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f microcystins in water samples by
deep eutectic solvent-based vortex-assisted
liquid–liquid microextraction coupled with
ultrahigh-performance liquid chromatography-
high resolution mass spectrometry†

Yung-Chih Chen, Yi-Ting Ao and Wang-Hsien Ding *

Rapid screening of two microcystins (i.e., microcystin-YR (MC-YR) and microcystin-LR (MC-LR)) in surface

water samples was performed by a simple and eco-friendly procedure using deep eutectic solvent-based

vortex-assisted liquid–liquid microextraction (DES-based VALLME) combined with ultrahigh-performance

liquid chromatography and electrospray ionization (+)-quadrupole time-of-flight mass spectrometry

(UHPLC-ESI(+)-qTOF-MS) detection. To obtain an efficient water-miscible DES, choline chloride and

phenol at a molar ratio of 1 : 2 were used as an extractant for VALLME. To optimize factors of DES-based

VALLME, response surface design alongside Box–Behnken design was used. The limits of quantitation

(LOQs) were 0.5 ng mL�1 and 0.4 ng mL�1 for MC-YR and MC-LR, respectively, which is sensitive

enough to meet the World Health Organization (WHO) maximum guideline level for MC-LR in water of

1.0 ng mL�1. Moreover, satisfactory precision with relative standard deviations (RSD) for both intra- and

inter-day analysis lower than 11%, and trueness (also known as mean extraction recovery) ranged from

85.5 to 113% based on the ICH method validation guideline.
1. Introduction

Microcystins (MCs) are a group of monocyclic heptapeptides
produced by a broad range of cyanobacteria species in fresh-
water blooms. They are tumor promoters and possess hepato-
toxic properties due to their inhibition of protein phosphatases
1 and 2A, and are health hazards, sometimes even fatal ones, to
humans and animals.1–4 MC-LR and MC-YR are probably the
most concerning and toxic microcystins, and are also widely
distributed and detected in the freshwater system worldwide.5–7

The WHO has established a provisional guideline value of 1.0
ng mL�1 for MC-LR in drinking water.8 To prevent potential
adverse effects caused by long-term exposure of these toxins and
the increasing concerns for public health prompted us to
develop a simple and eco-friendly method for the rapid
screening of MC-YR and MC-LR in surface water samples.

Solid-phase extraction (SPE) has been the most common
sample pretreatment method for microcystins analysis,9–11 and
also reviewed by Picardo et al.12 However, SPE is time
consuming (depending on the sample volume, ow rate of SPE,
and manifold setup), and SPE cartridge blocking problems
niversity, Chung-Li, 320, Taiwan. E-mail:

27664; Tel: +866-3-4227151 ext 65905

tion (ESI) available. See DOI:

hemistry 2019
further discourage its use. In recent years, sample pretreatment
strategies have trended toward becoming efficient and
“greener” in order to eliminate the use of hazardous organic
solvents and reduce time required. Methods such as liquid–
liquid microextraction (LLME), which uses less volume of both
extractant and aqueous sample, as well as requires less time,
has become an attractive pretreatment approach for various
aqueous and liquid samples.13–15 Vortex-assisted liquid–liquid
microextraction (VALLME) is one of the alternative LLME
techniques developed by Yiantzi et al. at 2010.16 Since its orig-
inal publication, VALLME has become a highly popular LLME
technique due to the minimal time required to perform it, no
dispersion solvent requirement, and excellent extraction effi-
ciency. The process of VALLME is as follows: instead of
dispersing solvents, target analytes are extracted from aqueous
samples by using vortex agitation, which accelerates the mass-
transfer process between two immiscible phases. Using
VALLME procedure to extract various persistent organic
pollutants and emerging contaminants from aqueous samples
has been reviewed by Ojeda and Rojas.17 However, hazardous
chlorinated solvents, such as chloroform, chlorobenzene,
carbon tetrachloride, etc., are oen used as extractants in LLME
techniques. To overcome this problem, deep eutectic solvents
(DESs), a group of novel “green” solvents, have been introduced
as substituting solvents in various LLME techniques, and their
applications in the extraction and separation for sample
RSC Adv., 2019, 9, 38669–38676 | 38669
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preparations have been reviewed by Tang et al.,18 Li and Row,19

