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Abstract: A new carotenoid-rich product was formed by entrapment of Duna-
liella salina in calcium alginate beads of different alginate concentrations, fol-
lowed by drying in a fluid-bed dryer. The drying process yielded f-carotene
recoveries of between 79 and 89% and produced a change in the 9-cis/all-trans
ratio of f-carotene isomers. The carotenoid stability of the product was depen-
dant on both the storage conditions and alginate content (range 3-3-7-3 g
litre ') of the beads. In the presence of light and oxygen total carotenoid
degraded following a first order kinetic model with degradation constants
between 0-016 and 0-039 days !, with the lowest degradation occurring with the
lowest alginate concentration. Product stored in the dark and flushed with nitro-
gen produced first-order degradation constants of 0-012 and 0-020 days ! for the
two higher alginate concentrations; that with the lowest alginate content showed
no noticeable degradation after 58 days storage. During storage, the 9-cis isomer
was significantly more unstable showing a relative loss under all conditions,
degrading almost completely when stored in the presence of light and oxygen
and reaching an equilibrium ratio with the all-trans isomer when stored in the
dark and flushed with nitrogen.
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INTRODUCTION

p-Carotene is an orange pigment occuring naturally in
many plants particularly vegetables and fruit (Bureau
and Bushway 1986). However, by far the highest con-
centrations of f-carotene are found in the halotolerant
microalgae Dunaliella salina, reaching levels of up to
100 g kg~ ! on a dry weight basis (Ben-Amotz 1993). g-
Carotene has important nutritional characteristics as
the most effective precursor of vitamin A (National
Research Council 1980). It is also a potent antioxidant,
scavenging potentially harmful oxy radicals which are
commonly associated with the induction of certain
cancers (Mordi 1993; Germann 1994). f-Carotene can
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occur as one of several stereoisomers, the most stable is
the all-trans form; however, the cis-forms are signifi-
cantly more lipid soluble and may be better absorbed
by the human body (Ben-Amotz et al 1989; Ben-Amotz
and Avron 1990; Ben Amotz 1993). Zechmeister (1962)
referred to the fact that cis forms present a provitamin
A activity of less than 50% of the activity of all-trans-f-
carotene. However, recent studies carried out with
stable isotope labelled 9-cis-f-carotene revealed that
9-cis-p-carotene can be isomerised almost completely
into all-trans-f-carotene in the human small intestine.
This implies that 9-cis-f-carotene is as good as all-
trans-f-carotene in being a source for vitamin A (Parker
1996). p-Carotene can be chemically synthesised.

The extreme halotolerance of D salina has enabled it
to be cultivated on industrial scale under appropriate



conditions for the production of natural f-carotene with
approximately equal proportions of all-trans and 9-cis-
stereoisomers (Ben-Amotz and Avron 1990; Phillips
1993). p-Carotene is either extracted into vegetable oil
and subsequently encapsulated in a gelatine capsule
(Nonomura 1987), or the biomass spray-dried and pro-
cessed to form a p-carotene-rich biomass tablet or
capsule. There is little information available in the
public domain concerning either of these processes or
products. It is particularly important to obtain a good
recovery of a stabilised product since carotenoids are
highly unstable and may undergo oxidative degradation
during processing (Cysewski 1994) or subsequent
storage (Goldman et al 1983).

The formation of thermally stable calcium alginate
gel has been applied to foods for texture improvement
(Sime 1990), flavour encapsulation (King 1988) and to
produce phage free starter cultures (Champagne et al
1992). There are many examples of the use of alginate
gels in biotechnology for the entrapment of living cells
for bioconversions using immobilised cell bioreactors
(Bailey and Ollis, 1986). This approach has also been
applied to Dunaliella to be used for the biological syn-
thesis of glycerol (Grizeau and Navarro 1986).

In this work, the objective was to encapsulate D
salina in calcium alginate beads and to form a novel
product by rapid drying of the beads using a fluidised
bed dryer. This form of dryer has been successfully
applied in the food industry for the drying of particulate
foods (Shilton and Niranjan 1993) and within the phar-
maceutical industry for heat sensitive products. The
effect of this drying process and subsequent storage on
the degradation and isomer composition of f-carotene
was of particular interest.

EXPERIMENTAL
Culture

Dunaliella salina culture (CCAP 19/30) grown in an
outdoor raceway pond of 4 m*® at a pilot plant in
Algarve was supplied by Necton Lda (Belamandil,
Portugal). Culture agitation was provided by a paddle
wheel with a rotation velocity of 30 rpm. With this con-
ditions the mean circulation velocity of the culture was
0-24 m s~ 1. The culture medium was composed of sea
water, sea salt at a concentration of 3 M, KNO; at 5 M
and K,HPO, at 0-:2M. CO, was bubbled into the
raceway pond at a rate to maintain culture pH at 8-0.
At the pilot plant, the mean light intensity in April 1996
was 650 pE m~2 s~ 1. Temperature ranged between
22°C at noon and 12°C during night. Prior to inocu-
lation in the pond, a culture of D salina was produced in
plastic sleeves at the same outdoor conditions. Initial
cell concentration in the raceway pond was 2 x 10° cell
ml~ 1. After a residence time of 10 days, 25 litres of D

salina culture in carotenised stage and with a cell con-
centration of 4-5 x 10> cell ml~! was harvest and pro-
cessed.

