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In the present study, the potential of low-melting point lipids, namely methyl

palmitate (MP) and menhaden stearine (MS), were studied for delivery of water-soluble

materials to fish larvae.

Addition of the solid emulsifier, sorbitan monopalmitate (SMP) resulted in higher

RE compared to the liquid emulsifier sorbitan sesquioleate (SSO). Additions of SMP

were found to have a positive effect on the stability of lipid spray beads (LSB) at

concentrations >10% (wlw) of lipid. LSB were shown to retain riboflavin with the

highest RE when the lipid matrix was composed of a mixture ofMP+10% SMP+1O%

ethyl cellulose (wlw). Use of MP facilitated digestive breakdown of LSB by larvae of

zebrafish, Brachydanlo rerlo, and glowlight tetra, Hemigrammus erythrozonus, as

indicated by release of riboflavin from ingested LSB.

LSB composed of MS performed better than LSB composed of MP when

particulate glycine was incorporated within LSB. Highest retention efficiencies (RE) and

delivery efficiencies (DE) were achieved by LSB composed of 100% MS. RE and DE of

LSB were further improved when glycine was encapsulated as aqueous droplets rather

than in a particulate form. The overall performance of LSB containing tyrosine showed

that nutrients with similar water-solubilities to tyrosine can be very effectively delivered

to early fish larvae. Visual observation indicated that LSB composed of 100% MS were

broken down by larvae of clownfish, Amphiprionpercula.

Zein-bound particles (ZBP) were not efficient in delivering riboflavin to fish

larvae due to high leaching rates. In an attempt to improve ZBP, we developed complex
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particles (CP) containing LSB incorporated in a dietary mixture bound by zein, to obtain

a single particle type. The potential of LSB for delivery of free amino acids (FAA) was

evaluated when LSB were incorporated within CP. RE and DE for tyrosine were

significantly greater than those for alanine, glycine and serine. There was a significant

inverse correlation between RE for FAA and their solubilities where FAA with low

solubilites resulted in higher RE. Develoment of CP with high RE and DE for amino

acids is an important step towards formulating a diet to allow early weaning of fish larvae

onto artificial diets.
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DEVELOPMENT OF ARTIFICIAL DIETS FOR DELIVERY OF WATER-
SOLUBLE NUTRIENTS TO ALTRICIAL FISH LARVAE

CHAPTER 1

INTRODUCTION

In nature, fish larvae depend on specific environmental conditions for survival as

well as visual cues related to prey movement to stimulate a feeding response for growth;

a combination that can not be reproduced easily with success in captivity by using inert,

non-living, artificial diets. Currently, commercial production of marine fish larvae are

largely dependent on the supply of live diets, namely, rotifers, Brachionus plicatilis and

brine shrimp, Arternia sauna, which are expensive and inconsistent in quality and supply.

There is very little information on the nutritional requirements of first-feeding marine fish

larvae due to a dependency on live food organisms and the lack of defined, successful

diets. Lacking nutrient requirement data, nutritionists assume larval feeds should

resemble the composition of fish eggs, larvae or the composition of natural prey items

and formulate their diets accordingly (Rust, 1995).

Available data on nutritional requirements of early fish larvae are mainly focused

on requirements for lipids, particularly n-3 highly unsaturated fatty acids (HUFA). Fish

naturally contain high levels of the HIJFA, such as docosahexaenoic acid (22:6 (n-3);

DHA), eicosapentaenoic acid (20:5(n-3); EPA), and arachidonic acid (20:4(n-6); AA) in

their body tissues and consequently have high nutritional requirements for these fatty

acids (Sargent et al., 1997). Lipids affect the egg quality of many fish species and a

deficiency in n-3 HUFA in broodstock negatively affects fecundity, fertilization rate and

ernbiyonic development stages (Rainuzzo et al., 1997). The amount of lipids as well as

the lipid classes catabolized during embryonic development and starvation have been

shown to vary among species. For example, preferential utilization of EPA over DHA

and AA during starvation has been demonstrated in gilthead seabream, Sparus aurata,



and turbot, Scopthalmus maximus, suggesting different physiological functions (Koven et

al., 1989; Rainuzzo et al., 1994). High concentrations of DHA have been found in neural

tissues such as brain and retina of cod, Godus ,norhua, which may be related to its well

documented role in membrane structure and fluidity of neural tissues (Bell and Dick,

1991). Tn many cases, failure to provide correct quantities of HUFA is the primary cause

of the unsuccessful rearing of marine fish larvae. The two main live feeds used for marine

larval fish production, rotifers and brine shrimp nauplii, must be supplemented with n-3

HUFA to ensure successful growth and survival. In addition to their essentiality, Sargent

et al. (1999) suggested that the requirements for all three HUFA should be considered

simultaneously and reported that a ratio of 183:100:12 for DHA: EPA: AA, respectively,

was satisfactory for optimizing growth and survival of larval turbot.

In contrast, very limited information exists on amino acid nutrition for early fish

larvae. Marine pelagic fish eggs contain up to 50% of the total amino acid pool as free

amino acids (Ronnestad, et al., 1999). During embryonic development, the free amino

acid (FAA) pool is depleted and reaches low levels at first feeding, indicating the

importance of FAA as metabolic fuel (Ronnestad, et al., 1999). In addition, since early

fish larvae have very high grow rates, they have a high requirement for FAA to maintain

body protein synthesis. Dietary FAA have been reported to be preferentially utilized

compared with polypeptides and proteins by early marine fish larvae (Rust et aL, 1993).

The proportion of FAA present in live prey has, therefore, been considered as an

important factor for early fish larvae. However, no quantitative requirements of FAA

have been established for early fish larvae. It is generally assumed that requirements for

proteins, essential fatty acids and vitamins of early larvae are higher than those of

juveniles (Person Le Ruyet and Bergot, 2001).

While diet formulations based on this assumption may work for post-larvae,

researchers commonly report limited or no growth of first-feeding altricial fish larvae fed

on these diets. Several, unspecific reasons have been offered for the poor ability of

altricial fish larvae to utilize artificial diets. Govani et al., (1986) suggested that the

functional capacity and the developmental status of the larval digestive system is

sufficient to support growth with live diets from first feeding onwards. In striped bass,



Morone saxatilis, Baragi and Lovell (1986) showed that at the time of first feeding,

digestive enzymes are present at sufficient concentrations to digest exogenous sources of

nutrients. Some authors have proposed that the digestive systems of fish larvae are

primitive and partly rely on exogenous digestive enzymes from their live prey to aid

digestion (Dabrowski 1979; Blaxter et al., 1983; Walford et al, 1991; Holt, 1993; Hamlin

et al., 2000). Lauf and Hoffer (1984) estimated that in first-feeding larvae of whitefish,

Coregonus sp., exogenous proteases from live prey represent up to 70-80% of the total

proteolytic activity present within the digestive tract. In contrast, Gatesoupe et al. (1999)

reported that the digestive tract of a 20 day-old sea bass, Dicentrarchus labrax, larvae

could only hold five Artemia at one time, which corresponded to only 2% of the trypsin

activity measured in the larvae. In addition to exogenous proteolytic activity, free amino

acids (FAA) and hormones in the tissues of living prey may stimulate the release of

digestive enzymes in the larval gut (Pedersen et al., 1987; Kolkovski et al., 1997; Koven

et al., 2001).

Although the breakdown of live food organisms may take place in the intestines

of larvae due to the combined effect of exogenous and endogenous enzyme secretion,

extracellular digestion may not be sufficient to achieve complete hydrolysis of artificial

diets in the short larval gut. Weinhart and Rosch (1991) concluded that one of the reasons

for the lower growth rate of coregonid larvae fed on dry diets was the result of low

amount of dry diet eaten by the larvae compared to larvae fed on Arternia nauplii. A

similar result have been reported by Kolkovski et al. (1993), who reported a lower

ingestion and assimilation of microdiets in gilthead seabream, Sparus aurata, larvae.

Gatesoupe et al., (1999) reported that although larvae ingest artificial diets effectively,

their enzymatic profiles remain similar to those observed during malnutrition or

starvation and earlier weaning with poorly adapted diets result in a significant delay in

growth and can compromise subsequent development of larvae.

Artificial diets are commonly composed of denatured, insoluble proteins and

carbohydrates and the relative denseness and hardness of presently available artificial

diets may adversely affect their digestibility relative to living prey (Langdon, 2002).

Essential nutrients such as free amino acids (FAA), peptides and water-soluble vitamins



may be either absent or present in sub-optimal amounts. In contrast, living prey have

been reported to contain high levels of FAA (Dabrowski and Rusiecki, 1983; Fyhn et al.,

1995); however, attempts to deliver FAA to marine fish larvae have failed due to very

high leaching rates of these nutrients from artificial diets. High surface area to volume

ratios of small particles result in rapid leakage of water-soluble materials, contributing to

poor nutritional values that likely limit larval growth. This is a particularly important

problem for early life stages in which larvae exhibit slow and selective feeding behavior

that requires prolonged suspension of potential food particles in the water colunm until

they are ingested. For example, López-Alvarado et al. (1994) reported that >80% of

amino acids were lost from alginate, carrageenan and zein microbound particles after

only 2 mm of aqueous suspension. As much as 60% of dietary free amino acids were

reported to be lost from carrageenan-bound and zein-coated gelatin bound diets within 1

mm of suspension (Baskerville-Bridges and Kling, 2000). Cross-linked protein walled

capsules are also inefficient in retaining amino acids, losing about 40% after 2 mm of

suspension in water (López-Alvarado et al. 1994). Therefore, there is a clear need to

develop controlled-release delivery systems for highly water-soluble nutrients in a form

that is easily digested and assimilated by early fish larvae.

This study focuses on developing microparticulate diets that can deliver water-

soluble nutrients to early fish larvae. Various microencapsulation methods have emerged

as means of nutrient delivery to crustacea, mollusks and fish larvae that may potentially

overcome problems associated with acceptability, digestibility and rapid leaching of

water-soluble nutrients (see review by Langdon, 2002). In the first two chapters, lipid-

based microparticles were evaluated. Lipid-based encapsulation systems have been used

as carriers for the controlled-delivery of various types of bioactive compounds for

pharmaceutical and medical applications and for the food industry. Several applications

of lipid-based encapsulation systems have been described previously in the aquaculture

literature (see review by Langdon, 2002). Lipid-walled microcapsules (LWC) composed

of a triglyceride wall surrounding aqueous cores seem to be promising due to ease of

manufacture (Buchal and Langdon, 1998; Langdon, 2002). LWC are typically prepared

when emulsified molten lipid resolidifies upon cooling, resulting in a solid matrix in



which the mobility of incorporated core material is minimized and, therefore, leaching

from the particle is reduced. In attempts to develop LWC with both good retention

characteristics as well as digestibilities, mixtures of triglycerides, such as tripalmitin,

triolein and fish oil, have been used in wall formation (López-Alvarado et al. 1994;

Ozkizilcik and Chu 1996; Buchal and Langdon 1998; Langdon and Buchal 1998).

A major disadvantage of LWC is their low inclusion (TB) and encapsulation

efficiencies (EE). López-Alvarado et al. (1994) calculated that LWC could only contain a

maximum of 6% w/w amino acids. In order to improve concentrations of incorporated

materials, Buchal and Langdon (1998) developed a technique for preparing lipid spray

beads (LSB). LSB differ from LWC in that instead of using a double emulsion process,

they are prepared by atomizing a molten lipid/core mixture through a spray nozzle

followed by immediate cooling and solidification. Depending upon the nature of the core

material, LSB have the advantage over LWC in that they have higher IE, BE and delivery

efficiencies (DE) and they are easier to prepare. In the first chapter, we describe an

improved method that allows production of LSB containing particulate riboflavin at high

IE and EE. In addition, the first chapter focuses on balancing the hardness and stability of

lipid spray beads against the digestive capacity of warm-water fish larvae. The

performance of LSB made with a low-melting point wax (methyl palmitate; melting point

27-28°C) was determined to evaluate their potential usefulness in delivering riboflavin to

fish larvae.

In order for core materials encapsulated within microparticles to be assimilated by

fish larvae, the core must be released either by enzymatic digestion or physical

breakdown of the particle or by simple diffusion of the core material from the particle

into the gut lumen. LSB made from a softer wax, such as methyl palmitate (MP), may be

broken down by physical digestive processes rather than relying on enzymatic breakdown

to release their contents in the guts of fish larvae which in turn may result in earlier

weaning of larvae onto artificial diets. Feeding experiments were carried out using first-

feeding larvae of zebrafish, Brachydanio rerio and glowlight tetra, Heinigrammus

erythrozonus in order to determine whether riboflavin was released from LSB into the gut

lumens of these species.
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The second chapter describes the development of LSB that can both retain amino

acids when suspended in water as well as being susceptible to physical digestion by the

early stages of marine altricial larvae. For this purpose, glycine was encapsulated within

various LSB representing a low molecular weight (75.1 Daltons), highly water-soluble

nutrient. Retention of glycine within LSB was improved by preparing the lipid matrix

with menhaden stearine (MS). Menhaden stearine is the solid (at room temperature)

fraction of menhaden oil that is commercially available and is an inexpensive source of

low-melting point lipids. In microencapsulated delivery systems, different physical forms

of core materials can be used to improve core retention (Buchal and Langdon, 1998).

After identification of the best lipid matrix composition, retention patterns of LSB

containing either particulate glycine or an aqueous glycine were compared. The retention

of tyrosine was then compared with that of glycine. Tyrosine is a low-molecular weight

(181.2 Daltons), poorly water-soluble amino acid (0.453g11 at 25°C), that exhibited a

different leaching pattern compared to that for glycine. Determination of leaching

patterns of individual amino acids is essential for optimization of strategies for the use of

LSB in delivering amino acids to early fish larvae. In order to determine whether LSB

were broken down by fish larvae, feeding experiments were carried out using three day-

old larvae of clownfish, Amphzrion percula.

In the third chapter, we describe and compare methods for making zein-bound

microparticles (ZBP) containing riboflavin along with a basic dietary mixture bound by

zein. Microbound particles (MBP) are commonly used in weaning of fish and crustacean

larvae onto artificial diets. MBP lack a distinct wall in which dietary ingredients are held

together by a binder to form a water-stable feed (Langdon, 2002), Various types of

binders including carrageenan, alginate, gelatin and zein have been used in nutritional

studies of crustacean and fish larvae (Teshirna et al., 1982; Teshima et al., 1984;

Kanazawa et al., 1989; Person Le Ruyet et al., 1993; Kolkovski and Tandler, 2000).

Although MBP are easy and economic to manufacture, the lack of a distinct wall

surrounding the particle increases leaching rates of water-soluble nutrients. Use of zein as

a binder in MBP for crustacean and fish larvae have been reported previously (Gatesoupe

et al., 1977; Kanazawa et al., 1982; Lopez-Alvarado et al., 1994; Partridge and Southgate,



1999; Teshima et al., 2000). Zein is a high molecular weight (38,000 Daltons), non-toxic,

edible protein with amphoteric and thermoplastic properties. Zein is soluble in 40-90%

alcohol, making it less toxic for fish larvae compared to other manufacture methods that

involve the use of potentially toxic solvents.

In order to improve performance of ZBP, we prepared complex particles (CP)

consisting of lipid-spray beads (LSB) embedded within dietary ingredients bound with

zein. In CP, inclusion particles are incorporated into carrier particles with the goal that

the properties of the two particle types are complimentary to delivering a complete diet to

fish larvae (Langdon, 2002). LSB can be used as inclusion particles due to their potential

to encapsulate a wide range of low-molecular weight, water-soluble nutrients and other

water-soluble substances. Villamar and Langdon (1993) first described successful use of

CP consisting of lipid-walled capsules (LWC) incorporated within alginate-gelatin bound

particles for delivering glucose to penaid shrimp larvae. CP containing LWC

incorporated within cross-linked protein-walled capsules (CLPWC) were also used for

delivering lysine to larvae of striped bass, Morone saxatilis, with significantly better

retention efficiencies compared to CLPWC alone (Ozkizilcik and Chu, 1996). By using

CP, larvae are presented with the opportunity to ingest a single food particle with the

appropriate proportion of macro and micronutrients.

In the third chapter, we describe a new method for preparation of CP that consists

of LSB embedded within a basic dietary mixture bound by zein. The potential of CP in

delivering glycine and a mixture of free amino acids (FAA mix; glycine, alanine, serine,

leucine and tyrosine) to early fish larvae were evaluated in short-term leaching

experiments. The release kinetics of individual FAA from CP were characterized in order

to identify amino acids with higher RE and DE that may lead to higher growth and

survival rates when fed to early marine fish larvae.
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ABSTRACT

High nutrient loss due to leakage from microparticulate diets is an important

problem in the development of artificial diets for marine fish larvae. Lipid spray beads

(LSB) are promising as they can be used to deliver low-molecular weight, water-soluble

nutrients. Here, we describe a simple method for the production of LSB composed of

methyl palmitate (MP), a low melting point wax, for delivering riboflavin to first-feeding

freshwater fish larvae of zebra fish, Brachydanio rerio and glowlight tetra,

Hemigrammus erythrozonus. Characteristics of LSB, such as inclusion, retention and

delivery efficiencies as well as overall leaching patterns over time, were used to compare

the performances of LSB prepared with different materials.

The mean inclusion efficiency of riboflavin within LSB was 96.75%. Stability of

LSB was improved by addition of emulsifiers to the lipid matrix. Addition of the solid (at

room temperature) emulsifier, sorbitan monopalmitate (SMP) resulted in higher retention

efficiencies compared to the additions of liquid emulsifier sorbitan sesquioleate (SSO).

Additions of SMP were found to have a positive effect on the stability of LSB at

concentrations >10% (w/w) of lipid. LSB were shown to retain riboflavin with the

highest retention efficiencies over an initial period of 6h when the lipid matrix was

composed of a mixture ofMP+l0% SMP+lO% ethyl cellulose (w/w).

