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Abstract Ultraperformance convergence chromatography/
tandem triple quadrupole mass spectrometry (UPC2-MS/
MS) is a novel tool in separation science that combines the
advantages of supercritical fluid chromatography with
ultraperformance liquid chromatography/MS/MS technology.
The use of nontoxic CO2 fluid and a postcolumn additive to
complement MS/MS allows better control of analyte retention
for chiral separation and high-sensitivity determination with
different chiral stationary phases. This paper reports the
stereoselective separation and determination of the chiral
neonicotinoid sulfoxaflor in vegetables and soil by UPC2-
MS/MS. Baseline resolution (Rs≥1.56) of and high selectivity
(LOQ≤1.83 μg/kg) for the four stereoisomers were achieved
by postcolumn addition of 1 % formic acid–methanol to a
Chiralpak IA-3 using CO2/isopropanol/acetonitrile as the mo-
bile phase at 40 °C, 2,500 psi, and for 6.5 min in electrospray
ionization positive mode. Rearranged Van’t Hoff equations
afforded the thermodynamic parametersΔHο andΔSο, which
were analyzed to promote understanding of the enthalpy-
driven separation of sulfoxaflor stereoisomers. The interday
mean recovery, intraday repeatability, and interday reproduc-
ibility varied from 72.9 to 103.7 %, from 1.8 to 9.2 %, and
from 3.1 to 9.4 %, respectively. The proposed method was
used to study the pharmacokinetic dissipation of sulfoxaflor
stereoisomers in soil under greenhouse conditions. The esti-
mated half-life ranged from 5.59 to 6.03 d, and statistically
nonsignificant enantioselective degradation was observed.

This study not only demonstrates that the UPC2-MS/MS
system is an efficient and sensitive method for sulfoxaflor
stereoseparation, but also provides the first experimental evi-
dence of the pharmacokinetic dissipation of sulfoxaflor ste-
reoisomers in the environment.
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Abbreviations
ABPR Pressure of automated backpressure regulator
CSP Chiral stationary phase
CS-SA Selector–selectand
dSPE Dispersive solid-phase extraction
EF Enantiomer fraction
ESI Electrospray ionization
MRL Maximum residue limit
MRM Multiple reaction monitoring
MWCNTs Multi-walled carbon nanotubes
nAChR Nicotinic acetylcholine receptor
Rs Resolution
RSD Relative standard deviation
SSE Signal suppression and enhancement

Introduction

Sulfoxaflor (N-[methyloxido[1-[6-(trifluoromethyl)-3-
pyridinyl]ethyl]-λ4-sulfanylidene]cyanamide), is the first
member of a novel insecticide class, the sulfoximines, which
are being developed to control sap-feeding insects such as
aphids, whiteflies, hoppers, and Lygus [1]. It exhibits high
levels of insecticidal potency both in the laboratory and in the
field because of its unique chemical moiety, a sulfoximine.
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The sulfoximines are mainly used as commercial agrochemi-
cals, and present a unique set of structure–activity relation-
ships (SAR) compared with other insecticides [2]. No cross-
resistance to sulfoxaflor has been found in pest insect strains
that exhibit high levels of resistance to the first three
generations of neonicotinoids and other nAChR-acting in-
secticides [3, 4]. Sulfoxaflor is considered to be a fourth-
generation neonicotinoid by the International Union of
Pure and Applied Chemistry (IUPAC) (http://sitem.herts.
ac.uk/aeru/iupac/1669.htm). Stereoisomeric mixtures of
this compound are known to have a high potential to
bioaccumulate and are highly toxic to honeybees. As
such, sulfoxaflor has attracted a great deal of research
attention (see http://sitem.herts.ac.uk/aeru/iupac/1669.htm).

Sulfoxaflor has two tetrahedral stereogenic atoms (the S
and C atoms attached to position 3 of the pyridine ring), and
presents two diastereomers, each of which gives rise to two
enantiomers. Stereoisomers of chiral compounds, despite their
similar structures and appearances, can exhibit very different
bioactivities, toxicities, and metabolic and excretion charac-
teristics when introduced into asymmetric biological or chem-
ical systems [5, 6]. In most cases, only one of the pesticide
isomers is active; the other isomer may have less or no
activity, or it may exert toxic effects against nontarget organ-
isms [7]. Thus, it is very important to develop stereoselective
analytical methods to evaluate the risk to food safety and
environmental risk from sulfoxaflor in its pure isomeric forms
and to address issues related to its bioaccumulation. These
methods may also help to shed light on the high toxicity of
sulfoxaflor racemate to honeybees.

In this study, we report the efficient and sensitive chiral
separation and determination of sulfoxaflor stereoisomers in
vegetables and soil by ultraperformance convergence
chromatography/tandem triple quadrupole mass spectrometry
(UPC2-MS/MS). This work expands the limits on research into
sulfoxaflor, which has traditionally focused on biological char-
acterization [1, 3, 8], insecticidal activity [9, 10], mode of
action [4, 11], and metabolism [2, 12] of the mixture of
isomers. UPC2 is an excellent complement toMS spectrometry
because it combines the advantages of supercritical fluid chro-
matography (SFC) and ultraperformance liquid chromatogra-
phy (UPLC) technology [13]. A systematic discussion on how
to improve the stereoselectivity of sulfoxaflor stereoisomers by
varying the chiral stationary phases (CSPs), co-solvents, pres-
sure of the automated backpressure regulator (ABPR), and
temperatures—among other factors—is provided. Results are
explained based on the perspectives of chiral recognition,
retention, resolution, and Van’t Hoff plots. The proposedmeth-
od was applied to investigate the enantioselective degradation
of sulfoxaflor stereoisomers in soil under greenhouse condi-
tions in order to estimate the half-lives of the stereoisomers as
well as their preferentially degraded enantiomers. To the best
of our knowledge, the present report provides the first

experimental evidence of the pharmacokinetic degradation of
sulfoxaflor stereoisomers in soil.

