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a  b  s  t  r  a  c  t

Crocins  are  carotenoid  derivates  that  have  recently  attracted  the interest  of  the scientific  community  due
to their  nutraceutical  properties.  Saffron  (dry  Crocus  sativus  stigmas)  is  one  of  the  main  known  sources  of
crocins. In  this  study  the  potential  use  of aqueous  two-phase  system  (ATPS)  for  the  extraction  of  crocins
from  C.  sativus  stigmas  was  evaluated.  The  partitioning  behavior  of crocins  in different  types  of  ATPS
(polymer–polymer,  polymer–salt,  alcohol–salt  and  ionic  liquid–salt)  was  evaluated.  Ethanol–potassium
phosphate  ATPS  were  selected  based  on  their  high  top  phase  recovery  yield  and  low  cost  of  system  con-
stituents.  The  evaluation  and  optimization  of  system  parameters  rendered  conditions  (VR = 3.2,  ethanol
19.8%  (w/w),  potassium  phosphate  16.5%  (w/w),  TLL of  25% (w/w),  0.1  M NaCl  and  2% (w/w)  of  sam-
ple  load)  under  which  more  than  75%  of total  crocins  were  recovered  in  the top  (ethanol  rich)  phase,
whereas  the  wasted  stigmas  accumulated  in  the  bottom  phase.  Lastly,  a comparison  between  an  opti-
rocus sativus mized  solid–liquid  extraction  using  ethanol:water  as  solvent  and  ATPS  was  conducted  demonstrating
that  similar  yields  are  achieved  with both  strategies  (76.89  ± 1.8%  and  79.27  ± 1.6%,  respectively).  How-
ever,  ATPS  rendered  a higher  extraction  selectivity  of 1.3 ± 0.04 mg  of  crocins  for  each  mg  of  phenolic
compound,  whereas  ethanolic  extraction  showed  a  selectivity  of 0.87  ± 0.01.  The  results  reported  herein
demonstrate  the potential  application  of  ATPS,  particularly  ethanol–potassium  phosphate  systems,  for
the recovery  of  crocins  from  C.  sativus  stigmas.
. Introduction

Saffron is one of the most popular spices worldwide due to its
avoring and coloring properties. This spice is obtained from the
ry stigmas of Crocus sativus Linnaeus (Iridaceae) which is widely
ultivated in Iran, Spain, France, Italy, Switzerland and India [1,2].
esides its applications in the food industry, saffron is regarded as

 high-value medicinal plant in India and China, where it has been
sed for the treatment of various kinds of mental illnesses without
eported negative effects [3–5].

The organoleptic properties of saffron spice are given by the
resence of three carotenoid derivatives (crocins for color, picro-
rocin for flavor, and safranal for aroma), mainly synthesized during
owering. These metabolites are produced by oxidative cleavage of

eaxanthin, followed by oxidative modifications and glycosilations
4,6]. The interest on the saffron carotenoid derivates, particu-
arly crocins, is increasing due to their nutraceutical properties and

� Presented at the 16th International Conference on BioPartitioning and Purifica-
ion, Puerto Vallarta, Jalisco, Mexico, 18–22 September, 2011.
∗ Corresponding author. Tel.: +52 81 8328 4132; fax: +52 81 8328 4136.
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021-9673/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2012.03.012
© 2012 Elsevier B.V. All rights reserved.

wide range of application on the food, cosmetic and nutrimental
supplement industry. Crocins are red-colored and water soluble
carotenoids, which are a series of mono and di-glycosyl esters of
crocetin (a polyene dicarboxilic acid consisting of seven conjugated
double bonds and four side-chain methyl groups) [7].  Trans-crocin
4, digentibiosyl moiety, and trans-crocin 3, glucosyl and gentibio-
syl moiety, have been described as the most abundant crocins in
several saffron samples [8].

Different studies have demonstrated that crocins have several
nutraceutical properties including antioxidant [9],  hypolipidemic
[10], neuroprotective [11], antidepressive [12], anticholesterolemic
[13], antitumoral and anticarcinogenic [14–16] activity. With the
increasing market of natural products with nutraceutical activity
with emphasis in chemoprevention, the development of efficient
and scalable downstream processes to obtain such products has
become a priority. In the particular case of saffron, the best results
for solid–liquid extraction of crocins are obtained with mixtures
of ethanol:water and methanol:water [8,9,15]. Methods such as
microwave-assisted extraction (MAE), supercritical fluid extrac-

tion (SFE), pressurized liquid extraction (PSE), molecular imprinted
polymer (MIP), liquid–liquid extraction (LLE) are emerging as novel
techniques with high resolution and effectiveness for nutraceuti-
cals extraction [17–20].

dx.doi.org/10.1016/j.chroma.2012.03.012
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:jorben@itesm.mx
dx.doi.org/10.1016/j.chroma.2012.03.012


8  J. Chr

c
H
a
i
r
s
t
H
t
[
c
a
i
t
o
t
a
i
A
t
t
m

a
r
A
p
e
a
i
3
t
c
t
A
w
l
a
[
b
A
s
c
a
a
c
a
h
p
h
i
a
c
p
o
(
a
r
r

t
(
l
g
p

B. Montalvo-Hernández et al. /

MAE  offers shorter extraction time, less solvent and in most
ases higher extraction efficiencies than solid–liquid extraction.
owever, as in the case of solid–liquid extraction, subsequent oper-
tions for wasted solids removal are needed. Furthermore, the
ndustrial application of this technique is still limited [21,22]. SFE
epresents one of the novel techniques with greater potential for
elective extraction of nutraceuticals. This technique offers advan-
ages for the recovery of carotenoids and non-polar compounds.
owever, the cost related to the investment, operation and main-

enance of this technology has limited its application at large scale
23]. With MIP  specific recognition sites are synthesized by radi-
al polymerization with a template molecule. MIP  may  be loaded
s sorbent for solid-phase extraction (SPE) or as stationary phase
n HPLC, offering selectivity and high recovery yields [20]. Even
hough MIP  is considered as a selective recovery step, a previ-
us extraction stage is needed in order to extract the crocins from
he biological material (solid–liquid extraction). LLE represents an
ttractive alternative since early processing steps can be combined
nto a single operation (such as extraction and primary recovery).
dditionally, LLE can be easily implemented at industrial scale due

o its simplicity and low cost. Moreover, LLE has demonstrated
o be suitable for the extraction, recovery and purification of low

olecular weight products [18,19].
In this context, the use of aqueous two-phase systems (ATPS),

 type of LLE, has proved to be highly effective for the primary
ecovery and partial purification of biological products [24].
TPS are formed when hydrophilic compounds, such as two
olymers (polyethylene glycol, dextran, polypropylene glycol,
tc.), a polymer and a salt (phosphates, sulfates, citrates, etc.),
n alcohol (ethanol, propanol, isopropanol, etc.) and a salt, or an
onic liquid (IL) (1-butyl-3-methylimidazolium chloride, 1-butyl-
-methylimidazolium acetate, 1-butyl-3-methylimidazolium
etrafluoroborate, etc.) and a salt are combined over certain critical
oncentration [24]. This combination results in the formation of
wo hydrophilic phases which primordial component is water.
TPS has been used for the recovery and partial purification of a
ide range of bioproducts including proteins, genetic material,