Harvesting and preparation of the culture

The microalgae culture was concentrated by centrifu-
gation to a concentration of 5 x 107 cell ml~!. It was
then washed in two stages to a final salinity of 50 g
litre "!. The B-carotene content in the D salina biomass
was 50 g kg~ !. The isomer composition was all-trans-p-
carotene 58%, 9-cis-f-carotene 36-5% and a-carotene
5-5%.

Preparation of D salina entrapped in alginate beads

Sodium alginate (PROTAN-Biopolymer A/S Norway
Protanal LF 10/60 SLP 785) was solubilised with deion-
ised water to concentrations of 11-0, 7-0, 50 g litre !
and combined with cell concentrate in the ratio of 2:1
(v/v), whilst mixing thoroughly, resulting, respectively,
the following concentrations 7-3, 4-7, 3-3 g litre 1. The
resultant mixtures were then extruded through a syringe
with a needle diameter of 0-8 mm into a 75 g litre !
CaCl, solution forming calcium alginate beads contain-
ing entrapped cells. The beads were harvested from the
CacCl, solution and excess surface moisture removed by
filter paper. The size of the capsules was measured using
a Olympus B061 magnifying glass with an objective of
x 20. The moisture content of the beads was obtained
by drying the beads overnight at 105°C.

Drying of beads

The beads were dried in a laboratory fluid bed dryer
from Armfield (FT 31) by co-fluidisation with alu-
minium rings of internal diameter of 11 mm and exter-
nal diameter of 21 mm. Co-fluidisation was necessary to
prevent alginate beads sticking to the walls of the dryer.
It is possible to use any inert particles larger than the
dried beads for this purpose provided they can be fluid-
ised. The drying conditions were: temperature 70°C;
airflow 3-5ms~! and drying time of 10 min. After
drying, the alginate beads were separated from the alu-
minium rings using a metallic sieve DIN 4188 (from
Fritsch GmbH). The dimensions of the dried beads were
measured using the same precision magnifying glass.
Moisture content after drying was also determined at
105°C overnight.

Storing of samples

Dried beads of each alginate concentration were
separated into two sets and placed in identical 10 ml
sample bottles. One set was flushed with nitrogen for
60 s and stored in the dark. The other was Ileft



TABLE 1
Comparison of solids and f-carotene content of beads of different alginate concentration

Alginate Wet bead B-Carotene Dry bead B-Carotene p-Carotene
concentration solids concentration solids concentration mean loss
(g litre™ 1) (g kg™ of wet beads (kg™ of dried beads during drying®
(g kg~' DM) (g kg~' DM) (%)
73 599+ 02 191 + 1.7 699:4 4+ 0-9 158 + 15 17-3
4-7 622+ 14 27-6 + 48 698:2 + 79 239+ 14 13-0
33 754 £ 0-5 45-4 + 2.5 785-9 +0-2 36-0 + 0-1 20-7

“ Losses calculated as % of carotene on a solids basis in dry compared to wet beads.

unflushed and exposed to fluorescent light from a
Philips lamp (TLD 15W/33) giving a light intensity of
35 uEm~2s" 1,

p-Carotene analysis

p-Carotene was extracted from beads with a primary
extraction with pure ethanol, followed by subsequent
extractions with acetone until all the colour was
removed. If acetone (a stronger solvent for f-carotene
than ethanol) was used alone, rapid dehydration of the
gel matrix in the first extraction step where pigment
concentration is at its highest, would make complete
removal of the pigment difficult in subsequent steps.
Dried beads required partial rehydration with water for
10 min prior to extraction with the same sequence of
solvents. Extracts were evaporated to dryness with
nitrogen and stored at — 15°C until determination.
Extractions were performed in triplicate. The carot-
enoid content of samples in acetone was determined by
UV-spectrophotometer (Shimadzu) at 450 nm using an
extinction coefficient of 2500. Changes in the isomer
content of the carotenoid as a result of drying and
storage were followed by reverse phase HPLC. Stored
extracts were redissolved in methanol/diethyl ether
(4:1, v/v) and injected into a Beckman Gold HPLC
system equipped with a diode array detector. Isomers
were separated by a Vydac 201TP54 C18 reverse phase
column using a binary gradient of methanol (solvent A)
and acetonitrile (solvent B). The course of the gradient
was 100% A for 5 min, 90% A and 10% B at 5-1 min
for 30 min, followed by 100% A at 35-1 min for 20 min.
The flow rate was 0-7 ml min~!. The column tem-
perature was maintained at 30°C. Isomers were identi-
fied by their absorption spectra and comparison of
retention time with isomer standards (obtained from
Roche).

