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Abstract approved:

Soluble surimi wash water (SWW) proteins could be recovered using

chitosan (Chi) complexed with alginate (Chi-Aig) generating co-products for feed

formulations. Chi with a degree of deacetylation (DD) of 84% complexed with Alg

at a mixing ratio (MR) of 0.2 was used to study Chi-Aig concentration and

treatment time protein recovery effects. Insoluble SWW solids were removed by

centrifugation and the supematant was then adjusted to pH 6. Flocculation at 20°C

using Chi-Alg at 20, 40, 100 and 150 mg/L SWW was aided by 5 mm agitation and

holding for 30 mm, lh and 24h. Concentration had an effect between low (20 and

40 mgIL) and high (100 and 150 mg/L) levels. Time had an effect between 30 mm

and lh but not between 1 and 24 h. Turbidity reduction was affected only by

concentration. 100 mg Chi-Alg/L SWW for 1 h achieved 83% protein adsorption

and 97% turbidity reduction while lower concentrations yielding higher adsorption
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required longer times. Fourier Transform Infrared (FTIR) analysis of untreated and

Chi-Aig treated SWW solids confirmed protein adsorption. Amide band areas

normalized against a common 3005-2880 cm1 region confirmed the high protein

recovery by 100 mg Chi-Alg/L SWW. Six Chi samples differing in molecular

weight (MW) and degree of deacetylation (DD) were tested to recover soluble

SWW solids using 20, 40, and 100 mg Chi-Alg/L SWW (0.2 MR, lh). High (94%,

93%) and low (75%) DD chitosan had lower protein adsorption (73-75%) when

compared to the intermediate (84%) DD chitosan (74-83%). Intermediate DD and

high MW Chi seemed to perform better; however, SY-1000 with 94% DD did not

follow this trend (79-86% protein adsorption, 85-92% turbidity reduction).

Insoluble SWW (P1) and soluble solids (P2) recovered using 150 mg Chi-

Alg/L SWW contained 61.4 and 73.1 % protein, respectively. Rat diets formulated

with 10% protein substitution by P1 and 10% and 15% by P2 had acceptability and

protein efficiency ratios (PER) as high as the casein control with no deleterious

effects. Rat diets with 100% P2 protein substitution showed higher PER and net

protein ratio than the casein control with no deleterious effects. Protein recovered

from SWW using Chi-Aig has the potential to be used in commercial feed

formulations.
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SURIMI WASH WATER TREATMENT
BY CHITOSAN-ALGINATE COMPLEXES:

EFFECT OF MOLECULAR WEIGHT AND DEGREE OF DEACETYLATION
OF CHITOSAN AND NUTRITIONAL EVALUATION

OF SOLIDS RECOVERED BY THE TREATMENT

1. INTRODUCTION

Natural biopolymers such as polysaccharides and proteins are receiving

much attention in many fields due to their biocompatibility and biodegradability

(Henriksen and others, 1993; Ohkawa and others, 2000; Peter, 1995). One such

polysaccharide, chitosan, a deacetylated derivative of chitin, is the second most

abundant biopolymer in nature after cellulose. Chitin is an N-acetyl glucosamine

found in renewable sources such as the outer shell of crustaceans and insects and

the cell walls of some fungi and plants. Chemically or enzymatically deacetylated

chitin (Wang and others, 2001; Savant, 2001; Nakayama and others, 1999), withno

more than 40-45% residual acetyl groups, is defined as chitosan (Ii' ma and others,

2001). The deacetylated polymeric unit in chitosan contains one amine and two

hydroxyl groups per glucose unit.

Chitosan is a versatile polymer with applications in waste treatment (Peter,

1995; Savant and Torres, 2000; Torres and others, 1999; Mireles and others, 1992),

food processing (Ahmed and Pyle, 1999; Torres and others, 1999; Shahidi and

others, 1999), chemical industries (Chen, 1999), medical and pharmaceutical
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industries (Lian and others, 1999; Chen, 1998; Peter, 1995; Wang and others, 2001;

Lee and others, 2001), and agriculture (Peter, 1995). This compound is insoluble in

neutral, alkaline and weakly acidic solutions. In solution, the chitosan amine groups

are protonated resulting in a positively charged polymer which readily reacts with

polyanions such as alginate, carrageenan and pectin by electrostatic interactions

between C00 or S03 in the polyanion with the NH3 in chitosan and forming large

polymeric complexes (Mireles and others, 1992). This complexation reaction can

be used in the recovery by flocculation of suspended food processing solids and

particularly for the recovery of water soluble proteins. The solids coagulated by

chitosan could be rendered with other poultry by-products for feed supplements

(Bough and others, 1975). Commercial chitosan is derived from shrimp and crab

shell wastes and thus recovering suspended solids using chitosan would help solve

another important pollution problem in coastal communities.

Previous work in our laboratories and elsewhere has shown that chitosan is

an effective cationic agent for protein recovery from aqueous processing streams.

The mechanism seems to be a combination of mechanical entrapment and

electrostatic interaction of the chitosan amino group with anionic groups on the

suspended matter (Savant, 2001). Our laboratory has shown that polymeric

complexes of chitosan with polyanions are superior protein coagulating agents.

Chitosan-carrageenan (Chi-Car), chitosan-pectin (Chi-Pec), and chitosan-alginate

(Chi-Aig) complexes were shown to be better protein recovery agents than chitosan

alone (Savant, 2001; Savant and Torres, 2000).
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Many studies have shown the relationship between the physicochemical

characteristics of chitosan and its functional properties. Intrinsic parameters such as

degree of deacetylation and molecular weight (Domard, 1998; No and others, 2000;

Chinadit and others, 1998; Lian and others, 1999; Chen, 1998) may affect the

adsorption process of suspended solids (e.g., proteins) contained in wash water.

This study will investigate the effect of these parameters on the protein adsorption

from surimi wash water by chitosan polyanion complexes. In previous studies, no

significant difference in protein adsorption was found among polyanions of

carrageenan, pectin and alginate (Savant, 2001), thus this study will focus on

chitosan-alginate complexes. Molecular weight and degree of deacetylation are

practical means to improve the efficacy of polymeric chitosan complexes and thus

studying the effect of these two factors may lead to recommendations lowering

chitosan production costs. Using chitosan with higher molecular weight may

improve the efficacy of Chi-Aig complexes on protein adsorption. Also, a high

degree of deacetylation does not appear necessary for Chi-Aig complexation with

proteins. Therefore, to optimize and possibly improve the efficacy of Chi-Aig on

protein adsorption and subsequent water recovery, a study on the effect molecular

weight and degree of deacetylation is a necessary next step in the continuing efforts

of our laboratory to optimize commercial chitosan applications.

The suspended solids contained in wash water generated by surimi

processing plans are composed mostly of protein and fat. Adequate technologies to

allow reuse of this wash water and the recovery of co-products such as protein
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concentrates are critical. Chitosan complexes can play an important role in

recovering these co-products for possible use in animal feed. However, the chitosan

and the polyanion used for protein recovery might affect the nutritional value of the

recovered solids. Therefore, nutritional and safety evaluation studies using test

animals are necessary next steps such as the rat model proposed in this study. In

conclusion, the objectives of this study are to (1) investigate the effects of chitosan

concentration and reaction time in the treatment of SWW for protein recovery; (2)

determine the possibility of improving the efficacy of Chi-Aig complex by using

chitosan with different molecular weight and degree of deacetylation, and to finally

(3) evaluate the nutritional and safety yalue of SWW solids recovered by Chi-Aig

polyanion complexes using a rat model.
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2. LITERATURE REVIEW

Chitin and its derivative chitosan have applications in diverse fields ranging

from waste management and agriculture to biomedical and biotechnology. Chitin

was first identified in 1811 by French Professor Henri Braconnot while

investigating mushrooms (Agaricus volvacous and others) and called it fungine

(Muzzarelli, 1977). The same compound was detected in insects by Odier who

called it chili,., from the Greek chiton meaning tunic or envelope and established

for the first time a relationship between the insect cuticle and plant tissue

(Muzzarelli, 1977; Lower, 1984; Brine, 1984). In 1859, C. Rouget discovered

modified chitin, later known as chitosan, when he boiled chitin in concentrated

KOH solution making it soluble in organic acid. Ladderhose found that chitin is

composed of glucosamine which was confirmed by E. Gilson (Muzzarelli, 1977).

2.1. Physicochemical properties

Chitin is a linear chain of the polysaccharide (1-4)-linked 2-acetamido-2-

deoxy-j3-D-glucopyranose. As shown in Figure 1, the chemical structure of chitin is

similar to that of cellulose and shares with it the biological function of being a

structural polymer. Both are glucose polymers with the two molecules differing

only in the second ring position. In chitin, the -OH group at this position is replaced



by an acetamido group, -NHCOCH3. The crystalline structure of chitin is also

similar to cellulose in the arrangements of inter and intra chain hydrogen bonding.

Chitosan is a linear polysaccharide consisting of (1-4)-linked 2-amino-2-

deoxy-J3-D-glucopyranose with molecular weight ranging from - 106. It can be

obtained by chemical or enzymatic deacetylation of chitin resulting in a cationic

polymer with one amino (NH2) and two free hydroxyls (OH) group per glucose

ring (Figure 1.). With its hydroxyls and amino groups readily acting as electron

donor, chitosan is able to chelate various metal ions, especially heavy metals and

radionuclides (Muzzarelli, 1977; Brine, 1984).

CHOHHOH Ol0H

NHCccM NH

(a) (b)

FIGURE 1. Chemical structure of (a) chitin and (b) chitosan

Chitin is white in color, insoluble in water at pH above 5.5, alkalis, and

most common organic solvents (Sandford and Hutchings, 1987; Filar and Wirick,

1978, Heyes at al., 1978) but soluble in many weak organic acids such as lactic

acid, acetic, formic, propionic, tartaric, citric, and dichloracetic acid (Brine, 1984;

Sandford and Hutchings, 1987; Filar and Wirick, 1978; Heyes at al., 1978;
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Domard, 1998; Austin, 1984). According to Heyes and others (1978), there are four

categories of solvent system for chitosan:

(1). Solvent systems producing slightly non-Newtonian solutions with no clearly

defined solubility limit. As chitosan concentration increases, the solution

becomes more viscous until a paste or a plastic-like solid is formed. The

solution color varies from light yellow to dark brown. The solvents

commonly used for chitosan solutions are 2 M aqueous solution of acetic,

citric, formic, lactic, malic and tartaric acid.

(2). Solvent systems producing very non-Newtonian solutions whose viscosities

lie within the limit shown for category 1 and decreasing with sheer rate.

They show pseudo-plastic behavior and many emulsions form gels after

standing for long time. The solvents are 2 M dichioracetic acid and 10%

oxalic acid.

(3). Solvent systems producing solutions showing an initial increase in viscosity

and some solubility. The solvents are 0.041 M benzoic, 0.36 M salicylic and

0.052 M suiphanilic acid.

(4). Solvent systems in which the viscosity is chitosan concentration dependent.

These colorless solutions are prepared in 2 M dimethylformamide,

dimethylsuiphoxide, ethylamine, glycine, methylamine, nitrilotriacetic acid,

isopropylamine, pyridine, salicylic acid and urea, and in 2 M benzoic acid

in ethanol.
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2.2. Degree of deacetylation and molecular weight

Two important intrinsic parameters of chitin and chitosan are degree of

deacetylation (DD) and molecular weight (MW). These parameters play important

roles in chitosan applications such as water, fat and dye binding capacity (No and

others, 2000; Domard, 1998). The DD can be defined as the ratio of 2-amino-2-

deoxy-D-glucopyranose to 2-acetamido-2-deoxy-D-glucopyranose and indicates

the extent of the deacetylation process. DD and MW play an important role on the

solubility of chitosan, while the DD also relates to the ability of chitosan to form

electrostatic interaction with other molecules. Chitin is insoluble in dilute aqueous

acetic and formic acid while deacetylation makes chitosan soluble in dilute aqueous

acetic and formic acid. Chitosan solubility is affected by its ionization level, and in

the fully ionized form, its water solubility increases due to the high charge density.

2.2.1. Determination of the degree of deacetylation

Several methods can be used to determine the DD of chitin and chitosan and

include IR and FTIR spectroscopy (Sannan and others, 1978; Ferreira and others

1998), high performance liquid chromatography (HPLC, Chinadit and others,

1998), titration of chitosan with hydrochloride (Heyes and Davis, 1978), mass

spectroscopy (Heyes and Davis, 1978) and UV adsorption (Muzzarelli, 1977;

Muraki and others, 1993; Tan and others, 1998). Among them, the first derivative

of UV-adsorption is the most promising and commonly used technique and was

proposed by Muzzarelli (1977) and confirmed by Tan and others (1998) and



Muraki and others (1993). In this method, acetic acid solutions, glucosamine

standards and the test sample are scanned in the UV region to obtain first

derivatives of each spectrum. Acetic acid solutions (0.01, 0.02, and 0.03 M) are

used to construct the zero crossing point (ZCP) which is the point where acetic acid

does not interfere with the sample spectra. The point in which the spectrum passes

through the ZCP is used to determine the base line. A series of standard solution of

N-acetyl-D-glucosamine (GlcNAc) in 0.01 M acetic acid is used to prepare a

standard calibration curve. The curve is a plot of GlcNAc concentration versus the

vertical distance of each peak of the first derivative spectra to the base line (ZCP).

First derivative UV-adsorption of unknown sample in 0.01 M acetic acid is then

prepared and the vertical distance is determined with DD values calculated as:

A

+A1
DD=100_[______ xlOO (1)

(W-204A)

161 )

with:

A = G1cNAc amount/204
W = mass of chitosan sample

2.2.2. Determination of molecular weight

The solubility of a polymer decreases when its MW increases and there are

several methods to determine it that can be applied for chitosan. They include

membrane osmometry, light scattering, gel permeation chromatography and steric



10

exclusion chromatography but the most commonly used method is based on

intrinsic viscosity determinations (i') (Roberts and Domszy, 1982). This simple

and rapid method uses the Mark-Houwink equation for calculations (Eq. 2). The

equation constants a (= 0.93) and K (= 1.81 x i0 cm3lg) are determined in 0.1 M

acetic acid and 0.2 M sodium chloride solutions.

l=KMWa (2)

2.2.3. Effect of the DD and MW

Time, temperature and NaOH concentration in the chemical production of

chitosan can be controlled to produce chitosan with a specific degree of

deacetylation. Hwang and others (2002) showed that increasing temperature,

reaction time and NaOH concentration during chitosan production decreased its

MW and increased its DD. A few studies have reported the effect of DD and MW

in chitosan applications. For example, No and others (2000) reported that the water

and fat binding capacity was negatively correlated with bulk density (ratio of mass

and volume), MW and viscosity of chitosan. The effect of MW and DD on chitosan

films has been studied by Nunthanid and others (2001) using chitosan with very

low viscosity (5 cP with 50-60k MW) at 82% DD and 100% DD, high viscosity

(1000-2000 cP with 800-1000k MW) at 80-85% DD and 100%DD. Tensile

strength, elongation and moisture absorption of the film increased with MW. An

increase in DD resulted in increases in tensile strength if the MW increased but
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decreased for samples with lower MW. These results suggest that the effect of MW

on the tensile strength of chitosan films is more dominant than the effect of DD.

Finally, the elongation and the ability of film to absorb moisture decreased with

increased DD.

The effect of MW and DD on drug release has been recently reported.

Using chitosan with 70 and 80% DD, Kofuji and others (2000) found that

degradability of chitosan beads by lysozyme decreased as the DD increased but

drug release was not influenced. Similar results were observed when the same

authors studied the effect of DD on the biodegrability and drug release performance

of chitosan beads tested on mice (Kofuji and others, 2001) using chitosan with 70,

80, 90 and 100% DD. Chitosan gel beads prepared in 10% amino acid solution (pH

9) were subcutaneously implanted in air pouches on the dorsal surface of mice.

Degradation of the beads increased as the chitosan DD decreased. On the contrary,

Chiou and others (2001) found that drug release was independent of MW or DD

but the initial burst decreased as the MW increased. The difference in findings

amongst these results could possibly be due to the different methods of preparation.

Kofuji et al (2000, 2001) mixed the drug directly with the chitosan solutions and

dropped the mixture into 10% glycine to form a hydrogel while Chiou and others

(2001) applied the chitosan solution as a microcapsule coating. Drug release from

the hydrogel beads will solely depend on chitosan while that for the chitosan coated

microcapsules will also depend on the microcapsule used.
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Sugano and others (1988) reported the hypocholesterolemic action of

chitosan with different viscosities (17-1620 cP) but comparable DD in rats fed a

cholesterol-enriched (0.5%) diet containing 2, 4 and 5% chitosan. They reported

that cholesterol-lowering action was exhibited only at the 5% chitosan level and

that the hypocholesterolemic action of chitosan was not affected by its molecular

weight.