Materials and methods

Chemicals and reagents

Standard sulfoxaflor (stereoisomer ratio=2:3:2:3; purity=
99.9 %) was obtained from J&K Scientific Ltd. (Beijing, Chi-
na). High-purity CO2 (≥99.999 %) and N2 (≥99.999 %) were
acquired from Haike Yuanchang Gas (Beijing, China). LC/MS-
grade formic acid (FA) was obtained from Thermo Fisher
Scientific (Waltham, MA, USA). LC-grade acetonitrile
(ACN), 2-propanol (IPA), methanol (MeOH), ethanol, n-hex-
ane, and 1-butanol were purchased fromHoneywell Internation-
al Inc. (Morristown, NJ, USA). Ultrapure water was prepared
from a Milli-Q system (Millipore, Bedford, MA, USA). Ana-
lytical grade sodium chloride (NaCl) and anhydrousmagnesium
sulfate (MgSO4) were purchased from Beihua Fine Chemicals
Co. (Beijing, China). Cleanert PSA (primary/secondary amines,
40–60 μm), GCB (graphitized carbon black, 120–400 mesh),
C18 (40–60 μm), and Florisil (120–400 mesh) were purchased
from Bonna-Agela Technologies (Tianjin, China). Multi-walled
carbon nanotubes (MWCNTs) with average external diameters
of <8 nm, 10–20 nm, 20–30 nm were purchased from Boyu
Technologies Inc. (Beijing, China).

Field trials

Field experiments were conducted in Langfang (116.4°E,
39.3°N), Hebei Province, China in 2012 according to the
Guidelines for Pesticide Residue Field Trials (NY/T 788-
2004) issued by theMinistry of Agriculture, People’s Republic
of China [14]. The plots had no history of the application of
neonicotinoids, and the application of compounds with struc-
tures similar to that of sulfoxaflor was forbidden during the
trial period. The physicochemical characteristics of the soil in
the field were as follows: organic matter, 1.2 %; pH (suspen-
sion of soil in 0.01 M CaCl2, 1:2.5, w/w), 7.82; sand, 15.1 %;
silt, 45.1 %; and clay 39.8%. Four trial plots, each with an area
of 30 m2, were chosen; three plots were designated as dissipa-
tion plots to avoid random errors, and the fourth plot was used
as a control (without sulfoxaflor). Each plot was separated
from the next plot by a buffer area of 1 m. The temperature
of the area was maintained in the range 22±10°C throughout
the experiment. Soil samples were taken from a composite of
8–12 subsamples collected from a depth of 0–15 cm at in-
creasing time intervals on day 0 (2 h after spraying) and at 1, 3,
5, 7, 10, 14, 21, 28, and 35 days after treatment with 50 %
sulfoxaflor water-dispersible granules at a dosage of 525 g a.i.
ha−1 (grams of active ingredient per hectare). Treated samples
were stored in the dark at −20 °C until analysis.
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Sample preparation

The blank vegetable samples (cucumber and tomato) were
obtained from trial plots of the Institute of Plant Protection
conducted in Langfang, Hebei Province, China, and homog-
enized using a blender (Philips, Shanghai, China). Soil sam-
ples were air-dried at room temperature, homogenized, and
then passed through a 2-mm sieve. A 10±0.10 g representa-
tive portion of the prepared samples (cucumber, tomato, and
soil) were weighed into a 50 mL PTFE centrifuge tube after
thawing to room temperature. Tubes containing spiked sam-
ples with suitable concentrations of sulfoxaflor standard solu-
tions were mixed well and equilibrated for 2 h at room
temperature to allow the pesticide to distribute evenly through
the tube and interact with the sample matrix. Five milliliters of
ultrapure water and 10mL of ACNwere sequentially added to
the soil samples. The tubes were capped and vigorously
shaken at an oscillation frequency of 1,350 min−1 using a
CK-2000 high-throughput grinder (THMorgan, Beijing, Chi-
na) for 10 min. Four grams of anhydrous MgSO4 and 1 g of
NaCl were added to the mixture, which was subsequently
vortexed for 1 min using an XW-80A vortex (Kirin Medical
Instruments, Hangzhou, China). The tube was centrifuged for
5 min at 2,588×g relative centrifugal force (RCF) using a
SIGMA 3–15 centrifuge (SIGMA Laborzentrifugen GmbH,
Osterode am Harz, Germany). Afterwards, 1.5 mL of the
ACN layer (upper) were transferred to a single-use centrifuge
tube and 150mg of anhydrousMgSO4 and 5mg ofMWCNTs
(<8 nm in size) were added to it. The samples were again
vortexed for 1 min and centrifuged at 2,188×g RCF for 5 min.
The resulting supernatant (ACN) was finally filtered using a
0.22-μm nylon syringe filter for UPC2-MS/MS injection.

