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Optimisation of Solid-Phase Extraction and LC-MS/MS Analysis of Six Breast Cancer Drugs in
Patient Plasma Samples
Reprinted from: Pharmaceuticals 2023, 16, 1445, doi:10.3390/ph16101445 . . . . . . . . . . . . . . 1

Maria Bellumori, Marco Pallecchi, Beatrice Zonfrillo, Luigi Lucio, Marta Menicatti,

Marzia Innocenti, et al.

Study of Mono and Di-O-caffeoylquinic Acid Isomers in Acmella oleracea Extracts by
HPLC-MS/MS and Application of Linear Equation of Deconvolution Analysis Algorithm
for Their Characterization
Reprinted from: Pharmaceuticals 2023, 16, 1375, doi:10.3390/ph16101375 . . . . . . . . . . . . . . 21

Asim Ur Rahman, Aftab Ali, Faisal Ahmad, Sajjad Ahmad, Metab Alharbi,

Abdullah F. Alasmari, et al.

Unraveling the Radioprotective Mechanisms of UV-Resistant Bacillus subtilis ASM-1 Extracted
Compounds through Molecular Docking
Reprinted from: Pharmaceuticals 2023, 16, 1139, doi:10.3390/ph16081139 . . . . . . . . . . . . . . 39
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Ana V. González-de-Peredo, Mercedes Vázquez-Espinosa, Estrella Espada-Bellido,
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Preface

Plants produce a wide range of phytochemicals, known as non-nutrition compounds, in order

to confirm their identity, and these are used for the production of natural pharmaceuticals, cosmetics,

and functional food, among other things, due to their pro-health properties. The use of modern

chromatographic techniques allows for accurate quantitative and qualitative identification of the

above-mentioned phytochemicals and their natural products. Liquid chromatography is one of the

most efficient and robust specific techniques due to the merits of convenience and strong separation

ability, as well as a wide range of material applications for identification. Liquid chromatography is

widely used to analyze plants, nutraceuticals, pharmaceuticals, and cosmetics and in natural product

quality control or quantitative determination of bioactive compounds. The most commonly used for

the identification of different plant materials and pharmaceuticals are ultra- and high-performance

liquid chromatography with UV-VIS, fluorescence, and diode array, which is equipped with mass

spectrometry or tandem mass spectrometry detection methods. Therefore, for this Special Issue,

we published studies concerning the latest scientific news, insights, and advances in the field of

innovation of liquid chromatography for the analysis of bioactive compounds for pharmaceuticals,

cosmetics, and functional food interests. The information presented certainly garners considerable

interest among many readers from different disciplines and research fields.

Jan Oszmianski and Sabina Lachowicz-Wiśniewska

Editors
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Abstract: In the development of bioanalytical LC-MS methods for the determination of drugs in
plasma samples in a clinical setting, adequate sample preparation is of utmost importance. The main
goals are to achieve the selective extraction of the analytes of interest and attain thorough matrix
removal while retaining acceptable ecological properties, cost-effectiveness, and high throughput.
Solid-phase extraction (SPE) offers a versatile range of options, from the selection of an appropriate
sorbent to the optimisation of the washing and elution conditions. In this work, the first SPE method
for the simultaneous extraction of six anticancer drugs used in novel therapeutic combinations
for advanced breast cancer treatment—palbociclib, ribociclib, abemaciclib, anastrozole, letrozole,
and fulvestrant—was developed. The following sorbent chemistries were tested: octylsilyl (C8),
octadecylsilyl (C18), hydrophilic–lipophilic balance (HLB), mixed-mode cation-exchange (MCX and
X-C), and mixed-mode weak cation-exchange (WCX), with different corresponding elution solvents.
The samples were analysed using LC-MS/MS, with a phenyl column (150 × 4.6 mm, 2.5 μm). The
best extraction recoveries (≥92.3%) of all analytes were obtained with the C8 phase, using methanol
as the elution solvent. The optimised method was validated in the clinically relevant ranges, showing
adequate precision (inter-day RSD ≤ 14.3%) and accuracy (inter-day bias −12.7–13.5%). Finally, its
applicability was successfully proven by the analysis of samples from breast cancer patients.

Keywords: solid-phase extraction; breast cancer; CDK4/6 inhibitors; therapeutic drug monitoring;
liquid chromatography; mass spectrometry; bioanalysis; patient plasma

1. Introduction

Palbociclib (PAL), ribociclib (RIB), and abemaciclib (ABE) are newly registered an-
ticancer drugs, inhibitors of the cyclin D-dependent kinases 4 and 6 (CDKi). They are
prescribed for the treatment of hormone receptor-positive and human epidermal growth
factor 2-negative (HR+, HER2−) breast cancer, in synergistic combinations with endocrine
therapy (ET): aromatase inhibitors anastrozole (ANA) or letrozole (LET), or an oestrogen re-
ceptor antagonist fulvestrant (FUL). It has been shown that, of all HR+, HER2− patients in
recent years (2018–2022), about 70–80% were prescribed with CDKi + ET, while chemother-
apy was used in about 15% and ET alone in about 10% of the cases [1]. Therapeutic drug
monitoring (TDM) of anticancer drugs has great potential in reducing adverse events and
improving treatment outcomes for individual patients [2]. The development of an efficient,
cost-effective, and ecologically favourable analytical method for the determination of drugs

Pharmaceuticals 2023, 16, 1445. https://doi.org/10.3390/ph16101445 https://www.mdpi.com/journal/pharmaceuticals
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in biological fluids is the first prerequisite for TDM. Simultaneous determination of several
drugs with the same analytical conditions would offer better sample turnaround and higher
laboratory efficiency, which leads to a faster and more convenient delivery of the results,
aiding the subsequent medical decision-making process, as well as having a favourable
ecological impact [3].

The six drugs of interest have a wide array of physical-chemical properties, with the
CDKi being weak bases, aromatase inhibitors being neutral and relatively hydrophilic, and
FUL being highly lipophilic [4,5]. Thus, simultaneous extraction of all six drugs using the
same extraction conditions may be challenging.

Solid-phase extraction (SPE) is a popular option for the preparation of various types of
samples, including human plasma—the most commonly used sample in TDM. Its selectivity,
purification efficacy, versatility, and ease of automation are among the most prominent
advantages that make it suitable for complex bioanalytical sample preparation [6].

The most common commercially available SPE sorbents are either silica- or polymer-
based, with different functional groups and retention mechanisms, such as reversed-phase
sorbents similar to chromatographic stationary phases—C18, C8, phenyl, etc.; polymeric
hydrophilic–lipophilic balance (HLB) sorbents, comprised of polar pyrrolidone and non-
polar divinylbenzene; and ion-exchange sorbents containing ionisable groups, such as the
sulfonic and carboxylic groups for cation exchange, or amines for anion exchange [7–9].
To achieve the simultaneous extraction of both ionisable and non-ionisable analytes with
several interaction mechanisms, mixed-mode sorbents containing ion-exchange groups
together with the HLB backbone have been introduced. Apart from the choice of sorbent
structure, different elution conditions can further fine-tune the SPE performance, while
various washing conditions can enhance sample purification and matrix removal [10].

Thus far, several bioanalytical methods for the determination of ABE, PAL, RIB,
ANA, LET, and FUL in human plasma samples have been reported. Most of the methods
were developed only for selected combinations of the analytes, with three works focused
on all six drugs of interest, applying protein precipitation (PPT) and dispersive liquid–
liquid microextraction (DLLME) for sample preparation [5,11,12]. For specific analyte
combinations, the most common sample preparation procedure applied was PPT with
an organic solvent [13–20], liquid–liquid extraction (LLE) [21,22], and SPE [14,23–25]. Of
the SPE methods applied for some of the analytes of interest, an Oasis HLB sorbent
in combination with methanol (MeOH) as the elution solvent was found suitable for
the CDKi [24,25], as well as a Phenomenex C18 sorbent eluted with acetonitrile (ACN)
following PPT [14]. Aromatase inhibitors were, on the other hand, successfully extracted
using a mixed-mode weak cation-exchange sorbent, Strata X-C, eluted with 5% NH4OH in
MeOH [23]. The structural formulae, as well as important physical-chemical descriptors
of the six analytes, are shown in Table 1 [26,27]. Functional groups with the potential for
certain intermolecular interactions, which may be important for the retention of different
sorbents, are tentatively highlighted. Additional van der Waals forces stemming from
dipoles and induced dipoles have not been specifically highlighted but are assumed to be
present as well.

To the best of our knowledge, there is no reported protocol for SPE of FUL or a
combination of the CDKi with the aromatase inhibitors or FUL from any type of sample
thus far. Therefore, the aim of this work was to achieve simultaneous extraction and cleanup
with satisfactory extraction yields of all six analytes of interest on a single SPE sorbent.

2
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Table 1. Physical-chemical properties and structural formulae of the drugs of interest with highlighted
pKa values (corresponding to the proton denoted in red), and functional groups for potential inter-
molecular interactions: π-π interactions (purple), hydrophobic interactions (green), and hydrogen
bonds (blue).

Analyte RIB PAL

Structure, interactions, pKa

Emp. formula
Molar mass

logP
HB donors

HB acceptors
TPSA

Rotatable bonds

C23H30N8O
434.5 g/mol

2.04
2
5

91.21 Å2

5

C24H29N7O2
447.5 g/mol

2.39
2
6

105.04 Å2

5

Analyte ABE FUL

Structure, interactions, pKa

Emp. formula
Molar mass

logP
HB donors

HB acceptors
TPSA

Rotatable bonds

C27H32F2N8
506.6 g/mol

4.04
1
8

75.00 Å2

7

C32H47F5O3S
606.8 g/mol

8.06
2
8

76.74 Å2

14

Analyte ANA LET

Structure, interactions, pKa

Emp. formula
Molar mass

logP
HB donors

HB acceptors
TPSA

Rotatable bonds

C17H19N5
293.4 g/mol

2.35
0
4

78.29 Å2

4

C17H11N5
285.3 g/mol

2.32
0
4

78.29 Å2

3

Abbreviations: Emp.: empirical; HB: hydrogen bond; TPSA: total polar surface area.
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2. Results and Discussion

2.1. Optimisation of the SPE Procedure

Several different SPE sorbents were tested: reversed-phase: octylsilyl (C8, Waters
Sep-Pak Vac), octadecylsilyl (C18, Waters Sep-Pak Vac), and hydrophilic–lipophilic balance
(HLB, Waters Oasis); ion-exchange sorbents: mixed-mode cation-exchange (MCX, Waters
Oasis, and X-C, Phenomenex Strata), and weak cation-exchange (WCX, Waters Oasis).

Reversed-phase sorbents were selected as the most widely applicable sorbents suitable
for various types of compounds. Cation-exchange and mixed-mode cation-exchange
sorbents were tested due to the basic nature of some of the analytes. Some of these sorbents
have already been applied in the literature, but only for the extraction of up to two of the
mutually similar drugs of interest.

In this phase, all samples were analysed using high-performance liquid chromatog-
raphy equipped with a diode array and fluorescence detection (HPLC-DAD-FLD). This
technique was found suitable for the preliminary experiments due to its simplicity, rela-
tively low cost of operation, and the ability to observe the chromatographic profile of the
leftover plasma interferences, thus enabling an easier and broader evaluation of the sample
cleanup efficiency.

The extraction recoveries were calculated as the ratio of peak areas in spiked plasma
samples and standard solutions of the same concentration and are shown in figures as the
median and range. Two spiked samples and one blank plasma sample were prepared for
each tested condition. Blank sample chromatograms were inspected for matrix interferences
at the retention times of the analytes.

2.1.1. Reversed-Phase Sorbents

The structures of the tested reversed-phase and HLB sorbents, with the tentatively
highlighted groups responsible for potential intermolecular interactions, are shown in
Table 2 [7].

Table 2. Structural formulae of the tested reversed-phase sorbents with highlighted functional groups
and pKa for potential intermolecular interactions: π-π interactions (purple), hydrophobic interactions
(green), hydrogen bonds (blue), and dipole-based interactions (yellow).

Sorbent Sep-Pak Vac C18 Sep-Pak Vac C8 Oasis HLB

Structure

4
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For the experiments, plasma samples were diluted with Milli-Q water in the volume
ratio of 4:5. The sorbent-conditioning step included loading with MeOH and Milli-Q water,
as per the manufacturer’s instructions [7]. After the application of the sample, a washing
step with Milli-Q water and 5% MeOH in water was performed in order to remove the
unretained matrix interferences, such as plasma proteins. Different solvents were tested for
analyte elution: MeOH and ACN, as organic solvents with different elution strengths, as
well as acidified and alkalised MeOH, to test the effect of the pH. Varying the volumes of
MeOH was also assessed for the C8 sorbent. All the conditions are summarised in Table 3.

Table 3. The SPE procedures used for the reversed-phase sorbents.

Experiment I. II.

SPE cartridges
Oasis HLB 60 mg/3 mL

Sep-Pak Vac C18 200 mg/3 mL
Sep-Pak Vac C8 200 mg/3 mL

Oasis HLB 60 mg/3 mL
Sep-Pak Vac C8 500 mg/3 mL

1. Conditioning
2 mL MeOH
2 mL H2O

2 mL MeOH
2 mL H2O

2. Sample addition (400 μL diluted plasma sample)

3. Washing
1 mL H2O

1 mL 5% MeOH
1 mL H2O

1 mL 5% MeOH

4. Elution

2 × 750 μL MeOH
or 2 × 750 μL ACN

or 2 × 750 μL 5% NH4OH
in MeOH

or 2 × 750 μL 2% HCOOH
in MeOH

HLB:
750 μL MeOH and 750 μL 2%

HCOOH in MeOH
or 750 μL 2% HCOOH in MeOH

and 750 μL MeOH
C8:

2 × 250 μL MeOH
or 2 × 500 μL MeOH
or 2 × 750 μL MeOH

The results are presented in Figure 1. As seen in Figure 1a, the highest recoveries on
the highly hydrophobic C18 sorbent were obtained with MeOH and HCOOH in MeOH as
elution solvents. This is also in accordance with our previous chromatographic experience:
while using mobile phases without pH modifiers on a C18 column, increased retention of
the weakly basic CDKi was observed, which was drastically reduced by the addition of
HCOOH and their subsequent protonation. When comparing the SPE elution efficacy of
ACN and MeOH, it can be concluded that the formation of hydrogen bonds with MeOH,
a protic solvent, greatly increased analyte solubility, whereas the same effect could not
be achieved with ACN, an aprotic solvent. Finally, the addition of ammonia to MeOH
provided similar recoveries of the CDKi compared to MeOH alone since the degree of
ionisation and, thus, the affinity of the CDKi for the sorbent was relatively similar, as seen
from their pKa values (Table 1). A chromatogram of a blank plasma sample prepared using
the C18 sorbent eluted with HCOOH in MeOH is shown in Supplementary Figure S1.

On the C8 sorbent, significantly higher recoveries of all the analytes for all tested
conditions except for ACN were observed (Figure 1b). It is possible that FUL was too
strongly retained in the structure of the C18 sorbent, whereas C8 offered a less lipophilic
environment, which also proved favourable for the other analytes. The extracts obtained
with MeOH as the eluent were both rich in the analytes of interest and free from the
interfering matrix components (Supplementary Figure S2).

Increasing volumes of MeOH were also tested on the C8 sorbent to assess if greater
recoveries could be obtained. As discernible from Figure 1c, lower MeOH volumes were
already sufficient for ANA and LET, while for the CDKi and FUL, maximal volumes were
necessary to achieve the highest recoveries and precision. This indicates relatively stronger
interactions of the CDKi and FUL with the sorbent. In the case of the CDKi, this is probably
related to their low degree of ionisation at neutral pH, which causes their lower distribution

5
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into the elution solvent. Increasing the volume of the solvent increases the possibility of
hydrogen bond formation, shifting this balance. For FUL, a strong interaction with the
sorbent may be based on its steric properties—the long alkyl chain easily becomes trapped
between the C8 chains of the sorbent; however, a large enough volume of the elution
solvent is able to sufficiently solubilise the molecules. ANA and LET, on the other hand,
are smaller compounds, less abundant in saturated alkyl groups, and are, therefore, likely
to be more easily eluted from the sorbent, even with lower volumes.

Figure 1. Extraction recoveries obtained with different eluents on reversed-phase sorbents.

In contrast to the silica-based C8 and C18 sorbents, Oasis HLB is a polymeric sorbent
comprised of vinylpyrrolidone and divinylbenzene groups that enable both hydrophilic,
dipole–dipole interactions and hydrophobic, especially π-π interactions, with the com-
pounds from the sample [9]. It is to be expected that the analytes with more polar or
aromatic groups will be more strongly retained. The results are shown in Figure 1d. Sim-
ilar to the C8 and C18 sorbents, the CDKi are more easily solubilised and eluted when
in their ionised forms or in a protic solvent. Consequently, their diminished recoveries
were observed with ACN and NH4OH in MeOH, whereas solvent combinations includ-
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ing HCOOH in MeOH and/or only MeOH, proved favourable, which is also supported
by the literature [24,25]. ANA and LET are eluted with similar efficiency, regardless of
the elution solvent composition, since they are neutral in the whole studied pH range;
therefore, their solubilisation is not dependent on their ionisation. For FUL, retention
may be based on steric positioning, allowing for the π-π, hydrophobic, and dipole–dipole
interactions to take place. Although HCOOH provided improved recoveries, especially
for FUL, a significant amount of matrix interferences was visible in the chromatograms
(Supplementary Figure S3); therefore, an SPE sorbent yielding a more selective extraction
may be more adequate.