Benjakul and others (2001) investigated the use of chitin and chitosan in

increasing breaking force and deformation of surimi gels and found that the

breaking force was affected by the chitosan DD. Chitosan with 65.6% DD used at

the level of 15 mg/g surimi resulted in maximum increases in both breaking force

and deformation of suwari and kamaboko gels. MW of chitosan affects also the

characteristics of membranes prepared from chitosan. Higher MW chitosan

produced membranes with higher tensile strength, tensile elongation and enthalpy

but with lower permeability (Chen and Hwa, 1996).

Most recently, in a study using different MW chitosan as edible films for

preservation of herring and Atlantic cod, Jeon and others (2002) found that the

preservative efficacy (measured as a function of moisture loss and lipid oxidation)

and the viscosity of chitosan were inter-related. The efficacy of chitosans with

viscosities of 57 and 360 cP was superior to that of chitosan with 14 cP viscosity

over a 12-day storage at refrigerated temperature.

Trautwein and others (1997) studied cholesterol-lowering and gallstone-

preventing action of chitosan with 79% and 92% DD in hamster fed-cholesterol-
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rich diets. After 5 weeks, at an 8% feed level, the 79% DD significantly reduced

plasma lipids compared to the control diet, whereas also at 8% level, the 92 % DD

produced only a minor hypocholesterolemic effect (-10%). Hepatic cholesterol was

significantly decreased with the 79% DD chitosan, whereas the 92 % DD CHI 92

caused only a negligible reduction.

2.3. Potential chitosan sources

After cellulose, chitin is the most abundant natural biopolymer and the most

abundant nitrogen containing biopolymer found on earth. Traditionally, chitin is

produced from crustaceans, even though the largest source of chitin is fungi

(Muzzarelli, 1977; Perrera, 1978). Chitin forms a part of the supporting tissue and

exoskeleton of arthropoda and is an essential cell wall component of some plants

and most fungi (Muzzarelli, 1977). Chitin in nature is usually associated with

protein (animal) or polysaccharides (yeast, fungi) (Muzzarelli, 1977; Shahidi and

others, 1999; Jeuniaux and others, 1989; Jeuniaux, 1978; Perrera, 1978). It forms

cyst walls in protozoans, acts as the main structural polysaccharides in arthropods

such as crustaceans and insects, and is also found in the setae of annelids, and the

shells of mollusks (Muzzarelli, 1977; Jeuniaux, 1978). Chitin is rarely produced by

Scyphozoa (jellyfishes) and Anthozoa, and totally absent in sponges (Jeuniaux,

1978). Marine benthic animals are also rich sources of chitin.
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In fungi, chitin is associated with polysaccharides such as the fibrillar

polymer of the cell walls and is responsible for their shape and rigidity (Muzzarelli,

1977; Perrera, 1978). The cell wall of Aspergillus niger contains up to 20% of

chitin. Chitin is also found in the cytoplasm of some Oomycetes in the form of

special granules (Perrera, 1978) and abundantly in the cell walls, mycelial stalks

and spores of the filamentous fungi Mucor rouxii (Muzzarelli, 1977). However,

there are certain classes of fungi that lack chitin such as Schizomycetes,

Myxomycetes, and Trichomycetes.

The main constrain of using fungi as raw materials for chitin production is

the difference in the composition and construction of a cell wall of fungi and shells

of crab. Unlike crustaceans, where chitin is conjugated with proteins and calcium

carbonate and organized as a cuticle at one surface of the epithelium (Knorr, 1984;

Muzzarelli, 1977), chitin in fungi forms a complex with -glucans with strong

covalent links making glucan excision a costly enzymatic process. Therefore,

commercial production of chitin is done mostly from crustacean shells - crabs

(Cancer magister, C. pagurus, Carcinus maenas, Paralithodis camschatica),

shrimps (Panda/us borealis), spiny lobsters (Palinurus vulgaris, Homarus vulgaris,

Jasus novaehollandiae), crawfish (Nephrops Novergicus, Procambarus clarkii),

crayfish (Astacus fluviatilis) and krill (Euphausia superba). Each year, living

organisms produce several hundred million metric tons of chitin. Sea crustaceans

alone synthesize as much as 1 6 metric tons and the yearly catch of shrimp can

provide about 28,000 metric tons of chitin (Muzzarelli, 1977).
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2.4. Chitin and chitosan production

The chitin production methods from crustaceans of Hackman, Whistler &

BeMiller, Horowitz, Reseman & Blumenthal, Foster & Hackman, Takeda & Abe

and Takeda & Katsuura have been extensively reviewed (Muzzarelli, 1973, 1977).

They all begin with size reduction of the raw material and the protein and

carotenoids resulting from this step are used as feed ingredients. Production of

chitin continues with demineralization with dilute acid and deproteinization with

dilute alkali and moderate heating. Deacetylation with concentrated alkali and high

temperature converts chitin into chitosan (Wu and Bough, 1978; Savant, 2001;

Gates, 1991). Wu and Bough (1978) recommends demineralization with 0.5 N HC1

followed by washing and then deproteinization with 1% NaOH at 65°C for 1 h with

constant stirring. Alternatively, the process can begin with deproteinization with 1-

2% NaOH at 60-70°C followed by demineralization (Savant, 2001; Gates, 1991;

Mireles-DeWitt, 1994; Figure 2). After water washes to neutralize the mixture,

dilute aqueous HCI is added and the mixture allowed standing for 2-3 hours to

remove minerals such as calcium carbonate and calcium phosphate. Washing is

then required to neutralize the mixture followed by dewatering (drying). If chitin is

the final product, size reduction might be necessary. If chitosan is desired, chitin is

then deacetylated using 40-50% NaOH to hydrolyze the N-i acetyl-linkage.

Hydrolysis is carried out at high temperature (100-150°C) or at lower temperature

and lower NaOH concentration for longer times. Deacetylation at higher

temperature produces chitosan with higher degree of deacetylation.
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FIGURE 2. Chitin and chitosan production (illustratedfrom Gates, 1991)

Enzymatic processes are alternative means to produce chitosan in a

controlled, non-degradative and well-defined process (Bouriotis and others, 2002),

Chitin deacetylase can be purified from mycelial extracts of the fungus Mucor

rouxil or from Colletotrichum lindemuthianum (Bouriotis and others, 2002) with

the latter having better thermal stability, different pH optimum and substrate

specificity, and it is not inhibited by acetate. Either enzyme is successful in
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producing a fully deacetylated chitosan (Bouriotis and others, 2002). Kolodziejska

and others (2000) recommend using a two-stage chemical and enzymatic process

with deacetylation in a hot NaOH solution used first to ensure full solubilization of

chitin and followed by enzymatic deacetylation that can be performed by using

deacetylase extracts from Mucor rouxii mycelium. Crude deacetylase extract acting

on a 0.25% substrate solution with initial degree of deacetylation 68% achieved

90% deacetylation in 6 h. A higher substrate concentration (1.2%) resulted in only

85% deacetylation in 10 h. The use of crude enzyme extracts containing

chitosanolytic and chitinolytic enzymes leads to partial hydrolysis of the

polysaccharide resulting in lower viscosity. Therefore, to obtain highly viscous

chitosan, a purified enzyme should be used (Kolodziejska and others, 2000).

2.5. Applications

Chitin and its derivatives are broadly used in medicine, food and cosmetics

industry, agriculture and other areas due to properties such as biocompatibility,

biodegradation, biological activity, non-toxicity, non-allergenic and ability for fiber

and film formation (Table 1).

2.5.1. Antimicrobial activity

The exact mechanism of the antimicrobial activities of chitosan, chitin and

their derivatives is still unknown. One of the mechanisms proposed (Shahidi and
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others, 1999; Tsai and Su, 1998; Chen and others, 1998a) is the interaction between

positively charged chitosan and negatively charged microbial surface cell

membranes. The interaction between cationic chitosan and electronegative residues

at the surface will affect cell permeability and consequently cause the leakage of

intracellular electrolytes, protein and UV-absorbing materials (Shahidi and others,

1999; Tsai and Su, 1998). Also, it has been proposed that chitosan might also be

hydrolyzed by chitinase resulting in smaller fraction compounds. These fractions

might be small enough to pass through cell membrane and interfere with mRNA

synthesis via interaction between these fractions and DNA (Lian and others, 1999;

Tsai and Su, 1998; Chen and others, 1998b). Finally, chitosan can selectively

chelate trace metals thereby resulting in inhibition of toxin production and

microbial growth (Shahidi and others, 1999). Its antimicrobial effect changes with

pH reaching a total activity loss at the pH where its amino group is uncharged.

Lower molecular weight chitosan shows better inhibitory effect (Tsai and Su, 1998;

Chen and others, 1998b; Fang and others, 1994). The antifungal effect of chitosan

at concentrations of 0.1-0.5 mg/ml has been demonstrated in kumquat, a low-sugar

candied fruit, challenged with Aspergillus niger (Shahidi and others, 1999; Fang

and others, 1994). At concentration below 2 mg/mI, no antifungal effect and no

aflatoxin inhibition were observed in products challenged with Aspergillus

parasiticus.
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TABLE 1. Applications of chitin, chitosan and their derivatives

Area of Application Application
Antimicrobial activities Bactericidal, fungicidal
Edible film industry Controlled moisture transfer between food and

surrounding environment
Controlled release of antimicrobial substances,
antioxidants, nutrients, flavors, and drugs
Controlled rate of respiration, enzymatic browning in fruits
Reduction of oxygen partial pressure
Temperature control

Recovery of solid Flocculation of suspended solid and protein-containing
materials from food wastewater in food processing waste water such as shrimp,
processing surimi, cheese processing

Recovery of metal ions, heavy metals, dyes and pesticides
from industrial wastewater
Purifying drinking water

Food and beverage Clarification and deacidification of fruits and beverages
additive Natural flavor and taste extender, and color stabilization

Texture controlling agent
Thickener, stabilizing agent and food preservation

Nutritional application Dietary fiber
Hypocholesterolemic effect and reduction of lipid
absorption
Antigastritis agent
Infant feed ingredient

Pharmacy, medical Wound dressings, wound/surgical sutures, wound healing
uses, and cosmetics ointment, artificial skin

Cream and other skin-care products
Hair stiffeners
Oral care
Ophthalmology and contact lens

Agriculture Seed treatment
Feed ingredients (livestock and fish feeder additive)
Insecticides, nematocides

Biotechnology Porous particles for bioreactors
Chitosan beads for immobilization of cells and enzymes
Gene carrier

Chemistry Carrier for catalysts
Intermediate for the synthesis of chitin derivatives
Chromatographic column
Photography
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Chitosan sulfonate with a sulfur content below 5% exhibited antimicrobial

activity against Escherichia coli and Samonella typhymurium (Chen and others,

1998a). Chitosan sulfobenzyl with 5.3% sulfur at 200 ppm inhibited

Staphylococcus aureus while inhibition of S. lyphimurium with derivatives

containing 2.6% sulfur required 1500 ppm. This sulfur content effect was explained

by the greater repulsive force of chitosan derivatives with higher sulfur content

having a higher negative charge (Shahidi and others, 1999; Chen and others,

1998b). Chitosan glutamate and chitosan lactate were bactericidal against both

gram-positive and gram-negative bacteria. However the antibacterial effect was lost

at pH 7 when amino groups become significantly uncharged and chitosan solubility

is low. A similar chitosan effect has been observed in Saccharomyces cerevisiae

and Rhodotorula glutensis inhibition (Sudarshan and others, 1992).

2.5.2. Chitosan used as edible films

Chitin and chitosan form semi permeable films which are utilized to

produce chitosan coatings for fruits and vegetables modifying their internal

atmosphere and decrease the transpiration loss and delay fruit ripening. The

decrease in respiration rate, fungi growth inhibition, ripening delay due to ethylene

reduction and effects on carbon dioxide evolution may explain the preservative

effect of chitosan coating.
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Chitosan films are tough, long lasting, flexible and difficult to tear with

properties comparable to many medium-strength commercial polymers (Shahidi

and others, 1999). Tests have shown that they are extremely good oxygen barriers

and have moderate water permeability (Shahidi and others, 1999). Chitosan film is

thus a good material to increase the storage life of fresh products and foodstuffs

with higher water activity. As a biodegradable polymer able to form a film from

chitosan acetate and PVP (poly-N-vinyl-2-pyrrolidone) blends, it has been

proposed as an alternative for non-degradable plastic food packaging. The

association between chitosan acetate and PVP involves the hydroxyl group of

chitosan and the carbonyl of PVP (Savant, 2001).

2.5.3. Chitosan applications in waste and process water treatments

In many food processing plants of small and medium capacity, the recovery

of suspended solids from waste and process water requires inexpensive, efficient

and easily operated technologies as opposed to costly and complex technologies

used in larger operations. Chitosan coagulation of suspended solids has been an

innovative, novel, relatively simple and natural approach that could be combined

with ultrafiltration for effective freshwater recovery.

Previous studies have shown that chitosan could be used to flocculate

suspended solid in aqueous streams (Table 2; Merkli and others, 1997; Gates, 1991;

Bough and others, 1975; Bough, 1975, Bough and Landes, 1976; Jun and others,

1994). Positively charged chitosan will readily react with polyanions such as
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alginate, carrageenan and pectin by electrostatic interactions between C00 or

S03 and NH3 leading to complex formation. These complexes have been

proposed as flocculating agents in the recovery of suspended solids, especially

protein, from aqueous processing streams (Savant, 2001; Torres and others, 1999;

Mireles and others, 1992; Savant and Tones, 2000; Mireles-DeWitt, 1994).

Polyanion complexes between chitosan-alginate (Chi-Alg), chitosan-carrageenan

(Chi-Car), and chitosan-pectin (Chi-Pec) in various mixing ratios (MR) of chitosan

and the polyanions have shown better performance in flocculating protein than

chitosan alone (Savant, 2001; Tones and others, 1999; Mireles and others, 1992;

Savant and Torres, 2000; Mireles-DeWitt, 1994). Among the polyanion complexes

tested no significant different on protein adsorption were observed (Savant and

Tones, 2000). At a mixing ratio (MR) of 0.2 Chi-Aig, i.e., 0.2 and 0.8 parts of

chitosan and alginate, respectively, applied at 30 mg complex/L, the maximum

turbidity reduction of whey protein was 72%, which was higher than the maximum

reduction of 62% reported by Bough & Landes (1976) who used an optimum

chitosan concentration of 30 mg/I at pH 6.0. These results showed that a chitosan

complex containing mostly alginate was more effective and considerably less

expensive than chitosan alone since polyanions cost less than chitosan.

2.5.4. Protein recovery from surimi wash water

Washing is the most critical step in surimi manufacturing and is used to

remove sarcoplasmic proteins, blood, fat, other nitrogenous compound as well as
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small minced fish particles (Park and Morrissey, 2000; Morrissey and others,

2000). The washing is done in 3-4 cycles generating about 5.7 L of SWW for every

kg of raw fish (Huang, 1997). It is estimated that about 50% of total protein are lost

during washing. Surimi wash water (SWW) contains about 0.5-2.3 % total protein

composed mostly of sarcoplasmic proteins with small amounts of the myofibrillar

proteins myosin and actin (Lin and Park, 1996; Park and Morrissey, 2000;

Morrissey and others, 2000). Recovering protein from SWW not only produces

protein that can be potentially used for other purpose but also yields water for

potential reuse in the plant. Removing most of the protein by coagulation will

reduce membrane-fouling problem if the chitosan water treatment is combined with

ultrafiltration.

