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Abstract

Background: Vitamin E deficiencies are prevalent around the world and have become one of the major public health issues.
It is necessary to determine their levels in human serum for routine clinical practice.

Objective: In this study, a simple and green ionic liquid-based (IL)vortex-assisted (VA) liquid-liquid microextraction (LLME)
combined with HPLC was developed for simultaneous determination of eight vitamin E isomers in human serum.

Methods: The IL, 1-octyl-methylimidazolium trifluoromethanesulfonate ((OMIM]OTf), was added into the diluted sample and
vortexed to form a cloudy solution. After centrifugation, the IL phase was collected for HPLC analysis. The separation was
accomplished on a Phenomenex Luna-C18 column (250 mm x 4.6 mm, 5 pm) and the column temperature was 30°C. The
mobile phase was methanol/acetonitrile (80 + 20, v/v) and the flow rate was 0.7 mL/min. A fluorescence detector was used

for the simultaneous detection of eight vitamin E isomers, and the detection wavelength was set at 290/327 nm. The LLME
procedure can be completed within 10 min without using any organic solvent. The parameters affecting the extraction
efficiencies were optimized, including the type and volume of the ILs, dispersive solvent, vortex time, and salt addition.
Results: Under the optimal conditions, limits of detection were 0.857-4.16 ng/mL. Acceptable recoveries ranging from 80.1%
to 103% were achieved, with relative standard deviations less than 13.0%. The proposed method was successfully applied to
the detection of eight vitamin E isomers in human serum samples.

Conclusions: This method is simple, fast, environment-friendly, cheap, and has similar linear ranges, sensitivities, accuracy,
and precision as those reported chromatographic methods.

Highlights: The IL, [OMIM]OTf, was chosen as the green extractant of LLME for vitamin E extraction because of its strong
adsorption property for vitamin E isomers. An IL-VA-LLME method has been developed for the analysis of 8 vitamin E
isomers. The established method was successfully applied to the analysis of 8 vitamin E isomers in human serum samples.
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Vitamin E (VE), mainly classified with eight tocochromanols
known as a-, B-, y-, and d-tocopherol and a-, B-, y-, and &-toco-
trienol, is one category of essential fat-soluble vitamins (FSVs)
with various physiological functions crucial for human health
(1). VE isomers are absorbed in the intestine, incorporated into
chylomicrons, and then secreted into the portal vein, leading to
the liver. Among different VE isomers, a-tocopherol (u-T) is the
abundant and most efficient form in the human body, while -
tocopherol (y-T) is the most common form in the North
American diet. In VE supplements, o-T, either naturally
extracted from plant oils or synthetic products, is esterified,
generating tocopheryl acetate. Vitamin deficiencies are preva-
lent around the world, especially in developing countries, and
have become one of the major public health issues. The typical
diseases of VE deficiency are spinocerebellar syndrome and in-
creased oxidative cell stress (2). In addition, there is increasing
evidence that VE deficiency is associated with increased risk of
cancer, cardiovascular disease, diabetes, chronic inflammation,
and neurological diseases (3, 4). These facts strongly increase
the importance in the laboratory requests and clinical testing of
VE. Each of the VE isomers has unique physiological properties
(5). Thus, it is important to analyze VE isomers respectively.
However, the development of simultaneous determination
methods for VE isomers in clinic is still a challenge due to their
chemical instability, the discrepancies between their structures,
physiochemical properties, and natural concentrations in com-
plex biological samples (6). To solve these pressing problems,
establishing a fast, sensitive, robust, and cost-effective method
for the simultaneous determination of VE isomers is essential
in routine clinical practice (7).

