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An Optimized HPLC-DAD Methodology for the Determination
of Anthocyanins in Grape Skins of Red Greek Winegrape
Cultivars (Vitis vinifera L.)
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Abstract: A rapid and simple HPLC-DAD analytical method was developed and optimized for
the determination of anthocynanins in three red Greek winegrape varieties (Kotsifali, Limnio, and
Vradiano). The critical parameters, such as the acidifying solvent and the extraction temperature,
which affect the extraction of anthocyanins from the grapes, were studied to find the optimum values.
The developed methodology was validated in terms of selectivity, linearity, accuracy, and precision
and presented satisfactory results. The limits of quantification (LOQs) ranged between 0.20 mg/kg
to 0.60 mg/kg, and the limits of detection (LODs) ranged between 0.06 mg/kg and 0.12 mg/kg.
The RSD% of the within-day and between-day assays were lower than 6.2% and 8.5%, respectively,
showing adequate precision. The accuracy ranged between 91.6 and 119% for within-day assay
and between 89.9 and 123% for between-day assay. Sixteen samples from the main regions of each
variety as well as from the official ampelographic collections of Greece were collected during the 2020
growing season and were further analyzed by HPLC-DAD. Notable differences in the anthocyanin
content were detected among the cultivars using hierarchical cluster analysis (HCA).

Keywords: anthocyanins; HPLC; hierarchical cluster analysis; positive environmental footprint;
Greek grape varieties; Vitis vinifera

1. Introduction

Phenolic compounds constitute a ubiquitous group of natural pigments from the
flavonoid family widely distributed in fruits. These polyphenolic compounds are glyco-
sides of polymethoxy and polyhydroxy derivatives of the 2-phenylbenzopyrylium or the
flavylium ion [1]. The aglycone forms constitute the group of anthocyanidins. The most
common anthocyanidins are delphinidin, cyanidin, malvidin, petunidin, peonidin, and
pelargonidin. Grapes are rich in anthocyanidins with the exception of pelargonidin. Grape
anthocyanidins belong to a diverse group of compounds called “secondary metabolites”,
which are synthesized principally as a plant adaptation to abiotic or biotic stresses, but
which are also crucial for the quality of red wines, namely wine color intensity, hue, and
stability.

Anthocyanins are located in the skins of grape berries, starting their accumulation at
the veraison stage, a short lag phase separating two distinct periods of berry development:
an initial phase characterized by rapid cell division and expansion in green berries and a
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second phase of growth by active solute accumulation, corresponding to grape ripening, at
the end of which the anthocyanins reach their maximum levels. Thus, anthocyanins are
important indicators in the determination of the harvest date.

Several agricultural factors exert a significant effect on the levels of grape anthocyanins.
Natural factors such as the topography, soil, and climate of a vineyard location are reported
to have a measurable impact on grape and wine color, mostly associated with their ability
to induce different levels of vine growth and yield [2]. Seasonal operations (e.g., pruning,
canopy manipulation, irrigation, fertilization, floor management) also affect the levels of
anthocyanins by adapting the thermal and light conditions in the vine canopy [3]. However,
genotype is the main factor differentiating the anthocyanin content of grapes and wines
since the natural levels in berry skins are highly variable among Vitis vinifera cultivars.
Furthermore, the profile of anthocyanins (relative abundance of individual anthocyanins,
ratio of di-oxygenated vs. tri-oxygenated side-ring forms, ratio of acylated vs. non-acylated
derivatives, etc.) is also variable among grapevine varieties [4,5]; therefore, it can be
used as a chemotaxonomical criterion to establish differences between Vitis vinifera grape
varieties [6] or other Vitis species [7].

The chemical characterization of grapevine cultivars is particularly important for the
protection of minority varieties and the conservation of genetic diversity within the Vitis
vinifera germplasm, which is endangered due to the generalized use of a small number of
grape varieties in the international wine market [8]. Characterization and utilization of
these varieties could also satisfy the increasing demand for new styles of wines by wine
consumers [9]. Moreover, the profile of anthocyanins has technological and organoleptic
repercussions on the winemaking process since it affects the intensity and stability of
the red color in wine [10,11]. Color intensity increases with the number of substituted
groups on the B-ring (di-oxygenated forms are redder while tri-oxygenated shift to blue)
and with the replacement of hydroxyl by methoxyl groups (i.e., malvidin has the darkest
color). Methoxylated anthocyanins (malvidin and peonidin) are also more stable than
hydroxylated ones to environmental and viticultural factors [12]. Thereby, both the levels
and the relative proportion of different anthocyanins in grape skins can confer distinctive
characteristics to the produced wines depending on the cultivar; therefore, obtaining
knowledge of the anthocyanic identity of each variety can provide a tool for applying
the most appropriate agronomic and oenological techniques to maximize the varietal
expression of the produced wines.

The determination of the anthocyanin content of grapes is a critical topic of the agricul-
tural sector. Their bioactive content could be used as a chemical fingerprint in authenticity
studies. Thus, there is a prominent need for the development of efficient, sensitive, and
cost-effective analytical methodologies that could be applied in the determination of antho-
cyanins in grapes. In the literature, liquid chromatographic methods coupled to various
detectors such as diode array (DAD) [13], fluorescence (FLD) [14], and mass spectrometric
detectors (MS) [15] have been widely used in the analysis of anthocyanins [16]. Sample
preparation is the first and most critical step of the analysis process. The applied extrac-
tion protocols have already been reviewed [13]. Solid-liquid extraction (SLE) is the most
common technique used in the isolation of anthocyanins. According to the literature,
extraction is commonly carried out using acetone or acidified methanolic solutions [13,17].
The optimal extraction conditions differ among the various plant materials since the effi-
ciency of the extraction is affected by several parameters such as the type of the matrix, the
chemical nature of the sample, the solvent used, the agitation method, the extraction time,
the acidifying agent, and the temperature [17,18].

Greece is the cradle of a highly diverse grapevine genetic pool with more than 300
indigenous V. vinifera varieties, and most of them are confined in specific geographical areas.
To the best of our knowledge, there have been few reports on the individual anthocyanin
composition of Greek varieties [19,20]. In this study, we optimized the critical parameters
of the extraction protocol for the investigation of the anthocyanin composition of three red-
skinned indigenous varieties originating from different areas of Greece, namely ‘Kotsifali’,
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cultivated in the area of Heraklion in Central Crete island, “Vradiano’, cultivated in Evia
(the second biggest island of Greece) in Central Greece, and ‘Limnio’, an ancient variety of
North Aegean Sea cultivated in the island of Limnos and in the peninsulas of Chalkidiki
in North Greece. To achieve this goal, a novel HPLC-DAD method was developed and
validated for the determination of anthocyanins.

2. Results and Discussion
2.1. Optimization of Extraction Parameters

Different extraction systems have been proposed for the isolation of anthocyanins from
the matrix [21-23]. Ultrasound-assisted extraction (UAE), microwave-assisted extraction
(MAE), and supercritical fluid extraction (SFE), among others, have been reported for the
extraction of anthocyanins from plant matrices. Among them, UAE has gained popularity
owing to its high efficiency, rapidity, and low solvent consumption [24]. Even though UAE
has been shown to increase the extraction yield of anthocyanins, it is difficult to establish a
consistent extraction protocol for all the plant matrices since these analytes exist in various
concentrations depending on the species/cultivar [25] and thus the extraction parameters
have to be adjusted to the matrix under study. According to the literature, acetone has
resulted in higher recoveries of anthocyanins [26]. The use of aqueous mixtures of acidified
solvents has been shown to stabilize the anthocyanins [27]. In order to find the optimum
parameters to increase the efficiency of the extraction, the most important factors such as
the acidity of the solvent and the temperature during the extraction were optimized [17]
using the One Variable at a Time (OVAT) approach [28]. For the optimization experiments,
approximately 14 mg of freeze-dried grape skin was weighted in 2-mL dark Eppendorf
tubes according to Pinasseau et al. [21]. During the extraction, the efficiency of the following
mixtures was evaluated: (a) 0.05% trifluroacetic acid (TFA) in acetone:water (70:30, v/v); (b)
0.1% TFA in acetone:water (70:30, v/v); (c) 0.05% HCIl in acetone:water (70:30, v/v); (d) 0.1%
HCl in acetone:water (70:30, v/v). The extraction system with the highest recovery rate
was selected as the optimum. The second parameter that was optimized was the extraction
temperature after evaluating the efficiency of the extraction at 4 °C, 25 °C, and 60 °C.

2.1.1. Acidifying Solvent

The effects of acidifying the extraction solvent with 0.05% TFA, 0.1% TFA, 0.05% HCI,
and 0.1% HCI were evaluated. According to the results presented in Table 1, the calculated
recoveries ranged between 89.3 and 116.2%, showing that all the acidifying solvents tested
could be successfully used for the extraction of anthocyanins from the grapes. The efficiency
of using HCl as an acidifying solvent has already been shown [24,29,30]. The low pH of the
extraction favors anthocyanins’ extraction [26], and the findings of this work suggest that a
pH over the range 1-2 is satisfactory for the extraction of anthocyanins both for HCI and
TFA. To prevent degradation via hydrolysis, 0.05% TFA was chosen as the optimal acid for
the extraction.

Table 1. Recovery (%) of anthocyanins extracted with different acidified solvents.

Acidifier %R Dlp %R Cyn %R Pt %R Pn %R Mlv
0.05%TFA 91.0+ 14 915+ 1.0 101.5 £ 14.6 97.7 + 44 99.0 £0.2
0.1%TFA 919 +20 914+ 14 931412 99.5+21 101.1 £33
0.05%HCl 110.8 + 14.8 1049 +12.2 111.3 £ 11.7 116.2 £16.9 114.8 £13.6
0.1%HCl 89.3 +5.8 87.5+27 954+ 3.5 96.3 +0.2 98.5 +2.8

Dlp: delphinidin-3-O-glucoside; Cyn: cyanidin-3-O-glucoside; Pt: petunidin-3-O-glucoside; Pn: peonidin-3-O-
glucoside; Mlv: malvidin-3-O-glucoside

2.1.2. Extraction Temperature

Another critical parameter that has been demonstrated to affect the anthocyanin
extraction yield is the temperature. Three extraction temperatures (4 °C, 30 °C, and 50 °C)
were tested, and the extraction recoveries of the anthocyanins are presented in Table 2.
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According to literature data, the elevated temperatures during the extraction increase the
extraction yield, and 50 °C has been selected as the most appropriate temperature in many
works; however, this was not the case in our work. Interestingly, the proposed extraction
protocol is independent of the extraction temperature, as the extraction recoveries were
acceptable, ranging between 88.5% and 104.9% in all cases [17]. The results showed that
the temperature does not affect the extraction efficiency. To avoid decomposition [31],
the lowest extraction temperature of 4 °C was selected as the optimum to conduct the
experiments.

Table 2. Recovery (%) of anthocyanins extracted at different temperatures.

Temperature Dlp Cyn Pt Pn Mlv
4°C 979 +£13 101.6 +£ 1.0 102.6 4.7 93.8 £4.4 99.8 £0.2
30°C 90.0 £ 6.6 91.6 £5.2 88.5+7.6 96.4 +2.2 91.7 £ 54
50 °C 98.6 £0.9 1049+ 3.0 99.2 +0.6 104.0 £22 99.1+0.6

Dlp: delphinidin-3-O-glucoside; Cyn: cyanidin-3-O-glucoside; Pt: petunidin-3-O-glucoside; Pn: peonidin-3-O-
glucoside; Mlv: malvidin-3-O-glucoside.

2.2. Method Validation Results

The optimized HPLC-DAD methodology was validated to assess the anthocyanin
content of the grape skins, and all the analytical parameters, including the calibration
curves, linear range, the coefficients of determination (rz), accuracy and precision, limits
of detection (LODs), and limits of quantification (LOQs), are presented (Tables 3-5). The
calibration curves were all linear over the range LOQs—20 mg/kg with an 12 above 0.99,
proving that they can be used for the quantification of the anthocyanins. The LOQs were
found to range between 0.20 mg/kg to 0.60 mg/kg, while the LODs were relatively low,
with a range from 0.06 mg/kg to 0.20 mg/kg (Table 3). The RSD% of the within-day (1 = 6)
and between-day assays (1 = 3 x 3) were lower than 6.2% and 8.5%, respectively, showing
adequate precision. The accuracy was assessed by means of the relative percentage of
recovery (%R) at low, medium, and maximum concentration levels of 0.5, 5, and 20 mg/kg,
and the results were acceptable over a range of 91.6-119% for the within-day assay (1 = 6)
(Table 4) and from 89.9 to 123% for the between-day assay (n = 3 x 3) (Table 5).

Table 3. HPLC-DAD validation parameters.

Compound Calibration Linear range 2 LOD LOQ
Equation (mg/kg) (mg/kg) (mg/kg)

Dlp y =72,031.3x — 8267 LOQ-20 0.996 0.12 0.40

Cyn y =77,893.6 x — 6868 LOQ-20 0.999 0.10 0.30

Pt y =73,634.8x + 2305 LOQ-20 0.999 0.18 0.60

Pn y = 68,782.6x + 1053 LOQ-20 0.999 0.06 0.20

Mlv y = 55,442x + 1895 LOQ-20 0.999 0.10 0.30

Dlp: delphinidin-3-O-glucoside; Cyn: cyanidin-3-O-glucoside; Pt: petunidin-3-O-glucoside; Pn: peonidin-3-O-
glucoside; Mlv: malvidin-3-O-glucoside.

Table 4. Repeatability results of the method estimated as recoveries (%R, n = 6) for the studied
anthocyanins at three fortification levels.

Low Medium High
Compound Concentration %RSD Concentration %RSD Concentration %RSD
(%R, n=3 x 3) (%R, n=3 x 3) (%R, n=3 x 3)
Dlp 114 3.9 112 7.4 106 4.8
Cyn 105 7.5 96.7 79 91.6 7.3
Pt 113 6.5 111 6.5 106 6.2
Pn 119 6.2 118 5.8 107 7.1
Miv 118 8.4 116 7.4 108 5.4

Dlp: delphinidin-3-O-glucoside; Cyn: cyanidin-3-O-glucoside; Pt: petunidin-3-O-glucoside; Pn: peonidin-3-O-
glucoside; Mlv: malvidin-3-O-glucoside.



Molecules 2022, 27,7107

Table 5. Intermediate precision results of the method estimated as recoveries (%R, n =3 x 3) for the
studied anthocyanins at three fortification levels.

Low Medium High
Compound Concentration %RSD Concentration %RSD Concentration %RSD
(%R, n=3 x 3) (%R, n=3 x3) (%R, n=3 x3)
Dlp 120 7.3 114 2.4 111 44
Cyn 114 5.0 94.7 2.3 89.9 3.8
Pt 118 47 107 3.1 110 6.1
Pn 103 9.6 119 41 123 14
Mlv 115 41 120 6.8 117 4.4

Dlp: delphinidin-3-O-glucoside; Cyn: cyanidin-3-O-glucoside; Pt: petunidin-3-O-glucoside; Pn: peonidin-3-O-
glucoside; Mlv: malvidin-3-O-glucoside.

2.3. Grape Sample Analysis
2.3.1. Identification of Anthocyanins

Sixteen grape samples belonging to the varieties ‘Kotsifali’, ‘Limnio’, and “Vradiano’
were analyzed in triplicate (n = 3), and five anthocyanins were determined in all samples.
The retention times (RTs) as well as the maximum wavelengths (Amax, nm) for each
compound are reported in Table 6. Figure 1 presents a characteristic chromatogram of a
real spiked sample at a 1 mg/kg concentration level. Supplementary Figure S1 details the
comparison of the different non-spiked chromatograms of the studied grape varieties. All
the anthocyanins appeared in all of the studied samples with notable differences in terms
of the concentration but also the ratio between them as a characteristic of each variety.

Table 6. Chromatographic retention times and maximum wavelengths of anthocyanins.

Compound RT A max (nm)
Dlp 14.3 516
Cyn 15.7 510

Pt 16.8 543
Pn 18.1 512
Mlv 18.8 520

Dlp: delphinidin-3-O-glucoside; Cyn: cyanidin-3-O-glucoside; Pt: petunidin-3-O-glucoside; Pn: peonidin-3-O-
glucoside; Mlv: malvidin-3-O-glucoside
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Figure 1. Characteristic chromatogram of a real sample spiked at 1 mg/kg concentration level,
monitored at 520 nm.
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2.3.2. Quantification Results

Significant differences in anthocyanin content were found between varieties, as each
one has a specific set of anthocyanins that characterizes it [32]. This heterogeneity is mainly
due to the effect of genotype [20]. In total, five anthocyanins were separated and quantified
by the HPLC method in all samples, namely the glycosylated derivatives of delphinidin
(Dlp), cyanidin (Cyn), petunidin (Pt), peonidin (Pn), and malvidin (Mlv). Apart from the
five standard anthocyanins, another two peaks were detected. According to available
literature [33-36], as the corresponding standards were not available, these two compounds
should be malvidin-3-O-glucose acetate and p-coumarate, respectively.

Malvidin was by far the predominant anthocyanin in ‘Limnio” grape samples, which
is in agreement with several published studies about indigenous Greek varieties [4,7,37,38].
The quantitative determination of ‘Kotsifali” and “Vradiano’ varieties showed that Mlv was
equally important with Pn (Figure 2). Moreover, in the study of the Portuguese variety
Alvarilhao [34], Mlv had a similar content to Pn. Two of the three varieties had comparable
levels of Mlv (‘Kotsifali” and ‘Vradiano’), while the ‘Limnio’ variety appeared with up
to two-times higher concentration (8.25-12.7 mg/100 g fresh weight (f.w.) in ‘Kotsifali’,
6.94-23.2 mg/100 g f.w. in ‘Limnio’, and 6.15-10.1 mg/100 g f.w. in “Vradiano’ grapes).
According to the total anthocyanin quantification results that are graphically illustrated
in Figure 3, the highest total anthocyanin concentration was observed in grape samples
belonging to the ‘Kotsifali’ variety (49.2 mg/100 g f.w.), while the lowest was observed in
samples belonging to the ‘Limnio’ variety (8.92 mg/100 g f.w.).

Dlp Cyn Pt
6 12 4
S 10 3 T
é” 4 § 8 "r o X
= - S 2
» 3 I 6 -
£ g X E L
; : i B =
: ==
® et
0 0 0 o o .
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S ﬁ °
Kotsifali Limnio Vradiano Kotsifali Limnio Vradiano

Figure 2. Box and whisker plots for the concentrations of Dlp; Cyn; Pt; Pn; Mlvin red grapes belonging
to ‘Kotsifali’, ‘Limnio’, and “Vradiano’'.
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Figure 3. Total anthocyanin content (sum of individual anthocyanins + SD) in red grapes of ‘Kotsifali’
(marked in purple), ‘Limnio’ (marked in yellow), and ‘Vradiano’ (marked in green).

Upon analyzing each monoglucoside separately, Cyn exhibited the lowest mean
content (0.33 mg/100 g f.w. for ‘Limnio” and 0.81 mg/100 g f.w. for “Vradiano’) followed by
Dlp (0.60 mg/100 g f.w. in ‘Limnio” and 0.87 mg/100 g f.w. in “Vradiano’). The exception
was the variety of ‘Kotsifali’, which presented a remarkably high concentration of Cyn when
compared to the other varieties (4.93 mg/100 g f.w.). On the contrary, in ‘Limnio” grapes,
all anthocyanins except of Mlv had a small contribution to the total pool of anthocyanic
content, while “Vradiano’ displayed an intermediate profile. All of the above are presented
in detail in Table 7. These results are in agreement with previous findings for some of these
varieties [36,39], except for ‘Vradiano’, a rare red grape, which has never been analyzed
previously.

Table 7. Anthocyanin concentration levels in red grapes of ‘Kotsifali’, ‘Limnio’, and ‘Vradiano’
(samples analyzed in triplicate, n =3 £ SD).

Variety Sample Dlp Cyn Pt Pn Mlv Total
Name (mg/100 g) (mg/100 g) (mg/100 g) (mg/100 g) (mg/100 g) (mg/100 g)
Al 2.02 + 0.04 243 + 0.07 1.80 & 0.04 10.4 4+ 0.21 12.6 +0.23 29.3 + 0.58
A2 427 +0.16 5.9 £+0.07 2.96 +0.11 13.5 4+ 0.32 11.6 & 0.51 383 + 1.17
o A3 5.35 4 0.15 10.0 £ 0.11 3.54 4+ 0.17 17.6 + 0.50 12.7 + 0.66 49.2 4 1.59
Kotsifali A4 2.88 + 0.14 5.55 + 0.33 2.16 + 0.04 10.9 +0.13 10.2 + 0.29 31.7 £ 0.92
A5 1.42 4+ 0.08 3.35 + 0.13 1.41 £ 0.07 6.91 + 0.26 8.25 4+ 0.20 21.3 +0.74
A6 2.38 + 0.06 232 +0.11 2.12 + 0.03 11.0 £0.17 12.3 +0.26 30.1 £ 0.72
Bl 1.07 & 0.06 0.29 + 0.01 1.39 4 0.07 4.07 + 0.20 232 + 0.89 30.0 + 1.23
B2 0.26 + 0.02 0.15 + 0.01 0.33 +0.03 251 +0.17 7.08 & 0.40 10.3 & 0.64
B3 0.59 + 0.03 0.30 + 0.01 0.68 + 0.03 478 +0.11 10.8 + 0.55 17.2 +0.71
Limnio B4 0.74 + 0.14 0.37 + 0.05 0.84 4+ 0.14 4.44 + 057 13.6 + 1.83 20.0 + 2.70
B5 0.23 + 0.01 0.10 + 0.01 0.29 + 0.01 1.40 4 0.12 6.94 4+ 0.18 8.97 + 0.32
B6 1.03 + 0.04 0.96 + 0.16 1.19 + 0.04 7.62 + 0.62 14.9 + 0.89 25.7 +1.75
B7 0.31 + 0.01 0.17 + 0.01 0.37 + 0.01 1.47 4+ 0.06 8.22 4+ 0.28 10.5 4 0.36
C1 0.75 + 0.02 0.64 + 0.02 0.76 + 0.02 6.25 + 0.09 8.35 +0.17 16.7 +0.31
Vradiano c2 0.60 + 0.03 0.84 + 0.02 0.66 + 0.03 7.88 + 0.36 6.15 4+ 0.25 16.1 4 0.69
Cc3 1.25 4+ 0.16 0.96 + 0.05 1.30 &+ 0.16 8.90 + 0.21 10.1 & 0.64 2254+ 1.21

Dlp: delphinidin-3-O-glucoside; Cyn: cyanidin-3-O-glucoside; Pt: petunidin-3-O-glucoside; Pn: peonidin-3-O-
glucoside; Mlv: malvidin-3-O-glucoside.
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Relating the above results to percentages of each anthocyanin sum per variety (Figure 4),
many notable differences emerged between the three varieties. Specifically, ‘Limnio” skins’
Mlv, which is the most stable of the five anthocyanins [40], was present at a range of
58-78.1% of the total. The respective percentage for ‘Kotsifali” was 25.8-43%, while, for
“Vradiano’, it was 38.1-49.9%. In both ‘Kotsifali’ and “Vradiano’, the contribution of Mlv
was in the same level with Pn (32.4-36.5% in ‘Kotsifali’ and 37.3—48.8% in “Vradiano’).
The ‘Kotsifali’ variety also stood out due to its high percentage of Cyn (7.73-20.4%) when
compared with the other studied varieties, wherein the latter anthocyanin was detected
in traces. These results are in agreement with previous studies for this variety [4,20]. As
mentioned previously, methoxylated anthocyanins, such as peonidin and malvidin, are
more stable [20]. Consequently, the variety of ‘Kotsifali’, although rich in anthocyanins,
is expected to have unstable color in the wines due to a high concentration of Cyn. The
opposite is true for ‘Limnio’, with less but more stable color.

100%
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o 40% Pt
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o
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Figure 4. Percentage of individual anthocyanin content of Mlv; Pn; Cyn; Dlp; in the skins of the red
grapes belonging to ‘Kotsifali’, ‘Limnio’, and “Vradiano’.

These differences in both concentration and types of anthocyanin can lead to dif-
ferences in intensity, hue, and color stability overall. Therefore, the knowledge of the
anthocyanin identity of each variety can be a tool for the application of the most appro-
priate agronomic and oenological techniques to maximize the varietal expression of the
produced wines.

2.4. Hierarchical Cluster Analysis

Hierarchical cluster analysis (HCA) was performed on the data matrix of 16 samples x 5
anthocyanins without a priori knowledge about the group structure of the dataset, measur-
ing the distance between each pair of objects in terms of variables and grouping the objects
that are close. HCA was applied to produce a tree diagram and identify the groups with
objects of a high degree of similarity. The algorithm starts by treating each object as a single-
ton cluster (leaf); then, pairs of clusters are merged until all clusters have been successively
merged into one large cluster that contains all the objects, resulting in a dendrogram.

The heatmap and the developed dendrogram of the HCA are presented in Figure 5,
showing the clustering of three major groups, one for each variety.
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Figure 5. Hierarchical cluster analysis (HCA) of 16 samples of red grapes based on anthocyanins
(Mlv; Pn; Cyn; Dlp; Pt).

Following the importance score, the A3 sample stands out due to its increased relativity
to all of the monoglycoside anthocyanins. Similar behavior was displayed in all of the
“Kotsifali’ samples except for the A5 sample, which was distinguished from the others by
its high concentration at Cyn and low correlation with the others anthocyanins. The above
results for the ‘Kotsifali’ variety, with the anthocyanins of Pn and Cyn standing out overall,
are also confirmed in the heat map and the clustering of this variety. The anthocyanin
composition of the variety ‘Limnio’ consists almost exclusively of Mlv, a fact confirmed
by the dendrogram (Figure 5), with samples from the main cultivation areas of the variety
(B6, B3, and B4) classified in the same sub-cluster. Lastly, Pn had an important percent in
“Vradiano’ cultivar (37.3-48.8%) (Supplementary Table S1), which is characteristic of the
variety and also becomes distinct in the heatmap (Figure 5). HCA analysis of the results
showed (Figure 5) separation of the three varieties, particularly ‘Kotsifali’, from ‘Limnio’.
The “Vradiano’ variety differentiates, however, in the presence of the A5 sample because of
Cyn concentration.

With the exception of A5, our results indicate that grape skin anthocyanin concen-
tration ranges are characteristic of each variety and can therefore be used as a chemical
indicator to distinguish Vitis vinifera varieties. Many studies using chemometric methods
and especially HCA are able to classify wine and grapes according to grape variety, the
phenolic content, or another variable. HCA analysis has been used to separate the cultivars
and sort them based on skin color [41]. Clustering analysis has been employed for the
discrimination of the Greek red wines belonging to the varieties ‘Kotsifali” and ‘Mandi-
laria’ [42]. In another work, HCA was used for the clustering of red wines from China
using the concentration levels of individual phenolic compounds [43].

3. Materials and Methods
3.1. Samples Collection

Grape samples belonging to the indigenous red grape of ‘Kotsifali’, ‘Limnio’, and
‘Vradiano’, originating from Greece, were collected at the stage of optimum maturity during
the harvesting period of 2020. A representative sample was taken at the same time on the
day for each cultivar from different vineyards throughout Greece depending on availability.
Details about the variety and the geographical origin of the samples are presented in Table 8.
Samples of 50 berries were collected for the grape maturity analysis. For the analysis of
anthocyanins, another 50 berries were collected from each vineyard to form a bulk sample.
Grape samples for anthocyanin analysis were put in boxes with dry ice and were brought
to the laboratory and stored in a deep freezer (—80 °C) until further treatment.
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Table 8. Variety and geographical origin of the samples.

Grape Variety Sample No. Geographical Origin Location
Al Crete Katw Asites
A2 Crete Dafnes
L A3 Crete Alagni-Peza
Kotsifali A4 Crete Arxanes
A5 Attica Wine Institute
A6 Macedonia Greek Genebank
B1 Attica Wine Institute
B2 Macedonia Epanomi
B3 Macedonia Mount Athos
Limnio B4 Macedonia Sithonia
B5 Thrace Xanthi
B6 Aegean Sea Limnos
B7 Macedonia Serres
C1 Attica Wine Institute
Vradiano C2 Evia Istiaia
C3 Evia Gialtra

3.2. Sample Preparation

Most of 50 grapes were used for the calculation of total soluble solids (Brix), total
titratable acidity (TA), and pH. These measurements are a part of grape maturity analysis
(Supplementary Table S2). The samples for the anthocyanin analysis were weighted, and
the skins were manually isolated. The skins were freeze-dried for two days and then were
ground to obtain powder. The pulverized freeze-dried skins were stored in a deep freezer
(—25 °C) until the analysis.

3.3. Reagents and Standards

Methanol and acetone (HPLC grade) were purchased from Merck (Zedelgem, Bel-
gium). Methanol (HPLC-Ultra LC-MS) from HiPerSolv CHROMANORM, VWR Chemicals
BDH (The Netherlands), was also purchased for the production of standard solutions.
Formic acid (99%) and hydrochloric acid (37%) for analysis were purchased from Carlo
Erba (Chaussée du Vexin, France), and trifluoroacetic acid for LC-MS was obtained from
Fluka (Buchs, Switzerland). Standards of delphinidin-3-O-glucoside chloride, cyanidin-
3-O-glucosidechloride, petunidin-3-O-glucoside chloride, peonidin-3-O-glucoside chlo-
ride, and malvidin-3-O-glucoside chloride were obtained from Extrasynthese (Genay
Cedex, France). The standards of delphinidin-3-O-glucoside (Dlp), cyanidin-3-O-glucoside
(Cyn), petunidin-3-O-glucoside (Pt), peonidin-3-O-glucoside (Pn), and malvidin-3-O-
glucoside (Mlv) were diluted separately in methanol LC-MS with 0.1% HCI (concentration
1000 mg/L).

3.4. Instrumentation

Chromatographic analysis was carried out in a SpectraSYSTEM (Thermo Separation
Products, Austin, TX, USA) HPLC system consisting of a P2000 secondary solvent pump,
an AS3000 autosampler equipped with a 100-pL injection loop and a UV6000LP diode
array detector. Chromatographic data were monitored and processed by ChromQuest
5.0 (Thermo Fisher Scientific Inc., Waltham, MA, USA). The samples were freeze dried
in an Alpha 2-4 LD freeze dryer acquired from Martin Christ Gefriertrocknungsanlagen
GmbH (Osterode am Harz, Germany) which was equipped with a two-stage vacuum
rotary pump RZ 2.5 Vacuubrand (condenser temperature: —80 °C, max flow 2.3/2.8 m3
h~1, ultimate vacuum 4 x 10~* mbar). A 5804 R centrifuge system with rotor F-45-30-11
was acquired from Eppendorf AG (Germany). Water was purified in a Direct-Q® 3 UV
Water Purification System acquired from Merck KGaA, Darmstadt, Germany. For filtering
the aqueous mobile phase, ME 25 ST 0.45-um membrane filters (Schleicher and Schuell,
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W. Germany) were used. For solvent evaporation under nitrogen gas, a TurboVap LV
workstation was used by Caliper Life Sciences (Hopkinton, MA, USA). An ultrasonic
bath RK 100H (Bandelin Sonorex, Berlin, Germany) and a Stuard-SB3 stirrer were used
for the extraction. Regenerated Cellulose 0.22 um (RC) syringe filters (Captiva, Agilent
Technologies, Santa Clara, CA, USA) were used for filtering the samples.

3.5. Extraction of Anthocyanins and Anthocyanidins

Freeze-dried skin was weighted (0.0140 g) and extracted with 200 uL of methanol and
1.4 mL of acetone/water/TFA (70:29.95:0.05). The solution was extracted under sonication
for 10 min and stirred at 40 rpm for 20 min, repeated twice. The extraction was carried
out at 4 °C in the absence of light and the extract was centrifuged and thermostated at
4 °C, 10,000 rpm, for 10 min. Then, a fraction of 0.5 mL of the supernatant was dried with
nitrogen under pressure. At this stage, and unless chromatographic analysis was followed
immediately, the samples were stored as concentrates in the deep freezer (—80 °C). The
concentrate was redissolved with a mixture of 250 pL. methanol and 750 puL. water 0.134%
formic acid. Subsequently, the solution was led to an ultrasonic device again at 4 °C in the
dark for 30 min. The extract was centrifuged and thermostated at 4 °C, for 14,000 rpm, for
15 min, and the supernatant was filtered through 0.22-um RC syringe filters (RC) (Captiva,
Agilent Technologies) prior to chromatography.

3.6. HPLC-DAD Analysis

The analysis of anthocyanins was performed using a modified chromatographic
method according to Kyraleou et al. [22]. Chromatographic separation was performed on a
Nucleosil 100-5 Cyg, 250 x 4.6 mm, 5-pm, reversed-phase (RP) column (Macherey—-Nagel,
Diiren, Germany). The DAD detector was set over the range 500-550 nm. The column oven
temperature was 40 °C, the injection volume was 5 pL, and the total runtime was 40 min.
The mobile phases were aqueous formic acid 5% (Solvent A) and methanol (Solvent B) at a
flow rate of 1 mL/min. The gradient composition is presented in Table 9.

Table 9. HPLC Gradient for the separation of anthocyanins in grape skin extracts.

Time (Min) Solvent A (%) Solvent B (%)
0 90 10
22 50 50
32 5 95
34 5 95
35 90 10
40 90 10

3.7. Method Validation

The method validation was performed to estimate linearity, selectivity, LODs and
LOQs, trueness, and precision. Linearity studies were performed in triplicate and covered
the entire working range. The calibration curves of anthocyanins were constructed by
plotting the peak area versus concentration. LODs were calculated as three signal to noise
ratios (3 S/N), and the formula LOQ = 10 S/N was employed for the calculation of the
LOQ [44]. Trueness and precision were studied using real grape skin samples spiked at
three different concentrations (0.5, 5, and 20 mg/kg) and were analyzed in triplicate. To
evaluate trueness, relative recoveries (%R) were calculated by means of recovery percentage
by comparing the found and added concentrations of the examined analytes (mean concen-
tration found/added concentration x 100). The precision of the method was expressed
in terms of relative standard deviation (RSD%) and was calculated for repeated measure-
ments of spiked samples. Following this approach, within-day precision (repeatability) was
assessed in five replicates, while between-days precision (reproducibility) was assessed
by performing triplicate analysis for spiked samples within four consecutive days [44].
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In order to assess selectivity, five blank matrices were used, and no interferences were
observed in the same chromatographic window as the anthocyanins examined.

3.8. Chemometric Analysis

The statistical differences between the species on the basis of their elemental concen-
tration were estimated with ANOVA at a 95% confidence level (p < 0.05) in Microsoft Excel
((Microsoft, WA, USA) using the Data Analysis tool. The anthocyanin concentrations in
grape samples were analyzed by hierarchical cluster analysis (HCA), which is a suitable
method for small quantities of data, using the average between-groups linkage method
and squared Euclidean distance interval measurement [45].

4. Conclusions

The purpose of this study was two-fold: first, to develop a simple and efficient method-
ology for the identification and quantification of grape skin anthocyanin in red cultivars,
and, second, to investigate the anthocyanin profile of three Greek indigenous winegrape
varieties as a means to distinguish cultivars based on chemometric analysis. For the prepa-
ration of the red grape skins to be analyzed, a rapid pretreatment protocol of the grape
extracts was chosen, which combines simple and short purification techniques with a posi-
tive environmental footprint, due to the use of minimal amounts of solvents. The extraction
protocol developed offers the possibility of the rapid identification and quantification of
anthocyanins in order to characterize red varieties according to their anthocyanin profile.
The grapevine variety ‘Kotsifali’ appeared richer in anthocyanins, albeit with a greater
participation in the anthocyanin profile of the di-hydroxylated anthocyanins Pn and Cyn,
while the opposite was observed in the ‘Limnio’ variety. This knowledge can improve the
viticultural and oenological management of these varieties. Furthermore, the data revealed
valuable information regarding the chemical separation of the wines of the three varieties
based on chemometric analysis. These results create the conditions for further investigation
in a large number of Greek grape varieties with the objective of establishing reference
anthocyanin profiles to distinguish the varieties alone or in cooperation with molecular
analyses.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules27207107/s1, Table S1. Percentage of individual antho-
cyanin content in the skins of the red grapes varieties ‘Kotsifali’, ‘Limnio’, and ‘Vradiano’; Table S2.
Classical analysis results of red grapes; Figure S1. Characteristic chromatograms of real non-spiked
samples, one of each variety: (a) Vradiano; (b) Kotsifali; (c) Limnio.
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Abstract: Low-cost plant-based sources used in aquaculture diets are prone to the occurrence of
animal feed contaminants, which may in certain conditions affect the quality and safety of aquafeeds.
Mycotoxins, a toxic group of small organic molecules produced by fungi, comprise a frequently
occurring plant-based feed contaminant in aquafeeds. Mycotoxin contamination can potentially
cause significant mortality, reduced productivity, and higher disease susceptibility; thus, its timely
detection is crucial to the aquaculture industry. The present review summarizes the methodological
advances, developed mainly during the past decade, related to mycotoxin detection in aquafeed
ingredients, namely analytical, chromatographic, and immunological methodologies, as well as
the use of biosensors and spectroscopic methods which are becoming more prevalent. Rapid and
accurate mycotoxin detection is and will continue to be crucial to the food industry, animal pro-
duction, and the environment, resulting in further improvements and developments in mycotoxin
detection techniques.

Keywords: mycotoxins; aquafeeds; aquaculture; cereals; detection; HPLC; ELISA; FT-NIR; biosensors

1. Introduction

The aquaculture industry has become a source of high-quality protein providers for
humans worldwide [1]. It is one of the fastest-growing industries in food production
with an average growth rate of 5.3% between 2001 and 2018 [1], globally accounting for
more fish biomass than capture fisheries [2]. Fish stock depletion, rapid increase in global
population, high demand for seafood products, and international trade have contributed
to the tremendous aquaculture expansion during the past decades [3]. The challenge of
the aquaculture industry to meet increasing fish demand and achieve food security goals
within environmental boundaries will become critical in the coming years, especially with
a global population headed to 10 billion by 2050 [4,5].

Marine ingredients are highly important in aquatic feed to provide macro- and micro-
nutrients and organoleptic properties, enhancing the digestibility and growth performance
of formulated diets. Marine ingredients used in aquafeed are usually meals and oils
rendered by small pelagic fish, and by-products of fish and seafood processing [6]. Fish meal
is considered the most valuable protein source, due to its exceptional benefits including its
well-balanced composition of amino acids, good digestibility, and palatability, as well as its
enhancement of the digestion, and absorption of nutrients in fish diets [7].

About 70% of aquaculture production depends on providing aquatic animals with
high-quality, rich in protein aquafeeds [1]. Aquaculture globally is currently consuming
around 69% of fishmeal and 75% of fish oil supplies [8] and as it is continuously expanding,
the demand for fishmeal and fish oil produced by marine pelagic fisheries will be steadily
increasing. This has led to a progressive decline in these fish stocks and caused severe
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inflation in their global prices [9]. Given the increased demand for high-quality fish species,
aquaculture addresses the challenge of succeeding in sustainable growth by replacing
fish protein sources with plant and terrestrial animal proteins, without compromising the
economic value and quality of the final product [10].

Plant-based protein sources have been generally used to partially substitute fish meal
in fish diets [11]. These protein sources are advantageous by having a high content of
available protein, continuous availability, environmental sustainability, and affordable
prices [12-14]. Plant-based feed ingredients also provide dietary carbohydrates which can
be a source of energy for fish and shrimp; depending on their ability to utilize dietary
carbohydrates for energy depending on the species and their natural diet [15]. Furthermore,
plant ingredients are sources of starch which is necessary as a binder and facilitates extruded
pellet expansion [16].

Plant-based feed ingredients currently used in aquafeeds as substitutes for marine
ingredients include among others, soybean meal, rapeseed/canola meal, maize/corn,
wheat bran, wheat, and barley [17]. Corn gluten is also a promising ingredient in fish feed,
due to its high nutrient content and its increased availability as a bioethanol production
by-product [18]. Corn gluten and wheat gluten are high in protein, low in fiber, rich in
vitamins B and E, and do not contain any antinutritional factors [19]. Sunflower meal is
highly palatable and has low antinutritional factors [20]. Soybean meal is one of the most
interesting alternatives to fishmeal because of the advantages of easy supply, low price,
and increased protein and amino acid composition [21]. However, soybean meal has been
found to induce a variety of histological and functional changes in the gastrointestinal
tracts of several species, such as subacute enteritis of the distal epithelial mucosa including
morphological alteration and inflammation [22].

As opposed to the aforementioned benefits of plant-based sources, animal diets based
on plant proteins can be often associated with reduced feed intake, growth performance,
and intestinal function [13,22,23]. Some ingredients of plant origin have certain character-
istics, such as high carbohydrate content, deficiency in some essential amino acids, low
palatability, as well as content in some anti-nutritional factors [24], that limit their use. Both
the quality and safety of aquaculture diets can be affected by anti-nutritional compounds
including phytates, protease inhibitors, saponins, glycosylates, and tannins, resulting
from the inclusion of plant dietary sources [25]. Fish diets may be also contaminated by
mycotoxins, also derived from plant-based raw materials [26].

Mycotoxins are secondary metabolites produced by various species of fungi, often
found in agricultural products that are used to feed livestock. These toxins pose a health risk
to both livestock and consumers. Agricultural raw materials can be contaminated by fungi
during the growing process, before harvest, or during storage in inadequate conditions
of humidity and/or temperature [25]. Since mycotoxins are natural contaminants and
pose a health risk to both livestock and consumers, several European and international
organizations have dealt with this issue by identifying their particular importance and
establishing regulatory limits and proposing recommended levels for selected mycotoxins.
These include the European Commission (EC, Brussels, Belgium), the US Food and Drug
Administration (FDA, Silver Spring, MD, USA), the Food and Agriculture Organization of
the United Nations (FAO, Rome, Italy), and the World Health Organization (WHO, Geneva,
Switzerland). A scientific expert committee jointly convened by WHO and FAO, named
JECFA, serves actually as the international body responsible for evaluating the health risk
from all natural toxins including mycotoxins.

Several mycotoxins have been identified and those of significant importance in animal
feeds are primarily produced by the five fungal genera Aspergillus, Fusarium, Penicillium,
Claviceps, and Alternaria [27]. Approximately 400 compounds have been identified as
mycotoxins [28]. Mycotoxins may cause health issues in livestock when accidentally present
alone or synergistically in animal diets [29]. The aflatoxins (AFs) such as aflatoxin B1, B2, G1,
G2, and M1 are human and animal health hazards according to the International Agency
for Research on Cancer (IARC) [30]. Moreover, ochratoxins (OTA), and fumonisins (FBs) B1,
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B2, and B3 have been assessed as possible human carcinogens [31,32]. Furthermore, other
mycotoxins have been considered as serious threats including trichothecenes (TCs) type
A (HT-2 toxin and T-2 toxin) and B (deoxynivalenol-DON), zearalenone (ZEN), Fusarium
mycotoxins, ergot alkaloids (EAs), Alternaria toxins (ATs) and patulin (PAT) [33].

AFB1, DON, ZEN, and FB1 belong to the most contaminants of animal feeds [34].
Mycotoxic contamination may considerably affect animal health, causing functional abnor-
malities, toxicity hepatic problems, immunotoxicity issues, and reduced growth and animal
productivity [35-39]. ZEN may induce reproductive problems such as hyperestrogenism,
sterility, and even abortions, affected by the estrogenic activity of ZEN which interferes
with animal reproduction [40]. In fish feed, FBs and DON are among the most frequently
detected mycotoxins at high levels [26]. These mycotoxins can potentially cause prob-
lems in fish farm operations, with significant economic losses such as mortality, reduced
productivity, and higher susceptibility to diseases [39].

AFB1 is the only mycotoxin regulated by Directive 2002/32/EC of the European
Parliament and of the Council of 7 May 2002 on undesirable substances. The maximum
allowed concentration in feed materials for fish species is 20 pug/kg (ppb), and for complete
feed is 10 ppb [41]. Concerning other important mycotoxins such as DON, ZEN, T-2 and HT-
2 toxin, FB1 and FB2, the European Commission (EC) has established only recommended
limits for their presence in feedstuffs and feed [42-44]. Among these recommended limits,
only values for FB1 and FB2 refer directly to fish species. The recommended maximum
concentration for DON is 8000 ppb for cereal and cereal products except for maize by-
products, while for complementary and complete feeding stuffs the limit is 5000 ppb. For
ZEN, the recommended limits are 2000 ppb for cereals and cereal products except for maize
by-products. For OTA, the limit is 250 ppb for both cereals and cereals products. For the
summary of FB1 and FB2, EC has proposed the limit of 10,000 ppb for complementary and
complete feeding stuffs for fish. For T-2 and HT-2 toxins in cereals and cereal products,
except for oat bran, the recommended limit is 500 ppb, while for ergot alkaloids found in
feed containing unground cereals, the limit is 1000 ppb.