The mechanism of SWW protein adsorption by chitosan is a combination of

electrostatic interaction between chitosan amino group and anionic groups on the

suspended matter and mechanical entrapment of the proteins in the Chi-Alg

complex network (Savant, 2001). As in cheese whey, Chi-Aig complexes have

shown better protein adsorption than chitosan alone (Savant, 2001; Savant and

Torres, 2000). At 150 mg Chi-Aig complex /L SWW with MR of 0.2 for 24 hours,

the complex adsorbed 78-94% protein in SWW (Savant, 2001), The optimization of

this process in terms of chitosan concentration and reaction time will provide more

economic benefits in treating aqueous food processing streams. An economic

recovery of protein would provide value added benefits to both seafood and

agricultural activities if the solids recovered could be marketed as an animal feed.
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TABLE 2. Chitosan effectiveness in recovering suspended food processing
solids

Chitosan Reduction of
Type of waste amount suspended Reference

(mgJL waste) solid (%)
Meat processing*I 30 89 Bough (1976)

Surimi processing 150**1 95 Savant (2001)

Shrimp processing*I 10 98 Bough (1976)

Crawfish processing*I 150 97 No & Meyers (1989a)

Cheese whey*I 2.5 - 15 82-97 Bough & Landes (1976)

Cheese whey*I 10 -16 74 Hwang & Damodaran (1995)

Cheese whey 30 ' 72 Savant (2001), Savant & Torres
(2000)

Poultry processing*] 30 88 Muzzarelli (1977)

Egg processing*I 100-200 70-90 Bough (1976)

Wheat germ 20 70 Senstad & Mattiasson (1989)
agglutinin*I

Vegetable processing*l 10 84-90 Bough (1975)

Fruitcake processing*I 2 94 Bough (1976)

Notes:
*

Shahidi and others (1999)
] Complexed with alginate with mixing ratio of chitosan and alginate

0.2-0.8 at 150 mg chilL (Savant, 2001)
] Complexed with alginate with mixing ratio of chitosan and alginate

0.2-0.8 at 30 mgIL (Savant & Torres, 2000)

2.5.5. Metal and dye removal

A major public health concern is environment contamination from toxic and

radioactive materials. Metals like mercury and cadmium are accumulated

biologically and other widely used metals like copper, nickel, chromium and zinc

also possess similar problems. If discharged in wastewater, they contaminate

sewage sludge thereby rendering them unsuitable for farmland applications, reduce

the efficiency of sewage-treatment processes and harm aquatic life (Muzzarelli,

1977). Chitosan, an effective chelating agent forming complexes with heavy metals
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including radioisotopes, has been tested in wastewater treatment processes. Nuclear

fission products such as titanium, zirconium, hafnium, niobium, ruthenium, and

uranium can be effectively recovered using chitin or chitosan (Muzzarelli, 1977).

For example, a liter of tap water adjusted to pH 3.1 using HINO3 and contaminated

with 1.32 tg ruthenium can be treated at 2 ml/min flow rate at 20 °C and made free

of this radioactive material using a chitin or chitosan column (12 x 1 cm). In

decontamination studies conducted on the waste water from the Marcoule Nuclear

Center, France, both chitosan and chitin columns were successful in removing 86%

and 54% of 95zirconium and niobium, respectively. Muzzarelli (1977) showed that

94-97% of 233uranium present in an aqueous solution (50 ml, containing 4.2 j.tg Ur)

can be adsorbed by 200 mg chitosan.

Chitosan can also complex methyl mercury acetate from industrial water or

ionic mercury from tap water (Muzzarelli & Isoalti, 1971). Separation of

manganese and ferrous ions from nickel and copper can be also carried out by

passing the solution through a chitosan sulfate column (Muzzarelli, 1974).

2.5.6. Other applications

Due to its resistance to abrasion, optical characteristics, and film forming

ability, chitosan has important applications in photography. Chitosan can easily

release silver complexes which are used in photography so that it can easily

penetrate from one film layer to another by the diffusion transfer reversal process

(Muzzarelli, 1977).



In the cosmetic industry, chitin, chitosan and its derivatives are widely used.

In addition to its fungicidal and fungistatic properties, chitosan can be used as

ingredient for hand and body creams giving moisturizing effect with good

smoothness and feeling. Derivatives of chitosan have been reported as an

ingredient in shampoo and toothpaste (Muzzarelli, 1989).

Artificial skin is another application of chitosan in the medical and cosmetic

industries (Muzzarelli, 1977; Nakade et a!, 2000; Risbud and others, 2000;

Wiceniewska-Wrona and others, 2002; Khan and Peh, 2003). Chitin implanted in

the subcutaneous tissue of 8-week-old rats induced activity of matrix

metalloproteinases, a matrix-degrading enzyme required in wound healing (Nakade

et al, 2000). Hydrogel of chitosan-polyvinyl pyrrolidone was known to promote

wound healing on fibrobalsts grown in vitro (Risbud and others, 2000). Similarly,

chitosan films prepared using acetic or lactic acid also exhibited wound-healing

properties (Khan and Peh, 2003).

In ophthalmology, chitosan possesses all the characteristics required for

making an ideal contact lens with excellent edges and optics and as good as

commercial products (Markey and others, 1989). Along with its antimicrobial and

wound healing properties, the excellent film capability of chitosan is suitable for

development of ocular bandage lens.

Chitosan also forms a chromatographic support due to the presence of free

amino and hydroxyl groups and can be used in thin layer chromatography for

separation of nucleic acids. The ability of the chitin layer to separate mixtures of
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either phenols, amino acids, nucleic acids and their derivatives or inorganic ions

(the Copper group) was almost equal or even superior to that of routinely used

crystalline cellulose, silica gel and polyamide layers (Muzzarelli, 1977; Nasagawa

and others, 1970; Lepri and others, 1977).

2.6. Nutritional studies

Many nutritional studies on chitosan (Lian and others, 1999; Ebihara and

Schneeman, 1989; Fukada and others, 1991; Gallaher and others, 2000; Ikeda and

others, 1989, 1993; Kobayashi and others, 1979; Koide, 1998; Muzzarelli and

others, 2000; Pittler and others, 1999; Razdan and Pettersson, 1994; Razdan and

others, 1997; Sugano and others, 1978, 1980; Trautwein and others, 1997; Vahouny

and others, 1983; Chiang and Chen, 1998a,b; Hwang and others, 1998) using rats

(Lian and others, 1999; Ebihara and Schneeman, 1989; Fukada and others, 1991;

Gallaher and others, 2000; Ikeda and others, 1989, 1993; Kobayashi and others,

1979; Sugano and others, 1978, 1980; Vahouny and others, 1983), chickens

(Razdan and Pettersson, 1994; Razdan and others, 1997), hamsters (Trautwein and

others, 1997) and even human (Pittler at al., 1999; Koide, 1998) have been

conducted over the years. Chitosan is able to reduce serum cholesterol, have

excellent lipid binding properties and exercise hypocholesterolamic effect on

animals (Sugano and others, 1978). Theoretically, chitosan acts as a dietary fiber in

humans and animals because it is not digested in the gastrointestinal tract by the
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digestive enzymes. Low molecular weight chitosan is a good dietary fiber that acts

as a fat blocker. An effective fat blocker, however, can have adverse effects on

nutrient utilization. It increases the intestinal excretion of essential fatty acids and

decreases absorption of fat-soluble vitamins and minerals. High molecular weight

chitosan (150-600 kDa) is a better effective weight control polymer with none of

the above side effects (Lian and others, 1999).

In rats, high-fat diets containing 5% chitosan reduced fat digestibility up to

70% without any significant change in food intake, but significantly increased fecal

fat (Lian and others, 1999). Reduction of food intake in rats and hamsters was more

significant when chitosan levels were increased to 10% (Sugano and others, 1980)

and 8% (Trautwein and others, 1997), respectively. Conversely, Lian and others

(1999) found no significant effect of chitosan diets on liver, kidneys, and

epididymal pad weight of rats, but there was a tendency of reducing epididymal

pad weight of rats on diets with medium and low molecular weight chitosan (Lian

and others, 1999). Chitosan due to its high anion-exchange capacity consequently

acts as a bile acid binder thereby influencing intestinal bile acid metabolism,

decreasing lipid absorption, and increasing fecal cholesterol excretion.

A study with hamsters (Trautwein and others, 1997) showed that after 5

weeks of feeding, 8% chitosan (79% DD) significantly reduced plasma cholesterol

and triglycerides while the same level of chitosan at a higher 92% DD produced

only a minor hypocholesterolemic effect. Both chitosan diets caused a significant

reduction in food intake, body weight and liver weight. Similarly, hepatic
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cholesterol was significantly decreased with 8% chitosan 79% DD, but caused only

a negligible reduction with 92% DD. Chitosan (89% DD) at 30 g 1kg diet fed to

chickens significantly reduced body weights and feed intakes, total plasma

cholesterol and HDL-cholesterol concentrations (Razdan and others, 1997).

Ikeda and others (1993) studied the effect of chitosan with different

molecular weights prepared by enzymatic hydrolysis showing that low-viscosity

chitosan hydrolysate could be used as a hypocholesterolemic agent. The

hydrolysates of chitosan with MW 5,000-20,000 and low viscosity interfered with

intestinal cholesterol absorption in lymph fistulated rats and reduced liver

triglyceride significantly. Chitosan with MW of 10,000-20,000 was as effective as

high-viscosity chitosan with a molecular weight of 50,000. Generally, the effect of

chitosan diet on dietary protein digestion is very small (Lian and others, 1999).

However Razdan and Petterson (1994) and (Razdan and others, 1997) found a

significant reduction on protein digestion of broiler chicken when fed 15 g or 30

g/kg diet of chitosan (89% DD).

Studies on the effect of chitosan on glucose metabolism are limited. Chiang

and Chen (1 998a) investigated the effect of chitosan on glucose metabolism on rats

using 3% chitosan diet. They found significant decrease in plasma fructosamine

after 8 weeks of diet, but no significant difference was found for plasma glucose

and lactate levels. Liver hexokinase activity was increased, but no significant

difference in liver glycogen content and glucose-6-phosphatase activity was

observed. The authors suggested that the decrease in plasma fructosamine level
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might be related to the increase in liver hexokinase activity since hexokinase is a

membrane-bound enzyme and plays an important role in transport of plasma

glucose into liver. They also found that total plasma and VLDL-cholesterol level

were lower in the first 2 weeks but no significant effect in plasma lipid was seen

after 8 weeks, with no change in liver weight and liver cholesterol content but an

increase in fecal lipid content (Chiang and Chen, 1998b)

The diet safety level of chitin (DD 35%) and chitosan with low DD (75%)

and high DD (92%) was evaluated on rats by Hwang and others (1998). There was

no harmful effect of high DD chitosan diet on rat's growth, liver and kidneys

function and weight if chitosan was used at less than 2.5%. This level is defined as

the edible safety limit (ESL). Dietary diet containing more than 5% of high DD

chitosan increased the level of aspartate and alanine transaminase. A higher ESL

value 5% was identified for the low DD chitosan and ESL for chitin was 10%

showing that as the DD increases the ESL were higher.

The effect of chitosan on humans was tested by Pittler and others (1999)

using 34 overweight volunteers in a randomized placebo-controlled double-blind

trial assigned either four capsules of chitosan or placebo twice daily for 28

consecutive days. Their results suggest that at the administered dose chitosan does

not reduce body weight in overweight subjects; however, no serious adverse effects

were observed. Body mass index, serum cholesterol, serum triglycerides, vitamin

A, D, and E, 13 carotene levels were not significantly different from the control.

However, vitamin K increased significantly after 4 weeks treatment. Maezaki and
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others (1993) using chitosan-containing biscuits showed that chitosan at a dose of

3-6 g/day on adult healthy males was able to reduce effectively serum cholesterol

and increase in serum HDL-cholesterol.
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3.1. Abstract

Increasing chitosan (Chi) effectiveness for recovering soluble proteins from

surimi wash water (SWW) is feasible by complexation with alginate (Aig) and

adjusting chitosan concentration and treatment time. Chitosan with a degree of

deacetylation of 84% was purified using published procedures. Flocculation at

20°C with Chi-Aig at a 0.2 mixing ratio and added as 20, 40, 100 and 150 mg/L

SWW was aided by 5 mm agitation at 130 rpm and held at the same temperature

for 30 mm, lh and 24 h. Turbidity measurements, protein determinations and

qualitative FTIR analysis confirmed SWW protein adsorption which depended on

Chi-Aig concentration and reaction time while turbidity reduction was affected by

concentration only. No significant differences (p<O.05) in protein adsorption were

found between 1 and 24 h. Using 100 mg Chi-Aig complexlL SWW for 1 hr

achieved 83% protein adsorption and 97% turbidity reduction.
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3.2. Introduction

Natural biopolymers have been receiving much attention in differing fields

due to their biocompatibility and biodegradability (Henriksen and others, 1993;

Ohkawa and others, 2000; Peter, 1995). Chitin, used commercially to produce

chitosan, a positively charged biopolymer, is the most abundant nitrogen containing

biopolymer in nature. It is found widely in the shells of crabs, lobster, krill and

shrimp. Chitosan has applications in food processing waste recovery (Peter, 1995;

Savant and Torres, 2000; Torres and others, 1999; Ahmed and Pyle, 1999; Shahidi

and others, 1999), chemical industries (Chen, 1999), biomedical and

pharmaceutical industries (Lian and others, 1999; Chen, 1999; Wang and others,

2001; Lee and others, 2001) and biotechnology (Peter, 1995).

In solution, the chitosan amine groups are protonated resulting in a

positively charged polymer providing chitosan novel adsorption properties utilized

in many applications. These properties include complexation with polyanions such

as alginate, carrageenan and pectin by electrostatic interactions between C00 or

503 and NH3 leading to the formation of complexes (Mireles and others, 1992;

Ilium, 1998; Savant & Torres, 2000) and facilitating the sedimentation of

suspended solids (Torres and others, 1999).

The use of chitosan as a coagulating agent for removing suspended solids

from various processing streams has been widely investigated including cheese

whey and dairy wash water (Bough and Landes, 1976; Savant and Tones, 2000;
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Selmer-Oslen and others, 1996; Dyrset and others, 1998), tofu manufacturing (Jun

and others, 1994) and in the processing of poultry (Bough and others, 1975),

seafood (Savant, 2001; Savant and Tones, 2003; No and Meyers, 1989b; Meyers

and Chen, 1985; Shahidi and others, 1999; Shahidi and Synowiecki, 1991;

Guerrero and others, 1998), wine (Lalov and others, 2000) and vegetables (Bough,

1975; Moore and others, 1987). Complexation of chitosan with pectin, carrageenan

or alginate yielded better protein adsorption and higher turbidity reduction than

chitosan alone, and was suggested as an alternative for treating protein-containing

food processing streams (Savant, 2001; Savant and Tones, 2003).

Chitosan at 30 mgIL reduced suspended solids in meat processing

wastewater up to 89%, and at 10 mgIL reduced by 98% the suspended solids in

shrimp processing wastewater (Bough, 1976). Percent reduction of total solids in

cheese whey reached 89% when treated for 1 hour with 53 mg chitosanlL cheese

whey and increased to 92% when the reaction time was increased to 3 h (Bough

and Landes, 1976). Complexation of chitosan with polyanions (alginate, pectin, and

carrageenan) at 30 mg complex/L whey reduced its turbidity by 40-43% after

1 hour treatment which further increased to a 65-72% turbidity reduction after 39

hrs. A lower complex concentration (10 mg/L) reduced turbidity only by 35-39%

after 1 h and 61-64% after 39 h. The protein adsorption was 71% when cheese

whey was treated with 30 mg complex/L for 39 h (Savant and Tones, 2000). For

tofu waste water, 300 mg chitosanfL showed significantly increased turbidity

reduction when reaction time increased from 0.5 to 3 h (Jun and others, 1994).
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Protein recovery from surimi wash water (SWW) using 150 mg chitosan-alginate

(Chi-Aig) complex per L SWW at mixing ratio of 0.2 resulted in 78-94%

adsorption in 24 h. This result was higher than using 50 mg/L yielding 81-90%

protein adsorption in the same treatment time (Savant, 2001). These reported

findings suggest that reaction time and chitosan concentration may play an

important role in reducing total suspended solids and lowering turbidity.

Optimization of reaction time and chitosan complex concentration would have

economic benefits with many potential applications in recovering valuable

suspended solids and in reducing the environmental impact of food processing

operations. One potential application of chitosan complexes in seafood processing

is surimi wash water (SWW) which contains 0.1-2.3% protein (Morrissey and

others, 2000) resulting not only in clean wash water for reuse in the plant but

recovering also suspended proteins that could be used in the production of animal

feed.

The protein removal from SWW by the Chi-AIg complex can be

qualitatively verified using Fourier Transform Infrared (FTIR) spectroscopy. For

example, chitosan and poly acrylic acid (PAA) mixed in % w/w combinations of

75/25, 50/50 and 38/62 Chi/PAA showed a peak at 1715 cm', which was assigned

to the carboxylic group in PAA, increasing in intensity as the ratio of PAA to

chitosan increased. Furthermore, a 1550 cm' peak, assigned to a symmetric

deformation of NH3, confirmed Chi and PAA complexation (Lee and others,

1999). The same peak in the 1500-1600 cm' was previously observed by Chavasit
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and others (1988) for the same complex and was used as supporting evidence that

electrostatic interaction (NH3RCOO) is the complexation mechanism driving Chi

and PAA complexation. The same peak was used to confirm the complexation of

Chi with pectin and alginate (Mireles and others, 1992; Savant, 2001).