2.1.2. Ion-Exchange Sorbents

As shown in Table 1, the CDKi are weak, basic compounds that predominantly exist
in the cationic form below pH ≈ 9 [4]; therefore, different mixed-mode cation-exchange
sorbents may be of interest. These sorbents are usually based on a polymeric backbone
similar to HLB, thus offering additional retention mechanisms for ion exchange, which can
benefit the non-ionised analytes, such as ANA, LET, and FUL. What is more, ANA and
LET were successfully extracted using Strata X-C in the previously reported literature [23].
The structures of the ion-exchange sorbents used in this work are shown in Table 4 [7,28].

Table 4. Structural formulae of the tested ion-exchange sorbents with highlighted functional groups
and pKa for potential intermolecular interactions: π-π interactions (purple), hydrophobic interactions
(green), hydrogen bonds (blue), electrostatic interactions (red), and dipole-based interactions (yellow).

Sorbent Oasis MCX Oasis WCX Strata X-C

Structure

All tested conditions are listed in Table 5. To achieve analyte protonation, plasma
samples were diluted with 2% H3PO4 and Milli-Q water at a ratio of 5:1:5 (experiments
IV and V in Table 5) or with 100 mM sodium acetate (Na-Ac), pH 5.6, at a ratio of 4:5
(experiment VI) [29]. The washing step included flushing the sorbent with aqueous acid
solutions, while MeOH with different pH modifiers was tested as the elution solvent.

The results are shown in Figure 2. Oasis MCX is a sorbent comprised of the same
polymeric base as HLB, however, with the addition of sulfonic groups (pKa < 1) [8].
Thus, retention mechanisms of HLB are available together with the cation-exchanging
properties. The retained cationic analytes can be eluted using an alkaline solution, shifting
them to their non-ionic form [7]. The results, shown in Figure 2a, are in accordance with
the expectations: no or very low recoveries of the CDKi and aromatase inhibitors were
observed when applying neutral or acidic eluents, while high recoveries were obtained with
NH4OH in MeOH. It is probable that the CDKi mostly entered electrostatic interactions
with the sulfonic groups, while aromatase inhibitors and FUL also interacted with the
divinylbenzene groups via the π-π and hydrophobic interactions. Chromatograms of the
samples eluted with NH4OH in MeOH (Supplementary Figure S4) revealed some severe
matrix interferences and low selectivity (also evident from the seemingly elevated recovery
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of ANA), which, along with the low recoveries of FUL, warrant the choice of different
extraction conditions.

Table 5. SPE procedures used for the ion-exchange sorbents.

Experiment IV. V. VI.

SPE cartridges
Oasis MCX 30 mg/1 mL
Oasis WCX 60 mg/3 mL

Oasis WCX 60 mg/3 mL
Strata-X-C 60 mg/3 mL

Oasis WCX 60 mg/3 mL
Strata-X-C 60 mg/3 mL

1. Conditioning
2 mL MeOH

2 mL 0.2% H3PO4

2 mL MeOH
2 mL 0.2% H3PO4

1 mL MeOH
1 mL 100 mM Na-Ac (pH 5.6)

2. Sample addition (400 μL diluted plasma sample)

3. Washing
3 mL 0.2% H3PO4
2 mL 0.1 M HCl

3 mL 0.2% H3PO4
2 mL 0.1 M HCl

1 mL Na-Ac (pH 5.6)
1 mL MeOH:100 mM Na-Ac (pH

5.6) = 2:8

4. Elution

2 × 750 μL MeOH
or 2 × 750 μL 5% NH4OH

in MeOH
or 2 × 750 μL 2% HCOOH

in MeOH

750 μL MeOH and
750 μL 5% NH4OH

in MeOH
2 × 750 μL 5% NH4OH in MeOH

Figure 2. Extraction recoveries obtained with different eluents on ion-exchange sorbents.
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Strata X-C is another polymeric, mixed-mode cation-exchange sorbent for the ex-
traction of weak bases, similar to the Oasis MCX; however, it was comprised only of
divinylbenzene-sulfonic groups without the vinylpyrrolidone [8,30]. It is visible in Figure 2b
that elution with NH4OH in MeOH or a two-step combination of MeOH and NH4OH in
MeOH yielded practically equal results for each analyte and was slightly lower than with
the Oasis MCX. It is not clear from the manufacturer data whether the degree of divinyl-
benzene sulfonation is higher than in the MCX, but it could, together with the lack of the
vinylpyrrolidone groups, account for the observed lower recoveries. It can be assumed
that ANA and LET could still be easily retained via interactions with divinylbenzene when
unprotonated, due to their small molecular masses and significant number of π bonds,
whereas the large and hydrophobic FUL could not. Judging by the structure of this sorbent
(Table 4), a steric challenge to the binding of FUL may also be possible.

Oasis WCX is a polymer of vinylpyrrolidone and divinylbenzene, modified with
carboxylic groups (pKa ≈ 5). It is meant for the extraction of stronger bases from the
sample, assuming they remain protonated at higher pH values of the alkaline washing
solvent. Ion exchange occurs when eluting with an acidic eluent and the protons from the
solvent switch place with the analytes [7]. However, since none of the analytes of interest
are strong bases, as shown in Table 1, the strong alkaline washing step proposed by the
manufacturer was avoided in order to preserve their retention. The results obtained with
this sorbent (Figure 2c) indicate the least precision of all the tested sorbents as well as the
poorest cleanup. Variable matrix interferences coeluting with the analytes of interest were
observed at all the tested conditions. Vague similarities with the results obtained with
HLB can be observed—which is not surprising—since the same retention mechanism was
most likely present for the analytes of interest. MeOH and HCOOH in MeOH provided
slightly better overall recoveries than the NH4OH combinations; however, they showed
a significant coelution of interferences with ANA and LET (evident from Supplementary
Figures S5 and S6 and reflected in their recoveries). Since the full potential of the WCX
sorbent could not be realised for these analytes, other sorbents may be more suitable.

To determine the best extraction conditions for all six analytes of interest, the most
favourable conditions for each sorbent were mutually compared, as summarised in Figure 3.

As can be seen, the extraction recoveries of FUL were the poorest in most of the tested
conditions, except for the C8 eluted with MeOH and the HLB eluted with a combination
of MeOH and HCOOH in MeOH. For the other analytes, superior or similar extraction
efficacies were achieved with the C8 eluted with MeOH and also with narrower error bars
than in some other cases. The C18 sorbent eluted with HCOOH in MeOH and the X-C
eluted with a combination of MeOH and NH4OH in MeOH also showed potential for the
extraction of the combinations of only CDKi and aromatase inhibitors. However, SPE with
a Sep-Pak Vac C8 column, 200 mg/3 mL, eluted with 2 × 750 μL MeOH, proved optimal
for all six of the drugs of interest. This method was therefore transferred to LC-MS/MS, as
described in Section 3.5., validated, and applied to real patient plasma samples.

2.2. Method Validation

The following validation parameters were assessed for the newly developed SPE-LC-
MS/MS method: linearity, calibration range, accuracy, precision, selectivity, carry-over, and
matrix effects. The stability of the samples at the same storage and working conditions as
used in this work has already been confirmed [12].

2.2.1. Linearity and Calibration range

Fresh calibration curves were prepared each time analyte quantitation was planned.
All calibration curves were weighted by 1/x2. At least 75% (six) of the calibration standard
levels met the criteria that the accuracies of the back-calculated concentrations were within
±15% of the nominal values. The calibration results are summarised in Table 6. The
extracted ion chromatograms (EIC) of all the analytes at the LLOQ concentration level are
shown in Supplementary Figure S7.
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Figure 3. Cross-comparison of the best extraction recoveries with all the tested SPE sorbents.

Table 6. Calibration results.

Analyte RIB ABE PAL ANA LET FUL

Range (ng/mL) 700–3500 80–400 40–200 20–100 40–200 10–50
Slope 1103 10,846 11,875 68,230 5066 3013

Intercept 620,726 613,810 −6744 −28,605 4075 −17,390
R 0.9953 0.9933 0.9970 0.9983 0.9948 0.9972

N(points) 7 7 7 7 7 7
Max. %bias * 5.77 −7.85 4.62 −5.01 8.06 −6.60

* The accuracy of the back-calculated concentrations of each calibration standard.

2.2.2. Accuracy and Precision

Accuracy and precision were assessed at three quality control (QC) concentration levels
across the linear range: lower limit of quantitation (LLOQ), low, and high, on 10 samples
per concentration level within one day and a total of 15 samples per concentration level
between days. They were found to be acceptable at all concentration levels (the bias was
within ±15%, and the RSD was below 15%). The results are shown in Table 7. All QCs
were quantitated according to a fresh calibration curve.

2.2.3. Selectivity and Carry-Over

Selectivity was assessed during the method development by reviewing chromatograms
of blank plasma samples. The blank chromatogram obtained with the optimised C8-SPE
method (Supplementary Figure S2) showed no significant interferences at the retention
times of the analytes.

The presence of carry-over was checked by injecting blank samples after the highest
calibration concentrations. A slight carry-over of RIB and PAL was observed. An additional
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blank injection was introduced for the needle and column cleanup, and the needle was
washed for 100 s with 50% MeOH after each injection. Thus, the carry-over of RIB and PAL
was reduced to less than 3% of the LLOQ (Supplementary Figure S8).

Table 7. Results of accuracy and precision tests.

Analyte
Concentration

(ng/mL)
Intra-Day, n = 10 Inter-Day, n = 15

Bias% RSD% Bias% RSD%

RIB

700 0.6 7.1 1.3 6.6
1120 9.5 1.8 10.4 2.9
2800 −3.2 1.8 −2.8 2.0

ABE

80 −12.1 12.2 −7.7 11.3
128 −1.3 3.9 4.2 6.1
320 −2.3 3.1 −3.6 3.0

PAL

40 7.0 9.1 4.7 8.2
64 10.0 4.7 8.1 4.3

160 3.1 3.0 −0.5 4.9

ANA

20 −6.0 9.6 −2.0 8.8
32 −4.3 6.6 −0.4 7.3
80 −5.8 4.4 1.1 8.6

LET

40 7.3 9.2 3.2 9.0
64 6.0 8.6 4.6 9.1

160 −3.9 12.4 1.4 13.4

FUL

10 8.2 14.2 13.5 14.3
16 8.7 14.8 2.0 14.3
40 −11.5 6.6 −12.7 12.9

2.2.4. Matrix Effects

The matrix effects were tested at two QC concentration levels (low and high) in
triplicate on plasma samples from six different individuals, including a haemolysed and
lipemic plasma, and calculated according to Equation (1):

Matrix effect (%) =
Signal in the post-extraction spiked sample

Signal in the standard solution
∗ 100% − 100% (1)

The results are depicted in Figure 4 and Supplementary Table S1. Differences in the
matrix effects between the low and high QC concentrations were negligible. It is discernible
that stronger ion suppression was present in the cases of LET and FUL. All analytes
exhibited ion suppression in lipemic plasma, with some ion enhancement otherwise present
for the CDKi. The variability between different sources of plasma was most pronounced
for FUL (peak area RSD 25.21%) and the least for RIB (peak area RSD 5.16%). Evidently,
although simultaneous extraction of all the analytes, as well as the cleanup of most of the
UV-absorbing interferences, was achieved, plasma lipid removal was not as thorough.

It should be noted that extensive signal instability was also observed in the case of
FUL, which sometimes manifested in a nonlinear response. This phenomenon is attributed
to the drug’s high lipophilicity, low ionisation efficiency in the positive ESI mode, and high
susceptibility to ionisation effects from any leftover plasma interferences accumulated at
the LC-MS interface. Regular, thorough rinsing of the spray shield with 50% i-propanol
alleviated the issue to a certain extent; however, the introduction of an isotopically labelled
analogue as the internal standard is highly recommended in the case of routine applications
in clinical practice. In this work, the main goal was to achieve successful simultaneous
extraction of the analytes from plasma samples using SPE and identify potential pitfalls for
the method’s application. Further addressing the MS issues and routine application of the
method are outside the scope of this paper but will be the subject of our future efforts.
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Figure 4. Matrix effects: mean and SD of all the collected data from six different lots; n = 6 samples
per plasma lot.

2.3. Analysis of Patient Samples

To prove the applicability of the method on real patient samples, plasma from four
breast cancer patients treated with CDKi + ET combinations was prepared using the
developed procedure and quantitated according to a fresh calibration curve. Each of the
analytes was present in at least one of the patients. The results were as follows: patient
1: RIB 981.7 ng/mL, ANA 41.7 ng/mL; patient 2: ABE 276.4 ng/mL, LET 69.8 ng/mL;
patient 3: PAL 74.2 ng/mL, FUL 21.0 ng/mL; patient 4: PAL 119.3 ng/mL, FUL 14.2 ng/mL.
All determined concentrations are within the method’s validated linear ranges as well as
within the expected concentration ranges of these drugs in patient plasma [31–36], which
proves the feasibility of the proposed extraction method. Chromatograms of the patient
samples are shown in Supplementary Figure S9.

2.4. Comparison with Previously Published Methods

Key parameters of the proposed method and the relevant previously published works
are shown in Table 8. The procedure developed in this work is the first reported SPE method
for the simultaneous extraction of all six breast cancer drugs of interest from plasma samples.
In regard to the SPE methods for any of these analytes [14,23–25], novel SPE conditions
were optimised. Plasma samples were diluted with Milli-Q water and applied onto a C8
SPE column after sorbent conditioning with MeOH and water. The sorbent was washed
with water and 5% MeOH, thus removing the plasma proteins, and the analytes were
eluted with two portions of MeOH. The obtained extraction recoveries for all the analytes
were higher than in any of the previously published works. The method’s linear ranges
are clinically relevant, according to the expected patient plasma concentrations, and were
found suitable in the conducted patient samples’ analysis. Adequate precision and accuracy
of the method in the upper and lower determination ranges have been confirmed.

In relation to other methods for these six breast cancer drugs, where samples are
prepared using less selective PPT or labour-intensive DLLME [5,11,12], the proposed
method explores a novel sample preparation approach. SPE is simple and selective when
fully developed, and this work offers insight into the potential advantages as well as
drawbacks of certain commercially available sorbents in the described application. The
newly developed and validated C8-SPE method shows excellent extraction recoveries and
sample cleanup, offering a novel, automatable approach to clinical application for the drugs
of interest. What is more, since different interaction mechanisms are explored in depth in
this article, the method development procedure may also be helpful for other structurally
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related compounds. The silica-based C8 sorbent itself is proven a versatile and efficient
tool, retaining its applicability even beside the new-generation polymeric sorbents.

Table 8. Comparison of the developed SPE-LC-MS/MS method with previously published methods.

Reference Analytes
Analytical
Technique

Sample
Preparation
Technique

Mean Extraction
Recovery

Linear Range

Beer et al.,
2010. [23]

ANA, LET,
tamoxifen LC-MS/MS SPE w/Strata X-C

(200 mg/3 mL)
92% ANA,
89% LET

5–200 ng/mL ANA,
10–300 ng/mL LET

Chavan et al.,
2018. [14] PAL LC-MS/MS

PPT w/ACN,
evaporation,

SPE
w/Phenomenex

C18

n.a. n.a.

Nalanda
et al., 2018.

[24]
PAL LC-DAD SPE w/Oasis HLB

(30 mg/1 mL) 72.1% 100–3000 ng/mL

Leenhardt
et al., 2021.

[25]
PAL, RIB LC-MS/MS SPE w/Oasis HLB

(30 mg/1 mL) n.a. 3.9–129 ng/mL

Sato et al.,
2021. [11]

PAL, RIB, ABE,
ANA, LET, FUL LC-MS/MS PPT

w/ACN:MeOH 9:1 n.a.

1–75 ng/mL ANA and
FUL,

5–375 ng/mL PAL,
10–750 ng/mL ABE and

LET, 100–7500 ng/mL
RIB

Turković
et al., 2022.

[12]

PAL, RIB, ABE,
ANA, LET, FUL LC-MS/MS PPT w/ACN >85%

1–200 ng/mL ANA,
2.5–500 ng/mL LET,
3.1–500 ng/mL PAL,
5–1000 ng/mL FUL,

15–3000 ng/mL ABE,
25–5000 ng/mL RIB

Turković
et al., 2023.

[5]

PAL, RIB, ABE,
ANA, LET, FUL

LC-DAD-
FLD

PPT w/ACN,
DLLME 81.7–95.6%

2.50–60.0 μg/mL ANA,
0.04–1.00 μg/mL LET,
0.08–1.92 μg/mL PAL,
0.50–12.0 μg/mL FUL,
0.11–2.61 μg/mL ABE,
0.25–5.95 μg/mL RIB

This work PAL, RIB, ABE,
ANA, LET, FUL LC-MS/MS

SPE w/Sep-Pak
Vac C8 (200 mg/

3 mL)
92.3–105.5%

20–100 ng/mL ANA,
40–200 ng/mL LET and

PAL,
10–50 ng/mL FUL,

80–400 ng/mL ABE,
700–3500 ng/mL RIB

w/: with; n.a.: not available.

3. Materials and Methods

3.1. Chemicals and Reagents

MeOH for the HPLC and MS, as well as ACN for the HPLC, were purchased from
J.T. Baker (Phillipsburg, NJ, USA); HCOOH for the LC-MS was purchased from Supelco
(St. Louis, MO, USA); H3PO4 (85%) was purchased from T.T.T. (Sveta Nedelja, Croatia);
NH4OH (25%) and Na-Ac were from Alkaloid (Skopje, North Macedonia); and HCl (37%)
was from VWR (Radnor, PA, USA). Ultrapure water was obtained using a Merck Millipore
Milli-Q IQ 7015 system (Darmstadt, Germany). Analytical grade standards (purity > 97%)
of PAL, RIB, and ABE were from Toronto Research Chemicals (Toronto, Canada); ANA and
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LET were from Tokyo Chemical Industry (Tokyo, Japan); and FUL was from MilliporeSigma
(Burlington, MA, USA).