Use of MP facilitated digestive breakdown of LSB by larvae of zebrafish,

Brachydanio rerio, and glowlight tetra, Hemigrarninus erythrozonus as indicated by

release of free riboflavin from ingested LSB. There is a need to balance the wall stability

of LSB with the digestion requirements of target species. The results suggest that it is

possible to formulate a carrier lipid matrix that both retains riboflavin and is digested by

fish larvae. Besides riboflavin delivery, LSB may also be useful as a carrier for other

water-soluble nutrients, such as amino acids and peptides.
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INTRODUCTION

In general, exclusive use of microparticulate diets has not resulted in growth and

survival rates of marine fish larvae that are comparable to those obtained with live diets

(Kanazawa et aL, 1982; Appelbaum, 1985; Walford et al., 1991; Jones et al., 1993;

Femández-DIaz and Yüfera, 1997). The lack of effective methods for producing

acceptable microparticles for first-feeding marine fish larvae continues to be a bottleneck

in the aquaculture of many species (see review by Langdon, 2002). Although various

microparticle types have been developed to deliver nutrients to fish, crustacean and

bivalve larvae, rapid leaching of low molecular weight, water-soluble nutrients is a major

problem. High surface area to volume ratios of small particles result in rapid leakage of

core materials, contributing to poor nutritional values. This is a particularly important

problem for early life stages which exhibit slow and selective feeding behavior that

requires prolonged suspension of potential food particles in the water column until they

are ingested.

Substantial leaching of low molecular weight, water-soluble nutrients from

microparticles commonly occurs in a very short time period following suspension. For

example, López-Alvarado et al. (1994) reported that >80% of amino acids were lost from

alginate, carrageenan and zein microbound particles after only 2 minutes of aqueous

suspension. As much as 60% of dietary free amino acids were reported to be lost from

carrageenan-bound and zein-coated gelatin bound diets within 1 mm of suspension

(Baskerville-Bridges and Kling, 2000). Cross-linked protein walled capsules are also

inefficient in retaining amino acids, losing about 40% after 2 mm of suspension in water

(López-Alvarado et al. 1994).

Lipid-based encapsulation systems have been used as carriers for the controlled

delivery of various types of bioactive compounds for pharmaceutical and medical

applications. In aquaculture, lipid carriers include liposomes, lipid oil-in-water

emulsions, lipid-walled capsules (LWC) and lipid spray beads (LSB). LWC can reduce

leaching of low-molecular weight, water-soluble nutrients compared to those for

microbound particles or cross-linked protein-walled capsules. LWC are usually produced
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by a double emulsion process that encapsulates an aqueous phase within lipid droplets.

Triglycerides such as tripalmitin, triolein and fish oil have been used in the preparation of

LWC for feeding bivalves, crustaceans and fish (Langdon 1983; Langdon and Siegfried

1984; Villamar and Langdon 1993; López-Alvarado et al. 1994; Ozkizilcik and Chu

1996; Buchal and Langdon 1998; Langdon and Buchal 1998). LWC made with

tripalmitin had to be softened by addition of oils so that fish larvae and clams could break

down the walls (López-Alvarado et al. 1994; Buchal and Langdon 1998); for example,

juvenile Manila clams, Tapes philippinaruni, were able to break down LWC composed of

60% tripalmitin and 40% menhaden oil but not LWC prepared with 100% tripalmitin

(Buchal and Langdon 1998). Softening the lipid walls resulted in increased leaching rates

compared to LSB composed of tripalmitin alone. In contrast, first-feeding zebrafish,

Brachvdanio rerio, larvae were not able to breakdown LWC composed of a mixture of

60% tripalmitinl4o% menhaden oil (Onal, unpublished obs.) emphasizing the importance

in selecting the appropriate composition of LWC to ensure digestion by different target

species.

A major disadvantage of LWC is their low encapsulation efficiency (see materials

and methods). López-Alvarado et al. (1994) calculated that LWC could only contain a

maximum of 6% w/w amino acids. To improve encapsulation efficiencies, Buchal and

Langdon (1998) developed a technique for preparing lipid spray beads (LSB) that could

be prepared with cores of finally ground particulate materials. LSB differ from LWC in

that instead of using a double emulsion process, they are prepared by atomizing a molten

lipidlcore mixture through a spray nozzle followed by immediate cooling and

solidification. Depending upon the nature of the core material, LSB have the advantage

over LWC in that they can have higher inclusion (IE), encapsulation (EE) and delivery

efficiencies (DE) and they are easier to prepare (see materials and methods for

descriptions). However, Langdon and Buchal (1998) reported that while the spray

process was effective for encapsulating particulate materials with low water-solubility,

such as oxytetracyline (OTC) hemicalcium salt, more soluble materials, such as

OTC.HCL, could be best encapsulated using LWC.



16

In the present study, we describe an improved method that results in the

production of LSB containing particulate riboflavin with high IE and EE. In addition, this

study focuses on balancing the hardness and stability of lipid spray beads against the

digestive capacity of warm-water fish larvae. The performance of LSB made with a low-

melting point wax (methyl palmitate; melting point 27-28°C) was determined to evaluate

their potential usefulness in delivering water-soluble nutrients to fish larvae. Waxes such

as camauba, paraffin and beeswax have been used as carriers for a variety of controlled-

delivery formulations, due to their hydrophobicity, lipophilicity and reduced toxicity

(Bodmeier et al., 1992; Raghuvanshi et aL, 1992; Vilivalam and Adeyeye, 1994). In

addition, food and flavor coatings and animal feeds may contain hydrophobic materials

such as fats and waxes to prevent the entrance of water vapor into particles or to prevent

absorption of moisture from other ingredients during storage (Sparks et al., 1995). Waxes

occur in a wide variety of marine organisms as storage lipids in esterifled form. The

primary producers of wax esters appear to be copepods which may constitute >50% of

the dry weight of zooplankton (Sargent and Henderson, 1986). Little is known about the

digestibility of waxes by fish larvae; however, LSB made from a softer wax, such as

methyl palmitate (MP), may be broken down by physical digestive processes rather than

by enzymatic action to release nutrients in the guts of fish larvae.

Riboflavin (vitamin B2) was encapsulated within LSB, in order to study the

performance of LSB made from methyl palmitate (MP). Addition of emulsifiers can

greatly affect the stability and physical characteristics of lipid/core emulsions as well as

the performance of resulting LSB (Westesen and Siekmann, 1996); therefore, the effects

of additions of various emulsifiers at different concentrations to LSB were determined.

Initially, the leaching characteristics of LSB containing a liquid emulsifier, sorbitan

sesquioleate (Arlacel 83; SSO) and a solid emulsifier, sorbitan monopalmitate (Span 40;

SMP) were described. The effects of additions of various concentrations of SMP on the

retention of riboflavin by LSB composed of MP were then determined. Finally, retention

of riboflavin by LSB composed of MP+10% SMP+ 10% ethyl cellulose (EC) was

described and compared with that of LSB composed of 60% tripalmitin + 40% menhaden

oil (60% T+ 40% M). EC is a non-gelling polysaccharide with good film forming,
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coating and binding characteristics and when mixed with low melting point lipids may

result in a matrix with good stability and digestibility properties.

For core materials encapsulated within microparticles to be assimilated by fish

larvae, the core must be released either by enzymatic digestion or physical breakdown of

the particle or by simple diffusion of the core material from the particle into the gut

lumen. Feeding experiments were carried out using first-feeding larvae of zebrafish,

Brachydanio rerio and glowlight tetra, Hemigrammus erythrozonus to determine whether

riboflavin was released from LSB into the gut lumens of these species. LSB were coated

with zein, forming a complex particle to reduce particle hydrophobicity and increase

acceptability. Complex particles have been used previously in delivering nutrients to

penaeid shrimp larvae and larvae of hybrid striped bass (Villamar and Langdon, 1993;

Ozkizilcik and Chu, 1996).

MATERIALS AND METHODS

LSB preparation

LSB were prepared by a modification of the method described by Buchal and

Langdon (1998). A total of 10 g of lipid were placed in a water bath (65°C). The ratio of

emulsifier to lipid was varied depending on the formulation to be tested and ranged

between 0-25 % w/w of lipid. Two grams of finely ground riboflavin powder (<10 jim

particles; McCrone micronizing mill, McCrone Scientific Ltd.) were mixed with 10 g of

the molten (60-65°C) lipid/emulsifier mixture and sonicated at half power (B. Braun

Labsonic L, B. Braun Biotech Inc.). The suspension of particulate core material in

lipid/emulsifier mixture was then poured into a heated (65°C) aluminum container. The

temperature of the container was controlled by a temperature controller (model

CN9000A, Omega Engineering Inc.) in combination with a heating coil and a

thermocouple. The core/lipid suspension was then sprayed through an atomizing nozzle

(1/4 JBCJ, Spraying Systems Co.) supplied with pressurized nitrogen into a steel conical

chamber that was chilled to 20°C using liquid nitrogen. Following atomization, lipid
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droplets solidified in the steel chamber and the resulting beads were collected, freeze-

dried and stored under refrigeration until use.

LSB containing EC were prepared by first dissolving ig EC in 10 ml of

methylene dichioride. Two grams of finely ground crystalline riboflavin were then added

to the BC solution and the suspension was sonicated for 30 seconds at half power to

provide thorough mixing. The temperature of the riboflavinlEC suspension was then

raised to 65°C and ten grams of molten lipid (65°C) were added gradually. The resulting

molten lipidlEC/riboflavin mixture was then sonicated for 30 sec at half power and

placed in a water bath at 65°C until excess methylene dichloride was removed by

bubbling with N2 gas. After removal of methylene dichioride, the suspension was sprayed

to form LSB, as described above. LSB used in feeding experiments were fed to fish

larvae in the form of complex particles (CP) in order to reduce their hydrophobicity and

improve their acceptability. CP were prepared by coating LSB with a zein-bound dietary

mixture according to the method described by Onal (2002c). CP with a size range of 45-

106 m were stored for use in feeding experiments.

Measures of LSB Performance

Inclusion efficiency (IE)

Inclusion efficiency (IE) was expressed as the percentage of core material

originally present in the lipid mixture that was successfully encapsulated. IE was

determined as follows: triplicate samples of 25 rng from each batch of LSB were first

dissolved in 5 ml chloroform and the core material extracted by successive additions of

25 ml aliquots of distilled water. The aqueous supematant was removed and the

extraction was repeated until no absorbance reading was obtained in the supernatant

compared to a blank. Aqueous extractions were then combined and absorbance was

compared to that of a blank at the core material's maximum absorbance peak (riboflavin

267nm). Absorbance was converted to core concentration using regression equations

derived from standard curves. Triplicate subsamples of 1 ml of the chloroform phase was

removed from the capsule extraction and transferred to dry, tarred aluminum weighing

boats. The chloroform was removed by heating for 24h at 50°C. Lipid contents of the
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extracted microparticles were calculated based upon the amount of lipid recovered after

evaporation of chloroform. TE was calculated as:

IE= [(w/w ratio of riboflavin to lipid in LSB) / (w/w ratio of riboflavin to lipid in

the pre-spray formula)] X 100

Encapsulation efficiency (EE)

Encapsulation efficiencies of LSB were expressed as the percentage of core

material weight to lipid weight after preparation of LSB (Langdon and Buchal, 1998).

Retention efficiency (RE)

RE of LSB were expressed as the percentage of initial core material retained after

suspension of LSB in water. Samples of suspended LSB were taken over a given time

period to determine changes in retention of riboflavin over time. Triplicate samples of 10

mg LSB for each time interval were added to glass vials containing 10 ml water. The

concentration of LSB added to vials was chosen so that the quantity of core material

contained within LSB could potentially completely dissolve in the water volume. The

vials were sealed and placed on an orbital rotator and the experiments were carried out in

a temperature-controlled incubator at 25±1°C, in darkness. At each time interval, the

contents of each triplicate set of vials were filtered onto a glass-fiber filter (Whatman

934-A}J GF/C; Whatman) using a separatory funnel attached to a vacuum pump and the

filtrate was collected in a test tube to determine the concentration of leached riboflavin as

described above. Retention efficiency (RE) was then calculated as:

RE = {[(initial encapsulated riboflavin weight)-(riboflavin weight in filtrate)] /

(initial encapsulated riboflavin weight)}xlOO

Delivery efficiency (DE)

DE were calculated to allow comparisons of LSB preparations in terms of the

amount of core material that could be potentially delivered to a larva. DE was defined as

the amount of core material remaining in microp articles (mg core material g' lipid) after

a given period of time in which LSB were suspended in water.



Breakdown of LSB and release of riboflavin by larvae

Feeding experiments were carried out to determine if fish larvae could ingest and

break down LSB, thereby releasing riboflavin into the digestive system. Broodstock of

glowlight tetra and zebrafish were spawned in aquaria and the resulting first-feeding

larvae were transferred to 11 Imhoff settling cones receiving carbon-filtered, up-flowing

water (26±1°C) from the base, to promote suspension of CP (Onal and Langdon, 2000).

Fish larvae were observed to contain CP within lh after the start of the experiment but

were allowed to continue feeding until they started defecating 4-5h later. Sampled larvae

were then examined for evidence of broken or mis-shapen microparticles and released

core material under an epifluorescent microscope (Zeiss reflected light microscope; Carl

Zeiss Inc.) at x100 magnification. The larva's digestive system was photographed using a

photo-microscopic camera (Carl Zeiss MC63). Additional background lighting, without

obscuring the fluorescence emitted by CP, reduced exposure times to within a couple of

seconds resulting in sharp images of microparticles together with the overall outline of

larvae. Released riboflavin could be observed in the digestive tract of larvae as a diffuse

yellow fluorescence. In addition, change in the shape of CP in the digestive tract and

feces indicated breakdown of the microparticles.

Statistical analysis

Data were analyzed using the statistical software package Statview 5 (SAS

Institute Inc., USA). The suitability of the data for analysis by ANOVA was checked by

viewing normal probability plots of residuals and by Bartlett's test for homogeneity of

variance at the 5% level of significance. Percent data were transformed if necessary to

meet the assumptions of ANOVA. The data was analyzed by two-way ANOVA

including treatment, time and treatment x time interaction as the main effects. In order to

determine differences among treatments at given intervals, Tukey's HSD Multiple Range

tests were carried out (p<0.05). Effect of time on retention of riboflavin was analyzed

separately using regression analysis in order to determine leaching rates. A linear or a bi-

exponential regression equation was fitted to the observed data followed by a lack-of-fit

test to determine the best regression model that could describe the pattern of leaching
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(Schaffer and Ramsey, 1995). Time at which 75% retention occurred was calculated

using regression equations derived for each treatment.

RESULTS

Inclusion efficiencies (IE) and encapsulation efficiencies (EE) of riboflavin by LSB

The mean IE, BE and associated standard deviations for LSB formulations are

given in Table 2.1. Concentrations of 167 mg particulate riboflavin g' lipid present in the

initial spray mixture were not equally encapsulated in LSB. The JE of LSB composed of

methyl palmitate (MP) alone and MP+ 10% ethyl cellulose (EC) were significantly less

than those containing either sorbitan sesquioleate (S SO) or sorbitan monopalmitate

(SMP; p<0.O05; Tukey's HSD). In addition, the IE and EE of LSB composed of

MP+10% EC were significantly less than LSB composed of MP only (p<O.00S; Tukey's

HSD). IE and EE of LSB containing either SSO or SMP did not differ (p>O.OS; Tukey's

HSD). Overall, LSB containing either SSO or SMP had a mean IE of 97.94% and a mean

EE of 16.36 mg riboflavin 100 mg' lipid.

Experiment 1: Effect of liquid vs. solid emulsifier on retention and deliveiy of riboflavin

Suspension time and treatment had a significant effect on retention of riboflavin

(p<0.001 for main effects; df=62; two-way ANOVA). Suspension time x treatment

interaction effect also had a significant effect on retention of riboflavin such that percent

retention of riboflavin at each time interval depended on lipid composition (p<O.001;

two-way ANOVA). There were significant differences among treatments after only 2 mm

of aqueous suspension (Fig 2.1). LSB without any emulsifier had a RE of 95.5% which

was significantly higher than those of the other two treatments (p<O.00l; Tukey's HSD).

Furthermore, at 2 mm, LSB composed of MP + 5% SMP retained a significantly higher

percentage of riboflavin (92.3%) compared to 91.6% for LSB composed of MP + 5%

SSO. After 60 mm, LSB containing no emulsifier had a significantly higher (p<O.001;
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Tukey's HSD) RB (80% of the initial concentration) compared with those of the other

two LSB types.

Regression analysis indicated that there was a significant relationship between the

fraction of riboflavin retained and the duration that LSB were suspended in water for

each treatment. The leaching pattern of riboflavin over 24 h for each treatment is shown

in Fig 2.1. Table 2.2 summarizes the regression equations fitted to the observed data, R2,

the time to 75% RE and the associated standard deviations for each treatment. A straight

line relationship was obtained for all treatments when percent retention rates were plotted

against log time.

DE of LSB followed a different pattern (Fig 2.2). LSB containing no emulsifier

had significantly higher DE throughout the experiment except at 2 mm and 24 h. At 2

mm of suspension, DE did not differ among treatments (p>O.O5; Tukey's HSD). At mm

60, LSB containing no emulsifier had a DE of 1.26 mg riboflavin 10 mg1 lipid which was

significantly higher (p<O.O5; Tukey's HSD) than the DE of LSB composed of MP + 5%

SSO or MP+5% SMP (1.12 vs. 1.16 mg riboflavin 10 rng', respectively). At the end of

24h, LSB composed of MP alone had a DE of 0.83 mg riboflavin 10 mg1 which was

significantly higher than those of other treatments (p<O.O5; Tukey's HSD).

Experiment 2; Effect of dfferent concentrations of SMP on retention and delivery of
riboflavin

Suspension time and concentration of SIv[P in LSB had significant effects on

retention of riboflavin (p<O.00l for main effects; df=89; two-way ANOVA). Suspension

time x treatment interaction effect also had a significant effect on retention of riboflavin

such that percent retention of riboflavin at each time interval depended on concentration

of SMP (p<0.001; two-way ANOVA). Riboflavin was retained better in LSB when the

concentration of SMP was greater than 10% (w/w). LSB composed of MP+25% SMP

had significantly higher retention efficiencies compared to the other treatments at all time

intervals tested except at 24h (Fig 2.3). Retention of riboflavin after 2 mm of suspension

by LSB composed of MIP+25% SMP was 97.93 % which was significantly higher than

for all other treatments (p<O.00S; Tukey's HSD). After 60 mm of aqueous suspension,
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LSB made up with 25% SMP still contained 89.33% of the initial riboflavin

concentration which was significantly higher than for other treatments (p<O.005; Tukey' s

HSD).

Since the release patterns of riboflavin from LSB were not identical, different

models were used to describe release kinetics (see Fig 2.3 and Table 2.2). Best linear

relationships for LSB composed of MP+0, 1 and 5% SMP were obtained using a

semilogarithmic (log time vs. percent retention) plot. The release of riboflavin from LSB

composed ofMP+l0% SMP showed a biphasic pattern and was best described by a bi-

exponential equation. On the other hand, the release of riboflavin from LSB composed of

MP+25% SMP was best described by the Higuchi membrane diffusion-controlled model.

