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ABSTRACT: Spirulina sp. is a cyanobacterium rich in essential amino acids
and pigments such as chlorophyll a, xanthophylls, and phycocyanin. Besides
many other applications, chlorophyll a and its derivatives are being studied
as photosensitizers in photodynamic therapy for cancer treatment. In this
work, two methodologies of solid−liquid extraction were developed, and
their performance compared; one using conventional organic solvents and
the other using aqueous solutions of ionic liquids (ILs) and surfactants. It
was found that an aqueous solution of an ammonium-based ionic liquid was
able to increase the yield of extraction of chlorophyll a from Spirulina
maxima in 25% compared with the conventional methodology using
methanol. Besides, the proposed alternative methodology allows the
separation of chlorophyll a from xanthophylls using a simple liquid−liquid
extraction. The IL can be recovered by backextraction using ethyl acetate, while the chlorophyll derivative is shown to retain its
ability to generate oxygen singlets, which is essential to its potential application as a photosensitizer in photodynamic therapy.
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■ INTRODUCTION

Spirulina is a prokaryotic and photosynthetic cyanobacterium,1

which has been consumed by humans for centuries. Besides its
small size and fast and easy growth,2 particular attention has
been paid to its high nutritional value.3 It is composed of high
protein content, with all essential amino acids present,4 and
high concentrations of vitamins, essential fatty acids, and
minerals,5 thus being recognized as a “superfood”.4 Spirulina
also has an interesting pigment composition namely in
chlorophyll a, xanthophylls, and phycocyanin. Regarding its
content in chlorophyll, and contrary to other plants/algae, it
only has chlorophyll a in its composition.6

Chlorophyll a is one of the most abundant pigments in
natural systems with an important role in sunlight absorption,
energy transference, and electron transport during the
photosynthesis process.7 Due to its photophysical and
photochemical properties, chlorophyll a and its derivatives
have been used in different fields, namely, as colorants for food,
as optically active centers to be applied on luminescent solar
concentrators,8,9 and, more recently, as photosensitizers in
photodynamic therapy.10−12

Photodynamic therapy is a technique used to kill malignant
cells by apoptosis and/or necrosis.13 It is based on the
administration of a molecule known as photosensitizer (not
toxic in the absence of light), followed by the simultaneous
incidence of harmless visible light, which, combined with
molecular dioxygen, will allow the formation of cytotoxic

reactive oxygen species, leading to the tumoral cell death.14

Despite the increased progress of this field, the photodynamic
therapy potential is still not being fully explored. It is
recognized that an important issue in this approach is the
structural features of the photosensitizer and its efficacy to
generate reactive oxygen species (e.g., singlet oxygen 1O2).
Another important issue is related to the photosensitizer
accessibility and the exploration of chlorophylls used on their
own or after further derivatization is attracting the interest of
the scientific community. Therefore, some natural dyes,
namely, chlorophyll a and its derivatives have been applied
in this therapeutic technique.10−12 Since Spirulina has high
amounts of chlorophyll a and this is the only being produced,
it becomes a good natural source for the production of this
compound. However, high purity levels are required for this
compound and, in this sense, an effective and economically
viable process of extraction and purification is needed. The
processes reported so far in the literature15,16 seem to fail in
the sustainability criteria, regarding the need for mild
conditions while maintaining high yields of extraction, and
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an economically viable approach to the purification of these
green pigments.17,18 The conventional processes are usually
associated to low yields of extraction with very low
selectivities.19,20

To enhance the sustainability of extraction and purification
processes, some authors have been investigating the use of
aqueous solutions. However, one of the major difficulties in the
development of aqueous processes to extract chlorophylls is
their well-recognized hydrophobic nature and, consequently,
their insolubility in water.21 To overcome this issue, recent
studies have attempted the extraction of hydrophobic pigments
from plants and macroalgae using aqueous solutions of
common surfactants and surface-active ionic liquids
(ILs).8,19,22 ILs are recognized as designer solvents since
their tunability can be achieved by varying the functional
groups or alkyl chain length. This feature allows the design of
the most appropriate ILs to a specific application, or in this
case, to the selective extraction of a biomolecule.23 Besides,
their varied solubility in water and solvent capacity toward
hydrophobic and hydrophilic compounds, makes them good
candidates to be used as solvents even in the recovery of low
water-soluble compounds.8,24 This is not only due to the
solubility of the target compound in the solvent, but also due
to the solvent ability to disrupt the cell membranes.22,25

