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Abstract

Astaxanthin, a red carotenoid pigment has been used as additive in animal feeds for colorization.
The high antioxidant activity of astaxanthin over other carotenoids has attracted more and more interest
for health additive products due to its health benefits to human and degenerative diseases prevention.
However, natural astaxanthin production by Phaffia rhodozyma yeast is very low which makes it very
expensive. In addition, fat-soluble pigment of astaxanthin causes some problem in its availability to
biological functions. As a consequence, this research is aimed to improve astaxanthin production at low
cost by improving carotenoid content in Phaffia rhodozyma via ethyl-methanesulfonate (EMS)
mutagenesis and selection for the appropriate medium from agricultural products. Then, properties of
astaxanthin from yeast extract including its suitable delivery system to the cells were explored.
Repetitive mutation of Phaffia rhodozyma yeast was performed using Ethyl methanesulphonate
(EMS). Increasing EMS concentration could lower cell viability as well as mutated yeast. Mutation of
GMS807 and N78 strains resulted in orange-red colony, while FN99 produced orange, yellow and white
colony. Only GM807 gave carotenoid-hyperproducing strains that produced 2.7 times higher carotenoid
content than its parental strain. However, repeated yeast mutagenesis and colony selection using B-ionone
resulted in quite stable hypercarotenoid producing mutants. The selected strains produced higher
astaxanthin content as determined by HPLC.
Growth patterns and carotenoid productions were similar among the select strains of GBFS,
GBF9 and S4 as compared to original strain of GM807 in YM medium. Highest cell mass was obtained
on day 2, while highest carotenoid production was observed on day 6. The optimum pH for cell growth
was at 6.5 whereas; the optimum pH for carotenoid production was relatively lower. Among the selected
medium from agricultural products, pineapple juice enhanced growth of all yeast more than coconut juice,
sugar cane juice and yeast malt (YM) medium, respectively. Though its carotenoid content was higher in
YM medium than that of in pineapple, coconut and sugar cane juice, pineapple juice seemed to be the
most applicable and economical supportive medium for yeast growth as well as carotenoid production.
The appropriate C:N ratio in culture medium could also provide higher carotenoid production.
Characterization of the extracted astaxanthin from mutant yeast was performed in comparison
with synthetic astaxanthin or ﬁ—carotene. The best solvents for these carotenoid were DMSO and THF at
lower than 1% for Hela, HepG2 and Vero cells. Cytotoxicity of the extracted astaxanthin was not
presented whereas it could enhance growth of Vero, HepG2 and Hela cells, consecutively. Additionally, it

could diminish toxicity induced by t-BHP which was more effective in Vero than Hela cells. Protective



effect of astaxanthin from oxidative damage induced by t-BHP was demonstrated in both astaxanthin
pretreated and post-treated cells by suppression membrane lipid peroxidation. By cell-free DPPH assay,
higher scavenging free radicals activity was found for synthetic astaxanthin than B—carotene and O-
tocopherol. The Effective dose concentration 50% (EC50) of astaxanthin was higher than B—carotene and
O-tocopherol for 2.85 and 4.43 times, respectively. The relatively low activity in the extracted astaxanthin
was possibly due to contaminated solvent and the lower content of astaxanthin at 74% in the extract as
compared to synthetic astaxanthin.

Limitation in bioavailability and antioxidant activity of astaxanthin due to its low solubility and
instability was overcome by using delivery system of lipid based polymer and surfactant. The tween 80,
MB-CD and glycerol could be used at concentration of less than 0.1% (v/v), 0.2% (w/v) and 2% (v/v),
respectively. Liposome and B-cyclodextrin could lessen the degradation rate of astaxanthin at room
temperature but showed no different at 4 °C in the dark. Cellular uptake rate of astaxanthin was highest
for liposome as compared to those by B-cyclodextrin and tween 80. Assessment of antioxidant activity in
HepG2 cells from UV inducing oxidative stress showed that astaxanthin could lessen MDA level as well
as increase catalase activity. Additionally, astaxanthin with liposome could stabilize its antioxidant
activity as compared with astaxanthin alone. Thus, these informative data could be useful as model for

effective use of astaxanthin in reduction of oxidative stress induced by UV.

Keywords: P. rhodozyma, astaxantin, anticancer, antioxidant, bioavailability, delivery
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No vehicle 0.019 + 0.005
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MB-CD 0.006 + 0.006
Liposome 0.006 + 0.004
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Abstract

Aims: To select a carotenoid-hyperproducing mutant and to formulate pineap-
ple juice as a carotenoid production medium.

Methods and Results: Yeast strain of Xanthophyllomyces dendrorhous mutant
GM 807 (derived from gamma irradiation) and the mutant n78 (from neutron
irradiation) were selected based on higher carotenoid production in diluted
pineapple juice as a medium. The selected strain was evaluated under various
concentrations of pineapple juice. The results obtained in the study demon-
strate that the mutant GM 807 enhanced production by 65:8% when using
pineapple juice as medium at 10% dilution in place of yeast malt medium.
Conclusion: Pineapple juice could be used as a sole medium for carotenoid
production.

Significance and Impact of the Study: Our results provide useful information
for the design of production media for carotenoids to be used in various

applications.

Introduction

Astaxanthin is an orange-pink carotenoid pigment that
gives the characteristic colouration to some birds, crusta-
ceans and salmons (Johnson et al. 1980). Its wide use as a
functional food and pharmaceutical supplement (Fang
and Wang 2002) enhances the demand for astaxanthin
production. Xanthophyllomyces dendrorhous (formerly
known as Phaffia rhodozyma) is an excellent astaxanthin-
producing yeast which has been regarded as a potential
source for the biotechnological production of dietary as-
taxantin (Cruz and Parajo 1998). Improved carotenoid
production by combined strategies of using a carotenoid-
hyperproducing mutant and low-cost-based fermentation
media makes industrial carotenoid production feasible
(Fang and Cheng 1993; An et al. 2001). A number of
researchers have investigated carotenoid production from
agricultural waste (Cruz and Paraj6 1998; Aksu and Tugba
Eren 2005) and cheap industrial by-products (An et al.
2001). However, the use of pineapple juice as a culture
medium for carotenoid production has not been reported.

