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Abstract

In this study the potential use of aqueous two-phase system (ATPS) to establish a viable process for the recovery of lutein from the
green microalg&hlorella protothecoidets evaluated. The partitioning behaviour of lutein, a representative model of natural compounds of
commercial interest, was investigated in a polyethylene glycol (PEG)-phosphate system. An evaluation of system parameters including PEG
molecular mass, the concentrations of PEG, phosphate and product concentration was conducted, to estimate conditions under which lutein
partitions preferentially to the top phase whilst cell debris partition to the opposite phase. The necessary addition of ethanol to the ATPS for
the dissolution of lutein affected the phase formation and such effect was evaluated using the change in the volume ratio produced. ATPS
extraction comprising Ve= 1.0, PEG 8000 22.9% (w/w) and phosphate 10.3% (w/w), pH 7.0 provided the conditions for the concentration
of lutein into the upper phase and the cell debris preferentially to the bottom phase. The use of ATPS resulted in a primary recovery process
to obtain lutein with an overall product yield of 81+ 2.8%. The findings reported here demonstrate the potential of ATPS for the further
development of a prototype process to recover lutein f@amrotothecoideas a first step for the generic application of this technique.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction one of the most important carotenoids in human serum and
foods[4]. Lutein, an intracellular product dE. protothe-
With the increasing trend of the market to obtain nat- coides has been widely used for the pigmentation of animal
ural products with bioactive nutraceutical properties, there tissues and products, as well as for coloration of foods, drugs
is considerable interest in the development of efficient and and cosmetics. Although the production of lutein has been
scalable processes to obtain such products. The urgent needddressed before, the existing reports addressed mainly the
to define credible production systems has restricted basic re-upstream part of the process and the purification by solvent
search to establish selective and scalable methods of producextraction and chromatograplig—7]. However, the recent
recovery that integrate effectively with upstream operations health benefits associated to carotenes that include the pre-
to rapidly yield product in a suitable state for the validation vention of certain types of cancer and age related macular
of polishing, formulation and delivery operations. Biotech- degeneratiorl,8], make the production of lutein from mi-
nological processes represent an attractive alternative to syn€roorganisms an attractive case of study. Nevertheless, the
thetic procedures to produce natural prodiytts3]. In this existing protocolg5,6], are characterized by potential high
context, the recovery of colour and functional compounds costs associated to the scaling up of the process. Recently,
from microbial origin represents a very interesting case. Par- a high-speed counter-current chromatography method for
ticularly, in this research lutein produced Bylorella pro- the isolation and purification of lutein has been reported
tothecoidesvas selected as a representative model of this [6]. However, only a small sample size (e.g. 200 mg) could
group of natural products of commercial interest. Lutein is be treated in one run, and the consumption of organic sol-
vents was great. Furthermore, high-speed counter-current
- , chromatography is not easily accessible. Additionally, most
* Corresponding author. Tel#52-81-8358-4262; ] ]
fax: 452-81-8328-4322. processes for commercial recovery of carotenes include a
E-mail addressmrito@itesm.mx (M. Rito-Palomares). saponification step to increase their solubility in water, and
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large amounts of organic solver{fs], which generates in-  2.51 medium. The cultivation conditions were controlled as
dustrial effluents with a harmful environmental impact. follows: pH: 6.6 4+ 0.1; temperature: 28 1°C; agitation:

The development of efficient and scalable biotechnologi- 480 rpm; dissolved oxygen concentration: 50% saturation.
cal processes is needed for the commercial implementationAfter harvesting, biomass was recovered by centrifugation
of prototype processes. An alternative practical approach, (3500 rpm for 5min; Eppendorf 5415C) and lutein extrac-
exploiting the use of aqueous two-phase systems (ATPS)tion was performed by addition of ethanol (30% wet weight
[9] to address the limitation of the existing protocols for the biomass/volume). Cell debris removal was achieved by cen-
potential recovery of lutein produced I8 protothecoides trifugation at 3500 rpm for 5min (Eppendorf 5415C). Cell
is examined in this work. ATPS, assembled from a mixture debris were resuspended in ethanol (30% wet (w/v)) and the
of polymers (e.g. polyethylene; PEG) and salts (e.g. phos-resulting solution used to evaluate their partition behaviour
phate or sulphate), result in two-phases for the extraction in ATPS. The supernatant derived from lutein extraction (re-
of bio-molecules. This technology has several potential ad- ferred to as crude extract) was introduced into the aqueous
vantages, including bio-compatibility, ease of scale-up and two-phase system previously selected as described below.
low cost[3]. In the present research, a practical approach,
which exploits the known effect of system parameters such 2.3. Aqueous two-phase experiments
as PEG and phosphate concentration and the nominal molec-
ular mass of PEG upon product partition, was used. This Aqueous two-phase systems were prepared for conve-
approach was followed to evaluate the feasibility of using nience on a fixed mass basis using a top-loading balance.
ATPS for the recovery of lutein fror€. protothecoidess Predetermined quantities (s€able 1) of stock solutions of
the first step in the development of a prototype biotechnolog- PEG and potassium phosphate were mixed with either a sin-
ical process. Initially, the effect of the necessary addition of gle model (containing a stock solution of purified lutein in
ethanol to the ATPS for the dissolution of lutein on the phase ethanol) or a complex model (containing either cell debris
formation was evaluated using the change in the volume ratio suspension or cell debris-free extract fr@mnprotothecoides
produced. The research was then conducted using a modefermentation; referred above as crude extract) systems. Sub-
system (characterized by the use of a lutein-rich paste) andsequently, di-ionied water was added to give a final weight
a complex system (characterized by the use of homogenateof 5 g. The stock solution of purified lutein was obtained by
from the fermentation o€. protothecoides to obtain dif- extracting 50 mg of lutein-rich paste (Lutein 5% TG Roche;
ferent conditions where the target product and the cell debrisMannheim, Germany) in ethanol for 15h at 3D under
contaminants partitioned preferentially to opposite phases.continuous shaking (200 rpm). The final concentration of
These conditions were then used to further investigate theethanol in the ATPS was estimated to be around 6% (w/w)
potential process intensification, evaluating the effect of in- (weight of ethanol referred to the total weight of the sys-
creasing lutein concentration on the system performance. tem). The stock solutions (PEG and phosphate) were mixed

and phases dispersed by gentle mixing for 60 min &5
Complete phase separation was achieved by low speed
2. Materials and methods batch centrifugation at 2000 ¢ for 10 min at 25 C. Visual
estimates of the volumes of top and bottom phases were
2.1. Characterization of aqueous two-phase experiments made in graduated centrifuge tubes. The volumes of the
phases were then used to estimate the volume ratio=(Vr

The binodal curve used in this study were estimated by the volume of the top phaggolume of the bottom phase). Sam-
cloud point method10] using poly(ethylene glycol) (PEG, ples were carefully extracted from the phases and diluted
Sigma, St. Louis, MO, USA) of nominal molecular mass of for analysis and subsequent estimation of lutein partition
1000, 1450, 3350 and 8000 g/mol (50% (w/w) stock solu- coefficient K = concentration of solute in the top phdse
tion) and di-potassium hydrogen orthophosphate/potassiumconcentration of solute inthe bottom phase). The system
di-hydrogen orthophosphate (Sigma; 30% (w/w) stock so- tie-line length (TLL), which represents the length of the
lution). Fine adjustment of pH was made by addition of or- line that connects the composition of the top and bottom

thophosphoric acid or sodium hydroxide. phases of a defined ATPS, was estimated as described by
Albertsson[11]. Results reported are the average of three
2.2. Culture medium and cultivation conditions independent experiments and errors were estimated to be

+10% of the mean value.