DE followed a similar pattern to RE with highest concentrations of riboflavin

delivered by LSB composed of MP+25%SMP followed by LSB composed of

MP+10%SMP (Fig 2.4). At mm 2 and 20, LSB composed of MP+l0% SMP and MP+

25% SMP had similar DE which were significantly higher than LSB composed of either

MP alone, MP+l% SMP or MP+ 5% SMP (p<O.005; Tukey's HSD). After 60 mm of

suspension, LSB composed of MP+25% SMP had significantly higher DE than the other

treatments (p<O.O05; Tukey's HSD). At the end of 24h, LSB composed of MP+25%

SMP and MP+l% SMP had the highest DR. LSB composed of MP+ 25% SMP had the

highest retention efficiency as indicated by its T75 of 342 mm, further improving the

retention of riboflavin by 193 mm compared to that of LSB composed of MP + 10%

SMP.

Experiment 3: Effect of ethyl cellulose (EC) on retention and delivery of riboflavin

The retention of LSB composed of MIP with either 10% w/w SMP or 25% w/w

SMP or 10% SMP+10% w/w ethyl cellulose (EC) were compared to determine if

addition of EC to MP further improved RE for riboflavin. In addition, the performance of

LSB composed of 60% tripalmitin+ 40% menhaden oil (60% T+40% M) was included

because this LSB type had been studied previously (Langdon and Buchal, 1998).

Suspension time, treatment and time x treatment interaction all had significant effects on

retention of riboflavin (p<0.001 for all effects; df=71; two-way ANOVA).
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After 2 mm of aqueous suspension, LSB composed of MP+10% SMP+10% EC

and 60% T+ 40% M had similar RE (98.86 vs. 99.38%; p>O.05; Tukey's HSD) and they

were significantly higher than those of LSB composed of MP+25% SMP and MP+10%

SMP (97.81 and 95.38%, respectively; Fig 2.5). Similarly, 60 mm RE of LSB composed

ofMP+l0% SMP+10% EC and 60% T+ 40% M did not differ from each other (94.17 vs.

93 .95%; p>O.O5; Tukey's HSD) and they were significantly higher (p<O.O5) than those of

LSB composed of MP+25% SMP and MP+10% SMP (88.28 and 8 1.61%, respectively).

Regression analysis indicated that for each treatment, there was a significant relationship

between the fraction of riboflavin retained and the duration that LSB were suspended in

water (see Fig 2.5 for leaching patterns over 24h). Table 2 summarizes the regression

equations fitted to the observed data, the time to 75% retention efficiency, R2 and the

associated standard deviations for each treatment. Release from MP+lO% SMP+l0% EC

followed a zero-order model. The release pattern of LSB composed of MP+25% SMP

and 60% T+40% M was proportional to square root of time indicating that the overall

release mechanism followed the Higuchi kinetic model.

DE of LSB followed a different pattern compared to RE (Fig 2.6). LSB composed

of 60% T+40% M delivered the highest riboflavin concentrations throughout the

experimental period. MP+10% SMP+10% BC showed significantly less DE than other

treatments at mm 2 and 20, however, there were no significant differences between LSB

composed of MP+10% SMP+10% EC and MP+ 25% SMP after 60 mm (p<0.005;

Tukey's HSD). A comparison of T75 values showed that LSB composed of MP+l0%

SMP+10% BC prolonged the release of riboflavin up to 722 mm.

Breakdown of LSB and release of riboflavin bvfish larvae

First-feeding larvae of glowlight tetra and zebrafish ingested LSB coated with

zein as complex particles (Onal and Langdon, 2002c) and their gut contents were easily

observed through transparent tissue surrounding the larval gut. Ingested LSB with

different wall compositions contained intensely fluorescent riboflavin and no differences

in the intensity of florescence among different LSB formulations could be detected. (see

Fig 2.7, 2.8 and 2.9). LSB within complex particles were visible as compressed pellets in
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the gut (Fig 2.7 and 2.8) and released riboflavin was obvious in all cases as indicated by

intense diffuse fluorescence observed throughout the lumen. Release of dissolved

riboflavin from the gut continued even after defecation of particulate material, giving rise

to a plume of riboflavin originating from the larva's anus (Fig 2.8 and 2.9).
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Exp # Lipid matrix composition IE wiw (%) EE w/w (%)

1 MP alone 93.98±0,88 15.69±0.62

MP+5% SSO 97.58±0.96 16.30±0.73

MP+5% SMP 97.5±0.89 16.28±0.69

2 MPalone 92.86±0.74 15.34±0.55

MP+1% SMP 98.79±1.04 16.50±0.53

MP+5% SMP 98.13+0.56 16.39±0.33

MP+10% SMP 98.70+0.61 16.48±0.68

MP+25% SMP 97.38±0.58 16.26±0.41

3 MP+l0% SMP 98.3 1±0.46 16.98+0.29

MP+25% SMP 97.39+0.61 17.89±0.46

60%T+40%M 97.50±0.96 16.28±0.56

MP+l0%SMP+10%EC 91.25±0.71 15.24±0.43

Table 2.1: Inclusion and encapsulation efficiencies (mg core 100 mg1 lipid) + 1 SD of
lipid spray beads (LSB) containing riboflavin. MP: methyl palmitate, SSO: sorbitan
sesquioleate, SMP: sorbitan monopalmiate and EC: ethyl cellulose.
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Exp # LSB Composition Regression equation Rz 175 (mm)

1 MP alone -5.82 x (lntime) + 101.6 97.3 95.9±0.37

MP+5% SSO -6.53 x (lntime) + 97.10 98.6 29.5+0.39

MP+5% SMP -6.99 x (lntime)+ 100.25 97.3 37.1±0.57

2 MP alone -5,42 x (lntime) + 99.51 97.8 92.0±0.39

MP+1% SMP -5.73 x (lntime) + 99.81 95.7 75.9+0.56

MP+5% SMP -6.86 x (intime) + 99.86 97.3 37.5±0.57

MP-{-l0% SMP -0.71 x (lntime)2- 0.73 x (lntime) + 96.43 99.7 148.9±0.33

MP+25% SMP -0.99 x (time)"2 + 97.65 97.3 523 .4±0.29

3 MP+10% SMP -0.71 x (lntime)2- 0.73 x (lntime) + 96.43 99.4 148.9±0.33

MP+25% SMP -0.99 x (time)"2+ 97.65 96.7 523.4±0.28

60% T+40% M -1.05 x (time)"2 + 100.38 97.7 584.3±0.58

MP+10%SMP+10%EC -0.031 x (time) + 97.38 99.1 722+0.45

Table 2.2: Regression equations fitted to describe change in riboflavin retention
efficiency (RE) over a 24h period, associated R2 and T75 (time to 75% retention ±1 SE)
values for each LSB composition. MP: methyl palmitate, SSO: sorbitan sesquioleate,
SMP: sorbitan monopalmitate and EC: ethyl cellulose.
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Figure 2.7: One-day old, first-feeding zebra fish, Brachydanio rerlo, larva (lateral view)
fed on complex particles (CP). CP consisted of LSB composed of MP+25% SMP
containing riboflavin embedded in a dietary mixture bound by zein. The foregut was
filled with CP and free riboflavin was evident in the gut of the larva. Scale bar:
40 tim.
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Figure 2.8: One-day old, first-feeding glowlight tetra, Hemigrainmus erythrozonus, larva
(lateral view) fed on complex particles (CP). CP consisted of LSB composed ofMP+lO%
SMIP containing riboflavin embedded in a dietary mixture bound by zein. The hindgut
contained CP and free riboflavin was visible in the posterior part, indicating that
riboflavin leached from ingested particles. Scale bar: 40 .tm.
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Figure 2.9: One-day old, first-feeding zebra fish. Brachydanlo rerio, larva (lateral view)
fed on complex particles (CP). CP consisted of LSB composed ofMP+lO% SMP+lO%
EC containing riboflavin embedded in a dietary mixture bound by zein. Released
riboflavin was obvious as indicated by intense diffuse fluorescence observed throughout
the lumen, Particles in the fecal strand were compacted, indicating the ability of the larva
to process CP by forming pellets. Release of dissolved riboflavin from the fecal strand
was obvious following defecation as indicated by the yellow florescence. Scale bar:
40 .tm.
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DISCUSSION

High IE achieved in the present study is a major improvement compared to

reported values elsewhere. For example, Lopez-Alvarado et al. (1994) reported 5-6% EE

for amino acids using a double emulsion technique that involved solidification of LWC in

chilled water. Later, Buchal and Langdon (1998) reported an TB of 22% for riboflavin by

LSB sprayed into chilled water for solidification. Results from these studies indicated

that substantial leaching losses of core materials from LWC and LSB may occur during

manufacture involving an aqueous phase. In this study, substitution of chilled water with

liquid nitrogen for solidifying LSB following atomization, prevented leaching of the core

material during manufacture and resulted in an overall, average TE of 96.75%.

Addition of SSO and SMP to lipid increased TE to 98.7%. SSO and SMP are

derived from sorbitol and they are soluble in oils and fats (Krog, 1997). Such compounds

are used in many food products primarily for the formation of emulsions. In

pharmaceutical studies, the type and concentration of emulsifiers used during

microencapsulation processes, have been shown to affect IE and BE of drugs (Sato et al.,

1988; Kristmundsdóttir and Ingvarsdóttir, 1994). Vilivalam and Adeyeye (1994) reported

lower IE for wax microspheres containing no emulsifiers compared to those containing

either glyceryl monostearate or stearic acid. Similarly, a critical amount of the emulsifier,

glycerol monostearate, was essential for achieving TB of diclofenac 72% in wax beads

(Lewis et al., 1998). The lower IE for riboflavin (93.98%) by LSB composed of MP

alone may have been due to the lack of an emulsifier, without which it was difficult to

prepare stable suspensions of riboflavin in MP during the atomization process.

The higher RE of riboflavin by LSB composed of MP alone compared to LSB

composed of either MP+5% SSO or MP+5% SMS was probably due to greater surface

hydrophobicity. During leaching experiments, LSB composed of MP alone did not

readily disperse in the water column, reducing contact with water. On the other hand,

LSB containing either 5% SSO or 5% SMP showed better dispersion that increased their

contact with water resulting in higher leaching rates. When lipophilic emulsifiers are

incorporated in the crystalline lattice of lipids, they have crystal-modifying effects by
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hindering undesired crystal transitions that may result in reduced leaching rates (Krog,

1997; Westesen and Siekmann, 1996).

Substii:ution of SSO with SMP resulted in significantly higher RE during the first

60 mm period. Visual observations indicated that clumping of LSB composed of 5% SSO

was greater compared to that of LSB containing 5% SMP. Addition ofSMP increased the

melting point of the resulting lipid matrix, making LSB harder and less sticky; therefore,

lipid soluble, solid emulsifiers may be used to improve physical characteristics of LSB

composed of low melting point lipids.

In the present study, increased leaching rates due to the addition of SMP to MP at

concentrations of 1-5% may be attributed to the emulsifier affecting the wettability of

LSB and facilitating penetration of water. Increasing the concentration of SMP to 10%

resulted in higher RE compared to those of other treatments. When mixed with lipids,

emulsifiers modify the surface of LSB reducing their hydrophobicity (Westesen and

Siekrnann, 1996). Reduced leaching rates of diclofenac from wax microspheres have also

been reported at higher concentrations (0-21% w/w) of the emulsifier, glyceryl

monostearate (Vilivalam and Adeyeye, 1994). Similarly, the rigidity and permeability of

phospholipid bilayers in liposomes can be adjusted by including water-insoluble

components such as sterols and amphiphiles in addition to the phospholipid matrix

(Domb et al., 1996). Higher concentrations (10-25%) of emulsifier may have resulted in

better coating of riboflavin crystals. Higher concentrations of SMP in MP may have also

modified the crystalline lattice upon solidification, increasing the melting point of LSB

and reducing the permeability of the lipid matrix to core material.

LSB composed ofMP+10% SMP+10% EC showed significantly higher RE

compared to LSB composed of either MP+10% SMP or MP+25% SMP throughout the

experiment, except at 24h. Although LSB composed of MP+10% SMP+10% EC had

higher RE compared to those of other treatments, their lower IE resulted in these LSB

being less effective in delivering riboflavin compared with other LSB types. The lower TE

and EB of LSB composed ofMP+l0% SMP+10% EC may be improved by optimization

of the preparation method. Improvements in TB and EE for other core materials, such as

water-soluble vitamins and amino acids, and optimization of their incorporation within
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microparticles with respect to wall materials, binders or coating agents are determining

factors in the development of successful microparticulate diets that will support growth

and survival of marine fish larvae.

Release characteristics of core materials from microparticulate systems have been

extensively studied, particularly for pharmaceutical applications (Kydonieus, 1980;

Nixon 1984; Washington, 1996). In this study, a linear regression equation best described

the pattern of leaching from LSB composed of MP+10%SMP+10% EC indicating a zero-

order release. A zero-order release pattern indicates that the same quantity of core

material is released from particles per unit time and, therefore, is independent of the core

material concentration (Welling, 1997; Riviere, 1999). This type of steady state release

pattern is desirable as the leaching rate of core material from LSB is fixed once LSB are

suspended in water and is controlled by the wall of the microparticle and its properties

(Mortada et al., 1988). EC is a hydrophobic film-forming natural polymer and it is

thermoplastic with good dimensional stability and flexibility under various temperature

conditions (Reyes, 1968). Furthermore, EC was also reported to be less permeable to

glucose, uric acid and creatinine compared to gelatine and cellulose acetate films (Nixon,

1984). When mixed with lipid, EC-coated riboflavin crystals formed a gel-like,

hydrophobic matrix that resisted melting at experimental temperatures (25 + 1°C), further

reducing leaching rates.

LSB composed of MP+ 1-25% SMP had higher initial leaching rates and showed

different release patterns compared to that of LSB composed of MP+10% SMP+10% EC.

As the concentration of SMP increased, the leaching pattern of LSB became more

representative of a diffusion-controlled model. Using the Higuchi square-root of time

model, a plot of percentage riboflavin retained against time yielded a straight line and

indicated that the release of riboflavin from LSB composed of MP+25% SMP was

diffusion-controlled throughout the experimental period (Jalil and Nixon, 1990;

Vilivalam and Adeyeye, 1994). On the other hand, regardless of the plotting method,

release of riboflavin from MP+10% SIv[P showed a biphasic pattern. This type of

biphasic pattern has been observed elsewhere (GUrkan et al., 1987; Singh and Robinson

1990; Raghuvanshi et al., 1992) as indicated by the convex-curved retention profile on a



semi-logarithmic scale, due to an initial slower leaching rate of riboflavin compared to

those of LSB containing 0-5% SMP. The higher concentration of SMP reduced the fast

release of riboflavin initially but increased the release rates afterwards because more

riboflavin remained available for release within LSB. This delay in initial release of

riboflavin may have resulted from delayed hydration of LSB due to their reduced

permeability with increased SMP concentrations.

For dietary particles designed to deliver nutrients to early fish larvae, a diffusion-

controlled model is preferable over a first-order release model. A first-order release

model indicates high initial leaching rates of core materials due to high permeability of a

particle or lack of a distinct wall surrounding a particle. High initial leaching rates of core

material may also result from dissolution of unencapsulated core material on the surface

of the particles. In a first-order release model, a constant percentage of core material is

eliminated per unit time, but since the rate of diffusion of the core material is directly

proportional to its concentration gradient across the wall of a microparticle (as defined by

Fick's law; Okada et al., 1991; Riviere, 1999), the amount of core material lost per unit

time changes in direct proportion to the concentration gradient (Riviere, 1999). Overall,

in the present study, LSB composed of MP+1O% SMP+1O% EC and MP+1O-25% SMP

resulted in better retention patterns and efficiencies, suggesting that these particles may

also be useful in delivering highly water-soluble nutrients, such as amino acids, to early

fish larvae.

Visual observations indicated that LSB composed of MP can deliver nutrients,

such as riboflavin, to early fish larvae. Particles in guts of larvae were compacted,

confirming the ability of both species of fish larvae to process the complex particles

forming pellets. Since the melting point of MP is 28-29°C, LSB were very soft at the

larval culture temperatures of 25 ±1°C and large-sized LSB likely became compacted and

squeezed due to peristaltic movements, minimizing blockage of the gut and maximizing

release of core materials. Addition of 10% EC to the IvlIP matrix prolonged retention of

riboflavin but did not have an observable negative effect on breakdown of LSB and

release of riboflavin once they were ingested. The use of soft LSB may reduce
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dependency on the ability of larvae to enzymatically break down these particle types with

potential improvements in delivering nutrients to fish larvae.

CONCLUSIONS

This study demonstrates that LSB formed by the melt-spray process provide an

efficient method for encapsulation and delivery of riboflavin. A major limitation of LSB

is overcome by elimination of water from the manufacture process that results in

increased TB and EE compared to earlier studies. The melt-spray method may be used to

encapsulate other highly water-soluble materials such as amino acids with similar IE and

EE.

The performance of LSB can be modified by the type and concentration of

emulsifiers added to the lipid matrix. Use of a solid emulsifier, SMP, improves RE

compared to that of a liquid emulsifier, SSO. Increased concentrations of SMP modifies

physical characteristics of LSB such as surface wettability and melting point, as well as

RE and DE. LSB that are easily dispersed in water and are acceptable by fish larvae may

be developed by the proper choice of matrix constituents. RE of LSB can be further

increased by additions of EC to the lipid matrix that may also improve retention of highly

water-soluble nutrients such as amino acids.

Core-release data can be used to screen a variety of microparticles easily and

quickly to determine the best potential formulations for delivering nutrients to fish larvae.

Regression equations for changes in RE and DE over time can be used to develop feeding

protocols for larval fish to maximize delivery of specific nutrients under a variety of

environmental conditions.

Use of a low-melting point lipid offers a novel approach in the development of

microparticulate feeds for fish larvae to overcome the physiological limitations of early

fish larvae for enzymatically breaking down complex, dietary macro-nutrients. Soft LSB

can be processed in the larval gut following ingestion and release their contents inside the

alimentary tract of larvae without the need for enzymatic breakdown. A soft lipid matrix
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with a diffusion-controlled release pattern will allow effective delivery of water-soluble

nutrients to early fish larvae. The ability of first-feeding zebrafish and tetra larvae to

break down LSB indicates the suitability of these particles for delivering nutrients to

larvae of other warm water fresh and marine species.
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ABSTRACT

Lipid-spray beads (LSB) composed singly or of mixtures of trilaurin (T), methyl

palmitate (MP), menhaden stearine (MS), spermaceti (Sp) and coconut oil (CO) were

prepared and their performances were compared for delivering glycine and tyrosine to the

early stages of fish larvae. Measures of performances of LSB included inclusion (IE),

encapsulation (EE), retention (RE) and delivery efficiencies (DE) in addition to T50

(time to 50% retention) values. Particulate glycine, tyrosine as well as aqueous solutions

of glycine were successfully incorporated within LSB using a melt-spray method. LSB

composed of MS or a mixture of MP+Sp had a mean IE of 87.9% which was

significantly higher than those of LSB composed of either T or MP (t-test; p<O.05). EE

values of 19% and 23% were achieved for particulate glycine and tyrosine, respectively

for LSB composed of 100% MS.

