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Abstract Lipid spray beads (LSB) composed singly or of mixtures of trilaurin, methyl palmitate (MP), menhaden stearine (MS), spermaceti and coconut oil 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. Tyrosine and both particulate and aqueous solutions of glycine were successfully incorporated within LSB using a melt-spray method, with incorporation efficiencies ranging from 81.0% to 91.1%. A maximum encapsulation efficiency of 21.0% was achieved for LSB composed of 100% MS with a core of particulate tyrosine. In order to modify their hardness, LSB containing particulate glycine were prepared with 100% MS with and without additions of coconut oil or spermaceti. Highest retention and delivery efficiencies were achieved by LSB composed of 100% MS, indicating that substitution of MS with coconut oil or spermaceti had no beneficial effects on LSB performance. LSB composed of 100% MS had a retention efficiency of 34% after 1 h of suspension, corresponding to a delivery efficiency of 0.523 mg glycine 10 mg 1 lipid. LSB composed of 75% MS + 25% spermaceti containing aqueous glycine had a significantly higher retention efficiency compared to that of LSB containing particulate glycine ( P < 0.05, Tukey’s HSD). Furthermore, delivery efficiencies indicated that LSB (75% MS + 25% spermaceti) containing an aqueous core delivered significantly higher concentrations of glycine (0.291 mg 10 mg 1 lipid after 1 h suspension in water) compared to LSB with a core of particulate glycine. Tyrosine was better retained by LSB compared with glycine, probably due to differences in the water solubilities of these two amino acids. LSB (100% MS) containing 6.2% and 21.0% (w/w) of tyrosine had identical retention efficiencies indicating that higher tyrosine concentrations did not
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result in higher percent leaching rates. LSB (100% MS) containing 21.0% tyrosine had a T50 value of 654 min with a delivery efficiency of 1.10 mg tyrosine 10 mg 1 lipid. Visual observations indicated that LSB composed of 50% MS + 50% coconut oil 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 particles. Release of Poly-red was evident by a pink coloration in the lumen of the hindgut. LSB show promising potential for delivery of dietary amino acids to marine fish larvae. D 2004 Elsevier B.V. All rights reserved. Keywords: Lipid spray beads; Glycine; Tyrosine; Amphiprion percula



