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A complete analytical procedure combining optimized tea infusion preparation and validated
UHPLC-MS/MS method was developed for routine quantification of eight naturally occurring catechin
derivatives in various tea samples. The preparation of tea infusions was optimized in terms of temper-
ature, time and water-to-tea ratio in green, white and black teas. The catechins were analyzed using
ultra-high performance liquid chromatography coupled with triple quadrupole mass spectrometry in
a run of only 4min including equilibration of the system. The UHPLC-MS/MS method was fully vali-
Catechins dated in terms of inter/intra-day precision, accuracy, linearity (r > 0.9991), range (50-5000 ng/ml), LOD
Matrix effects (1.5-7.5 ng/ml) and LOQ (5-25 ng/ml). Validation of the method included also the determination of the
Tea matrix effects that were evaluated in both flavored and unflavored green, white and black teas. Dilution
Method validation of the resulting tea infusions appeared to be crucial for the matrix effects and also for subsequent catechin
UHPLC-MS/MS quantification in real tea samples in order to fit into the linear range of the UHPLC-MS/MS method. This
complete procedure for catechin quantification was finally applied to real sample analysis represented
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by 70 commercial tea samples.
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1. Introduction

Besides water, tea is the most widely consumed beverage in
the world, which is due to its health benefits, gustatory prop-
erties, stimulant effects and cultural dimension [1]. Post-harvest
processing of leaves of Camellia sinensis (L.) (Theaceae) is an
important factor determining a type of tea and affecting tea
polyphenol content and also polyphenol composition. According
to the level of fermentation, three basic types of tea are distin-
guished i.e. non-fermented green tea, partially fermented oolong
tea and fully-fermented black tea. Fermentation, an enzymatic oxi-
dation process, in the case of tea, converts monomeric phenolic
compounds into dimers, oligomers and polymers [2]. To avoid oxi-
dation in post-harvest processing, tea leaves resulting in green tea
are subjected to fixing process that inactivates enzymes such as
polyphenol oxidase, polyphenol peroxidase, and ascorbic acid oxi-
dase [1,3]. Therefore, monomeric catechins predominate in green
tea whereas dimeric theaflavins and polymeric thearubigins in
black tea [4]. Black tea is the most popular type of tea representing
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approximately 76-78% of the worldwide tea production and con-
sumption, green tea 20-22% and oolong tea less than 2% [5]. Black
tea is consumed primarily in North America, Europe and India,
whereas green tea in Japan and China [6].

Catechins, flavan-3-ol derivatives, are colorless and water-
soluble compounds. The major catechins contained in fresh tea
leaves include (—)-epigallocatechin gallate, (—)-epigallocatechin,
(—)-epicatechin gallate and (—)-epicatechin [7]. During post-
harvest processing and storage of tea leaves, catechins are prone
to oxidation, epimerization, polymerization and degradation. Tem-
perature, humidity, oxygen, metal ions, pH of the system and tea
ingredients are responsible for these chemical changes [8]. Tea cat-
echins show various health beneficial effects and they are best
known for their antioxidant activity [9,10]. Theaflavins contained
in black tea leaves also act as antioxidants [11]. Similar activity to
catechins was reported by Leung et al. [ 12]. Anti-microbial [13,14],
anti-viral [15,16] and anti-fungal [17,18] effects were observed as
well. Due to anti-oxidant, anti-inflammatory, anti-proliferative and
anti-platelet activity catechins are assumed to decrease cardiovas-
cular risk [19] and they are also hypothesized to reduce the risk of
several types of cancer [6].

Analysis of catechins in biological matrices is typically per-
formed using liquid chromatography coupled to mass spectrometry
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(MS), UV or PDA detector. The major drawback of most of the
published HPLC methods is a long chromatographic run of about
20-45min [20-26]. It results in high costs of analysis, high sol-
vent consumption and also potential analyte degradation [27].
Only few faster HPLC methods [28-30] were published in the
past years taking still about 10 min. Use of columns packed with
sub-2 pm particles in ultra-high performance liquid chromatogra-
phy (UHPLC) allows to reduce time of chromatographic separation
while maintaining the same resolution [31,32]. Surprisingly, UHPLC
has been quite scarcely employed in analysis of catechins. Eight
naturally occurring catechins were successfully separated using
UHPLC-UV in a run of only 1.7 min by Spacil et al. [33]. In addition,
even faster (0.5 min) UHPLC separation of seven catechin deriva-
tives was reported by Guillarme et al. [34]. Nevertheless, none of
these methods was fully validated for determination of catechins in
real samples. Recently, fast UHPLC-UV method published by Naldi
etal.[35] was fully validated for qualitative and quantitative anal-
ysis of 6 catechins and caffeine that were separated in a run of
3 min. In spite of higher selectivity and sensitivity of MS detection,
it has been quite rarely used for this purpose. The development
of UHPLC-MS/MS method that was partially validated was previ-
ously published by our group [36]. In this paper the focus was put
on the optimization of MS conditions. To our knowledge a fast and
selective UHPLC-MS/MS method that is fully validated for determi-
nation of 8 naturally occurring catechin derivatives in various tea
samples catechins in various tea samples has not been published
yet.

Sample preparation step of tea leaves prior to LC-MS analy-
sis of catechins usually involves tea infusion preparation, filtration
through a membrane filter and subsequent dilution. Despite all the
advantages that LC-MS brings, it suffers from a major drawback
called matrix effects. Is the sample treatment involving infusion
preparation, filtration and dilution sufficient enough for reliable
quantification of catechins in terms of overcoming matrix effects
and providing acceptable validation results? Therefore, evalua-
tion of this phenomena was included in the method validation.
To our knowledge, no studies have been published evaluating
matrix effects of catechins in tea samples. The aim of this work
was to develop a complete procedure for routine quantification
of catechins contained in various tea samples. Development of
this procedure involved optimization of conditions for tea infusion
preparation and development and validation of fast UHPLC-MS/MS
method for quantification of all eight naturally occurring catechins
in tea samples. Conditions for infusion preparation were optimized
in terms of temperature, time and water-to-tea ratio. Validation
of the method included also evaluation of matrix effects in both
unflavored and flavored green, white and black teas, The resulting
procedure was applied for quantification of catechins in tea sam-
ples commonly available for tea consumers in the Czech Republic
to demonstrate its applicability to real sample analysis and to com-
pare the total amount of catechins in flavored and unflavored green,
white and black teas.

2. Experimental
2.1. Chemicals and reagents

The following standards of catechins: (—)-catechin gallate
(CG), (—)-epicatechin gallate (ECG), (*)-catechin hydrate (C),
(+)-epicatechin (EC), (—)-gallocatechin (GC), (—)-epigallocatechin
(EGC), (—)-gallocatechin gallate (GCG) and (-)-epigallocatechin
gallate (EGCG) were purchased from Sigma-Aldrich (Steinheim,
Germany). Acetonitrile, methanol and mobile phase additives
such as formic and acetic acid, all of them LC-MS grade, were
obtained from Sigma-Aldrich (Steinheim, Germany). LC-MS grade

water was prepared by Milli-Q reverse osmosis system (Millipore,
Bedford, MA, USA) immediately prior to use. Green, white and black
teas used for validation of UHPLC-MS/MS method and optimization
of sample preparation step were obtained from Oxalis (Slusovice,
Czech Republic). The other tea samples were purchased from local
supermarkets or specialized tea shops in the Czech Republic and
France.

2.2. Instrumentation and analytical conditions

ACQUITY Ultra Performance LC™ (UPLC) system (Waters, Mil-
ford, MA, USA) consisting of binary solvent manager and sample
manager was coupled with Micromass Quattro micro™ API bench-
top triple quadrupole mass spectrometer (Waters, Milford, MA,
USA). AllUHPLC analyses were performed on the analytical column
CSH Cyg (100mm x 2.1 mm, 1.7 pm) (Waters, Milford, MA, USA)
and the column was maintained at 40 °C. Samples were separated
using a gradient elution with 0.1% formic acid in water (solvent A)
and 0.1% formic acid in methanol (solvent B). The flow rate was
set at 0.3 ml/min and the chromatographic run time was 4.0 min
including equilibration of the system. The gradient started with
8.5% of solvent B, increased to 40.0% over 2.1 min and in 2.2 min the
percentage of solvent B ramped to original conditions (8.5%). The
injection volume was 5 pL. All the ion source and ion optic param-
eters were optimized and they were finally set as follows: capillary
voltage 1.0 kV, extractor voltage 2.0V, hexapole voltage 0.2 V, cone
voltage 35V (GC, EGC, C, EC), 30V (EGCG, GCG, ECG, CG), cone gas
flow rate 70 Lh~1, desolvation temperature 450 °C and desolvation
gas flow rate 600 Lh~", The resulting most intense SRM transitions
with optimized collision energies and dwell times are shown in
Table 1. Scheduled SRMs were used in order to maximize the dwell
times for individual transitions. The data were acquired and pro-
cessed using MassLynx™ software version 4,1 (Waters, Milford,
MA, USA).

2.3. Standard solutions

Stock standard solutions of GC, EGC, C, EC, GCG, EGCG, CG
and ECG were prepared by dissolving each compound in acidified
methanol (0.1% formic acid) to give a solution with a concentration
of 1.0 mg/mL. Formic acid was added due to the stability reasons.
Stock standard solutions were stored at 4°C until further dilution
and they were prepared fresh every two weeks, Mixture consist-
ing of 0.1% formic acid in water and 0.1% formic acid in methanol
(50/50, v/v) was used for preparation of stock standard solutions as
for dilution of natural samples.

2.4. Sample preparation

Both tea forms i.e. loose leaf tea and tea bag tea were homog-
enized before quantification of catechins. Loose leaf tea was taken
from the bottom, middle and top of the pack and thoroughly mixed.
Although smaller size of tea leaf particles would provide higher
extraction efficiency, loose leaf tea samples were not crushed or
rubbed to keep the conditions of tea infusion preparation close to
the real procedure. Three tea bags of one and the same analyzed tea
were cut open and their content was mixed. 1 g of resulting tea sam-
ples was weighed and subjected to sample preparation. Conditions
for tea infusion preparation were optimized for green (Formosa
gunpowder), white (Snow buds) and black (Keemun) teas. Both
green and white tea infusions were prepared using 100 ml of water
at 90°C maintained for 20 min. During infusion preparation, tea
samples were mildly stirred every 5 min. Black tea infusions were
prepared according to the same procedure as used for green and
white teas except temperature (100 °C). After infusion preparation,
theresulting sample was filtered through hydrophilic 0.22 pm pore
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Table 1

Parameters of SRM transitions for all 8 catechins.
Analyte Precursor ion type Precursor ion Fragment ion Dwell time (s) Cone voltage (V) Collision energy (V) tg (min)
GC [M-H] 304.9 1250 0.100 35 25 174
EGC [M-H]~ 304.9 125.0 0.100 35 25 2.07
C [M—~H]~ 289.0 2451 0.050 35 15 217
EC [M=H]~ 289.0 245.1 0.050 35 15 251
EGCG [M=H]|~ 457.0 169.0 0.050 30 25 2.40
GCG [M-H]~ 457.0 169.0 0.050 30 25 257
ECG [M-H] 441.0 169.0 0.100 30 25 2.86
CcG [M-H]~ 441.0 169.0 0.100 30 25 3.03

size polytetrafluoroethylene (PTFE/L) syringe filter. Finally, all the
tea samples had to be diluted in order to fit into the linear range
of the UHPLC-MS/MS method using the same diluent mixture as
used for dilution of standard stock solutions. Green and white tea
infusions were diluted 50-fold for determination of C, GC, GCG, CG
and 500-fold for determination of EGC, EC, EGCG and ECG. Whereas
black tea samples were diluted 10-fold for determination of GC,
EGC, C, EC, GCG and CG and 200-fold for EGCG and ECG.

2.5. Method validation

First, the repeatability of retention times and peak areas was
evaluated at three concentration levels of 25 ng/ml, 250 ng/ml and
2500 ng/ml to perform system suitability test (SST) (n=10). Both
standard solutions and tea samples including green (Formosa gun-
powder), white (Snow buds) and black (Keemun) tea infusions were
used for validation of the UHPLC-MS/MS method. Validation was
performed in terms of linearity, range, LOD, LOQ, intra-day and
inter-day precision, accuracy and matrix effects. Linearity was eval-
uated using nine calibration levels for each compound. The limit
of quantification (LOQ) was determined as the lowest concentra-
tion level with S/N ~ 10 and the limit of detection (LOD) as S/N~ 3.
Green, white and black tea samples spiked with standard solutions
at three concentration levels (50 ng/ml, 250 ng/ml and 2500 ng/ml)
were used for determination of method precision and method accu-
racy. Matrix effects were determined in unflavored and flavored
teas. Regarding unflavored teas, the same tea samples as used for
optimization of conditions for tea infusion preparation and val-
idation was employed. Concerning flavored teas, green tea with
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strawberry pieces (1.6%) and lemon grass (10%), white tea with
raspberries (min 2.4%), raisins and red currants and black tea with
cocoa seeds (min 6.3%), cocoa husks (min 4.2%) and pomegranate
seeds were subjected to the evaluation of matrix effects. They were
evaluated by comparing the slopes of two calibration curves con-
structed in the diluent mixture and in tea infusion spiked with six
concentration levels of standard solutions. The formed tea infusions
were diluted as described in Section 2.4.

3. Results and discussion
3.1. UHPLC-MS/MS method development

All 8 analyzed catechins are structurally similar. They differ in
the presence of hydroxyl groups and/or ester-bound gallic acid. In
addition, some of them form a pair of epimers. Hence, the most
critical issue is to separate these pairs because of the same m/z of
their precursor and product ions. All four pairs of epimeric cate-
chins were successfully separated using CSH C,g stationary phase
as demonstrated in the full scan chromatogram (Fig. 1A) and in the
SRM chromatograms (Fig. 1B). To fully exploit the potential of cou-
pling UHPLC with MS, the purpose of this work was to develop a
fast, efficient and robust UHPLC-MS/MS method. It allows to mini-
mize the risk of analyte degradation, to analyze more samples and
to reduce solvent consumption and analysis cost. UHPLC system
using columns packed with 1.7 um particles allows using higher
flow rates of mobile phase and therefore to speed up the analy-
sis. However, when using older MS platform, the limiting factor of
the flow rate is the scan speed of the mass analyzer and its ability
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Fig. 1. Full-scan chromatogram of 8 catechins in negative mode of ionization (A) and SRM chromatograms of all four epimeric pairs of catechins (B).
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to provide acceptable number of data points per peak. Sufficient
number of data points (=15) was obtained at LOQ levels for all 8
catechins when using flow rate 0.3 ml/min.

Another issue to be considered is a wide range of concentrations
of 8 catechins in a single tea sample and also in various tea sam-
ples. Therefore, UHPLC-MS/MS method had to be linear in a wide
range and infusions of tea samples had to be diluted to fit into this
range. Preliminary quantification of catechins in some green, white
and black tea samples revealed how much dilution of tea infusions
was needed. The final dilution method for green, white and black
tea infusions were employed as described in Section 2.4. In conclu-
sion, these dilutions were suitable for quantitative analysis of all 70
different tea samples.

Initial shortcomings of poor linearity and narrow linear range
were partially solved by adding formic acid (0.1%) in both com-
ponents of the mobile phase. To further improve linearity and
also peak shapes, composition of diluent mixture was taken into
account. Thus, five different ratios 50:50, 60:40, 70:30, 80:20 and
90:10 (v/v) of diluent mixture consisting of 0.1% formic acid in
water and 0.1% formic acid in methanol were tested. The ratio 50:50
(v/v) of acidified water (0.1% FA) and acidified methanol (0.1% FA)
provided the best results in terms of both observed parameters. This
diluent mixture was employed for preparation of both standard
solutions and real samples.

In order to minimize matrix effects of catechins the highest pos-
sible dilution of tea infusions was needed. Level of dilution was
also strongly associated with sensitivity of the method. Therefore,
all the ion source and ion optic parameters as described in Section
2.2 were finely tuned to get the highest possible sensitivity. To fur-
ther enhance sensitivity, the effect of concentration of mobile phase
additive was evaluated using five concentrations (0.05%, 0.1%, 0.2%,
0.5% and 1.0%) of formic acid in both mobile phase components,
The highest detector response was observed at the concentration
0.1%.
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3.2. Optimization of conditions for tea infusion preparation

Conditions for preparation of tea infusions were optimized for
all three analyzed types of tea. White tea (Snow Buds, Oxalis), green
tea (Formosa Gunpowder, Oxalis) and black tea (Keemun, Oxalis)
were subjected to the detailed examination of effect of water tem-
perature, time of infusion preparation, and water-to-tea ratio on
the extraction efficiency. All three tested teas were in the form
of loose leaf tea. This tea form was chosen at the expense of tea
bag form because this one needs more time for unfolding of tea
leaves. The preparation of infusions was performed at the temper-
atures 70°C, 80°C, 90°C and 100°C. The samples were collected
from tea infusions tempered at selected temperatures every 5 min
for a 30-min period to evaluate the effect of time. The effect of
water-to-tea ratio (ml/g) was tested using following ratios: 50:1,
75:1,100:1,125:1 and 150:1. The resulting conditions were subse-
quently applied for tea infusion preparationin real sample analysis.

3.2.1. Effect of water temperature on the total amount of
catechins

An increasing temperature of used solvents makes the cell walls
of tea leaves more permeable and increases both diffusion and
solubility coefficients of tea catechins [37,38]. On the other hand,
increasing temperature has a negative impact on the catechin
stability. Catechins undergo epimerization, polymerization, degra-
dation and oxidation [8]. The total amount of catechins (TAC) was
increasing in the temperature range of 70-100°C in the infusion of
black tea (Fig. 2C), whereas in both green and white tea infusions
onlyinthe range of 70-90 °C(Fig. 2A and B). In both green and white
teas at 100°C degradation of catechins outweighed the benefit of
high temperature on the extraction efficiency. Besides determin-
ing the total amount of catechins, the ratio between non-epi-forms
and epi-forms of catechins was observed. The epimerization con-
verting tea catechins to their corresponding isomers occurs at C-2
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Fig. 2. Optimization of conditions for infusion preparation of green (A), white (B) and black (C) teas. Percentage of both epi- and non-epi-forms of all 8 catechins in the total
amount of catechins in green (GT), white (WT) and black (BT) teas at 70, 80, 90 and 100 °C when sampling after 30 min (D).
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position of dihydropyran heterocycle, which was previously con-
firmed by Seto et al. [39] using 'H and '*C NMR and optical rotation
analyses, and also at C-3 position when oxidative degallation is tak-
ing place [40]. An increase of amount of non-epi-forms of catechins
was observed in all three tea types when temperature rising. The
percentage of non-epi-forms in the TAC obtained after 30 min of
extraction was 3.7%, 5.6%, 12.2% and 25.0% at 70°C,80°C,90°C and
100°C in green tea infusion, 6.7%, 8.7%, 13.4% and 22.2% in white
tea infusion and 4.6%, 4.8%, 6.9% and 12.6% in black tea infusion
(Fig. 2D). These results confirmed that epi-forms of catechins are
prone to epimerization and they also showed lower tendency for
epimerization of catechins contained in black tea. Based on these
results, temperature at 90°C was chosen for preparation of green
and white tea infusions whereas 100°C for black tea infusions.

3.2.2. Effect of time of infusion preparation on the total amount
of catechins

Besides temperature, time of infusion preparation is also an
important factor that affects the TAC. Longer time of infusion prepa-
ration increased the extraction efficiency. However, at a certain
point degradation of catechins prevailed. After 20 min of extrac-
tion performed at all temperatures any substantial increase (>10%)
of TAC was not further observed as shown in Fig. 2A-C. In addi-
tion, after 20min the increase of the TAC was less than 5% at
temperatures (90 °C for green and white teas, 100 °C for black tea)
that were chosen for final quantification of catechins. Based on
these results, 20 min period was used for preparation of infusions
of all three examined tea types. The 30-min interval of infusion
preparation influenced the epimerization of catechins in a similar
way as the 30-degree temperature range. As expected, the greatest
effect was observed in the 30-min interval at 100°C. The increase
of non-epi-forms of catechins in the TAC between the first and the
last sampling was more than 3-fold (7.6% — 25.0%) in green tea and
2-fold both in white (10.3% — 22.2%) and black (6.1% — 12.6%) teas.

3.2.3. Effect of water-to-tea ratio on the total amount of catechins
The impact of water-to-tea ratio was evaluated at 90°C identi-
cally for all three types of tea. Samples were collected after 30 min.
In the range of 50:1-150:1 (ml/g) the water-to-tea ratio did not
affect the TAC as significantly as the temperature and time. The

Table 2
Validation of the UHPLC-MS/MS method in green tea samples.

water-to-tea ratio 100:1 was finally set for all three types of tea.
The most significant increase of the TAC was observed in green tea
sample (gunpowder) that might be explained by a special form of
these tea leaves that are rolled into pellets and need more space for
unfolding of leaves.

3.3. Method validation

At first, the repeatability of retention times and peak areas both
expressed as RSD% (n=10) were evaluated at three concentra-
tion levels (25 ng/ml, 250 ng/ml and 2500 ng/ml). RSD for retention
times was <0.3% and for peak areas <5.5%. The UHPLC-MS/MS
method was fully validated in terms of intra-day and inter-day pre-
cision, accuracy, matrix effects, linearity, range, LOD and LOQ. The
UHPLC-MS/MS method showed an excellent linearity expressed
by correlation coefficient r2 =0.9991-0.9996 for all 8 catechins in
the range of 25-5000 ng/ml. LOQ of the method was 5-25 ng/ml
and LOD 1.5-7.5ng/ml. Intra-day precision at concentration lev-
els 50, 250 and 2500 ng/ml expressed as RSD (n=3) was in the
range of 0.9-5.9% in green tea, 0.9-4.9% in white tea and 1.1-8.2%
in black tea. Inter-day precision was in the range of 1.8-11.6%
in green tea, 1.6-8.7% in white tea and 3.1-15.7% in black tea.
Accuracy of the UHPLC-MS/MS method expressed as recovery
was 82.3-149.8% at concentration level 50 ng/ml, 83.1-126.4% at
250 ng/ml, 82.1-110.3% at 2500 ng/ml in green, white and black
teas as shown in Tables 2-4, At first, the concentration level
25ng/ml was included in the method validation. However, at this
concentration level insufficient method accuracy was obtained. A
higher bias observed at the lowest concentration level (50ng/ml)
for EGC and GCG does not represent a serious drawback of this
method. The amount of catechins in tea infusions is high enough
and the infusion has to be always diluted to fitinto the linear range
of UHPLC-MS/MS method. Therefore, a concentration level of cat-
echins in the injected sample is adjusted as needed.

3.4. Matrix effects
Infusions of both flavored and unflavored green, white and black

teas were subjected to evaluation of the matrix effects, They were
evaluated by comparing the slopes of two calibration curves. The

Analyte Greentealntra-day precisionRSD(%) Greentealnter-day precisionRSD(%) Green tea accuracy (%) Matrix effects (%)
50ngfml  250ng/ml  2500ng/ml 50ng/ml 250ng/ml  2500ng/ml 50ng/ml  250ng/ml 2500ng/ml Unflavored green tea  Flavored green tea
GC 3.79 2.10 1.15 3.61 230 3.77 91.9 83.1 9438 +4.51 +7.32
EGC 3.52 202 2.50 245 2.70 225 823 97.2 1005 -0.42 +2.51
C 3.49 335 1.11 5.88 3.28 1.76 108.2 95.1 100.8 +4.53 —1.41
EC 5.66 5.85 143 4.66 11.58 4.64 113.0 99.5 1020 +4.64 -1.80
EGCG 5.70 329 1.16 3.45 4.45 469 94.4 89.7 106.9 +8.45 +4.90
GCG 229 3.75 1.11 8.58 7.65 5.03 92.0 98.2 98.4 +13.49 +10.39
ECG 5.07 3.77 093 3.49 6.40 568 939 993 986 0.16 217
G 1.58 229 1.86 5.01 5.67 351 102.3 114.4 100.5 +8.97 —5.34
Table 3
Validation of the UHPLC-MS/MS method in white tea samples.
Analyte  WhiteteaIntra-day precisionRSD (%) White teaInter-day precisionRSD (%) White tea accuracy (%) Matrix effects (%)
50ng/ml  250ng/ml 2500ng/ml 50ng/ml 250ng/ml 2500ng/ml 50ng/ml 250ng/ml 2500ng/ml Unflavored white tea Flavored white tea

GC 1.59 1.35 193 3.32 1.83 212 954 87.1 82.1 —14.72 +11.21
EGC 3.49 115 089 3.67 2.68 1.63 146.7 86.1 98.3 -2.15 +8.05
C 255 238 232 223 3.81 2.68 100.2 100.8 98.1 +3.52 +5.05
EC 4.27 4.86 3.46 8.71 6.06 2.82 953 85.6 102.0 +1.35 +7.46
EGCG 3.40 226 2.05 272 4.15 227 108.6 100.7 1103 +6.71 +10.50
GCG 3.16 3.30 3.06 4.65 3.81 3.89 98.8 109.1 100.1 +8.19 +12.74
ECG 2.78 270 3.04 2.64 4.93 2,18 120.3 105.1 99.1 -2.32 -0.83
CG 4.40 2.50 3.72 6.70 2.21 3.29 102.2 108.1 98.6 +4.36 +1.83
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Table 4
Validation of the UHPLC-MS/MS method in black tea samples.