LSB composed of 75% MS+25% Sp containing aqueous glycine had a

significantly higher RE compared to that of LSB containing particulate glycine

(p<0.05;Tukey's HSD). LSB containing aqueous glycine had a T50 value of 90 mm

compared to only 4 mm for LSB containing particulate glycine. DE indicated that LSB

(75% MS+25% Sp) containing an aqueous core delivered significantly higher

concentrations of glycine (0.291 mg 10mg1 lipid after lh suspension in water) compared

to LSB with particulate glycine cores.

In order to modify their hardness, LSB were prepared with 100% MS with and

without additions of CO. Highest RE and DE were achieved by LSB composed of

100%MS which indicated that substitution of MS with CO had no beneficial effect on the

performance of LSB. LSB composed of 100% MS had a RE of 34% after lh of

suspension, corresponding to a DE of 0.523 mg glycine 10 mg1 lipid. T50 value of

particulate glycine was also improved to 17.18 mm by using LSB composed of 100%

MS.

The overall performance of LSB containing tyrosine was much better than that of

LSB containing glycine due to differences in the water solubilities of these two amino

acids. LSB containing 7% and 23% (w/w) of tyrosine had identical RE indicating that
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higher tyrosine concentrations did not result in higher leaching rates. LSB containing

23% tyrosine had a T50 value of 1935 mm with a DE of 1.10mg tyrosine lOmg' lipid.

Visual observations indicated that LSB composed of 50% MS+50% CO or 100%

MS can effectively deliver nutrients to 3 day-old clownfish, Amphiprion percula, larvae.

Particles in fecal strands and in guts of larvae were compacted, confirming the ability of

larvae to form pellets from digested pellets. Release of Poly-red was evident by a pink

coloration in the lumen of the hindgut indicating that LSB were completely broken down

by larvae. LSB show promising potential for delivery of dietary amino acids to marine

fish larvae.

INTRODUCTION

Cost-effective feeding of fish larvae with formulated diets is only possible after

qualitative and quantitative determination of dietary nutrient requirements for the target

species. However, there is very little information on the nutritional requirements of first-

feeding marine fish larvae due to a dependency on live food organisms and the lack of

defined, successful diets. Lacking nutrient requirement data, nutritionists assume larval

feeds should resemble the composition of fish eggs, larvae or the composition of natural

prey items and fornmlate their diets accordingly (Rust, 1995). While diet formulations

based on these assumptions may work for post-larvae, researchers commonly report

limited or no growth of first-feeding altricial fish larvae fed on these diets. Several factors

associated with larval physiology and behavior have been reported to be a possible

underlying reasons for inferior results obtained with formulated diets, when compared to

live diets, in the culture of marine fish larvae (see review by Langdon, 2002).

A major limitation of currently available microparticulate diets is the rapid

leaching rates of water-soluble nutrients. Leaching of low molecular weight, highly

water-soluble materials from microparticles typically occurs in a very short time period

following suspension. High surface area to volume ratios and short diffusion distances for

small particles suitable for first-feeding larvae further increase the leakage of core
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materials from microparticles, contributing to their poor performances. For example,

López-Alvarado et al. (1994) reported that >80% of amino acids were lost from alginate,

carrageenan and zein microbound particles after only 2 minutes of aqueous suspension.

Cross-linked protein walled capsules are also inefficient in retaining amino acids, losing

about 40% after 2 mm of suspension in water (López-Alvarado et al., 1994). As much as

60% of dietary free amino acids were reported to be lost from carrageenan-bound and

zein-coated, gelatin-bound diets within 1 mm of suspension (Baskerville-Bridges and

Kling, 2000). Therefore, development of a controlled-release delivery system for highly

water-soluble nutrients is required for early fish larvae that typically exhibit slow and

selective feeding behavior, requiring prolonged suspension of potential food particles in

the water column until they are ingested.

Lipid-based encapsulation systems have been used as carriers for the controlled-

delivery of various types of bioactive compounds for pharmaceutical and medical

applications and recently for the food industry (Domb et al., 1996; King 1995). Several

applications of lipid-based encapsulation systems have been described previously in the

aquaculture literature (see review by Langdon, 2002). Lipid-walled microcapsules

(LWC) composed of a triglyceride wall surrounding an aqueous core seem to be

promising due to ease of manufacture (Buchal and Langdon, 1998; Onal, 2002a). Solid

lipid particles are typically prepared when emulsified molten lipid resolidifies upon

cooling, resulting in a solid matrix in which the mobility of incorporated core material is

minimized and, therefore, leaching from the particle is reduced (Westesen and Siekmann,

1996); for example, LWC composed of tripalmitin retained 89.9% of amino acids after

60 mm of aqueous suspension (López-Alvarado et al., 1994). In attempts to develop

LWC with good retention characteristics as well as digestibilities, triglycerides alone or

mixtures of triglycerides, such as tripalmitin, triolein and fish oil, have been used in wall

formation (López-Alvarado et al. 1994; Ozkizilcik and Chu 1996; Buchal and Langdon

1998; Langdon and Buchal 1998).

One of the recent objectives in the development of microencapsulated diets for

larval fish is to increase the concentration of water-soluble nutrients such as vitamins,

fish extracts and amino acids (Koven et al., 2001 ;Yufera et al., 2002; Onal, 2002a). In
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order to clearly determine the in vivo effects of the nutritional value of such highly water-

soluble nutrients incorporated into microparticles, high inclusion (TB), encapsulation (EE)

and delivery efficiencies (DE) are necessary to compensate for losses due to leaching

before ingestion (see materials and methods for descriptions). Most of the encapsulation

methods developed for delivering nutrients to aquatic organisms result in inherently low

IE, EE and DE due to processes that involve the use of aqueous solutions in the

preparation of microparticles. For example, López-Alvarado et al. (1994) calculated that

LWC could only contain about 6% w/w amino acids using a double-emulsion tecimique

that involved solidification of LWC in chilled water. Later, Buchal and Langdon (1998)

reported an JE of 24.1% for riboflavin by LSB sprayed into chilled water for

solidification. Recently, Yufera et al. (2002) reported low initial IE for lysine

incorporated within cross-linked protein-walled capsules (5.98%) due to losses resulting

from washing capsules with freshwater during their manufacture. Incorporation of core

materials in microparticles can be improved by eliminating water from the production

process. Substitution of chilled water with vapor from liquid nitrogen for solidifying LSB

following atomization improved IE by up to 98% with a DE of 16.48 mg crystalline

riboflavinll 00 rng lipid (Onal, 2002a).

Onal (2002a) also showed that LSB composed of a low melting point wax

(methyl palmitate; MP; melting point 28-29°C) retained crystalline riboflavin during

aqueous suspension at experimental temperatures of 24-26°C, yet were broken down by

physical digestive processes by early larvae of zebrafish, Brachydanio rerio and

glowlight tetra, Hem iggrammus erthyronus. The soft MP matrix was squeezed and

deformed in the larval gut, minimizing the risk of blockage, and then defecated. Use of

LSB composed of low melting point lipids may reduce leaching rates of water-soluble

nutrients and allow earlier weaning of fish larvae onto artificial diets (Onal, 2002a).

This study aims to develop LSB that both retain amino acids when suspended in

water and are susceptible to physical digestion by the early stages of marine altricial

larvae. For this purpose, LSB with different lipid compositions containing either glycine

or tyrosine were prepared and their performances were compared using short-term

experiments. Determination of retention patterns of individual amino acids is essential for
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identification of potential limitations of LSB with regard to the delivery of different

amino acids to fish larvae. Retention patterns of LSB containing different physical forms

of core materials (particulate or aqueous core) were also compared as different physical

forms of core materials can be used to affect core retention in microencapsulated delivery

systems (Buchal and Langdon, 1998). Short-term leaching experiments allow for quick

identification of promising lipid matrixes, leading to efficient development of LSB for

delivery of water-soluble nutrients.

In order for core materials encapsulated within microparticles to be assimilated by

fish larvae, the core must be released either by enzymatic digestion or physical

breakdown of the particle or by simple diffusion of the core material from the particle

into the gut lumen. Feeding experiments were carried out using 3 day-old clownfish

larvae, Amphiprion percula, in order to determine whether LSB were broken down in the

gut lumen of this species. For this purpose, LSB containing a non-toxic dye (Poly-red

478) were coated with zein forming a complex particle (Onal, 2002c) to reduce particle

hyrophobicity and increase acceptability. Complex particles have been used previously in

delivering nutrients to penaeid shrimp larvae and larvae of hybrid striped bass (Villamar

and Langdon, 1993; Ozkizilcik and Chu, 1996).

MATERIALS AND METHODS

Experimental approach

Initially, glycine was encapsulated within various LSB as it represents a low

molecular weight (75.07 Daltons), highly water-soluble material. Glycine is very

hydrophilic and its solubility in water is very high (250g!l at 25°C) contributing to its fast

leaching from microparticles in water. LSB composed of 80% MP+lO% SMP+10% EC

were very promising in delivering riboflavin (Onal, 2002a) and, therefore, retention and

delivery efficiencies of glycine by LSB composed of 80% MP+l0% SMP+10% EC were

compared to those of LSB composed of menhaden stearine (MS).
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Menhaden stearine has the consistency of peanut butter at room temperature, and

was substituted with spermaceti (Sp) in order to increase the melting point of the lipid

matrix and its physical stability. Sp is a marine wax with a melting point of 5 5°C, and

LSB made from 75% MS+25% Sp (w/w) were harder at room temperature. In order to

increase digestibility by fish larvae, MS was also substituted with coconut oil (50% w/w;

melting point 28°C) that resulted in softer LSB. After identification of the best lipid

matrix, retention and delivery effciencies of LSB containing either particulate glycine or

aqueous glycine solution were compared.

Finally, the retention of LSB composed of 100% MS containing either 7%

particulate glycine or 7% particulate tyrosine were compared to determine if they differed

in leaching rates. Tyrosine is a low-molecular weight (181.19 Daltons), poorly water-

soluble amino acid (0.453g/l at 25°C), exhibiting a different leaching pattern compared to

glycine. In addition, the performance of LSB composed of 100% MS containing 23%

tyrosine was included in order to determine if higher tyrosine concentrations resulted in

higher leaching rates.

LSB preparation

LSB were prepared by modification of the melt-spray method described by Onal

(2002a). Initially, lipids were melted in a water bath at 70°C. In order to obtain

suspensions of lipid and amino acid, SMP (sorbitan monopalmitate) was incorporated

into lipid matrix formulations containing either MP or trilaurine (T). No SMP was added

to lipid formulations containing menhaden stearine (MS) as suspensions of MS and

glycine were very stable. The ratio of emulsifier to lipid was varied depending on the

formulation to be tested and ranged between 0-10 % w/w of lipid. Two grams of finely

ground glycine or tyrosine powder (<10 tm particles; McCrone micronizing mill,

McCrone Scientific Ltd.) were mixed with 8 g of a molten (60-65° C) lipidlemulsifier

mixture and sonicated (B. Braun Labsonic L, B. Braun Biotech Inc.). For encapsulating

aqueous solutions of amino acids, glycine was dissolved in water and aqueous core

materials were added to molten lipid followed by sonication. The suspension of core

material and lipidlernulsifier mixture was then poured into a heated (65°C) aluminum
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container. The temperature of the container was controlled by a temperature controller

(model CN9000A, Omega Engineering Inc.) in combination with a heating coil and a

thermocouple. In order to prevent settlement of core material, the suspension was

continuously sonicated (Braun-sonic 2000, B. Braun Instruments,) during spraying with a

sonicator. The core/lipid suspension was then sprayed through an atomizing nozzle

(JBCJ, Spraying systems) supplied with pressurized nitrogen, into a steel conical

chamber chilled to 20°C using liquid nitrogen. Following atomization, lipid droplets

solidified in the steel chamber and the resulting beads were collected, freeze-dried and

stored under refrigeration until use.

LSB containing ethyl cellulose (EC) were prepared by first dissolving ig EC in

10 ml of methylene dichloride. Two granis of finely ground glycine were then added to

the BC solution and the suspension was sonicated for 30 seconds at half power to provide

through mixing. The temperature of the riboflavinlEC suspension was then raised to 60°C

and ten grams of molten lipid (60°C) was added gradually. The resulting molten

lipid/EC/amino acid mixture was then sonicated for 30 sec at half power and placed in a

water bath at 60°C until excess methylene dichloride was removed by bubbling. After

complete removal of methylene dichloride, the suspension was sprayed to form LSB, as

described above.

Measures of LSB Performance

Inclusion efficiency (TB)

Inclusion efficiency (TB) was expressed as the ratio of core material to lipid before

and after LSB were produced. TB was determined as follows: Triplicate samples of 25 mg

from each batch of LSB were first dissolved in 5 ml chloroform and the core material

extracted by addition of 25 ml distilled water. The aqueous supernatant was removed and

the extraction was repeated until no absorbance reading was obtained in the supernatant

compared to that of distilled water. Aqueous extractions were then combined and

absorbance was determined spectrophotometrically against distilled water at the core

material's maximum absorbance peak (ninhydrin 57Orim). Absorbance was converted to

core concentration using regression equations derived from standard curves. Triplicate
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subsamples of 1 ml of the chloroform phase were removed from each capsule extraction

and transferred into dry, tarred aluminum weighing boats. The chloroform was removed

by heating for 24h at 50°C. Lipid contents of the extracted microparticles were calculated

based upon the amount of lipid recovered after evaporation of chloroform. TE was defined

as:

IE= [(ratio of AA to lipid in LSB) / (ratio of AA to lipid in formula)] X 100

Retention efficiency (RE)

Retention efficiencies of LSB were expressed as the percentage of initial core

material retained after suspension of LSB in water. Samples of suspended LSB were

taken over a given period to determine changes in the retention of amino acids over time.

Triplicate samples of 10 mg LSB were added to glass vials containing 1 Omi water. The

concentration of LSB added to vials was chosen so that the quantity of core material

contained within LSB could potentially completely dissolve in the water. The vials were

sealed and placed on an orbital rotator and the experiments were carried out in a

temperature-controlled incubator at 25±1°C, in darkness. At each time interval, the

contents of each vial were filtered onto a glass-fibre filter (Whatman 934-AH GF/C;

Whatman) using a separatory funnel attached to a vacuum pump and the filtrate was

collected in a test tube to determine the concentration of amino acids leached out in the

water as described above. Retention efficiency (RE) was then defined as:

RE = {[(initial AA)-(AA in filtrate)]/(initial AA)]}x 100

Delivery efficiency (DE)

Delivery efficiencies were calculated to allow comparisons of LSB preparations

in terms of the amount of core material that could be delivered to a potential larva. DE

was defined as the amount of core material remaining in microparticles (mg core material

per 10 mg of lipid) after a given amount of time in which LSB were suspended in water.
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Amino acid analysis

Amino acid concentrations were determined according to the method described by

Doi et al. (1981) using ninhydrin reagent (Sigma Chemicals, mc). One ml samples

containing glycine or tyrosine were acidified by 0.05% acetic acid. One ml of ninhdyrin

reagent was added to each sample and the samples were placed in a boiling water bath

(100°C) for 10 mm for color development. After 10 mm, the samples were transferred to

a cold water bath and 5 ml of 95% ethanol was added to each sample to stabilize color

development. Absorbance was determined spectrophotometrically at 5 7Onm. Absorbance

was converted to core concentration using regression equations derived from standard

curves.

Breakdown of complex particles (CP) by clownfish larvae

LSB composed of various lipid formulations containing 10% w/w solution of

Poly-red (Poly-R 478; Sigma Chemical Inc.) were prepared and embedded within a

mixture of zeinldietary ingredients forming CP, in order to reduce their hydrophobicity

and improve their acceptability. CP were prepared by coating LSB with a zein-bound

dietary mixture according to the method described by Onal (2002c). CP with a size range

of 45-106 jim were stored for use in feeding experiments. CP were fed to three day-old

clownfish, Amphiprion percula, larvae in order to determine whether CP were broken

down in the larval gut. Larvae were obtained from three pairs of wild-caught broodstock

kept in 50 1 fiberglass aquaria. An indoor recirculating system, with a total volume of

1200 1, provided a constant temperature year around of 26±1°C, and 30±2 ppt salinity,

with no detectable ammonia and nitrite. A 14L/1OD photoperiod was maintained by

fluorescent lighting. Broodstock were fed a variety of feeds, 3-4 times a day (Onal,

2002). Broodstock fish spawned every 12-20 days, with approximately 250-500 eggs per

spawn. Eggs were transferred to 121, cylindrical larval rearing tanks with black walls, 3-

4h prior to hatching and provided with gentle aeration. After hatching, clownfish larvae

were maintained in a static system, at 24-25°C, and a salinity of 30 ppt. Larvae were fed

on rotifers, Brachionus plicatilis, at a density of 5/ml, in combination with Tetraselmis

chui, at 5,000-10,000 cells/ml for two days. Prior to the experiment, 20 larvae were
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randomly selected and placed in a 11 glass beaker and starved overnight (14-16h). Fifty

mg of diet were then fed to larvae with gentle aeration that helped particles stay in

suspension. Larvae were allowed to feed for 2-4h and individuals were sampled to

examine fecal strands and gut contents under microscope (Nikon Optiphot-2) and

photographed (Nikon N6000 camera).

Statistical Analysis

The suitability of the data for analysis by ANOVA was checked by viewing

normal probability plots of residuals and by Bartlett's test for homogeneity of variance at

the 5% level of significance. Percentages values were transformed if necessary to meet

the assumptions of ANOVA. The data was analyzed by two-way ANOVA including

treatment, time and treatment x time interaction as main effects. In order to determine

differences among treatments at given time intervals, Tukey' s HSD Multiple Range tests

were carried out (p<O.05). Effect of time on retention of amino acids was analyzed

separately using regression analysis in order to determine leaching rates. A linear or a

quadratic regression equation was fitted to the observed data followed by a lack-of-fit test

to determine the simplest regression model that could describe the pattern of leaching

(Schaffer and Ramsey, 1995). Time at which 50% retention (T50) occurred was

calculated using regression equations derived for each treatment.

