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Abstract

The traditional optimization of extraction for sample pre-treatment usually involves only the single-factor experimental design
to obtain the best conditions of performance. However, in optimization, only employing the single-factor experimental design
becomes less frequent as it ignores the interaction among various factors. To identify the effective or critical factors and inter-
actions among them in a sample pre-treatment, the experimental design should be conducted by the design of experiments
(DoE). In this study, lithium bis(trifluoromethanesulfonyl)imide (LiNTf,)-enhanced dual microextraction method, a new
type of ionic liquid-based dispersive liquid—liquid microextraction (IL-DLLME) was applied for the simultaneous enrich-
ment and extraction of phthalate (PAE) and metabolites showing weak to moderate polarity in human urine. The conditions
were optimized by the single-factor experimental design, full factorial design, and central composite design (CCD) based
on DoE methodologies. Under optimal conditions, the proposed method performed high recoveries (95.19-98.3%) and low
LODs (0.14-0.46 pug L™!) in the range of 2-500 pg L~! for six PAE and metabolites in human urine. Extending from this
study, this method has excellent potential for the enrichment and extraction of chemical compounds ranging from weak to
moderate polarity in environmental and biological matrices as well. Besides, for the optimization of sample pre-treatment,
DoE is necessary and vital in analytical chemistry and clinical laboratories to obtain the interactions between various factors
instead of using only a single-factor experiment.

Keywords Design of experiments - Phthalate - Metabolites - LiNTf,-enhanced - Dual microextraction - Liquid
chromatography - CCD

Introduction

In analytical chemistry and clinical laboratories, although
more and more advanced types of equipment are used for
the analysis, the direct quantification of specific compounds
in the complex environmental and biological matrices is
still conditionally restricted, wherein the first step usually
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Effective scientific ways assist in analyzing and optimiz-
ing the parameters of various factors to obtain the most use-
ful solution and understand the interactions of various fac-
tors on the response (for example, the extraction efficiency).
For sample pre-treatment, the traditional optimization usu-
ally involves only the single-factor experimental design,
which leads to obtaining the best conditions of performance
and extraction. A single-factor experiment refers to only one
factor to be studied in a particular experiment, or it focuses
on the effect of one factor on the response at a time. How-
ever, it should be noted that the single-factor experiment
does not mean that there is only one factor affecting the
experimental results. Owing to this, currently in the method
optimization, only using the single-factor experimental
design is less frequent as it ignores the interactions among
various factors, and there is no correlation between factors
by default. In a sample preparation procedure, to identify the
effective or critical factors and the interactions among them,
the experimental design should be conducted following the
design of experiment (DoE) methodology, which is one of
the most common ways to design the experiments and opti-
mize the experimental conditions. The methodology for DoE
was first proposed by Fisher [6], in which the central idea
was to identify key factors using different statistical models
(depending on the type of problem) and exclude uncontrolla-
ble variables by randomization and replication of the experi-
ments. The applied models include fractional factorial, full
factorial, orthogonal array, Plackett—-Burman, Box—Behnken,
central composite, D-optimal designs, and Doehlert [5]. In
general, the DoE operation consists of three steps. First,
the factors that may affect the response should be selected
based on the general information and previous research and
then giving a reasonable and approximate range of values to
these factors according to single-factor experimental design.
The second step involves finding out the primary factors
by full factorial or other appropriate models and excluding
uncontrollable variables by randomization and replication of
the experiments. Then, central composite design (CCD) or
other appropriate design should be selected to set a series of
experiments and finally create an appropriate model accord-
ing to the mathematical relationship between the factors and
response. Following this, the main factors are screened out,
and finally, an appropriate model is created. The whole pro-
cess is time-saving, the runs are reduced significantly and
more effective, and the most important is that the interac-
tions between various factors could be illustrated by math-
ematical formulae or intuitive plots. Thus, DoE is a scientific
and efficient strategy that should be widely promoted and
used in analytical chemistry and clinical laboratories.

In recent years, more attention is being paid to the poten-
tial lifetime risks of chronic exposure to phthalate (PAE),
which leads to an increase in the development of quantita-
tive methods for PAE and its biological metabolites. For
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example, SPE, SPME, LPME, and DLLME, coupled with
high-performance liquid chromatography (HPLC), mass
spectroscopy, and gas chromatography—mass spectroscopy
(GC-MYS) have been developed [1-4].

Phthalate consists of a group of chemicals that are widely
used as plasticizers in various types of plastic products, such
as intravenous tubing and bag, food wrapping bag, wallpa-
per, and decoration materials [7, 8], and also found in facial
cleanser and cosmetics [9]. A correlation between PAE
metabolites and diabetes has been shown in recent studies
[8, 10, 11]. Despite the development of several methods for
the pre-treatment of PAE and metabolites in urine, these
methods display few disadvantages such as, tedious pro-
cessing, time-consuming, requirements of organic solvents,
difficulties in the simultaneous quantification of PAE and
its metabolites due to the variation in the polarity of the
compounds, and the requirement of derivatization steps for
GC-MS analysis [12].