When Chi was complexed with Aig and used to treat SWW, FTIR analysis

provided evidence that SWW proteins had been absorbed by Chi-Aig (Savant and

Torres, 2003). The spectra for SWW protein-rich solids and SWW reacted with

Chi-Aig shared common bands of the N-H stretching vibration at 3320-3270 cm1,

amide I for C=O stretching vibration at 1680-1630 cm', amide II of combination of

C-N stretching and N-H bending at 1570-1515 cm1, and amide II of C-N stretching

and N-H bending vibration at 1305-1200 cm1. These spectra observations

confirmed SWW protein recovery by Chi-Aig.

Peniche and others (1999) used the ratio absorption band at 1728 cm' to the

intensity of the absorption at 1028 cm1 to indicate the composition of PAA and

chitosan complex. The ratio between two bands was also useful for determining the

degree of deacetylation of chitosan (Duarte and others, 2002; Baxter and others,

1992; Muzzareffi and others, 1997; Roberts, 1997). A similar ratio of a common

absorption band to the amide bands in the Chi-Alg recovered SWW proteins could

be used to verify protein recovery.

The objective of this work was to investigate the effect of Chi-Aig

concentration and reaction time. Protein adsorption by this complex was examined

by qualitative FTIR analysis. The justification for this work is that lowering Chi-
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Aig concentration and time will provide economic benefits in treating aqueous food

processing streams.

3.3. Materials and methods

Chitosan (84% deacetylation, 2400 cp) obtained from Vanson Chemicals

(Redmond, WA) was used to prepare 1% solutions in 1M acetic acid. Alginate

(Kelgin® MV, food grade, Kelco Co., San Diego) was used to prepare 1%

solutions in deionized water. SWW obtained from Pacific whiting (Merluccius

productus) processing was collected at the rotary stage used to remove solid fish

waste (Pacific Surimi Joint Venture L .L .C., Warrenton, OR) and transported frozen

to Corvallis, OR. Sorbitol (1%) was added as a cryoprotectant to prevent low

temperature damage to SWW proteins. The frozen SWW was stored at -39 °C until

used for protein recovery tests following the procedures described below. Prior to

flocculation, the SWW was thawed overnight and centrifuged for 20 minutes at

3100 G and 4°C to remove insoluble solids. The SWW supernatant was then

adjusted to pH 6 using 1M HC1 or 0. iN NaOH.

3.3.1. Protein flocculation

Soluble proteins remaining in the pH adjusted SWW supernatant were

recovered according to the method of Savant and Tones (2003). Flocculation was

performed in a 50 ml Erlenmeyer flask using 24.75 mL of SWW and 250 tL of Chi
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and Aig solutions added at 0.2 MR. This was performed at 20, 40, 100 and 150mg

Chi-Aig complex/L SWW. The mixture was then agitated at room temperature

using a small impeller agitator (Model 4554, Cole Parmer Instrument, Chicago, IL)

at a 5.5 speed setting for 5 minutes. Flocculation was allowed to continue without

agitation at room temperature for 0.5, 1 and 24 h. The solids were recovered by 20

mm centrifugation at 3100 G and 4°C, freeze dried and stored at 39 °C for further

analysis. The supernatant was collected for protein analysis using the modified

Folin method read at 750 nm (Lowry and others, 1951).

3.3.2. FTIR analysis

FTIR analysis was used as a qualitative tool to confirm protein adsorption

by Chi-Alg complex. A 1 % sample in KBr of protein adsorbed complexes or

untreated SWW solids were ground to a fine powder using a pestle and mortar. The

KBr lens obtained by compression in a mini press pellet maker (Model 14-385-851,

Fisher Scientific, New Brunswick, NJ) was scanned 64 times from 400-4000 cm1

with resolution 8 (Nicolet 5PC FTIR Spectrophotometer, Madison, WI).

Deconvolution analysis and area calculation of selected regions of the spectra were

performed using AAnalyzer® v.1.02 (Herrera-GOmez et. al., 2000; Velazquez and

others, 2003).

Peak area ratios in the amide I (1655 cm'), II (1535 cm') and III

(1240 cm1) regions were calculated and then normalized against the sum of the

area for two peaks found in all samples between 2880-3005 cm1 (region A, Figures
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3-5). This normalization procedure is essential, in that it takes into account the

spectral variability which is a function of sample concentration and final thickness

of the KBr pellet. The spectra in the three amide regions were fitted using 10 peaks

observed in this region. The center of the peaks (as determined by AAnalyzer®)

describing each amide band was fixed and the area was calculated using the

aforementioned software.

3.3.3. Statistical analysis

ANOVA with factorial analysis was used to analyze data at the level of

95% significance using S-PLUS 2000. Multiple comparisons were done by the

"Best-Fast" method (Prof. Rel. 1, S-PLUS Lucent Technology, Inc., Seattle, WA).

3.4. Results and discussion

3.4.1. Protein flocculation

Protein adsorption (Table 3) was affected by reaction time and Chi-Alg

concentration while turbidity reduction (Table 4) was affected only by

concentration. Protein adsorption at 0.5 h (66 83%) was significantly lower (p<

0.05) and showed no difference at longer times with protein adsorption ranging

from 79% to 84% at all four concentrations (Table 3). Irrespective of reaction time,

protein adsorption fell in two broad complex concentration groups, a low (20-40

mg/L) and a high range (100-150 mgIL). These results were consistent with those
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reported by Savant and Torres (2003) when 150 mg complexlL SWW yielded 78-

94% protein adsorption after 1 h. Lower concentrations (20-40 mg/L) may result in

higher protein adsorption achievable at longer reaction times of 1 and 24 h.

TABLE 3. Effect of time and Chi-Aig concentration on SWW protein
adsorption (%)

Time Chi-Alg, mgJL SWW
(h) 20a 40a 150b

0.5 A 66.6 ± 1.0 70.7 ± 0.2 76.2 ± 0 83.7 ± 0.4
1
B 79.5±0.4 79.8±0.8 83.6±0.2 82.7± 1.4

80.6+0.1 82.3±0.9 84.2±0.3 84.4± 1.5
a, b means containing the same lower case letters within rows are not

different (p <0.05)
A, B, C means containing the same upper case letters within columns are not

different (p <0.05)

TABLE 4. Effect of time and Chi-Ah concentration on turbidity reduction (%

Time h ChiAlg, mgfL SWW
( 2O' 40a 150b

05A 93.8±0.5 93.8±0.4 93.6± 1.5 93.6± 1.5
1

A 93.5 + 1.0 95.1 ± 2.8 97.8 ± 0 95.8 + 2.4
24A 93.6±0.7 95.5±0.6 94.2±0.3 97.8±0.2

a, b means containing the same lower case letters within rows are not
different (p <0.05)

A, B, C means containing the same upper case letters within columns are not
different (p <0.05)

Turbidity reduction reached over 90%, was independent of time (p< 0.05)

within the same concentration but was affected by the Chi-Aig complex

concentration (Table 4). Consistent with protein absorption observations, turbidity

reduction fell irrespective of reaction time into the same two broad concentration
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groups. No significant differences (p< 0.05) in turbidity reduction were observed at

the two lower concentrations but the reduction was significantly higher when Chi-

Aig concentration was increased to 100 mgIL but not significantly different when

further increased to 150 mgIL. On the basis of these observations a recommended

100 mg Chi-Alg/L SWW for 1 h appeared adequate recovering 84% of SWW

proteins and reducing turbidity by 98 %. However, 20mg Chi-Alg/L SWW for 1 h

can absorb -80% protein with 93% reduction in turbidity and may be preferred in

commercial implications.

3.4.2. FTIR analysis

Irrespective of flocculation time and Chi-Aig concentration, identical JR

spectra were obtained for untreated SWW solids and protein adsorbed on Chi-Aig

complexes (Figures 3-5). The following bands were observed: 3320 3270 cm1

reflecting N-H stretching vibration; 2936 2916 cm1 reflecting C-H stretching

vibration; 1680 1630 cm' reflecting amide I with C0 stretching vibration at

1655 & 1636 cm4; 1570 1515 cm1 reflecting amide II combination of C-N

stretching & N-H bending at 1536 cm'; and 1305 1200 cm1 reflecting amide III

combination of C-N Stretching & N-N bending at 1240 cm'. Similar peaks were

observed by Savant & Torres (2003) in the treatment of SWW with Chi-Aig at 150

mgIL concentration. The observation of identical regions for all three amide bands

confirmed adsorption of SWW proteins on Chi-Aig. The peak at 2926 cm'

reflecting C-H stretch was found in all spectra and used as a reference point against
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individual peak areas for the three amide bands (Table 5). The 100 mg Chi-AIg

complexlL SWW and 1 h treatment, which had the highest percent protein

adsorption (84%), showed the highest peak area ratios for all three amide bands

(Table 5) and confirmed the adsorption of the SWW protein by Chi-Alg.

FIGURE 3. FTIR spectra of untreated SWW protein and SWW protein
recovered for 30 minutes using Chi-Alg complex
(a) untreated SWW
(b) 150 mg/L Chi-Aig complex
(c) 100 mgIL Chi-Alg complex
(d) 40 mg/L Chi-Alg complex
(e) 20 mg/L Chi-Alg complex

a

b

d

A

3000 2000 1000

Wavenumber cm1
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FIGURE 4. FTIR spectra of untreated SWW protein and SWW protein
recovered for 60 minutes using Chi-Aig complex
(a) untreated SWW
(b) 150 mg/L Chi-Alg complex
(c) 100 mg/L Chi-Aig complex
(d) 40 mg/L Chi-Aig complex
(e) 20 mg/L Chi-Aig complex
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FIGURE 5. FTIR spectra of untreated SWW protein and SWW protein
recovered for 24 hours using Chi-Alg complex
(a) untreated SWW
(b) 150 mg/L Chi-Alg complex
(c) 100 mg/L Chi-Aig complex
(d) 40 mg/L Chi-Aig complex
(e) 20 mgIL Chi-Alg complex

a

b

c

d

f

3000 2000 1000

Wavenumber cm1



TABLE 5. Normalization of selected FTIR peak areas for samples of SWW
recovered at different Chi-Al concentrations and time

Amide bands Amide bands
2962 &

CM- 2926 I II III I II III

Aig cm' 1655 1536 1240 1655 1536 1240

(mgfL) cm cm cm1 cm1 cm1 cm1

Peak area Normalized peak area
p1 p2 p3 p4 p2/pi p3/pi p4/pi

30 mm
20 1.25 19.69 14.20 4.42 15.77 11.37 3.54
40 1.13 16.51 12.43 3.92 14.63 11.01 3.47
100 1.40 22.43 17.14 5.50 15.98 12.22 3.92
150 1.18 19.26 15.30 4.35 16.27 12.93 3.68

lh
20 0.86 14.28 9.57 2.50 16.54 11.09 2.90
40 2.17 36.28 25.20 7.77 16.73 11.62 3.58
100 2.07 40.04 28.06 8.24 19.35 13.56 3.98
150 1.45 23.35 17.66 5.03 16.05 12.14 3.46

24 h
20 0.48 9.02 6.21 1.80 18.78 12.94 3.75
40 0.56 10.25 7.28 2.03 18.41 13.09 3.64
100 0.62 10.65 7.24 2.08 17.21 11.70 3.36
150 1.29 16.75 12.22 3.67 13.00 9.48 2.85

3.5. Conclusions

Protein adsorption from SWW using Chi-Aig complex can be improved by

choosing appropriate values for Chi-Aig concentration and reaction time while the

turbidity reduction was affected only by Chi-Alg concentration. Flocculation of

SWW protein by using Chi-Aig at a concentration of 100 mg complex/L SWW for

1 h achieved high protein adsorption and turbidity reduction. However, a lower

concentration and longer time may offer benefits that would need to be evaluated

by surimi processors.
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4.1. Abstract

Protein recovery using chitosan (Chi) complexed with polyanions such as

alginate (Aig) is more effective than chitosan alone. Six chitosan samples differing

in MW and DD were investigated in recovering surimi wash water (SWW) solids

by reaction with 20, 40 and 100 mg Chi-Alg/L SWW complexed at a 0.2 mixing

ratio. Chitosan with 94, 93 and 75% DD showed 73-75% protein adsorption while

84% DD chitosan had higher values (74-83%). SY-l000 with 94% DD showed the

highest protein adsorption (79-86%) and turbidity reduction (85-92%). Chitosan

with high MW (SY-1000, CHI-84) resulted in higher protein adsorption. Low

MW/high DD (SY-20, SY-40) or medium MW/low DD (SY-171) resulted in lower

protein adsorption compared to high MW/medium DD chitosan (CHI-84). FTIR

analysis of the solids recovered by Chi-Alg revealed all three amide bands

observed in the same region for untreated SWW confirming SWW protein

adsorption by Chi-Alg.
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4.2. Introduction

Chitosan, a partially N-deacetylated product of chitin carrying positive

charges, is an important natural biopolymer due to its biocompatibility and

biodegradability (Henriksen and others, 1993; Ohkawa and others, 2000; Peter,

1995) and broad applications such as in waste water treatment (Peter, 1995; Savant

and Torres, 2000; Torres and others, 1999; Mireles and others, 1992), chemical

industries (Chen, 1998), biomedical and pharmaceutical applications (Lian and

others, 1999; Chen, 1998; Wang and others, 2001; Lee and others, 2001),

agriculture and biotechnology (Peter, 1995).

The amine groups in chitosan are protonated resulting in a positively

charged nitrogen containing biopolymer insoluble in neutral, alkaline pH and

weakly acid solutions but soluble in an acid environment. Previous studies have

shown that chitosan can flocculate suspended solid in various streams such as

cheese whey (Bough, 1976; Savant, 2001; Savant and Torres, 2000), poultry wash

water (Bough and others, 1975), tofu whey (Jun and others, 1994), vegetable

processing (Bough, 1975) and surimi (Savant, 2001). The positive chitosan charge

participates in ionic interactions, particularly with polyanions such as alginate,

carrageenan and pectin. The complexes formed by electrostatic interaction between

C00 or S03 and NH3 (IlIum, 1998) can be used for suspended solids recovery

from food processing streams (Savant, 2001; Torres and others, 1999; Mireles and

others, 1992; Savant and Torres, 2000).
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Various grades of chitosan are available commercially differing in

molecular weight (MW) and degree of deacetylation (DD) which has an impact in

commercial applications (Domard, 1998; No and others, 2000; Chinadit and others,

1998; Lian and others, 1999; Chen, 1998). These parameters change chitosan

solubility and its electrostatic interaction with other molecules (Domard, 1998).

Protein recovery, proposed to occur by electrostatic interaction with the complex

and by mechanical entrapment (Savant, 2001), could also be affected by chitosan

MWandDD.

Degree of deacetylation can be defined as a ratio of 2-amino-2-deoxy-D-

glucopyranose to 2-acetamido-2-deoxy-D-glucopyranose indicating the level of

free amine active group present in chitosan. Higher DD indicates a chitosan with

more positively charged groups available for ionic interactions. However, it is

possible that only a small number of amine groups are involved in complexation

and thus a high DD value may not be necessary for effective protein coagulation.

Higher MW chitosan may provide more mechanical entrapment opportunities.

Therefore, selecting chitosan on the basis of MW and DD may be a means to

improve Chi-Aig complex efficacy and provided the justification for this study on

the influence of the chitosan DD and MW on surimi wash water (SWW) protein

adsorption by this complex.
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4.3. Materials and methods

4.3.1. Materials

Five chitosan samples varying in MW and DD were obtained from Sunchon

National University (Chonnam, Korea) and a sixth sample (CHI-84) was obtained

from Vanson Chemicals (Redmond, WA). All chitosan samples were used to

prepare 1% solutions in 1M acetic acid. Alginate (Kelgin® MV, food grade, Kelco

Co., San Diego) was used to prepare a 1% solution in deionized water.

TABLE 6. Chitosan samnle sDecification
Chitosan Viscosity

MW 2 MW Level DD (%) DD Level
sample (cP)
SY-20 20 22,300 Low 94 High
SY-40 40 47,000 Low 93 High
SY-171 171.6 225,000 Medium 75 Low
SY-1000 1000 1,495,000 High 94 High
SY-2150 2150 3,404,000 High 93 High
CHI-843 24O0 3,832,000 High 84 Medium

1 Moon(2000)
2 Calculated (Eq. 2) using coefficient K of 1.8L3 cm3/g and constant a of 0.93

(No and others, 2000)
Commercial sample, Vanson Chemicals
Data provided by manufacturer

SWW obtained from Pacific whiting (Merluccius productus) processing

was collected at the rotary stage used to remove solid fish waste (Pacific Surimi

Joint Venture L.L.C., Warrenton, OR) and transported frozen to Corvallis, OR.