RESULTS

Inclusion efficiency (JE) and encapsulation efficiency (EE) of glycine and tyrosine by LSB

The mean TE, EE and associated standard deviations for LSB formulations are

given in Table 3.1. Overall, IE ranged between 80-91% with significant differences due

to lipid matrix composition. IE of LSB composed of either trilaurin or MP were

significantly less for glycine than that of LSB composed of MS (p<O.00l; t-test). BE

values indicated that up to 21% tyrosine could be incorporated within LSB.
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Experiments 1 and 2: Effect of wall composition on retention of glycine

Suspension time and treatment had significant effects on retention of glycine

(p<0.00l; df=35; two-way ANOVA). The timex treatment interaction also had a

significant effect on giycine retention such that the rate of loss of glycine depended on

lipid matrix composition (Fig 3.2; p<0.00l). LSB composed of 90% trilaurin+10% SMP

(90% T+10% SMP) had significantly higher RE compared to those of other treatments

throughout the experimental period. There were significant differences among treatments

after only 2 mill of aqueous suspension. LSB composed of 90% T+10% SMP had 83.2%

RE which was significantly higher than those of the other two treatments (Fig 3.2). LSB

composed of 75% MS+25% Sp had significantly higher RE compared to LSB composed

of 80% MP + 10% EC+ 10% SMP until 10 mm, with no significant differences after 10

mm. At mm 60, there were no significant differences between the RE of LSB composed

of 80% MP+10% EC+10% SMP and 75% MS+25% Sp (14.12 vs. 13.72%; p0.769)

which were both significantly less (p<O.05) than that of LSB composed of

90%T+1 0%SMP.

Regression analysis indicated that there was a significant relationship between the

fraction of glycine retained and the duration that LSB were suspended in water for each

treatment. The leaching pattern of glycine over 1 h for each treatment is shown in Fig 3.2.

Table 3.2 summarizes the regression equations fitted to the observed data, R2, the time to

50% retention efficiency (T50) and the associated standard errors for each treatment.

While a linear regression equation best described the leaching pattern of LSB composed

of 80% MP+10% EC+10% SMP and 75% MS+25% Sp on a logarithmic scale, a

polynomial equation best described the leaching pattern of LSB composed of 90% T+

10% SMP. T5 0 values showed that leakage rates of glycine from all treatments were

rapid.

Although the T50 value for LSB composed of 90% T+10% SMP was greater than

those of other treatments, trilaurin has a melting point of 46°C and was, therefore, less

likely to be broken down by early fish larvae. In contrast, menhaden stearine has a

melting point of 35°C and LSB composed of 75% MS+25% Sp performed better than

LSB made up of 80% MP+10% EC+10% SMP. Based on the results of this experiment
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and the potential for breakdown by fish larvae, LSB composed of MS were further

evaluated in this study.

LSB composed of trilaurin delivered significantly higher glycine concentrations

throughout the experimental period. After 1 h of aqueous suspension, LSB composed of

90% T+10% SMP delivered 0.236 mg glycine lOmg' lipid compared to 0.175 and 0.170

mg glycine 10mg1 lipid delivered by LSB composed of 75% MS+25% Sp and 80%

MP+10% SMP+10% EC, respectively (p<O.05; Tukey's HSD; Fig 3.3).

Experiment 2

Suspension time and wall composition of LSB had significant effects on retention

of glycine (p<0.001; df=35; two-way ANOVA). Time x treatment interaction effect also

had a significant effect on glycine retention such that the rate of loss of glycine depended

on wall composition (p<O.00 1). There were significant differences among treatments

after 2 mm suspension in water. LSB composed of 100% MS had significantly higher RE

compared to those of other treatments (p<O.00l; Fig 3.4). After 60 mm of aqueous

suspension, LSB composed of 100% MS had a significantly higher RE (54%; p<O.001)

compared to those of LSB composed of either 75% MS+25% Sp (34%) or 50% MS+50%

CO (19%).

Regression analysis indicated that for each treatment, there was a significant

relationship between the fraction of glycine retained and the duration that LSB were

suspended in water (see Fig 3.4). Table 3.2 summarizes the regression equations fitted to

the observed data, the time to 50% retention efficiency (T50), R2 and the associated

standard errors for each treatment. LSB composed of 100% MS had a T50 of 17.8 mm

compared to T50 values of 9.97 and 5.59 mm for LSB composed of 50% MS+50% CO

and 75% MS+25% Sp, respectively.

There were no significant differences between the DE of LSB composed of 100%

MS and 50% MS+50% CO after 2 miii of suspension (p>O.OS; Tukey's HSD; Fig 3.5).

However, LSB composed of 100% MS had significantly higher DE during the rest of the

experimental period. At the end of lh, LSB composed of 100% MS delivered 0.523 mg
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glycine 10mg1 lipid which was 0.212 and 0.305 rng more than those of LSB composed

of 75% MS+25% Sp and 50% MS+50% CO, respectively.

Experiment 3: Effect of liquid vs. solid core

Suspension time and treatment had a significant effect on retention of glycine

(p<O.001; df=29; two-way ANOVA). Timex treatment interaction effect also had a

significant effect on glycine retention such that the rate of loss of glycine depended on

the nature of the core material (Fig 3.6; p<O.001). There were significant differences in

retention among treatments after only 2 mm of aqueous suspension, with LSB containing

aqueous glycine showing an RE of 86.41%, which was significantly higher than that of

LSB containing particulate glycine (Fig 3.6). A similar trend was observed throughout

the experiment with significantly higher RE for LSB composed of 75% MS+25% Sp

containing aqueous glycine.

Table 3.2 summarizes the regression equations fitted to retention of glycine over

time, the time to 50% RE (T50), R2 and the associated standard errors for each treatment.

While a linear regression equation best described the leaching pattern of LSB composed

of 75% MS+25% Sp with particulate glycine on a logarithmic scale, a polynomial

equation best described the leaching pattern of LSB with an aqueous core. LSB

composed of 75% MS+25% Sp with an aqueous core had a T50 value of 90.38 mm that

was promising for prolonging glycine release.

DE of LSB followed a similar pattern to RE with higher concentrations of glycine

delivered by LSB containing aqueous glycine throughout the experimental period (Fig

3.7). At the end of 2 mi LSB composed of 75% MS+25% Sp with aqueous core had a

DE of 0.428 mg glycine lOmg' lipid which was significantly higher than that of LSB

containing particulate glycine (p<O.O5; Tukey's HSD). After lh, LSB with an aqueous

core delivered a significantly higher concentration of 0.290 mg glycinelO mg1 lipid

compared to 0.090 mg glycine 10 mg' lipid delivered by LSB containing particulate

glycine (p<O.O5; Tukey's HSD).
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Experiment 4: Retention of glycine vs. tyrosine

Suspension time, treatment and time x treatment interaction effects all had

significant effects on retention of amino acids (p<O.001; df=44; two-way ANOVA; Fig

3.8). Throughout the period of aqueous suspension, LSB containing tyrosine had RE that

were significantly higher than that for glycine. After 2 mm of aqueous suspension, LSB

containing 7% and 23% particulate tyrosine had similar RE (98.26 vs. 98.84%,

respectively; p>O.05) but they were significantly higher than that of LSB containing 7%

particulate glycine (73.21%; p<O.00l). Similarly, 60 mm RE for LSB containing either 7

or 23% tyrosine were not significantly different from each other (74.81 and 73.54%,

respectively; p>O.O5) but they were significantly higher (p<O.05) than that of LSB

containing 7% particulate glycine (3 1.55%, p<O.00l).

Regression analysis indicated that for each treatment, there was a significant

relationship between the fraction of amino acid retained and the duration that LSB were

suspended in water (Fig 3.8). Table 2 summarizes the regression equations fitted to the

observed data, the time to 50% RE (T50), R2 and the associated standard errors for each

treatment. While a linear regression equation best described the retention pattern of

glycine on a log-scale, polynomial equations best described the retention of tyrosine by

LSB. Although retention profiles and T50 values for glycine and tyrosine differed

considerably, different concentrations of tyrosine were retained similarly by LSB.

Although RE were identical, there were significant differences in DE of LSB

containing tyrosine due to differences in their EE (Fig 3.9). After 2 mm, LSB containing

23% tyrosine delivered significantly more tyrosine (2.174 mg 10 mg' lipid) compared to

0.59 1 mg 10 mg' delivered by LSB containing 7% tyrosine (p<O.05; Tukey's HSD; Fig

3.9). DE for glycine were significantly less than that for tyrosine throughout the

experiment (p<0.05; Tukey's HSD). After 1 h of suspension, LSB initially containing 7%

glycine delivered only 0.206 mg 10 mg1 lipid compared to 0.507 mg tyrosine 10 mg1

lipid delivered by LSB containing 7% tyrosine. After 1 h, DE of LSB containing 23%

tyrosine, on the other hand, was 1.819 mg 10 mg' lipid, which was significantly higher

than those of both the other treatments (p<0.05; Tukey's HSD).
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Breakdown of CP by larvae

Direct observation of the digestive tract was not possible due to heavy

pigmentation of clownfish larvae. Therefore, visual observations were carried out on

fecal strands and alimentary tracts that are isolated from the larvae. Fig 3.10 shows a

fecal strand collected from 3 day-old larva fed on CP containing LSB composed of 50%

MS+50% CO. A compacted, pink-colored, single mass containing digested LSB and

dietary ingredients was evident and indicated that CP were broken down by the larva. Fig

3.11 shows a section of a dissected foregut and hindgut of a three day-old clownfish

larva, fed on CP composed of 100% MS. While the foregut contains ingested paricles, the

hindgut shows pink coloration indicating that dye had been released from LSB embedded

in the zein./dietary matrix of the CP.
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Exp # LSB composition Core Material JE wiw (%) EE w/w (%)

1 90% T+10% SMP part glycine 80.97±0.65 12.01±0.38

80% MP+l0% SMP+10% EC part glycine 81.38±0.84 12.04±0.41

75% MS+25% Sp part glycine 86.26±0.54 12.77±0.62

2 50% MS+50% CO part glycine 85.90±1.12 16.98±0.69

75% MS+25% Sp part glycine 89.45±0.84 17.89±0.43

100% MS part glycine 86.75±0.79 17.35±0.68

3 75% MS+25% Sp part glycine 88.97±0.66 6.21±0.45

75% MS+25% Sp aq glycine 89.56±0.45 4.95±0.38

4 100% MS part glycine (7%) 90.54±1.01 6.32±0,56

100% MS part tyrosine (7%) 89.25±0.63 6.23±0.5 1

100%MS parttyrosine(23%) 91.08±0.60 21.02±0.83

Table 3.1: Inclusion (IE) and encapsulation efficiencies (EE) ± 1 SD of lipid spray beads
(LSB) containing glycine. MP: methyl palmitate, MS: menhaden stearine, Sp: spermaceti,
T: trilaurin, SMP: sorbitan monopalmitate and EC: ethyl cellulose, part gly: particulate
glycine, aq gly: aqueous glycine, tyr: tyrosine.
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Exp LSB Composition Regression equation R2 T50 (mm)
#

1 90%T+10% SMP -0.065 x (lntime)2- 0.128 x (intime) + 4.58 98.9 10.76+0.40

80%SMP+10%SMP+10%EC -0.438 x (lntime) + 4.44 98.6 3.34+0.39

75% MS+25% Sp -0.463 x (lntime)+ 4.56 98.5 4.01+0.57

2 50% MS+50% CO -0.108 x (lntime)2- 0.094 x (lntime) + 4.52 95.4 9.97+0.33

75% MS+25% Sp -0.374 x (lntime) + 4.58 98.6 5.59+0.54

100% MS -0.237 x (lntime)+ 4.59 97.7 17.18+0.56

3 75% MS+25% Sp -0.492 x (lntime) + 4.59 98.5 3.98+0.35

75% MS+25% -0.022 x (lntime)2- 0.047 x (lntime) + 4.56 97.5 90.38±0.5 1

4 100% MS -0.272 x (lntime)+ 4.57 99.7 11.18+0.32

100% MS -0.0 14 x (lntime)2- 0.0 18 x (lntime) + 4.60 98.5 2280±0.46

100% MS -0.014 x (lntime)2- 0.015 x (lntime) + 4.60 98.3 1935±0.58

Table 3.2: Regression equations fitted to describe change in glycine and tyrosine
retention efficiency over a lh period of aqueous suspension, associated R2 and T50 (time
to 50% retention ±1SE) values for each LSB composition. MP: methyl palmitate, MS:
menhaden stearine, S: spermaceti, T: trilaurin, SMP: sorbitan monopalmitate and EC:
ethyl cellulose.
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Figure 3.1: Spray system used to prepare lipid spray beads (LSB) in the laboratory. A
molten lipidlcore mixture in the form of an emulsion of aqueous core material and molten
lipid (60°C) or a suspension of dry particulate core material in molten lipid is added to a
heated (60°C) metal container. The metal container was heated using a heating coil (not
shown). The lipid core mixture was atomized using pressurized nitrogen (N2) into a steel
conical chamber. See materials and methods for detailed description of the method. (A)
sonicator, (B 1) pressurized N2 inlet for continuous flow of molten lipid/core mixture,
(B2) pressurized N2 inlet for atomization, (C) metal container, (D) metal tubing, (E)
valve, (F) nozzle, (G) steel container, (H) collection cup, (I) inlet for liquid nitrogen
vapor. Black arrows indicate direction of pressurized N2. White arrow indicates direction
of vapor from liquid N2.
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Figure 3.8: Percentage particulate glycine and tyrosine retained by LSB over a 3h period
of aqueous suspension. MS: menhaden stearine, Sp: spermaceti.
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Figure 3.10: A fecal strand collected from a 3 day-old clownfish larva fed on CP
containing LSB composed of 50% MP+50% CO and a red dye (Poly-R 478).
Zeinldietary matrix was not visible and LSB were compacted into a single mass
indicating that both the zein/dietary matrix and LSB were broken down by the larva.
Scale bar: 50 .tm.
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Figure 3.11: Dissected gut of a three day-old clownfish larva, fed on CP composed of
100% MS and a red dye (Poly-R 478). While the foregut contained ingested particles, the
hindgut showed pink coloration indicating that dye had been released from both the
zeinldietary matrix and from embedded LSB. Scale bar: 25 .tm.
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DISCUSSION

Use of soft, low-melting point lipids for delivering nutrients to first-feeding fish

larvae in the form of LSB have been suggested earlier by Onal (2002a). He reported that

LSB composed of 80% MP+10% EC +10% SMP were very promising in delivering

riboflavin to fish larvae. In this study, T50 values of 75% MS+25% Sp were similar to

those of 80% MP+l0% EC+10% SMP with significantly higher RE and DE during the

first 10 mm and therefore, the potential of LSB containing MS for delivering glycine and

tyrosine was further investigated. MS has several advantages over MP. MS is inexpensive

and it possesses the physical characteristics of other lipids that are solid at room

temperature but with a high content of n-3 fatty acids (data from Omega Protein Inc.).

MS also has a high crystal stability and plasticity over a wide range of temperatures

(Bimbo, 1989). Compared to pure fats or waxes that melt within a very narrow

temperature range, the presence of a wide range of fatty acids and triglycerides with

different melting points in MS may allow the more gradual release of core materials from

LSB exposed to temperatures of typical fish culture (10-28°C).

Addition of EC to improve the stability of MP may present toxicity problems. In

order to dissolve BC in the lipid matrix, EC is first dissolved in methylene dichloride

which is potentially toxic to fish larvae. Use of potentially toxic substances in

encapsulation tecimiques is common. For example, preparation of liposomes and cross-

linked protein-walled capsules often involve the use of toxic organic solvents and

reactive cross-linking agents. Residual organic solvents can be difficult to completely

remove; for example, organic solvents could be detected by highly sensitive techniques

when used in the preparation of colloidal lipid suspensions (Westesen and Siekmann,

1996). Residuals may be due to the formation of a solvate that retains solvent within its

crystal lattice (Habib et al., 2001). On the other hand, LSB composed of MS prepared by

the melt-spray method can be free of additions of potentially toxic solvents and,

therefore, the toxicological risk is much lower than for many other types of

mieroparticles. Overall, RE, T50 and DE values indicated that substitution of MS with
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either Sp or CO had no beneficial effect and LSB composed of 100% MS resulted in

significantly better performance.

Although LSB composed of 90% T+ 10% SMP showed a higher RE for glycine,

trilaurin has a high melting point (44-46°C) and is less likely to be broken down by fish

larvae possibly resulting in blockage of the alimentary tract. LSB composed of high

melting point lipids have been shown to be indigestible by fish larvae. For example,

Lopez-Alvarado et aT. (1994) showed that young larvae of Japanese flounder were unable

to break down lipid walled capsules made with tripalmitin with a melting point of 65°C.

Similarly, first-feeding zebrafish, Brachvdanio rerio, larvae were not able to break down

LWC composed of a mixture of 60% tripalmitin+ 40% menhaden oil (Onal, unpublished

obs.). Furthermore, poor digestion by fish have been reported for higher melting point,

longer chain saturated fatty acids (Guillaurne et al., 2001). Digestibility of hydrogenated

fish oil by carp, Cyprinus carpio, has been shown to decrease as the melting point of

lipids increase (Hertrampf and Pascual, 2000). Tn contrast, lipids with low melting points

have been reported to be utilized by fish due to their higher digestibility coefficients and

enhanced emulsification compared to high melting point lipids and saturated lipids with

longer chain lengths (Hertrampf and Piedad-Pascual, 2000; Guillaume and Choubert,

2001). Fontagné et al., (1999) showed that first-feeding carp larvae, Cyprinus carpio,

were capable of utilizing CO in artificial diets as efficiently as triolein with comparable

growth and survival rates. Digestibility of hydrogenated fish oils with a melting point of

38°C by carp, Cvprinus carpio, have been reported to be 75.4% (Hertrampf and Piedad-

Pascual, 2000) and digestibility of CO has been reported to be 86.1% for pigs (Hertrampf

and Piedad-Pascual, 2000). Although digestibility values are likely to be considerably

less for fish larvae, ingestion of LSB composed of MS may have nutritional contributions

as well.