and Cunha and Fernandes.20 DESs also benet from being
easily prepared at room temperature, cheap, biodegradability,
good solubility for organic compounds and metal ions, and
even lower toxicity compared to room-temperature ionic
liquids. Therefore, DESs have become attractive alternative
solvents for various scientic research, and substituted
conventional volatile organic solvents, especially for hazardous
chlorinated solvents.

The goal of the present study was to develop a green, simple,
and sustainable extraction procedure, called deep eutectic
solvent-based vortex-assisted liquid–liquid microextraction
(DES-based VALLME) technique, for the rapid extraction of MC-
YR and MC-LR in surface water samples, and to demonstrate
the feasibility of applying DES-based VALLME plus UHPLC-
ESI(+)-qTOF-MS as an effective and sensitive method for
microcystins determination. Structures of MC-LR and MC-YR
used for method development and validation can be found in
Table S1.† To minimize the number of experiments, expenses,
and reagents required, optimization of the factors affecting
DES-based VALLME were done via Box–Behnken Design (BBD),
one of the most commonly used response surface designs,
which is more efficient than the central composite design and
three-level full factorial design for the quadratic model used to
optimize the analytical method studies, as previously re-
ported.21 The developed method's precision and trueness were
evaluated based on the ICH guideline, and its applicability and
practicality to detect microcystins in water samples was also
tested.
2. Experimental
2.1. Reagents and chemicals

Highly pure standards (all greater than 98%), viz., microcystin
(MC-YR) and microcystin-LR (MC-LR) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Reagent-grade chemicals,
viz., phenol, choline chloride, tetrahydrofuran (THF), methanol,
acetonitrile (ACN), and formic acid were also purchased from
Sigma-Aldrich.
2.2. Samples collection

Four surface water samples (specic conductance: 200 to 210
mS cm�1) were collected from the Shihmen Reservoir, which is
Taiwan's third largest reservoir, and provides irrigation, ood
control, hydroelectricity, and domestic water supply for more
Table 1 Detection characteristic, retention time, linearity, LOD and LOQ

Analytes RT (min)

Quantitation
Calibration
range (ng mL�1) r2Ion (m/z)

MC-YR 3.85 1045.5353 1–100 0.9
MC-LR 3.92 995.5560 1–100 0.9

a Fcritical ¼ 18.513 (95% condence level).

38670 | RSC Adv., 2019, 9, 38669–38676
than three million people in northern Taiwan. The reservoir is
also a recreational lake, offering shuttle boats for passengers to
visit the tourist attractions. 250 mL sample was collected in
duplicate. All samples were ltered through a 0.45 mm
membrane lter, and adjusted pH to 2 in order to depress
microbial degradation, and then stored at 4 �C. The samples
were analyzed within one week.

2.3. DES preparation

The DESs were simply prepared by mixing choline chloride
(ChCl, as a hydrogen-bond acceptor) with phenol (as
a hydrogen-bond donor) at various molar ratios (i.e., DES1
(molar ratio 1 : 2), DES2 (1 : 3), DES3 (1 : 4), and DES4 (2 : 3)).
The two components were placed in a capped ask, and then
constantly stirred at 50 �C until a homogeneous clear liquid was
formed (around 20 min).