Due to the chemical properties (hydrophobic, chemical in-
stability towards light, oxygen, heat) of VE isomers, and the
needs of their determination in highly polar and complex serum
samples, appropriate sample preparation before detection is re-
quired (8). To date, sample preparation for the extraction of VE
isomers from serum sample is mainly based on complex proce-
dures including protein precipitation and solvent extraction us-
ing n-hexane, ethanol, acetonitrile, etc. (9, 10). These methods
are tedious, time-consuming, expensive and require large
amounts of toxic organic solvents, which are unsuitable for rou-
tine high-throughput analysis. In the past decades, some rela-
tively eco-friendly sample preparation techniques have been
developed for the analysis of VE and other FSVs in different ma-
trices by miniaturing and simplifying sample preparation proce-
dures, such as pressurized liquid extraction (10, 11), magnetic
solid phase extraction (12, 13), dispersive liquid-liquid microex-
traction (14, 15), and hollow-fiber liquid-phase microextraction
(16). However, these methods also require specific consumables,
equipment, and small amounts of organic solvents. Taking ac-
count of the potential hazardous solvents used, efforts should
be made in evaluating novel green solvents as extractants in ex-
traction procedures (17).

Ionic liquids (ILs) are a group of non-molecular compounds,
with melting points below 100°C. ILs are good environment-
friendly substitutes for organic extractants in extraction techni-
ques and have received increasing attention due to their dis-
tinctive advantages, such as negligible vapor pressure, thermal
stability, adjustable viscosity, density, and miscibility with wa-
ter and organic phases, leading to highly selective and effective
extraction and preconcentration (18, 19). There has been in-
creasing application of ILs as extractants, especially in many
sample preparation procedures as a “green” alternative for haz-
ardous organic solvents (20). A few IL-based microextraction
methods have been reported for the selective extraction of

vitamin D and VE (21-23). However, there is no literature avail-
able for the simultaneous extraction of eight VE isomers in
human serum using ILs.

Herein, an IL-vortex assisted (VA)-liquid-liquid microextrac-
tion (LLME) method combined with HPLC with fluorescence
detection is established for simultaneous determination of eight
VE isomers in human serum. In this method, the IL 1-octyl-
methylimidazolium trifluoromethanesulfonate ([OMIM]OTT)
was selected as an extractant for VE extraction. Various factors
influencing the extraction efficiency such as the type and vol-
ume of the ILs, dispersive solvent, vortex time, and salt addition
were investigated. The established method was validated and
applied to the determination of eight VE isomers in human
serum samples. In this work, we proceeded to explore the IL
application as extractants for the extraction of VE isomers in
serum, and further confirmed their vast application prospect in
sample preparation procedure for biological samples.

METHOD

Samples

All the samples were collected from West China Fourth Hospital
and this study got approval from Sichuan University Medical
Ethics Committee, which guaranteed that the study was con-
ducted in accordance with the principles described in the
Helsinki Declaration. Forty-four human serum samples were
obtained from healthy people including 6 females and 38 males
aged from 22 to 55years with a non-supplemented diet by vac-
uum blood collection tubes. All samples were fasting blood
samples collected in the early morning. The samples were
stored in a refrigerator at -18°C from the time of collection until
extraction.

Apparatus

(@) LC system.—Dionex UltiMate 3000 HPLC system with a FLD
(Thermo Fisher Scientific, MA, USA).

(b) LC column.—Luna-C18 column (250 mmx4.6 mm, 5 pm par-
ticle size) (Phenomenex, CA, USA).

(c) Centrifuge.—TDL-80-2B centrifuge (Anke, Shanghai, China).

(d) Vortex mixer.—ZX4 advanced IR vortex mixer (VELP, Milan,
Italy).

(e) Analytical balance.—BSA224S analytical balance (Sartorius,
Gottingen, Germany).

Reagents

(a) Standard (purity grade).—o-tocopherol (a-T, 97%), B-tocoph-
erol (B-T, 98.6%), y-tocopherol (y-T, 99%), 8-tocopherol (5-T,
95.5%), a-tocotrienol (a-T3, 98.13%), B-tocotrienol (B-T3,
98.29%), y-tocotrienol (y-T3, 98.45%), and &-tocotrienol
(3-T3, 98.37%) were all purchased from Sigma-Aldrich
(St Louis, MO, USA).