ow-molecular weight compounds (such as secondary metabolites
nd phytochemicals), cells, organelles, virus and virus-like particles
23–25]. The fractionation of the compounds in ATPS is dictated
y the affinity of each particular solute toward a specific phase.
ffinity can be enhanced by the manipulation of ATPS parameters
uch as tie-line length (TLL; which is function of the constituents
oncentrations on each phase) and the volume ratio (VR; defined
s the ratio between the top and the bottom phase volumes),
mong others [25]. Some of the advantages of ATPS are: (a) bio-
ompatibility, (b) low costs, (c) ease of scaling-up, (d) specificity,
nd (e) process integration capability [24–26].  Ionic liquids-ATPS
ave recently emerged as a possible strategy for recovery and
urification of biomolecules. However, some ionic liquids present
igh toxicity and cost. Therefore, an adequate selection of the

onic liquid to be use for ATPS formation is necessary in order to
void problems related to economic, biocompatibility and toxicity
onstrains [27–29].  The use of ATPS for the recovery and partial
urification of crocins from C. sativus represents an interesting case
f study. Crocins are typically extracted by solid–liquid methods
organic solvent extraction) and to our knowledge, no studies
ddressing the potential use of ATPS for the fractionation and
ecovery of crocins from saffron stigmas have been previously
eported.

The objective of this study was to characterize the par-
ition behavior of pure crocins on different types of ATPS

polymer–polymer, polymer–salt, alcohol–salt and ionic
iquid–salt), where the effect of system parameters was investi-
ated in route to process development. Additionally, system and
rocess parameters were investigated to optimize the recovery of
omatogr. A 1236 (2012) 7– 15

crocins from C. sativus stigmas on ethanol–potassium phosphate
ATPS. Finally, recovery, process capability and selectivity achieved
in ATPS were compared with traditional solid–liquid optimized
extraction.

2. Materials and methods

2.1. Biological material

Commercial saffron (C. sativus) dried stigmas (Roland, USA)
were obtained from a local market. Stigmas were stored in the dark
and dry conditions at 4 ◦C until used.

2.2. Chemicals and standards

Polyethylene glycol (PEG) of nominal molecular mass of
400, 1000, 3350, 4000, 8000 and 10,000 g mol−1, 1-butyl-3-
methylimidazolium tetrafluoroborate ([BMIM] [BF4]), 1-ethyl-3-
methylimidazolium acetate ([EMIM][Ac]), dextran (DEX) from
Leuconostoc spp. of nominal molecular mass of 110,000 g mol−1

and Folin–Ciocalteu reagent 2 N (FCR) were purchased from Sigma
Aldrich (St. Louis, MO,  USA). A standard of crocins (constituted
mainly by trans crocin 4, trans crocin 3, and two unidentified peaks
at 440 nm)  [2,8] was purchased from Sigma Aldrich (St. Louis,
MO,  USA). Ethanol (96%), sodium phosphate, sodium carbonate,
dipotassium hydrogen orthophosphate and potassium dihydrogen
orthophosphate were purchased from DEQ (Mexico). All chemicals
were of analytical grade, and all the solutions were prepared using
bi-distilled water. A stock solution of crocins (1 mg  ml−1) in water
was prepared and stored at 4 ◦C under dark conditions until used.
PEG (50%, w/w of PEG 1000, 3350, 4000, 8000 or 10,000 g mol−1)
and DEX (30%, w/w)  stock solutions were prepared to be used on
ATPS formation. Since PEG 400 g mol−1 is liquid at room temper-
ature it was used at 100% (w/w). Potassium phosphate solution
(40%, w/w)  was  prepared in a ratio 18:7 dipotassium hydrogen
orthophosphate/potassium di-hydrogen orthophosphate. Sodium
phosphate (NaH2PO4) solution was prepared (40%, w/w). Adjust-
ment of pH was made by addition of orthophosphoric acid,
potassium phosphate or sodium hydroxide as needed, after the pH
adjustment the volume was  completed using a volumetric flask.

2.3. Aqueous two-phase experiments

2.3.1. Influence of type of aqueous two-phase system and system
parameters on crocins partition behavior

Selected PEG–potassium phosphate, PEG–DEX, ionic liquids
(IL)–potassium/sodium phosphate and ethanol–potassium phos-
phate ATPS (29 systems in total, identified in Table 1) were
constructed in order to determine the effect of system parame-
ters on the fractionation of pure crocins, as well as define the most
adequate system type for crocins recovery. ATPS were prepared
for convenience on a fixed mass basis using a top-loading bal-
ance. Crocins and components of the systems were weighted in
a Mettler-Toledo X564 analytical balance (Mettler-Toledo Inter-
national, USA). Predetermined quantities of stock solutions were
mixed with bi-distilled water and 0.2 g of crocins standard solu-
tion (1 mg  ml−1) to give a final total weight of 2.0 g. The stock
solutions were mixed and phases dispersed by mixing for 10 min
at 25 ◦C. Completely phase separation was achieved by low speed
centrifugation at 3000 × g for 10 min  at 25 ◦C using a Galaxy 10 cen-
trifuge (VWR International, USA). Visual estimation of the volume

of the top and bottom phase was  done in graduated tubes. Phase
volumes were used to estimate the volume ratio (VR = volume of
the top phase/volume of the bottom phase). Samples were care-
fully pipetted off and collected on clean tubes for further analysis.
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Table  1
Systems selected for the evaluation of the partition behavior of crocins in ATPS.

System PEG MW (g mol−1) PEG (%, w/w) Phosphate (%, w/w) TLL (%, w/w) Volume ratio (VR) Top phase recovery YTOP (%)

Polymer–salt (polyethylene glycol–potassium phosphate)
1 400 14.0 18.0 25 1.05 ± 0.01 72.41 ± 0.51d
2 17.0  20.0 45 1.03 ± 0.02 90.79 ± 0.69c
3  1000 13.0 15.0 25 0.90 ± 0.01 89.65 ± 1.55c
4  19.2 17.1 45 1.11 ± 0.01 99.78 ± 1.33a
5  3350 11.9 11.8 25 0.92 ± 0.02 94.96 ± 1.39abc
6  18.8 15.0 45 1.00 ± 0.01 97.24 ± 0.86ab
7 8000 13.0  10.4 25 1.00 ± 0.01 93.00 ± 1.53bc
8 20.2  14.8 45 1.06 ± 0.03 92.62 ± 1.14bc

System  PEG MW (g mol−1) PEG (%, w/w) Dextran (%, w/w) TLL (%, w/w) Volume ratio (VR) Top phase recovery YTOP (%)