1. Introduction A major limitation of currently available microparticulate diets is the rapid leaching rates of water-soluble nutrients due to high surface area to volume ratios and short diffusion distances. For example, Lopez-Alvarado et al. (1994) reported that >80% of amino acids were lost from alginate, carrageenan and zein microbound particles after only 2 min of aqueous suspension. Cross-linked protein walled capsules are also inefficient in retaining amino acids, losing about 40% after 2-min aqueous suspension (Lopez-Alvarado et al., 1994). In contrast, Yu´fera et al. (2002) reported that amino acids were retained efficiently as long as the capsules were first washed to remove the more easily leached amino acid fraction. As much as 60% of dietary free amino acids were lost from carrageenan-bound and zein-coated, gelatin-bound diets within 1 min of suspension (Baskerville-Bridges and Kling, 2000). Problems associated with rapid nutrient leakage are further exacerbated because early larval stages of marine fish species typically exhibit slow and selective feeding behavior, requiring prolonged suspension of potential food particles in the water column. Therefore, development of a controlled-release delivery system for highly watersoluble nutrients is required in order to provide these to early fish larvae. Lipid-based encapsulation systems have been used as carriers for the controlleddelivery of various types of bioactive compounds for pharmaceutical, medical and food industries (King, 1995; Domb et al., 1996). Several applications of lipid-based encapsulation systems have been described previously in the aquaculture literature (Langdon, 2003). Lipid-walled microcapsules (LWC) composed of triacylglycerol walls surrounding aqueous cores are promising due to low leaching rates and ease of manufacture (Buchal and Langdon, 1998). LWC composed of tripalmitin retained 89.9% of amino acids after 60 min of aqueous suspension (Lopez-Alvarado et al., 1994). In attempts to develop LWC with good retention characteristics as well as digestibilities, triacylglycerol alone or mixtures of triacylglycerol, such as tripalmitin, triolein and fish oil, have been used in ¨ zkizilcik and Chu, 1996; Buchal and wall formation (Lopez-Alvarado et al., 1994; O 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, delivered by microparticles (Koven et al., 2001; Yu´fera et al., ¨ nal, 2002). High inclusion (IE), encapsulation (EE) and delivery efficiencies (DE) 2002; O
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are necessary to compensate for leaching losses. However, most of the encapsulation methods developed for delivering nutrients to aquatic organisms result in inherently low IE, EE and DE due to preparation methods that involve suspension of particles in water. For example, Lopez-Alvarado et al. (1994) calculated that LWC could contain a maximum of only about 6% w/w amino acids using a double-emulsion technique that involved preparation of LWC in chilled water. Later, Buchal and Langdon (1998) reported an IE of 24.1% for riboflavin by lipid spray beads (LSB) sprayed into chilled water for solidification of the lipid matrix. Recently, Yu´fera et al. (2002) reported a low initial IE of 5.98% for lysine incorporated within cross-linked protein-walled capsules due to losses resulting from washing capsules with freshwater during their preparation. 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 resulted in an IE of 98% and a DE of 16.48 mg 100 mg 1 lipid for crystalline riboflavin ¨ nal and Langdon, 2004). (O ¨ nal and Langdon, 2004 showed that LSB composed of a low melting point wax O (methyl palmitate [MP]: melting point 28 – 29 jC) retained crystalline riboflavin during aqueous suspension at temperatures of 24 – 26 jC, yet these LSB could be broken down by physical digestive processes of early larvae of zebrafish, Brachydanio rerio, and glowlight tetra, Hemiggrammus erthyronus. The soft MP matrix was squeezed and deformed in the larval gut then defecated, minimizing the risk of intestinal blockage. Use of LSB composed of low melting-point lipids may reduce leaching rates of water-soluble nutrients ¨ nal and Langdon, 2004). and allow earlier weaning of fish larvae onto artificial diets (O This study aimed to develop LSB that both retained 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, LSB with different lipid compositions containing either glycine or tyrosine were prepared and their performances were compared. Retention patterns of LSB containing either particulate or aqueous solutions of core material were also compared. 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 ¨ nal and Langdon, 2000) in order to reduce particle zein to form complex particles (CP, O hyrophobicity and increase acceptability. CP have been used previously in delivering nutrients to penaeid shrimp larvae and larvae of hybrid striped bass (Villamar and ¨ zkizilcik and Chu, 1996). Langdon, 1993; O



2. Materials and methods 2.1. Experimental approach The sequence of experiments conducted with LSB of different wall and core compositions are given in Table 1. Initially, glycine was chosen as the core material
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Table 1 IE and EE F 1 S.D. of LSB containing glycine Exp. # 1



2



3 4



LSB composition 90% T + 10% SMP 80% MP + 10% SMP + 10% EC 75% MS + 25% Sp 50% MS + 50% CO 75% MS + 25% Sp 100% MS 75% MS + 25% Sp 75% MS + 25% Sp 100% MS 100% MS 100% MS



Core material part glycine part glycine part glycine part glycine part glycine part glycine part glycine aq glycine part glycine (7%) part tyrosine (7%) part tyrosine (23%)



IE w/w (%)



EE w/w (%) a



80.97 F 0.65 81.38 F 0.84a 86.26 F 0.54c 85.90 F 1.12bc 89.45 F 0.84d 83.75 F 0.79b 88.97 F 0.66d 89.56 F 0.45d 90.54 F 1.01d 89.25 F 0.63d 91.08 F 0.60d



12.01 F 0.38 12.04 F 0.41 12.77 F 0.62 16.98 F 0.69 17.89 F 0.43 15.56 F 0.68 6.21 F 0.45 4.95 F 0.38 6.32 F 0.56 6.23 F 0.51 21.02 F 0.83



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. Values in the same column with different letters are significantly different ( P < 0.05; Tukey’s HSD).