(b) Solvent.—Acetonitrile (99.9%, HPLC-grade; Sigma-Aldrich),
Methanol and ethanol were HPLC-grade and purchased
from Kemiou (Tianjin, China).

() Sodium chloride (NaCl).—Analytical grade
Chemical, Tianjin, China).

(d) ILs.—[OMIM]OT{, 1-octyl-methylimidazolium bis((trifluoro-
methyl)sulfonyl)imide ([OMIM]NTf,), and 1-octyl-methyli-
midazolium hexafluorophosphate ([JOMIM]PF¢) with purity
of >98%, were purchased from Lanzhou Institute of
Chemical Physics, Chinese Academy of Sciences, Lanzhou,
China.

(Reagent
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Figure 1. Effects of the operational factor on extraction efficiencies in IL-VA-LLME method. (A) Effects of different IL extractants (Conditions: 200 pL serum sample,
100 pL extractant, vortex time of 2 min, 1.25 g NaCl). (B) Effects of dispersive solvents [Conditions: 200 uL serum sample, 100 uL extractant ((OMIM]OTf), vortex time of
2 min, 1.25 g NaCl]. (C) Effects of different volumes of extractant [Conditions: 200 pL serum sample, extractant ((OMIM]OT{), vortex time of 2 min, 1.25 g NacCl]. (D)
Effects of vortex time [Conditions: 200 pL serum sample, 110 pL extractant ([OMIM]OT), 1.25 g NaCl]. (E) Effects of ionic strength [Conditions: 200 pL serum sample,

110 pL extractant ((OMIM]OTf), vortex time of 1 min].

(e) Water—Ultrapure water (18.2 megohm-cm) was prepared
with a Millipore Milli-Q system (Bedford, MA, USA).

Preparation of Standard Solution

The VE stock standard solutions were prepared by dissolving
the standards with ethanol at 1.00mg/mL. All stock standard
solutions were sealed and stored at -18°C. The concentrations
of the stock VE standard solutions were stable during the two
months. As the analytes were sensitive to light and oxygen, the
whole experimental procedure was carried out in a dark place
and the concentrations of the VE solutions were calibrated by
spectrophotometry before use (24).

Chromatographic Conditions

(a) Mobile phase.—Methanol/acetonitrile (80420, v/v).
(b) Flow rate—0.7 mL/min.

(c) Column temperature.—30°C.

(d) Injection volume.—20 pL.

(e) Wavelength of detection.—290/327 nm.

Sample Preparation

For extraction, 200 uL of the thawed serum sample was pipet-
ted into a 15mL centrifuge tube and diluted with 5mL water.
After adding 110pL of IL ([OMIM]OTf) and 1.25g sodium
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chloride, the mixture was vortexed at 3000 rpm for 1 min and
centrifuged at 4000rpm for 5min. Fifty microliter of IL phase
which was on the top of aqueous phase after centrifugation
was taken and injected into the HPLC system for analysis.
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Figure 2. A typical fluorescence detection chromatogram of a 100ng mL-1 of

mixed VE isomers standards solution. (1) §-T3, (2) y-T3, (3) «-T3, (4) 5-T, (5) B-T3,
(6) (B+7)-T, and (7) a-T.

Table 1. Linear regression equations, LODs, and LOQs of the method

The sample preparation procedure can be completed within
10 min without using any organic solvent.