Xanthophyllomyces dendrorhous is capable of utilizing a
variety of carbon sources for growth and carotenoid

production; for example, glucose, cellobiose, maltose,
sucrose, lactose, xylose and arabinose (Johnson and An
1991; Fang and Cheng 1993; Parajé et al. 1998). The opti-
mal pH for growth and astaxanthin formation is at 5-0
(An et al. 1996; Hu et al. 2006). Out of the reported agri-
cultural and industrial waste available in Thailand, such
as molasses, whey and pineapple, pineapple is an attrac-
tive source for the medium of carotenoid production
because it contains utilizable carbon source and acidic
pH. In this study, X. dendrorhous mutant GM807 and
mutant n78 were selected based on growth ability and
higher carotenoid production in pineapple juice medium.
Optimal conditions for carotenoid production of the
selected strain were evaluated on pineapple juice concen-
trations. In addition, H,O,, a stimulant for carotenoid
biosynthesis, was also investigated.

Materials and methods

Materials

Remnants from freshly cut pineapples, including their
cores, were collected, washed and blended. The filtered
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juice was boiled, centrifuged and sterilized by auto-
claving before being used as a culture medium. The
juice contained total soluble solid at 22-5° Brix and the
pH was at 4-0.

Micro-organisms and culture conditions

Highly pigmented strains of X. dendrorhous mutant GM807
(derived from gamma irradiation) and X. dendrorhous
mutant n78 (from neutron irradiation) were gifts from The
Office of Atoms for Peace, Bangkok, Thailand. Yeast malt
(YM) agar medium, which contained the following compo-
nents per litre: yeast extract, 3 g; malt extract, 3 g; peptone,
5 g; glucose, 10 g; and agar 20 g, was used to maintain the
yeast strains. They were at one passage adapted to 10% (v/v)
pineapple juice medium before used as seeds for all the
experiments at a ratio of 10% (v/v).

Strain selection and optimum conditions for carotenoid
production

Xanthophyllomyces dendrorhous mutant GM807 and n78
were grown in 250-ml Erlenmeyer’s flask containing
50 ml of 10% (v/v) pineapple juice medium for 10 days
at 22°C in an orbital incubator shaker at 175 strokes per
min. The strain that grew well and produced a higher
carotenoid content was selected for further study.

Pineapple juice concentrations were varied at 2%, 5%,
10%, 15%, 25% and 50% (v/v) in order to determine the
appropriate pineapple juice concentration for carotenoid
production, compared with YM broth. The selected pine-
apple juice concentration was then used to study the
effect of H,0, at 5, 10 and 20 mmol I, which was
added after 24 h of cultivation in order to examine its
capacity to enhance carotenoid production of the yeast.
All experiments were performed in triplicate under 6-day
cultivation.

Analytical methods

The total sugar and reducing sugar of pineapple juice
were measured using the Phonol-sulfuric method
(Dubois et al. 1956) and the 3,5-dinitrosalicylate method
(Miller 1959), respectively. Cell concentration was deter-
mined based on dry cell weight (DCW). The carotenoid
content of yeast was determined according to An et al.
(1996) by disrupting the cell with glass beads in 1 ml of
dimethyl sulfoxide (DMSO). The astaxanthin was
extracted from lysed cells using 3 ml of acetone-saturated
NaCl and petroleum ether solution; 1:1:1 v/v/v. The
upper layer of petroleum ether was collected and mea-
sured at 474 nm. The total carotenoid was calculated
using the following formula:
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1% extinction coefficient = 2100 by the formula:

(ml of petroleum ether)(A,;,)(100)
(21)(yeast dry weight)

All the sampling were carried out in triplicate, and their
average total carotenoid was determined.

Statistical analysis

The data were analysed by one-way analysis of variance
(anova). Differences among treatments were examined
for the level of significance by Duncan’s multiple range
tests.

Results

Characterization of pineapple juice

The juice extracted from pineapple waste was analy-
sed. The pH was 4-0 and the total soluble solid was 22-5°
Brix. The total sugar and reducing sugar were 149-44 and
5471 g 17!, respectively.

Strain selection for carotenoid production in diluted
pineapple juice

Time courses of biomass and total carotenoid content
(Fig. 1) showed that both mutants (X. dendrorhous
mutant GM807 and X. dendrorhous mutant n78) grew
rapidly in the first 2 days after inoculation, and then cell
weight slightly decreased and remained in a stationary
phase in the later days with little change. The mutant GM
807 grew more slowly than the mutant n78 and resulted
in a lower amount of cell weight. The carotenoid forma-
tion was observed simultaneously at the beginning of cell

7r 600
‘I_Agj isoo:qc;,\
ENs J40 8%
5 f 003,
%2: i.200%3
> [ 4100 8

o~ ... .. . . . ]

0 1 2 3 4 5 6 7 8 9 10 11

Time (day)

Figure 1 Carotenoid content of Xanthophyllomyces dendrorhous
mutant GM807 (<) X. dendrorhous mutant n78 (=) and growth of
mutant GM807 («) mutant n78 (=) in 10% (v/v) diluted pineapple
juice culture incubated in 22°C rotary shaking incubator at
175 rev min~" for 10 days.
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Table 1 Effect of pineapple juice

Pineapple juice Initial Residual concentrations on growth and carotenoid
concentration Yeast dry Carotenoid reducing reducing content of Xanthophyllomyces dendrorhous
% (v/) weight (g 1) content (19 g™") sugar (g I”") sugar (g I”") mutant GM807 compared with yeast malt
2 14693 + 0:048" 33068 + 12756** 109 002 medium in a &-day culture (n = 3)
5 3-350 + 0-015" 32990 + 43457 ** 274 0-10
10 5483 + 0-032% 493-84 + 12:9568§ 5-47 0-20
15 6957 + 0-:0108§ 39566 + 13-:806% 821 0-44
25 8923 + 0-987¢ 308:84 + 6:630""" 1368 0-41
50 9-053 + 0-0269 4770 + 2:572" 27-35 223
YM medium 3-517 £ 0-017** 297-83 + 10-698" 10-00 0-38

YM, yeast malt.