The recovery of chlorophyll a from Spirulina maxima cells
was performed using aqueous solutions of tensioactive
compounds to organic solvents. The organic solvent-based
extractions were used to compare the performance of
conventional and alternative methods under study. The type
and concentration of the tensioactive compounds and the
extraction time were also investigated. The extracts, which
were rich in chlorophyll a obtained after a backextraction, were
analyzed and the photostability and the efficacy of chlorophyll
a extracts to generate singlet oxygen were evaluated
considering their future application in photodynamic therapy
studies as photosensitizers.

■ EXPERIMENTAL SECTION
Biomass. Distinct batches of Spirulina maxima distributed by Ely

Martins from Saõ Paulo (Brazil) were used in this work.
Chemicals. Several organic solvents were used to test their ability

to extract chlorophyll a from the biomass. Ethanol, hexane, dimethyl
sulfoxide, acetonitrile, acetone, and methanol were acquired from
Fisher Scientific. Cyclohexane and octanol were purchased from
Sigma-Aldrich. All described organic solvents were analytical grade.
The series of 1-alkyl-3-methylimidazolium chloride-based ILs

[CnC1im]Cl, including the 1-ethyl-3-methylimidazolium chloride
([C2C1im]Cl, 98 wt %), 1-butyl-3-methylimidazolium chloride
([C4C1im]Cl, 99 wt %), 1-hexyl-3-methylimidazolium chloride
([C6C1im]Cl, 98 wt %), 1-methyl-3-octylimidazolium chloride
([C8C1im]Cl, 99 wt %), 1-decyl-3-methylimidazolium chloride
([C10C1im]Cl, 98 wt %), 1-dodecyl-3-methylimidazolium chloride
([C12C1im]Cl, > 98 wt %), 1-methyl-3-tetradecylimidazolium
chloride, ([C14C1im]Cl, 98 wt %), 1-hexadecyl-3-methylimidazolium
chloride ([C16C1im]Cl, > 98 wt %), tetrabutylphosphonium chloride
([P4,4,4,4]Cl, 99 wt %), and tributyl-1-tetradecylphosphonium chloride
([P4,4,4,14]Cl, 95 wt %) were acquired from IoLiTec (Ionic Liquids
Technology, Germany). The hexyltrimethylammonium bromide
([N1,1,1,6]Br, 98 wt %) and octyltrimethylammonium bromide
([N1,1,1,8]Br, 98 wt %) were purchased from Alfa Aesar and Tokyo
Chemical Industry, respectively. Other ILs and surfactants such as
tetradecyltrimethylammonium bromide ([N1,1,1,14]Br, 99 wt %),
sodium dodecylsulfate (SDS, 99 wt %), poly(ethylene glycol) tert-
octylphenyl ether (Triton X-114, laboratory grade), and cholinium
chloride ([N1,1,1,2(OH)]Cl, 98 wt %) were provided by Acros Organics

while dodecyltrimethylammonium bromide ([N1,1,1,12]Br, >98 wt %),
tetrabutylammonium chloride ([N4,4,4,4]Cl, 97 wt %), hexadecylpyr-
idinium chloride ([C16py]Cl, 99 wt %), poly(ethylene glycol) dodecyl
ether (Brij L4, 99 wt %), poly(ethylene glycol) sorbitan monolaurate
(Tween 20, purity information not available), and poly(ethylene
glycol) sorbitan monooleate (Tween 80, purity information not
available) were supplied by Sigma-Aldrich. All molecular structures of
ILs and common surfactants used in this work are presented in Figure
S1 in the Supporting Information.