Sorbitol (1%) was added as a cryoprotectant to prevent low temperature damage to

SWW proteins. The frozen SWW was stored at -39 °C until used for protein
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recovery tests following the procedures described below. Prior to flocculation, the

SWW was thawed overnight and centrifuged for 20 minutes at 3100 G and 4°C to

remove insoluble solids. The SWW supernatant was then adjusted to pH 6 using

1M HCI or 0. iN NaOH.

4.3.2. Protein flocculation

The soluble protein remaining in the pH adjusted supernatant was recovered

according to the method of Savant and Torres (2003). Flocculation was performed

in a 50 ml Erlenmeyer flask using 24.75 mL of SWW and 250 tL of chitosan and

alginate solutions added at 0.2 mixing ratio (MR). Chi or Chi-Aig complexes were

used at 20, 40 and 100 mgIL SWW. The mixture was then agitated at 130 rpm,

20°C for 5 minutes using an environmental shaker (New Brunswick Scientific Inc.,

New Brunswick, NJ) and allowed to stand at room temperature for 1 hour. The

solids were recovered by 20 mm centrifugation at 3100 G and 4°C, freeze dried and

stored at 39 °C for further analysis. The supernatant was collected for protein

analysis using the modified Folin method read at 750 nm (Lowry and others, 1951).

4.3.3. FTIR analysis

FTIR analysis was used as a qualitative tool to confirm protein adsorption

by Chi-Alg complex. A 1 % sample in KBr of protein adsorbed on Chi-Alg

complexes and Chi alone or of untreated SWW solids was ground to a fine powder

using a pestle and mortar. The KBr lens obtained by compression in a mini press



54

pellet maker (Model 14-385-851, Fisher Scientific, New Brunswick, NJ) was

scanned 64 times from 400-4000 cm1 with resolution 8 (Nicolet 5PC FTIR

Spectrophotometer, Madison, WI). ). Deconvolution analysis and area calculation

of selected spectra regions were performed using AAnalyzer® ver 1.02 (Herrera-

GOmez et. al., 2000; Velazquez and others, 2003).

Peak area ratios in the amide I (1659 cm'), II (1532 cm') and III

(1237 cm') regions were then calculated and normalized against the sum of two

constant peak areas found in all samples in the 2880-3005 cm_i (region A, Figures

6-11). This normalization procedure is essential to take into account the spectral

variability caused by sample amount and KBr lens thickness differences. The

spectra in the three amide regions were fitted using ten peaks. The center of the

peaks (as determined by AAnalyzer®) describing each amide band was then fixed

and the area calculated using the aforementioned software.

4.3.4. Statistical Analysis

ANOVA with factorial analysis was used to analyze the data at the level of

95% significance using S-PLUS 2000. The "Best-Fast" method was employed for

multiple comparisons (Prof. Rel. 1, S-PLUS Lucent Technology, Inc., Seattle,

WA).
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4.4. Results and discussion

4.4.1. Protein flocculation and turbidity reduction

At all three concentrations, i.e., 20, 40 and 100 mg Chi or Chi-AIg

complex/L SWW, complexes had a significantly higher (p<O.O5) protein adsorption

when compared to chitosan alone (Table 7). These results are in accordance with a

CHI-84 study by Savant & Torres (2000) who similarly observed higher protein

adsorption and turbidity reduction for chitosan-polyanion complexes as compared

to chitosan alone in the treatment of Cheddar cheese whey and SWW (Savant and

Torres, 2003). Chi-AIg concentration showed significant (p<O.O5) effect on protein

adsorption for samples SY-20, SY-1000 and CHI-84 with no differences for 20 and

40 mgIL SWW but increasing for 100 mg/L SWW. The effect of concentration was

not significant for the other Chi samples.

TABLE 7. Effect of chitosan complexation on SWW protein adsorption
(a)

SY-20

mgIL Chi-AIg a Chi
b

20
A

73.2 ± 0.2 67.4 ± 2.1

40
A

73.1 ± 0.9 68.4 ± 2.1

100
B

± 0.8 68.3 ± 0.1

b
SY-40

mgfL ChiAlga Chib

20' 74±1.1 60.1±0.3
40 A 74 ± 0.6 58.2 ± 0.5

100
A 75.6 ± 0.8 58.3 ± 0.7
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TABLE 7 . continued .

mg/L Chi-Aig a Chi

20
A

74.6 ± 1.9 69.9 ± 1.7
40A

75.4 ± 0.0 65.4 ± 1.2

100
A

± 0.6 69.9 ± 1.0

sY-1000

mg/L Chi-Aig a Chi

20
A

86 ± 6.7 70.5 + 0.7
40A 80.4±0.5 70±0.9
100

B
78.8 ± 0.7 71.2 ± 1.9

SY- 15 00

mg/L Chi-Aig a Chi
20A 73.3± 1.5 61.5± 1.4

40 A ± 0.6 62.1 ± 0.4
100A

74.1 ± 0.1 62.8 ± 2.1

(p
CHI-84

mgfL Chi-Aig a Chi b

20A 73.9±0.4 47.1±0.6
40A 75.6±1.5 52±0
100B 82.6 ±0.5 77.8 ±0.6

a, b means containing the same lower case letters within the
same rows are not different (p <0.05)

A, B, C means containing the same upper case letters within the
same columns are not different (p <0.05)
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SWW protein adsorption was significantly (p<O.05) affected by the type of

chitosan used for flocculation (Table 8). No significant differences (p<O.05) were

observed on protein adsorption amongst SY-20, SY-40, SY-171 and SY-2150

while SY- 1000 and CHI-84 were significantly different. Flocculation with the

complex of SY-1000 resulted in higher protein adsorption (79-86%) when

compared to the other types of chitosan. However, protein adsorption flocculated

with SY-1000 tended to be lower as concentration increased while for CHI-84 it

tended to be higher as the concentration increased. The higher DD chitosan didnot

yield higher protein adsorption with the exception of SY-1000 (94% DD). Chitosan

samples SY-20, SY-40 and SY-2 150 with 94%, 93% and 93% DD, respectively,

displayed lower protein adsorption as compared to CHI-84 (84% DD). SY-171

(75% DD) also showed lower protein adsorption. These results implied that with

the exception of SY- 1000, the highest protein adsorption can be obtained by using

intermediate DD values. With the exception of SY-2150 (3400 kD), higher MW

resulted in higher protein adsorption. Low MW with high DD or low MW with low

DD showed lower protein adsorption compared to high MW with medium DD.

Inconsistent results were obtained with high MW and DD (SY- 1000 and SY-2 150)

chitosan. Overall, these results indicate that MW may play a more important role

than DD on protein adsorption and that an intermediate level of deacetylation

appears more effective for chitosan electrostatic interactions with alginate and

proteins.
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The complex concentration effect on turbidity reduction was not significant

(p<O.05); however, there were differences among some of the chitosan types. No

significant differences (p<O.05) on turbidity reductions were observed amongst SY-

40, CHI-84 and SY-171; SY-171 and SY-2150; SY-100 and SY-2150 with the

highest values obtained for the group containing the commercial sample CHI-84

which at 20 mg Chi-Alg/L SWW reduced turbidity by 96%.

TABLE 8. Chitosan type and concentration effects on SWW protein adsorption
by chitosan alginate (Chi-Alg) complexes prepared at mixing ratio
of 0.2

Chi-Aig Protein adsorption using different type of chitosan
mgIL SY2Oa SY-40' SY-171

a SYlOOOb SY215Ua CHI-84'
20A 73.2±0.2 74.0±1.1 74.6±1.9 86.0±6.7 73.3±1.5 73.9±0.4
40A 73.1±0.9 74.0±0.6 75.4±0.0 80.4+0.5 73.7±0.6 75.6±1.5
moB 74.9±0.8 75.6±0.8 75.7±0.6 78.8+0.7 74.1±0.1 82.6±0.5

a, b means containing the same lower case letters within rows are not
different (p <0.05)

A, B, C means containing the same upper case letters within columns are not
different (p <0.05)

TABLE 9. Chitosan type and concentration effects on SWW turbidity reduction
by chitosan alginate (Chi-Alg) complexes prepared at mixing ratio
of 0.2

Chi-Aig Turbidity reduction
mg/L SY-20 d SY-40 C SY-171 be Sy1000a SY-2150

ab CHI-84
20A 85.5±0.8 92.8±0.2 92.3+0.4 92.4±3.6 90.4±1.0 95.7±0.4
40A 86.3+0.4 93.3±3.4 91.7±0.5 87.8± 1.7 90.3± 1.8 95.0± 1.5
100A 87.7±1.8 95.7±1.2 93.1±0.5 84.9±2.8 90.8±5.4 92.9±1.5

a, b means containing the same lower case letters within rows are not
different (p <0.05)

A, B, C means containing the same upper case letters within columns are not
different (p <0.05)
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4.4.2. FTIR analysis

FTIR spectra showed similar patterns for untreated SWW solids and SWW

solids recovered using Chi-Aig or Chi, irrespective of chitosan type and

concentration (Figures 6-1 1). Consistent with previous results (Wibowo and others,

2003a) and confirming results reported by Savant and Torres (2003), the spectra

showed amide I with C=O at 1659 cm'; strong vibration in 1570-1515 cm' of

amide II combination of C-N and N-H at 1532 cm'; and medium to weak vibration

in 1305-1200 cm1 of amide HI combination of C-N stretching and N-H bending at

1238 cm', The amide bands observed in the untreated SWW and SWW protein

recovered using Chi-Aig complexes were in the same region confirming the

adsorption of SWW protein by Chi-Aig complex.

The consistent region A (3005-2880 cm') with peaks at 2962 cm1 and

2926 cm" (Figures 6-11), corresponding to C-H stretching, was used to normalize

individual peak area of amide bands. However, the normalized values for the three

amides (Table 10) showed no correlation with protein adsorption data (Table 8).



TABLE 10. Normalization of selected FTIR peak areas for samples of SWW
protein recovered using chitosan alginate (Chi-Alg) complexes
prepared at mixing ratio of 0.2

Chi-Aig FTIR spectra analysis
mgfL SY-20 SY-40 SY-171 SY-1000 SY-2150 CHI-84

Area 2962 + 2926 cm' Region A
20 1.4 0.9 9.3 3.6 1.5 1.5
40 1.3 2.5 6.5 2.9 3.7 0.9
100 0.9 2.7 6.1 2.9 1.8 1.4

Area ratio 1659 (amide I) to area 2962 + 2926 cm_i
20 8.9 10.3 10.1 8.9 8.8 9.0
40 8.7 9.9 9.8 8.6 7.4 8.9
100 9.2 10.1 10.3 8.8 8.4 9.9

Area ratio 1632 (amide II) to area 2962 + 2926 cm'
20 5.7 6.7 7.2 5.8 5.9 6.5
40 5.4 6.4 7.0 5.8 5.1 6.4
100 5.7 6.4 7.4 5.8 5.6 7.3

Area ratio 1237 (amide III) to area 2962 + 2926 cm'
20 2.3 2.9 2.5 2.3 2.2 2.2
40 2.5 2.8 2.5 2.3 2.3 2.1
100 2.2 2.5 2.5 2.3 2.0 2.5



FIGURE 6. FTIR
(a)
(b, e)

(c,f)
(d, g)

spectra for chitosan Type SY-20
untreated SWW protein
SWW protein recovered using 100 mg/L SWW of Chi or
Chi-AIg, respectively
same for 40 mg/L
same for 20 mg/L
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FIGURE 7. FTIR spectra for chitosan Type SY-40
(a) untreated SWW protein
(b, e) SWW protein recovered using 100 mg/L SWW of Chi or

Chi-Aig, respectively
(c, f) same for 40 mg/L
(d, g) same for2omg/L
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FIGURE 8. FTIR
(a)
(b, e)

(e, f)
(d, g)

spectra for chitosan Type SY- 171
untreated SWW protein
SWW protein recovered using 100 mg/L SWW of Chi or
Chi-Aig, respectively
same for 40 mg/L
same for 20 mg/L
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FIGURE 9. FTIR
(a)
(b, e)

(c, 1)
(d, g)

spectra for chitosan Type SY-1000
untreated SWW protein
SWW protein recovered using 100 mg/L SWW of Chi or
Chi-Alg, respectively
same for 40 mg/L
same for 20 mg/L
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FIGURE 10. FTIR
(a)
(b, e)

(c, f)
(d, g)
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spectra for chitosan Type SY-2 150

untreated SWW protein
SWW protein recovered using 100 mgfL SWW of Chi or
Chi-AIg, respectively
same for 40 mgfL
same for 20 mgIL
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FIGURE 11. FTIR
(a)
(b, e)

(c,
(d, g)

spectra for chitosan Type CHI-84
untreated SWW protein
SWW protein recovered using 100 mg/L SWW of Chi or
Chi-Aig, respectively
same for 40 mg/L
same for 20 mg/L
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4000 3000 2000 1000
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4.5. Conclusions

Chitosan with higher MW and higher or lower DD lowered protein

adsorption suggesting that the deacetylation used commercially (sample CHI-84)

produces chitosan with adequate MW (3.8 Megadalton) and DD (84%) for the

recovery of proteins from SWW. The exception was SY-1000 which gave higher

protein recovery but had high MW (1.5 Megadalton) and high DD (94%). The

normalized area ratio selected for the three arnide bands obtained from the FTIR

spectra did not correlate with protein concentrations determined by the Folin assay.
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5.1. Abstract

Insoluble solids from surimi wash water (SWW) (P1) and soluble proteins

coagulated using chitosan-alginate (P2) were recovered by centrifugation and then

freeze-dried. Crude protein content of P1 and P2 was 61.4 and 73.1%, respectively.

Also, histidine, lysine, methionine and phenylalanine in the recovered proteins

were higher than in commercial feed ingredients. In a rat feeding trial, a casein

control and diets formulated with SWW protein at 10 and 15% substitution showed

no significant difference (p <0.05) in protein efficiency ratio among the diets.

Blood chemistries from rats fed the various diets revealed no deleterious effect of

protein substitution or chitosan. Proteins recovered from SWW using chitosan-

alginate could be used in commercial animal feed.

KEYWORDS: Surimi wash water, chitosan, alginate, rat, feed, plasma
chemistries
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5.2. Introduction

Seafood is becoming an increasing part of the U.S. coastal economy and

utilizing the harvested fish to the fullest extent is important for its economic

growth. Suspended solids contained in wash water generated by surimi processing

plants contain 0.1-2% protein and could be recovered and reused (Morrissey and

others, 2000). Tuna process water contains 0.9-2.15% protein depending on bones

or head utilization, sardine processing generates 0.5% protein in its wash water

(Guerrero and others, 1998) while only 0.3% protein is found in oyster wash water

(Shiau and Chai, 1999). Concentrating and recovering dilute protein streams is a

technical and economical challenge. However, the recovery of protein from surimi

wash water (SWW) would cut back environmental pollution, generate protein that

can be potentially used as an animal feed component and facilitate the reuse of

process water in the plant. In addition, SWW treatment as a commercially feasible

chitosan application would add value to shellfish processing by generating a market

opportunity for chitin. This would further reduce environmental concerns at U.S.

coastal communities.

With a global population of around 6.4 billion in 2000 and more than one

billion humans currently suffering from chronic malnutrition, the United Nations

estimated a deficit of 0.4 billion tons of cereals and about 100 million tons of

nutrient-rich meals (expressed as soybean meal containing 44% protein)

(Damodaran, 1996). A large portion of this deficit is ascribable to the needs of

animal feeding (Damodaran, 1996). However, increasing production is a difficult
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challenge and a better alternative could be to use nutrient rich discarded processing

streams to produce animal feed.

Animals compete directly with humans for their diet requirements

especially in the consumption of cereals and pulses (Chalupa and Baile, 1978).

Feed production is a costly process and around 75% of the cost of animal

production in raising or maintaining poultry maybe attributed to feed costs (Nakaue

and Arscott, 1991) and for livestock it can reach 90% of total production costs

(Muller, 1982). In Oregon, an estimated 200 million lb of feed (Savage, 2003) are

needed to sustain broiler production providing to the local seafood industry a

market opportunity for recovered SWW proteins. The 1997 Oregon Census of

Agriculture reported expenditures of $229.7 million on feed purchases.

Chitosan has been proven as an effective coagulating agent to remove

suspended solids from various food processing effluents such as cheese whey

(Bough and Landes, 1976; Savant and Torres, 2000), poultry wastes (Bough and

others, 1975), tofu whey (Jun and others, 1994), dairy wastes (Selmer-Oslen and

others, 1996; Dyrset and others, 1998), vegetable processing (Bough, 1975; Moore

and others, 1987); fruit processing and apple juice clarification (Imeri and Knorr,

1988), and seafood processing (No and Meyers, 1989b; Meyers and Chen, 1985;

Shahidi and Synowiecki, 1991; Guerrero and others, 1998). Although these

potential applications have been well documented, chitosan to date has not seen full

industrial utilization. The initial capital investment needed to transfer applications

from the laboratory to the production plant, and the high cost of chitosan, have
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been the main limitations (Savant, 2001). These problems were discussed as early

as in the 1977 MIT Sea Grant Program report on the Industrial prospects for Chitin

and Protein from Shellfish Wastes (Ashford and others, 1977).