*, 1,1, 8, 9 and ** represent significant difference at P < 0-05 for comparison in each column.

growth and continued through the stationary phase.
Carotenoid content of the mutant GM 807 was higher
than that of the mutant n78 through all the cultivation
period. Its highest carotenoid content in a 6-day culture
was at 560-28 + 5606 ug g ', while that of the mutant
n78 was at 336 + 8:617 ug g~ after growing in a longer
period of 10 days.

Culture conditions for carotenoid production

The influence of pineapple juice concentrations to bio-
mass of X. dendrorhous mutant GM 807 (Table 1) showed
that biomass was enhanced with the increasing concentra-
tion of pineapple juice or the initial reducing sugar. The
reducing sugar was almost totally consumed by the yeasts
during a 6-day culture to less than 0-5 g 17" at all tested
concentrations of the pineapple juice, except for the 50%
(v/v), which showed that the residual reducing sugar still
remained at 22 g17'. Carotenoid content was enhanced
with the increasing pineapple juice concentration to the
maximum at 10% (v/v), after which the carotenoid con-
tent decreased. The 10% (v/v) supported the highest
carotenoid formation at 65-8% higher than that of YM.
Although the H,0, concentrations of H,0, at 10 and
20 mmol 17" suppressed cell growth, they enhanced carot-
enoid production at about 5-7% higher than that of the

Table 2 Effect of H,O, on growth and carotenoid production of
Xanthophyllomyces dendrorhous mutant GM807 in 10% (v/v) pine-
apple juice

H,0, Carotenoid content
(mmol I Cell weight (g I™") (ug g™

5 4-825 + 0:02217*F 416:33 = 14-12922%
10 4-673 £ 0-13231*% 479-08 + 7-10525*
20 4-578 + 0-03728% 487-53 + 27-24563*
Control 4-843 + 0-038167F 456-80 + 3-46142*%

*,+ and 1 represent significant differences at P < 0-05 for comparison
in each column.

114

control (Table 2). Thus, H,O, concentration did not pro-
duce a significantly higher yield of carotenoid.

Discussion

The juice extracted from pineapple waste provided higher
total soluble solids (22-5° Brix) than that of freshly pre-
pared juice (12-5-15-5° Brix) as reported by Joomwong
and Sorsrivichai (2005). This higher total soluble solid
may result by the heat during juice preparation. The sug-
ars — sucrose, glucose and fructose — in pineapple juice
were good substrates for growth and carotenoid forma-
tion of both X. dendrorhous mutant GM807 and the
mutant n-78. The pH at 4 of pineapple medium was also
suitable for carotenoid production than the pH 6 of the
YM medium. However, the mutant GM807 was selected
for the study because of its faster growth and higher level
of carotenoid production.

Increasing pineapple juice concentration provided
higher content of reducing sugar for growth. Yeast dry
weight was increased in relation with the initial reducing
sugar. However, the amount of carotenoid formation by
the yeast did not correlate with the initially available total
reducing sugar; the optimum concentration for caroten-
oid formation was at 5-47 g 17!, whereas concentration at
27-35 g 17" significantly suppressed it. This was probably
the result of the inhibitory effect of high concentration of
sugar as reported by Johnson and Lewis (1979) that
carotenoid formation in P. rhodozyma was decreased by a
glucose concentration higher than 15 g17'. In addition,
the lower carotenoid formation in pineapple juice med-
ium at the concentration beyond 10% (v/v) might have
resulted from oxygen limitation owing to the growth of
yeast, which was supported by the report of Liu et al.
(2006).

Paraj6 et al. (1998) demonstrated that the pigmenta-
tion of Phaffia strain was enhanced by inorganic nitrogen
supplementation. However, the presence of nitrogen
either from organic or inorganic sources at 5 g1~ did

© 2008 The Authors
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not significantly enhance cell growth or carotenoid forma-
tion in this study (data not shown). It is possible that pro-
teins and vitamins present in the juice as source of nitrogen
(http://herbal-medicine.philsite.net/pineapple.htm)  were
sufficient for growth. The additional nitrogen could have
caused inappropriate C/N ratio in the medium under the
condition of study. Therefore, pineapple juice tended to be
a good medium without any nitrogen supplementation at
the study condition.

Liu and Wu (2006) reported that astaxanthin produc-
tion of X. dendrorhous was significantly increased to
53:52-67-60% higher than that of the control if the cell
at 24 h was treated with 10-20 mmol 1" H,0,. In this
study, only 5-7% of carotenoid was increased. More-
over, the increasing concentration of H,0O, resulted in
slightly lower cell weight. This was most likely the result
of the toxicity of H,O, as reported by Liu and Wu
(2006). The reduced effect of H,O, on carotenoid for-
mation in this study might be affected by the presence
of antioxidant or ascorbic acid in pineapple juice (Sun
et al. 2002). It may neutralize the oxidative stress of
H,0, and result in an insignificant increase of caroten-
oid content.