Analyte  Black teaintra-day precision RSD (%) Black tea inter-day precision RSD (%)  Black tea accuracy (%) Matrix effects (%)
50ng/ml  250ng/ml  2500ng/ml 50ng/ml 250ng/ml 2500ng/ml 50ng/ml 250ng/ml 2500ng/ml Unflavored black tea  Flavored black tea

GC 8.17 211 1.12 6.72 3.06 4.81 119.6 938 893 ~4.40 +9.44
EGC 3.49 2.20 1.40 3.88 5.07 5.54 127.9 111.9 976 +7.38 +43.72
C 5.75 331 201 6.14 332 5.91 109.0 101.6 958 +1.90 +12.40
EC 5.58 1.59 248 15.73 6.37 7.26 107.3 99.3 106.7 -10.03 +34.84
EGCG 262 2.26 212 513 7.90 8.05 104.4 932 959 +0.83 +10.68
GCG 753 1.20 1.95 8.75 3.56 7.60 149.8 126.4 104.1 +14.49 +45.75
ECG 3.85 3.12 1.22 7.39 3.84 6.90 93.5 97.3 98.5 -2.01 +2.76
CcG 484 1.23 2.74 4.82 463 7.86 121.8 110.7 97.7 +4.30 +13.27

first calibration curve was constructed using standards of cate-
chins that were dissolved in the diluent mixture. The second one
was constructed in tea infusion that was diluted and spiked with
standards of catechins at six concentration levels in the range of
50-2500 ng/ml.Inorder to keep the same conditions as used for fur-
ther quantification of catechins in real tea samples, each tea sample
was prepared in the same way as described in Section 2.4 using two
dilutions. The resulting matrix effects of each catechin expressed
as percentage deviation of the slopes of calibration curves were
lower than +15% in all three unflavored teas. Therefore, only fil-
tration through 0.22 um PTFE/L filter and subsequent appropriate
dilution of tea infusion was sufficient as a sample preparation step
for quantification of catechins in unflavored teas. As shown in detail
in Tables 2-4, matrix effects of all 8 catechins ranged from —0.4%
to +13.5% in green tea, from —14.7% to +8.2% in white tea and from
—10.0% to +14.5% in black tea. The matrix effects were not so sig-
nificant in flavored green (—5.3% to +10.4%) and flavored white tea
(—0.8%to+12.7%) as well, Whereas, catechins contained in flavored
black tea were affected much more significantly. Indeed, the matrix
effects ranged from +2.8% to +45.8%. Based on these results, 10-fold
dilution of flavored black tea particularly for GCG (+45.8%), EGC
(+43.7%) and EC (+34.8%) was not enough to avoid this phenom-
ena. When evaluating matrix effects of these catechins in 200-fold
diluted matrix, they were decreased below 8% for all of them. Thus,

the high 200-fold dilution made possible to eliminate these effects.
However, the amount of non-epi-forms of catechins, EGC and ECin
black tea samples was too low to dilute the infusion more.

3.5. Quantification of catechins in tea samples

Eight catechin derivatives were quantified in 28 green tea, 22
white tea and 20 black tea samples that are commonly available for
tea consumers in the Czech Republic, except 3 green tea samples
purchased in France, Both forms of tea i.e. loose leaf teas and tea bag
teas and also both unflavored and flavored teas were subjected to
quantification of catechins. The selected tea samples should cover
a representative range of both cheaper and more expensive and
at the same time quite unknown and well-known tea brands. The
total amount of catechins and the amount of individual catechins
in green, white and black tea samples are shown in Tables 5-7.
Overall, the highest TAC (133.3 mg/g dry weight) was determined
in Chinese loose leaf white tea called Snow buds whereas the
lowest TAC was detected in tea bag black tea produced by a
supermarket. The TAC in 28 green tea samples was in the range
of 34,5-125.4 mg/g, in 22 white tea samples 20.8-133.3 mg/g and
in 20 black tea samples 8.8-85.7 mg/g. Overall, the average values
of the TAC in green (76.7 mg/g) and white (66.1 mg/g) tea samples
were similar. The average value of the TAC in black tea samples

Table 5

The amount of individual catechins (mg/g dry weight), the total amount of catechins (TAC) (mg/g dry weight), pH of formed infusions of green teas and price corresponding
to 10g of tea: € =0.01-0.25€, €€ =0.26-0.50€, €€€ =0.51-0.75€, €€€€ =0.76-1.00€ and €€E€E€€ = 1.01-1.25€. TBT indicates tea bag tea and LLT loose leaf tea.

Green tea Tea GC EGC C EC EGCG GCG ECG G TAC pH Price
form (mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (mg/g)
Saga Green Tea TBT 7.73 2324 2.82 7.07 56.29 6.79 2031 1.15 125.40 5.4 €€
Lipton Green Tea TBT 7.25 25.73 2.99 8.71 53.36 4.02 18.77 0.63 12145 5.5 €
Silver Prout Oxalis LLT 4.43 26.04 133 5.28 45.81 6.91 10.90 0.69 101.38 6.0 €€
Teekanne Sencha TBT 470 28.50 1.77 8.05 37.89 3.20 13.64 0.53 98.29 5.4 €€
Vietnam Ché ngon Oxalis LLT 427 2461 191 7.97 37.35 4.13 14.39 0.67 95.31 5.7 €€
Loyd Green Tea TBT 4,67 2242 1.14 5.04 4405 6.55 10.22 0.70 94,78 55 €
Jem&a Green Tea TBT 3.79 2430 1.04 5.06 45.16 458 10.11 0.52 9455 5.5 €
Jasmin Green Tea LLT 3.36 17.22 1.45 6.40 4239 6.74 16.07 0.87 94.49 2.7 €€€
Jeoncha Oxalis LLT 496 31.09 1.20 6.54 35.10 4.24 8.39 0.44 91.95 58 €€EE
Ahmad Greean Tea TBT 3.46 1431 3.69 8.31 32.62 477 23.23 1.25 91.63 56 €€
Dukat Green Tea TBT 4.29 20.48 1.00 4.24 42,52 7.00 9.16 0.72 89.40 5.7 €
Pickwick Green Tea TBT 4.79 21.42 1.24 6.20 34.86 4.04 1119 0.56 84.29 5.5 €€
Zlaty 3alek Green Tea TBT 4.4 19.54 1.34 5.83 33.83 3.44 11.64 0.52 80.56 5.4 €
Albert Bio Green Tea TBT 3.88 20.66 1.22 6.38 33.07 271 8.77 0.31 77.01 5.2 €€
Jem&a Gunpowder LLT 3.08 14.52 0.95 3.55 33.29 5.64 10.14 0.60 71.77 57 €
Coconut and Lemon Oxalis LLT 3.68 18.98 1.02 6.15 27.80 2.69 10.34 0.39 71.04 5.5 €€
Tesco Green Tea TBT 4.23 16.72 1.90 6.25 25.30 3.32 10.94 0.66 69.33 4.9 €€
Pickwick Green Tea Mango TBT 3.29 15.58 1.08 430 26.07 3.33 8.42 0.42 62.47 5.5 €€
Teekanne Zen Chai TBT 244 12.48 1.23 4.57 28.07 3.19 9.92 0.55 62.45 55 €€
Pickwick Green Tea Cranberry TBT 251 17.58 0.76 458 2520 1.40 8.20 0.20 60.43 45 €€
Théophile Palais des Tés LLT 337 19.65 1.01 5.22 21.56 1.55 7.58 0.19 60.12 5.4 €ee€e
Thé du Hammam Palais des Tés ~ LLT 3.34 17.95 0.91 4.66 2290 213 7.39 0.25 59.54 5.4 €€€E
Pickwick Green Tea Lemon TBT 3.16 15.15 1.00 4.40 2396 297 8.14 0.42 59.20 54 €€E
Dilmah Green Tea TBT 2.70 13.70 1.34 5.39 21.83 2.49 8.21 0.36 56.01 5.4 €€€
Raspberry and Mint Oxalis LLT 3.01 14.42 0.93 433 20.58 1.93 7.80 0.31 53.30 53 €€
Thé des Vahinés Palais des Tés LLT 2.58 14.20 0.62 3.55 18.21 1.73 5.63 o1 46.72 53 €E€E€E
Sea Buckthorn Oxalis LLT 1.68 10.79 0.57 3.85 15.36 1.01 6.20 0.14 39.58 49 €€
Pickwick Green Tea Strawberry ~ TBT 1.84 9.03 0.56 293 1370 1.33 4.91 0.20 3449 5.3 €€
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The amount of individual catechins (mg/g dry weight), the total amount of catechins (TAC) (mg/g dry weight), pH of formed infusions of white teas and price corresponding
to 10g of tea: € =0.01-0.25€, €€ =0.26-0.50€, €€€ =0.51-0.75€, €E€€ =0.76-1.00€ and €E€€€€ =1.01-1.25€. TBT indicates tea bag tea and LLT loose leaf tea.

White tea Tea GC EGC C EC EGCG GCG ECG G TAC pH Price
form (mgfg)  (mgfg) (mg/g) (mgfg) (mg/g) (mg/g) (mglg) (mglg) (mglg)
Snow Buds Oxalis LLT 242 10.05 3.63 6.89 69.27 5.94 33.83 1.26 133.30 5.8 €E€EE
White Yun Cui Oxalis LLT 3.07 8.46 722 983 40.06 3.75 38.62 1.48 112.49 5.5 €€€
Lipton Asian White TBT 528 17.10 259 6.47 5481 5.12 18.97 0.78 11n 55 €€E€
White Monkey Oxalis LLT 282 1127 204 5.82 5079 8.73 17.63 1.27 10036 58 €€€E
Teekanne White Tea Citrus TBT 3.04 998 385 713 39.66 5.49 24.87 1.66 95.69 55 €€€E
London FaH Pure White Tea TBT 27N 11.21 3.30 750 3590 3.09 23.28 0.74 87.72 52 EEE
Lipton White Tea Raspberry TBT 404 1434 2.16 6.34 3886 2.97 15.57 0.44 84.72 53 €€
London FaH Pomegranate TBT 2.81 1323 0.96 454 40.18 4.99 10.70 0.57 7797 55 €€€
Teekanne White Tea TBT 3.17 16.01 1.03 4.40 3791 4.45 8.73 0.52 76.21 5.5 €€€
Teekanne White Tea Red berries  TBT 2.68 15.10 092 403 3513 3.83 7.86 0.44 69.99 54 €€€
Tesco White Tea TBT 412 1493 2.07 5.78 28.10 2.69 10.40 0.41 6848 55 €€
Mistral White Tea and Cherry TBT 239 12.84 1.00 451 3356 335 9.81 0.44 67.90 54 €€
Mistral Mango White Tea TBT 277 1358 1.05 4.60 2833 2.40 8.89 0.34 6195 54 €€€E
Pai Mu Tan Oxalis LLT 0.92 493 0.88 27 2312 2.15 9.54 0.40 44.65 56 €€€
Peach and Nectarine Oxalis LLT 127 753 079 3.56 19.72 1.57 717 0.28 41.89 50 €€
Sweet Grape Oxalis LLT 1.26 5.20 0.74 292 21.05 1.94 8.36 0.36 4182 53 €€
Shou mei Oxalis LLT 1.16 537 129 3.82 1598 1.42 9.31 0.38 387 5.5 €€
Juicy Raspberry Oxalis LLT 1.26 5.67 1.05 324 1735 0.86 8.11 017 37.72 41 €€
Clipper White Tea with Orange TBT 1.21 6.20 0.53 3.00 1584 1.49 5.48 0.24 33.98 54 €€€
Bonthé Shou Mei TBT 0.52 290 028 195 1355 1.50 4.24 0.24 2517 56 €€€
Bonthé Strawberry and Aloe TBT 0.48 343 039 225 1113 0.58 3.92 0.12 22.31 5.0 €€€
Herbal White Tea TBT 0.57 290 0.30 1.80 10.65 1.14 3.23 0.19 20.78 56 EEEEE

Table 7

The amount of individual catechins [mg/g dry weight], the total amount of catechins (TAC) (mg/g dry weight), pH of formed infusions of black teas and price corresponding
to 10g of tea: € =0.01-0.25€, €€ =0.26-0.50€, €€€ =0.51-0.75€, €€€€ =0.76-1.00€ and €€€€€ =1.01-1.25€. TBT indicates tea bag tea and LLT indicates loose leaf

tea.

Black tea Tea GC EGC C EC EGCG GCG ECG G TAC pH Price
form (mg/g)  (mg/g)  (mgjg)  (mg/g) (mg/g) (mg/g) (mg/g)  (mglg)  (mgfg)

Darjeeling rishehat Oxalis ~ LLT 2.64 8.08 1.75 3.73 42.30 1018 14.26 1.81 85.66 49 €€€€
Ahmad Darjeeling LLT 2.10 6.92 167 3.55 4236 5.23 14.43 1.22 77.47 55 €€
Loyd Gold LLT 0.89 2.75 099 297 15.79 1.99 10.28 0.58 36.24 5.5 €€
Cocoa Pods Oxalis LLT 1.44 6.52 1.14 3.98 9.47 1.40 6.41 0.33 30.71 5.4 €€
Ceylon Oxalis LLT 0.44 1.83 0.68 2.18 10.41 1.37 10.88 0.53 28.33 5.5 €€
Assam Nahorhabi Oxalis LLT 0.33 1.33 084 1.73 7.38 1.23 7.90 0.54 21.28 45 €€
Irish cream Oxalis LLT 0.42 157 055 1.81 6.45 0.97 5.98 0.38 18.14 5.4 €€
Lipton Earl Grey TBT 0.67 1.73 0.75 1.80 6.20 0.80 5.36 0.31 17.62 5.8 €€
Earl Grey Tesco LLT 0.55 1.56 0.60 1.66 6.37 0.72 5.78 023 1745 5.5 €
Lipton Yellow Label TBT 0.58 153 083 1.54 4.75 0.63 428 0.24 1437 5.7 €
Ahmad Earl Grey TBT 0.54 1.60 067 151 4.04 0.49 4,09 0.21 13.16 5.5 €€
Dukit Ceylon TBT 0.43 131 052 1.21 422 0.49 3.75 0.20 12.12 5.5 €
Dilmah Ceylon TBT 0.40 1.46 043 1.15 3.86 0.47 3.80 021 11.80 5.4 €€
Teekanne Gold TBT 0.49 1.51 034 0.96 4.14 0.55 2.55 0.15 10.68 56 €€
Pickwick Earl Grey TBT 0.40 135 038 1.05 3.68 0.49 3.06 0.17 10.58 5.5 €€
Saga TBT 0.41 131 038 1.02 3.77 0.52 2.88 0.18 1045 5.7 €€
Caramel Oxalis LLT 0.23 0.81 028 075 4.41 0.46 3.33 018 1045 5.4 €€
Jeméa Ceylon TBT 0.27 0.96 030 0.87 3.43 0.44 3.30 0.20 9.77 5.4 €
Dukat Assam TBT 0.33 1.03 036 0.80 3.16 0.37 2.78 0.16 8.98 6.0 €
Earl Grey Tesco TBT 0.38 123 035 0.86 3.20 0.42 2.25 0.14 8.84 5.4 €€

was significantly lower (22.7 mg/g) compared to green and white
tea samples, as expected. Indeed, these results correspond to
the differences in post-harvest processing of tea leaves, when
non-fermented white and green teas contain higher amount of
catechins in comparison with fully-fermented black tea. However,
the TAC in two Darjeeling black tea samples was much higher (85.7,
77.5mg/g) than in the other black tea samples (8.8-36.2 mg/g).
Due to the high TAC, some catechins contained in these Darjeeling
black tea samples and in Cocoa Pods black tea had to be quantified
in the 200-fold diluted fraction instead of 10-fold diluted one. The
difference between Darjeeling that is often called “the Champagne
of teas”, and another black tea samples was obvious at the first
sight. Both Darjeeling teas were visually heterogeneous due to the
presence of both black tea leaves and green tea leaves. The reason
of much higher TAC and different appearance may lie in a different
way of post-harvest processing of tea leaves, Due to an incomplete
oxidation of tea leaves Darjeeling black tea is closer to oolong tea

with respect to catechin amount and tea leaves appearance [41].
The results shown in Tables 5-7 suggest that the manufacturer and
the price of the tested tea samples do not play a significant role in
the total amount of catechins. Apart from individual catechins and
the TAC, pH of all prepared infusions was determined because of
its effect on catechin stability. Nevertheless, the average pH of all
three tea types was practically the same, indeed 5.4 in green tea,
5.4 in white tea and 5.5 in black tea infusions. All the tea samples
were in the narrow range of pH between 4.1 and 6.0, In conclusion,
pH did not play an important role in the catechin quantification.
Regarding the price of the tested tea samples, no obvious trend
between the price and the total amount of catechins was observed.

4. Conclusions

A complete procedure involving sample preparation and
fast UHPLC-MS/MS method was developed for quantitative
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determination of 8 catechins in infusions of green, white and black
teas. In terms of the total amount of catechins, 100 ml of water
at 90°C used for 20min was the most suitable way to prepare
infusions of green and white teas. The conditions were the same
for infusion preparation of black tea except the higher tempera-
ture (100°C). The UHPLC-MS/MS was fully validated in terms of
intra-day and inter-day precision, accuracy, matrix effects, linear-
ity, range, LOD and LOQ. Matrix effects affecting quantification of
catechins were evaluated in both flavored and unflavored green,
white and black tea infusions, Matrix effects were in an accept-
able range from —14.7% to +14.5% observed in all three unflavored
tea types as in flavored green and white teas. Nevertheless, cate-
chins in black tea were affected by matrix effects more significantly
(range from +2.8 to +45.8%). However higher dilution allowed to
decrease this signal enhancement. On the other hand, due to the
lower catechin content in black tea infusion, it cannot be diluted
more. Therefore, filtration through 0.22 jum PTFE/L filter followed
by appropriate dilution was sufficient as a sample pretreatment
step for unflavored teas. All 8 catechins were quantified in 28 green,
22 white and 20 black tea samples. Average of the total amount
of catechins in green, white and black teas was 76.7, 66.1 and
22.7 mg/g dry weight, respectively. These results correspond to the
effect of post-harvest processing of tea leaves on the total amount
of catechins and also indicate that a tea brand and the cost of tea
do not play a significant role in the total amount of catechins.
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The aim of the work was to synthesize a molecularly imprinted material for the selective solid-phase
extraction (SPE) of §-N-methylamino-i-alanine (1-2-amino-3-methylpropionic acid; BMAA) from cya-
nobacterial extracts. BMAA and its structural analogs that can be used as template are small, polar and
hydrophilic molecules. These molecules are poorly soluble in organic solvents that are commonly used
for the synthesis of acrylic-based polymers. Therefore, a sol gel approach was chosen to carry out the
synthesis and the resulting sorbents were evaluated with different extraction procedures in order to
determine their ability to selectively retain BMAA. The presence of imprinted cavities in the sorbent was
demonstrated by comparing elution profiles obtained by using molecularly imprinted silica (MIS) and
non-imprinted silica (NIS) as a control. The molecularly imprinted solid-phase extraction (MISPE) pro-
cedure was first developed in a pure medium (acetonitrile) and further optimized for the treatment of
cyanobacterial samples. It was characterized by high elution recoveries (89% and 77% respectively in pure
and in real media).The repeatability of the extraction procedure in pure medium, in real medium and the
reproducibility of MIS synthesis all expressed as RSD values of extraction recovery of BMAA were equal to
3%, 12% and 5%, respectively. A MIS capacity of 0.34 pmol/g was measured. The matrix effects, which
affected the quantification of BMAA when employing a mixed mode sorbent, were completely removed
by adding a clean-up step of the mixed-mode sorbent extract on the MIS.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

[-N-methylamino-i-alanine (BMAA) is a neurotoxic, non-pro-
teinogenic amino acid which was first isolated from seeds of Cycas
circinalis L. by Vega and Bell in 1967 [1]. This compound is sup-
posed to be produced by nitrogen-fixing cyanobacteria of the
genus Nostoc living in symbiosis with the coralloid roots of cycad
trees as well as by various taxa of free living cyanobacteria [2].
BMAA is hypothesized to be linked to amyotrophic lateral sclerosis
[3] and it is also assumed to have caused amyotrophic lateral
sclerosis/Parkinson dementia complex (ALS/PDC) in the in-
digenous Chamorro people living on the island of Guam [4]. Al-
though BMAA is a polar and hydrophilic compound, some studies

* Corresponding author at: Department of Analytical, Bioanalytical Sciences and
Miniaturization (LSABM), UMR CBI 8231 ESPCI ParisTech/CNRS, PSL Research Uni-
versity, ESPCI ParisTech, Paris, France. Fax: +33 140 79 47 76.

E-mail address: valerie.pichon@espci.fr (V. Pichon).

http:/{dx.doi.org/10.1016/j.talanta.2015.07.052
0039-9140/@ 2015 Elsevier B.V. All rights reserved.

hypothesized the possibility of BMAA biomagnification in the en-
vironment and in the food chain which would lead to a protein-
bound form [5]. The traditional diet of Guam's people contains a
source of BMAA in the form of cycad seed flour and flying foxes
(Pteropus mariannus mariannus) feed on sarcotesta of cycad seeds
[6]. This unusual amino acid may be a threat outside the Guam
Island. It is due to the fact that BMAA producing cyanobacteria are
assumed to be widespread all over the world and BMAA was de-
tected in brain tissues of patients who suffered from neurode-
generative diseases whereas it was not generally detected in par-
allel control experiments on healthy subjects [7,8].

BMAA is commonly analyzed in complex matrices such as cy-
anobacteria, plant, animal and human tissue samples [2,7-21].
One of the most frequently used analytical method for quantifi-
cation of BMAA involves the derivatization with 6-aminoquinolyl-
N-hydroxysuccinimidyl carbamate (AQC) and the analysis of de-
rivatized BMAA by liquid chromatography coupled with fluores-
cence detector (LC-FLD) and more recently by tandem mass
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spectrometry [12-17]. As the fluorescent derivative agent, AQC,
reacts with both primary and secondary amines, it may react with
all the primary and secondary amines occurring in the sample
[22]. As cyanobacterial matrix contains a lot of interfering com-
pounds such as other amino acids and isobaric compounds, this
may consequently lead to inaccurate quantification and even to
false-positive results. The quantification of BMAA contained in
cyanobacterial samples shows contradictory results, Some studies
[12,13] failed to detect and quantify BMAA whereas other studies
[2,9-11] found a considerable amount of this neurotoxin in various
taxa of cyanobacteria. The results of a study comparing three
analytical methods commonly used for BMAA quantification
showed that the LC-FLD method using AQC may lead to false po-
sitive response [16]. Sample preparation using mixed mode sor-
bent involving reversed-phase and ion-exchange interactions was
previously reported as an effective clean-up procedure before LC-
MS/MS analysis of underivatized BMAA contained in cyano-
bacterial samples [23,24], However, significant matrix effects were
observed by Combés et al. using this type of sorbent for sample
preparation [15].

The selectivity of an extraction procedure can be improved by
molecularly imprinted polymers (MIPs) that are synthetic mate-
rials possessing specific recognition sites (cavities) for a target
analyte. Cheap, easy and rapid synthesis and cartridge preparation
are also among the advantages of this technique [25]. The com-
plexation of a template molecule by a functional monomer starts
the process of synthesis. It is followed by polymerization in the
presence of a cross-linker initiated by acidic or basic compound in
sol-gel approach or by radical initiator for the synthesis of acry-
lates. The template molecule is subsequently removed by a
washing step that disrupts the interactions between template and
monomer. Formed cavities are complementary to the template in
terms of size, shape and functional groups. The control of the
imprinting process is mostly realized by an extraction procedure
performed in parallel on a non-imprinted polymer (NIP). NIP is
synthesized according to the same procedure as MIP except that
no template is used for polymerization [26]. BMAA and other
structural analogs that can be used as template are polar and hy-
drophilic compounds poorly soluble in the organic solvents com-
monly used as porogen for the synthesis of acrylic-based im-
printed polymers. Therefore, an alternative sol-gel method using
aminosilane monomer and alkoxysilane cross-linker was em-
ployed for the synthesis of a sorbent with specific recognition
sites. During the formation of a rigid, porous and interconnected
network, a liquid sol is converted into a solid gel that is finally fully
dried to get a xerogel [27]. Compared to the acrylic based im-
printed polymers, silica based ones have been used much less
frequently. However some powerful imprinted silica sorbents ap-
plied as SPE sorbent have been already described such as for the
extraction of triazine herbicides from sugar cane juice [28], ni-
troaromatic explosives from post-blast samples [29] or ibuprofen
from human urine [30]. This work describes for the first time the
synthesis of a molecular imprinted silica (MIS) for the extraction of
BMAA. Different syntheses of MISs were performed to get a sor-
bent that retains BMAA selectively. 2,4-diaminobutyric acid (DAB),
a natural hepatotoxic and neurotoxic isomer of BMAA, was found
to occur with BMAA in cyanobacteria | 13]. Therefore, in this work,
the study of extraction of DAB was taken into account. After de-
velopment and optimization of a molecularly imprinted solid-
phase extraction (MISPE) method in a pure medium, the repeat-
ability of the extraction procedure and the reproducibility of MIS
synthesis were evaluated and the capacity was determined. Fi-
nally, the potential of this MIS to extract BMAA and DAB from
cyanobacterial extracts was evaluated.

