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Abstract

In the aim of B-carotene biocompatible extraction, toxicity of various pure solvents belonging to different homologous series has been investigated
for Dunaliella salina. The results showed that solvents having log P, >5 or having a molecular weight over 150 g/mol can be considered
biocompatible for this microalga. The membrane critical solvent concentration for each series of solvents has been calculated applying Osborne’s
model, showing that the aliphatic chlorinated hydrocarbon is the most toxic family studied. Mixtures of a biocompatible solvent (decane) with a
toxic solvent (CH,Cl,, MEK, MTBE) have been studied. The (3-carotene extraction ability of CH,Cl,-decane mixture was found six times more
efficient than with pure decane. It has been demonstrated that the extraction ability of solvent depends on its affinity with the product extracted and

on its concentration incorporated in the cellular membrane.

Keywords: 3-Carotene; Dunaliella salina; Biphasic systems extraction; Mixed solvents

1. Introduction

Microalgae are important sources of food and pharmaceu-
tical additives such as colorants and antioxidants (Ledn et al.,
2001). Furthermore they are considered as potential producers
of a large number of new natural products, as [3-carotene. This
molecule is used as food additive for its antioxidant and vitamin
properties (Metting, 1996), and is added to numerous cosmetic
and body-care products as a non-harmful colorant to improve
the attractiveness of the product (Dufossé et al., 2005).

The {-carotene is a secondary pigment in photosynthetic
organisms such as microalgae (Leén et al., 2003). Its main natu-
ral source is the extremophile green microalga Dunaliella salina,
discovered in 1960. It can accumulate high concentrations of 3-
carotene (up to a concentration of 10% of dry weight) in oil
globules in the cells (Ben-Amotz, 1982). Actually, more than
90% of commercialized [3-carotene is chemically synthesized
(Lednetal., 2003). Several industrial exploitations of Dunaliella
are operational in Australia, Israel (Ben-Amotz, 1995), USA

(Borowitzka, 1999) and China (Raja et al., 2007). Table 1 sum-
marizes several methods for 3-carotene extraction from algae,
where the (3-carotene is extracted in organic solvents or edible
oils, directly or after breaking cells by osmotic or mechanical
shock.

However, (3-carotene production using microalgae is limited
by the slow growth rate of photosynthetic microorganisms (com-
pared to bacteria or yeasts). So, if a method can be applied in
which the produced biomass is re-used for the production of
metabolites, this can be a new approach to improve the produc-
tivity of biosynthetic processes while producing continuously
the B-carotene. In this case, a biphasic aqueous/organic system
offers a solution in which both production and extraction occur
simultaneously (Hejazi et al., 2003; Le6n et al., 2003). A bio-
compatible organic solvent is in contact with the aqueous phase
where the cells are carrying out the bioconversion (Hejazi and
Wijffels, 2003); the product is continuously extracted into the
organic phase due to a permeability effect of the solvent on cell
membrane (Hejazi et al., 2002; Xu et al., 2004). However, a
direct contact between microorganisms and a solvent may result
in significant losses in biomass (Choi et al., 2000; Osborne et al.,
1990). The selection of the solvent is of critical relevance (Le6n
et al., 1998) where it must satisfy certain requirements such as
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biocompatibility, maximum solubility for 3-carotene and impor-
tant extraction ability (Daugulis, 1988). Main constraint is that
it must perform the product extraction with preservation of the
cell viability. A significant amount of work has been done and
published, focusing on this topic (Laane et al., 1987; Santhanam
and Shreve, 1994; Hejazi et al., 2002; Le6n et al., 2003). Le6n
et al. (2003) have studied some organic solvents and shown that
the ability of decane and dodecane for biocompatible extrac-
tion of B-carotene is respectively about 20% and 10% of the
maximum.

Biocompatibility and extraction ability of the organic phase is
not easy to achieve simultaneously; several solutions have been
proposed to minimize the solvent toxicity and make biocom-
patibility a less restrictive criterion. Mixtures of toxic but good
extractive solvents with poor extractive but biocompatible ones
(Bruce and Daugulis, 1991) are one of the solutions proposed to
protect cells from solvent toxicity.