Polymer–polymer (polyethylene glycol–dextran 110,000)
9 4000 5.4 10.0 15 1.04 ± 0.01 47.49 ± 0.69c

10  5.4 12.1 20 0.90 ± 0.02 45.41 ± 0.32c
11  6.1 14.1 25 0.87 ± 0.01 56.30 ± 0.44b
12  7.6 15.5 30 1.00 ± 0.02 66.20 ± 1.66a

13 10,000 3.5  8.2 15 0.99 ± 0.05 38.24 ± 0.22d
14  4.0 11.1 20 0.87 ± 0.02 47.11 ± 6.95c
15  4.9 13.5 25 0.91 ± 0.02 47.27 ± 1.00c
16 6.8  15.0 30 1.00 ± 0.00 55.24 ± 0.98b

System  Ionic liquid (IL) IL (%, w/w) Phosphate (%, w/w)  IL in top phase, ILTOP (%, w/w) Volume ratio (VR) Top phase recovery YTOP (%)

Ionic liquid–salt
17 [BMIM]-[BF4] 20.0 12.1 NR 0.33 ± 0.0 90.30 ± 1.13a
18  32.6 21.0 65 0.64 ± 0.01 86.47 ± 2.45a
19  34.2 17.0 63 0.68 ± 0.0 89.42 ± 0.29a
20  35.2 19.4 64 0.68 ± 0.0 89.63 ± 2.54a

21 [EMIM]-[Ac] 13.0  30.8 45.5 0.93 ± 0.03 81.59 ± 0.31b
22 13.8  29.83 47.8 1.15 ± 0.02 83.89 ± 1.45b
23  15.8 30.47 59.3 1.05 ± 0.01 79.35 ± 1.49b
24 17.0  25.0 46.7 2.44 ± 0.0 94.22 ± 3.17a
25  20.0 25.0 62.3 2.12 ± 0.02 97.34 ± 1.46a
26  30.0 15.2 68.8 7.25 ± 0.0 74.02 ± 0.61c

System EtOH (%, w/w) Phosphate (%, w/w) TLL (%, w/w) Volume ratio (VR) Top phase recovery YTOP (%)

Alcohol–salt
27a 14.0 23.0 25 1.03 ± 0.01 91.14 ± 0.40b
28b 14.5 24.7 37.5 0.92 ± 0.01 97.98 ± 1.39a
29c 17.0 26.1 50 1.02 ± 0.01 96.92 ± 1.26a

Systems composed with salt were prepared with potassium phosphate (pH 7.0), except for [BMIM][BF4] which were prepared with sodium phosphate (pH 4.0). TLL and
compositions of polymer–salt/polymer were estimated using the binodal curves presented by Zaslavsky [60]. TLL and compositions of [BMIM][BF4]–salt were estimated
using  the binodal curves presented by Li et al. [28]. Nr: not reported. The recovery of crocin from the phase is expressed relative to the initial amount of crocin in the solution
loaded  to the ATPS. Levels not connected by the same letter are significantly different. Statistical analysis was realized by type of ATPS.

a For VR 3.2: EtOH 19.8% (w/w); PO4 16.5% (w/w).
b For VR 3.2: EtOH 22.0% (w/w); PO4 16.0% (w/w).
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c For VR 3.2: EtOH 26.0% (w/w); PO4 16.0% (w/w).

rocins concentration in each phase was determined by mea-
uring the absorbance at 440 nm.  A blank system (where water
as used as sample) was prepared for each treatment and used

s analytical blank for the corresponding phase (top or bottom).
 calibration curve for crocins quantification was constructed

n water (5–300 �g ml−1) with a correlation coefficient (R2) of
.9997. Recovery yield at the top and bottom phase was  estimated
s the amount of crocins present in the phase (volume of the
hase × crocins concentration) and expressed relative to the orig-

nal amount loaded into the system. Partition coefficient (Kp) was
alculated as the crocin concentration ratio between the phases
concentration of crocins in the top phase/concentration of crocins
n the bottom phase).

.3.2. Recovery of crocins from C. sativus in ethanol–potassium

hosphate aqueous two-phase systems

Partition behavior studies showed that the use of
thanol–potassium phosphate ATPS represent an interesting
ption for the fractionation of crocins due to their particular
polarity properties and economics. Therefore, ethanol–potassium
phosphate ATPS were selected for crocins recovery on complex sys-
tems (where dried stigmas of C. sativus were used as sample). ATPS
were prepared with a fixed mass basis. Predetermined quantities
(see Table 1) of stock solutions were mixed with bi-distilled water
to give a total weight of 50.0 g. Sample load was kept constant as
a 2.0% (w/w) dried stigmas from C. sativus. The components were
mixed thoroughly using a magnetic stirrer in order to allow the
complete contact of all system constituents and subsequently were
allowed to settle for 2 h for phase separation. Phase volumes were
used to estimate VR. Phases were carefully extracted (pipetted off)
for further analysis. Total crocins concentration in commercial
saffron was quantified using the average extinction coefficient
for crocins of ε440 nm = 103,000 dm3 mol−1 cm−1 in water and a
molecular mass of 977 g mol−1. Recovery yield at the top and

bottom phase was  estimated as the amount of crocins present
in the phase (volume of the phase × crocins concentration) and
expressed relative to the original amount loaded into the system.
An aliquot of the top phase was taken, diluted with water and
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Table  2
Influence of process parameters for crocins recovery using solid–liquid extraction.

Treatment EtOH (% v/v) Temperature (◦C) Sample load (% w/v) Crocins recovery (%)*

1 0.0 25 5.0 52.01 ± 1.9c
2 25.0  25 5.0 58.60 ± 4.5bc
3  50.0 25 5.0 76.89 ± 1.8a
4  75.0 25 5.0 67.97 ± 0.3abc
5  100.0 25 5.0 17.75 ± 1.5d
6  50.0 50 5.0 70.68 ± 3.4ab
7 50.0  25 2.5 75.20 ± 4.5a
8  50.0 25 10.0 68.47 ± 2.6ab
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xtractions were made as describe in Section 2. Levels not connected by the same l
.0.

* Crocins recovery is expressed relative to the total amount of crocins loaded to t

ltrated using a 0.45 �m syringe filter for crocins quantification.
amples were protected from light and stored at −20 ◦C until
urther analysis.

.3.3. Determination of ionic liquid [EMIM][Ac] in top phase
Since no binodal curve was found on literature for [EMIM][Ac]

TPS such systems were characterized in terms of ionic liquid
IL) concentration at the top phase. The [EMIM][Ac] concentra-
ion in the top phase of the ionic liquid based ATPS was estimated
y UV absorbance at 210 nm.  A calibration curve for [EMIM][Ac]
uantification was constructed in water (0.1–0.9%, w/w)  with a
orrelation coefficient (R2) of 0.999. IL-based ATPS without sam-
le were constructed as previously described (Table 1, Systems
1–26). Samples from the top phase were carefully pipetted off
nd collected on clean tubes for further analysis. IL concentration
stimated at 210 nm in the top phase of ATPS was established for
urther comparison between the systems in order to understand
ossible effects of this factor on crocins partitioning.