2.4. DES-based VALLME procedure

The procedure of DES-based VALLME was done under optimal
extraction conditions as follows: water sample 5.0 mL (pH ¼ 2)
was placed in a 15 mL screw capped centrifuge tube, and DESs
0.9 mL (as an extractant) and tetrahydrofuran (THF) 1.4 mL
were added into the water sample. Herein, an aprotic solvent
THF, commonly acting as an emulsier agent in DES-based
LLME techniques, was used to separate DES from the aqueous
solution.20,22–25 The mixture was then vigorously shaken using
a vortex agitator (Vortex-Genie 2) for 50 s at maximum speed.
The turbid solution was then centrifuged at 5000 rpm for 5 min
to speed up the separation of the DES-rich phase and the
aqueous phase. The sedimented DES phase (0.3 mL) was
collected and diluted to 0.5 mL by methanol to reduce the
viscosity of DES for easily autosampler injection, as suggested
by Solaesa et al.26 Then, the nal extract (2.0 mL) was subse-
quently determined by UHPLC-ESI(+)-qTOF-MS.

2.5. UHPLC-ESI-qTOF-MS analysis

Chromatography was carried out on a Dionex UltiMate 3000
UHPLC system (Thermo Fisher, Waltham MA, USA). Separation
was achieved by an Agilent Poroshell 120 EC-C18 column (2.7
mm, 2.1 � 100 mm). The column temperature was set at 30 �C,
and the injection volume was 2.0 mL. Elution was performed at
a ow rate of 0.6 mL min�1 using (A) 0.1% formic acid aqueous
solution, and (B) ACN as the mobile phases. The linear gradient
for phase B was as follows: 0.0 min 10% B, 1.0 min to 30% B,
4.0 min to 60% B, 4.5 min to 90% B, and then a reversion to
Mandel test F-testa LOD (ng mL�1) LOQ (ng mL�1)

998 2.239 0.16 0.5
999 �2.395 0.14 0.4

This journal is © The Royal Society of Chemistry 2019
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initial conditions. In total, gradient elution time was 4.5 min,
and stabilization time was 1.5 min.

Identication and quantitation of target analytes were per-
formed on a Bruker “Compact” quadrupole time-of-ight mass
spectrometry (qTOF-MS, Bremen, Germany) coupled with an
Apollo II ion funnel electrospray ionization (ESI) source. Posi-
tive ion mode with the scan range from m/z 800 to 1350 was
applied for ESI-qTOF-MS analysis. The ESI(+)-qTOF-MS oper-
ating parameters were as follows: dry gas ow, 10 L min;
capillary voltage, �4.5 kV; dry gas temperature, 220 �C; nebu-
lizer gas pressure, 3.5 bar. The quantitation ions of MC-YR and
MC-LR were listed in Table 1. A cluster of sodium formate ions
(i.e., [Na(NaCOOH)n]

+, n ¼ 12 to 18) were employed to calibrate
the accurate masses for high resolution qTOF-MS.
3. Results and discussion
3.1. DES-based VALLME optimization

The extraction efficiency of DES-based VALLME could be
affected by several factors, such as the type and volume of DES,
the volume of THF (as an emulsier agent), and the vortex-
extraction time. To enhance extraction efficiency for VALLME,
the DES extractant should extract microcystins in an efficient
manner, and be easily separable from water aer centrifuga-
tion. Based on previous studies involving DES-based LLME
techniques, the DESs formed by the combination of ChCl and
phenol at different molar ratios have resulted in excellent
recoveries for various organic compounds and metal ions in
a variety of matrices.20,22–25 Moreover, these two components are
relatively cheap and widely available, and easily preparing DESs
at room temperature. Therefore, ChCl and phenol at different
molar ratios were initially selected to prepare as the DES-based
extractants for subsequent experiments.
Fig. 1 Effect of type of DESs on the extraction of MC-YR and MC-LR from
or DES4 was added into water sample (5.0 mL), respectively. The solution
The turbid solution was then centrifuged at 5000 rpm for 5 min. The
methanol, and then subjected to UHPLC-ESI(+)-qTOF-MS analysis.