The potential hazards of mycotoxin presence in feed materials have driven efforts to
develop various analytical methods for the identification and quantification of mycotoxins
in food samples. Continuous improvements in mycotoxin analytical methodology using
advanced and rapid techniques are paramount to comply with the updated legislation and
protect consumers of aquatic products. Recently, the existed methodologies for myco-toxin
detection related to human and animal health were reviewed in different food matrices [45,46].
The present review focuses primarily on the advances in mycotoxin detection during the
last decade in plant-derived raw materials comprising the major fish feed ingredients. Ex-
traction and analytical methods are briefly covered as well as consideration for the future of
mycotoxin analysis.

2. Sampling and Sample Preparation Methods
2.1. Sampling and Sample Preparation

In the mycotoxin sampling process, it is essential to ensure accuracy and represen-
tativeness in the sample collection. Mycotoxins can be found in marginally detectable
amounts, and products are not uniformly contaminated, increasing the risk of inaccurate
sampling [47,48]. A specific protocol is followed to collect representative laboratory sam-
ples from all sampling points. The lots selected for inspection must be appropriate. The
final sample is the combination of several replicate samples from different parts of the lot.
This is achieved by mixing and dividing to obtain a representative sample [49,50].

Mycotoxin detection is typically done by collecting and testing samples of food or feed.
The samples should be taken randomly from the entire lot and should be collected from
different locations within the lot [50]. The sample size needed depends on the size of the lot,
but a minimum of 500 g should be collected using clean and properly sterilized sampling
equipment to avoid contamination [51]. Samples should be stored in airtight containers, at
the appropriate temperature and humidity, and transported to the laboratory as quickly as
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possible to prevent degradation of the mycotoxin [51]. The goal of sample preparation is
to create a representative and clean sample that can be accurately analyzed by the chosen
analytical technique. The specific steps involved in sample preparation depend on the type
of sample and the analytical technique used. To obtain an analytical part (test portion), a
sample must be ground, homogenized, and subsampled. This analytical portion is then
extracted with a solvent, analyzed, and the mycotoxin concentration is determined using a
validated analytical approach [52].

Sample preparation is an important step in analytical techniques because it could
greatly affect the accuracy and precision of the results.

2.2. Sampling Error

Sampling errors can occur in several ways and can greatly affect the accuracy and
precision of analytical results. Sampling errors in mycotoxin detection refer to the potential
for variability in the results of mycotoxin testing due to the collection and preparation of
the sample [53]. Such errors may also occur when a sample is not representative of the
entire lot, or when the sample is contaminated during collection or handling [54].

To minimize the sampling error, it is important to follow proper sampling procedures,
including the selection of multiple samples from different locations within the batch and
using appropriate sampling tools and techniques [55]. Additionally, samples should be
properly stored and prepared according to established protocols. Quality control measures
should be also implemented to ensure the accuracy and reliability of the testing results [56].

2.3. Sample Pre-Treatment (Extraction and/or Clean-Up)
2.3.1. Solid-Liquid Extraction (SLE)

Solid-liquid extraction involves a simple and high-sensitivity process for preparing
samples in liquid chromatography-mass spectrometry (LC-MS). The multi-residue analysis
ability of the detection apparatus is rather advantageous [50,57]. The capacity of matrix
effects in LC-MS analysis to modify chromatographic signals is accomplished due to co-
eluting matrix components, while the ion suppression problem that arises can be overcome
by proper sample preparation using specific matrices and internal standards [57]. Apart
from being simple and sensitive, sample preparation in this procedure is considered reliable
and has been successfully applied to detect mycotoxins in plant samples. Few methods
were found in pertinent literature using simple SLE extraction without any further clean-
up steps. All methods used a solvent mixture of acetonitrile/water for the extraction
of mycotoxins before LC-MS/MS analysis [58-61]. However, the simplicity of sample
preparation process may affect the method’s performance characteristics (low recoveries,
matrix effect, etc.,) [62-64].

2.3.2. Dispersive-Solid Phase Extraction (d-SPE)

In the d-SPE technique, sample cleaning is achieved by the use of a solid sorbent
in a liquid or dissolved sample which retains impurities. After separation, the sample is
centrifuged for sorbent removal (Anand and Srivastava, 2020). Different types of sorbents
are used. C18 sorbent is used to extract non-polar or relatively polar compounds, retaining
most of the organic compounds present in an aqueous phase.

The QUEChERS protocol as named by quick, easy, cheap, effective, rugged, and safe, is
a commonly applied extraction method that requires small amounts of sample and solvent
while at the same time producing high extraction efficiency. This advantage explains its
high popularity in current extraction techniques [55]. The extraction phase is the first step
where an organic solvent such as acetonitrile is needed along with a variety of salts to
modulate polarity and pH and to facilitate phase separation and recovery of the analyte.
Purification is the second stage in the cleaning process. The remaining water and other
interfering substances from the matrix are eliminated in this stage [65]. There are several
methods using the QUEChERS protocols for the extraction and clean-up of mycotoxins
before instrumental analysis [66-72].
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2.3.3. Clean Up by Immunoaffinity Column (IAC)

The creation of IAC is another technique where specific antibodies for certain myco-
toxins are bound to a specifically activated SP support. This method is commonly used
to detect Afs, OTA, and FBs. In detail, the support is packed into a cartridge while a
suspension is performed in a buffer solution. After the extract or fluid’s mycotoxin attaches
to the antibody and any contaminants are washed away with water or an aqueous solution,
the mycotoxin is desorbed using a miscible solvent (methanol). IAC can be used for further
separation and LC quantification [73]. A few methods were found in the literature using
the IAC columns for mycotoxins clean-up step [74-77].

2.3.4. Solid Phase Extraction (SPE)

The SPE reduces matrix-based interferents to concentrate on a target analyte. To prop-
erly separate the analytes from the other interferents, this absorbent is selected based on the
physicochemical characteristics of the analytes [78]. Dispersive SPE, is a modern technique
that requires nanoparticles in a magnetic mode. This detection method has been recently
adopted [79]. Notably, the characteristics of the magnetic SPE (mSPE) resemble those found
in standard SPE. Matrix composition may affect the selection of the adsorbent and elution
mixture [79]. In mSPE, continuous contact with the adsorbent is necessary through the
dispersion of the magnetic material into the solution containing the target molecules.

A method using modified magnetic nanoparticles as a solid phase adsorbent for extrac-
tion of OTA in rice, wheat, and corn has been developed and very low limits of detection
were achieved (0.03-0.06 pg/kg) while the recoveries are 87 to 93% [80]. Furthermore,
another method using mSPE as a clean-up step has been developed for the determination
of AFB1, AFB2, AFG1, AFG2, OTA, and ZEN in various kinds of cereal using a LC-MS/MS
system [81].

2.3.5. Molecular Imprinted Polymer (MIP)

For clean-up and preconcentration of mycotoxins, a new class of intelligent polymers
based on MIPs has proven to be an effective technique. The MIP is a synthetic material with
an artificially generated three-dimensional network that can specifically rebind a target
molecule. MIP is cost-effective, chemically, and thermally stable and compatible with all
solvents [82]. A magnetic MIP (mMIP) with quercetin as a dummy template has been used
for the extraction of ZEN from maize, wheat, and rice by Cavaliere et al. 2019 [83].

2.3.6. Ultrasonic Solvent Extraction (USE)

The USE method involves mechanical wave propagation that makes up an ultrasound
created by cycles of compression and refraction, or waves with high and low pressures
combined in frequencies above 20 kHz. Temperature and pressure changes may affect
USE operation by the creation of bubbles. Both particle collisions and ultrasonic waves
can cause fragmentation, which decreases particle size and aids in mass transfer [84]. The
combination of USE with SLE extraction is used in an LC-MS technique for mycotoxin
detection [75].

3. Instrumental Analysis
3.1. Chromatographic Methods—Detection Systems

Chromatographic-based methods include liquid chromatography (LC) or gas chro-
matography (GC) that is coupled with ultraviolet (UV), mass spectrometry (MS), or flu-
orescence (FLD). The chromatographic methods combined with a UV detector and FLD
are usually used for the analysis of a compound or a small number of mycotoxin-related
chemicals. The MS method has many advantages such as high sensitivity, selectivity, and
accuracy, compared to the two other methods. Tandem MS (MS/MS), where two MS
equipment are coupled together, is a highly sensitive, specific, and reliable tool for detect-
ing contaminants in food and has become the most popular approach for multianalyte
analyses [85,86]. LC-tandem MS (LC-MS/MS) has been increasingly used for the accurate
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quantitative analysis of mycotoxins in food [87]. A limited number of multi-mycotoxin tech-
niques, particularly for finished fish feeds and shrimp feeds, has been reported. Aquatic
feeds are complex matrices consisting of minerals, vitamins, fatty acids, and proteins in high
concentrations that are challenging to remove [88]. As a result, choosing an appropriate
clean-up step that reduces matrix effects (MEs) and interferences during chromatographic
analysis is essential [89]. The literature on exclusive analyzes of fish feed ingredients seems
insufficient, therefore, the data are mainly based on analyses of raw materials used in all
types of animal feed, including fish feed. Table 1 summarizes the methods reviewed mainly
in the past decade using HPLC systems equipped with several detection systems for the

determination of mycotoxins in fish feed ingredients and aquafeeds.

Table 1. HPLC methods used in the analysis of mycotoxins.

?gz:lf Mycotoxins Extraction Process—Clean-up '?e I;;IK:;C:: Recovery % Limit :)If(]))];:ectlon Ref.
Ma‘g‘;'r }g‘eﬁt' 11 mycotoxins: SLE a"et"(r;g;‘zlg%‘fff;//g‘;rmm acid UHPLC-MS/MS 63.2-111.2% 0.15-61 pg/kg [59]
SLE: 84% (v/v) aqueous acetonitrile
5\?}:@{ 10 mycotoxi with 1% (u/v) formic acid UPLC-MS/MS 83.3-92.8% 0.13-3.56 g/ k 90
O:? ’ mycotoxins Clean-up: d-SPE (mixture octadecyl : TR SO0 HE/KE (901
silica and primary-secondary amine)
Barley, . Qchh.ERSO A
Wheat, 23 mycotoxins E’gggﬁoﬁp%ﬁg’gﬁgﬁﬁ&;@g‘:ﬁd LC-MS/MS 70.1-109.3% 0.03-2.17 g /kg [69]
at
NaCl)
o T-2 and HT-2 Extraction: gﬁzﬂgﬁggm v/v)- UPLC-MS/MS 78.6-98.6 % 0.02-0.08 11g/kg (74]
ZEN, «-zearalenol
(x-ZEL),
{3-zearalenol . i . Is'otop.e .
(B-ZEL) Extraction: acetonitrile/water (90/10; dilution-liquid
Corn «-zearalanol v/0). chromatogra- 96.7—103.6% 0.14-0.33 pg/k [91]
(«-ZAL) Clean-up: SPE using a MycoSep 226 phy/tandem mass ’ o ’ : 8/58
B —Zearalan,ol column spectrometry
(BZAL), (ID-UPLC-MS/MS)
zearalanone (ZAN)
T-2, HT-2, Extraction: acetonitrile/water, 84/16;
Corn, wheat dlacag"A"%’)SCa‘;Se“"l Clean-up: SPE(%Z&MYC()SEP - ID-UPLC-MS/MS 97-103% 0.01-0.12 pg/kg 92]
neosolaniol (NEO) column
Maize Extraction: acetonitrile/water mixture
Oat ’ DON and T-2 Clean-up: SPE by MycoSep 227 UPLC-MS/MS 85.0-95.3% 0.13-0.38 ng/kg [93]
columns
LOQ:
QuEChERS 0.05—80.0 ng/kg for
Extraction: acetonitrile /water /formic wheat,
Wheat, Corn 38 (modified) acid (75:20:5, v/v/v) o 0.07—120 ng/kg for
Rice, Barley mycotoxins d-SPE: anhydrous MgSOy, NaCl, LCMS/MS 61-120% corn, 0.05—150 pg/kg (70l
NayH-citrate-1.5H,0O, for rice, and
Naj-citrate-2H,O 0.10—-150 ng/kg for
barley
Maize. Wheat Extraction: acetonitrile/water, 80:20
R/i 4 ZEN (v/v) with 0.2% HCOOH UHPLC-MS/MS >95% 0.044 ng/kg [83]
ce
Clean-up: mMIPs
AFBI, AFB2, AFGI, Extraction: 2 SLE
Maize AFG2, OTA, ZEN, . o o UHPLC-ToF-MS 77.8-110.4% 0.5-62.5 nug/kg [61]
T2, FB1, FB2 steps with acetonitrile 80% (v/v)
Corn meal, Extraction: acetonitrile/water /formic
Durum, A;Eéfg?i ‘;EGNL acid 80:19.8:0.2 (v/v/v) LS-MS/MS >60% 0.05-22 g/kg [81]
wheat flour ’ ! Clean-up: mSPE
Wheat flours,
Corn meal and other AFB1, AFB2, AFG1, Extraction: %uEOC(? f}; Séormic acid
cereal- AFG2, T-2, HT, FB1, Cloar 2a e ¢ LC-MS/MS 83.6-102.9% 0.5-100 pg/kg [66]
derived FB2 ean-up: Acetonitrile
d-SPE: MgSO4 and NaCl
products
Maize, Wheat, QuEChERS
Sunél;xlfé;r,l:seoe}él:an, 22 mycotoxins Fxtraction: 2 :p acetic acid solution, UHPLC-MS/MS 67-94% 0.064-119.04 ug/kg  [68]
Feedstuffs d-SPE: MgSO4 and NaCl
Maize, Wheat 11 mycotoxins SLE extraction: acetonilrile/water UPLC-MS/MS — 52.8-113.9%. 0.08-30.0 ug/kg (58]
LC-MS
second-order
Maize USE extraction after the addition of calibration method
Rice 10 mycotoxins MeOH/H,O/CHCl; (75:20:5, v/v/v) based on alternating 93.8-109% 0.01-1.17 ug/kg [94]
and NaCl trilinear
decomposition
(ATLD) algorithm
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Table 1. Cont.

Type of . . - . Analytical o Limit of Detection
Cereal Mycotoxins Extraction Process—Clean-up Technique Recovery % (LOD) Ref
QuEChERS
Wheat 10 mycotoxins Extraction (acetonitrile-water (84/16)) UHPLC-MS/MS 70-116% LOQ <7 ug/kg [72]
d-SPE: QUEChERS (PSA and C18)
Maize, Oat, Extraction: 2 extractions with water
Rice, Rye, Barley, AFBI, AFB2, AFGL, and a mixture of methanol/water HPLC-DAD-FLD 90-112% 0.02-16.2 ug/kg [95]
AFG2, DON
Wheat clean-up: SPE
Corn, Extraction: 2% acetic acid aqueous
Wheat, 20 Fusarium toxins solution/acetonitrile (1:1, v/v) LC-Orbitrap MS 71-106% LOQ: 5 ng/kg [71]
Barley clean-up: QuUEChERS
Extraction: (0.1% HCOOH/ cetonitrile 75-124%
Barley, . (1:1,v/v) Except of
Malt 17 mycotoxins Clean-up: QUEChERS (MgSO; + UPLC-MS/MS Nivalenol 0-3-24 ug/kg (671
NaCl) 50-51%
Rice, Extraction: SLE o
Wheat, Corn OTA Clean-up: mSPE LC-FLD 87-93% 0.03-0.06 ng/kg [80]
Rice, Wheat, SLE extraction acetonitrile: water:
Oa];,a I;;[:;ze, 11 mycotoxins acetic acid, 79:20:1 UPLC-MS/MS 83.5-107.3% 0.01-25 ng/kg [86]
Oats Extraction: methanol /water (90:10,
¢ HT-2 and T-2 toxins v/v) UPLC-PDA 87-103% 8 ug/kg [76]
Wheat . ..
clean-up: immunoaffinity columns
Malzga \t/;/heat, Extraction: acetonitrile/water/acetic LC-MS/MS
Cornﬂai<es 14 mycotoxins acid (79/20/1, v/v/v) followed by a 70-110% 5-13 ug/kg [77]
’ hexane defatting step
Bread
Automated SPE
Extraction: methanol/3% aqueous system with on-line
Wheat OTA sodium bicarbonate (3/7, v/v) fluorescence 84-102% 1.2 ng/mL [96]
Clean-up: MIP spe column detection
MISPE-FLD
Maize Extraction: acetonitrile/water (84:16;
o ’ DON and T-2 v/v) UPLC-MS/MS 85.0-95.3% 0.04-0.12 ug/kg [97]
ats
Clean-up: SPE column
QuEChERS:
Wheat, . extraction/partition process) of 5% 3 o
Maize 35 mycotoxins formic acid in acetonitile (MgSO; and UPLC-MS/MS 60-103% 0.13-23.99 ug/kg [98]
NaCl)
HPLC-FLD
. o Using a
Wheat, Corn, AFB1, AFB2, AFG1, Extraction: 80% methanol hotochemical
QOat, Barley, AFG2, OTA, and Clean-up: multifunctional photochenca 77-104% 0.004-0.5 ng/kg [99]
. . .. reactor enhance
Rice ZEN immunoaffinity column derivatizati
erivatization
system (PHRED)
Barlev, Oat Extraction: SLE
W}?éat ’ 16 mycotoxins acetonitrile:water:acetic acid (79:20:1, LC-MS/MS 84-116% 0.1-4.3 ug/kg [60]
v/v/v)
. . AFB1, AFM1, T-2, acetonitrile-water (3 + 1, v/v)
Fish feed and shrimp 175 'poN, OTA, saturated hexane HPLC-MS/MS 80.5 to 183-12.631g/kg  [88]
feed o 116.5%
and ZEN clean-up by multitoxin column
) SLE ,
Fish feed DON and ZEN Clean-up: IAC column HPLC-DAD 79-90% 2-30 nug/kg [100]
USE extraction
Fish feed 15 mycotoxins Clean-up: Captiva EMR Lipid LC-MS/MS 25-109% 0.05-54 ng/kg [101]

cartridge

Most of the methods found in the literature use LC-MS/MS as a detection system.

Some of them using various extraction processes before LC-MS/MS analysis for the myco-
toxin determination are detailed below. LC-MS/MS method was reported for the analysis
of 15 mycotoxins in fish feed. The extraction was achieved by a USE step followed by
a clean-up step by a lipid cartridge. The recoveries varied between 25 and 109% for the
15 mycotoxins and LODs ranged between 0.05 and 54 pg/kg [101]. Furthermore, for the
detection of AFB1, AFM1, T-2, HT-2, DON, OTA, and ZEN in fish feed and shrimp feed,
an HPLC-MS/MS method was developed. The samples were extracted with a mixture
of acetonitrile and water followed by a defatted step by hexane and a clean-up step with
a multi-toxin purification column. LODs ranged between 1.83 and 12.63 ng/kg and the
method was successfully applied in several fish feeds in China [88]. The LODs of the
method ranged between 0.15 and 61 pg/kg [59]. Another method for the simultaneous
determination of ZEN and DON in fish feed was reported based on an HPLC-DAD system
and an SLE extraction step followed by clean-up with an IAC column [100].
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Concerning fish feed ingredients, the simultaneous determination of 11 mycotoxins
in maize, wheat, and barley was achieved by UHPLC-MS/MS analysis using a simple
SLE extraction with acetonitrile/water/formic acid (79/20/1, v/v/v). The UPLC-MS/MS
method for the analysis of DON and T-2 in maize and oats was also developed, followed
by SLE extraction and an SPE clean-up step. The LODs of the method were between 0.13
and 0.38 ng/kg [93]. In wheat, corn, rice, and barley, LC-MS/MS was applied for the
determination of 38 mycotoxins using a QuUEChERS extraction [70]. Another LC-MS/MS
method was developed for the detection of T-2 and HT-2 toxins in corn and oat using an
SLE extraction followed by a clean-up step with an IAC column, achieving very low LODs,
ranging between 0.02 and 0.08 ng/kg [74].

Only four methods were found using an FLD detection system. In rice, wheat, and corn
samples, the mSPE extraction before LC-FLD detection was applied for the analysis of OTA
with LODs ranging from 0.03 to 0.06 png/kg [80]. For the detection of aflatoxins AFB1, AFB2,
AFG1, AFG2, and DON in maize, oat, rice, rye, barley, and wheat an HPLC-DAD-FLD
system was developed, after two SLE extractions and a clean-up step by SPE. The LODs of
the method were 0.02 to 16.2 ug/kg [95]. An automated molecularly imprinted SPE system
with online fluorescence detection MISPE-FLD was applied for the determination of OTA
in wheat samples achieving LOD 1.2 ng/mL [96]. In wheat, corn, oat, barley, and rice,
a validated HPLC-FLD system coupled with a photochemical reactor was tested for the
simultaneous determination of aflatoxins, OTA, and ZEN. The LODs of the method ranged
between 0.004 and 0.5 pg/kg [99]. Full scan MS was also found in pertinent literature
using a TOF-MS and an Orbitrap MS system for the identification of mycotoxins [61,71,94].
Orbitrap MS and TOF MS are used to estimate both known and unknown compounds. This
is because they have the ability to allow detailed discrimination in molecular weight by
accurately measuring the mass to five significant digits [71]. A validated UHPLC-ToF-MS
method was developed for the determination of nine mycotoxins in maize. The extraction
step proposed was very easy, using two SLE steps with acetonitrile 80% (v/v). The method’s
LODs ranged between 0.5 and 62.5 ug/kg [61]. Furthermore, the LC-Orbitrap MS method
combined with QUEChERS step was applied for the determination of 20 fusarium toxins
in corn, wheat, barley, sunflower, soybean, feeds, and feedstuffs and the LODs of the
method were 5 ug/kg [68]. Ten mycotoxins in maize and rice were detected by a full-scan
LC-MS method using a second-order calibration method based on an alternating trilinear
decomposition (ATLD) algorithm. The extraction was achieved using a USE extraction
after the addition of MeOH /H,O/CHClj3 (75:20:5, v/v/v) and NaCl. The LODs of the
method ranged between 0.01 and 1.17 pg/kg [94].

A UPLC method coupled with a photo diode array detector (DAD) for the analysis
of T-2 and HT-2 toxins in oats and wheat has been also evaluated. The extraction solvents
used were methanol/water (90:10, v/v) followed by a clean-up step with an IAC column.
The LOD of the method for the two toxins was 8 pg/kg [76].

3.2. Immunological Methods (Enzyme-Linked Immunosorbent Assay-ELISA)

Lateral flow immunoassay, ELISA, and immunosensors are immunochemical detection
methods based principally on antibody-antigen binding [102]. Antibodies and antigens
belong to some of the most commonly used capture agents in immunoassays for disease
treatment, environmental monitoring, and food safety regulation. Their high commercial
recognition is, however, not deprived of drawbacks. For example, immunization and
purification are necessary for the development of high-quality antibodies. These processes
can be difficult, expensive, and laborious. Additionally, the applicability of antibodies is
limited due to their sensitivity to pH and temperature variation. Moreover, antibodies
can only recognize substances that are immunogenic and immunoreactive. Finally, the
chemical conjugation effectiveness of mycotoxins to a protein carrier is limited [103,104].

Immunosorbent assays and immunosensors require simpler sample pre-treatment
compared to those required for chromatographic methods and have the advantages of
high throughput and good specificity although, detection results still must be output by
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instruments. Under the same sample pre-treatment procedure, ELISA assays are however
more prone to more errors due to the tedious operation process [105]. Therefore, developing
a more sensitive and rapid on-site detection assay is urgently needed to detect toxic and
harmful substances in food. Several studies using a variety of assays and detectors have
been reported in the literature and are presented in Table 2.

Table 2. ELISA methods used in the analysis of mycotoxins.

Type of Cereal Mycotoxins Method Detection Method LOD Ref.
Maize, wheat, vegetable oil ZEN Fluo.rescence quenchometrlc_lateral UV-absorbance 1-25 pg/kg [105]
samples flow immunochromatographic assay
Maize FB1 Direct competitive multi-channel Electrochemical 0.58 pug/L [106]
immunoassay
Oat, wheat, rye, and maize OTA, DOFIEIé FB1 and Competitive indirect immunoassay Chemiluminescence 0.9-159 ng/kg [107]
Wheat and maize ZEN, T2 and FB1 Competitive assay format Colorimetric N/A [108]
Wheat, Durum wheat, . L. . .
Barley, Maize, Oats T-2 and HT-2 toxins Competitive ELISA Colorimetric 75 nug/kg [109]
Maize, Rice, Hazelnut AFB1 Non-competitive immunoassay Fluorescence 70 pg/mL [110]
Luminex 200
Corn, Wheat, Feedstuff ZEN, FB1, DON, AFB1 Suspension array immunoassay suspension array 0.51-6.0 ng/mL [111]
analyzer
Wheat and corn flours DON, FB1 and OTA Magnetlc'p article-based enzyme Colorimetric 0.1-5ng/mL [112]
immunoassay
Competitive immunoassay
Maize FB1 fluorescence correlation spectroscopy Fluorescence 1.0mg/L [113]
(FCS)
Maize and wheat DON, ZEN, AFB1 QD@SiO,-based immunoassay Colorimetric 1.9-5.4 ug/kg [114]
Wheat, Barley, Soybean, Rice,
Maize, Rapeseed meal, ZEN, DON, AFB1 and . . . .
Sunflower n?eal, Complete OTA Enzyme-linked immunosorbent assay Colorimetric 1.4-28 ug/kg [115]
feeds
Wheat, Corn, Peanut, AFB1, ZEN, DON, OTA, Polyvinylidene fluoride (PVDF) . . . .
Feedstuff and FB1 membrane-based dot immunoassay Densitometric analysis 20-1000 ug/kg (116]
Indirect competitive phage ELISA
Corn, Wheat, Rice ZEN anti-idiotypic VHH phage particles Colorimetric 6.5 pg/mL [117]
were applied to PD-IPCR
. . . ZEN:100 ug/kg
Wheat and maize DON and ZEN Multiplex immunosorbent assay Fluorescence DON: 700 pig/kg [118]
Wheat, Maize, Peanut Oil, Quantum dots and immunomagnetic Atomic absorption
Husked Rice AFBL beads spectroscopy (AAS) 0.04 ng/kg (119]
Competitive immunoassay
Corn, wheat ZEN integrated poly(dimethylsiloxane) Chemiluminescence 0.53 nug/kg [120]
(iPDMS)
Fluorescent immunosorbent assay
a.  DON,ZEN, (FLISA)
. AFB1, T2 and a. same plate (single-analyte a. 0.4-10 pg/k
Wheat, Maize FB1 multiplex, SAM) Fluorescence b. 1-1.8 :ngg "k gg [121]
b. ZEN and AFB1 b. double-analyte multiplex
(DAM)
Maize and cereal-based . Multicolor-based . Visible detection limit:
animal feeds AFBl, ZEN, T-2 toxin immunochromatographic strip (ICS) Optical 0.5-30 ng/mL, (122]
Three kinds of lateral flow
Maize, Wheat Rice ZEN immunochromatographic assays Colorimetric 6-60 ng/kg [123]

(ICAs)

A silver nanoparticle/carbon dot has been applied to develop a “turn on” pattern

fluorescence quenching FLFIA (fluorescence lateral flow immunochromatographic assays)

method for the qualitative and semi-quantitative detection of ZEN in maize, and wheat.

This assay had a limit of detection (LOD) of 1-2.5 pg/kg for ZEN in cereal samples [105]. For
ZEN detection, a monoclonal antibody (mAb) (2B10) was also prepared. The specific mAb
showed no cross-reactivity with other groups of mycotoxins. A competitive microarray
assay based on a novel solid supporting material, an integrated poly dimethylsiloxane
(iPDMS), was proposed for qualitative and/or semiquantitative determination of ZEN
providing a very low limit of quantification (LOQ) 1.02 pg/kg in cereal samples [120]. The
variable domain of heavy-chain antibodies (VHHs) as alternative compounds to produce
anti-idiotypic antibodies, which work as non-toxic surrogate reagents in immunoassay has
also been applied. The proposed method proved to be reliable for the determination of
ZEN in cereal samples with a LOD of 6.5 pg/mL. The use of antiidiotypic VHH phage as
a non-toxic surrogate and the signal-amplification function of PCR makes it a promising
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method for actual ZEN analysis in corn, wheat, and rice [117]. In the same ingredients,
three kinds of lateral flow immunochromatographic assays (ICAs) using colloidal gold,
quantum dots, and polystyrene microspheres have also been used as labels for the detection
of ZEN. The assays allow ZEN to be quantified within 20 min with LODs ranging between
6 and 60 ng/kg [123].

For sensitive detection of FB1 in maize, an immunoassay using single-molecule fluo-
rescence correlation spectroscopy was developed. In comparison to conventional ELISA,
this method showed high sensitivity, simplicity, a short analysis time, and low reagent and
sample requirement. The LOD of this method for FB1 was 1 mg/L [113].

A single-step assay has been developed for the rapid detection of AFB1 in maize, rice,
and hazelnut within 15 min with a LOD of 70 pg/mL. For this method, anti-immunocomplex
(anti-IC) antibodies were used and the immunoassay was non-competitive showing the
applicability of these parameters in the analysis of small molecule contaminants [110].
Furthermore, a chromatography-free method was found in the literature for the detection
of AFBI in cereals and oils through atomic absorption spectroscopy (AAS) using quantum
dots and immunomagnetic beads. A magneto-controlled pre-treatment platform for auto-
matic purification, labeling, and digestion was constructed and AFB1 detection through
AAS was enabled using the proposed immunoassay which exhibits high sensitivity for
AFB1 detection in wheat and maize, with a LOD of 0.04 pg/kg [119].

For the quantitative and simultaneous detection of different mycotoxins, various
immunological methods have been assessed. Detection of ZEN, FB1, DON, and AFB1
in corn, and wheat, has been achieved by a suspension array. Suspension arrays have
the advantages of sensitivity, rapidity, and accuracy. Signal responses are observed using
red and green laser lights to achieve qualitative and quantitative detections. The LODs
of the method were 0.51-6.0 ng/mL for the four mycotoxins [111]. Multiplex fluores-
cent immunosorbent assay (FLISA) using quantum dots (QDs)-based immunochemical
techniques has been used for multi-contaminated cereal samples, allowing the simulta-
neous determination of all compounds. The mycotoxins DON, ZEN, AFB1, T-2, and FB1
were allocated to different wells of the same multi-well plate, and the sample was treated
before being dispensed over the wells (single-analyte multiplex, SAM). Moreover, multi-
contamination with ZEN and AFB1 was determined with the double-analyte multiplex
(DAM). Two different specific antibodies were distributed in one single well and the myco-
toxins ZEN and AFB1 were determined in wheat and maize, on the condition that their
conjugates are labeled with QDs, which are fluorescent in different parts of the spectrum at
two different wavelengths [121].

Another sensitive tool for the simultaneous quantitative determination of DON, ZEN,
and AFB1 in cereal-based products in one single well of a microtiter plate, has been applied.
This one is based on the use of a colloidal quantum dot enrobed into a silica shell (QD@Si02)
derivatives as a highly responsive label. Silica-coated quantum dots were prepared and
subsequently modified via co-hydrolysis with tetraethylorthosilicate (TEOS) and various
organosilane reagents. The LODs were 1.9-5.4 pg/kg for the three mycotoxins [114].
Moreover, another study proposed the development of a polyvinylidene fluoride (PVDEF)
membrane-based dot immunoassay for the rapid and simultaneous detection of AFBI,
ZEN, DON, OTA, and FB1 in corn, and wheat. The LODs of the method for mycotoxins
were 20-1000 nug/kg [116].

Cereal contamination with ZEN and DON, was identified using Cd-based QDs as
labels, while an imprinted BSA was immobilized on a microwell plate. This technique
involved putting silica on green- and red-emitting QDs to turn them hydrophilic, before
coupling with mycotoxin-protein occurs. The ZEN detection cut-off level varies depending
on cereal origin. On the other hand, the cut-off level for DON is considerably lower when
compared to its permissible limits [118]. The multi-mycotoxins (AFB1, ZEN, and T-2 toxin)
determination in cereals has also been accomplished using a multicolor immunochro-
matographic strip (ICS). On this method, three monoclonal antibodies are bound to three
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different colored nanoparticles to act as immunoassay probes and the three mycotoxins
may be quantified at the same time according to color decrease [122].

3.3. Biosensors

Biosensors consist of various elements such as a molecularly imprinted polymer (MIP),
an aptamer, a DNA/RNA molecule, an enzyme, a tissue, living cells, and antibodies. A
transducer is also necessary to connect these parts, which transforms the observed physical
or chemical changes into a quantifiable signal. Depending on the signal transduction
mechanism and the applied recognition elements, three categories of biosensors exist:
optical, electrochemical, and piezoelectric. Immunosensors are of the most commonly
used analytical methods for mycotoxin detection, although other cutting-edge methods
such as MIP-based sensors are available. Antibodies, antigens, and their fragments, are
used for biomolecular recognition in immunosensors. The essential premise behind all
immunosensors is that the precise binding of the immobilized components in the sample
results in the production of an analytical signal that is affected by the concentration of the
target analyte. Labeled and label-free immunosensors combined with different transducers
have been considerably developed for mycotoxin assessment [124-126]. The various myco-
toxin detection sensors that have been created over the previous ten years are presented in
Table 3.

Table 3. Biosensor methods used in the analysis of mycotoxins.

Type of Cereal Mycotoxins Method Detection Method LOD Ref.
Direct binding
Maize, Rice ZEN surface of MSNs-NH2 and the aptamer-FAM Fluorescence 0.012 ng/mL [127]
(molecular recognition probe)
Ma1zfz:§sc1§§reals ZEN Flow-through fluorescence sensor Fluorescence 15 ng/kg [128]
Wheat and maize Optical immunosensor
samples DON Competitive immunoassay White Light Reflectance 62.5 ug/kg [129]
P Spectroscopy (WLRS)
SERS-based test strip
bimetallic core-shell Au@AgNPs with
Corn ZEN embedded reporter molecules (4-MBA) as Raman spectrometry 3.6 ug/kg [130]
the SERS nanoprobe
Differential pulse voltammetric aptasensor .
Corn OTA based on hybridization chain reaction Electrochemical 2pg:/mL (131]
Corn, Wheat DON Indirect competitive immunoassay s Fluorescence 0.16 ng/L [132]

For ZEN detection in maize and rice, a fluorometric assay based on mesoporous
silica nanoparticles (MSNs-NH2) as a positive charge reactor and an aptamer-FAM (6-
carboxy-fluorescein-labeled aptamer) as a signal probe (capture probe and negative charge
reactor), was tested respectively. The proposed assay had high recognition specificity, low
LOD (0.012 ng/mL), and a wide linear range (0.005-150 ng/mL) [127]. Furthermore, a
multi-commutated flow-through optosensor in different cereal samples was developed to
quantify ZEN. The mycotoxin was retained and pre-concentrated on C18 silica gel, and the
use of the multi-commutated flow manifold allowed the automated retention/desorption
of ZEN on the solid microbeads using appropriate carrier/eluting solutions. The native
fluorescence of ZEN was recorded on the solid phase at Aexc/Aem of 265/465 nm/nm. A
QuEChERS procedure was used as a clean-up step of ZEN from different cereal samples.
Recovery studies were performed to assess the accuracy of the method, obtaining recovery
yields between 93% and 107% in all the analyzed samples (maize and cereals feedstuff)
and the LOD was 15 nug/kg [128]. Furthermore, a surface-enhanced Raman scattering
(SERS)-based test strip was proposed for the detection of ZEN, showing simplicity, rapidity,
and high sensitivity. Core-shell Au@AgNPs with embedded reporter molecules (4-MBA)
was synthesized as SERS nanoprobe, which exhibited excellent SERS signals and high
stability. The detection range of ZEN for corn samples was 10-1000 ug/kg while the LOD
of the method was 3.6 ug/kg [130].
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DON detection in crop samples (wheat and maize) has been achieved using a white
light reflectance spectroscopy (WLRS) optical immunosensor. It was proved to be a fast
and high-sensitivity assay for the assessment of contamination in the whole grain [129].

For the determination of the mycotoxin OTA, a differential pulse voltammetric ap-
tasensor based on hybridization chain reaction (HCR) was developed. The assay was
successfully applied to the determination of OTA in cereal samples with a detection limit of
2 pg/mL [131]. A portable and reusable optofluidic immunosensor OIP-v2 was developed
for rapid and sensitive on-site detection of DON using DON-BSA modified bio-probes
as biorecognition elements. The OIP-v2 was used for the detection of DON with high
sensitivity, accuracy, and rapidity. The LOD of DON was 0.16 ug/L [132].

3.4. Spectroscopic Methods FI-NIR

Infrared (IR) spectroscopy-based methods are the most promising for the detection of
mycotoxins since they require small samples and limited technical expertise. Moreover,
such techniques are cheap and need no sample pre-treatment. Identification of mycotoxin
contamination in crops is commonly carried out using spectroscopic techniques [133].
Mid-infrared (MIR) spectroscopy is specified for molecular vibrations while standard NIR
spectroscopy determines the molecular overtones and combined vibrations of chemical
bonds. All spectra produced by overtones and mixed vibrations seen in the NIR range are
challenging to decipher for specific constituents present in a sample [134]. Chemometrics
can be used for direct information extraction from the data, which solves the upcoming
necessity of mathematical processing to extract chemicals and linked information in the
assessment of NIR and MIR spectra. Three phases are often involved in NIR or MIR
spectroscopy using chemometrics: spectral pre-processing, multivariate model construction
for calibration, and model transfer [135]. Qualitative and quantitative methodologies are
used for NIR and MIR spectroscopic model development. Some examples of qualitative
techniques include principal component analysis (PCA), cluster analysis (CA), and linear
discriminant analysis (LDA). On the other hand, principal component regression (PCR),
multiple linear regression, and partial least squares (PLS) are common methodologies for
quantitative multivariate calibration (MLR).

FB1 and FB2 concentrations in maize meal were first analyzed for mycotoxins using
FT-IR as a quick way to distinguish contaminated meals [136]. Based on an optimized
feature model for NIR spectroscopy, a quantitative assay for AFB1 in maize has been
suggested. The potential of NIR spectroscopy in conjunction with chemometric techniques
for the quick and accurate quantitative detection of the AFB1 in maize was demonstrated
using a portable NIR spectroscopy device to evaluate maize samples with varied degrees
of contamination. To effectively mine the wavelengths of the NIR spectra, different variable
selection algorithms were used. After the screening, the wavelength variables were utilized
to create a support vector machine (SVM) and a partial least squares (PLS) test model,
respectively, to measure AFB1 in maize. As a result, by using a nonlinear SVM detection
model, the characteristics of NIR spectra are beneficial for the rapid and accurate testing of
the AFB1 in maize [136].

NIR spectroscopy is used for rapid ZEN identification in wheat grains. First, using
Savitzky—Golay smoothing (SG-smoothing) and multiple scattering correction (MSC), the
collected original NIR spectra were denoised, smoothed, and scatter-corrected, before
normalized. Random frog (RF), successive projections algorithm (SPA), least absolute
shrinkage, and selection operator were the three algorithms utilized to choose variables
from the pre-processed NIR spectra (LASSO). In order to achieve the quantitative detection
of the ZEN in wheat grains, SVM models were built based on the feature variables extracted
by the aforementioned techniques and the LASSO-SVM model’s prediction effect proved
to be more accurate [137].

Total FBs (FB1 + FB2) and ZEN in Brazilian maize have also been measured using
NIR [138]. There were three regression models used: one for FB1 with 18 principal compo-
nents (PCs), one for FB2 with 10 PCs, and one for ZEN with 7 PCs. As internal validation,

26



Molecules 2023, 28, 2519

a partial least squares regression technique with full cross-validation was used. When
FBs and ZEN were assessed using various assessing calibrations NIR values did not differ
significantly compared to reference values LC-MS/MS values, presenting NIR as a reliable
method for quick detection of FBs and ZEN in corn [138].

Finally, NIR and FT-NIR were used to evaluate their applicability and efficiency
for the analysis of Brazilian wheat flour samples contaminated with DON, with partial
least-squares discriminant analysis (PLS-DA) and principal component analysis-linear
discriminant analysis (PC-LDA) used as discriminatory methods. Validation samples
through PLS-DA showed correct classification rates in the range of 85-87.5% with an
error of 10-15% error. For PC-LDA, the hit rate was over 85% with an error of 10-15%
demonstrating that NIR is an excellent alternative method for the classification of wheat
flour samples according to DON content [139].

4. Conclusions and Outlook

The presence of mycotoxins in agricultural products of animal feeds animals poses
a health risk to both livestock and consumers. Due to their toxic nature, their prompt
detection of mycotoxins is critical to the food industry including aquaculture. During
the last decade, analytical methods used for mycotoxin detection include the use of chro-
matographic, immunological, and spectroscopic (NIR) methods as well as biosensors.
Chromatographic methods using LC-MS/MS are more sensitive but require technical
competence and higher time investment. Immunological methods such as ELISA and
biosensors are less sensitive and reliable but are simpler to use by non-specialized per-
sonnel directly in the field and without the requirement of laboratory infrastructure. The
FT-NIR spectroscopic method, which has been extensively utilized in recent years for
mycotoxin detection, is relatively simple and eco-friendly; however, it requires expensive
infrastructure and complex chemometrics and mathematical calculations for its develop-
ment. As mycotoxins will probably continue to be a problem for the aquaculture industry,
to ensure the safety of aquafeeds and produced healthy seafood, it becomes necessary to
develop certain detection methods, especially those that can be used on-site.
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Abstract: Rhizoma Panacis Japonici (RPJ) is an ancient herbal medicine from China that has long
been employed for its medicinal benefits in relieving arthritis physical debility and diverse afflictions.
The primary bioactive constituents found in RP] are triterpene saponins, which exhibit numerous
pharmacological actions, including anti-inflammatory, antioxidant, and immunomodulating effects.
The present study established a straightforward and effective approach for characterizing triterpene
saponins in RPJ. An offline HILIC x RP LC/QTOF-MS method was developed, along with a self-
constructed in-house database containing 612 saponins reported in the Panax genus and 228 predicted
metabolites. The approach achieved good chromatographic performance in isolating triterpene
saponins of RPJ, with the HILIC column as the first dimension (ID) and the BEH C18 column as the
second dimension (D). The developed two-dimensional liquid chromatography system exhibited
an orthogonality of 0.61 and a peak capacity of 1249. Detection was performed using a QTOF mass
spectrometer in a data-independent manner (MSF) in a negative ion mode. Using the in-house
database, the collected MS data were processed by an automatic workflow on UNIFI 1.8.2 software,
which included data correction, matching of precursor and product ions, and peak annotation. In this
study, 307 saponins were characterized from RPJ and 76 saponins were identified for the first time in
Panax japonicus. This research not only enhances our understanding of the chemical characteristics
of RPJ but also offers a simple and efficient method for analyzing the complex composition of
herbal medicine.

Keywords: Panax japonicus; triterpene saponin; offline two-dimensional liquid chromatography;
quadrupole time-of-flight mass spectrometry; in-house database; structural characterization

1. Introduction

Herbal medicines (HM) have been employed in traditional medical systems across the
globe for several centuries and have garnered growing acknowledgment for their thera-
peutic properties. These medicines typically consist of complex chemical components [1].
Elucidating the compounds present in an herb is a fundamental question to ensure its
efficacy and safety in traditional Chinese medicine research [2]. With advancements in
analytical technology, particularly chromatography combined with high-resolution mass
spectrometry (HRMS), significant progress has been made in characterizing the chemical
composition of herbal medicine. However, it is imperative to recognize that the scientific
community continues to face difficulties in effectively segregating and characterizing the
intricate chemical components present in HM [3].