2. Experimental
2.1. Chemicals

HPLC grade acetonitrile, MS grade acetonitrile, HPLC grade
methanol and formic acid (FA) were purchased from Carlo Erba
(Val de Reuil, France). Milli-Q water was produced by a Millipore
water purification system (Molsheim, France). Trichloroacetic acid
solution, ammonia hydroxide solution, tetraethyl orthosilicate, 1-
histidine, 3-aminopropyltriethoxysilane, (-N-methylamino-i-ala-
nine hydrochloride (BMAA) and 2,4-diaminobutyric acid dihy-
drochloride (DAB) were supplied by Sigma-Aldrich (Saint Quentin
Fallavier, France). 24-diaminobutyric acid-2,4,4-Ds  dihy-
drochloride (D3-DAB) was provided by CDN isotopes (Pointe Claire,
Canada). Hydrochloric acid solution and i-alanine were purchased
from Merck (Darmstadt, Germany). N-methyl-B-alanine was syn-
thesized by Synchem OHG (Felsberg, Germany).

Standard stock solutions (100 pg/mL) of BMAA and DAB were
prepared by dissolution in water and they were stored at 4 °C until
further dilution.

2.2, Apparatus and analytical conditions

The LC/MS-MS analysis was performed by a high-performance
liquid chromatography system Agilent 1200 series (Agilent Tech-
nology, Massy, France) which was coupled to a triple quadrupole
mass spectrometer Agilent 6410 (Agilent Technology, Massy,
France). The chromatographic separation was performed on a ZIC-
HILIC column (3.5 pm, 150 x 2.1 mm:; Merck Sequant AB, Umea,
Sweden). A previously described LC/MS-MS procedure was used
| 15]. Briefly, samples were analyzed using linear gradient elution
with 0.1% formic acid in water (A) and 0.1% formic acid in acet-
onitrile (B). The gradient started with 65% of solvent B, decreased
to 55% over 25 min, held for 2 min, returned to initial composition
within 3 min and kept 15 min to equilibrate the system. The flow
rate was set at 0.2 mL/min and the sample injection volume was
5 uL. The mass spectrometer was operated in positive mode of
ionization. The ion transitions were set as follows: BMAA 119.1 —
102.1; DAB 119.1 - 101.1 and D3-DAB 122.1 -» 104.2. The fragmentor
voltage and the collision energy were set for all three transitions at
71V and at 4V, respectively. Moreover, for BMAA, this ion tran-
sition was also monitored using the second fragmentor voltage:
46 V. The ion source parameters were as follows: capillary voltage:
4 kV: desolvation gas temperature: 350 °C and desolvation gas
flow rate: 6 L/min.

2.3. Synthesis of molecularly imprinted silica sorbents and pre-
paration of cartridges

Templates (N-methyl-f-alanine, L-alanine and i-histidine),
porogens (ethanol, water or a mixture EtOH/H-0, 70/30, v/v),
monomer (3-aminopropyltriethoxysilane), cross-linker (tetraethyl
orthosilicate) and catalysts (0.01 M hydrochloric acid or 0.01 M
ammonium hydroxide) were used for the synthesis of six different
molecularly imprinted silica (MIS) sorbents. MISs were synthe-
sized according to the ratio of reagents (template/monomer/cross-
linker) either 1/4/30 or 1/4/20 (n/n/n). Conditions for the synthesis
of all these sorbents are summarized in Table 1. The detailed
procedure is described for the synthesis of MIS 6 that was used for
all further experiments. First, the template molecule (0.25 mmol)
weighed into a 7mL glass vial was dissolved in the porogen
(3.9 mL). Next, the monomer (1 mmol), the cross-linker (5 mmol),
a magnetic stir bar and 50 pL of the catalyst were added succes-
sively to the glass vial containing the solution of the template
molecule. The resulting solution (5.3 mL) was stirred thoroughly
after addition of each reagent. Immediately after catalyst addition
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Table 1
Reagents used for the syntheses of six MIS sorbents.

1023

Sorbent Template Monomer Cross-linker Molar ratio Catalyst Solvent

MIS 1 N-methyl-p-alanine APTES TEOS 1/4/{30 NH1(Aq) EtOH

MIS 2 N-methyl-p-alanine APTES TEOS 1/4/30 NHs(Aq) H,O

MIS 3 L-alanine APTES TEOS 1/4/30 HCl EtOH/H,0, 70/30
MIS 4 L-histidine APTES TEOS 1/4/30 HCl EtOH/H,0, 70/30
MIS 5 L-histidine APTES TEOS 1/4/20 HCl EtOH/H,0, 70/30
MIS 6 N-methyl-p-alanine APTES TEOS 1/4/20 HCl EtOH/H,0, 70/30

and stirring the mixture, the screw capped glass vial was im-
mersed in a silicone oil bath heated to 40 °C, stirred and kept there
for 24 hours. Then, the product of synthesis was kept at room
temperature for 2 h. Thereafter it was placed in an oven heated to
120 °C and kept there for 18 h in order to evaporate the solvent
and dry the sorbent. After cooling, the block of polymer was cru-
shed and manually sieved. The fraction with particle sizes between
25 pum and 36 pm was collected and subjected to sedimentation in
order to remove fine particles. The sedimentation process was
performed three times in a methanol/water (80/20, v/v) mixture
and, the polymer was dried at room temperature for at least 24 h.
Non-imprinted silica (NIS) sorbents lacking specific recognition
sites were synthesized according to the same procedure as used
for the synthesis of MIS, except that no template was added to the
mixture of reagents.

25 mg of MIS or NIS sorbents were packed into 1 mL propylene
cartridges (Interchim, Montlugon, France) between two poly-
ethylene frits (Supelco, Saint-Germain-en-Laye, France). After-
wards, both cartridges were rinsed 7 times with 25 mL of me-
thanol in order to eliminate the template from the MIS. The pro-
cess of template elimination was checked by the LC-MS/MS ana-
lysis of each washing fraction. The reproducibility of MIS sorbent
synthesis was evaluated by performing two extraction procedures
on five MIS 6 sorbents resulting from five synthesis processes.
Three synthesis processes were started on three different days
(MIS 6a, MIS 6b and MIS 6¢) and another two of them on the same
day (MIS 6d and MIS 6e).

2.4, Characterization of MIS sorbent in pure medium

Three extraction procedures (n=3) were performed on MIS 6a
on three different days to evaluate the repeatability of the MISPE
procedure. In both cases, 100 ng of BMAA and 100 ng of DAB dis-
solved in 1 mL of acidified acetonitrile (0.1% FA) were percolated
through the MIS and NIS cartridges. 1 mL of acetonitrile and 2 mL
of acetonitrile/methanol/water mixture (80/18/2, v/v/v) were as-
sayed for the washing step and the elution step was performed by
3 mL of methanol. The recovery of each SPE fraction was calculated
by comparing its concentration with the concentration of a quality
control sample. This control sample contained the same amount of
BMAA and DAB as well as the sample loaded onto MIS and NIS and
it was subjected to evaporation at the same time as the MISPE
fractions. The “witness” sample was used to neglect the influence
of ambient conditions on evaporation. After each extraction pro-
cedure, the MIS and NIS sorbents were dried under a stream of
nitrogen for 30 min to eliminate the residue of elution solvent.
After that both MIS and NIS were filled with 1 mL of acetonitrile
and stored in the fridge at 4 °C until further use.

Finally, to complete the characterization of the MIS 6 sorbent in
pure medium, 1 mL of solution at eight different concentration
levels of BMAA (0.1; 0.15; 0.25: 0.5: 0.75; 1.0: 1.5; 2.0 ng/mL) were
percolated through the cartridge to determine the maximum ca-
pacity of the MIS sorbent.

2.5. Treatment of cyanobacterial samples

The strain Oscillatoria sp. PCC 8946 was obtained from the
Pasteur Culture Collection of Cyanobacteria (PCC). It was grown
according to Cadel-Six et al. [31] in BG 11 medium and with
constant illumination. 200 mL of Oscillatoria sp. PCC 8946 culture
were centrifuged at 4000g, for 30 min at 4 °C. The cells pellet was
recovered and lyophilized, and 10 mg of dried cyanobacterial cell
pellets were weighed into a 15 mL plastic centrifuge tube and 3 mL
of 0.1 M trichloroacetic acid were added. The mixture was vor-
texed for 1 min, sonicated for 2 min at 4 °C using a probe tip so-
nicator (Vibra Cell Ultrasonic Processor, Sonics & Materials Inc,,
Danbury, CT, USA) and centrifuged at 3500g for 10 min at room
temperature. Finally, the supernatant was collected and subjected
to further experiments.

2.6. Automated SPE procedure on a mixed mode sorbent

An automated SPE method based on a mixed mode sorbent,
developed and fully validated for environmental samples con-
taining BMAA by Combes et al. [15], was applied as the initial
sample pretreatment step of the cyanobacterial samples. The ex-
traction procedure using a mixed mode sorbent (Oasis-MCX, 3 cc,
60 mg, Waters, Milford, USA) was fully automated (GX271 liquid
handler system, Gilson, Villiers le Bel, France). Briefly, the SPE
sorbent was equilibrated with 2 mL of methanol and with 1 mL of
water acidified with formic acid (pH=3). After loading of 3 mL of
cyanobacterial extract (PCC 8946), the sorbent was washed with
1 mL of 0.1 M HCl and with 2 mL of methanol. The elution step was
carried out using 3 mL of methanol containing 5% of NH3(Aq).

2.7. Clean-up of cyanobacterial extract on MIS

Before the sample loading, MIS 6 and NIS 6 sorbents were
equilibrated with 3 mL of acetonitrile and with 1 mL of 0.1% formic
acid in acetonitrile. The cyanobacterial extract resulting from the
mixed mode SPE procedure was evaporated under a stream of
nitrogen, spiked with 100 ng of BMAA and DAB dissolved in
acidified acetonitrile (0.1% formic acid) and then percolated
through both MIS and NIS cartridges. The washing step was per-
formed by 1 mL of acetonitrile and by 3 mL of mixture consisting
of acetonitrile, methanol and water (80/18/2, v/v/v). The elution
step was carried out by 3 mL of methanol. Each fraction was
evaporated under a stream of nitrogen and then reconstituted by
adding 200 ulL of mobile phase mixture containing 0.1% formic acid
in acetonitrile and 0.1% formic acid in water (65/35, v/v).

2.8. Matrix effects evaluation

Matrix effects were evaluated by comparing the slopes of three
calibration curves constructed in the mobile phase, in the elution
fraction resulting from the SPE on mixed mode sorbent applied to
cyanobacterial samples and in the elution fraction obtained by
applying first the mixed mode SPE procedure followed by the
MISPE procedure. For this, 40 mg of lyophilized cyanobacteria (PCC
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8946) were suspended in 12mL of 0.1 M trichloroacetic acid,
vortexed, sonicated, centrifuged (described in Section 2.5.) and the
supernatant was percolated through the Oasis MCX cartridge
(described in Section 2.6). The resulting elution fraction (12 mL)
was equally divided into two parts. Regarding the first part (6 mL),
1 mL of elution fraction was transferred to each of five Eppendorf
test tubes. The entire volume was evaporated and the residue was
reconstituted in 66.7 uL of mobile phase containing 50, 125, 250,
500 and 1000 ng of BMAA and DAB. The second part (6 mL) was
divided into two fractions, each of them was evaporated, recon-
stituted in 1 mL of acetonitrile containing formic acid (0.1%) and
percolated through the MIS. Both elution fractions obtained by MIS
extraction were combined (6 mL), vortexed and 1 mL of the elu-
tion fraction was transferred to each of five Eppendorf test tubes,
the entire volume was evaporated and reconstituted in the same
way as previously. The whole procedure involving both sample
preparation and calibration curve construction was performed in
two replicates. Each calibration point was injected three times
during the analysis of the first procedure and twice during the
second one.

3. Results and discussion
3.1. Optimization of MIS synthesis and extraction procedure

In order to avoid template bleeding when applying the im-
printed sorbent to real samples, BMAA (log P=—3.77) was not
employed as a template for the synthesis. Three other polar amino
acids, with similar structures, were used as structural analogs to
create cavities: (a) N-methyl-f-alanine (log P= —2.95) that differs
from BMAA only by the absence of an amino group at C2-position,
(b) r-alanine (log P= —2.84) that lacks the methylamino group at
C3-position and (c) t-histidine (log P= —3.29) that differs most
significantly (structure are shown in Fig. 1). Due to the poor so-
lubility of these molecules in organic solvents, it was not possible
to synthesize imprinted sorbents by radical polymerization using
acrylic-based monomers. Six different imprinted sorbents were
therefore synthesized by sol-gel method based on the use of or-
ganosilanes. According to the functional groups present in the
target analyte (amino and carboxyl group), both 3-aminopropyl-
triethoxysilane as monomer and tetraethyl orthosilicate as cross-
linker were used for the synthesis of all six MISs. All synthesis
conditions are summarized in Table 1.

First, the synthesis of the MIS 1 failed because of the poor so-
lubility of the template in ethanol. All other syntheses of MIS using
water or waterfethanol mixture as a solvent were successful.
Concerning the development of the SPE procedure, acetonitrile
and acidified acetonitrile (0.1% FA) were used as percolating sol-
vents to facilitate polar interactions between the MIS and BMAA
during the sample loading. This means that it was performed in
“hydrophilic interaction liquid chromatography (HILIC) like mode”.
In HILIC mode, elution strength of solvents increases as follows:
acetonitrile < methanol < water [32]. In this context, the percola-
tion step was performed in acidified acetonitrile (0.1% AF) and the
washing steps were tested on the MIS/NIS 2 to 6 with the mixtures

Q
e, O
HC=NH 3 OH o

B-Methylamino-L-alanine N-Methyl-L-alanine

P Svoboda et al. / Talanta 144 (2015) 1021-1029

containing decreasing amount of acetonitrile (100, 95, 90, 80, 75,
70 and 60) and increasing amounts of methanol (0, 5, 10, 20, 25, 30
and 40). BMAA was retained completely during percolation step
on MIS 2. However a poor selectivity was observed on MIS 2,
BMAA also being strongly retained on NIS 2 even when the
washing step was optimized.

In return, some selectivity between MIS and NIS was observed
for all the other MISs. However, the ability of MIS 3, 4 and 5 to
retain BMAA was lower than for the MIS6. A loss of about 20% of
BMAA during the washing step with 2.5 mL of ACN/MeOH (80/20,
v/v) occurred on the MIS 3, 4 and 5 while no loss of BMAA was
observed under these conditions on the MIS 6. In addition, cavities
in the MIS 6 were created with N-methyl-B-alanine as template
whereas MIS 3 and MIS 4, 5 were developed using 1-alanine and 1-
histidine as template. The purpose of this work being to develop a
sorbent for the clean-up of cyanobacterial samples that naturally
contain high amounts of these proteinogenic amino acids, a risk of
competition may occur particularly if using these MISs during the
extraction of BMAA. Therefore, even if the MISs synthesized using
histidine (MIS 4 and 5) or alanine (MIS 3) as a template showed a
higher selectivity, they would not be applied in the following as-
says and MIS 6 was preferred.

Therefore, further studies were conducted to improve the se-
lectivity of the sorbent. A significant increase of selectivity be-
tween the MIS and the NIS was obtained by the addition of a small
amount of water to the solvent used for the washing step. Mix-
tures consisting of acetonitrile, methanol and water (80/18/2), (80/
15/5, v/v/v) and (80/10/10, v/v/v) were tested for the washing step.
Ratios of water higher than 2% lead to an important loss of BMAA
from the MIS. With the mixture consisting of acetonitrile, me-
thanol and water (80/18/2, v/v/v), a significant increase of se-
lectivity between the MIS and the NIS was observed. Indeed, ad-
dition of 2% of water in the washing step caused a loss of retention
during this washing step from the NIS 6 (37 + 3% to 47 +7%)
without affecting the performance of the procedure on the cor-
responding MIS 6. Indeed recoveries of 90 + 6% and 89 + 3% for
elution fraction were obtained for the extraction procedures re-
spectively for the extraction procedure without and with 2% of
water during the washing step.

The final extraction procedure consisted then of conditioning
steps using 3 mL of acetonitrile and 1 mL of acidified acetonitrile
(0.1% FA). The sample loading step was carried out by acidified
acetonitrile (0.1% FA) spiked with BMAA and DAB, the washing
step by 1 mL of acetonitrile and by 2 mL of mixture consisting of
acetonitrile, methanol and water (80/18/2, v/v/v) and the elution
step by 3 mL of methanol.

3.2. Repeatability of the extraction procedure on MIS and reprodu-
cibility of the MIS synthesis

To evaluate the repeatability of the MISPE procedure, three
extraction procedures were performed on the MIS 6a and on the
corresponding NIS 6a within three days (n=3). The results showed
good extraction recoveries obtained on MIS for both BMAA (89%)
and DAB (76%) as seen on Fig. 2. The RSD values describing re-
peatability were 3% and 7% for BMAA and DAB, respectively. The

H
) 2
N J\l/‘:Hs
H HO
HZ

NH,
Histidine

Alanine

Fig. 1. Chemical structures of BMAA and templates used for the MIS synthesis.
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Fig. 2. Repeatability of the extraction procedure. Elution profiles of BMAA and DAB obtained on the MIS 6a/NIS 6a in pure medium. Percolation step: 1 mL of 0.1% formic acid
in ACN spiked with 100 ng of BMAA and DAB; washing step: 1 mL of ACN and 2 mL of ACN/MeOH/H>0 80/18/2 (v/vfv); elution step: 3 mL of MeOH. The average re-

coveries + SD (n=3) are reported on the figure.

extraction recoveries obtained on NIS were 45% (RSD=11%) for
BMAA and 18% (RSD = 14%) for DAB. Thus, the selectivity of the MIS
6 was higher for the DAB molecule. The total recovery yield of
BMAA was almost 100% and in the case of DAB it was lower than
85%. That fact was also observed in all further experiments. The
evaporation test compared with standard spiked solvents revealed
that the loss of DAB was caused by evaporation. The evaporation
step was inevitable due to the nature of the LC separation, the
HILIC mode being highly sensitive to the composition of the in-
jected solution that has to be very close to the composition of the
mobile phase.

To verify the reproducibility of the synthesis, five syntheses of
MIS 6 and NIS 6 were performed. To show the global reproduci-
bility of the MISPE method, i.e. sorbent synthesis and SPE ex-
traction procedure, the optimized extraction procedure described
at the end of Section 3.1 was performed in pure medium twice on
each of five MIS 6a-6e (n=10) (Fig. 3). RSD values of 5% for BMAA
and of 8% for DAB of extraction recoveries obtained on MISs
6 demonstrated a very good global reproducibility of the MISPE
method in pure medium and a good reproducibility of the MIS
synthesis.

3.3. Capacity of the MIS

The capacity of the MIS was evaluated in order to complete its
characterization in pure medium. The capacity represents the
maximum amount of analyte that can be retained on the sorbent
under given conditions without a decrease of extraction recovery.

BMAA
100 88
BMIS
ONIS
80 -
T 60 12 46
g
H
40
&
20
6
1 2
0 —F—
Percolation step Washing step Elution step

Increasing amounts of BMAA were percolated through the car-
tridges filled with 25 mg of MIS 6b and NIS 6b sorbents and the
quantity of BMAA in the elution fraction was determined. The
amount of water contained in samples that are percolated through
the MIS plays an important role in the retention mechanism. Be-
cause water acts as an elution agent on this sorbent, Therefore, to
carry out this experiment the amount of water was controlled and
lower than 0.2% in all the spiked samples. The results are shown
on Fig. 4. The curve obtained on MIS 6b presents a linear part up to
1 ug of percolated BMAA. This value obtained for 25 mg of MIS
corresponds to a capacity of 40 pg/g, i.e. 0.34 pmol/g, and re-
presents the saturation of the specific cavities. It is lower than the
range (1 to 40 umol/g) of capacity of MIP reviewed by Pichon et al.
for MIPs resulting from radical polymerization of organic mono-
mers but still sufficient for the application of this MIS to real
samples [25]. The result obtained for NIS 6 corresponds to the
retention of BMAA by non-specific interactions. The comportment
of the NIS sorbent is close to the comportment of the MIS when
percolating quantity of BMAA larger than the capacity.

3.4. Optimization and repeatability of the extraction procedure on
MIS 6 for cyanobacteria samples

The extraction procedure developed in pure medium (acet-
onitrile) was applied to real cyanobacterial samples in order to
demonstrate the potential of MIS for the treatment of complex
matrices. Cyanobacterial strain PCC 8946 was chosen as the blank
matrix because of its low content of both BMAA (0.06 pg/mg dry

DAB
100 -
aMIs
ONIS
80 63
g 60
§ 40
=4
20 4
3o ¢
0 * "
Percolation step Washing step Elution step

Fig. 3. Reproducibility of the synthesis. Elution profiles of BMAA and DAB obtained on MIS Ga-e/NIS 6a-e in pure medium. Percolation step: 1 mL of 0.1% formic acid in ACN
spiked with 100 ng of BMAA and DAB; washing step: 1 mL of ACN and: 2 mL of ACN/MeOH/H.0 80(18/2 (v/v/v); elution step: 3 mL of MeOH. The average recoveries + SD

(n=10, 2 assays on each MIS/NIS) are reported on the figure.
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Fig. 4. Capacity of the MIS 6: Amount of BMAA (ng) quantified in the elution fraction obtained on the MIS 6b and on the corresponding NIS 6b as a function of the amount of

BMAA percolated. Circles correspond to the MIS and crosses to the NIS.

weight) and DAB (0.1 pg/mg dry weight) (Combés, Méjean et al.
unpublished data). After the treatment of dried cyanobacterial cell
pellets (described in Section 2.5.), the evaporation of the cyano-
bacterial extract and spiking with 100 ng of BMAA and DAB dis-
solved in acidified acetonitrile (0.1% FA), the MIS was not able to
retain either BMAA or DAB. Both analytes were eluted during the
sample loading step and washing step. It was due to the high
complexity of the cyanobacterial matrix that contains a lot of in-
terfering compounds such as other amino acids and polar low-
molecular-weight compounds. Therefore the cyanobacterial sam-
ples were first treated by a percolation through a mixed-mode
sorbent and the resulting extract was cleaned-up through the MIS.
In these conditions, both compounds were completely retained on
the MIS. The average (n=3, + SD) extraction recoveries obtained
on MIS were 85% + 7.2 for BMAA and 55% + 11.3 for DAB. The ex-
traction recoveries equal to 21% + 6.1 (BMAA) and 8% + 4.7 (DAB)
were obtained on the corresponding NIS. Therefore, the MIS allows
the selective extraction of BMAA and DAB from real sample ex-
tracts with a recovery close to those in pure medium. Moreover
the selectivity between the MIS and the NIS for BMAA is even
higher in real medium (21% on the NIS) than in pure medium (46%

BMAA
100
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i
ONIS
80 4 63
T 60 -
=
5
H
2 40 |
=
15
20 4 13
0 0
0 T T
Percolation step Washing step Elution step

Recovery [%]

on the NIS) by employing the same extraction procedure. In order
to further improve the clean-up of the cyanobacterial sample, by
eliminating more molecules that can interfere with subsequent LC/
MS-MS analysis, the volume used in the washing step was in-
creased from 2 to 3 mL. Under these conditions the efficiency of
the clean-up was maintained. Indeed, similar reductions of ex-
traction recoveries of BMAA both on MIS (77% + 9.1) and NIS (15%
+ 3.8) were observed, while the extraction recoveries of DAB were
less affected (51% + 9.8 and 7% + 2.6) as seen on Fig. 5.

Considering the global analytical procedure, taking into ac-
count the recovery of 72% for BMAA on the Oasis MCX on cyano-
bacteria extract [15] and to the recovery of 77% for BMAA on the
MIS during the second step of purification (Fig. 5), to the absence
of matrix effect during LC/MS-MS analysis, to the volume perco-
lated on the Oasis MCX cartridge (3 ml of extract issued from
10 mg of lyophilisate cyanobacteria) and to the volume of solvent
used for suspension of the elution fraction on the MIS before in-
jection on LC/MS-MS system (200 pl), the LOQ (define for S/N=10)
of the global procedure was 0.22ng/mg dry weight of
cyanobacteria.