UPC2-MS/MS analysis

UPC2-MS/MS analysis was performed on a Waters
ACQUITY UPCTM

2 system (Milford, MA, USA) equipped
with an ACQUITY UPCTM

2 column manager, an ACQUITY
UPCTM

2 convergence manager, an ACQUITY UPCTM
2 sample

manager-FL, an ACQUITY UPCTM
2 binary solvent manager,

and a Waters 515 compensation pump. Four chiral col-
umns purchased from Daicel Chemical Industries (To-
kyo, Japan), including Chiralpak® IA-3 [amylose tris(3,5-
dimethylphenylcarbamate), 3 μm], Chiralpak® IA-5 [amy-
lose tris(3,5-dimethylphenylcarbamate), 5 μm], Chiralpak®

IB-3 [cellulose tris(3,5-dimethylphenylcarbamate),
3 μm], and Chiralpak® IC-3 [cellulose tris(3,5-
dichlophenylcarbamate), 3 μm], were employed. The
columns had dimensions of 4.6 mm diam.×150 mm i.d. and
different enantioselective phases were immobilized onto 3- or
5-μm silica gel beads. A Chiralpak® IA-3 was used to dis-
criminate the stereoisomers of sulfoxaflor. The flow rate of the
CO2-based mobile phase containing IPA/ACN (3/2, v/v) as

mixed co-solvents, the temperatures of the column and sample
vial holder, and the ABPR were set to 2.2 mL/min, 40 °C,
4 °C, and 2,500 psi, respectively. In each run, 1 μL of the
sample was injected and the following gradient conditions for
the mixed co-solvents were employed: initial, 8 %; 0.2 min,
12 %; 5.5 min, 12 %; 5.8 min, 8 %; 6.5 min, 8 %. 1.0 % FA-
MeOH (v/v), which was used as a postcolumn additive, was
applied at a flow rate of 0.1 mL/min.

A triple quadrupole Xevo®-TQD mass spectrometer (Wa-
ters Inc.) equipped with an electrospray ionization source
(ESI) was used to quantify the sulfoxaflor stereoisomers.
ESI+ was selected for subsequent experiments because this
mode yields higher signal to noise ratios (S/N) than ESI−.
Analyses were performed with source and desolvation tem-
peratures of 150 and 500 °C, respectively. The nebulizer gas
was 99.999 % N2 and the collision gas was 99.999 % Ar
(pressure, 2×10−3 mbar) in the T-wave cell. Cone and
desolvation N2 flows of 50 and 900 L/h were applied. MS
detection was performed in multiple reaction monitoring
(MRM) mode. Masslynx NT v.4.1 SCN 882 was used to
collect and analyze the data obtained. Details of the MRM
parameters used to determine sulfoxaflor stereoisomers are
summarized in Table 1.

Thermodynamic and pharmacokinetic calculation

The retention factor (k), selectivity factor (α), and resolution
(Rs) of the sulfoxaflor stereoisomers may be obtained and
calculated from the following equations:

k ¼ t−t0
t0

ð1Þ

α ¼ k2
k1

ð2Þ

Rs ¼ 1:177 ⋅
t2−t1

ω1 þ ω2
ð3Þ

where t0 is the void time (t0=0.85 min, determined using
1,3,5-tri-tert-butylbenzene) under the given chromatographic
conditions, t1 and t2 are the retention times of less-retained and
more-retained peaks, respectively, and ω1 and ω2 are the
widths of less-retained and more-retained peaks at half height,
respectively. The thermodynamic parameters for enantiomeric
resolution can be calculated using the following Van’t Hoff
equations [15, 16]:

lnk ¼ −
ΔHο

R
⋅
1

T
þ ΔSο

R
þ lnϕ

� �
ð4Þ

lnα ¼ −
ΔΔHο

R
⋅
1

T
þ ΔΔSο

R
ð5Þ
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where ΔHο and ΔSο are the respective standard transfer
enthalpy and entropy of the analyte from the mobile phase to
the CSP, R is the gas constant, T is the absolute temperature, ϕ
is the phase ratio, andΔΔHο andΔΔSο are the differences in
enthalpy (ΔHο

2 −ΔHο
1) and entropy (ΔSο2 −ΔSο1), respec-

tively. Provided that lnϕ is independent of temperature, a plot
of ln k versus 1/Twill be linear with a slope of −ΔHο/R and an
intercept of [ΔSο/R +lnϕ ]. For the linear plot of lnα versus
1/T, the slope and intercept are −ΔΔHο/R and ΔΔSο/R,
respectively. The degradation rate constants (K) of the
sulfoxaflor stereoisomers in soil samples were estimated using
first-order kinetics [17, 18] and calculated according to

C ¼ C0⋅e−Kt ð6Þ

where C0 and C are the concentrations of the test chemical at
time zero and time t, respectively. Regressive functions were
all obtained on the basis of the mean value of three replicates.
The half-life (T1/2, in days) was estimated from

T1=2 ¼ ln2

K
¼ 0:693

K
ð7Þ

The enantiomeric fraction (EF) is used to measure the
enantioselectivity of the dissipation of sulfoxaflor enantiomers
in the soil. The following equations describe the EF of a pair
of enantiomers.

EFA ¼ þð ÞA
þð ÞAþ −ð ÞA ð8Þ

EFB ¼ þð ÞB
þð ÞBþ −ð ÞB ð9Þ

where (+)A, (−)A, (+)B, and (−)B are the peak areas of the
specified (+) and (−) diastereomers A and B of sulfoxaflor
eluted from the Chiralpak IA-3 column. EF values range from
0 to 1, with EF=0.50 representing a racemic mixture. All of
the functions were obtained on the basis of the mean value of
three replicates.