Dispersive liquid-liquid microextraction was first pro-
posed by Rezaee et al. [13] to detect organic compounds
in aqueous samples. Ionic liquid, known as “green solvent”
[14], has been widely used in ionic liquid-based DLLME
(IL-DLLME) for the microextraction of various compounds
in different matrices [15—17]. Till now, at least three types
of IL-DLLME have been developed, for example, in a tradi-
tional IL-DLLME where organic solvent acts as a dispersing
agent [15, 16]; in an in situ IL-DLLME [17] there is simulta-
neous accomplishment of metathesis reaction and extraction
[18]; and “dual microextraction” which was first proposed
for the determination of three types of PAE metabolites in
urine [12]. Compared to other two types of IL-DLLME,
“dual microextraction” gives higher extraction recovery for
weak to moderately polar compounds and avoids unneces-
sary losses of moderately polar compounds in the urine,
but does not detect their parent compounds. In this study,
“LiNTf,-enhanced, dual microextraction” method has been
developed for the determination of PAE metabolites and
their parent compounds that include simultaneous detec-
tion of six compounds. In this method, 3-methylimidazolium
bis((trifluoromethyl)sulfonyl)imide-based ILs ([C,MIM]
NTf,) were selected as extractant, 1-butyl-3-methylimida-
zolium tetrafluoroborate ([C,MIM]BF,) was selected as
dispersing agent, and lithium bis(trifluoromethanesulfonyl)
imide (LiNTf,) was selected to react with [C,MIM]BF, to
accomplish dual extraction.

The objective of this study is to demonstrate how the sam-
ple pre-treatment for PAE and metabolites having different
polarity could be optimized according to DoE methodol-
ogy. In this paper, the optimization starts from the single-
factor experiment, then an appropriate screening design was
selected and discussed, and lastly, optimization was con-
ducted and analyzed by central composite design [19, 20]
(CCD) based on response surface methodology (RSM).
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Experimental
Reagents

Bis(2-ethylhexyl) phthalate (DEHP), benzylbutyl phtha-
late (BBzP) and diisobutyl phthalate (DiBP), monoethyl-
hexyl phthalate (MEHP), monobenzyl phthalate (MBzP),
and monoisobutyl phthalate (MiBP) were obtained from
AccuStandard Inc. (New Haven, USA), and their puri-
ties were > 99.8%. Methanol, acetone, acetonitrile, acetic
acid, and HCI were received from Sigma-Aldrich (Shang-
hai, China). Ultrapure water (18.20 MQ cm, 25 °C) was
obtained from a Milli-Q water system (Millipore, Biller-
ica, MA, USA). Ionic liquids of 1-butyl-3-methylimidazo-
lium bis((trifluoromethyl)sulfonyl)imide ([C,MIM]NTTY,),
1-hexyl-3-methylimidazolium bis((trifluoromethyl)sulfo-
nyl)imide ([CsMIM]NTT{,), 1-octyl-3-methylimidazolium
bis((trifluoromethyl)sulfonyl)imide ([CgMIM]NTTY,),
1-butyl-3-methylimidazolium tetrafluoroborate ([C,MIM]
BF,), and lithium bis(trifluoromethanesulfonyl)imide
(LiNTf,) were purchased from Shanghai Chengjie Chemi-
cal Co., Ltd. (Shanghai, China).

HPLC and Other Equipment

An Accela HPLC system (Thermo Fish Scientific™,
Waltham, MA, USA) with Accela PDA 80 HZ detector,
Accela auto sampler, and 1250 pump were used for chro-
matographic analysis. A Zorbax Eclipse XDB-C,; col-
umn (5 pm, 4.6 mm X 250 mm) (Agilent, Santa Clara,
CA, USA) was used as a stationary phase. A gradient
mode was set for the mobile phase, which consists of
acetonitrile (phase A) and water (phase B), both contain
1% (v/v) acetic acid. The initial condition was 25% A and
75% B for 4 min; phase A increased linearly to 55% A in
the first 10 min and then increased linearly to 75% A in
another 6 min, then increased linearly to 100% A in 2 min
and kept for 10 min, then returned to initial condition in
2 min. The flow rate was 0.8 mL min~!, the column tem-
perature was set at 30 °C, and the detector wavelength was
set at 228 nm. An FE28 acidity meter (Mettler Toledo,
Switzerland) was used for pH measurements. An LP vor-
tex mixer and ST40R centrifuge (Thermo Scientific™,
Waltham, MA, USA) were used for blending the solutions
and centrifugation, respectively. A BSA224S precision
electronic balance (Sartorius, Goettingen, Germany) was
used for measuring the salt precisely. A KQ-500B ultra-
sonic cleaner (ultrasonic water bath) was obtained from
Guangzhou Huruiming Instrument Co., Ltd. (Guangdong,
China).