Pineapple juice used in this study was elicited from
waste, and the optimal concentration used as a culture
medium was only a small amount at 10% (v/v). While
YM medium is rather expensive (costs US$80-5 per
500 g), it provided less carotenoid content than the
diluted pineapple juice. The acidic pH at 4-0 of pineapple
juice was also suitable for growth and carotenoid forma-
tion without any pH treatment. The nutrient composition
of pineapple juice listed smaller amounts of several other
ingredients, such as minerals (Ca, Na, K, Fe, Mg, P), pro-
teins, vitamins (A, B, C, E, K) niacin and folate. This
emphasized that pineapple juice could possibly be used as
a suitable medium for X. dendrorhous without any sup-
plementation. Moreover, it was reported that pineapple
juice contains beta-carotene (Morgan 1966) which could
be used as intermediates or precursors for astaxanthin
production by the yeast as reported by Liu and Wu
(2006). Therefore, pineapple juice is a cheap and satisfac-
tory medium for carotenoid production by X. dendror-
GM 807 without the
supplementary nitrogen sources or reactive oxygen species
agents. This would make the use of pineapple juice a fea-
sible and an economical culture medium for mass pro-
duction at the industrial scale.

hous mutant necessity of
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Abstract. Astaxanthin is a natural carotenoid pigment with powerful antioxidant capacity which
has been reported for beneficial effects on human health to prevent cancers and anti-degenerative
diseases. Bioavailability of astaxanthin is however limited due to insoluble and instable properties
of its lipophilic nature. This study describes the cytotoxicity and astaxanthin delivery using a
surfactant (tween 80) and penetration enhancers (methyl B-cyclodextrin and liposome) to enhance
astaxanthin bioavailability in human hepatocellular carcinoma cell line. Toxicity of tween 80 and
methyl B-cyclodextrin increased with concentration. Liposome did not alter cell viability relative to
untreated controls, regardless of concentration tested. Cellular uptake among delivery vehicles was
compared at 24 hours and was found to be higher than that of astaxanthin without a vehicle. The
cellular uptake rate was highest when liposome was used as the delivery vehicle. This finding aids
in the development of design criteria for vehicles for delivery of antioxidants to cells.

Introduction

Astaxanthin is the carotenoid of xanthophyll class that has been used in food diet and feed
industries. It is structurally similar to B-carotene with additional hydroxyl and keto groups.
Astaxanthin has potential health benefits from its superior antioxidant capacity compared to those
of vitamin E and B-carotene. Several studies have reported the efficacy of astaxanthin for
prevention against cancers, anti-inflammation, and anti-degenerative diseases [1-3]. However, the
bioavailability of astaxanthin is low due to insoluble and instable properties of its lipophilic nature.
This could limit its use as a potential antioxidant in human. A number of studies have investigated
the use of surfactants and penetration enhancers to enhance the bioavailability of various lipophilic
compounds to cells in culture [4-9]. Information on the comparison of delivery vehicles for
astaxanthin uptake; however, seems limited. We, therefore, evaluated different structural materials
for the delivery of this high value antioxidant. The cytotoxicity as well as cellular uptake efficiency
was measured in this study using human hepatocellular carcinoma cell line.

Materials and Methods

Chemicals. Astaxanthin was purchased from Sigma (St. Louis, MO, USA). Methyl B-cyclodextrin
(MB-CD) and tween 80 were purchased from Aldrich (Milwaukee, WI, USA). Liposome was
obtained from Nikko Chemicals (Tokyo, Japan). Cell culture reagents were purchased from Gibco
BRL (Grand Island, NY, USA).

Cell culture. Human HepG2 carcinoma cells were cultured in a humidified 5% (v/v) COx/air
environment at 37°C in MEM medium supplemented with 10% (v/v) FBS.

Toxicity of carriers. Toxicity of carriers was determined by the MTT reduction assay [10]. Cells
were plated at density 2x10* cells/well in 96 well plates and grown at approximately 60%
confluence cells. The surfactant (tween 80) or penetration enhancers (MB-CD or liposome) were comment
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incubated with the cells for 24 and 48 hours, after which time the culture medium was removed and
cells were washed with PBS (0.8 g/L NaCl, 0.2 g/L KCl, 1.25 g/LL Na,HPOy, 0.2 g/LL KH,PO,, pH
7.4). MTT was added to each well to yield a final MTT concentration of 0.5 mg/mL. Cells were
incubated with the MTT for 4 hours in a CO; incubator after which time 100 uL of DMSO was
added to dissolve the formed formazan crystals. The results were then read using a TECAN
microplate reader at 560 nm (Ménnedorf, Switzerland). Viability was reported relative to control
cells unexposed to the carriers.

Preparation of astaxanthin-loaded carriers. Tween 80, MB-CD and liposome were used as
delivery vehicles in our study. Astaxanthin-tween 80 complex was prepared as previously
described by O’Sullivan et al. [7]. A stock solution of 100-fold uM of astaxanthin dissolved in
THF was mixed with tween 80 (10 mL/L in acetone) in a volume ratio of 1:1. The complex mixture
was dried under N, and reconstituted in MEM medium to give a final concentration of tween 80 of
0.1 mL/L. Astaxanthin-loaded MB-CD or liposome was prepared as modified from Pfitzner et al.
[5]. Briefly, a stock solution of 100-fold uM of astaxanthin dissolved in DMSO was added to the
vehicle dissolved in MEM medium to give a final concentration of MB-CD or liposome of 2 mg/mL
or 50 mL/L, respectively. All vehicles contained astaxanthin at a final concentration of 10 uM.