RESULTS AND DISCUSSION
Effect of fluid-bed drying on the bead characteristics

The drying process caused a loss of water from the gel
matrix and a consequent shrinkage of the beads from

2mm diameter to 1-4mm diameter; the dried beads
were hard but still contained between 214 and
300gkg ™! moisture (Table 1). Lower alginate concen-
trations may lead to beads of a less compact three-
dimensional lattice. This might account for an increased
number of entrapped cells with decreasing alginate con-
centration and explain why a weak increase of the beads
mass leads to a high increase of f-carotene on the dried
beads. The total carotenoid losses of between 13 and
20% during fluid bed drying were weaker than those
obtained by Cysewski (1994) for conventional spray-
drying of Spirulina spp.

Stability of total carotenoid during storage of the beads

The carotenoid content in all but one of the experi-
ments declined during storage, following a first order
degradation pattern (Table 2). The low degradation
constants demonstrate that alginate entrapment can
stabilise carotenoid comparing with degradation report-
ed for carotenes in a variety of different matrices
(Goldman et al 1983; Pesek and Warthesen 1988;
Wagner and Warthesen 1995). Interestingly, in both
storage environments the degradation was lowest in the
beads made with the lowest alginate concentration.
With spray-dry microencapsulation, it has been shown
that an increase in polymer levels can reduce degrada-
tion of carotenes (Wagner and Warthesen 1995). In the

TABLE 2
First-order degradation constants for total carotenoid of D
salina entrapped in fluid bed-dried calcium alginate beads
stored with and without exposure to light and oxygen

Alginate Storage Degradation R?
concentration condition constant (days™!)

(Yo (w/v))
7-3 Light/oxygen 0-028 0-988
4.7 Light/oxygen 0-039 0-982
33 Light/oxygen 0-016 0-925
7-3 Dark/nitrogen 0-020 0-965
47 Dark/nitrogen 0-012 0-952
33 Dark/nitrogen NS NS
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Fig 1. Effect of alginate concentration on the stability of total
carotenoid from D salina entrapped in dried calcium alginate
beads stored in darkness and flushed with nitrogen.

case of encapsulating with a gel, the effect of drying on
the porosity of the gel is likely to be of key importance,
since access of oxygen to carotenoid will be the signifi-
cant factor affecting degradation. The results may indi-

15 s 0.73% LOxy
2r 0  033% LOxy
4 A v 0.73% DNit
3 A 0.33% DNit
1.2
2 09 | v
S L
3 : v s a
$ 06 |-
| o
- v v
03 F o
o [} L ] n
o [ ] o]
(1] SRR S TGP BT ISR B |
0 10 20 30 40 50 60

time (days)

Fig 2. Effect of storage in light and oxygen on the 9-cis/trans
B-carotene ratio of D salina entrapped in dried alginate beads.
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Fig 3. Changes in 9-cis/all-trans isomer ratios for f-carotene

from dried alginate beads containing entrapped D salina, in 2
storage conditions.

cate that upon dehydration, a less porous structure may
occur with a lower alginate concentration. This aspect
of our work should be the subject of further investiga-
tion.

Effect of fluid-bed drying and subsequent storage on
isomer composition of carotenes

The drying process itself resulted in significant changes
in isomer composition of the biomass. The isomer com-
position of the dried beads was all-trans 42%, 9-cis 50%
and a-carotene 8-2%. In result of drying process
increases on the 9-cis and w«-carotene isomers were
observed, apparently as result of isomerisation of all-
trans-f-carotene. The carotenoid stability of all bead
types was improved by storage in a reduced oxygen
environment and in the dark. The beads formed with
the lowest alginate content were particularly stable in
terms of total carotenoid, showing little decline even
after 58 days storage under these conditions (Fig 1).
During storage, both bead types showed a relative loss
of the 9-cis isomer compared to the all-trans form (Fig
2). The loss was greatest in the early stages of storage
and significantly greater for the beads exposed to light
and oxygen. For beads stored in the dark and flushed
with nitrogen, the 9-cis/all-trans ratios seemed to reach
an equilibrium after 40 days, with significant propor-
tions of the cis isomer still present at day 58. This differ-
ence is emphasised by comparison of the carotenoid
chromatograms in Fig 3.

It can be concluded that entrapment of a concentrate
of D salina cells in alginate followed by fluid-bed drying
has potential for producing a carotene-rich nut-
raceutical product with good total carotenoid stability
characteristics. However, if significant loss of the 9-cis
isomer is to be avoided, a low oxygen, low light
environment is to be recommended.
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