Standard Solutions and Samples

A standard stock solution of each compound was prepared
at 100 mg L~! in acetonitrile and stored at — 20 °C. Work-
ing standard solutions were prepared daily at different con-
centrations using the standard stock solution diluted with
acetonitrile. The urine samples were collected in the morn-
ing from volunteers without any renal dysfunction from the
Department of Clinical Laboratory, Shanghai East Hospital,
School of Medicine, Tong Ji University (Shanghai, China).
They were collected in 15 mL centrifugal tubes after filter-
ing through a filter of 0.22 pm, and then stored at —20 °C
for further analysis.

Extraction Procedure

The extraction procedure was developed and modified based
on our earlier report [12]. The urine samples were thawed at
25 °C for 1 h and centrifuged at 3000 rpm for 10 min before
analysis. 1 mL of urine and 4 mL of ultrapure water were
added into 10 mL screw cap glass conical tube, followed
by acidification to pH 2.4-4.0 using HCI. Shortly after,
[C,MIM]NTf, (n=4, 6, 8; volume =20-120 pL), [C,MIM]
BF, (volume =120-300 pL) and LiNTf, (0.18-0.46 g) were
slowly added into conical tube which immediately formed
a cloudy solution. Subsequently, the tube was placed in an
ultrasonic water bath at 25 °C for 2—10 min. Then, for the
extraction, the tube was placed in an ice bath for 2—10 min,
and the cloudy solution was then centrifuged at 3000 rpm
for 10 min. Finally, the sedimented phase was collected
using microliter syringe and diluted with 200 pL acetoni-
trile, and filtered using a filter of 0.22 pm before analysis
by HPLC-PDA. All measurements were performed in
triplicate.

Experimental Design

All experiments were conducted based on DoE methodolo-
gies. First, the possible operational factors that affect the
extraction efficiency were selected based on the general
information and previous research reports, and a reasonable
and approximate range of values were given to these factors
according to single-factor experimental design. Second, the
main factors were found out by full factorial design, which is
one of the most important designs to screen several param-
eters. The effective factors were determined, and their suit-
able levels were estimated without conducting many experi-
ments [21-23]. Then, CCD was selected to set a series of
experiments, and finally, an appropriate model was gener-
ated according to the mathematical relationship between the
factors and response. CCD is one of the most widely used
RSM containing three set of design points at five levels (—a,
—1, 0, +1,+ a) for the estimation of curvature: (1)+ 1 and
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— 1 are the cube points representing a two-level full facto-
rial design (Ny= 2%) that include all possible combinations
between upper and lower level variables, (2) + a and — « are
the axial points (N, =2f, the a value is between 1 and the
square root of the number of factors), and (3) O for center
points (fis the number of factors) [19, 20]. In this case, the
average extraction recovery of six compounds was selected
as the “response” for the estimation of extraction efficiency.
The recovery was computed using the following Eq. (1):
X Vied

C§ C
ER(%) = ch x 100, )
o aq

where ER (%), Cq, C,, Vieq» and V,, are the average extrac-
tion recovery, the concentration of compound found in the
sedimented phase, the initial concentration of compound in
the aqueous sample, the volume of the sedimented phase,
and the volume of the aqueous sample, respectively [24].

Statistical Analysis

Modeling and data processing were conducted using the
software package, Design-Expert 8.0.6 (Minneapolis, USA).
The data were subjected to analysis of variance (ANOVA),
considering significant differences at p <0.05.

Results and Discussion
Single-Factor Experiment

Based on our previous experiments, the following factors
were determined which potentially affect ER (%): type and
volume of extractant, sonication time, time of extraction,
pH, type of dispersing agent, the volume of the dispersing
agent, and the ion-exchange reagent. The effect of one factor
on ER (%) was evaluated by experiments conducted under
the condition of holding other factors at an appropriate level.
This approach is useful for screening factors in the initial
steps of the optimization process.

Selection of Extractant

In this study, [C,MIM]NTf, (n=4, 6, 8) was selected as the
extractant based on their low solubility in water, higher den-
sity than water, and good chromatographic behavior. PAE
metabolites are relatively more polar than their respective
parent compounds [12]. As shown in Fig. 1a, the ER (%)
of MiBP and MBzP (<55%) was significantly lower than
that of MEHP and their parent compounds (ca. 80%) using
conventional DLLME (the extraction recovery of the mod-
erately polar compound was not enhanced by the addition
of LiNTf,). As for the type of IL-based extractant, [C{MIM]
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NTf, increased the ER (%) by 30% as compared to [CsMIM]
NTf, and [C,MIM]NTI,. As a result, [C{MIM]NTT, was
selected as the extractant in this study. Figure 1b shows the
effect of different volumes of [C{MIM]NTT, on ER (%), and
for further studies, 30 L was found to be optimum.

Selection of Dispersing Agent

Organic solvents such as methanol, acetonitrile, and acetone
are the traditional dispersing agents for the extraction of
chemicals. Since it has a high solubility (18.8 mg mL™') in
the aqueous, [C,MIM]BF, can be a dispersing agent as well
[12]. As shown in Fig. Ic, the ER (%) of organic solvents
was comparable with that of [C;,MIM]BF,, but a higher
extraction efficiency (>90%) can be obtained for moder-
ately polar compounds (MiBP and MBzP) by dual micro-
extraction (Fig. 1e) which was performed by the addition of
LiNTf, after the conventional DLLME. Besides, [C;MIM]
BF, was environmental friendly compared to organic sol-
vents. As a result, [C,MIM]BF, was selected as the dispers-
ing agent.

