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ABSTRACT

The extraction of bioactive compounds, produced by plant cell cultures, directly from their
culture medium, which contains other by-products, is a great challenge. Resveratrol
extraction from its grapevine cell cultures is considered here as an example to optimize
improve the extraction processes from plant cell cultures using solubility parameters.
Successive liquid-liquid extraction (LLE) processes were exploited to extract resveratrol from
the culture medium with an extraction ratio approaching 100%, high selectivity and minimum
amounts of solvents. The calculations of partition coefficients as a function of solubility
parameters demonstrated that benzyl benzoate is the most suitable intermediate solvent to
extract resveratrol from its aqueous medium. The calculations also illustrated the high ability
of methanol and ethanol to extract resveratrol from benzyl benzoate. The physicochemical
properties of benzyl benzoate and processing conditions were exploited to separate it from
aqueous media and organic solvents. The agitation method, component ratios and extraction
time were studied to maximize the extraction yield. Under the best conditions, the recovery of
resveratrol from different culture media approached ~100% with a selectivity of ~92%.
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Ultimately, the improved extraction processes of resveratrol are markedly efficient, selective,
rapid and economical.

Keywords
Benzyl benzoate; Liquid-liquid extraction; Partition coefficient; Plant cell culture;
Resveratrol; Solubility parameters; solvent consumption

1. Introduction

Stilbenes are polyphenols identified in 33 taxonomically unrelated plant families and 72
plant species including grapevine (Vitis vinifera), peanut (Arachis hypogaea) and Japanese
knotweed (Polygonum cuspidatum) [1-3]. Resveratrol is the major and most studied stilbene,
and presents in a monomeric form as either the trans- or cis-isomer. Trans-resveratrol is the
most bioactive form and has many pharmacological properties [4]. Cellular suspensions and
hairy roots are plant cell culture systems used as bio-factories to produce bioactive
compounds like resveratrol [5, 6]. The efficient and economical separation of resveratrol
from the culture medium is still a critical challenge. Liquid-liquid extraction (LLE) is a
favorable method to recover bioactive compounds from their culture media with preservation
of plant cell viability, especially when both production and extraction occur simultaneously
[7]. Many researchers have used a continuous extraction process with an organic solvent
directly contacting the aqueous phase, in which the bioconversion is carried out by the plant
cells [8].
Extraction of resveratrol from plant parts is usually performed using solid-liquid
extraction processes with ethanol [9], methanol [10], or ethyl acetate [11] as solvents. LLE is
also used to extract resveratrol from different liquid media and has been shown to recover a
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large fraction of resveratrol using organic solvents, e.g., chloroform [12], methyl tert-butyl
ether [3] and ethyl acetate. The latter is the most used solvent for LLE of resveratrol [5, 6].
However, the organic solvent/aqueous medium ratio is usually 1:1 (v/v) thus large amounts of
solvent are needed [3, 5, 6, 12-16].
To reduce the volume of organic solvents, solvent supercritical fluid extraction and
microwave-assisted extraction have been investigated as potential alternatives [17]. However,
these need advanced and costly equipment. Furthermore, many different methodologies have
been used to optimize extraction processes by maximizing the physical interactions between
polyphenols and solvents, e.g., the response surface methodology [18], and Hansen solubility
parameters (HSPs) [19]; however, solvent volumes were not reduced.
Davis [20] and later Srebrenik [21] deduced a correlation between the partition coefficient of
a solute between two solvents and the solubility parameters of the solute and the two
solvents. Hiraga et al. [22] correlated the partition coefficients of benzene derivative
compounds between ionic liquids (ILs) and carbon dioxide with their solubility parameters.
Brookes and Livingston [23] found a good correlation between the membrane/aqueous phase
partition coefficient and solubility parameters of organic compounds.
This work attempts to use HSPs as a helpful tool to select a solvent that is immiscible
with water and to which resveratrol highly partitions from the aqueous medium, and then to
determine another solvent that is separable from the first solvent and to which resveratrol
highly partitions from the first solvent. Ideally, the chosen solvents should have
physicochemical properties that preserve the aeration of the culture medium and enable the
different phases to be easily separated. The parameters of the extraction processes will also
be studied in this work. Ultimately, the purpose of this work is to minimize the amount of
organic solvents used during the extraction of resveratrol from hairy roots culture medium.
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2. Materials and methods