Chitosan forms complexes with a variety of polyanions including alginate

(Sezer and Akbuga, 1999), pectin, carrageenan (Torres and others, 1999; Savant

and Torres, 1998; Mireles and others, 1992) and polyacrylic acid (Chavasit and

Torres, 1990). The use of chitosan complexes has been suggested for applications

as diverse as cell encapsulation (Chandy and others, 1999), DNA modification

induced by polynucleotide-chitosan complexes (Hayatsu and others, 1997) and for

drug delivery systems (Ramdas and others, 2000; Risbud and Bhonde, 2000). Most

recently, Song and others (2002) reported that complexing chitosan with lysozyme

yields chitosan-lysozyme conjugates that can greatly enhance bactericidal action

against Escherichia coli K-12. Similarly, Savard and others (2002) demonstrated

that chitosan-lactate polymers (0.5-1.2 MDa molecular weight) possessed

antimicrobial properties against two yeasts isolated from fermented vegetables and

three lactic acid bacteria from a mixed starter for sauerkraut. In our laboratory, the

rationale to complex chitosan with polyanions has been to produce a molecule with

dual charges thereby allowing the adsorption of a wider range of molecules.

Furthermore, reacting chitosan with high molecular weight counterions like pectin,

alginate and K-carrageenan results in crosslinking between chitosan molecules

(Onsoyen and Skaugrud, 1990) thereby forming a larger floc to facilitate the

sedimentation of suspended solids (Torres and others, 1999). Most importantly,
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these complexes can reduce flocculation costs since the amount of chitosan needed

for protein recovery is less than using chitosan alone.

Chitosan-polyanion complexes (chitosan-alginate, chitosan-carrageenan,

chitosan-pectin) tested on proteinaceous effluents such as whey (Savant and Torres,

2000) and SWW (Savant and Torres, 2003) performed as well or better than

chitosan alone in terms of protein adsorption and turbidity reduction. These

complexes were tested at various monomeric mixing ratios (MR) showing no

significant difference in protein recovery except for chitosan-alginate (Chi-Alg) at

0.2 MR, i.e., using 0.2 parts of chitosan and 0.8 parts of alginate to treat SWW

(Savant and Torres, 2000; Savant, 2001). After 1 h, 150 mg Chi-Alg at 0.2 MR per

liter SWW removed 94% of soluble proteins in comparison to 78% for the Chi

control (Savant and Tones, 2003).

The amino acid composition of the protein contained in these solids

recovered from SWW is not a final measure of protein quality since some of them

may be biologically unavailable, thus the need for an animal feeding study. This

observation prompted the following study to ascertain the nutritional quality and

safety evaluation of the protein-rich solids recovered from SWW using Chi-Aig at

0.2 MR using rats as test animals.
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5.3. Materials and methods

Chitosan (84% deacetylation, 2400 cp) was obtained commercially (Vanson

Chemicals, Redmond, WA) and prepared as a 1% solution in 1M acetic acid.

Alginate (Kelgin® MV, food grade, Kelco Co.; San Diego) was prepared as 1%

solution in deionized water. SWW obtained from Pacific whiting (Merluccius

product us) processing was collected at the rotary stage used commercially to

remove solid fish waste (Pacific Surimi Joint Venture L.L.C., Warrenton, OR) and

transported frozen to Corvallis, OR. Sorbitol (1%) was added as a cryoprotectant to

prevent low temperature damage to SWW proteins. The frozen SWW was stored at

-39 °C until used for protein recovery tests following the procedures described

below. Prior to flocculation, the SWW was thawed overnight and centrifuged for

20 minutes at 3100 G and 4°C to remove insoluble solids which were freeze dried

to obtain a protein-rich pellet (P 1). The SWW supernatant was then adjusted to pH

6 using 1M HC1 or 0. iN NaOH.

5.3.1. Protein flocculation

The soluble protein remaining in the pH adjusted supernatant was recovered

according to the method of Savant and Torres (2003) using 150 mg Chi-Aig

complex/L SWW prepared with 0.2 MR. Flocculation was performed in a 2L glass

beaker using 1,576 mL of SWW, 4.8 mL of 1% chitosan and 19.2 mL of 1%

alginate. The mixture was agitated for 5 mm at room temperature using a small

impeller agitator (Model 4554, Cole Parmer Instrument, Chicago, IL) at a 5.5 speed
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setting. Flocculation was allowed to continue without agitation at room temperature

for 1 hour. The solids were recovered by 20 mm centrifugation at 3100 G and 4°C,

freeze dried and stored at 39 °C to obtain a second protein-rich pellet (P2).

5.3.2. Feed preparation

The composition of the five casein containing diets used in this study is

summarized in Table 11. The control was a standard case in formulated diet for rats,

designated as AIN-76A. Diet A was the control diet supplemented with chitosan at

the maximum concentration possibly found in experimental diets containing Chi-

Aig recovered proteins and calculated as 0.0 168%. The experimental diets

containing SWW protein were standard diet with casein substitution at 10% by P1

(Diet B), 10% by P2 (Diet C) and 15% by P2 (Diet D). All ingredients except for

corn oil (Mazola, Best Foods, Englewood Cliffs, NJ) were obtained from Harlan

Teklad Test Diets (Madison, WI).

5.3.3. Rat feeding studies

Feeding studies were conducted on thirty 34-day old male Sprague-Dawley

rats (Simonsen Albino, Simonsen Laboratories, Inc., Santa Clara, CA) with an

average body weight of 149+7 g. Six rats were randomly assigned to each of five

groups and housed in cages (two per cage) within a controlled room with 12 hours

light ON-OFF cycle. The rats were acclimatized for 6 days on the control diet prior

to feeding the experimental diets. Average rat weight at this stage was I 86±7 g.
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Water and feed were provided ad libitum. Rats on diet A were fed an amount equal

to the average eaten by the casein control group the day before. This pair-fed

control is required since chitosan has been shown to have lipid binding properties

and hypercholesterolemic activity in rabbits, hens, broilers (Hirano and others,

1990) and mice (Ormrod and others, 1998).

TABLE 11. Experimental diets

Ingredient; / Control 1 Experimental diets
A2 B3 C4

Casein 20 20 18 18 17
Pellet 1 - - 2.89 - -

Pellet 2 - - - 2.43 3.65
Chitosan - 0.0168 -

Cellulose 4.8 4.8 3.91 4.37 4.15
Constant ingredients6 75.2 75.2 75.2 75.2 75.2
Total protein 17.7 17.7 17.7 17.7 17.7
Energy (Kcal/Kg)7 3,310 3,309 3,310 3,310 3,310

AIN-76A casein standard diet
2

AIN-76A diet supplemented with 0.0168% chitosan
10% P1 protein substitution
10% P2 protein substitution
15% P2 protein substitution

6

corn oil (5.2%), cornstarch (15%), sucrose (50%), vitamin mix (1%), mineral
mix (3.5%), DL- methionine (0.3%), cholin ditartrate (0.2%)
calculated based on 4 kcal/g of protein, 4 kcal/g of carbohydrate, and 9 kcal/g
of fat (Delgado and Saldivar, 2000)

Feed intake per cage and individual rat weight were recorded daily to

determine feed consumption, rat growth and weight gain. Feces were collected by

cage every other day, weighed and stored at -3 9°C. At the end of the experiment,

feces were pooled and ground for proximate analysis. Feeding habit and rat health
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were observed daily. Feed efficiency, protein efficiency ratio (PER, Nestares and

others 1993), and apparent protein digestibility (APD, Delgado and Saldivar, 2000)

were calculated as follows:

Feed intake/cage (g)
(3)Feed Efficiency=

(2 rats/cage) * (Weight gain (g)Irat)

PER Weight gain/rat (g) * (2 rats/cage)

(Protein intake (g) /cage)
(4)

Protein intake (g) - Protein in feces (g)
100 (5)%APD =

Protein intake (g)

5.3.4. Chemical analysis on SWW, pellet and feces

SWW and supernatant protein content were determined using the modified

Folin method read at 750 nm (Lowry and others, 1951). Proximate analyses were

performed on P1 and P2 as well as rat feces. Moisture was determined by the

drying method @ 105°C until constant weight (overnight), and ash was determined

by wet and dry direct method weighing the dry mineral residue following high

temperature combustion at 550°C until white or grayish ash results or constant

weight (AOAC, 1995). Fat was determined by the Soxhlet extraction method

employing petroleum ether as solvent (AOAC, 1995). Crude protein was

determined by the micro-Kjeldahl method (AQAC, 1995). Carbohydrate was

calculated by difference. Amino acid composition of P1 and P2 proteins was

performed by the sodium hydrolysate method using post-column ninhydrin
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derivatization in a Beckman 6300 analyzer (Beckman Coulter, Inc., Washington

D.C.). The analysis was carried out by AAA Service Laboratory, Inc. (Boring, OR).

5.3.5. Blood sampling and analysis

On the final day of the feeding experiment, a 2 mL blood sample from each

rat was drawn via cardiac puncture preceded by individual anaesthetization using

CO2 for 6-9 s. The blood sample was transferred to VACUTAINER® sterile tubes

containing a clot activator (Becton Dickinson, Franklin Lakes, NJ), centrifuged at

7,000 rpm for 3 mm and subsequently analyzed at the Oregon Diagnostics

Laboratory (Eugene, OR). Rats were then euthanized by cervical dislocation. The

liver and left kidney were removed to determine organ weights.

5.3.6. Statistical analysis

ANOVA with factorial analysis was used to analyze data at the level of

95% significance using S-PLUS 2000. Multiple comparisons were done by the

"Best-Fast" method (Prof Rel. 1, S-PLUS Lucent Technology, Inc., Seattle, WA).

5.4. Results and discussion

5.4.1. Protein adsorption

Flocculation using 150 mg polymeric complex of Chi-Alg per L SWW at

MR 0.2 resulted in protein adsorption reaching 73%. These results were lower than
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previously reported when similar complexes used at the same concentration yielded

78-94% protein adsorption (Savant and Torres, 2003). However, in the present

study, flocculation was conducted in containers 20 times larger suggesting the

possibility of lower adsorption rates for larger scale applications. The difference

could reflect also other factors influencing SWW properties. For example, seasonal

fluctuation in fish composition could result in differing composition of the wash

water and account for the lower adsorption rates observed in this study.

5.4.2. Proximate and AA analyses of pellets P1 and P2

Pellet P1 had a higher moisture, ash and fat than P2. The crude protein

content, 61.4% and 73.1% in P1 and P2, respectively, were comparable to herring

(70.6%), menhaden (63.5%) and corn gluten (68.4%) and superior to soybean

(47.7%) meals used in commercial feeds (Table 12). The AA composition of both

pellets was superior to fish, soy and corn meal. The levels of histidine (2.3 and

3%), lysine (9.7 and 9.4%), methionine (3.6 and 3.7%) and phenylalanine (4.6 and

5.1%) in P1 and P2, respectively, were higher than in fish, soy and corn meal. Both

pellets had high acidic amino acids content followed by leucine. Both pellets were

also rich in the basic amino acids lysine and argenine. Although histidine was

present in P1 and P2 at only 2.3 and 3%, respectively, the requirement for histidine

for young rats is only 0.3% of total diet and is thus lower than the requirement for

leucine (0.8%), isoleucine (0.5%) or threonine (0.5%) (Lloyd and others, 1978).

The latter three were present in large concentration in pellets P1 and P2. The
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comparison of the amino acids requirement for rat, chicken and hen (Table 13) with

the AA profile in pellets and that of other protein sources (Table 12) demonstrates

the adequacy of SWW proteins in formulating an animal feed.

TABLE 12. Wet basis percentage composition of surimi wash water (SWW)
pellets P1 and P2 and comparison with protein sources in
commercial feed

Fish meal CornSWW SWW Soybean
gluten4Component

P1 P2 Herring1'
Menhaden3 meal

meal32

Moisture 9.6±0.1 5.7±0.1 8.5 7.3 9.4 5 7.9
Ash 13.7±0.1 9.0±0.1 5.3 17.7 6.7 5 1.3
Fat 14.5±0.2 8.6±0.1 9.6 8.4 3.4 5 1.9
Crude protein 61.4±0.4 73.1±1.7 70.6 63.5 47.7 5 68.4
Carbohydrate5 0.8 3.6 2.9 3.1 32.8 20.5

Essential amino acids, % of protein
Arg 7.1 7.4 5.0 6.0 4.0 2.9
His 2.3 3 1.8 1.6 1.2 1.8
lie 4.9 4.5 3.4 3.8 2.9 3.2
Leu 8.4 8.5 6.1 7.1 4.5 17.6
Lys 9.7 9.4 6.0 7.7 3.7 1.5
Met 3.6 3.7 2.5 2.5 0.8 2.2
Phe 4.6 5.1 2.9 3.8 3.1 6.4
Thr 5 4.5 3.4 4.3 1.8 3.4
Val 5.5 5.7 4.3 4.6 3.4 3.8

Non- essential amino acids, % of protein
Ala 4.5 4 5.3 6.6 3.0 9.4
Asp 10.7 11.8 7.0 9.4 7.6 6.4
Glu 18.2 16.7 10.5 13.6 3.6 23.0
Gly 3.8 4.1 5.1 8.1 2.4 2.7
Pro 3.4 3.8 3.5 4.7 0.9 9.3
Ser 4.3 4 3.2 4.1 6.5 5.9
Tyr 4.1 3.9 2.4 3.0 2.0 5.5
High protein fish meal, unspecified species (O'Mara and others, 1997)

2 Fish meal, herring (Cruz, 1997)
Piepenbrink and Schingoethe (1998)
Hadjipanayiotou and Economides (2001)
By difference
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TABLE 13. Essential amino acids requirement as percentage of diet'

Amino acid Young Starting Laying
rat (%) chicken (%) hen (%)

Arg 0.20 1.20 0.80
Gly n/a 1.00 n/a
His 0.30 0.40 n/a
Iso 0.50 0.75 0.50
Leu 0.80 1.40 1.20
Lys 0.90 1.10 0.50
Met 0.60 0.75 0.53
Phe 0.90 1.30 n/a
Thr 0.50 0.70 0.40
Trp 0.15 0.20 0.15
Val 0.70 0.85 n/a

'Lloyd and others, 1978

5.4.3. Rat feeding studies

5.4.3.1. Effect of protein substitution on feed consumption and rat
growth

No significant differences (p <0.05) were observed in the initial and final

rat weights for the casein control and experimental diets (Table 14). Further, the

daily cumulative feed consumed per rat and body weight gains for all the diets were

not different (p<O.05) in feed consumption (Figure 12). This suggests no difference

in the palatability of the diets fed ad libitum including the ones containing SWW

proteins (pellets P1 and P2) and the chitosan used to recover them. The growth

rates for all groups (Figure 12) indicate the absence of deleterious effects of feeding

recovered SWW proteins and chitosan. Further evidence of the experimental diets

quality is the absence of differences (p<O.05) amongst all the groups for total feed
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intake, total feed intake per body weight, total protein intake. It should be noted

that chitosan present in its free form in diet B or as a chitosan-alginate complex in

diets C and D had no effect on feed consumption and animal growth rate. Sugano

and others (1980) had observed a reduction in rat food intake but in diets with 10%

chitosan versus the 0.0 168% used in this study. Statistically significant (p < 0.05)

but minor differences were observed on the N content of feces (Table 14). Overall,

these results suggest that the low levels of chitosan present in the diet did not affect

the N content of feces.

FIGURE 12. Effect of experimental diets on body weight and cumulative feed
consumed (arrows indicate data on right or left axis)
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5.4.3.2. Effect of protein substitution on protein digestibility, PER and
feed efficiency

Protein digestibility, feed efficiency and protein efficiency ratio (PER) of

the diets are presented in Table 14. Protein digestibility of the control diet

containing casein was higher (99.4±0.1%) than that of the casein control (94.5%)

reported by Delgado and Saldivar (2000). Protein digestibilities of diets containing

chitosan (Diets A, C, D) and without chitosan (Diet B) were also higher than this

reported value (Table 14). Feed efficiency and PER of the experimental diets were

not statistically different (p<O.O5) from the control diet. These results show that

neither SWW protein nor chitosan present in the diets at the level used in this study

had a significant effect on the diet protein digestibility, PER or feed efficiency.