.4. Establishment of optimal process conditions for the ethanolic
xtraction of crocins from C. sativus

Ethanol concentration, extraction temperature, sample load and
ime were varied in order to determine their effect on crocins
xtraction. The extraction processes were carried out in an incu-
ator with agitation under controlled temperature at 200 rpm and
rotected from light for up to 60 min. Table 2 shows the factorial
sed for crocins extraction optimization. An aliquot of the extrac-
ion was taken, diluted with water and filtrated with a 0.45 �m
yringe filter for crocins quantification. Sample was protected from
ight and stored at −20 ◦C until further analysis. The content of
rocins per gram of saffron stigmas (31.48 ± 3.88 mg  g−1 of dried
affron stigma) was determined by serial extractions of the wasted
olids at optimal extraction conditions (ethanol aqueous solution
t 50% (v/v), temperature 25 ◦C and sample load of 5%, w/v).

.5. Analytical procedures

Crocins, system constituents and other reagents were weighted
n a Mettler-Toledo X564 analytical balance (Mettler-Toledo Inter-
ational, USA). Absorbance measurements were made in an Epoch
icroplate spectrophotometer (BioTek Intruments, Inc., USA) using

 flat bottom 96-well quartz microplate (Hellma, Germany).

.5.1. Analysis of crocins by HPLC–DAD
HPLC analysis was performed in order to determine the

urity achieved using ATPS compared with solid–liquid extraction.

rocins were analyzed using reversed-phase HPLC-DAD technique
ased on the method described by Tarantilis et al. [30] with some
odifications. The HPLC system consisted on an Agilent-1200 (Palo
lto, CA) series instrument equipped with a UV–Vis photodiode
re significantly different. Statistical analysis was made using JMP  software version

anolic treatment.

array (DAD) detector, quaternary pump, vacuum degasser and
an auto sampler. An Agilent Zorbax XDB-C18 Solvent Saver Plus
(3.5 �m)  stainless-steel column (100 mm × 3 mm I.D.) was used.
The mobile phase was a linear gradient from 40% to 100% methanol
in water in 17 min, followed by 5 min  at 100% methanol. The solvent
flow-rate was  kept constant at 0.3 ml  min−1 and the sample injec-
tion volume was 5 �l. Detection was performed simultaneously
at 190–600 nm.  The relative purity analysis was performed using
three different wavelengths for crocins (440 nm)  and the principal
contaminants (250 and 308 nm)  absorbance [30]. Relative purity
was expressed as the relationship between the area of the major
crocin peak (i.e. crocetin di-�-d-gentibiosyl ester) and the total area
for each wavelength [8].

2.5.2. Total phenolic compounds analysis
A final analysis to determine extraction selectivity for crocins

upon phenolics was  assessed. The total phenolic concentration in
the extracts was determined by using the Folin–Ciocalteu method
with gallic acid as the standard [31]. Briefly, 100 �l methanolic
solutions of standard (50–250 ppm) or diluted extract (10-fold in
bi-distilled water) was added to 500 �l of Folin–Ciocalteu reagent
2 N (diluted 9-fold in bi-distilled water). This mixture was allowed
to stand for 5 min  before the addition of 400 �l of 7.5% (w/w)
sodium carbonate (Na2CO3). After incubation for 1 h at room tem-
perature (22–24 ◦C), the absorbance was measured at 760 nm in
an Epoch microplate spectrophotometer (BioTek Intruments, Inc.,
USA) using a flat bottom 96-well microplate. All determinations
were carried out in triplicate using proper blank solutions (aque-
ous ethanol or top phase of ATPS). The results were expressed as
mg gallic acid equivalents (GAE) g−1 of dry stigmas (DS). Equation
obtained for the standard curve was Abs = 0.0059 × GAE + 0.0019
(R2 = 0.9988).

2.6. Statistical procedures

Results reported are the average of at least three independent
experiments, and the standard error was calculated as the stan-
dard deviation divided by the square root of the number of replicas.
The total crocins content was  analyzed using analysis of variance
(ANOVA) with JMPTM Statistical DiscoveryTM Software Version 5.0
(SAS Institute Inc., NC, USA). Significant differences among means
(p < 0.05) were determined by all pairs Tukey HSD.

3. Results and discussion

3.1. Influence of type of aqueous two-phase system and system
parameters on pure crocins partition behavior
The partition experiments in ATPS using pure crocins as sample
revealed that these compounds exhibited a top-phase preference.
The top-phase preference of the crocins resulted (for most of the
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ystems studied) in partition coefficients (Kp) higher than 100,
articularly on polymer–salt, ionic liquid–salt and alcohol–salt
ystems. Due to these extreme Kp values it was  decided to use
he recovery of crocins (expressed relative to the initial amount
f crocins loaded to the ATPS) from the top phase as the response
ariable to evaluate the effect of system parameters on the behavior
f the product in the ATPS.

.1.1. Partition behavior of crocins in PEG–potassium phosphate
ystems

PEG–potassium phosphate ATPS has been the most studied for
he fractionation of biological products, particularly for proteins,
irus-like particles, and genetic material (genomic or plasmidic)
24]. The partition behavior of crocins on selected PEG–potassium
hosphate ATPS is shown in Table 1. As it can be seen crocins exhibit

 top phase preference in PEG–potassium phosphate systems (Sys-
ems 1–8). An interaction effect between low-molecular weight
olymers and increasing TLL upon crocins recovery was  observed.

ncreasing the TLL promoted an increase in the top phase recovery
f crocins from 72.41 ± 0.51% to 90.79 ± 0.69% and 89.65 ± 1.55% to
9.78 ± 1.33% for PEG 400 and 1000 g mol−1, respectively. This par-
ition behavior may  be explained in terms of phase free volume and
ydrophobicity [32]. As TLL increases the polymer concentration

ncreases in the top phase, and as a consequence, hydrophobicity of
uch phase also increases. Since crocins are amphipathic molecules
sugar constituents gives them a polar character while its polyene
ore is mostly hydrophobic) an increment on top phase hydropho-
icity and excluded volume seem to favor their partition toward
uch phase.

From all the PEG–potassium phosphate ATPS studied, Systems
 (PEG 1000 TLL 45%, w/w) and 6 (PEG 3350 TLL 45%, w/w)
xhibit the best recovery of crocins from top phase, 99.78 ± 1.33%
nd 97.24 ± 0.86%, respectively (see Table 1). The increase in PEG
olecular weight (PEGMW) and TLL has been associated with an

ncrement on the hydrophobicity in the top phase [32]. ATPS with
ow PEGMW (400 g mol−1) exhibited the lower crocins recovery,
articularly at TLL (25%, w/w). Therefore, partition behavior of
rocins can be related to hydrophobic interactions between PEG
hain and polyene core. However, a further increase on PEGMW
nd TLL causes a slight decrease in recovery yield (Table 1, Systems

 and 8). This may  be explained in terms of increase of excluded
olume on the top phase of the system. Cisneros et al. reported
he partitioning behavior of lutein from Chlorella protothecoides
n PEG–potassium phosphate systems [32]. The results showed a
op phase preference, where at least 70% of the carotenoid can
e recovered from this particular phase when high PEGMW were
sed. Crocins and lutein have a polyene as central core. These struc-
ures can favor hydrophobic interactions with the polymer chains,
hich can cause an affinity partitioning of the molecules to the top

EG-rich phase.