Solid−Liquid Extraction. Two different approaches were
established to extract chlorophyll a (the unique chlorophyll
produced by the Spirulina cells) from the dry cells of Spirulina
maxima: a conventional methodology, in which the solvents
used were volatile organic solvents, and an alternative method
using as solvent aqueous solutions of ILs and surfactants.
Initially, both conventional and alternative extractions were
performed with the same initial operational conditions: a
solid−liquid ratio (SLR) of 0.025 gdry biomass mLsolvent

−1,
constant temperature (25 °C), and stirring (50 rpm) for 30
min in an orbital mixer. Regarding the solvent concentration,
the extractions were performed using aqueous solutions of the
alternative solvents at 250 mM, while in the case of the organic
solvents, they were used in their pure state. Although these
conditions were applied in an initial screening, both
approaches were optimized in operational conditions. To
optimize the operational conditions, individual extractions (in
triplicate) were done considering each condition under
analysis. First, fresh solutions of IL at different concentrations
were used and after, for the optimum concentration of IL in
water, different times of extraction were tested. At the end of
the extractions, the cells’ suspensions were centrifuged at
14 000g for 10 min in a VWR microstar 17 centrifuge, and the
pellet containing the cellular debris was discarded. The
supernatant absorption spectra of all organic and aqueous
extracts were determined between 200 and 700 nm in a
microplate reader (Synergy HT microplate reader, BioTek).
The chlorophyll quantification was done according to a
calibration curve previously established for 667 nm (calibration
curves are depicted in Figure S2 in the Supporting
Information) in the same UV−vis equipment. All of the assays
were carried out in triplicate.

Response Surface Methodology Using Methanol as
Solvent. The time of extraction and SLR were the conditions
tested simultaneously using a Response Surface Methodology.
Using this methodology, it is possible to study different
conditions simultaneously and find the relation between the
independent and dependent variables, meaning between the
operational conditions and the yield of extraction of
chlorophyll a, respectively.
The optimization of the process was done by applying a

central composite rotatable design (CCRD, 22) totalizing 11
extractions, including four extractions for factorial points, four
extractions for axial points, and three repetitions of the central
point, according to Table S1 in the Supporting Information.
To guarantee the accuracy of the data, the results were
statistically analyzed considering a confidence level of 95%.
The adequacy of the model was determined. The statistical
analysis and preparation of the response surface and contour
plots were done using the Statsoft Statistica 8.0© software.

Chlorophyll Purification by Liquid−Liquid Extraction.
To allow the purification of chlorophyll a, after the solid−
liquid extraction, a liquid−liquid extraction system was applied.
For the most performant system of extraction, ethyl acetate
was used. The system was composed of 1:1 (v/v) of ethyl
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acetate and the aqueous solution of the alternative solvent
selected, and after the phase equilibrium, both organic and
aqueous phases were separated. The chlorophyll a content was
recovered in the ethyl acetate (top) phase, and this process was
repeated three times until no more pigments moved from the
aqueous layer (bottom phase) to the organic phase. After the
phase separation, the recovered fractions were analyzed by
ultrahigh-performance liquid chromatography coupled mass
spectrometer (UHPLC-MS) and the purity level of the
chlorophyll a-based product was also evaluated.
IL quantification. The [N1,1,1,14]Br was measured using an

ion-selective electrode (Metrohm) able to detect the bromide
anion (electrode reference: 6.0502.100) in comparison with a
calibration curve previously prepared (R2 = 0.998).
Ultrahigh-Performance Liquid Chromatography

Coupled Mass Spectrometer (UHPLC-MS) Analysis.
The UHPLC-MS analysis was performed by Thermo Scientific
LC-MS Ultimate 3000RSLC. The separation of the com-
pounds was carried out with a gradient elution program at a
flow rate of 0.3 mL.min−1, at 30 °C, using a Hypersil Gold C18
column (150 × 2.1 mm; 5 μm, Thermo Fisher). The injection
volume in the UHPLC system was 3 μL, and the mobile phase
consisted of formic acid 0.1% (A) and acetonitrile (30):meth-
anol (70) (B).
Photostability Assays. The extracts were irradiated in a