Liquid chromatography-HRMS (LC-HRMS) is the most widely used technique for
characterizing metabolites in HM, especially small metabolites. Nevertheless, the signifi-
cant variations in polarity, structures, and content of chemical constituents in HM present a
growing challenge for one-dimensional (!D) LC-MS. The peak capacity attainable with a
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single column or separation mechanism was insufficient for separating complex samples,
making it hard to obtain MS" information on minor or trace components. Moreover, the
interference from coeluting components increases the difficulty in structural identification
or even leads to reproducible results [4]. Therefore, enhancing separation capabilities
and reducing the coelution fraction are essential for improving the sensitivity and repro-
ducibility of LC-MS. Recently, two-dimensional (2D) LC-HRMS has emerged as a powerful
tool for profiling complex chemical systems, such as natural products, biosamples, en-
vironmental contaminants and food additives [5-7]. 2D LC significantly increases peak
capacities to several thousand or even over 10,000 by connecting two columns with differ-
ent separation mechanisms in series, such as the combination of normal-phase (NP) and
reversed-phase (RP), ion exchange (IE) and RP, as well as HILIC and RP [5]. Shi Qiu et al. [8]
developed an offline 2D LC-MS system to analyze ginsenosides in P. ginseng leaves. They
used HILIC-HPLC as the first dimension (!D) to isolate the extract into multiple fractions.
After concentrated, each fraction was analyzed with the second dimension (?D) using
RP-UHPLC/LTQ-Orbitrap MS instrument. The system showed a practical peak capacity of
11,000, leading to the characterization of 646 ginsenosides, a five-fold increase compared to
those identified using only RP-UHPLC /LTQ-Orbitrap-MS. 2D LC can also be operated in
online mode using special instruments that facilitate the continuous transfer of fractions
from the 'D column to the D column. Online mode offers increased automation and
throughput compared to offline mode. However, in addition to equipment requirements,
the chromatographic conditions in the online mode are usually difficult to optimize due
to the compatibility of mobile phases between the 'D and 2D isolation [9]. On the other
hand, offline 2D LC provides flexibility, ease of operation, and the potential to perform
multidimensional LC separations [10].

HRMS provides extensive coverage of chemicals, a broad dynamic range, precise
mass measurements, and distinguishable isotope distributions [11]. As a result, it has been
effectively utilized for untargeted analysis in various research fields, including natural
product [12], proteomics [13], foodomics [6], lipidomics [5], etc. Data-dependent (DDA)
and data-independent (DIA) acquisition modes are the primary data acquisition modes for
untargeted metabolite analysis. The DDA mode is valuable for linking MS? spectra to the
precursor ions and creating MS!-MS? datasets, but compounds with low MS abundance
cannot undergo fragmentation. On the other hand, DIA modes, such as SWATH and MSE,
can continuously and impartially capture MS? information for all compounds, resulting
in notably greater spectral coverage compared to DDA modes [11,14]. So, some studies
have combined the two modes for improving accuracy and coverage of the structural
identification in profiling chemical constituents of complex sample [15,16].

Efficient management of massive MS/MS data of 2D LC-HRMS is essential for in-
depth chemical characterization of complex sample. Computer-aided database searches are
commonly used for untargeted analysis. Various software and algorithms are employed
for automatic processing of MS data, such as UNIFI 1.8.2 software (Waters) [17], ACD/MS
Structure ID Suite (ACD/Labs) [18], as well as MS-DIAL [19], XCMS [20], and Open MS
2.0 [21]. A comprehensive database specific to the samples being analyzed is important
for the identification of metabolites. While online databases like MassBank and Metline
are available, additional prediction strategies have been developed to enhance database
coverage. In the case of saponins, structure predictions primarily focus on substitution
patterns, such as acetylation, formylation, malonylation, and types of sugar substituents.
By utilizing this approach, 945 saponins, including 662 potentially novel ginsenosides,
were identified from the leaves of P. notoginseng using UNIFI software combined with an
in-house database [22].

Rhizoma Panacis Japonici (RPJ) derives from Panax japonicus C. A. Mey., a species of
the Araliaceae family [23]. It has been used as a folk medicine in China for over 200 years
and has been recorded in the Chinese Pharmacopoeia since 1977. RP] and its preparations
are primarily utilized in the clinical treatment of rheumatoid arthritis [24]. RPJ contains
triterpenoid saponins, polysaccharides, minerals, and amino acids. Of these components,
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triterpene saponins are considered the primary active ingredients in RP], display a diverse
array of pharmacological properties, including anti-inflammatory, antioxidant, and anti-
myocardial ischemia effects [25,26]. We were the first to report the therapeutic effects of the
total saponin from RPJ on experimental autoimmune encephalomyelitis, a classical animal
model of multiple sclerosis [27]. A Chinese national invention patent (No. z1201410041725.5)
has been granted for this discovery [28]. Therefore, elucidating the saponin constituents in
RP]J is essential for further research.

To date, about 113 triterpene saponins have been isolated from RP], which can be
categorized into the protopanaxdiol (PPD), protopanaxtriol (PPT), octillol (OT), oleanolic
acid (OA), and ursonic acid (UA) types [29,30]. Unlike P. ginseng and P. notoginseng, which
are well-known medicinal plants in the P. genus, RP] is unique for its high content of
OA-type saponins along with a small amount of dammarane-type saponins. In previous
studies, RPJ has been analyzed using different methods, such as UHPLC-Q-Exactive
Orbitrap HRMS and UFLC-Triple TOF-MS/MS, resulting in the characterization of 53 and
82 saponins, respectively [31,32]. Additionally, Chunxia Zhang et al. [15] expanded on
this research by identifying 178 components in RPJ using RP LC/IM-QTOF-MS combined
with data-dependent and data-independent acquisition strategies. However, there is
still a gap in characterizing saponins of RPJ. To address this, we established an offline
HILIC x RP LC/QTOEF-MS system. Additionally, we developed a comprehensive in-
house database that documents 612 saponins found in the P. genus and 228 predicted
metabolites for characterizing saponins in RPJ. The workflow is illustrated in Figure 1. The
RPJ was extracted and separated into multiple fractions using a HILIC column (D HPLC).
Each fraction was then further separated by a BEH-C18 column (*D UPLC) and detected
using QTOF-MS/MS in negative mode. The mass data were efficiently managed, and the
saponins present in RPJ] were automatically identified with UNIFI software. Interpretations
were made by studying the fragmentation behaviors of 23 reference saponins (Figure 2).
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Figure 1. A comprehensive workflow for profiling triterpene saponins in Rhizoma Panacis Japonici.
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Figure 2. The structures of 23 reference saponins used in the study: G, Ginsenoside; NG, Notogin-
senoside; CS, chikusetsusaponin; Cy-C, Cynarasaponin C; He-B, hemsgiganoside B; PG-F11, Pseudo-
ginsenoside F11; Glc, glucose; Rha, thamnose; Ara, arabinose; Xyl, xylose; GlcA, glucuronic acid.

2. Results and Discussion
2.1. Optimization of the ' D and > D-LC Conditions

To isolate saponins from RPJ, we selected combinations of HILIC x RP to isolate
triterpene saponins of RPJ according to some reports [8,15]. The 'D (HILIC) and ?D (RP)
LC conditions were optimized systematically. For 'D HPLC separations, we compared the
separation performance of two stationary phases, including silica (Atlantis HILIC column)
and amide (XBridge Amide column and BEH Amide column). As shown in Figure S1,
columns packed with amide material performed better in retaining saponins of RPJ than
the Atlantis HILIC column (silica). Compared with the BEH Amide column, more peaks
with symmetrical peak shapes were observed when using the XBridge Amide column.
Therefore, a XBridge Amide column was used for the ID-LC isolation of RPJ extract.
Given that RPJ primarily contains acidic saponins (OA type), we evaluated the impact of
water and additive of 0.1% formic acid (FA), 0.1 M ammonium formate (AF), and 0.1%
trifluoroacetic acid (TFA) on the separation of saponins in RPJ using acetonitrile (CH3CN)
as the organic phase (Figure S2). Based on the number of peaks and peak symmetry, it
was found that the addition of 0.1% formic acid yielded better results compared to 0.1 M
AF and 0.1% TFA in separating the RPJ extract. Compared to using water alone, a greater
number of peaks were observed within 19-23 min. Thus, 0.1% FA-CH3CN was used as
the mobile phase. Furthermore, we compared the impact of varying column temperatures
(2540 °C) on the separation of RPJ (Figure S3). The results showed that increasing the
column temperature had a minimal impact on the resolution, so it was set at 30 °C.

For the 2D-LC isolation, the performance of five different RP columns was evaluated
in isolating RPJ extract and 23 reference saponins using an UPLC-QTOF-MS instrument.
Based on previous research on ginsenoside [22,32-35], Scepter C18-120, CORTECS (18,
BEH Shield RP18, HSS T3, and BEH C18 columns were selected. As depicted in Figure 5S4,
the RPJ extract exhibited the highest number of chromatography peaks with the Scepter C18-
120 column (298 peaks), followed by the BEH C18 column (287 peaks) and CORTECS- C18

37



Molecules 2024, 29, 1295

column (257 peaks). Compared with others, the BEH C18 column was able to completely
separate the 23 reference saponins and exhibited the best resolution of neighboring peaks.
Due to the specificity of saponins, the BEH C18 column was selected for the 2D UPLC
separation. We then regulated the column temperatures and observed that enhancing the
resolution of some minor peaks at 40 °C compared to 30 °C or 35 °C (Figure S5). Thus, the
column temperature of the 2D UPLC isolation was set at 40 °C.

2.2. Optimization of QTOF-MS Parameters

The key parameters of the Synapt™ mass spectrometer (Waters, Milford, MA, USA)
were fine-tuned to obtain maximum sensitivity and product ion information of saponins in
RP]. Firstly, both the positive and negative ion mode were utilized to analyze the reference
saponins. Abundant fragments could be generated from the parent ion in negative ion
mode as a result of consecutive neutral loss of the external sugar substituent. In contrast,
adduct ions ([M + Na]* and [M + NH4]*) were produced in positive ion mode, and fewer
fragments were apparent in MS? spectra. The results were consistent with the previously
described [36]. Thus, we chose negative mode in this study. Next, the capillary voltage and
cone voltage were tested by evaluating the intensity of four types of saponins, including
chikusetsusaponin V (OA type), ginsenoside Rb1 (PPD type), ginsenoside Rh1 (PPT type)
and Pseudoginsenoside F11 (OT type). For the capillary voltage (Figure 3a), the adduct
ion intensity of target compounds was differently changed at 1.0-3.0 kV, but the ionization
was relatively high at 1.5 kV. Thus, the capillary voltage was set at 1.5 kV. The cone voltage
could induce in-source dissociation of saponins, and an optimal value would enable a
higher response and detection sensitivity. All index saponins produced relatively high ionic
intensity of [M — H] ™ at 40 V, indicating that 40 V was the optimal cone voltage (Figure 3b).
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Figure 3. Influence of (a) capillary voltage, (b) cone voltage, and (c) collision energy on MS? behaviors
of the four representative saponins.
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Collision energy (CE) is vital to induce dissociation of protonated or deprotonated
parent ions [37]. In MS, deglycosylated fragments and sapogenin ions are the main di-
agnostic ions of saponins. Specifically, we selected G-Rh1, PG-F11, CS-V, and G-Rb1 as
representative saponins with one to four sugar units, respectively. Optimization of CE
was carried out within specific energy ranges: 20-40 eV, 30-50 eV, 40-60 eV, 50-70 eV,
and 60-80 eV. As shown in Figure 3c. The energy required to generate sapogenin ions
increased with the number of glycosidic bonds to some extent. G-Rh1, a monoglycoside,
produced relatively high levels of m/z 475.3764 [sapogenin — H]™ and its fragments m/z
391.2820 at lower energy (CE 30-50 eV). The optimal CE for PG-F11 (diglycoside) and CS-V
(triglycoside) was 40-60 eV and 50-70 eV, respectively. In contrast, G-Rb1 (tetraglycoside)
generated m/z 475.3764 [sapogenin — H] ™ at higher collision energies of 50-70 eV and
60-80 eV. Notably, at CE 50-70 eV, the mass spectra of the four saponins showed a variety
of fragments and relatively high levels of aglycone ions. Therefore, the collision energy
was set at 50-70 eV in the MS measurement of the sample.

2.3. Evaluation and Method Validation

The assessment of the offline 2D LC system’s separation performance involved or-
thogonality and peak capacity. By applying asterisk Equations [38], the spreading of
23 reference saponins was calculated, resulting in an orthogonality value of 0.61 (Figure 4).
The parameters of the four crossing lines were calculated at 0.92 (Z_), 0.56 (Z,), 0.98 (Z1)
and 0.72 (Z,), respectively. The 'D and ?D-LC exhibited a peak capacity of 97 (mean
peak width 0.33 min) and 135 (mean peak width 0.27 min), respectively. Consequently,
the 2D LC system exhibited a theoretical peak capacity of 13,175, with an effective peak
capacity of 1249. These results indicated that the developed offline HILIC x RP LC sys-
tem significantly enhanced the resolution of saponins in RP]. For example (Figure 5), the
chromatographic peak at tg 11.23 min of RPJ extract detected by RP-LC/QTOF-MS poten-
tially contained four coeluted compounds (11/z 1169.6055, m/z 1005.5336, m/z 941.4769,
m/z 887.4979). Characterizing their structures based on MS? data was challenging due
to the mixed fragment ions of all the coeluted compounds. However, the developed 2D
LC-MS system successfully distributed these saponins in Fr.14, 13, 10 and 7, and iden-
tified as 6-O-[3-D-glucopyranosyl-(1,2)-p3-D-glucopyranosyl]-20-O-[ 3-D-glucopyranosyl-
(1,4)-B-D-glucopyranosyl]-20(S)-protopanaxatriol or isomer, notoginsenoside G or isomer,
(OA+0)-GlcA-Xyl-Glc and (PPT+O)-Glc-Rha-malonyl. This result highlights the significant
advantage of the offline 2D LC-MS system in resolving coeluted and trace components
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Figure 4. Orthogonality of the offline HILIC x RP LC system with asterisk equations using
23 reference saponins.
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Figure 5. Enlarged 1D HPLC-UV (203 nm)-2D base peak ion (BPI) chromatograms of RPJ extract and
selected fractions, showing the four coeluted saponins in RPJ extract were separated and detected in
fractions 14, 13, 10, and 7.

Additionally, simplified method validation was conducted for both 'D and %D separa-
tions as the reports [33,39], including repeatability, inter-/intra-day precision and limit of
detection (LOD). Five index saponins (including G-Rh1, G-Re, CS-V, CS-IVa and CS-1V)
were used to evaluate precision and repeatability. The relative standard deviation (RSD,
%) for inter-/intra-day precision of D and ?D separation ranged from 0.52% to 4.03% and
from 0.70% to 6.43% (Tables S1-54), respectively. For repeatability of the offline 2D LC-MS
method, the RSD of the five saponins ranged from 1.11% to 3.87% (Table S5). The LOD of
G-Rh1, G-Re, CS-V, CS-IVa and CS-1V were 1.19 ng, 1.50 ng, 1.23 ng, 2.40 ng, and 1.20 ng,
respectively. The findings suggested that the devised method of HILIC x RPLC/QTOF-MS
is stable, sensitive and repeatable.

2.4. Systematic Characterization of the Triterpene Saponins in RPJ

The triterpenoid saponins of RPJ] mainly consist of OA and dammarane types, which
can be categorized into PPD, PPT, OT type, and varied C17 side chains. Regarding the
sugar constituents, GlcA (CgH19O7), Glc (CH120g), Rha (CgH120s5), Ara (C5H19Os) and Xyl
(CsH19Os) have been reported in P. species [8,36], showing the neutral loss of 176.0319 Da,
162.0550 Da, 146.0542 Da, 132.0365 Da and 132.0365 Da, respectively. In the present study,
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Xyl was used to address pentose residue for the neutral loss of 132.0365 Da. Furthermore,
esterified or acylated saponins were also characterized in RPJ (Table S8).

2.4.1. OA-Type Saponins

150 OA-type saponins in RPJ were identified in this study. The major diagnostic
fragments for these saponins were the dehydrogenated aglycone ion at m/z 455.3501 and
the neutral loss of 43.9990 Da (CO,). The sugar chains of OA-type saponins are typically
attached at positions 28-COOH and/or 3-OH. It is observed that the glycoside linkage at
C-28 is more susceptible to breakage compared to the one at the C-3 position in the negative
ion mode. Thus, the substitution positions or isomers of various sugar chains in OA-
type saponins can be determined by analyzing the relative abundance of deglycosylated
fragments. For example, CS-V and He-B are isomers with two sugar chains. They both
produced [M — H]™ ion at m/z 955.4883 (C48H7c019) and deprotonated sapogenin ion at
m/z 455.3519 (Figure 6). CS-V (3-GlcA-Glc, 28-Glc) generated deglucose chain fragments at
m/z793.4343 (IM — H — Glc] ™), along with ions at m/z 731.4336 (IM — H — Glc — H,O
— CO,]7), 613.3718 (M — H — H,O — 2GlIc] ™), and 569.3819 (M — H — 2Glc — CO, —
H,0]7). On the other hand, He-B produced a high-intensity [M — H — 2Glc] ™ ion at m/z
631.3838, indicating that two glucose molecules are linked to the C-28 position instead of
C-3. Similar cleavage behaviors were also observed in compounds CS-IV and CS-Ib, which
is consistent with a previous report [40].
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Figure 6. The MS? spectra for chikusetsusaponin V and hemsgiganoside B in negative ion mode.

It is worth noting that P. japonicus also contains UA-type saponins, which are aglycone
isomers of the OA type, such as Cynarasaponin (Cy-C, UA-28-Glc-3-GlcA) and CS-IVa (OA-
28-Glc-3-GlcA) [41]. They were distinguished by the retention time (CS-1Va, tg, 21.72 min;
Cy-C, tg, 22.15 min) provided by the reference substances because of their highly similar
MS? spectra. So, the sapogenin ion at m1/z 455.3534 observed in MS? spectra was identified
as the OA type. In MS/MS qualitative characterization, identifying high-level isomers
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has always been a challenging task especially in the absence of reference compounds. In
recent years, techniques like energy-resolved (ER) MS and Ion Mobility (IM) MS have been
utilized to distinguish isomers by detecting additional structural information, like optimal
collision energy, half response collision energy, ion migration time, collision cross-section,
and others. These techniques have been utilized for identifying isomers in HM without the
need for reference compounds, such as lignan glycosides [39] and coumarins [42], among
others. To our knowledge, the application of these techniques to distinguish UA and OA
isomers has not yet been reported, which needs for further investigation.

2.4.2. Dammarane Type Saponins

PPT and PPD types are the main dammarane-type saponins in P. species. 31 PPD-type
and 48 PPT-type saponins have been identified from RPJ in this study and they commonly
produced [M — H]™ and/or [M + HCOO]™ in negative ion mode. The major diagnostic
fragments of PPT and PPD-type were observed at m/z 475.3764 (C30Hs104) — 391.2820
and 459.3860 (C39H5103) — 375.2902, respectively. Compound 67 (tg, 11.26 min) gave [M +
HCOO]™ and [M — H]™ ions at m/z 1169.5959 and 1123.5907, respectively, corresponding
to the formula C54HgpOy4 (Figure 7). The [M — H]~ ion generated diagnostic fragments at
m/z 475.3771 ((M — H — 4Glc] ") and 391.2861 (M — H — 4Glc — C¢Hy,] ), along with
m/z 961.5367 (M — H — Glc] ™), 799.4810 [M — H — 2Glc]~, 781.4718 (IM — H — 2Glc
— H,0]7) and 637.4304 (M — H — 3Glc] ) ions. So, Compound 67 was characterized
as 6-O-[3-D-glucopyranosyl-(1,2)-p-D-glucopyranosyl]-20-O-[ 3-D-glucopyranosyl-(1,4)-3-
D-glucopyranosyl]-20(S)-protopanaxatriol. Compound 293 (tg, 28.44 min), the molecular
formula C4,Hy7,O13 was confirmed by m/z 829.4951 (IM + HCOO]™) and 783.4878 ([M
— HJ7). The parent ion (m/z 783.4878) lost two Glc residues and gave m/z 459.3828
([sapogenin — H] ™) and 375.2902 ([sapogenin — H — C¢H;j,] ) ions (Figure 7). Its molecular
formula and cleavage behavior were consistent with ginsenoside Rg3 [43]. In addition,
16 OT-type saponins have been identified from RP]J and their characteristic ions were at
m/z 491.3708 and 415.3257 in negative ion mode. Compound 15 (tg, 5.47 min) showed
abundant [M + HCOO]™ and [M — H]~ ions at m/z 1007.5425and 961.5380, corresponding
to the formula C4gHgyO19 (Figure 7). Fragment ions at m1/z 815.4795 (M — H — Rha] ™),
797.4684 (IM — H — Rha — H,O] ), 653.4269 (M — H — Rha — Glc] ™), 635.4156 (M — H
— Rha — Glc — Hy0] ), 491.3732 ((M — H — Rha — 2GlIc] ™), and 415.3229 (M — H — Rha
— 2Glc — C3HgO] ) were observed in MS? spectra. Thus, compound 15 was identified as
octillol-Glc-Glc-Rha.

PPD or PPT-type saponins with dehydrated on sapogenin and varied C17 side chains
have been reported from P. genus [29,44]. In the present study, 19 and 38 compounds of
these types were characterized, which usually yield [sapogenin — H]~ ion and specific
fragments of the C17 side chain. For example, Compound 284 (tg, 28.04 min) gave abundant
ions at m/z 827.4825 (M + HCOO] ) and 781.4734 (M — H] ™), which are consistent with
the formula C4H79Oq3. Its [M — H]™ ion yielded fragments of m/z 619.4333 (M — H
— Glc] ™), 457.3685 (M — H — 2GlIc] ) and 373.2753 (IM — H — 2Glc — CgH12]7). The
neutral losses of the sugar chain and C¢Hj, indicated that compound 284 was ginsenoside
5-ene-PPD-Glc-Gle. Compound 31 (tg, 7.78 min) was firstly identified in RPJ. It yielded m/z
861.4861 (M + HCOO]™) and 815.4783 (IM — H]™) ions, indicating the formula C4,H7,O15.
The fragments m/z 669.4212, 507.3681, and 491.3747 were assigned to [M — H — Rha]~,
[M —H — Rha — GIc]7, and [M — H — Rha — Glc — H,O]~ ions, respectively. The ion at
m/z 507.3681 suggested two methyl substitutions in the side-chain of the aglycone (PPT).
As reported in the literature [45], compound 31 was identified as floralquinquenoside B.
Similar fragmentation behavior was also observed in compound 10 (C41H7,O15), which
generated ions at m/z 803.4777 (M — H] ™), 671.4326 (IM — H — Xyl] ™), 509.3869 (M —
H — Xyl — Glc]7), and 391.2929 (IM — H — Xyl — Glc — C4H140;]7). The fragments at
m/z 509.3869 and m/z 391.2929 indicated that its aglycone was 23,24-OH-PPT. Therefore,
compound 10 was characterized as 23,24-OH-PPT-Glc-Xyl.
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Figure 7. The MS? spectra for three dammarane-type saponins in negative ion mode.

2.4.3. Esterified and Acylated Type Saponins

Esterified and acylated saponins were also observed in RPJ. In the case of OA-type
saponins, esterification could occur due to the presence of free carboxyl in sapogenin or
glucuronic acid [30]. Among the OA-type saponins, 21 formylated, 7 ethylated, 1 poly-
acetylene (compound 269), and 1 acylated (compound 255) were found. The neutral losses
of 13.9753 Da (methyl), 28.0311 Da (ethyl), 42.0113 Da (acetyl), 44.0104 Da (malonyl) could
be observed in negative ion mode, respectively. Compound 270 (tg, 27.36 min) gave [M +
HCOO]™ and [M — H] ™ ions at m/z 837.5613 and 791.4565, respectively, corresponding to
the formula C43HggO13 (Figure 8). The ion at m/z 763.4254 (M — H — C;Hy] ™), indicating
the carboxyl was esterified. The precursor ion further generated m/z 631.3843 (M — H —
CoHy — Ara] ™), 613.3740 ((M — H — CoHy — Ara — HyO] ™), 537.3583 (M — H — CoHy —
Ara — CpH403]7), and 455.3347 (M — H — C,Hy — Ara — GlcA] 7). Thus, compound 270
was identified as 28-desglucosylchikusetsusaponin IV ethyl ester.

On the other hand, dammarane-type saponins containing acetyl/malonyl substituents
are also reported from P. species [8,36], and these substituents are usually at C20-sugar
chain. We also found 2 malonylated and 16 acetylated saponins from RP] in this study.
In negative ion mode, these saponins exhibited [M — H — acetyl]” and [M — H — acetyl
— H,OJ~ diagnostic fragments, consistent with previous reports [36]. Compound 232
(tr, 25.75 min, C54Hog4054) showed [M + HCOO] ™ and [M — H] ™ ions at m/z 1221.6252
and 1175.6190, respectively. In MS?, the high intensity of ions at m/z 1107.5941 [M — H
— acetyl]” and 1089.5822 [M — H — acetyl — H,O]~ were observed, accompany with
fragments at m/z 945.5391 [M — H — acetyl — Glc]~, 783.4871 [M — H — acetyl — 2GlIc]~,
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621.4385 [M — H — acetyl — 3GlIc]~, 603.4211 [M — H — acetyl — 3Glc — H,O]~, and
459.3841 [M — H — acetyl — 4Glc]~. Compound 232 was identified as ginsenoside Ra6.
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Figure 8. The MS2 spectra for ethylated and acetylated saponins in negative ion mode.

In this study, 307 saponins were identified from RPJ using the developed 2D LC-
QTOEF-MS method based on an in-house database of P. genus. Among these saponins, 150
were categorized as OA-type saponins and their derivatives, while one was classified as a
UA-type saponin. Furthermore, 156 dammarane-type saponins were identified, including
C17 side-chain varied compounds along with esterified and acylated derivatives. In the
chemical characterization of HM using 1D or 2D LC-HRMS, a comprehensive and specific
database is necessary to enhance the efficiency of compound identification and ensure
consistent results. Nonetheless, relying solely on computer-aided database searches may
limit the exploration of new compounds to some extent.

3. Materials and Methods
3.1. Chemicals and Reagents

A total of 23 reference saponins were used in this study (Figure 2). Reference
chikusetsusaponin-IVa, -1V, -Ib, -V, ginsenoside -Rd, -Rh2, -Re, -Rc, -Rb1, -Rb2, -F1, -
Rgl, 20 (S) ginsenoside-Rh1, 20 (R) ginsenoside-Rh1, notoginsenoside-R1, zingibroside R1,
Calenduloside E, oleanolic acid, protopanaxadiol, and protopanaxatriol were, respectively,
purchased from Herbest Bio-Tech Co., Ltd. (Baoji, China), DeSiTe Biological Technology
Co., Ltd. (Chengdu, China), Biopurify Phytochemicals Ltd. (Chengdu, China) and Pufei De
Biotech Co., Ltd. (Chengdu, China) Hemsgiganoside B and cynarasaponin C were isolated
from RPJ in our lab [41]. LC-grade acetonitrile and methanol were provided by Fisher
Co. Ltd. (Emerson, IA, USA). The analytical grade trifluoroacetic acid, formic acid, and
ammonium formate were purchased from Macklin Biotech Co., Ltd. (Shanghai, China). For
the preparation of ultrapure water, a Milli-Q Reagent Water System (Millipore, Bedford,
MA, USA) was utilized. The Rhizoma of Panacis Japonici was obtained from a pharmacy
in Chengdu. It was identified as the rhizome of Panax japonicus C. A. Mey. by Associate
Professor Li Jia of the College of Traditional Chinese Medicine at Capital Medical University.
Voucher specimens with Batch No. PJ201901 have been deposited at the authors’ lab in
Capital Medical University (Beijing, China).
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The columns used were as follows: XBridge Amide column (4.6 x 150 mm, 3.5 pm,
Waters, USA) and (2.1 x 150 mm, 3.5 um, Waters, USA), Atlantis HILIC silica column
(2.1 x 150 mm, 3 pm, Waters, USA), BEH Amide column (2.1 x 100 mm, 1.7 pum, Wa-
ters), BEH C18 column (2.1 x 100 mm, 1.7 um, Waters, USA), BEH Shield RP18 column
(2.1 x 100 mm, 1.7 um, Waters, USA), ACQUITY UPLC HSS T3 column (2.1 x 100 mm,
1.8 um, Waters, USA), CORTECS UPLC C18 column (2.1 x 100 mm, 1.6 um, Waters, USA)
and Shim-pack Scepter C18-120 (2.1 x 150 mm, 1.9 pm, Shimadzu, Kyoto, Japan).

3.2. Sample Preparation

Ten g of fine powder of RP] was extracted with the assistance of ultrasound (100 W,
50 Hz) for one hour at 30 °C using 200 mL of 70% methanol as solvent. The mixture was
then centrifuged at 3000 rpm for 15 min. The supernatant liquid was filtered through a
0.22 pm PTEFE filter membrane and stored at 4 °C for analysis.

3.3. Offline HILIC xRP LC/QTOF-MS Conditions

The first-dimensional (! D) separation was performed on an Agilent 1200 HPLC system
(Agilent Technologies, Santa Clara, CA, USA) using a Waters XBridge Amide column
(4.6 x 150 mm, 3.5 um). The mobile phase consisted of 0.1% FA (v/v) in water (A) and
acetonitrile (CH3CN, B), with the liner elution gradient: 0-3 min, 95% B; 3-5 min, 95-90%
B; 5-14 min, 90-85% B; 14-17 min, 85% B; 17-22 min, 85-83% B; 22-27 min, 83-60% B;
27-32 min, 60% B; 32-35 min, 60-95% B. The column temperature was set at 30 °C and the
wavelength was at 203 nm. The flow rate was 1.0 mL/min and the injection volume were
20 uL. Seventeen fractions (Fr.1-Fr.17) were collected every 2 min from 1 to 34 min with
six replications. The fractions were dried with a steady flow of N; at room temperature.
Each residue was then redissolved in 100 puL of 70% methanol followed by centrifugation
at 14,000 rpm for 10 min, and the supernatant was retained for the second-dimensional
(°D)-RPLC separation.

The ?D-RPLC separation was conducted on an UPLC Acquity™ system (Waters, USA)
utilizing a Waters Acquity UPLC BEH C18 column (2.1 x 100mm, 1.7 um). The mobile
phase was composed of 0.1% formic acid (v/v) in water (A) and CH3CN (B), with the
column temperature at 40 °C. The elution gradient was as follows: 0—4 min, 90-80% A;
4-9 min, 80-77% A; 9-10 min, 77-71% A; 10-12 min, 71-70% A; 12-22 min, 70-68% A;
22-24 min, 68-66% A; 24-24.5 min, 66-58% A; 24.5-36.5 min, 58-15% A; 36.5-37.5 min,
15-5% A; 37.5-40.5 min, 5% A. Five uL were injected and the flow rate was 0.3 mL/min.

Acquisition was performed in MSF mode with a Synapt™ QTOF high-resolution
mass spectrometer (Waters, USA) under negative ion mode. The optimized parameters
for mass detection were as follows: high-purity nitrogen (N,) was used as desolvation gas
(800 L/h) and nebulizer gas (40 psi); the desolvation temperature was 450 °C. The cone gas
flow was set at 50 L/h, capillary voltage at 1.5 kV, cone voltage at 40 V, supplemental ion
source voltage at 80V, ion source temperature at 120 °C, low collision energy at 6 eV, and
high collision energy ranging from 50 to 70 eV. The mass scan range was m/z 350-1500.
Real-time calibration was performed using leucine enkephalin (400 ng/mL) at a flow rate
of 10 uL./min.

3.4. Evaluation of Orthogonality and Peak Capacity

Orthogonality and peak capacity of the developed 2D LC system were calculated
with a set of asterisk formula [38,46] (Supplementary Formula (S1)). The normalized
retention time (t;) of each reference component to the relative retention time (t'r, norm(i))
based on equation (Equation (51)) (tp: dead volume time; tg: effective elution time of
the chromatography system). The peak distribution around the four lines Sz_, Sz, Sz4,
and Sz, were according to Equations (52)—(S5) (o: standard deviation of the values of all
23 index components). The Z parameters were calculated according to Equations (S6)-
(510), which yields the orthogonality result Aj. The peak capacity of theoretical (n.»p) and
effective (n’ op) were determined based on Equations (511)—-(513), in which W}, represents
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the average peak widths of three well-separated chromatographic peaks at the beginning,
middle, and end of the elution gradient.

3.5. Development of an In-House Database of P. genus

To comprehensively characterize triterpene saponins in RPJ, an in-house database
of P. genus was established, including 612 saponins reported in the genus and 228 pre-
dicted metabolites (Tables S6 and S7). The database includes an Excel file with records
of 840 saponins’ names, formulas, theoretical molecular weights, and MS/MS character-
istics, as well as a .mol file for each compound. The information on these saponins
was primarily obtained through literature research. Chemical structures with incom-
plete information were obtained by retrieved from online databases such as PubChem
(https:/ /pubchem.ncbi.nlm.nih.gov/, accessed on 29 January 2024), ChemSpider (https:
/ /www.chemspider.com/, accessed on 29 January 2024) and Chemicalbook (https://www.
chemicalbook.com /ProductIndex.aspx, accessed on 29 January 2024), or drawn using King-
Draw 3.0 software. MS/MS fragments were acquired by searching online databases, includ-
ing Massbank (https://massbank.jp, accessed on 6 March 2024), HMDB (https://hmdb.ca,
accessed on 6 March 2024), etc.

Previous studies have demonstrated that OA-type saponins in the P. genus can un-
dergo esterification with methyl, ethyl, and butyl groups [30], whereas dammarane-type
ginsenosides may exhibit substitutions of malonyl and acetyl [22,36]. Consequently, poten-
tial structures of the saponins reported in PR] were predicted, encompassing 47 OA-type
saponin derivatives and 181 dammarane-type saponin derivatives. For predicted com-
pounds, molecular weights were calculated using MassLynx 4.1 workstation and MS/MS
fragments were inferred based on similar saponins.

3.6. Method Validation

Validation of the established HILIC x RP LC/QTOF-MS method was conducted for
inter-/intraday precision, reproducibility and LOD using five reference saponins (G-Rhl,
G-Re, CS-V, IVa and CS-1V) as index compounds. To evaluate the inter-/intraday precision
of 'D and 2D separation, six repeated injections were performed on the first day, followed
by three consecutive injections on the second and third days. Precision and reproducibility
were assessed using the relative standard deviation (RSD, %). The LOD of the four reference
saponins (G-Rh1, G-Re, CS-V, IVa and CS-1V) were determined at a signal-to-noise(S/N)
ratio of about 3.

3.7. Automated Peak Annotation with UNIFI

MSE data were recorded using Masslynx and then processed with UNIFI 1.8.2 software,
which employed a three-dimensional peak apex track integration algorithm to detect the
full-scan data and provide clear low and high-energy spectra [17]. UNIFI facilitated data
correction, matching of precursor and product ions, and peak annotation based on an
in-house database imported into the software. The parameters of automatic annotation
were as follows: low-energy and high-energy ion intensity thresholds were set at 300 and
40 counts, respectively, and target match tolerance and fragment were set at 10.0 ppm. The
adduct ions [M — H]~ and [M + HCOO]~ were used to automatically screen for target
components. Following processing, the software generated a list of ‘Identified Components’.
To ensure accurate identification, a filter was applied with Detector Counts of >5000 and
an error range of ppm <10.0 to reduce errors and false positives. The compounds listed
under ‘Unknown Components” were analyzed manually.

4. Conclusions

In this study, a sensitive and reliable offline HILIC x RP LC/QTOEF-MS method was
developed, along with an in-house database and structure prediction strategy. The method
was successfully applied to characterize triterpene saponins from RPJ, demonstrating high
orthogonality and peak capacity. A total of 307 saponins were identified from RPJ, with 76

46



Molecules 2024, 29, 1295

of these saponins being identified for the first time in P. japonicus. These findings not only
provide a deeper understanding of the chemical constituents of RPJ, but also offer a simple
and effective approach for analyzing the complex composition of herbal medicine.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules29061295/s1, Figure S1. 'D HILIC chromatograms
(203 nm) of RPJ extract with different columns: (a) Atlantis HILIC silica column (2.1 x 150 mm, 3
um), (b) BEH Amide column (2.1 x 100 mm, 1.7 pm), and (c) Xbridge Amide column (2.1 x 150 mm,
3.5 um); Figure S2. 'D HILIC chromatograms (203 nm) of RPJ extract with different additives in the
mobile phase: (a) Water; (b) 0.1% trifluoroacetic acid (TFA); (c) 0.1 M ammonium formate (AF); (d)
0.1% formic acid (FA); Figure S3. 1D HILIC chromatograms (203 nm) of RP] extract with XBridge
Amide column at different column temperature: (a) 25 °C, (b) 30 °C, (c) 35 °C and (d) 40 °C; Figure
S4. Base peak ion (BPI) chromatograms of 23 reference saponins (left) and RPJ extract (right) with
different RP-UPLC columns at 40 °C. (a) Scepter C18-120 (2.1 x 150 mm, 1.9 um); (b) CORTECS C18
column (2.1 x 100 mm, 1.6 um); (c¢) BEH C18 column (2.1 x 100 mm, 1.7 um); (d) BEH Shield RP18
column (2.1 x 100 mm, 1.7 um); (e) HSS T3 column (2.1 x 100 mm, 1.8 um); Figure S5. Base peak ion
(BPI) chromatograms of 23 reference saponins (left) and RP]J (right) extract with BEH C18 column at
different column temperature: (a) 30 °C, (b) 35 °C and (c) 40 °C; Formula (S1). Asterisk equations for
calculating orthogonality and peak capacity of 2D LC system; Table S1. Intra-day precision of the
D separation (n = 6); Table S2. Inter-day precision of the ! D separation (1 = 3); Table S3. Intra-day
precision of the 2D separation (1 = 6); Table S4. Inter-day precision of the 2D separation (1 = 3); Table
S5. Repeatability of the offline 2D LC-MS system (1 = 6); Table S6. Information of the 612 saponins
reported from the Panax genus as of 2023; Table S7. 228 predicted saponin metabolites of Panacis
Japonici; Table S8. Detailed structural information of the 307 saponins characterized by 2D LC-MS.

Author Contributions: Investigation and writing—original draft, S.Y. and C.L.; validation, S.W.;
formal analysis, H.L. and Y.M.; data curation, Y.D. and ].C.; resources, P.Y.; project administration and
writing—editing, H.Z. All authors have read and agreed to the published version of the manuscript.

Funding: The study was supported by the National Natural Science Foundation of China (Grant nos.
81973564 and 81403095) and the Scientific Research Program of Beijing Municipal Commission of
Education (KM201910025020).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in article and Supple-
mentary Materials.

Acknowledgments: We thank BioRender.com for the support of the diagram drawing.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Tang,].L.; Liu, B.Y,; Ma, K.W. Traditional Chinese medicine. Lancet 2008, 372, 1938-1940. [CrossRef] [PubMed]

2. You, L,; Liang, K.; An, R.; Wang, X. The path towards FDA approval: A challenging journey for Traditional Chinese Medicine.
Pharmacol. Res. 2022, 182, 106314. [CrossRef] [PubMed]

3. Fu, Q.; Ke, Y.X,; Jiang, D.S.; Jin, Y. Chemical separation and characterization of complex samples with herbal medicine. Trends
Anal. Chem. 2020, 124, 115775. [CrossRef]

4. Zuo, T; Zhang, C.; Li, W.; Wang, H.; Hu, Y,; Yang, W,; Jia, L.; Wang, X.; Gao, X.; Guo, D. Offline two-dimensional liquid
chromatography coupled with ion mobility-quadrupole time-of-flight mass spectrometry enabling four-dimensional separation
and characterization of the multicomponents from white ginseng and red ginseng. J. Pharm. Anal. 2020, 10, 597-609. [CrossRef]

5. Pirok, B.W.J; Stoll, D.R.; Schoenmakers, P.J. Recent Developments in Two-Dimensional Liquid Chromatography: Fundamental
Improvements for Practical Applications. Anal. Chem. 2019, 91, 240-263. [CrossRef] [PubMed]

6.  Montero, L.; Herrero, M. Two-dimensional liquid chromatography approaches in Foodomics—A review. Anal. Chim. Acta 2019,
1083, 1-18. [CrossRef] [PubMed]

7. Duarte, R.; Brandao, PF; Duarte, A.C. Multidimensional chromatography in environmental analysis: Comprehensive two-

dimensional liquid versus gas chromatography. |. Chromatogr. A 2023, 1706, 464288. [CrossRef] [PubMed]

47



Molecules 2024, 29, 1295

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Qiu, S.; Yang, W.Z.; Shi, X.J.; Yao, C.L.; Yang, M; Liu, X,; Jiang, B.H.; Wu, W.Y.; Guo, D.A. A green protocol for efficient discovery
of novel natural compounds: Characterization of new ginsenosides from the stems and leaves of Panax ginseng as a case study.
Anal. Chim. Acta 2015, 893, 65-76. [CrossRef] [PubMed]

Ji,S.; Wang, S.; Xu, H.S.; Su, Z.Y.; Tang, D.Q.; Qiao, X.; Ye, M. The application of on-line two-dimensional liquid chromatography
(2DLC) in the chemical analysis of herbal medicines. J. Pharm. Biomed. Anal. 2018, 160, 301-313. [CrossRef] [PubMed]

Jia, L.; Wang, H.; Xu, X.; Wang, H.; Li, X.; Hu, Y.; Chen, B.; Liu, M.; Gao, X,; Li, H.; et al. An off-line three-dimensional liquid
chromatography/Q-Orbitrap mass spectrometry approach enabling the discovery of 1561 potentially unknown ginsenosides
from the flower buds of Panax ginseng, Panax quinquefolius and Panax notoginseng. J. Chromatogr. A 2022, 1675, 463177. [CrossRef]
[PubMed]

Yang, Y.; Yang, L.; Zheng, M.; Cao, D.; Liu, G. Data acquisition methods for non-targeted screening in environmental analysis.
Trends Anal. Chem. 2023, 160, 116966. [CrossRef]

Xu, Y,; Liu, Y,; Zhou, H.; Wang, R.; Yu, D.; Guo, Z,; Liang, X. A guide of column selection for two-dimensional liquid
chromatography method development of natural alkaloids. Talanta 2023, 251, 123738. [CrossRef]

Chang, W.H.; Lee, C.Y;; Lin, C.Y.; Chen, W.Y.; Chen, M.C.; Tzou, W.S.; Chen, Y.R. UniQua: A universal signal processor for
MS-based qualitative and quantitative proteomics applications. Anal. Chem. 2013, 85, 890-897. [CrossRef]

Guo, J; Huan, T. Comparison of Full-Scan, Data-Dependent, and Data-Independent Acquisition Modes in Liquid
Chromatography-Mass Spectrometry Based Untargeted Metabolomics. Anal. Chem. 2020, 92, 8072-8080. [CrossRef]

Zhang, C.; Zuo, T.; Wang, X.; Wang, H.; Hu, Y,; Li, Z.; Li, W,; Jia, L.; Qian, Y.; Yang, W.; et al. Integration of Data-Dependent Acqui-
sition (DDA) and Data-Independent High-Definition MS(E) (HDMS(E)) for the Comprehensive Profiling and Characterization of
Multicomponents from Panax japonicus by UHPLC/IM-QTOF-MS. Molecules 2019, 24, 2708. [CrossRef]

Wang, H.D.; Wang, HM.; Wang, X.Y.; Xu, X.Y,; Hu, Y,; Li, X,; Shi, X.].; Wang, SM,; Liu, J.; Qian, Y.X,; et al. A novel hybrid scan
approach enabling the ion-mobility separation and the alternate data-dependent and data-independent acquisitions (HDDIDDA):
Its combination with off-line two-dimensional liquid chromatography for comprehensively characterizing the multicomponents
from Compound Danshen Dripping Pill. Anal. Chim. Acta 2022, 1193, 339320. [PubMed]

Lopez, M.G.; Fussell, R.J.; Stead, S.L.; Roberts, D.; McCullagh, M.; Rao, R. Evaluation and validation of an accurate mass screening
method for the analysis of pesticides in fruits and vegetables using liquid chromatography-quadrupole-time of flight-mass
spectrometry with automated detection. J. Chromatogr. A 2014, 1373, 40-50. [CrossRef] [PubMed]

Wu, Y.T.; Zhao, X.N.; Zhang, P.X.; Wang, C.E; Li, J.; Wei, X.Y.; Shi, ].Q.; Dai, W.; Zhang, Q.; Liu, ].Q. Rapid Discovery of Substances
with Anticancer Potential from Marine Fungi Based on a One Strain-Many Compounds Strategy and UPLC-QTOF-MS. Mar.
Drugs 2023, 21, 646. [CrossRef] [PubMed]

Tsugawa, H.; Cajka, T.; Kind, T.; Ma, Y.; Higgins, B.; Ikeda, K.; Kanazawa, M.; VanderGheynst, J.; Fiehn, O.; Arita, M. MS-DIAL:
Data-independent MS/MS deconvolution for comprehensive metabolome analysis. Nat. Methods 2015, 12, 523-526. [CrossRef]
[PubMed]

Mahieu, N.G.; Genenbacher, J.L.; Patti, G.J. A roadmap for the XCMS family of software solutions in metabolomics. Curr. Opin.
Chem. Biol. 2016, 30, 87-93. [CrossRef] [PubMed]

Rost, H.L.; Sachsenberg, T.; Aiche, S.; Bielow, C.; Weisser, H.; Aicheler, F.; Andreotti, S.; Ehrlich, H.C.; Gutenbrunner, P.;
Kenar, E.; et al. OpenMS: A flexible open-source software platform for mass spectrometry data analysis. Nat. Methods 2016, 13,
741-748. [CrossRef] [PubMed]

Yao, C.L.; Pan, H.Q.; Wang, H.; Yao, S.; Yang, W.Z.; Hou, J.J.; Jin, Q.H.; Wu, W.Y.; Guo, D.A. Global profiling combined with
predicted metabolites screening for discovery of natural compounds: Characterization of ginsenosides in the leaves of Panax
notoginseng as a case study. J. Chromatogr. A 2018, 1538, 34—44. [CrossRef] [PubMed]

Committee, C.P. Pharmacopoeia of the People’s Republic of China; The Medicine Science and Technology Press of China: Beijing,
China, 2020; Volume 144.