.1.2. Partition behavior of crocins in PEG–dextran systems
In regard to the fractionation of crocins on PEG–dextran ATPS

s PEGMW increases the partition behavior of crocins into the top
hase system decrease. The top phase recovery yields were less
han 70% for all cases, and there was a notable accumulation of
he target product at the interface of the systems (Table 1, Systems
–16). It seems that a high TLL (i.e. 30%, w/w) favored the top phase
ecovery of crocins independently of the PEG molecular weight
sed (PEG 4000 and 10,000 g mol−1). ATPS constructed using PEG
000 showed a significant increment in the top phase recovery
from 45.41 ± 0.32% to 66.2 ± 1.66%) when TLL was  increased from

0.0 to 30.0% (w/w).

For polymer-based ATPS it has been reported that low molec-
lar weight compounds usually partition in an even way  between
he phases [33,34]. Nevertheless, this behavior can be affected by
omatogr. A 1236 (2012) 7– 15 11

an interaction between the target molecule and the phase forming
compound [35]. In this particular case, crocins partitioning exhibits
a top phase preference when a high TLL is applied. This behav-
ior has been observed with some hydrophobic low molar mass
antibiotics (vancomycin and pristinamycins) [34,36],  and it was
postulated that the hydrophobic interaction between the molecule
and the ethylene group of PEG can be responsible for the com-
pound partitioning to the PEG-rich phase [36]. As TLL increases,
PEG concentration in the top phase and dextran concentration in
the bottom phase increase, and as a consequence, the hydrophobic
interactions may  be favored [37].

3.1.3. Partition behavior of crocins in ionic liquid–salt systems
Ionic liquids (ILs) have attracted the interest on the biopro-

cess research area due to their versatility. For this study two ionic
liquids with different hydrophobicity ([EMIM][Ac] < [BMIM][BF4])
were used to analyze the partition behavior of crocins on IL–salt
ATPS [29]. [BMIM][BF4] is one of the most used ionic liquids for the
extraction of biological compounds. For the systems constructed
using [BMIM][BF4] (Table 1, Systems 17–20) crocins exhibited a
top phase preference.

[EMIM][Ac] has been proposed as a safer ionic liquid
due to the absence of a halogen anion [38,39]. However,
[EMIM][Ac]–potassium phosphate ATPS have not been character-
ized in terms of TLL. Therefore, the partition behavior on these
systems was analyzed in terms of the top phase concentration of
the ionic liquid (determined by absorbance at 210 nm)  instead of
TLL. Crocins exhibited, in [EMIM][Ac] and [BMIM][BF4] systems, an
evident top phase preference (Table 1, Systems 21–26), where at
least 70% of the crocins were recovered at such phase. Ionic liquid
concentration in the top phase (45.5–59.3%, w/w) showed no effect
in the partition behavior of crocins (Table 1, Systems 21–23).

From Table 1 it can be seen that using a VR higher than 1.0
affected the crocins partition. Systems with similar IL concentra-
tion in top phase (i.e. ∼46%, w/w) showed that an increase in
the VR could enhanced crocins partition into the [EMIM][Ac]-rich
phase (Table 1, Systems 21 and 24). Hydrophobic and electrostatic
interactions have been proposed as the principal factors in the
partitioning behavior of biomolecules in IL-ATPS [33,40,41].  Sys-
tems 25 and 26 showed a peculiar behavior, although a similar top
phase concentration of ionic liquid was  determined for both sys-
tems (∼65%, w/w). System 26 with the higher VR showed a decrease
in crocins recovery at the top phase. Such behavior can be related
with the migration of inorganic salts upon the top phase reducing
the available water molecules for crocins solubilization.

Ionic liquids in the presence of water are dissociated in ions.
Therefore, electrostatic interactions between the IL-cation and neg-
ative charge molecules or IL-anion and positive charge molecules
have been proposed as the main force that drives molecules parti-
tioning [33,42]. However, crocins have not electrochemical charge
due to the lack of ionizable functional groups within the working
pH range. Consequently, a second driving force must be involved on
crocins partition behavior. Keith et al. [43] reported that an increase
in the concentration of IL is associated with a higher hydrophobic-
ity in the top phase of the system. Hydrophobic interactions have
been associated with the alkyl chain length of the cation [40]. This
driving force may  be associated with the partitioning behavior of
crocins toward the top IL-rich phase.

3.1.4. Partition behavior of crocins in ethanol–potassium
phosphate systems

Polymer–polymer/salt ATPS have been well documented for the

extraction of several biomolecules. Ionic liquids ATPS has recently
emerged as a “green” option for the recovery and extraction
of several biological compounds [29]. However, the main draw-
backs of these kinds of systems are the difficulty of recycling the
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Fig. 1. Influence of volume ratio and tie-line length on crocins top phase recovery
in  ethanol–phosphate aqueous two phase systems. The recovery of crocins from the
top phase (YTOP) in VR 1.0 (�) and VR 3.2 ( ) ATPS is expressed relative to the total
amount of crocins loaded to the ATPS. For all systems, pH and saffron loaded to the
system were kept constant at 7.0 and 2% (w/w), respectively. Treatments not con-
nected by the same letter are significantly different. The ATPS were constructed as
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omponents, the high cost of some phase forming compounds
nd the efficiency of separating high molecular weight system
onstituents (particularly polymers) from low molecular weight
roducts [44]. The characterization of alcohol–salts ATPS have
een described in literature since the early 90s [45]. However, the
umber of studies focusing on their potential application for the

ractionation, recovery and purification of biological compounds is
imited [44,46,47].  The advantages of these ATPS include low vis-
osity, high polarity, ease of ethanol recovery, lower cost system
onstituents and lower environmental impact [48]. Characteriza-
ion of alcohol–salt based ATPS has been limited due to the low
ompatibility with macromolecules such as proteins and enzymes
hat can be inactivated or denatured in the organic solvent phase
49]. Due to the particular physicochemical properties of crocins
i.e. low molecular mass, stability and efficient extraction in organic

edia), the application of alcohol–salt ATPS for their extraction and
ecovery represents an interesting alternative to present extraction
trategies.