Results and discussion

Optimization of the UPC2-MS/MS conditions

Effect of polysaccharide CSPs on chiral recognition,
retention, and resolution of sulfoxaflor stereoisomers

Four immobilization chiral columns (Chiralpak IA-3,
Chiralpak IA-5, Chiralpak IB-3, and Chiralpak IC-3) were
evaluated for their ability to discriminate sulfoxaflor stereoiso-
mers in the present study. As shown in Fig. 1, optimal
stereoselectivity was achieved on Chiralpak IA-3, as it yielded
the best resolution (1.56, 2.33 and 5.07) and a relatively short
retention time (4.21, 4.42, 4.72, and 5.41 min). Chiralpak IA-
5, IB-3, and IC-3 showed insufficient discrimination ability for
sulfoxaflor stereoisomers. Electron-withdrawing chlorines in
the phenyl ring of the carbamate derivative (IC-3) decrease the
k of the CSPs, whereas electron-donating methyl groups (e.g.,
those in IA-3, IA-5, IB-3) enlarge k. Chiralpak IA-3, in partic-
ular, presents the smallest k values (3.95, 4.20, 4.55, and 5.36).
Electronegative atoms (N, S and O) contribute to the binding
of the stereoisomers to the carbamate groups, thereby forming
transient diastereoisomers through hydrogen bonding via S=O
and S=N groups and dipole–dipole interactions [19, 20]. Re-
sults of previous studies on three polysaccharide CSPs [21–23]
revealed that amylose tris(3,5-dimethylphenylcarbamate) pro-
duces excellent success rates for chiral resolution.

Chiralpak IA-3, which features 3-μm particles, showed
better chiral recognition ability for sulfoxaflor stereoisomers
than Chiralpak IA-5, which features 5-μm particles (Fig. 1a–
b). This suggests that there are chiral cavities with specific
configurations on the particles of different sizes associated
with different CSPs [24, 25]. The 3-μm particles provide the
most suitable sites for stereoisomers of sulfoxaflor, thus lead-
ing to a greater chance of the stereoisomers interacting with
the CSP through different hydrogen bonds, π–π interactions,
or dipole–dipole-induced interactions. Therefore, the chiral
cavities with different polysaccharide selectors or particle
sizes must have different stereorecognition levels.

Effect of CO2-based mobile-phase composition and flow rate
on retention and separation factors

The mobile phase is an essential component that is substan-
tially involved in the chiral selector–selectand (CS-SA)

Table 1 Multiple reaction monitoring (MRM) parameters used for the stereoisomeric analysis of sulfoxaflor in ESI+ mode

Compound Molecular formula Selected ion Precursor ion (m/z) Qualifier ion (m/z) Q/q CV1 (V) CV2 (V) CE (eV) Dwell time (s)

Sulfoxaflor C10H10F3N3OS [M+H]+ 278.03 173.92 Q 3,000 24 9 0.23

153.88 q 3,000 24 29 0.23

Q is the quantification ion transition and q is the qualitative ion transition, CV1 capillary voltage, CV2 cone voltage, CE collision energy

6680 Z. Chen et al.



association mechanism at multiple levels, because it defines
the properties of the interaction environment [26, 27]. Com-
pressed liquid CO2 was used as the primary mobile phase
throughout the UPC2-MS/MS procedure. Six co-solvents
(ACN, IPA, MeOH, ethanol, n-hexane, and 1-butanol) were
evaluated individually in terms of their ability to achieve
optimum separation of the sulfoxaflor stereoisomers on
Chiralpak IA-3. Considering that single modifiers were inca-
pable of achieving satisfactory resolution of sulfoxaflor,
mixed modifiers were introduced into the system. Themixture
of IPA and ACN facilitated the best stereoisomeric resolution
of the four stereoisomers (Fig. 2a).

k appeared to decrease as the content of co-solvents in-
creased, likely because the solvating power of the CO2-based
mobile phase increases upon the addition of IPA and ACN. As
the ACN content increased from 0 to 50 % (v/v), k decreased
from 5.49, 5.85, 5.96, and 6.53 to 3.74, 3.94, 4.33, and 5.12,
respectively, offering greater efficiency and shorter retention
times for the sulfoxaflor stereoisomers. However, decreases in

stereoselectivity and resolution were noted. In a plot of the
variation in Rs as a function of co-solvent ratio, the Rs values
(1.56, 2.33, and 5.07) actually peaked at an IPA/ACN ratio of
60/40 (v/v). The α values showed a similar curve and were
1.06, 1.08, and 1.18 at this point. The flow rate of the mobile
phase was also evaluated for the stereoseparation of
sulfoxaflor stereoisomers (Fig. 2b). As the flow rate increased
from 1.0 to 3.0 mL/min, α increased from 1.03, 1.06, and 1.13
to 1.09, 1.13, and 1.26, respectively. By contrast, Rs decreased
significantly from 1.30, 2.80, and 5.22 to 1.38, 1.93, and 4.43.
Considering a flow rate of 2.2 mL/min, the best resolution
(1.56, 2.33, and 5.07) was achieved in 6.5 min. Thus, mixed
co-solvents comprising IPA/ACN=60/40 (v/v) in the mobile
phase and a flow rate of 2.2 mL/min were selected for subse-
quent experiments.