Guo, Z.; Feng, Z.T.; Zhang, H.R; Yan, L.; Liang, M.G.; Mei, Z.G.; Cai, S.]. Progress in the treatment of rheumatoid arthritis with
Panax janonicus and its preparations. J. Chin. Med. Mater. 2019, 42, 941-944.

He, H.; Xu, J.; Xu, Y.; Zhang, C.; Wang, H.; He, Y.; Wang, T.; Yuan, D. Cardioprotective effects of saponins from Panax japonicus on
acute myocardial ischemia against oxidative stress-triggered damage and cardiac cell death in rats. J. Ethnopharmacol. 2012, 140,
73-82. [CrossRef] [PubMed]

Wang, X.J.; Xie, Q.; Liu, Y,; Jiang, S.; Li, W.; Li, B.; Wang, W.; Liu, C.X. Panax japonicus and chikusetsusaponins: A review of diverse
biological activities and pharmacology mechanism. Chin. Herb. Med. 2021, 13, 64-77. [CrossRef]

Wang, J.; He, L.Y,; Wang, S.Y.; Zhao, H.; Chen, J.; Dong, Y.X.; Yasen, S.; Wang, L.; Zou, H.Y. Therapeutic effect of the total saponin
from Panax japonicus on experimental autoimmune encephalomyelitis by attenuating inflammation and regulating gut microbiota
in mice. J. Ethnopharmacol. 2023, 315, 116681. [CrossRef] [PubMed]

Wang, L.; Zhao, H.; Zou, H.Y.; Zhang, Q.; Zheng, Q.; Li, Q.; Fang, L. New Use of Extract of Panax japonicus as Multiple Sclerosis Drug;
China National Intellectual Property Administration: Beijing, China, 2016.

Li, X.; Liu, J.; Zuo, T.T,; Hu, Y,; Li, Z.; Wang, H.D.; Xu, X.Y.; Yang, W.Z.; Guo, D.A. Advances and challenges in ginseng research
from 2011 to 2020: The phytochemistry, quality control, metabolism, and biosynthesis. Nat. Prod. Rep. 2022, 39, 875-909.
[CrossRef] [PubMed]

48



Molecules 2024, 29, 1295

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

He, YM,; Ai, K; He, C.X.; Zhang, C.C.; Yuan, D.; Cai, S.J. Triterpene saponins in Panax japonicus and their IBC-NMR spectroscopic
characteristics. China . Chin. Mater. Medica 2019, 44, 249-260.

Chen, J.L.; Tan, M.X; Zou, L.S; Liu, X.H.; Chen, S.Y.; Shi, ].].; Wang, C.C.; Mei, Y.Q. Saponins in Panacis japonici Rhizoma as
Analyzed by UFLC-Triple TOF MS/MS. Food Sci. 2019, 40, 249-258.

Du, Z,; Li, ].; Zhang, X.; Pei, ].; Huang, L. An Integrated LC-MS-Based Strategy for the Quality Assessment and Discrimination of
Three Panax Species. Molecules 2018, 23, 2988. [CrossRef] [PubMed]

Yang, W.; Zhang, J.; Yao, C.; Qiu, S.; Chen, M.; Pan, H.; Shi, X.; Wu, W.; Guo, D. Method development and application of
offline two-dimensional liquid chromatography/quadrupole time-of-flight mass spectrometry-fast data directed analysis for
comprehensive characterization of the saponins from Xueshuantong Injection. J. Pharm. Biomed. Anal. 2016, 128, 322-332.
[CrossRef] [PubMed]

Xie, G.; Plumb, R.; Su, M.; Xu, Z.; Zhao, A.; Qiu, M.; Long, X.; Liu, Z.; Jia, W. Ultra-performance LC/TOF MS analysis of medicinal
Panax herbs for metabolomic research. . Sep. Sci. 2008, 31, 1015-1026. [CrossRef] [PubMed]

Falev, D.I.; Voronov, L.S.; Onuchina, A.A.; Faleva, A.V.; Ul'yanovskii, N.V.; Kosyakov, D.S. Analysis of Softwood Lignans by
Comprehensive Two-Dimensional Liquid Chromatography. Molecules 2023, 28, 8114. [CrossRef] [PubMed]

Yang, W.Z.; Bo, T.; Ji, S.; Qiao, X.; Guo, D.A.; Ye, M. Rapid chemical profiling of saponins in the flower buds of Panax notoginseng
by integrating MCI gel column chromatography and liquid chromatography/mass spectrometry analysis. Food Chem. 2013, 139,
762-769. [CrossRef] [PubMed]

Xu, ].D.; Xu, M.Z.; Zhou, S.S.; Kong, M.; Shen, H.; Mao, Q.; Zhu, H.; Chan, G.; Liu, L.F; Zhang, Q.W,; et al. Effects of
chromatographic conditions and mass spectrometric parameters on the ionization and fragmentation of triterpene saponins of
Ilex asprella in liquid chromatography-mass spectrometry analysis. |. Chromatogr. A 2019, 1608, 460418. [CrossRef] [PubMed]
Camenzuli, M.; Schoenmakers, PJ. A new measure of orthogonality for multi-dimensional chromatography. Anal. Chim. Acta
2014, 838, 93-101. [CrossRef] [PubMed]

Wang, M.; Xu, X.Y.; Wang, H.D.; Wang, H.M.; Liu, M.Y.; Hu, W.D.; Chen, B.X,; Jiang, M.T.; Qi, J.; Li, X.H.; et al. A multi-
dimensional liquid chromatography/high-resolution mass spectrometry approach combined with computational data processing
for the comprehensive characterization of the multicomponents from Cuscuta chinensis. |. Chromatogr. A 2022, 1675, 463162.
[CrossRef] [PubMed]

Li, Y.J.; Wei, H.L.; Qi, L.W,; Chen, J.; Ren, M.T.; Li, P. Characterization and identification of saponins in Achyranthes bidentata by
rapid-resolution liquid chromatography with electrospray ionization quadrupole time-of-flight tandem mass spectrometry. Rapid.
Commun. Mass. Spectrom. 2010, 24, 2975-2985. [CrossRef]

Zou, H.Y.; Zhao, H.; Qiu, K.; Cui, X.G.; Yu, P. Study on Saponins of Panax japonicus Rhizome. World Chin. Med. 2012, 7, 565-566.
Liu, Y,; Song, Q.; Liu, W,; Li, P; Li, J.; Zhao, Y.; Zhang, L.; Tu, P; Wang, Y.; Song, Y. Authentic compound-free strategy for
simultaneous determination of primary coumarins in Peucedani Radix using offline high performance liquid chromatography-
nuclear magnetic resonance spectroscopy-tandem mass spectrometry. Acta. Pharm. Sin. B 2018, 8, 645-654. [CrossRef] [PubMed]
Yang, H.; Lee, D.Y.; Kang, K.B.; Kim, ].Y,; Kim, 5.0.; Yoo, Y.H.; Sung, S.H. Identification of ginsenoside markers from dry purified
extract of Panax ginseng by a dereplication approach and UPLC-QTOF/MS analysis. J. Pharm. Biomed. Anal. 2015, 109, 91-104.
[CrossRef] [PubMed]

Yoshizaki, K.; Yahara, S. New triterpenoid saponins from fruits specimens of Panax japonicus collected in Kumamoto and Miyazaki
prefectures (1). Chem. Pharm. Bull. 2012, 60, 354-362. [CrossRef] [PubMed]

Nakamura, S.; Sugimoto, S.; Matsuda, H.; Yoshikawa, M. Medicinal flowers. XVII. New dammarane-type triterpene glycosides
from flower buds of American ginseng, Panax quinquefolium L. Chem. Pharm. Bull. 2007, 55, 1342-1348. [CrossRef] [PubMed]

Li, X.; Stoll, D.R.; Carr, PW. Equation for peak capacity estimation in two-dimensional liquid chromatography. Anal. Chem. 2009,
81, 845-850. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

49



molecules @@

Article

The Validation and Determination of Empagliflozin
Concentration in the Presence of Grapefruit Juice Using HPLC
for Pharmacokinetic Applications

Wael Abu Dayyih 1**, Zainab Zakaraya 2, Mohammad Hailat 3%, Nafe M. Al-Tawarah 4, Sahem Alkharabsheh 4,
Haya Khalid Nadher 5 Zeyad Hailat 6 Samia M. Alarman !, Anas Khaleel ® and Riad Awad >

Faculty of Pharmacy, Mutah University, Al-Karak 61710, Jordan; erman.samia@yahoo.com

Faculty of Pharmacy, Al-Ahliyya Amman University, Amman 19328, Jordan; z.zakaraya@ammanu.edu.jo
Faculty of Pharmacy, Al-Zaytoonah University of Jordan, Amman 11733, Jordan; m.hailat@zuj.edu.jo
Faculty of Allied Medical Sciences, Medical Laboratory Sciences, Mutah University, Al-Karak 61710, Jordan;
nafitawa77@gmail.com (N.M.A.-T.); sashem@mutah.edu jo (S.A.)

Faculty of Pharmacy and Medical Sciences, University of Petra, Amman 11196, Jordan;
anas.khaleel@uop.edu.jo (A.K.); rawad@uop.edu.jo (R.A.)

Department of Information Systems, Yarmouk University, Irbid 21163, Jordan; zeyad.hailat@yu.edu.jo
Correspondence: wabudayyih@mutah.edu.jo

N

These authors contributed equally to this work.

Abstract: Type 2 diabetes mellitus is a multifactorial disorder whose primary manifestation usually
initiates with elevated blood sugar levels. Several antidiabetic agents are used to manage type 2 dia-
betes mellitus, of which empagliflozin is an oral sodium-glucose co-transporter (SGLT-2) inhibitor in
the kidney. This research aims to develop and validate a simple analytical method for determining em-
pagliflozin levels in biological fluid and to further evaluate grapefruit juice’s impact on empagliflozin
pharmacokinetics in rats. High-Performance Liquid Chromatography (HPLC) was used to establish
a simple, rapid, and accurate method for determining empagliflozin levels in rat plasma, in the
presence of grapefruit juice. Four groups of rats (n = 10 rats in each) were used in the preclinical study.
Group A (healthy rats) received empagliflozin alone; Group B (healthy rats) received empagliflozin
with grapefruit; Group C (diabetic rats) received empagliflozin with grapefruit; and Group D (healthy,
negative control) received no medication. The rats (n = 10) were given grapefruit juice instead of
water for seven days before receiving the empagliflozin dose (0.16 mg/kg). Some pharmacokinetic
parameters for each group were determined. The maximum plasma concentration (Cmax) and area
under the curve (AUC) of empagliflozin in Group A without grapefruit intake were 730 ng/mL
and 9264.6 ng x h/mL, respectively, with Tmax (2 h). In Group B, Cimax was 1907 ng/mL and AUC
was 10,290.75 ng x h/mL in the presence of grapefruit, with Tmax (1 h); whereas, in Group C, the
Cax was 2936 ng/mL and AUC was 18657 ng x h/mL, with Tmax (2 h). In conclusion, our results
showed that the co-administration of grapefruit with empagliflozin should be cautiously monitored
and avoided, in which grapefruit elevates the plasma level of empagliflozin. This may be attributed
to the inhibition of the uridine enzyme in the grapefruit by hesperidin, naringin, and flavonoid.

Keywords: type 2 diabetes mellitus; sodium-glucose co-transporter inhibitor; (SGLT-2) inhibitor;
empagliflozin; pharmacokinetics

1. Introduction

Diabetes mellitus (DM) is one of the most common chronic disorders, usually asso-
ciated with elevated blood sugar concentrations [1]. DM is mainly caused by insufficient
insulin production from the pancreas and low cell sensitivity to the naturally secreted
insulin [2].

The inhibition of the sodium-glucose co-transporter (SGLT2) permits an increased
excretion of renal glucose, leading to lowered blood glucose levels. SGLT2 regulates most
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renal glucose regeneration. The blood glucose decreases renal re-absorption and stimulates
the kidney’s carrier protein, resulting in Urinary Glucose Exclusion [3]. The potency of its
management is independent of insulin secretion and operation. This mechanism allows
1,3-biphosphoglycerate (BPG) to be combined with other antidiabetic therapies, giving the
best management a complementary benefit. The SGLT2i function without insulin secretion
is unaffected by [3-cell depletion and insulin signaling desensitization [4].

Empagliflozin was the first antidiabetic drug to minimize cardiovascular and overall
mortality in T2DM patients [5] with elevated cardiovascular risk, confirmed by new and
significant clinical trials with SGLT2i in preventing hyperglycemia-induced risks [6]. No
therapy has demonstrated comparable reductions in cardiovascular and overall mortality
in T2DM patients with proven cardiovascular risk to date in either a dipeptidyl peptidase-4
(DPP-4) inhibitor or a glucagon-like peptide-1 (GLP-1) [7].

Pharmacokinetic or pharmacodynamic mechanisms can mediate drug-food inter-
actions. A drug’s absorption difference may be clinically significant when considering
its dosage and interactions with food [7]. For instance, slow-release theophylline for-
mulations may differ in efficacy and can change upon consumption; the effectiveness of
cyclosporine medicines may vary significantly based on the form taken and what is being
co-administered with it. On the other hand, the effects of the medication on blood pressure
or blood sugar levels in most patients are rarely clinically meaningful, as long as a rapid
onset of those effects is not required [8].

The pharmacodynamics of certain drugs depend on the pre-existing chemistry of the
body to generate the desired effect. When there is an incompatibility between a drug and
the food taken by the patient, a pharmacodynamic interaction may occur [9], causing an
antagonistic impact [8].

Due to the significant increase in grapefruit harvesting in the last decade, it has gained
tremendous popularity [10]. Grapefruit enhances the bioavailability of some medications
that interact with cytochromes (CYP450-3A4) [11]. The biological interest in grapefruit
has encouraged chemical discovery, separation, and the characterization of several new
substances [12].

This work aims to develop and validate a simple analytical method for determining
empagliflozin levels in biological fluid using HPLC and also to evaluate grapefruit juice’s
impact on empagliflozin pharmacokinetics in rats. We used a bio-analytical method for
studying the effect of grapefruit on the pharmacokinetic parameters of empagliflozin, an
SGLT?2 inhibitor in type 2 diabetes mellitus in rats.

2. Results
2.1. Results of Validation

A partial method validation was performed to demonstrate the reliability of the stated
HPLC method for determining empagliflozin and grapefruit concentrations in rat plasma
using the parameters indicated in Table 1.

2.2. Accuracy and Precision

The method’s precision and accuracy were calculated by analyzing six samples with
three replicates, each by two people on two days. The standard deviation (SD)-to-mean ra-
tios were used to measure the relative standard deviation values (RSD) or CV %, expressed
as percentages. For concentration and accuracy, the appropriate CV % limits, which should
be less than 1.5, were determined. Furthermore, the agreed accuracy criterion of 85-115%
for all concentrations was met.

The Quality Control Law (QCL) for empagliflozin analysis across six samples was
performed. The analysis includes parameters such as the sample area, empagliflozin area,
internal standard (IS) area, area ratio, actual concentration in nanograms per milliliter
(ng/mL), theoretical concentration, accuracy, average accuracy, and relative standard
deviation (RSD).
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Table 1. Chromatographic condition summary.

1 mL of triethylamine adjusted to pH 3.5 using orthophosphate,

Mobile phase composition then (50:50 v/v) acetonitrile—potassium dihydrophosphate buffer.

C18 column (Hypersil-Silica, C-18, 250 mm x 4.6 mm, particle

Column type size—5 pum)
Wavelength 230 nm
Pump flow rate 0.75 mL/min
emperatire #rC
Column oven temperature 25°C
Auto-sampler injection 20 Ul
volume
Retention Times (min)
Metformin 2.4 min
Empagliflozin 3.7 min

2.3. Absolute Recovery (Result of Matrix Effect)

The absolute recovery was calculated by measuring the fundamental empagliflozin
peak region and an internal standard using an analytical method based on the plasma
samples prepared for a drug concentration or an internal standard to ensure 100% recovery
in the peak areas with pure standards. The degree to which the empagliflozin and the
internal standard are recovered should be consistent, exact, and replicable. The accuracy
measured at each level should not exceed 15% of the variance coefficient (percentage of
CV). Absolute recovery (the result of the matrix effect) is illustrated in Table 2 below.

Table 2. Absolute recovery (result of matrix effect, n = 7).

IS-Normalized Empagliflozin

Mean SD RSD%
QClLow 270.14 10.19 3.8
QClhigh 865 8.64 1.0
101.9 3.6 35
Absolute recovery
100.6 0.9 0.9

2.4. Grapefruit Effect on Empagliflozin Pharmacokinetics

Grapefruit juice is one of the most thoroughly researched dietary substances inhibiting
CYP3A4 enteric metabolism.

2.5. Group A (Empagliflozin Alone)

According to the results shown in Figure 1, the maximum concentration of em-
pagliflozin Cmax 730 ng/mL was reached two hours after administration. A total of 26 h
later, it gradually reached 49.2 ng/mL, the minimum concentration of empagliflozin. The
area under the curve after 96 h (AUC_gs) was found to be 9264.6 ng x h/mL, as shown in
Figure 1.
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Figure 1. (A) Empagliflozin concentration vs. time plot. (n = 10), data &= SD, (B) HPLC chromatogram
shows peaks and retention times for metformin (internal standard, IS) and empagliflozin.

2.6. Group B (Empagliflozin and Grapefruit) in Normal Rats

According to the results shown below in Figure 2, the maximum concentration
of empagliflozin Cpax 1907 ng/mL was reached one hour after administration. A to-
tal of 26 h later, it gradually reached 45 ng/mL, recorded as the minimum concentra-
tion of empagliflozin. The area under the curve after 96 h (AUC(_g4) was found to be
10,290.75 ng x h/mL, as shown in Figure 2.

2.7. Group C (Empagliflozin and Grapefruit) on Diabetes-Induced Rats

According to the results below in Figure 3, the maximum concentration of em-
pagliflozin Cnax 2936 ng/mL was reached two hours after administration. A total of
96 h later, it reached 47 ng/mL gradually, accordingly recorded as the minimum concentra-
tion of empagliflozin to be achieved. The area under the curve after 96 h (AUCy_95) was
18,657 ng x h/mL, as shown in Figure 3.

Comparing empagliflozin pharmacokinetic parameters alone in normal rats in Group
A and empagliflozin pharmacokinetic parameters in the presence of grapefruit on normal
rats in Group B, the drug plasma level was increased in the presence of grapefruit. The
Tmax in Group B decreased to one hour and the Cpax in Group B (1907 ng/mL) was
increased due to the effect of grapefruit on the drug plasma level. The AUC for Group B
(10,290.75 ng x h/mL) was also increased due to the impact of the grapefruit.

53



Molecules 2024, 29, 1236

Conc of empag. ng/mL

0 50 100 150
Time (Hr)

Figure 2. Empagliflozin concentration for normal rats treated with grapefruit vs. time (Group B,
n =10). Data + SD.
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Figure 3. Empagliflozin concentration (grapefruit effect in diabetic rats, Group C) vs. time. n = 10,
data + SD.

Further comparing empagliflozin pharmacokinetic parameters with grapefruit on
normal rats in Group B and with grapefruit in diabetes-induced rats in Group C, Crax was
increased in induced rats in Group C. The Tax in Group C was increased in comparison
to Group B, to become 2 h, the Cpyax and AUC in Group C were equal to 2936 ng/mL and
18,657 ng x h/mL, indicating that there is a highly significant increase in the Cpax plasma
and AUC as compared statistically, and as shown in Figures 4 and 5.
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Figure 4. Histogram showing the average Cmax of empagliflozin in normal rats, normal rats given
grapefruit, and diabetes-induced rats given grapefruit (mean =+ SD; ***, **** indicates the p-value is
less than or equal to 0.001, 0.0001, respectively).
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Figure 5. Histogram showing the AUC of empagliflozin in normal rats, normal rats given grapefruit,
and diabetes-induced rats given grapefruit (mean + SD; ****, indicates the p-value is less than or
equal to 0.0001, respectively. ns: not significant).
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3. Discussion

A partial, rapid, simple, and accurate method for determining empagliflozin levels
in rat plasma has been developed using a High-Performance Liquid Chromatography—
UV detector. Grapefruit administration affected the plasma empagliflozin level. When
grapefruit was added to empagliflozin, the plasma Sitagliptin level increased dramatically
compared to empagliflozin alone, especially in the DM-induced group.

Notably, the measured concentrations in the Quality Control Law (QCL) for em-
pagliflozin analysis exhibit consistency with the theoretical values, indicating the robust-
ness of the analytical method. The average accuracy of 103% reflects the precision and
reliability of the analysis, while the low RSD of 0.30% highlights the minimal variability
between measurements. These findings suggest a high level of confidence in the accuracy
and precision of the empagliflozin analysis using the Quality Control Law approach.

The induced DM rats’ group, which takes empagliflozin with grapefruit, exhibited
significant differences in the Cinax and AUC compared to both normal groups, regardless
of whether empagliflozin was administered with or without grapefruit. The Cpax also
increased in the presence of grapefruit in the normal group, but less than in the DM-induced
group. From the results above, we can conclude that the plasma level of empagliflozin
increases in the case of grapefruit intake in the induced group rather than the normal
group because of the UGT2B7, UGT1A3, UGT1A8, and UGT1A9 enzyme inhibition, which
may be associated with a change in the absorption profile of the drug, especially in the
diabetic rats.

Empagliflozin is a substrate metabolized by uridine 50-diphosphate-glucuronosy
ltransferases that may affect empagliflozin’s pharmacokinetics and pharmacodynamics [13,14].
It is also a substrate for p-gp, BCRP, OATP1B3, and 1B1 in the intestine, partially responsible
for empagliflozin’s active absorption [15,16]. Grapefruit juice is reported to have an inhibitory
effect on p-gp efflux [17,18], a mechanism that might be involved in the absorption of this
drug; this can partly explain the increase in the Cax, accompanied by an increase in the rate
of absorption, expressed as a shortening of the Tmax [19]. The AUC could also be somewhat
increased due to this reason as it increased slightly but significantly (p < 0.05).

As described earlier, empagliflozin metabolism is mediated through UGT isomers in
the liver, where empagliflozin is also reported to have an inhibitory effect on them [20,21].
This explains the increase in the AUC and Kel in both groups treated with empagliflozin
and grapefruit. Enzyme inhibition may result from the interaction of hesperidin and
naringenin, which would result in a higher amount of the drug in the body for a longer
time, explained by an increase in the AUC and a decrease in the Kel, as well as an increase
in elimination half-lives [22].

This effect was of a higher magnitude in diabetic rats, possibly due to the changes in
DM-related enzyme levels. The Tpnax of Group C was longer than that of Group B, possibly
due to the exact reasons for the changed absorption pattern via transporters and the high
effect of enzyme inhibition, which gave a greater extent of bioavailability, with a very long
half-life. Our study has some limitations; for instance, only one model was used, and a
more advanced model should be used in future studies to confirm the findings further.

When these results are compared to previously described results elsewhere [11] for
sitagliptin (a competitive inhibitor of the dipeptidyl peptidase 4 (DPP-4) enzyme), several
differences and similarities emerge, as shown in Table 3.

Both studies (this article and a previous one [11]) discovered that co-administering
the medication with grapefruit juice increased drug levels (the Cphax and AUC). However,
the degree of increase differed between studies. The empagliflozin research revealed a
more pronounced effect, particularly in the diabetic group. The sitagliptin study showed a
statistically significant increase in the Cmax and AUC. However, the Trax decreased by
half in the healthy group in the empagliflozin study, whereas the Tmax did not shows a
statistically significant increase in the sitagliptin study. Both studies indicate a clinically
significant interaction, emphasizing the need to avoid grapefruit juice while taking these
medications.
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Table 3. Comparisons between the effect of grapefruit juice co-administration on empagliflozin and
sitagliptin pharmacokinetics [11].

Feature Empagliflozin Study Sitagliptin Study
Drug Dose 0.16 mg/kg 5.75mg/kg
Rat Groups Healthy (alone), Healthy (grapefruit), Control, Grapefruit Juice

Diabetic (grapefruit), Negative Control

Grapefruit Juice Administration

Seven days pre-dose

Grapefruit was given to the B group
instead of drinking water two days
before the study

Impact of Grapefruit Juice on the Cpax,
AUC, and Tmax compared with the
controls

Cmax increased, AUC increased, Tmax
decreased

Cax increased, AUC increased, Timax not
changed

Grapefruit Juice Impact on the Cpax

Doubled in both healthy and diabetic
groups

Significantly increased

Grapefruit Juice Impact on the AUC

Doubled in the healthy group, tripled in
the diabetic group

Significantly increased

Grapefruit Juice Impact on the Tax

Decreased by half in the healthy group

No significant increase

Conclusion

Avoid co-administration due to
significant increase in drug levels

Drug—food interaction observed; avoid
grapefruit juice at the same time.

To summarize, the data indicate that giving empagliflozin with grapefruit juice in-
creased drug levels (the Cpax and AUC). However, the degree of increase differed amongst
the treatment groups. The research indicated a more dramatic effect, particularly in the
diabetic group. Tmax was lowered by half in the healthy group. The study discovered a
clinically significant interaction and suggested avoiding grapefruit juice when taking these
medications. The summary of the research results is shown in Table 4.

Table 4. Pharmacokinetics summary of the four rat groups.

Group Number and Description

Pharmacokinetics Parameter Summary for

Empagliflozin after Administration of Specific

Treatment(s)

Group (A): healthy—treated with empagliflozin 0.5 mL (0.16 mg/mL) only

Cmax (730 ng/mL),
AUC (9264.6 ng x h/mL),
Tmax (2 h)

Group (B): healthy—treated with grapefruit juice (10 mL/day) for four days.
On the fourth day, they were treated with empagliflozin 0.5 mL (0.16 mg/mL)

Cmax (1907 ng/mL),
AUC (10,290.75 ng x h/mL),
Tmax (1 h)

Group (C): A diabetic group was treated with grapefruit juice (10 mL/day) for
four days (grapefruit juice replaced water for seven days). On the fourth day,
the group was treated with 0.5 mL of empagliflozin (25 mg/150 mL).

Cmax (2936 ng/mL),
AUC (18,657 ng x h/mL),
Tmax (2 h)

Group (D): healthy (negative control) no drugs were given

no drugs were given

More research may be needed to investigate the interaction mechanisms, individual
patient variability in response, and the concentration of enzymes related to the metabolism
and absorption of the empagliflozin drug.

4. Materials and Methods

Empagliflozin purity is 99.5% and was purchased from Sigma-Aldrich® (Steinheim,
Germany). Metformin HCL (99.5%) was obtained as a gift from Dar Al Dawa Pharmaceuti-
cal Company (Amman, Jordan). HPLC grade triethyl amine and HPLC grade methanol
were from Fisher Scientific (Leicestershire, UK). Acetonitrile and Orthophosphate acid were
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purchased from Fisher Scientific (Leicestershire, UK). VWR International (Lutterworth,
Leicestershire, UK) provided water (HiPerSolv CHROMANORM for HPLC) as the HPLC
solvent. Streptozotocin (>95%; (bioXTra, London, UK), Lot # 18883-66-4) were purchased
and used. All of the other chemicals were of reagent grade and used as received.

4.1. Instruments

An HPLC (FINNIGAN SURVEYOR) Liquid Chromatograph (Thermo Electron Cor-
poration, San Jose, CA, USA) consists of a reciprocating quaternary gradient pump (LC
Pump Plus) (Solvent delivery system pump), an auto-sampler (Auto-sampler Plus), a
thermostatically controlled oven, a detector (UV-VIS Plus Detector), a communication
bus module (CBM-20A), and a C18 column (Hypersil-Silica, C-18, 250 mm x 4.6 mm,
particle size—5 pm, Thermo-Fisher, Cleveland, OH, USA). In addition, a Single-Pan Digital
Balance (Sartorius) and an ultra-violet (UV) spectrophotometer (V530, version. 1.50.00,
JASCO, Tokyo, Japan) controlled by Windows NT-based spectra manager were also used.
A pH meter (model Sartorius 7110) was also used to measure pH. Centrifuge (M-24A,
Boeco, Hamburg, Germany). Vortexes (Labinco, Breda, The Netherlands) and a sonicator
(Elmasonic 5100, Patterson, NJ, USA) were also used. The analysis was conducted at the
University of Petra Pharmaceutical Centre’s Instrumental Laboratory.

Glassware such as volumetric flasks, funnels, beakers (Isolab, Wertheim, Germany
Class A, DIN), pipettes (Isolab, Wertheim, Germany Class 2Aa, DIN), and micro-pipettes
(Socoerx, ISBA S.A., Ecubleus, Switzerland) of 100 puL and 1000 pL capacity were used.

4.2. Animal Handling

The animals are described in detail in Table 5. The protocol of the study was approved
by the ethical committee of the Scientific Research and Ethics Committee [SREC]-Faculty of
Pharmacy /Mutah University (NO. SREC1132023, date 13 April 2023). The preclinical study
was conducted at the Animal House of the Applied Science University. All the experiments
were conducted as per the University of Petra and Applied Science Private University
institutional guidelines on animal use, which adopt the Federation of European Laboratory
Animal Science Association (FELASA) guidelines.

Table 5. Animal description.

Animal Species Wisteria Rat
Weight 200 g
Number of animals 40
Gender Males
Age Eight weeks

The rats were divided into four groups after marking each on its tail for identification;
each group contained seven rats.

Group A: healthy—treated with empagliflozin 0.5 mL (0.16 mg/mL).

Group B: healthy—treated with grapefruit juice (10 mL/day) for four days. On the
fourth day, they were treated with empagliflozin 0.5 mL (0.16 mg/mL).

Group C: Diabetic-induced group was treated with Streptozocin for three days at a
dose of 45 mg; Streptozocin solution was prepared by dissolving 45 mg of Streptozocin
in 12 mL of sodium citrate buffer and was mixed in a blender to obtain a homogenous
solution of 3.75% (w/v), the concentration of Streptozocin was 3.75 mg/1 mL. As concerns
the solution injected IP for each rat, after DM induction, the group was treated with
grapefruit juice (10 mL/day) for four days (grapefruit juice will be given instead of water
for seven days). On the fourth day, the group was treated with empagliflozin 0.5 mL
(25 mg/150 mL). The Accu-Chek® device was used for blood glucose measurements.

Group D: healthy—control no drug given (negative control).
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4.3. Collection of Blood Samples

Blood samples were taken from the rats’ tails on the first day at defined time intervals,
as follows: 0.5h,1h,2h,4h,6h,8h,24h,48h, 72 h, and 96 h.

The samples were collected into an EDTA tube and centrifuged immediately at a speed
of 5000 rounds per minute (RPM) for 10 min.

Plasma was obtained, placed into a labeled Eppendorf tube, and stored at —30 °C
until analysis.

4.4. Sample Preparation
4.4.1. Mobile Phase Preparation

Depending on previous studies [23] and trying several times to prepare the mobile
phase, we found that the optimum buffer for the mixture of the prepared mobile phase
was potassium dihydrophosphate buffer, which was designed by dissolving potassium
dihydrophosphate salt (KH,POy) in 1 L distilled water, then 1 mL of triethylamine added
and, afterwards, the mixture was pH adjusted to 3.5, using orthophosphate. The mobile
phase of acetonitrile-potassium dihydrophosphate buffer (50:50 v/v) was prepared. The
flow rate was set to 0.75 mL/min, and the detection was achieved using a UV detector at
230 nm, with metformin as an internal standard. The time taken for the completion of the
analysis was below five minutes. Metformin HCL and empagliflozin were identified using
UV spectrum, peak purity, and retention times. All these chromatographic conditions were
performed at ambient room temperature.

4.4.2. Selection of Wavelength (A) for the Chromatography

From the UV spectrum recorded on the UV-visible spectrophotometer, 230 nm was a
suitable wavelength for detection. A solution containing 50 pg/mL of metformin HCL and
empagliflozin in aqueous methanol (50%) was injected into the HPLC system and peak
parameters were monitored at 230 nm.

4.4.3. Preparation of Drug Solution

The rats were given 0.5 mL daily of 0.166 mg/mL empagliflozin, which means that
we prepared a solution containing 25 mg of empagliflozin per 150 mL by milling an
empagliflozin tablet (Jardiance® 25 mg) and subsequently dissolving it in 150 mL of
distilled water.

4.4.4. Stock Working Solution Preparation of Empagliflozin

The empagliflozin stock solution was prepared by dissolving 100 mg of empagliflozin
in 100 mL of methanol. The resulting solution contained 1 x 10® ng/mL of empagliflozin.

4.4.5. Stock Working Solution Preparation of Metformin

The metformin (IS) stock solution was prepared by dissolving 1000 mg of metformin
in 100 mL of methanol, yielding a solution of 1 x 107 ng/mL metformin.

4.4.6. Preparation of Calibration Curve

To obtain ten spiked levels (for the calibration curve) in plasma, the stock solution was
diluted in methanol to obtain the following calibration curve concentrations: 2.5, 5, 14, 16,
19, 30, 33, 45, 60, and 112.5 ug (10,000 ng/mL).

4.5. Method Validation
4.5.1. Precision, Accuracy, and Absolute Recovery

The method’s accuracy and precision were calculated by testing six samples, each
with three independent replicates, on two days. The standard deviation (SD)-to-mean
ratios were used to calculate relative standard deviation values (RSD) or CV%, expressed
as percentages. The CV% limits for concentration and accuracy were determined to be less
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than 1.5. Furthermore, the agreed-upon accuracy criterion of 85-115% for all concentrations
was achieved.

The absolute recovery of empagliflozin was determined using plasma samples pre-
pared for drug or internal standard concentrations. The accuracy of the recovery should
be consistent, exact, and replicable, with a maximum accuracy of 15% of the variance
coefficient (percentage of CV).

4.5.2. Pharmacokinetic Analysis

Pharmacokinetic parameters were measured using the Winnonlin software V5.1, using
a non-compartmental analysis (NCA) model. Estimations of the following parameters
were made:

AUC,q: area under the curve to 96 h. AUC INF: area under the curve to infinity.
Cmax: maximum concentration of the drug in plasma. Tmax: time to achieve Cmax. t1/2:
elimination half-life. Kel: elimination rate constant.

4.5.3. Statistical Analysis

The statistical significance of the variable mean difference between the three groups,
Cmax, Tmax, and AUCj,q, was calculated using GraphPad Prism software 10 (Graph-
Pad Software Inc.; San Diego, CA, USA) and an independent -test sample—significant
p-value < 0.05.

5. Conclusions

To conclude, our results showed the complex effect of grapefruit consumption in
high amounts on the pharmacokinetic parameters of empagliflozin, including both the
absorption rate and the extent of bioavailability, and the final profile in diabetic rats may
be the results of compensatory mechanisms associated with the administration of a high
amount of this drug in rats. This might raise an alarm in taking this drug concurrently with
grapefruit juice in humans.

Future studies are required to validate our results further. These involve using both
in vitro and in vivo models, in which such findings may have severe complications and
side effects on patients and may lead to a loss of drug activity.
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Abstract: Lignans constitute a large group of phenolic plant secondary metabolites possessing high
bioactivity. Their accurate determination in plant extracts with a complex chemical composition is
challenging and requires advanced separation techniques. In the present study, a new approach to the
determination of lignans in coniferous knotwood extracts as the promising industrial-scale source of
such compounds based on comprehensive two-dimensional liquid chromatography separation and
UV spectrophotometric detection is proposed. First and second-dimension column screening showed
that the best results can be obtained using a combination of non-polar and polar hydroxy group
embedded octadecyl stationary phases with moderate (~40%) “orthogonality”. The optimization of
LC x LC separation conditions allowed for the development of a new method for the quantification
of the five lignans (secoisolariciresinol, matairesinol, pinoresinol, 7-hydroxymatairesinol, and nortra-
chelogenin) in knotwood extracts with limits of quantification in the range of 0.27-0.95 mg L~! and a
linear concentration range covering at least two orders of magnitude. Testing the developed method
on coniferous (larch, fir, spruce, and pine) knotwood extracts demonstrated the high selectivity of
the analysis and the advantages of LC x LC in the separation and accurate quantification of the
compounds co-eluting in one-dimensional HPLC.

Keywords: comprehensive two-dimensional liquid chromatography; LC x LC; lignans; coniferous
knotwood

1. Introduction

Among the polyphenolic secondary metabolites of plants, a special place is occupied by
lignans, which contain two phenylpropane units connected by the 3-f alkyl-alkyl or other
types of bonds (alkyl-alkyl and alkyl-aryl) in their structure. In the latter case, it is customary
to use the term neolignans [1-3]. Lignans and neolignans are extremely widespread in
nature and number more than a thousand currently known representatives, and this
list is constantly expanding. Due to the unique biological activity of lignans possessing
antioxidant, antitumor, hepatoprotective, and cardioprotective properties, the search for
their natural sources and the development of analytical methods for the determination of
these compounds in plant raw materials are becoming increasingly important.

Currently, compression wood (knots, roots) of coniferous trees, the active biosynthesis
of lignans in which is a response to mechanical stress, is considered one of the most promis-
ing industrial sources of such compounds [4,5]. It is known that coniferous knotwood may
contain up to 20% lignans, and their major representatives are 7-hydroxymatairesinol or
HMR (spruce), nortrachelogenin (pine), and secoisolariciresinol (larch, fir). Matairesinol
and pinoresinol are also present in large amounts [6]. In addition to the above-mentioned
bioactive properties, these compounds are capable of being metabolized under the action
of the gut microbiome with the formation of so-called enterolignans or mammalian lignans
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(enterodiol and enterolactone), which play an important biological role. In addition to these
components, coniferous wood contains a number of other lignans, extractive substances of
different classes (flavonoids, steroids, resin acids, etc.), and their glycosylated derivatives.
This complicates the detailed analysis of the compression wood extracts and necessitates
the use of advanced analytical techniques.

Currently, the qualitative and quantitative analysis of lignans is carried out mainly
by thin-layer (TLC), gas (GC), and high-performance liquid chromatography (HPLC),
their combinations with various types of mass spectrometry (MS), and matrix-assisted
laser desorption/ionization mass spectrometry (MALDI). TLC has mainly been used
as an inexpensive adjuvant method in the study of various plant materials, including
coniferous wood [7,8]. The high-performance version of this separation technique (HPTLC)
was successfully used for the isolation, identification, and quantitative assessment of
representatives of lignans, such as schisandrol A and schisandrol B, in various preparations
of Chinese lemongrass (Schisandra chinensis) [9], phyllanthin, hypophyllanthin, niranthin,
and nirtetralin in Phyllanthus species [10] as well as sesamin and sesamolin in sesame oil
and its polyherbal formulations [11]. GC provides higher efficacy in lignan separation and
is extensively used for identification and quantification purposes [12,13] in combination
with MS detection. However, due to the low volatility and thermal lability of lignans,
GC-MS requires preliminary derivatization of the analytes (typically, silylation) [14], which
is a tedious time and labor consuming procedure that negatively affects the accuracy
and reproducibility of the analysis. MALDI MS is distinguished by the simplicity of the
sample preparation and tolerance to impurities; however, it cannot be easily combined
with separation techniques [15].

In this regard, HPLC allowing the direct (without derivatization step) analysis of
plant extracts can be considered a method of choice for the detection, identification, and
quantification of lignans. The separation of the analytes is typically carried out on reversed
stationary phases (e.g., octadecyl silica, C18) in gradient elution mode, providing sufficient
resolution towards the major components of plant extracts. Thus, the authors of [16,17]
reported the separation of isolariciresinol, secoisolariciresinol, anhydrosecoisolariciresinol,
matairesinol, lariciresinol, hinokinin, arctigenin, and pinoresinol within 50 min and the
possibility to resolve enantiomeric compounds using chiral stationary phases. In other
noteworthy studies [18,19], the separation of ten Chinese lemongrass lignans was achieved
within 40 min.

Various types of detection are used in combination with HPLC in lignan analysis,
while UV spectrophotometry [7,16-19] and MS [6,20,21] are the most common techniques.
The latter provides the highest selectivity and sensitivity and ensures the reliable identifica-
tion of unknown compounds. At the same time, the quantification of analytes by HPLC-MS
(especially with electrospray ionization that is extremely susceptible to matrix effects)
requires corresponding analytical standards, which are hardly commercially available in
the case of lignans. Apparently, HPLC-UV is less expensive and provides more possi-
bilities for the standard-free semi-quantification of structurally close analytes containing
the same chromophores due to their similar response factors and lower matrix effects in
spectrophotometry when compared to MS. However, overcoming the low selectivity of
UV detection requires achieving the highest chromatographic resolution between all the
analytes and matrix components, which is difficult to achieve for such complex samples as
plant extracts [7,17], even in ultra-performance (UPLC) analysis.

In our opinion, this issue can be resolved by implementing comprehensive two-
dimensional liquid chromatography (LC x LC), which involves the consecutive separation
of all the sample components on “orthogonal” (in chemical nature) first- (‘D) and second-
dimension (*D) columns [22]. Due to its high separation efficiency and peak capacity [23],
LC x LC is increasingly used in the analysis of natural compounds, particularly plant
secondary metabolites [22]. Examples include the determination of phenolic acids in
wine [24] and flavonoids in plant extracts [25]. Specific lignans of Chinese lemongrass,
schisandrins, were also successfully separated by LC x LC [26]. Despite this, there is

63



Molecules 2023, 28, 8114

still no information in the literature about the possibility of using LC x LC for the highly
efficient analysis of softwood lignans.

The present study aimed to fill this gap and focused on developing an approach to the
quantitative determination of lignans in coniferous knotwood extracts as the most impor-
tant industrial-scale source of these compounds based on a combination of comprehensive
two-dimensional liquid chromatography with diode array spectrophotometric detection.

2. Results and Discussion
2.1. Column Screening and Selection of LC x LC Conditions

A key factor in the LC x LC method development is the proper selection of a com-
bination of stationary phases that ensures the most complete separation of the analytes.
Considering the existing limitations on the composition (and thus elution power) of the
sample solvent introduced into the 2D column, combinations of stationary phases with
completely different retention mechanisms (for example, reversed and normal phase or hy-
drophilic interaction retention) were not used in our study. Instead, five reversed stationary
phases, which have previously been proven to be effective in lignan separations [16-19],
were chosen for further testing. They differ in the presence and nature of the embed-
ded polar functional groups that affect the separation selectivity: (i) Shim-pack XR-ODS
II—octadecyl-bonded silica, endcapped; (ii) Nucleodur C18 Isis—cross-linked octadecyl-
bonded silica, endcapped; (iii) Nucleodur C18 Pyramid—octadecyl-bonded silica with
hydrophilic (-CH,OH) endcapping; (iv) Nucleodur PolarTec—octadecyl-bonded silica with
embedded polar (amide) groups, endcapped; and (v) Nucleodur PFP—pentafluorophenyl
propyl-bonded silica, partially endcapped.