C. protothecoidesvas cultivated in the culture medium
described by Shi et al[7]. The algae were grown un- 2.4. Analytical methods
der heterotrophic conditions in a batch culture initially
in 500l Erlenmeyer flasks containing 250 ml medium  Total lutein concentration in the commercial paste was
at 284 1°C under continuous shaking (180rpm) in the quantified using the average extinction coefficient for lutein
dark. Further heterotrophic cultivation was performed in a of Ef’c/"m = 2550 in ethanol and a molecular mass of
71 fermentor (Bio-Flow Ill, New Braunswick) containing 569 g/mol. All ATPS fractions were collected and their
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Table 1
Systems selected for the evaluation of the partition behaviour of lutein and the effect of ethanol on phase formation
System Molecular mass PEG (%, wiw) Phosphate (%, w/w) TLL (%, wiw) Volume ratio Volume ratio
of PEG (g/mol) (6% (w/w) ethanol)
1 1000 15.6 12.6 28.3 0.9% 0.09 24+ 0.2
2 17.6 13.6 36.1 1.0x 0.1 2.1+ 0.2
3 19.8 14.8 38.0 1.0¢ 0.1 244+ 0.2
4 22.2 16.0 49.4 1.0& 0.1 21+ 0.2
5 1450 17.6 10.9 343 1.02 0.1 3.3+ 0.3
6 22.0 12.1 47.0 1.1+ 01 3.0+ 0.3
7 24.9 12.6 53.2 1% 01 3.0+ 0.3
8 26.1 13.0 55.0 1.0 0.1 3.2+ 03
9 3350 16.9 10.1 33.6 0.2 0.1 27+ 0.2
10 18.7 11.2 39.6 l& 0.1 22+ 0.2
11 21.0 12.9 45.0 1.+ 01 21+ 0.2
12 221 14.0 48.1 l&o0.1 22+ 0.2
13 8000 16.1 8.1 27.1 16 0.1 3.7+ 0.3
14 19.0 9.1 40.2 0.2 0.1 3.3+ 03
15 20.0 9.5 45.0 1.0& 0.1 3.0+ 0.3
16 22.9 10.3 494 1.0 0.1 3.2+ 03

Systems were selected to evaluate the impact of increasing tie-line length (TLL) and molecular mass of PEG upon the partition behaviour of lutein. The
volume ratio was estimated (from blank systems and systems containing ethanol) as desc@betibm 2

absorbance readings recorded at 445 nm using a Beckmarproperties can be influenced by the addition of an organic
DU® 650 spectrophotometer (Fullerton, CA). A system solvent, such as alcohol. These findings were recently ap-
blank, without lutein, was prepared for each treatment com- plied to enhance the partition efficiency of geniposide in a
bination and used as analytical blank for the corresponding polymer salt systenfil3]. However, it is important to con-
phase (top or bottom). Total lutein concentrations were sider that, in this paper, the use of ethanol was required to
expressed as lutein equivalents using the ave@gi@n of promote the dissolution of lutein to a concentration similar
2550, and a molecular mass of 569 g/mol. to that found in a fermentation fro@. protothecoide$7].
Table lillustrates the effect of ethanol addition on the
volume ratio (Vr) of the ATPS. It is clear that the addition

3. Results and discussion of ethanol caused the Vr to rise for all systems. Regardless
of the molecular mass of the PEG, the changes in Vr were