DAB

100

BMIS

ONIS
80

51
60
46
29
40
20
”
1
0
04
Percolation step Washing step Elution step

Fig. 5. Elution profiles in a cyanobacterial extract of BMAA and DAB obtained on the MIS 6¢/NIS 6c. Percolation step: 1 mL of 0.1% formic acid in ACN spiked with 100 ng of
BMAA and DAB; washing step: 1 mL of ACN and 3 mL of ACN/MeOH/H,0 80/18/2 (v/v/v); elution step: 3 mL of MeOH. The average recoveries + SD (n=3) are reported on the

figure.
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Fig. 6. Matrix effects evaluation. Calibration curves for BMAA constructed in pure medium, in the elution fraction of cyanobacterial sample obtained by MCX SPE and in the

elution fraction of a cyanobacterial sample obtained by MCX SPE followed by MIS 6d.

3.5. Matrix effects and efficiency of the clean-up of the cyano-
bacterial matrix

Matrix effects were evaluated by comparing the slopes of the
different calibration curves. The first calibration curve was con-
structed by injecting solutions corresponding to the composition
of the mobile phase spiked with BMAA. The second one was
constructed by injecting the elution fraction that was obtained by
applying the mixed-mode sorbent to a cyanobacterial extract
spiked with BMAA and the third one by injecting the elution
fraction obtained by combination of the mixed mode sorbent and
the MIS sorbent applied to a cyanobacterial extract spiked with
BMAA. The calibration curves (Fig. 6) were drawn using the aver-
age values of response (n=5) whereas both correlation coefficients
and the slopes of the curves were calculated from five single va-
lues. The selectivity brought by the MIS sorbent to the sample
pretreatment step made the clean-up of the matrix more effective.
The matrix effects observed for the cyanobacterial extract that was
purified using only the mixed mode sorbent were of about —13%
for BMAA. It was lower than previously observed by Combés et al.
(—41%) [15]. However, this matrix effect remains troublesome for
the reliable and reproducible quantification of BMAA in complex
matrices. Regarding DAB, the observed matrix effects were negli-
gible. It may be due to the fact that another Oscillatoria strain (PCC
8946 instead of PCC 6506) was analyzed and that another mass
spectrometer was used for the evaluation of matrix effects. If low
matrix effects were observed using only the mixed mode sorbent,
no matrix effects (Fig. 6) were observed while quantifying BMAA
in the extract that was purified by extraction on MCX and subse-
quently on MIS sorbents. Indeed this calibration curve overlapped
the one of standard solutions. The efficiency of the MIS to clean-up
the sample is also illustrated in chromatograms acquired in full-
scan mode as seen on Fig. 7. Indeed when using only the mixed
mode sorbent a high background of compounds appears on the
full scan chromatogram between 0 and 15 min. This background is
significantly reduced by adding a clean-up step on MIS. This re-
moval of matrix components also allowed us to increase the life

time of the analytical column and to limit the clogging of the
source of the mass spectrometer.

3.6. Regeneration and reusability of the MIS

Besides the selectivity, the reusability is another indisputable
advantage of the MISPE sorbents compared to the common,
commercial SPE. The most important issue is to find out how to
store and regenerate the sorbent. The MIS was purged with ni-
trogen after each SPE procedure to remove the residue of the
elution solvent, then were filled with acetonitrile and finally stored
at 4 °C until further use. The MIS 6 sorbent was synthesized and
prepared in five replicates. Two SPE procedures were performed
on each of them to evaluate the reproducibility of the synthesis
and global procedure. Furthermore, MIS 6a was employed to op-
timize the SPE procedure and to evaluate its repeatability; alto-
gether ten SPE procedures were performed on it. MIS 6b was used
to determine the binding capacity (used 12 times). MIS 6¢c was
applied to optimize the SPE procedure in real medium (used 11
times) and MIS 6d to evaluate matrix effects (used 4 times). Nei-
ther a decrease in selectivity nor a decrease in extraction recovery
was observed by repeating the same extraction procedure on the
same MIS thus proving the reusability of these sorbents.

4. Conclusions

This study has shown the feasibility of the synthesis of a mo-
lecularly imprinted material for the selective SPE extraction of a
small, polar and highly hydrophilic molecule. The MIS was suc-
cessfully synthesized by the sol-gel method using N-methyl-f§-
alanine as a template, 3-aminopropyltriethoxysilane as a mono-
mer and tetraethylorthosilicate as a cross-linker with a ratio of
reagents 1/4/20, n/nfn. The polymerization was catalyzed by hy-
drochloric acid and took place in ethanol/water (70/30, v/v) mix-
ture. The MIS extraction procedure operate in “HILIC-like mode™.
The sample was loaded in acetonitrile acidified with formic acid
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Fig. 7. LC/MS chromatogram (TIC from m/z= 100 to m/z=1000) corresponding to a concentration of 250 ng/mL of both BMAA and DAB dissolved in the mobile phase or in
the elution fraction that was obtained by the mixed mode sorbent with or without purification of the resulting extract on MIS 6d. Arrows under the insert figure indicate the
retention time of BMAA and DAB. In the insert figure, the SRM chromatograms for specific transitions of A -BMAA (119.1 —102.1) and B-DAB (119.1 - 101.1) in the elution
fraction that was obtained by combining the mixed mode sorbent and the MIS are shown.

(0.1%), the MIS was further washed by a mixture consisting of
acetonitrile, methanol and water (80/18/2, v/v/v) and the analyte
of interest was eluted by methanol. The MIS sorbent showed a
good selectivity as compared to the non-imprinted control mate-
rial and the selectivity between the MIS and the NIS was even
higher in a real medium represented by a cyanobacterial extract
than in a pure medium. The extraction procedure was character-
ized by a high elution recovery (89% and 77% respectively in pure
and in real media) with a good repeatability (RSD=3% and 9.1% in
pure and in real media, respectively). The reproducibility of the
MIS synthesis was also demonstrated (RSD=5%). The capacity of
MIS was determined and reached a value of 40 pg/g. The MIS
sorbent applied as an additional step of sample pretreatment
successfully eliminated matrix effects that affected the mixed-
mode SPE procedure developed and validated by Combés et al.
[15] for the analysis of BMAA in cyanobacterial extracts, the
mixed-mode sorbent being not efficient enough to clean up the
cyanobacterial sample.
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Development of MEPS-UHPLC-MS/MS
multistatin methods for clinical analysis

Background: Statins are the microsomal 3-hydroxy-3methylglutaryl-coenzyme A
reductase inhibitors used for the treatment of hypercholesterolemia. Some recent
studies revealed also the extra-lipid effects and anticancer activities. Due to the
wide incidence of cancer diseases, the number of studies dealing with anticancer
statin activities has grown in recent years. Development of one universal multistatin
method will be a very convenient way of providing practical and economical multiple
statin analysis. Results/methodology: Fast and sensitive methods for determination
of seven clinically relevant statins, their interconversion products and metabolites
(17 analytes in total) in biological samples using microextraction by packed sorbent
for sample preparation and UHPLC-MS/MS for subsequent analysis were developed
and validated. Three MS platforms with different ion sources, transfer optics, collision
cell technologies and scan speed parameters were compared. Conclusion: Significant
differences among the methods were observed in terms of selectivity and sensitivity.
Microextraction by packed sorbent was successful in the extraction of all 17 analytes

Bioanalysis

from biological matrix.
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Statins are compertitive liver-specific inhibi-
tors of 3-hydroxy-3-methylglutaryl coen-
zyme A reductase, the key enzyme of choles-
terol biosynthesis. They represent the most
effective drugs for the treatment of hyper-
cholesterolemia and reduce the mortality and
morbidiry associated with cardiovascular dis-
eases [1-5]. Several recent studies also revealed
the extralipid effects: improving or restoring
endothelial function, enhancing the stability
of atherosclerotic plaques, decreasing oxi-
dative stress and inflammation, inhibiting
plateler aggregation, immunomodulation,
stimulation of bone formation and inhibition
of the growth of tumor cells (1.6-10]. Due to
the huge expansion of cancer diseases, the
number of studies dealing with anticancer
statin activities has grown in recent years.

Therefore a suitable bioanalytical method
for the determination of individual statins is
highly required [4].

Statins can be divided into three groups:
natural (lovastatin, mevastatin), semisyn-
thetic (simvastatin, pravastatin) and synthetic
compounds (fluvastatin, atorvastatin, cerivas-
tatin, rosuvastatin and pitavastatin) [12]. How-
ever, only seven of them are clinically relevant,
Mevastatin as the first identified sratin has
never been used in clinical practice. Cerivas-
tatin was withdrawn from the market in 2001
due to the serious adverse effects. Pitavastatin
is a relatively new, highly effective statin avail-
able for the treatment only in Japan, the USA
and in a part of Europe, so far [1].

Statin molecules exist in lactone (prodrug)
and open-ring hydroxy-acid (acrive) form.
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Some statins are administrated in the active form and
some of them in the prodrug form (structures shown in
Supplementary Figure 1). The interconversion between
lactone and acid form occurs both in vive and in vitro.
The elimination of the interconversion during the
sample preparation and LC-MS analysis is achieved by
maintaining pH berween 4 and 5. Increasing pH above
6 facilitates the conversion of the lactone to the acid
while decreasing pH facilitates the conversion of acid
to the lactone [1.11-14]. Therefore, the analysis of both
statin forms and their chromatographic separation is
one of the key factors for their accurate quantification.

The complex martrices, such as biological materials,
contain a lot of endogenous sample components (pro-
teins, salts and various organic compounds), which
mostly induce the significant matrix effects (ME)
in LC-MS analysis. Therefore, the sample prepara-
tion step is necessary initial step of most bioanalyti-
cal methods (15-17]. Conventional sample preparation
techniques including protein precipitation (PP) and
SPE are still the most often used in bioanalysis. How-
ever, miniaturized forms of SPE, which bring some
advantages such as speed, automation and low sample
and solvent consumption, have recently become a trend
in the field of sample preparation techniques [16.18-19].
Microextraction by packed sorbent (MEPS) is one of
these miniaturized SPE techniques. Recently, the num-
ber of commercially available MEPS sorbents has been
significantly extended (C18, C8, C2, C8-5CX, silica,
polystyrene-divinylbenzene [PS-DVB], R-AX, R-CX
and porous graphirtic carbon) which provides further
flexibility in method development. MEPS provides a
rapid and cost-effective alternative sample preparation
methad, especially in bioanalysis 120.21].

UHPLC-MS/MS system with triple quadrupole
(QqQ) detection is the gold standard in modern bio-
analyrtical methods due to the high sensitivity, selectiv-
ity and capability to acquire hundreds of SRM (selected
reaction monitoring) transitions in one analysis. To
improve the comparibility of QqQ with UHPLC system
producing very narrow peaks, the dwell time (time spent
with acquiring rhe specific SRM transition) and inter-
channel/inter-scan delay times of QqQ devices have
been decreased over the last years while maintaining or
increasing sensitivity. The dwell time is selected accord-
ing to the peak width and the number of compounds
that are monitored simultaneously in order to obtain at
least 15 points across the chromarographic peak. There-
fore, older MS devices (with high dwell times) often did
not provide sufficient number of data points per peak
and accurate quantitative analysis when they were used
with UHPLC and high flow rates (1622-23).

So far no method analyzing simultancously a large
number of statins in biological samples has been pre-

sented. Only one method determining arorvastarin,
lovastatin, pravastatin and simvastatin in water samples
was published. However, the lactone forms of statins
were not evaluated, which is a considerable drawback of
this method 5], Several UHPLC-MS/MS methods for
determination of statins were published, but only few of
them analyzed both forms (lactone and hydroxy-acid) in
one method [12d-30]. Another disadvantage of most LC—
MS methods was the use of only one internal standard
for a group of statins which does not provide guaranteed
compensation of ME (different retention times of inter-
nal standards and individual analytes). According to lir-
erature, the most widely used sample preparation meth-
ods for biological samples in statins analysis were PP,
SPE and liquid—liquid extraction (1. Only few methods
used modern microextraction techniques [1931. Employ-
ment of MEPS technique in the analysis of a large num-
ber of analytes is challenging and such a method has not
been published in scientific literature yet.

The aim of this study was to develop and validate
a fast and sensitive UHPLC-MS/MS method for the
determination of clinically relevant statins, their inter-
conversion products and metabolites (17 analytes in
total) in human serum using PP and MEPS as sample
preparation techniques. The MEPS-UHPLC-MS/
MS method was developed and validated on three dif-
ferent QqQ systems with different technical specifica-
tions (Supplementary Table 1). The results, advantages
and drawbacks of individual methods were compared
with the regard to MS spectrum (amount of sodium
adducts), sensirivity, selectivity, other validation param-
eters and possibility of dwell time setting to use the sec-
ond qualifier SRM transition. Such data are important
to help the bioanalyst make a wise selection of method
set-up. In spite of the fact that statins are not used simul-
taneously during the treatment, such a procedure will
be useful in routine analysis of many samples from still
increasing number of studies dealing with biological
activity of various statins, especially anticancer effect.
Such a universal multistatin method will be definitely
much simpler, practical and economical to develop,
validate and use in multiple statin analysis compared
with an approach using the muldiple different proce-
dures individually repeated for each statin. The method
applicability was verified on several samples of patients
treated by atorvastatin and rosuvastacin, which are the
most common agents in clinical practice.

Experimental

Chemicals & reagents

Working standards of atorvastatin calcium sale (AT),
atorvastatin lactone (ATL), p-hydroxy atorvastatin diso-
dium salt (p-OH AT), e-hydroxy atorvastatin monoso-
dium salt (o-OH AT), rosuvastatin calcium sale (RV),
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rosuvastatin lactone (RVL), N-desmethyl rosuvastatin
disodium  salc monohydrate (VD-RV), pravastatin
sodium salt (PV), pravastatin lactone (PVL), pitavastatin
calcium salt (PTV), pitavastatin lactone (PTVL), fluvas-
ratin sodium sale (FV), fluvastarin lactone (FVL), sim-
vastatin (SV), simvastatin acid ammonium salt (SVA),
lovastatin (LV) and lovastatin acid sodium sale (LVA)
were purchased from Toronto Research Chemicals
(Ontario, Canada). All deuterium labeled internal stan-
dard (atorvastatin-d5 sodium salt, atorvastatin lactone-
d5, p-hydroxy atorvastarin-d5 disodium salt, o-hydroxy
atorvastatin-dS disodium salt, rosuvastatin-d6 sodium
salt, rosuvastatin lactone-d6, V-desmethyl rosuvastatin-
d6 disodium salt, pravastarin-d3 sodium salt, pravastatin
lactone-d3, pitavastatin-d5 sodium  salt, pitavastatin
lactone-d5, Huvastatin lactone-d5, simvastatin-d6, simv-
astatin acid-d6 ammonium salt, lovastatin-d3 and lovas-
tatin acid-d3 sodium salt) were purchased from Toronto
Research Chemicals (Ontario, Canada), as well.

Aceric acid, reagent grade, ammonia, reagent grade
and acetonitrile, LC-MS grade, were purchased from
Sigma Aldrich. HPLC grade water was prepared by
Milli-QQ reverse osmosis Millipore (MA, USA) and it
meets European Pharmacopoeia requirements.

Chromatography & MS

UHPLC system Acquity UPLC® (Waters, MA, USA)
was used for the purpose of this study. It consisted of
ACQ-binary solvent manager and ACQ-sample man-
ager, This UHPLC system was coupled with three
different triple quadrupole systems, namely Quattro
micre APT™—device I, Xevo™ TQD-device II and
Xevo® TQ-S—device [T (Waters, Manchester, UK).
The technical specifications of the individual devices
are shown in Supplementary Table 1.

In early experiments the systematic method devel-
opment was used for the choice of analytical column
and mobile phase. Four analytical UHPLC columns:
Acquity UPLC BEH C18, BEH Shield RP 18, BEH
Phenyl, all of them (50 x 2.1 mm; 1.7 um), and HSS
T3 (50 % 2.1 mm; 1.8 pm), two pH of mobile phase
(pH 3 and 9) and two organic modifiers (acetonitrile
[ACN] and methanol [MeOH]) were tested. Finally,
chromatographic separation was performed on Acquity
UPLC BEH CI8 analytical column based on Bridged
Ethyl Hybrid (BEH) particles. Mobile phase was com-
posed of ACN (A) and 0.5 mM ammonium acetate pH
4,0 (B) using gradient elution with initial ratio (30:70,
A:B). Mobile phase flow rate was different for the device
I and devices II/I11, respectively. Mobile phase flow rate
was 0.30 ml/min for the device I and initial composi-
tion of mobile phase was changed within 7 min t 65%
of ACN. Subsequently the equilibration step ook 3.5
min. Mobile phase flow rate for the devices IT and 111

was 0.5 ml/min and linear gradient profile was recalcu-
lated for this higher low rate using procedure described
in [32,33] as follows: 0 min, 30% of ACN; 4.2 min, 65%
of ACN; 4.5-6.3 min, 30% of ACN. The analytical col-
umns were kept at 30°C by column oven. The sample
solutions were stored in the autosampler at 4°C.

All three MS systems were equipped with a Multi-
Mode lonization Source (ESCI). The MS conditions
were tuned in both positive and negative ESI modes
individually on all three MS systems. Nitrogen was
used as the desolvation and cone gas and argon as the
collision gas for all three MS devices. The settings of
MS device I were as follows: capillary voltage: 2.5 kV
and -2.5 kV, source temperature: 130°C, extractor: 1.0
V, RF lens: 0.5V, desolvation gas flow 650 1/h, desol-
vation temperature 450°C, cone gas flow 70 I/h and
collision gas pressure 5 x 10 mbar. The settings of MS
device IT were: capillary voltage: 2.25 kV and -2.25 kV,
source temperature: 130°C, extractor: 3.0 V, desolva-
tion gas flow 600 I/h, desolvation temperature 550°C,
cone gas How 70 1/h and collision gas flow 0.1 ml/min.
The settings of MS device 111 were: capillary voltage
1.5 kV and -1.5 kV, source temperature: 130°C, source
offset: 50 V, desolvation gas flow 600 I/h, desolvation
temperature 550°C, cone gas flow 130 l/h, nebulizer
gas 7.0 bar and collision gas flow 0.1 ml/min.

Cone voltages (CV) and collision energies (CE) were
set-up individually for each analyte. Quantification of
all analytes was performed using SRM experiment.
Two specific transitions were optimized and used for
each analyte on the devices IT and III. The first most
intense transition was used for the quantification and
the second transition for the confirmation of analytes.
On the device I only one transition was optimized and
used for each molecule. The individual SRM transi-
tions, optimal CV and CE are shown in Table 1. The
MassLynx 4.1 Dara System was used for MS control
and dara acquisition. QuanLynx and TargetLynx soft-
wares were used for data processing and quantification
— regression analysis of standard, matrix calibration
curves and calculation of concentrations.

Preparation of standard solutions & internal
standard solutions

The stock standard solutions were prepared by dissolv-
ing 1.0 mg of each compound in 1.0 ml of dissolution
media which were chosen according to the solubility
properties. The stock solutions of pravastatin lactone,
rosuvastatin lactone, atorvastatin lactone, atorvastatin,
pitavastatin lactone, fluvastatin lactone, lovastatin and
simvastatin were prepared in pure acetonitrile, The
stock solutions of N-desmethyl rosuvastatin, rosuvas-
tatin, pravastatin, fluvastatin, p-hydroxy and o-hydroxy
atorvastatin, pitavastatin, lovastatin acid and simvas-
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Table 1. Individual selected reaction monitoring transitions, ionization mode, optimal cone voltages, collision

energies and used SIL-ISs for the device | (A) and for the devices Il and 11 (B).

Compounds i Mode Precursor Fragment CV(V) CE(eV) ISs
A B A B A B A B A B A B
N-desmethyl 0.58 1.02 ESI- 466 404 404 30 15 15  N-desmethyl rosuvastatin-d6
rosuvastatin 378 20
Pravastatin 072 1.26 ESI- 423 321 321 30 15 15  Pravastatin-d3
303 20
Pravastatin lactone’ 1.27 214 ESI 407 183 209 20 15 20  Pravastatin lactone-d3
183 15
p-hydroxy atorvastatin  1.34 2.35 ESI- 573 413 413 35 40 30 35 Pravastatin lactone-d3
278 40
Rosuvastatin 1.34 2.37 ESI- ESI* 480 482 418 258 30 50 15 40 Rosuvastatin-dé
272 40
Pitavastatin 1.97 3.39 ESI- ESI* 420 422 358 290 25 45 15 30 Pitavastatin-d5
318 35
Rosuvastatin lactone 218 3.72  ESI* 464 270 270 50 35 40  Rosuvastatin lactone-dé
282 40
o-hydroxy atorvastatin  2.30 4.00 ESI- 573 278 278 40 45 40 45 o-hydroxy atorvastatin-d5
134 40
Fluvastatin 2.52 429 ESI- 410 348 348 25 30 15 15  Atorvastatin-d5
322 20
Atorvastatin 2.52 437 ESI- 557 278 278 40 40 45  Atorvastatin-d5
397 25
Lovastatin acid 2.83 493 ESIF 421 319 319 35 25 15 20 Lovastatin acid-d3
101 30
Pitavastatin lactone 3.09 525 ESI* 404 290 290 45 30 30 Pitavastatin lactone-d5
274 45
Simvastatin acid 3.21 5.65 ESI- 435 319 319 30 35 15 20 Simvastatin acid-d6
15 30
Atorvastatin lactone 3.21 5.44 ESI 541 278 448 30 40 20  Atorvastatin lactone-d5
422 25
Fluvastatin lactone 3.50 595 ESI 394 376 376 25 35 5 5 Simvastatin-d6
290 15
Lovastatin 3.85 6.51 ESI* 405 285 199 20 10 15  Lovastatin-dé
285 10
Simvastatin 4.33 732 ESI* 419 285 199 25 10 15  Simvastatin-dé
285 10
Individual values in column B are written only if the value is different from the value in the column A_ In other cases the values are identica
Pravastatin quantified as an adduct [M+Na]* on the device Ill. Selected reaction monitoring transition: re 429 — 309 (quantifier) and 429 —
292 (qualifier; re similar.
CE: Collision enerc s voltages
tatin acid were prepared in the mixture corresponding  corresponding to the initial composition of the mobile
to the initial composition of mobile phase ACN: 0.5  phase to obtain the required concentration levels.
mM ammonium acetate pH 4.0, 30:70. Stock stan- The stock internal standard solutions were prepared
dard solutions were further diluted with the mixture ar the concentration of 1 mg/ml. The mixture of all
336 Bioanalysis (2015) 8(4) future science group
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internal standards, mentioned in the ‘Chemicals and
reagents’ section, was made at the concentration of 50
ug/ml and further diluted with the mixture correspond-
ing to the initial composition of the mobile phase to
obrain the required concentrartion levels, The concentra-
tion levels of SIL-ISs in the sample were 500 ng/ml for
the device and 100 ng/ml for the device IT and device II1.

All stock standard and internal standard solurions
were prepared fresh every week.

Sample preparation: protein precipitation

& microextraction by packed sorbent

Serum samples were kept at -80°C and after the thaw
cycle they were processed immediarely by PP and MEPS
pracedure and analyzed by UHPLC-MS/MS. Briefly,
the initial step of sample preparation procedure included
PP with ACN as a deproteinization agent. 100 pl of
ACN was added to 50 pl of serum sample containing
mixture of internal standards (SIL-ISs, listed in Table 1).

®

0.404
ACN/pH = 3.00

= 0.204
<

0.00+

This mixture was shaken and subsequently incubated
for 10 min ac laboratory temperature. The precipitated
sample was centrifuged at 4200 RPM for 10 min and
then the supernatant was collected and diluted with
1900 pl of 0.01 M ammeonium acetate pH 4.5, The mix-
ture was loaded on a MEPS C8 sorbent previously acti-
vated three-times with 100 pl of ACN and conditioned
three-times with 100 pl of 0.01 M ammonium acerare
pH 4.5. The sorbent was then washed two times with
100 pl of 0.01 M ammonium acetate pH 4.5 and with
100 wl of the mixrure of ACN and 0.01 M ammonium
acetate pH 4.5 in ratio 5/95. Analytes were eluted with
100 wl of the mixture of ACN and 0.01 M ammonium
acetate pH 4.5 in ratio 95/5. The eluate was evaporared
to dryness and reconstituted in 100 pl of the mixture
corresponding to the initial compoesition of mobile
phase. Afterwards it was filtered via PTFE microfilter
(0.22 pm, Membrane Solutions) and the sample (5 pl)
was injected onto UHPLC system.
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Figure 1. Chromatograms of standard solution obtained
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during the method development on the Acquity BEH C18 columns.