Results and Discussion

Optimization of Sample Preparation

Selection of the IL extractants.—

In the IL-VA-LLME process, the extractant is the most crucial
factor that could affect the extraction efficiencies. The extrac-
tant should have good chromatographic performance, low
water-solubility, and high extraction capability to the fat-
soluble analytes. For long-chain [CnMIM]" ILs, the hydrophobic
moiety of VE could be accommodated in the hydrophobic
domain of the alkyl side chains so that the hydrophobic interac-
tion between ILs and the analytes becomes stronger, and their
solubility in the IL phase is also improved (23). At the same
time, these ILs should be immiscible with water. Therefore, in
this work, three ILs, [OMIM]PFs, [OMIM]NT{, and [OMIM]OTT,
were evaluated for their extraction efficiencies of eight VE
isomers. The extraction efficiency, which is represented in
Figure 1A, reached its highest when using [OMIM]OT{ as extrac-
tant. As a result, [OMIM]OTf was selected as the extractant for
the extraction of eight VE isomers.

Analyte Linear ranges, ng/mL Linear regression equations Correlation coefficients () LOD, ng/mL LOQ, ng/mL
4-T3 6.25-375 y =1.15 x 10 x - 2.98 x 10? 0.9993 1.16 3.85
y-T3 6.25-375 y=7.91x10*x + 1.62 x 10° 0.9995 1.73 5.77
a-T3 12.5-375 y =5.35 x 10" x 4 2.78 x 10? 0.9997 3.11 10.4
6-T 6.25-375 y =9.00 x 10* x + 6.54 x 10% 0.9997 1.59 5.30
B-T3 12.5-375 y=2.81x10'x + 851 x 10 0.9998 3.44 115
(B+v)-T 125-7.50 x 10° y=1.80 x 102 x + 4.22 x 10° 0.9996 0.857 2.86
o-T 625-3.75 x 10* y=3.80x 10" x - 5.34 x 10° 0.9992 4.16 13.9
Table 2. Recoveries and precisions of the method (n=6)
RSD, %
Analyte Background, ng/mL Spiked, ng/mL Found, ng/mL Recovery, % Intra-day Inter-day
6-T3 ND 50.0 51.5 103 6.301 2.24
100 95.2 95.2 2.85 2.03
150 148 98.7 2.74 271
v-T3 17.2 50.0 64.9 95.4 8.78 13.0
100 103.4 86.2 5.39 6.01
150 159 94.5 241 1.75
a-T3 14.7 50.0 60.8 92.2 6.43 7.62
100 94.8 80.1 5.38 9.18
150 163 98.9 2.57 3.05
S-T 26.1 50.0 74.5 96.8 4.69 4.02
100 115.6 89.5 2.24 2.80
150 173 97.9 2,97 2.90
B-T3 18.1 50.0 61.5 86.8 12.5 11.2
100 99.3 81.2 3.61 5.77
150 156 91.9 2.14 2.25
(B+v)-T 892 1000 1920 103 2.05 4.31
2000 2858 98.3 2.16 3.23
3000 3850 98.6 1.61 1.69
a-T 10700 5000 15 600 98.0 2.35 4.37
10 000 20 460 97.6 2.30 2.34
15 000 25300 97.3 1.68 1.93
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Selection of dispersive solvents.—

Adequate dispersive solvents can assist dispersion of extractant
in sample solutions and increase the contact area between two
phases. Three dispersants, i.e., acetonitrile, acetone, and etha-
nol were compared. As seen in Figure 1B, satisfactory results
were obtained without using any dispersive solvents. This is
possibly because these organic dispersants will dissolve parts of
analytes, leading to decreased extraction efficiency. Therefore,
further experiments were performed without addition of disper-
sive solvents.

Volume of IL extractant.—

Extraction efficiencies for VE extraction with different volumes
of IL (80-130uL) were compared. The experimental results
showed that, IL volume <100uL made it difficult to collect IL
phase for HPLC analysis. But the highest extraction efficiencies
could be obtained when the volume of IL was 110 pL (Figure 1C).
Therefore, 110 pL [OMIM]OTf was used in the following study.

Vortex extraction time.—

The influence of extraction time (0.5, 1.0, 1.5, 2.0 min) on the ex-
traction efficiencies was investigated. As shown in Figure 1D,
the extraction efficiencies of [OMIM]OTf on VE improved when
the vortex time increased from 0.5 to 1 min. As the vortex time
continued to increase, the extraction efficiencies didn’t increase
any more. Thus, the optimized vortex extraction time was set
at 1min.