quartz cuvette of 1 cm path length with red light (λ = 630 ± 20
nm) delivered by a homemade 5 × 5 light-emitting diode
(LED) array at an irradiance of 9nmW cm−2. The irradiation
was run in dimethylformamide at room temperature under
gentle magnetic stirring agitation. The irradiance was measured
with an energy meter Coherent FieldMax-II-Top combined
with a Coherent PowerSens PS19Q energy sensor. The Soret
band absorption (∼412 nm) was registered at 0, 5, 15, 30, and
60 min in a Shimadzu UV-2501 PC UV−vis spectrometer. The
photostability was expressed as the ratio between the intensity
of the Soret band at a given time of irradiation (It) and its
intensity before irradiation (I0), in percentage.
Singlet Oxygen Generation. The efficacy of the extracts

to generate singlet oxygen was assessed using 9,10-
dimethylantracene as a scavenger of this reactive oxygen
species, following a previously reported procedure.26,27 The
extract samples in dimethylformamide and in the presence of
9,10-dimethylantracene were irradiated with blue light (412 ±

2 nm) in a 1 cm path length quartz cell. The photooxidation
rate was assessed in 60 s intervals by following the decrease of
9,10-dimethylantracene absorbance at 378 nm. The Zn(II)-
chlorin-e6 dimethyl ester was used as a reference since it is a
known 1O2 producer.11 A 9,10-dimethylanthracene solution
was also irradiated in the absence of the extract to confirm that
the photooxidation of 9,10-dimethylantracene is due to the
production of 1O2 by the extract and not due to a
photodegradation process. All of the assays were performed
in triplicate.

■ RESULTS AND DISCUSSION

The efficiency of the conventional approaches to extract
chlorophyll a from Spirulina maxima cells using different
organic solvents is summarized in Figure 1. To facilitate the
discussion/comparison of the results, an optimization on the
organic solvent-based extraction conditions to extract chlor-
ophyll a was first carried out (Figure 1).

Conventional Method: Extraction of Chlorophyll a
Using Organic Solvents. An initial screening was performed
using a large set of organic solvents to evaluate their ability to
extract chlorophyll a from Spirulina cells (Figure 1). In the
same figure, the logarithmic function of octanol−water
partition coefficient (LogKow) was used as a way of analyzing
the hydrophobicity/hydrophilicity of the screened solvents.
According to Figure 1A, highly hydrophilic and hydrophobic

solvents do not provide high yields of extraction of chlorophyll
a. In some cases, a small amount of chlorophyll is extracted for
these extreme conditions of polarity, as it happens with water
since this macrocycle is not entirely hydrophobic due to the
presence of ester and carbonyl polar functional groups in its
structure. It is also clear that the best results of the yield of
extraction of chlorophyll are achieved when solvents with
LogKow ranging between -2 and 0 are used, which is in
agreement with the results obtained in one of our previous
works regarding the extraction of chlorophyll from a green
macroalga. Indeed, a good correlation (R2 = 0.86) between the
yield of extraction of chlorophyll and the LogKow, considering
these solvents was obtained (see Figure S3 in the Supporting
Information). Like the chlorophyll, these solvents are
amphiphilic compounds (having both hydrophilic and lip-
ophilic properties). Focusing on the amphiphilic solvents
(Figure 1B), a linear increase (R2 = 0.90) in the yield of

Figure 1. Yield of extraction of chlorophyll a from Spirulina maxima using (A) different solvents (pure organic solvents and water) and (B) only
amphiphilic solvents as function of their log K0w (the results were adopted from literature).28,29 Kow of water was theoretically estimated.
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extraction while increasing the solvent hydrophilicity (i.e.,
lower values of log Kow

28,29) is observed. Regarding the
phenomenon of cell disruption and the consequent release of
the intracellular material, high concentrations of ethanol and
other short-chain alcohols (such in the case of this study) can
promote serious damages in cells by solubilizing cell
membranes and changing the tertiary structure of the
membrane proteins, thus causing the instant cell destruction.30

In a similar way, dimethyl sulfoxide also acts in the
phospholipid membrane by inducing transient water pores
and, at higher concentrations, the complete disintegration of
the bilayer structure.31 Given that, for dimethyl sulfoxide and
methanol, both mechanisms of cell disruption and chlorophyll
that increased the solubility should have originated from the
higher yields of extraction of chlorophyll. Considering the high
boiling temperature of dimethyl sulfoxide (189 °C at
atmospheric pressure)32 and the difficulty to remove it at an
industrial scale (even at low pressures in procedures of vacuum
dryers), methanol (boiling temperature ∼65 °C at atmospheric
pressure)33 was the solvent selected for further studies.