In the case of ethanol–potassium phosphate ATPS crocins parti-
ion behavior is clearly favored toward the top (alcohol–rich) phase
f the systems (Table 1, Systems 27–29). An increase in TLL (from
5%, w/w to 37.5%, w/w) increased the top phase preference of
rocins. Wang et al. [47] reported the effect of system parame-
ers in alcohol–salt ATPS on the partition behavior of tetracycline
ydrochloride. The authors concluded that the concentrations of
alt and alcohol produced a significant effect on the solubility of
arget molecules, since the “salting-out” effect caused by the high
alt concentration can lead to an exclusion of low molecular weight
ompounds. This exclusion may  favor partitioning toward the top
hase for molecules soluble in alcohol. System 29 (TLL 50.0%, w/w)
hows no effect upon recovery of crocins in the top phase when
ompared with System 28 (TLL 37.5%, w/w). This behavior may  be
elated with the little effect of TLL upon salt concentration in the
ottom phase for these particular systems (i.e. Systems 28 and 29).

Based on the results presented herein it can be concluded that
EG–potassium phosphate, IL–phosphate and ethanol–potassium
hosphate ATPS represent a viable option for crocins recov-
ry. PEG–phosphate ATPS rendered the highest recovery yields.
owever an ultrafiltration process is needed to separate the tar-
et molecule (i.e. low molecular weight compound) from the
igh molecular weight top phase constituent. This process may
epresent some technical disadvantages since PEG may  accu-
ulate in the membrane surface forming a gel layer reducing

ux considerably at a fixed operation pressure [44,50]. In the
ther hand, alcohol–salt systems offer several advantages over
raditional ATPS, such as low cost of forming compounds, easy
eparation of target molecule from system constituents and ease
f ethanol recovery for further extractions. A rough economic
omparison, in which the cost of ATPS constituents were taken
nto account, was realized between PEG 1000-phosphate and
thanol–phosphate ATPS for crocins recovery. It was estimated that
raditional polymer–salt ATPS where approximately 2.5 times more
xpensive than alcohol–salt systems on a crocins mass recovered
asis. Therefore, ethanol–potassium phosphate ATPS were selected
or consecutive experimental stages with complex systems (i.e. dry
tigmas of C. sativus).

.2. Recovery of crocins from C. sativus stigmas in
thanol–potassium phosphate aqueous two-phase systems

Purified crocins exhibit an evident top phase preference in
thanol–phosphate systems. However these systems did not take

nto account the influence of contaminants from saffron stigmas
pon the partition behavior of crocins on ATPS. In this section the
xtraction of crocins from stigmas of C. sativus was  optimized by
he manipulation of system parameters, such as TLL and VR, and
described in Section 2. Results reported are the average of at least three independent
experiments.

process parameters (such as sample load and addition of neutral
salts) to maximize crocins recovery on the top (ethanol-rich) phase.

Initially, the effect of increasing TLL upon crocins partition
behavior was  evaluated with a sample load of dry stigmas of
2%, w/w.  Changes in the TLL affect the free volume available
for a solute, and as a consequence the partition behavior of the
compound is affected [32]. The impact of increasing TLL upon
crocins recovery is illustrated in Fig. 1. The results showed that
increasing the TLL has little or no effect upon the recovery of
crocins into the top ethanol rich phase. Independently from the
TLL used (from 25% to 50%, w/w) ethanol–potassium phosphate
ATPS with VR = 1.0 recovered at least 50% of the crocins present
in the saffron stigmas (31.48 ± 3.88 mg  g−1 of saffron) on the
top phase while wasted solids accumulate in the interface. A
decrease in ATPS performance for the recovery of crocins is
observed when compared with model systems (pure crocins;
Table 1, Systems 27–29). This behavior may be related to a
saturation effect of the top phase, as a result of crocins and
contaminants (not present in crocins standard) fractionation into
such phase. It was  determined that the standard had three times
more crocins per gram than the crude extract. However, the mass
of contaminants in crude extract is much higher than that the
crocins standard, which may  support a possible saturation effect
of the top-phase.

The effect of changing VR (from 1.0 to 3.2) upon the recovery of
crocins from stigmas of C. sativus was  evaluated in selected sys-
tems (Systems 27–29 in Table 1). It has been reported that an
increment in VR usually causes an increment in recovery for low
molecular weight products on the top phase. This behavior has
been associated with the relative affinity of the product and con-
taminants to the top phase and the available free volume [25].
Fig. 1 compares the top phase recovery yields of crocins after VR
modification from 1.0 to 3.2 (from blank systems). As the VR of
the system increases, the free volume available in the top phase
for the partition of solutes also increases. As a result the recov-
ery yield achieved also increases. For each TLL the same effect was
observed. In the particular case of TLL 50% (w/w) (Table 1, System
29) an apparent increase in the top phase recovery of crocins was
observed from 54.80 ± 2.2 to 68.31 ± 6.1%. Statistical analysis indi-
cates that no significance difference is observed when the VR of the
ATPS is increased (p = 0.11). However, ATPS with high V (3.2) offer
R
an important process advantage for crocins recovery since while
crocins partition selectively toward the top phase, wasted biomass
(stigmas) partitions to the bottom phase facilitating its separation
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Table  3
Effect of NaCl concentration (M)  upon top phase recovery yield of crocins in ethanol–phosphate, TLL 25% (w/w) system.

System EtOH (%, w/w) Phosphate (%, w/w) NaCl (M)  VR Top phase recovery, YTOP (%)

27 19.8 16.5 0 3.29 ± 0.1 61.83 ± 3.3b
0.1  3.05 ± 0.1 79.27 ± 1.6a
0.3  2.79 ± 0.1 69.58 ± 4.1ab
0.5  2.75 ± 0.2 73.30 ± 5.3ab

S ificantly different. Statistical analysis was made using JMP  software version 5.0.
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Fig. 2. Effect of sample load (%, w/w) on crocins top phase recovery yield in
ethanol–phosphate aqueous two phase system. The recovery of crocins from the
top  phase (YTOP) in ATPS is expressed relative to the total amount of crocins loaded

T
C

l

ample load was  kept at 2% (w/w). Levels not connected by the same letter are sign

nd preventing contamination problems when the top phase is
emoved for further processing. System 28 (comprising TLL 37.5%
w/w) and VR = 3.2) exhibited the best recovery of crocins from the
op phase (68.18 ± 3.9%) in a single extraction. However, System 27
comprising a TLL 25% (w/w) and a VR = 3.2) offers the advantage
f a high top phase recovery of crocins (61.83 ± 3.3%) using less
hase constituents, particularly ethanol. Since no statistical signif-

cant difference was observed between the recovery obtained with
ystem 27 and 28 (p = 0.55, when different TLLs are compared with
R = 3.2), System 27 was selected as the most favorable to maximize
he partitioning of the product of interest and biomass to opposite
hases.

In an attempt to increase crocins recovery at the top phase
f ethanol–potassium phosphate ATPS, the effect of addition of a
eutral salt (NaCl) was studied. For polymer–salt ATPS it has been
eported that as the concentration of NaCl increases, hydrophobic
nteractions between low molecular weight compounds and the
olymer chains are enhanced [36,51]. It has also been reported that
he addition of neutral salt in typical ATPS (i.e. polymer–polymer
r polymer–salt) often produces an electrical potential difference
etween the two phases caused by the unequal distribution of the

ons; therefore the partitioning behavior of charged molecules is
trongly affected by this electrostatic potential difference [52,53].
s far as the authors know, the effect of neutral salt addition (i.e.
aCl) into ATPS conformed by ethanol–potassium phosphate has
ot been studied.