3.2. Preparation of the Standard Solutions

The primary stock solutions of RIB, ABE, ANA, LET, and FUL were prepared to the
concentration of 1 mg/mL in MeOH. The primary stock solution of PAL was prepared
to the concentration of 225 μg/mL in H2O:ACN 50:50 v/v. These solutions were mixed
and diluted in MeOH to obtain working solutions of the appropriate concentrations. The
concentrations of the calibrants used in the method validation are shown in Table 9. All the
solutions were kept refrigerated at 4 ◦C and were stable for at least three months.

Table 9. Concentration levels of the calibrant plasma samples (ng/mL).

Calibrant RIB ABE PAL ANA LET FUL

1 700 80 40 20 40 10
2 1120 128 64 32 64 16
3 1400 160 80 40 80 20
4 1750 200 100 50 100 25
5 2100 240 120 60 120 30
6 2520 288 144 72 144 36
7 2800 320 160 80 160 40
8 3500 400 200 100 200 50

3.3. Plasma Sample Pretreatment

Blood from the patients treated with the drugs of interest, as well as drug-free blood
from healthy volunteers, was collected in vials with the K2-EDTA anticoagulant. After
centrifugation at 1500× g for 10 min, the supernatant was stored short-term at −18 ◦C and
long-term at −80 ◦C. The plasma was thawed at room temperature for 30 min before any
experiments were conducted. Research approvals were obtained from the Ethics Committee
of the University of Zagreb Faculty of Pharmacy and Biochemistry (approval 251-62-03-19-
30) and the Ethics Committee of University Hospital Centre Zagreb (approval 02/21-JG).

3.4. Plasma Sample Preparation

The tested extraction phases, Oasis MCX 30 mg/1 mL, Oasis HLB 60 mg/3 mL, Oasis
WCX 60 mg/3 mL, Sep-Pak Vac C18 200 mg/3 mL, Sep-Pak Vac C8 200 mg/3 mL, and
Sep-Pak Vac C8 500 mg/3 mL, were obtained from Waters (Milford, MA, USA), while the
Strata-X-C 60 mg/3 mL was from Phenomenex (Torrance, CA, USA).

Before commencing with the SPE procedure, blank plasma samples were spiked with
a working analyte standard solution at the ratio of plasma:standard 9:1 v/v and the samples
were diluted with an appropriate solvent. The extractions were carried out using a vacuum
manifold (Supelco, Bellefonte, PA, USA) equipped with a vacuum pump. A known volume
of the sample eluate (80% of the nominal eluate volume) was evaporated to dryness on a
vacuum concentrator (Eppendorf, Hamburg, Germany) and reconstituted in 80 μL of 65%
MeOH. Once prepared, the samples were kept on the autosampler at 10 ◦C for no longer
than 10 h.

3.5. Chromatographic Conditions

A Waters XBridge BEH phenyl column, with the dimensions of 150 × 4.6 mm and
particle size 2.5 μm, with a corresponding VanGuard phenyl guard column (Waters, Milford,
MA, USA), was used as the stationary phase, thermostated at 35 ◦C. Ultrapure water (phase
A) and MeOH (phase B), both containing 0.1% HCOOH, were used as the mobile phase in
the gradient elution. The initial experiments were performed on an Agilent 1100 HPLC
equipped with DAD and FLD (Agilent Technologies, Santa Clara, CA, USA). The flow rate
was set to 0.8 mL/min, and 10 μL of the sample was injected. The applied mobile phase
gradient is shown in Table 10.
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Table 10. Mobile phase gradient applied on the Agilent 1100 HPLC.

Time (min) Mobile Phase B (%)

0.0 30.0
5.5 85.0
9.5 90.0

10.0 100.0
16.5 100.0
17.0 30.0
30.0 30.0

The method was then transferred to an Agilent 1290 Infinity II UHPLC coupled to a
6470 triple-quadrupole mass spectrometer (QQQ-MS) equipped with an Agilent Jet Stream
electrospray (AJS-ESI) source (Agilent Technologies, Santa Clara, CA, USA) to achieve the
necessary detection sensitivity. With the same stationary and mobile phases, the flow rate
was adjusted to 0.6 mL/min using the gradient elution described in Table 11. An adjusted
gradient composition was necessary due to the smaller dwell volume of the UHPLC system.
The column temperature was 35 ◦C, and 10 μL of the sample was injected into the system.

Table 11. Mobile phase gradient applied on the Agilent 1290 UHPLC.

Time (min) Mobile Phase B (%)

0.0 5.0
10.5 85.0
14.5 90.0
15.0 100.0
20.0 100.0
20.5 30.0
26.0 30.0

3.6. Detection Conditions

In the preliminary studies, the analytes were detected using DAD on 360 nm for PAL,
RIB, and ABE, together with FLD at a 212 nm excitation (Ex) and a 310 nm emission (Em)
for ANA, LET, and FUL, as previously reported [5]. The AJS-ESI-MS conditions were as
follows: gas temperature 300 ◦C, gas flow 13 L/min, nebulizer pressure 35 psi, sheath gas
temperature 350 ◦C, sheath gas flow 12 L/min, positive ESI mode with capillary voltage
3500 V, nozzle voltage 500 V, and cell accelerator voltage 5 V. Analyte-specific parameters
of the monitored mass transitions are shown in Table 12, while the representative chro-
matograms, obtained using both LC methods, are shown in Figure 5. Exemplary mass
spectra of all the analytes are provided in Supplementary Figure S10.

 
(a) 

Figure 5. Cont.

15



Pharmaceuticals 2023, 16, 1445

 
(b) 

Figure 5. Representative chromatograms of a spiked plasma sample prepared using the optimal
C8-SPE sample preparation method: (a) HPLC-DAD-FLD: DAD 360 nm (blue), FLD Ex 212, Em 310
nm (red), concentration of all analytes 10 μg/mL; (b) UHPLC-MS/MS: total ion chromatogram (TIC)
at the LLOQ concentration level.

Table 12. Optimised MS/MS transitions for each analyte.

Analyte
Precursor
Ion (m/z)

Product Ion
(m/z)

CE
(V)

Dwell Time
(ms)

Fragmentor
(V)

RIB 435.2
322.1 25

200 200252.1 30

ABE 507.2
393.1 25

60 140245.0 75

PAL 448.0
380.3 30

60 180362.0 45

ANA 294.1
225.4 25

60 140115.2 70

LET 217.0
190.3 25

60 120164.1 50

FUL 607.4
589.0 15

200 160467.0 29
CE: collision energy.

3.7. Data Collection and Analysis

Data were collected using the Agilent Chemstation 10 software (Santa Clara, CA, USA)
for the Agilent 1100 HPLC, and the Agilent MassHunter Workstation 10.0 software was
used for the data acquisition and qualitative analysis (Santa Clara, CA, USA) for the Agilent
1290 UHPLC. Data analyses were performed using Microsoft 365 Excel (Redmond, WA,
USA) and GraphPad Prism 8 (Boston, MA, USA).

4. Conclusions

In recent years, the importance of TDM of anticancer drugs has been an emerging topic.
An increasing number of bioanalytical methods are being reported in search of fulfilling
the first precondition for TDM testing: the development of a reliable procedure for the
quantitative determination of drugs-candidates in biological matrices suitable for the busy
clinical setting. SPE is currently one of the most common sample preparation techniques
due to its versatility. It is simple and fast once optimised; however, its implementation
requires extensive method development. In this work, different extraction conditions were
tested (HLB, reversed-phase C8 and C18, and ion-exchange sorbents WCX, MCX, and
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X-C, combined with various elution solvents) for the extraction of six breast cancer drugs,
palbociclib, ribociclib, abemaciclib, anastrozole, letrozole, and fulvestrant, from human
plasma samples.

Of all the tested conditions, the Sep-Pak Vac C8 (200 mg/3 mL) sorbent eluted with
MeOH shows the best overall extraction yields and cleanup for all six drugs of interest,
while the Sep-Pak Vac C18 (200 mg/3 mL) eluted with HCOOH in MeOH and the Strata
X-C (60 mg/3 mL) eluted with a combination of MeOH and NH4OH in MeOH show
potential for combinations of only CDKi and aromatase inhibitors. These findings, backed
by the detailed analysis of the potential interaction mechanisms, may also be a useful
starting point for the development of SPE methods for other structurally similar drugs
of interest.

The proposed C8-SPE-LC-MS/MS method is simple and fast, ecologically acceptable,
precise, accurate, and sensitive, with adequate, clinically relevant linear ranges. Potential
pitfalls in the method development and its application are acknowledged, such as the
high levels of interference, regardless of the acceptable extraction yields in the case of the
MCX and WCX sorbents, or the observed matrix effects with the C8 sorbent for some of
the analytes. This can be avoided in routine clinical settings with regular and thorough
ion source rinsing and by using isotopically labelled internal standards. Carry-over was
observed during the method development and was resolved with additional column
rinsing. Nevertheless, the method’s feasibility is established by its application on four
samples from patients treated with the drugs of interest. To the best of our knowledge, this
is the first SPE method for the simultaneous extraction of ABE, RIB, PAL, ANA, LET, and
FUL from plasma samples, demonstrating satisfactory sensitivity, selectivity, and precision,
together with exceedingly high recoveries (≥ 92.3%).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph16101445/s1, Figure S1: Chromatogram of a blank plasma
sample prepared using the Sep-Pak Vac C18 sorbent (200 mg/3 mL) eluted with HCOOH in MeOH.
Detection wavelengths: DAD 360 nm (blue), FLD Ex 212, Em 310 nm (red); Figure S2: Chromatogram
of a blank plasma sample prepared using the Sep-Pak Vac C8 sorbent (200 mg/3 mL) eluted with
MeOH. Detection wavelengths: DAD 360 nm (blue) FLD Ex 212, Em 310 nm (red); Figure S3:
Chromatogram of a blank plasma sample prepared using the Oasis HLB sorbent (60 mg/3 mL)
eluted with HCOOH in MeOH. Detection wavelengths: DAD 360 nm (blue) FLD Ex 212, Em 310 nm
(red); Figure S4: Chromatogram of a blank plasma sample prepared using the Oasis MCX sorbent
(30 mg/1 mL) eluted with 5% NH4OH in MeOH. Detection wavelengths: DAD 360 nm (blue) FLD
Ex 212, Em 310 nm (red); Figure S5: Chromatogram of a blank plasma sample prepared using the
Oasis WCX sorbent (60 mg/3 mL) eluted with MeOH. Detection wavelengths: DAD 360 nm (blue)
FLD Ex 212, Em 310 nm (red); Figure S6: Chromatogram of a blank plasma sample prepared using
the Oasis WCX sorbent (60 mg/3 mL) eluted with HCOOH in MeOH. Detection wavelengths: DAD
360 nm (blue) FLD Ex 212, Em 310 nm (red); Figure S7: Extracted ion chromatograms of the quantifier
ion transition for the analytes at the LLOQ concentration level: a) RIB, b) ABE, c) PAL, d) ANA, e)
LET, and f) FUL; Figure S8: Overlaid extracted ion chromatograms of the quantifying ion transitions
for all analytes at the LLOQ concentration levels and in a blank sample injected after the ULOQ
concentration level. Brown: RIB; dark blue: ABE; dark red: PAL; light green: ANA; light blue: LET;
dark green: FUL; Figure S9: MS chromatograms of the samples from a) patient 1 (RIB, ANA); b)
patient 2 (ABE, LET); c) patient 3 (PAL, FUL); and d) patient 4 (PAL, FUL); Figure S10: Exemplary
MS spectra of the analytes: a) RIB (precursor ion m/z 435.2; CE 40 V, fragmentor 200 V), b) ABE
(precursor ion m/z 507.2; CE 30 V, fragmentor 140 V), c) PAL (precursor ion m/z 448.0; CE 40 V,
fragmentor 180 V), d) ANA (precursor ion m/z 294.1; CE 30 V, fragmentor 140 V), e) LET (precursor
ion m/z 217.0; CE 50 V, fragmentor 120 V), and f) FUL (precursor ion m/z 607.4; CE 30 V, fragmentor
160 V); Table S1: Overall matrix effects results—average value of matrix effects and peak area RSD
between all tested samples for each analyte.
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Abstract: Chlorogenic acids, the esters of caffeic and quinic acids, are the main phenolic acids
detected in Acmella oleracea extracts and have gained increasing interest in recent years due to their
important biological activities. Given their structural similarity and instability, the correct analysis
and identification of these compounds in plants is challenging. This study aimed to propose a simple
and rapid determination of the A. oleracea caffeoylquinic isomers, applying an HPLC-MS/MS method
supported by a mathematical algorithm (Linear Equation of Deconvolution Analysis (LEDA)). The
three mono- and the three di-caffeoylquinic acids in roots of Acmella plants were studied by an ion
trap MS analyzer. A separation by a conventional chromatographic method was firstly performed and
an MS/MS characterization by energetic dimension of collision-induced dissociation mechanism was
carried out. The analyses were then replicated using a short HPLC column and a fast elution gradient
(ten minutes). Each acquired MS/MS data were processed by LEDA algorithm which allowed to
assign a relative abundance in the reference ion signal to each isomer present. Quantitative results
showed no significant differences between the two chromatographic systems proposed, proving that
the use of LEDA algorithm allowed the distinction of the six isomers in a quarter of the time.

Keywords: chlorogenic acids; tandem mass spectrometry; ion trap MS analyzer; isomers recognition;
ERMS

1. Introduction

One of the most distinguished members of the genus Acmella is Acmella oleracea (L.)
R.K. Jansen, an annual herb native to Brazil that is occurring throughout tropical and
subtropical regions around the world. It has been widely cultivated for horticultural,
medicinal, insecticidal, and culinary purposes, and recently, multidisciplinary studies
on this herb have been promoted, with an increasing number of commercial products
appearing on the market as personal care, health care, and culinary products [1].

Different extracts of A. oleracea have been reported to hold numerous important biolog-
ical activities, including a local anesthetic property, which is the main reason why A. oleracea
has been used since ancient times to relieve toothache. In addition, anti-inflammatory,
analgesic, cytotoxic, antioxidant, antimicrobial, anthelmintic, antiwrinkling, aphrodisiac,
and insecticidal/acaricidal properties are reported [1–7].

The richness and variety of secondary metabolites are mainly responsible for A. oleracea
bioactivities. Nascimento et al. (2020) and Bellumori et al. (2022) [8,9] characterized many
bioctive compounds, including mainly phenolic acids, glycosylated flavonoids, alkamides,
and fatty acids, some of which specific to certain anatomical parts of the plant or cultivation
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system [10,11]. Of particular interest are the chlorogenic acids, a class of esters between
caffeic and quinic acids which represent the main phenolic acids detected in this plant.
These isomer compounds of Acmella, also found in many other plant species, are biologically
important and have gained increasing interest in recent years [12–14]. However, due to
their structural similarity and instability, and the fact that the number of commercially
available standards is limited to just a few, the correct analysis and identification of these
compounds in plants is a challenge. The most widespread analytical approach to solve
this problem involves the chromatographic separation of the component of sample extract
and their characterization by ultraviolet-visible (UV-Vis), mass spectrometry (MS), or
tandem mass spectrometry (MS/MS) spectra [15–17]. Nevertheless, the application of
this strategy often requires the set up of ad hoc sample preparation and the evaluation
of different chromatographic columns or mobile phase composition to obtain adequate
analytes separation. All these procedures are usually molecule-specific and rarely can be
extended to other compounds. From this point of view, the application of MS detection
can be a promising technology as it combines both the “universal” revelation features
and compounds distinction proprieties, separating the analyte-specific ion component
from the total acquired signal. Unfortunately, the MS-specific revelation capability find
a strong limitation in the isomers analysis, when their characteristics lead to a common
ion signals. However, numerous strategies have been proposed to solve the problem and
some of these have involved the study of MS/MS features allowing the characterization
and quantification of isomers and/or isobars in mixtures via a standardized approach,
applicable to different compounds [18–28]. Our proposal aims to exploit the separation
characteristics of mass spectrometry, reversing the guarantees of specificity of the analytical
determination from the chromatographic system to the mass detector. We addressed this
topic by introducing and developing Linear Equation of Deconvolution Analysis (LEDA),
a mathematical tool that allows the recognition of isomers by processing MS/MS data
without their chromatographic separation [29–32]. In this study an HPLC-MS/MS method
supported by LEDA was applied in determination of the three caffeoylquinic acids (CQAs)
and three di-caffeoylquinic acids (diCQAs) in A. oleracea (Figure 1).

Figure 1. General structures, common names, abbreviations, and molecular weights of the studied
analytes.
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The introduced HPLC approach significantly simplifies the operating parameters,
using a short column and a fast elution gradient. Following these arrangements, the
chromatographic column was used only to avoid or limit the interference towards the
analytes’ ionization process by the sample matrix (matrix effects), allowing the extension
to recognition of other compounds present in the sample only modifying the MS/MS
conditions [31,32].

The aim was to propose a simple and rapid determination and differentiation of the A.
oleracea caffeoylquinic acid isomers (Figure 1), resolving the MS/MS spectra and assigning
the correct signal to each isomer, even given chromatographically unresolved peaks. A
single chromatographic set up was used, tuned to minimize the run time without requiring
high efficiency or resolution between analytes, exploiting the distinguishing capabilities of
MS/MS experiments.