2.1. Materials

Trans-resveratrol (99% purity) and the following solvents: benzyl benzoate (98%
purity), methanol (99.8% purity), ethanol (100% purity), ether acetate (99.7% purity), and
chloroform (99.9% purity) were purchased from VWR (France). Schenk and Hildebrandt
(SH), Gamborg's (B5), Murashige and Skoog (MS) basal salt and vitamin mixtures, and
sucrose (99.7% purity) were purchased from Duchefa (Haarlem, Netherlands). Water was
deionized and double-distilled.

2.2. Calculation of solubility parameters

2.2.1. HSPs calculations
The Hansen solubility parameters, i.e. dispersion (  d ), polar (  p ) and hydrogen
bonding (  h ) of 270 solvents were taken from the literature [24] and are tabulated in the
supplementary data (Table S1). The HSPs for resveratrol were calculated using the combined
group contribution methods of Van Krevelen–Hoftyzer and Fedors [25, 26] as follows:
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where i is the structural group within the molecule, Fdi is the group contribution to the
dispersion forces, Fpi is the group contribution to the polar forces, Ehi is the group
contribution to the hydrogen-bonding energy, and Vi is the group contribution to the molar
volume.
The total solubility parameter (  t ) [24] is calculated from the partial solubility
parameters as follows:
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2.2.2. Partition coefficient calculations using solubility parameters
Srebrenik and Cohen [21] used the following equation to predict the partition
coefficient of a drug between two solvents (𝑙𝑛𝐾𝑆2𝑆1 ):
𝑙𝑛𝐾𝑆2𝑆1 =

𝐷
𝑉𝑚

𝑅𝑇

[(𝛿𝑡𝑆1 − 𝛿𝑡𝐷 )2 − (𝛿𝑡𝑆2 − 𝛿𝑡𝐷 )2 ] + 𝑙𝑛

𝑆1
𝑉𝑚
𝑆2
𝑉𝑚

(5)

where 𝑉𝑚 is the molar volume, T is the temperature (in degrees Kelvin), R is the gas constant,
and superscripts S1, S2, D indicate solvent one, solvent two, and the drug, respectively.
Positive values of 𝑙𝑛𝐾𝑆2𝑆1 mean that the concentration of the drug in solvent two is higher
than in solvent one; the higher the value, the higher the concentration of the drug in solvent
two compared to solvent one.
The paucity of data on partial molar volumes is the major restriction to the use of Srebrenik
equation (5). An important source is the published results of Hildebrand and coworkers [27].
Among them, Srebrenik and Cohen have studied two systems [21]. These are the solutions of
iodine and bromine in CC14 and CS2, for which the experimental partition coefficients have
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also been given in the 1iterature [28]. Their results confirmed very good agreement between
the theoretical and experimental values.

2.3. High-performance liquid chromatography (HPLC)
The chemical stability and content of resveratrol in both aqueous and organic phases
were determined by HPLC (a pre-column, a LC20AD pump, a SPDM 10 A diode array
detector and a SIL20AC automatic injector, Shimadzu, France). Resveratrol was separated on
a C18 Shim-pack column (250 mm x 4.6 mm, 5 µm). The HPLC analysis was conducted at
30°C, and the temperature was controlled using a CTO20AC system column heater. UV
detection at 305 nm was used and the mobile phase was (A) H2O and (B) CH3CN, both with
0.1% formic acid. The flow rate of the mobile phase was 0.4 ml/min using a gradient
program of 45 min as follows: initial 0-5 min A:B (95:5); 5-40 min linear change to A:B
(50:50); and 40-45 min linear change to A:B (95:5). The injection volume was 5 µL. Under
these conditions, the retention time of trans-resveratrol was 18 min. The chromatographic
peak of resveratrol was confirmed by comparing the retention time with that of the reference
compound. The linearity of resveratrol concentration versus the measured integration areas
was validated using a blank and ten solutions of pure resveratrol in 100% benzyl benzoate
with different concentrations (0.01, 0.0125, 0.02, 0.025, 0.1, 0.125, 0.2, 0.25, 0.4, and 0.5
mg/ml), and using another blank and seven solutions of pure resveratrol in half strength
Shenck and Hildebrandt (½ SH) medium culture [29] used as a nutrition medium for
grapevine hairy roots with different concentrations (0.001, 0.002, 0.004, 0.01, 0.02, 0.03,
0.04 mg/ml). Each concentration was injected three times. The linearity of the calibration for
resveratrol in both benzyl benzoate and ½ SH media was validated.