The effect of NaCl concentration upon crocins recovery in Sys-
em 27 (comprising a TLL 25% (w/w), VR = 3.2 and sample load of 2%,
/w) is shown in Table 3. The increase of NaCl concentration from

 to 0.5 M is associated with a decrease in the VR from 3.29 to 2.75.
his behavior may  be associated with the unequal partitioning of
aCl between the phases [51]. In this particular case, NaCl migrates
referentially to the bottom phase (Table 3). The use of a NaCl con-
entration of 0.1 M favored the fractionation of crocins toward the
op phase, increasing the recovery from 61.83 ± 3.3 to 79.27 ± 1.6%.
his behavior can be related to the salting out effect. Wang et al.
47] reported that an increment of salt concentration in alcohol–salt
TPS promotes the exclusion of hydrophobic low molecular weight

ompounds (i.e. tetracycline) into the top alcohol-rich phase. It has
lso been reported that salt-induced phase separation of water-
iscible organic solvents in aqueous solution, these systems has

een used successfully for the recovery of polar analytes into the

able 4
omparison of sample load for crocins recovery between ethanolic extraction and ethano

Extraction Sample load (%, w/v) Croc

Ethanolica 2.5 75.2
5.0  76.8

10.0  68.4

ATPSb 1.5 89.
3.0  79.2
6.0  72.8

a Ethanolic extractions were made under optimal conditions (ethanol 50%, v/v, temper
b Ethanol–phosphate ATPS extractions were made under optimal conditions (System 2
c The recovery is expressed as crocins rendered per gram of ethanol needed for the extr

oaded  to the treatment. Levels not connected by the same letter are significantly differen
to the ATPS. For all systems, pH was kept constant at 7.0. ATPS System 27 was  con-
structed as described in Section 2 using a VR 3.2 with 0.1 M NaCl. Results reported
are  the average of at least three independent experiments.

organic phase (i.e. acetone, methanol, ethanol, and acetonitrile)
[54,55]. In this last case, the addition of NaCl may  be related with an
increase of ethanol at the top phase (due to the salting-out effect),
increasing crocins solubility at such phase. Further increase in NaCl
concentration (0.3 and 0.5 M)  did not result in an increment in the
concentration of crocins in the top phase when compared with a
system without neutral salt. Addition of NaCl had shown to change
phase composition in PEG–potassium phosphate systems [56], and
to decrease the free volume change in the top phase [53,57]. There-
fore, the marginal effect of NaCl upon crocins partitioning may be
attributed to the decrement in the free volume in the top phase,
which may  lead to a saturation effect. Based on these results the
ethanol–potassium phosphate ATPS comprising TLL 25% (w/w), VR
3.2 and 0.1 M NaCl was  selected as the most favorable for crocins
recovery at the top phase, while the wasted solids accumulated in
the bottom phase.

Finally, in order to assess process robustness, the effect of sam-
ple loading (dry C. sativus stigmas, 1.0, 2.0 and 4.0%, w/w)  on the
performance of ATPS was evaluated. The ATPS selected on the pre-

vious experimental stage, System 27 (VR = 3.2) with 0.1 M NaCl, was
used to carry out the sample loading effect studies. Fig. 2 illustrates
the effect of sample loading on the recovery of crocins at the top
phase of the selected system. It is clear that top phase recovery of

l–potassium phosphate ATPS.

ins recovery (%) Process capabilityc (mg crocins g−1 EtOH)

0 ± 4.5ab 1.43 ± 0.04
9 ± 1.8ab 2.52 ± 0.05
7 ± 2.6b 4.63 ± 0.28

8 ± 2.6a 1.52 ± 0.09
7 ± 1.6ab 3.10 ± 0.07
2 ± 4.4b 5.52 ± 0.21

ature 25 ◦C and agitation).
7, TLL 25%, VR = 3.2 with 0.1 M NaCl).
action process. Crocins recovery is expressed relative to the total amount of crocins
t. Statistical analysis was made using JMP  software version 5.0.
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rocins decrease as sample loading is increased. Such behavior can
e explained on the basis of solute deposition at the interface due
o a saturation effect of the top phase with both, crocins and con-
aminants. Sample load of 1.0% (w/w) exhibits a top phase crocins
ecovery of 89.8 ± 2.6% in a single extraction, whereas a sample load
f 4.0% (w/w) rendered a total recovery of 72.82 ± 4.4%. It is clear
hat an attempt to intensify recovery process by increasing sample
oad results in a negative performance, decreasing the recovery of
rocins. Sample load of 1.0% and 2.0% (w/w) may  rendered high top
hase recovery (89.8 ± 2.6% and 79.27 ± 1.6%, respectively), where
o significantly difference was observed between the treatments.
owever, sample loading of 2.0% (w/w) offer potential benefits over
.0% (w/w) since an unnecessary dilution of the sample is avoided.

From the studies of the influence of system and process param-
ters upon the extraction and primary recovery of crocins from
TPS, process conditions comprising VR = 3.2, ethanol 19.8% (w/w),
hosphate 16.5% (w/w), TLL of 25% (w/w) and 0.1 M NaCl were
elected as optimal. Such extraction conditions resulted in a top
hase recovery of 79.27 ± 1.6% using a sample load of 2.0% (w/w).
he results reported here highlight the potential application of
TPS for the recovery of crocins.

.3. Establishment of optimal process conditions for the ethanolic
xtraction of crocins from C. sativus

The optimal conditions for crocins extraction using typical
rganic solvent extraction (solid–liquid extraction) were deter-
ined as a benchmark for crocins recovery. Also, consecutive

olid–liquid extraction stages under optimal conditions were
mployed in order to determine the amount of crocins on dry C.
ativus stigmas. As shown in Table 2, ethanol concentration (%,
/v) demonstrated to be the main factor influencing the recov-
ry of crocins from dry C. sativus stigmas. Extraction temperature
as expected to be a critical factor as shown by Yang et al. for

he extraction of crocins from Gardenia jasminoides fruits [58]. In
he case of saffron stigmas, no effect was observed when temper-
ture was increased. This behavior may  be related with saturation
f the extraction phase since crocins concentration between both
aterials is different, it was reported that G. jasminoides fruits

ave 8.47 mg  g−1 of dried powder, and in this study it was  found
hat saffron stigmas have a concentration of 31.48 ± 3.88 mg  g−1

f dried saffron stigma [58]. Optimal conditions comprise the fol-
owing parameters: ethanol:water ratio (1:1), temperature 25 ◦C,
ample load of 5% (w/v) and shaking (50–200 rpm). Under such con-
itions a recovery yield of 76.89 ± 1.82% can be achieved on a single
xtraction stage.