A method to predict the solvent ability to meet these
strict requirements would be of great practical use, since
experimental data are seldom available for a specific system,
and there are hundreds of solvents from which to choose.
We report in this paper a new strategy of solvent selection
by providing new experimental information for the selection
of appropriate organic solvents suited for the biocompatible
extraction of B-carotene from Dunaliella salina, leading to
a significant decrease of the amount of experimental work
required.

Table 1

Methods for B-carotene extraction from Dunaliella salina®

Breaking method

Extracting solvent

Osmotic shock
Thermal treatment

Homogenization
No additional breaking
Osmotic shock mechanical methods

Thermal treatment
Strong solvent (methanol)
Strong solvent

Thermal treatment and organic
solvents

Ethanol, hexane, cyclohexane
and benzene

Halogenated, aliphatic or
aromatic hydrocarbon

Edible oil

Super-critical COy

Hexane, cyclohexane and
petroleum ether

Edible oil

Methylene chloride and ethanol
Acetone, methanol and
di-ethylether

Mixture of one acid ester and oil

* From Hejazi et al. (2002).

2. Materials and methods

2.1. Organism and culture conditions

Dunaliella salina (CCAP 19/18) was gathered from the cul-
ture collection of IFREMER (Nantes, France). D. salina was
cultivated in artificial medium composed of: 1.5 M NaCl, 10 mM
KNO3, 0.4mM KH;PO4, SmM MgSO4, 185uM H3BOs3,
0.2mM CaCly, 2 pM FeCls, 7 uM MnCl,, 1 uM ZnCl,, 1 pM
CoClp, 1 uM CuCly, 1 pM (NHs)6M07024, 5 puM NaEDTA

Table 2
Physical properties of solvents investigated®
Solvents Max. solubility in water (mg1~") Molecular weight (g mol~") log Poct
Aliphatic chlorinated hydrocarbons
Chloroform 7.95 x 103 119.38 1.97
Dichloromethane 13 x 10° 84.93 1.25
Trichloroethane 1.29 x 103 133.41 2.49
Aliphatic ketones
Acetone 108 58.08 —0.24
Methyl ethyl ketone 223 x 10° 72.11 0.29
Methyl isobutyl ketone 19 100.16 1.31
Aliphatic ethers
Methyl tert-butyl ether 5.1x10* 88.15 0.94
Diethyl ether 6.04 x 10* 74.12 0.89
Di-isopropyl ether 8.8 x 10° 102.18 1.52
Aliphatic alcohols
Pentanol 22 x 10° 88.15 1.51
Hexanol 5.9 %103 102.18 2.03
Heptanol 327 x 103 116.2 2.31
Saturated aliphatic hydrocarbons
Decane 52 x 1073 142.29 5.01
Dodecane 3.7 %1073 170.34 6.1
Hexadecane 0.9 x 1073 226.45 8.25
Aromatic hydrocarbons
Toluene 526 92.14 2.73
Dichlorobenzene 156 147 343
Oil
Ethyl oleate 579 x 1076 310.52 8.51

2 Data obtained from Handbook of Chemistry and Physics (Weast, 1972).
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(Giordano, 2001). The pH of the medium was adjusted to 7.5
by the automatic injection of CO;, and the temperature was
maintained at 25 °C by air blowing.

To investigate various biocompatibility assays, micro-algal
cells were first cultivated in an airlift photobioreactor operated
in continuous mode with standard growth conditions (with a
continuous illumination (200 wE/m? s) by using four fluorescent
tubes (SYLVANIA AQUASTAR F18W/174-T8)). Cells with
a constant quality and quantity were thus obtained. To obtain
cells enriched in (3-carotene for extraction assays, the nitrate
starvation has been applied (Mojaat et al., in press).

2.2. Solvents

Table 2 summarizes the solvents used in this study. They were
selected according to their hydrophobicity (log Poct) and their
maximal solubility in water. The parameter log P, is defined as
the partition coefficient of a given solvent in a mixture of octanol
and water (Ogino et al., 1999), and the greater the polarity, the
lower the log Poct value of the solvent (Sardessai and Bhosle,
2002). The maximum solubilities and log P, values were found
in the literature.