because it represented a low molecular weight (75.07 Da), highly water-soluble (250 g/l at 25 jC) material. LSB composed of 80% MP + 10% sorbitan monopalmitate (SMP) + 10% ¨ nal and Langdon, ethyl cellulose (EC) were very promising in delivering riboflavin (O 2004); therefore, this lipid matrix composition was compared to matrices containing menhaden stearine (MS) for retention and delivery of glycine. MS has the consistency of peanut butter at room temperature and was partially substituted with spermaceti (Sp; melting point 55 jC) in order to increase both the melting point of the lipid matrix and its physical stability. In order to increase digestibility by fish larvae, MS was also partially substituted with coconut oil (50% w/w, melting point 28 jC) to produce soft LSB. After identification of the best lipid matrix, retention and delivery efficiencies of LSB containing either particulate glycine or aqueous glycine solution were compared. Finally, the retention efficiencies 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 Da), poorly water-soluble amino acid (0.453 g/l at 25 jC). In addition, LSB composed of 100% MS containing 23% tyrosine were included in order to determine if higher tyrosine concentrations resulted in higher leaching rates. 2.2. LSB preparation ¨ nal and LSB were prepared by modification of the melt-spray method described by O Langdon (2000). In order to obtain stable suspensions of lipid and amino acid, SMP was incorporated into lipid matrix formulations containing either MP or trilaurine (T). No SMP was added to lipid formulations containing MS as suspensions of MS and glycine were stable. LSB were prepared by mixing with sonication (B. Braun Labsonic L, B. Braun Biotech) finely ground glycine or tyrosine powder ( < 10 Am particles; McCrone
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micronizing mill, McCrone Scientific) with molten (60 –65 jC) lipid/emulsifier mixture. The proportion of core material added ranged between 7% and 23% w/w lipid. In preparing LSB with aqueous cores, glycine was first dissolved in water, the solution added to molten lipid, then mixed by sonication. LSB containing EC were prepared by the ¨ nal and Langdon (2004). Finally, the core/lipid mixture was method described by O sprayed into a stainless steel cylinder that was cooled with vapor from liquid nitrogen. The hardened LSB were collected and stored in the dark under nitrogen at 20 jC until use. 2.3. Measures of LSB Performance ¨ nal and IE, EE, RE and DE of LSB were determined by methods as described by O Langdon (2004). T50 values were expressed as the time for 50% retention to occur for LSB suspended in water and were calculated using regression equations derived for each LSB type. 2.4. Amino acid analysis Amino acid concentrations were determined according to the method described by Doi et al. (1981) using ninhydrin reagent (Sigma). One-milliliter samples containing glycine or tyrosine were acidified by 0.05% v/v acetic acid. One milliliter of ninhydrin reagent was then added to each sample and the samples were placed in a boiling water bath (100 jC) for 10 min for color development. After 10 min, 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 570 nm and converted to core concentration using regression equations derived from standard curves. 2.5. Breakdown of CP by clownfish larvae LSB composed of 80% MP + 10% SMP + 10% EC, 75% MS + 25% Sp, 50% MS + 50% CO and 100% MS containing 10% w/w solution of Poly-red (Poly-R 478; Sigma) were prepared and embedded within a mixture of zein/dietary ingredients forming ¨ nal and Langdon (2004). It was necessary to CP according to the method described by O bind LSB in zein particles to reduce their hydrophobicity and improve their acceptability for fish larvae. CP within a size range of 45– 106 Am were stored for use in feeding experiments. CP were fed to 3-day-old clownfish, A. percula, larvae in order to determine if they were broken down and their contents released into the larval gut. Larvae were obtained from three pairs of wild-caught broodstock kept in 50-l fiberglass aquaria. An indoor recirculating system, with a total volume of 1200 l, provided a constant temperature of 26 F 1 jC and 30 F 2 ppt salinity. A 14-h light/10-h dark photoperiod was maintained by fluorescent lighting. Broodstock fish were fed a variety of feeds three to four times a day. Broodstock fish spawned every 12– 20 days, with approximately 250 –500 eggs per spawn. Three to four hours prior to hatching, eggs were transferred to 12-l, gently aerated, black-walled, cylindrical larval rearing tanks. After hatching, clownfish larvae were
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maintained in a static system, at 24– 25 jC and 30 ppt salinity. Larvae were fed rotifers, Brachionus plicatilis, at a density of 5 ml 1, in combination with Tetraselmis chui, at 5000 – 10,000 cells ml 1 for 2 days. Prior to feeding experiments, 20 larvae were randomly selected and placed in a 1-l glass beaker and starved overnight (14 – 16 h). Fifty milligrams of diet were then fed to larvae with gentle aeration that helped particles stay in suspension. Larvae were allowed to feed for 2 –4 h and individuals were sampled to examine fecal strands and gut contents under microscope (Nikon Optiphot-2) and photographed (Nikon N6000 camera). 2.6. 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 values were transformed to meet assumptions of ANOVA. Data were analyzed by two-way ANOVA with treatment, time and treatment  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 < 0.05). 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 each leaching pattern (Schafer and Ramsey, 1995). Time at which 50% retention (T50) occurred was calculated using regression equations derived for each treatment.