2.4. Resveratrol-selectivity of benzyl benzoate
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Benzyl benzoate was evaluated for the selectivity of resveratrol over other stilbenes assumed
to be synthetized by grapevine hairy roots and secreted into the culture medium (Tisserant
L.P., personal communication).

2.4.1. Non- resveratrol-accumulating hairy roots

Grapevine hairy roots were recently established in our laboratory. These roots, without
stress conditions, produce several stilbenes with traces of resveratrol. The best rooting was
recorded on half Shenck and Hildebrandt medium (½ SH) [29] with sucrose 2% w/v as
carbon source for 21 days. The grown hairy roots were removed and dried in an oven at 40°C
for 24 hours. HPLC was used to confirm the traces of resveratrol, thus ensuring that the
transformed grapevine roots used in this study were non-resveratrol-accumulating hairy roots.

2.4.2. Preparation of cell culture media containing the hairy root extract and predetermined
amounts of resveratrol

One gram of finely milled and dried non-resveratrol-containing grapevine hairy roots
was extracted by a mixture of methanol/water (80:20, v/v) on a rotary shaker (100 rpm) for
24 h at 25°C in darkness. The extract was then dried using a rotary evaporator (BUCHI
Rotavapor R-210/215) at 60°C. The dried residue was re-dissolved in 100 ml ½ SH culture
medium [27], filtered (using 0.20 µm filter MILLEX) and then injected into HPLC. It was
considered the blank of resveratrol-containing samples. 0.5 mg of resveratrol was spiked into
50 ml of the filtered medium to prepare a standard solution containing the original stilbenes
and 1 mg/100 ml of resveratrol. The standard solution was also injected into HPLC. Benzyl
benzoate was then used to extract resveratrol from this standard solution in order to evaluate
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its selectivity for resveratrol over other compounds. Thus, 0.5 ml of benzyl benzoate solvent
was mixed with 50 ml of the standard solution. Extraction was facilitated by centrifugation of
the mixture for 20 min at 25°C (at 4900 rpm) using an Eppendorf 5810 R centrifuge. The
benzyl benzoate phase was separated by micropipette then diluted 20 times with benzyl
benzoate for injection into HPLC. The aqueous phase was filtered and then directly injected
for analysis into HPLC.
The resveratrol selectivity coefficient percentage (S%) for a single-stage extraction
process was considered the extracted amount of resveratrol (Kf) compared to the total amount
of resveratrol with other unwanted by-products (Ki):

S% 

Kf
Ki

 100

(6)

2.5. Preparation of cell culture media containing predetermined amounts of resveratrol

100 ml of a new autoclaved ½ SH culture medium containing 2% w/v sucrose as
carbon source [29] was placed in a 250-ml Erlenmeyer flask, and then different amounts of
resveratrol (0.1; 0.4; 1; 2; and 4 mg) were added and dissolved using a vortex for two
minutes. The solubility of the highest amount (4 mg resveratrol in 100 ml of medium) was
confirmed by HPLC. The effect of different mineral and vitamin compositions and sucrose
concentrations on the recovery of resveratrol was tested, using the same procedure. Thus, 1
mg of resveratrol was dissolved in 100 ml of two other widely used media in plant tissue
culture, Gamborg's (B5) [30] and Murashige and Skoog (MS) [31] both containing 3% w/v
sucrose. This was to investigate the effect of different growth media on the extraction
recovery of resveratrol. The pH of all culture media was adjusted to 5.7- 6, which is the pH of
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plant cell growth culture media [29-31], with either dilute hydrochloric acid or sodium
hydroxide and monitored with a pH meter (Thermo Scientific).