The combined effect of solid−liquid ratio (SRL) and time of
extraction was studied at 25 °C to avoid pigment degradation
and additional solvent evaporation using methanol as the best
organic solvent to extract chlorophyll a. The optimization of
the process was done by applying a central composite rotatable
design (CCDR, 22), allowing the simultaneous analysis of
different parameters and the determination of the relationship
between the yield of extraction of chlorophyll (dependent
response) and the operational conditions, namely, time of
extraction and SLR (independent variables). A total of 11
extractions (with three repetitions of the central point, four
extractions at the factorial points, and four extractions at the
axial points) were performed (Table S1 in the Supporting
Information), and the results were analyzed using Statistica.
The model was fitted using Pure Error with a confidence

level fixed in 95% to guarantee that it is a highly predictive
model. The accuracy and the precision of the model equations
were validated by statistical analysis using ANOVA (analysis of
variance). It was achieved a coefficient of determination (R2)
of 0.92283 with Fcalculated > Ftabulated being the model considered

Figure 2. Response surface plot (left) and contour (right) of the CCRD 22 obtained for the combined effect of SLR and time of extraction
optimization using methanol as solvent.

Figure 3. Yield of extraction (mgchl gdry biomass
−1) of chlorophyll a from Spirulina maxima using aqueous solutions of different ILs and surfactants at

250 mM: nontensioactive (yellow bars), cationic (red bars), anionic (orange bars), and nonionic (blue bars). Methanol maximum yield of
extraction and water is also depicted as a comparative term (black bars).
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as predictive. The graph of the predictive vs. observed data
shows high confidence, which guarantees the reproducibility of
the process at a high confidence level (Figure S4 in the
Supporting Information). The significance of the conditions
studied (time of extraction and SLR) was also confirmed,
which is supported by the Pareto diagram (Figure S5 in the
Supporting Information).
In the response surface plot (Figure 2), it is possible to

observe a parabolic shape in which a theoretical maximum
yield of extraction was reached (3.1 mgchl gdry biomass

−1). The
assay suggests a SLR of 0.024 gdry biomass mLsolvent

−1 and a time
of extraction of 43.9 min as optimal conditions. These
conditions were experimentally tested in triplicate, and the
maximum value of extraction was confirmed as being 3.50 ±
0.19 mgchl gdry biomass

−1, which is in agreement with the values
previously published regarding the extraction of chlorophyll
from Spirulina sp.16,34−36

Chlorophyll a Extraction Using Aqueous Solutions of
ILs and Surfactants. After the optimization of the conven-
tional extraction using methanol as solvent, a screening of
aqueous solutions of ILs and surfactants was carried out with
the aim of developing an alternative extraction. Compounds
with different cations, anions, and alkyl side chain lengths were
tested (structures depicted in Figure S1 in the Supporting
Information). The main results are depicted in Figure 3.
According to the results, in general, the cationic tensioactive

compounds represented by the red bars were more efficient in
extracting chlorophyll a than the nontensioactive (yellow bars)
and nonionic tensioactive compounds (blue bars). Spirulina sp.
as a cyanobacteria has in its composition a cell wall composed
of an outer membrane, a peptidoglycan layer, and a cell
membrane. The last two referred membranes are essentially
bilayers composed of phospholipids with hydrophobic tails and
negatively charged hydrophilic heads. This cell wall composi-
tion is very similar to the Gram negative bacteria such as
Escherichia coli, thus explaining the high similarity between the
results obtained for the disruption of Spirulina and E. coli when
using aqueous solutions of ILs and surfactants as alternative
solvents.25 Moreover, the cationic tensioactive compounds can
interact electrostatically with the negatively charged heads of
the phospholipids of the outer and cell membranes. Addition-
ally, the similarity in length of some tensioactive compounds
and the lipidic part of the phospholipids of the membranes
may promote cell changes such as their expansion and
permeabilization, leading to cell disruption and release of
intracellular material.37−39 Furthermore, and contrary to what
happens with nontensioactive compounds, the tensioactive
solvents can form micelles above the critical micelle
concentration (CMC), a condition assured for all tensioactive
compounds tested at 250 mM (CMC data detailed in Table S2
in Supporting Information). This means that a more suitable
environment for more hydrophobic molecules such as
chlorophyll can be provided using these compounds,
enhancing even more the yields of extraction. These results
agree with previous studies on the selectivity of IL to a certain
target compound only by playing with its alkyl chain length.22