3. Results 3.1. IE and EE of glycine and tyrosine by LSB The mean IE, EE and associated standard deviations for LSB formulations are given in Table 1. Overall, IE ranged from 81.0% to 91.1% with significant differences due to lipid matrix composition. IE of LSB composed of either trilaurin or MP were significantly less for glycine than those of LSB composed partially or entirely of MS ( P < 0.05, Tukey’s HSD). EE values indicated that up to 21.0% tyrosine could be incorporated within LSB. 3.2. Experiment 1: effect of wall composition on retention of glycine Suspension time, treatment and time  treatment interaction had significant effects on retention of glycine ( P < 0.001, two-way ANOVA). 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. LSB composed of 90% T + 10% SMP had a RE of 83.2% that was significantly higher than those of the other two treatments after only 2 min aqueous suspension (Fig. 1a). LSB composed of 75% MS + 25% Sp had significantly higher RE compared to LSB composed of 80%
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Fig. 1. (a and b) Percentage glycine retained and delivery efficiencies of LSB for glycine over a 1-h period of aqueous suspension. MP: methyl palmitate, MS: menhaden stearine, Sp: spermaceti, SMP: sorbitan monopalmiate and EC: ethyl cellulose. Error bars represent standard deviations. Letters denote significant differences (Tukey’s HSD multiple range tests, P < 0.05).
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MP + 10% EC + 10% SMP until 10 min, with no significant differences after 10 min. At min 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%; P = 0.769) which were both significantly less ( P < 0.05) than that of LSB composed of 90% T + 10% 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. 1a. Table 2 summarizes the regression equations fitted to the observed data, R2 and the time to 50% retention efficiency (T50) 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. T50 values showed that leakage rates of glycine from all treatments were rapid. LSB composed of trilaurin delivered significantly higher glycine concentrations throughout the experimental period (Fig. 2a). After 1 h of aqueous suspension, LSB composed of 90% T + 10% SMP delivered 0.236 mg glycine 10 mg 1 lipid compared to 0.175 and 0.170 mg glycine 10 mg 1 lipid delivered by LSB composed of 75% MS + 25% Sp and 80% MP + 10% SMP + 10% EC, respectively ( P < 0.05, Tukey’s HSD; Fig. 1b). Although the T50 value for LSB composed of 90% T + 10% SMP was greater than those of other treatments, trilaurin had a melting point of 46 jC and was, therefore, less likely to be broken down by early fish larvae than menhaden stearine which had a melting point of 35 jC. LSB composed of 75% MS + 25% Sp performed better than LSB made up of 80% MP + 10% EC + 10% SMP, the best LSB type developed for delivery of ¨ nal and Langdon (2004). Based on the results of this experiment and the riboflavin by O potential for breakdown by fish larvae, LSB composed of MS were further evaluated in this study.



Table 2 Regression equations fitted to describe change in glycine and tyrosine retention efficiencies over a 1-h period of aqueous suspension, associated R2 and T50 (time to 50% retention) values for each LSB composition Exp. #



LSB composition



1



90% T + 10% SMP 80% SMP + 10% SMP + 10% EC 75% MS + 25% Sp 50% MS + 50% CO 75% MS + 25% Sp 100% MS 75% MS + 25% Sp 75% MS + 25% Sp 100% MS 100% MS 100% MS



2



3 4



Regression equation 0.065  (ln 0.438  (ln 0.463  (ln 0.108  (ln 0.374  (ln 0.237  (ln 0.492  (ln 0.022  (ln 0.272  (ln 0.014  (ln 0.014  (ln



time)2 0.128  (ln time) + 4.44 time) + 4.56 time)2 0.094  (ln time) + 4.58 time) + 4.59 time) + 4.59 time)2 0.047  (ln time) + 4.57 time)2 0.018  (ln time)2 0.015  (ln



time) + 4.58



time) + 4.52



time) + 4.56 time) + 4.60 time) + 4.60



R2



T50 (min)