This journal is © The Royal Society of Chemistry 2019
The molar ratio of ChCl and phenol of DES is another
important factor that may inuence the extraction efficiency.
Furthermore, THF has been commonly employed as the emul-
sier agent in DES-based LLME to separate DES from the
aqueous solution.20,22–25 Therefore, four DESs with different
molar ratios of ChCl and phenol combined with THF, respec-
tively, were examined to explore the extraction efficiency under
the same extraction conditions. Fig. 1 shows that no signicant
change in the peak areas of two microcystins was observed
when themolar ratios of phenol increased from 2 to 4, but when
DES4 (molar ratio 2 : 3) was used as the extractant, relatively
lower peak areas were observed. Therefore, DES1 (molar ratio
1 : 2) was employed in all subsequent studies because its
preparation also required fewer amount of phenol.

Aerwards, a statistics-based Box–Behnken Design (BBD)
was employed and combined with response surface method-
ology to evaluate the effects of each factor and to optimize the
extraction efficiency of DES-based VALLME. Three major
factors, considering as independent variables, were the volume
of THF, the volume of DES, and the vortex-extraction time.
Three levels of the factors were: the volume of THF (0.8, 1.4 and
2.0 mL), the volume of DES (0.2, 0.6 and 1.0 mL), and the vortex-
extraction time (10, 50 and 90 s). Stat-Ease Design-Expert 8.0.6
soware (Stat-Ease, Inc., Minneapolis, MN, USA) was performed
to evaluate the design of the experiment and to analyze the data.
Table 2 illustrates the experimental domain, which had seven-
teen experiments in random order (the central point containing
ve replicates) plus the corresponding experimental results
(represented as total peak areas and peak areas for each ana-
lyte). ANOVA was also applied to evaluate the signicance of the
factors. The ANOVA results for total peak areas were summa-
rized in Table 3, which shows that the model and the volume of
DES (B) were statistically signicant at the 95% condence level.
water samples. Experimental conditions: 1.0 mL of DES1, DES2, DES3,
was thenmixed with 1.0 mL of THF. The mixture was vortexed for 50 s.
sedimented DES phase (0.3 mL) was collected, diluted to 0.5 mL by

RSC Adv., 2019, 9, 38669–38676 | 38671
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Table 2 Experimental domain for Box–Behnken design, and the corresponding experimental results (represented as total peak areas and peak
area for each analyte)

Run A-THF volume (mL) B-DES volume (mL) C-vortex time (s) Total peak areas Peak areas (MC-LR) Peak areas (MC-YR)

1 2 0.2 50 98 632 48 281 50 351
2 2 0.6 90 169 632 84 123 85 509
3 1.4 0.6 50 242 138 120 024 122 114
4 0.8 0.2 50 140 046 69 843 70 203
5 2 0.6 10 188 182 94 395 93 787
6 0.8 1 50 197 811 98 703 99 108
7 1.4 0.2 90 139 879 69 758 70 121
8 2 1 50 206 314 104 086 102 228
9 1.4 0.2 10 115 090 57 312 57 778
10 1.4 0.6 50 229 263 114 730 114 533
11 1.4 0.6 50 226 147 113 531 112 616
12 0.8 0.6 10 170 223 85 022 85 201
13 1.4 1 90 211 015 105 517 105 498
14 1.4 1 10 192 249 95 943 96 306
15 0.8 0.6 90 184 273 91 763 92 510
16 1.4 0.6 50 213 479 106 855 106 624
17 1.4 0.6 50 205 791 102 221 103 570

Table 3 Analysis of variance (ANOVA) of the Box–Behnken design for total peak areas

Source Sum of squares df Mean Square F Value p-value Prob > F Coefficientb (estimated)

Model 2.51 � 1010 9 2.79 � 109 15.104 0.0008a

Intercept 2.23 � 105

A-THF volume 1.09 � 108 1 1.09 � 108 0.594 0.4663 �3699
B-DES volume 1.23 � 1010 1 1.23 � 1010 66.713 < 0.0001a 39 218
C-vortex time 1.91 � 108 1 1.91 � 108 1.034 0.3431 4882
AB 6.23 � 108 1 6.23 � 108 3.377 0.1087 12 479
AC 2.66 � 108 1 2.66 � 108 1.440 0.2691 �8150
BC 9 068 011 1 9 068 011 0.049 0.8309 �1506
A2 2.54 � 109 1 2.54 � 109 13.783 0.0075 �24 572
B2 6.11 � 109 1 6.11 � 109 33.123 0.0007 �38 091
C2 1.81 � 109 1 1.81 � 109 9.795 0.0166 �20 714
Residual 1.29 � 109 7 1.84 � 108