The stereoselectivity of sulfoxaflor stereoisomers varies
greatly according to the nature and proportions of the co-
solvents used. The supramolecular structure of the polysac-
charide backbone and the binding sites available are altered by

Fig. 1 Typical UPC2-MSMS
(MRM) chromatograms of
sulfoxaflor on four columns—
Chiralpak IA-3 (a), Chiralpak
IA-5 (b), Chiralpak IB-3 (c), and
Chiralpak IC-3 (d)—using IPA/
ACN (3/2, v/v) as co-solvents at
2.2 mL/min, 2,500 psi, and 40 °C
under the same MS detection
conditions
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IPA and ACN, and IPA/ACN=60/40 (v/v) may facilitate the
access of the stereoisomers from the mobile phase to the CS.
Likewise, a leading interaction based on hydrogen bonding
has been predicted to determine the retention of the stereoiso-
mers, and at least one other type of interaction (e.g., π–π and
steric hindrance) that is independent of solvent polarity is
responsible for the enantioselectivity [28, 29], which depends
upon the stereoenvironment [26]. According to M.
Lammerhofer, the mechanism has only been partially
established so far [29], and the identity of the strongest CS–
SA interaction, which determines the stereoselectivity pro-
files, needs to be explored further in a follow-up study.

Effect of ABPR on the stereoselectivity of sulfoxaflor
stereoisomers

The pressure of the supercritical system is believed to influ-
ence the density of CO2 [13, 30]. ABPR obviously influences
the eluotropic strength of the fluid in UPC2-MS/MS. The
effects of ABPR on the retention and separation of sulfoxaflor
stereoisomers using CO2/IPA/ACN as a ternary mobile phase
were thoroughly studied under pressures ranging from 1,500
to 4,000 psi, increased in 500-psi increments (Fig. 2c). The
retention times and k values of the four stereoisomers de-
creased as the pressure decreased from 1,500 to 4,000 psi.
The retention time decreased by approximately 1.4 min and k
decreased from 4.65, 4.85, 5.18, and 6.13 to 3.02, 3.32, 3.66,
and 4.51, respectively. These results indicated that the mobile
phase density increases inside the column, with greater sol-
vating power and higher elution efficiency occurring at higher
ABPRs. However, stereoselectivity remained fairly constant,
with only slight variations (≤0.3) for both pairs of enantio-
mers. These results are consistent with those observed during
SFC by V Abrahamsson [31] and Wang [30]. Despite its
minimal effects on enantiomeric resolution, the backpressure
greatly affects solute retention. Also, the mobile and stationary
phase interactions control the rate of change of retention with
pressure. As discussed above, the best resolution (≥1.56) was
obtained at 2,500 psi with relatively short retention times
(4.21, 4.42, 4.72, and 5.41 min).

Column temperature optimization using Van’t Hoff plots

Direct stereoisomeric separation with CSPs can be achieved
by measuring thermodynamic parameters (ΔHο and ΔSο)
over a certain temperature range from Van’t Hoff plots. Dur-
ing separation of the sulfoxaflor stereoisomers, the column
temperature was increased from 25 to 40 °C in 5 °C incre-
ments. The natural logarithm of k (lnk), lnα, and Rs were
analyzed to obtain the information necessary to understand
stereoisomeric retention, selectivity, and the relevant mecha-
nism on the Chiralpak IA-3 column. As shown in Fig. 3, Van’t
Hoff plots of lnk versus 1/T (R2≥0.9879) and lnα versus 1/T
(R2≥0.9858) for the sulfoxaflor stereoisomers were mainly
linear, with transitions occurring between 25 and 40 °C. The
retention and selection processes governing separation are
unchanged over the temperature range studied [32]. The fact
that theΔHο values (7.09, 6.75, 6.24, and 3.68) of the stereo-
isomers calculated from the slopes of the plots were positive
indicates that the transfer of stereoisomers from the mobile
phase to the stationary phase is entropically favorable accord-
ing to Peter et al. [15] and O’Brien et al. [16]. However,
considering that the resolutions achieved and the values of
ΔΔHο (−0.34, −0.51, and −2.57) and ΔΔSο (−0.07, −0.11,
and −0.82) were negative, enthalpy-driven separation of the
sulfoxaflor stereoisomers appears to take place. In conclusion,
increasing the temperature from 25 to 40 °C is beneficial when
attempting to resolve the sulfoxaflor stereoisomers. Since the
suggested upper temperature limit of Chiralpak IA-3 is 40 °C,
and a reduction in analysis time may be achieved below this
temperature, the final column temperature was set to 40 °C.

Effect of postcolumn additives and their flow rates
on ESI-MS/MS

Post-column addition was adopted in the proposed UPC2-MS/
MS procedure to prevent distinct resolution of interferences
by UPC2 and maximize the ionization efficiency of ESI-MS/
MS. Acid additives are particularly favored during ESI-MS/
MS because several studies indicate a 3- to 10-fold increase in
the S/N ratio when FA is applied instead of acetic acid [33],

Fig. 2 Effects of the IPA/ACN
ratio (a), the flow rate of the
mobile phase (b), and ABPR (c)
on the separation of sulfoxaflor
stereoisomers
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trifluoroacetic acid (TFA) [34], or ammonium acetate [35]. In
this study, the effects of different FA concentrations (0.2 %,
1.0 %, and 2.0 %) in MeOH on the S/N ratios of sulfoxaflor
stereoisomers were investigated. The highest S/N ratios for the
four stereoisomers were obtained when the concentration of
FAwas 1.0 %. The effects of different flow rates (0.1, 0.2, 0.3,
and 0.45 mL/min) of 1.0 % FA-MeOH were also determined.
The lowest flow rate, 0.1 mL/min, was selected for further
analysis because there was hardly any change in the signal
responses of the sulfoxaflor stereoisomers with flow rate.

Even more importantly, the problem of lower signal suppres-
sion but poorer resolution of the pre-column additive FA used
in LC-MS/MS for chiral separation, as reported byGarcia [35]
and Corradini et al. [36], was successfully avoided by using
the postcolumn additive method in this study.