98.9 98.6 98.5 95.4 98.6 97.7 98.5 97.5 99.7 98.5 98.3



10.8 3.3 4.0 7.2 5.5 17.2 3.9 90.4 11.2 595.2 654.4



MP: methyl palmitate, MS: menhaden stearine, S: spermaceti, T: trilaurin, SMP: sorbitan monopalmitate and EC: ethyl cellulose.
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Fig. 2. (a and b) Percentage glycine retained and delivery efficiencies of LSB for glycine over a 1-h period of aqueous suspension. MS: menhaden stearine, Sp: spermaceti, CO: coconut oil. Error bars represent standard deviations. Letters denote significant differences (Tukey’s HSD multiple range tests, P < 0.05).



3.3. Experiment 2: effect of wall composition on retention of glycine by LSB made up partially or wholly with MS Suspension time, treatment (wall composition of LSB) and time  treatment interaction had significant effects on retention of glycine ( P < 0.001, two-way ANOVA). After 2-min
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suspension in water, LSB composed of 100% MS had significantly higher RE compared to those of other treatments ( P < 0.001; Fig. 2a). Similarly, after 60 min of aqueous suspension, LSB composed of 100% MS had a significantly higher RE (34.05%; P < 0.001) compared to those of LSB composed of either 75% MS + 25% Sp (18.56%) or 50% MS + 50% CO (12.26%). 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 (Fig. 2a). Table 2 summarizes the regression equations fitted to the observed data, the time to 50% retention efficiency (T50) and R2 for each treatment. LSB composed of 100% MS had a T50 of 17.2 min compared to T50 values of 7.24 and 5.5 min 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-min suspension ( P > 0.05, Tukey’s HSD; Fig. 2b). However, LSB composed of 100% MS had significantly higher DE during the rest of the experimental period. At 1 h, LSB composed of 100% MS delivered 0.523 mg glycine 10 mg 1 lipid which was significantly more than those delivered by LSB composed of 75% MS + 25% Sp and 50% MS + 50% CO, respectively. 3.4. Experiment 3: effect of liquid vs. solid core Suspension time, treatment and the interaction time  treatment had significant effects on retention of glycine ( P < 0.001, two-way ANOVA). There were significant differences in retention among treatments after only 2 min of aqueous suspension, with LSB composed of 75% MS + 25% Sp containing aqueous glycine showing a RE of 86.41%, which was significantly higher than that of LSB containing particulate glycine (Fig. 3a). A similar trend was observed throughout the experiment with significantly higher RE for LSB containing aqueous glycine. Table 2 summarizes the regression equations fitted to retention of glycine over time, time to 50% RE (T50) and R2 for each treatment. While a linear regression equation best described the leaching pattern of LSB composed of 75% MS + 25% Sp with particulate glycine plotted 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 90.4 min. 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. 3b). At the end of 2 min, LSB composed of 75% MS + 25% Sp with aqueous core had a DE of 0.428 mg glycine 10 mg 1 lipid which was significantly higher than that of LSB containing particulate glycine ( P < 0.05, Tukey’s HSD). After 1 h, LSB with an aqueous core delivered a significantly higher concentration of 0.290 mg glycine 10 mg 1 lipid compared to 0.090 mg glycine 10 mg 1 lipid delivered by LSB containing particulate glycine ( P < 0.05, Tukey’s HSD).
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Fig. 3. (a and b) Percentage glycine retained and delivery efficiencies of LSB for glycine over a 1-h period of aqueous suspension. MS: menhaden stearine, Sp: spermaceti. Error bars represent standard deviations. Letter of aqueous suspension s denote significant differences (Tukey’s HSD multiple range tests, P < 0.05).