Suspensions of glycine and MS were observed to show very good stability

without the addition of any emulsifier. On the other hand, glycine was observed to settle

out of suspension when mixed with MIP or trilaurin. Differences in the stability of molten

lipidlglycine suspensions may have been due to the presence of medium chain fatty acids

in MS (68.4%; data from Omega Protein Inc.) that helped form a stable suspension of
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glycine in the molten lipid. Fatty acids with 12-18 carbons compromise a balance

between polarity and non-polarity characteristics and are, therefore, commonly used in

emulsifiers (Sutheim, 1947). In addition, fatty acids with double bonds in the

hydrocarbon chain increase hydrophilic properties compared to saturated fatty acids

(Sutheim, 1947) which also may have contributed to the formation of stable suspensions

of amino acids and MS. TB of up to 9 1.1% for amino acids were possible, suggesting that

the present melt-spray method was very efficient in incorporating core materials.

Ideally, a successful microparticle developed for delivering water-soluble

nutrients to fish larvae should provide high retention of core materials at DE similar to or

higher than those for live feed organisms. Reported free amino acid (FAA) contents for

rotifers, Brachionusplicatilis, ranged between 1-7% w/w (Frolov et al., 1991; øie et a!,

1997) and this level of FAA incorporation within microparticles may be adequate to

support larval growth and survival. In the present study, in order to compare the effect of

different physical forms of the core material, LSB with similar concentrations of aqueous

and particulate glycine were prepared with EB of 4.95% and 6.52%, respectively, and

these values are within the range of FAA concentrations reported for rotifers. An EE of

4.95% is currently the upper limit for aqueous glycine using the melt-spray method.

Since the core material is first dissolved in water, the solubility of core material

determines the maximum amount that can be incorporated within LSB in aqueous phase.

Therefore, as the solubility of core material in water decreases, EE of core materials

decrease and preparation of LSB with core materials in particulate form may be more

advantageous.

Despite lower BE, an aqueous core significantly prolonged the release of glycine

from LSB compared to LSB containing particulate glycine. Improved RE for an aqueous

compared to a particulate core for highly soluble materials has been reported elsewhere;

for example, Langdon and Buchal (1998) showed that lipid-walled microcapsules (LWC)

delivered higher payloads of oxytetracyline (OTC) when OTC.HCL was dissolved in

solution to form an aqueous core, rather than in a particulate form. Higher RE for LSB

with an aqueous core could be due to the formation of stable water-in-oil emulsions

before atomization. In the preparation of LSB with aqueous cores, aqueous droplets are
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sulTounded by the lipid matrix and are not exposed to the surface of the particles. In

contrast, particulate materials may protrude through the surface of LSB following

solidification and when suspended in water, exposed particles will immediately dissolve

giving rise to rapid initial losses and loss of integrity by increasing the permeability of the

lipid matrix. Differences in release patterns among different physical forms of glycine

suggest that identification of the optimal particle type for delivery of each type of nutrient

will be important to maximize RE and DE.

LSB with similar concentrations of particulate glycine and tyrosine showed

considerable differences in RE, DE and T50 values. While the retention profile of glycine

followed a linear pattern, release of tyrosine was biphasic, with the characteristic convex-

curved retention profile on a logaritmic scale. The biphasic release pattern was due to

slower release of tyrosine initially, followed by faster release rates after 30 mm.

Furthermore, the retention profile of tyrosine from LSB followed a zero-order release

pattern (on the original scale) during the first 60 mm. Onal (2002a) discussed the patterns

of release from LSB containing riboflavin and reported that a zero-order release pattern is

desirable for particles suspended in water since it indicates a fixed, sustained-release rate

that is controlled by the properties of microparticle wall. In the present study, since the

formulation of the lipid matrix was identical in all treatments, differences in retention

profiles of glycine and tyrosine were likely due to differences in their water solubilities.

Differences in core concentrations may also change their leaching rates and

patterns from microparticles (Jalil and Nixon, 1990; Dubernet et al., 1990). Jalil and

Nixon (1990), reported that microcapsules containing high core/polymer loadings (2:1

and 1:1) released 80% of core within 10 mm compared to a sustained-release pattern

exhibited by lower core ratios (1:2-1:4). Similarly, no burst release was observed from

ethyl cellulose microspheres containing 4.7 and 8.6% ibuprofen whereas core release was

characterized by an initial burst effect at 18.3-45.5% loadings (Dubernet et al., 1990). In

contrast, in the present study, the release patterns of LSB containing 7 and 22% tyrosine

were identical with no burst effect observed at higher tyrosine concentrations suggesting

that even at high loading, leaching rates of tyrosine from LSB are slow. The overall
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performance of LSB containing tyrosine suggests that nutrients with similar water-

solubilities can very effectively be delivered to early fish larvae.

Particles in the fecal strands and in guts of larvae were compacted, confirming the

ability of 3 day-old clownfish larvae to process the CP, forming pellets. Since MS is soft

at the experimental temperatures of 25 ±1°C, LSB are likely to become compressed and

squeezed due to peristaltic movements, minimizing blockage and maximizing release of

core materials. The release of Poly-red was evident by the pink coloration in the lumen of

hindgut. Overall, visual observations indicated that LSB composed of either 50% MS

+50% CO or 100% MS could be broken down by three day-old clownfish larvae and are

promising particle types for use in nutrition studies.

CONCLUSION

Characterization of microparticulate systems is a complex problem with the

interaction of many components, a fact which, judging from the earlier literature, has

been ignored by many authors. Core-release data can be used to screen a variety of

microparticles and to quickly determine the best potential formulations for delivering

nutrients to fish larvae. Release data can further be used for quality control purposes to

ensure predictability in the manufacture of a diet and to understand physicochemical

characteristics of the microparticulate system and possible release mechanisms. Patterns

of RE and DE can be used to develop feeding protocols for larval fish to maximize

delivery of specific nutrients under a variety of culture conditions.

The ability of three day-old clownfish larvae to break down LSB indicates the

suitability of these particles for delivering nutrients to other warm water marine species.

Use of a low melting point lipid may offer a novel approach that may overcome

physiological limitations of early fish larvae to enzyrnatically break down complex,

dietary macro-nutrients and allow early weaning of fish larvae onto artificial diets. A

LSB that is soft at the optimal temperature range for culturing a target species, is likely to
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be physically broken down in the larval gut to release its contents inside the alimentary

tract without the need for enzymatic breakdown.

LSB formed by the melt-spray process provide an efficient means for the delivery

of highly water-soluble glycine and poorly water-soluble tyrosine, representating other

amino acids and low-molecular weight, water-soluble materials. Highly water-soluble

glycine should be incorporated as aqueous droplets to achieve greatest retention of core

material. Significant differences in the release patterns of aqueous and particulate glycine

indicate fundamental differences in the physical structure of two types of LSB. Poorly

water-soluble tyrosine should be incorporated in a particulate form to maximize DE.

Together, the two LSB types provide means of delivering a range of compounds

effectively to early stages of fish larvae.

Development of an inexpensive, digestible lipid matrix that can retain highly

water-soluble nutrients is an important step towards the preparation of a diet for

delivering water-soluble nutrients for rearing fish larvae. LSB composed of MS can be

used as an inclusion particle and incorporated within a polymer matrix, forming a

complex particle (see review by Langdon, 2003). The complex particle could deliver a

complete diet, consisting of all the potentially essential dietary constituents.
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ABSTRACT

Zein-bound particles (ZBP) and complex particles (CP) were prepared and their

performances were compared for delivering riboflavin, glycine and a mixture of FAA

(alanine, glycine, leucine, serine and tyrosine) to early fish larvae. Measures of

performances of LSB included inclusion (IE), encapsulation (EE), retention (RE) and

delivery efficiencies (DE) in addition to T50 (time to 50% retention) values. Lipid level

and preparation method had significant effects on RE and DE of ZBP. ZBP with 13%

lipid had a higher RE compared to ZBP containing no lipid and ZBP containing 26%

lipid. ZBP prepared by a spray-dry method showed higher RE and DE compared to those

prepared by freeze-dry and spray-water methods. Overall, ZBP showed low RE and DE

following suspension in water and they were not efficient in delivering riboflavin to fish

larvae.

In order to improve DE for delivery of amino acids, the use lipid spray beads

(LSB) was evaluated either alone or when bound in zein as a component of a complex

particle (CP). CP were successfully prepared containing LSB composed of menhaden

stearine (MS) embedded within a defined dietary mixture bound with zein. Comparison

of LSB and CP suspended in water showed that LSB had higher RE for particulate

glycine. Higher RE by LSB may have been due to differences in suspension

characteristics. LSB clumped and floated when suspended in water, negatively affecting

their acceptability by fish larvae. LSB should be incorporated into carrier particles for

effective delivery of nutrients.

CP had significantly higher RE and DE of FAA compared to those of ZBP.

Retention patterns for all FAA from CP showed a first-order release pattern with

significant differences in RE and DE based on individual amino acids. There were no

significant differences in the retention patterns of alanine, glycine and serine. Highest RE

and DE were achieved with tyrosine at 44% and 203 p.g tyrosine lOmg' particle,

respectively, following lh of aqueous suspension. T50 values indicated 50% of the initial

tyrosine in CP was still available after 36.7 mm of suspension in water. There was a

significant inverse correlation between the RE of FAA and their solubilities.



87

CP containing glycine showed better overall performance at 9°C compared to CP

suspended at 25°C. Despite high initial leaching rates, CP containing aqueous glycine

cores showed slower release rates and higher RE compared to those of CP containing

particulate glycine, after lh aqueous suspension (15.7% vs. 2.9%, respectively).

CP described in this study can successfully deliver FAA with low solubilites to

fish larvae and will be valuable tool for studying larval fish nutrition. High RE and DE

for amino acids is likely an important particle characteristic in developing diets for early

weaning of fish larvae onto artificial feeds.

INTRODUCTION

Various microparticle types and preparation methods have emerged as potential

means of nutrient delivery to crustacea, mollusks and fish larvae to overcome problems

associated with acceptability, digestibility and rapid leaching of water-soluble nutrients

(see review by Langdon, 2002). Acceptability of artificial diets may be improved by

manipulating the buoyancy, size, color, smell, hardness and taste of artificial diets, and by

using appropriate lighting, color of tank walls and agitation to affect movement of

particles in the water column (Backhurst and Harker, 1988; Ostrowski, 1989; Fernandez-

Diaz and Yufera, 1995; Kolkovski, 1997; Cahu et al., 1998; Koven et al., 2001). In

addition, there is a need to optimize existing manufacture methods as well as to develop

new protocols to overcome limitations associated with high leaching rates and

digestibility of currently available particle types.

Microbound particles (MBP) are commonly used in weaning fish and crustacean

larvae onto artificial diets. MBP lack a distinct wall in which dietary ingredients are

retained (Langdon, 2002). Various types of binders including carrageenan, alginate,

gelatin and zein have been used in nutritional studies of crustacean and fish larvae

(Teshima et al., 1982; Teshima et al., 1984; Kanazawa et al., 1989; Person Le Ruyet et

al., 1993; Kolkovski and Tandler, 2000). Although MBP are relatively easy and

economic to manufacture, the lack of a distinct wall surrounding the particle results in
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high leaching rates of water-soluble nutrients. Lopez-Alvarado et al., (1994) reported that

81, 85 and 91% of amino acids were lost from alginate, carrageenan and zein MBP,

respectively, following 2 mm aqueous suspension. As much as 60% of dietary free amino

acids were reported to be lost from carrageenan-bound and zein-coated, gelatin-bound

diets within 1 mm of suspension (Baskerville-Bridges and Kling, 2000).

In the present study, we first describe and compare methods for making zein-

bound microparticles (ZBP) containing riboflavin along with a basic dietary mixture

bound by zein. Use of zein as a binder in diets for crustacean and fish larvae has been

reported previously (Gatesoupe et aL, 1977; Kanazawa et al., 1982; Lopez-Alvarado et

al., 1994; Partridge and Southgate, 1999; Teshima et al., 2000). Zein is a high molecular

weight (38,000 Daltons), non-toxic, edible protein with amphoteric and thermoplastic

properties. Zein is soluble in 40-90% alcohol, making preparation of ZBP less toxic

compared preparation methods for other particle types that involve the use of potentially

toxic solvents. Initially, ZBP containing different lipid levels were prepared by a novel

spray-water method (see materials and methods) and their characteristics were compared

based on core release rates as described by Onal, (2002a). Performance of ZBP prepared

by the spray-water method was then compared to those of ZBP prepared by freeze-dry

and spray-dry methods (see materials and methods).

In order to improve performance of ZBP, we prepared complex particles (CP)

consisting of lipid-spray beads (LSB) embedded within dietary ingredients bound with

zein. CP consist of a minimum of two different particle types (inclusion and carrier

particles) combined into one particle (Langdon, 2002). In CP, inclusion particles are

incorporated into carrier particles with the goal that the properties of the two particle

types are complimentary in delivering a complete diet to fish larvae (Langdon, 2002).

Villamar and Langdon (1993) first described successful use of CP consisting of lipid-

walled capsules (LWC) incorporated within alginate-gelatin bound particles for

delivering glucose to penaid shrimp larvae. CP containing LWC incorporated into cross-

linked protein-walled capsules (CLPWC) were also used for delivering lysine to larvae of

striped bass, Morone saxatilis, with significantly better retention efficiencies compared to

CLPWC alone (Ozkizilcik and Chu, 1996). In this study, the potential of CP in delivering
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a mixture of free amino acids (FAA mix; glycine, alanine, serine, leucine and tyrosine) to

early fish larvae was evaluated using short-term leaching experiments. The release

kinetics of individual FAA from CP were characterized in order to identify amino acids

with higher retention efficiencies (RE) and delivery efficiencies (DE). Finally, in order to

further examine RE and DE for highly water-soluble FAA, the performance of CP

containing glycine was evaluated under different experimental conditions.

MATERIALS AND METHODS

ZBP preparation containing riboflavin

A mixture of dietary ingredients and riboflavin (see Table 1) were prepared using

a method similar to that described by Kanazawa et al. (1982). Two grams of zein (Pfaltz

and Bauer, Inc.) were dissolved in 30 ml of 60% alcohol solution using a homogenizer

(PowerGen 700, Fisher Scientific). Menhaden oil (10-26% w/w based on formulation) in

combination with 10% w/w riboflavin and 44-60% w/w of a dietary mixture were added

and homogenized until the ingredients were bound by zein. ZBP were prepared using the

above mixture by three different methods as described below.

Spray-water method: The dietary mixture was atomized as described by Onal and

Langdon (2000) for the preparation of gelatin-alginate beads. In order to optimize

delivery of the dietary mixture, a pressurized chamber was made from 5 cm diameter

PVC tubing and connected to the fluid inlet port of a spray nozzle system (1/4 JBCJ;

Spraying Systems Co.). High-pressure nitrogen was delivered via pressure regulators to

both the gas inlet port of the spray nozzle and to the chamber top. Nitrogen gas pressure

(5-10 psi) forced the dietary mixture downward inside the chamber, extruding the

mixture through the fluid orifice of the spray nozzle where it was atomized into a PVC

cylinder as described by Villamar and Langdon (1993). When the atomized droplets

came into contact with chilled water, particles were formed ranging from 20-500 jim in

diameter. ZBP were then rinsed with distilled water and sieved through 45-106 p.m mesh
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model 77545) and stored under refrigeration until use.

Spray-dry method: The dietary mixture prepared as described above was spray

dried (Mini Spray Dryer B-191, Büchi, Switzerland) using the following parameters:

Flow rate of coating mixture: 5 mi/mm; inlet temperature: 100°C, outlet temperature:

65°C, atomizing air pressure: 40 psi, atomizing air flow rate: 500 cc/sec. The resulting

ZBP were sieved through 45-106 jim mesh sieves and stored under refrigeration until

use.

Freeze-dry method: ZBP were prepared according to the method described by

Kanazawa et al. (1982). The dietary mixture was freeze-dried (Labconco Freeze Dry

System, model 77545) for 72h, ground with a pestle and mortar and sieved through 45-

106 jim mesh sieves and stored under refrigeration until use.

CF preparation

Spray-air method: In order to prevent leaching during manufacture and a

consequent reduction in IE, the spray/water method was modified and particles were

formed without using water. In addition, incorporation of a basic diet with defined

ingredients prevented interference by other water-soluble ingredients in analysis of FAA

(Table 1). Two grams of zein were dissolved in 30 ml of 90% alcohol solution using a

homogenizer (PowerGen 700, Fisher Scientific). Menhaden oil (10% w/w) in

combination with 60% w/w rice starch and 10% w/w casein were added and

homogenized until the ingredients were bound by zein. The dietary mixture was then

cooled to 15°C in an ice bath and LSB (10-40% w/w based on formulation) containing

glycine or a FAA mix (glycine, alanine, serine, leucine and tyro sine) were added to the

dietary mixture. The zeirilLSB/dietary mixture was then atomized (see description above)

into a conical-bottomed, fiberglass cylinder (SOxl2Ocrn). A 90% alcohol solution enabled

air-drying of particles at room temperature following atomization, without the need for

additional heat which, in turn, allowed encapsulation of LSB without melting. Particles

were collected using a soft brush, sieved through successive 45-106 jim mesh sieves and

refrigerated until use.
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LSB preparation

LSB were prepared using the melt-spray method as described by Onal (2002b).

FAA mixture (alanine, glycine, leucine, serine and tryptophan) were encapsulated within

LSB composed of 100% menhaden stearine (MS). MS was used in the manufacture of

LSB because previous work indicated that LSB prepared with MS performed better than

LSB prepared with other lipid mixtures and were broken down by 3 day-old larvae of

clownfish, Amhzprion percula, (Onal, 2002b). CF containing LSB with either particulate

glycine or aqueous glycine were prepared. Onal (2002b) reported that LSB containing

aqueous glycine had higher RE and EE compared to LSB containing particulate glycine.

Core preparation

Riboflavin and glycine were ground (<10 .im particles; McCrone micronizing

mill, McCrone Scientific Ltd.). The FAA mix was prepared by first dissolving equal

molar concentrations (5 mM) of each amino acid in 11 of distilled water. The dissolved

amino acid mixture was then spray-dried (Buchi Mini Spray Dryer, Switzerland) at

100°C. Spray-drying facilitated the preparation of a fine FAA powder (2-10 tm)

compared to particle grinding methods.

Measures ofmicroparticle performance

Measures of performances of ZBP and CF included inclusion (TE), encapsulation

(EE), retention (RE) and delivery efficiencies (DE) in addition to T50 values as

determined according to methods described by Onal (2002a). Briefly, inclusion efficiency

(TB) was expressed as the percentage (w/w) of initial core material trapped in ZBP or CP

after preparation. Encapsulation efficiency (EE) was expressed as the percentage of core

material weight to total CP weight after preparation of LSB. Retention efficiency (RE)

was expressed as the percentage of initial core material retained after suspension of

particles in water. Delivery efficiency (DE) was defined as the weight of core material

remaining (mg core material per g of particles) after a given amount of time in which

particles were suspended in water. T50 values for each suspended particle type were
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expressed as estimated times at which 50% retention occurred and were calculated using

regression equations derived for each treatment.