Taking into account that the aqueous solutions of [N1,1,1,14]Br
was the most efficient solvent extracting chlorophyll a from the
Spirulina cells (Figure 3), this IL was thus selected for further
studies.
Operational Condition Optimization Using Aqueous

Solutions of [N1,1,1,14]Br. In the optimization of the
conditions using the tensioactive [N1,1,1,14]Br to extract

chlorophyll a, concentrations of IL between 50 and 500 mM
(Figure 4A) and extraction times between 2.5 and 30 min
(Figure 4B) were studied. All concentrations used were above
the CMC.

The results presented in Figure 4A suggest an almost linear
increase in the yield of extraction with the IL concentration in
water until 250 mM, where the maximum yield of extraction is
achieved, in a 30 min extraction. Moreover, higher tensioactive
concentrations did not provide any increase in the yield of
extraction, thus 250 mM is adopted for the subsequent studies.
The time of extraction was also studied for the tensioactive

selected, [N1,1,1,14]Br, at 250 mM (Figure 4B). The results
show an increase in the yield of chlorophyll a extraction during
the first 15 min of extraction using [N1,1,1,14]Br. After this
period, the yield of extraction remains practically constant. The
time of extraction was thus fixed at 15 min to guarantee that
the maximum extraction was achieved.
A comparison of the solid−liquid extraction best results

obtained for both the conventional (using methanol) and the
alternative method, using aqueous solutions of [N1,1,1,14]Br, is
presented in Table 1.
The results presented in Table 1 show that the alternative

methodology using an aqueous solution of [N1,1,1,14]Br has a
better performance. Actually, besides the health risks and
environmental impact of the use of methanol, the alternative
method based on the aqueous solution of IL at 250 mM was
able to extract more than 25% of chlorophyll a in only 15 min

Figure 4. Yield of extraction (mgchl.gdry biomass
−1) of chlorophyll a from

Spirulina maxima cells using aqueous solutions of [N1,1,1,14]Br
considering (A) concentration of IL in water and (B) time of
extraction.
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instead the 44 min required by the conventional method with
pure methanol.
Polishing and Purification of Chlorophyll a, and

Reuse of the IL. After selecting the best solvent to extract
chlorophyll a and optimize the extraction conditions, the
purification of the chlorophyll content from other pigments
and from the IL used was performed. This purification was
carried out by applying a backextraction using ethyl acetate,
which is not miscible with the IL aqueous solution. This
procedure was repeated three times until no more pigments are
extracted in the organic phase, as described in the method-
ology section.
After the adequate separation of the phases, each phase was

analyzed by UHPLC-MS to determine the purity of the
pigments obtained. Additionally, an ion-selective electrode for
the quantification of the bromide anion was used to establish
the concentration of the IL in the purified samples. In what
respects to the extract from the alternative methodology, the
fractions obtained from the backextraction were analyzed
separately and compared with the methanol extract from the
conventional method. The results can be seen in Table 2 and
Figures S6−S11 in the Supporting Information, where the
UHPLC chromatograms and UV−vis spectra of the indicated
peaks are depicted. The molecular structure of the compounds
identified is represented in Figure 5.
In the conventional extract, chlorophyll a and pheophorbide