2.6. Liquid-liquid extraction experiments

2.6.1. Medium-benzyl benzoate extraction

To determine the most suitable volume of benzyl benzoate, needed to extract
resveratrol from mixtures of resveratrol-containing culture medium, each mixture was mixed
with different amounts of benzyl benzoate to prepare medium-benzyl benzoate immiscible
mixtures at different ratios (100:0.1, 100:0.25, 100:0.5, 100:1, 100:2 and 100:4 v/v). These
immiscible mixtures were either - shaken, for 24 h, in a 250 ml-Erlenmeyer ﬂask (containing
100 ml of mixture) on a rotary shaker at 100 rpm at 25°C in darkness (shaking method), vortexed, for one minute, in a 50-ml tubes (containing 50 ml of mixture) at 2500 rpm (IKA
MS2 Minishaker) (vortexing method) or – centrifuged, for 20 min, in a 50-ml tubes
(containing 50 ml of mixture) using a centrifuge (Eppendorf 5810 at 4900 rpm at 25°C
(centrifugation method).
Other experiments were also conducted to determine the best agitation time required
to recover resveratrol from culture media, using one of these agitation methods. The three
agitation processes were tested for time periods of (3, 7, 10, 14, 24, and 72 h) for the shaking
method, and (1, 5, 10, 20, and 30 min) for the other two methods. The resveratrol-culture
medium ratio was fixed at (1:100 w/v) with a medium-benzyl benzoate ratio of (100:1 v/v).
For each extraction method, 1 ml samples of the aqueous phases were taken at the different
mixing times mentioned then filtered (using 0.20 µm filter MILLEX) before analysis by
HPLC. The benzyl benzoate always formed one drop within the medium and sank to the
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bottom of the containers due to its high density compared to that of water and its complete
immiscibility in water [32]. The drop of benzyl benzoate was easily removed using a
micropipette (Fig. 1) and its volume was determined to calculate the volume loss (Vloss). This
benzyl benzoate phase was then filtered and diluted 20 times with pure benzyl benzoate for
injection into HPLC.

2.6.2. Benzyl benzoate-solvent extraction

After separating benzyl benzoate from the culture medium, resveratrol was extracted
from benzyl benzoate by another liquid-liquid extraction process. Methanol, ethanol, and
ethyl acetate, which are miscible with benzyl benzoate [33], were chosen depending on
calculations to recover resveratrol from benzyl benzoate. These solvents were mixed
separately with benzyl benzoate at a ratio of 1:1 v/v. The miscible mixtures were then
agitated by centrifugation (4900 rpm, 10 min at 25ºC) followed by freezing at -20ºC (Proline
freezer UFZ170) for one hour. In all these mixtures, the solvents stayed in their liquid state
while benzyl benzoate was frozen due to its relatively high freezing point of 21°C [30] and
sank to the bottom of the containers (Fig. 2). Then, the upper layer (solvent liquid phase) was
rapidly separated from the frozen benzyl benzoate phase using a micropipette, in a cold place
(<18°C). After dilution (20 times) with the same pure solvent, the solvent phase was injected
for analysis into HPLC. The benzyl benzoate phase was thawed at ambient temperature in
darkness, and then diluted 20 times with pure benzyl benzoate solvent for injection into
HPLC.

3. Results and discussion
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3.1. Partition coefficient of resveratrol between different solvents:

The HSPs calculations for resveratrol are given in Table 1. These were used to
calculate the partition coefficients of resveratrol from water to 270 other different solvents
(𝑙𝑛𝐾𝑆𝑊 ) and from benzyl benzoate to those same different solvents (𝑙𝑛𝐾𝑆𝐵 ) (Supplementary
information, Table S1) using the same forms of Eq. 5:
𝑉𝑊