2. Results and Discussion

Recognition of isomers by applying the LEDA approach involves using a multistage
MS system and collecting as much information as possible on the MS/MS behavior of
each analyte. Regarding the MS system, in this study an ion trap (IT) MS analyzer was
used that shows a peculiarity compared with other multistage instruments: the MS/MS
experiments are performed in the same site, using time to modify the conditions applied
on studied ions [33]. Then, a sequence of time-dependent steps was carried out to perform
the selection of precursor ion, its fragmentation by collision-induced dissociation (CID)
mechanism and detection of formed product ions (Pis) [34,35]. Thus, the sum of these
time-steps leads to a longer MS/MS acquisition cycle in the IT compared with other multi-
stage instruments, reducing the collection frequency of sample data collection and affecting
its chromatographic profile. However, IT instruments show some advantages in MS/MS
analysis, such as the sensitivity of the Pis scan acquisition (complete MS/MS spectrum),
the different management of excitation energy, and the reiteration on a selected product ion
of another tandem MS experiment (MSn) [36]. Concerning the collection of MS/MS data
for each studied compounds, unfortunately, a complete panel of pure standards was not
available in our lab. Therefore, the required information was gathered from the analysis
of Acmella working solution (Acmella WS) through a conventional chromatographic sep-
aration of each caffeoylquinic-isomer and following its MS/MS characterization. Taking
this information into account, we planned a series of studies to acquire the MS/MS data of
each analyte, investigate the IT features, and define the most suitable MS/MS parameters
for the isomers recognition using the LEDA approach.

The information collected for each caffeoylquinic-isomer present in Acmella WS was
as follows:

• Separation by a conventional chromatographic method;
• MS/MS characterization by energetic dimension of CID mechanism;
• Interpretation of obtained MS/MS spectra (CID study);
• Application of the LEDA approach in Acmella WS;
• Assessment of the LEDA quantitative performances.

2.1. Conventional Chromatographic Separation of Caffeoylquinic-Isomers in Acmella WS

The complete separation of each studied analyte was necessary as their pure standards
were not available in our lab. Hence, the separative capabilities of HPLC were exploited to
“purify” the analyte signals, allowing a study to evaluate their individual MS/MS behavior.

This purpose was achieved by using a conventional HPLC-MS approach which in-
volved the use of a lengthy column, a slow elution gradient program and a long run-time
(Chromatography system 1 or ChromSys 1, see Section 3.4). Considering only the peaks
over 1% of relative abundance, the obtained chromatographic profiles showed two groups
of isomers: the CQAs (3-, 5- and 4-CQA), characterized by [M-H]− ion species at 353 m/z
and the diCQAs (3,4-, 3,5- and 4,5-diCQA) that exhibit the [M-H]− species at 515 m/z. The
identification of the 5-CQA was achieved by correlation between the retention times and
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MS/MS spectra obtained with the pure standard, while the preliminary attribution of the
other CQAs and diCQAs compounds were carried out by comparing the MS/MS spectra
of unknown peaks with those published by M.N. Clifford et al. [37,38]. The proposed
separation was found to be suitable for distinguishing each group of isomers, allowing the
use of an appropriate MS/MS event, distributed over two different time segments. Figure 2
shows an example of the chromatographic profile of the HPLC-MS analysis, carried out
with ChromSys 1, of the negative ions acquired in m/z range between 150 and 750 of the
Acmella WS.

Figure 2. Chromatographic profile of the HPLC-MS analysis (ChromSys 1) of the negative ions in
m/z range between 150 and 750 of the Acmella WS.

In the Supplementary Materials (Table S1) the calculated peak parameters (i.e., reten-
tion times, peaks width, efficiency, etc.) for each analyte have been reported. The resolution
value (≥1.5) calculated for each contiguous pair of analytes assured the “purity” of every
isomer peak, avoiding mutual interferences in following MS/MS characterization.

2.2. MS/MS Characterization by Energetic Dimension of CID Mechanism

In the IT MS/MS experiment, the precursor ion is energized by applying an excitation
amplitude (ExA) for an established time (excitation time or ExT) in order to raise the number
of collisions with the helium gas, normally present inside the Its. The combination of ExA
and ExT values allows the activation of the fragmentation channels of the precursor ion and
the formation of the Pis. As reported above, pure standards for each component studied
were not available; therefore, in order to obtain information on their CID behavior, a series
of HPLC-MS/MS analyses were performed on [M-H]− ion species of every caffeoylquinic-
isomer of Acmella WS. Each analysis was carried out with the same chromatographic
separation, using ChromSys 1, but different precursor ion energization. In a previous work,
it was verified that the energization of the precursor ion during the CID process reached an
equilibrium for the ExT values between 50 and 100 milliseconds (ms) [39]. Therefore, due
to the long time for each HPLC-MS/MS analysis, the ExA values were varied in the range
of 0 to 50 arbitrary units (a.u.), while the ExT value was kept constant at 50 ms. In this way,
an energy resolved mass spectrometry experiment (ERMS) on each caffeoylquinic-isomer
present in Acmella WS was simulated and the MS/MS data collected were used to evaluate
the energetic dimension of CID process. This evaluation was performed by plotting the
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survival yield curves of precursor ion (SY), the Pis formation (PiF) and the Pis yield (PiY),
as detailed in Section 3.3). A typical graph used to describe the CID energetic study was
reported in Figure 3, while the graphs of the other isomeric compounds can be found in the
Supplementary Materials (Figures S1–S5).

Figure 3. SY (black line), PiF (red line), and PiY (green dashed line) curves of the 5-CQA isomer at
ExT 50 ms.

The PiF curve (red line) represents the ratio between the sum of the intensities of
Pis and the total abundance of detected ions (see Equation (2)). The PiF trend should
describes the efficiency of CID process but the abundance ratios, used to build it, are not
fully representative of the mechanism. Indeed, these ratio values neglect the signal loss due
to the precursor ion ejection, during the excitation process, or caused by undetected product
ions, because their m/z are below the low mass cut-off of the IT MS/MS experiment. As a
result, the calculated PiF values often suffer from overestimation, depicting an incorrect
CID efficiency. Therefore, to evaluate a reliable value of fragmentation yield from the CID
process, the sum of the abundances of Pis was referred to the averaged intensity of the
precursor ion before its fragmentation (PiY, see Equation (3)). By plotting the calculated
values of PiY vs. ExA applied, a curve (green dashed line) is obtained that should best
describe the efficiency of the CID process under the tested conditions. In this graph, the
trend of the PiY curve increases achieving the highest value (PiYmax); the corresponding
ExA value (ExAmax) represents the energy amplitude to be applied in the MS/MS process
to reach the greatest abundance of Pis. Furthermore, observing the profiles of the SY plots,
it is worth noting that the SY curve (black line) crosses the PiF curve (red line) at 50%
abundance value: the related ExA value is characteristic for each compound subjected
to the CID process and represents the ExA required to fragment 50% of the precursor
ion (SYExA50) [20,21]. In Table 1 are reported the data of SYExA50, PiYmax, and ExAmax
obtained for the studied isomers.

The collected data described the energy requirement during the IT-CID process to
fragment the precursor ion of the studied analytes. Most of the analytes showed an ExAmax
of 25 a.u., with the exception of 3,4-diCQA, which required 30 a.u. to achieve the highest
Pis formation. Therefore, in order to maintain the same CID condition for the two class
of compounds (mono- and di-CQAs), the MS/MS time-event was set with an ExA value
of 25 a.u. for the mono CQAs isomers, while an ExA value of 30 a.u. was used for the
diCQAs isomers (see Section 3.5). It is worth noting that, for all the studied compounds,
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the PiYmax values were estimated to be around 50% (between 39% and 56%) compared
with the abundance of the precursor ion, confirming a loss of ion signal during the MS/MS
process. This decrease in signal was unavoidable and can be attributed to both the MS/MS
mechanism used and the characteristics of the analyte.

Table 1. The characteristic parameters of CID process such as efficiency (PiYmax), SYExA50 values,
and related applied ExA (ExAmax) calculated from ERMS experiments carried out on caffeoylquinic-
isomers of Acmella WS. A.u., arbitrary units.

Compound
SYExA50

(a.u.)
ExAmax

(a.u.)
PiYmax

(%)

3-CQA 21.0 25 56
5-CQA 20.5 25 53
4-CQA 19.9 25 39

3,4-diCQA 24.4 30 41
3,5-diCQA 18.1 25 39
4,5-diCQA 22.1 25 43

2.3. Collision-Induced Dissociation Study

The CQAs and diCQAs isomers studied (Figure 1), showed MS spectra in negative
ions electrospray ionization (ESI) with only an abundant cluster signal representative of the
deprotonated molecules ([M-H]− species), with the same m/z value within the isomeric set
(Supplementary Materials, Figures S6 and S7). Therefore, an ERMS study (see Section 3.4)
was performed on all these isomers to enhance the differences between their fragmentation
pathways and/or to find any specific Pis, which would allow them to be distinguished.
The ERMS data of each analyte were processed and the collision breakdown curves were
plotted; the obtained graphs were reported in Figure 4 and in the Supplementary Materials
(Figures S8–S12).

Figure 4. The breakdown curves of 3-CQA isomer obtained by elaboration of ERMS data. The legend
reports each monitored ion (m/z) and its representative color in the graph.

These graphs showed, after activation of their fragmentation channels, a constant
Pis composition and the related formation curves followed the same trend achieving a
highest value at the same ExA. The pattern of these breakdown curves demonstrates that
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the fragmentation channels of precursor ion in IT are simultaneously activated at a defined
ExA. Hence, after complete dissociation of the precursor ion, the IT MS/MS spectra are the
same despite the ExA increase; only PiY changed, reaching its maximum value at ExAmax.
Concerning the fragmentation pathway of the analytes, M.N. Clifford et al. proposed an
extensive study on the fragmentation behavior of CQAs and diCQAs. The CQAs isomers
showed mainly three common negative ions: the quinic acid residue ion at 191 m/z, the
caffeic acid ion at 179 m/z and a dehydrated quinic acid ion at 173 m/z [37]. The relative
abundance of these ions differed between the considered isomers and can be useful for
their distinction. Conversely, the diCQAs showed the formation of a favorite Pi at 353 m/z
(relative abundance ≥ 25%), representative of the loss of a caffeoyl residue from the [M-H]−
species [38]. Other fragment ions were detected at low intensity (relative abundance ≤ 5%)
which, together with the 353 m/z ion, can be useful for the isomer recognition. Indeed,
all these ions showed different abundances depending on the origin precursor isomer.
Therefore, the use of an appropriate ‘mathematical device’ suitable to distinguish the
common signals by processing the MS/MS data and assigning the correct abundance to
the isomer(s) present in the sample would be extremely useful.

2.4. HPLC-MS/MS Supported by LEDA Approach

The LEDA post-processing mathematical device allows compounds to be distin-
guished in the analysis of complex samples by the elaboration of the acquired MS/MS
data. The case of isomer recognitions is complicated by their similar characteristics such
as the same elemental composition, molecular weight, and often common fragment ions.
The novelty of the LEDA approach is based on the exploration of the “energetic dimen-
sion” MS/MS experiment to enhance possible intrinsic differences between the isomer
compounds and allowing their recognition in a complex sample. This algorithm is based on
the rationale that the MS/MS spectrum is represented as the sum of the contribution of each
isomer present in the sample. As shown in the breakdown curves of Figure 4, each isomer
produces the same panel of Pis with a different formation yield. To increase the reliability of
these data and improve the significance value of differences on Pi yield, the abundance ratio
of each Pi to a reference ion (Ri) was calculated. For this purpose, the Ri signal was chosen
among the MS/MS signals having the same abundances, under given MS/MS conditions,
among the studied isomers. Unfortunately, none of the Pis detected in MS/MS spectra
of analytes had the required Ri features. However, in the analysis of isomers by the ESI
source, it is reasonable to consider a similar behavior in their ionization process and then in
the MS abundance signals (e.g., [M-H]− species). Based on this hypothesis, the signal of the
precursor ion was selected as Ri at the maximum intensity in the breakdown curve, without
any fragmentation process occurring. In this way, the MS/MS experiment must be split
into two events characterized by two different energetic levels (low and high) which allow
to acquire both the unfragmented precursor ion (Ri) and its Pis spectrum. Also, by playing
with “energetic dimension” of the MS/MS experiment, the acquisition of related ions (e.g.,
precursor and Pis) is permitted, monitoring the distinctive features between the isomers
emphasized in the CID study. In this way, the ratio between the abundances of each Pi
acquired and Ri represented the yield of formation of each Pi at selected ExA. In Figure 5
the comparison between the MS/MS spectra of 4,5-diCQA isomer obtained at low and high
energetic level of MS/MS experiment is shown, while the corresponded MS/MS spectra
related to other isomers were reported in Supplementary Materials (Figures S13–S17).

In an IT application, the use of the precursor ion signal as Ri requires inserting a low
collision energy MS/MS event to enable acquisition of the unfragmented precursor ion
(MS/MS event 1). Knowing the MS/MS behavior of each isomer, the LEDA tool elaborates
each MS/MS ratio signal, distinguishes the possible components, and assigns the correct
abundance to the isomers present. Profiting by LEDA features, it was possible to introduce
a “standardized” methodological approach by simplifying the HPLC parameters, without
worrying about the separation of the isomers [39]. To verify the proposed approach, we
replicated the analysis of Acmella WS with a HPLC-MS/MS system assembled with a
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short column and using a fast elution gradient (see Section 3.5, Chromatography system
2 or ChromSys 2). The tuning of the elution parameters was carried out optimizing
only the separation among CQAs and diCQAs isomers groups. This distinction was
necessary to allow the setting up of the two MS/MS time segments, each dedicated to
monitoring a set of isomers. Within each time segment, two MS/MS events are introduced
to alternatively acquire the Ri and Pis signals (see Section 3.5). The proposed HPLC method,
as expected, achieved only the partial components separation of the two major group of
peaks, representative of the CQAs and diCQAs isomers. However, this result was reached in
just ten minutes of chromatographic run without renouncing the solvents gradient elution,
a desirable feature to avoid cross-contamination, due to unknown components, between
the sample. To solve the partial coelution of the peaks and allow the distinction of the
studied isomers, each acquired MS/MS data point was processed by the LEDA algorithm
(‘scan-by-scan’ method) and a relative abundance in the Ri signal was assigned to each
isomer present. Indeed, the abundance of Ri signal represents the sum of abundances of
the precursor ions of all the isomers present in the elaborated data point. Hence, after the
LEDA computing, a relative amount of Ri signal was allocated to each isomer present,
with a consequent deconvolution of unresolved chromatographic peak (reconstructed
chromatographic profile). Observing a typical reconstructed chromatographic profile, the
performance of LEDA can be appreciated in the separation of co-eluted peak of the Ri signal
that splits its abundance between the isomers, generating a reconstructed chromatographic
trace of each recognized isomer. The comparison between a typical chromatogram obtained
by analysis of Acmella WS with ChromSys 2 and its LEDA reconstructed chromatographic
profiles are reported in Figure 6.

Figure 5. Comparison of the MS/MS spectra obtained at low ExA (MS/MS event 1, (above)), used
to monitor the Ri signal, and at high ExA (MS/MS event 2, (below)), to acquire the Pis signals of
4,5-diCQA.

It should be noted that in the chromatogram reconstructed with LEDA, all the isomers
studied (e.g., 5-CQA and 4-CQA or 3,4-diCQA and 3,5-diCQA) can be distinguished even
under conditions of coelution or different relative abundance. Naturally, the reliability
of LEDA in the signal assignment must be verified, by comparing the quantitative data
obtained from ChromSys 2 with those obtained from conventional HPLC-MS/MS analysis
(ChromSys 1).
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Figure 6. Chromatographic profile of the Ri signals (black lines) of Acmella WS with ChromSys 2
(above) and LEDA reconstructed chromatographic profiles of the 3-CQA (red line), 5-CQA (blue
line), 4-CQA (green line), 3,4-diCQA (purple line), 3,5-diCQA (pink line), and 4,5-diCQA (light blue
line) (below). A tenfold zoom of the abundance (inset) was reported to highlight the CGAs detected
at low amount.

2.5. Evaluation of Quali-Quantitative Performance of LEDA Approach

The lack of pure analyte standards did not allow us to prepare spiked samples, with
known concentration and composition, to evaluate the analytical performance (accuracy
and precision) of the LEDA approach. Therefore, the same sample of Acmella WS were
independently analyzed by the two proposed chromatographic systems and the results
of quali-quantitative analyses of CQAs and diCQAs were compared. The determination
of the CQAs and diCQAs in the conventional HPLC-MS/MS analysis (ChromSys 1) was
performed by integration of every peak area on the Ri signal corresponding to the separated
analytes (see Figure 2). Each integrated area was converted in quantitative data through
the external standard method by referring to a five levels calibration curve built analyzing
standard solutions of chlorogenic acid (5-CQA) with the same HPLC-MS/MS method. Also,
for the 5-CQA, the Ri signal (unfragmented precursor ion) was used for the integration of
peak areas. Indeed, as previously reported, these analytes have a different behavior during
the CID process, with formation of Pis at different yields. Thus, using the unfragmented
precursor ion (Ri) as the quantitative signal appeared to be the best compromise as reference
for a quantitative evaluation. The analysis performed with chromatographic system 2 did
not allow the quantitative estimation of the analytes, as the poor separation of the isomers
prevented their recognition. Therefore, it was necessary to integrate all the MS/MS signals
selected during the LEDA setup, calculate each Pi vs. Ri ratio, and process them with the
proposed “mathematical device”. Also in this case, the Ri area was distributed among
the isomers present in chromatographic peak, respecting their relative abundances (peak
purity). The Ri assigned area of each recognized isomer was converted into quantitative
data by referring to the same 5-CQA calibration curve previously used. The Acmella WS
was analyzed six times for each proposed chromatographic system to allow evaluation of
the precision of quantitative approaches by calculating the deviation standard (SD) of the
results. Table 2 showed the quantitative data obtained by analyzing the Acmella WS with
the conventional HPLC separation (ChromSys 1) and the new proposed LEDA approach
(ChromSys 2).
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Table 2. Comparison between the quantitative data obtained by analyzing the Acmella WS with
ChromSys 1 and 2.