Effects of the Volume of Dispersing Agent
and lon-Exchange Reagent

Figure 1d, e show the effects of the volume of dispers-
ing agent and amount of ion-exchange reagent on ER (%),
respectively. The ER (%) of six compounds increased gradu-
ally with an increase in the volume of dispersing agent from
120 to 300 pL. When LiNTf, was added, the extraction
recoveries of MiBP and MBzP were much higher than those
without any addition of LiNTf, (conventional IL-DLLME)
in Fig. le (LiNTf, (4+) and (-) indicate with and without
addition of LiNTTf,, respectively). It has a dual identity that
water-miscible [C,MIM]BF, played not only as dispersing
agent but as an extractant in the case of sample pre-treat-
ment. An in situ DLLME was performed between LiNTf,
and [C,MIM]BF, when LiNTf, was added (the molar ratio
of LiNTf, to [C;,MIM]BF, is 1:1), and as a result [C,MIM]
NTf, was formed, where the extractant can be separated
from the aqueous phase, resulting in a significant increase
in the ER (%) of MiBP and MBzP from <55% to>90%
in the dual microextraction method. However, when com-
pared with the conventional IL-DLLME (without addition
of LiNTf,) and dual microextraction method, the ER (%) of
each compound obtained by the in situ DLLME method was
less than 55%. Generally, ER (%) shows a positive correla-
tion with the ratio of dispersing agent to extractant (Ra) (in
this case the volume of extractant was 30 pL). Thus, dual
microextraction was accomplished rapidly with [C{MIM]
NTf,, [C,MIM]BF,, and LiNTf,, and the sedimented phase
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Fig.1 Effect of single-factor experiment on extraction recovery.
a Effects of different extractant on extraction recoveries. Condi-
tions: 5.0 mL water sample, pH of 3, 8 min sonication time, 30 pL
extractant [CqMIM]NTT,, 50 pL [CqMIM]NTY, and 120 pL [C,MIM]
NTf,, 200 pL [C,MIM]BF, (without addition of LiNTF,), and 8 min
extraction time. MEHP, DiBP, BBzP and DEHP are weak polar com-
pounds, they have higher solubility in hydrophobic IL (hydrophobic-
ity: [CgMIMINTE, > [C(MIMINTS, > [C,MIMINTY,). b Effects of
different volumes of extractant on extraction recoveries. Conditions:
5.0 mL water sample, pH 3, 8 min sonication time, extractant was
[CsMIMINTE,, 200 pL [C,MIM]BF, (without addition of LiNTF,),
8 min extraction time. The ER (%) of each compound increases
slowly by increasing the volume of [C{MIM]NTT, from 20 to 30 pL,
but it is not obvious when increasing the volume of [CgMIM]|NTS,
from 35 to 40 pL. ¢ Effects of the different disperser on extraction
recoveries. Conditions: 5.0 mL water sample, pH 3, 8 min sonica-
tion time, 30pL [CgMIMINTT,, 500 pL organic disperser solvent, and
200 pL [C,MIM]BF, (without addition of LiNTF,), 8 min extrac-
tion time. The ER (%) of six compounds by organic solvent-based
dispersing agents was comparable with that of [C,MIM]BF,, but for

was separated in one step instead of two steps in our previ-
ous method [12], making it more controllable with time- and
cost-saving.

Effects of Sonication Time, Extraction Time, and pH

Supplementary Fig. 2a—c illustrate the effects of sonication
time, extraction time, and pH on ER (%) of six compounds.
The ER (%) increased gradually from 2 to 10 min of sonica-
tion and extraction times, respectively. The effects of pH on

MEHP DiBP BBzP DEHP

moderately polar compounds (MiBP and MBzP), none of them could
increase the ER (%) to>60%. d Effects of the different volume of
disperser on extraction recoveries. Conditions: 5.0 mL water sam-
ple, pH 3, 8 min sonication time, 30 uL [C{MIM]|NTf,, [C,MIM|BF,
was disperser (without addition of LiNTF,), 8 min extraction time.
The ER (%) of six compounds increased gradually with an increase
in the volume of dispersing agent from 120 to 300 pL. e Effects of
ion-exchange reagent LINTF, on extraction recoveries. Conditions:
5.0 mL water sample, 30 pL [CsMIMINTY,, 200 pL [C,MIM]BF,
(with or without addition of LiNTF,), 8 min sonication time and
8 min extraction time. LiNTf, (+) and LiNTf, (-) indicate with and
without addition of LiNTf,, respectively. The in situ DLLME indi-
cates microextraction performed only by [C;MIM]BF, and LiNTTf,.
The ER (%) of all the six compounds is less than 55% by the in situ
DLLME, and a higher ER (%) (81-85%) was obtained for four weak
polar compounds (MEHP, DiBP, BBzP and DEHP) but not for the
rest (MiBP and MBzP, both<55%) by conventional IL-DLLME
(LiNTf, (-)). However, the ER (%) of all the six compounds is >90%
by the dual microextraction (LiNTf, (4)) that consists of conven-
tional IL-DLLME and in situ DLLME

ER (%) could be complex, and the possible optimal condi-
tions were in the range of pH 2.7-3.4.