Mobile phase was composed from ACN/buffer pH 3 (A), MeQH/buffer pH 3 (B), MeOH/buffer pH 9 and ACN/buffer pH 9 (C).
Standard solution contains 15 compounds: 1-N-Desmethylrosuvastatin, 2-Pravastatin, 3-Pravastatin lactone, 4-Rosuvastatin, 5-p-
Hydroxyatorvastatin, 6-Pitavastatin, 7-Rosuvastatin lactone, 8-o-Hydroxyatorvastatin, 9-Fluvastatin, 10-Atorvastatin, 11-Pitavastatin

lactone, 12-Atorvastatin lactone, 13-Simvastatin acid, 14-Lovastatin, 15-Simvastatin.
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Method validation
Newly developed methods employing the coupling of PP,
MEPS and UHPLC-MS/MS were validated in terms of
linearity, accuracy, precision, selectivity, sensitivity (limit
of detection and LLOQ) and marrix effects according
to the requirements of International Conference on
Harmonization (ICH) 34 and EMA guidelines [35]. For
the determination of linearity, two calibration curves
of all analytes were prepared: matrix calibration curve
using blank serum sample, which was spiked and then
treated by MEPS procedure, and standard calibration
curve where the stock standard solutions were diluted
by the mixture corresponding to the initial composi-
tion of mobile phase. Method linearity was evaluated in
different ranges for individual devices, in other words,
5-1000 ng/ml for the device I, 1-500 ng/ml for the
device IT and 0.1-100 ng/ml for the device I1I. Limits
of detection and LLOQs were determined based on the
S/N ratio approach. Limit of detection was expressed as
S/N = 3, limit of quantitation was expressed as S/N = 10.
For evaluation of accuracy, precision and matrix
effects three concentration levels and LLOQ concen-
tration were selected for individual devices accord-
ing to the linear range. Individual concentration levels
are shown in section concerning the results of method
validation. The method accuracy was evaluated as an
average of recovery experiments measured in three repli-
cares at three above mentioned concentration levels and
LLOQs. Recovery was determined via a comparison
of the response of blank matrix samples spiked before
the sample preparation step with the response of blank
matrix samples that were first treated with the sample
preparation procedure and then spiked with the mix-
ture of analytes and SIL-ISs [36]. For method precision,
spiked blank serum treated by PP and MEPS ar three
above mentioned concentration levels and LLOQs were
measured in three replicates in order to calculate the
% of RSD, which describes the closeness of agreement
between the series of measurements. Matrix effects were
evaluated using blank serum samples, which were first
treated by sample preparation procedure and then spiked
with standard solution at three above mentioned concen-
tration levels and LLOQs. The results were compared
with the measurement of standard solution and matrix
effects were calculated. Based on the previous extensive
studies of statin stability (37-42) only short-term measure-
ment of stability of the samples in standard stock and
mobile phase solution at laboratory temperature (20°C)
and autosampler temperature (4°C) were evaluated.

Results & discussion

Development of UHPLC-MS/MS method
UHPLC was used as separation technique for the
analysis of statins, their interconversion products

and metabolites. In carly experiments the systematic
method development was used for the choice of suit-
able analytical column and mobile phase. During the
method development, four UHPLC columns: BEH
C18, BEH Shield RP 18, BEH Phenyl and HSS T3,
two pH of mobile phase (pH 3 and 9) and two organic
solvents (ACN and MeOH) were employed. Only 15
analyres were available (withour fluvastarin lactone and
lovastatin acid) for this initial screening,

The systematic method development demonstrated
that MeOH is inconvenient for the separation of statins
at all four tested columns under UHPLC conditions
used (Figure 1). Its elution strength was substantially
lower than that of ACN. Most analytes were eluted in
the final part of gradient window and separation effi-
ciency was completely insufficient (Figure 1B,C). The pH
9 provided better chromatographic separation than pH
3 especially for the lately eluted analytes (Figure 1A,D).
The most suitable separation was obtained on the BEH
C18 column when employing the mobile phase, ace-
tonitrile/ammonium acetate pH 9. Unfortunately, at
pH 9 visible degradation of statins occurred, which is
in agreement with the inconvenience of this pH due
to the occurrence of interconversion between acid and
lactone form of statins (11.13], In spite of less favorable
results, more detailed optimization of gradient elution
had to be further performed at lower pH due to the
stability reasons. The separation was finely tuned ar
the pH 4 and 4.5 [11.13] using ammonium formate and
ammonium acetate in the concentration range 0.1-5
mM. No major effect on chromatographic separations
was observed, with the exceprion of the lowest concen-
tration (0.1 mM) toward less reproducible results in
terms of peak area repeatability.

However, the MS sensitivity was influenced
by the type and concentration of additives
(Supplementary Figure 2). In both negative and posi-
tive ionization mode, ammonium formate at pH 4.5
provided lower sensitivity than ammonium acetate at
pH 4.0 except for lovastatin and simvastatin, which
provided higher sensitivity at pH 4.5. As shown in
Supplementary Figure 2, increase in additive concen-
trations led to decrease of MS sensitivities in both
ionization modes. Finally with the regard to MS sen-
sitivity, the mobile phase containing 0.5 mM ammo-
nium acetate pH 4.0 and ACN was chosen using
gradient elution described in the ‘Chromatography
and MS’ section. LC conditions were the same for all
three devices, only the Aow rates of mobile phase for
the devices IT and TIT were higher (0.5 ml/min) than
for the device I (0.3 ml/min) and the gradient profile
was recalculated. All of these changes were enabled by
the improved construction of the ionization sources
and scan speed parameters of the two latter devices.
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The device T was limited by acquisition speed and
sensitivity.

The optimization of individual MS parameters,
especially ESI serrings, ionization mode and SRM
transitions, was optimized individually for each MS
device due to the different construction of the ion-
ization sources, different transfer oprics, scan speed
parameters of the devices investigated and different
flow-rates applied in chromatographic separation.
First, the ESI paramerers and SRM transirions were
optimized and subsequently more suitable ioniza-
tion mode was selected for each analyte (Table 1).
For most analytes, the negative ionization mode pro-
vided clearer spectra with the most intense peak of
deprotonated molecule [M-H]™ except for lactone
forms weakly ionized as [M+ClI]", [M+HCOO]" and
[M+CH,COO]J- adducts. Identically for all the three
devices, all lactone forms were generally analyzed in
positive ionization mode and all hydroxy acid forms
were analyzed in negative ionization mode. Only rosu-
vastatin and pitavastatin were quantified in negative
ionization mode on the device I and in positive ion-
ization mode on the devices II and III (Table 1). On
the other hand, a huge difference of adduct intensity
was observed on all three MS systems in positive ion-
ization mode. On the devices I and I1, the protonated
molecules [M+H]*were the most intensive peaks in the
spectra while [M+Na]* and [M+K]* adducts showed
very low abundances. The presence of both adducts
was significantly higher on the device III. In several
cases, [M+Na]* and [M+K]* adducts were dominant
peaks in the spectra or even the protonated molecules
were not present at all, which significantly affected the
sensitivity of the method for several analytes. Particu-
larly, the assessment of pravastatin lactone was chal-
lenging on the device III as this molecule was not
ionized in negative mode and in addition, in positive
mode it provided only [M+Na]* and [M+K]* adducts.
Therefore, pravastatin lactone had t be quantified as
an adduct [M+Na]*, The exact explanation of the sig-
nificantly higher presence of adducts on the device 111
is not perfectly obvious. However, a different construc-
tion of an ionization source could play an important
role. A sample cone is used as transfer optics in the
ionization sources of devices I and 11, while the device
[T contains a new type of ionization source, using
step wave as transfer optics. The results of this study
showed that this kind of ion source was more prone to
the formation of adducts.

Individual spectra of all analytes obtained on the
devices I1and 11 are shown in Supplementary Figure 3.

The scheduled SRMs and two SRM transitions
(quantifier and qualifier) for each analyte were used to
improve method selectivity on the devices I1 and II1,

which substantially increases method selectiviry. The
occurrence of any interferences would be revealed by
the change of the ratio of the two SRM transitions,
which is a further parameter ro enhance method selec-
tivity. However, only one SRM transition could be
employed on the device 1 due to a low scan speed and
lower SRM acquisition rates of the MS instrument
(minimal dwell time of device I-10 ms, device [I-3 ms
and device [11-1 ms; see Supplementary Table 1). Most
of the SRM rransitions were idenrical for all the three
devices. Nevertheless, several analytes provided differ-
ent intensities of quantifier and qualifier transitions for
individual devices. SRM transitions, cone voltages and
collision energies of all analytes and all three devices
are shown in Table 1,

Development of MEPS procedure

Generally, sample preparation is an indispensable part
of bioanalytical LC-MS methods. Currently, the main
criteria for the choice of the suitable sample prepara-
tion technique in clinical analysis is not only respect-
ing the regulatory approval bur also to the possibility
of automation and miniaturization in order to limit
solvent and sample consumption, This is especially
limiting factor in case of laboratory animals. MEPS
perfectly meets this criteria using only 50 pl of sample.
Combination with PP prevents from cartridge clog-
ging, which is often case also in conventional SPE.
Moreover, SPE cartridges are made for a single use,
while MEPS sorbents can be used repeatedly. Finally,
MEPS extraction is less time-consuming compared
with SPE. Therefore, it brings many advantages into
sample preparation step [16] and was selected in this
study. According to previously published results [19.31]
silica C8 and C18 were used as the suitable commer-
cially available MEPS sorbents for the initial testing.
First, the influence of the % of organic solvent in the
elution agent using the mixture of ACN and 0.01 M
ammonium acetate pH 4.5 in the concentration range
80-95% of ACN (Supplementary Figure 4) was veri-
fied. The pH effect and pure ACN were not possible
t test in the large extent due to the instability of
statins, To our knowledge, the pH 4.5 is appropriate
for the elimination of acid-lactone interconversion of
statins [1113]. The suitability of the elution solvent was
evaluated based on the method recovery. Overall, the
results show that the decrease in concentration of ACN
in the elution solvent decreased the recoveries of the
analytes (Supplementary Figure 4). Therefore, 95% of
ACN was selected as the optimal elution solvent for
the extraction of all seventeen analytes. Second, the
recoveries of the statin standards on different sorbents
(C8 and C18) were evaluated. Both sorbents exhibited
similar results, indicating that statins could be effec-
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tively enriched by commercially available MEPS. Only
more hydrophilic analytes (pravastatin and rosuvas-
tatin) provided slightly higher recovery on C8 sorbent.
Therefore, the C8 was selected as an optimal sorbent.
The influence of the composition of the elution sol-
vent on the recoveries of the all analytes is shown in
Supplementary Figure 4.

In the next step, elution volumes (50 and 100 pl)
were optimized. The volume of 50 pl 95% of ACN
and 0.01 M ammonium acetate pH 4.5 was not suffi-
cient for the elution of analytes from C8 sorbent, as the
recovery was only about 15%. Therefore, higher elution
volume of 100 pl was employed for sufficient recovery
of all investigated analytes (Supplementary Figure 4).
All above mentioned steps were optimized using the
standard solurions.

As the optimal elution solvent (95% of ACN and
0.01 M ammonium acetate pH 4.5) was not compat-
ible with inirial LC gradient composition, the evapo-
ration and reconstitution step had to be included. To
minimize the distorted peak shapes in the first part of
gradient, different types of reconstitution solvents were
tested: the mixture of ACN and 0.5 mM ammonium
acetate pH 4.0 in the ratios 50/50, 40/60 and 30/70
(corresponding to the initial gradient composition),
The evaporated samples were reconstituted in 100 pl
of dissolution media, which represented the minimal
acceprable volume still enabling subsequent fltration
of the sample. All the three reconstitution solvents
provided acceptable peak shapes. The mixture corre-
sponding to the initial gradient composition was there-
fore chosen as the optimal dissolution medium provid-
ing overall acceptable peak shapes and good solubility
of analytes.

Finally, using the spiked serum samples, other steps
including the protein precipitation, the composition
of the loading and washing solvent were also opti-
mized. To remove the sorbent clogging during the
sample loading step, the protein precipitation had to be
implemented before the MEPS extraction using ACN
in the ratio 2:1 (ACN: sample). Due to the high con-
tent of ACN in the precipitate, which would prevent
from the retention of analytes, the supernatant had to
be diluted 20x with 0.01 M ammonium acetate pH
4.5, Furthermore, the composition and volume of the
washing solvents were determined with the regard to
the selectivity, cleaning efficiency and recovery of the
analytes in the spiked serum samples [16]. During the
optimization of washing step, 0.01 M ammonium
acetate pH 4.5 was chosen as the first washing solvent
to remove a large content of salt from the sample. In
following washing step aqueous ACN was employed to
obtain clearer extract. The composition and volume of
the washing solvent was determined with the regard to

the selectivity, cleaning efficiency and recovery of the
analytes in the spiked serum samples. The optimiza-
tion of its concentration had to be performed in the
concentration range 1-10% of ACN. A concentration
0f 5% of ACN was finally used to ensure negligible loss
of analytes. The whole developed MEPS procedure,
including the loading, washing and elution steps, was
further verified and validated using the spiked serum
samples, The samples were finally prepared according
to the protocol described in the ‘Sample preparation:
protein precipitation & microextraction by packed
sorbent” section.

Validation of MEPS-UHPLC-MS/MS methods
The MEPS-UHPLC-MS/MS methods for the determi-
narion of seven statins, their seven interconversion pmdr
ucts and three metabolites were developed and validated
on three different MS devices: an old platform (device
1), a newer one (device IT) and the state-of-the-art (device
II) eriple quadrupole systems (Supplementary Table 1).
Method validation including determination of linear-
ity, method accuracy, precision, matrix effects, limirs of
detection and LLOQs was performed for all three meth-
ods. The corresponding results are shown in Tables 2-4.
SRM chromatograms of blank serum sample spiked
with all tested analytes are shown in Figure 2 and SRM
chromatograms of blank serum sample spiked with
LLOQ concentration of all tested analytes are shown in
Supplementary Figure 5. The evaluation of statin stabil-
ity was performed based on the previous extensive stud-
ies [37-42), Anyway, a short-term stability was confirmed
with stock standard solution and mobile phase solu-
tions at laboratory (20°C) and autosampler (4°C) tem-
perature, All analyzed statins were stable at laboratory
temperature at least for 6 h, which is sufficient for the
sample preparation and sample manipulation. At lower
temperature (in the autosampler) the statins were stable
for at least 72 h, which is substantially longer than the
stability at laboratory temperature and sufficient for rou-
tine clinical analysis. These results are in agreement with
previous findings.

Device | (Quattro micro API)

Method linearity was evaluated in the calibration
range 1-1000 ng/ml for standard calibration curves
and 5-1000 ng/ml for matrix calibration curves with
linear response for all analytes (r* > 0.997). The results
of both standard and marrix calibrations are shown
in Table 2. Method accuracy, precision and matrix
effects were assessed at three concentration levels of
the calibration curve — at high (1000 ng/ml), medium
(100 ng/ml) and low (10 ng/ml). Method accuracy
expressed as recovery ranged from 84 to 119%. Method
precision provided RSD <13% for all analytes. Matrix
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effects ranged from -19 to +19% for most analytes
except for pravastatin lactone (+47%), rosuvastatin lac-
tone (32%), atorvastatin lactone (25%) and lovastatin
(39%) ar the concentration level 10 ng/ml. Individual
values of method accuracy, precision and matrix effect
are shown in Tables 3 & 4. However, the LLOQs of
most analytes for matrix samples were 10 ng/ml, which
is completely insufficient for the quantitative analysis
of real biological samples (see Table 2).

Device Il (Xevo TQD)

Method linearity was measured in the concentration
range (.1-500 ng/ml for standard calibration curve and
in 0.5-500 ng/ml for matrix calibration curve. Lincarity
of both calibration curves was higher than 0.995 except
for pravastatin lactone in matrix solution (r* = 0.990).
LLOQs of individual analytes in matrix solution were in
the range 1-10 ng/ml with 5 or 1 ng/ml for most of the
analytes. Fluvastatin showed the lowest sensitivity with
LLOQ of 10 ng/ml. Except for N-desmethyl-rosuvas-
tatin and Auvastarin, the sensitivity was two- to 20-times
higher compared with the sensitivity of the device I. For
some analytes measured in biological samples (N-des-
methyl rosuvastatin, pravastatin, p-hydroxy atorvastatin,
fAuvastatin, lovastatin hydroxy acid, simvastarin hydroxy
acid, fluvastatin lactone, lovastatin and simvastatin)
the sensitivity was marginal, as the usual concentra-
tion range of statins is 1-100 ng/ml [24.43-45]. Method
accuracy, precision and matrix effects were measured at
three concentration levels: ac high (500 ng/ml), medium
(50 ng/ml), low (5 ng/ml) and LLOQs. The individual
values of these paramerers are shown in Tables 3 & 4.
Method accuracy was in the range 79.0-117.1% except
for pitavastatin, fluvastatin lactone and lovastatin
hydroxy acid. Method precision provided RSD <10%
for all analytes at all concentration levels, except for
LLOQ level for fluvastatin lactone (<20%). The matrix
effects were in the range from -19 to +14%. Only for
pravastatin lactone, pitavastatin, o-hydroxy atorvastatin,
atorvastatin lactone and lovastatin the higher positive
matrix effects (berween +20 and +40%) were observed
especially at higher concentration levels.

Device lll (Xevo TQ-S)

Method linearity was measured in the concentration
range 0.01-100 ng/ml for standard calibration curve
and 0.1-100 ng/ml for matrix calibration curve. Lin-
carity of both calibration curves was higher than 0.993
for all measured analyres excepr for lovastatin (r* =
0.990). Sensitivity was significantly higher compared
with the sensitivity of the devices I and 1I for most ana-
lytes. However, LLOQs of fluvastarin, lovastatin acid
and simvastatin acid were only two-times lower than
those on the device I (Table 2). This could be caused by

the negative matrix effects. Due to the higher sensitiv-
ity compared with the other devices the much lower
concentration levels were selected for the measurement
of method accuracy, precision and matrix effects: high
(100 ng/ml), medium (10 ng/ml), low (1 ng/ml) and
LLOQs, as shown in Tables 3 & 4. Method accuracy
was in the range of 84-118% except for p-hydroxy
atorvastatin and simvastatin. Method precision pro-
vided RSD <15% for all analytes and concentration
levels including LLOQs. Only fluvastarin lactone pro-
vided worse precision (19%) at LLOQ level, similarly
to the device II. The matrix effects were in the range
from -15 to +17% for all analytes ar all concentration
levels except for p-hydroxy atorvastatin and Huvastatin
showing high negative matrix effects between up to
-56% (Table 4).

Based on this observation, the matrix effects were
evaluated also without SIL-ISs correction. Subse-
quently, the values of these matrix effects were com-
pared with the matrix effects with SIL-IS correction
on the device III (Table 4). In general the martrix
effects of analytes eluted until 2.2 min were negligi-
ble except for p-OH AT (50-70%). In contrast, very
significant negative martrix effects were shown for the
analytes eluted in the second parc of the gradient. To
eliminate the influence of complex biological matri-
ces, higher concentration of ACN in washing solvent
might potentially help. However, higher ACN concen-
tration caused the loss of more hydrophilic analytes
during MEPS procedure, thus it could not be applied
in this generic approach. Fluvastatin and simvastatin
hydroxy acid were affected by the most intensive nega-
tive matrix effects (-87%), which probably caused the
lower method sensitivity in the real matrix. Impor-
tantly, our results confirmed the indispensability of
SIL-ISs for the analysis of complex matrices such as
biological sample even when using thorough sample
preparation step (Table 4). Overall, these validation
experiments and the calculated accuracy and precision
of the new methods demonstrate their reliability and
usefulness for the routine determination of statins.

Application to real samples

Although the newly developed UHPLC-MS/MS
method with PP and MEPS as the sample preparation
for the determination of seven statins, their metabo-
lites and interconversion products (17 analytes in total)
were optimized and validated on three MS devices,
only two methods were applicable for the serum sam-
ples of patients treated by atorvastatin or rosuvastatin.
As described above, the low sensitivity of the device
1 prohibited the analysis and determinartion of statins
in biological samples, because the concentrations of
all tested statins in serum samples are usually units to
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(LLOQ for marrix samples generally 10 ng/ml), device Il sensitivity (LLOQ for matrix samples 0.1-1 except
provided slightly higher sensitivity for most compounds  for simvastatin hydroxy acid, lovastatin hydroxy acid,
and the newest device 111 provided significantly higher  pitavastatin lactone and fluvastatin). Finally, the meth-
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Figure 2. SRM chromatograms of blank serum sample spiked with the all tested analytes (100 ng/ml).
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Figure 3. Statistical evaluation of measurements of patient samples. (A) Box plots describing the seven statins

in the real samples of patient measured on device Il (gray) and device Il (red). Each boxplot characterizes

the variability of data sets using average values of median, first and third quartiles, minimum and maximum.

(B) Analysis of variability describing the seven statins in the real samples of patient measured device Il and device
1l by the t-statistic. The red line described the ideal results with the variability of 0.

ods IT and 11T were used for the analysis of real samples of ~ of this study clearly demonstrated the limitations of
patients treated by atorvastatin and rosuvastatin, which  older placforms in multi-analyte determination and also
are the most common in clinical practice. The results  shown some drawback of newer platforms, which is very
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useful for practical method development. In the furure
perspective our findings might be practically applicable
for further development of the methods for the trace
analysis of statins in other application fields.

Future perspective

Several recent studies revealed the extralipid effects
of statins, such as improving or restoring endothelial
function, enhancing the stability of atherosclerortic
plaques, decreasing oxidative stress and inflammation,
inhibiting platelet aggregation, immunomodulation,
stimularion of bone formarion and inhibition of the
growth of tumor cells. These effects are now further
studied using laboratory animal models. For this rea-
son, new methods for the determinarion of starins and
their metabolites, and even those less widely used in
current clinical practice, are needed.

Therefore, newly developed multistatin method
allowing the analysis of seven statins and their inter-
conversion products and metabolites provides a high
potential for such studies. Multistatin method allows
a comparison of the effects among individual statins,
which are never administered simultaneously. However,
the studies using animal models include simultaneous
testing of more different statins in one study. Therefore,
it was definitely much simpler, practical and economi-
cal to develop, validate and use one universal method
with high efficiency, sensitivity and selectivity, than o
do this repeatedly once for each statin. For the moment,
the method was applied to the analysis of serum sam-
ple from atorvastatin and rosuvastatin treated patients

because these are the most widely used statins. In future,
multistatin methods are likely to be used for the analysis
of human as well as laboratory animal samples.

Supplementary data
To view the supplementary data that accompany this paper

please visit the journal website at: www.future-science.com/
doi/full/10.4155/bio.15.245
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The UHPLC column BEH C18 offered the most effective separation of individual statins (especially acid and
lactone forms).
Microextraction by packed sorbent together with protein precipitation were shown as the suitable
combination of sample preparation techniques for the multi-analyte determination.

Purity of spectrum and amount of adducts depended on the construction of ionization source.
Newer platforms provided the higher selectivity and sensitivity.

The limitation of older platforms in multi-analyte determination were demonstrated.
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—0.083 pg mL~")and better linearity (r* > 0.9930) than the high speed one (LOD: 0.083—0.25 ug mL™",

2

> 0.9877) at the cost of double time of analysis.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Vitamin E belongs among fat-soluble vitamins associated with
important biological activity that is essential for human health.
Vitamin E exists in eight different stereoisomeric forms: a-; p-; y-
and d-tocopherols and «-; B-; - and &-tocotrienols. All tocochro-
manols are amphiphilic molecules characterized by the same
chemical structure based on a 2-methyl-6-chromanol ring and a
lipophilic saturated isoprenoid Cyg side chain (tocopherols) or a
farnesyl side chain (tocotrienols). Derivatives of both tocotrienols
and tocopherols differ in the methylation of the chromanol ring
(Fig. 1) [1=3]. Vitamin E is considered as one of the most powerful
antioxidants. The most biologically active homologue is a-tocoph-
erol with phenolic group on chromanol ring donating a hydrogen
atom to reduce free radicals activity. Lipophilic side chain allows
penetration of vitamin E into biological membranes and protects
them from oxidation caused by free radicals [4]. Tocochromanols
are hypothesized to induce apoptosis of various tumour cells (skin,
lung, prostate, pancreas, breast). They also exhibit cardioprotective,
immunomodulatory, neuroprotective activity and blood cholesterol
lowering effect [5—8]. Vegetable oils, nuts, whole grains and green
leafy vegetables represent the important plant sources of vitamin E.
The vitamin E level in animal tissues and products is not so sig-
nificant in comparison with plant tissues containing tocochroma-
nols [9—12]. After the oral administration vitamin E is absorbed in
the gastrointestinal tract and transported by plasma lipoproteins to
other tissues. Distribution and concentration of vitamin E in body
compartments are influenced by lipids in various tissues. Plasma
level of vitamin E is regulated by specific proteins binding to-
copherols and tocotrienols in cell membranes. In general, the major
amount (up to 90%) of vitamin E is redistributed in adipose tissues
in normal subjects [13,14]. A physiological range of vitamin E in
human plasma belongs typically to confidence interval
4-12 ug mL . Lower levels of tocochromanols are commonly
associated with malabsorption syndromes, including biliary atresia,
cystic fibrosis, abetalipoproteinemia; and with preterm born neo-
nates [15]. The human deficiency syndrome of vitamin E is man-
ifested as a peripheral neuropathy caused by dying back of sensory

(A)

CHy

Ry CH,

HO'

R,

(B)

Ry

axons, which signalizes the sensitivity of the central nervous sys-
temn to oxidative stress. The vitamin E intake is an essential dietary
factor for reproductive health [16,17]. Unlike other fat-soluble vi-
tamins, vitamin E is not accumulated in the liver or extrahepatic
tissues with a high intake. Only the increase of bleeding tendency
was observed as its toxic effect. In fact, this effect was found to be
advantageous as a prevention of venous thrombosis [17,18].