3.5. Experiment 4: retention of glycine vs. tyrosine Suspension time, treatment and the interaction time  treatment all had significant effects on retention of amino acids ( P < 0.001, two-way ANOVA). Throughout the period
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of aqueous suspension, LSB containing tyrosine had RE that were significantly higher than those for LSB containing glycine (Fig. 4a). After 2 min of aqueous suspension, LSB containing 7% and 23% particulate tyrosine had similar RE (98.26% vs. 98.84%,



Fig. 4. (a and b) Percentage particulate glycine and tyrosine retained and delivery efficiencies of LSB for glycine and tyrosine over a 3-h period of aqueous suspension. Error bars represent standard deviations. Letters denote significant differences (Tukey’s HSD multiple range tests, P < 0.05).
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respectively; P > 0.05) but they were significantly higher than that of LSB containing 7% particulate glycine (73.21%; P < 0.001). Similarly, 60 min RE for LSB containing either 7% or 23% tyrosine were not significantly different from each other (74.81% and 73.54%, respectively; P > 0.05) but they were significantly higher ( P < 0.05) than that of LSB containing 7% particulate glycine (31.55%; P < 0.001). 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. 4a). Table 2 summarizes the regression equations fitted to the observed data, the time to 50% RE (T50) and R2 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. Although retention profiles and T50 values for glycine and tyrosine differed considerably, different concentrations of tyrosine were retained with similar efficiencies by LSB. Although RE were identical, there were significant differences in DE of LSB containing tyrosine due to differences in their EE (Fig. 4b). After 2 min, LSB containing 23% tyrosine delivered significantly more tyrosine (2.174 mg 10 mg 1 lipid) compared to 0.591 mg 10 mg 1 delivered by LSB containing 7% tyrosine ( P < 0.05, Tukey’s HSD; Fig. 4b). 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 mg 1 lipid compared to 0.507 and 1.819 mg tyrosine 10 mg 1 lipid delivered by LSB containing 7% and 23% tyrosine, respectively. 3.6. Breakdown of CP by larvae Observation of the digestive tract of intact clownfish larvae was not possible due to pigmentation of the body wall. Therefore, visual observations were carried out on fecal strands and alimentary tracts that were dissected from larvae. Visual observations indicated release of Poly-red dye from LSB composed of 50% MS + 50% CO and 100% MS in the ¨ nal, 2002). guts of 3-day-old larvae (O