Salt addition.—

Addition of salt can potentially decrease the solubility of the
analytes in the aqueous phase and enhance their partitioning
into the IL phase. What’s more, addition of salt can increase the
density of the sample solution and make the IL drop float on the
top of aqueous phase, facilitating its collection. The protein in
serum sample can also be precipitated and form a dense mem-
brane when adding an appropriate amount of salt. On the other
hand, excessive salt may reduce the mass transfer process and
enhance the solubility of ILs in the aqueous phase and decrease
the extraction efficiency. The effect of NaCl addition on the re-
coveries of VE isomers was studied in the range of 0-2 g NaCl
The results showed that the IL phase could hardly be collected
when the NaCl amount was less than 0.75g. The extraction
efficiencies of [OMIM]OTf on VE isomers increased when the
NaCl amount increased from 1 to 1.25g and the best results
were achieved when the NaCl amount was 1.25g (Figure 1E).
Therefore, 1.25 g NaCl was added to the diluted serum samples
for further study.

Optimization of the HPLC conditions

The maximum excitation and emission wavelengths of VE iso-
mers were obtained by FLD scanning. Among the 8 VE isomers,
a-T3, B-T3, and o-T show relatively lower fluorescence signal at
the same concentration. Thus, the detection for VE isomers was
operated at these three isomers’ maximum excitation wave-
length (290 nm) and emission wavelength (327 nm).

For better chromatographic separation of VE isomers, the
composition of the mobile phase was investigated. B- and y-T
are positional isomers and could not be separated on conven-
tional reversed-phase-HPLC columns. Therefore, these two VE
isomers appeared as one peak in this work. When the mobile
phase was methanol, (B + v)-T and B-T3 could not be separated.
Addition of acetonitrile could improve the separation of the VE
isomers. The resolution of (8 + v)-T and B-T3 was significantly
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Figure 3. Chromatograms of a serum sample (A) and the sample spiked with
middle level of standard solution (B). (1) 8-T3, (2) y-T3, (3) a-T3, (4) &-T, (5) B-T3,
(6) (B+7)-T,and (7) o-T.

improved when increasing the proportion of acetonitrile,
whereas the resolution of §-T and B-T3 became worse. When
the proportion of acetonitrile was 20%, peak resolutions among
(B + v)-T, B-T3, and 8-T were >1.5. Therefore, the mobile phase
was set as methanol and acetonitrile (80+20, v/v).

The resolution, retention time, and peak area of the analytes
were also affected by the flow rate and column temperature.
The flow rate of the mobile phase was optimized and the results
indicated that a flow rate of 0.7 mL/min was appropriate for the
separation of eight VE isomers within 20min. The column
temperature was also investigated at 20-40°C, and 30°C was op-
timal for all the analytes’ separation. Figure 2 shows a typical
chromatogram of a 100ng mL " of mixed VE isomers standard
solution under the optimal HPLC conditions.

The method performance

In the IL-VA-LLME procedure, although the IL is almost immisci-
ble with water, a small proportion of diluted sample solution
will be dissolved in the IL phase, which makes it hard to work
out the accurate volume of extractant. Therefore, the working
curves were used for the calibration to eliminate the error.
As shown in Table 1, the correlation coefficients (r) were be-
tween 0.9992 and 0.9998. The limits of detection (LODs; S/N =3)
were in the ranges of 0.857-4.16 ng/mL. Serum samples were
spiked with mixed standard solutions at three levels before
sample preparation for evaluating the accuracy of the proposed
method. The precision was obtained from the spiked samples at
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three levels within a day (intra-day RSD) and on 6 successive
days (inter-day RSD). As seen in Table 2, the mean recoveries
ranged from 80.1-103%. The intra- and inter-day RSDs for
eight VE isomers in serum samples were 1.61-12.5% and 1.69-
13.0%, respectively. Figure 3 presents the typical chromato-
grams of a sample and the sample spiked with mixed standard
solutions.