Isomers
ChromSys 1

Acmella WS ± SD
(mg L−1)

ChromSys 1
Acmella ES ± SD

(mg L−1)

ChromSys 2
Acmella WS ± SD

(mg L−1)

ChromSys 2
Acmella ES ± SD

(mg L−1)

3-CQA 0.6 ± 0.1 12 ± 2 0.8 ± 0.1 15 ± 2
5-CQA 6.0 ± 0.5 120 ± 10 5.5 ± 0.2 110 ± 4
4-CQA 0.4 ± 0.1 8 ± 2 0.4 ± 0.1 8 ± 2

3,4-diCQA 6.5 ± 0.5 130 ± 10 7.0 ± 0.5 140 ± 10
3,5-diCQA 16.5 ± 1.0 330 ± 20 18.0 ± 0.5 360 ± 10
4,5-diCQA 4.0 ± 0.5 80 ± 10 4.5 ± 0.5 90 ± 10

Quantitative results showed no significant differences between the ChromSys used,
demonstrating that both the analytical approaches lead to the same results, albeit ChromSys
2 in a quarter of the time (Supplementary Materials, Figure S17). Particularly interesting
were the discriminating properties of the LEDA algorithm in the determination of 4-CQA,
estimated at a low concentration level in the Acmella WS. In fact, the 4-CQA in the Chrom-
Sys 2 was coeluted with 5-CQA, present at a ten times higher concentration in the sample;
despite this quantitative significant difference, the LEDA effectively processed the MS/MS
data distinguishing the correct amount of the 4-CQA signal from the peak tail of the 5-CQA
(Figure 6, inset).

3. Materials and Methods

3.1. Chemicals and Instruments

Ultrapure water (resistivity 18 MΩ cm) was obtained by the Milli-Q-system Millipore
(Milan, Italy). Acetonitrile, ethanol, n-hexane (Chromasolv), formic acid, ammonium for-
mate (MS grade), and chlorogenic acid or 5-CQA (purity ≥ 95%) were purchased from
Merck (Milan, Italy). The HPLC-MS/MS analysis was carried out by using a Thermo LCQ
Deca XP plus ion trap (Waltham, MA, USA) equipped with Surveyor liquid chromatogra-
phy system and an electrospray ion source (ESI). Raw data were collected and processed
by Excalibur version 1.4 software.

3.2. Standard and Calibration Solutions

Stock solution of 5-CQA was prepared in acetonitrile at 1.0 mg mL−1 and stored at
4 ◦C. The 5-CQA working solutions were freshly prepared by diluting stock solutions up
to a concentration of 100 mg L−1 and 10 mg L−1 (working solutions 1 and 2, respectively)
in mixture of ultrapure water:acetonitrile 50:50 (v/v). The quantitative data of each analyte
of Acmella WS were calculated by an external standard method, referring to the 5-CQA
calibration curve. This curve was built analyzing five level calibration solutions prepared
by adding a proper volume of working solution (1 or 2) and diluted up to 1 mL with
ultrapure water:acetonitrile 50:50 (v/v) solution. Final concentrations of 5-CQA calibration
solutions were: 1.0, 2.5, 5.0, 10.0, and 20.0 mg L−1, respectively. Each calibration solution
was analyzed six times by the ChromSys 1 proposed method.

3.3. Preparation of Phenolic Extracts

The powdered roots obtained from in vitro seedling plants from regenerating lines
derived by organogenesis of Acmella oleracea were extracted as reported in Bellumori
et al. [9]. Briefly, 0.5 g were extracted twice with 10 mL of ethanol 80% (v/v) at 60 ◦C for
10 min under sonication and centrifuged at 5000 g for 10 min. The two supernatants were
collected and defatted with n-hexane (1:2 v/v); the hydroalcoholic extract was then dried
under vacuum at 35 ◦C, re-dissolved with exactly 5 mL of the same extractive mixture and
stored a −20 ◦C (Acmella extract sample or Acmella ES). To perform the MS and MS/MS
study, a diluted solution of the Acmella extract sample was daily prepared, collecting
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50 μL and diluting up to 1 mL by ultrapure water:acetonitrile 50:50 (v/v) mixture (Acmella
working solution or Acmella WS).

3.4. MS and ERMS Experiments

In all the reported MS and MS/MS analysis in this manuscript, the ESI source operates
in negative ion mode by using the following setting: 5 kV source voltage, 45 arbitrary units
(a.u.) sheath gas, 5 a.u. auxiliary gas, the capillary voltage was 25 V while its temperature
was set at 280 ◦C, and 40 V of the tube lens. The isomers studied are structurally character-
ized by a free carboxylic function in position 1 of the quinoyl-moiety and therefore their
dissociation as carboxylate ions in ESI source is favored. The MS analyzes, used to charac-
terize the Acmella WS, were carried out in ions scan mode by monitoring the m/z range
from 150 to 750 with 50 ms of maximum ion trap fill time. The MS/MS study, scheduled to
study the energetics of the fragmentation of [M-H]− species of each analyte and build its
breakdown curves [39], were carried out increasing the ExA (named Normalized Collision
Energy in the control panel of the instrument) stepwise in the range 0–50 a.u. To obtain
the information about the fragmentation and CID behavior of each analyte, a series of
HPLC-MS/MS analysis of the same Acmella WS was performed by using a common HPLC
elution (ChromSys 1) with different MS/MS applied energies in CID process. The entire
MS/MS analyzes batch represents the ERMS experiment and it allows the description of
the energetic dimension of CID process. The other common parameters used for all the
ERMS experiment were: 3 m/z of precursor isolation width, 50 ms of ExT, and 0.25 of q
value. The obtained ERMS data were used to build the graphs that describe the energetic
dimension of CID process (SY curves of precursor ion, the Pis formation, and the Pis yield).
The SY curve describes the energetics of degradation of precursor ion according to grow of
the ExA. Each SY value at defined ExA is calculated as follows:

SY(%) =
Precursor ion Abundance

Precursor ion Abundance + ∑n
1 Pis Abundances

× 100 (1)

Likewise, the Pis formation (PiF) curve describes the energetics of formation of all Pis
with the increment of applied ExA. Each PiF value at defined ExA is calculated as follows:

PiF(%) =
∑n

1 Pis Abundances
Precursor ion Abundance + ∑n

1 Pis Abundances
× 100 (2)

The Pis yield (PiY) is calculated to depict the efficiency of CID process and is estimated
by ratio between the sum of abundances of the Pis at defined ExA vs. the average intensity
of precursor ion before its decay. Normally, the higher abundance of precursor ion is
observed at low ExA values, before the activation of fragmentation channels. The average
of these abundances represents the quantity of precursor ion signal (Precursor ion max)
available for CID process, while the sum of Pis abundances is the signal remained. Then,
the yield of CID process should be described as follows:

PiY(%) =
∑n

1 Pis Abundances
Precursor ion max

× 100 (3)

Finally, the CID graphs were plotted to describe the dependence of fragmentation/
formation processes (breakdown curves) from the energy provided to the precursor ion.
The breakdown curves were plotted by reporting the ratio between the intensity peak
values of each ion signal in the MS/MS spectra versus the precursor ion max at the ExA
applied. In this way, the ratio of the abundances represents the yield of formation of each
Pi respect to the precursor ion to the applied ExA.
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3.5. HPLC-MS/MS Methods

In this manuscript two different chromatographic set ups were employed to achieve the
planned aims. The first system, abbreviated as ChromSys 1, was used to separate each analyte
in Acmella WS and was coupled with both MS and MS/MS detection mode. ChromSys
1 is distinguished by the use of a column Agilent Poroshell 120 EC-C18 2.1 × 150 mm,
2.7 mm particle size (Santa Clara, CA, USA), eluting with a gradient mobile phase. The
program of elution gradient was set up as follows: initial at 95% solvent A, then decreased
to 75% in 20.00 min, and to 10% in 3.25 min, kept at 10% for 9.75 min, returned to initial
conditions in 0.01 min and maintained for 9.99 min to a total run time of 45.00 min. A second
chromatographic system (ChromSys 2) was used to analyze the sample with the LEDA
approach. The column used by this system was an Agilent Poroshell 120 EC-C18 2.1 × 30 mm,
2.7 mm particle size (Santa Clara, CA, USA), also employing a mobile phase elution gradient.
This program of elution gradient was set up as follows: initial at 95% solvent A, then decreased
to 70% in 5.00 min and to 10% in 0.10 min respectively, kept at 10% for 2.40 min, returned
to initial conditions in 0.01 min and maintained for 2.49 min to a total run time of 10.00 min.
The common parameters used by both chromatographic systems were: the mobile phase
was maintained at constant flow of 0.25 mL min−1, column temperature at 40 ◦C and the
injection volume was 5 μL. Finally, the used solvents were 10 mM formic acid in ultrapure
water (solvent A) and 10 mM formic acid in acetonitrile (solvent B).

The elaboration of data from the ERMS experiment allowed the definition of the CID
conditions used to compile the MS/MS methods. Indeed, each used chromatographic
system was coupled by a specific MS/MS method that assured the correct application of
CID parameters for the detection of the studied analytes. These conditions can be divided
into common parameters, such as isolation width 3 m/z, 0.25 as q value, and ExT of 50 ms,
or MS/MS event specifics, listed and reported in Table 3.

Table 3. Time segments and MS/MS parameters used for acquisition of the CQAs and diCQAs
isomers by using ChromSys 1 or 2.

Time
Segment

Time
Segment

(min)

Precursor
Ion

(m/z)

MS/MS
Event

Pis Scan
Range
(m/z)

ExA
(a.u.)

ChromSys 1

CQAs 1 0.0–11.0 353
Ri 300–365 15
Pis 95–250 25

diCQAs 2 11.0–25.0 515
Ri 450–530 10
Pis 140–365 30

ChromSys 2

CQAs 1 0.0–3.0 353
Ri 300–365 15
Pis 95–250 25

diCQAs 2 3.0–7.5 515
Ri 450–530 10
Pis 140–365 30

The MS/MS methods are both characterized by two acquisition time segments, each
one split into two MS/MS events. The acquisition time segments allow the correct applica-
tion of MS/MS events to CQAs or diCQAs isomers and their time range value depends on
the by the chromatography system used. While the MS/MS events defined the acquisition
of the ion signals that, alternately applied, allow the recording in ions scan mode of the Ri
and Pis signals of the studied isomers. Both the HPLC-MS/MS methods were applied to
analyze the Acmella WS, repeating the examination six times for each system to compare
the quantitative results between the conventional and LEDA approaches.
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3.6. The LEDA Alghorithm

The MS/MS spectrum of mixture of isomer or isobar compounds, after complete frag-
mentation of precursor ion, is represented by the sum of contribution of each component
present in the mixture. As described above, the isomer compounds often produce, during
MS/MS experiments, common Pis but with different yield of formation. To enhance the
compound-dependent Pi yield differences and managing reliable data, the relative abun-
dances of selected Pis with respect to Ri were calculated (see Section 3.6). Therefore, knowing
the characteristic abundance ratios (Pi/Ri) of pure isomer, a deconvolution of acquired MS/MS
signals is possible based on a series of linear regression equation as follows:

(
Pi
Ri

)
m
=

n

∑
x=1

(
Pi
Ri

)
x
∗ [%]x (4)

• (Pi/Ri)m is the abundance ratio between the product ion (Pi) vs. reference ion (Ri)
measured (m) in the sample;

• (Pi/Ri)x is the characteristic abundance ratio between the Pi vs. Ri of pure isomer;
• [%]x is the concentration (%) of the isomer in the sample.

Theoretically, considering a simple binary mixture of isomers (A–B), a single Equation (4)
related to only a product ion ratio (Pi/Ri) could be sufficient. Indeed, by assuming that
only the pair of isomers constitutes the MS/MS signal, the concentration of B is calculated
as B% = (1 − A)%. However, in this case the possible contribution of signals from unknown
isomers (or any co-eluting compound having the same precursor and product ions) is neglected.
Therefore, the MS/MS signal processing “mathematical device” for recognizing mixtures of
n isomers (LEDA algorithm), is preferable to be a matrix with at least n linear Equation (4).
Naturally, to increase the specificity and reliability of isomers speciation, an overdetermined
system of linear equations can be assembled; in this case the LEDA matrix was composed by
a number > n of linear Equation (4). This is the case of IT that operates in MS/MS acquiring
the Pis in a defined range of m/z (product ions scan); then, all Pis signals included in the range
are recorded and can be used to set up the LEDA matrix. In detail, the proposed application
leads to the determination of two isomers groups (CQAs and diCQA), acquired with distinct
CID conditions and different precursor and product ions monitored, then two LEDA matrices
were setup to elaborate the MS/MS data referring to each group of isomers. Considering only
the Pi/Ri ratios ≥ 2%, two overdetermined system of linear equations can be assembled to
solve the CQAs and diCQA isomers sets (supplementary materials, Equations (S1) and (S2)). A
general equation to solve each overdetermined LEDA matrix was reported in supplementary
materials (Equation (S3)). The characteristic abundance ratios were calculated by data obtained
from ERMS experiment described above. The ratios between Pi vs. Ri selected in the MS/MS
methods were calculated and the resulting values were reported in Table 4.

Table 4. Characteristic ion abundance ratios (Pi/Ri) ± standard deviation (SD) calculated by MS/MS
data from 100 ng mL−1 solution of each pure isomer by ChromSys 1 described in Section 3.5.

Isomers Group
Ratio Pi/Ri

(m/z)
3-CQA

Ratio Value ± SD
5-CQA

Ratio Value ± SD
4-CQA

Ratio Value ± SD

CQAs

191/353 0.23 ± 0.01 0.30 ± 0.01 0.02 ± 0.01
179/353 0.20 ± 0.01 0.02 ± 0.01 0.20 ± 0.01
173/353 0.01 ± 0.01 0.01 ± 0.01 0.17 ± 0.01
135/353 0.02 ± 0.01 0.01 ± 0.01 0.01 ±0.01

Ratio Pi/Ri
(m/z)

3,4-diCQA
Ratio Value ± SD

3,5-diCQA
Ratio Value ± SD

4,5-diCQA
Ratio Value ± SD

diCQAs

353/515 0.28 ± 0.01 0.37 ± 0.01 0.26 ± 0.01
335/515 0.02 ± 0.01 0.01 ± 0.01 0.01 ± 0.01
317/515 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.01
299/515 0.02 ± 0.01 0.01 ± 0.01 0.04 ± 0.01
203/515 0.02 ± 0.01 0.01 ± 0.01 0.04 ± 0.01
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The deconvolution was performed by applying the algorithm either to the area abun-
dances, obtained from the integrated peak intensities of each Pi signal, or to individual
MS/MS data point of the chromatographic sample profile. In the first case, the LEDA
provides the relative amounts (%) of each known component present in the sample. In
the second approach, each MS/MS signal is deconvoluted ‘scan-by-scan’ and assigned to
the present isomers, allowing a graphical separation of the processed chromatographic
profiles. All calculations for the deconvolution of MS/MS data are processed using an
Excel™ macro.

3.7. Calibration Curve of HPLC-MS/MS Methods

The quantitative data on CQAs and diCQAs isomers, present in Acmella sample, were
calculated by an external standard method referring on 5-CQA standard solutions. The
HPLC-MS/MS analyzes with ChromSys 1 of the calibration solutions of 5-CQA were used
to build its calibration curve, obtained by plotting the Ri peak area versus the nominal
concentration of each calibration solution. A linear regression analysis was applied to
obtain the best fitting function between the calibration points (Supplementary Materials,
Figure S19). In order to obtain reliable LOD and LOQ values, the standard error (SE) of
response and slope approach was employed [40]. The estimated SEs of responses of each
analyte were obtained by the SE of y-intercepts (Y-SE) of regression lines elaboration of
data obtained from the HPLC-MS/MS analysis of calibration solutions [31]. The results
of 5-CQA calibration curve obtained for MS/MS Ri quantitation signal, defined as linear
regressions parameters (slope and y-intercept), the determination coefficient (R2), and the
estimated LOD and LOQ values for each analyte are reported in Supplementary Materials
(Table S2). The Ri signal should be remembered that represents the precursor ion of the
analyte not yet fragmented in the IT-MS/MS experiment; hence, its intensity depends
by the molecule characteristics (e.g., weight, functional groups, ionization proprieties,
etc.). Since the analytes are isomers or homologous derivatives, it is reasonable that their
ionization yield inside the ESI source are similar and, consequently, their response factor
(ratio between Ri abundance versus concentration). Then, this 5-CQA calibration curve
represents the best compromise as quantitative reference for the determination of CQAs
and diCQAs in Acmella sample.