.4. Process comparison between solid–liquid extraction and
thanol–phosphate ATPS for crocins recovery

In order to compare processes capability and robustness
etween ethanolic solid–liquid extraction and ethanol–potassium
hosphate ATPS sample load effect must be expressed in the same
asis. Sample loading effect would be compared as the mass of saf-
ron stigmas per volume of extraction media (%, w/v). For ATPS
he extraction volume corresponds to the top (ethanol rich) phase,
ince it is the volume that needs to be recovered for further process-
ng. Therefore, sample loading evaluated for ATPS robustness 1.0,
.0 and 4.0% (w/w) are equivalent for 1.5, 3.0 and 6.0% (w/v), respec-
ively. Table 4 shows the effect of sample loading in the optimized
xtraction processes. ATPS with a sample load of 1.5% (w/v) shows
he higher crocins recovery in the top phase. However, this sample

oading renders a highly diluted sample. Ethanolic and ATPS ren-
er similar crocins extraction when a sample load of 2.5–10.0% and
.0–6.0% (w/v) is used, respectively. Under optimal conditions with
he higher sample load tested in this study, ethanolic extraction
omatogr. A 1236 (2012) 7– 15

achieved a crocins recovery of 68.47 ± 2.6% (i.e. 10.0%, w/v  sample
load), whereas ethanol–phosphate ATPS rendered 72.82 ± 4.4% (i.e.
6.0%, w/v  sample load).

Process capability was  also analyzed in terms of crocins ren-
dered per gram of ethanol needed for the extraction process.
As a general result, when sample load (i.e. %, w/v) is evaluated
ethanol–potassium phosphate ATPS renders a higher recovery of
crocins per gram of ethanol used for the extraction (Table 4).
Under optimal conditions with the higher sample load for ATPS
(i.e. 6.0%, w/v) the process may  extract 4.62 ± 0.28 mg  crocins g−1

EtOH; whereas for the ethanolic extraction under optimal condi-
tions with a similar sample load a yield of 3.47 mg crocins g−1 EtOH
was estimated. This demonstrates the feasibility of using ATPS pro-
cess for the extraction as an alternative for the traditional extraction
methods.

As far as the authors know, an optimized solid–liquid extraction
of crocins from saffron stigmas has not been developed. However,
some research groups have worked in the optimization of recov-
ery and purification of crocins using other strategies. Mohajeri et al.
developed a molecular imprinted polymer (MIP) which had affinity
for the gentiobiose present in the principal crocin molecule. With
the application of the MIP  as sorbent in SPE, an 84% recovery of
crocin was achieved [20]. However, a previous step is required for
the extraction of crocins from raw materials. Zhang et al. developed
a two-step chromatography process, with a novel stationary phase,
for the isolation of crocins from saffron extract [59]. Such pro-
cess achieved high-purity for the three principal crocins [crocetin
(di-�-d-gentobisyl) ester, crocetin (mono-�-d-gentobisyl-mono-
�-d-glycoside) ester and crocetin (�-d-gentobisyl) ester]. However,
the process requires 22 h for pre-separation and a second chro-
matography step for the complete separation of the pigments.
Lastly, a crystallization method for the extraction and purification
of crocin from saffron stigmas was  developed by Hadizadeh et al.
using ethanol as crystallization medium. Even though high-purity
was achieved by the process, industrial application may be limited
since it requires high-volume of organic solvents and 44 days for
process completion [2].  Therefore, based on the results presented
herein, the use of ethanol–potassium phosphate ATPS may  repre-
sent a viable alternative for the extraction and recovery of crocins
from C. sativus stigmas as a previous stage of chromatography or
SPE.

3.4.1. Extraction selectivity comparison under optimal extraction
conditions

A final analysis using HPLC was performed to determine the
purity achieved using ATPS compared with solid–liquid extraction.
Relative purity was  defined as the ratio between the area of the
major crocin peak (i.e. crocetin di-�-d-gentibiosyl ester; identi-
fied by mass spectrometry; data not shown) and the total area for
each wavelength. It was observed, at 440 nm,  that the extraction
of the principal crocin shown a similar behavior among the dif-
ferent treatments, which represents 42.95 ± 0.3% and 45.27 ± 2.7%
for ethanolic extraction and ethanol–potassium phosphate ATPS,
respectively. In respect to the contaminants behavior (picrocrocin,
safranal, phenolic acids) [30], measured at 250 nm,  it can be con-
cluded that there is a significant effect upon principal crocin relative
purity when the extractions are analyzed at 250 nm (p = 0.0014). In
the HPLC profile at 250 nm,  major crocin represents 3.25 ± 0.1% and
2.15 ± 0.1% for ethanol–phosphate ATPS and ethanolic extraction,
respectively. Based on these results, ATPS show a higher relative
purity in this particular wavelength, which is related to picrocrocin
and flavonoids recovery. A further study was  realized in order to

evaluate ethanol–potassium phosphate ATPS extraction selectivity
for crocins extraction over phenolic compounds (expressed as mg
of gallic acid equivalents, GAE). The results showed that ethanolic
solid–liquid extraction rendered a yield of 27.86 ± 0.6 mg  GAE g−1
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f saffron (ethanol:water ratio (1:1), temperature 25 ◦C, sample
oad of 5%, w/v and 200 rpm), while ATPS rendered 19.18 ± 0.4 mg
AE g−1 of saffron (System 27, VR = 3.2, 0.1 M NaCl with a sample

oad of 3%, w/v). Based on these results it can be supported that
thanol–potassium phosphate ATPS rendered a higher extraction
electivity of 1.30 ± 0.04 mg  of crocins mg−1 GAE than ethano-
ic extraction, which showed a selectivity of 0.87 ± 0.01 mg  of
rocins mg−1 GAE (p = 0.0003). Extraction selectivity analysis by
otal phenolic component supported that ATPS extraction has a
igher relative purity of crocins over phenolic component. It is clear
hat such results demonstrate the potential application of ATPS
rocesses in the recovery of crocins from C. sativus.

. Conclusions

The present study reports, for the first time, the recovery of
rocins from saffron stigmas using ATPS. From the different types
f ATPS studied, ethanol–potassium phosphate demonstrated the
reater potential to be used for this particular application. Charac-
erization of the partitioning behavior of target product by studying
he effect of system parameters resulted in the establishment of an
ptimized extraction stage. The operating conditions established
or ethanol–potassium phosphate ATPS extraction rendered condi-
ions (VR = 3.2, ethanol 19.8% (w/w), potassium phosphate 16.5%
w/w), TLL 25% (w/w) and 0.1 M NaCl) under which crocins are
ecovered in the top phase. ATPS shows higher selectivity and rel-
tive purity for crocins extraction over phenolic components than
olid–liquid extraction. The findings report here demonstrates an
fficient and ease of scaling up ethanol–potassium phosphate ATPS
rocess for the selective extraction of crocins from C. sativus, with
pplication in the food and cosmetic industry, as an alternative for
olid–liquid extraction.
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