Tocopherols and tocotrienols were mostly analysed by high
performance liquid chromatography (HPLC) in various matrices as
shown in Table 1.

These separations were performed on both reversed (C18, PFP)
and normal (silica) stationary phases using isocratic elution and UV
or fluorescent detection. Because of very similar structures and
physico-chemical properties, the separation of eight vitamin E
forms is very challenging, especially the separation of critical pairs
of B- and y-isomeric forms. Therefore, the most of the previously
developed methods for vitamin E analysis enable the determina-
tion of only a few isomers of tocopherols and tocotrienols, most
commonly a-tocotrienol, a- and y-tocopherol [19]. Asitis shown in
Table 1, only few methods (NP-HPLC, RP-HPLC, and also supercrit-
ical fluid chromatography - SFC) have been developed for the
simultaneous determination of all isomeric forms of tocopherol and
tocotrienol [23,26—28,32]. Despite this fact, the determination
often took typically tens of minutes (20—60). Even the fastest
developed LC method using PFP column took 15 min, so the anal-
ysis time was quite long for routine high throughput applications.
Modern SFC methods with packed column took less than 10 min,
but only one of these methods allowed to determine all isomeric
forms of vitamin E [23] without application on any real matrix, such
as biological or food samples to show the potential when the real
samples are analysed. Sample pretreatment step of complex sam-
ples (oils, food, serum, blood or tissues) typically involves liquid-
liquid extraction (LLE), LLE based techniques, protein precipita-
tion (PP), solid phase extraction (SPE) followed by evaporation to
dryness and reconstitution in solvents compatible with the mobile
phase, which is the main disadvantage of the approaches combined
with RP-HPLC. Only one method developed in 1999 where super-
critical fluid extraction (SFE) coupled with capillary SFC were used

Compound Rakaciitar M:I:i;:ll" logp  pKa R o
formula e/ mol] substituent substituent

e-tocopherol | CyyHe,0, 430,71 1051 1080 | -CH, CH,
B-tocopherol | CyyHa0, 416.67 999 1047 -CH, -H
y-tocopherol | CpHu0, 416.67 999 1047 H H,
&-tocopherol | CyyHgD, 402,65 948 1014 H H
a-tocotrienal | CygHy0, 424.66 923 1080 “CH, CH,
B-tocotrienol | CyH,,0, 41063 878 1047 | -CH, H
y-tocotrienol | CyHpn0, 41063 878 1047 H -CH,
§-tocotrienol | C,,H,,0, 396.60 826 1014 H -H

Fig. 1. Chemical structures of tocopherols (A) and tocotrienols (B) and physico-chemical properties of their isomeric forms [45].
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for the vitamin E analysis did not need the reconstitution of the
sample in different solvent [20].

SFC has been known for more than 50 years. However, it was
over shadowed by gas chromatography (GC) and rapidly evolving
LC. Recently, SFC made a remarkable comeback. The supercritical
fluids exhibit similar properties as the mobile phase used in LC
(density and solvating power) and GC (high diffusivity and low
viscosity) [36—38]. In modern SFC, mobile phase contains not only
€0, but also small amount (2—40%) of organic polar modifier
(methanol, ethanol, isopropanol, or rarely acetonitrile (ACN)) and
additives (volatile organic acids and buffers, possibly water) which
affect the polarity, solvating power and eluting power of nonpolar
C0Os. Through this modification, SFC can be successfully used for the
analysis of molecules with broad spectrum of polarity [39]. Tech-
nological advances allow use of the latest trends in the field of
stationary-phase technologies such as fully porous sub-2-um and
sub-3-pm core-shell particles and high linear velocity in modern
analytical SFC systems [40,41]. This approach, similarly to ultra-
high performance liquid chromatography (UHPLC), is known as
ultra-high performance supercritical fluid chromatography
(UHPSFC). Because of higher sensitivity and selectivity of mass
spectrometry (MS), the hyphenation of UHPSFC with MS becomes
more popular method. Nowadays, even the cheap single quadru-
pole instruments become more user-friendly and sensitive which
allows to use them as powerful detectors in routine analysis in
clinical laboratories. UHPSFC coupled to MS promises not only
higher sensitivity in comparison with UV detection but also alter-
native selectivity to LC-UV and reliability of analysis in complex
biological matrices.

The hyphenation of SFC-MS can be made via the pre-BPR flow-
splitting with addition of make-up solvent to improve the forming
of ions, peak shape and detector response. Proton-donating organic
modifiers such as methanol, ethanol, isopropanol and volatile ad-
ditives (formic acid, acetic acid, ammonium formate, ammonium
acetate, water, ammonium hydroxide, etc.) were used as a make-up
solvent [42—44],

Due to the low polarity of pure COs, similar to hexane or heptane
used in NP-HPLC, SFC is suitable for the analysis of non-polar
compounds with physico-chemical properties close to pure COa.
Thus, the high log P of vitamin E is a prerequisite for the use of SFC
technique for the analysis of vitamin E isomeric forms. Considering
other numerous advantages, such as high separation efficiency,
sensitivity, low consumption of organic solvents and good selec-
tivity for separation of the isomers SFC seems to be an appropriate
technique for the separation and determination of tocopherols and
tocotrienols and application of the method in clinical practice.

The aim of this study was to develop fast, selective and sensitive
UHPSFC-MS method for high-throughput analysis of all 8 vitamin E
isomeric forms and effective sample preparation step based on LLE
for the isolation of vitamin E from human serum.

pgmL!

(150 = 46 mm, 3 pm)

evaporation

2. Materials and methods
2.1. Chemicals and reagents

Pressurized liquid CO; 4.5 grade (99.995%) was purchased from
Messer (Prague, Czech Republic). Methanol (MeOH), isopropanol
(IpOH), ethanol (EtOH), formic acid, acetic acid and ammonium
hydroxide (25%) all of them LC/MS grade and hexane and
dichloromethane for HPLC were obtained from Sigma-Aldrich
(Steinheim, Germany). Ammonium formate (99%) and ammonium
acetate (99.8%) for LC/MS were purchased from Sigma-Aldrich
(Steinheim, Germany). Ultrapure water was prepared by Milli-Q
reverse osmosis system (Millipore, Bedford, MA, USA) immedi-
ately prior to use.

cholecalciferol,
xanthophyll
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Reference standards of a-tocopherol («T; 100 mg mL ™, purity
99.9%), B-tocopherol (BT; 50 mg mL ', purity 99.0%), ¥-tocopherol
(vT; 1 mg mL~", purity 97.3%) and 3-tocopherol (5T; 100 mg mL™,
purity 95.5%) in hexane were provided by Sigma-Aldrich (Stein-
heim, Germany).

Reference standards of a-tocotrienol (oT3; 25 mg mL~, purity
98%), f-tocotrienol (PT3; 25 mg mL~", purity 98%), y-tocotrienol
(yTs; 25 mg mL~ ', purity 98%), and 3-tocotrienol (5T3 25 mg mL ',
purity 98%) in EtOH were provided by Larodan Fine Chemicals
(Malmo, Sweden).

Alyophilized control serum based on human matrix LYOHUM N
was provided by Erba Lachema (Brno, Czech Republic).

2.2. Standard solutions

The stock standard solutions of tocochromanols were prepared
by dilution of each compound in hexane to give a solution at a
concentration of 1 mg mL ™. These solutions were stored at —20 °C
and they were prepared fresh every two weeks. The diluent
mixture consisting of hexane and IpOH (90:10, v:v) was used for the
subsequent dilutions.

2.3, UHPSFC-MS instrumentation and analysis

All the experiments were performed on a supercritical fluid
chromatography system Acquity upc? (Waters, Milford, MA, USA),
which consisted of a binary pump, an autosampler, a column
thermostat, a back pressure regulator (BPR) and PDA detector. The
system was coupled to a single quadrupole mass spectrometer with
an electrospray ionization (ESI) Acquity QDa Detector (Waters,
Milford, MA, USA) via commercial SFC-MS dedicated splitter device
(Waters). Additional make-up solvent was brought by an Isocratic
Solvent Manager (Waters, Milford, MA, USA). Mixture of 95% MeOH
and 5% water was selected as a make-up solvent at flow-rate
0.3 mL min~ L

Four different stationary phases were tested for the method
development, namely Waters Acquity UPC? BEH, Acquity UPC? BEH
2-Ethylpyridine (2-EP), Acquity UPC2 HSS C18 5B and Acquity UPC2
CSH Fluoro-Phenyl (PFP). All columns had dimensions of
3.0 x 100 mm and particle sizes of 1.7 um except for Acquity upc?
HSS C18 SB (1.8 um). The isocratic elution was performed with COz
and MeOH or EtOH as modifiers. Various additives in organic
modifier were tested, including ammonium acetate (1, 5, 10 and
20 mM), ammonium formate (1, 5,10 and 20 mM), and water (1, 2,
5%).

Finally, the Acquity UPC? BEH 2-EP was selected as the optimum
column using CO; and MeOH with 10 mM ammonium formate.

Isocratic elution for high resolution method was provided by
C0Oz and an organic modifier in ratio 98:2 at a flow-rate
1.5 mL min '. A column temperature and BPR were set at 40 °C
and 23.4 MPa, respectively. High speed method was obtained using
isocratic elution with CO» and 5% of modifier at a flow-rate
1.5 mL min~ ' A column temperature and BPR were set at 50 °C
and 13.0 MPa, respectively. The partial loop with needle overfill
mode was used to inject of 1 uL of sample. Methanol was selected as
a strong and weak wash solvent. The analytes were detected at
290 nm.

The MS conditions were tuned in ESI'" mode as follows: capillary
voltage 0.80 kV, ion source temperature 120 °C and probe tem-
perature 600 °C. Sample cone voltage was optimized for each an-
alyte individually (aT, «Ty = 10 V; PT, yT, 8T, T3, ¥T3, 6T5 = 5 V).
Analyses were performed in SIM (single ion monitoring) experi-
ment using precursor ions [M+H]": oT = 431.0; BT, yT = 417.0;
0T = 403.0; «T3 = 425.3; fTs, vT3 = 411.3; §T3 = 397.3. Masslynx
v4.1 software was employed for MS control and data acquisition

and Quanlynx for peak integration and data processing.
24. Sample preparation

The combination of PP and LLE was used for sample preparation.
200 uL of EtOH as a precipitating agent was added to 100 pL of
human serum for release of analytes from protein binding. The
mixture was vortexed for 10 s. 400 ul of-hexane: dichloromethane
solution (80:20; v:v) was subsequently added. The sample was
centrifuged at 12 000 rpm, 4 °C for 10 min. 300 pL of resulting
supernatant were transferred into an insert of a vial. The sample
was spinned again and injected onto the BEH 2-EP column.

2.5. Method validation

At first, the repeatability of peak areas and retention times were
evaluated at three concentration levels for both high resolution and
high speed methods to perform system suitability test (SS5T)
(n = 10). Standard solutions and spiked human serum samples
were used forvalidation of the UHPSFC-MS methods. Both methods
were fully validated in terms of linearity, range, limit of detection
(LOD), lower limit of quantification (LLOQ), upper limit of quanti-
fication (ULOQ), precision, accuracy and matrix effects. For the
determination of linearity, two calibration curves of all analytes
were prepared. Standard calibration curve was prepared from stock
standard solutions in the concentration range 0.001-10 pg mL " for
high resolution method and 0.01-10 pg mL ' for high speed
method using diluting mixture. Matrix calibration curve was con-
structed using human reference serum spiked with all analytes and
treated with PP and LLE procedure in the concentration range
0.01-10 pg mL ! for high resolution method and 0.05-10 pgmL ™!
for high speed method. LOQ was determined as the lowest con-
centration level with 5/N ~ 10 and LOD as S/N ~ 3.

For the method precision and accuracy, spiked human serum
samples treated by LLE were measured in five replicates at four
different concentration levels covering the calibration range: the
LLOQ, within five times the LLOQ (low QC), around 30—50% of the
calibration curve (medium QC) and 75% of the upper calibration
curve range (high QC) according to EMA Guideline on bioanalytical
method validation [46]. Matrix effects were evaluated as the
comparison of standard solutions and human serum samples,
which were first treated with PP and LLE and subsequently spiked
with standard solutions at two concentration levels for all isomers
of vitamin E [47]. Matrix effects were determined at a low (close to
LLOQ) and high (close to ULOQ) concentration level covering the
calibration range according to EMA Guideline on bioanalytical
method validation [46].

3. Results and discussion
3.1. UHPSFC-PDA method development

All 8 isomers of vitamin E are structurally similar compounds
which differ in the number of methyl groups and their position on
the chromanol ring. Due to the equal number of methyl sub-
stituents in a different position and therefore the same m/z ratio of
B- and y-tocopherols and tocotrienols, the separation of these
isomeric forms is the critical point of the method development.
This problem was often observed during LC method development.
Therefore, it was expected also in SFC. To optimize the SFC sepa-
ration, PDA detector was set at a selected wavelength of 290 nm.
Due to the high log P value of vitamin E, the isocratic elution with
97% CO, and 3% MeOH at flow-rate 2.5 mL min~' and column
temperature 50 °C was chosen as primary conditions for the col-
umn screening. Four different stationary phases were tested (BEH,
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BEH 2-EP, CSH PFP and HSS C18). The results are shown in Fg. 2.
CSH PFP stationary phase was not suitable for the separation under
selected conditions due to coelution of two critical pairs -; y-Tand
B-; v-T3 and very low retention (analysis time < 0.8 min) which
confirmed our expectations. Two different coelutions (y-T and p-Ts;
v-T3 and 3-T) were observed also on HSS C18 stationary phase. BEH
stationary phase provided better selectivity, but a coelution of two
analytes (8-T and y-T3) and also very low retention of all analytes
(analysis time < 1.0 min) were observed which is not desirable for
analysis of complex biological matrices. Finally, BEH 2-EP provided
the best selectivity and resolution in 2 min analysis time, Only the
coelution of &-T and BT3 which was less expected was observed
instead of predicted coelution of B- and y-isomers. This column was
selected for further optimization. The sensitivity and repeatability
of this method were verified at this point. However, determined
LOQ (40 pg mL 1) for vitamin E analysis using PDA detector was
insufficient for analysis of vitamin E in biological samples. There-
fore, the transfer from UHPSFC-PDA to UHPSFC-MS was unavoid-
able and further optimization steps were performed on UHPSFC-
MS system.

3.2. UHPSFC-MS method development

3.2.1. Selection of mobile phase modifier, additive and make-up
solvent

Mobile phase composition in SFC-MS is one of the key factor
affecting the peak shape, retention time, selectivity and mass
spectrometry response similarly to LC-MS. Because of tocotrienol
high costs, this large set of experiments was performed only with
tocopherol standards. Due to similar physicochemical properties,
the behaviour of all 8 compounds in terms of MS response was

257

expected to be analogous. Both, tocopherols and tocotrienols, are
non-polar molecules with log P in the range 8—10, pKa typical for
neutral compounds (Fig. 1), and few functional groups possessing
hydrogen bond donor or acceptor properties (1 H-donor group/2-H
acceptor groups). For this reason, the change in retention and
selectivity, respectively, was expected in a lesser extent when
various additives were used. Despite this fact, several additives,
including ammonium acetate (1, 5, 10 and 20 mM), ammonium
formate (1, 5, 10 and 20 mM), and water (1, 2, 5%), were tested to
verify the influence of individual additives on MS ionization and
method sensitivity. To show the results, v-T was selected as a
representative for all tocopherols, as the results for other isomers
were identical.

First, MeOH, which is considered to be a modifier of the first
choice not only due to its strong elution power, but also due to its
cost and availability, was investigated as a co-solvent. The MS
response corresponding to pure MeOH was taken as a reference
(100%) for the scalling of all other mobile phases (Fig. 2A and B).
Subsequently, MeOH and EtOH with different additives were
investigated (Fig. 3A and B). When using pure EtOH as an organic
modifier, the increase in analysis time from 3 min to 5 min (Fig. 3C,
E) was observed. The MS response was similar compared to pure
MeOH as shown in Fig. 3B. Therefore, there was no benefit in using
EtOH as a co-solvent. When using additives in CO,/MeOH mobile
phase no influence on retention time was observed (Fig. 3D, F) even
after significantly long equilibration times (more than 3 h). On the
other hand, the influence to signal intensity (evaluated as both peak
area and S/N) was significant. As shown in Fig. 3A, an addition of
ammonium formate and ammonium acetate led to increase in the
MS response in comparison with pure MeOH. When increasing
concentration of an additive from 1 mM to 10 mM, the response

2
2] 1 BEH 2 BEH 2-EP
34 5+7
5
6+7
8
..
Y
0.00 1.00 2.00 3.00 0.00 1.00 2.00 3.00
Time [min] Time [min]
- 3+4
< =2
CSH PFP < | HSS C18 asE
5+6 6+7
i
12 3 8
78
0.00 1.00 2.00 o6 [min) 300 0.00 1.00 200 gie (min 300

Fig. 2. Column screening to investigate optimal stationary phase for vitamin E analysis. UHPSFC conditions: CO,: modifier (97: 3), column temperature 50 “C, BPR 13.0 MPa, flow-
rate 25 mL min~". (1) a-tocopherol, {2) z-tocotriencl, (3) B-tocopherol, (4) y-tocopherdl, (5) B-tocotrienol, (6) y-tocotrienol, (7) -tocop herol, (8) &-tocotrienol
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Fig. 3. Oprimization of mobile phase composition: Influence of all investigated additives on MS response using (A) MeOH with additives and (B) EtOH with various additives
reported for y-T. TIC chromatograms of tocopherols with (C) MeOH and (D) MeOH + 10 mM ammonium formate, (E) EtOH used as organic modifier and (F) EtOH + 10 mM
ammonium formate. UHPSFC conditions: CO,: modifier (97: 3), column temperature 40 °C, BPR 13.0 MPa, flow-rate 2.0 mL min ', make-up solvent: MeOH, flow-rate 0.3 mL min ™"

was further increased 4 fold and 10—12 fold, respectively. If 20 mM
ammonium acetate or formate was used, the signal of tocopherols
was slightly decreased in comparison with 10 mM buffers. Finally,
the influence of water addition to MeOH modifier was studied. A
significant positive effect (8—10 fold increase of response compared
to pure MeOH) on the signal of the analytes was observed when 1%
of water was added into MeOH. When the concentration of water
increased, the decrease of MS response was observed as is shown in
Fig. 3A. When the additives with the highest response (10 mM
ammonium formate, 10 mM ammonium acetate and 1% water
added to both buffers) were compared, no great difference in MS
responses between chosen additives was found. The same set of
experiments was repeated using EtOH and the same additives
(Fig. 3B). However, no significant difference was observed
compared to MeOH based mobile phases.

Finally, due to the shorter amalysis time, the highest MS
response and still good selectivity, MeOH with 10 mM ammonium
formate (Fig. 3D) was chosen as an organic modifier and additive of
the COz-based mobile phase.

The hyphenation of UHPSFC and MS was implemented via the
pre-BPR flow-splitting with addition of make-up solvent. Various
organic solvents, including MeOH, EtOH and IpOH, addition of
water (2 and 5%) and volatile additives (10 mM ammonium
formate, 0.1% formic acid, 0.1% ammonium hydroxide) on MS
sensitivity were studied. Pure MeOH was taken as a reference
(100%) to compare intensity of response for all tested make-up
solvents.

When MeOH was replaced with EtOH or 1pOH, the MS signal
was reduced for all analytes, typically to 30% of the reference in-
tensity for EtOH, and 10% for IpOH respectively. Consequently,
MeOH with various additives was subjected to further testing.
Surprisingly, the addition of volatile ammonium formate, formic
acid and ammonium hydroxide lead to the decrease of MS response
compared to pure MeOH. Only addition of water provided some
enhancement of MS signal. The addition of 5% water increased the
signal to 180% of reference signal. Therefore, it was chosen as the

most suitable make-up solvent (Fig. 4).

3.22. The influence of mobile phase composition, column
temperature, flow-rate and BPR pressure

In SFC, the analyte retention is not only influenced by the choice
of stationary phase and mobile phase composition, but also by
column temperature and pressure on which mobile phase density
depends. Critical point of CO; is changing when it is mixed with
polar modifier. Therefore, when using organic modifiers, the mobile
phase is not properly in supercritical state but rather in a state
which can be called subcritical [36]. Comparing these states, no
significant difference in the physical and chemical properties has
been described. The organic modifier influences the solvating po-
wer of the mobile phase. The temperature and pressure change can
also influence the solubility of non-polar analytes and thereby the
selectivity and retention time of analytes [36,41,4849].

At first, a concentration of the organic modifier (95—98% of COz)
was finely tuned as the most influencing factor in subcritical state.
The dependence of the retention and co-solvent concentration is
non-linear, with decrease in retention from 0 to 10% of modifier
increase, whatever the polarity of the stationary phase. For lipo-
philic compounds, it was observed that the retention time
decreased with modifier amount increase and after the retention
reached a minimum value, the retention factor increased again
[48,49].

Indeed, in this study, increasing amount of the modifier led to
the analysis time decrease, as only low concentrations of the
modifier were employed. Due to the various polarities of tocoph-
erols and tocotrienols, the change in selectivity was also observed.
Different selectivity was noticed at very low amount of carbon di-
oxide in mobile phase, namely this effect was observed for critical
pair B-Ty and &-T (Fig. 5). The baseline separation of all 8 isomeric
forms was obtained only when 98% or 96% of CO; was used in the
mobile phase and temperature was kept at 40 °C. In other cases the
peaks were not baseline-separated and &-T co-eluted with neigh-
boring peaks. Subsequently, column temperature was investigated
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Fig. 4. Optimization of make-up solvent: influence of organic solvents and additives on MS intensity.
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Fig. 5. SIM chromatograms reporting an influence of mobile phase composition on speed of analysis and selectivity. UHPSFC conditions: CO»: MeOH +10 mM ammonium formate,
column temperature 40 °C, BPR 13.0 MPa, flow-rate 2.0 mL min ", make-up solvent: MeOH +5% H,0, flow-rate 0.3 mL min ™",

in detail. The analysis time was decreased with decreasing tem-
perature (Fig. 6). The critical pair B-T3 and §-T was separated on
baseline at 98% of CO-, in all cases except when the temperature was
decreased to 30 °C when partial co-elution was observed. Similarly,
at 95% of CO,, this coelution was observed already at 40 °C.
Generally, combination of lower temperature and higher concen-
tration of organic modifier were not favourable for the separation of
critical pair p-Tz and &-T.

After this optimization, two promising conditions, 98% of CO; at

40 °C and 95% of COy at 50 °C, allowing separation of all eight
isomers were subjected to further method optimization, where the
influence of BPR and flow-rate were further tested. The flow-rate
for both methods was investigated in the range
1.5—2.0 mL min~ . When the flow-rate value was decreased from
2.0 mL min~' to 1.5 mL min ', the sensitivity was increased typi-
cally by 60% and run time of separation was prolonged by 50%.
Due to different amount of COz and column temperature setting,
the density of mobile phase allowed to test different BPR ranges for
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Fig. 6. Effect of temperature on separation of 8 tocochromanols. Critical pair of co-eluting B-Ts and &-T is highlighted. UHPSFC cond itions: CO»: MeOH -+10 mM ammonium formate
(98:2), 13.0 MPa, flow-rate 2.0 mL min ", make-up solvent: MeOH + 5% H,0, flow-rate 0.3 mL min I

the two promising conditions. Tested BPR range was 13.0—23.4 MPa
and 11.4—13.0 MPa for 98% and 95% CO,, respectively. Generally,
when the BPR pressure was increased, the sensitivity of MS
response was higher and the analysis time was shorter by 40% and

Finally,

20%, respectively, as shown in Fig. 7. No influence on separation
selectivity was observed probably due to the very little change of
analyte solubility in the mobile phase under these conditions [49].
two high-throughput UHPSFC-MS methods were
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Fig. 7. Effect of flow-rate and BPR pressure on separation of 8 tocochromanols. UHPSFC conditions: CO,: MeOH +10 mM ammonium formate (98:2), column temperature 40 °C,

flow-rate 20 mL min~" and 1.5 mL min~" respectively, make-up solvent: MeOH + 5% H,0, flow-rate 03 mL min
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obtained — the high resolution method and the high speed method,
both with analysis time shorter than 5 min. The high resolution
method provided more sensitive analysis and higher resolution
which is more suitable for samples originated from complex
matrices, while the high speed one is suitable for rapid laboratory
screening with still sufficient sensitivity for less complex matrices
or for samples after thorough sample preparation. The high reso-
lution method utilized mobile phase composed from 98% CO, and
2% of MeOH with 10 mM ammonium formate at flow-rate
15 mL min !, column temperature 40 °C, and BPR pressure
23.4 MPa as the best compromise between sensitivity and separa-
tion efficiency. The high speed method was performed at CO:
MeOH with 10 mM ammonium formate (95:5), column tempera-
ture 50 °C, flow-rate 1.5 mL min~! and BPR pressure 13.0 MPa for
the maintaining of separation efficiency and short time of analysis
(Fig. B).