3.1. The effect of ethanol on volume ratio of aqueous more significant in the ATPS close to the binodal (short

two-phase systems TLLs). Such situation can be associated to the nature of such

systems. AlbertssofiL1] reported that ATPS located close

The predictive design of agueous two-phase processes deto the binodal curve exhibited certain sensitivity to changes
mands the full understanding of the mechanisms governingin system compositions. Subtle changes in the composition
the behaviour of molecules in ATPS. However, the lack of of ATPS caused by different factors (as in this case by the
knowledge of such mechanism, requires that for each extrac-addition of ethanol), resulted in great changes in the phase
tion process, once general conditions have been selected ogomposition and, as a result, in the final characteristics (Vr
the basis of experience or process limitations (e.g. polymer in this particular case) of the ATPS. In addition, the increase
and salt type) more specific partition conditions (polymer in the Vr of the ATPS loaded with ethanol may be explained
and salt concentration, volume ratio, etc.) need to be empir-by the particular effect of the solvent in the phases of the
ically established. In the present research before designingsystems. It has been reportgi8] that when complex sys-
the aqueous two-phase process for the recovery of luteintems are used, the presence of the solutes from biological
produced by the green microal@a protothecoidesthe in- suspensions has an impact on the final characteristic of the
fluence of ethanol addition on the characteristic of ATPS ATPS (e.g., volume ratio, position of the binodal curve). In
was studied. In these experiments, ethanol was the solventhe particular case of the volume ratio, it is sugge$iet
selected to favour the dissolution of lutein in the ATPS due that the accumulation of the solute to either phase caused
to its wide use in food and pharmaceutical applications and the volume of that phase to increase. Thus, the volume ratio
relative low cost in contrast with other alcohols and organic is increased by top-phase solvent accumulation or decreased
solvents. In this particular case, the change in the volume ra-by bottom phase solvent accumulation. It seems that for the
tio (compared with that from a system without ethanol) was ATPS studied the addition of ethanol affected the top phase
used to evaluate the effect of ethanol in the ATPS. The effect and as a result the volume ratio of the systems. Thus, the par-
of organic solvents on the partitioning of molecules in ATPS tition behaviour and recovery of the target product loaded to
have been reportgd2,13], revealing that the phase-forming the ATPS with ethanol will be influenced positively if lutein
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exhibits top phase preference (where ethanol accumulatesaused by the very low amount of the product concentrated
preferentially). Once the effect of the addition of ethanol on in this phase. As a consequence, it was very difficult to eval-
the ATPS was identified, the influence of system parametersuate the impact of system parameters upon the partition be-

on lutein partitioning behaviour was evaluated. haviour of lutein, by monitoring the biomolecule partition
coefficient K). As a result, it was decided to use the re-
3.2. Influence of systems parameters on partition covery of lutein (expressed relative to the initial amount of

behaviour of lutein in PEG-salt aqueous two-phase systemslutein loaded to the ATPS) from the top PEG-rich phase as
the response variable to evaluated the effect of system pa-
In order to select the ATPS in which the target product rameters on the behaviour of the product in ATPS. For the
(lutein) and cell debris concentrate in opposite phases (pref-selection of the operating conditions to concentrate lutein
erentially the target product in the top phase to facilitate in one phase, the concentration of PEG, phosphate and the
further processing), the partitioning behaviour was studied molecular mass of PEG were manipulated to maximize re-
using systems comprising a stock solution of lutein from a covery in the top phase.
paste rich in the product of interest. These model systems Table 2illustrates the impact of increasing TLL (for four
did not account for the influence, upon the performance of different molecular mass of PEG) upon cell debris partition
ATPS, of contaminants such as proteins, lipids, pigments, coefficient and lutein top phase recovery. As in the case of
etc. that may be present in the extraction broth froiG.a ethanol addition, the presence of cell debris affected the fi-
protothecoidedermentation or any other complex source. nal Vr of the ATPS. The volume ratio increase by top phase
For the examination of the partition behaviour of lutein, a cell debris accumulation or decrease by bottom phase cell
practical approach that exploits the known effect of system debris accumulation. In the current study, ATPS both close
parameters such as tie-line length (TLL) and molecular massand distant to the binodal curve (short and long TLL) for
of PEG on biomolecule partition coefficient was used. Thus, €ach molecular mass of PEG (1000, 1450, 3350, 8000 g/mol)
sixteen ATPS were selected (sB&ble ) based upon expe-  were selected to examine the behaviour of the volume ra-
rience[3,15]. These systems were characterized by increas-tio of the biological systems. In general, the determination
ing TLL using four different molecular mass of PEG (i.e. of the volume ratio for loaded ATPS requires a clear defini-
1000, 1450, 3350 and 8000 g/mol) and keeping=vrl.0 tion of the top, bottom and any other phase which develop.
and pH= 7.0 constant. The partition experiments that used The latter clearly depends on the nature and complexity of
purified lutein in ATPS revealed that this product exhibited the biological suspension. To simplify the estimation of the
a strong top phase preference (data not shown), which im-volume ratio in the ATPS loaded with cell debris, when the
ply that the majority of the lutein concentrated in the top formation of an interface was observed, this was consid-
phase. The top-phase preference of the lutein resulted in parered as a part of the top or bottom phase according to the
tition coefficients greater than 50 for all the systems studied. initial volume ratio of the non-biological ATPS. Cell de-
Such behaviour was explained by problems associated withbris fromC. protothecoidesxhibited preferentially a bottom
the detection of the presence of lutein in the bottom phase, phase preference. In these systems a decrease in the volume