Lack of t 4.89 � 108 3 1.63 � 108 0.814 0.5491
R2 0.9510
Adjusted R2 0.9081
Predicted R2 0.8879

a Signicant. b The estimated coefficients for the second order polynomial equation.
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The F-value of the “Lack-of-Fit” was insignicant which
conrmed that the model could perfectly t the responses
variables with good prediction at the 95% condence level.
Moreover, good quality of the t of the second order polynomial
model (quadratic model) was explained by the coefficient of
determination (R2 ¼ 0.9510 and adjusted-R2 ¼ 0.9081), which
indicated that the response was in reasonable agreement with
the predicted-R2 (0.8879). Table 3 also lists the estimated coef-
cients for the second order polynomial equation of each
independent factor to represent the total peak areas adequately
for each response. The ANOVA results of peak areas for indi-
vidual MC-LR and MC-YR were summarized in Tables S2 and
S3,† respectively, which shows that themodel and the volume of
DES were statistically signicant at the 95% condence level.
The values of predicted-R2 show in good agreement with the
38672 | RSC Adv., 2019, 9, 38669–38676
predicted-R2 for individual MC-LR and MC-YR. Tables S2 and
S3† also display the estimated coefficients for the second order
polynomial equation of each independent factor to represent
the peak areas of individual MC-LR and MC-YR adequately for
each response. The following values: 1.4 mL of the volume of
THF, 0.9 mL of the volume of DES, and 50 s of the vortex time,
were selected to achieve the optimal experimental results aer
the desirability function predication (the value of desirability is
0.949).22

In Fig. 2, three-dimensional response surface plots display the
interaction between two independent variables calculated by the
BBD in order to examine the interactive effects of each pair of
factors on the extraction efficiency. Accordingly, Fig. 2(a) shows
the response surface obtaining as a function of the volume of
THF and the volume of DES with a xed vortex time at 50 s,
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07544e


Fig. 2 3D response surface plots for the total peak area of the target analytes estimated from the BBD on each pair of independent variables: (a)
volume of THF vs. volume of DES; (b) volume of THF vs. vortex-time; (c) volume of DES vs. vortex-time.
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Fig. 2(b) displays the response surface developed for the volume
of THF and the vortex time, whilst xed the volume of DES at 0.9
mL, and Fig. 2(c) shows the response surface obtained for the
This journal is © The Royal Society of Chemistry 2019
volume of DES and the vortex time with a xed volume of THF at
1.4 mL. As can be seen, medium volume of THF (1.4 mL) and
vortex time (50 s), as well as relatively higher volume of DES (0.9
RSC Adv., 2019, 9, 38669–38676 | 38673
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Table 4 Precision and trueness

Analytes

Intra-day Inter-day

1.0 ng
mL�1 10 ng mL�1 50 ng mL�1 1.0 ng mL�1 10 ng mL�1 50 ng mL�1

MC-YR 106a (4)b 96.6a (8)b 105a (2)b 113a (2)b 111a (7)b 109a (2)b

MC-LR 85.5 (7) 86.3 (6) 97.0 (3) 103 (11) 97.3 (5) 99.2 (2)