Cellular uptake of astaxanthin. Cellular uptake was based on the method which was reported by
O’Sullivan et al. [11]. Cells were plated at density 2x10° cells/mL in a 58 mm petri-dish and grown
at approximately 80% confluence cells (10° cells/dish). The culture medium was replaced with
MEM medium containing an astaxanthin-loaded vehicle, and cells were then incubated for the
indicated times in the dark. For measurement of astaxanthin uptake, cells were trypsinized and
resuspended with 1 mL of PBS, and then extracted twice with 2 mL of hexane: ethanol: acetone
(50:25:25, v/v). The mixture was centrifuged at 1200g (4°C) for 10 minutes and extracted
astaxanthin was dried under N, in the dark and resuspended with 0.5 mL of dichloromethane:
methanol (25:75, v/v). Astaxanthin was identified by a reversed-phase HPLC system with detection
at 480 nm (Waters, Milford, MA) using a RP-18 column (Merck, Darmstadt) [12]. The
concentration of astaxanthin was then quantified by the peak area in the chromatogram comparing
with standard reference curves. The astaxanthin uptake was assumed to be first order, and the
reaction rate constant (k, hour™) was calculated.

Results and Discussion

Toxicity of carriers. The toxicity of carriers was determined as a function of concentration. The
data were reported as the fraction of the viability of the cells treated with the carriers for 24 and 48
hours relative to the viability of control cells unexposed to the carriers. As seen in Figures 1A and
1B, toxicity of tween 80 and MB-CD increased with concentration. Conversely, the liposome did
not alter cell viability relative to untreated controls, regardless of concentration tested (Figure 1C).
Studies by O’Sullivan et al. [7] have indicated that in vitro toxicity of tween 80 appears to be
concentration dependent. Pfitzner et al. [5] examined the cytotoxicity of MB-CD in human skin
fibroblast cell line via LDH assay, and suggested that MB-CD at a concentration of 0.2% were not
toxic after 24 and 48 hours of exposure. In our toxicity experiment, we found that exposure to the
tween 80 and MB-CD above concentrations of 0.1% (v/v) and 0.2% (w/v), respectively, resulted in
cell toxicity, in accord with the above findings.
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Figure 1. Carrier toxicity experiment. The data are reported as the fraction of the viability of the cells incubated with
(A) tween 80, (B) MB-CD and (C) liposome for 24 (solid bars) and 48 hours (open bars) relative to the viability of
control cells unexposed to the carriers. The mean + standard deviation of 6 determinations are presented. * indicates
measurement is significantly different than for control cells (p < 0.05).

Cellular uptake of astaxanthin. The uptake of astaxanthin carrier complex was monitored as a
function of time (Figure 2). The data was reported as the amount of complexes delivered per 10°
cells. Cellular uptake among delivery vehicles was compared at 24 hours and was found to be
higher than that of astaxanthin without a vehicle. More complex prepared with liposome was found
to be taken up by cells when compared to MB-CD or tween 80. We assumed that uptake was first
order. As can be seen in Table 1, the cellular uptake rate was highest for liposome, then MB-CD
relative to tween 80, 0.110, 0.079 and 0.025 hour™, respectively.
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Figure 2. Time course of astaxanthin uptake to cells as a function of carriers. Cells were treated with the carrier at
37°C for varying periods of time. The mean + standard deviation from 3 to 6 replicates are shown. The amount of
astaxanthin per 10° cells is plotted for (A) no vehicle, (B) tween 80, (C) MB-CD, and (D) liposome.
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Table 1. Summary of model parameters obtained in cellular uptake experiment.

Vehicle k [hour™']
no vehicle 0.078
tween 80 0.025

MB-CD 0.079
liposome 0.110
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This might be that liposome is bound and endocytosed to the cells [15]. Note that the astaxanthin
content was detected in the cells at initial times of incubation reaching an apparent saturation after
7-14 hours when tween 80 was used as the delivery vehicle. Tween 80 increases the liquid pools
within the membrane [13]. However, its high viscosity due to phospholipid contents could result in
lower uptake rate [14]. This study enables the establishment of effective delivery methods to
enhance astaxanthin bioavailability.
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Abstract

Phaffia rhodozyma, the carotenoid producing yeast with highest content of
astaxanthin than other carotenoids, is a promising biological source of astaxanthin
production. Since, yields of astaxanthin depend on culture conditions, thus
optimization of carotenoid production of Phaffia rhodozyma GETH2 strain was
performed in this study on the aspect of carbon, nitrogen and oxygen. Among the
carbon sources of glucose, fructose, sorbitol and starch, sorbitol was the most suitable
carbon source for growth of yeast, whereas glucose was the best carbon source for
carotenoid production. In addition, urea was the best nitrogen in enhancing cell mass
among various organic and inorganic nitrogen sources studied, while (NH4),SO4
improved highest carotenoid yield. Carbon and nitrogen concentration was also
further verified for carotenoid production by varying glucose and (NH4),SO4
concentration in the presence and absence of hexadecane, the oxygen vector. Result
revealed that high C:N ratio condition provided more growth of yeast, whereas low
C:N ration supported high carotenoid yield. Moreover, hexadecane addition helped
promote only growth of yeast but suppressed carotenoid production.

Keywords: Astaxanthin, Phaffia rhodozyma, C:N ratio, oxygen vector
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Introduction