2.3. Assays

2.3.1. Solvent biocompatibility assay

In solvent toxicity experiments, 100 ml of microalgae culture
were incubated with 100 ml of organic solvent for 15 min into
a 500-ml Erlenmeyer flask and vigorously stirred (800 rpm) to
ensure the adequate contact between the solvent and the cells.
After agitation, the photosynthetic activity was determined as
indicated below.

2.3.2. Critical solvent concentration assays

To obtain a subsaturating solvent concentration as described
by Vermué et al. (1993), growth medium was first satu-
rated with organic solvent by shaking the medium for 2h
with organic solvent and allowing phase separation at 30 °C.
The solvent-saturated aqueous phase was then diluted with
solvent-free growth medium. Microalgae cells were harvested
by centrifugation and resuspended in the medium contain-
ing the desired solvent concentration. After vigorous stirring
during 15 min of incubation the photosynthetic activity was
determined.

2.3.3. B-Carotene solubility assay

Saturated solutions of 3-carotene in the different organic sol-
vents were obtained by adding amounts of -carotene above
the solubility limit to 5 ml of each mixed organic solvents, stir-
ring vigorously with a vortex during several minutes, followed
by 2000 rpm centrifugation during 10 min at 25 °C. After cen-
trifugation and filtration through a syringe filter, the [3-carotene
content in saturated solutions was analyzed by HPLC as indi-
cated below (Leon et al., 2003).

2.3.4. B-Carotene extraction ability assay

The ability of different mixed solvents to extract carotene
from Dunaliella salina was estimated by incubating 10 ml of
microalgae culture, containing 24 pg/cell of B-carotene (stressed
cells), with 10 ml of the indicated mixed solvents and shaking at
500 rpm during 24 h at 25 °C, after while the 3-carotene content
in the organic phase was analyzed by HPLC.

2.4. Analyses

The B-carotene was analyzed by HPLC using a reversed-
phase 250 mm x 4.6 mm Cj3g column (YMC) and a tunable
absorbance detector. The elution gradient was run as follow-
ing: eluent A (81% MeOH, 15% MTBE and 4% H>O), eluent
B (6% MeOH, 90% MTBE and 4% H;0); 100% A to 100% B
in 90 min. The flow rate was 1 mImin~'. The detection wave-
length was 450 nm. Standard of B-carotene was purchased from
SIGMA-ALDRICH.

Photosynthetic activity was used as an indicator of cells
viability. It was assessed by the pulse-amplitude modu-
lated (PAM) fluorescence using the WATER-PAM fluorometer
(WALZ, Germany) via measurement of light-induce of changes
in fluorescence to measure the quantum yield of PSII
photochemistry(AF, /F},).

3. Results and discussion

3.1. Predicting biocompatibility in the presence of pure
organic solvents

3.1.1. Solvent toxicity

The effect of water-immiscible organic solvents on photosyn-
thetic activity in Dunaliella salina was determined by measuring
the photosynthetic activity in the presence of 50% (v/v) of each
solvent. In an attempt to find a correlation between the physic-
ochemical properties and the toxicity of the solvents, solvent
properties such as the molecular size (as expressed by the molec-
ular weight) and an estimation of the polarity such as log Poct
were correlated to the photosynthetic activity in presence of the
specific solvent (activity expressed as the ratio between remain-
ing activity, and the activity in absence of solvent).

Plotting the activity of Dunaliella salina against hydropho-
bicity of the solvent (log Poct), a sharp sigmodial variation is
obtained (Fig. 1a). Shape of this curve has already been observed
for other microalgae, plant and bacteria (Leén et al., 1998).
These results indicate that solvent having a log P lower than 3
are relatively polar solvents not suitable for metabolic activity,
and that biological activities vary in solvents having a log Poct
between 3 and 5. In apolar solvents having log Py values above
5, metabolic activity is not affected and in some cases it was
even higher than in absence of solvent. The permeability effect
of the solvent on cell membrane enhances substrate and prod-
uct transport into/from the cellular cytoplasm which explains
the increase of the photosynthetic rates observed in some cases
(Flores et al., 1994; Ledn et al., 1998, 2001). Laane et al. (1987)
concluded that excluding the transition region where the inflex-
ion point is located, a solvent that has a log Poc¢ value lower
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Fig. 1. Relationship between activities retention of Dunaliella salina cells exposed to an organic solvent and the log P value of the solvent (a) and its molecular

size (b).