3.3. Optimization of sample preparation step

Due to the solubility of vitamin E in non-polar solvents, LLE was
chosen for the sample pretreatment as the most suitable approach

(A) HIGH RESOLUTION METHOD

146

for the isolation of vitamin E from human serum. As discussed,
tocochromanols are strongly binded on plasma proteins which are
responsible for their transportation and regulation of their level in
plasma [13,14]. Therefore, it was important to release them from
protein binding before the LLE using effective protein precipitating
(PP) agent.

Different volumes of human serum (100 and 200 pL) as a
complex matrix, four organic solvents (ACN, MeOH, EtOH and
IpOH) used as a precipitating agent in volumes of 100 and 200 pL,
various solvents for LLE (hexane, hexane: dichloromethane (80:20,
v:v), hexane: dichloromethane (90:10, v:v) in volumes of 200 and
400 pL and extraction times (5 and 10 min) were investigated in
detail.

ACN and MeOH as the most efficient precipitating agents pro-
vided very low recoveries (10—35%). When EtOH or IpOH were used
as precipitating agents, the recoveries were substantially improved.
100 pL of precipitating agent was not sufficient to break the protein
binding of vitamin E. When sample: precipitating ratio was 1:2
instead of 1:1, the recoveries rapidly increased. When using the
hexane and mixture hexane: dichloromethane (90:10, v: v) the
extraction recoveries were lower (45—65%). Only using 400 uL

(B) HIGH SPEED METHOD
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Fig. 8. Final TIC chromatograms for (A) high resolution and (B) high speed UHPSFC-MS method
Table 2
Peak area and retention time repeatability shown as relative standard deviation (RSD %) for high resolution and high speed method.
a-T B-T ¥-T &-T o-Ty B-T3 Ty BTy
High resolution method RSD (A) [%] 0.01 [pg mL '] 1066 14.95 1256 - - - - -
0,05 [ug mL '] 241 3.77 3.04 8.58 6.12 451 543 7.78
0.5 [pgmL '] 1.66 3.29 4.58 5.37 1.75 112 1.04 2,62
5.0 [ug mL 7] 1.20 227 2.82 6.13 216 114 1.00 217
RSD (I} [%] 0.01 [ug mL ') 0.00 0.00 0.00 - - - - -
0.05 [ug mL ] 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
0.5 [pg mL 7] 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
5.0 [pg mL 7] 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
High speed method RSD (A) [%] 0.05 [ug mL "] 322 - - - - - 5.67 10.37
0.1 [pg mL "] 209 9.09 - - 479 490 3.49 623
0.5 [ug mL 7] 290 477 423 393 2388 249 322 3.01
1.0 [ug mL 7] 1.60 1.35 1.59 R 315 1.48 216 1.91
5.0 [pg mL 1| 131 2.08 2.07 2.0 1.48 198 1.59 195
RSD (i) [%] 0.05 [ug mL '] 024 - - - - - 0.23 0.19
0.1 [pgmL '] 0.00 0.00 - - 0.00 026 0.18 012
0.5 [pg mL 7] 024 0.18 0.16 0.21 0.00 0.14 0.13 012
1.0 [ug mL '] 0.00 0.00 0.16 0.16 0.00 0.00 0.00 0.00
5.0 [pg mL '] 024 0.18 0.00 0.24 0.00 0.00 013 012
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Table 3
Method linearity, LOD, LLOQ and ULOQ for tocopherols and tocotrienols in standard solution and human serum for high resolution and high speed method
o-T B-T y-T o-T %-Ty B-Ts v-Ty &-Ty
High resolution Standard Method linearity [r*] 0.9999 0.9995 0.9996 0.9996 0.9987 0.9990 0.9996 0.9997
method calibration curve LOD [pg mL ] 0.003 0.003 0.003 0.017 0.017 0.017 0.017 0.017
LLOQ [pg mL II 0.01 0.01 0.01 0.05 0.05 0.05 0.05 0.05
ULOQ [pg mL 7] 5.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00
Matrix Method linearity [r%] 09930 0.9952 09954 0.9931 0.9940 0.9955 0.9927 0.9942
calibration curve LOD [pg mL '] 0.083 0.017 0,017 0.083 0.025 0.025 0.083 0,083
LLOQ [pg mL 7| 035 0.05 005 0.25 0.075 0075 0.25 0325
ULOQ [pg mL 1| i 100 10,0 10,0 10.0 10.0 10,0 10.0 100
High speed Standard Method linearity [r] 0.9992 0.9995 0.9998 0.9996 0.9996 0.9996 0.9969 0.9996
method calibration curve LOD [pg mL 1] 0.017 0.033 017 017 0.033 0.033 0.017 0.017
LLOQ [ug mL II 0.05 010 0.50 0.50 0.10 0.10 0.05 0.05
ULOQ [pg mL 7] 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00
Matrix Method linearity [r?] 0.9877 0.9942 09912 0.9914 0.9915 0.9941 0.9935 0.9922
calibration curve LOD [pg mL '] 0.167 0.167 0.25 0.167 0.083 0.083 025 0.083
LLOQ [pg mL '] 0.5 05 075 05 025 035 0.75 035
ULOQ [pg mL 7] 100 10,0 10,0 10.0 10.0 10,0 10.0 100
(A)
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Fig. 9. 5IM chromatograms for human serum spiked with all 8 vitamin E isomeric forms for (A) high resolution and (B) high speed method
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hexane: dichloromethane (80:20, v:v) mixture provided results
with the recoveries in the range 80—120%.

Finally the method with 10 min extraction time using 100 pL of
human serum, 200 pL of EtOH as a precipitating agent and 400 uL of
hexane: dichloromethane (80:20, v:v) mixture as an extraction
solvent provided results with the highest recovery in the range
80—120%. Due to compatibility of final sample solvent with SFC
mobile phase, evaporation and reconstitution of sample before
injection could be omitted and sample could be injected in to SFC
system directly. While previously described extraction methods for
HPLC usually used tens of milliliters of organic solvents (MeQH,
hexane, acetone) for vitamin E extraction [25.26,28,31,32], our
method uses only 400 pL of hexane: dichloromethane mixture for
the tocopherols and tocotrienols extraction from human serum.
Thus, advantages of this new method allow not only shortening of
analysis time and increasing the throughput of samples in a labo-
ratory, but also lead to reduction of organic solvent consumption.
Although hexane: dichloromethane are not green solvents, their
consumption in our LLE procedure remains negligible.

34. Method validation

Initially, the repeatability of retention times and peak areas
expressed as RSD% (n = 10) was evaluated at 4 concentration levels
(Table 2) for both high resolution and high speed methods. RSD for
retention times was <0.1% for high resolution method and <0.3% for
high speed method. RSD for peak areas was <8.5% for high reso-
lution method and <100% for high speed method, which is
adequate for UHPSFC-MS method. Subsequently, the linearity, LOD
and LOQ for standard solutions were determined. The linearity of
both methods was assessed for concentration ranges reported at
Table 3 with coefficient of determination r? better than 0.9969. LOD
an LOQ were determined for S/N = 3 and 10, respectively, the re-
sults are summarized in Table 3.

PP combined to LLE approach for human serum provided good
selectivity and clean-up (Fig. 9). Despite the SIM mode and single
quadrupole was used for the detection, the chromatograms were
interference free and the method provided very good sensitivity.

Table 4

Both UHPSFC-MS methods using PP and LLE as a sample pretreat-
ment approach which enabled to obtain pure extracts of vitamin E
were validated in terms of precision, accuracy, linearity, range, LOD,
LOQ and matrix effects using human serum according to EMA
Guideline on bioanalytical method validation [46]. Methods
showed good linearity expressed as correlation coefficient
2 = 0.9930—0.9955 for all 8 tocochromanols in the different ranges
shown inTable 3. LOQ and LOD (determined for S/N = 3 and 10 and
providing accuracy in the range 80—120% and precision with
RSD < 20%) for all analytes measured by both methods are also
summarized in Table 3. High resolution method provided more
sensitive results in comparison with high speed method. LOQ of
high resolution method was 2—15 times lower than LOQ of the high
speed one. When standard and matrix calibration curves were
compared, the sensitivity of matrix samples was approximately 4
times lower than the sensitivity of standard calibration curve which
corresponded to the sample dilution during the extraction proce-
dure. Thus, no more loss of sensitivity was observed when ana-
lysing complex matrices such as human serum. In comparison with
previously developed methods for the vitamin E determination,
only few methods provided lower limit of quantification which was
due to very sensitive fluorescent detection [26,27,29], and quad-
rupole time-of-flight mass spectrometry detector [23]. The devel-
oped high resolution method provided more sensitive results than
the methods using MS and UV detection mentioned in Table 1. The
developed high speed method provided comparable results with
LC-UV and LC-MS methods reported in Table 1.

Both methods provided very good accuracy and precision (Table
4) within the limits of acceptance required by EMA [46]. The results
were in the range 80—120% for LLOQ (L4) and 85—115% for three
other validation concentration levels (L1, L2, L3) except for one
result from L4 (LLOQ) measured by high speed method (128.4% -
Ts). The method precision was found to be similar to methods re-
ported inTable 1 where the precision was typically better than 15%.
Accuracy of newly developed method was usually in range
86—115% which is also comparable or better than previously pub-
lished methods.

Matrix effects were also evaluated for both methods (Table 5).

Method accuracy and precision evaluated at 4 concentration levels in the linear range for tocopherols and tocotrienols in human serum for high resolurion and high speed

method according to EMA Guideline on bioanalytical method validation.

a-T B-T v-T &-T a-Ts B-Ts v-Ty 6-Ty

High resolution method Concentration levels L1 7.50 7.50 7.50 7.50 7.50 7.50 7.50 750
[ug mL "] (n =5) L2 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
L3 1.00 0.25 0.25 1.00 0.25 025 1.00 1.00
L4 025 0.05 0.05 0.25 0.08 0.08 025 0.25

Accuracy [%] L1 108.0 1028 1065 106.6 96.1 932 96.9 954

L2 114.0 109.7 1139 111.8 97.6 99.4 959 972

L3 1154 88.1 1025 99.2 926 101.4 883 93.6

L4 879 107.9 78.8 95.0 924 105.8 96.7 976

Precision [RSD %] L1 107 43 57 49 4.6 4.0 50 42

L2 73 6.1 78 55 53 5.1 32 4.0

L3 159 52 112 53 93 42 136 83

L4 120 9.0 70 3.7 59 134 11.6 74
High speed Concentration levels L1 7.50 7.50 7.50 7.50 7.50 7.50 7.50 7.50
method [ug mL ~'](n =5) L2 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
L3 1.00 1.00 2.50 1.00 0.75 075 2.50 0.75
L4 0.50 0.50 0.75 0.50 0.25 025 0.75 0.25

Accuracy [%] L1 109.3 107.8 107.2 103.8 9239 103.0 97.0 975

L2 101.7 100.8 1044 104.6 86.2 95.5 89.8 96.9

L3 89.3 849 105.7 87.7 859 873 96.4 94.1

L4 1147 103.0 119.0 102.4 1123 1284 86.9 119.8

Precision [RSD %] L1 53 32 32 22 25 28 3.0 3.7

L2 75 3.9 9.7 19 37 35 57 29

L3 152 6.2 44 6.8 26 55 21.7 33

L4 185 13.8 209 124 32 18 21.0 172
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Table 5

Evaluated matrix effects for alow (L1,1.0 pg mL ') and high (L2, 7.5 ug mL ™"} levels
of concentration for tocopherols and tocotrienols in human serum for high resolu-
tion and high speed method according to EMA Guideline on bicanalytical method
validation.

T [T T &T oTy BTy yTs 6Ty
High resolution L1 137.0 837 129.0 1216 1299 125.6 898 1429

method 12 1044 1064 1090 1191 1120 933 1049 1198
High speed L1 1322 1077 1034 1204 1060 1100 1077 1137
method 12 106.2 1045 1060 1049 1042 108.8 1064 108.0

The range of observed matrix effects was 90—138% for a low con-
centration level (1.0 pg mL '), 93—119% for a high concentration
level (7.5 pg mL~ ') which was fully acceptable. Pairwise compari-
son showed (at the 95% probability level) that the differences be-
tween matrix effects determined for high speed and high resolution
method were not significant. It is an important fact because various
compounds could be eluted in different time during both analytical
methods and influence the signal of analytes of the interest. The
results of ME evaluation and their comparison between two
methods show that the LLE provided appropriate sample clean-up
and prevented matrix effects to compromise the results.

4. Conclusions

The aim of this study was to develop fast, simple and selective
UHPSFC-MS method for the determination of all 8 isomeric forms
of vitamin E. Finally, two selective and sensitive methods involving
high-throughput sample preparation step based on PPand LLE and
fast UHPSFC-MS were optimized and fully validated for quantitative
determination of all tocopherols and tocotrienols in human serum
for the first time. Methods used single quadrupole MS which un-
doubted advantages are price affordability, small size and easy
operation in comparison with most frequently used triple quad-
rupoles. Using additive in mobile phase was beneficial despite
neutral character of compounds and few functional groups pos-
sessing hydrogen-binding donor/acceptor properties.

The high speed method provided the separation with analysis
time of 2.5 min. The high resolution method took 4.5 min and
provided more sensitive analysis than the high speed method. The
high resolution method is more suitable for analysis of complex
matrices due to the longer analysis time and better resolution,
while the high speed method is convenient for rapid screening of
samples containing higher concentrations of vitamin E in samples.
These optimized methods benefit from the combination of LLE and
SFC which are based on using of nonpolar extraction agents in LLE
and COz as a mobile phase. Consequently, there is no need for
evaporation and reconstitution of sample in solvent compatible
with used mobile phase which is often needed in HPLC. Moreover,
the developed methods are suitable for fast screening due to a
significant saving of instrument time, a low consumption of organic
solvents, a need of small sample amount and a high throughput of
samples in laboratory, which is important for routine bioanalytical
laboratories.
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Matrix effect-free UHPLC-MS/MS method was developed and validated for the determination of
cholesterol-lowering lovastatin in food samples represented by Pu-erh tea, oyster mushroom, and red
yeast rice. The resulting method was fully validated in terms of intra-day and inter-day precision,
accuracy, linearity, range, LOD, LOQ, and matrix effects. The matrix effect phenomenon evaluated by
comparison of slopes of calibration curves was completely eliminated by solid-phase extraction based
on the technique of molecularly imprinted polymers (MIPs). Comparison of elution profiles obtained on
the MIP and corresponding control non-imprinted polymer (NIP) showed selectivity of the extraction pro-
cedure. In addition, selectivity of the MIP material and the molecularly imprinted solid-phase extraction
(MISPE) was also proved by experiments evaluating retention of analytes physico-chemically similar to
the target molecule. Extraction recoveries of these analytes represented by estrogen derivatives (estrone,
estriol, 17wa-ethinylestradiol, and B-estradiol) were very low or even null. Synthesis and preparation of
the resulting MIP sorbent was characterized by excellent repeatability expressed as RSD 7.7% (n=9) of
extraction recoveries. The determined capacity of the MIP material reaching 375 ng/mg is sufficient for
analysis of the evaluated statin in its natural sources. Suitability of the resulting MISPE-UHPLC-MS/MS
procedure for real sample analysis was verified by the determination of lovastatin in one dietary supple-
ment based on the red yeast rice with a given amount of the target analyte. Finally, three mushroom and
fifteen tea samples obtained in Czech food stores and tearooms were subjected to analysis. Low or null
amount of lovastatin was found in these samples.
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1. Introduction monly muscle pain, liver damage, and allergic reaction [10,11].

They may also interact with other pharmaceuticals and also food

Statins act as competitive inhibitors of 3-hydroxy-3-methyl-
glutaryl-coenzyme A (HMG-CoA) reductase which represents the
key enzyme of cholesterol biosynthesis [ 1]. All the marketed statins
possess common side chain in the form of 3,5-dihydroxypentanoic
acid which interacts with the HMG binding domain of the active site
of HMG-CoA reductase [2]. Besides hypolipidemic action, statins
are associated with extra-lipid effects such as antitumor activ-
ity, modulation of bone formation, immunomodulation, inhibition
of platelet aggregation, stabilization of atherosclerotic plaques,
restoration of endothelial function, and anti-inflammatory activity
[3-9]. Nevertheless, they cause several side effects, most com-

* Corresponding author.
E-mail address: nol@email.cz (L. Novakova).

http://dx.doi.org/10.1016/j.jpba.2017.03.058
0731-7085/© 2017 Elsevier B.V. All rights reserved.

components [12,13]. Statins exist in lactone (prodrug) and open
hydroxy-acid (active) forms and interconversion between them
occurs both in vivo and in vitro. Therefore, both forms of statins
have to be monitored simultaneously [14,15].

Lovastatin originally manufactured by Merck represents the
first marketed statin that was approved by the Food and Drug
Administration (FDA) in 1987 [16]. It is produced by several fun-
gal species of the genus Trichoderma (Hypocreaceae), Monascus
(Elaphomycetaceae), Penicillium, and Aspergillus (Trichocomaceae)
[17-19]. These fungal species were isolated from traditional fer-
mented Chinese food such as Pu-erh tea and red yeast rice.
Lovastatin producing fungal species were also found in oyster
mushroom (Pleurotus ostreatus).

Pu-erh tea is manufactured from tea leaves of Camellia sinensis
(Linn.) var. assamica (Masters) Kitamura. This large leaf tea species
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originates from Yunnan Province that is located in the south of
China [20]. Popularity of this fermented tea is currently increasing
especially due to the health beneficial effects such as antiobesity,
hypocholesterolemic, and hypolipidemic activities and also due
its unique taste and flavour [21]. According to the post-harvest
processing of tea leaves Pu-erh tea is divided into raw and ripe
type. Raw Pu-erh tea (also known as green Pu-erh and Sheng-
cha) is turned into ripe Pu-erh (also known as black Pu-erh and
Shou-cha) after natural aging including long-term storage. Ripe Pu-
erh can also be prepared directly by microbial post-fermentation
at higher temperature and higher humidity [22]. The long-term
storage, post-fermentation process, and their conditions have a
significant impact on lovastatin content in Pu-erh teas [20,23], It
usually ranges from tens up to hundreds of nanograms per gram of
dried tea leaves [14,20].

Dietary supplements based on red yeast rice extracts were pro-
moted in the late nineties to be efficient in cholesterol reduction
as much as drugs containing statins. Cholesterol-lowering action
is provided by polyketide compounds known as monacolins that
are produced by red mold Monascus purpureus. The main compo-
nent is represented by monacolin K which is actually natural form
of lovastatin [24]. Therefore, due to the content of active ingredi-
ent equal to the Merck’s Mevacor (lovastatin) FDA banned the sale
of a red yeast rice extract Cholestin™ supplied by Pharmenex in
2001 [25]. The amount of lovastatin observed in the red yeast rice
is commonly in the range of hundreds of micrograms and several
milligrams per gram of dried sample [26-28].

Pleurotus ostreatus (Pleurotaceae) (Jacq. ex. Fr, Kummer) repre-
sents a common edible mushroom that is grown all over the world.
This wood-decaying fungus is well known for its health beneficial
activity and also common culinary use. It is characterized by antiox-
idant, antihypercholesterolemic and immunomodulatory effects
[29,30]. Content of lovastatin quantified in Pleurotus ostreatus by
Gunde-Cimerman et al. [31] and Chen et al. [32] ranged from hun-
dreds of micrograms up to milligrams per gram of dried mushroom
samples,

Although LC-MS instrumentation is well-established and
widely used analytical tool in the field of quantitative analysis,
it suffers from a major drawback represented by matrix effects.
The matrix effect phenomenon is caused by co-eluting compounds
that affect the process of ionization of a target analyte in the
ion source of mass spectrometer [33]. Their assessment is usu-
ally performed by qualitative and quantitative approaches such
as post-extraction addition, post-column infusion, and comparison
of slopes of calibration curves [34]. The compounds responsible
for ion suppression or enhancement can be brought from com-
plex matrices of analysed samples, solvents, reagents, and materials
used for sample preparation or solvents, buffers, and additives con-
tained in the mobile phase [35]. Matrix effects can be reduced or
fully removed by several approaches using different mechanisms
which can be applied during all steps of the whole LC-MS anal-
ysis. It includes sample preparation, chromatographic separation,
mass-spectrometric detection, and data evaluation employing var-
ious calibration methods [36]. The use of sample preparation for
matrix effect elimination involves especially selective approaches
[37] such as molecularly imprinted polymers, aptamers, and anti-
bodies. These materials are tailor-made for a selective recognition
of the target analyte in complex matrices. Concerning laboratory
preparation of a material with an ability of selective recognition of
the target analyte in a complex matrix, MIPs mostly represent the
fastest, the easiest, and also the cheapest way.

MIP can be applied in various fields of analytical chemistry such
as binding assays, enantiomer separation in liquid chromatography
or capillary electrochromatography, sensors, and finally, their most
common and also the most advanced use is a sorbent for solid-
phase extraction [38].

The purpose of this work was to develop and validate a selective,
sensitive, and matrix effect-free UHPLC-MS/MS method for the
determination of lovastatin in common food samples represented
by oyster mushroom, red yeast rice, and Pu-erh tea leaves.

2. Materials and methods
2.1. Chemicals and reagents

Lactone forms of lovastatin (LOV) and simvastatin (SV) were
supplied by Sigma-Aldrich (Steinheim, Germany). Open hydroxy-
acid form of lovastatin (sodium salt, LOVa) was purchased from
Cayman Chemical (Ann Arbor, MI, USA) and hydroxy-acid form
of simvastatin (ammonium salt, SVa) from Toronto Research
Chemicals (Toronto, Canada). Acetonitrile and mobile phase addi-
tives (acetic and formic acid), all of them LC-MS grade, were
obtained from Sigma-Aldrich (Steinheim, Germany) as well as
estrogen derivatives (estriol, B-estradiol, 17a-ethiny! estradiol,
and estrone). LC-MS grade water was prepared by Milli-Q reverse
osmosis system (Millipore, Bedford, MA, USA) immediately before
the use. Solvents (methanol, toluene, and dichloromethane) and
reagents (azobisisobutyronitrile, methacrylic acid, and ethylene
glycol dimethacrylate) employed for the synthesis of MIP material
were supplied by Sigma-Aldrich (Steinheim, Germany). In order
to remove inhibitor monomethyl ether hydroquinone (MEHQ),
both methacrylic acid (MAA), and ethylene glycol dimethacrylate
(EGDMA) were distilled under reduced vacuum. In addition, before
thedistillation, EGDMA was washed twice with 10% NaOH solution,
twice with saturated NaCl solution, twice with distilled water, then
dried using anhydrous sodium sulfate and finally filtered. EGDMA,
MAA, and azobisisobutyronitrile (AIBN) were stored in the freezer
until use,

2.2. Instrumentation and analytical conditions

ACQUITY Ultra Performance LC™ system (Waters, Milford, MA,
USA) consisting of binary solvent manager and sample manager
was coupled with Quattro micro™ API benchtop triple quadrupole
mass spectrometer (Waters). All UHPLC-MS/MS analyses were per-
formed using analytical column BEHC18 (50 mm x 2.1 mm, 1.7 jum)
(Waters) and the column was maintained at 40 °C. Analytes were
separated using gradient elution consisted of 0.5 mM ammonium
acetate (AmAc) in water, pH 4 (solvent A) and acetonitrile (solvent
B).The gradient started with 30% of solvent B, increased to 70% over
3.7 min, and in 4,0 min the percentage of solvent B ramped to initial
conditions (30%). The flow rate was set at 0.35ml/min. The chro-
matographic runtime took 5.0 min including equilibration of the
system and the injected volume was 5 pl. Injected samples were
dissolved in a mixture that corresponds to the initial conditions of
the gradient elution. The ESI ion source and ion optics parameters
were optimized and set as follows: capillary voltage 3.0kV in pos-
itive mode of ionization and 2.5kV in negative ionization mode,
extractor voltage 1.0V, hexapole voltage 1.0V, cone voltage 25V
(LOVa,SVa)and 20 V(LOV and 5V), cone gas flow rate 100 I/h, source
temperature 130°C, desolvation temperature 350 °C, and desolva-
tion gas flow rate 600 I/h. Triple quadrupole mass spectrometer was
operating in SRM mode by monitoring the following transitions:
420.9 — 319.2 (LOVa; collision energy: 15eV), 434.9 — 319.2 (SVa;
15€V), 405.2 — 285.2 (LOV; 10eV) and 419.0 — 285.2 (SV; 10eV).
Acid forms of statins were ionized in negative mode while lactone
forms in positive mode. Data were acquired and processed using
MassLynx™ software version 4.1 (Waters, Milford, MA, USA).
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2.3, Standard sotutions

Srock standard solutions of statin lactone forms were prepared
in acetonitrile while the hydroxy-acd forms in the mixture con-
sisting of 0.5 mM AmAc in water, pH 4 and acetonitrile [ 7030, v'v)
to give a solution with a concentration of 1.0 mg/ml. Stock standard
solutions were stored at 4 *C and prepared fresh every two weeks.