The yeast Phaffia rhodozyma and Xanthophyllomyces dendrorhous producing
number of carotenoids predominantly astaxanthin are regarded as excellent potential
sources for the biotechnological production of dietary astaxantin (Cruz and Parajo
1998). Astaxanthin is an orange-pink carotenoid pigment that gives a characteristic
coloration to some birds, crustaceans and salmons, and has subsequently been used as
feed (Storebakken er al., 1987). Moreover, the stronger antioxidant property of
astaxanthin than other carotenoids and vitamin E led it popularly used as a functional
food and pharmaceutical supplement (Hussein et al., 2006). These extensive
applications enhance the demand of astaxanthin production. Many strategies have
been reported to increase carotenoid yield from these yeasts, counting the cultivation
of a carotenoid-hyperproducing mutant (An ef al., 2001; Sun et al., 2004) and the
optimization conditions for carotenoid production including pH, oxygen, carbon and
nitrogen.
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Phaffia rhodozyma is an aerobic organism and thus oxygen supply in liquid
cultures is crucial for carotenoid production (Liu et al., 2006). Addition of n-
hexadecane as oxygen vector has been documented to enhance carotenoid yield (Liu
and Wu, 2006). While, Palagyi et al. (2001) and Sun et al. (2004) reported the
capability of P. rhodozyma in utilizing a variety of carbon sources for growth and
carotenoid production. Different nitrogen source either organic or inorganic nitrogen
was also demonstrated to affect growth and carotenoid production of P. rhodozyma
(Sun et al., 2004; Ni et al., 2007). However, the suitable carbon and nitrogen source
could vary among different strains of P. rhodozyma. Some may enhance or decrease
yield. Therefore, this study was aimed to search for suitable carbon and nitrogen
source for cultivation of GETH2 mutant strain of P. rhodozyma. Concentrations of the
carbon source and nitrogen source with different carbon and nitrogen ratio was also
studied under the presence and absence of n-hexadecane, in order to optimize the C:N
ratio for growth and carotenoid production.

Materials and Methods
Micro-organisms and culture conditions

The GETH2 yeast strain was the dark red colony of mutant obtained from
EMS mutagenesis of Phaffia rhodozyma GM807 using B-ionone selective medium. It
was grown in 250 ml Erlenmeyer flasks containing 20 ml of yeast malt (YM) broth,
adjusted to a pH of 4.5 and incubated in 175 rpm orbital incubator shaker at 22°C for
6 days. The YM medium was composed of 10.0 g/L. glucose, 5.0 g/L bacto-peptone,
3.0 g/LL malt extract and 3.0 g/L yeast extract.

The suitable carbon and nitrogen source for the cultivation of P. rhodozyma
GETH2

The minimal medium contained 10 g/L glucose, 1 g/L (NH4),SO4, 1 g/L
KH,PO4, 0.5 g/ MgSO47H,0, 0.1 g/L CaCl,-H20, 0.5 mg/L MnSO4H,0, 0.14
mg/L ZnCl,, 0.27 mg/L FeCl;-6H,0, and 1.25 mg/L CuSO45H,0. To verify for
suitable carbon source, fructose, sorbitol or starch was replaced the glucose in culture
medium. Alternatively, different nitrogen sources of organic and inorganic i.e., beef
extract, urea, casamino acid and ammonium persulphate) at 1% was replaced the
(NH4)2S0O4 in the minimal medium.

Effect of carbon, nitrogen and oxygen on growth and carotenoid production

The carbon source (10-20 g/L) and nitrogen source (0.5-1.0 g/L) at different
C:N ratio in 20 ml minimal medium, with and without 2% (v/v) n-hexadecane as
oxygen vector, were seeded with yeast strain GETH2 and cultivated as above
condition.

Measurement of yeast biomass and carotenoid content

All the samplings were carried out in pentad and dry weight (dw) of yeast
biomass was obtained by centrifugation to separate cell mass from liquid medium,
rinsed twice with double distilled water and then dried at 90°C to constant weight.
Carotenoid content was extracted as described previously (Jirasripongpun et al.,
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2008). Briefly, the yeast cell was disrupted with dimethyl sulphoxide (DMSO) and
glass beads, then the solutions of acetone, saturated NaCl and petroleum ether at 1:1:1
(v/v/v) was added to extract the carotenoid. The upper layer of petroleum ether
containing carotenoid was collected, measured at 474 nm and calculated for total
carotenoid by the following formula:

(ml of petrol)x(A,,,)x100
Yeast dry weight x 21

Total carotenoid content (ug carotenoids /g of yeasts) =

Results and Discussion
Effect of carbon and nitrogen source on growth and carotenoid yield

Phaffia rhodozyma, GETH2 strain could utilize different carbon sources of
glucose, fructose and sorbitol for growth better than starch. However, sorbitol was the
most suitable carbon source for growth as shown in Figure 1. Palagyi et al. (2001)
reported that Phaffia rhodozyma grow well on various monosaccharide except lactose.
However, the absence of amylase enzyme in yeast, found in the present study, led to
no degradation of starch and subsequently caused remarkably low growth of the yeast.
It could be observed that carotenoid production was not increased with cell mass.
Sorbitol though provided highest cell mass but gave less carotenoid yield. Glucose
was revealed to be the best carbon source for carotenoid production by the mutant
strain among all tested carbon sources. This was similar to what reported by Sun ef al.
(2004) that mutant 3A4-8 grew well in sorbitol and glucose was a better carbon
source for carotenoid yield.
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Figure 1. Effect of various carbon sources in minimal medium on growth (white)
carotenoid content (grey) and carotenoid yield (black) of P. rhodozyma
GETH2 as compared to YM medium containing glucose as carbon source.
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Studying for the suitable nitrogen source, beef extract, urea, casamino acid,
ammonium persulphate and (NH4),SO4 demonstrated that each nitrogen source had
different potency on growth and carotenoid production (Figure 2). The GETH2 strain
was able to grow better in urea than casamino acid and (NH4),SO4, while beef extract
gave the poorest growth. The increasing of (NH4)2SO4to 1% gave more cell mass as
compared to the previous study at 0.1%. This emphasized that nitrogen is essential for
protein synthesis and resulted in higher cell mass. However, the result was in contrast
to the previous report that beef extract was the best nitrogen source for growth and
carotenoid production than ammonium sulphate and urea, respectively (Sun et al.,
2004). This may be due to the characteristic of GETH2 strain. Considering on
carotenoid production, (NH4).SO4 was the best nitrogen source for improving
carotenoid yield. This was similar to the study by Ni et al. (2007) that (NH4),SOs,
KNO;, NH4CI and peptone were better nitrogen sources than beef extract and
(NH4),SO4 was the best nitrogen for carotenoid production.

