 6.6. The PEC particles loaded by Method 1-d released 63% 

of the loaded caffeine within the first 2 h and 100% within 8 h. The release profile for 
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these particles was almost identical to that obtained for sole caffeine at a comparable 

concentration, indicating that the release profiles were governed by the diffusion of 

caffeine through the dialysis membrane. The fact that the release profiles for caffeine and 

the particles loaded by Method 1-d were almost identical also indicated the absence of 

strong molecular interactions between caffeine and the PEC particles. This finding is in 

accordance with the observation by Vachoud et al. (2001) that caffeine has no or only 

weak interactions with chitin networks prepared by acetylation of chitosan. The release 

values for PEC particles prepared by Method 2-d were slightly lower than those for PEC 

particles prepared by Method 1-d, indicating a minor effect of the polyelectrolyte mixing 

sequence during drug loading. 
 
 

 
 

Figure 6.6. In vitro release profiles of caffeine-loaded chitosan–cellulose nanocrystal 

PEC particles for different loading methods and for sole caffeine. (See text 

for details. Data points are means of three measurements. Error bars 

represent ± one standard deviation.) 

The release profiles of PEC particles loaded by Methods 1 and 2, involving 

separation of the loaded particles from the caffeine solution by centrifugation prior to 

freeze-drying, were nearly identical and differed significantly from those of particles 
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loaded by Methods 1-d and 2-d. Release from these particles proceeded much more 

slowly and reached a maximum of 23–24% after 10 h. The most probable explanation for 

these low release values is that the drug loadings at the beginning of the release 

experiments were actually lower than assumed, due to a loss of caffeine in the freeze-

drying process. Following isolation by centrifugation, the loaded PEC particles were 

resuspended in deionized water. Since caffeine is highly soluble in deionized water, a 

portion of the loaded caffeine might have been released from the PEC particles and either 

been carried out of the flask by the subliming water molecules or deposited onto the flask 

walls, yielding PEC particles with much reduced drug loadings. 

The drug release profiles of the ibuprofen-loaded PEC particles in simulated gastric 

and intestinal fluid are shown in Figure 6.7. Nearly no release of ibuprofen was observed 

in simulated gastric fluid, indicating that the PEC particles had no effect on the low 

solubility of ibuprofen in acidic aqueous media (Shaw et al., 2005). In simulated 

intestinal fluid, ibuprofen release was rapid initially, reaching a value of 76% within 4 h, 

and then leveled off to approach a value of 85% after 10 h. The incomplete (< 100%) 

release of ibuprofen from the PEC particles in simulated intestinal fluid could have the 

same reason as the low release values observed for the caffeine-loaded PEC particles, 

loaded by Methods 1 and 2. Alternatively, the incomplete release could be due to 

attractive Coulomb interactions between the ibuprofen carboxylate groups and the 

chitosan ammonium groups. At a pH of 7.4 ibuprofen is completely ionized whereas 

chitosan is approximately 9% ionized (see Chapter 4). Nevertheless, this low degree of 

ionization may be enough to prevent complete release of the loaded ibuprofen molecules. 

Ionic complexes of chitosan and ibuprofen have been reported in the literature (Qandil et 

al., 2009). 
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 Figure 6.7. In vitro release profiles of ibuprofen-loaded chitosan–cellulose nanocrystal 

PEC particles in simulated gastric fluid (pH 1.2, ) and simulated 

intestinal fluid (pH 7.4, ) at 37 °C. (Data points are means of three 

measurements. Error bars represent ± one standard deviation.) 
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6.5. CONCLUSIONS 

Chitosan–cellulose nanocrystal PEC particles provide no control over the release 

rates of caffeine and ibuprofen and do not noticeably enhance the solubility of ibuprofen 

in simulated gastric fluid. Further evaluation studies should focus on the expected 

mucoadhesive and permeability-enhancing properties. 
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CHAPTER 7 

CONCLUSIONS 

The formation and properties of PEC particles from chitosan and cellulose 

nanocrystals are governed by the strong mismatch in the densities of ionizable groups. 

The particles are composed primarily of cellulose nanocrystals. The composition, shape, 

and size strongly depend on the mixing ratio and pH of the surrounding medium. The 

ionic strength of the surrounding medium, and the molecular weight and degree of 

deacetylation of chitosan have a minor effect on the formation and properties of the 

particles. 

Chitosan–cellulose nanocrystal PEC particles provide no control over the release 

rates of caffeine and ibuprofen and do not noticeably enhance the solubility of ibuprofen 

in simulated gastric fluid. Further evaluation studies should focus on the expected 

mucoadhesive and permeability-enhancing properties of chitosan–cellulose nanocrystal 

PEC particles. 

 

 

 