Table 2
Influence of increasing tie-line length (TLL) and molecular mass of PEG on cell debris partition behaviour and top phase recovery of lutein in the ATPS
System Molecular mass TLL Volume ratio Volume ratio (ATPS Cell debris phase Top phase recovery
of PEG (g/mol) (%, wiw) (6% (w/w) ethanol) loaded with biomass) preference Ytop (%)

1 1000 28.3 2.4 0.2 2.6+ 0.2 T 35+ 2.0

2 36.1 21+ 0.2 2.0+ 0.2 B 54+ 4.1

3 38.0 2.4+ 0.2 21+ 0.2 B 71+ 3.2

4 49.4 2.2+ 0.2 2.0+ 0.2 B 72+ 3.0

5 1450 34.3 3.3 03 2.9+ 0.2 B 62+ 3.0

6 47.0 3.0+ 0.3 27+ 0.2 B 72+ 238

7 53.2 3.0+ 0.3 3.3+ 0.3 T 72+ 3.8

8 55.0 3.2+ 0.3 35+ 0.3 T 77+ 25

9 3350 33.6 24 0.2 24+ 0.2 B 68+ 2.6
10 39.6 23+ 02 21+ 0.2 B 68+ 3.4
11 45.0 2.1+ 0.2 2.0+ 0.2 B 70+ 2.4
12 48.1 22+ 02 19+ 01 B 76+ 2.6
13 8000 27.1 3.# 0.3 4.0+ 0.1 T 75+ 2.1
14 40.2 3.3+ 03 3.0+ 0.3 B 78+ 2.6
15 45.0 3.0+ 0.3 2.7+ 0.2 B 78+ 2.1
16 49.4 3.2+ 0.3 29+ 0.2 B 81+ 2.8

Composition of the systems (1-16) is definedTable 1 Vr, estimated from blank or loaded with biomass systems containing ethanol was determined
after phase separation in graduated tubes. T and B denote top and bottom phase preference for cell debris. The recovery of lutein from the top phas
(Ytop) is expressed relative to the initial amount of lutein content in the stock solution loaded to the ATPS.
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ratio was observed compared to that from the cell debris-free  90.00
ATPS, this implied that cell debris was accumulated in the g5 |
bottom phase. Top phase cell debris accumulation was ob-g 4, 4, |
served mainly in ATPS of low molecular mass of PEG (1000
and 1450 g/mol). Although a clear explanation for such be-
haviour is not currently available, the results obtained fa-
cilitate the selection of operating conditions to favour cell
debris accumulation into a define phase.

In the case of lutein partition behaviour, it seems that for
all the ATPS studied, the product partitioned preferentially ~ 50:90 1
to the top phase (lutein was not detected at the bottom phase) 45.00
regardless the TLL of the system. It seems that increasing
TLL caused the top phase recovery of lutein in ATPS to rise
for each molecular mass of PEG used (e.g. PEG 1000, 1450’Fig. 1. Inf_Iuence of increasing lutein concentration on product top phase
3350 and 8000 g/mol). Such situation can be associated tocc0Ve"Y I PEG 3350 and PEG 8000—phosphate aqueous two-phase

. systems. The recovery of lutein from the top phaggf) in PEG 3350
the fact that the free volume of the top phase of ATPS rises (m) and PEG 8000I()) ATPS is expressed relative to the initial amount of
when the TLL is increasefil5]. Thus, the space available |utein loaded to the ATPS. PEG 3350 and PEG 8000 ATPS were systems
to allocate the solute is significantly affected by an increase 12 and 16 identified iffable 1 respectively. For all systems, pH was kept
in the TLL of the system. In the case of PEG 1000 ATPS, constant at 7.0. The ATPS were construct(_ed as describéﬂednipn 2
increasing TLL caused a significant increment in the top Results reportgd are the average of two independent experiments and