Application of the method

Under optimized conditions, the established method was
applied to the determination of eight VE isomers in 44 human
serum samples. The ranges of each analyte were 5260-
33 500ng/mL for o-T, 420-3460 ng/mL for (B+7)-T, 8.53—459ng/
mL for 3-T, not detected-73.7ng/mL for «-T3, not detected-
117 ng/mL for B-T3, not detected-78.2ng/mL for y-T3, and not
detected-7.21 ng/mL for §-T3. The concentrations of the analy-
tes detected by use of the method were within the range of
reported results in other published HPLC methods (9, 25).

Comparison of reported methods with the proposed
method

Table 3 shows a comparison of the proposed method with
some reported chromatographic methods for the analysis of VE
and other FSVs in human serum or plasma samples. Albahrani
et al. (6) reported a simultaneous method for the determination
of vitamins A, D, and E in human serum using liquid chroma-
tography (LC) tandem mass spectrometry (MS/MS). The sample
preparation includes protein precipitation and LLE procedure,
which is commonly used for FSVs extraction. The LODs were
0.660-431ng/mL and the recoveries were 87-112.9%. Our group
(9) developed a HPLC-diode-array detection (DAD) method for
simultaneous determination of vitamin A and 8 VE isomers in
human serum in 2015. Ethanol and n-hexane were used for pre-
cipitating proteins and extracting targeted analytes from serum
samples, respectively. The extractant was then evaporated un-
der nitrogen flow and the residue was dissolved with methanol
for HPLC analysis. Mean recoveries of the method were 86.3-
110%, with RSDs less than 14.9%. Zhang et al. (26) established
a LC-MS/MS method for the simultaneous determination of vi-
tamin A, 25(OH)D5, and o-T in plasma samples. Samples were
precipitated by ethanol and then extracted with the HLB
pElution SPE plate. The recoveries for all analytes ranged from
80-120%, and the RSDs were less than 10.0%. Petruzziello et al.
(27) developed a quantitative method for FSVs in human plasma
using a supercritical fluid chromatography-mass spectrometry
(SFC-MS). Automated supported liquid extraction was used and
optimized in the sample preparation procedure. Recoveries of
the developed method were from 85-115%, and the RSDs were
2.7-13.8%, respectively. Compared with these reported chro-
matographic methods, our method has the merits of being sim-
ple, fast, environment-friendly, and cheap without using any
organic solvents and specific devices in sample preparation.
The LLME procedure can be completed within 10 min, and the IL
extractant is cheap for routine analysis. The enrichment factor
of this IL-VA-LLME method was 1.82, which has the same
magnitude as LLE traditional methods reported in the literature
(4.5 and 0.875 when using n-hexane as solvent) (9, 25).

Moreover, HPLC-FLD was chosen for the detection of VE tar-
gets. The cost of HPLC-FLD is significantly lower than LC-MS/MS
and SFC-MS, making it suitable for routine analysis in ordinary
laboratories. Also, our method has the similar linear ranges,
sensitivities, recoveries, and precisions with reported methods.

Conclusions

A novel and green IL-VA-LLME technique combined with HPLC
method was proposed for the analysis of eight VE isomers. In this
method, the IL was directly injected into the diluted serum sam-
ples without protein precipitation. No hazardous organic solvent
was used in the whole sample preparation process. Under the
optimal conditions, this IL-VA-LLME method is simple, rapid,
environment-friendly, and exhibits good linearity, sensitivity, re-
coveries, and precisions for the simultaneous determination of
eight VE isomers in human serum samples. However, there is still
work to be done to improve this method in the future. For exam-
ple, the enrichment factor should be improved for the accurate
detection of some VE isomers at trace levels, such as §-T3 and
B-T3. What’s more, the performances of the proposed method in
other biological fluids and food samples should be investigated.
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