Considering the need to separate not only the most important lignans but also the matrix
components affecting the target analytes” UV detection, chromatographic runs were performed
using the larch knotwood extract as a test sample. The six combinations of stationary phases
(Table 1), including three pairs of 'D non-polar (Shim-pack XR-ODS II, Nucleodur Isis) and
2D polar functionalized (Nucleodur C18 Pyramid, Nucleodur PFP), and three pairs of 'D and
2D polar functionalized sorbents, were tested (Supplementary Figure S1).

Table 1. Orthogonality (Ap) and regression coefficient (R?) parameters for different combinations of
stationary phases in the LC x LC separation of lignan-rich larch knotwood extract.

Stationary Phase
Ao (%) R2
D ’D

Shim-pack XR-ODS II Nucleodur C18 Pyramid 39 0.84
Nucleodur C18 Isis Nucleodur C18 Pyramid 34 0.92
Nucleodur PFP Nucleodur C18 Pyramid 40 0.85
Nucleodur PolarTec Nucleodur PFP 38 0.88
Shim-pack XR-ODS II Nucleodur PFP 38 0.87
Nucleodur PolarTec Nucleodur C18 Pyramid 36 0.88

The stationary phase orthogonality parameters (Ap) and regression coefficient (R?)
calculated from the measured retention times using “Asterisk” equations according to
Camenzuli and Schoenmakers [27] are presented in Table 1. Since for the most efficient
separation, the Ay and R? values should be as high and as low as possible, respectively [28],
the best results were observed for the following two combinations of stationary phases: 'D
Shim-pack XR-ODS II—?D Nucleodur C18 Pyramid (Supplementary Figure Sla) and 'D
Nucleodur PFP—?D Nucleodur C18 Pyramid (Supplementary Figure S1b). The attained
orthogonality values for these pairs (39 and 40%, respectively) can be considered quite
acceptable given that Ag > 43% already refers to high orthogonality [29]. Although both
the Ap and R? values for all the tested stationary phase combinations fell into rather narrow
ranges (34-40% and 0.84-0.92, respectively) and, thus, good separation was achieved in
all cases, the advantages of the two selected column pairs can be noticed, even visually, in
Supplementary Figure S1. Considering the higher availability of the octadecyl stationary

64



Molecules 2023, 28, 8114

phases, the combination of the Shim-pack XR-ODS II (D) and Nucleodur C18 Pyramid
(D) chromatographic columns was chosen for further studies.

Variation of the gradient elution profiles in both the D and ?D dimensions allowed
the establishment of the elution programs with water (A) and acetonitrile (B), both acidified
with 0.1% of formic acid, as mobile phase components: 'D—start from 15% B with linear
ramp to 65% B during 60 min; 2D—start from 20% B with linear ramp to 90% B during
0.75 min, 20% B from 0.75 to 1.00 min for column equilibration. They ensured the achieve-
ment of the maximum distribution of the detected compounds in the 2D chromatogram
(Supplementary Figure Sla), their fast elution (within 1 min) from the 2D column, and the
full separation of lignans with similar retention on the reversed-phase columns—HMR
and secoisolariciresinol (Figure 1). Since the maximum absorption of all the tested lignans
was observed at 280 nm (Figure S2), the construction of two-dimensional chromatographic
plots and the quantification were carried out at that wavelength.
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Figure 1. LC x LC-UV chromatogram (280 nm) of analytes model mixture (10 mg L~!) and chemical
structures of the studied lignans.

2.2. Quantitative Analysis and Method Validation

For the quantitative method development, five major representatives of coniferous
wood lignans (secoisolariciresinol, matairesinol, pinoresinol, HMR, and nortrachelogenin)
found in the majority of knotwood samples [6] were chosen as the target analytes. The anal-
yses of the model solutions of various concentrations (up to 20 mg L™!) with the further
construction of calibration plots (chromatographic peak area S vs. concentration C) showed
good linearity (R? > 0.999) in the range of at least two orders of magnitude (Table 2). Rather
close response factors (calibration line slope a) differing by a maximum of two times were
observed for all the analytes. The instrumental limits of detection (LODs) and quantifica-
tion (LOQs) determined as the analyte concentrations providing signal-to-noise ratios of
3:1 and 10:1, respectively, were in the ranges of 0.08-0.29 (LOD) and 0.27-0.95 (LOQ) mg
L~!. These values were additionally confirmed in the analysis of the sample with analyte
concentrations close to the LOQ (Supplementary Figure S3). The attained sensitivity level
is typical for LC-UV, and the obtained LOQs turned out to be noticeably lower than those
reported in [11] for schisandrins (0.67 to 4.83 mg L.
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Table 2. Calibration dependences (S = aC + b) for the area of chromatographic peak versus analyte
concentration, LODs, LOQs, and retention times of analytes.

Retention Time, min

Linear Range, > LOD, LOQ, mg
Analyte D D mgL 1 a b R mgL 1 L1
HMR 18.6 0.62 0.45-20 15389 —4511 >0.999 0.13 0.44
Secoisolariciresinol  20.6 0.61 0.35-20 20407 —5854 >0.999 0.16 0.54
Nortrachelogenin ~ 23.7 0.67 0.36-20 16557 —1944 >0.999 0.11 0.37
Pinoresinol 27.7 0.70 0.29-20 37764 —10824 >0.999 0.29 0.95
Matairesinol 30.7 0.73 0.31-20 21436 —2998 >0.999 0.08 0.27
As can be seen from Table 3 containing the results of intra- and inter-day assays, the
achieved accuracy of the developed method was in the range of 91-109%, while the standard
deviation (precision) did not exceed 13% at the LOQ level. The matrix effects were estimated
by a spike recovery test using birch xylem extract as a matrix, which does not contain
coniferous lignans. The obtained recovery values ranged from 82 to 98% for two levels
of analyte concentrations (close to LOQ and 10 LOQ), indicating no substantial matrix
interferences for all the analytes (Table 4). The effective elimination of the matrix effect was
achieved by two-dimensional chromatographic separation of lignans from the matrix.
Table 3. Method accuracy and precision estimated in intra-day and inter-day assays of the model
solution of lignans.
Intra-Day A =6 Inter-Day A =6
Analyte Concentration, ntra-Day Assay (n = 6) nter-Day Assay (n = 6)
mgL-1 Found, Accuracy, Precision, Found, Accuracy, Precision,
mgL-1 % % mgL-1 % %
HMR 0.50 0.46 4 0.03 91 4.66 0.45 £ 0.02 90 3.14
Secoisolariciresinol 0.50 0.51 4+ 0.08 102 11.1 0.46 4 0.04 92 6.11
Nortrachelogenin 0.50 0.49 4 0.05 97 7.29 0.45 + 0.07 89 11.1
Pinoresinol 1.00 1.00 £ 0.02 99 1.43 0.51 +0.09 101 12.6
Matairesinol 0.50 0.54 £ 0.07 107 9.25 0.55 £0.07 109 9.08

Table 4. Matrix effect estimated by the spike recovery test.

Analyte Spiked, mg L1 Found, mg L~! Recovery, %
1.0 0.82 + 0.06 82
HMR 10 84 +0.8 84
Secoisolariciresinal 1.0 0.82+0.15 82
ecoisolariciresino 10 9.0+ 0.4 90
) 1.0 0.85 £ 0.08 85
Nortrachelogenin 10 93+ 0.7 93
b - 1.0 88 +0.7 88
inoresino 10 9.8+02 98
Matairesinol 1.0 89+1.0 89
atairesino 10 9.0+ 04 90

2.3. Analysis of Coniferous Knotwood Extracts

To test the developed approach, larch, fir, spruce, and pine knotwood acetone extracts
were selected as the real samples. These objects are characterized by a complex chemical
composition and contain a number of lignans. The obtained 2D chromatograms (Figure 2)
demonstrate the presence of all the target analytes in a wide concentration range as well as
other numerous components absorbing UV radiation (No. 1-19). The comparison of the
one- and two-dimensional HPLC-UV chromatograms obtained on the same 'D column
(Shim-pack XR-ODS 1I) clearly demonstrates the undoubted advantages of LC x LC.
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Figure 2. LC x LC-UV and LC-UV chromatograms (280 nm) of softwood knots extracts
(MR—matairesinol, Seco—secoisolariciresinol, PR—pinoresinol, NTG—nortrachelogenin).

The latter made it possible to separate the target analytes from other co-eluting in 'D
compounds, for example, nortrachelogenin and unidentified compound No. 2, matairesinol
and No. 4, matairesinol and No. 13, secoisolariciresinol and No. 14, and matairesinol and
No 19. Moreover, the unidentified compounds, many of which belong to the lignan family,
were also well separated (for example, No. 1-2; 5-7; 8-10; 11-12; 15-16; and 17-18). Despite
the longer separation time (60 min), the LC x LC-UV approach has obvious advantages,
even over LC-MS, both in terms of the cost of analysis and the elimination of matrix effects.
The latter factor, together with similar absorption coefficients of various lignans in the
UV region, can be the basis for the development of methods for the semi-quantitative
standard-free determination of such compounds in plant extracts.

The results of the quantification of the target analytes (Table 5) are consistent with the
literature data [6,30] and demonstrate the predominance of HMR (100 mg g~ !), secoisolari-
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ciresinol (20 mg g_l), and nortrachelogenin (8 mg g_l) in spruce, fir and larch, and pine
knotwood, respectively.

Table 5. The content of lignans (mg g~ !, recalculated for the oven-dried plant material) in softwood
knots (n=2, p =0.95).

Analyte Larch Fir Spruce Pine
HMR 12+02 0.17 £ 0.04 100 £ 10 0.23 £ 0.03
Secoisolariciresinol 17+6 20+2 6.1+07 0.24 4 0.08
Nortrachelogenin 33+04 - - 8.0+09
Pinoresinol - 0.78 £ 0.14 0.31 £ 0.05 -
Matairesinol 0.55 £ 0.07 0.75 £0.17 1.0£02 0.65 £0.13

In addition to lignans, other phenolic compounds were also found in the studied
samples and were tentatively identified on the basis of data in the literature [5,6], UV ab-
sorption spectra (Supplementary Figures S4-56) [31-33], and retention times. These include
taxifolin (!D 16.05 min, 2D 0.60 min) in larch, pinosylvin (!D 37.60 min, 2D 0.80 min), its
methyl ether (!D 49.80 min, 2D 0.95 min) in pine, and three juvabiones (*D 41.05 min, 2D
0.81 min; D 43.20 min, 2D 0.88 min; 'D 43.20 min, 2D 0.91 min) in fir knotwood extracts.

3. Materials and Methods
3.1. Chemicals and Reagents

Commercially available standards of pinoresinol (>95%), secoisolariciresinol (>95%),
and matairesinol (>85%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
7-hydroxymatairesinol (>98%) and nortrachelogenin (>98%), which are poorly available
as high-purity commercial preparations, were obtained in our laboratory from knotwood
extracts by preparative liquid chromatography (Section 3.3).

Acetonitrile (HPLC gradient grade, Khimmed, Saint Petersburg, Russia), formic acid
(>96%, Sigma-Aldrich, St. Louis, MO, USA), and “type I” Milli-Q high-purity water were
used for the preparation of the mobile phase. Methanol (high-purity grade, Khimmed, Saint
Petersburg, Russia) was used for the preparation of the sample solutions. Hexane (chem.
pure grade, Khimmed, Saint Petersburg, Russia) and acetone (pure, Vershina, Vsevolozhsk,
Russia) were used for Soxhlet extraction.

The stock solutions of lignans in methanol (500 mg L.~!) were prepared from accurately
weighed samples and stored at 4 °C for no longer than one week. The model and calibration
solutions of the analytes were prepared immediately before the analyses by mixing and
successive dilutions of the stock solutions with methanol.

3.2. Plant Materials and Extraction

Four coniferous tree species were chosen as a source of plant material in our study—
Norway spruce (Picea abies), Siberian fir (Abies sibirica), Scotch pine (Pinus sylvestris), and
Larch (Larix sibirica). The tree trunks were harvested in boreal forests of the European North
of Russia in the following locations: 64°76' N 40°80" E (pine), 64°28' N 40°76’ E (spruce)
61°77' N 42°47' E (fir), and 61°16' N 42°54' E (larch). The parts with large knots were
cut from at least five trunks of each species and immediately delivered to the laboratory.
The knotwood samples were taken from the inner (inside the trunk) part of the knots by
drilling and were carefully averaged. The obtained knotwood shavings were vacuum dried
at 40 °C overnight and then milled in a ZM 200 centrifugal mill (Retsch, Haan, Germany)
to a particle size of <1 mm.

Soxhlet extraction of the prepared sawdust was carried out according to a previously
developed procedure [6]. The dried material (~10 g) was extracted using hexane for 8 h to
remove lipids and resin. After air-drying, the plant material was subjected to exhaustive
extraction using acetone for 8 h. The obtained acetone extracts were evaporated on a rotary
evaporator RV 10 (IKA, Konigswinter, Germany) to dryness. The attained yields of the
extractive substances were larch—11.2%, fir—16.8%, spruce—16.3%, and pine—3.85%.
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The birch (Betula pendula) xylem extract was used for the estimation of the matrix effects
(hardwood is supposed to be lignan-free).

3.3. Isolation and Characterization of Hydroxymatairesinol and Nortrachelogenin

Since 7-hydroxymatairesinol (HMR) and nortrachelogenin sharply predominate in spruce
and pine knotwood extracts and can be effectively separated from matrix compounds [34],
their preparations of sufficient purity were obtained by preparative HPLC. Chromatographic
separations were carried out at a temperature of 40 °C using a semipreparative-scale Nucleodur
C18 Gravity column (Macherey-Nagel, Duren, Germany), 250 x 21 mm, 5 um particle size, on an
LC-20 preparative HPLC system (Shimadzu, Kyoto, Japan) consisting of two LC-20AP pumps
with high-pressure gradient formation, a vacuum degasser, a CTO-20A column thermostat,
an SPD-M20A high-flow diode array UV-VIS detector, and an FRC-10A fraction collector.
The system was controlled using LabSolutions software v. 5.54 (Shimadzu, Kyoto, Japan).
The mobile phase was a mixture of components A (0.1% aqueous solution of formic acid) and B
(acetonitrile with 0.1% of formic acid) with a total flow rate of 21.0 mL min~!. The following
gradient elution program was applied: 0—20 min—25% B; 20-25 min—linear ramp to 100% B,
held for 10 min. The total separation time was 35 min.

The 50 mg samples of the dried knotwood extracts were redissolved in 2 mL of
50% aqueous methanol, centrifuged, and manually injected (2 mL) into the HPLC sys-
tem. The target fractions of HMR and nortrachelogenin were collected in the periods of
9.50-10.50 and 16.20-17.50 min, respectively (Supplementary Figure S7) and then evapo-
rated on a rotary evaporator to dryness and redissolved in 1 mL of methanol. Their purity
was estimated in an additional chromatographic analysis using the same analytical HPLC
system as for the lignan analysis (Section 3.4). The content of the target compound (%) was
calculated as a ratio of the corresponding chromatographic peak area and the total area of
all the peaks on the chromatogram.

The structures of the isolated individual compounds were confirmed by their 'H and
13C NMR spectra registered at 25 °C in CD30D on an AVANCE III NMR spectrometer
(Bruker, Ettlingen, Germany), with an operational frequency of 600 MHz ('H). The fol-
lowing parameters were applied: (i) 'H NMR: zg30 sequence, acquisition time—1.4 s,
relaxation delay—1 s, number of data points—64,000, number of scans—S8, spectrum win-
dow width ~15 ppm; (ii) '3C NMR: zgig30 sequence, pulse width—12 ms; relaxation
delay—2 s; number of data points—64,000, number of scans—1024, spectrum window
width ~240 ppm. The solvent signal was used as an internal standard (dC/dH 49.15/3.31
ppm).

The characteristics of the obtained preparations were as follows. 7-Hydroxymatairesinol:
light beige powder; purity: 98%; UV (MeOH): A max 228, 280 nm; 'H NMR (600 MHz,
CD;0D) and 3C NMR (150 MHz, CD30D). The 'H and '*C NMR data are presented in
Supplementary Tables S1 and S2, Figures S8 and S9.

Nortrachelogenin: light beige powder; purity: 98%; UV (MeOH): A max 228, 280 nm;
'H NMR (600 MHz, CD30D) and *C NMR (150 MHz, CD;0D). The 'H and 3C NMR
data are presented in Supplementary Tables S1 and S2, Figures S10 and S11.

3.4. Comprehensive Two-Dimensional Liquid Chromatography

A comprehensive two-dimensional liquid chromatography system, Nexera-e (Shi-
madzu, Kyoto, Japan), was used for the one- and two-dimensional analytical separations
and consisted of four LC-30AD pumps with gradient formation on the high-pressure side,
two five-channel degasser units DGU-A5, an LC-30AC autosampler, a CTO-30A column
thermostat, two high-speed /high-pressure six-port switching valves, equipped with two
sampling loops (volume 50 uL) and an SPD-M20A diode array detector. A schematic
diagram of the LC x LC system is presented in Figure 3. The controlling of the HPLC
system as well as the data collection and processing were carried out using the LabSolutions
5.65 software package (Shimadzu, Kyoto, Japan).
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Figure 3. Schematic diagram of the LC x LC-UV system.

Knotwood extracts (1.00 mg) were dissolved in 1 mL of methanol, centrifuged, and
injected into the LC x LC system. Separation was performed on the corresponding 'D and
2D columns with flow rates of 0.05 and 2.0 mL min !, respectively. The effluent from the
first column was transferred to the loop of the flow-switching valve. Every 60 s (modulation
time), the collected 50 pL portion of the D column effluent was injected into the 2D column
by switching the valve. ChromSquare 2.2 (Chromaleont, Messina, Italy) was used for the
system control and the construction of the LC x LC chromatograms. The chromatographic
separations were carried out at 40 °C. The detection was performed at 280 nm. The injection
volume was 4 pl.

The following chromatographic columns were used in the !D separations: Shim-
pack XR-ODS 1II, 3 x 50 mm, 2.2 um particle size (Shimadzu, Kyoto, Japan); Nucleodur
C18Isis, 2.0 x 150 mm, 1.8 um particle size (Macherey-Nagel, Duren, Germany); Nucleodur
PFP, 2.0 x 150 mm, 1.8 um particle size (Macherey-Nagel, Duren, Germany); Nucleodur
PolarTec, 2.0 x 150 mm, 1.8 pm particle size (Macherey-Nagel, Duren, Germany). In the 2D
separations, the following columns were used: Nucleodur PFP, 4.6 x 30 mm, 1.8 um particle
size (Macherey-Nagel, Duren, Germany) and Nucleodur C18 Pyramid, 4.6 x 50 mm, 1.8 um
particle size (Macherey-Nagel, Duren, Germany).

4. Conclusions

Comprehensive two-dimensional liquid chromatography on reversed stationary phases
with different chemistries ensures the efficient separation of coniferous wood lignans in
plant extracts in the gradient elution mode. The highest “orthogonality” and best sepa-
ration are achieved on a combination of non-polar and polar hydroxy group embedded
octadecyl stationary phases in the first and second dimensions, respectively. On this basis, a
novel method for the quantification of the five lignans (secoisolariciresinol, matairesinol,
pinoresinol, HMR, and nortrachelogenin) in knotwood extracts by LC x LC with UV diode
array detection was developed and validated as an alternative to LC-MS assays. The attained
LOQs of the target analytes ranged from 0.27 to 0.95 mg L1, and the calibration plots were
linear in the concentration range covering at least two orders of magnitude. Testing the de-
veloped method on coniferous (larch, fir, spruce, and pine) knotwood extracts demonstrated
the high selectivity of the analysis, which allowed the separation and quantification of the
target analytes and matrix components co-eluting in one-dimensional HPLC. The proposed
approach can be used to develop and improve methods for the determination of lignans in
various objects. Further studies should be focused on the hyphenation of LC x LC sepa-
ration with mass spectrometric detection for non-target screening, identification, and the
highly sensitive determination of lignans and their derivatives in plant extracts.
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Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390 /molecules28248114/s1, Figure S1: LC x LC-UV chromatograms (280 nm)
of larch knotwood extract recorded on different 1D and 2D column combinations; Figure S2: Scaled UV
spectra of lignans; Figure S3: LC x LC-UV chromatogram (280 nm) of analyte model mixture (1.0 mg
L~1).; Figure S4: UV spectrum of the component of the larch knotwood extract with 'D Time 16.05 min
and 2D Time 0.58 min; Figure S5: UV spectra of the components of pine knotwood extract; Figure S6:
UV spectra of the components of fir knotwood extract; Figure S7: Preparative LC-UV chromatograms
(280 nm) of extract; Figure S8: TH NMR spectrum of hydroxymatairesinol (Methanol-dy); Figure S9:
13C NMR spectrum of hydroxymatairesinol (Methanol-d); Figure S10: "H NMR spectrum of nortrach-
elogenin (Methanol-dy); Figure S11: 13C NMR spectrum of nortrachelogenin (Methanol-d,). Table S1:
TH NMR (600 MHz) Spectroscopic Data of hydroxymatairesinol and nortrachelogenin; Table S2: 13¢C
NMR (150 MHz) Spectroscopic Data of hydroxymatairesinol and nortrachelogenin.
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Abstract: Biological properties of menaquinone-7, one of the vitamin K2 vitamers (K2MK-7), both
those proven and those that remain to be investigated, arouse extensive interest that goes beyond the
strictly scientific framework. The most important of them is the prevention of age-related diseases,
considering that we live in the times identified as the era of aging societies and many people are
exposed to the vitamin K2MK-7 deficiency. Therefore, an effective analytical protocol that can be
adopted as a diagnostic and preventive analytics tool is needed. Herein, a simple sample preparation
method followed by the liquid chromatography-tandem mass spectrometry-based method (LC-
MS/MS), was used for the selective and sensitive determination of K2MK-7 in serum samples.
Under the optimized conditions, using 500 pL of serum and the same amount of n-hexane, the
reproducibility and the accuracy were obtained in the ranges of 89-97% and 86-110%, respectively,
and the limit of detection value was 0.01 ng/mL. This method was used for the routine analysis.
Statistical interpretation of the data from 518 samples obtained during 2 years of practice allowed for
obtaining information on the content and distribution of K2MK-7 in the Polish population, broken
down by the sex and age groups.

Keywords: menaquinone-7 analysis; vitamin K vitamers; sample preparation; extraction; chromatographic
analysis; diagnostic tool; population variability

1. Introduction

Vitamin K represents a family of structurally related compounds containing the 2-
methyl-1,4-naphthoquinone group substituted with different hydrocarbon side chains at
the C3 position. Vitamin K with a long phytyl side chain is called K1 (phylloquinone), while
that with a long polypropenyl side chain is called K2 and constitutes a group of homologues
known as menaquinones-n (MK-n), where “n” stands for a number of isoprenoid units in
the side chain. Both forms are found in nature, but as K1 is found mainly in green plants
and algae, K2 is synthesized by bacteria and can be found in both animal products such as
meat, cheese or fermented food products, and in the human digestive tract [1]. Owing to
the presence of the naphthoquinone ring, both forms exhibit numerous and more or less
specific biological activities, the impact of which on the human body was underestimated
not long ago [2,3]. However, only the results published at the beginning of the 21st century,
proving the relationship between senile diseases and vitamin K deficiency, fully reveal its
importance [2,4]. Taking into account the main health problems of the modern world and
the fact that aging of the population is one of the dominant trends in the 21st century, the
most important biological properties are the prevention of osteoporosis and cardiovascular
diseases as well as the reduction in the risk of cancer [3-7]. According to [2-6,8] these
properties are more specific to MK-7, hence the growing interest in determining this
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compound is observed. This interest goes beyond the strictly scientific framework, and
currently, the analysis of vitamin K2MK-7 becomes an important diagnostic and preventive
tool [9]. This is because the half-life of MK-7 is several days, not 1-2 h as in the case of
K1, and the longer half-life means that it stays longer in the blood and is much more
available to extrahepatic tissues [10]. In addition, there is a large difference in the steady-
state concentration of the two forms of the vitamin, and the serum concentration of MK-7
is significantly higher than the concentration of vitamin K1 when equimolar amounts
are administered to patients [11]. Considering the wide area of action of the vitamin
and, among others, bioavailability issues, many people are at risk of vitamin K2MK-7
deficiency. This applies especially to people with atherosclerosis, hypercholestrolemia,
diabetes, dysbiosis, celiac disease, inflammatory bowel diseases, diseases of the liver and
biliary tract, people undergoing long-term oral antibiotic therapy, as well as the elderly and
obese ones [1,12,13]. Allied to this, it is necessary to develop a simple analytical protocol
useful in the laboratory practice that will allow for selective and sensitive monitoring
of K2MK-7 levels in biofluids and at the same time accelerating sample preparation and
obtaining higher laboratory throughput. This task is not easy due to low dietary intake and
consequently, the low concentration of this compound in the human bloodstream [1,14].

Several techniques are applied for vitamin K determination in the biological samples.
These are both indirect and direct approaches. Indirect methods, an example of which may
be the measurement of one of the biochemical indicators, i.e., y-carboxyglutamic acid in
urine, allow us to assess whether the body lacks vitamin K and in no way measure the level
of vitamin K, let alone the level of individual vitamin K [15]. In direct methods, migration
separation techniques are used for the determination of K2MK-7. Among them, liquid
chromatography (LC) with the fluorescent detection after the post-column zinc reduction to
a stable hydroquinone derivative, is the most commonly applied [12,16,17]. The most recent
one is LC coupled with mass spectrometry (MS) or tandem mass spectrometry (MS/MS)
detection [9,15,18-20]. These techniques have great analytical capabilities; however, are
insufficient to determine a compound at low concentration levels in a complex natural
matrix [21-24]. Proper sample preparation is still needed, which will not only enable the
detection of the non-fluorescent analyte, but also allow for the complete isolation of the
compound from bioliquids and its concentration.

Most approaches for the determination of K2MK-7 use solid-phase extraction (SPE)
and/or liquid-liquid extraction (LLE), with the most commonly used extractants being
those with higher partition coefficients (log P), such as diethyl ether (0.9), dichloromethane
(1.5), ethyl acetate (0.7), toluene (2.7), chloroform (2.3), n-hexane (3.9), and cyclohexane
(3.4) [12,17-20,25,26]. These approaches use relatively large volumes of solvents (4-8 mL)
in a single extraction step, with several steps usually being used to increase extraction
efficiency [9]. These are also time-consuming procedures, usually taking several dozen
minutes, which significantly reduces the throughput of the laboratory. In the literature,
there are also procedures that require even 4 h to prepare a single sample [15], the imple-
mentation of which, under the conditions of laboratory diagnostics, focused on the analysis
of a large number of samples per working shift, and speeding up work is difficult if not
realistic. For these reasons, it is necessary to develop a quick, simple, cheap, and efficient
sample preparation method that can be conducted using equipment typical of diagnostic
laboratories. Another important issue is to use the smallest possible amount of biological
sample needed for extraction. In addition, the principles of green analytical chemistry
emphasized the need to reduce the consumption of toxic and expensive organic solvents.
Hence, currently the attention is paid to the use of extraction techniques consuming mini-
mal amounts of organic solvents. In this respect, liquid-liquid microextraction (LLME) is a
modern alternative to the conventional LLE extraction technique [27].

Typically, LLME is used in the analysis of water, food, and natural product samples [25].
Despite the great application potential, this technique never received sufficient attention so
far in the biomedical analysis. Therefore, the aim of this study is to optimize the extraction
procedure for the efficient and selective K2MK? isolation from the serum samples, in line
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with modern requirements, and its subsequent quantitative analysis using the recently
developed and validated rapid LC-MS/MS-based method. As the optimized method
proved to be an effective and useful diagnostic tool, it was used in our laboratory (Research
and Development Centre, ALAB, Lublin, Poland) for the routine analyses for a two-year
period to obtain information on the content and distribution of K2MK-7 in the Polish
population by different gender and different age groups. Data were created from 518 serum
samples; 52.1% of the samples were female ones and 47.9% of the male samples. This
information will be useful for the subsequent development of K2MK-7 reference ranges
in Poland.

2. Results and Discussion
2.1. Optimization of the Sample Preparation Procedure

In this study, in order to optimize extraction procedure for the quantitative analysis
of vitamin K2MK-7 in serum, 16 extraction systems were tested, differing in the type of
the applied extraction solvent: dichloromethane (CH,Cl,), chloroform (CHCls), diethyl
ether (Et,O), carbon tetrachloride (CCly), and n-hexane, its volume (250 or 500 pL), and
the addition of a precipitant: acetonitrile (ACN), ethyl alcohol (EtOH), and ammonium
acetate (AA). Their characteristics are presented in the Section 3. The tests were carried out
using the optimized LC-MS method (see the Section 3) and discussed in the Section 2.2.
The studies were carried out in the 2 mL Eppendorf vials, using 500 pL of the serum free
from the test substance, fortified with the known amount of the vitamin K2MK-7 standard
and K2MK-7-D7 at a concentration of 2 ng/mL. The results are presented in Figure 1 as the
mean values of the peak areas of the analyte and the internal standard obtained for a given
system and calculated from three independent extractions, indicating both the solvent and
the factor increasing the extraction efficiency for the sake of clarity discussion. In order to
assess the effect of changing the extraction conditions on the analyte peak area, the obtained
data were statistically processed using the one-way analysis of variance (ANOVA), and its
results are presented in Table 1. For clarity, if the calculated value of F (F,,;;) exceeds the
table value F (F;p), this indicates a statistically significant influence of the given parameter.
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Figure 1. Effects of LPME variables on the recovery rates of K2MK-7 and K2MK-7-D7. Explanation
of abbreviations—see the relevant section of the text above.

As can be seen from the data presented in Figure 1, the individual systems are charac-
terized by different isolation efficiencies of the vitamin K2MK-7 standard and its deuterated
derivative. The change in the extraction solvent type differentiates clearly the size of the
surface area of both compounds (F.;; = 48.45, Fy;, = 3.48, see Table 1). In general, the
smallest peak areas were observed in the extracts obtained with CH,Cl, and the largest
with n-hexane. At the first glance, it might seem that the observed differences are the
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result of different affinities of individual solvents for the analyte. However, the problem is
more complex.

Table 1. Summary of the statistical analysis of the obtained results.

Effects F,,-Value p-Value F;,p-Value
Effect of solvent type on K2MK-7 peak area 48.45 1.64 x 107° 3.48
Effect of EtOH adding to the extraction system on K2MK-7 peak area 129.85 142 x 108 3.48
Effect of ACN adding to the extraction system on K2MK-7 peak area 72.18 245 x 1077 3.48
Effect of AA adding to the extraction system on K2MK-7 peak area 3.93 0.12 771
Effect of CH,Cl, volume 1.82 0.24 5.14
Effect of CHCl3 volume 6.48 0.03 5.14
Effect of Et,O volume 2.57 0.16 5.14
Effect of CCly volume 6.01 0.04 5.14
Effect of n-hexane volume 83.97 410 x 107° 5.14
Effect of age on K2ZMKY concentration in female 4.18 218 x 107* 2.05
Effect of age on K2MK?7 concentration in male 3.85 5.45 x 1074 2.05
<10 0.19 0.66 4.26
11-20 1.26 0.27 4.06
21-30 0.24 0.63 3.96
Effect of sex on K2MK-7 concentration in 31-40 1.25 0.26 3.92
individual age-groups: 41-50 3.97 4.8 x 1072 3.94
51-60 0.14 0.71 3.96
61-70 2.71 0.10 4.04
>71 0.06 0.81 4.41
rho-value p-value
Correlation between age and K2MK-7 concentration in female 0.23 2.34 x 107*
Correlation between age and K2MK-7 concentration in male 0.27 2,68 x 107°
Resultant correlation between age and K2MK?7 concentration 0.27 2.46 x 1077

If the log P value is taken as the measure of affinity, the extraction efficiency should
increase with the increase in this value. Meanwhile, the signals of both compounds
observed for Et,O (log P = 0.9) are about twice higher compared to those observed for
CH,Cl; (log P = 1.5). Taking into account the physicochemical properties of these solvents,
the possible reason for the observed differences is the lower density of Et,O than CH,Cl,
(see Figure 1). This fact makes it easier to collect the upper lighter ether layer manually. On
this basis, it can be concluded that not only the type of solvent (its hydrophobicity), but
also the method of the extraction, i.e., the ease of manipulation of the readily accessible
upper layer of the extraction solvent, affects the resultant effectiveness of the compounds
isolation in the miniaturized extraction systems.

Comparing the effects caused by the addition of the precipitation reagent into the
extraction system (which in Figure 1 is designated as “Prec.”), it can be seen that the signals
of both compounds are generally greater than those obtained previously. This is especially
evident for systems with n-hexane and CCly. This observation can be explained by achiev-
ing greater selectivity of extraction, reducing the background effect in the evaluation of
the MS signals magnitude. The effect is greater for EtOH and smaller for can, which is
confirmed by the values of the Fischer coefficient from Table 1, equal to 129.85 and 72.18,
respectively (Fy;; = 3.48). However, this result contradicts the information available in
the literature that ACN is a more effective precipitating agent compared to ethanol [27].
Nevertheless, according to the literature, ACN can have a negative effect on the formation
of ions and can cause the so-called ion suppression phenomenon, leading to a decrease in
the measured signals [28,29]. This comment applies not only to the effect of acetonitrile,
but also to the other solvents used in the stage of sample preparation for analysis. The
truthfulness of this statement seems to confirm the data obtained for ammonium acetate
(AA). As it is commonly known, this compound increases the ionization efficiency of ana-
lytes in MS [30]. Admittedly, its use in these studies did not increase the signal magnitude
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of both compounds because there are no statistically significant differences in their peak
intensities compared to those observed with the addition of ethanol (F.; = 3.93, Fip = 7.71,
see Table 1), but it improved the precision of the signal evaluation significantly (compare
the size of the bars in Figure 1).

As for the effect of the volume of the used extractant on the analyte signal, statistically
significant differences (see Table 1) were observed only for the n-hexane extract, i.e., the
solvent showing the largest peak areas of both K2MK-7 and IS. For this extractant, higher
signals were observed for a smaller volume of n-hexane, i.e., 250 pL. Nevertheless, taking
into account the complexity of the biological sample matrix and the assumed low vitamin
content in real samples, the use of a smaller volume of the solvent in a single extraction
cycle may result in deterioration in the measurement accuracy. The conducted studies on
the impact of the number of extraction cycles on the effectiveness of K2ZMK-7 isolation using
500 and 250 pL of n-hexane (data are shown in the Supplementary Materials), showing the
need for three extraction cycles for a smaller volume of extractant to achieve comparable
accuracy, confirmed the validity of this reasoning. Therefore, it was decided to use 500 uL
of n-hexane and the same amount of biological material for the final determination. There
are also economic reasons behind this choice, as the use of a larger amount of solvent in a
single extraction cycle allows for significant speeding up of the sample preparation and for
obtaining larger throughput of the laboratory.

2.2. Method Validation

The proposed analytical protocol for the analysis of K2ZMK-7 in the human serum was
successfully validated following the criteria of FDA for the bioanalytical method validation
(see the Section 3) [31].

Identification and quantification were based on the MS/MS multiple reaction mon-
itoring (MRM) mode after studying the fragmentation spectra of the analyte and IS in
accordance with the confirmation criteria taken from Commission Decision 2002/657/EC.
According to them, the MRM measurements for the analytes were performed for two
transitions: m/z + 649.5 — 121.0 (qualifier transition, S2) and 649.5 — 187.2 (quantifier
transition, S1) for K2MK-7, and one transition m/z + 656.0 — 194.1 for K2MK-7-D7 using
the collision energy (CE) values at 41 eV, 30 eV, and 37 eV, respectively (the dwell time
of 500 ms). During the optimization experiments, the suitability of the ESI and APCI
ionization sources was checked. Although both gave the same fragmentation ions, the
intensity of the signals was higher using the APCI source, which determined the use of
this ionization source. Figure 2 shows the representative APCI(+)-MRM chromatograms
obtained during the validation experiments for the pooled serum samples irradiated with
UV light to destroy endogenous vitamin as well as the authentic serum sample, confirming
acceptable analytical conditions for both qualitative and quantitative analyses of K2MK-7 in
the serum samples. Figure 2A shows the chromatograms of the blank serum sample (upper
chromatogram) spiked with deuterium labeled K2MK-7 (K2MK-7-D7) used as the internal
standard (lower chromatogram, IS). Figure 2B,C shows the chromatograms obtained for
the pooled serum samples with the addition of IS and the analyte at the level of 0.35 ng/mL
and 0.96 ng/mL, respectively. Figure 2D shows the chromatograms obtained for an au-
thentic serum sample tested for the content of vitamin K2MK-7. The chemical structure
and possible fragmentation pattern of K2MK-7, together with the chemical structure of the
product ions used for the analysis, are presented in Figure 3.

The specificity of the method was confirmed by matching the retention times (RT) and
the fragmentation ion signal ratio (52/51) obtained for the analyte in five different aliquots
of the authentic serum samples to the mean values obtained for the calibration solutions
(RTyef = 4.01 min + 2.0% and S2/S1,¢¢ = 0.439) with the differences in the retention times at
the —0.069 level, while the relative signal difference was —1.82%.
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Figure 2. MRM chromatograms of the blank serum sample (A), the control sample obtained by
spiking the blank serum sample with the analyte at the level of 0.35 ng/mL (B) and 0.96 ng/mL (C),
and the chromatogram of the authentic serum sample tested for the content of vitamin K2MK-7 (D).
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Figure 3. Chemical structure and a characteristic fragmentation pattern of K2MK-7 together with the

chemical structure of the product ions used for the analysis.

The calibration curve was constructed not using the weighted model, which re-
sulted in small and evenly distributed residual errors. The curve is shown in in the
Supplementary Materials. Its characteristic features determined by the slope, the intercept
(£confidence interval at the confidence level of 0.95), and coefficient of determination (R?)
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are 1.30621 (£0.106), —0.00789 (£0.0905), and 0.991, respectively. The F-value obtained
for the statistical method of the lack of fit was equal to 0.79 (F ), with the values of the
numerator and the denominator 7 and 18, respectively, and the tabular F-value equal to
2.58 (Ftap). Foqr < Frap confirms the linear relationship between the ratio of K2MK-7 to IS
signals and the K2MK-7 concentration. The back-calculation of K2MK-7 concentrations in
the calibration solutions, performed to confirm suitability of the used calibration, showed
acceptable deviation of the interpolated concentrations of standards. Inaccuracy and im-
precision of K2MK-7 determinations, expressed as % bias and % CV, were in the range of
—11.0-5% and 2.3-14.2% for six out of seven non-zero calibration solutions. Only in the
case of the smallest standard concentration was the deviation at 18% obtained, and this
concentration was accepted as the LLOQ level.

Determination of the signal-to noise ratio performed using the LLOQ sample to
establish the smallest analyte content allowing to confirm its presence (LOD) and to quantify
it (LOQ) reached 0.013 and 0.039 ng/mL.

The data on the inaccuracy and imprecision of the present study are presented in
Table 2. The intra-and inter-day inaccuracy, expressed in % bias, ranged from —13.8 to
10.1% with the precision of 3.3-11% (% CV). These results show adequate great precision
and accuracy. The correctness of this statement confirms the ANOVA and the Student’s
t-test results showing that there is a lack of a significant difference between the results at the
individual concentration levels (1.00 < F > 3.22, F;;;, = 3.48; —0.06 < t.; < 2.46, t.,;; = 4.30).
The dilution study carried out at 1:1, 1:8, and 1:16 for the samples fortified above the highest
concentration of the calibration standard showed that the dilution can be undertaken with
a sufficiently good precision and accuracy. The precision of the study ranged from 6.4 to
12.8% CV and the accuracy ranged between —10.5 and 8.2% bias.

Table 2. Intra- and inter-day precision, accuracy, and summary of stability study for the determination
of K2MK-7 in the serum samples.

Nominal Concentration Measured Concentration Imprecision Inaccuracy
(ng/mL) (mean £ SD), (ng/mL) (% CV) (% BIAS)
Intra-day (n = 5)
0.10 0.116 £ 0.004 3.98 16.16
0.32 0.352 4+ 0.022 6.40 10.10
0.64 0.728 £ 0.069 9.49 —13.80
0.96 0.939 £ 0.030 3.29 —2.12
Inter-day (1 = 5)
0.10 0.108 + 0.005 4.51 8.63
0.32 0.317 4+ 0.030 9.48 0.98
0.64 0.649 £ 0.072 11.04 —1.38
0.96 1.007 + 0.073 7.22 —4.88
Autosampler at 15 °C (24 h) (n = 3)
0.32 0.352 £+ 0.01 2.8 —-10.0
0.64 0.621 £ 0.084 13.52 3.06
0.96 1.031 £ 0.052 5.04 —12.81
Refrigerator at 4 °C (24 h) (n = 3)
0.32 0.360 £ 0.06 13.76 12.50
0.64 0.622 £ 0.06 8.59 2.82
0.96 1.014 + 0.046 4.44 —5.62
Freezer at —18 °C (24 h) (n = 3)
0.32 0.325 4+ 0.042 12.92 1.56
0.64 0.619 £ 0.033 5.33 3.28
0.96 1.014 £ 0.046 5.80 6.66
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Table 2. Cont.

Nominal Concentration Measured Concentration Imprecision Inaccuracy
(ng/mL) (mean £ SD), (ng/mL) (% CV) (% BIAS)
Exposed to light at room temp. (1 h) (n = 3)
0.32 0.167 £ 0.004 2.39 47.81
0.64 0.250 4+ 0.188 75.08 60.88
0.96 0.344 + 0.240 69.79 64.18
Exposed to light at room temp. (2 h) (n = 3)
0.32 0.125 + 0.060 47.83 60.80
0.64 0.299 + 0.092 30.91 53.19
0.96 0.508 £ 0.12 23.60 47.03
Freeze-thaw cycles (cycle number) (n = 3)
0.64 (1) 0.600 + 0.014 2.33 6.20
0.64 (2) 0.716 + 0.041 5.74 —11.94
0.64 (3) 0.657 £ 0.058 8.83 —2.65
0.64 (4) 0.379 £ 0.052 13.71 40.66

Various storage and handling conditions were evaluated to determine their effect on
the vitamin K2MK-7 stability. The obtained results are given in Table 2. The samples kept in
darkness in the autosampler, refrigerator, and freezer at a temperature from 15 to —18 °C
for 24 h are stable. Alternatively, the samples exposed to light at room temperature show a
loss exceeding the accepted stability criterion after just one hour [25,32]. The stability study
after four freeze—thaw cycles showed that the analyte is stable up to three cycles. These data
prove that, while the low temperature under the tested conditions stabilizes K2MK-7, one
should avoid definitely exposing the sample to UV radiation. Moreover, multiple freezing

and thawing of serum samples subjected to the K2MK-7 determination should be avoided.

Table 3 summarizes the results of the matrix effect (ME), recovery (RE), and process
efficiency (PE) studies (for details, see the Section 3). These parameters were obtained using
the method described in [33] by determining the area of the K2ZMK-7 and IS peaks for three
differently prepared sets of samples, each at three concentration levels. The parameters
are calculated as a percentage of the response of set 2 samples in relation to those of set
1 samples (ME), the response of set 3 samples in relation to that of set 2 (RE), and the
response of set 3 samples in relation to that of set 1 samples (PE) [33]. The obtained values
confirm a slight increase in the ionization of the analyte by co-eluting substances from the

biological matrix. This effect is especially pronounced at smaller analyte concentrations.

Nevertheless, the efficiency of the process is comparable and high. The recovery ranges
from 79 to 85% and from 84 to 88% for the analyte and IS, respectively. These values are
suitable for the quantitative KX2MK-7 analysis in the human serum.

Table 3. Summary of matrix effect (ME), recovery (RE), and process efficiency (PE) studies for
K2MK-7 and IS at three levels of vitamin concentrations covering the calibration range for three
differently prepared sets of samples: set 1 is samples of standard solutions prepared in water instead
of serum, sets 2 and 3 are pooled blank serum samples that were fortified with standard solutions
after extraction (set 2) and before extraction (set 3).