4. Conclusions

This study proposed a simple and rapid determination of the A. oleracea caffeoylquinic
isomers, applying an HPLC-MS/MS method supported by LEDA algorithm. The three
mono- and the three di-caffeoylquinic acids in roots of Acmella plants were characterized
by LEDA which allowed to assign a relative abundance in the Ri signal to each isomer
present. In fact, although ChromSys2 allowed to obtain only a partial separation of the
isomers which did not permit their quantitative estimation, the processing of the MS/MS
data with LEDA led to the deconvolution of the unresolved chromatographic peaks. This
result was achieved in just ten minutes of chromatographic run, without renouncing the
solvent elution gradient and allowing the distinction of the six isomers in a quarter of the
time compared with conventional chromatographic methods.

The obtained results demonstrate the effectiveness of the LEDA algorithm in recogniz-
ing and separating the different isomers present in complex samples without the need of
good chromatographic resolution.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ph16101375/s1, Table S1. Chromatographic parameters for each analyte
obtained with the proposed HPLC-MS analysis; Table S2. Results of the calibration curve obtained for Ri
signal of chlorogenic acid (or 5-CQA), defined as linear regressions parameters (slope and y-intercept),
the determination coefficient (R2) and the estimated LOD and LOQ values; Figure S1. Precursor SY
curve (black line), PiF (red line) and PiY (green dashed line) of the 3-CQA isomer at ExT 50 ms; Figure S2.
Precursor SY curve (black line), PiF (red line) and PiY (green dashed line) of the 4-CQA isomer at ExT
50 ms; Figure S3. Precursor SY curve (black line), PiF (red line) and PiY (green dashed line) of the
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3,4-diCQA isomer at ExT 50 ms; Figure S4. Precursor SY curve (black line), PiF (red line) and PiY (green
dashed line) of the 3,5-diCQA isomer at ExT 50 ms; Figure S5. Four precursor SY curve (black line), PiF
(red line) and PiY (green dashed line) of the 4,5-diCQA isomer at ExT 50 ms; Figure S6. ESI negative ions
spectra of 3-CQA (upper), 5-CQA (middle) and 4-CQA (bottom); Figure S7. ESI negative ions spectra of
3,4-diCQA (upper), 3,5-diCQA (middle) and 4,5-diCQA (bottom); Figure S8. The breakdown curves
of 5-CQA isomer obtained by elaboration of ERMS data; Figure S9. The breakdown curves of 4-CQA
isomer obtained by elaboration of ERMS data; Figure S10. The breakdown curves of 3,4-diCQA isomer
obtained by elaboration of ERMS data; Figure S11. The breakdown curves of 3,5-diCQA isomer obtained
by elaboration of ERMS data; Figure S12. The breakdown curves of 4,5-diCQA isomer obtained by
elaboration of ERMS data; Figure S13. Comparison of the MS/MS spectra obtained at low ExA (MS/MS
event 1, above), used to monitor the Ri signal, and at high ExA (MS/MS event 2, below), to acquire the
Pis signals of 3-CQA; Figure S14. Comparison of the MS/MS spectra obtained at low ExA (MS/MS
event 1, above), used to monitor the Ri signal, and at high ExA (MS/MS event 2, below), to acquire the
Pis signals of 5-CQA; Figure S15. Comparison of the MS/MS spectra obtained at low ExA (MS/MS
event 1, above), used to monitor the Ri signal, and at high ExA (MS/MS event 2, below), to acquire the
Pis signals of 4-CQA; Figure S16. Comparison of the MS/MS spectra obtained at low ExA (MS/MS
event 1, above), used to monitor the Ri signal, and at high ExA (MS/MS event 2, below), to acquire the
Pis signals of 3,4-diCQA; Figure S17. Comparison of the MS/MS spectra obtained at low ExA (MS/MS
event 1, above), used to monitor the Ri signal, and at high ExA (MS/MS event 2, below), to acquire the
Pis signals of 3,5-diCQA; Figure S18. Comparison between the HLPC-MS/MS analysis of Acmella WS
with ChromSys 1 (above) and ChromSys 2 (bottom); Figure S19. The calibration curve of 5-CQA; LEDA
algorithm, Equations (S1)–(S3).

Author Contributions: Conceptualization, M.B., M.I., N.M. and G.B.; Data curation, M.B. and
G.B.; Formal analysis, M.P., B.Z., L.L. and M.M.; Investigation, M.B., M.P., B.Z., L.L. and M.M.;
Methodology, M.P. and G.B.; Writing—original draft, M.B., M.I., N.M. and G.B. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data is contained within the article.

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

References

1. Uthpala, T.G.G.; Navaratne, S.B. Acmella oleracea plant; identification, applications and use as an emerging food source—Review.
Food Rev. Int. 2020, 37, 399–414. [CrossRef]

2. Pinheiro, M.S.S.; Moysés, D.A.; Galucio, N.C.R.; Santos, W.O.; Pina, J.R.S.; Oliveira, L.C.; Silva, S.Y.S.; Silva, S.C.; Frazão, N.F.;
Marinho, P.S.B.; et al. Cytotoxic and molecular evaluation of spilanthol obtained from Acmella oleracea (L.) R. K. Jansen (jambu) in
human gastric cancer cells. Nat. Prod. Res. 2023, 1–6. [CrossRef] [PubMed]

3. Lobina, C.; Sau, R.; Fara, F.; Maccioni, P.; Carai, M.A.M.; Colombo, G. Analgesic properties of a food grade lecithin delivery
system of Zingiber officinale and Acmella oleracea standardized extracts in rats. Nat. Prod. Res. 2021, 35, 3078–3082. [CrossRef]
[PubMed]

4. Yien, R.M.K.; Gomes, A.C.C.; Fiorot, R.G.; Miranda, A.L.P.; Neves, G.A.; Andrade, B.S.A.; Costa, F.C.; Tributino, J.L.M.; Simas,
N.K. Alkylamides from Acmella oleracea: Antinociceptive effect and molecular docking with cannabinoid and TRPV1 receptors.
Nat. Prod. Res. 2023, 37, 3136–3144. [CrossRef] [PubMed]

5. Lalthanpuii, P.B.; Lalchhandama, K. Chemical composition and broad-spectrum anthelmintic activity of a cultivar of toothache
plant, Acmella oleracea, from Mizoram, India. Pharm. Biol. 2020, 58, 393–399. [CrossRef]

6. Rondanelli, M.; Riva, A.; Allegrini, P.; Faliva, M.A.; Naso, M.; Peroni, G.; Nichetti, M.; Gasparri, C.; Spadaccini, D.; Iannello, G.;
et al. The Use of a New Food-Grade Lecithin Formulation of Highly Standardized Ginger (Zingiber officinale) and Acmella oleracea
Extracts for the Treatment of Pain and Inflammation in a Group of Subjects with Moderate Knee Osteoarthritis. J. Pain Res. 2020,
13, 761–770. [CrossRef]

7. Spinozzi, E.; Ferrati, M.; Baldassarri, C.; Cappellacci, L.; Marmugi, M.; Caselli, A.; Benelli, G.; Maggi, F.; Petrelli, R. A review of
the chemistry and biological activities of Acmella oleracea (“jambù”, Asteraceae), with a view to the development of bioinsecticides
and acaricides. Plants 2022, 11, 2721. [CrossRef]

8. Nascimento, L.E.S.; Arriola, N.D.A.; da Silva, L.A.L.; Faqueti, L.G.; Sandjo, L.P.; de Araújo, C.E.S.; Biavatti, M.W.; Barcelos-
Oliveira, J.L.; Dias de Mello Castanho Amboni, R. Phytochemical profile of different anatomical parts of jambu (Acmella oleracea
(L.) R.K. Jansen): A comparison between hydroponic and conventional cultivation using PCA and cluster analysis. Food Chem.
2020, 332, 127393. [CrossRef]

35



Pharmaceuticals 2023, 16, 1375

9. Bellumori, M.; Zonfrillo, B.; Maggini, V.; Bogani, P.; Gallo, E.; Firenzuoli, F.; Mulinacci, N.; Innocenti, M. Acmella oleracea (L.) R.K.
Jansen: Alkylamides and phenolic compounds in aerial parts and roots of in vitro seedlings. J. Pharm. Biomed. Anal. 2022, 220, 11499.
[CrossRef]

10. Li, A.N.; Li, S.; Zhang, Y.J.; Xu, X.-R.; Chen, Y.M.; Li, H.B. Resources and Biological Activities of Natural Polyphenols. Nutrients
2014, 6, 6020–6047. [CrossRef]

11. Huang, W.Y.; Yi-Zhong Cai, Y.Z.; Zhang, Y. Natural Phenolic Compounds From Medicinal Herbs and Dietary Plants: Potential
Use for Cancer Prevention. Nutr. Cancer 2009, 62, 1–20. [CrossRef] [PubMed]

12. Alcázar Magaña, A.; Kamimura, N.; Soumyanath, A.; Stevens, J.F.; Maier, C.S. Caffeoylquinic acids: Chemistry, biosynthesis,
occurrence, analytical challenges, and bioactivity. Plant J. 2021, 107, 1299–1319. [CrossRef] [PubMed]

13. Lu, H.; Tian, Z.; Cui, Y.; Liu, Z.; Ma, X. Chlorogenic acid: A comprehensive review of the dietary sources, processing effects,
bioavailability, beneficial properties, mechanisms of action, and future directions. Compr. Rev. Food Sci. Food Saf. 2020, 19,
3130–3158. [CrossRef] [PubMed]

14. Wianowska, D.; Gil, M. Recent advances in extraction and analysis procedures of natural chlorogenic acids. Phytochem. Rev. 2019,
18, 73–302. [CrossRef]

15. Zhang, Y.; Cai, P.; Cheng, G.; Zhang, Y. A Brief Review of Phenolic Compounds Identified from Plants: Their Extraction, Analysis,
and Biological Activity. Nat. Prod. Commun. 2022, 17. [CrossRef]

16. Khoddami, A.; Wilkes, M.A.; Roberts, T.H. Techniques for Analysis of Plant Phenolic Compounds. Molecules 2013, 18, 2328.
[CrossRef]

17. Wianowska, D.; Typek, R.; Dawidowicz, A.L. Chlorogenic Acid Stability in Pressurized Liquid Extraction Conditions. J. AOAC
Int. 2015, 98, 415–421. [CrossRef]

18. Crotti, S.; Menicatti, M.; Pallecchi, M.; Bartolucci, G. Tandem mass spectrometry approaches for recognition of isomeric
compounds mixtures. Mass Spectrom. Rev. 2021, 42, e21757. [CrossRef]

19. Kurimoto, A.; Daikoku, S.; Mutsuga, S.; Kanie, O. Analysis of energy-resolved mass spectra at MSn in a Pursuit to characterize
structural isomers of oligosaccharides. Anal. Chem. 2006, 78, 3461–3466. [CrossRef]

20. Kertesz, T.M.; Hall, L.H.; Hill, D.W.; Grant, D.F. CE50: Quantifying collision induced dissociation energy for small molecule
characterization and identification. J. Am. Soc. Mass Spec. 2009, 20, 1759–1767. [CrossRef]

21. Memboeuf, A.; Jullien, L.; Lartia, R.; Brasme, B.; Gimbert, Y. Tandem mass spectrometric analysis of a mixture of isobars using the
survival yield technique. J. Am. Soc. Mass Spec. 2011, 22, 1744–1752. [CrossRef]

22. Dit Fouque, J.D.; Maroto, A.; Memboeuf, A. Purification and Quantification of an Isomeric Compound in a Mixture by Collisional
Excitation in Multistage Mass Spectrometry Experiments. Anal. Chem. 2016, 88, 10821–10825. [CrossRef] [PubMed]

23. Dit Fouque, J.D.; Lartia, R.; Maroto, A.; Memboeuf, A. Quantification of intramolecular click chemistry modified synthetic peptide
isomers in mixtures using tandem mass spectrometry and the survival yield technique. Anal. Bioanal. Chem. 2018, 410, 5765–5777.
[CrossRef] [PubMed]

24. Maroto, A.; Dit Fouque, D.J.; Memboeuf, A. Ion trap MS using high trapping gas pressure enables unequivocal structural analysis
of three isobaric compounds in a mixture by using energy-resolved mass spectrometry and the survival yield technique. J Mass
Spectrom. 2020, 55, e4478. [CrossRef]

25. Dit Fouque, J.D.; Maroto, A.; Memboeuf, A. Structural analysis of a compound despite the presence of an isobaric interference
by using in-source Collision Induced Dissociation and tandem mass spectrometry. J. Mass Spectrom. 2021, 56, e4698. [CrossRef]
[PubMed]

26. Campbell, M.T.; Chen, D.; Glish, G.L. Identifying the D-Pentoses Using Water Adduction to Lithium Cationized Molecule. J. Am.
Soc. Mass Spectrom. 2017, 28, 1420–1424. [CrossRef] [PubMed]

27. Campbell, M.T.; Chen, D.; Wallbillich, N.J.; Glish, G.L. Distinguishing Biologically Relevant Hexoses by Water Adduction to the
Lithium-Cationized Molecule. Anal. Chem. 2017, 89, 10504–10510. [CrossRef]

28. Campbell, M.T.; Chen, D.; Glish, G.L. Distinguishing Linkage Position and Anomeric Configuration of Glucose-Glucose
Disaccharides by Water Adduction to Lithiated Molecules. Anal. Chem. 2018, 90, 2048–2054. [CrossRef]

29. Menicatti, M.; Guandalini, L.; Dei, S.; Floriddia, E.; Teodori, E.; Traldi, P.; Bartolucci, G. The power of energy resolved tandem
mass spectrometry experiments for resolution of isomers: The case of drug plasma stability investigation of multidrug resistance
inhibitors. Rapid Commun. Mass Spectrom. 2016, 30, 423–432. [CrossRef]

30. Menicatti, M.; Pallecchi, M.; Bua, S.; Vullo, D.; Di Cesare Mannelli, L.; Ghelardini, C.; Carta, F.; Supuran, C.T.; Bartolucci, G.
Resolution of co-eluting isomers of anti-inflammatory drugs conjugated to carbonic anhydrase inhibitors from plasma in liquid
chromatography by energy-resolved tandem mass spectrometry. J. Enzyme Inhib. Med. Chem. 2018, 33, 671–679. [CrossRef]

31. Menicatti, M.; Pallecchi, M.; Ricciutelli, M.; Galarini, R.; Moretti, S.; Sagratini, G.; Vittori, S.; Lucarini, S.; Caprioli, G.; Bartolucci,
G. Determination of coeluted isomers in wine samples by application of MS/MS deconvolution analysis. J. Mass Spectrom. 2020,
55, e4607. [CrossRef] [PubMed]

32. Pallecchi, M.; Braconi, L.; Menicatti, M.; Giachetti, S.; Dei, S.; Teodori, E.; Bartolucci, G. Simultaneous Degradation Study of
Isomers in Human Plasma by HPLC-MS/MS and Application of LEDA Algorithm for Their Characterization. Int. J. Mol. Sci.
2022, 23, 13139. [CrossRef] [PubMed]

33. March, R.E.; Todd, J.F. Quadrupole Ion Trap Mass Spectrometry, 2nd ed.; John Wiley & Sons: Hoboken, NJ, USA, 2005; pp. 2–416.
34. Cooks, R.G.; Glish, G.L.; McLuckey, S.A.; Kaiser, R.E. Ion Trap Mass Spectrometry. Chem. Eng. News 1991, 69, 26–41. [CrossRef]

36



Pharmaceuticals 2023, 16, 1375

35. Johnson, J.V.; Yost, R.A.; Kelley, P.E.; Bradford, D.C. Tandem-in-Space and Tandem-in-Time Mass Spectrometry: Triple
Quadrupoles and Quadrupole Ion Traps. Anal. Chem. 1990, 62, 2162–2172. [CrossRef]

36. Jonscher, K.R.; Yates, J.R. The Quadrupole Ion Trap Mass Spectrometer—A Small Solution to a Big Challenge. Anal. Biochem. 1997,
244, 1–15. [CrossRef]

37. Clifford, M.N.; Johnston, K.L.; Knight, S.; Kuhnert, N. Hierarchical Scheme for LC-MSn Identification of Chlorogenic Acids.
J. Agric. Food Chem. 2003, 51, 2900–2911. [CrossRef]

38. Clifford, M.N.; Knight, S.; Kuhnert, N. Discriminating between the six isomers of dicaffeoylquinic acid by LC-MSn. J Agric Food
Chem. 2005, 53, 3821–3832. [CrossRef]

39. Pallecchi, M.; Lucio, L.; Braconi, L.; Menicatti, M.; Dei, S.; Teodori, E.; Bartolucci, G. Isomers Recognition in HPLC-MS/MS
Analysis of Human Plasma Samples by Using an Ion Trap Supported by a Linear Equations-Based Algorithm. Int. J. Mol. Sci.
2023, 24, 11155. [CrossRef]

40. ICH Q2B, Validation of Analytical Procedure: Methodology, International Conference on Harmonisation of Technical Require-
ments for Registration of Pharmaceuticals for Human Use. 1996. Available online: https://database.ich.org/sites/default/files/
Q2%28R1%29%20Guideline.pdf (accessed on 27 March 2023).

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.

37





Citation: Rahman, A.U.; Ali, A.;

Ahmad, F.; Ahmad, S.; Alharbi, M.;

Alasmari, A.F.; Fayyaz, A.; Rana,

Q.u.a.; Khan, S.; Hasan, F.; et al.

Unraveling the Radioprotective

Mechanisms of UV-Resistant Bacillus

subtilis ASM-1 Extracted Compounds

through Molecular Docking.