a (chlorophyll a without Mg2+ and the phytol chain) and
xanthophylls were identified. A different situation was found in
the analysis of the first and second fractions obtained in the
chlorophyll backextraction from the alternative extract, where
pheophorbide a was found as the main chlorophyll derivative
present. This chlorophyll derivative is obtained by the loss of
both the Mg2+ and the phytol chain, which may be related to
some pH changes that have facilitated the hydrolysis of the
ester chain and the removal of the metal from the inner core of
the macrocycle (see Figure 5). On the contrary, the third

fraction was already free of chlorophyll, having in its
composition mainly xanthophylls, namely, lutein or zeaxanthin.
The results from the backextraction suggest that this can be a
simple and efficient technique to fractionate and purify
different pigments from a richer extract. The bromide content
was checked using an ion-selective electrode and the three
organic fractions recovered from the liquid−liquid extractions
showed a low IL concentration (∼16 mM in each fraction). At
the end of the process, the aqueous solution of IL, already free
of pigments, has a final concentration in IL of ca. 200 mM,
which corresponds to 80% of the initial IL used in the solid−
liquid extraction. Summing up, the diagram of the final process
of extraction and purification of both chlorophyll a and
xanthophylls is depicted in Figure 6. The solid−liquid
extraction, liquid−liquid extraction, and the solvents recycling
and polishing of pigments were the tasks considered. A vacuum
dryer, using low pressure and temperature (∼ 35 °C), was
proposed for the last step of recovery of ethyl acetate and
polishing of pigments.
Although an economic and environmental analysis was not

performed in this work, there are several indications of the

Table 1. Comparison of Operational Conditions and Yield
of Extraction of Chlorophyll a Obtained from the
Conventional and Alternative Methods of Extraction

method conventional alternative

solvent methanol [N1,1,1,14]Br
solvent concentration pure (100%) 250 mM in water
time of extraction (min) 44 15
SLR (gdry biomass mLsolvent

−1) 0.024 0.024
yield of extraction (mgchl gdry biomass

−1) 3.50 ± 0.19 4.36 ± 0.78

Table 2. Composition of Extracts from Conventional and Alternative Optimized Methodologies and Their Molecular Ion
Species and Fragments (m/z) Data

extract origin compound
retention time

(min) UV−vis (nm) mass (m/z)
compounds

abundance (%)

methanol-based extract pheophorbide a 11.20a 408, 471, 503, 534,
608, 664

593 37
xanthophyll 663
chlorophyll a 12.95 410, 471, 537, 609,

665
[M + Na + K]+
954

63

alternative optimized methodology + backextraction: first
and second fractions

pheophorbide a 10.83 408, 473, 505, 534,
607, 664

593 100

alternative optimized methodology + backextraction:
third fraction

xanthophyll
(lutein)

10.62 449, 472, 502 567 14

xanthophyll
(Zeaxanthin)

12.65 450, 474 568 86

aLarge peak corresponding to two different compounds.

Figure 5. Molecular structure of the proposed compounds.
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environmentally friendly nature and economic viability of this
process, namely, the reuse of the solvents in new cycles of
extraction,15,34 the multiproduct scenario represented by this
process and the fact that this process employs an aqueous
solution of an ammonium-based IL (representing the cheapest
family40) instead of a pure organic solvent.40

Photosensitizing Potential of the Extracts. Consider-
ing the potential of the extracts for use in photodynamic
therapy applications, their efficacy to produce singlet oxygen
and also their photostability (Figure 7) were evaluated. In
these assays, the extracts obtained using the conventional and
alternative procedures were considered. It is important to
remember that, according to Table 2, the conventional extract
is composed of chlorophyll a, pheophorbide a, and
xanthophyll. In contrast, the alternative extract after the
backextraction step (first and second fraction) is composed of
only pheophorbide a, a very well-known photosensitizer that
can induce significant antitumoral effects.41,42 According to the
results depicted in Figure 7A, the photodecomposition of 9,10-
dimethyanthracene used as a singlet oxygen scavenger is
similar for both extracts, although their efficiency to generate
1O2 is smaller than that observed with Zn(II)chlorin e6
dimethyl ester used as a reference (ΦΔ = 0.53). It is important
to highlight that in the absence of these photoactive extracts,
no anthracene decomposition was observed. The similar ability
to generate singlet oxygen is not surprising considering that all
of the chromophores present in both extracts (conventional
extraction and alternative extraction) are good singlet oxygen
generators, which explains the behavior found.43 Regarding the
photostability of the extracts (Figure 7B), both proved to be
quite photostable during the irradiation period (UV−vis
spectra of the extracts along the irradiation period are depicted
in Figure S12 in Supporting Information). More than 50% of
the chromophores (conventional extract 55%, alternative
extract 58%) present in the extracts remained unchanged
after 60 min of the red-light irradiation. This is an adequate
irradiation period for photodynamic therapy treatments of
tumors and the eradication of microorganisms. This balance