RE and DE of microparticulate diets were determined according to method

described by Onal (2002a). Briefly, triplicate samples of 10 mg particles were added to

glass vials containing 10 ml water. Samples of suspended particles were taken over a

given period to determine changes in the retention and delivery of amino acids over time.

Experiments were carried out at 25°C± 1, except where noted otherwise. In cases of

potential interference from dietary ingredients, a control treatment was included, in which

core material (riboflavin or glycine) was excluded from the diet and absorbance due to

dietary ingredients was subtracted from absorbance values of each treatment containing

the core material. Riboflavin and glycine were determined according to the methods

described by Onal (2002a,b). Concentrations of FAA lost from CP and ZBP were

determined using HPLC analysis (AAA Services Lab, Boring, OR, USA).

Statistical Analysis

The suitability of the data for analysis by ANOVA was checked by viewing

normal probability plots of residuals and by Bartlett's test for homogeneity of variance at

the 5% level of significance. If necessary, percentage data were transformed to meet

assumptions of ANOVA. The data was analyzed by two-way ANOVA including

treatment and time as main effects. In order to determine differences among treatments at

given time intervals, Tukey's HSD Multiple Range tests were carried out (p<O.05). Effect

of time on retention of amino acids was analyzed separately using regression analysis in

order to determine leaching rates. A linear or a quadratic regression equation was fitted to

the observed or transformed data to describe the pattern of leaching. Time at which 50%

retention (T50) occurred was calculated using regression equations derived for each

treatment. A one-factor ANCOVA was used to test the significance of amino acid type on

RE and DE of complex particles (CP), using suspension time as a covariate.



93

RESULTS

Inclusion efficiency (JE) and encapsulation efficiency (EE) of ZBP and ('P

The mean IE, EE and associated standard deviations for ZBP and CP containing

riboflavin, glycine or FAA mix are given in Table 4.2. IE of ZBP prepared by the

spray/water method were significantly less for riboflavin compared to those of ZBP

prepared by either the freeze-dry or the spray-dry methods (p<O.05; Tukey's HSD). Low

IE of ZBP prepared by the spray-water method also resulted in reduced BE that ranged

0.17-0.21% compared to BE of ZBP prepared by either the freeze-dry (0.96%) or spray-

dry method (1.07%), respectively.

Modifications in the manufacture of CP resulted in higher lIE and EE. CP prepared

by the spray-air method resulted in 84.4-89.7% IE and up to 16% EE for FAA. However,

although encapsulation of aqueous glycine resulted in a IE that was similar to that for

particulate glycine, EE for the aqueous core was only 2.34% vs. 6.75% for particulate

glycine.

Experiment 1. Comparison of different lipid levels on peiformance ZBP containing
riboflavin

Suspension time and lipid level of ZBP had significant effects on retention of

riboflavin (p<0.00l for main effects; df=44; two-way ANOVA). Time x treatment

interaction also had a significant effect on retention of riboflavin such that the rate of loss

of riboflavin depended on the lipid level of ZBP (p<O.00l). There were significant

differences among treatments after 2 mm suspension in water. ZBP with 13% lipid had a

significantly higher RE compared to those of other treatments (p<O.001; Tukey's HSD;

Fig 4.4). A similar trend was observed throughout the experiment with ZBP containing

13% lipid having significantly higher RE compared to those of other treatments.

Regression analysis indicated that for each treatment, there was a significant

relationship between the fraction of riboflavin retained and the duration that ZBP were

suspended in water (see Fig 4.4). Table 4.3 summarizes the regression equations fitted to

the observed data, the time to 50% retention efficiency (T50), R2 and the associated

standard errors for each treatment. ZBP containing 13% lipid had a T50 of 7.03 mm
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compared to T50 values of 4.82 and 3.39 mm for ZBP containing 26% lipid and no lipid,

respectively.

ZBP containing 13% lipid had significantly higher DE throughout the

experimental period except at 15 mm (Fig 4.5). There were significant differences

between the DE of ZBP after 2 mm of suspension (p<O.O5; Tukey's HSD; Fig 4.5). At 2

mm, ZBP containing 13% lipid had a DE of 14.8 jig riboflavin 10 mg1 particle which

was significantly higher than those of ZBP containing no lipid and ZBP containing 26%

lipid (13.3 and 13.5 jig 10 rng' particle, respectively). After 1 h, ZBP containing 13 and

26% lipid delivered 7.1 and 6.7 jig riboflavin 10 mg1 particle, respectively, compared to

significantly less (5.9 jig riboflavin; p<0.O5; Tukey's HSD) delivered by ZBP containing

no lipid.

Experiment 2. Gomparison of dfferent preparation methods on performance of ZBP
containing riboflavin

Suspension time and preparation method of ZBP had significant effects on

retention of riboflavin (p<O.00l for main effects; df=44; two-way ANOVA). Time x

treatment interaction had also a significant effect on retention of riboflavin such that the

rate of loss of riboflavin depended on the preparation method of ZBP (p<0.001).

Throughout the experimental period, ZBP prepared by using a spray-dryer had

significantly higher RE compared to those of other treatments (p<0.001; Tukey's HSD;

Fig 4.6) except at 60 and 180 miii. After 2 mm of aqueous suspension, ZBP prepared by

the freeze-dry method had a significantly higher RE compared to that of ZBP prepared by

the spray-water method (p<0.O5; Tukey's HSD). In contrast after 60 mm, the spray-water

method had significantly higher RE compared to that of the freeze-dry method until 180

mm (p<0.05; Tukey's HSD). At the end of 540 mm, ZBP prepared by the spray-dry

method had a RE of 8.33% that was significantly higher than those of ZBP prepared by

the freeze-dry and spray-water methods (2.46 and 2.87%, respectively; p<O.O5; Tukey's

HSD).

Table 4.3 summarizes regression equations fitted to retention of riboflavin over

time, the time to 50% RE (T50), R2 and the associated standard errors for each treatment.

While a linear regression equation best described the leaching pattern of riboflavin from
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ZBP prepared by the freeze-dry and spray-dry methods on a log-log plot, a hi-exponential

equation best described the leaching pattern of ZBP prepared by the spray-water method.

Retention patterns of ZBP prepared by the freeze-dry and the spray-water methods were

biphasic due to increased leaching rates after 1 h of aqueous suspension.

ZBP prepared by the spray-dry method had significantly higher DE throughout

the experimental period (Fig 4.7). Although the T50 value of ZBP for riboflavin prepared

by the freeze-dry method was less than that with the spray-water method, DE of ZBP

prepared by the freeze-dry method were significantly higher than those of the spray-water

method during the experiment. After 2 mm of aqueous suspension, ZBP prepared by the

spray-dryer method had a significantly higher DE of 79.6 jig riboflavin lOmg' particle

compared to 68.4 and 10.9 jig 10 rng' particle delivered by ZBP prepared by the freeze-

dry and the spray-water methods, respectively (p<O.O5; Tukey's HSD). After 60 mill,

ZBP prepared by the spray-dry method delivered a significantly higher proportion of

riboflavin (24.1 jig lOmg1 particle) compared to 11.5 and 3.5 jig 10 mg' delivered by

ZBP prepared by the freeze-dry and spray/water methods, respectively (p<O.05; Tukey'S

HSD).

Experiment 3. Comparison ofperformance of CP and ZBP containing FAA mixture

Suspension time and treatment had a significant effect on retention of total the

FAA (Fig 4.8; p<0.00l for main effects; df=15; two-way ANOVA). Timex treatment

interaction also had a significant effect on the retention of total FAA such that the rate of

loss of FAA depended on the type of particle (p<O.001).

Throughout the experimental period, CP had significantly higher RE compared to

those of ZBP (p<O.O5; Tukey's HSD). ZBP initially had very high leaching rates and

retained only 12.7% of the initial FAA concentration after 2 mm of aqueous suspension.

CP, on the other hand, retained 44.3% of the initial FAA mix after 2 mm. At the end of

lh, CP had a RE of 14.5% which was significantly higher than a 1% RE for ZBP

(p<O.00l; Tukey's HSD). Due to very high initial leaching rates, retention patterns of

individual FAA from ZBP could not described by simple equations. The RE of individual

FAA from CP were examined using HPLC analysis (Fig 4.9). The leaching patterns of
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CP containing alanine, glycine and serine did not differ from each other (ANCOVA,

p=O.Y7l; df=23; Fig 4.9) whereas separate regression equations were used to describe the

pattern of leaching from CP containing tyrosine and leucine (p<O.001; df23; ANOVA;

Fig 4.9). After lh of suspension, RB for tyrosine was of 44.9% which was significantly

higher than for the other FAA. T50 values indicated that CP retained 50% of the initial

tyrosine concentration after 36.7 mm of suspension.

DE followed a similar pattern to RE. DE for all FAA were always higher in CP

than in ZBP, throughout the experimental period (p<O.00l; df15; two-way ANOVA).

DE of serine and alanine from CP did not differ from each other (p0.6l4.; df=23;

ANC OVA) whereas DE of tyro sine, leucine and glycine were significantly different

(p<O.00l; df=23; ANOVA; Fig 4.10). DE of CP for tyrosine was 203 tg lOmg' particle

and was significantly higher compared to those for other amino acids throughout the

experimental period (p<O.05; Tukey's HSD). Regression analysis indicated a significant

relationship between retention of FAA by CP and their solubilities in water (p<O.001; Fig

4.11). This linear relationship was stronger at 2 and 10 mm compared to 30 and 60 mm.

Experiment 4. comparison of GP and LSB containing glycine

Suspension time and particle type had significant effects on retention of glycine

(p<0.00l for main effects; df=29; two-way ANOVA). Time x treatment interaction also

had a significant effect on retention of glycine such that the rate of loss of glycine

depended on particle type (p<O.001). Throughout the experimental period, LSB had a

significantly higher RE compared to that of CP (p<0.Ol; Tukey's HSD; Fig 4.12). After 2

mm of aqueous suspension, LSB had a RE of 62.6% which was significantly higher than

a 44.1% RE for CP (p<zO.05; Tukey's HSD). After lh, LSB had a significantly greater

(p<O.O5; Tukey's HSD) RE of 7.3% for glycine compared to 2.9% for CP.

Regression analysis indicated that for each treatment, there was a significant

relationship between the fraction of glycine retained and the duration that particles were

suspended in water (Fig 4.12). While a linear regression equation best described the

leaching pattern from CP, a polynomial regression equation best described the leaching
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pattern of glycine from LSB. T50 values indicated that the suspension time resulting in

50% retention of glycine by LSB was 5.14 mm, compared to 1.87 mm for CP (Table 4.3).

DE followed a similar pattern to RE, with higher concentrations of glycine

delivered by LSB, throughout the experimental period (Fig 4.13). Following 2 mm of

suspension, LSB delivered a significantly higher amount of glycine (976 g glycine 10

mg') compared to 335 jig 10 mg1 delivered by CP. (p<O.O5; Tukey's HSD). At the end

of lh, DE of LSB was significantly higher (112 jig 10rng1) at 5.1 times greater than that

of CP (p<O.05; Tukey's HSD).

Experiment 5. Comparison ofperformances of GP containing glycine at two different
temperatures

Suspension time and temperature had significant effects on retention of glycine

(p<O.00l for main effects; df=29; two-way ANOVA). Time x treatment interaction had

also a significant effect on retention of glycine such that the rate of loss of glycine

depended on the temperature of particle suspension (p<O.001). Throughout the

experimental period, CP at 9°C, had significantly higher RE compared to those of CP at

25°C (p<O.Ol; Tukey's HSD; Fig 4.14). After 2 mm of aqueous suspension, CP at 9°C

had a 61.3% RE which was significantly higher than 42.6% RE of CP at 25°C (p<O.05;

Tukey's HSD). After lh, CP at 9°C had a significantly higher (p<O.O5; Tukey's HSD) RE

of 11.3% compared to 3.6% for CP at 25°C.

Regression analysis indicated that for each treatment, there was a significant

relationship between the fraction of glycine retained and the duration that CP were

suspended in water (Fig 4.14). The pattern of release of glycine from both treatments was

similar with linear patterns on a log-log plot (Table 4.3). T50 values indicated that CP

suspended in 9°C water still retained 50% of initial glycine concentration after 3.25 mm,

whereas CP at 25°C retained only 35% of their initial concentration after the same time

interval (Table 4.3). DE showed a similar pattern to RE, with higher concentrations of

glycine delivered by CP at 9°C, throughout the experimental period (p<O.O5; Tukey's

HSD; Fig 4.15).
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Experiment 6. Comparison of retention and deliveiy for CP containing an aqueous vs.
particulate core ofglvcine

Suspension time and treatment had a significant effect on retention of glycine

(p<O.00l for main effects; df=29; two-way ANOVA). Time x treatment interaction also

had a significant effect on retention of glycine such that the rate of loss of glycine

depended on the nature of the core material (Fig 4.16; p<O.001). Both treatments had

initially high leaching rates; CP with particulate core showed a RE of 42% after 2 mm

suspension which was significantly higher than that of CP with an aqueous core

(p<O.05;Tukey's HSD; Fig 4.16). However, after 5 mm of suspension, CP with an

aqueous core had a RE of 26.5% which was significantly higher than that of CP with

particulate core (p<O.05; Tukey's HSD). A similar trend was observed throughout the

remaining experimental period with significantly higher RE for CP containing aqueous

glycine compared to particulate glycine (p<O.05;Tukey's HSD).

Regression analysis indicated that for each treatment, there was a significant

relationship between the fraction of glycine retained and the duration that CP were

suspended in water (p<O.00l; Fig 4.16). While a linear regression equation best described

the retention pattern for CP with particulate glycine, a polynomial regression equation

best described the retention of glycine by CP with an aqueous glycine (Table 4.3). Both

particle types reached 50% retention quickly, at only 1.63 and 2.11 mm following

suspension for CP with aqueous and particulate glycine, respectively (Table 4.3).

There was a different DE pattern throughout the experiment for the two CP types

except at 60 mm, with significantly higher concentrations of glycine delivered by CP

containing particulate vs aqueous glycine (Fig 4.17). After 2 mm, DE of CP containing

particulate glycine was significantly higher (263 i.g 10 mg') at 3.6 times more than that

of CP containing aqueous glycine (p<O.05; Tukey's HSD). However, after 60 mm, DE of

CP containing aqueous glycine were 2.2 times more than that of CP containing

particulate glycine, corresponding to 36.7 jig glycine 10 mg1 particle.
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Exp # Diet formulation% (w/w) gIlOOg

1,2 Zein-bound particles (ZBP)

Casein 20.0

Zein 20.0

KrilI meala 14.0

Egg solid1' 8.0

Hering meala 6.0

Artemia mealc 4.6

Liver meal' 34

Menhaden Ojie 10.0

Wheat gluten1 4.0

10.0

3,4,5,6 Complex particles (CP)

20.0

Zein1' 20.0

Rice starch5 50.0

Menhaden oil1 10.0

Table 4.1: Composition of experimental diets. aintemational Proteins Corp., USA,
btemational Ingredient Corp., USA, cAmerican Protein Corp., USA, dVE
Aquaculture, Belgium, eZapt Haynie Corp. USA, 5Sigma Chemicals, USA, hPfaltz and
Bauer, Inc., 1Omega Protein mc, USA.
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Exp Particle composition and JE w/w (%) EB w/w (%)
# preparation method

Riboflavin

ZBP w/o lipid (spray/water) 4.80 0.24

ZBP w 13% lipid (spray/water) 4.20 0.21

ZBP w/ 26% lipid (spray/water) 3.40 0.17

2 Riboflavin

ZBP freeze-dry method 19.20 0.96

ZBP spray-dry method 21.40 1.07

ZBP spray/water method 3.40 0.17

3 FAA mix

ZBP FAA mix (spray/air) 89.70 17.94

CP FAA mix (spray/air) 89.73 13.46

4, 5 Glycine

LSB (spray/air) 89.50 17.90

CP w/ part gly (spray/air) 84.38 12.15

6 Glycine

CP aqueous core (spray/air) 85.12 2.34

CP particulate core (spray/air) 78.25 6.75

Table 4.2: Inclusion (IF) and encapsulation efficiencies (EE) of ZBP and CP containing
either riboflavin, glycine or tyrosine. ZBP: Zein-bound particle; CP: Complex particle;
part gly: particulate glycine; aq gly: aqueous glycine. See materials and methods for
details.



101

Exp Composition Regression equation Rz T50
# (mm)
1 Riboflavin

ZBP w/o lipid (spray/water) 0.047 x (lntime)2- 0.532 x (intime) + 4.49 97.2 3.39

ZBP w/ 13% lipid (spray/water) -0.035 x (lntime)2- 0.405 x (intime) + 4.57 98.3 7.03

ZBP w/ 26% lipid (spray/water) -0.026 x (lntime)2- 0.393 x (lntime)+ 4.47 96.4 3.67

2 Riboflavin

ZBP (spray dry) -0.393 x (lntime) + 4.65 98.5 6.57

ZBP (freeze dry) -0.035 x (lntime)2- 0.292 x (lntime) + 4.58 99.6 4.04

ZBP (spray/water) -0.048 x (lntime)2- 0.177 x (lntime) + 4.44 95.6 7.04

3 FAAnIiX

ZBP (spray/air) ND

CF (spray/air)

Alanine/Glycine/Serine -0.635 x (lntime) + 4.46 93.8 2.38

Leucine -0.5 14 x (lntime) + 4.52 95.4 3.23

Tyrosine -0.184 x (lntime) + 4.58 98.9 36.7

4 Glycine

LSB (spray/air) -0.089 x (lntime)2- 0.190 x (lntime) + 4.46 94.5 5.14

CP(spray/air) -0.825 x (lntime) + 4.43 98.4 1.87

5 Glycine

CP at 9°C (spray/air) -0.5 16 x (lntime) + 4.52 98.2 3.25

CP at 26°C (spray/air) -0.7 16 x (lntime) + 4.42 95.6 2.04

6 Glycine

CP aqueous core (spray/air) -0.128 x (lntime)2- 0.886 (lntime) + 4.37 87.7 1.63

CF particulate core (spray/air) -0.727 x (lntime) + 4.45 90.1 2.11

Table 4.3: Regression equations fitted to describe change in riboflavin, glycine and FAA
mix retention efficiencies, associated R2 and T50 (time to 50% retention) values for each
microparticle type. ZBP: Zein-bound particle; CP: Complex particle; ND: Not
determined. See materials and methods for details.