than the inflexion point is usually toxic and a solvent that has a
log Py value higher than the inflexion point is usually biocom-
patible. Leén et al. (1998) have shown that the location of the
inflexion point is dependent on the type of organism, probably
due to differences in cell wall structures. Hejazi et al. (2002) and
Leodn et al. (2001) have studied the toxicity of alkane and alco-
hol solvents in Dunaliella salina. They found a similar general
response, although their curve is shifted to the left. This shift
could be due to differences in the solvent series used in each
case.

Brink and Tramper (1985) attempted to relate the observed
increasing toxicity of pure solvents with their decreasing molec-
ular weights. As they showed, only solvents which have a
molecular weight over 150 g/mol are generally applicable for
bioorganic synthesis (Fig. 1b), by supposing that a critical vol-
ume of solvent in the membrane is the cause of lysis of the cells.
This theory would suggest that smaller molecules should have
greater concentrations in the membrane as compared to large
molecules (Osborne et al., 1990), so that this is not the critical
volume but the critical concentration of solvent which causes
the toxicity. Therefore, to predict the biocompatibility of the
solvents and for a rational selection, it is important to establish
the critical solvent concentration in the membrane of Dunaliella
salina. The determination of the critical solvent concentration
for the series of chloro, ether, ketone and alcohol compounds,
for which we have showed their total toxicity previously, is then
the next step in the understanding of the interaction between
cells and solvent.

3.1.2. Determination of critical solvent concentration in
the membrane

The primary action site of organic solvents is the cell mem-
brane. This cytoplasmic membrane plays a vital role in solute
transport, maintaining the energy status of the cell and the reg-
ulation of the intracellular environment (Sardessai and Bhosle,
2002; Weber and de Bont, 1996). Therefore the toxicity for cells
is mainly attributed to a distorting action on the cell membrane
and membrane-linked enzymes due to the partition of solvents
into the lipid bilayer causing their disruption and compromising

the cell viability (Sikkema et al., 1995). It has been proved that
it is not the chemical structure of the solvent, but the concentra-
tion to which it accumulates in the cell membrane, that plays a
crucial role in determining toxicity (De Bont, 1988; Sikkema et
al., 1992).

Generally, the solvent toxicity in an organic-aqueous two-
liquid phase system is caused both by the presence of the second
phase (phase toxicity), and by the solvent molecules that dissolve
in the aqueous phase (molecular toxicity) (Bar, 1988). The phase
toxicity is encountered when enough solvent is present to form a
separate phase. In this case, the cell is in direct contact with the
solvent phase where the solvent could block nutrient diffusion,
disrupt the cell wall and cause extraction of inner cellular com-
ponents (Vermug et al., 1993). The molecular toxicity describes
the effect of a solvent when it is dissolved in the aqueous phase
at levels below saturation (Bruce and Daugulis, 1991). The lipid
membranes of the cell absorb some of the dissolved solvent that
can induce a modification of the membrane permeability, result-
ing in enzyme inhibition, protein deactivation, or a breakdown
of transport mechanisms. Hocknull and Lilly have suggested
that biocatalytic activity may be lost, in the absence of phase
solely through sufficient dissolved aqueous phase solvent parti-
tioning into the cell (Laane et al., 1987). Therefore, as Bassetti
and Tramper (1994), we have thereafter used solvents at subsat-
uration levels to separate the effects of molecular toxicity from
those of phase toxicity.