Full Factorial Design

The results from single-factor experiment demonstrated that
four main factors (with their acronyms and appropriate level
range indicated in parentheses) had the largest effects on
the extraction recoveries: ultrasonication time (U,, 3-8 min),
extraction time (E,, 3-8 min), the volume ratio of dispersing
agent to extractant (R,, 4-10, with the same mole of LiNTf,
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with [C;,MIM]BF,) and pH (P, 2.5-3.6). Then, the two-level
full factorial design, including 2* runs were applied for the
estimation of the effects of each factor. The design matrix
(coded values of variables) and responses (average extrac-
tion recovery of six compounds) for the full factorial 2%
design contained 16 runs as summarized in Supplementary
Table 1, and the experimental sequence was random. The
statistical data were analyzed by ANOVA (Supplemen-
tary Table 2). The “Model F value” of 844.31 (p value of
0.0012) implied that the model is significant, and the values
of “Prob> F” (p values) less than 0.05 indicated that the
model terms are significant. In this case, A (U), B (E), C
(R,), and D (P) are significant model terms. The p value of
B, C, and D was all less than 0.01, but the p value of A was
0.0220, indicating that B, C, and D were the most impor-
tant factors compared with A. The normal plot, half-normal
plot, and Pareto chart have been displayed in Fig. 2. For
further study of the interactions between various factors and
to determine if the model contains squared factors, CCD was
recommended.

Central Composite Design (CCD)

Interactions among the four factors were analyzed by
CCD, and the followed protocol has been shown in the
Supplementary material. Independent variables, their acro-
nyms, and levels by CCD are shown in Supplementary
Table 3. The design matrix and the responses by CCD
have been displayed in Supplementary Table 4. A quad-
ratic function model was applied for regression analysis
(Supplementary Table 5), and the factors “AD” and “BD”
in Table 1 with lower F' value (p value of > 0.05) which
indicate these two factors were not significant and could
not be removed from this model because of the so-called
"Model hierarchy" principle or rule [23]. This model is
shown in Eq. (2) in terms of coded values. The model
F value of 183.59 (p <0.0001) implies that the model is

extremely significant, and the lack of fit F value of 2.59
(p>0.2347) signifies that the lack of fit is not significant,
and non-significant lack of fit is good. The adjusted coeffi-
cient of determination (R?) of 0.9895 was used to evaluate
the goodness of fit for this model which elucidates 98.95%
of the variance indicating a strong model that fits with the
data. In this case, A, B, C, D, AB, AC, BC, CD, A% B?,
C2, and D? were significant model terms, while AD and
BD were not significant model terms. As can be seen in
Eq. (2), there were four main effects (A, B, C, and D),
six two-factor interaction effects (AB, AC, BC, CD were
significant model terms, AD and BD were not significant
model terms) and four curvature effects (A2, B2, C2, and
D?), where Y is the average extraction recovery of six com-
pounds, by, is the intercept, and b, to b, are the parameter
coefficients:

Y=>by+bA+ b,B+ b;C+ b,D+ bsAB + bgAC + b;AD
+ bgBC + byBD + b,(CD + by A? + b;,B? + b3C* + b, D?,
@)
with by, =85.08; b, =4.22; b,=3.55; b;=14.95; b,=—5.07;
bs=1.66; bg=—2.14; b;=0.78; bg=1.24; by=-0.88;
by=1.19; b, =-1.44; b,=-4.29; b;;=-6.17;
b4=-9.09.

To test the prediction ability of this model, four more
independent experiments were carried out (1.3 Model vali-
dation in Supplementary materials). As shown in Supple-
mentary Table 6, bias between result of model prediction
and outcome of experiment was — 1.21 to 4.92%, showing
a strong correlation between them.

The model graphs of 3D response surfaces and contour
lines are shown in Fig. 3, and two factors were investigated
in each plot according to the criteria that two of them var-
ied in the range while holding other two at their central
levels [25]. The maximum average extraction recovery of
each plot and their trends are shown in Table 2. As a result,
the optimal conditions have been suggested based on the
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Fig.2 Normal plot, half-normal plot and Pareto chart of the full factorial design. The orange box represents positive effects and the blue box
represents negative effects; the results indicate that the selected factors (A, B, C and D) have a significant effect on the extraction
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Table 1 Analysis of variance
(ANOVA) for quadratic
response surface model