4. Discussion Use of soft, low-melting point lipids in the preparation of LSB for delivering nutrients to ¨ nal and Langdon (2004). They first-feeding fish larvae has been suggested earlier by O 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 + 10% EC + 10% SMP with significantly higher RE and DE during the first 10 min; therefore, the potential of LSB prepared from 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. 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 in MS with different melting points may result in a more gradual release of core materials from LSB exposed to temperatures of typical fish culture (10 –28 jC).
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Another argument in favor of LSB prepared with MS versus MP + EC is that addition of EC may result in toxicity problems. In order to dissolve EC in the lipid matrix, EC is first dissolved in methylene dichloride which is potentially toxic to fish larvae. 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). In contrast, LSB composed of MS can be prepared by the melt-spray method without the need for additions of potentially toxic solvents. LSB composed of 100% MS resulted in significantly better performance than LSB composed of MS with additions of either Sp or CO. Although LSB composed of 90% T + 10% SMP showed a higher RE for glycine, trilaurin has a high melting point (44 – 46 jC) and LSB prepared with trilaurin were 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 al. (1994) showed that young larvae of Japanese flounder were unable to break down LWC made with tripalmitin (melting point of 65 jC). Similarly, first-feeding zebrafish, B. rerio, larvae were not able to break down LWC composed of a mixture of 60% tripalmitin + 40% ¨ nal, unpublished obs.). Lipids with low melting points have been reported menhaden oil (O to be utilized by fish due to their higher digestibility coefficients and greater susceptibility to emulsification, compared to both high-melting point lipids and saturated lipids with longer chain lengths (Hertrampf and Piedad-Pascual, 2000; Guillaume and Choubert, 2001). Fontagne et al. (1999) showed that first-feeding carp larvae were capable of utilizing CO as efficiently as triolein in artificial diets, with comparable growth and survival. A digestion efficiency of 75.4% was reported for hydrogenated fish oils with a melting point of 38 jC by common carp, but digestibility decreased as the melting point increased (Hertrampf and Piedad-Pascual, 2000). Suspensions of glycine crystals in MS showed good stability without additions of emulsifiers. Furthermore, IE of up to 91.1% for amino acids incorporated in MS beads were observed, suggesting that the melt-spray method was efficient in incorporating these core materials. On the other hand, glycine crystals were observed to rapidly clump and settle out of suspension when mixed with MP or trilaurin. Differences in the stability of molten lipid/glycine suspensions may have been due to the presence of medium chain fatty acids in MS (68.4%; Omega Protein) that helped form a stable suspension of 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. Ideally, a successful microparticle type should be capable of providing amino acids and other low molecular weight, water-soluble nutrients at concentrations similar to those found in live feed organisms. Reported free amino acid (FAA) contents for rotifers, B. plicatilis, ranged from 1% to 7% w/w (Frolov et al., 1991; Øie and Olsen, 1997). In the present study, in order to compare the effect of different physical forms of the core material, LSB with EE of 4.95% and 6.52% were prepared with cores of aqueous and
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particulate glycine, respectively, concentrations that are within the range reported for rotifers. An EE of 4.95% is currently the upper limit for aqueous glycine using the meltspray method. The solubility of core material in water determines the maximum amount that can be incorporated in aqueous phase within LSB. EE will decrease as the solubility of core material in water decreases. Preparation of LSB with core materials in particulate form may be more advantageous for core materials with low water solubilities. 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 LWC delivered higher payloads of oxytetracyline (OTC) when OTCHCl was in aqueous solution rather than in particulate form. Aqueous cores were present in LSB as droplets surrounded with the lipid matrix so that droplets were not exposed at the surface of beads. In contrast, LSB with particulate cores were likely to have had particles protruding through the bead surface. Protruding, highly water-soluble particles will immediately dissolve when LSB are suspended in water, resulting in initial rapid leaching and loss of bead integrity. Differences in release patterns for dissolved and particulate glycine suggested that it will be necessary to identify the optimal form of the core material to maximize DE for each nutrient. LSB with similar concentrations of particulate glycine and tyrosine showed considerable differences in RE, DE and T50 values. Differences in retention profiles of glycine and tyrosine were likely due to differences in their solubilities because formulation of the lipid matrix was identical in all treatments. While the retention profile of glycine followed a linear pattern when plotted on a logarithmic scale, release of tyrosine from LSB was much slower and showed a convex-curved, biphasic retention profile. This biphasic release pattern was due to initial slower release of tyrosine, followed by faster release rates after 30 min. In addition, the retention profile of tyrosine from LSB followed a zero-order ¨ nal (2002) discussed the patterns of release from LSB pattern during the first 60 min. O 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. Differences in core concentrations may also change their leaching rates and patterns from microparticles (Dubernet et al., 1990). Jalil and Nixon (1990), reported that microcapsules containing high core to polymer ratios (2:1 and 1:1) released 80% of core within 10 min compared to a sustained-release pattern exhibited by lower core ratios (1:2 – 1:4). Similarly, high initial losses (burst release) of ibuprofen were observed from ethyl cellulose microspheres containing 18.3 – 45.5% ibuprofen but no burst release was observed with loadings of 4.7% and 8.6% (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 release observed at higher tyrosine concentration, suggesting that even at high loading, leaching rates of tyrosine from LSB are slow. The overall performance of LSB containing tyrosine suggests that nutrients with similar low water-solubilities can be delivered very effectively to early fish larvae. LSB ingested by 3-day old clownfish larvae were compressed due to peristaltic movements and the semi-melted, soft nature of MS at culture temperatures (25 F 1 jC). Compression of LSB minimized the risk of intestinal blockages. The release of Poly-red ¨ nal, from LSB was evident by a diffuse pink coloration in the lumen of hindgut (see O
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2002 for photographic images). These visual observations indicated that LSB composed of either 50% MS + 50% CO or 100% MS could be broken down by 3-day-old clownfish larvae. In summary, the ability of 3-day-old clownfish larvae to break down LSB indicated the suitability of these particles for delivering nutrients to other warm water marine species. LSB formed by the melt-spray process provided an efficient means for the delivery of lowmolecular weight, water-soluble materials to fish larvae. Highly water-soluble glycine should be incorporated as aqueous droplets to achieve greatest retention of core material. Sparingly water-soluble tyrosine and nutrients with similar water solubilities should be incorporated in a particulate form in LSB to maximize DE. Development of an inexpensive, digestible lipid matrix that can retain water-soluble nutrients is an important step towards the preparation of a complete diet for rearing altricial marine fish larvae. LSB can be used as an inclusion particle and incorporated within a polymer matrix to form a complex particle. The complex particle could be used to deliver a complete diet, consisting of all the potentially essential dietary constituents.
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