Various analytical techniques, including X-ray diffraction
and various magnetic resonance spectroscopy methods (NMR
and EPR), have been employed to determine the dose—response
relationship of solvent in membrane (Weber and de Bont, 1996).
These different techniques reveal similar tendencies, supporting
the view that the actual solvent concentration in the membrane
depends on the concentration of solvent in the water phase, and
on the partitioning of the solvent from the water phase to the
membrane (Sikkema et al., 1994). Osborne et al. (1990) defined
the critical solvent concentration in the membrane as the concen-
tration of solvent in the cell membrane that causes complete loss
of activity, independent of the solvent type. For a given solvent,
the partition coefficient (Ppem) between the membrane and the
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Fig. 2. Activity retention (%) of Dunaliella salina as a function of the logarithm
of solvent concentration in the aqueous phase. D. salina cells were incubated
in the presence of chloroform (4), dichloromethane (M), trichloroethane (OJ),
acetone (+), methyl ethyl ketone (O), methyl isobutyl ketone (@), methyl zerz-
butyl ether (A), diethyl ether (x), di-isopropyl ether (*), pentanol (—) heptanol
(A) and hexanol ().

aqueous phase is related to P via Collander-type relationship:

[solv]

Prem = —= (D
[solv]yq

PmemZRXP(/:;t (2

where R is the partition coefficient of the solvent over an hypo-
thetical membrane/octanol system and is assumed to be constant
for all solvents (Vermué et al., 1993). Osborne et al. (1990) have
assumed that R has a value of 0.19. The exponent A accounts
for the deviation between the solvent-membrane interactions and
the solvent—octanol interaction. Rewriting Egs. (1) and (2), the
following relationship can be deduced between the critical aque-
ous phase concentration of each solvent, which causes a total loss
of activity ([s0lvaq,cr]), and the corresponding critical solvent
concentration in the membrane ([solviem cr]):

[solv]
Log ([s0lV]yg.er) = Log (;;”“) — ALog Poct  (3)

For critical aqueous solvent concentration determination,
microalgae were incubated in growth medium with different
concentrations of solvent, and the photosynthetic activity was
determined after 15 min of incubation. The aqueous solvent con-
centration at which the photosynthetic activity becomes zero
was considered as the critical aqueous solvent concentration (the
x-intercept in Fig. 2).

Plotting log ([solvaq.cr]) against log Py for several solvents,
a negative linear function is obtained (Fig. 3). We can observe
that the critical concentration of polar solvents (low log Poc()
is higher than the critical concentration of more hydrophobic
ones and that Dunaliella salina is thus able to withstand higher
concentrations of polar solvents. For example, the critical aque-
ous acetone concentration (log Poct = —0.24) is 6887 mM, while
the critical aqueous heptanol concentration (log Poe =2.31) is
4.5 mM. So, the solvent that has a high log P, value has a high
affinity to partition into the lipid bilayer (Bassetti and Tramper,
1994). It must be noticed that very hydrophobic solvents are
toxic (Vermué and Tramper, 1995). This seems to be in contrast
with the general observation that solvents with high log Py are

less toxic to cells. However, hydrophobic solvents like decane
generally exhibit such low solubility in water that the threshold
concentration that would cause molecular toxicity effects cannot
be reached (Ledn et al., 2001).

Osborn’s model (Eq. (3)) is applied to the four series of sol-
vents. The slope of the line represents A and its intercept is the
logarithm of the critical membrane concentration divided by R.
Osborne et al. (1990) assumed a constant value of 0.19 for R,
to estimate a single value for critical membrane concentration.
Regressions were made using all data, but also for solvents of
a same family. Parameters obtained from the linear regression
analysis of experimental data, and critical solvent membrane
concentration values are summarized in Table 4, assuming a
value of R=0.19.

The value of [solV]mem cr differs for different solvent series
and is constant for all the solvents within one homologous series,
a results similar to that have been obtained by Bassetti and
Tramper (1994).

The critical alcohol membrane concentration is higher than
the value reported by Ledn et al. (2001). It is necessary to note
that small standard deviations in the y-intercept mean large devi-
ations in the critical solvent membrane concentration values.
Moreover, Sikkema et al. (1995) showed that the distribution
ratio of the solvent between the membrane and the aqueous
phase depends not only on simple partitioning but also on dif-
ferences in environmental conditions (e.g., pH, temperature. . .),
causing large variations in the distribution of the molecules. In
addition, Osborne et al. (1990) have shown that for some sol-
vents the value of R may be quite different, reflecting some
hypo- or hyper-discriminative power of the membrane towards
certain types of molecules. Vermué et al. (1993) showed that
([solv]mem’Cr / R) is constant for both alkanols and acetates and
if therefore the [solv]mem,cr changes, R thus has to change in an
identical manner.