2.4, Mushroom, teq, and red yeast rice sample treatment

All the food samples were treated identically as follows: dried
mushrooms, dried Pu-erh tea leaves or red yeast rice were taken
from the bottom, middle, and top of the package, put together,
blended, and rubbed using mortar and pestle to homogenize the
sample. 1 g of the formed homogenized sample was dissolved in
10ml of acetonitrile, sonicated for 30 min, and stirred ar 100 rpm
at room temperature for 24h. The acetonitrile extract (500 wl)
was diluted with buffer (4500 pl) to get a 90/ 10 (0.5 mM AmAc,
pH 4/ACN} micture. 1ml of the resulting sample [without any
other treatment ) was percolated through the MIP sorbent and sub-
jected to optimized molecularly imprinted solid-phase extraction
(MISPE)

2.5, Synthesis and preperation of the MISPE sorbent

MISPE sorbent was prepared by radical polymerization in bulk.
The template molecule [simvastating 1 mM) was weighed in a
7 ml-glass vial (i.d. 20mm) and dissolved in a porogenic solvent.
Subsequently, the functional monomer (MAA; 4mM), the cross-
linker (EGDMA; 20mM), and finally initiator (AIBN: 0.25mM)
were added. When adding each reagent, the formed solution
was thoroughly mixed. The resulting polymerization mixiure was
immediately placed in an ice-bath and purged with nitrogen for
10min. The glass vial containing a magnetic stir bar was sealed
and immersed in a silicon oil bath heated at 65°C and stirred for
24h. The formed block of polymer was crushed, grounded, and
manually sieved to get particles with size between 25-36 pm.
The MIP particles were additionally subjected to sedimentation
{performed in triplicates) using MeOH/H,0 {80/20; vv) mixture
to eliminate the finest particles. 20mg of the MIP material was
packed inta a 1 ml-palypropylene cartridge (Sigma Aldrich, Stein-
ham, Germany) between bwo polyethylene frits (Sigma Aldrich,
Steinheim, Germany). The template molecule was removed by
washing step using acetonitrile. The obtained fractions were ana-
lysed by UHPLC-MS5/MS method to evaluate the presence of the
template. Control of the imprinting effect (i.e. cavity forming) was
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Tabde 1
Conditions wsed for the synibesis of 21l tested MIP materials.
MIP Template Fumctianal Cross-linksr Imitiator Malar ratio Parogenic schvent
molecuds mamsmer
MIP1 Simwastatin MAA BEOMA AIBN aretomitrile
MIF2 Simwastatin MAA ECOMA AIBN dichloromethane
MIF1 Simwastatin MAA ECDMA AlIN tolsens
MIP4 Simwastatin MAA ECDMA AlBN methanal
MIPS Simwastatin A ECDMA AIBN acetonitrile/H, 0 BOR20(wiv)
MIFE Simwastatin MAA BGOMA AIBN methanol|H,0; B0 (uiw)
MIF7 Simwastatin MAA BEOMA AIBN LIE formic acid in acetoaitrilel HyD S0720 (wfv)
MIFE Simwastatin MAA ECOMA AIBN LIE formic zcid in methanolH; 0 BORD (viv)
MIP, b, c Simwastatin MAA ECDMA AlDN QLVE formic acid in acetonitrile
MIFID Simwastatin MAA EGDMA AIBN L% formic 2cid in methanal
MIFL1 Simwastatin MAA EGDMA AIBN 1% foemic acid in acetomitrile

performed by comparing extraction profiles obtained on MIP and
corresponding non-imprinted polymer (NIP) at the same time. The
control NIP material was prepared according to the same proce-
dure as MIP, except that no template molecule was employed for
its synthesis.

26 MISFE procadure

Conditioning of the MISPE sorbent was performed with 2 mil of
ACN and 5 ml of the mixture consisting of 0.5 mM AmAc, pH 4 and
ACH (95/5; wj¥). Samples dissolved in 1 ml of 0.5mM AmAc, pH
AIACN (90 10; wjw) were loaded onto the MIP sorbent. The washing
step was carried out with 4 ml of the micture consisted of 0.5 mM
Amac, pH 4 and acetonitrile (77/23; wiv) Due to the low extraction

observed when evaluating retention of lovastatin in real
samples, the volume of washing mixture was decreased to 3 ml. The
elution step was performed with 1 ml of acetonitrile and the elution
fraction wias evaporated. When necessary to increase sensitivity of
the UHPLC-MS/MS method, the evaporated elution fraction was
10-fold concentrated by reconstitution in lower volume [ 100 ]
instead of 1 ml). After finishing the MISPE procedure, SPE cartridge
wias rinsed with 8 ml of acetonitrile to wash oot the MISPE sorbent.
Then it was filled with mixture consisting of 0.5 mM AmAc, pH 4 and
acetonitrile (95/5; viv) and kept at room temperature until further
use.

2.7. Validation of the MISPE-UHPLC-MSMS method

At first, to perform the system suitability test (55T) repeata-
bility of retention times and peak areas were evaluated at three
concentration levels 5 ng'ml, 50ng/ml, and 500 ng/ml in ten repli-
cates for all four statins. Then lower concentration levels (1 ngfml,
10ng'ml, and 100 ng/ml) were tested for lovastatin. Both standards
solutions and spiked lovastatin-free oyster mushroom, Pu-erh tea,
and red yeast rice samples were employed for validation of the
UHPLC-M5/MS method including the MISPE procedure. Method
validation was performed in terms of linearity, range, intra-day
and inter-day precision, accuracy, LOD, LOC), and matrix effects.
Linearity was established over the range 1 ng/ml-500 ng/ml. Oys-
ter mushroom, red yeast rice, and Pu-erh tea samples spiked with
lovastatin standard at 1 ng/ml, 10ng'ml, and 100 ng/ml were used
for determination of intra-day and inter-day precision and accu-
racy. Limit of quantification (L0} was determined as the lowest
level of calibration curve with 5N -~ 10. Limit of detection {LOD)
wias established as the level with 5/ N ~3. Matrix effects were deter-
mined in oyster mushroom, Pu-erh tea and red yeast rice samples.
Their evaluation was carried out by comparison of the slopes of cal-
ibration curves constructed in the diluent mixture and in the food
matrix treated with and without MISPE procedure. Samples, which
were not subjected to the MISPE procedure, were filtered through

a 022 pm membrane filter before the UHPLC-MS/MS analysis. Six
concentration levels of lovastatin were used for this purpose.

3. Results and discussion

Stability of statins is an important issue to be considered.
Reversible interconversion between the lactone and the open
hydroogy-acid form represents the manifestation of the instabil-
ity. It is mecessary to ensure conditions allowing to avoid this
phenomenon during the whole MISPE-UHPLC-MS/MS analysis ie.
storage of standards, sample preparation, and UHPLC-MS/MS anal-
ysis. Ammonium acetate buffer (pH 4) was used for this purpose.

UHPLC-MS/MS method was developed for determination of
both lovastatin forms to evaluate the suitability of the chosen con-
ditions to avoid the interconversion. Simvastatin was analysed
to monitor the process of elimination of the template from the
MIP material. 5SRM transition of the open hydroxy-acid form of
simvastatin was added to the method to observe the possible inter-
conwersion of the template during the synthesis of the MIP material.
Chromatographic separation of these four statins was based on
UHPLC-MS/MS method published by our research group (VIiEkowi
et al.) [39]. The LC conditions were modified to shorten the separa-
tion time. The resulting LC-M5S chromatogram is shown in Fig. 14
and the SRM transitions in Fig. 1B.

1. Synthesis af MIP sorbent

Simvastatin was chosen as a template molecule for the synthe-
sis of the MIP material due to its physico-chemical properties [ logP
and pKa shown in Fig. 2; predicted by chemicalize com) which are
very close to that of the target analyte. Generally, tens of milligrams
of the template molecule are used to prepare a MIP material, thus,
the affordability has also to be taken into account. Simvastatinis a
semisynthetic analogue of lovastatin and the only structural differ-
ence lies in the substituent represented by methyl group occurring
at C-2 pasition of the 2-methylbutancic acid that is ester-bound
to hexahydronaphthalene ring. The analyte of interest was not
employed for the synthesis of the MIP material in order to avaid
potential false positive results caused by the template bleeding.
To explore the effect of polarity of the porogenic solvent on the
properties of the resulting MIP material, identical reagents were
used for the synthesis of all the MIPs, except the porogenic solvent.
Thus, methacrylic acid was used as a functional monomer, ethylens
glycol dimethacrylate as a cross-linking agent and azobisisobu-
tyronitrile as an initiator of the polymerization. The molar ratio
of 1/4/20/0.25 {templatejmonomer; cross-linker/initiator) was the
same during the synthesis of all the MIP sorbents. Detailed condi-
tions for synthesis of the MIPs are shown in Table 1.

When looking for a most suitable MIP sorbent, selectivity of the
MISPE procedure and retention of the target analyte were studied.
Process of selectivity and retention evaluation is described in the
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Fig. 4. Repeatability of the MISPE procedure in food samples on MIP9a and control NIP9a for lovastatin (100 ng/ml) in oyster mushroom (A), Pu-erh tea (B) and red yeast rice

(C) extracts.

next Section 3.2. MIP1 was prepared based on the procedure pub-
lished by Wang et al.[40] using acetonitrile, Then, dichloromethane
(MIP2) and toluene (MIP3) were employed for synthesis to explore
the effect of non-polar solvent. Subsequently, polarity of the
porogen was increased to induce different interactions, Methanol
(MIP4), acetonitrile/water (80/20; MIP5), and methanol/water
(80/20; MIP6) were used for this purpose. Methanol and water-
organic solvent mixtures were reported to induce interconversion
of statins. Moreover, the interconversion product of simvastatin
was detected when eliminating the template. However, it was
not possible to quantify the product of the interconversion pre-
cisely because sedimentation step partially removing both forms
of template was performed before the template elimination itself
as described in section 2.5, In order to avoid the interconversion
of the template formic acid (FA) was added to the porogenic sol-
vent. Therefore, acidified mixtures acetonitrile/water (80/20, 0.1%

FA; MIP7) and methanol/water (80/20, 0.1% FA; MIP8) were used
for the synthesis. Pure acetonitrile (MIP9) and methanol (MIP10)
acidified with formic acid were also examined. MIP9 provided the
highest retention of lovastatin when employing increasing amount
of organic solvent in the washing mixture, Moreover, only MIP9
showed selectivity between the MIP and the control NIP. Therefore,
the MIP9 was employed for further experiments. Effect of higher
amount of formic acid dissolved in acetonitrile was studied. How-
ever, particles of the formed MIP material (MIP11) were too small.
They completely fell through 25 jLm sieve, and thus MIP11 was not
subjected to further experiments.

3.2. Development of MISPE procedure

At first, the most suitable solvent for sample loading step was
sought. Acetonitrile, dichloromethane, toluene, methanol, water,
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0.5 mM ammonium acetate, pH 4, and their mixtures were tested
for this purpose. When percolating lovastatin dissolved in water
and 0.5 mM ammonium acetate, pH 4, it was fully retained on all
the prepared MIP materials (MIP1-10). When using pure organic
solvents, the target analyte was not retained at all. However, due
to the low solubility of lovastatin in water a certain amount of
organic solvent had to be added to the sample loading mixture,
whose resulting composition was 0.5 mM AmAc, pH 4/acetonitrile;
90/10 (v/v). Ammonium acetate was added due to the stability
reasons. Then, mixtures used for selectivity evaluation and opti-
mization of the washing step were consisted of 0.5 mM AmAc,
pH 4 and increasing content of organic solvents corresponding
to the porogens including acetonitrile, methanol, toluene, and
dichloromethane (85/15, 80/20, 75/25, 70/30, 65/35; v/v). Only
MIP9 provided selectivity when using corresponding NIP as a con-
trol material. Selectivity of the MISPE procedure and acceptable
extraction recovery were observed when percolating mixtures with
ratio 80/20 and 75/25. Then the ratio of 77/23 (v/v) was examined
and finally also chosen as the most suitable one. Regarding sol-
vent for elution, all the mixtures containing more than 60% of ACN
allowed to elute the total amount of the retained lovastatin. Finally,
1 ml of 100% ACN was used for the elution of the target analyte to
speed up the evaporation step. After SPE procedure, the MIP sorbent
was washed with acetonitrile to remove all the matrix components,
filled with the mixture used for conditioning step, and keptat room
temperature until further use.

When optimizing the MISPE procedure open hydroxy-acid form
of lovastatin was also monitored. No traces of this form were
detected during the process. Therefore, these conditions were
found to be suitable in terms of avoiding the interconversion phe-
nomenon of lovastatin. When the standard of hydroxy-acid form
of lovastatin was subjected to the optimized MISPE procedure, its
whole amount was removed during the washing step as demon-
strated in Fig, 3B. It is another manifestation of MISPE selectivity
which, however, represents disadvantage in lovastatin determi-
nation. On the other hand, Yang et al. [14] did not detect the
hydroxy-acid form of lovastatin in Pu-erh tea analysis. Quantifi-
cation of monacolins in products based on red yeast rice showed

that lovastatin (monacolin K) predominated over its interconver-
sion product in most of the analysed samples [28].

Recovery of the MISPE procedure observed in pure acetonitrile
medium was 82% (n=3) as presented in Fig. 3A. However, when
applying the MISPE procedure for the first time in Pu-erh tea, oys-
ter mushroom, and red yeast rice matrices, the obtained recovery
was much lower (55-57%). Based on these results, volume of the
washing step mixture was decreased from 4 ml to 3 ml. Thereafter,
the extraction recovery obtained using the modified MISPE proce-
dure was increased in all three tested matrices to be higher than
88% as shown in Fig. 4.

3.3. Extraction of lovastatin from food samples

Ethyl acetate represents the most frequently used solvent for
lovastatin extraction from food samples. Thus, this solvent was
employed for initial experiments with spiked lovastatin-free food
samples. The formed ethyl acetate extract was subsequently evapo-
rated to dryness, reconstituted in sample loading mixture (0.5 mM
AmAc, pH 4/ACN; 90/10) and subjected to the optimized MISPE
procedure. However, the obtained recovery was too low (<30%).
Therefore, other solvents which also represent common extraction
solvents for lovastatin had to be considered. Acetonitrile was used
as an extraction agent for determination of lovastatin in various
mushrooms by Chen et al. [32]. Finally, acetonitrile was preferred
to methanol, because of its compatibility with the MISPE proce-
dure. However, no significant improvement was observed when
using acetonitrile in the same experiment as ethyl acetate. The dry-
ing step, high complexity of the real samples, and low content of
organic solvent in the MISPE sample loading mixture appeared to
be critical for the reconstitution of the dried extracts. Therefore, the
formed acetonitrile extract was directly diluted with 0.5 mM AmAc
buffer to form a sample that may be loaded onto the MIP sorbent
without any other treatment. This procedure did not cause any loss
of extraction recovery. To overcome the decrease in sensitivity of
the UHPLC-MS/MS method caused by sample dilution, the evapo-
rated elution fraction of the MISPE procedure was concentrated by
reconstitution in lower volume (100 .l instead of 1 ml).
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Fig. 7. Structures of estrogens used for additional evaluation of selectivity of the MISPE procedure.

3.4. Repeatability of the MIP procedure and repeatability of the
MIP sorbent synthesis

The optimized MISPE procedure was characterized by very good
repeatability expressed as RSD of the extraction recovery observed
in standard medium (4.6%; n=3) as presented in Fig. 3A and also in
real media (<5%; n=3) as showed in Fig. 4, To evaluate repeatabil-
ity of the synthesis and preparation of the resulting MISPE material,
three different MIP sorbents were synthesized using the same pro-
cedure at three different days within two months by two different
analysts. Then, three SPE procedures were performed on each of
these three different MIPs (MIP9a, MIP9b and MIP9c). The MIP9
showed excellent repeatability of synthesis expressed as RSD value
7.7% (n=9)of extraction recoveries evaluated in standard sample as
demonstrated in Fig. 5. These experiments also revealed more non-
specific interactions involved in MISPE extraction as the control
NIP sorbents synthesized in triplicates showed increased extraction
recovery of lovastatin.

3.5. Determination of capacity of the MIP sorbent

Capacity of the MIP sorbent was determined to assess its
applicability in real sample analysis. The capacity represents the
maximum amount of lovastatin that can be retained on the MIP

material under optimized conditions without any decrease of
extraction recovery when washing the sample. 1ml of sample
containing increasing concentration (50, 100, 500, 1000, 2500,
5000, 7500, 10 000 and 20 000ng/ml) of lovastatin was perco-
lated through the MIP sorbent (20 mg of material) to determine
its capacity. Elution fractions of the higher concentrations had to
be diluted to fit into the linear range of the UHPLC-MS/MS method.
The curve plotted in Fig. 6 shows a linear part up to 7.5 jLg when
employing 20 mg of MIP material. Therefore, the resulting maxi-
mum capacity of the MIP material for lovastatin is 375 pg/g. The
maximum amount of lovastatin observed in food samples is in the
range of units of milligrams. As the food samples are subjected to
acetonitrile extraction resulting in 10-fold dilution, the obtained
capacity is sufficient for analysis of lovastatin commonly contained
in tea, mushroom and red yeast rice samples. Anyway, samples with
higher amount of lovastatin exceeding capacity of the MIP sorbent
need to be subjected to a dilution because of linear range of the
UHPLC-MS/MS method.

3.6. Selectivity of the MISPE procedure

Selectivity of the MISPE procedure was evaluated by comparing
elution profiles obtained on MIP and on the control NIP, As pre-
sented in Fig. 3A, the resulting MIP material was characterized by
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Fig. 8. Evaluation of matrix effects in oyster mushroom (A), Pu-erh tea (B) and red yeast rice (C) extracts by comparing slopes of calibration curves constructed in diluent

mixture and in extracts before and after MISPE procedure.

Table 2
Validation of the MISPE-UHPLC-MS/MS in all three tested food matrices.
Intra-day precision RSD (%) Inter-day precision RSD (%) Accuracy (%)
1ng/ml 10ng/ml 100 ng/ml 1ng/ml 10ng/ml 100 ng/ml 1ng/ml 10ng/ml 100 ng/ml
Pu-erh tea 7.1 34 3.2 13.1 9.2 5.1 105.6 94.2 94.2
Qyster mushroom 5.5 6.8 38 124 11.3 9.9 126.0 97.8 89.3
Red yeast rice 42 32 25 11.2 48 6.5 1258 105.7 87.0

the ability to selectively recognize the target analyte. Extraction
recoveries were 82% (RSD 4.6%; n=3) obtained on the MIP and
32% (RSD 17.0%; n=3) on the NIP. The elution profile of the con-
trol NIP material pointed on non-specific interactions taking part
during the lovastatin retention, To confirm the selectivity of the
MISPE procedure another approach was employed. Retention of
different molecules characterized by close lipophilicity and acid-
ity to the target analyte was studied. Estrogen derivatives were
chosen for this purpose (Fig. 7, predicted by chemicalize.com):
estriol, p-estradiol, 17a-ethinylestradiol, and estrone. Elution frac-
tions obtained using the MISPE procedure (n=3) developed for
lovastatin were subsequently analysed by UHPLC-MS/MS method
for the determination of estrogen steroids developed and vali-
dated by our group. BEH Phenyl (1.7 pm; 2.1 x 50 mm) stationary
phase and mobile phase consisted of ACN and 0.01% NH4OH solu-
tion were employed for chromatographic separation. Estriol was
completely eliminated from the MIP sorbent during the MISPE pro-
cedure. Extraction recoveries of both [3-estradiol and estrone were
lower than 15% while 17a-ethinylestradiol was retained much
more (43.8%, RSD=7.6%). Extraction recovery obtained on NIP for
lovastatin was close to that of 17a-ethinylestradiol on MIP, Thus,
these results suggest that the MISPE procedure is selective for lovas-
tatin.

3.7. Validation of the MISPE-UHPLC-MS/MS method, matrix
effects, and clean-up efficiency

At first, repeatability of retention times and peak areas were
evaluated at three concentration levels (5ng/ml, 50 ng/ml, and
500 ng/ml)to performsystem suitability test (SST). [t was expressed
as RSD (%) of ten measurements of the mixture of four statins.
RSD of retention times was <0.2%, RSD of peak areas was <3.9%
in the case of lactone forms, and <8.9% for the hydroxy-acid forms
of statins. Due to the low amount of the target analyte observed in
preliminarily examined food samples, it was necessary to evaluate
also lower concentrations of lovastatin, Therefore, SST experiments
were executed for lovastatin at 1ng/ml, 10 ng/ml, and 100 ng/ml
to evaluate the suitability of the UHPLC-MS/MS method. RSD of
retention times was <0.2% and RSD of peak areas <4.3% for lovas-

tatin observed at all three tested concentration levels. The resulting
UHPLC-MS/MS method was validated in terms of linearity, limit of
detection (LOD), and limit of quantification (LOQ) for all four statins
whereas intra-day and inter-day precision, accuracy, and matrix
effects were evaluated only for lovastatin. The resulting method
provided excellent linearity expressed as correlation coefficient
r2>0,9990 in the range of 1-500 ng/ml for simvastatin, lovastatin
and their interconversion products. LOQ was 1ng/ml for lactone
forms and 5 ng/ml for open hydroxy-acid forms of statins, and LOD
0.3ng/ml and 1.5 ng/ml, respectively. Results of the experiments
evaluating intra-day and inter-day precision and accuracy in Pu-erh
tea, oyster mushroom, and red yeast rice are shown in the Table 2.

Matrix effects were evaluated by comparing the slope of cali-
bration curve constructed in the diluent mixture with the slopes
of calibration curves that were prepared by spiking the extracts
of food matrices with increasing concentration level of lovastatin
(1, 5, 10, 50, and 100 ng/ml), The first extract was treated by the
MISPE procedure and the second one was only percolated through
PTEFE filter (0.22 j.m). All the extracts without MIP treatment were
affected by ion suppression and the deviation between the cali-
bration curve slopes was in the case of red yeast rice 47% and 49%
(one red yeast rice sample measured twice), oyster mushroom 16%
and 11% and Pu-erh tea 17% and 15% (two different sample were
measured), The examples of calibration curves constructed in food
extracts are shown in Fig. 8. The matrix effects observed in all the
studied food extracts treated by MISPE procedure were negligible.
They were decreased under 5% in all three examined matrices as
shown in Fig. 8.

3.8. Determination of lovastatin in food samples

Lovastatin was analysed in three dried oyster mushroom and fif-
teen Pu-erh tea samples that were bought in Czech food stores and
Czech tearooms. The analysed mushroom samples were grown in
the Czech Republic and no trace of lovastatin was detected, Regard-
ing determination of lovastatin in Pu-erh tea, both raw and ripe
and loose leaf and compressed forms were analysed, altogether 15
samples. Lovastatin was detected in four Pu-erh tea samples on
and below LOQ. Limit of quantification of the method was 1 ng/ml
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(i.e. 10 ng/g dry weight; because of the dilution by extraction sol-
vent). Popularity and consumption of Pu-erh tea is getting higher
worldwide. Therefore, it is very difficult to meet the demand for this
special tea type when preparing it by traditional time consuming
procedure. The unique flavour, taste, and also compound compo-
sition are formed during the storage that takes several years. To
circumvent this time issue new procedures of Pu-erh tea manu-
facturing lasting only tens of days were developed. Nevertheless,
the resulting tea differs from that prepared by traditional method.
These facts could be the reason of the null or low amount of lovas-
tatin in the tested samples. Moreover, positive effect of long-term
storage on lovastatin content was demonstrated by Zhao et al.
[20]. Dietary supplement containing red yeast rice powder was
subjected to the determination of lovastatin to confirm the suit-
ability of the resulting MISPE-UHPLC-MS/MS method. The declared
amount of lovastatin (5mg) was found in the sample. Because
the MISPE-UHPLC-MS/MS method was developed and optimized
to determine low amount (nanograms) of lovastatin, the dietary
supplement had to be diluted to fit into the linear range of the
UHPLC-MS/MS method.

4. Conclusions

Reliable, selective, sensitive and matrix effect-free
UHPLC-MS/MS method was developed and validated for deter-
mination of lovastatin in food samples. Sample preparation step
involved SPE extraction based on the molecularly imprinted
polymers. MIP material brought important selectivity into this
process, which is in great demand particularly for LC-MS analysis
due to occurrence of matrix effect phenomenon, High repeatability
of the MISPE procedure alongside with the complete matrix effect
elimination allowed to reduce costs of the whole analysis because
of no need for stable isotopically labelled internal standards and
reusability of the MISPE sorbent. Synthesis of the MIP material was
characterized by very good repeatability expressed as RSD=7.7%
(n=9) of three extraction procedures that were performed on
each of three different MIP sorbents prepared according to the
same procedure within two months by two different analysts. The
selectivity of the MISPE procedure was evaluated by comparing
the elution profiles obtained on the MIP and on the corresponding
control NIP. In addition, experiments with estrogen derivatives
proved the selectivity of the resulting MIP sorbent in a different
way. The determined capacity is sufficient for determination of
lovastatin that is commonly found in food samples. The opti-
mized MISPE procedure showed its efficiency in purification of
the real matrix, Matrix effects evaluated by comparing slopes
of the calibration curves were completely eliminated. Oyster
mushroom and Pu-erh tea samples analysed by the resulting
MISPE-UHPLC-MS/MS showed null or very low lovastatin amount,
Suitability of the whole procedure was confirmed by analysis of a
dietary supplement with declared amount of lovastatin.
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