Carotenoid content (ug/g CDW)

0 \ \

Beef extract Casamino acid Ammonium Urea
(NH,).S0,4
Persulphate

Cell (g/L), Carotenoid concentraion (mg/L)
-
Il

Figure 2. Effect of various nitrogen sources in minimal medium on growth (white)
carotenoid content (grey) and carotenoid yield (black) of P. rhodozyma
GETH2.

Effect of carbon, nitrogen and oxygen on growth and carotenoid production

Varying carbon and nitrogen concentration in minimal medium provided C:N
ratio from 7-29:1. The GETH2 could grow in all these C:N ratio medium under the
presence or absence of n-hexadecane but gave lower cell mass than in YM medium
(Figure 3). The yeast grew in minimal medium to more cell mass at higher C:N ratio
than the lower one. However, for C:N ratio at 29:1, the excess glucose with limited
oxygen may led to increase ethanol toxic from the yeast fermentation which
subsequently inhibited growth to lower than the C:N ratio at 13:1. Therefore, the
optimal C:N ratio for growth of Phaffia rhodozyma GETH2 strain in this study was
13:1; the lower or higher C:N ratio than this led to decrease growth. Addition of 2 %
n-hexadecane as oxygen vector could also enhance cell growth and its addition at high
C:N ratio of 29:1 significantly increase more cell mass. Under the study condition,
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carotenoid content was observed to be also highest at C:N ratio of 13:1 but the C:N
ratio of 29:1 led to noticeably decrease carotenoid content. Furthermore, addition of
n-hexadecane at any studied C:N ratio showed no increasing in carotenoid content.
The n-hexadecane could possibly cause the unsuitable condition for carotenoid
production due to ice crystal formation in the culture unlike that from the study by Liu
and Wu (2006). As a result, addition of hexadecane helped promote only growth of
yeast but suppressed carotenoid production. Therefore, carbon and nitrogen played
more roles on carotenoid production than the oxygen for GETH2 strain under the
studied condition
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Figure 3. Effect of C:N ratio in minimal medium on growth (white), carotenoid
content (grey) and carotenoid yield (black) of P. rhodozyma GETH2 strain
in medium based on glucose 10 g/L (left panel) and 20 g/L (right panel)
under the presence or absence of n-hexadecane, in comparison with YM.

Conclusion

Phaffia rhodozyma, GETH2 strain utilized various carbon and nitrogen source
for growth and carotenoid production. The suitable carbon and nitrogen source
including the C:N ratio were key factors for growth and carotenoid production rather
than n-hexadecane.
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Abstract

Astaxanthin, a powerful antioxidant of lipophilic carotenoid in xanthophylls
group was aimed to determine for its radical scavenging capacity using DPPH assay.
Its poor solubility in aqueous phase of DPPH radical solution has limited the assay
capacity. Therefore, different types of solvent including methanol, DMSO, petroleum
ether, dichloromethane, ethyl acetate, tetrahydrofuran and hexane was evaluated
based on criteria; non-reducing capacity of the solvent, completely solubility in
aqueous phase of DPPH radical solution and the compatibility of the solvent in
microplate reader system. Reaction kinetics of various solvents in DPPH assay
revealed DMSO to be the most suitable solvent based on these criteria. Evaluation of
the scavenging capacity using DMSO as solvent for DPPH demonstrated that the
effective concentration (EC50) of astaxanthin was almost 4.5 times (41.99 uM) lower
than that of a-tocopherol (191.36 uM). In other word, astaxanthin has much higher
scavenging activity than a-tocopherol. This modified DPPH assay was appropriate to
be used for determining the scavenging activity of carotenoid extract from natural
product i.e., Phaffia rhodozyma yeast. The assay was simple with potential of large
scale screening for antioxidant activity using microplate system.

Keywords: Astaxanthin, antioxidant activity, DPPH assay
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Introduction

Astaxanthin, the red lipid soluble carotenoid belonging to the xanthophylls
group, has a strong natural antioxidant property that does not contain vitamin A
activity. It was demonstrated to reduce risk of diseases such as age-related macular
degeneration, ischemic diseases (Tso and Lam, 1996) and various degenerative
disorders of cancer including cardiovascular diseases (Mayne, 1996). Thus, strong
antioxidant activity of astaxanthin has been suggested to be used in preventive
medicine. Phaffia rhodozyma, the carotenoid producing yeast, provides the highest
content of astaxanthin than other carotenoid as determined by spectrophotometer
(Jirasripongpun et al., 2008) and HPLC. Its antioxidant activity was mostly
determined by tedious in vivo assay such as lipid peroxidation (Miki, 1991). The
simplified cell-free system using DPPH assay in micro multi-well plate would be
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more effective in determination of carotenoid antioxidant activity. It could be used as
inexpensive routine assay for screening quality of carotenoid.

The in vitro antioxidant capacity assays mostly based on either inhibition of free
radical by induction the oxidation reaction or quenching of stable free radicals (Huang
et al., 2005). DPPH scavenging assay has been used worldwide in the quantification
of free radical scavenging activity. The reaction is based on the color decrease
occurring when the electron of the nitrogen atom in DPPH radical is reduced by
hydrogen atom from antioxidant compounds. However, few studies on DPPH assay of
astaxanthin have been reported (Rao et al., 2006; Kamath et al., 2008). This was
probably due to the poor aqueous solubility of astaxanthin which limited its use in
aqueous-phase radical scavengers of DPPH. However, Liu and Osawa (2007) have
modified the technique by the use of HPLC for determination the antioxidant capacity
of astaxanthin. In this study, the DPPH assay was improved using microplate system
which can be simply measured by microplate reader. Initially, various solvents which
have been reported to dissolve or extract carotenoids from yeast were analyzed for
being used as a suitable solvent or vehicle to introduce carotenoids into the aqueous
test systems of DPPH. After the solvent which provided stable DPPH radical and
homogeneous reaction solution was chosen, the system was evaluated for antioxidant
activity of carotenoid extracting from Phaffia rhodozyma. The lipophilic chemicals of
synthetic astaxanthin and a-tocopherol were also analyzed for comparison.