Pharmaceuticals 2023, 16, 1139.

https://doi.org/10.3390/ph16081139

Academic Editors: Jan Oszmianski

and Sabina Lachowicz-Wiśniewska
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Abstract: Radioresistant microorganisms possess inimitable capabilities enabling them to thrive
under extreme radiation. However, the existence of radiosensitive microorganisms inhabiting such an
inhospitable environment is still a mystery. The current study examines the potential of radioresistant
microorganisms to protect radiosensitive microorganisms in harsh environments. Bacillus subtilis
strain ASM-1 was isolated from the Thal desert in Pakistan and evaluated for antioxidative and
radioprotective potential after being exposed to UV radiation. The strain exhibited 54.91% surviv-
ability under UVB radiation (5.424 × 103 J/m2 for 8 min) and 50.94% to mitomycin-C (4 μg/mL).
Extracellular fractions collected from ASM-1 extracts showed significant antioxidant potential, and
chemical profiling revealed a pool of bioactive compounds, including pyrrolopyrazines, amides,
alcoholics, and phenolics. The E-2 fraction showed the maximum antioxidant potential via DPPH
assay (75%), and H2O2 scavenging assay (68%). A combination of ASM-1 supernatant with E-2
fraction (50 μL in a ratio of 2:1) provided substantial protection to radiosensitive cell types, Bacillus
altitudinis ASM-9 (MT722073) and E. coli (ATCC 10536), under UVB radiation. Docking studies reveal
that the compound supported by literature against the target proteins have strong binding affinities
which further inferred its medical uses in health care treatment. This is followed by molecular
dynamic simulations where it was observed among trajectories that there were no significant changes
in major secondary structure elements, despite the presence of naturally flexible loops. This behavior
can be interpreted as a strategy to enhance intermolecular conformational stability as the simulation
progresses. Thus, our study concludes that Bacillus subtilis ASM-1 protects radiosensitive strains from
radiation-induced injuries via biofilm formation and secretion of antioxidative and radioprotective
compounds in the environment.

Keywords: antioxidants; radioresistant microorganisms; radioprotection; biofilm; co-operative
growth; oxidative stress
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1. Introduction

Microorganisms that survive in extreme environmental conditions, like high des-
iccation and prolonged exposure to radiation, exhibit unique survival strategies which
enable them to grow optimally in such life-threatening conditions [1]. Radiation triggers
DNA damage and induces oxidative injury to vital biomolecules through the radiolysis
of water [2,3]. In response to these detrimental effects of radiation, radioresistant mi-
croorganisms developed advanced genome repair mechanisms accompanied by various
radiation-responsive secondary metabolic products such as extremolytes, including photo-
protective pigments, that can absorb radiation [4,5]. In addition to these, the enzymatic and
non-enzymatic antioxidant systems also assist in the survival of these microorganisms by
neutralizing and scavenging reactive radicals and other unstable compounds which are
produced due to radiation exposure [6].

Microbial bio-pigments that have an array of targeted biological properties are now
being evaluated by researchers worldwide against numerous human diseases in the form
of skin care agents, immunosuppressants, antioxidants, and anti-tumor agents, and are,
therefore, considered potential candidates for the pharmaceutical and cosmetic industries.
So far, the extremolytes utilized as radioprotectants in skin care utilities are sioxanthin,
astaxanthin, shinorine, scytonemine, pannarin, melanin, biopterin, bacterioruberin, and
microsporine-like amino acids [7]. In a nutshell, radioresistant extremophiles act as a
reservoir for novel bioactive compounds that are not only important for their structural
and biochemical diversity but also have extensive biotechnological applications.

Besides this, there are a vast number of scientific reports available on the metabolites-
aided survival capabilities of radioresistant microorganisms inhabiting such an inhospitable
environment. However, in the process of sampling, isolation, and screening, you will also
obtain a few radiosensitive microorganisms, which raises a question of concern: how are
radiosensitive microorganisms able to survive in such hostile environments? In one of
the previous reports, Igor et al. studied the co-operative growth between radioresistant
and radiosensitive microbial cells inhabiting the same ecological settings, using a genetic
approach targeting only catalase enzymes (by creating mutants) [8]. However, the actual
survival mechanism of such radiosensitive microorganisms is still unclear and poses a new
era of research, investigating the symbiotic relationships between microorganisms living in
extreme environments.

In this connection, the present study evaluates the in vitro biological activities and
characterization of bioactive metabolites from a radioresistant bacterium, Bacillus subtilis
ASM-1 isolated from Thal desert of Pakistan. Furthermore, the radioprotective properties
of the extracted bioactive compounds isolated from strain ASM-1 were also assessed using
a new approach, i.e., protecting radiosensitive microbial strains Bacillus altitudinis ASM-9
and E. coli (ATCC 10536) from radiation-induced damage.

2. Results

2.1. Isolation and Screening for Radioresistant Bacteria

A total of 33 bacterial isolates recovered from Chashma (TMC) and the Makarwal
region (ASM) were subjected to UV radiation to determine their behavior. Among 33 iso-
lates, 18 isolates from Chashma and 8 from the Makarwal region were found to be resistant
to UV radiation in primary screening for 5 min. In secondary screening (radiation dose
for more than 5 min), the UVB dosage to all resistant isolates was gradually increased by
increasing exposure time from 3 to 20 min. Strain ASM-1 was selected based on resistance
to a maximum energy dose, as shown in Table 1.
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Table 1. Primary and secondary screening for radioresistant isolates with radiation exposure time
and energy dose.

Exposure Time
Radiant Exposure in (J/m2)

He = Ee × t (Sec)
UV Resistant Isolates

3 min 2.034 × 103 J/m2 * TMC 1 to TMC 18
** ASM 1 to ASM 8

5 min 3.390 × 103 J/m2 TMC 2, TMC 7, TMC 6, TMC 9, TMC 11, TMC 12,
TMC15, ASM 2, ASM 1, ASM 3, ASM 5, TMM 6, ASM 8

8 min 5.424 × 103 J/m2 TMC 2, TMC 7, TMC 6, TMC 9, TMC 12, TMC15, ASM 1,
ASM 5, ASM 6, ASM 8

10 min 6.780 × 103 J/m2 ASM-1, ASM-6, ASM-8
12 min 8.136 × 103 J/m2 ASM-1

* Chashma sample denoted by TMC; ** Makarwal sample denoted by ASM.

2.2. Characterization of Strain ASM-1

Strain ASM-1 was observed to be Gram-positive, growing in dry, opaque, circular
colonies with dark red colored pigmentation on TGY agar plates. The strain was positive for
amylase, catalase, superoxide dismutase, peroxidase, cellulase, and lipase enzymes, while
negative for protease enzyme. A maximum similarity of 100% was shown against Bacillus
sp. when a 16S rRNA gene sequence of our potential strains was subjected to BLAST
analysis. This was identified as Bacillus subtilis strain ASM-1. A phylogenetic tree was
constructed using the Neighbor-Joining method to deduce the evolutionary relationship of
ASM-1 with other strains already reported in NCBI GenBank (Figure 1). The nucleotide
sequence was submitted to NCBI GenBank with accession number (OK559666).

 

Figure 1. The phylogenetic tree was constructed for ASM-1 using the Neighbor-Joining approach us-
ing Molecular Evolutionary Genetics Analysis (MEGA-X) software with a bootstrap value (1000 repli-
cates) of 100 to Bacillus subtilis strain ASM-1(OK559666).

2.3. Survival Rate of Bacillus subtilis Strain ASM-1 under UVB Radiation and Mitomycin-C

B. subtilis strain ASM-1 exhibited 54.91% survivability against a control strain E. coli
(ATCC 10536) that showed 20.23% under the same dose of UVB radiation, i.e.,
5.424 × 103 J/m2 (8 min). Likewise, the control strain showed no growth as compared to
ASM-1 under UVB dose of 8.136 × 103 J/m2 (12 min), as shown in Figure 2A. Similarly,
ASM-1 showed 50.90% survivability at 4 μg/mL under Mitomycin-C exposure as compared
to a control E. coli strain which showed only 25.63%, respectively (Figure 2B).
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Figure 2. Survivability rate determination for Bacillus subtilis strain ASM-1 under UVB radiation (A),
and Mitomycin-C (B). The data is calculated and expressed from the average of three replicates ± SDs.

2.4. Purification and Selection of the Extracellular Crude Extracts

The extracellular crude extracts (AS-2) resulted in four fractions in their correspond-
ing solvents. All fractions were primarily evaluated for their antioxidant capability via
DPPH assay. Fractions E-2 and D-2 possessed maximum antioxidant activity, while the
remaining fractions W-2 and M-2 exhibited insignificant activities. The fractions E-2 and
D-2 were suspended in their respective solvents and stored at 4 ◦C for bioassays and
analytical purposes.

2.5. In Vitro Evaluation for the Antioxidant Potential of the Selected Fractions
2.5.1. DPPH Assay

Results demonstrated that scavenging activity of the fractions E-2 and D-2 was in-
creased with their increasing concentrations. The E-2 fraction accounted for 75.55% of
DPPH free radical scavenging potential as compared to ascorbic acid (ASA) as a posi-
tive control, which showed 80.43% activity at a concentration of 250 μg/mL, while at
this concentration, the D-2 fraction exhibited the lowest scavenging potential of 60.37%
(Figure 3A).

2.5.2. Hydrogen Peroxide Scavenging Assay

Hydrogen peroxide scavenging was also observed in a concentration-dependent
manner. However, the E-2 fraction showed 68.53% scavenging potential in comparison to
the D-2 fraction (63.37%) against a positive control ASA that provided 66.84% scavenging
at a concentration of 250 μg/mL (Figure 3B).

2.5.3. Cytotoxic and Antibacterial Potential

The cytotoxic effect on brine shrimp larvae was perceived only for the D-2 fraction
as compared to the E-2 fraction. An approximately 61% killing effect was detected for
D-2 as compared to 74% for Mitomycin-C at the maximum concentration of 250 μg/mL.
All fractions exhibited insignificant antibacterial activities, except for the D-2 fraction that
possessed a slight antibacterial effect against a clinical strain of Staphylococcus aureus with
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ZIB of (7 mm). However, no fraction was found to have antibacterial activity against ASM-9
and E. coli (test strains).

2.5.4. Biofilm Detection Assay

The in vitro evaluation for biofilm formation ability was tested for both isolates, i.e.,
ASM-1, and ASM-9 at three-time intervals (24, 48, and 72 h). Both isolates showed biofilm
formation potential in a diminishing manner. ASM-1 showed maximum biofilm potential
as compared to ASM-9 after 24 h (Figure 3C).

Figure 3. The selected fractions obtained from ASM-1 extracts were evaluated for their antioxidant
potential via DPPH free-radical scavenging assay (A), hydrogen peroxide assay (B). Similarly, the
biofilm formation potential for both isolates (ASM-1, and ASM-9) are depicted in the bar graph (C).
The data expressed here was calculated as a mean value obtained from the triplicates showing ± SDs.

2.5.5. GC–MS Analysis of the Selected Fractions

The selected ASM-1 fractions (E-2 and D-2) which exhibited maximum antioxidant
activities were subjected to their chemical profiling through GC/MS analysis. The GC/MS
spectra unveiled a pool of volatile compounds that were carefully identified based on
their spectral masses upon comparing them to the online National Institute of Standards
and Technology (NIST) databases. In the present study, a pool of chemical compounds
from different classes in all perceived fractions was Pyrrolopyrazine, Alkane, Phenol,
Dicarboxylic acid butyl ester, Dicarboxylic acid octyl ester, Fatty acid, Amide, β-carboline
alkaloid and Alcohol. Dicarboxylic acid butyl ester was the only compound detected at RT
21.83 in fraction D-2. The detailed information of the chemical compounds including their
names, retention time, molecular weight, molecular formula, and class are listed in Table 2.
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Table 2. Major constituents detected in the GC–MS spectra for the selected fractions of ASM-1 extracts.

Fractions
Retention

Time
Content

(%)
Chemical Compounds

Molecular
Formula

Molecular
Weight

Class

E-2

3.083 1.03 Pyrrolo [1,2-a] pyrazine -1,4-dione,
hexahydro-3-(2-methyl propyl) C11H18N2O2 210 Pyrrolopyrazine

4.146 0.14 9H-Pyrido [3,4-b] indole C11H8N2 168 β-carboline
alkaloid

4.123 0.56 Pyrrolo [1,2a] pyrazine-1,4-dione,
hexahydro -3-(phenylmethyl) C7H10N2O2 154 Pyrrolopyrazine

7.521 0.77 n-Nonadecanol-1 C19H40O 284 Alcohol
11.614 0.21 Dodecane C12H26 170 Alkane

15.291 1.91 Phenol,2,2′-methylenebis
[6-(1,1-dimethylethyl)-4-methyl C23H32O2 340 Phenol

D-2

3.412 1.09 Benzamide C7H7NO 121 Amide

4.243 0.28 1,2-benzenedicarboxylic acid,
monobutyl ester C12H14O4 222

Dicarboxylic
acid

Butyl ester

5.461 0.32 1,2-Benzenedicarboxylic acid,
diisooctyl ester C24H38O4 390

Dicarboxylic
acid

Octyl ester
11.065 0.37 (S)-6-Hydroxyheptanoic acid C7H14O2 130 Fatty acid
11.534 0.04 1-Octanol C8H18O 130 Alcohol

2.6. Radioprotective Activity of ASM-1 Extracts on Selected Radiosensitive Strains

Bacillus subtilis strain ASM-1 extracts had been assessed for their potential to facilitate
radioprotective effect on selected radiosensitive bacterial strains ASM-9 and E. coli under
different doses of UVB radiation. For this purpose, the E-2 fraction was selected against the
D-2 fraction because of its significant antioxidant potential and having no cytotoxic and
antibacterial capacity. The survivability of test strains was reduced under UVB radiation in
a dose-dependent manner. With no extracts added, E. coli (ATCC 10536) exhibited 19.69%
survivability, while strain ASM-9 showed 0.33% survivability under an energy dose of
3.390 × 103 J/m2 (5 min) (Figure 4A). Their survivability was significantly enhanced from
(19.69% to 44.92%) for E. coli, and for ASM-9 survivability was enhanced from (0.33% to
21.62%) after the addition of the mixture (E-2 fraction and supernatant) under an acute
UVB dose of 3.390 × 103 J/m2 for 5 min (Figure 4B).

Figure 4. Growth and survivability rate of radiosensitive strains (E. coli and ASM-9) under UVB
radiation with no ASM-1 extracts (A). The second figure shows survivability of radiosensitive strains
after the addition of ASM-1 extracts (B). The data are expressed as mean values of the triplicates ± SDs.
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2.7. Ligand Preparations and Molecular Docking

Molecular docking of the compounds was carried out using the PyRx interface of
AutoDock Vina and GOLD software [9]. For the docking process, the following parameters
were employed: an exhaustive value of 300, the binding site was defined as the residues
of the N-terminal domain involved in the binding pocket, and a maximum of 10 poses
were allowed. The PyRx tool generated binding affinity values as negative values (where a
more negative value indicates a stronger binding affinity). The docking results of the top
inhibitors can be found in Figures 5 and 6. To validate the docking protocol used, extracted
compounds were docked into the N-terminal structure of (PDB ID = 5F1A and 5ZKP). The
binding mode as the one observed in crystallization studies for the known inhibitors was
obtained. The docking reproducibility results obtained using AutoDock Vina and GOLD
are presented in Figures 5 and 6.

 

Figure 5. Depicting the protein target with binding interactions of both compounds against the target
5F1A with binding affinities and Goldscore. (A,B) Presenting the active cavity of the protein where
both ligand molecules are attached as shown in blue and orange circle on left whereas 2D image of
both (A,B) shows the binding residues of the active pocket especially hydrogen bonding.

Protein–ligand docking is an important technique for accurately predicting the orien-
tation of a ligand within its target protein [10]. Compounds that exhibited strong binding
affinity and correct binding poses were selected. The binding affinity represents the total
torsional energy, internal energy, and intermolecular energy subtracted from the unbound
energy system. A high binding affinity indicates a stable protein–ligand complex. Inter-
estingly, the compounds docked in similar conformations to both the full-length 5F1A
structure and the N-terminal structure alone. As the C-terminal region did not significantly
contribute to the binding of compounds at the N-terminal, this study focused on the N-
terminal structure alone. To determine the binding poses, interactions, and binding affinity
of both the inhibitors, they were docked into the binding pocket of 5F1A and 5ZKP using
the PyRx tool and GOLD software. Each inhibitor generated 10 poses, and those with
strong binding affinity were chosen (Figures 5 and 6). The docking results revealed a range
of binding affinities from −7.6 to −7.1 kcal/mol with Goldscore of 56 and 53 against 5F1A,
whereas 53 to 51 against 5ZKP for compounds 1 and 2. The analysis showed that compound
1 and compound 2 shared a motif that bound to the same residues (Thr175, His176, Gln172,
Trp356, Ala168, Leu359, Ala171, Tyr354, His357, His355, Asn351, Phe155). Moreover, a
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hydrogen bond interaction with the active site residues (His357 and Thr175) was observed
for the shared motif in compound 1 and compound 2, whereas against protein target 5ZKP,
the shared active residues involved during binding interaction are Tyr17, Tyr72, Leu400,
Trp68, Ala88, Gly89, Phe92, Phe155, His396, Gln397, Arg9, Glu156, Cys154 and Tyr71, while
Tyr17, Tyr72 and Glu are involved in hydrogen bond formations in both compounds 1 and
2 in Figures 5 and 6.