102

Figure 4.1: Spray system used to prepare complex particles (CP) in the laboratory. LSB
were suspended in a zeinldietary mixture and placed into an aluminum container. The
mixture was atomized using pressurized nitrogen (N2), into a cylindro-conical fiberglass
drum. See materials and methods for detailed description of the method. (A) aluminum
container (B) metal tubing (C) nozzle, (D) pressurized N2 inlet for atomization, (E)
fiberglass drum, (F) collection cup. Black arrow indicates direction of pressurized N2.



Figure 42: Complex particles (CP) containing LSB composed of menhaden stearine
(MS) embedded within a defined dietary mixture bound with zein. Scale bar: 100
tim.



Figure 4.3: SEM of complex particles (CP) containing LSB composed of menhaden
stearine (MS) embedded within a defined dietary mixture bound with zein. Scale bar:

50 tim.
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Figure 4.4: Percentage riboflavin retained by ZBP, over a 540 mm period of aqueous
suspension, containing three different lipid levels. No lipid: ZBP containing no lipid;
13% w/w lipid: ZBP containing 13% w/w lipid; 26% w/w lipid: ZBP containing 26%
w/w lipid.
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Figure 4.6: Percentage riboflavin retained by ZBP over a 540 mill period, prepared by 3
different methods. Freeze-dry: ZBP prepared by freeze-dry method; spray-dry: ZBP
prepared by spray-dry method; spray-water: ZBP prepared by spraying particles into
water.





100

80

0
4-
C 60
4-
I-

4-
C

40
C)

20

0

10 20 30 40 50 60

Time (mm)

109

Figure 4.8: Percentage total FAA mix (alanine, glycine, leucine, serine and tyro sine)
retained by complex particles (CP) and zein-bound particles (ZBP), over a lh period of
aqueous suspension.
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Figure 4.11: Percentage of individual FAA retained by CP in aqueous suspension in
relation to their solubilities in water, at four different time periods. Regression equations
for retention were: for 2 mm, y=4.27-0.11x, R2=0.91 1; for 10 mm, y3.91-0.17x,
R2=O.917; for 30 mm, y=3.67-0.22x, R2=0.882; for 60 mm, y3.30-O.36x, R20.885.
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Figure 4.12: Percentage glycine retained by complex particles (CP) and lipid spray beads
(LSB) over a 1 h period of aqueous suspension.
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DISCUSSION

Performance of ZBP containing riboflavin

Low IE and BE of ZBP prepared by the spray-water method showed that particles

formed in water lost substantial amounts of the initial riboflavin concentrations during

manufacture. Onal (2002a) reported that substitution of chilled water with vapor from

liquid nitrogen for solidifying LSB following atomization improved IE and BE to 98%

and EE of 16.48 mg crystalline riboflavin 100 mg', lipid respectively. Similarly, in the

present study, ZBP prepared by freeze-dry and spray-dry methods had higher IE and EE

than the spray-water method, verifying that incorporation of water-soluble core materials

within microparticles could be improved by eliminating water from the production

process.

Higher RE and DE by ZBP containing 13% w/w lipid levels may have been due

to the emulsifying effect of menhaden oil that resulted in a more stable suspension,

compared to ZBP containing no lipid. Lower RE and DE of ZBP containing 26% w/w

lipid may have been due to the higher lipid levels causing softer particles compared to

ZBP containing 13% w/w lipid. Softer ZBP may have been less stable in aqueous

suspension, resulting in particle breakdown and faster release of riboflavin. Release

patterns of all treatments were biphasic and did not suggest any fundamental differences

in the physical structure of particles due to different levels of lipids. The initial rapid

release phase may have represented dissolution of unencapsulated or poorly

encapsulated riboflavin and the slower second phase may have represented matrix-

controlled release of riboflavin.

ZBP prepared by the spray-dry method delivered significantly higher

concentrations of riboflavin throughout the experimental period. Higher RE and DE by

ZBP prepared by the spray-dry method compared with the freeze-dry method may have

been due to the round and smooth shapes of particles prepared by the spray-dry method

compared to the irregular shapes and higher surface areas of particles prepared by the

freeze-dry method. Overall, our results were consistant with those of other studies
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(Lopez-Alvarado et al., 1994; Baskerville-Bridges and Kling, 2000) and indicated that

ZBP do not efficiently retain water-soluble nutrients, such as riboflavin.

Performance of CP containing amino acids

High leaching rates of riboflavin from ZBP led to further improvements in the

development of CP. In the present study, we demonstrated that LSB containing a FAA

mixture was successfully incorporated within a defined mixture of dietary ingredients

bound by zein to form CP, using the spray-air method. Since FAA are poorly soluble in

absolute alcohol, increasing alcohol concentration to 90% in the zein solution and

reducing its temperature to 15°C reduced dissolution of amino acids during manufacture

and resulted in a high IE (87.9%). High alcohol concentration also allowed air-drying of

the atomized droplets without the need for additional heat that could melt LSB during CP

manufacture. Using this modification resulted in high EE (17.9%) of FAA in CP that

corresponded to a DE of 17.9x103 tg core g' dry weight particle. This high EE and DE is

a major improvement compared to earlier values reported for CP. In contrast, CP

containing LSB with an aqueous core had an EE of only 2.34%. Lower EE of LSB

containing aqueous cores has been reported by Onal (2002b). Since the core material is

first dissolved in water, the solubility of core material determines the maximum amount

that can be encapsulated within LSB and is a major limitation for achieving high EE,

particularly for materials with low solubilities in water.

ZBP had a very low RE and DE after 2 mm of aqueous suspension and lost 88%

of the initial FAA, showing rates similar to those reported by López-Alvarado et al.

(1994). Use of CP, on the other hand, substantially reduced leaching rates of FAA. RE

and DE patterns of individual FAA differed. Tyrosine was retained and delivered with the

highest efficiencies throughout the experimental period, suggesting that FAA with

solubilities similar to those of tyrosine could be successfully retained and delivered by

CP. Despite differences in the RE of individual amino acids, retention patterns followed a

linear pattern on a log-log scale. Retention patterns of alanine, glycine and serine were

identical and could be defined by a single regression equation. A significant correlation

was found between RE and solubility of FAA. Similarly, Yufera et al. (2002) also found
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differences in the leaching rates of amino acids from microbound and microencapsulated

diets based on their hydropathy index. In contrast, Lopez-Alvarado et al. (1994) did not

find a correlation between water solubility and leaching rates of amino acids.

CP containing particulate glycine incorporated within LSB, resulted in lower RE

and DE compared to free LSB. Although CP were larger than LSB with a lower surface

area to volume ratio and higher diffusion distances, the zeinldiet matrix coating of LSB

did not reduce leaching rates, suggesting a different mechanism responsible for

differences in RE of LSB and CP. This is further confirmed by the linear leaching pattern

of glycine from CP, compared to biphasic leaching pattern from LSB. This difference in

leaching pattern also shows that coating of LSB by the spray-air method resulted in

particles with different physical characteristics. Higher RE and DE of LSB may have

been due to differences in the suspension characteristics of particles as LSB were

hydrophobic, sticky, and less dispersed in aqueous suspension compared to CP.

Clumping makes LSB unsuitable for use as feeds for fish larvae alone; therefore, LSB

should be used as inclusion particles rather than as free particles.

Higher RE and DE of CP at 9°C compared to those of CP at 25°C indicated that

CP were more efficient in delivering water-soluble nutrients at colder temperatures.

Higher RE and DE of CP at 9°C may have been due to lower solubility of glycine in lipid

at colder temperatures reducing diffusion rates. In addition, LSB incorporated within the

zein!diet matrix would be softer at 25°C probably increasing leaching rates of glycine.

However, since T50 values of CP suspended at the two different temperatures were

similar, higher RE at colder temperatures did not suggest any major benefit with regard to

delivering highly water-soluble nutrients.

Substantial loss of glycine occurred from CP containing an aqueous core after

only 2 mm of suspension, followed by a slower release that resulted in a RE of 15% after

lh, compared to 2.6% RE of CP containing particulate glycine. Microscopic examination

revealed free glycine crystals when LSB with an aqueous glycine were suspended in

alcohol, indicating that dissolved glycine precipitated out of solution due to sudden

decrease in temperature during manufacture. Following coating of LSB with the zein/diet

mixture, free glycine crystals released from LSB could have given rise to the initial rapid
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loss of glycine from CP. Future work should develop methods to prevent recrystalization

of aqueous glycine within LSB during preparation of CP to potentially improve RE.

In summary, CP containing LSB should allow delivery of complete diets to fish

larvae, composed of appropriate water-insoluble and water-soluble nutrients, within a

single particle. Onal (2002b) showed that CP containing LSB composed of MS were

broken down by 3 day-old clownfish, Amphiprion percula, larvae. A microparticulate

diet that can both deliver water-soluble nutrients and is digestible by fish larvae may

allow earlier weaning of fish larvae onto artificial diets. Consequently, CP developed in

this study will be a valuable tool in studies of larval fish nutrition.

CONCLUSIONS

ZBP prepared by a spray-water method had high leaching rates following

suspension in water and low TE due to losses of water-soluble payload during

manufacture. Effects of different lipid levels on RE, suggested addition of lipid can

reduce leaching from ZBP. Although elimination of water from the manufacture process

resulted in considerably higher TB, EB, RE and DE for riboflavin, results from leaching

experiments were consistent with previous observations and showed that ZBP do not

effectively retain water-soluble materials and, therefore, are not suitable for delivering

water-soluble nutrients to early fish larvae.

In an attempt to improve ZBP, CP were developed containing LSB incorporated

in a dietary mixture bound by zein, to obtain a single particle type that could potentially

be used to provide fish larvae with all dietary essential nutrients. Modifications in the

spray technique allowed coating of LSB without significant losses of FAA during

manufacture, while air-drying of atomized droplets prevented melting of LSB that can

occur with other drying processes that depend on heat. Overall, CP had higher RE and

DE relative to ZBP and provided a controlled release of FAA. Differences in RE for

different amino acids indicated that RE of FAA by CP were correlated with FAA aqueous
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solubility. CP were more efficient in delivering slightly water-soluble FAA such as

tyrosine.

LSB containing glycine had higher RE compared to CP, indicating that surface

characteristics of microparticles affected core release patterns. Although RE of CP for

glycine were improved when glycine was encapsulated as aqueous droplets within LSB,

high initial losses immediately after suspension in water were indicative of

methodological limitations. Future work should evaluate methods for minimizing initial

high losses of highly water-soluble FAA from CP suspended in water.
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This study demonstrates that LSB formed by the melt-spray process provide an

efficient method for encapsulation and delivery of poorly water-soluble materials, such as

riboflavin and tyrosine as well as highly water-soluble materials, such as glycine. A

major limitation of LSB is overcome by elimination of water from the manufacture

process that results in increased IE and EE compared to earlier studies. LSB by the melt-

spray method can be free of additions of potentially toxic solvents and, therefore, the

toxicological risk is much lower than for many other types of microparticles.

LSB composed of a low-melting point wax such as methyl palmitate (MP) can be

used for delivering poorly soluble vitamins to first feeding fish larvae. The performance

of LSB can be modified by the type and concentration of emulsifiers. Use of a solid

emulsifier modifies physical characteristics of LSB such as surface wettability and

melting point as well as RE and DE compared to that ofLSB containing a liquid

emulsifier. RE of LSB can be further increased by additions of EC. LSB that is easily

dispersed in water and is acceptable by fish larvae may be developed by the proper

choice of matrix constituents.

LSB composed of menhaden stearine (MS) yield higher RE and DE compared to

LSB composed of MP. Highly water-soluble glycine should be incorporated as aqueous

droplets to achieve greatest retention of core material. Significant differences in the

release patterns of aqueous and particulate glycine indicate fundamental differences in

the physical structure of two types of LSB. Poorly water-soluble tyrosine should be

incorporated in a particulate form to maximize DE. Together, the two LSB types provide

means of delivering a range of compounds effectively to early stages of fish larvae.

Development of an inexpensive, digestible lipid matrix that can retain highly water-

soluble nutrients is an important step towards the preparation of a diet for delivering

water-soluble nutrients for rearing fish larvae. However, hydrophobicity and clumping of

LSB during suspension makes them unsuitable for use as feeds for fish larvae without
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coating them. Therefore, LSB should be used as inclusion particles rather than as free

particles.

ZBP containing riboflavin, prepared by a new spray/water method have high

leaching rates following suspension in water and low lB due to losses of riboflavin during

manufacture. Effect of different lipid levels on RE suggests addition of lipid can reduce

leaching from ZBP. Although elimination of water from the manufacture process results

in considerably higher JE, EE, RE and DE of riboflavin, results from leaching

experiments are consistent with previous observations and show that ZBP do not

effectively retain water-soluble materials and, therefore, are not suitable for delivering

water-soluble nutrients to early fish larvae.

In an attempt to improve ZBP, we have shown that LSB can be used as an

inclusion particle and incorporated within a polymer matrix, forming a complex particle.

We have developed CP containing LSB incorporated into a dietary mixture bound by

zein, to obtain a single particle type that can be used to provide fish larvae with all dietary

essential nutrients. Modifications in the spray technique allow coating of LSB without

significant losses of FAA during manufacture and air drying of atomized droplets

prevents melting of LSB due to the need to apply heat. Overall, CP have higher RE and

DE relative to ZBP and provide a controlled release of FAA. Differences in RE for

different amino acids indicates that RE of FAA by CP are correlated with their aqueous

solubility. CP are more efficient in delivering slightly water-soluble FAA such as

tyrosine compared to highly water soluble FAA such as alanine and glycine.

Characterization of microparticulate systems is a complex problem with the

interaction of many components, a fact which, judging from the earlier literature, has

been ignored by many authors. Core-release data can be used to screen a variety of

microparticles and to quickly determine the best potential formulations for delivering

nutrients to fish larvae. Release data can further be used for quality control purposes to

ensure predictability in the manufacture of a diet and to understand physicochemical

characteristics of the microparticulate system and possible release mechanisms. Patterns

of RE and DE can be used to develop feeding protocols for larval fish to maximize

delivery of specific nutrients under a variety of culture conditions.
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The ability of first-feeding zebrafish, glowlight tetra larvae and 3 day-old

clownfish larvae to breakdown LSB illustrates the suitability of these particles for

delivering nutrients to other warm freshwater marine species. Use of a low melting point

lipid may offer a novel approach that may overcome physiological limitations of early

fish larvae to enzymatically break down complex, dietary macro-nutrients and allow early

weaning of fish larvae onto artificial diets. A LSB that is soft at the optimal temperature

range for culturing a target species, is likely to be physically broken down in the larval

gut to release its contents inside the alimentary tract without the need for enzymatic

breakdown and minimize risk of blockage.
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Free fatty acid 3.00% max Iodine value 110-140
Moisture 1.00% max Melting point 43°C
Fatty acid composition % by weight
C14:0 12.20 C20:0 0.30
C15:0 1.10 C20:1 1.40
C16:0 28.00 C20:2 0.10
C16:1 8.80 C20:3 0.30
C16:2 1.20 C20:4 1.80
C16:3 1.50 C20:5 11.60
C16:4 0.30 C21:5 0.60
C17:0 1.00 C22:0 0.20
C18:0 4i0 C22:1 0.49
C18:1 8.40 C22:4 0.40
C18:2 1.20 C22:5 2.30
C18:3 1.40 C22:6 8.10
C18:4 2.20 C24:0 0.10

Table A. 1: Fatty acid composition of menhaden stearine used to prepare LSB. Data from
Omega Protein, Refined Oils Division, Virginia, USA.
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Source of variation SS df MS F-ratio P-value
Treatment 790.082 3 263.361 868.252 <0.0001
Time 16239.171 6 2706.528 8922.933 <0.0001
Treatment*Time 523.770 18 29.098 95.932 <0.0001
Residual 16.986 56 0.303
Total 17570.009 73

Table A.2: Two-way ANOVA table for retention efficiencies of LSB containing
riboflavin and composed of MP+10% SMP, MP+25% SMP, 60% T+40% M and
MP+l0% SMP+10% EC.



141

Source of variation SS df MS F-ratio P-value
Treatment 10389.587 1 10389.587 7389.764 <0.0001
Time 8872.365 4 2218.091 1577.654 <0.0001
Treatment*Time 414.161 4 103.540 73.645 <0.0001
Residual 28.119 20 1.406
Total 19704.232 29

Table A.3: Two-way ANOVA table for retention efficiencies of LSB composed of 75%
MS+25% Sp containing either an aqueous or a particulate core of glycine.
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Source of variation SS df MS F-ratio P-value
Treatment 2393.525 1 2393.525 2411.169 <0.0001
Time 8112.778 4 2028.195 2043.126 <0.0001
Treatment*Time 421.222 4 105.305 106.082 <0.0001
Residual 19.854 20 0.993
Total 19704.232 29

Table A.4: Two-way ANOVA table for retention efficiencies of lipid spray beads (LSB)
and complex particles (CP) containing particulate glycine.
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Source of variation S5 df MS F-ratio P-value
Treatment 1805.741 1 1805.741 2831.709 <0.0001
Time 940.897 3 313.632 491.829 <0.0001
Treatment*Time 206.686 3 68.895 108.040 <0.0001
Residual 5.101 8 0.638
Total 2958.425 15

Table A.5: Two-way ANOVA table for retention efficiencies of zein-bound particles
(ZBP) and complex particles (CP) containing FAA.
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Source of variation SS df MS F-ratio P-value
Treatment 0.001 2 0.001 0.007 0.9933
Time (covariate) 13.411 1 13.411 491.829 <0.0001
Treatment*Time 0.062 2 0.031 0.329 0.7241
Residual 1.688 18 0.94
Total 15.162 23

Table A.6: ANCOVA table for retention efficiencies of particulate alanine, glycine, and
serine within complex particles (CP).
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Source of variation SS df MS F-ratio P-value
Treatment 0.182 2 0.091 1.042 0.3712
Time (covariate) 13.411 1 13.411 153.327 <0.0001
Residual 1.749 20 0.087
Total 15.342 23

Table A.7: ANCOVA table for retention efficiencies of particulate alanine, glycine, and
senine within complex particles after removing interaction effect.
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Source of variation SS df MS F-ratio P-value
Treatment 7.453 2 3.727 1577.251 <0.0001
Time 7.161 3 2.387 1010.232 <0.0001
Treatment*Time 1.424 6 0.237 100.429 <0.0001
Residual 0.028 12 0.002
Total 16.141 23

Table A.8: Two-way ANOVA table for retention efficiencies of particulate tyrosine,
leucine and combined values for particulate alanine, glycine and serine within complex
particles (CP).