Mean Peak Area (% CV)

Nominal ME (%) RE (%) PE (%)
Concentration K2MK-7 1S
(ng/mL)
Set1 Set 2 Set 3 Set1 Set 2 Set 3 K2MK-7 1S K2MK-7 1S K2MK-7 1S
16,954 19,281 15,280 35,768 38,317 32,313
0.32 (5.21) (1.34) (9.54) (2.55) (2.25) (9.14) 113.73 107.13 79.25 84.33 90.13 90.34
33,288 36,584 30,011 32,235 36,701 31,833
0.64 (10.87) (9.12) (9.20) (7.76) (1.28) (15.70) 109.90 113.85 82.03 86.74 90.15 98.75
0.96 48,747 49,094 41,721 33,729 34,329 30,039 100.71 101.78 84.98 87.50 85.59 89.06

(408)  (072)  (258) (1195  (2.13)  (10.51)
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2.3. Practical Application

To assess the applicability of the optimized method for the routine laboratory practice,
studies were carried out in the group of 10 healthy volunteers with normal dietary habits.
The research confirmed that the method is suitable for the analysis of vitamin K2MK-7 in
the real serum samples. Therefore, after carrying out comparative tests showing compliance
of the results at the level of 85-90% with the other laboratory tests (see the Supplementary
Materials), the decision was made to implement the developed method as an analysis
routinely performed in our laboratory. The results presented below constitute the statistical
interpretation of the data obtained during the standard practice of our laboratory during
the 2-year period. As mentioned, these data were obtained from 518 serum samples; 52.1%
of the samples were female ones and 47.9% were male samples. The K2MK-7 levels in the
individual age ranges: <10, 11-20, 21-30, 31-40, 41-50, 51-60, 61-70, and >70 were created
based on the analysis of the following number of female (male) samples: 14 (12), 20 (26),
42 (37), 60 (54), 54 (37), 38 (53), 32 (19), and 10 (10). These data are important because, to our
knowledge, these are the first available literature data on the content of vitamin K2MK-7 in
the Polish community. As a result of the life expectancy extension, as well as changes in the
age structure of the population, the median age of Poles as well as of other nationalities is
growing year by year. According to WoldData.info [34], among 119 countries assessed in
2018-2020, Poland ranks 28th with the average age of 41.9, which means that half of the
Polish population is older than 41.9. Japan is in the lead in this ranking, with the average
age of 48.6 years. The USA, for comparison, ranks 44th with the average age of 38.5 years.

The graphical representation of the obtained data is shown in Figure 4 in the form of
box plots with the division into the sex- and age-related groups. Their analysis allows us to
conclude that, in line with the expectations, the content of vitamin K in the Polish society is
generally small. However, as can be seen in the studied age groups for individual genders,
the obtained field ranges, their position, median values (marked as the line across the box),
and average values (marked with the cross) are different. These features independently
confirm the applicability of the developed method for the routine analysis of vitamin
K2MK-7 content in the serum samples.

The more detailed analysis of the presented data shows that an asymmetric distribu-
tion of values is observed in each group. With age, the width of the box ranges for both
genders increases, which means that the degree of results dispersion increases. The highest
degree of agreement of the results with the lowest number of outliers and the shortest
whiskers is visible for the youngest age group, with the mean and median values in the
female and male groups being 0.319 and 0.154 ng/mL as well as 0.387 and 0.239 ng/mL,
respectively. In turn, the lowest degree of agreement with the longest whiskers can be
observed in the group of males in the middle age group, i.e., 41-50 years old, with the
highest values of outliers, not shown in Figure 4 for the sake of legibility, obtained in the
oldest age group of females (11.7 ng/mL). In this age group, the highest mean and median
values for female and male are also noticeable. These values are 2.14 and 0.73 ng/mL for
female and 1.98 and 1.18 ng/mL for male. This observation is consistent with the general
knowledge about the increasing incidence of cardiovascular diseases with age and the effect
of blood thinning drugs such as warfarin on the content of vitamin K in the body [5,13,35].
Moreover, the smaller content of vitamin K2MK-7 in females compared to its content in
males is consistent with the greater frequency of osteoporosis in females [12]. The difference
in the amount of vitamin K2MK-7 in females and males is noticeable in the age group
41-50, which is when menopause often begins. These observations, as well as other median
values in the figure, visible in the form of a different position of the line in the box, may
suggest the probability of a relationship of age and gender with the vitamin K content in the
human body. This suggestion was verified by the statistical analysis, the results of which
are collected in Table 1, together with those of the statistical analysis of factors influencing
the stage of sample preparation. The obtained Spearman’s rank correlation coefficients (rho
value, see Table 1) revealed that the K2MK-7 values are significantly associated with the age
both in females (r = 0.23, p < 0.001) and males (0.27, p < 0.001). Higher values of the F-test
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obtained for females (F.;; = 4.18, p < 0.001) not only confirmed the relationship between the
age and gender with the content of vitamin K, but also indicated that in the female group,
there is a greater distribution of K2MK-7 values depending on age.
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Figure 4. Box plot of the serum concentration of K2MK-7 for different age groups and gender.

2.4. Comparison with the Published Data

Due to the great interest in the role of vitamin K2MK-7 in the human body, and
consequently, the sensitive analysis of this compound in the physiological fluids, a number
of different approaches to its direct determination can now be found in the literature,
including the LC-MS/MS method [12,13,15-18]. The disadvantages of most of these
methods are the consumption of large amounts of both sample and other organic solvents,
quite complicated equipment used at the sample preparation stage, long analysis time,
and high LOD values. Riphagen et al. [19] published the LC-MS method with APCI for
determination of vitamins K1, K2ZMK-4, and K2MK-7 with the simplified pretreatment
sample procedure but the limit of quantification for K2MK-7 was only 2.2 ng/mL. This
value is definitely not suitable for monitoring the vitamin levels in the healthy population,
and even less so for assessing its deficiency. On the other hand, Dunovska et al. [36]
proposed the method with the LOD value of 0.002 ng/mL, but with the sample preparation
procedure taking up to 4 h, which excludes the possibility of its use in the diagnostic
laboratory. Our method definitely stands out because by combining the simplicity of the
miniaturized LLE technique with the possibilities of the LC-MS/MS method, we obtained
a fast and cheap method that requires a 0.5 mL serum sample and only 0.5 mL extractant
to guarantee the high analyte recovery with the small LOD value in about 5 min, with
the total analytical run time of 10 min needed to elute the more hydrophobic interfering
compounds. Justice should be given, as due to the low content of K2MK-7 in real patient
samples, we were unable to reduce the volume of serum needed for extraction in a single
extraction run. Nevertheless, although the volume proposed in our methodology is larger
than the 350 pL used by Riphagen, it is analogous to the volume used by Dunovska, with a
total of 8 mL of solvent used for extraction.

The resulting significant shortening of the overall analysis time, with a radical reduc-
tion in the exposure of the unstable analyte to stress factors, made it possible to notice
subtle relationships between the age and the gender and the content of vitamin K. These
dependencies were not noticed by Dunovska et al. [36], who reported the content of vitamin
K2MK-7 in the population of Caucasian as 0.074-0.759 ng/mL for both females and males.

3. Materials and Methods
3.1. Sample Preparation

Methanol (MeOH), ethanol (EtOH), and acetonitrile (ACN), all of LC/MS grade, were
purchased from Merck (Darmstadt, Germany). Carbon tetrachloride (CCly), chloroform
(CHCl3), diethyl ether (Et,O), methylene chloride (CH,Cly), n-hexane, and ammonium
acetate (AA) (all with analytical purity grade) were purchased from the Polish Chemicals
Plant POCh (Gliwice, Poland), and 99% formic acid of LC-MS purity was from VWR
Chemicals (Gdansk, Poland). The certified standards of K2MK-7 and deuterium-labeled
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K2MK-7 (K2MK-7-D7) were obtained from Sigma-Aldrich (St. Louis, MO, USA). The first
standard was delivered as a solution in ACN at the concentration of 100 ng/mL. K2MK-7-
D7 used as the internal standard (IS) was in the powder form in the batch of 1 mg. It was
dissolved in 1.5 mL of EtOH as recommended by the supplier.

Stock solutions of standards were prepared in EtOH by diluting the K2MK-7 stan-
dard solution to the concentrations of 10 and 100 ng/mL and the IS standard solution
to 50 ng/mL. These solutions were used for calibration, validation, and analysis of real
samples. They were kept under the stable conditions at —20 °C (42 °C) until their use.
All other solutions applied for determining validation parameters were prepared on the
ongoing basis, unless otherwise stated, from the individual stock standard solutions, being
diluted in water and/or in aliquots of the pooled blank serum sample under the conditions
protecting them against light.

The quality control (QC) samples were prepared in the pooled serum sample spiked
with the individual stock standard solutions. To avoid multiple thawing, these samples
were thoroughly mixed to ensure homogeneity, then divided into smaller portions that
were separately frozen and stored at —20 °C (£2 °C) until needed.

All samples used in the study were kept in the amber nontransparent vials unless
stated otherwise. Water was purified using the Milli-Q system (Millipore Sigma, Bedford,
MA, USA).

3.2. Collection and Storage of Serum Samples

During the assessment of the suitability of the developed method for the routine
laboratory practice, the samples for testing were obtained from 10 healthy volunteers with
normal dietary habits after an overnight fasting period. Small volumes of blood samples
were collected by the qualified staff in accordance with the local, national, and international
regulations (with the Declaration of Helsinki) on ethics after obtaining the informed consent
from each of them. Blood was obtained by venipuncture into the 4.9 mL tubes using a
single closed system containing the Monovette coagulation activator according to the
manufacturer’s instructions (Sarstedt AG, Niimbrecht, Germany). Then, it was thoroughly
mixed in order to maintain its homogeneity and immediately protected against light using
aluminum foil. The serum was separated within 45 min of blood collection by centrifugation
(2000 g; 10 min at room temp.) and frozen at —20 °C until testing.

Age- and gender-specific KZMK-7 intervals in the Polish population were created using
the data obtained from the samples collected during our laboratory standard practices (Re-
search and Development Center, Alab Laboratories, Lublin, Poland). Blood was collected
from the patients only during their laboratory tests (no additional material was collected).

3.3. Sample Preparation

The optimized procedure consists of mixing 500 pL of the serum sample mechanically
with 5 puL of the internal standard solution and 245 uL of EtOH in the 2 mL amber Ep-
pendorf vial, then adding 500 puL of n-hexane, 5 min vortexing, and finally centrifugation
(14,500 rpm, 2 min). Then, the supernatant upper layer is quantitatively transferred to the
dark glass vial, evaporated to dryness under a stream of nitrogen, then reconstituted in
50 uL of methanol with 0.1% formic acid, and after transfer to the insert vials, analyzed.

In order to determine the optimal extraction conditions for the quantitative deter-
mination of K2ZMK-7 in serum, the influence of the following factors on the analyte and
IS peak signals was investigated: the type of the extraction solvent, the ratio of volumes
of the extraction solvent to the sample, and the addition of a precipitating reagent. The
experiments were conducted in 16 systems. Their characteristics are given below.

In systems 1-5 to 500 pL of serum, 500 pL of the suitable solvent were added, i.e.,
CHCl;3 (system 1), CH,Cl; (system 2), Et,O (3), CCly (4), and n-hexane (5). In systems 6-10
to 500 p of serum and 250 p of the solvent, i.e., CHCl; (in system 6), CH,Cl, (7), Et,O (8),
CCl4 (9), n-hexane (10), and also 250 puL of EtOH were added each time. In systems 11-15
to 500 pL of serum and 250 pL of the solvent, i.e., CHCl3 (in system 11) or CH,Cl, (12)
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or Et,O (13) or, CCly (14) or n-hexane (15), and 250 puL. of ACN were added each time. In
system 16, as before, 500 pL of serum and 250 pL of n-hexane were used with the addition
of 100 uL of 1 M ammonium acetate (AA) solution.

For the system characterized by the highest intensity of analyte and IS signals, the
effect of the number of extraction cycles was also examined. The influence of 3 extraction
cycles on the K2MK-7 extraction efficiency was taken into account. In all these experiments,
a pooled serum was spiked with the analyte and IS at 2 ng/mL. For each of the tested
systems, three independent repetitions were made (n = 3).

3.4. LC-APCI-MS Analysis and Its Optimization

The LC analyses were performed using the Shimadzu NEXERA X2 LC system (Shi-
madzu, Kyoto, Japan) composed of a parallel double binary pump (LC-30AD), a system
controller (CBM-20A), an automatic solvent degasser (DGU-20A5R), and an autosampler
(SIL-30AC). The autosampler temperature was maintained at 15 °C. Separations were made
using the Kinetex C18 column (50 x 2.1 mm, 2.6 um, Phenomenex, Inc., Torrance, CA, USA)
applying gradient elution with the mobile phase flow at 0.6 mL/min. The mobile phase A
was the solution of 0.1% formic acid in water; the mobile phase B was 0.1% formic acid in
MeOH. The elution conditions were as follows: isocratic at 97% B for 4 min, gradient to
100% B from 4.1 min to 5 min, and isocratic at 100% B to 10 min. At 10.1 min, the mobile
phase was reached again 97% B for 10 min to prepare the column for the next sample.
The column temperature was maintained at 40 °C and controlled with the column oven
(CTO-20AC). The injected sample volume was 30 pL.

Detection was performed with the LCMS-8050 triple quadrupole mass spectrometer
(Shimadzu, Kyoto, Japan) equipped with the atmospheric pressure chemical ionization
(APCI) source operating in the positive ion mode under the following conditions: the APCI
temperature 350 °C, the desolvation line temperature 200 °C, the heating block temperature
200 °C, the nebulizer gas flow 3 L/min, and the drying gas flow 5 L/min.

To determine the optimal conditions for the chromatographic separation, the influence
of the mobile phase composition (MeOH and ACN), the volume of formic acid added to
the mobile phase (0.05% and 0.1%), the flow rate, the gradient elution profile, the column
temperature, and the volume of the injected sample were investigated. To establish the
MS/MS operating conditions, the analyte and IS standards, each at the concentration of
100 ng/mL, were separately injected into the LC-MS/MS system. For each compound,
mass transitions of the most sensitive or selective precursor ions were optimized in terms
of their product ions and corresponding collision energy.

3.5. Method Validation

The validation method was used according to the general validation criteria in terms
of specificity, linearity, the limit of quantitation (LOQ), the intra-day and inter-day precision
and accuracy, matrix effects, as well as stability of measurements in compliance with the
main FDA guidelines for the bioanalytical method validation [31]. In addition, the dilution
precision was included as the validation parameter, taking into account a possible higher
concentration level of the analyte after its supplementation. Due to the lack of commercially
available serum with appropriate characteristics, process optimization, calibration, and
validation were performed using a representative portion of serum obtained from the
individual volunteers” blood samples that were pooled and checked for the presence of
vitamin K2MK-7 after their UV irradiation to photodegrade the endogenous vitamin. After
combining, the serum was mixed thoroughly to ensure its homogeneity and divided into
smaller portions that were separately frozen. There are no commercially available K2MK-7
quality control (QC) samples; therefore, the aliquots of the blank serum samples were
fortified with stock standards solutions to obtain low, medium, and high QC samples.
During the experiments, the samples were prepared daily, except for those used to estimate
the measurements stability.
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To establish a calibration curve, the aliquots of the blank pooled serum sample were
spiked with the sequentially increased amounts of the K2MK-7 standard and the same
amount of the deuterium-labeled K2MK-7 standard used as the internal standard (IS,
10 ng/mL). Nine calibration samples were examined, including the blank sample, the zero
sample (the blank sample with added IS), and seven non-zero samples in the range of
0.1 ng/mL to 1.2 ng/mL of K2MK-7. Three replicated analytical procedures were applied
independently for each examined concentration level. A calibration curve was constructed
by plotting the peak area ratio of K2ZMK-7 to IS against the known K2MK-7 concentration.
The slope, intercept, and coefficient of determination (R?) were determined by the least
squares linear regression model. To assess the quality of linearity, the statistical approach
of lack of correlation was used. The quality of calibration was evaluated by the back-
calculation of K2MK-7 concentrations in the calibration solutions. The lowest limit of
quantification (LLOQ) was obtained on the basis of the smallest concentration of K2MK-7
that gives the CV and bias values < 20%.

The limits of detection and quantification values, LOD and LOQ, respectively, were
determined from the analysis of the sample chromatogram obtained for the blank plasma
samples enriched with the analyte at the LLOQ level. The LOD and LOQ were considered
to be the signal to the noise ratios equal to 3 and 10, respectively.

The intra- and inter-day precision and accuracy were assayed using the QC samples
at three concentration levels covering the calibrating range of K2MK-7 concentrations (0.32,
0.64, and 0.96 ng/mL) and the LLOQ level (0.10 ng/mL), and evaluated by the statistical
analysis. Five replicates per concentration for the independently prepared samples were
analyzed three times on the same day and on five different days within three weeks. The
precision was estimated using the one-way analysis of variance (ANOVA) test, and it
was expressed as the coefficient of variation (CV, %). The accuracy estimation was made
comparing the mean value of the obtained results to the nominal concentration level
of the analyte in the control sample using the Student’s t-test, and it was expressed as
BIAS (in %). The precision and accuracy were also tested for the pooled serum samples
fortified with the standards above the concentration of the highest calibration standard.
In these experiments, the samples were appropriately diluted with the blank serum to
give concentrations within the calibration range. The assays were performed preparing
the samples at three concentration levels (1.5, 6, and 12 ng/mL) that were diluted to 1:1,
1:8, and 1:16, respectively. The analysis of the diluted samples was performed in the set of
3 replicates for each concentration. Then, the accuracy and precision were determined.

Matrix effect (ME), recovery (RE), and process efficiency (PE) were determined using
the method described in [33] by determining the area of the K2MK-7 and IS peaks in three
differently prepared sets of samples, each at three concentration levels corresponding to
the concentration of the QC samples. The first set was composed of standard solutions
prepared in water instead of serum. The second was prepared in the aliquots of the pooled
blank sample fortified with the vitamin and IS after the sample preparation. The last one
was prepared in the same serum spiked with the standards prior to the extraction.

The stability of K2MK-7 was assessed for the QC samples at the low, medium, and
high concentration levels with the exception of the freeze-thaw tests carried out only for
the medium QC level. The stability was evaluated for the samples stored under different
conditions: in the autosampler over 24 h at 15 °C, and alternatively, in the refrigerator and
the freezer at 4 °C and —18 °C, respectively; exposed to light at room temperature for 1
and 2 h; and four freeze-thaw cycles from —18 °C to room temperature. Three replicates
were performed under each condition. Stability was defined as <15% loss of the initial
vitamin concentration. The QC samples freshly prepared and measured immediately prior
to storage effect testing were used as a reference point.

3.6. Statistical Analysis

The Spearman’s rank correlation (rho) was used to estimate the degree of association
between the K2MK-7 concentration and the age for a given gender group. The one-way
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analysis of variance (ANOVA) and F-test were used to determine the trending age groups
for the given and different gender groups. To determine the significance of each Fisher
coefficient (F), the p-values were used. The values were considered to be significantly
different when the result of the compared parameters differed at the p = 0.05 significance
level. The statistical analysis was performed using Excel (Microsoft Excel 2010).

4. Conclusions

The ample evidence for the relationship between the low vitamin K2MK-7 content in
the human body and the occurrence of various dangerous diseases aroused wide interest in
this compound both among scientists and average consumers following a healthy diet. As
a result, there is an increasing demand for vitamin K determination and a steady increase
in the number of samples required to be tested each day. To meet these expectations,
in this paper, a simple, efficient, and affordable sample preparation method using the
LLME approach, followed by the LC-MS/MS method for the determination of K2MK-7
in the serum samples, was developed. The method was validated according to the FDA
guidelines. Then, its feasibility in evaluating K2MK-7 in real samples was tested, proving
that it can be adopted as a diagnostic and preventive analytics tool. Under the optimized
conditions, using 500 pL of serum and the same amount of n-hexane, the reproducibility
and the accuracy were obtained in the ranges of 89-97% and 86-110%, respectively, and
the limit of detection value was 0.01 ng/mL. The analysis time for K2MK-7 is about
5 min, with a total analysis time of 10 min necessary to elute more hydrophobic interfering
compounds. Based on the results obtained during 2 years, we were able to statistically
assess its content and distribution in the Polish population. The obtained Spearman’s rank
correlation coefficients showed that the K2MK-7 values are significantly related to the age
of both females and males. The higher values of the F-test obtained for females not only
confirmed the relationship between the age and gender with the content of vitamin K, but
also indicated that in the female group, there is a greater distribution of K2MK-7 values
depending on age. The results will be useful for the subsequent development of K2MK-7
reference intervals in the Polish population.
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for calibration curve together with statistical analysis; Table S2. The lack-of-fit test; Table S3. The
influence of the number of extraction cycles on the surface area of the vitamin K2MK-7 peak extracted
using 500 and 250 uL of n-hexane, respectively; Table S4. Results of comparative studies.
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Abstract: The paper is focused on the epoxidation of methyl esters prepared from oil crops with
various profiles of higher fatty acids, especially unsaturated, which are mainly contained in the non-
edible linseed and Camelina sativa oil (second generation). The novelty consists in the separation and
identification of all products with oxirane ring formed through a reaction and in the determination
of time course. Through the epoxidation, many intermediates and final products were formed,
i.e., epoxides with different number and/or different position of oxirane rings in carbon chain. For
the determination, three main methods (infrared spectroscopy, high-pressure liquid chromatography
and gas chromatography with mass spectrometry) were applied. Only gas chromatography enables
the separation of individual epoxides, which were identified on the base of the mass spectra, molecule
ion and time course of products. The determination of intermediates enables: (i) control of the
epoxidation process, (ii) determination of the mixture of epoxides in detail and so the calculation
of selectivity of each product. Therefore, the epoxidation will be more environmentally friendly
especially for advanced applications of non-edible oil crops containing high amounts of unsaturated
fatty acids.

Keywords: vegetable oils; epoxidation; esters; gas chromatography; infrared spectroscopy; liquid
chromatography; gas chromatography

1. Introduction

The current global issue is the searching for renewable sources for production of
various materials, chemicals, or energy, which are currently produced from crude oil. Tria-
cylglycerides, contained in the vegetable oils, animal fats or waste frying oils [1], are one of
the possible renewable sources and can be transformed to esters by transesterification [2].
An important product is glycerol, which has many applications in chemistry, food and
pharmaceutical industries [3] and is produced especially from oils/fats. The esters are
mainly used as a fuel, but can be also transformed to epoxides, which have many appli-
cations. The epoxidation is a reaction of double bonds between two carbon atoms with
hydrogen peroxide which leads to the formation of the epoxide group [4]. The epoxides
can be used as: (i) bio-lubricants in means of transport (additives to oils) [5] or (ii) raw
materials for bio-polymers (as monomers), higher alcohols, olefins, glycols, polyesters and
polycarbonates (reaction with CO,, which is consumed) [6,7]. These chemicals are currently
produced from crude oil and it is appropriate to replace them by renewable sources.

The different oils/fats have different profiles of higher fatty acids (FA) in triacylglyc-
eride, which influence the physical and chemical properties of oil and products such as
freezing point, oxidation stability, and kinematic viscosity [8]. The most frequent fatty
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acids in common oils/fats are the following: palmitic (16:0), stearic (18:0), oleic (18:1),
linoleic (18:2), and linolenic (18:3) [9]. Note: the first number is the number of carbon atoms
and the second is the number of double bonds. The FA profile of FA-formed esters is the
same as in oils/fats, i.e., does not change during transesterification [10]. For epoxidation,
the oils with higher content of unsaturated FA, i.e., higher iodine value (IV) are more
suitable, because: (i) higher amounts of epoxides are formed, and (ii) these raw materials
cannot be used as fuels (maximum IV is 120 g I;/100 g according to EN 14214 because
of low oxidation stability). For this reason, the oil from non-edible oil crops, i.e., “second
generation” is appropriate because it usually has a high content of unsaturated FA [11] and,
moreover, can be used for the production of glycerol as a by-product by transesterification.
This is differed from the epoxidation of oil, where glycerol is not formed.

The monitoring of the epoxidation reaction (especially time dependency) is important
because it allows to control the course of epoxidation in detail. The unsaturated esters
of higher FA (usually containing 1-3 double bonds depending on the type of acid) are
consecutively epoxidated, therefore many intermediates are formed. Moreover, the esters
can form two geometric isomers (cis or trans) [12], which increase the number of products.
Produced epoxides can also react with water, hydrogen peroxide or organic acid to form
alcohols [13]. Several monitoring methods are usually used, such as determination of
iodine value, the epoxide equivalent weight, epoxy index [14], kinematic viscosity, infrared
spectroscopy [15], and flash and combustion points [16]. However, the methods determine
only the change of double bonds or change of content of oxirane groups without detailed
identification of the type of epoxides. The 'H NMR method can separate the substances
according to the number of oxirane rings, but it is very often used for triglycerides (not for
esters) [17,18]. On the other hand, the chromatographic methods allow to separate esters
according to FA, including cis or trans isomers [19].

The major advantage of gas chromatography (GC) is the ability to determine all
compounds in the reaction mixture individually in one analysis. The GC is easy, highly
sensitive, automated, and provides analysis of data which gives comparatively higher
precision, accuracy, and reproducible results. The GC is usually applied for determination
of alkyl esters with a different number of double bonds (different type of acid). However,
the method is not commonly used for separation of esters with oxirane ring and esters
without it [20]. Methyl esters and their epoxides can be identified by comparison of
their retention times with standards or can be identified by using mass spectrometry
(MS) on the base of their mass spectrum (intensity as a function of the mass-to-charge
ratio, m/z). The fatty acids or methyl esters of fatty acids with oxirane rings are generally
very poorly studied and there is a lack of information regarding their fragmentation by
electron ionization.

The course of epoxidation of methyl esters was determined by two chromatographic
methods (GC with mass spectrometry detector and high-pressure liquid chromatography
with refractometric detector), which were compared mutually and with another method
(infrared spectroscopy). The novelty consists in the identification of many formed interme-
diates (various degrees of epoxidation) including their reaction time dependency (no study
focused on their determination has been carried out yet). Moreover, various esters with
different compositions of higher fatty acids were used, i.e., with different amounts of dou-
ble bonds. Detailed knowledge of the reaction course will allow to control the epoxidation
process better, and thus reduce the reaction cost and raw material consumption, especially
for non-edible oils with high contents of unsaturated FA.

2. Results and Discussion

The esters of vegetable oils with different profiles of fatty acids were used, such as
rapeseed oil, sunflower oil and linseed o0il. Their composition was determined using
GC-MS (Table 1 includes iodine value and water content). These oils contain saturated
(stearic and palmitic) and especially unsaturated (oleic, linoleic and linolenic) fatty acids,
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which were epoxidized. Note: only the most frequently occurring higher fatty acids, which
represent approximately 98% of content, are stated in Table 1.

Table 1. The composition and profiles of oils. [V—iodine value.

Type of Oil v Water Content Profile of Higher Fatty Acids ! (wt.%)
(Abbreviation) (g 1/100 g) (ppm) 16:0  18:0 18:1 182 183  20:1  20:2 22:1
Rapeseed (RO) 106.9 260 6.4 2.7 55.9 255 6.7 1.2 . 0.1
Sunflower (SO) 111.4 440 8.0 48 411 446 * 0.1 o .
Linseed (LO) 181.3 350 7.6 5.3 23.6 178 443 0.1 . .
Camelina sativa (CS) 151.3 430 7.1 29 16.9 198 276 162 16 33

1 number of carbon atoms: number of double bonds. * not detected.

Throughout epoxidation, many chemical substances were formed such as: (i) raw
materials (esters), (ii) reaction intermediates and (iii) final products of epoxidation (Table 2).
The intermediates are polyunsaturated esters with various degrees of epoxidation, i.e., var-
ious numbers of oxirane rings (one or two) or esters with oxirane rings placed on different
positions in the methyl esters chain. Moreover, the esters and epoxides with double bonds
can be present in the form of cis and trans isomers. The standards of these substances
(intermediates and epoxides) are not commercially available.

2.1. TH NMR

The method 'H NMR is applied for the analysis of epoxides, except in most cases for
(i) the epoxidation of oils (not esters) and (ii) start and end of the reaction (not reaction
course). Moreover, authors usually determine only the decrease in signal of double bonds
between carbon atoms (C=C) or increase of the oxirane group [21-23]. Similar, epoxides
with one, two, or three oxirane rings were identified [24]. Moreover, some authors used just
one pure substance (standard) as a raw material such as oleic acid, trilinolein, trilinolenin,
etc., and so only few (often one) products had been formed [24,25]. Mushtaq at al. used
'H NMR for epoxidation of fatty acids and methyl ester of Jatropha oil, but also only
determined the signal of C=C bonds and oxirane without detailed identification [26]. Xia
W. et al. and Goicoechea E. et al. were successful in the identification of each individual
signal of the 'H-NMR spectrum for the epoxidation of sunflower, canola and fish oil. The
authors used the signal of glycerol backbone structure as an internal reference for signal
correction; however, it cannot be used in the mixture of epoxidized esters because it does
not contain glycerol.

The spectrum of methyl esters and epoxidized methyl esters of Camelia sativa oil was
determined (Figure S1 in Supplementary Materials). Neither the level of epoxidation, nor
quantification of each product can be made, because the signals of mono/di/tri-epoxides
cannot be assigned to individual molecules, which is the same as in paper [24]. Therefore,
'H NMR is not appropriate for the identification of each individually formed epoxide
(Table 2), only for confirmation of the oxirane group.

2.2. The Simulated Distillation

The simulated distillation method allows the separation of high boiling-temperature
chemical substances based on their boiling point [27]. The result of this analysis is the
dependence of the weight fraction on the boiling point for the methyl ester (ME) and
epoxide methyl ester (E_ME) (Figure 1).

For ME, only two peaks were determined with the maximum temperature: (i) 325 °C,
which corresponds to ester containing 16 carbons (ester of saturated palmitic acid), and
(ii) 360 °C for esters containing 18 carbons (oleate, stearate, linoleic and linolenic), which
have higher boiling points due to their higher number of carbon atoms [19]. The boiling
point of esters corresponded with tabulated data [28]. For E_ME, more peaks were observed:
(i) the first peak at lower temperatures (325 °C) was unreacted palmitic esters, (ii) the peak
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at 360 °C corresponded to unreacted esters containing 18 carbons, and (iii) peaks at 375
and 395 °C were attributed to epoxides, because the oxygen increased the boiling point
of esters. The splitting of the peaks at 395 °C is due to a different number of oxirane
rings in methyl esters of polyunsaturated fatty acids, which corresponds to different types
of epoxides (Table 2) with slightly different boiling points. This method is not sensitive
enough to differentiate each type of ester or epoxide and is thus not suitable for the analysis

of reaction mixtures in detail.

Table 2. The products of epoxidation from the most common unsaturated esters.
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Figure 1. The plot of the simulated distillation for methyl esters and epoxidized methyl esters.

2.3. The Infrared Spectroscopy

The infrared spectra of the reaction mixture during the reaction time (24 h) were
determined for esters of sunflower and linseed oil (Figure 2). Furthermore, the spectra
for esters of rapeseed oil and Camelina sativa oil were also determined; however, they
are not presented because they were almost the same as for rapeseed oil and linseed
oil, respectively.

The absorption band with a maximum at 1743-1740 cm ™" was attributed to valence
vibrations of the methyl ester carbonyl group (Figure 2A) [29,30]. A slight shift towards
smaller wavelengths for the ME of sunflower and linseed oil were observed during the first
two hours of epoxidation, which can be explained by the formation of an oxirane ring in the
molecule influencing the strength of the bond. For ME_LO, the absorption band with the
maximum at 1640 cm~! may belong to deformation vibrations H-O-H from the water that
may be present in the samples. The bands with a maximum at 2926 cm ™! were attributed
to valence vibrations in the groups of alkanes and alkenes (Figure 2B). The band with the
maximum at 3010 cm~! was attributed to valence vibrations of double bonds between
carbons and disappeared within the first three hours of epoxidation. Simultaneously,
the intensity of three bands at 2954, 2926 and 2855 cm ! increased, corresponding to a
single bond between carbons. Therefore, the double bonds between two carbons were
transformed to the single bonds in accordance with the epoxidation. This was confirmed by
the decrease in the iodine value from 111.7 to 1.0 g I, /100 g (for ME_SO) and from 181.3 to
5.5 g 1,/100 g (for ME_LO).

For ME_LO, the signal belonging to the valence vibrations of OH groups (maxi-
mum at 3417 cm~!) increased with increasing reaction time (Figure 2A). This indicates
the subsequent hydrolysis of the epoxides to alcohols [31]. The hydrolysis corresponds
with (i) almost zero EI, i.e., almost zero oxirane rings and (ii) a high kinematic viscosity
(450 mm?/s) after 24 h of reaction. Moreover, the alcohol formation has already been
described for higher reaction temperatures and longer reaction times [32]. The hydrolysis
does not occur during the epoxidation of ME_SO (a band with maximum 3417 cm~! was
not present), because only a small amount of methyl ester of linolenic acid is present in SO.
Therefore, high content of ME of linolenic acid caused the formation of alcohols because it
is the most reactive ester due to the presence of three double bonds [22].

In the area of fingerprint (Figure 2C), the differences between the following absorption
bands were determined: (i) the deformation vibrations of alkanes with a single bond
(1460 and 1370 cm~!) and (ii) the valence vibrations of the oxirane ring (824-845 cm™1).
Both bands increased in the first two hours of the reaction because the oxirane ring with
single bonds was formed. Other bands with the maximum at 1171, 1198 and 1248 cm !
were attributed to the valence vibrations C-O in the ester functional group and did not
change during the epoxidation. For ME_LO, the band of valence vibrations C-O in alcohol
(maximum at 1072 cm™~!) increased with increasing reaction time (similar to O-H band
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with a maximum at 3417 cm ™). This verified the opening of the oxirane ring and alcohol
formation already after three reaction hours for ME_LO.

The infrared spectroscopy determined the change of chemical bonds during the reac-
tion time but was not able to identify individual ME with different oxirane rings.
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Figure 2. The infrared spectra of the reaction mixture during epoxidation for ME of sunflower and
linseed oil. (A)—wavenumber range of 3700-1600 cm ™!, (B)—wavenumber range of 3100-2750 cm 7,

(C)—wavenumber range of 1600-600 cm™ L

2.4. High Performance Liquid Chromatography with Refractometric Detection

The HPLC-RI method is based on the analysis of esters in the glycerol phase after
transesterification [33]. However, the method parameters had to be significantly modified
and optimized, such as: (i) the type of stationary phase in the column, (ii) the type of mobile
phase (acetonitrile and methanol including their various volume ratios), (iii) the mobile
phase flow rate (0.2-0.7 mL/min) and (iv) the column temperature (2745 °C).

Several columns with different reverse-phase stationary phases and with different
dimensions were tested for the separation of esters with and without the oxirane ring. The
best results were obtained with the YMC Carotenoid C30 column and the C18 column
connected in series. The use of only one of these columns alone resulted in the co-elution
of part of the compounds (the ME of linolenic acid had the same retention time as its
ME with oxirane ring). The pure methanol at a flow rate of 0.7 mL/min was better as a
mobile phase than pure acetonitrile or various ratios of these solvents even though the
column back pressure was higher. Complete separation was performed in 25 min. The
higher temperature (35-45 °C) had a negative effect on the separation quality and peak
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ME of sunflower oil t ME of linseed oil

shape, so the lowest temperature (27 °C) was chosen. The dependency of intensity of
peaks on reaction time for ME of sunflower and linseed oils was determined at optimized
conditions (Figure 3).
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Figure 3. The HPLC chromatogram of reaction mixture during the epoxidation for ME of sunflower
and linseed oil (orange line separates ME with and without oxirane rings).

The methyl esters with oxirane rings were eluted in the retention time of 5.0-11.4 min.
The methyl esters without oxirane ring were eluted later (retention time 11.5-25.0 min)
and were clearly identified by standards. Their retention time increased with increasing
Equivalent Carbon Number (ECN) of the ester molecule in the following order: ME of
linolenic acid, linoleic acid, oleic acid and palmitic acid. Note: ECN is calculated as the
number of carbons in the chain minus two times the number of double bonds [34]. However,
the ME with oxirane rings were not clearly separated, especially for linseed oil, where more
intermediates were formed.

The HPLC method was sufficient for the separation of ME with and without oxirane
rings and was able to determine the conversion of ME to their epoxides. On the other
hand, this method was not able to separate the ME with a different number or position of
oxirane rings, regardless of the number of carbons. Anuar at al. published the epoxidation
of triglyceride and identified the total number of double bonds in molecule by Liquid
Chromatography/Mass Spectrometry, but the method did not readily distinguish between
positions of oxirane ring and isomers [35].

2.5. Gas Chromatography with Mass Spectrometry

The dependency of the reaction mixture composition on time was determined by
GC-MS (typical chromatogram is in Figure 4). The C17:0 ME as the internal standard was
added to all samples to help improve the accuracy of the composition. The peaks of ME
without an oxirane ring were identified on the base of their mass spectrum, which is a plot
of the ion-relative abundance versus mass-to-charge ratio (1/z). The mass spectra at the
peak apex were compared with the NIST Mass Spectra Library.

All methyl esters without an oxirane ring were clearly identified and their retention
times are in Table S1 in Supplementary Materials. The content of saturated ME was
approximately constant in the reaction time, while the decrease of unsaturated ME during
the reaction time was observed, which was expected (Figure 5(A1-C1)). The methyl esters
with oxirane ring(s) are assigned according to the number of atoms in the carbon chain and
the number of double bonds before epoxidation; then, the number of the epoxide group
and the last roman numbering indicate the variant of epoxides (different position of oxirane
group or cis/trans), i.e., C18:3 2-Ep I is epoxide from ester of linolenic acid (C18:3) with
two oxirane group (2-Ep) and some cis/trans combination (I).

The peak at 32.4 min was identified by the NIST library as the methyl ester of oleic
acid with one oxirane ring (C18:1 1-Ep), i.e., fully epoxidized. The peaks with higher
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retention times were other ME with oxirane rings formed during epoxidation, i.e., various
degree of epoxidation (Table 2). Unfortunately, the NIST library does not contain mass
spectra of other ME with oxirane rings (epoxides) and standards are not available yet. Their
retention times were higher than for the methyl ester of oleic acid with one oxirane ring,
which corresponded with: (i) a higher boiling point of methyl esters with a higher number
of oxygens in the molecule, and (ii) results of SimDis (Figure 1). Therefore, the oils with
different profiles of fatty acids were chosen to identify other peaks; namely: the rapeseed
oil with a high content of C18:1, sunflower oil with a high content of C18:2, linseed oil
with a higher content of C18:3 and Camelina sativa with high content of C20:1 (Table 1).
The dependency of each peak (the most intensive ion) of the reaction mixture on time was
determined (Figure 5).

For the methyl ester of rapeseed oil, the first most intensive peak from the epoxides
group was attributed to oleic methyl ester with one oxirane group. This also confirmed the
dependency of intensity on reaction time: the intensity increased to 24 h of reaction and
then slightly decreased, which was caused by side reaction [13]. The EI was quite high, at
3.2 mol/kg after 24 h of reaction.

For the methyl ester of sunflower oil (Figure 5B2), two peaks (retention time 33.3 and
34.5 min) with similar intensity and time course were identified on the base of mass spectra
of 12,13-epoxy-octadec-9-enoate and 9,10-epoxy-octadec-12-enoate [36]. These two peaks
are ME of linoleic acids with one double bond transformed to the oxirane group and one
double bond remaining (signed as C18:2 1-Ep I and II). Moreover, the maximum intensity
of signal was detected after only 60 min of reaction time and then still decreased, which
indicated reaction intermediates. The peaks with retention time 49.2 and 52.2 min were
identified as fully epoxidized ME of linoleic acid (contains two oxirane groups, signed
as C18:2 2-Ep I and 1II). The reason is the formation of (i) the molecular ions (m/z 326),
which corresponded with molar mass of fully epoxidized ME of linoleic acid (Table 2),
and (ii) the increasing of peak intensity to 8 h of the reaction time and then remaining
almost stable, i.e., the formation of stable final products. These two epoxides are differed
by geometric conformation (cis and trans). The C18:2 2-Ep with lower retention time
(49.2 min) is probably a trans isomer, because trans isomers have a lower boiling point than
cis isomers [37]. Moreover, the formation of epoxides was confirmed by a very low iodine
value (1.0 g I, /100 g) and a high epoxide index (3.6 mol/kg) in the final products.
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Figure 4. Typical chromatogram of reaction mixture. The chromatogram of the reaction mixture of
Camelina sativa after 60 min of reaction.
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Figure 5. The dependency of response ratio (A/Ajs) of methyl esters of FA (A1-C1) and epoxides of
methyl esters of FA (A2—-C2) on the reaction time for epoxidation of ME of rapeseed (A), sunflower
(B) and linseed oil (C).

For the methyl ester of linseed oil, the most intensive peaks were linolenic methyl

esters and therefore many intermediates can be formed during the reaction. The three
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peaks with retention times 34.8, 35.3 and 35.5 min were attributed to the ME of linolenic
acid with one oxirane group and two double bonds (three possibilities, Table 2), signed
as C18:3 1-Ep I, II and II. The peaks were identified on the base of total ion current and
molecular ions (1m/z 308), which corresponded with the molar mass of epoxide. Generally,
the retention time (order of peaks) increases (i) firstly with increasing number of oxirane
group, (ii) secondly with increasing number of carbons, and (iii) thirdly with the number of
double bonds. Therefore, their retention time was higher than C18:1 1-Ep and C18:2 1-Ep.
The reason is that the presence of oxygen as well as number of double bonds increases
the boiling point. Moreover, the dependency of all peaks C18:3 1-Ep on reaction time also
corresponds with the formation of intermediates: the highest intensity was after 45 min and
then decreased, because the other double bond was transformed to oxirane. The peaks with
close retention time (35.3 and 35.5 min) probably correspond to C18:3 1-Ep with oxirane at
the position 9,10 and 15,16 because of similar structure (one oxirane ring and two double
bonds adjacent, Table 2). While the peak with 35.5 min corresponds with C18:3 1-Ep with
oxirane at 12,13 positions.

The four peaks with retention times 52.2, 56.8, 57.1 and 58.4 min and the same time
course were attributed to the ester of linolenic acid with two oxirane groups and one double
bond, signed as C18:3 2-Ep 1, 1I, III and IV (determination of molecular ion 324). These
peaks possess various combinations of oxirane group positions and geometrical isomers.
The four peaks of epoxides were also found after the epoxidation of trilinolenin (without
identification in detail) [24]. Moreover, the maximum intensity was at 100 min of reaction,
i.e., about 55 min later than for C18:3 1-Ep, which also confirms the formation of epoxides
with two oxirane rings by consecutive reaction. The intensity of all peaks C18:3 2-Ep
decreased after 100 min, which was caused by epoxide ring opening (alcohols were formed,
which was confirmed by infrared spectroscopy and almost zero EI); this is the reason why
the methyl ester of linolenic acid with three oxirane groups was not determined.

The esters formed from non-edible Camelina sativa oil contain more types of other
higher fatty acids (C20:1, C20:2 and C22:1), which caused more types of formed epoxides
(Figure 6) and so the presence of new peaks. A quite intensive peak with retention time
36.8 was assigned to C20:1 1-Ep. Two small similar peaks with closer retention times
37.8 and 38.1 min were reaction intermediates of C20:2 (C20:2 1-Ep I and II), because they
reach maximum concentration after 120 min of reaction, i.e., one oxirane ring and one
double bond. The course of these three peaks is similar to C18:1 1-Ep and C18:2 1-Ep but
with higher retention time (retention time increases with increasing number of carbons).
Another peak with retention time 42.2 min was probably C22:1 1-Ep, because of the same
time course as C18 1-Ep and C20 1-Ep. In the end of the epoxidation, the epoxy index was
quite small (1.66 mol/kg), which indicated the opening ring reaction and so decrease of the
content of epoxides within the last several hours of reaction.

However, GC is not an appropriate method for the determination of ring opening reac-
tion products, especially alcohols, because of their high boiling point (between 450-650 °C
depending on the number of alcohols groups [38]). The appropriate method is HPLC with
reverse phase [39] or infrared spectroscopy (Section 2.3).
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Figure 6. The dependency of the response ratio (A/Ajs) of ME from Camelina sativa oil on the reaction
time for esters (A) without oxirane and (B) with oxirane ring.