Source SS df MS F value Prob>F

Block 14.93 2 7.46

Model 10,003.29 14 714.52 183.59 <0.0001 Significant
A-U, 427.57 1 427.57 109.86 <0.0001 Significant
B-E, 301.75 1 301.75 77.53 <0.0001 Significant
C-R, 5361.07 1 5361.07 1377.47 <0.0001 Significant
D-P 617.12 1 617.12 158.56 <0.0001 Significant
AB 43.89 1 43.89 11.28 0.0051 Significant
AC 75.53 1 73.53 18.89 0.0008 Significant
AD 9.77 1 9.77 2.51 0.1372 Not significant
BC 24.75 1 24.75 6.36 0.0255 Significant
BD 12.43 1 12.43 3.19 0.0973 Not significant
CD 22.80 1 22.80 5.86 0.0309 Significant

A? 57.09 1 57.09 14.67 0.0021 Significant

B2 505.44 1 505.44 129.87 <0.0001 Significant

C? 1043.40 1 1043.40 268.09 <0.0001 Significant

D’ 2267.72 1 2267.72 582.67 <0.0001 Significant
Residual 50.60 13 3.89

Lack of fit 45.34 10 4.53 2.59 0.2347 Not significant
Pure error 5.26 3 1.75

Cor total 10,068.81 29

SS, df, MS, F value and Prob> F indicate sum of squares, degrees of freedom, mean square, test for com-
paring model variance with residual (error) variance and probability of seeing the observed F' value if the
null hypothesis is true, respectively

The Model F value of 183.59 (p <0.0001) implies the model is significant. There is less than 0.01% chance
that a "Model F value" this large could occur due to noise. Values of "Prob> F" less than 0.0500 indicate
model terms are significant. In this case A, B, C, D, AB, AC, BC, CD, A% B2, C% D? are significant model
terms. Values greater than 0.05 indicate the model terms are not significant. If there are many insignificant
model terms (not counting those required to support hierarchy), model reduction may improve the model.
The "lack of fit F value" of 2.59 (p>0.2347) implies the lack of fit is not significant relative to the pure
error. There is only a 23.47% chance that a "lack of fit F value" this large could occur due to noise. Non-

significant lack of fit is good; we want the model to fit

Design-Expert software as follows: R, of 10 (300/30, v/v,
pL), 0.46 g LiNTf,, 8.00 min of sonication time, 7.43 min
of extraction time, and a pH of 2.94.

Analytical Performance and Application in the Urine
Sample

To evaluate the proposed LiNTf,-enhanced dual microex-
traction method, a series of experiments were conducted
under the optimal experimental conditions for obtaining
linearity, the limit of detection (LOD), the limit of quan-
titation (LOQ), accuracy and precision following the CLSI
guidelines (EP15-A3) [26]. This method indicated excel-
lent linearity in the range of 2-500 pug L', the coefficients
of determination (R?) were in the range of 0.9995-0.9998,
and the LODs (S/N=3) and LOQs (S/N=10) were in the
range of 0.14-0.46 pg L™" and 0.5-1.45 ug L' in the urine,
respectively (Table 3).

Repeatability variance (Sgz) and within-laboratory
variance (Syy;) were calculated according to the CLSI

guidelines (EP15-A3). Two quality control samples in low
and high level (20 and 200 pg L™, respectively) and two
urine samples with the fortification of six standard PAE
and metabolites at two levels (10 and 60 pg L™, respec-
tively) were repeatedly detected five times a day for 5 con-
secutive days, and each sample contained 25 test data. The
Sk was in a range of 0.69-7.31% for intra-day analysis,
and Sy, was in a range of 0.69-7.31%. The bias of quality
control was in a range of 2.13-6.68% (Table 4). Figure 4
is a typical chromatogram for PAE and metabolites using
the proposed method, and all six PAE and metabolites in
the unfortified urine samples were detected. The extraction
recoveries were in the range of 95.19-98.30% for the six
compounds (Table 4). As a result, this optimal method is
in high precision and accuracy, which has the potential to
determine trace levels of PAE and metabolites in human
urine.

@ Springer



404 Z.Ye etal.

Prediction 89.4373 Prediction 94.6079)

[Prediction 94.2747

I II I v

Fig.3 I Contour lines and three-dimensional (3D) plot for extrac- on average extraction recovery under 5.5 min sonication time and pH
tion time and sonication time on average extraction recovery under 3.05. IV Contour lines and 3D plot for pH and R, on average extrac-
pH 3.05 and R, of 7; II Contour lines and 3D plot for sonication time tion recovery under 5.5 min sonication time and 5.5 min extraction
and R, on average extraction recovery under 5.5 min extraction time time

and pH 3.05; III Contour lines and 3D plot for extraction time and R,

Table 2 The maximum average extraction recovery of each plot and description

Plot ER_, (%) Conditionsof ER ,  Description

I 89.43 8 min A, 7.01 min B Extraction recovery increased gradually with increase in extraction time from 3.00 to 8.00 min and
ultrasonication time from 3.00 to 7.01

I 94.60 7.26 min A, Cof 10  Extraction recovery increased rapidly with increasing the volume ratio of disperser to extractant from
4.00 to 10 and ultrasonication time from 3.00 to 7.26 min, while extraction recovery increased
gradually with increasing ultrasonication time from 7.26 to 8.00 min

I 91.95 6.88 min B, C of 10  Extraction recovery increased rapidly with increasing extraction time from 3.00 to 6.88 min and the
volume ratio of disperser to extractant from 4.00 to 10