Nevertheless, a good correlation between the critical aqueous
solvent concentration [solv],qcr and the partition coefficients
octanol/water two-phase systems has been observed (Fig. 3). The

45
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Fig. 3. Relationship between the logarithm of the critical aqueous solvent con-
centration [solv]aqcr and the log P value of solvents for Dunaliella salina.
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Table 3

Critical membrane concentration values and regression analysis parameters for data presented in Fig. 3

All solvents Alcohols Ethers Chlorinated Ketones
Slope 1.034 1.024 1.373 0.861 1.117
y-Intercept 3.588 341 3.997 3.154 3.627
Corr. coef. (R2) 0.98 0.98 0.99 0.99 0.99
[s01V]mem, or (MM) (if R=0.19) 736 490 1887 271 806

results shown in Table 3 for Dunaliella salina can thus be con-
sidered reliable. The Osborn model together with these results
would be very useful for assessing toxicity hazards of chemicals
and for predicting the biocompatibilty of pure solvents.

These calculated concentrations are listed in Table 4. We can
see that the amount of solvent dissolved in water and in the cellu-
lar membrane decreases with increasing solvent hydrophobicity
(log Py;) for the homologous solvent series. It is also shown that
the aliphatic chlorinated hydrocarbon is the most toxic studied
family.

This increased knowledge of the toxic action of solvents can
be used for solvent selection in the same way as the log Py and
the molecular weight but with greater insight into the mecha-
nisms involved. If the aqueous solubility of a solvent is known
and ifits log Pyt value can be calculated, then Eq. (3) can be used
to determine the maximum concentration the solvent can reach
in the cell membrane, as well as the critical aqueous concen-
tration for any solvents. So, if the critical solvent concentration
cannot be reached, the solvent will not show toxicity. Therefore,
the solvents which are unable to reach the critical membrane
concentration (this is the case of decane) can be considered as
biocompatible.

This previous discussion has focused on prediction and selec-
tion techniques for pure (single) solvents. Clearly, a significant
progress could be made in this area through the use of this strat-
egy (Osborne et al., 1990; Vermué et al., 1993; Bassetti and
Tramper, 1994; Leén et al., 1998), to determine solvent biocom-
patibility in two-liquid-phase systems. Biocompatible solvents,
however, tend to possess chemical characteristics that make them
poor extractants. This justifies the motivation to look for more
effective extractants by using mixed solvents, which is strength-
ened by the fact that product extraction with a more effective
extractant requires a smaller volume to extract the product
(Bruce and Daugulis, 1991). Thus, in order to test the efficiency
of extraction of mixtures of solvents, we have studied mixtures
of decane, as a biocompatible solvent, with dichloromethane,
methyl ethyl ketone or methyl fert-butyl ether, as toxic
solvents.

3.2. Mixtures of organic solvents

It has been suggested that a biocompatible but poor solvent
of the target compound could be mixed with a toxic or inhibitory
solvent that has a better extracting capability, to yield a mixture
withimproved solvent characteristics and still biocompatible. As
for pure solvents, a solvent mixture could still be biocompatible
if the concentration of the toxic solvent in the aqueous phase
is lower than the aqueous critical solvent concentration (Evans

and Wang, 1988). This aspect has thus been investigated in the
following part.