3. Materials and Methods
3.1. Epoxidation of Esters of Higher Fatty Acids

The methyl esters were prepared by transesterification from various types of oil and
methanol by standard methods [40]. The epoxidation of formed esters was carried out by
hydrogen peroxide (30%, technical, Lach-Ner, Neratovice, Czechia) formic acid and sulfuric
acid (pure, Lach-Ner) as a catalyst. The amount of 326 mL of methyl esters was mixed with
31.4 mL of formic acid (molar ratio of formic acid to double bonds was 0.7:1) in a batch
reactor and 0.358 mL of 1 wt.% sulfuric acid was added. The mixture was cooled to 8-10 °C
and 266 mL of hydrogen peroxide (the molar ratio of hydrogen peroxide to double bonds
was 2:1) was added gradually over 30 min at stirring speed 300 rpm. After the addition of
hydrogen peroxide, the temperature was increased to 60 °C and the reaction proceeded for
24 h. The reaction conditions were chosen based on the review [2]. The amount of 5 mL
of the reaction mixture was sampled at time intervals and washed by 8 mL of solution of
potassium carbonate (4.5 wt.%) to neutralize the acids, and then by 8 mL of water. The
water excess was removed by decantation and centrifugation (4000 rpm for 20 min) and
individual samples were then analyzed.
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The rest of the reaction mixture (after 24 h) was washed several times with a potassium
carbonate solution until the pH of the epoxide phase was neutral, and the aqueous phase
was removed by decantation in a separatory funnel. Subsequently, the residual water was
removed by distillation with the addition of methanol [41].

3.2. Analytical Methods

The content of methyl esters with or without the oxirane ring were determined by
three main methods during the reaction.

Infrared spectroscopy: The infrared spectroscopy (FTIR) with ATR module—diamond
(Nicolet™ iS50 FTIR Spectrometer, Thermo Fisher Scientific, Waltham, MA, USA) was used.
The sample (150 uL) was pipetted onto the ATR crystal and measurement was performed
at a resolution of 1 cm~! with 32 scans. The air spectrum was measured as a background.
The final spectrum was ATR-corrected according to the experimental setup and refractive
index of the sample.

High performance liquid chromatography with refractometric detection (HPLC-RI): The
method was based on the determination of esters in the side glycerol phase [33], but
was significantly modified. The reverse-phase was used: YMC Carotenoid column C30
(250 x 3.0 mm ID with a particle size 3 um) and the C18 column (150 x 4.6 mm ID with
a particle size 7 um) were connected in series. The methanol (Merc, p.a.) with a flow
rate of 0.5 mL/min was used as a mobile phase. The determination was carried out
at HPCL (ECOM 2000s, Czech Republic) with a refractometric detector (Shodex RI-101,
Shoko Scientific, Yokohama, Japan). The methyl esters were identified by standards and
calibration was carried out.

Gas chromatography—rmass spectrometry: The Agilent 7890B/5977A Series GC/MSD
(Agilent Technologies, Waldbronn, Germany) equipped with autosampler (Agilent 7693)
and operating in the electron ionization (EI) mode was used for monitoring and identi-
fication of compounds in the reaction mixture. The electron energy of EI was 70 eV, the
source temperature was 300 °C, the quadrupole temperature was 150 °C and the transfer
line temperature was 300 °C. MS data were acquired over mass range of 50-500 at the rate
of 6 scan/s. A TRACE™ TR-FAME capillary column, 60 m x 0.25 mm L.D., film thickness
0.25 pm (Thermo Fisher Scientific, MA, USA) under gradient conditions, was used for
separation of all compounds in the sample. Helium at a flow rate of 1 mL/min was used
as the carrier gas with the following oven temperature program: 70 °C held for 3.5 min,
gradient 90 °C/min to 160 °C held for 2 min, gradient 5 °C/min to 200 °C held to 1 min,
and gradient 2 °C/min to 240 °C held to 50 min. An amount of 0.5 uL of the sample was
injected to GC under split-mode injection with a 1:50 split ratio at 250 °C. The determination
was carried out twice. All samples were prepared as follows: 0.25 g of esters was dissolved
in 3 g of acetonitrile, then the mixture was diluted five times with acetonitrile containing
the internal standard (final concentration 0.4 mg/mL). The internal standard was C17:0
methyl ester (>99.0%, Merck KGaA, Darmstadt, Germany). The area of the peaks (A) and
thus the representation of individually detected compounds was related to the internal
standard (Ajg).

Other methods: The esters were characterized by the iodine value (IV) and water content
according to EN 14214. Moreover, the epoxide index (EI) (EN 3001) and the simulated
distillation [26] were used for determination. The 'H-NMR was determined in deuterated
chloroform at 500 MHz (Bruker Ascend) with internal calibration (0.0 ppm).

4. Conclusions

Several methods were applied for the identification of intermediates and products of
the epoxidation of methyl esters with variable profiles of higher fatty acids. The composi-
tion of esters significantly influenced the course of the epoxidation reaction. The infrared
spectroscopy allows to determine only the types of functional group of esters (not each type
of ester) including ring-opening reaction (alcohols). For high pressure liquid chromatogra-
phy, it is possible to separate the esters without and with oxirane rings, but separation of
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individually epoxides is not possible (only together). The gas chromatography with mass
spectrometry was applied for identification of the individual reaction components: esters
with different amounts and positions of oxirane rings (together 17 products). Therefore, gas
chromatography allows to control the epoxidation process by determination and quantifi-
cation of intermediates and products. The time course and the selectivity for each reaction
component is possible to calculate, which allows to suggest the reaction mechanism, in-
cluding the calculation of rate constants. The epoxidation will be more environmentally
friendly because less by-products will be formed. The epoxidation is suitable for oils crops
(especially non-edible ones, such as Camelina sativa), which are not possible to be used as a
fuel due to high content of unsaturated fatty acids.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules28062819/s1, Figure S1: 'H NMR for methyl esters
and epoxidized methyl esters of Camelia sativa oil; Table S1: Retention time (¢,) of fatty acid methyl
esters and products of epoxidation.
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Nomenclature

E_ME epoxide methyl ester (methyl ester with oxirane ring)
FA fatty acids

FTIR Fourier-transform infrared spectroscopy

GC-MS gas chromatography with mass spectrometry
HPLC-RI  high performance liquid chromatography with refractometric detection

ME methyl ester
SO sunflower oil
LO linseed oil
RO rapeseed oil
v iodine value (g I,/100 g)
EI epoxide index (mol/kg)
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Abstract: Some polar analytes (X) can reversibly form hydrates in water-containing eluents under
the conditions of reversed-phase HPLC analysis, X + HyO = X x HyO. One of the methods to
detect their formation is the recurrent approximation of the net retention times of such analytes,
tR(C + AC) = atr(C) + b, where AC = const is the constant step in the variation of the organic modifier
content of an eluent. These dependencies are linear if hydrates are not formed, but in the case of
hydrate formation, they deviate from linearity under high water content. It has been shown that UV
spectroscopic parameters, namely, relative optical densities: Ae; = A(A1)/A(A;), depend on eluent
composition for some organic compounds, but their variations cannot be used as indicators for
hydrate formation. The coefficients that characterize the dependence of the analyte retention indices
on the organic component concentration of an eluent, dRI/dC, appeared to be the most informative
additional criterion for hydration. The values of these coefficients for most polar analytes are largely
negative (dRI/dC < 0), whereas, for nonpolar compounds, they are largely positive (dRI/dC > 0).

Keywords: reverse-phase HPLC; hydration of analytes; recurrent approximation of retention times;

retention indices; dependence of indices on the concentration of an organic modifier in an eluent

1. Introduction

The principal advantage of high-performance liquid chromatography (HPLC) com-
pared to gas chromatography is its applicability to nonvolatile and thermally unstable ana-
lytes [1]. At the same time, the main disadvantage of reversed-phase (RP) HPLC is the risk
of the hydrolysis of some analytes due to the presence of water in the eluent. The “interme-
diate option”, which is rarely taken into account, is the reversible formation of the hydrates
of some analytes during their chromatographic separation in water-containing eluents.

The formation of hydrates is the typical property of numerous inorganic compounds [2].
Most such hydrates are stable and can be isolated in a solid state. However, unexpectedly,
many organic compounds (X) also form hydrated forms, preferably monohydrates. In-
stead of the expression “formation of hydrates”, the following equilibrium seems to be
more rigorous:

X+ H,0 = X x H,O 1)

The probability of hydrate formation is determined by the constant of hydration,

Khydr:
Khyar = [X x HoOI/{[X] x [H20]} 2)

If Kpyar << 1, the formation of hydrates in an aqueous media can be neglected, but
the inequality Kpyq4, >> 1 corresponds to relatively stable hydrates. Some of them can be
isolated so that their physicochemical properties can be experimentally determined. CAS
numbers are assigned to numerous hydrates, both stable and unstable. Several examples
of hydrates of both kinds are presented in Table 1. Some organic compounds form stable
covalent hydrates (e.g., trifluoroacetaldehyde, hexafluoroacetone, ninhydrin, etc.).
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Table 1. Some examples of reference data for hydrates of organic compounds.

Compound CAS No. (Anhydrous Form) CAS No. (Hydrate) Composition and Properties * (if Known)
Unstable hydrates
118240-86-1

Methanol 67-56-1 151900-28-5 1:1

Acetonitrile 75-05-8 128870-13-3 1:1
- 19215-29-3 o1

Acetic acid 64-19-7 99294-94-7 1:1,1:2

Anthracene 120-12-7 188974-01-8 1:1

Stable noncovalent hydrates

1:1; Ty, 118;
Ethylene diamine 107-15-3 6780-13-8 np20 1.448-1.451;
4,20 0.96
Citric acid 77-92-9 5949-29-1 1:1 #*
Caffeine 58-08-2 5743-12-4 1:1 #

Benzene-1,2,3-tricarboxylic 569-51-7 732304-21-1 (mono);

(hemimellitic) acid 36362-97-7 (di) 115 T 190-192

(*) Abbreviations: Tp,—normal boiling point, Tr,—melting point, np2—index of refraction, d;20—relative density;
(**) hydrates decompose below the melting point.

The information on hydrates in this table is taken both from original publications and
(mostly) from the webpages of chemical companies (more detailed collections of the data
for the hydrates are presented in [3,4]).

Because hydrates are compounds that are definitely more polar than the anhydrous
forms of organic compounds, their formation may account for some anomalies of their
retention in RP HPLC, depending on the ratio between water and the organic modifier in
an eluent. If Kyyq, << 1, the eluent contains solely the nonhydrated form of the analyte and
there should be no anomalies of its retention under any eluent composition. On the other
hand, if Kpyq, >> 1, we can assume the predominance of the hydrated form of the analyte
with which no transformations take place with variation in the eluent composition; hence,
no retention anomalies are observed as well. The most interesting case is the comparable
content of the nonhydrated and hydrated forms of analytes in an eluent (both forms coexist
together), i.e,, when Kpy4; & 1. In this case, the variations of the ratio of the organic and
aqueous phases in an eluent should strongly influence the position of the equilibrium (2)
and the ratio of the nonhydrated and hydrated forms, causing unpredictable variations
in the retention parameters of such analytes. Numerous equations for approximation of
the dependencies of the retention times on the content of organic modifiers have been
proposed (see, e.g., [5,6]). It is important that most of them become inapplicable if the
analytes reversibly form hydrates in an eluent. Actually, hydrate formation is the chemical
transformation of an analyte during chromatographic separation depending on the organic
modifier concentration.

Thus, the problem of the HPLC detection of reversibly formed hydrates is that the
retention times correspond not to the sole structures but to at least two of the different forms
of the analytes in variable proportions, depending on the eluent composition. Detecting
relatively small anomalies in the tg-values against the background of their significant
variations due to the dependence tg = f(C) seems to be rather difficult. Let us briefly discuss
the possible effects of hydrate formation using easily perceived examples.

The unusual anomalies of chromatographic retention caused by the formation of
hydrates were revealed for the first time for several complex polyfunctional synthetic
antitumor drugs produced by Biokad JSC (St. Petersburg, Russia) [7]. Because the direct
presentation of the g values as a function of the concentration of the organic modifier in an
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eluent (C) does not reveal most of the anomalies, the so-called recurrent representation of
the retention times was used:

tr(C + AC) = atg(C) + b, 3)

where AC is the constant increment in the variations of the organic modifier concentration
in an eluent, and the coefficients a and b are calculated by the least squares method (LSM).

A short description of the properties of the recurrent relations is discussed below
(Section 3.1). Here, it seems important to compare the plots of the recurrent dependencies (3)
for three drugs with the trivial names gefitinib (Figure 1, structure I), pazopanib (II), and
imatinib (III):
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Figure 1. Examples of some of the typical features in the recurrent approximation plots of the
retention times of (a) gefitinib (I), (b) pazopanib (II), and (c) imatinib (III); all data were obtained
with acetonitrile-water eluents. See text for detailed comments.
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All the plots are based on the raw retention times within acetonitrile concentration
ranges of 35-65% v/v (compounds I and III) and 20-50% v/v (compound II), varied with
5% steps (seven experimental fg values for each analyte). This gives six points for the
recurrent dependencies, which lie on the same straight line for gefitinib (I) (correlation
coefficient R = 0.9996). On the contrary, the corresponding plot for pazopanib (II) has
a linear section (four “left” points) with R = 0.9998 but two “right” points that deviate
(down) from the regression line. The right parts of all plots (largest argument values)
correspond to the eluents that contain the largest amounts of water when the equilibria (1)
are shifted toward the formation of more hydrophilic hydrates. Other deviations in the
regression data approximations can be observed for imatinib (III): the four right points fall
on a straight line (R = 0.9998), whereas the two left points (for the eluents with the highest
acetonitrile content) deviate down from the regression line. This means that the recurrent
approximation is a sensitive tool for revealing “fine” anomalies in retention data.

This information on hydrate formation seems to be rather important for different
analytical applications. For example, the values of the so-called hydrophobicity factor (logP)
are considered to represent the valuable characteristics of organic compounds, including
drugs. Different kinds of software (e.g., ACD, ChemAxon, etc.) are recommended for the
theoretical evaluation of these parameters. However, all such calculations can be made
for nonhydrated molecules. If the target analyte forms a hydrate, the precalculated logP
values are very different from the experimental values.

Because the detection of hydrate formation in chromatographic eluents appeared to
be a difficult task (in particular), and the possibilities of the recurrent approximation of the
retention data in RP HPLC require additional characterization (in general), we consider
these problems in our paper.

2. Results
2.1. Measuring the Retention Times of Selected Analytes

Up to now, revealing the dependencies of the retention parameters (fg) on eluent
composition (usually on the content of the organic modifier, C) remains the main trick in
the HP HPLC characterization of various organic compounds on different sorbents (see,
e.g., [8-11]). A few dozen different equations have been proposed for approximating this
dependence tg(C) [6]. Our task was to characterize the features of those compounds forming
the hydrates in eluents. For this purpose, we have selected about 30 model compounds for
the analyses with the methanol-water eluents and about 20 compounds for the analyses
with the acetonitrile-water eluents. The g measurement is a standard procedure that does
not require special detailed description. It is unnecessary to consider all the numerical tg(C)
data. The retention times of the selected analytes were measured within the ranges 50-85%
vol. methanol and 35-70% vol. acetonitrile, with 5% concentration steps.

The important detail of the selection of the model analytes was to avoid the coincidence
of their pK, values with the pH of the eluents. For the acetonitrile-containing eluents
without acidic or salt constituents, the reference pH value was approximately 5.6, whereas
for the eluent 1:1 v/v methanol + 0.1% trifluoroacetic acid, the pH was 2.7. The pK, values
of some of the analytes are as follows: 1H-benzotriazole 8.5 £ 0.1, phthalimide: 8.2 or
10.2, 1-phenylpyrazolidin-3-one: 7.5 and 9.5, diethyl-m-toluamide: —1.37, all N-substituted
p-toluenesulfonamides: 11.2 & 0.8 (average value for 10 compounds), sulfamethoxazole:
5.7 £ 0.3, sulfamerazine: 7.0, and p-toluilic acid: 4.4. Due to the pK, value, the latter acid
was excluded from further consideration. The most “suspicious” value in the above series
is 5.7 £ 0.3 for sulfamethoxazole (close to the 5.6 pH of the acetonitrile-containing eluents),
but in the aqueous solution, this compound exists as hydrate, with a different pK, value.

Even small uncontrolled variations in the eluent flow rate can affect the experimental
results [12,13]. This is manifested to the greatest extent in the water—-methanol eluents
because the viscosity of the CH;OH-water mixtures is maximized under an approximate
40 vol.% methanol content. If the HPLC pump(s) does not provide the fixed eluent flow rate
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under increasing eluent viscosity, this may lead to unpredictable distortions of the fg-values.
This is why the use of one of the available HPLC instruments to us was rejected [14].

2.2. Calculation of Retention Indices

As all the analyses of selected compounds were carried under isocratic conditions, all
of them were characterized by logarithmic (Kovats) retention indices [15]:

Rl = Ry + (RInsy1 — Rln) x [log(trx') — log(trn')]/[log(trn+1’) — log(trn)l  (4)

where Ry, tRn, and tg n41 are the net retention times of the target analyte and the two
reference compounds eluted immediately before and immediately after (n-alkyl phenyl
ketones), and Rly, Rl,,, and Rl are their retention indices and the prime means conversion
of net retention times to the adjusted retention times, g’ = tg — ty, where tj is the retention
time of the theoretically unabsorbed component (“dead time”).

The required ¢p-values were calculated using the tg values for the three serial homologs
of the n-alkyl phenyl ketones using the Peterson and Hirsch relationship [16]:

to = (tr1tr3 — tr22)/(tr1 + tR3 — 2tR2) ()

Relation (4) is equivalent to the following linear dependence (coefficients a and b are
calculated by LSM):
Rl = alog(trx) + b (6)

This means that the calculation of the retention indices is possible not only by interpo-
lation (“between” reference compounds) but, in some cases, by extrapolation (out of the
range of the retention times of the reference compounds).

The retention indices of some of the organic compounds determined using methanol
as the organic component of an eluent are listed in Table 2; the data for the acetonitrile-
containing eluents are presented in Table 3.

Table 2. Retention indices of some organic compounds, depending on the methanol content in

the eluent.
Methanol Content (% v/v)
Analyte MW N{H}
50 55 60 65 70 75 80 85
Toluene 92 0 1052 1071 1088 1107 1127 1146 1176 -
0-Xylene 106 0 1150 1166 1186 1202 1230 1254 1292 -
Chlorobenzene 112 0 1046 1057 1067 1078 1090 1105 1127 1144
1H-Benzotriazol 119 1 688 686 684 684 684 680 681 -
Acetophenone 120 0 800 800 800 800 800 800 800 800
4-Methylbenzaldehyde 120 0 870 - 874 - 879 - 884 -
2-Hydroxybenzaldehyde 122 1 795 - 804 - 811 - 819 -
Nitrobenzene 123 0 847 849 854 856 860 857 852 -
Acetophenone hydrazone 134 2 - 738 737 738 734 737 736 734
4Methylbenzaldehyde 134 2 - 719 720 720 721 724 724 722
hydrazone
2,3,5-Trimethylphenol 136 1 852 854 858 862 862 864 860 -
2-Hydroxybenzaldehyde 136 3 722 719 715 713 711 708 702
hydrazone
3-Nitrophenol 139 1 799 796 793 791 784 776 768 -
Phthalimide 147 1 693 692 691 689 690 686 686 -
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Table 2. Cont.

Methanol Content (% v/v)

Analyte MW N{H}
50 55 60 65 70 75 80 85
4-Methylacetophenone 148 2 } 784 799 803 830 B B }
hydrazone
Butyrophenone hydrazone 162 2 - 875 885 894 901 890 905 939
1-Phenylpyrazolidin-3-one 162 1 730 714 692 670 732 729 715 -
Ninhydrine (hydrate) 178 2 662 664 664 666 668 664 663 -
N-Allyl-p-toluenesulfonamide 211 1 852 838 823 808 792 772 756 732
N,N-Diethyl-p- 227 0 978 964 950 936 920 903 885 862
toluenesulfonamide
N-fert-Butyl-p- 227 1 968 952 935 918 898 876 852 824
toluenesulfonamide
N-Phenyl-p- 247 1 963 942 918 895 869 842 813 782
toluenesulfonamide
N-Hexyl-p-
. 255 1 1225 1205 1185 1165 1140 1110 1075 1029
toluenesulfonamide
N-Benzyl-p- 261 1 1014 993 972 948 921 894 860 828
toluenesulfonamide
Table 3. Retention indices of some organic compounds depending on the acetonitrile content in
the eluent.
Acetonitrile Content (% v/v)
Analyte MW
35 40 45 50 55 60 65 70
Toluene 92 1028 1022 1024 1036 1036 1030 1048 -
0-Xylene 106 - - 1119 1126 1122 1124 1151 -
Chlorobenzene 112 - 1035 1024 1036 1040 1036 1055 -
1H-Benzotriazol 119 694 668 652 654 644 630 654 -
Acetophenone 120 800 800 800 800 800 800 800 -
Nitrobenzene 123 863 864 858 865 860 845 851 -
2,3,5-Trimethylphenol 136 935 925 914 916 905 888 893 -
3-Nitrophenol 139 777 769 755 755 745 724 -
Phthalimide 147 711 692 679 685 676 666 686 -
1-Phenylpyrazolidin-3-one 162 697 671 654 654 642 - - -
Diethyl-m-toluamide 191 874 865 850 854 846 831 843 -
N-Allylp- 211 879 870 861 848 837 827 814 816
toluenesulfonamide
N N-Diethyl-p- 227 - 1030 1021 1012 1006 997 987 974
toluenesulfonamide
N-tert-Butyl-p- 227 972 962 951 939 930 921 914 903
toluenesulfonamide
N-Phenyl-p-. 247 1010 1005 970 948 928 904 883 -
toluenesulfonamide
Sulfamethoxazole (hydrate) 253 717 714 698 699 689 - - -
N-Hexylp- 255 - - 1208 1184 1174 1157 1139 1129
toluenesulfinamide
N-Benzyl-p- 261 - 1025 1006 984 967 950 928 -
toluenesulfonamide
Sulfamerazine 264 694 668 652 651 638 621 - -
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The symbol N{H]} in Table 2 and below means the total number of the so-called active
hydrogen atoms in a molecule (the number of atoms capable of exchanging with the
hydrogen atoms of a solvent). The intra- and interday reproducibility of the RI values in
these tables is approximately 1-3 index units (i.u.).

2.3. Evaluation of the Relative Optical Densities

The detection of the hydrates of the analytes (XxH,O) formed in an eluent can be
achieved, at least theoretically, by recording and interpreting the changes in their UV
spectra. However, the registration of the absolute UV spectroscopic parameters in HPLC
is not reliable enough; hence, the determination of the so-called relative optical densities
(Aye1) seems to be preferable:

Arel = A(M)/AN2) = S(A1)/S(A2) )

where S(A1) and S(A;) are the areas of the same chromatographic peak at different wavelengths.

The relative optical densities were recommended as an additional criterion for the
identification of the analytes using RP HPLC in combination with the chromatographic
parameters [17-19], including the level of the so-called group identification (attribution to
the corresponding homologous series with the same chromophores). Table 4 contains the
Aye] values for some of the organic compounds measured with the methanol-water eluents
(the range of the methanol content is 50-85% v/v), and Table 5 contains the analogous data
for the acetonitrile-water eluents (55-70% v/v acetonitrile content).

Table 4. Relative optical densities A(254)/A(220) of some organic compounds, depending on the

methanol content in the eluent.

Methanol Content (% v/v)

Analyte MW
50 55 60 65 70 75 80 85
Toluene 92 0.14 0.21 0.24 0.26 0.30 0.34 0.37 -
0-Xylene 106 0.08 0.08 0.09 0.10 0.11 0.13 0.14 -
Chlorobenzene 112 0.032 0.031 0.031 0.031 0.031 0.031 0.032 0.028
1H-Benzotriazol 119 3.4 3.0 24 2.3 42 49 6.0 -
Acetophenone 120 3.5 3.5 3.0 3.3 3.1 3.0 2.8 2.8
Nitrobenzene 123 1.5 1.6 1.6 1.6 1.6 1.7 1.8 -
Propiophenone 134 2.9 2.9 2.8 2.7 2.6 22 2.0 2.3
Acetophenone hydrazone 134 - 1.23 1.23 1.22 1.20 1.13 1.04 -
2-Methylbenzaldehyde 134 - 0.63 0.63 0.59 0.62 0.60 0.53 0.63
hydrazone
4Methylbenzaldehyde 134 1.04 0.94 0.95 1.09 0.99 0.93 091 -
hydrazone
p-Toluilic acid 136 0.77 0.74 0.76 0.72 0.81 0.81 0.83 -
2-Hydroxybenzaldehyde 136 0.48 0.47 045 0.46 0.41 0.40 0.40 -
hydrazone
3-Nitrophenol 139 0.39 0.33 0.38 0.40 0.41 0.45 0.45 -
Phthalimide 147 0.02 0.02 0.02 0.02 0.02 0.02 0.02 -
Butyrophenone 148 2.8 3.0 3.0 29 2.8 2.7 2.6 2.3
4'Met}ﬁ3;ﬁ‘f:;‘;ﬁzen°“e 148 118 122 118 116 121 119 112 -
Propiophenone hydrazone 148 1.33 1.16 1.13 1.03 1.10 1.07 1.09 -
Butyrophenone hydrazone 162 1.30 1.13 112 1.08 1.10 1.07 1.01 -
1-Phenylpyrazolidin-3-one 162 2.6 2.7 1.3 1.6 22 1.7 2.3 -
Ninhydrine (hydrate) 178 - 0.42 0.48 0.46 0.47 0.44 0.44 -
Diethyl-m-toluamide 191 0.13 0.13 0.12 0.12 0.11 0.11 0.12 -
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Table 4. Cont.

Methanol Content (% v/v)

Analyte MW
50 55 60 65 70 75 80 85
N-Allyl-p- . 211 0.063 0.062 0.061 0.059 0.059 0.058 0.057 0.052
toluenesulfonamide
NN-Diethyl-p- 27 0.28 0.28 0.28 0.27 021 0.26 0.24 0.26
toluenesulfonamide
N-tert-Butyl-p- 227 0.091 0.091 0.087 0.092 0.092 0.093 0.094 0.095
toluenesulfonamide
N-Phenyl-p- 247 0.26 0.26 0.26 0.26 0.25 0.29 0.27 0.25
toluenesulfonamide
N-Hexyl-p- 255 0.07 0.069 0.067 0.066 0.066 0.064 0.062 0.064
toluenesulfonamide
N-Benzyl-p- 261 0.078 0.075 0.074 0.072 0.074 0.065 0.068 0.066
toluenesulfonamide
Table 5. Relative optical densities A(254)/A(220) of some organic compounds, depending on the
acetonitrile content in the eluent.
Acetonitrile Content (% v/v)
Analyte MW
35 40 45 50 55 60 65
Toluene 92 0.133 0.133 0.128 0.131 0.132 0.134 0.135
o0-Xylene 106 - 0.064 0.063 0.063 0.063 0.063 0.064
Chlorobenzene 112 - - 0.057 0.063 0.070 0.074 0.078
1H-Benzotriazol 119 3.6 3.9 3.8 3.9 4.1 42 4.1
Acetophenone 120 41 3.8 3.4 3.4 3.0 2.9 2.7
Nitrobenzene 123 1.6 1.6 1.7 1.8 1.8 1.8 1.7
Propiophenone 134 3.2 3.0 2.7 2.6 2.4 22 22
2,3,5-Trimethylphenol 136 0.083 0.082 0.081 0.084 0.079 0.075 0.075
3-Nitrophenol 139 0.37 0.39 0.36 0.34 0.439 0.387 -
Phthalimide 147 0.031 0.033 0.035 0.037 0.039 0.041 0.042
Butyrophenone 148 24 23 22 2.1 2.0 19 19
1-Phenylpyrazolidin-3-one 162 1.39 1.40 1.43 1.44 1.45 - -
Diethyl-m-toluamide 191 0.14 0.15 0.15 0.15 0.15 0.15 0.15
N-Allylp- 211 0.076 0.073 0.071 0.074 0.067 0.074 0.065
toluenesulfonamide
N,N-Diethyl-p- 227 ; 0.295 0.293 0.288 0.290 0.290 0.290
toluenesulfonamide
N-tert-Butyl-p- 227 0.113 0.110 0.108 0.107 0.104 0.102 0.106
toluenesulfonamide
N-Phenyl-p- 247 0.31 0.29 0.29 0.28 0.28 0.30 0.30
toluenesulfonamide
N-Hexyl-p- 255 - - 0.077 0.074 0.073 0.072 0.071
toluenesulfonamide
N-Benzyl-p- 261 - 0.16 0.16 0.15 0.16 0.15 0.15
toluenesulfonamide
Sulfamerazine 264 0.97 0.86 0.76 0.72 0.64 0.53 0.48

Both tables contain examples of compounds with both ascending and descending
dependencies A, (C), as well as with almost no clearly pronounced dependencies. For
instance, the aromatic hydrocarbons (toluene, o-xylene) in the methanol-water eluents
demonstrate the ascending dependence A, (C), while in the acetonitrile-water eluents,
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it slightly descends. The reference compounds in RP HPLC, n-alkyl phenyl ketones, are
characterized by dA,e/dC < 0 in all eluents. The most interesting objects, the N-substituted
p-toluenesulfonamides, demonstrate practically no dependence regarding their relative
optical densities on eluent composition.

The joint consideration of the data in Tables 4 and 5 allows for the following conclu-
sions: (1) the A, values for the analytes in the methanol-water and acetonitrile-water
eluents are not usually equal to each other; (2) in some cases, these values depend on the
eluent composition, and (3) the variations of these parameters, depending on the organic
modifier concentration, are not directly related to hydrate formation. Despite the negative
character of this conclusion, it seems rather important because it prevents further attempts
to use spectral parameters for detecting the formation of hydrates.

3. Discussion
3.1. Recurrent Approximation of Chemical Variables: Important Features

The simple first-order linear recurrent regressions can be applied to the monotonic
functions (A) of the integer (1) (Equation (8)) or the equidistant values of the argument (Ax)
(Equation (9)). The first kind of recurrence is applicable to the approximation of the various
physicochemical properties of the homologs (functions of the number of carbon atoms in
molecules), with the number of carbon atoms being an argument by definition [20]. The
second kind of recurrence allows for their application to the functions of the temperature
or pressure of chemical systems, as well as the concentrations of their constituents. In the
latter case, the steps of the variation of the arguments, Ax, should be fixed:

A(n+ An)=aAn) +b 8)

B(x + Ax) = aB(x) + b, Ax = const )

Specifically, the latter type of relationship can be used in the approximation of the
chromatographic retention parameters as functions of temperature (gas chromatography)
or of the organic modifier content of eluent in RP HPLC [21].

Recurrent relationships have several unusual mathematical properties. First, their
mathematical equivalent (e.g., for Equation (8)) is the polynomial of the variable degree:

An) =ka" + b@ — 1)/(a — 1) (10)

Hence, recurrence relationships unite the properties of the arithmetic (at 2 = 1 and
b # 0) and geometric (at 0 <a # 1 and b = 0) progressions. This fact accounts for their
unique approximating “ability”, especially for the various properties of the homologs
within a homologous series because the number of carbon atoms in the molecule cannot be
a noninteger argument by definition. Examples of the applicability of these recurrences to
the equidistant values of pressure, temperature, or the concentrations of the constituents
are the dependencies of tg on the temperature in gas chromatography and on the organic
modifier content of an eluent in RP HPLC [21]. It is noteworthy that using the recurrent
relationships in both gas chromatography and HPLC does not require the preliminary
determination or calculation of the so-called “dead” time (fj). Another feature that seems
to be important for plotting the recurrent dependencies is that the values of the arguments
are not represented in such plots; every point is fixed by the two “neighboring” values of
the functions.

When applied to the retention parameters in RP HPLC, recurrence relationships (9)
are most often characterized by the correlation coefficients R > 0.999 for those analytes that
show no anomalies in their chemical nature (e.g., not involved in prototropic equilibria
and form no hydrates or tautomers). However, if two (or more) forms of analytes are
present in an eluent (e.g., when Kyy4, &~ 1), deviations from the linearity of the recurrent
dependencies (3) can be expected; this is due to the fact that the approximation “ability”
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of the recurrence is significant but not infinite; any changes in analyte speciation lead to
distortions in the linearity of the recurrent dependencies.

Thus, the detection of the reversible formation of the hydrates of organic compounds
in aqueous media (including HPLC eluents) should be based on the detailed consideration
of the dependencies, tg(C). The first approach seems to be just revealing the deviations of
the recurrent approximation of the net retention times from the linearity under high-water-
content eluent. The second approach, which is discussed in this manuscript, considers the
features of the retention indices of the analytes in HPLC.

3.2. Numerical Modeling of the Anomalies in the Recurrent Approximation of Retention Times

The application of recurrent approximation for revealing the formation of the hydrates
of analytes can be illustrated by the following numerical example.

If an analyte (X) forms a hydrate (XxH;O) in an eluent, then its retention time can
be expressed (very roughly, without considering the details) as an arithmetic mean of the
retention times of the nonhydrated and hydrated forms:

R ~ [tR(X) + tR(XXHZO)]/Z (11)

It is logical to believe that the hydrated form of an analyte is more hydrophilic than
the nonhydrated form; hence, tr(XxH,0O) < tr(X), or t(r(XxH0)(C — y) = tr(X)(C).

In order to simplify our numerical model, let us assume that the retention factor (k) is
inversely proportional to the volume fraction of the organic component of an eluent (x).
Such prerequisites correspond to the Row model [22]:

1/k=ax+b (12)

Moreover, let us postulate that a = 1 and b = 0, using the net retention times instead
of the k-values, which gives tg~1/x. Let us also imagine that the content of the organic
modifier in an eluent varies from 0.4 to 1.0 with a step of 0.05. This gives the following set
of tg-values:

04<x<1.0 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1.0

tr 2.50 222 2.00 1.82 1.67 1.54 1.43 1.34 1.25 1.18 1.11 1.05 1.00

The plot of this dependence tg(x) is the plot of a hyperbolic function (Figure 2a).
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Figure 2. (a) Typical nonlinear dependence tg(x) (numerical modeling) and (b) linear recurrent
approximation for the same set of data.
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The recurrent approximation (Equation (3)) of the same data set with AC = 5% steps
gives a linear regression with the following parameters: a = 0.847 & 0.006, b = 0.118 £ 0.010,
R =0.9998, and Sy = 0.009; the plot of this dependence is shown in Figure 2b. It looks typical for
analytes forming no hydrates in eluents (having no anomalies of chromatographic retention).

Let us assume that analyte X forms more hydrophilic hydrate X xH,O and that the
retention time of this hydrate approximately corresponds to that of the parent compound X
at the higher content of the organic modifier, tr (X xHyO)(C) ~ tr(X)(C + y). If we accept
y = 0.2, we obtain the following set of numerical estimations and, finally, the target retention
times, tg* (the last line below):

02<x<08 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8
tr(non-hydrate) 5.00 4.00 3.33 2.86 2.50 2.22 2.00 1.82 1.67 1.54 1.43 1.34 1.25
04<x<1.0 04 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1.0
tr(hydrate) 2.50 2.22 2.00 1.82 1.67 1.54 1.43 1.34 1.25 1.18 1.11 1.05 1.00
fR* = [fg + 3.75 3.11 2.66 2.34 2.08 1.88 1.72 1.58 1.46 1.36 1.37 1.19 1.12
tr(hydrate)]/2

Surprisingly, the recurrent approximation of the set of fg*-values (the sum of two
hyperbolic functions) in comparison with the plot in Figure 2b visually demonstrates
the detected deviations from linearity (Figure 3) only in the area of the large tr*-values,
corresponding to the high water content of an eluent.
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Figure 3. Plot of the recurrent approximation of the superposition of two nonlinear hyperbolical
dependencies tg(x) (numerical modeling). The area of maximal tg*-values shows visible deviations
from linearity.

Such features of the recurrent approximation plots are typical of analytes forming
hydrates in eluents.

3.3. Revealing Those Compounds That Are Reversibly Forming Hydrates

Hydrate formation can be readily confirmed for solid substances (both inorganic and
organic). This can be carried out using differential scanning thermogravimetry or even
“classical” elemental analysis. The detection of the unstable hydrates of organic compounds
in solutions (when their isolation is impossible) is much more difficult. In some cases,
hydrate formation can be inferred from the appearance of new bands in the IR and UV
spectra. Mass spectrometric methods provide no information on the formation of hydrates
in solutions.
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As mentioned above, some polyfunctional synthetic drugs were the first examples of
the application of recurrent approximation of net retention times in RP HPLC, revealing
reversible hydrate formation [7]. Most of these drugs contain polar functional groups, in-
cluding amides or sulfonamides. A literature search showed that the formation of hydrates
both in the solid state and in aqueous solutions is the typical chemical property of such
compounds [23-29]. Therefore, we have specially synthesized a series of monofunctional
N-substituted p-toluenesulfonamides [CH3-CgH4-SO,-NRR’ (R, R’ = H, -CH,CH=CHj,;
(I), —(C2H5)2 (II), H, tert—C4H9 (HI), H, -C6H5 (IV), H, —CH2C6H5 (V), H, -C6H13 (VI)] as
appropriate model objects that can form hydrates in an eluent.

A comparison of the structures of gefitinib (I), pazopanib (II), and imatinib (III)
(Figure 1) shows that the structure (I) contains no sulfonamide or amide groups, and
it exhibits no anomalies in the recurrent approximation of the retention times (Figure 1a).
Structure (II) demonstrates the deviations from linearity in the right part of the plot, cor-
responding to long retention times for the eluents with high water content (Figure 1b).
However, structure (III), on the contrary, exhibits a recurrent anomaly in the area of the
small retention times corresponding to the low water content of the eluent. This example
deserves special comment because this anomaly is obviously not related to hydration.

Imatinib is a complex polyfunctional compound. Its molecule contains at least four
possible nonconjugated sites for proton location. Hence, it is characterized by at least four
pKa values. They are (both experimental and precalculated (ChemAxon) values) 8.1-8.3,
3.7-4.0, 2.5, and 1.5. For our further consideration, it is important that some of these
precalculated values may differ from the experimental data by 0.5-1.0.

Thus, we have a compound with one pK, value of approximately 2.5, which is close
to the pH of the eluent, 2.7-2.9. This means that two forms of this analyte (nonprotonated
and protonated) exist in equilibrium in the solution:

X+H" = XH* (13)

Moreover, increasing the concentration of the organic component of a solvent usually
leads to an increase in the pKj, values of the dissolved compounds, which can be illustrated
by the dependence of the pK, values of 2-hydroxy-4-methyl-1,3,2-dioxaphospholane 2-
oxide (trivial name propylene hydrogen phosphate) on ethanol concentration in aqueous
solutions [30]:

C(C2H50H) 0 50 80 95
pKa 1.75 2.85 3.21 4.54

Apparently, this specific effect is responsible for the deviations in the recurrent approx-
imations from linearity, as is the case for Imatinib (III). With an increase in the acetonitrile
content of the eluent, the pK, of this compound (about 2.5 in water solutions) moves closer
to the pH = 2.7-2.9 of the eluent. The coexistence of two forms of the analyte makes the
recurrent approximation of its retention time nonlinear (see anomalies in Figure 1c).

Important information on the applicability of recurrent approximation is provided
by comparing the sets of retention times of the same compounds on HPLC columns of
different polarities. Figure 4a (five points) presents the retention times (45-70% v/v CH3CN
content) of N-hexyl-p-toluenesulfonamide measured with a nonpolar EC-C18 column using
acetonitrile-water eluents. Four points (excluding the right point) fall within a straight
line according to the correlation coefficient R = 0.9999. The plot in Figure 4b presents the
retention times (50-85% v/v CH3CN content) of the same sulfonamide measured with a
slightly more polar EC-CN column. The six points, without the right point, correspond to a
straight line with R = 0.9999. In both cases, the right points visibly deviate from the linearity.
Hence, the effect observed has no relation to the column polarity and is determined only
by the variations in eluent composition.
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Figure 4. Recurrent approximation of the net retention times of N-hexyl-p-toluenesulfonamide,
measured with (a) a 120 EC C18 column (eluent acetonitrile~water), (b) a 120 EC-CN column (the
same eluent), and (c) a Phenomenex C18 column (eluent methanol-water).

The plot in Figure 4c demonstrates the recurrent approximation of the retention
times measured with a nonpolar C18 column using the methanol-water eluents (55-85%
v/v CH30H). In contrast to Figure 4a,b, the deviation of the right point from linearity
is negligible (correlation coefficient for five points without the right point is 0.9998 and
is R = 0.9995 with this point). The lower “sensitivity” of the methanol-water eluents
to the formation of hydrates was discussed in [4]. Methanol itself forms rather stable
monohydrates (the free energy of methanol hydration was estimated experimentally as
(—5.1) kcal mol~! [31]), which can effectively prevent the formation of hydrates in other

compounds.

3.4. Retention Indices in Reversed-Phase HPLC: An Alternative Way to Suppose the Formation
of Hydrates

The concept of retention indices (RI, Equation (4)) in reversed-phase HPLC appeared to
be somewhat less popular than in gas chromatography, despite various applications [15,32,33].
This is caused by a dependence on a larger number of parameters (than in GC) (first, by
the influence of different additives in the eluents) and, in general, by the narrower ranges
in variation. Another reason is that the dependencies of the retention parameters of the
analytes on the concentrations of organic solvents in eluents are complex [6].

The RI values for selected compounds are presented in Tables 2 and 3. Apparently,
these data provide no information on the reversible formation of hydrates in an eluent.
Hence, RI values should be transformed into more informative parameters.
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Retention index

One of the important properties of the GC retention indices is their temperature
dependence, RI = f(T). Usually, the presentation of this function is limited to the first term

of its expansion in a Taylor series, 3 = dRI/dT [15]:

RI(T) = RI(Ty) + dR1/dT (T — To),

(14)

where T is any temperature conventionally chosen as a standard for data presentation

(usually 0 or 100 °C).

This secondary parameter based on the GC retention indices depends on the differ-
ences in the topological characteristics of analytes and reference n-alkanes. For the majority
of organic compounds, the coefficients, 3, obey inequality 3 > 0. The dRI/dT values in-
crease with an increasing number of branches for the molecular carbon skeleton, as well as
with the number and size of the rings. Specifically, the large absolute dRI/dT values are
responsible for the low interlaboratory reproducibility of GC retention indices [34].

The analog of the temperature dependence of the GC retention indices in RP HPLC
is the dependence of the indices on the concentration of the organic solvent in an eluent,
dR1/dC (Equation (15)). Unlike gas chromatography, the coefficients dRI1/dC can be either
greater or less than zero. Two dependencies RI = f(C) are plotted in Figure 5 for toluene (a,
dRI/dC > 0) and for N-phenyl-p-toluenesulfonamide (b, dRI1/dC < 0). In both cases, good
linearity is observed (a, R = 0.9998; b, R = —0.998); the deviations from linearity for some
analytes are caused by their tautomeric transformations or prototropic equilibria.

RI(C) = RI(Cyp) + dRI/dC (C — Cy),

(15)

where C is any concentration of an organic modifier chosen as a standard for data presenta-

tion (conventionally Cy = 0).
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Figure 5. Two examples of the dependencies of the retention indices in RP HPLC on the concentration

of methanol in an eluent: (a) toluene and (b) N-phenyl-p-toluenesulfonamide.

It should be noted that not the RI values and, specifically, the coefficients dRI1/dC
can be considered for additionally confirming the formation of the hydrates of analytes
in an eluent. Comparing these coefficients (data are presented in Table 6) shows that the
minimal values of dRI/dC belong to the most polar analytes, such as the N-substituted
p-toluenesulfonamides, and the maximal values belong to less polar analytes, such as
hydrocarbons (toluene, o-xylene) and their chloroderivatives (chlorobenzene). Table 6
presents the dRI/dC data for selected compounds, listed in increasing order and subdivided
into three subgroups: low (dRI/dC < —1.0), close to zero (—0.4 < dRI/dC < 0.3), and high
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(>1.6). The first subgroup (nine most polar compounds) constitutes six sulfonamides with
polar fragments -SO,-N<, one amide (-CO-N<), one cyclic hydrazide (-CO-NH-N<),
and nitrophenol. The third subgroup includes only nonpolar compounds. Thus, we can
conclude that the main factor that determines the sign and absolute values of the coefficients
dR1/dC is the polarity of the analytes. The most negative values belong to the most polar
sulfonamides, for which the probability of hydrate formation is maximal.