IV 9427 Cof 10, D of 2.93 Extraction recovery increased gradually when pH decreased from 3.60 to 2.93 and the volume ratio of
disperser to extractant increased from 4.00 to 10. However, extraction recovery decreased gradually
with further decreasing of pH from 2.93 to 2.50

Table 3 Analytical performance

Compounds Regression equation Coefficient of (Linear range) LOD (pgL™") LOQ (ugL™"
of the proposed method

determination LR (pg LY

(R
MiBP y=412.24131.324x 0.9997 2.0-500 0.25 0.76
MBzP y=113.44+124.531x 0.9998 2.0-500 0.35 1.25
MEHP y=186.4483.53x 0.9997 2.0-500 0.23 0.83
BBP y=—299.4+112.451x 0.9995 2.0-500 0.46 1.45
DiBP y=167.54+122.34x  0.9996 2.0-500 0.24 0.73
DEHP y=145.76+132.12x 0.9995 2.0-500 0.14 0.50
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Table 4 Precision and accuracy for the proposed method
Compounds Coample (12 L7 Coaq (HgL7H ER/bias (%) MS1 MS2 c(ugL™ Sg (CV, %) Swi. (CV, %)
MiBP 15.30 10.00 95.36 0.19 0.43 24.84 2.63 2.63
22.10 60.00 97.63 2.15 4.38 80.67 2.59 2.59
20.00 2.96 0.40 0.61 20.59 3.79 3.79
200.00 4.06 10.32 16.61 208.11 1.96 1.96
MBzP 19.50 10 95.68 1.50 2.70 29.07 5.65 5.65
26.30 60 96.43 1.25 3.74 84.16 2.30 2.30
20 4.54 0.07 0.46 20.91 3.24 3.24
200 3.47 6.16 8.1 206.95 1.38 1.38
MEHP 35.10 10 97.96 0.56 8.1 44.90 2.51 2.51
54.40 60 98.30 0.12 10.69 113.38 2.88 2.88
20 4.98 0.32 1.02 21.00 4.81 4.81
200 2.18 14.68 19.71 204.36 2.17 2.17
BBzP 14.30 10 95.64 0.38 3.04 23.86 7.31 7.31
17.50 60 95.19 0.50 5.06 74.62 3.01 3.01
20 4.96 0.40 1.02 21.00 4.81 4.81
200 2.60 11.46 18.87 205.21 2.12 2.12
DiBP 36.40 10 95.76 0.22 5.65 45.98 5.17 5.17
16.70 60 97.16 1.22 445 75.00 2.81 2.81
20 5.28 0.32 0.99 21.06 4.72 4.72
200 2.13 9.44 14.33 204.25 1.85 1.85
DEHP 19.10 10 97.44 0.74 1.28 28.84 3.92 3.92
25.30 60 97.34 2.05 8.68 83.70 3.52 3.52
20 6.68 0.32 0.44 21.34 3.11 3.11
200 43 1.75 2.06 208.60 0.69 0.69
C is the level of PAE and metabolites detected in blank urine, and the level of quality control samples is 20 and 200 pg L™'; C,yq is the

sample

fortified level of PAE and metabolites in urine; ER/bias is the extraction recovery or bias of quality control data; MS1 and MS2 are mean square
between groups and mean square within groups, respectively; x is the average levels of PAE and metabolites after fortification; Si and Sy are

the repeatability variance and the within-laboratory variance, respectively

Blank urine
PAE and its metabolites
fortified in urine

1.8x10°4 — )
DiBP

4
1.6x10 ] / _-BBzP DEHP

MiBP
14x10*H / _ MBzP

1 1 MEHP
1.2x10* 4 J

1.0x10* o

intensity (uAu)

1
6.0x10°4 || |
4.0x10° \/

2.0x10°

0047V . nirﬂ\(ﬁw\ N

-2.0x10° T T T T T T T 1

time (min)

Fig.4 Chromatogram of the PAE and metabolites in urine by the pro-
posed method. Conditions: R, of 10 (300/30, v/v, pL), 0.46 g LiNTf,,
8.00 min of sonication time, 7.43 min of extraction time, and a pH of
2.94. Blank urine was unfortified with standard PAE and metabolites
urine sample

Comparison of the Proposed Method with Other
Methods for Determination of PAE and Metabolites