These results are in accordance with Bough and Landes (1976) who reported no

significant effects on the PER of whey proteins when 2.15% chitosan was added to

rat diets. Similarly, Lian and others (1999) found that the effect of 5% chitosan on

dietary protein digestion was minor. The chitosan level of 0.0168% in this study

was much lower than that used by these authors.

5.4.3.3. Effects on liver and kidney

No statistical differences (p < 0.05) were observed among the liver and

kidney weights of rats fed the control or experimental diets (Table 14) again

indicating no deleterious effects of SWW protein.
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TABLE 14. Effect of casein control and diets containing surimi wash water

2Control Experimental diet?
A B C D

Initial body weight (g) 188±3a 188±8a 183±loa 186±9a 184±7a

Finalbodyweight(g) 317±17a 300±14a 310±18a
311±18k' 3o4±17'

Weightgain(g) 128±18a 112±lla 127±14a 125±lla 120±13a

Feces/2-rat cage (g)' 63±5a 65.1±2.oa 54.4±2.2a 58.0±6.Oa 60.1±4.3a

N-feces (%)' 1301abd 1400b 1.7±o.P 1501abc 1601dc
Total feed intake/2-rat 767±39a 711±18a 741±44a 736±59a 738±31a

cage (g)'
Total feed intake/body 1 .21±0.02a 1.1 8±0.03a 1 .20±0.02a 1.2 1±o.02a 1.1 8±0.02k'

weight'
Total protein intake/2-rat 136±7a 126±3a 132±8a 131±1 la 131±6a

cage (g)1

Apparentprotein 99.4±0.la 99.3±o.oa 99.3±o.oa 99.3±0.0a
99.3+0.1k'

digestibility (%)'
Feed efficiency1 3.o±o.la 3.2+o.la 2.9±o.la 2.9±o.la 3.1±0.2'
PER1 1.9±0. 1.8±0.la 1.9+o.oa 1.9±o.la 1.8±0.la
Kidney (left, g) 1.4±O.2a 1.3±o.la 1.3±o.la 1.3±o.la 1.3±o.1'
Liver (g 16.4±2.9a 14.9±1.7a 14.6±1.2a 15.o±2.7a 14.8±1.la

average of three 2-rat cage replications
2 AIN-76A standard casein diet

AIN-76A standard casein diet modified as described in Table 11
a, b, C means containing the same letters within rows do not differ (p <0.05)

TABLE 15. Effect of protein substitution on the % wet basis proximate
composition of feces of rats fed a casein control and diets containing
surimi wash water proteins

Control Experimental diets2

A B C D
Moisture 8405a,b 8.8±o.4a 8.6±o.3a 8403a,b 7705b
Ash 1o.4±0.2a 1o.5±o.sa 11801b,c 108±O4 11.4±0.7c

Fat 1.4±0.2a 2802b 2303b 1.5±0.la 1.3±o.4a

Crude protein 1301b 1400b,c 1.7±0.la 1.5±0.1 1.6±o.la
Carbohydrate3 78.5±0.6 76.6±0.6 75.7±0.5 77.7±0.5 78.1±1.4

AIN-76A standard casein diet
2 AIN-76A standard casein diet modified as described in Table 11

calculated by difference
a, b, C means containing the same letters within rows are not different (p <0.05)
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5.4.3.4. Blood chemistry

To further assess the effects of feeding SWW proteins to rats, nineteen

selected blood serum chemistry parameters were measured to determine if the

animal's metabolism and organ functions were influenced by the diets fed. The

blood chemistry parameters are summarized in Table 16 and included the liver

function indicators bilirubin; the enzymes alanine aminotransferase (ALT),

aspartate aminotransferase (AST), alkaline phosphatase (ALP) and gamma-

glutamyltranspeptidase (GGT); protein, albumin (A) and globulin (G) and its ratio

value (A/G). Blood urea nitrogen (BUN), creatinine, sodium, potassium, calcium,

chloride, CO2, and phosphorus levels assessed renal function. Cholesterol and

triglycerides were measured to observe possible effect of dietary chitosan on lipid

binding (Hirano and others, 1990). Of the 19 plasma parameters measured and the

calculated AIG ratio in each rat, there were no differences (p < 0.05) among the

five diets fed. As expected in animal studies, some plasma parameters exhibited

considerable variability attributed to individual metabolic differences.

5.5. Conclusions

The various results show that up to 15% protein substitution in feed fed to

rats using SWW protein recovered with or without chitosan is nutritionally and

metabolically comparable to the feeding of a control casein diet. Although the

presence of chitosan in P2 could possibly cause a nutritional imbalance since
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chitosan has been shown to induce weight loss due to its lipid binding properties

(Hirano and others, 1990; Ormrod and others, 1998), the chitosan at the low

concentrations (maximum calculated level in the diets is 0.0 168%) present in the

diets tested in this study, appears to have no lipid binding effect as seen from the

blood cholesterol levels (Table 16). Liver and kidney tissue samples (data not

shown) were observed microscopically and only three exhibited color lesions and

was interpreted as another random variability issue. As the pathology analysis of

liver and kidneys showed no other deformities the toxicity of SWW proteins and

the Chi-Aig complex were ruled out.

This study confirmed the potential of recovered SWW protein as an animal

feed ingredient. Nutritionally, the pellet's protein content was superior to

commonly used feed-protein sources particularly with respect to protein

concentration and essential amino acid composition. Substitution by SWW protein

recovered using chitosan alginate complexes at MR 0.2 showed no deleterious

effect on weight gain, feed efficiency, PER, liver and kidney, and blood chemistry.
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TABLE 16. Effect of SWW feed protein substitution on rat blood chemistries'

Blood analysis 2Control
A

Experimental diets
B C D

Liver functions
A/G Ratio 1.6±0.6 1.3±0.2 1.4±0.4 1.1±0.1 1.2±0.1
Albumin (g/dL) 4.3±1.0 3.7±0.5 3.9±0.8 3.3±0.1 3.5±0.2
ALP 220±21 210±20 207±18 21 1±27 225±19
ALT (lUlL) 43.8±8.7 45.8±6.0 50.7±7.1 45.3±5.8 52.8±16.6
AST (lUlL) 196±127 171±114 192±161 76±9 76±71
Bilirubin, Total (mgldL) 1.5± 1.3 0.9±0.8 1.3±1.4 0.3±0.2 0.5±0.6
GGT (lUlL) 21.5±10.1 17±7.2 21.3±13.8 10.7±2.9 14.0±7.4
Globulin (gldL) 2.7±0.3 3.0±0.1 3.0±0.2 3.0±0.2 3.0±0.1
Protein, Total (g/dL) 7.0±0.7 6.6±0.5 6.9±0.6 6.3±0.2 6.5±0.2

Renal functions
BUN (mg/dL) 20.3±2.9 20.2±2.5 19.7±3.5 19.5±3.8 20.0±3.7
Calcium (mg/dL) 10.8±0.6 10.8±0.3 10.7±0.6 10.6±0.5 10.7±0.5
Chloride (mEqIL) 105±4 105±2 103±1 104±1 104±1
CO2 (mEqlL) 20.8±6.6 22.0±4.6 23.5±3.7 24.7±2.0 24.5±1.9
Creatinine (mg/dL) 0.4±0.1 0.4±0.1 0.4±0.1 0.4±0.1 0.4±0.1
Glucose (mgldL) 202±39 177±71 160.0±42 148±14 148±19 1
Phosphorous (mgldL) 10.1±0.9 11.1±2.0 12.0±2.8 10.1±0.5 11.7±2.9
Potassium (mEq/L) 6.4±1.9 6.5±0.9 6.4±1.7 5.7±0.3 6.2±1.0
Sodium (mEqlL) 142±5 140±3 140±2 141±1 142±2

Lipid related compounds
Cholesterol (mg/dL) 136±14 124±13 125±18 134±10 128±9
Triglycerides (mgldL) 198±44 154±28 166±42 164±44 155+20

average of 5 replications with no significant difference (p <0.5)
2 AIN-76A standard casein diet

AIN-76A standard casein diet modified as described in Table 11
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6.1. Abstract

Soluble proteins from surimi wash water (SWW) coagulated using chitosan-

alginate were recovered by centrifugation and the resulting pellet was freeze-dried

(SWWP). With a crude protein content of 73.1% and 3 % histidine, 9.4 % lysine,

3.7 % methionine and 5.1 % phenylalanine in SWWP, an experimental rat feed was

formulated using it as the single protein source. In a rat feeding trial, this feed at

100% protein substitution showed a higher (p <0.05) protein efficiency ratio (PER)

and net protein ratios (NPR) than the casein control. Blood chemistries revealed no

deleterious effect of protein substitution or chitosan content in the feed. Proteins

recovered from SWW using chitosan-alginate could be used in commercial feed.



6.2. Introduction

Surimi is stabilized myofibrillar protein obtained from mechanically

deboned fish flesh that is washed with water and blended with cryoprotectants to

extend its frozen shelf-life (Park & Morrisey, 2000). Suspended solids contained in

wash water generated by surimi processing plants contain 0.5-2.3 % protein and

can be recovered and reused (Morrissey and others, 2000). Protein recovery from

surimi wash water (SWW) could reduce environmental pollution, generate protein

that can be potentially used as a feed component, and facilitate the reuse of process

water in the plant. Animals compete directly with humans for their dietary protein

requirements especially in the consumption of cereals and pulses (Chalupa and

Baile, 1978). This inter-species competition for protein can be reduced if alternate,

low-cost protein sources are identified. Chitosan has been proven as an effective

coagulating agent to remove suspended solids from various food processing

effluents such as cheese whey (Bough and Landes, 1976; Savant and Torres, 2000),

poultry wastes (Bough and others, 1975), tofu whey (Jun and others, 1994), dairy

wastes (Selmer-Oslen and others, 1996; Dyrset and others, 1998), vegetable

processing (Bough, 1975; Moore and others, 1987); fruit processing and apple juice

clarification (Imeri and Knorr, 1988), and seafood processing (No and Meyers,

1989b; Meyers and Chen, 1985; Shahidi and Synowiecki, 1991; Guerrero and

others, 1998).
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In our laboratory, chitosan complexes with polyanions including alginate,

pectin, carrageenan (Torres and others, 1999; Savant and Torres, 1998; Mireles and

others, 1992) and polyacrylic acid (Chavasit and Torres, 1990) have been studied

for their potential use in food processing applications. Chitosan-alginate complex

tested for treating SWW yielded a higher turbidity reduction and protein adsorption

than using chitosan alone (Savant and Tones, 2003). Most recently, Song and

others (2002) reported that complexing chitosan with lysozyme yields chitosan-

lysozyme conjugates that can greatly enhance bactericidal action against

Escherichia co/i K-12. Similarly, Savard and others (2002) demonstrated that

chitosan-lactate polymers (0.5-1.2 MDa molecular weight) possessed antimicrobial

properties against two yeasts isolated from fermented vegetables and three lactic

acid bacteria from a mixed starter for sauerkraut.

The protein nutritive value of a food/feed corresponds to its ability to meet

nitrogen and amino acid requirements ensuring proper animal growth and

maintenance. This ability is a function of several factors including protein content

and amino acid availability (Cheftel and others, 1985). Protein nutritive value is

commonly evaluated using bioassays based on measurements of growth or nitrogen

retention as a function of protein intake in experimental animals such as rats.

Protein efficiency ratio (PER) and net protein ratio (NPR) are then calculated from

these feeding studies. PER is the weight gained by rats per gram of total protein

consumed whereas the inclusion of a protein-free diet group in the rat feeding study

results in a weight loss thereby allowing the separate evaluation of protein needs



for maintenance and growth (Cheftel and others, 1985). Although PER is the most

widely used assay for establishing the quality of a new source of protein, one of its

fundamental criticism is the assumption that all protein is used for growth with no

allowance for maintenance and thus NPR is usually recommended as a

complementary test (Lloyd and others, 1978). The objective of this study is to

determine, using rats as an animal model, the safety and nutritional value of

recovered SWW solids using Chi-Aig at 150 mg/L concentration and a 0.2 mixing

ratio (MR) of chitosan and alginate. The SWW solids will be the only protein

source in the experimental diet.

6.3. Materials and methods

Chitosan (84% deacetylation, 2400 cp) obtained from Vanson Chemicals

(Redmond, WA) was used to prepare a 1% solution in 1M acetic acid. Alginate

(Kelgin® MV, food grade, Kelco Co., San Diego) was used to prepare a 1%

solution in deionized water. SWW obtained from Pacific whiting (Merluccius

productus) processing was collected at the rotary stage to remove solid fish waste

(Pacific Surimi Joint Venture L.L.C., Warrenton, OR) and transported frozen to

Corvallis, OR. Sorbitol (1%) was added as a cryoprotectant to prevent low

temperature damage to SWW proteins. The frozen SWW was stored at -39 °C until

used for protein recovery tests. Prior to flocculation, the SWW was thawed

overnight and centrifuged for 20 minutes at 3100 G and 4°C to remove insoluble
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solids. The SWW supernatant was then adjusted to pH 6 using 1M HCI or 0. iN

NaOH. The soluble protein remaining in the pH adjusted supernatant was

recovered according to the method of Savant and Torres (2003) and is described

elsewhere (Wibowo and others, 2003 a-c).

6.3.1. Rat feed preparation

The composition of the four diets used in this study is summarized in Table

17. The control was a commercial standard casein diet for rats designated as AIN-

76 A (Hsu and Penner, 1989). Diet A was the control diet supplemented with the

maximum concentration of chitosan present in the experimental diet containing

Chi-Alg recovered solids and calculated as 0.126%. The experimental diets

contained SWW protein substituted at 100% level of casein (Diet B) and another

group that was fed a diet with no proteins included (Diet C). All ingredients except

for corn oil (Mazola, Best Foods, Englewood Cliffs, NJ) were obtained from

Harlan Tekiad Test Diets (Madison, WI).

6.3.2. Rat feeding

Feeding studies were conducted on twenty-four 40-day old male Sprague-

Dawley rats (Simonsen Albino, Simonsen Laboratories, Inc., Santa Clara, CA) with

an average body weight of 124±4 g. Six rats were randomly assigned to each of

four groups and were housed in cages (one per cage) within a temperature and

humidity controlled room with 12 hours light ON-OFF cycle. The rats were
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acclimatized for 5 days on the control diet prior to feeding the experimental diets.

Average rat weight at this stage was 163±4 g. Water and feed were provided ad

libitum. Rats on diet A were fed an amount equal to the average consumed ad

libitum by the casein control group the day before. This pair-fed control is required

since chitosan has been shown to have lipid binding properties and

hypocholesterolamic activity in rabbits, hens, broilers (Hirano and others, 1990)

and mice (Ormrod and others, 1998).

TABLE 17. Composition (%) and energy content of control and experimental
diets

Ingredient; % Control' Experimental Diets
Diet A2 Diet B3 Diet C4

Casein 20 20 -

Pellet - - 24.27
Chitosan - 0.126 -

Cornstarch 15 15 12 19
Cellulose 4.8 4.8 4.2 7.8
Sucrose 50 50 51 61
Vitamin mix 1 1 1 1

Mineral mix 3.5 3.5 3.6 4.4
DL-methionine 0.3 0.3 0.3 -

Cholinbitartrate 0.2 0.2 0.2 0.3
Oil 5.2 5,2 3.8 6.5
Total Protein 17.7 17.7 17.7
Energy (Kcal/Kg)5 3,830 3,830 3,830 3,830

AIN-76A casein standard diet
2

ATN-76A diet supplemented with 0.126 % chitosan
100% SWW protein substitution
Protein free diet
Calculated based on 4 kcal/g of protein, 4 kcal/g of carbohydrate, and 9 kcal/g
of fat (Delgado and Saldivar, 2000)
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Feed intake and individual rat weight were recorded daily to determine feed

consumption, rat growth and weight gain. Feces were collected every other day,

weighed and stored at -3 9°C. At the conclusion of the experiment, feces were

pooled and ground for proximate analysis. Feeding habit and rat physical

appearance were observed daily. Apparent protein digestibility (APD, Delgado and

Saldivar, 2000) was calculated as in Chapter 5 (Eq. 5). Feed efficiency, PER

(Nestares and others 1993) and NPR (Cheftel and others, 1985) were calculated as

follows:

Feed intake (g)
(6)Feed Efficiency=

Weight gain (g)

PER
Weight gain (g)

(7)
Protein intake (g)

NPR Weight gain (g) + Weight loss of protein free group
(8)

Protein ingested (g)

6.3.3. Chemical analysis of recovered proteins and feces

SWW and supernatant protein content were determined using the modified

Folin method read at 750 nm (Lowry and others, 1951). Proximate analyses were

performed on SWWP and rat feces. Moisture was determined by drying at 105°C

until constant weight (overnight). Ash was determined by weighing the dry mineral

residue following high temperature combustion at 550°C until white or grayish ash

results or constant weight (AOAC, 1995). Fat was determined by the Soxhlet



extraction method employing petroleum ether (AOAC, 1995). Crude protein was

determined by the micro-Kjeldahl method (AOAC, 1995). SWWP amino acid

composition was performed by the sodium hydrolysate method using post-column

ninhydrin derivatization in a Beckman 6300 analyzer (Beckman Coulter, Inc.,

Washington D.C.). The analysis was performed by AAA Service Laboratory, Inc.