Elution order of sulfoxaflor stereoisomers

The elution order of the sulfoxaflor stereoisomers was deter-
mined by measuring the optical rotations (ORs) of the

Fig. 3 Van’t Hoff plots (lnk and
lnα, a and b) and resolution (Rs,
c) of sulfoxaflor stereoisomers on
a Chiralpak IA-3 column
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individual optically pure stereoisomers. Based on our previ-
ous study of stereoisomer separat ion using the
ChromegaChiral CCA column, the following stereoisomers
were identified: (−) sulfoxaflor A (diastereomer A of
sulfoxaflor), (+) sulfoxaflor B (diastereomer B of sulfoxaflor),
(−) sulfoxaflor B, and (+) sulfoxaflor A [37]. The elution order
of the four stereoisomers of sulfoxaflor on Chiralpak IA-3 was
determined using UPC2-MS/MS by injecting an aliquot of
each individual optically pure stereoisomer. Micropreparation
of the individual stereoisomers was obtained using an Agilent
1100 series HPLC system (Agilent Technology, Waldbronn,
Germany) equipped with a ChromegaChiral CCA Chiral

column [amylose tris(3,5-dimethylphenylcarbamate),
4.6 mm diam.×250 mm i.d., 5 μm, ES Industries, West
Berlin, NJ, USA] using n-hexane/ethanol/methanol
(90:2:8, v/v/v) as the mobile phase at 20 °C. The
sulfoxaflor stereoisomers eluted from the Chiralpak IA-
3 in the following order: (+) sulfoxaflor B, (−)
sulfoxaflor A, (−) sulfoxaflor B, and (+) sulfoxaflor A
(Fig. 4). The reversal of the elution order of sulfoxaflor
stereoisomers on the amylose CSP associated with steric
environment of chiral cavities. Because it was responsi-
ble for the bonding of the different magnitude between
CS-SA by different mobile phases [38].

Fig. 4 UPC2-MSMS (MRM)
chromatograms of the racemate
(a) and individual stereoisomers
(b–e) of sulfoxaflor
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Sample preparation development using a modified dSPE
cleanup process

To obtain better recoveries and improve the purification effi-
ciency, the application of modified dispersive solid-phase
extraction (dSPE) was explored and validated by comparing
the MWCNTs with conventional sorbents such as Cleanert
PSA, GCB, C18, and Florisil. Ten sorbents were investigated,
including 50 mg of PSA, 50 mg of C18, 50 mg of Florisil,
10 mg of GCB, 50 mg of PSA+10 mg of GCB, 50 mg of
C18+10 mg of GCB, 50 mg of Florisil+10 mg of GCB, and
three sizes of MWCNTs (<8 nm, 10–20 nm, 20–30 nm). The
recoveries of the sulfoxaflor stereoisomers from cucumber,
tomato, and soil matrices spiked at different levels were cal-
culated, and the colors of the ACN sample extracts were
evaluated. The <8 nm MWCNTs (5 mg) showed the best
purification efficiency and recovery, which ranged from 72.9
to 103.7 % (Fig. 5), due to their extremely large surface areas
and unique structure [39, 40].

Assay validation

Selectivity, linearity, and LOQ

Blank analyses of vegetable and soil samples performed by
monitoring the characteristics of selected ion chromatograms
for each stereoisomer investigated demonstrated no interfer-
ences in the retention time interval expected for their elution
(Fig. 6). As shown in Table 2, good linearity was observed

among the four stereoisomers, and mean correlation coeffi-
cients (R2) of higher than 0.9945 were obtained. The LOQs of
the sulfoxaflor stereoisomers were determined at S/N=10 and
were estimated to be 1.28–1.68 μg/kg in cucumber, 1.34–
1.83 μg/kg in tomato, and 1.21–1.58 μg/kg in soil on the
basis of an acceptable RSD of 10% [41]. This sensitivity is far
better than the maximum residual levels of sulfoxaflor esti-
mated by the Joint Meeting On Pesticide Residues (JMPR,
0.50 mg/kg for cucumber and 1.50 mg/kg for tomato) (http://
www.fao.org/fileadmin/templates/agphome/documents/
Pests_Pesticides/JMPR/Report11/Sulfoxaflor.pdf).

Matrix effect

Matrix-matched calibration solutions were used to compen-
sate for errors associatedwith signal suppression and enhance-
ment (SSE) in the MS/MS (MRM mode) detector and mod-
ified dSPE method. The data in Table 2 indicate that signifi-
cant signal enhancements (≥10 %, using ACN as the refer-
ence) ranging from +11 to +46 % were observed for the
sulfoxaflor stereoisomers in three matrices. As such, external
matrix-matched standards were selected for the accurate quan-
titation of different samples.

