
�9 1984 by The Humana Press Inc. 
All rights of any nature whatsoever reserved. 
0273-2289/84/9000~275502.80 

Current Status of Microencapsulated 
Diets for Aquaculture 

D. A. J O N E S ,  1'* D. L. HOLLAND, 2 AND S. JABBORIE 1 

1Department of Marine Biology, Marine Science Laboratories,/Vlenai 
Bridge, Gwynedd, UK and 2NERC Unit, Marine Science Laboratories, 

Menai Bridge, Gwynedd, UK 

Received November, 1983; Accepted December, 1983 

ABSTRACT 

The replacement of live foods by artificial diets in larval culture re- 
mains one of the major problems of commercial aquaculture because 
many systems are still dependent upon one or even two live food-chain 
links to provide adequate nutrition for larval molluscs, crustaceans, 
and fish. Recently it has been demonstrated that one, and in some 
cases, both live food-chain links may be successfully replaced by 
microencapsulated diets. 

The technology, which has reached pilot-scale production in at 
least one instance, now includes a wide range of coacervation and in- 
terfacial polymerization methods producing individual capsules ran- 
ging from 2 p,m in diameter to capsule aggregates. These have been de- 
signed to function either as complete nutrient delivery systems or as 
feed supplements. In addition, by incorporation of specific nutrients 
into microcapsules, it is now possible to determine essential nutritional 
requirements for a wide range of aquatic larvae. 

The present paper reviews the progress in these fields and consid- 
ers their likely consequences for aquaculture. 

Index Entries: Microencapsulated diets, for aquaculture; diets, 
microencapsulated for aquaculture; aquaculture, microencapsulated 
diets for. 
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INTRODUCTION 

Since the initial application of microencapsulation techniques to 
solve marine larval feeding problems, research in this field has grown to 
the extent that there are now groups working in the United States, 
Europe and Japan employing a variety of methods  (Table 1). The technol- 
ogy now includes a wide range of coacervation and interfacial polymeri- 
zation techniques producing individual microcapsules ranging from 2 
~m in diameter to capsule aggregates, designed to act either as complete 
nutrient  systems or as feed supplements.  

Many commercial aquaculture systems are still dependen t  upon 
culturing one or even two live food-chain links to supply adequate nutri- 
tion for larval molluscs, crustaceans, and fish. The aim, to replace these 
live foods with artificial diets, has met  with limited success in the total 
replacement of live foods (Table 2). However,  it has recently been dem- 
onstrated that at least one live stage can be successfully replaced with 

TABLE 1 
Microencapsulation Methods Used for Marine Larval Feeds 

Method Source Modified by 

1. Interfacial polymerization 
Diaminohexane-sebacoyl chloride 

. 

. 

Diaminohexane-dichlorodiethyl 
ether 

Protein-terephthaloyl chloride 
Coacervation 
Gelatin-acacia 

Ethyl cellulose 

Zein-alcohol 

Microglobules 
Zein-coated diets 

Chang et al. (1966) 

Suzuki et al. (1968) 

Kondo et al. (1976) 

Green and 
Schleicher 
(1957) ~ 

Vrancken and 
Claeys (1970) a 

Brynko and Bakan 
(1963) a 

Bayliss (1975) a 
Gatesoupe and 

Luquet (1977a) 

Jones et al. (1974) 
Jones (1978) 
Clark et al. (1982) 
Clark et al. (1982) 

Clark et al. (1982) 

Gatesoupe and 
Luquet (1977a) 

Langdon and 
Waldock (1981) 

Holland and Jones 
(1981) 

Langdon and 
Waldock (1981) 

Gatesoupe and 
Luquet (1977a) 

Clark et al. (1982) 

aPatents 
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microencapsulated diets (1). The present paper reviews the progress in 
this field and considers the required development of microencapsulated 
diets for aquaculture. 

MATERIALS AND METHODS 

The microcapsules used in assimilation and gustatory trials with lar- 
val guppies (Poecilia reticulata) (Tables 3, 4) and in some feeding trials 
with the post larval goby (Pomatoschistus minutus) were of the nylon 
crosslinked protein-wall type described by Chang et al. (2). Their prepa- 
ration and modification is described in Sakamoto et al. (1). 

Gelatin-acacia capsules were used for some gustatory trials with lar- 
val guppies (Table 4) and for feeding experiments with guppies and go- 
bies (Figs. 2 and 3). These were prepared using a modification of the 
method by Green and Schleicher (US Patent 2,800,457) described in full 
in Langdon and Waldock (3). 