3.2.1. Predicting biocompatibility of mixed solvents

Fig. 4 shows the biocompatibility of mixed solvents as a func-
tion of % Vioxic solvent/ Vorganic phase, the ratio between the volume
of toxic solvent and volume of organic phase (total volume of
biocompatible and toxic solvents). The biocompatibility of the
mixed solvents was calculated by dividing the average activity
of the cells in the presence of mixed solvents by their average
activity after addition of decane (which is biocompatible). The
dichloromethane (CH,Cl,) is the most toxic solvent (Fig. 4).
As we have previously shown (Table 4), the most biocompat-
ible solvent studied, where Dunaliella salina had the highest
critical solvent membrane concentration value, is methyl tert-
butyl ether (MTBE), followed by methyl ethyl ketone (MEK)
and dichloromethane (CH;Cl;). Moreover, by calculating the
critical aqueous concentration of toxic solvents, we observed
that the critical aqueous concentration of CH,Cl,, MTBE and
MEK in respective mixtures: decane-CH,Cl,, decane-MTBE
and decane-MEK, is higher than the critical aqueous concen-
tration of pure solvents (Table 5). These results agree with
Bruce and Daugulis (1991) who have shown that mixed sol-
vents were less toxic. So the transition region between full
biocompatibility and toxicity was enlarged. The addition of a
biocompatible solvent to a toxic solvent in a two-liquid phase
system results in a decrease of the real concentration of the

120
—e— decane-CH,Cl,
100 4 —&— decane-MTBE
— —aA— decane-MEK
2
= 804
2
3
® 60
o
E
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%V

Fig. 4. Activity retention (%) of Dunaliella salina as a function of
Vioxic solvent/ Vorganic phase D. salina cells were incubated in the presence of mixed
solvents decane—~CH,C,, decane-MEK and decane-MTBE.
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Table 4

Maximum achievable membrane solvent concentration, calculated from the membrane partition coefficient and the maximum water solubility (Eq. (1))

Solvent log Poct log Pmem Max. aqueous solubility (mM) Max. membrane conc. (mM) [s0lV]mem, cr (MM)
Aliphatic chlorinated hydrocarbons
Dichloromethane 1.25 0.35 153 344 271
Chloroform 1.97 0.97 66 318 271
Trichloroethane 2.49 1.41 9.6 252 271
Aliphatic ethers
Diethyl ether 0.89 0.5 814 2579 1887
Methyl tert-butyl ether 0.94 0.57 578 2147 1887
Di-isopropyl ether 1.52 1.36 86 2000 1887
Aliphatic ketones
Acetone —0.24 —0.99 17217 1764 806
Methyl ethyl ketone 0.29 —0.39 3092 1239 806
Methyl isobutyl ketone 1.31 0.74 189 1048 806
Aliphatic alcohols
Pentanol 1.51 0.82 249 1669 490
Hexanol 2.03 1.35 57 1316 490
Heptanol 2.31 1.64 28 1242 490

toxic solvent dissolved in the aqueous phase. It was argued
that if the toxicity of some solvents is dependent upon its
concentration in aqueous solution, then, in accordance with
Henry’s and Raoult’s laws, the addition of a non-toxic com-
pound with a toxic miscible one would relieve the toxic effect
by decreasing the vapour pressure of the toxic solvent and
hence its concentration in aqueous phase (Gill and Ratledge,
1972). Indeed, it has been clearly demonstrated that the addi-
tion of the correct non-toxic solvent will certainly reduce or
negate the effects of a toxic solvent present in the biphasic sys-
tem (Bruce and Daugulis, 1991; Salter and Kell, 1992). So if
we establish the ternary diagram (toxic solvent-biocompatible
solvent-water) we can calculate the concentration of the toxic
solvent which can be added to mixed solvent for a biocom-
patible extraction. This concentration must be lower than the
aqueous critical solvent concentration determined by applying
the Osborne model.

3.2.2. Solubility of B-carotene in mixed solvents

To have a global view of the properties of different mixed
solvents, we have determined the solubility of commercial 3-
carotene in these mixtures by plotting the logarithm of the
maximum solubility of carotene in the mixed solvents against
the volume percentage of the toxic solvent. A positive linear
function is obtained (Fig. 5). We observed that the solubility of
[B-carotene is higher in the mixture decane—CH;Cl,.