Precision and accuracy

Recovery assays were carried out to investigate the accuracy
and precision of the proposed method by assaying samples
spiked with sulfoxaflor racemate at three concentration levels

Fig. 5 Recoveries of sulfoxaflor
stereoisomers obtained using
MWCNTs and conventional
dSPE sorbents from cucumber
spiked with 0.1 mg/kg sulfoxaflor
racemate, and photograph
showing the colors of the
resulting ACN sample extracts.
Sorbents: (A) 50 mg PSA, (B)
50 mg C18, (C) 50 mg Florisil,
(D) 50 mg PSA+10mgGCB, (E)
50 mg C18+10 mg GCB, (F)
50 mg Florisil+10 mg GCB, (G)
10 mg GCB, and (H–J) 5 mg
MWCNTs with internal
diametersof <8 nm (H),
10–20 nm (I), and 20–30 nm (J)
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(0.05, 0.10, and 0.50 mg/kg) in five replicates. The process
was repeated for 3 days using the same instrument but handled
by different operators. The results showed excellent average
recoveries in the range 72.9–103.7 % at all spiking levels.
Good repeatability, as indicated by relative standard devia-
tions (RSD) of less than 9.4 %, was also obtained. In general,
the intra-day (n=5) and inter-day (n=15) RSDs for the

proposed method ranged from 1.8 to 9.2 % and from 3.1 to
9.4 %, respectively (Table 3). These results demonstrate that
UPC2-MS/MS was able to achieve satisfactory precision and
accuracy for the stereoisomeric analysis of sulfoxaflor in
vegetables and soil matrices. Figure 6a1–c2 shows typical
UPC2-MS/MS (MRM) chromatograms of the blanks and
various spiked samples.

Fig. 6 Typical UPC2-MS/MS (MRM) chromatograms of the blanks and
various spiked samples. a-1 Cucumber blank, a-2 cucumber spiked at
0.05 mg/kg, b-1 tomato blank, b-2 tomato spiked at 0.05 mg/kg, c-1 soil

blank, c-2 soil spiked at 0.05 mg/kg; c-3, c-4, and c-5 show chromato-
grams of the sulfoxaflor stereoisomers in soil after 0, 7, and 28 days,
respectively

Table 2 Comparison of matrix-matched calibration and solvent calibration

Stereoisomer Matrix Standard calibration curve Matrix effecta (%) LOD (μg/kg) LOQ (μg/kg)

Regression equation R2

(−)Sulfoxaflor A ACN Y=59.34x+838.92 0.9987 – 0.29 0.95

Cucumber Y=80.34x−471.38 0.9980 +35 0.38 1.28

Tomato Y=78.84x+1516.10 0.9952 +33 0.40 1.34

Soil Y=71.75x−229.65 0.9987 +21 0.36 1.21

(+)Sulfoxaflor A ACN Y=61.72x+974.20 0.9979 – 0.30 0.99

Cucumber Y=73.71x−416.60 0.9984 +19 0.39 1.31

Tomato Y=78.08x+1513.40 0.9945 +27 0.42 1.41

Soil Y=68.38x−612.03 0.9983 +11 0.38 1.28

(−)Sulfoxaflor-B ACN Y=38.38x+606.41 0.9971 – 0.43 1.43

Cucumber Y=51.17x+386.50 0.9984 +33 0.50 1.66

Tomato Y=56.08x+1003.50 0.9946 +46 0.55 1.83

Soil Y=44.44x−98.95 0.9961 +16 0.47 1.58

(+)Sulfoxaflor-B ACN Y=44.01x+461.83 0.9992 – 0.40 1.33

Cucumber Y=55.83x+334.09 0.9985 +27 0.50 1.68

Tomato Y=57.67x+1051.30 0.9947 +31 0.53 1.76

Soil Y=49.74x−347.19 0.9963 +13 0.44 1.48

The calibration ranges are 0.015, 0.03, 0.075, 0.15, 0.225, and 0.30 mg/kg for diastereomer A, and 0.01, 0.02, 0.05, 0.1, 0.15, and 0.20 mg/kg for
diastereomer B
aMatrix effect (%) = [(slope matrix/slope solvent)−1]×100 %
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Stability

The stabilities of stock solutions of sulfoxaflor and spiked
cucumber, tomato, and soil samples were tested monthly
using the same UPC2-MS/MS instrument. Results were ana-
lyzed using Student’s paired t-test at the 95 % confidence

limit, and no significant differences (P>0.05) were observed.
Quality control included one standard for each ten samples
analyzed. Sulfoxaflor standards were injected repeatedly to
determine the reproducibility of the EF measurements. EFA
and EFB were calculated to be 0.50±0.007 (n=5) and
0.50±0.009 (n=5), respectively.

Table 3 Accuracy and trueness of the proposed method in different matrices at three spiked levels

Compound Matrix Spiked level
(mg/kg)

Intra-day (n=5) Inter-day (n=15)

Day 1 Day 2 Day 3

Average
recoveries (%)

RSD (%) Average
recoveries (%)

RSD (%) Average
recoveries (%)

RSD (%) RSD (%)