𝑉𝑅

𝑚
[(𝛿𝑡𝑊 − 𝛿𝑡𝑅 )2 − (𝛿𝑡𝑆 − 𝛿𝑡𝑅 )2 ] + 𝑙𝑛 𝑚𝑆
𝑙𝑛𝐾𝑆𝑊 = 𝑅𝑇
𝑉

𝑚

𝑉𝑅

𝑉𝐵

𝑚
[(𝛿𝑡𝐵 − 𝛿𝑡𝑅 )2 − (𝛿𝑡𝑆 − 𝛿𝑡𝑅 )2 ] + 𝑙𝑛 𝑚𝑆
𝑙𝑛𝐾𝑆𝐵 = 𝑅𝑇
𝑉
𝑚

(7)
(8)

where superscripts B, R and W indicate benzyl benzoate, resveratrol and water, respectively.
The calculations showed that the highest 𝑙𝑛𝐾𝑆𝑊 is 14.3 with methanol, revealing that
methanol has the highest ability to extract resveratrol from water (cell culture medium).
Ethanol also has a high ability to extract resveratrol from water with 𝑙𝑛𝐾𝑆𝑊 equal to 12.7
(Table 2). However, methanol and ethanol are miscible with water and so cannot be used to
extract resveratrol directly from its aqueous cultures. Benzyl benzoate is a dense liquid [32],
immiscible with water [32], with a relatively high 𝑙𝑛𝐾𝑆𝑊 of 7.0. Therefore, a small amount of
benzyl benzoate can extract a high percentage of resveratrol from cell culture media and
separate out at the bottom of the aqueous media making it the most suitable liquid to extract
resveratrol from its aqueous cultures. For the recovery of resveratrol from benzyl benzoate in
a second-step extraction process, 𝑙𝑛𝐾𝑆𝐵 values were calculated also for 270 solvents (Table
S1), then were employed to select the best solvent for optimize the extraction of resveratrol
from benzyl benzoate. They demonstrated that methanol was the best solvent for this
extraction because it has the highest calculated 𝑙𝑛𝐾𝑆𝐵 value of 7.3 (Table 2). To test this
hypothesis, resveratrol was extracted from benzyl benzoate by not only methanol but also two
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other evaporating solvents, ethanol and ethyl acetate with 𝑙𝑛𝐾𝑆𝐵 rangeing from -3.6 to 7.3
(Table 2).

3.2. Choice of solvents

The choice of potential solvents for this process is a crucial step in performing an
effective extraction. It was generally determined following a compromise between technical
considerations and physicochemical properties [34, 35]. To achieve the goal of efficient
extraction with a minimum volume of solvent, this solvent must satisfy certain requirements,
including a great affinity towards the solute. Another critical property is the ease of recovery
of the desired solute from the solvent. Thus, a relatively low boiling point, i.e., high vapor
pressure point, is desirable to avoid the large energy consumption by solvent volatilization.
The miscibility of ethanol and methanol in water makes them impossible for direct liquidliquid extraction. Water-immiscible solvents that have a lower density than that of water are
also not suitable for direct liquid-liquid extraction of resveratrol in hairy root culture
conditions. This is because they will float on the surface of the culture medium and thus
prevent air exchange [36].
The physicochemical properties of benzyl benzoate are suitable for this extraction. It
is immiscible with water and has a higher density (ρ = 1.1 kg dm-3) [30]. Moreover, the
octanol/water partition coefficients (logPoct) of resveratrol and benzyl benzoate are 3.1 and
3.97, respectively [37, 33], so they have similar hydrophobicity and a high affinity for each
other. This corresponds to the high calculated value (7.0) of lnK SW for benzyl benzoate.
Therefore, a small volume of benzyl benzoate extracted resveratrol from the aqueous medium
and sank to the bottom of the flask (Fig. 1). However, the boiling point of benzyl benzoate is
relatively high (324°C) with a very low vapor pressure of 0.000224 mmHg at 25°C [32],
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which makes the recovery of resveratrol from benzyl benzoate impossible by solvent
evaporation. Thus, a second-step liquid-liquid extraction using an evaporating solvent at
lower temperature (< 80 °C) is needed to recover resveratrol from benzyl benzoate.
Methanol, ethanol and ethyl acetate are miscible with benzyl benzoate and melt at -97.8, 144, and -83.8°C [38], respectively. However, benzyl benzoate has a relatively high melting
point of 21°C [33] compared to those of the other solvents used. This difference was
exploited to separate benzyl benzoate from its mixtures by freezing as described above and
shown in Fig. 2. Thus, these solvents were used to recover resveratrol from the benzyl
benzoate phase in a second-step extraction process. Their ability to extract resveratrol from
benzyl benzoate depends on their lnK SB values, which were calculated and are tabulated in
Table 2.
According to the calculations and the physicochemical solvent properties discussed
above, benzyl benzoate was selected as the best candidate solvent for the medium-solvent
extraction process, and methanol as the best, ethanol as an excellent and ethyl acetate as a
poor evaporating solvent to extract resveratrol from benzyl benzoate.