! errors were estimated to he5% of the mean value.

phase recovery of lutein (from 352.0 to 72+ 3.0). Systems
comprising PEG 1450, 3350 and 8000 exhibited a similar
trend but with less emphasis £8.0 to 77+ 2.5, 684+2.6 to mance of ATPS was evaluated. It was decided to examine the
76+ 2.6 and 75+ 2.1 to 81+ 2.8, respectively (se€able 2. impact of an increment on lutein concentration (from 28 to
Such partition behaviour may be explained by changes in the120 ppm) on the product top phase recovery using selected
free volume[16] and density of the phas§k0]. It has been ATPS characterized by PEG 3350 and 8000 g/mol molecu-
reported that the free volume in the bottom phase decreasesar mass of PEG. Concentration range was selected to sim-
when the TLL is increasefll6]. As a result, the solutes in  ulate final levels (28—-120 ppm) in the system that would be
the lower phase may be promoted to partition to the top obtained by extracting the product from fermentation origin
phase. Consequently, top phase recovery of lutein rise when[7]. The ATPS used in this part of the research (i.e. systems
TLL was increased. 12 and 16 inTables 1 and Pwere selected on the basis of

For all the ATPS studied, more than 50% of lutein can be top phase product recovery from the previous section and
potentially recovered from the upper phase. However, sys-bottom phase accumulation of cell debris. Systems 12 and
tem 16 inTable 2exhibited the best recovery of lutein from 16 exhibited the best top phase recovery from ATPS of high
the top phase (i.e. 812.8%). It is important to mention that  molecular mass of PEG (3350 and 8000 g/mieiy. lillus-
the moderate values of top phase product recovery of sys-trates the effect of lutein concentration in the system on top
tems of low molecular mass of PEG (1000 and 1450 g/mol) phase product recovery. It is clear that top phase recovery
and short TLL (less than 35% (w/w)) were possibly affected of lutein decreased for both ATPS when the concentration
by product accumulation at the interface confirmed by the of the product of interest (lutein) increased. Such behaviour
mass balance (see systems 1 and Eaiple 2. In PEG 3350 can be explained on the basis of losses of soluble product
and 8000-salt systems of long TLL, lutein exhibited a more caused by lutein accumulation at the interface. In the case
favourable partitioning to the top phase and cell debris to of losses of soluble product in the top phase caused by the
the bottom phase in comparison with that of PEG 1000, and increase in lutein concentration, PEG 8000-salt ATPS ex-
1450-salt systems. For an extraction system, a PEG 3350hibited better performance compared with that of the PEG
and PEG 8000-phosphate system with long TLL (systems 3350 system. It is clear that and attempt to intensify recov-
12 and 16 inTable 2 were selected as the most favourable ery process by increasing the amount of biological material
to maximize the partitioning of the product of interest and that can be processed (simulated by an increase in lutein
cell debris contaminants to opposite phases. It is clear thatconcentration in the system), resulted in a negative influence
such result will facilitate the potential application of ATPS to the top phase lutein recoverkig. 1).
processes in the recovery of lutein frdn protothecoides In general, from the ATPS studied, the system compris-

ing Vr = 1.0, PEG 8000 22.9% (w/w), phosphate 10.3%
3.3. Effect of lutein concentration on PEG-salt aqueous  (w/w) at pH= 7.0 provided the required conditions to con-
two-phase systems performance centrate lutein fronC. protothecoiden the top phase (i.e.

top phase recovery of 81%) and cell debris in the bottom

In an attempt to intensify the potential recovery process, phase. It is clear that such findings will facilitate the po-
the effect of increasing lutein concentration on the perfor- tential generic application of the ATPS process to recover

75.00
70.00 +
65.00
60.00
55.00

Lutein top phase recovery

28.00 70.00 95.00 120.00
Lutein concentration in the ATPS(ppm)
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