between photostability and photodegradation is important. It is
required that the chromophores are present in adequate
amount to generate the desired amount of singlet oxygen to
eradicate tumoral cells or microorganisms, albeit, after the
photodynamic action, their photodegradation is beneficial
considering their fast elimination from the body or environ-
ment. Besides, no significant deviations were observed between
conventional and alternative extracts, proving that both are

Figure 6. Diagram of the integrated process of extraction and purification of both pheophorbide a and xanthophylls. Although not experimentally
tested, the dashed lines represent the proposal of what can be done to close the process from the point of view of industrial implementation.

Figure 7. (A) Singlet oxygen production and (B) photostability of
conventional and alternative extracts in dimethylformamide.
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suitable to be used in photodynamic therapy. However, it is
important to note that deeper polishing is required to eliminate
the residual amount of IL present in the extracts before any
practical use in photodynamic therapy.

■ CONCLUSIONS
In this work, two methodologies were developed to extract
chlorophyll a from the cyanobacteria Spirulina maxima, one
using organic solvents and another using aqueous solutions of
IL and surfactants. After the screening of solvents and the
study of several operational conditions, it was found that one
process using an aqueous solution of [N1,1,1,14]Br at 250 mM
for 15 min can increase the yield of extraction of chlorophyll to
ca. 25% over the conventional methodology using pure
methanol in a 44 min extraction. A chlorophyll backextraction
from the alternative extract was performed using ethyl acetate,
allowing us to purify the extract and to recover the aqueous
solvent, which can be further reused for extraction. During the
backextraction process, fractions with compounds of different
compositions were obtained, namely, pheophorbide a in the
first and second fractions and xanthophylls in the third
fraction, with 93.6% of the IL removed from the pigment
extract. Lastly, both extracts showed efficacy to generate
oxygen singlet and an adequate photostability to be used in
photodynamic therapy applications. Summing up, the results
obtained for the alternative downstream process allow an
efficient fractionation of different pigments and the recovery of
the solvent in a simple separation process, maintaining the
efficacy of pigments to be used as photosensitizers.
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O.; Señorańs, F. J.; Ibañez, E.; Reglero, G. Characterization via liquid
chromatography coupled to diode array detector and tandem mass
spectrometry of supercritical fluid antioxidant extracts of Spirulina
platensis microalga. J. Sep. Sci. 2005, 28, 1031−1038.
(36) Park, W. S.; Kim, H.-J.; Li, M.; Lim, D. H.; Kim, J.; Kwak, S.-S.;
Kang, C.-M.; Ferruzzi, M. G.; Ahn, M.-J. Two classes of pigments,
carotenoids and C-phycocyanin, in Spirulina powder and their
antioxidant activities. Molecules 2018, 23, No. 2065.
(37) Jing, B.; Lan, N.; Qiu, J.; Zhu, Y. Interaction of ionic liquids
with a lipid bilayer: a biophysical study of ionic liquids cytotoxity. J.
Phys. Chem. B 2016, 120, 2781−2789.
(38) Lim, G. S.; Zidar, J.; Cheong, D. W.; Jaenicke, S.; Klahn, M.
Impact of ionic liquids in aqueous solution on bacterial plasma
membranes studied with molecular dynamics simulations. J. Phys.
Chem. B 2014, 118, 10444−10459.
(39) Matzke, M.; Stolte, S.; Thiele, K.; Juffernholz, T.; Arning, J. J. J.;
Ranke, J.; Welz-Biermann, U.; Jastorff, B.; Böschen, A.; Pitner, W.-R.;
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