3.3. High-performance liquid chromatography (HPLC)

The linearity of the calibration for resveratrol in both benzyl benzoate and ½ SH
medium was acceptable with R² = 0.9983 and R² = 0.9989, respectively. The very low
concentration of resveratrol of 0.1 mg/100 ml was measurable in the aqueous phase. The
highest studied concentrations of 4 mg/100 ml and 4 mg/ml were also within the linearity
range in both aqueous and benzyl benzoate phases, respectively. This indicates that these
concentrations are still under the saturation point in both phases.
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3.4. Extraction study

The study of the liquid-liquid extraction process of resveratrol from the culture
medium was conducted in order to determine the best conditions leading to a recovery
approaching 100% with high selectivity. Several factors, including extraction time and
agitation methods, benzyl benzoate/medium ratio, resveratrol/medium ratio, and the nature of
the culture medium, were studied to improve resveratrol extraction.

3.4.1. Extraction time and agitation methods

The effect of extraction time and agitation methods on the recovery yield of
resveratrol from ½ SH culture medium was determined at a benzyl benzoate-medium ratio of
1:100 v/v and a resveratrol concentration of 1 mg/100 ml in the medium. The results
demonstrated that both parameters influenced the extraction efficiency. For example, 24 h
was required to reach the maximum recovery yield (69.7±5%) by the shaking method but an
increase in the extraction time to 72 h did not significantly change the recovery yield (t-Test:
P < 0.05) (Fig. 3). A similar extraction yields of 69±5 and 71.6±6 (t-Test: P < 0.05) were
obtained by vortexing for one minute and centrifugation for 20 minutes, respectively. No
significant increase in the recovery yields was noticed by increasing the agitation time for
vortexing or centrifugation. (Fig. 4).
In the tested conditions, vortexing method was more efficient in reducing the
extraction time of resveratrol. One minute of vortexing achieved the maximum recovery yield
of resveratrol in a single-stage extraction process. This could be due to the different mixing
mechanisms and rates applied during the different extraction methods. Shaking uses a slower
mixing rate compared to the high speed mixing of a vortexer, while a centrifuge uses a
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relatively strong centrifugal force to separate phases [35]. This suggests that intensive mixing
is required to increase the mass transfer in the system, and also leads to equilibrium being
reached at shorter time scales. The extraction was carried out using the agitation conditions
usually applied during the normal culture process of hairy roots, and other stronger agitation
methods were tested to explore the possibility of minimizing the extraction time. The shaking
method using rotary shakers is usually applied during the growth of hairy root cultures [5,
15], therefore shaking for 24 h using a rotary shaker at a speed of 100 rpm at 25°C in
darkness was selected as the extraction method for subsequent studies.