Encapsulated diets used in the assimilation and gustatory experi- 
ments consisted of homogenized newly hatched Artemia (San Francisco 
strain) in a 4:1 ratio with chicken egg. Diets used in guppy and goby 
feeding experiments are described in Sakamoto et al. (1), with cod and 
pollack oils substituted for Tapes oil. 

Microcapsules used for feeding directly to fish were 40-100 ~m di- 
ameter and fed at a concentration of 15-17/mL to groups of 8-10 fish lar- 
vae in 1.5 L beakers containing aerated filtered fresh (guppy) or seawater 
(goby). Microcapsules for feeding Artemia were 10-30 ~m diameter and 
fed at a concentration of 3-500/mL to 24 h-old Artemia nauplii. These 
were harvested by filtration through 100 ~m nylon mesh after 24 h, and 
fed at a concentration of 15-17/mL to larval fish. 

The efficiency of assimilation of ingested microcapsules and live 
food was estimated using the ratio method of Conover (4). Percentage 
daily growth rate of larval guppies was calculated using the method of 
Winberg (5). 

The total lipid fraction of the diets and whole bodies of Artemia was 
extracted by the method of Folch et al. (6), using 2:1 v/v chloro- 
form:methanol containing 0.01% w/v of the antioxidant 2,6-di-tert-butyl- 
p-cresol. Total lipids were separated into neutral and polar lipid fractions 
by silicic acid column chromatography (7), and fatty acid methyl esters 
prepared using boron trifluoride in methanol (8). Fatty acid methyl esters 
were separated by gas-liquid chromatography on a Carlo-Erba 4160 gas 
chromatograph equipped with a 25-m glass capillary column of 0.5 mm 
id coated with SP 1000. Fatty acids were identified using commercially 
available standards (C.S. Chromatography Services, Merseyside, UK) 
and graphical techniques. 
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TABLE 4 
Summary of Trials with Gustatory Stimulants 

Added to Microcapsules and Fed to 
Larval Guppies 

Percentage ratio of numbers of capsules eaten 
against total taken into the mouth: 

Live Artemia (control) 
Encapsulated Artemia 
Encapsulated + inosine 
Encapsulated + L-methionine 

100% 
24% 
44% 
67% 

RESULTS 

Table 2 shows some results obtained by feeding microencapsulated 
diets direct to marine larvae. Although oyster larvae may benefit from 
lipid supplements fed in microcapsules, recent work (9) indicates that 
bacteria may be important in acting as a nutrient supply or aiding break- 
down and digestion of the capsules. 

Amongst the commercially important crustaceans, only Penaeus 
japonicus shows a high survival rate on encapsulated diets (10). Best sur- 
vival rates for larval fish on encapsulated diets (17.5%) have been 
achieved for the plaice (11), although several other commercial species 
have reached the postlarval stage on capsules (12). 

In an attempt to determine the cause for poor growth and survival 
on encapsulated diets, groups of larval guppies were fed the same foods 
in encapsulated and non-encapsulated form (Table 3). The efficiency of 
assimilation of the diets by larval and juvenile fish was measured to- 
gether with the percentage daily growth on each diet. Results show that 
the process of encapsulation (nylon-protein) does not impair assimila- 
tion efficiency, and a higher percentage assimilation was achieved with 
larger capsules fed to juvenile guppies than with live Artemia. Despite 
similar assimilation efficiencies, growth rates were low for those groups 
of fish fed encapsulated diets. 

The probable reason for poor growth is demonstrated by the feeding 
experiments shown in Fig. 1. In these experiments starved larval guppies 
were presented with either live Artemia or encapsulated diets containing 
the same food, and the number of strikes at food particles and subse- 
quent ingestion recorded. It is clear that every Artemia attacked was in- 
gested, and that after 10 min the attack rate declined markedly as fish 
became satiated. Although a similar attack rate was maintained upon 
microcapsules over the first 10 min, a large number of capsules were re- 
jected, and the number swallowed by the larvae was much lower. Thus 
the continuing high attack rate over 30 min is a consequence of the low 
ingestion rate of capsules that fail to satiate the hunger of the fish. In 
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Fig. 1. Acceptance and rejection rates of live Artemia and encapsulated 
Artemia by larval guppies (Poecilia reticulata) (SD calculated on mean eight fish): 
B, attack rates on diets; �9 ingestion rates of diets. 

many cases larval fish were observed to take the capsule into the mouth, 
but to reject it almost immediately. 