Materials and Methods

Screening for suitable solvent used in DPPH assay

Methanol, DMSO, petroleum ether, dichloromethane, ethyl acetate, TFH and
hexane were screened for a suitable solvent in aqueous-phase of DPPH radical
solution to be used for lipophilic sample. The DPPH radical solution was freshly
prepared in methanol and kept away from light during the assay. For the test, 20 pl of
each solvent was added to 180 pul DPPH radical solutions to a final concentration of
70 uM in 96 well-plates, in triplicate. The absorbance was read at 517 nm at every 10
min interval for 1 h by microplate reader. The remaining DPPH was computed from
standard curve of DPPH radical solution. Then, the percentage of DPPH was plotted
against time to obtain reaction kinetics of each solvent.

Evaluation of antioxidant capacity using modified DPPH assay

To evaluate scavenging effect of the samples, 20 pl of synthetic astaxanthin,
carotenoid extract from yeast or a-tocopherol in DMSO, at various concentrations,
was mixed with 180 pl of DPPH radical solution in DMSO. After 30 min reaction, the
absorbance was read and % scavenging effect was calculated using the following
equation:

Scavenging effect (%) = (OD of the control-OD of the sample)/(OD of the
control)x100

DPPH concentration was determined from standard curve of DPPH radical
solution prepared in DMSO. Then % DPPH remaining was plotted against sample
concentration to determine for EC50, the antioxidant concentration that decrease the
initial DPPH radical concentration by 50%. Antiradical efficiency (AE) defined as
1/EC50 was computed to determine scavenging capacity of samples.
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Results and Discussion

Screening for suitable solvent used in DPPH assay

Study on radical scavenging effect of solvents in DPPH assay using plate reader
revealed that DMSO was the most suitable solvent for determination of carotenoid
antioxidant activity. For homogeneity testing, most solvents were mixed well in test
reaction of DPPH solution, except for petroleum ether and hexane. The two phases in
the test reaction by these solvent could lead to incapability of carotenoid introduction
into the DPPH radical solution. Therefore, petroleum ether and hexane were not
appropriate for the assay system. Considering the kinetic reaction of tested solvents
revealed that THF reduced DPPH radical faster than dichloromethane, petroleum
ether, methanol, hexane, ethyl acetate and DMSO, respectively, within 1 h of reaction
period (Table 1). Furthermore, the solvent with R? value closed to 1 implied its
stronger reducing agent than that of the solvent close to 0. Therefore, DMSO and
ethyl acetate were suitable solvent for the test. However, ethyl acetate eroded the
plastic of 96 well-plates, so it was not well suited to be used in microplate reader.

The pure DMSO caused no effect on radical scavenging in the present study and
it was then applied for DPPH assay system as pure solvent in the reaction toprovide a
homogeneous reaction solution. The DPPH radical solution in DMSO was further
used to evaluate antioxidant capacity of carotenoid samples and a-tocopherol.

Table 1. Effect of various solvents depicted as kinetic reaction in DPPH radical
reaction within 1 h of reaction period.

Solvents kinetic reaction R’
Methanol y =-0.7296x + 100.7 0.9716
DMSO y=0.0929x +99.721 0.5684
Dichloromethane y=-2.6912x + 102.42 0.9923
Petroleum Ether y=-0.7313x + 100.98 0.9747
THF y=-4.1813x + 101.71 0.9267
Hexane y=-0.732x + 100.2 0.9426
Ethyl acetate y=-0.3722x + 101.36 0.6607

Evaluation of antioxidant capacity using modified DPPH assay

Reaction of a-tocopherol in DPPH solution caused sharply decrease in OD
reading of DPPH radical while astaxanthin-DPPH mixture was brown due to the red
color of astaxanthin. After subtraction absorbance of astaxanthin, its high potency
antioxidant could be demonstrated. Table 2 showed that astaxanthin was a more
powerful antioxidant than a-tocopherol. Its antiradical efficiency was 4.5 fold higher
than a-tocopherol. While one molecule of a-tocopherol scavenges two molecules of
DPPH radicals, astaxanthin scavenged more DPPH radicals due to its free electron
donation from oxygen group, hydroxyl group, methyl group and conjugated double
bond in astaxanthin molecule. However, carotenoid extract from yeast showed very
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low radical scavenging effect. This was due to the contamination of extracting solvent
which affect to concentration of astaxanthin in the extract as demonstrated from the
light orange color of carotenoid solution. Additinally, the natural carotenoid extract
from yeast contained approximately 74% of astaxanthin and thus resulted in lower
scavenging activity. Nervertheless, the similfied DPPH assay using the same solvent
for astaxanthin would provide a promising tool for evaluation of antioxidant capacity
of natural product.

Table 2. Scavenging effect of astaxanthin, B-carotene, a-tocopherol based on EC50
and antiradical efficiency.

Samples EC50 AE

Astaxanthin (syn) 41.987 0.0238

a-tocopherol 191.36 0.0052

Carotenoid extract 248.57 0.004
Conclusion

The limitation on DPPH assay for determination the antioxidant capacity of
astaxanthin could be overcome by the use of DMSO as a solvent for DPPH
radicalsolution and the tested samples. DMSO used in DPPH assay also made it
possible to evaluate antioxidant activity of both hydrophilic and lipophilic samples.
Furthermore, the method based on microplate reader made also the feasibility for
testing the scavenging effect of substances in large scale.
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