3.4.2. Benzyl benzoate-medium ratio

The benzyl benzoate-medium ratio was changed to evaluate the effect of its volume
on the recovery process further. The results showed that the ratio affected the amount of
resveratrol extracted from the culture medium (Fig. 5). The recovery ratio of resveratrol
increased as the volume of benzyl benzoate increased, reaching the maximum (~ 80%) at a
benzyl benzoate-medium ratio of 4:100 v/v. With a benzyl benzoate-medium ratio of 1:100
v/v, the recovery of resveratrol (~ 70%) was similar to that of 2:100 v/v (73±4 %). and
significantly (t-Test: P < 0.05) higher to that of 0.5:100 v/v (60±4 %). and also comparatively
close to that of 4:100 v/v. The higher interfacial area between the two phases when the
volume of benzyl benzoate was increased explains the increase in the recovery. Three
subsequent extraction processes with the best ratio (1:100 v/v) were enough to recover the
total amount of resveratrol (~ 100%). Benzyl benzoate-medium ratio of 4:100 v/v was the
most efficient for the extraction of resveratrol. Otherwise, the goal of this work is to reduce
markedly the volume of solvent. The ratio of 1:100 v/v is the best, 3 ml are sufficient to
recover the total amount of resveratrol from 100 ml of medium culture compared to 4 ml
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needed to recover 80 % with ratio of 4:100 v/v. Based on these results, a benzyl benzoatemedium ratio of 1:100 v/v was selected to perform further experiments
The separation of benzyl benzoate from the culture medium was easily performed
using a micropipette. However, a slight loss of benzyl benzoate volume (Vloss) was noticed,
which was relatively independent of the initial volume. This means that, for a solvent volume
of 1 ml to 4 ml, the solvent loss was on average about 0.07 ml of the total volume. However,
for a solvent volume of less than 1 ml, the loss was significantly lower (Vloss= 0.02 ml). The
total amounts of resveratrol added to the culture medium were found in the calculations by
adding the amount extracted into the organic phase to that remaining in the aqueous phase
(Fig. 3S).

3.4.3. Resveratrol-medium ratio

The effectiveness of the above parameters of the extraction process was investigated
when the amount of resveratrol was changed (0.1; 0.4; 1; 2; and 4 mg) in 100 ml of medium.
The resveratrol/medium ratio (mg/ml) had a minor effect on the resveratrol extraction (Fig.
6); although a small significant increase was noticed when the amount of resveratrol was
increased from 0.1 to 0.4 mg in 100 ml of medium, no significant change occurred when the
amount increased further (t-Test: P < 0.05). These results agree with previous reported
findings. Wang et al. [3] showed that the extraction recovery of resveratrol from its aqueous
medium by ethanol (95%) increased when the ratio of the resveratrol increased to reach the
maximum at which no significant change occurred.

3.4.4. Effect of the nature of the culture medium on resveratrol recovery
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The results showed that changing the culture medium had no significant effect on the
recovery of resveratrol, for neither agitation nor centrifugation single-stage extraction
methods. The recovery percentages were ~70% irrespective of the medium used (½ SH, MS
or B5) using the same previous defined conditions, i.e., a benzyl benzoate-medium ratio of
1:100 v/v and a resveratrol-medium ratio of 1:100 mg/ml (Fig. 7).

3.4.5 Benzyl benzoate-solvent extraction

Recovery of resveratrol from benzyl benzoate, by one stage benzyl benzoate/solvent
extraction, was 97±3%, 86±4% and 5±2% using methanol, ethanol and ethyl acetate,
respectively, i.e., methanol was the best extractor, ethanol was an excellent extractor and
ethyl acetate was not effective. Sun et al. [39] studied the solubility of resveratrol in several
aliphatic alcohols including methanol and ethanol and found that it decreased as the carbon
number of alcohol solvents increased.
These experimental results verified that the theoretical data obtained from calculations
of partition coefficients of resveratrol from benzyl benzoate to other different solvents
(𝑙𝑛𝐾𝑆𝐵 ) are an excellent screening tool to find suitable solvents for LLE. Calculated data in
Table 2 show that methanol is the best solvent with the highest 𝑙𝑛𝐾𝑆𝐵 value of 7.3, ethanol is
an excellent solvent and ethyl acetate is a poor solvent for extracting resveratrol from benzyl
benzoate.

3.5. Resveratrol selectivity

In this extraction procedure, the capacity of benzyl benzoate to extract resveratrol
efficiently is essential, while the selectivity for resveratrol over structurally similar stilbenes
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has the potential to reduce the recovery costs significantly in plant cell culture systems [40].
For this reason, benzyl benzoate was evaluated for the selectivity of resveratrol over other
stilbenes assumed to be secreted into the plant cell culture medium. First, the chromatogram
from the extract-containing medium spiked with resveratrol was compared with the
chromatogram after extraction by benzyl benzoate (Fig. 4S). The results showed that the
selectivity coefficient S% for resveratrol over the total extracted compounds was 92±3.5%.
Therefore, using benzyl benzoate as the organic solvent in an LLE process markedly
increases the ratio of resveratrol to other products in the extract stream. One possible
explanation for this is the difference in structure between resveratrol and other monomeric
stilbenes of Vitis vinifera, which are present in glycosylated forms or in oligomeric and
polymeric forms [41]. This increases the hydrophilic properties (more soluble in water) of
these compounds compared to resveratrol.