(Boring, OR).

6.3.4. Blood sampling and analysis

On the final day of the feeding experiment, a 2 mL blood sample from each

rat was drawn via cardiac puncture preceded by individual anaesthetization using

CO2 for 6-9 s. The blood sample was transferred to VACUTAINER® sterile tubes

containing a clot activator (Becton Dickinson, Franklin Lakes, NJ), centrifuged at

7,000 rpm for 3 mm and subsequently analyzed at the Oregon Diagnostics

Laboratory (Eugene, OR). Rats were then euthanized by cervical dislocation. The

livers and left kidneys were removed to determine organ weights.

6.3.5. Statistical analysis

ANOVA with factorial analysis was used to analyze the data at the level of

95% significance using S-PLUS 2000. The "Best-fast" method was employed for

multiple mean comparisons (Prof. Re!. 1, S-PLUS Lucent Technology, Inc.,

Seattle, WA).



6.4. Results and discussion

6.4.1. Protein adsorption, proximate and AA analysis of SWWP

Flocculation using 150 mg Chi-AIg per L SWW at MR 0.2 resulted in

recovered solids after freeze-drying with 73% crude protein content. This value is

comparable to herring (70.6%), menhaden (63.5%) and corn gluten meal (68.4%),

but superior to soybean (47.7%) meal which are ingredients typically used in

commercial feed production (Table 18). Furthermore, the essential amino acids

required for humans and other mammals, which are also essential for poultry

growth, of SWW pellet (P) were in superior concentration when compared to fish,

soy and corn meal (Table 18). SWWP contained the basic amino acids lysine

(9.4%) and argenine (7.4%) and histidine (3%). Methionine (3.7%) and

phenylalanine (5.1%) were at higher concentrations than the ones found in fish, soy

and corn meal. The comparison.of the amino acids requirement for rat, chicken and

hen (Lloyd and others, 1978) with the AA composition of the SWW recovered

proteins and with other protein sources (Table 18) supports the possibility of using

SWWP in formulating a feed.

6.4.2. Effect of protein substitution on feed consumption and rat
growth

No differences (p >0.05) were observed in the initial and final rat weights

for the casein control and diets A and B (Table 19). As expected, rat growth

decreased for diet C which was devoid of protein (Figure 13). Further, the daily
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cumulative feed consumed per rat and body weight gains for the diets were not

different (p >.O.05) in feed consumption thereby suggesting SWWP palatability

was as good as the control (Figure 14).

TABLE 18. Surimi wash water pellet P composition and amino acid content in
comparison with protein sources in commercial feed preparations

Commercial protein sources
Component, % SWW P

Herring"2 Menhaden3 Soybean4
Corn

gluten
Moisture 5.7±0.11 8.5 7.3 9.45 7.9
Ash 9.0 ± 0.06 5.3 17.7 6.7 5 1.3
Fat 8.6±0.11 9.6 8.4 3.45 1.9
Crude protein 73.1±1.67 70.6 63.5 47.75 68.4
Carbohydrate5 3.6 2.9 3.1 32.8 20.5

Essential amino acids, % of protein
Arg 7.4 5.0 6.0 4.0 2.9
His 3 1.8 1.6 1.2 1.8
Ile 4.5 3.4 3.8 2.9 3.2
Leu 8.5 6.1 7.1 4.5 17.6
Lys 9.4 6.0 7.7 3.7 1.5
Met 3.7 2.5 2.5 0.8 2.2
Phe 5.1 2.9 3.8 3.1 6.4
Thr 4.5 3.4 4.3 1.8 3.4
Val 5.7 4.3 4.6 3.4 3.8

Non-essential amino acids, % of protein
Ala 4 5.3 6.6 3.0 9.4
Asp 11.8 7.0 9.4 7.6 6.4
Glu 16.7 10.5 13.6 3.6 23.0
Gly 4.1 5.1 8.1 2.4 2.7
Pro 3.8 3.5 4.7 0.9 9.3
Ser 4 3.2 4.1 6.5 5.9
Tyr 3.9 2.4 3.0 2.0 5.5
High protein fish meal, unspecified species (O'Mara and others, 1997)

2 Fish meal, herring (Cruz, 1997)
' Piepenbrink and Schingoethe, 1998
'

Hadjipanayiotou and Economides, 2001
By difference



The steady growth rates for diet A and B groups (Figure 13) indicate the

absence of deleterious effects of feeding recovered SWW proteins containing

chitosan. Further evidence of the SWW protein quality was that with the exception

of the protein-free Diet C, no differences (p<O.O5) were observed among all groups

for total feed intake, total feed intake per body weight, total protein intake.

Chitosan present in its free form in diet A or as a chitosan-alginate complex

in diet B had no effect on feed consumption and growth rate. Sugano and others

(1980) had observed a reduction in food intake of rats fed diets with 10% chitosan

versus the 0.126% chitosan used in this study. Minor differences (p<.O5) were

observed on the N content of feces (Table 19) with the SWW protein, Diet B

having the maximum excreted N content. Overall, these results indicate that the

low levels of chitosan present in the diet did not affect the N content of feces.

6.4.3. Effect of protein substitution on protein digestibility, PER and
feed efficiency

Protein digestibility, feed efficiency, PER and NPR of the diets are

summarized in Table 19. Protein digestibility of the control diet containing casein

was higher (97.5+0.2%) than that of the casein control (94.5%) reported by

Delgado and Saldivar (2000). Protein digestibilities of diets containing chitosan

(Diets A, B) were also higher than this reported value (Table 19). No differences

(p<O.O5) in feed efficiency was detected in diets A and B with respect to the control

diet. In fact, PER of the SWW protein containing diet (Diet B) was higher (p<O.O5)
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than the rest, thereby attesting its superior nutritive protein value. Furthermore, a

higher (p<O.O5) NPR for diet B attests the superiority of the SWW protein for both

maintenance and growth functions of the rat (Table 19). Neither SWW protein nor

chitosan present in the diets at the level used in this study influenced diet protein

digestibility, PER, NPR or feed efficiency. These results are in accordance with

Bough and Landes (1976) who also reported no effects on the PER of whey

proteins when 2.15% chitosan was added to rat diets. Similarly, Lian and others

(1999) found that the effect of 5% chitosan on dietary protein digestion was minor.

The chitosan level of 0.126% in this study was much lower than the ones used by

these authors.

6.4.4. Effect on liver and kidney and blood chemistry

No differences (p < 0.05) were observed among the liver and kidney

weights of rats fed the control or diets A and B (Table 19). To further assess the

effects of feeding SWW proteins to rats, nineteen blood serum chemistry

parameters were measured to determine if the metabolism and organ functions were

influenced by the experimental diets. The chemistry parameters show a general

absence of dietary protein effects on blood chemistries (Table 21). Again, the

exception was the values observed for rats fed the protein-free diet C.



101

TABLE 19. Experimental diet effect on rat performance and selected organ
weights 1

Parameters Control 2 Experimental Diets
3Diet A . 4Diet B 5Diet C

Initialbodyweight(g) 166±3a 163±2a 163±3a 160±6a
Finalbodyweight(g) 297±12a 294±lla 306±9a 1235b
Weightgain(g) 131±13a 131±12a 143±loa 372b
Feces(g) 28±la 27±2a 28±2a
N-Feces (g) 1.6 ± 0.1 a,b 1.5 ±0.1 a 1.8 ± 0.2 b 0.8 ± 0.1
Feedintake(g) 369± 17a 361 ±18a 353±23a 19525b
Feed intake/body weight 1.24 ± 0.05 a

1.23 ± 0.03 a 1.15 ± 0.05 a 1.59 ± 0.25 '

Proteinintake(g) 65±3a 64±3a 63±4a 0b

APD7(%) 97502a,b 97.7±0.la 97205b n/a6
Feed Efficiency 2.8 ± 0.2a 2.8 ± 0.1 a 2.5 ± 0.1 a ± 09b
NPR7 2.6±o.la 2.6±0.la 2901b n/a
PER7 2.o±o.la 2.o±O.la 2301b n/a
Kidney (left, g) 1.2± 0.1 a 1.2± 0.1 a 1.4± 01b 0.5 ± o.oc

Liver(g) 14.6±0.9a 15.0± 1.5a 16.2± 1.Oa 5405b
average of 6 replications

2
AIN-76A standard casein diet
AIN-76A diet supplemented with 0.126% chitosan
100% SWW protein substitution
Protein free diet

6 not applicable
APD apparent protein digestibility; NPR = net protein ratios; PER = protein
efficiency ratio

a, b, c means containing the same letters within rows do not differ (p <0.05)

TABLE 20. Exnerimental diet effect on the nroximate comnosition of rat feces

Component, %wb Control Experimental Diets
Diet A Diet B Diet C

Moisture 10.6 ± 1.0 a 10.6 ± 1.0 a 16.7 ± 2.7 b
10.1 ± 0.2 a

Ash 9.9±0.7a 10.2±2.la 7604b 12.4±0.7C
Fat 1.6±0.2a 1802a,b 2002b 0.8±0.3C
Crudeprotein 1601a,b 1501b 1.8±o.2a 0.8±0.3c
Carbohydrate3 76.3± 1.oa 75.8±2.2a 72026b 76.0± 1.0a

AIN-76A standard casein diet
2 diet as described in Table 17

Calculated by difference = 100-moisture-ash-fat-protein
a, b, C

means containing the same lower case letters within rows are not different (p
<0.05)
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TABLE 21. Effect of SWW feed protein substitution on selected rat blood
chemistries'

Experimental diets
Blood analysis Control 2 A B C

Liver functions
A/GRatio 1.2±o.la 1.1±0.la 1.1±0.la 0801b
Albumin(g/dL) 37Ø4a 35Ø5a 3.6±0.4a 2301b
ALP(IU/L) 243±14a 233+19a 35851b 294±53k'
ALT (lUlL) ± a,b ± a 92a,b 70.7 250b

AST(IU/L) 163±66 215±152 141±102 157±61
Bilirubin, Total (mgldL) 1.1 ± 0.6 1.2 ± 0.9 0.8 ± 0.9 0.5 ± 0.2
GGT(IUIL) 19.2± 11.6 17.8± 10.2 13.5±9.6 10.8±2.9
Globulin (g/dL) 3.1 ± 0.2 a 3.2 + 0.2 a 3.2 ± 0.2 a 2.8 ± 0.1 b

Protein, Total (gIdL) 6.8± 0.5 a 6.6± 0.6 a 6.8± Ø4à 5.1 02b

Renal functions
BIJN(mgldL) 15.0± 1.3 15.8± 1.2 12520b 5.8±1.5c
Calcium (mgldL) 11.3 ± 0.4 a 11.0± 0.2 a 11.1 ± 0.4 a 10.0± 0.2'
Chloride(mEqlL) 1022a,b 103+2a 992b 103±3a
CO2(mEqlL) 26.9±2.7a 27.3±3.5a 29.8± 1.9a 30.3+4.9a
Creatinine(mgldL) 0.4+0.1 a 0.4± 0.1 a 050b 0,50b
Glucose (mgldL) 183 ± 63 145 ± 14 136 ± 6 137 ± 31
Phosphorous (mgldL) 10.7 ± 1.2 a 10.2 ± 1.7 a 10.1 ± 1.5 a 6.9 ± 1.1 b

Potassium (mEq/L) 6.4± 0.9 6.5± 1.5 5.9± 1.2 5.8± 0.6
Sodium (mEq/L) 141.3 ±2.0 140.7+ 1.4 142.0±2.0 142.7± 1.2

Lipid related compounds
Cholesterol (mgldL) 115 ± a 117 ± ab 134 ± b 90 ± 14 C

Tn glycerides (mgldL) 127 ± 24 132 ± 44 136 ± 42 46 ± 14

average of 6 replications (AIG: AlbuminlGlobulin, calculated; ALP: Alkaline
phosphotase; ALT: Alanine amino transferase; AST: Aspartate amino
transferase; GGT: Gamma-glutamyl transpeptidase; BUN: Blood urea
nitrogen)

2 AIN-76A standard casein diet
diet as described in Table 17

a, b, C means containing different letters within rows are significantly different (p
<0.05)
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FIGURE 13. Effect of experimental diets on body weight
Control = standard A1N-76A diet; A = pair fed control, i.e., AIN-
76A plus 0.126% chitosan; B = 100% substitution by SWWP; C
protein-free diet
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FIGURE 14. Effect of experimental diets on cumulative feed consumed per
body weight
Control = standard AIN-76A diet; A = pair fed control, i.e., AIN-
76A plus 0.126% chitosan; B = 100% substitution by SWWP; C=
protein-free diet
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Two blood chemistry parameters showed dietary effects, rats fed the diet

containing SWWP (Diet B) showed differences in alkaline phosphatase (ALP) and

blood urea nitrogen (BUN). ALP is an enzyme associated with liver and bone

function. Elevated levels could possibly suggest bilary tract problems. Bile is made

in the liver, and then passes through ducts to the gall bladder, where it is stored.

However, the elevated levels of ALP found in Diet B group may not be much of a

nutritional concern, since the total bilirubin values for the same group are not

different from the control. Urea is transported by the blood to the kidneys for



105

excretion into the urine. BUN measures kidney function. The lower levels of BUN

obtained for diet B are not of primary concern since they are lower than both, the

casein control and diet A. As expected in animal studies, some plasma parameters

exhibited considerable variability attributed to individual metabolic differences.

6.5. Conclusions

The various results show that total protein substitution in feed fed to rats

using SWW protein recovered with chitosan is nutritionally and metabolically

comparable to the feeding of a control casein diet. Although the presence of

chitosan in SWWP could possibly cause a nutritional imbalance since chitosan has

been shown to induce weight loss due to its lipid binding properties (Hirano and

others, 1990; Ormrod and others, 1998), the chitosan at the low concentrations

(maximum calculated level in the diets is 0.126%) present in the diets appear to

have no deleterious effect. This study confirmed the potential for recovered SWW

protein as a feed ingredient previously reported in tests with 10 and 15% protein

substitution (Wibowo and others, 2003c). The SWW protein was superior to

commonly used feed-protein sources particularly with respect to protein

concentration and essential amino acid composition. Total substitution by SWW

protein recovered using chitosan alginate complexes at 150 mg/L concentration and

a MR 0.2 showed no deleterious effect on weight gain, feed efficiency, PER, liver

and kidney, and blood chemistry.
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7. CONCLUSIONS

Protein adsorption from SWW was found to be a function of Chi-Aig

concentration and treatment time while turbidity reduction was affected only by

concentration. Using commercial Chi (84% DD), a high SWW protein adsorption

and turbidity reduction was achieved in lh by 100 mg complexlL SWW. Lower

concentration but at longer times removed more proteins but the significance of this

observation will need an economical analysis. Tests with laboratory Chi samples

differing in MW and DD suggested that MW may play a more important role in

protein adsorption than DD. High MW Chi resulted in high protein adsorption

while Chi with high or low DD had lower protein adsorption. SWW protein

adsorption was confirmed by qualitative FTIR analysis; however, correlating FTIR

data with Folin protein adsorption determinations was not possible. The

experimental Chi (SY-1000) should be tested further to confirm the observation

that it may allow effective SWW treatments at a much lower concentration than

commercial Chi (CHI-84).

Rat diets prepared with 10, 15 and 100% protein substituted using soluble

solids recovered with 150 mg Chi-Alg/L SWW were found nutritionally and

metabolically comparable to a casein control. Chi present in the diet, calculated to

be 0.126%, showed no lipid binding effect. The recovered SWW solids were

superior to commonly used feed-protein sources particularly with respect to protein
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concentration and amino acid composition. SWW proteins recovered using Chi-Aig

as the only protein source in feed showed no deleterious effect on weight gain, feed

efficiency, PER, NPR, blood chemistry, and liver and kidney weight and

appearance. These observations confirmed the potential of recovered SWW protein

as a feed formulation ingredient. Further animal testing, using farm raised animals,

such as poultry or swine will strengthen this recommendation. Finally, and most

importantly, an in depth economic analysis of the recovery process and feed

formulations needs to be undertaken for large scale production and marketing of

SWW proteins.
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