Fish are known to employ gustatory discrimination in feeding (13) 
and trials with gustatory stimulants (Table 4) have isolated the amino 
acids inosine and L-methionine, which significantly increase the inges- 
tion rate of microcapsules for the guppy. These are, however, likely to 
vary for different fish and shellfish species. Similar tests with the goby 
revealed that only inosine and mussel extract invoked significantly 
higher ingestion rates. 

Although the use of microcapsules as a direct larval food is limited to 
some extent by their lack of acceptability, their use indirectly to improve 
the nutritional value of conventional live foods such as Artemia and roti- 
fers (Brachionus) is proving much more successful. It has been demon- 
strated that both of these live foods are often inadequate in promoting 
high growth and survival levels in marine larvae (14), and moreover may 
vary depending on their origin (15). In most cases nutritional inadequacy 
has been attributed to a lack of polyunsaturated fatty acids (PUFA), par- 
ticularly 20: 5~3 and 22: 6~3, essential for the growth and survival of ma- 
rine larvae (16). This is illustrated in Table 5, which shows the variation 
in fatty acid composition of total lipid in Artemia from different sources. 
Although total amounts of lipid do not vary greatly between the Artemia 
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strains,  essent ial  PUFA are at the  trace level or absen t  in some races. To 
combat  these  deficiencies Artemia have  been  fed toge ther  wi th  algae rich 
in PUFA (17), a l t hough  this m e a n s  set t ing up  costly live algal cul tures.  

We have  d e m o n s t r a t e d  tha t  it is possible to mod i fy  the  nut r i t iona l  
compos i t ion  of Artemia over a shor t  per iod  (1). Figure 2 s h o w s  a fu r ther  
series of exper iments  in wh ich  pos t  larval gobies (Pomatoschistus minutus) 
were  fed on  f reshly  ha t ched  Artemia (San Francisco strain), a n d  on  Arte- 
mia pre fed  on simple diets conta in ing  cod and  pollack oils. Groups  fed 
on Artemia conta in ing  pollack oil ma in t a ined  100% survival  a n d  s h o w e d  a 
s ignif icant ly  (P < 0.05) h igher  g rowth  rate than  g roups  fed on u n f e d  Ar- 
temia or Artemia conta in ing  cod oil. Similar results  were  ob ta ined  wi th  
Artemia of the Florida strain. 

Fat ty  acid analysis  of the  cod a n d  pollack oil extracts (Table 6) reveals 
tha t  a l t h o u g h  bo th  oils conta in  h igh  levels of 20: 5oo3 a n d  22: 6oo3, pollack 
oil is par t icular ly  rich in 22:6oo3. 

TABLE 5 
Total Fatty Acid Composition of Newly Released Artemia nauplii 

from Different Sources 

San Brazilian 
Fatty acid Francisco Spanish Australian Brazilian Macau 

16:0 18.6 12.4 11.1 15.7 19.3 
16:1(07 7.9 20.1 10.4 12.9 8.7 
16:2 1.9 - -  - -  - -  0.7 
1 6 : 3 ( 0 3  . . . .  2.5 
17:0 - -  0.8 - -  2.0 - -  
18:0 6.0 3.5 2.0 6.2 7.0 
18:1(09 32.0 16.9 14.9 23.5 28.9 
18:1007 5.5 13.9 9.1 16.0 6.6 
18:2006 6.1 5.1 8.2 3.3 8.0 
18:3(o6 0.9 0.8 - -  tr 5.4 
18:3(03 10.9 5.9 17.9 3.3 2.8 
18:4003 1.9 1.3 7.8 tr - -  
20:1009 - -  0.9 0.4 tr - -  
20:1(07 0.8 tr - -  tr 0.6 
20:2(06 0.5 . . . .  
20:3oo6 - -  0.2 - -  tr - -  
20:3(03 0.5 - -  tr - -  tr 
20:4oo6 1.0 2.6 1.3 7.8 2.5 
20:4oo3 0.6 0.2 0.8 - -  - -  
20:5(03 3.3 15.0 15.2 9.5 2.3 
22:1 0.6 . . . .  
22:50o6 0.4 - -  - -  - -  tr 
2 2 : 5 ( 0 3  . . . .  1.1 
22:6(03 0.8 tr 0.7 - -  3.6 