The proposed method was compared with other published
methods, such as solid-phase extraction coupled with
GC-MS (SPE-GC-MS) [1], solid-phase extraction cou-
pled with LC-MS (SPE-LC-MS) [27, 28], solvent-based
dispersive liquid-liquid microextraction coupled with
GC-MS (SB-DLLME) [29], ionic liquid-based disper-
sive liquid-liquid microextraction coupled with HPLC
(IL-DLLME-HPLC) detection [30], solidification of float-
ing organic drop-based dispersive liquid-liquid microex-
traction coupled with HPLC (SFO-DLLME) detection
[31] and temperature-controlled ionic liquid dispersive
liquid-liquid microextraction coupled with HPLC (TC-
IL-DLLME) detection [32]. As shown in Table 5, SPE
and DLLME are widely used for sample pre-treatment
before GC-MS, LC-MS and HPLC detection. The LOD
(0.14-0.46 pg L) of the proposed method is much lower
than that of IL-DLLME (3.3 pg L' for DEHP) and SB-
DLLME (1 pg L~! for DEHP), and lower than that of other
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Table 5 Comparison of the proposed method with other published methods for determination of PAE and metabolites
Extraction method Instrument Sample preferment Materials and reagent LR (ugL™) LOD (ugL™") LQD (ugL™!) References
SPE GC-MS SPE — nitrogen blow SPE cartridge, methanol 0.05-3 0.1 (for DEHP) nr [1]
(drying out) and ethyl acetate
SPE LC-MS Enzymatic hydroly- Nexus SPME cartridges, 1.0-2500 0.5-0.9 nr [27]
sis — SPE — nitrogen acetonitrile, ethyl
blow acetate
SPE LC-MS Enzymatic hydroly- SPE cartridge, acetic 0.1-200 ca. 0.02-0.2 ca. 0.08-0.64 [28]
sis —online SPE-LC- acid, methanol and
MS/MS ethyl acetate
SB-DLLME GC-MS (Organic) solvent-based n-hexane, NaCl, acetone 6-1500 1 (for DEHP) 9 (for DEHP) [29]
dispersive liquid-lig-
uid microextraction
IL-DLLME HPLC Tonic liquid-based [CMIM]PF,, [CgMIM] 50-600 3.3 (for DEHP) nr [30]
dispersive liquid-lig- PFg, acetone, metha-
uid microextraction nol
ice-water bath
SFO-DLLME HPLC Solidification of float- Dodecanol, NaCl 2-2000 0.6 (for DEHP) nr [31]
ing organic drop
(SFO)-based disper-
sive liquid-liquid
microextraction — vor-
tex — centrifuga-
tion — ice-water bath
TC-IL-DLLME HPLC Temperature-controlled  [CsMIM]PF, methanol 20-1920 0.9 (for MEHP) nr [32]
ionic liquid dispersive
liquid-liquid microex-
traction
This method HPLC Sonication — liquid— [CsMIMINTT,, 2-500 0.14-0.46 0.50-1.45
liquid microextrac- [C,MIM]BF, and
tion — centrifugation LiNTf,

(1) LR, LOD and LOQ indicate linear range, limit of detection (S/N=3) and limit of quantitation (S/N=10), respectively; (2) SPE, solid-phase
extraction; (3) SB-DLLME, solvent-based dispersive liquid-liquid microextraction; (4) IL-DLLME, ionic liquid-based dispersive liquid—liquid
microextraction; (5) SFO-DLLME, solidification of floating organic drop-based dispersive liquid-liquid microextraction; (6) TC IL-DLLME,

temperature-controlled ionic liquid-based dispersive liquid-liquid microextraction. (7) nr, not reported

DLLME methods (ca. 0.6-0.9 pg L™") except for SPE-
GC-MS (0.1 ug L™!) and SPE-LC-MS (0.02-0.2 ug L™1).
However, there are several disadvantages in SPE pre-
treatment, such as they require a long pre-treatment time
and large volume organic solvent, GC-MS and LC-MS
are more expensive than HPLC used in this investigation.
In comparison, the DLLME pre-treatment takes a much
shorter time and is fully compatible with HPLC detection,
and only a small volume of organic solvents needs to be
used as extractant or dispersing agent. More precisely, the
proposed method consists of in situ reaction and conven-
tional DLLME in one step, resulting in a dual microex-
traction of compounds without using organic solvents. In
general, the main advantages of the proposed method are:
(1) time and cost-saving, full compatibility with HPLC
detection; (2) more environmental friendly and simple to
use; (3) high extraction recovery obtained for both weakly
and moderately polar compounds simultaneously owing to
dual microextraction in one step.

@ Springer

Conclusions

This study developed a LiNTf,-enhanced dual microex-
traction method for the determination of PAE and metabo-
lites in urine. This proposed method was integrated in situ
reaction (LiNTf, and dispersing agent) with conventional
IL-based DLLME to realize dual microextraction in a
short time. Consequently, the extraction efficiency was
greatly improved for both weakly and moderately polar
compounds. The operational conditions were optimized
by DoE containing single-factor experimental design, full
factorial design, and CCD. Under the optimal experimen-
tal conditions, the extraction recovery of all six PAE and
metabolites was >90%, and the LODs and LOQs were
in the range of 0.14-0.46 pg L~! and 0.5-1.45 pg L™!
in in the urine, respectively. The optimal method dem-
onstrated high precision and accuracy according to the
experiments of performance validation conducted by the
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CLSI guidelines (EP15-A3). As a result, LiNTf,-enhanced
dual microextraction method has excellent potential for
the enrichment and extraction of chemical compounds in
environmental and biological matrices. Besides, DoE is
a scientific and efficient strategy that should be widely
promoted and used in analytical chemistry and clinical
laboratories.
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