a Average spiked recovery (trueness, %, n ¼ 5). b Relative standard deviation (RSD) of spiked recovery (precision, %, n ¼ 5).
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mL) provided the highest total peak areas (represented as
extraction efficiency) for the two target microcystins. The
maximal spiked recovery, as estimated under the optimized
conditions, ranged from 85.5 to 106% with an average of 96.1 �
8.8% (as illustrated in part of Table 4: mean spiked recovery of
intra-day at three spiked concentrations). Three-dimensional
response surface plots for individual MC-LR and MC-YR display
the similar response trends in all studied conditions, as shown in
Fig. S1 and S2,† respectively. Collectively, these results indicate
that the optimal conditions for extracting the MC-YR and MC-LR
from water sample, using the DES-based VALLME, are as follows:
water sample 5.0 mL mixed with DES (0.9 mL, as an extractant)
and THF (1.4 mL, as an emulsier agent). The mixture was vor-
texed for 50 s, and the turbid solution was then centrifuged at
5000 rpm for 5 min. The sedimented DES phase (0.3 mL) was
collected, diluted to 0.5 mL by methanol, and then subsequently
applied for UHPLC-ESI(+)-qTOF-MS analysis.

3.2. Method validation and applications

The developed method was validated through evaluating its
linearity, selectivity, limits of detection (LODs), LOQ, precision
and trueness, which based on ICH Harmonised tripartite
Guideline.27

To investigate the inuence of DES in nal extract and the
feasibility of quantitation by ESI(+)-qTOF-MS, we rstly
compared the peak areas of analytes obtained from nal
extract solution (i.e., DES: methanol (3 : 2, v/v); n ¼ 3) to those
of obtained from standards solution (i.e., methanol). Table
S4† shows that the peak areas for both target analytes in the
nal extract (containing DES) was enhanced by more than
11%. The differences of the peak areas from these two kinds
of determinations were then evaluated by a t-test (with
condence intervals at 95%). Aer calculation, the t-calcu-
lated value was 11.7, which was higher than the t-tabulated
value (t(95%, df ¼ 5) ¼ 2.571), indicating that the peak areas
obtained from these two solutions were signicantly
different. Therefore, to obtain satisfactory quantitative
results, the calibration standards were prepared in nal
extract solutions, and ve-point “matrix-matched” calibration
curves were employed to quantitate the target analytes. Each
curve covered the range from 1 to 100 ng mL�1 (i.e., 1, 2, 5, 20,
and 100 ng mL�1). As shown in Table 1, the coefficients of
determination (r2) were 0.9998 to 0.9999 for MC-YR and MC-
LR, respectively, demonstrating the excellent linearity.
Furthermore, by analyzing through the Mandel's tting test,
the linear regression was proven to be a better t with the
38674 | RSC Adv., 2019, 9, 38669–38676
experimental data than that of quadratic regression, since the
calculated F-values were lower than that of the tabulated limit
at the 95% condence level (Table 1).

For selectivity, the accurate masses of the protonated mole-
cules ([M + H]+, as listed in Table 1) of the MC-LR and MC-YR
were used for both quantitation and conrmation. Moreover,
the traces of extracted ion chromatogram (EIC) with narrow
mass window (i.e., �10 mDa mass interval) were applied to
increase the selectivity and sensitivity for qTOF-MS high reso-
lution measurements. Fig. S3† depicts that no interfering peaks
were observed at or around the retention times of the target
analytes, which exhibits excellent selectivity by easily identifying
target analytes via their retention times.

The LODs and LOQs were dened at a signal to noise (S/N)
ratio of 3 and 10, respectively. The LODs, estimated through
DES-based VALLME plus UHPLC-ESI(+)-qTOF-MS procedures of
the spiked reservoir water samples, have values 0.16 and 0.14 ng
mL�1 for MC-YR and MC-LR, respectively, and the LOQs were
0.5 and 0.4 ng mL�1.