PUFA 26.9 31.1 51.9 23.9 28.2 

Applied Biochemistry and Biotechnology VoL 1 O, 1984 



284 Jones, Holland, and Jabborie 

L E N G T H  MM 

o ii~ i 

- ~ u- u- 

rn < 

i g & 
r 

~/o ] VA IA~IFIS 

o 

r j 

,---.i 

o 
C~ 

o 

n3 
.r 

~ 

o 

o 
r . j  

o 

i u]  

a 

(/3 

o b~ 

o 
Cz~ 

o 
C/3 

o 

L3 

r4 

n3 

Applied Biochemistry and Biotechnology Vol. 1 O, 1984 



~icroencapsulated Aquaculture Diets 285 

Figure 3 shows the results of similar experiments conducted with 
fresh water guppy larvae. In this case the addition of PUFA fed to Arte- 
mia produces no significant improvement in growth rates over unfed Ar- 
temia. This is in agreement with Kanazawa et al. (18), who have demon- 
strated that several fresh water fish species have a significant capacity for 
bioconversion of 18:3oo3 to 20:5oo3 and 22:6oo3 and thus have less de- 
mand for these long chain highly unsaturated fatty acids in their diet. 

DISC(ISSION AND CONCLUSIONS 

Figure 4 is an attempt to summarize the present status of micro- 
encapsulated diets in aquaculture. It is unlikely that they will play any 
direct role in bivalve culture, where algal foods may be supplied simply 
by pumping sea water containing 'wild' phytoplankton through culture 
vessels. However, Langdon and Waldock (3) have demonstrated that 
lipid supplementation by means of microcapsules is possible and have 
recently grown Crassostrea virginica on non-algal diet (8). 

For commercial culture of marine fish and crustacean larvae, it is 
now possible to eliminate algal culture altogether and to enrich live foods 
such as Artemia and Brachionus with single feeds of encapsulated diets. 
These diets can be modified to include nutritional elements, such as 
PUFAs, that may be lacking in the live foods to ensure high survival and 
growth rates in commercial larval species. This is particularly important 
for aquaculture in developing countries where algal monocultures are of- 
ten difficult to establish. 

Already at least one company is producing a commercial dry free- 
flowing encapsulated food that is designed to act as a nutritional supple- 
ment to any strain of Artemia. Since most warm temperate and tropical 
countries possess their own Artemia strains (usually nutritionally inade- 
quate), the application of such a diet will greatly reduce the cost of Arte- 
mia cysts because current sources are restricted at present. For fresh 
water invertebrate and fish culture, it seems unlikely that there will be 
such a high demand for encapsulated diets to supplement live foods 
since these are more likely to be nutritionally adequate. However, nutri- 
tional research in this field is inconclusive and nutritional requirements 
of individual species still remain to be elucidated. 

Direct feeding of encapsulated diets, with the elimination of all live 
foods, still remains only partially successful. Though the process of en- 
capsulation reduces bacterial contamination (10) and does not hinder as- 
similation, acceptability remains a problem. Most larvae strike at, and 
take microcapsules of the right size into the mouth, but rejection rates at 
this stage are still high. This is perhaps not surprising since studies have 
shown that the selection of specific food items is often critical for survival 
of fish larvae in the wild (19); thus it is to be expected that for many spe- 
cies food ingestion will only be triggered by very specific gustatory 
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TABLE 6 
Composition of Fatty Acids in Pollack Oil and 

Cod Oil 

Fatty acid Pollack oil Cod oil 

16:0 20.140 23.150 
16:1 7.720 9.484 
18:0 6.535 3.333 
18:1 25.720 31.890 
18:2006 1.183 0.727 
18:3co3 0.855 0.500 
18:4003 1.522 0.500 
20:1 2.941 2.587 
20:5o03 11.770 12.050 
22:1 1.896 - -  
22:5co3 1.573 - -  
22:60o3 9.288 6.500 

"l" 
I , -  

o 
z 
LLI 

15- 

20" 

10- 

Fed cod . . O  

Fed po l l ack  �9 

I 
z~ 8 1'2 16 2~0 2'4 

D A Y S  

Fig. 3. Survival and growth rates of larval guppies fed on Artemia 
supplied with different diets: O, fish fed on unfed Artemia; �9 fish fed on Arte- 
mia fed on cod oil diet; m, fish fed on Artemia fed on pollack oil diet. 
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Fig. 4. Present status of microencapsulated diets in aquaculture. 

stimuli. The success achieved with Penaeus japonicus larvae on 
microencapsulated diets results from its unselective mode of filter- 
feeding, which allows it to accept a wide range of food items (20). Prog- 
ress in direct feeding of encapsulated diets will be dependent upon fur- 
ther detailed studies of gustatory stimuli invoking ingestion, particularly 
in predatory marine larvae. 
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