Table 5
Aqueous critical concentration of solvent in the case of pure solvents and mixed
solvents was calculated respectively from Figs. 2 and 4

Toxic solvent [s0lV]aq, cr Of pure

solvent (mM)

[solv]ag, cr of mixed
solvent (mM)

Dichloromethane 176 7545
MTBE 462 13442
MEK 2462 13326

3.2.3. Ability of extraction

Vermué et al. (1993) defined the solvent as toxic if the
metabolic activity of the cell was less than 50% of the metabolic
activity of the cell in the absence of the solvent. Therefore, in
order to test the efficiency of these mixed solvents, we have
fixed the volume of the toxic solvent by keeping a minimum
threshold of 50% of photosynthetic activity (Fig. 4). So the
concentrations of CH,Cl, MEK and MTBE which have been
added to the mixture are respectively 190 mM, 335mM and
420 mM. Fig. 6 shows the ability of extraction for the differ-
ent mixed solvents. We observed that the [3-carotene solubility
has an important impact on the extraction ability of the sol-
vent (Fig. 6). Therefore the mixture CH,Cly—decane is able
to extract 3-carotene six times more efficiently than the pure
decane (Fig. 6). Also, this result can be due to the increase in
the permeability effect of the mixed solvents on cell membrane
caused by the addition of dichloromethane. Indeed, the concen-
tration of the solvent accumulated in the cell membrane will
be increased in the case of mixed solvent compared to case of
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Fig. 5. Solubility of p-carotene in mixed solvents decane—CH;,Cly,
decane-MEK and decane-MTBE as a function of the Vioxic solvent/Vorganic phase-
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Fig. 6. Extraction ability (%) of different mixed solvents and decane on
Dunaliella salina and solubility of 3-carotene in these solvents.

pure decane, thus showing interest of using mixed solvent. This
conclusion can be completed by that of Hejazi et al. (2004),
which gave further explanation of the role of dissolved solvent
in the cell membrane in the extraction process of (3-carotene
at the intracellular scale. They suggested two possible modes
of extraction of 3-carotene from Dunaliella salina: The solvent
is dissolved in the cell membrane and is taken up by the cells
into the space between cell membrane and chloroplast mem-
brane by diffusion. This leads to more activity in the membranes
and to more active endo- and exo-cytosis (Zhang et al., 1993).
As a result the B-carotene globules are transported from the
chloroplast to the space between the cell and the chloroplast
membrane and from there to the outside by exocytosis. Another
mode suggests that the solvent dissolves the 3-carotene from the
oil globules. So, the solubilized B-carotene molecules diffuse
from the chloroplast to space between the cell and the chloro-
plast membranes and from there to the outside. So the ability of
extraction does not depend solely on affinity of solvent with the
product extracted but also on its concentration incorporated in
the cellular membrane, thus showing interest of the addition of a
toxic solvent in appropriate quantity. Therefore the new strategy
of solvent selection for biocompatible extraction of -carotene
is based on two requirements: biocompatibility of the mixed
solvents which can be estimated by applying the Osborn model
and a sufficient solubility of B-carotene in the chosen mixed
solvent.

4. Conclusion

As found for other microorganisms, log P, and molecular
weight are good indicators for the choice of pure biocompatible
solvents. Only the solvents which have a log Py value higher
than 5 or molecular weight higher than 150 g/mol, are applica-
ble for biocompatible extraction of B-carotene from Dunaliella
salina. Yet, for more rational selection of biocompatible sol-
vent, the membrane critical solvent concentration for the series
of chloro, ether, ketone and alcohol compounds was calculated

by applying Osborne’s model where prediction of the toxicity of
any given solvent in two-liquid-phase system using Dunaliella
salina became possible to a certain extent.

Testing the efficiency of extraction of mixtures of solvents,
we showed that the mixture of a highly apolar solvent (such as
decane) with a more polar one (CH>Cl,, MEK) combines the
desirable properties of each: few volume of polar solvent has
allowed a better extraction of (-carotene, while polar organic
solvent became biocompatible when added with the biocompat-
ible solvent (decane). However, the selection of polar solvent is
complicated. The toxic coextractant can be chosen by employ-
ing as criterion both solubility of -carotene in this solvent and
its concentration accumulated in cell membrane. So the determi-
nation of the critical membrane concentration of toxic solvent
in the case of mixed solvents remains to be studied, as well
as, intracellular mechanisms (transport, extraction and various
metabolic influences) which would have to be clarified.
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