(−)Sulfoxaflor A Cucumber 0.015 72.9 5.2 81.6 7.0 79.3 5.3 6.1

0.03 94.6 4.9 96.2 3.7 99.2 7.0 4.8

0.15 98.1 3.3 97.6 4.2 97.5 5.2 3.1

Tomato 0.015 73.3 4.1 85.2 7.6 89.5 7.5 8.0

0.03 89.5 4.3 93.2 4.9 92.1 5.3 5.6

0.15 94.1 4.0 97.5 3.6 93.8 4.9 3.1

Soil 0.015 100.2 7.2 89.9 7.1 92.1 6.9 6.9

0.03 96.2 3.4 91.2 2.7 94.1 3.5 6.0

0.15 95.8 4.2 96.6 3.9 101.8 3.2 3.4

(+)Sulfoxaflor A Cucumber 0.015 76.9 6.5 86.0 5.3 80.9 5.5 6.2

0.03 91.7 6.3 92.6 6.3 90.1 6.8 7.7

0.15 96.4 2.9 100.3 6.0 97.7 5.6 5.4

Tomato 0.015 94.4 7.5 89.1 6.1 89.3 5.0 7.7

0.03 96.9 4.7 94.2 5.4 92.2 5.6 4.9

0.15 98.9 3.9 103.7 2.8 95.8 4.4 4.1

Soil 0.015 83.7 8.8 81.4 5.9 79.2 9.1 8.9

0.03 92.7 3.3 94.3 4.6 88.1 3.5 3.1

0.15 98.8 4.3 102.4 6.6 93.4 4.1 3.5

(−)Sulfoxaflor B Cucumber 0.01 82.3 5.9 88.0 5.6 80.7 4.8 9.0

0.02 85.9 6.1 87.4 8.3 82.1 5.1 5.4

0.1 92.0 5.3 87.4 4.1 84.6 3.2 3.9

Tomato 0.01 85.4 5.7 88.1 8.3 91.2 7.8 8.3

0.02 82.8 5.2 90.8 4.9 87.1 3.8 6.7

0.1 90.8 4.2 85.8 5.5 86.9 3.7 4.6

Soil 0.01 80.2 6.7 85.2 4.7 88.9 7.5 7.4

0.02 82.0 4.8 89.3 6.1 87.6 6.2 5.9

0.1 85.5 2.9 89.7 4.5 91.8 3.6 4.7

(+)Sulfoxaflor B Cucumber 0.01 78.2 5.1 83.2 6.5 76.0 5.6 6.1

0.02 90.1 3.4 96.2 5.2 92.9 5.7 5.7

0.1 97.1 3.5 94.3 3.2 88.4 4.0 4.8

Tomato 0.01 85.4 5.8 84.6 9.2 80.8 4.4 8.9

0.02 91.3 5.6 86.5 4.8 90.1 7.2 4.1

0.1 95.5 1.8 98.0 2.1 97.0 7.1 4.5

Soil 0.01 91.6 6.5 81.8 6.3 86.9 5.6 9.4

0.02 93.7 7.1 94.6 7.8 89.2 5.4 8.1

0.1 93.5 5.4 101.6 3.1 92.6 6.1 5.4
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Practical application

Application to market samples

Ten cucumber samples and ten tomato samples were pur-
chased from a market in Beijing, China, treated with the
sample preparation procedures described above, and analyzed
by UPC2-MS/MS under the same conditions specified in the
“UPC2-MS/MS analysis” section. Results showed that the
residual contents of the four stereoisomers in all the samples
were lower than their corresponding LOQs.

Application in enantioselective degradation of sulfoxaflor
stereoisomers in soil

The proposedmethodwas applied to study the enantioselective
degradation of two pairs of sulfoxaflor enantiomers in soil
under greenhouse conditions. The concentrations of the
sulfoxaflor stereoisomers in soil measured after application
achieved maxima within 2 h and gradually decreased as time
elapsed. As shown in Table 4, the degradation of the four
sulfoxaflor stereoisomers in soil followed first-order kinetics
(R2=0.9018–0.9304). The estimated half-lives (T1/2) of the
four stereoisomers, which are important indicators of pesticide
efficacy and pollution, were also determined [42]. The T1/2
values of the sulfoxaflor stereoisomers in soil ranged from 5.59
to 6.03 days under greenhouse conditions—longer than those
measured under field conditions [43]. Enantioselectivity dur-
ing sulfoxaflor degradation was evaluated by monitoring the
changes in the EF values of the different diastereomers (EFA
and EFB) at predetermined intervals. EFA and EFB were nearly
0.5 two hours after application in soil; thereafter, EFA increased
gradually from 0.49 to 0.53, and EFB decreased from 0.50 to
0.48. The difference between (−)-sulfoxaflor and (+)-
sulfoxaflor was evaluated, and statistical nonsignificance be-
tween EFA and EFB (P>0.05, Student’s paired t-test, 95 %
confidence limit) was observed. Previous research reported
that microbial decomposition plays an important role in the
enantioselective degradation of many chiral chemicals in soils
[44, 45], which may explain the stereoselectivity of the
sulfoxaflor stereoisomers observed in the present study. Typi-
cal UPC2-MS/MS (MRM) chromatograms of the sulfoxaflor
stereoisomers are shown in Fig. 6c3–c5.

Conclusions

UPC2-ESI-MS/MS was applied to the stereoisomeric separa-
tion and determination of sulfoxaflor stereoisomers in vegeta-
bles and soil. Baseline resolutions were achieved using a
Chiralpak IA-3 column with IPA and ACN (2:3, v:v) as co-
solvents at 40 °C and 6.5 min. High S/N ratios were obtained
using postcolumn addition of 1.0 % FA-MeOH at a flow rate
of 0.1 mL/min. Higher ABPRs were conducive to solute
retention but prompted slight differences in the stereoisomeric
resolution of sulfoxaflor. Analysis of the Van’t Hoff plots led
to a better understanding of enthalpy-driven separation by
UPC2-MS/MS. High purification efficiencies and recoveries
(which varied from 72.9 to 103.7 %) were obtained using
MWCNTs (<8 nm, 5 mg). The proposed method was applied
to study the enantioselective degradation of sulfoxaflor iso-
mers in soil. Results showed that the estimated half-lives of
the stereoisomers range from 5.59 to 6.03 days. Statistical
nonsignificance of the enantioselectivity of the two pairs of
enantiomers was also observed. The results of this
stereoselective separation and the practical application of it
provide a solid foundation for future studies that attempt to
trace the different bioactivities, toxicities, and metabolic and
environmental behavior of sulfoxaflor stereoisomers in order
to minimize risks posed by the insecticide to beneficial insects
and the environment.
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