4. Conclusion

Calculations based on solubility parameters were used to predict the partitioning of
resveratrol between different liquids. The calculations and the physicochemical properties
indicated that benzyl benzoate would be the best liquid to extract resveratrol from its culture
medium, and methanol or ethanol would be the best liquid to recover the extracted resveratrol
from benzyl benzoate. The growth process conditions of hairy roots in their cultures were
mimicked, such as the shaking method, pH, temperature and composition. The ratio of the
extracting liquids and the amount of spiked resveratrol in the medium were also manipulated.
Thus, the best extraction parameters to extract resveratrol (~100%) from its medium were a
three-stage extraction process using benzyl benzoate at a benzyl benzoate/medium ratio of
1:100 v/v and an extraction time of 24 h by shaking. The best parameters to recover
resveratrol (~97%) from benzyl benzoate were a single-stage extraction process using
18

methanol at a methanol/ benzyl benzoate ratio of 1:1 v/v and freezing at -20°C to separate the
phases. These methods were not only efficient and selective in the recovery of resveratrol but
they also reduced organic solvent consumption to the lowest volume ever reported for a
conventional liquid–liquid extraction of resveratrol, thus less negative effects resulting
usually by the use of high volume of solvents. Cost and time of the extraction are also
reduced. Although extraction by vigorous vortexing and centrifugation was more rapid in the
tested conditions, extraction by shaking may be used for a direct recovery of resveratrol from
the culture medium of hairy roots with preservation of plant cell viability. Further studies are
needed on benzyl benzoate solvent biocompatibility and toxicity assays.
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Tables:

Table 1
Calculation of HSPs and molar volume for resveratrol according to the Hoftyzer-Van
Krevelen method.

Group

Frequency

𝐹𝑑𝑖 (J1/2cm3/2mol-1)

𝐹𝑝𝑖 (J1/2cm3/2mol-1)

𝐸ℎ𝑖 (J/mol)

𝑉𝑚 (cm3/mol)

=CH-

5

1000

0

0

67.5

>C=

3

210

0

0

-16.5

Phenylene (o, m, p)

1

1270

12100

0

52.4

-OH
Ring closure 5 or more
atoms

3

630

750000

60000

1

190

0

0

16

3

0

0

0

-6.6

3300

762100

60000

142.8

Conjugation in ring for
each double bond



d 

 Fdi
i

23.1 MPa

Vi

0.5

i

 F 2 

pi 

p   i
 Vi

0.5

6.1 MPa

0.5

i

  Eh
i

h   i
 Vi
 i






0.5

 t   d2   p2   h2 

20.5 MPa

0.5

31.5 MPa

0.5

0.5

* Molar Volume is calculated according to (Fedors, 1974)
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Table 2
The partition coefficients of resveratrol from water to different solvents (𝑙𝑛𝐾𝑆𝑊 ) and from
benzyl benzoate to other different solvents (𝑙𝑛𝐾𝑆𝐵 ).
𝛿𝑑 *
(𝑀𝑃𝑎0.5 )
20.0

𝛿𝑝 *
(𝑀𝑃𝑎0.5 )
5.1

𝛿ℎ *
(𝑀𝑃𝑎0.5 )
5.2

𝛿𝑡
(𝑀𝑃𝑎0.5 )
21.3

𝑉𝑚 *
(cm3/mol)
191.2

Ethanol

15.8

8.8

19.4

26.5

58.6

12.7

5.8

Ethyl acetate

15.8

5.3

7.2

18.2

98.6

3.4

-3.6

Methanol

14.7

12.3

22.3

29.4

40.6

14.3

7.3

Benzyl benzoate

𝑙𝑛𝐾𝑆𝑊
7.0

Data are taken from Hansen (2007). Hansen Solubility Parameters: A User’s Handbook.
CRC Press, Boca Raton, FL, USA.
*

23

𝑙𝑛𝐾𝑆𝐵