Precision was evaluated through intra-day and inter-day
analyses expressed as the relative standard deviation in
percentage (%RSDs) at three concentration levels. Spiked reser-
voir water samples (n ¼ 5) were analyzed from the same day to
determine repeatability, also known as intra-day precision. Inter-
day precision was obtained by analyzing through ve successive
days (n ¼ 5). Trueness can be further obtained by calculating the
mean recovery of these spiked water samples. In Table 4, for low-,
medium- and high-level spiked samples, their intra- and inter-
day precision and trueness have values from 2 to 11% and 85.5
to 113%, respectively. Robustness was evaluated through the
daily fresh prepared DES1 extractant during the inter-day anal-
yses. The excellent average spiked recovery, as estimated under
the optimized conditions, ranged from 99.2 to 113% with an
average of 105 � 6% (as illustrated in part of Table 4: mean
spiked recovery of inter-day at three spiked concentrations). Such
satisfactory precision, trueness, and robustness demonstrate that
the DES-based VALLME coupled with UHPLC-ESI(+)-qTOF-MS
can achieve satisfactory selectivity and sensitivity, as well as
high reproducibility for the quantitation ofmicrocystins in tested
surface water samples. However, no MC-YR and MC-LR were
detected in the surface water samples collected from the Shih-
men Reservoir (as shown in Table S5†), perhaps due to the
samples' dilution caused values to drop below their LOQs. The
average recovery of the spiked extractions of the two target
microcystins ranged from 94.0 to 109% with a RSD of less than
12.2%.
This journal is © The Royal Society of Chemistry 2019
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3.3. “Greenness” and method comparisons

The greenness of our developed method was assessed through
an “analytical Eco-scale” as proposed by Gałuszka et al.28 This
scale is based on the assigning “penalty points” for each
parameter in the analytical protocol, if which departs from the
twelve principles of green chemistry. As shown in Table S6,†
aer assessment, our developedmethod can be classied as “an
excellent green analysis” since the score was greater than 75 on
the “analytical Eco-scale”. Therefore, the developed method can
be used for reliable monitoring studies of the microcystins in
analytical laboratories with a minimal detrimental impact on
human health and the environment.

Table 5 lists the comparison among our DES-based VALLME
method and previously published techniques for sample prep-
aration. Compared with DES-based VALLME, various SPE
procedures required more than 10 min plus elution time for
each sample (based on the sample volume, ow rate of SPE, and
manifold setup).9–11 In addition, for the microextraction
methods, such as ionic liquid-based dispersive liquid–liquid
microextraction required less than 6 min,29 and magnetic solid-
phase extraction needed at least 50 min,30 but both of these
techniques required more than four days to synthesize ionic
liquids as extractant and magnetic g-cyclodextrin polymer as
adsorbent, respectively. Although, the results of LOQs obtained
by our developed method were higher than those obtained by
SPE procedures andmicroextraction methods.9–11,29,30 our values
meet the WHO recommended health-based level of 1.0 ng mL�1

for MC-LR in drinking water.8 Moreover, the outstanding
features of our procedure was the use of a green extractant, less
sample volume, and the fully exploitation of the benets of
VALLME technique (i.e., speed, simplicity, and efficiency).
Furthermore, the recoveries and the precisions of the spiked
samples of our results are comparable to those of other pub-
lished methods.
4. Conclusions

In this study, a developed method that combined DES-based
VALLME with UHPLC-ESI(+)-qTOF-MS was applied to deter-
mine MC-YR and MC-LR in surface water samples. The DES-
based VALLME was developed and fully validated, as shown
by satisfactory trueness and precision. DES-based VALLME is
a simple and straightforward technique, which needs only
small amounts of DES for each extraction. This implied that our
developed method is a low-cost and eco-friendly one with the
elimination of the requirement of needing or generating
hazardous substances, and could achieve excellent ranking on
the analytical Eco-Scale. Many advantages of DES-based
VALLME could greatly aid future routine analysis and moni-
toring programs on the occurrence of microcystins in our
aquatic environment.
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Chem., 2019, 112, 75–86.

13 M. Rezaee, Y. Yamini and M. Faraji, J. Chromatogr. A, 2010,
1217, 2342–2357.
38676 | RSC Adv., 2019, 9, 38669–38676
14 M. I. Leong, M. R. Fuh and S. D. Huang, J. Chromatogr. A,
2014, 1335, 2–14.

15 A. Spietelun, Ł. Marcinkowski, M. de la Guardia and
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