Table 6. Coefficients of the dependencies of the retention indices vs. the concentrations of the organic
components in the eluents. All analytes are listed in the order of increasing dRI/dC(CH3OH) values.

Analyte MW N{H} dR1/dC(CH3;0H) dRI/dC(CH3CN) logP *
Compounds with dRI/dC << 0
N-Hexyl-p-toluenesulfonamide 255 1 —5.6+03 —3.1+02 4.09 £ 0.30
N-Benzyl-p-toluenesulfonamide 261 1 —53+02 —-3.8=+0.1 3.21+£0.32
N-Phenyl-p-toluenesulfonamide 247 1 —52=£0.1 —45+02 3.04 +0.29
N-tert-Butyl-p-toluenesulfonamide 227 1 —41+02 —2.0+0.1 2.66 £ 0.32
1-Phenylpyrazolidin-3-one 162 1 —4.0+0.2 —25£05 0.89
N-Allyl-p-toluenesulfonamide 211 1 -34=£01 —20=£01 226 +£0.32
N,N-Diethyl-p-toluenesulfonamide 227 0 -32+0.1 —-1.8+0.1 2.87 +£0.28
Diethyl-m-toluamide 191 0 —-2.0+£0.1 -1.2+£03 2.18
3-Nitrophenol 139 1 -1.0+0.1 -19+03 2.00
Compounds with dRI/dC ~ 0
Sulphamethoxazol (hydrate) 253 3 —-04£01 —-14+£03 0.89
1H-Benzortriazole (probably, hydrate) 119 1 —0.24 +0.04 —22+04 1.44
Phthalimide (probably, hydrate) 147 1 —0.24 + 0.04 —-15+03 1.15
Acetophenone hydrazone 134 2 —0.11 £ 0.05 - 1.28 +0.51
Acetophenone 120 0 0.0 0.0 1.70
Ninhydrin (hydrate) 178 2 0.05 + 0.08 - 0.67
Nitrobenzene 123 0 03+0.2 05=x02 1.83
2,3,5-Trimethylphenol 136 1 03+0.1 —-15+02 2.73
Compounds with dRI/dC >> 0
Chlorobenzene 112 0 28+0.2 08+04 2.90
Toluene 92 0 40+0.1 0.6 +0.2 2.71
0-Xylene 106 0 46+03 02+03 3.12

(*) Precalculated logP values are indicated with standard deviations (ACD software).

The easy hydration of sulfonamides and, to a lesser extent, of amides can be explained
by the formation of two hydrogen bonds in the ring. This ring contains a S=O double
bond (two m-electrons) and two pairs of p-electrons located at the N- and O-atoms (in total,
six7t- and p-electrons). In accordance with (4n + 2) Huckel’s rule, such systems exhibit
pseudo-aromatic properties:

or
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The set of compounds in the middle subgroup seems to be rather unusual. It contains
four medium-polarity analytes (acetophenone, acetophenone hydrazone, nitrobenzene,
and trimethylphenol) and four polar compounds: sulfamethoxazole (stable hydrate exists),
ninhydrin (the same), 1H-benzotriazole, and phthalimide (formation of hydrates is rather
probable). At the same time, the absolute values of the coefficients dRI/dC are not as large
as those for the analytes of the first subgroup. It is interesting to note that, for acetonitrile-
containing eluents, the dRI/dC values for sulfamethoxazole, 1H-benzotriazole, phthalimide,
and trimethylphenol are less than -1.4, which corresponds to the compounds that are able to
form hydrates. If the main reason for large negative dRI/dC values is the strong dependence
of the equilibrium (of hydration equation (1)) on the content of the organic solvent in the
eluent, then a lack of such dependence may be caused by the fact that the position of this
equilibrium is independent of the solvent composition. In other words, the hydrate forms
of some analytes from this subgroup exist under different compositions of the solvent. For
example, ninhydrin (the parent structure contains no active hydrogen atoms) forms such a
stable hydrate that it was characterized by pK, 8.47, like typical organic acids [7]:

e} o]
OH
o —»
OH
O 0}

In order to finalize the consideration of the dependencies of the retention indices on
the concentration of the organic constituents of an eluent, the following should be noted:

- The dRI/dC coefficients for the same compounds are not equal to each other in
methanol- and acetonitrile-containing eluents. Nevertheless, for the entire set of
compounds, their values satisfactorily correlate with each other (correlation coefficient
R is approximately 0.87);

- The values for dRI/dC depend on the polarity of the organic compounds but show no
correlation with hydrophobicity factors (logP), the number of active hydrogen atoms
in a molecule, or the retention indices (RI);

- For compounds of a different chemical nature, the values for dRI/dC are usually
different. This means that if we need to improve the separation of two analytes in a
different homologous series, we can slightly change the ratio of the organic and water
components of the eluent. However, this recommendation may be ineffective if such a
problem arises for compounds that are similar in nature (isomers or homologs).

4. Materials and Methods
4.1. Analytes, Reagents, and Solvents

The following compounds were used: toluene, p-xylene, chlorobenzene, nitrobenzene
(all of reagent grade, for chromatography, Reakhim, Moscow, Russia), 1-phenylpyrazolidin-
3-one (reagent grade, Reakhim, Moscow, Russia), 1H-benzotriazole (for photography, Re-
anal, Budapest, Hungary), acetophenone, propiophenone, butyrophenone (Sigma-Aldrich
Rus, LLC, Russia), 2,3,5-trimethylphenol [Theodor Schuchardt, Munich, Germany (the
sample from plant volatile compounds collection of Ph.D. S. Kozhin, Leningrad State Uni-
versity], 3-nitrophenol (indicator, British Drug Houses, Ltd., Great Britain), and m-toluilic
acid diethylamide (DETA, insect repellent, TU (Technical Specification) 2386-077-00205357-
2007). All the selected analytes were chosen so that their pK, values did not coincide
with the pH of eluents. Some synthetic antitumor drugs discussed in the text [gefitinib (),
pazopanib (II), and imatinib (III)] were produced by BIOCAD JSC (St. Petersburg, Russia)
and are characterized in [7].

The series of N-alkylsubstituted p-toluenesulfonamides was synthesized by Ph.D.
Tatiana A. Kornilova (St. Petersburg State University) from the corresponding amines and
p-toluenesulfonyl chloride [35].
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CH3-C6H4-SOZC1 +2HNRR’ — CH3-C6H4-SOQ-NRR/ + RR'NH-HCI

R, R' = H, -CH,CH=CHy; (I); (CoHs), (I1); H, tert-C4Ho (IIT); H, -CsHs (IV); H, -CHyCsHs (V); H, -CeHis (VD).

The reaction mixtures were analyzed directly because excess amounts of amines and
their salts do not hinder the UV detection of reaction products, which (except aniline) do
not absorb in the near-UV region. The presence of certain amounts of p-toluenesulfonic
acid (in the form of the anion) follows from the appearance of peaks in the region of the
retention time of the non-sorbable component.

The stock solutions of all the analytes or reaction mixtures were prepared in 2-propanol
(reagent grade, Kriokhrom, St. Petersburg, Russia) and were additionally diluted with
an eluent for HPLC. To prepare eluents, we used deionized water (resistivity 18.2 M(Q)
cm) prepared using a Milli-Q device (Millipore, USA), acetonitrile (99.5%, HPLC-gradient
grade, PanReac, Spain), and methanol (analytical grade, Kriokhrom, St. Petersburg, Russia).
Some eluents contained 0.1% formic acid (98% analytical grade, PanReac, Spain) or 0.1%
trifluoroacetic acid. Acetonitrile-containing eluents were degassed via filtration under
vacuum and sonication in a 420 W Sapfir TTTs unit (Sapfir, Russia).

4.2. Conditions of HPLC Analysis

Chromatographic analyses of both individual analytes and reaction mixtures were
performed in three regimes:

(A): Agilent 1260 Infinity liquid chromatograph with a diode-array detector (scanning
range 220-340 nm) and an Infinity Lab Poroshell 120 EC-C18 column 50 mm long and
3.0 mm in diameter with a sorbent particle size of 2.7 um in water—acetonitrile mobile
phases in several isocratic modes with 5% concentration steps of the organic component at
an eluent flow rate of 0.4 mL min~! and a column temperature of 40 °C. For the analyses
of the drugs, trifluoroacetic acid was added to the eluent to a 0.1% concentration; the pH
of the eluent with 50% acetonitrile content was 2.7-2.9. All the model compounds were
analyzed without any acidic or salt additives added to the eluent (pH of eluents about 5.6).
Samples were injected using an SN G1329A autosampler; the sample volume was 5 pL.

(B): The same chromatograph (at the same scanning range) with Agilent Poroshell
120 EC-CN columns 100 mm long and 3.0 mm in diameter with a sorbent particle size of
2.7 um in water—acetonitrile mobile phases in several isocratic modes with 5% concentra-
tion steps of the organic component at an eluent flow rate of 0.5 mL min~! and column
temperature of 40 °C. The samples were injected using an SN G1329A autosampler; the
sample volume was 5 pL.

(C): Shimadzu LC-20 Prominence liquid chromatograph with a diode-array detector
(scanning range 190-800 nm) and Phenomenex C18 columns 250 mm long and 4.6 mm i.d.
with a sorbent particle size of 5 pm in water—-methanol mobile phases with the addition
of 0.1% formic acid (pH of aqueous solution was 5.6) in several isocratic modes with 5%
concentration steps of the organic component at an eluent flow rate of 1.0 mL min~! and
column temperature of 30 °C. The samples were injected using a SIL-20A / AC autosampler;
the sample volume was 20 pL.

All the samples for the analyses were prepared by dissolving individual compounds
or reaction mixtures in the mobile phase. The number of replicate injections of each sample
in all the regimes (A)—(C) was 2-3. The interinjection variations of the retention times of
the target analytes in all the cases did not exceed 0.01-0.02 min. To determine the retention
indices, a mixture of three reference n-alkyl phenyl ketones C¢HsCOC,Hy 1 with n =1-3
was added to all the samples.

4.3. Data Processing

Chromatograms in regimes (A) and (B) were obtained, processed, and stored using the
Mass Hunter software (Agilent Technologies, USA). The data were statistically processed
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using Excel software (Microsoft Office, 2010). Origin software (versions 4.1 and 8.1) was
used for calculating the parameters of the recurrent dependencies and plotting all the
dependencies. The logarithmic retention indices in the isocratic regimes were calculated
using Excel software or manually (with calculators).

5. Conclusions

For some polar organic compounds, we can guess the reversible formation of their hy-
drates during reversed-phase HPLC separation, X + H,O == XxH,O. However, hydration
confirmation seems to be a complex problem. The testing of the so-called relative optical
densities, Are] = A(A1)/A(N2), shows their dependence on the composition of eluents in some
cases, but, in general, they exhibit inapplicability to the detection of hydrate formation.

One of the methods to detect the formation of hydrates seems to be the recurrent
approximation of the net retention times of analytes, tr(C + AC) = atr(C) + b, where AC is
the constant step in the variations of the organic modifier content of an eluent. In the case
of hydrate formation, such dependencies deviate from linearity for large retention times,
e.g., for eluents with high water content.

The coefficients that characterize the dependence of the retention indices on the
concentration of the organic component in an eluent, dRI/dC, are suggested to represent an
additional criterion for revealing the hydration of analytes during their reverse-phase HPLC
analysis. The values of these coefficients for nonpolar compounds are largely positive
(dRI/dC > 0), whereas, for most polar analytes, they are largely negative (dR1/dC < 0). The
compounds of the latter type can, by themselves, form hydrates in HPLC eluents.

Is it possible to correct the anomalies caused by the formation of hydrates? The
simplest possible way to not exclude these anomalies and minimize them is to replace
acetonitrile in an eluent with methanol.
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Abstract: When released to the environment, the rocket fuel unsymmetrical dimethylhydrazine
(UDMH) undergoes oxidative transformations, resulting in the formation of an extremely large
number of nitrogen-containing transformation products, including isomeric compounds which are
difficult to discriminate by common chromatography techniques. In the present work, supercriti-
cal fluid chromatography—-tandem mass spectrometry (SFC-MS/MS) was proposed for resolving
the problem of fast separation and simultaneous quantification of 1-formyl-2,2-dimethylhydrazine
(FADMH) as one of the major UDMH transformation products, and its isomers—1,1-dimethylurea
(UDMU) and 1,2-dimethylurea (SDMU). 2-Ethylpyridine stationary phase provided baseline sepa-
ration of analytes in 1.5 min without the distortion of the chromatographic peaks. Optimization of
SFC separation and MS/MS detection conditions allowed for the development of rapid, sensitive,
and “green” method for the simultaneous determination of FADMH, UDMU, and SDMU in environ-
mental samples with LOQs of 1-10 ug L~! and linear range covering three orders of magnitude. The
method was validated and successfully tested on the real extracts of peaty and sandy soils polluted
with rocket fuel and UDMH oxidation products. It was shown that both UDMU and SDMU are
formed in noticeable amounts during UDMH oxidation. Despite relatively low toxicity, UDMU
can be considered one of the major UDMH transformation products and a potential marker of soil
pollution with toxic rocket fuel.

Keywords: formic acid dimethylhydrazide; dimethylurea; rocket fuel; transformation products;
supercritical fluid chromatography; tandem mass spectrometry

1. Introduction

Despite the increasingly active use of environmentally friendly types of rocket propel-
lants (kerosene, methane, and hydrogen in combination with liquid oxygen as an oxidizer),
the space programs of different countries still rely on the operation of launch vehicles
or booster blocks using toxic unsymmetrical dimethylhydrazine (UDMH) as a fuel [1,2].
When released to the environment, UDMH rapidly undergoes oxidative transformations
via radical mechanism resulting in the formation of extremely large number (up to one
thousand) of nitrogen-containing transformation products including toxic and carcinogenic
compounds [3,4]. To date, several dozen UDMH transformation products have been reli-
ably identified [5-7], the most abundant of them are N-nitrosodimethylamine (NDMA),
formaldehyde dimethylhydrazone, 1,1,4,4-tetramethyltetrazene, N,N-dimethylformamide,
dimethylaminoacetonitrile, 1-methyl-1H-1,2,4-triazole, and 1-formyl-2,2-dimethylhydrazine
(formic acid N’,N’-dimethylhydrazide, FADMH) [8-13]. The latter compound has been
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identified as an UDMH transformation product relatively recently [9], although it is always
found in significant amounts in soils and waters contaminated with rocket fuel [12,14,15].
Analyses of UDMH oxidation products in model laboratory experiments and real soil
samples by atmospheric pressure ionization high-resolution mass spectrometry [4] showed
the presence, in all mass spectra, of an intense signal of the compound C3HgN,O, which
can be attributed to FADMH. However, the use of hydrogen/deuterium isotopic exchange
mass spectrometry allowed the discrimination of at least three structures with the indicated
elemental composition and suggestion of the presence of N,N-dimethylurea (unsymmet-
rical dimethylurea, UDMU) among them [3]. This assumption was confirmed by the
published data indicating the identification of UDMU by GC-MS [1]. Another but less
probable product with the same elemental composition is N,N'-dimethylurea (symmetrical
dimethylurea, SDMU), the discovery of which among UDMH transformation products has
not yet been reported in the literature. Since the available information on the possibility of
the formation of substantial amounts of UDMU and SDMU along with FADMH during the
oxidative transformation of rocket fuel is extremely scarce and requires additional studies,
the development of approaches to the simultaneous quantification of these isomeric com-
pounds in complex objects is of great interest. The solution of this problem is complicated
by the high polarity and similarity of the physicochemical properties of FADMH, UDMU,
and SDMU (Table 1).

Table 1. List of analytes and their physicochemical properties.

CAS

i *
Analyte Number Structural Formula Molecular Weight, Da pKa LogP
o) CH4
1-formyl-2,2- m Ill
dimethylhydrazine 3298-49-5 N~ CH 88.1 35+£0.7* —0.81 £ 0.53 **
(FADMH) | 3
H
o
N,N-dimethylurea N N
4 _04.- o~ ~ o *% o %%
(UDMU) 598-94-7 HaC T H 88.1 02£07 1.28 + 0.54
0]
N,N’-dimethyl Ill ll\l
,N'-dimethylurea oy P - - . .
(SDMU) 96-31-1 HaC T CH, 88.1 0.6 £07 1.02 £0.30
O

* For the protonated form. ** The values predicted in silico by ACD/Labs Percepta platform software [16].

In the case of analytes with reactive amino groups, high-performance liquid chro-
matography (HPLC) is considered a preferred separation technique since it does not
require the tedious procedures of preliminary derivatization and matrix change. In com-
bination with mass spectrometry (MS), it has been successfully used for quantification of
hydrazines and most of the above-mentioned major UDMH transformation products [17]
and made it possible to achieve the limits of FADMH quantification (LOQs) at a level of
0.01-6 pg L1 [11,12]. However, in the case of polar non-ionogenic compounds as FADMH
and dimethylurea isomers, the retention on commonly used reversed and ion-exchange
stationary phases is relatively weak and separation selectivity is insufficient. Due to the
close polarities of such analytes, the use of hydrophilic interaction liquid chromatography
also does not allow for the complete separation of FADMH and its isomers and effective
elimination of matrix effects.

In our opinion, the most promising method for the simultaneous determination of
these compounds is supercritical fluid chromatography-mass spectrometry (SFC-MS) pro-
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viding separation based on the specific interactions of analytes with polar stationary phase,
which is “orthogonal” [18] to a reversed phase HPLC. The low viscosity and high diffusion
coefficients of the sub- or supercritical carbon dioxide, which is used as a main component
of the mobile phase in SFC, ensure high separation speed and efficiency. Even though there
are no published works devoted to the use of SFC or SFC-MS for the determination of
UDMH transformation products, SFC has shown itself superior to HPLC in the analysis of
isomers [19,20] and various polar compounds [21-23]. The combination of SFC with tan-
dem mass spectrometry detection (SFC-MS/MS) provides high sensitivity and selectivity of
analyses of complex objects and does not require any additional specific equipment [24-26].
Currently, this analytical technique is increasingly used in practice and appears to be a
promising alternative to HPLC-MS/MS. The present work is aimed at the development of
a rapid and sensitive SFC-MS/MS method for the simultaneous determination of FADMH,
UDMU, and SDMU in water samples and soil extracts and thus obtaining new knowledge
on the rocket fuel transformation processes in the environment.

2. Results and Discussion
2.1. Mass Spectra of Analytes and Mass Spectrometry Detection

Being isomeric compounds and having the same molecular weight, all analytes give
the signals of protonated molecules [M + H]* at m/z 89 under the conditions of positive ion
mode atmospheric pressure ionization. Despite the evidence previously noted for SFC-MS
certain gain in ionization efficiency of nitrogen-containing compounds under electrospray
(ESI) conditions compared to atmospheric pressure chemical ionization (APCI) [27], in
our preliminary tests, both techniques demonstrated the close intensities of [M + H]J*
signals at high (>1 mL min~!) flowrates of the mobile phase. In this situation, an APCI
technique was chosen for further method development due to its less susceptibility to
matrix effects. Tandem mass spectrometry in multiple reaction monitoring (MRM) mode
was used to ensure the high selectivity of analysis considering relatively low retention
of analytes and thus the possibility of co-elution with matrix components. The recorded
tandem mass spectra (Supplementary Materials Figure S1) demonstrate the difference in the
collision induced dissociation (CID) pathways of UDMU and SDMU—the first compound
predominantly eliminates NHj3 from primary amino group (m/z 89 — 72), while the
second one is characterized by an easy loss of methylamine (1m/z 89 — 58). These ion
transitions were chosen for quantification purposes. In the case of FADMH, CID results in a
cleavage of N-N bond with the formation of protonated N-methylmethanimine (m/z 44) or
simultaneous loss of carbonyl and methyl groups leading to the formation of methyldiazene
or formaldehyde hydrazone (m/z 45) protonated molecules. The intensity ratios of the
corresponding peaks in mass spectra strongly depend on the applied collision energy. As a
result of automated optimization of the collision energies for both MRM transitions, the
product ion with m/z 45 was chosen as a quantifier. The optimized parameters of MRM
detection are summarized in Table 2.

Table 2. Detection parameters in the multiple reaction monitoring mode.

Declustering Collision
Analyte Precursor Ion, m/z Product Ion, m/z Potential, V Energy, eV
FADMH 89 45 (71 %) 20 20
UDMU 89 72 (46 %) 30 20
SDMU 89 58 (44 *) 30 30

* Qualifier ion.

2.2. Screening of SFC Stationary Phases and Optimization of Separation Conditions

The key factor affecting the retention and separation of polar analytes is the nature of
the stationary phase. At the first stage of the study, silica-based stationary phases with a par-
ticle size of 1.7-3 pm (see Section 3.2) differing in the chemistry of the bonded groups were
screened: bridged ethylene hybrid bare silica (Acquity BEH), three octadecyl stationary
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phases (endcapped Titan C18, Acquity HSS C18 with no endcapping, Nucleodur ISIS with
cross-linked octadecyl groups), two sorbents with embedded polar non-ionogenic groups
(Nucleodur PolarTec with amide linker between silica surface and octadecyl group, Acquity
HSS Cyano with cyanopropyl bonding and high silanol activity), and two stationary phases
with polar ionogenic groups (Acquity BEH 2-EP with 2-ethylpyridine moiety and Nucleo-
dur NH2-RP with aminopropyl groups). The chromatograms obtained under common SFC
conditions (backpressure 130 bar, mobile phase—10% methanol in CO;) (Figure 52) showed
potential for the rapid separation of analytes and specificity of their retention on different
stationary phases. First, the difference in the behavior of FADMH and dimethylurea iso-
mers should be noted. Despite the close polarities (LogP) of all analytes (Table 1) and the
presence of the same functional groups, the retention of FADMH is much lower compared
to UDMU and SDMU. It is also worth noting that extremely strong tailing and even split-
ting of FADMH peaks obtained for most stationary phases occur. This can be explained by
the higher ability of this compound for protonation (acidity constant of conjugated acid is
4 orders of magnitude lower when compared to other analytes) and thus the presence in
mobile phase mostly as cation due to acidic conditions in carbon dioxide-methanol mixture
containing significant amounts of methylcarbonic acid [28,29]. The strong interactions of
both cationic and neutral forms of FADMH with silica surface leads to the above-noted peak
distortions observed mostly for the sorbents with most accessible silanol groups—Acquity
BEH, HSS Cyano, and HSS C18. In contrast, the similar Nucleodur ISIS octadecyl phase
with a well-shielded silica polar surface provides an acceptable FADMH peak shape, while
it does not ensure sufficient retention and separation of UDMU and SDMU, for which
the contribution of polar interactions with silanols is crucial. This is in a good agreement
with our recent observation of polar retention of pentacyclic triterpenoids on octadecyl
stationary phases in SFC at low contents (<6%) of methanol in the mobile phase [30]. An
interesting fact is an inversion of symmetrical /unsymmetrical dimethylurea isomers elu-
tion order on different stationary phases. Bare silica and sorbents capable of hydrogen
bonding and ion exchange (BEH 2-EP, NH2-RP, and PolarTec) provide stronger retention of
SDMU, while four other stationary phases (octadecyl and cyanopropyl) are characterized
by reversed elution order. While a noticeable contribution of nonpolar retention can be
a reason in the case of C18 sorbents, a satisfactory explanation of this phenomenon for
cyanopropyl stationary phase has not been found. Among all tested stationary phases,
Acquity BEH 2-EP demonstrated best peak shapes and baseline separation of all analytes,
although retention factors were relatively low. Combination of hydrogen bond donor and
acceptor properties with the capability of 7-7r interactions allows us to consider this sorbent
as universal stationary phase for SFC separations of many polar analytes. Moreover, due to
the superior peak shapes even without using mobile phase additives BEH 2-EP is known
as the best choice in the analyses of various basic nitrogen-containing compounds [31,32].
Thus, further method development and optimization steps in our work were carried out
using Acquity BEH 2-EP chromatographic column.

It has been found that the introduction of formic acid (0.1%, v/v), ammonium formate
(10 mM) and water (5% v/v) as mobile phase additives (dynamic modifiers), regulating
pH and the availability of silanol groups of the sorbent, did not have a significant effect
on the retention of analytes, the shape of the chromatographic peaks, and the separation
selectivity. Since APCI, unlike ESI, is not sensitive to the analytes protolytic equilibria in
the mobile phase, the addition of formic acid did not affect the ionization efficiency and,
therefore, the sensitivity of mass spectrometric detection. In this regard, neat methanol was
recommended for use as a co-solvent for carbon dioxide. With an increase in the methanol
content the retention times (tr) of all analytes expectedly decreased due to the polar
retention mechanism. This factor led to a simultaneous decrease in separation selectivity.
At the same time, a substantial improvement in the chromatographic peak shapes and
widths was observed (Supplementary Materials Table S1). The methanol content of 10%
(v/v) was found to be optimal and allowed the separation of analytes with selectivity («)
and resolution (R) of >1.5 and 2.0, respectively (Table S1).
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Temperature and backpressure usually do not have a significant effect on SFC separa-
tions with polar stationary phases and are often considered as secondary parameters when
optimizing a chromatographic method [33]. Indeed, we noted some improvement in the
chromatographic peak shapes (especially for FADMH) and a slight decrease in retention
times with an increase in backpressure, which can be partially compensated by an increase
in temperature. Based on these considerations, the operating backpressure of 190 bar and
column temperature of 55 °C close to the maximum possible (in terms of the SFC system
performance and ensuring the lifetime of the chromatographic column) values were chosen
as optimal.

Summarizing the above, the following analysis conditions can be recommended:
stationary phase—Acquity UPC2 BEH 2-EP; flow rate—1.30 mL min~!; methanol con-
tent in the mobile phase—10% (v/v); temperature—55 °C; backpressure—190 bar. The
chromatogram of the model mixture of analytes (Figure 1) obtained under the indicated
conditions demonstrates the correct peak shapes and baseline separation of analytes in the
isocratic elution mode with an analysis time of 1.5 min.

1.6 - UDMU
ry FADMH
A
X
3
&
é 0 8'
[
8 SDMU
£ 04
0.0 . ' . .
0.0 0.5 1.0 1.5 2.0
Time, min

Figure 1. The SFC-MS/MS chromatogram of the model mixture of analytes (3 g mL~! of FADMH,
0.5 pg mL~! of UDMU and SDMU) obtained under the optimized conditions.

2.3. Validation of the Developed Method

The attained values of instrumental limits of detection (LODs) and limits of quantifica-
tion (LOQs) (Table 3) were typical for HPLC-MS/MS technique and fell within the ranges
of 0.4-3 and 1.3-10 pg L}, respectively. The analyses of calibration solutions of analytes
and construction of calibration dependences of peak areas (y) on concentration (x) in the
form y = ax showed good linearity (R? > 0.999) in the concentration range covering three
orders of magnitude.

Table 3. The key specifications of the developed SFC-MS/MS method.

Analyte a R? Linear Range, uyg L1  LOD,pgL-1 LOQ, ugL-1!

FADMH 170 0.9998 LOQ-6250 3.0 10
UDMU 1200 0.9995 LOQ-1000 0.4 1.3
SDMU 360 0.9995 LOQ-1000 0.5 1.7

In the case of non-aqueous samples (e.g., acetonitrile extracts of soils [34]) the LODs/LOCs
can be further reduced by an increase in the sample injection volume up to 5 pL or even
more which is allowed by the used chromatographic column. However, it is strongly not
recommended for aqueous samples due to the observed smearing of the chromatographic
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peaks when injection volumes >2 pL are used. This effect is associated with competition of
water and analytes for sorption centers of the stationary phase.

Inter-day and intra-day assays carried out on the model solutions at three concentration
levels (from ~LOQ) within an entire linear range (Supplementary Materials Table S2) demon-
strated high precision (RSD < 15%) of the developed method at the lowest concentrations of
analytes. Moreover, at the level of >10, LOQ RSD values were below 4% even in inter-day
precision test.

An accuracy of the method was evaluated by spike recovery test using real samples of
river water (sample 1) and acetonitrile extract of peat bog soil (sample 2) with very complex
matrix (high content of natural organic matter), not containing the studied analytes. The
obtained spike recoveries (Table 4) were in the range of 90-115%, including those measured
at the LOQ level. Thus, taking into account the high precision of the method, the matrix
effects can be considered insignificant even in the case of peat bog water.

Table 4. Accuracy of the method determined by spike recovery test on real samples of river and beat
bog water (n =3, p = 0.95).

Found, ug L—1 Accuracy, %
Analyte  Spiked, ug L~1
Sample 1 Sample 2 Sample 1 Sample 2
12.5 126 £1.3 143 +24 101 £11 114 +17
FADMH 310 314+ 6 320 £ 24 100 +3 102 £8
2500 2560 + 60 2420 + 70 102 +2 97 +3
2.0 22+03 23+03 110 £ 16 115+ 13
UDMU 50 51+2 56 +3 102 £ 4 112 £5
400 407 £ 20 410 + 30 102 £5 103 £7
2.0 20+02 1.8+0.3 100 £ 10 90 + 17
SDMU 50 49+3 48+ 4 98 +6 9 + 8
400 390 + 15 375 £ 40 98 + 4 94 +11

The high robustness of the method is due to the use of isocratic elution ensuring the
high analysis reproducibility. It was confirmed in the analyses of a great number of real
samples without noticeable change in retention times or selectivity loss.

The comparison of the developed method with those described in the literature for
single analytes and based on GC [14,34,35] or HPLC [12] separations showed sensitivity
similar to GC-MS or HPLC-MS and at least one order of magnitude gain in LOD for SDMU
when compared with the GC-NPD method provided by the U.S. Environmental Protection
Agency (EPA) [36]. It is worth noting that the SFC-MS/MS method, unlike those mentioned,
is distinguished with exceptional rapidity (1.5 min), low consumption of organic solvent,
and low cost of the mobile phase.

2.4. Analyses of Real Samples

The developed method was successfully tested in the analyses of four real samples
containing UDMH transformation products—acetonitrile extracts of soils polluted with
rocket fuel and taken from the site of accidental crush of the launch vehicle near Baikonur
spaceport (sample 3) and from the landing site of the launch vehicle’s burned-out first
stage in northern Russia (sample 4), as well as aqueous solutions of UDMH treated with
ozone (sample 5) and hydrogen peroxide in the presence of Cu?" ions as catalyst (sample
6). The recorded chromatograms (Figure 2) revealed the presence of all analytes with
concentrations >LOQ. An exception is sample 6, in which SDMU was not detected. As
expected, FADMH predominated in all samples (Table 5) and was found at the levels
reaching 200 mg L~! (sample 5). This value corresponds to 20% of the initial UDMH
content and allows the consideration of FADMH as a main primary transformation product
formed under action of ozone.
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Figure 2. SFC-MS/MS chromatograms of real samples containing UDMH transformation products.

Table 5. Measured concentrations (contents) of analytes in real samples of UDMH transformation

products.
Sample FADMH UDMU SDMU
Content, mg kg_1
3 190 £+ 15 9 +3 1.2+0.1
4 42+ 0.6 0.95 + 0.09 0.27 £0.03
Concentration, mg L1

5 200 + 6 0.11 £ 0.04 0.53 + 0.07
6 105+ 6 0.36 £ 0.05 <LOQ

Another advanced oxidation process, based on the UDMH catalytic treatment with
hydrogen peroxide, also provided the conversion of UDMH mainly to FADMH (10% of
initial UDMH after 24 h reaction). The results of the model experiments on UDMH oxida-
tion were in a good agreement with the high contents of FADMH found in the soil extracts.
For example, sandy soil (sample 3) polluted with rocket fuel and subjected to reagent
treatment with hydrogen peroxide contained 190 mg kg ! of this transformation product.
Peat bog soil sample contained lower amounts of FADMH; however, the measured content
(42mg kg_l) was also significant considering the smaller scale of fuel spill and the known
ability of peat to strongly bind UDMH and thus prevent its oxidative transformations [15].

Of great interest is the data obtained for the first time on the levels of dimethylurea
isomers in polluted soils and UDMH aqueous oxidation products. In model experiments
with ozone and hydrogen peroxide as oxidants (samples 5 and 6), the concentrations of
UDMU and SDMU were about three orders of magnitude lower compared to FADMH,
while in soil samples 3 and 4 the ratios FADMH/UDMU were only 1.9 and 4.4, respectively.
In contrast, SDMU was found in less amounts in comparison with those detected in sample
5. It is worth noting that in the peat bog soil sample, UDMU and SDMU contents differed
by less than four times. This means that the slow transformation of UDMH in soils provides
conditions for the formation of significant amounts of UDMU, which can be considered as
one of the major UDMH transformation products and an important marker of rocket fuel
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contamination, regardless of soil type. Another unexpected result is the formation of SDMU
despite the absence of the dimethylamine group in its structure. This once again confirms
the hypothesis of the radical nature of UDMH oxidative transformations, accompanied by
the transfer of methyl radicals [3].

Given the prominent place of dimethylurea, along with FADMH, among UDMH
transformation products, it is of considerable interest to evaluate and compare the toxicity of
these isomeric compounds. The in silico prediction involving models based on quantitative
structure—activity /toxicity relationships (QSAR/QSTR) revealed relatively low (Category
IV) and comparable acute toxicity of all three analytes (Supplementary Materials Table
S3). The similar pattern was observed for aquatic toxicity; however, it should be noted
that the estimated LCs( values for SDMU turned out to be much lower (up to one order
of magnitude) than those for FADMH and UDMU. The situation is different in the case
of mutagenicity. The predicted probability of positive Ames test is quite high (0.51) for
FADMH, while both dimethylurea isomers had this value below 0.20.

3. Materials and Methods
3.1. Analytes, Reagents and Materials

1,1-Dimethylurea and 1,3-dimethylurea were purchased from Alfa Aesar (Karlsruhe,
Germany) and had a purity of >97%. 1-formyl-2,2-dimethylhydrazine was synthesized
from UDMH (>98%, Sigma-Aldrich, Steinheim, Germany) and ethyl formate (97%, Sigma-
Aldrich, Germany) by the known procedure [37].

In SEC-MS/MS analyses, carbon dioxide (99.99%) and HPLC gradient grade methanol
purchased from Cryogen (Aramil, Russia) and Khimmed (Moscow, Russia), respectively,
formic acid (>98%, Sigma-Aldrich, St. Louis, MO, USA), 10 M aqueous solution of ammo-
nium formate (Sigma-Aldrich, St. Louis, MO, USA), and ultrapure Type I Milli-Q water
were used as components of mobile phase and dynamic modifiers.

HPLC gradient grade acetonitrile (0 grade, Cryochrom, St.-Petersburg, Russia), barium
hydroxide (pure, Panreac, Barcelona, Spain), sulfuric acid, and “chem. pure” grade iso-
propanol (Komponent-Reaktiv, Moscow, Russia) were used in the soil extraction procedure
and for the preparation of analyte solutions. High purity 30-35% aqueous solutions of hy-
drogen peroxide and copper sulfate (>98%) purchased from Neva-Reaktiv (St.-Petersburg,
Russia) were used in the procedure of UDMH oxidation.

The stock solutions of individual analytes in methanol with concentration of
2 mg mL~! were prepared from accurately weighed portions and stored in a freezer
at a temperature of —20 °C. Working and calibration solutions were prepared immedi-
ately before the experiments by consecutive dilutions of the mixture of stock solutions
with isopropanol.

3.2. Real Objects and Sample Preparation

Two real samples, which were not contaminated with rocket fuel and thus did not
contain the studied analytes, were used in the method validation procedure:

Sample 1. River water taken from the mouth of the Northern Dvina River. Salinity—
140 mg L~1; dissolved organic carbon content—13 mg L.

Sample 2. Acetonitrile extract of peat bog soil, obtained by pressurized liquid extrac-
tion (PLE). The sample was taken in the northeast of the Arkhangelsk region (Russia), where
most of the fall sites of launch vehicle first stages launched from the Plesetsk cosmodrome
are located.

The approbation of the developed SFC-MS/MS method on real objects was carried
out using two samples of soil (PLE extracts), polluted with rocket fuel, and two samples of
UDMH aqueous solutions treated with oxidative reagents:

Sample 3. Acetonitrile PLE extract of sandy grey desert soil, taken from the site of the
Proton launch vehicle accidental crash near Baikonur cosmodrome (Kazakhstan) in 2013
after on-site detoxification with oxidative reagent based on hydrogen peroxide and iron
complexonate according to current regulations [38].
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Sample 4. Acetonitrile PLE extract of peat bog soil taken at the fall site of a launch
vehicle first stage in the northeast of the Arkhangelsk region (Russia). The moisture content
was 89% and organic matter content was 98% (recalculated to oven-dry sample).

Sample 5. An aqueous solution of 1,1-dimethylhydrazine with an initial concentration
of 1000 mg L~! subjected to ozone treatment. The oxidizing agent (200 mg h~!) was passed
with air flow through UDMH solution (10 mL) for 20 min. Ozone was produced from dry
air using Enaly 500AF portable ozone generator (Shanghai, China).

Sample 6. An aqueous solution of 1,1-dimethylhydrazine with an initial concentration
of 1000 mg L~ after hydrogen peroxide treatment. In total, 20 uL of 30% H,O, solution
was added to 10 mL of UDMH solution. To accelerate the transformation processes, an
addition of copper sulfate as a catalyst was used; the concentration of copper ions in the
reaction mixture was 1 mg L1

PLE of all soil samples with acetonitrile was carried out using an ASE-350 (Dionex,
Sunnyvale, CA, USA) accelerated solvent extraction system in nitrogen atmosphere accord-
ing to the earlier developed procedure [33] briefly described below.

In the case of sandy soil, a thoroughly averaged sample weighing 1.0 g (dry matter)
was placed into a 5 mL stainless steel extraction cell. Extraction was carried out at a pressure
of 100 bar and a temperature of 100 °C in two 10 min cycles. Between cycles and at the end
of the extraction, rinsing with a fresh portions of the solvent (60% of the cell volume) was
used. The resulting volume of the obtained extract was ~30 mL.

In the case of peat, a sample weighing 5.0 g (0.55 g of dry matter) was thoroughly
mixed with 1.25 g of barium hydroxide and placed in a 10 mL stainless steel extraction
cell. Acetonitrile containing 10% of water was used as an extractant. The same extraction
conditions and time program used for the sandy soil were used. The resulting volume of
the obtained extract was ~50 mL. To neutralize the strongly alkaline medium and remove
dissolved barium hydroxide, 1 M sulfuric acid was added to the extract until pH reached
3-5. The barium sulfate precipitate was removed by centrifugation.

Before analysis, samples 3, 5, and 6 were diluted with isopropanol 100-fold and sample
4—10-fold. After filtration through 0.22 um nylon membrane filter, samples were injected
into SFC-MS/MS system.

3.3. Supercritical Fluid Chromatography—Tandem Mass Spectrometry

Chromatographic separation was carried out on a Waters Acquity UPC? (Milford,
MA, USA) SFC system consisted of two chromatographic pumps for carbon dioxide and
co-solvent, autosampler, column thermostat, and back-pressure regulator (BPR). Make-
up solvent (methanol) flow was introduced through tee connector after BPR using ad-
ditional external chromatographic pump Ultimate 3000 RS (Thermo Fisher Scientific,
Waltham, MA, USA). A 150 cm PEEK capillary with an internal diameter of 0.075 mm was
used as an interface between the SFC system and mass spectrometer.

The following chromatographic columns were tested in stationary phase screening:
Acquity UPC2 BEH, 150 x 3.0 mm, 1.7 um (Waters, Milford, MA, USA); Acquity HSS
Cyano, 150 x 3.0 mm, 1.8 um (Waters, Milford, MA, USA); Acquity UPC2 BEH 2-EP,
150 x 3.0 mm, 1.7 um (Waters, Milford, MA, USA); Nucleodur NH2-RP, 125 x 2.0 mm,
3.0 pm (Macherey-Nagel, Duren, Germany); Titan C18, 100 x 2.1 mm, 1.9 pm (Supelco,
Bellefonte, PA, USA); Acquity UPC2 HSS C18 SB, 150 x 3.0 mm, 1.8 pm (Waters, Milford,
MA, USA); Nucleodur PolarTec, 150 x 2.0 mm, 1.8 um (Macherey-Nagel, Duren, Germany);
Nucleodur C18 Isis, 150 x 2.0 mm, 1.8 um (Macherey-Nagel, Duren, Germany).

Experiments on stationary phase screening were carried out under the following con-
ditions: mobile phase—carbon dioxide containing 10% methanol; flow rate—1.3 mL min~L;
column temperature—25 °C; back pressure—130 bar; injection volume—2.0 pL; and make-
up solvent flow rate—0.10 mL min~!. The void volume of the chromatographic system for
calculating retention factors (k) was determined from the first perturbation of the baseline.

Mass spectrometry detection was performed using an AB Sciex 3200 QTrap triple
quadrupole tandem mass spectrometer (Concord, ON, Canada) equipped with Turbo-V

131



Molecules 2022, 27, 5025

ion source with atmospheric pressure chemical ionization (APCI) probe. The positive ion
mode (APCI+) was used with further ion source parameters: corona needle current—4 pA;
source temperature—300 °C; curtain; nebulizing and drying gas pressure—20; and 50 and
30 psi, respectively.

3.4. Method Validation

The LODs and LOQs of the analytes were calculated using signal-to-noise ratio (S/N)
criteria of 3 and 10, respectively, and then refined in the analysis of solutions with con-
centrations close to LOQ. The intra-day precision (RSD) was estimated at three levels in
a series of consecutive chromatographic analyses of the standard solutions (n = 10). The
inter-day precision was determined in the same manner within 48 h (n = 20). The matrix
effect and accuracy of analyte quantification were estimated by the spike recovery test at
three concentration levels, known amounts of analytes were introduced into river water
sample and peaty soil extract, followed by SEFC-MS/MS analyses in three replicates.

3.5. In Silico Toxicity Prediction

Acute toxicity (mouse, rats) and toxicity towards two aquatic organisms, fathead
minnow (P. promelas) and water flea (D. magna), as well as mutagenicity (probability of
positive Ames test) were predicted with the ACD/Labs Percepta software v. 2021.1.3 (Ad-
vanced Chemistry Development, Inc., Toronto, ON, Canada) using quantitative structure—
activity/toxicity relationship (QSAR/QSTR) algorithms.

4. Conclusions

A rapid, highly sensitive, and “green” method for the simultaneous determination of
the three isomeric products (1-formyl-2,2-dimethylhydrazine, 1,3-dimethylurea, and 1,1-
dimethylurea) of toxic rocket fuel transformations by supercritical fluid chromatography—
tandem mass spectrometry was developed, validated, and successfully tested on real objects.
The baseline separation of polar analytes was achieved on a 2-ethylpyridinium stationary
phase using carbon dioxide with the addition of methanol (10%) as a mobile phase in
isocratic elution mode. The attained detection limits are in the range of 0.4-3.0 ug L1,
while the linear concentration range covers three orders of magnitude. The method is
distinguished by exceptionally short analysis time (1.5 min), low consumption of organic
solvents, and low operational cost. Its application to the study of peaty and sandy soils
polluted with rocket fuel as well as complex mixtures of 1,1-dimethylhydrazine oxidation
products for the first time allowed the estimation of the levels of two dimethylurea isomers
and confirmation of their formation in polluted soils. Despite relatively low toxicity, 1,1-
dimethylurea can be considered one of the major 1,1-dimethylhydrazine transformation
products and a potential marker of soil pollution with toxic rocket fuel due to its high
content in soil samples.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27155025/s1, Figure S1: Tandem mass spectra of
FADMH, UDMU, and SDMU. Collision energy—30 eV with spread of 20 eV; Figure S2: SFC-MS/MS
chromatograms of the model mixture of analytes obtained for different stationary phases (Acquity
BEH, Titan C18, Acquity HSS C18, Nucleodur ISIS, Nucleodur PolarTec, Acquity HSS Cyano, Acquity
BEH 2-EP, Nucleodur NH2-RP). Analysis conditions: mobile phase—carbon dioxide with 10% of
methanol; flowrate—1.3 mL min~—!; column temperature—25 °C; back pressure—130 bar; injection
volume—2.0 uL; Table S1: Effect of SFC conditions on the parameters of chromatographic separation
of analytes (k—retention factor; W; ,,—peak width at half-height; a—selectivity; R—resolution);
Table S2: The intra-day and inter-day precision of the developed approach; Table S3: In silico
predicted toxicity and mutagenicity of analytes.
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