 

Figure 6. Depicting the protein target with binding interactions of both compounds against the
target 5ZKP with binding affinities and Goldscore. Both (A,B) show the binding cavity where both
inhibitors are docked to specific active residues as shown in orange circle on left side. Whereas the
2D image on right side presenting the hydrogen bonds, van der waals and other interactions holding
the ligand inside the pocket.

2.8. Molecular Dynamics Simulation Analysis

To validate the docking, the findings and validate intermolecular stable conformation
between the enzymes and compounds, molecular dynamics simulation analysis was con-
ducted. The simulation was carried out for 20 ns. The simulation trajectories were used
root mean square deviation (RMSD) analysis to shed light on enzyme carbon alpha atoms
deviations during simulation time. As can be seen in Figure 7, all four docked complexes
revealed stable dynamics with no drastic local or global changes observed. The 5f1A-a-56
system was noticed as the most stable with a mean RMSD value of 0.51 Å. The mean
RMSD of 5faA-2-53, 5zkp2-51 and 5zkp1-51 was 0.89 Å, 1.32 Å, and 1.33 Å, respectively
(Figure 7). Upon trajectory visualizations, no major secondary structure elements changes
were witnessed despite naturally flexible loops, which may be explained as an approach to
provide more intermolecular conformational stability as the simulation time proceeds.
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Figure 7. RMSD analysis of simulation complexes based on carbon alpha atoms.

3. Discussion

Actinomycetes, followed by Bacillus, are considered a reservoir for their numer-
ous vital metabolites including antibacterials, antifungals, antiparasitics, antioxidants,
growth-promoting substances, immune modifiers, immunosuppressants, and enzyme in-
hibitors [11]. These natural products have bioactive properties that have been extracted
from microorganisms for decades to serve as potential candidates for a variety of industrial
sectors [12]. As a result, there is always a need for novel and highly potent metabolites
that can be obtained from previously untapped extremophilic microbial sources [1,13].
Similarly, understanding the effects of acute and chronic radiation on radiosensitive and
radioresistant microbial cell types is a potentially important new tool for understanding the
symbiotic relationships among microorganisms inhabiting such hostile environments [7].

Bacillus subtilis strain ASM-1, a radioresistant bacterium, was isolated from an un-
explored environment in Pakistan’s Thal desert. Bacillus sp. are thought to be one of
the most common inhabitants in such hostile environments due to their endospore and
biofilm formation abilities, as well as the secretion of several vital metabolites. Similarly,
the isolate’s production of enzymes, such as catalases and peroxidases, demonstrated the
strain’s enzymatic antioxidant potential to counterbalance the oxidative stress produced
intracellularly and extracellularly by multiple oxidants [11].

The survival efficiency of the ASM-1 strain was investigated by subjecting it to various
physical and chemical stressors, i.e., UVB radiation and Mitomycin-C. UVB radiation can
cause oxidative stress or impose the formation of thiamine dimers, which are difficult
to transcribe and repair, ultimately resulting in cell death. Mitomycin-C, on the other
hand, is an anticancer agent that inhibits abnormal cell proliferation. Studies revealed
that ASM-1 could withstand the damaging effects of these stressors up to a certain level.
This is most likely due to the fact that radioresistant microorganisms evolved multiple
defense mechanisms, such as the production of UV-absorbing compounds, enzymatic and
non-enzymatic antioxidant systems, and an efficient DNA repair system, allowing them
to survive in such harsh environments [14]. The ASM-1 strain was chosen for further
investigation due to its elevated resistance to both stressors.
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Radiation-induced oxidative stress is harmful to all life forms, so compounds that
counteract this oxidative stress are recognized as radioprotective agents. These compounds’
primary methods of radioprotection include cellular oxygen tension decrease, free rad-
ical scavenging, and hydrogen transfer [15]. This study used two antioxidant assays to
assess the potency of ASM-1 crude extracts as an antioxidative and radioprotective agent
against radiation-induced oxidative stress. The assays chosen were solely based on the ex-
tracts’ potential future implications (investigating their potential role to aid in the survival
of radiosensitive test strains under radiation-induced oxidative stress). ASM-1 extracts
demonstrated significant antioxidant potential in a dose-dependent manner by scavenging
DPPH free radicals and hydrogen peroxide species [16,17]. The use of multiple bioassays
revealed that ASM-1 extracts had significant bioactivity against multiple reactive oxygen
species (ROS). These findings imply that ASM-1 extracts may be useful in preventing
ROS-mediated damage.

Both fractions were promoted for further bioassays, i.e., cytotoxic, antibacterial, and
biofilm formation potential, to achieve the study’s intended goal. As the E-2 fraction had
no significant antibacterial and cytotoxic potential compared to the D-2 fraction, which
had little cytotoxic and antibacterial potential, only the E-2 fraction was preferred for the
radioprotective experiment. Similarly, the biofilm formation potential of both strains was
observed (ASM-1 and ASM-9). However, ASM-1 demonstrated significantly greater biofilm
formation ability than ASM-9 after 24 h, which then declined after 72 h of incubation [18].

Similarly, ASM-1 fractions, particularly E-2 and D-2, were chemically characterized
by the employment of GC–MS analysis. The GC–MS analysis for the ASM-1 fractions
revealed several chemical compounds including alcohols, phenols, pyrrolopyrazine, al-
kaloids, amides, and different types of acids. Some of the chemical constituents of the
GC–MS spectra have been previously reported to have antioxidative, cytoprotective, and
radioprotective capacities. In the present study, the E-2 fraction comprised of two pyrrolopy-
razine compounds, Pyrrolo [1,2-a] pyrazine -1,4-dione, hexahydro-3-(2- methyl propyl) and
Pyrrolo [1,2a] pyrazine-1,4-dione, hexahydro -3-(phenylmethyl), that are well-known com-
pounds to have antioxidative and radioprotective potential, as previously described [19].
Similarly, 9H-Pyrido [3,4-b] indole is a tricyclic indole β-carboline alkaloid that inhibits
radiation-induced oxidation transformation reactions [20]. Dodecane is another long-chain
alkane detected in GC–MS spectra to have a significant antioxidant potential [21]. Likewise,
n-Nonadecanol-1 is long-chain alcohol and 1, 2-benzene dicarboxylic acid that possesses
antimicrobial and cytotoxic properties, respectively [22]. Likewise, the D-2 fractions were
comprised of 1-Octanol, previously detected in Bacillus subtilis CF-3 extracts to have bioac-
tive potential, While several benzoic acids in the extracts have already been reported in
Bacillus sp. to have biological activities [23], benzamide was the only compound possess-
ing anticancer and other biological activities. The chemical constituents detected in the
GC/MS spectra of ASM-1 fractions suggested the antioxidant potential of Bacillus subtilis
strain ASM-1. Therefore, this study provides a shred of evidence on the antioxidative and
radioprotective role of the metabolites derived from Bacillus subtilis ASM-1.

Several tests were performed to determine the potential of ASM-1 extracts against
oxidative stress, bacterial competitors, and cytotoxicity. These findings assumed the E-2
fraction’s safe and intended effect in the radioprotective experiment. In a radioprotective
experiment, administering only the E-2 fraction did not result in a significant change. There-
fore, ASM-1 supernatant was also considered because it contains antioxidant enzymes,
UV-absorbing compounds, and exopolysaccharides (a prerequisite for biofilm develop-
ment). ASM-1 supernatant from a 24-hour-old culture was collected for this purpose
because significant biofilm formation was detected at this stage. As a result, a recipe
(Supernatant and E-2 fraction in 2:1) was developed after several trials to obtain enhanced
survivability. ASM-1 was found to have significant radioprotective activity, meaning that
the extracellular extracts protected radiosensitive E. coli and ASM-9 from the harmful effects
of UVB rays far beyond the standard dose (5 min). The reason for this improved surviv-
ability could be that the E-2 fraction provided the necessary components (antioxidants),
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whereas the supernatant provided antioxidative enzymes, UV-absorbing compounds, and
exopolysaccharides. Furthermore, after the irradiation dose, well-defined clumps of ASM-9
cells were detected on TGY agar plates, which could be due to the exopolysaccharides
that glued the ASM-9 cells for enhanced survival. However, the precise mechanism is
unknown and requires further exploration. The findings were like those of Igor et al., who
used a molecular model to investigate the radioprotective and antioxidative potential of
radioresistant Dinococcus radiodurans on radiosensitive E. coli, specifically silencing the
catalase enzyme gene [8]. This experimental setup, however, was modified to investigate
the radioprotective effect of radioresistant ASM-1 extracts on radiosensitive strains in the
environment. Furthermore, some of the compounds obtained were searched out against
the UV protections where two compounds were identified as reported to be used against
UV radiation in sunscreen. These compounds includes Pyrrolo [1,2-a]pyrazine-1,4-dione,
hexahydro-3-(2-methylpropyl) and 9H-Pyrido [3,4-b]indole. Both compounds were docked
against the reported protein targets which is responsible for involved in UV-induced pho-
todamage, such as serotonin-receptor subtype 5-HT2A, platelet-activating factor receptor
(5ZKP), and Aspirin and other nonsteroidal anti-inflammatory drugs target the cyclooxy-
genase enzymes (COX-1 and COX-2) to block the formation of prostaglandins (5F1A).
Molecular docking inferred potential binding affinities of the hit compounds against both
the protein targets which open a way towards further investigations in future. Further these
docking results have been validated via molecular dynamic simulations which emphasize
the confirmational behavior in a real time environment. Interestingly, it has been deduced
that no confirmational changes were recorded after 20 ns of simulation time interval against
all the complex systems, despite some loop changes and the ligand remaining in contact
with active residues of the active pocket.

These results shed light on the symbiotic relationships between radioresistant and
radiosensitive microbial cells that co-exist in the same environmental niche exposed to
chronic radiation. The radioresistant microorganisms’ indefinite defense capabilities might
aid the survival means for radiosensitive strains by secreting numerous potent metabolites,
and by forming a protective barn (biofilm) for the same and different microbial species
in such an unrelenting environment with extreme oxidative stress caused by radiation,
as per the first-time study in this regard [24]. In a symbiotic relationship, radioresistant
microbial species could allow radiosensitive microbial cells (effective degraders) to detoxify
radioactive waste sites. Similarly, metabolites derived from radioresistant microorganisms
can protect humans and other life forms from radiation-induced toxicity, particularly
carcinogenesis.

4. Materials and Methods

4.1. Isolation and Screening of Radioresistant Bacteria

Soil samples were aseptically collected from the surface and subsurface (2 cm depth)
using standard microbiological protocol from two different locations., i.e., the Chashma
and Makarwal regions of the Thal desert, Pakistan. The samples were serially diluted in
double distilled water, followed by inoculation on Tryptone Glucose Yeast (TGY) medium
by spread plate method. The composition of TGY medium was (g/L): tryptone 10, yeast
extract 5; glucose 1. The TGY plates were exposed to UV radiation for 3 and 5 min in the UV
chamber (119 cm × 69 cm × 52 cm) supplied with a 20 W, 280 nm UV light before incubation.
The test sample’s UV fluence rate was determined using the following equation [25].

He = Ee × t (1)

where He is the energy that reaches a surface area due to irradiance (Ee) maintained for the
time duration (t). The UV fluence rate is defined as the energy of radiation that reaches a
surface area in a definite period (energy/area/time) measured in J/m2. Exposure duration
to the UV fluence rate was used to compute the total UV dosage. Subsequently, plates were
wrapped in aluminum foil and incubated at 37 ◦C for 72 h. For further validation and to

49



Pharmaceuticals 2023, 16, 1139

evaluate their survival curve, the bacterial isolates from radioactively contaminated plates
were subcultured.

4.2. Identification of Radioresistant Bacterial Strain ASM-1

Strain ASM-1 isolated from the Makarwal region was selected based on its maximum
survival rate under UVB exposure as well as its maximum antioxidant potential. The
ASM-1 strain was identified morphologically as well as biochemically as per previously
described approaches [26]. The molecular characterization was performed by employing
16S rRNA gene sequencing.

A DNA extraction kit (QIAGEN, Hilden Germany) was used to extract the DNA,
and two universal primers were used to amplify the 16S rRNA gene sequence [27F′:
AGAGTTTGATCMTGGCTCAG, 1492R′: TACGGYTACCTTGTTACGACTT] in PCR re-
actions. The Macrogen Service Center sequenced the amplified product (Geunchun-gu,
Seoul, South Korea) and analyzed by a Nucleotide sequence alignment tool (nBLAST)
available online in the National Center for Biotechnology Information (NCBI) database to
ascertain the best matching genus. The ASM-1 strain, along with other homologs obtained
from NCBI database, were subjected to computational analysis using Molecular Evolu-
tionary Genetics Analysis (MEGA-X) to find out their phylogenetic relationships [27–29].
To identify the ASM-1 strain and analyzing the diversity of UV-resistant extremophiles, a
neighbor-joining tree was built. To receive an accession number, the acquired sequence was
uploaded to the NCBI GenBank.

4.3. Survival Curve of Strain ASM-1 at UVB and Oxidative Stress

After being exposed to various UVB radiation dosages, the ASM-1 strain’s capacity to
survive was assessed using the procedure as described earlier by (Mattimore and Battista
1996) and the survival curve was plotted. Cells of strain ASM-1 were serially diluted
(1:1000), using phosphate-buffered saline (PBS), and spread on tryptone glucose yeast
(TGY) agar plates. The plates were exposed to various doses of 280 nm UV radiation and
then incubated at 37 ◦C for 72 h. The rate of survival was calculated by dividing the total
number of colonies on radioactive plates by the total number of colonies on non-radioactive
plates [30]. Oxidative stress and Mitomycin-C tolerance were determined by diluting an
overnight grown culture of the ASM-1 strain with sterile normal saline up to an optical
density (OD600) 0.5, then treated with different molar concentrations (0–10 mmol L−1) of
hydrogen peroxide (H2O2) for 30 min and mitomycin C (2–10 μg/mL) for 20 min, before
inoculation on TGY plates. The number of colonies formed from the treated and untreated
samples were compared after the plates were incubated at 37 ◦C for 72 h to evaluate the
survival rate [25,31]. Each experiment was performed in triplicate.

4.4. Extraction of Extracellular Bioactive Compounds from Bacillus subtilis ASM-1 Strain

A total of 2.5 L of the overnight grown culture of strain ASM-1 in TGY broth was
centrifuged at 10,000× g for 10 min at 4 ◦C and supernatant was collected. The extracel-
lular metabolites were harvested from cell-free supernatant through liquid phase solvent
extraction using an equal volume of ethyl acetate. The extracellular crude extracts (AS-2)
were obtained in dried form using rotary evaporator.

4.5. Partial Purification of Extracellular Bioactive Compounds from B. subtilis ASM-1

The extracellular crude extract AS-2 from strain ASM-1 was subjected to purification
through solid-phase extraction using HC-C18 SPE manual cartridge column (4.6 × 100 mm,
62 Å average pore size, 58 μm average particle size) with an average flow rate of 1.0 mL/min.
The cartridge was loaded with 480 mg of crude extract (AS-2) and eluted using a se-
ries of solvents from polar to non-polar [water (W)—methanol (M)—ethyl acetate (E)—
dichloromethane (D)], resulting in 4 different fractions in their respective solvents (Figure 8).

50



Pharmaceuticals 2023, 16, 1139

 

Figure 8. A schematic representation of the stepwise extraction, fractionation, and evaluation process
for the extracellular crude extracts obtained from strain ASM-1.

4.6. In Vitro Bioassays of Purified Fractions from B. subtilis ASM-1
4.6.1. DPPH Radical Scavenging Assay

The antioxidant activity of selected purified fractions E-2 and D-2 was determined by
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay [31]. A total of 100 μL of
fractions was mixed in different concentrations (50, 100, 150, 200, and 250 μg/mL) with
100 μL of 0.1 mM of DPPH solution in microtiter plate and incubated at 37 ◦C for 30 min.
Ascorbic acid was used as positive control while DPPH solution (200 μL) without a sample
as negative control. After incubation in dark, the absorbance was read at 517 nm using an
ELISA plate reader. The experiment was run in triplicates and the percent scavenging was
calculated using Equation (2):

% Scavenging = (Abs of control − Abs of sample)/(Abs of control) × 100 (2)
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4.6.2. Hydrogen Peroxide Scavenging Assay

A total of 120 μL of purified fractions (E-2 and D-2) in different concentrations
(100–250 μg/mL) was taken in a microtiter plate and then 80 μL of the hydrogen per-
oxide solution (40 mM) in 100 mM phosphate buffer (pH 7.4) was added into it [32]. The
plates were incubated at 37 ◦C for 15 min and absorbance was measured at 230 nm using
ELISA plate reader. A phosphate-buffered solution as a negative and ascorbic acid as a pos-
itive control was run separately. The experiment was run in triplicate and the scavenging
percent was calculated using Equation (2).

4.6.3. Cytotoxic and Antibacterial Potential of ASM-1 Fractions

The brine shrimp lethality assay was carried out to anticipate the cytotoxic potential
of the extracts, with Mitomycin-C used as a standard by the method previously described
in [33]. The antibacterial potential of the test extracts was investigated using a well dif-
fusion assay against a range of different bacterial species, i.e., Bacillus altitudinis ASM-9,
E. coli (ATCC 10536), Pseudomonas aeruginosa, Listeria monocytogenes, Klebsiella pneumoniae,
Staphylococcus aureus, and Staphylococcus epidermidis (clinical strains).

4.6.4. Biofilm Detection through Microtiter Plate Method

Both Bacillus subtilis ASM-1 and Bacillus altitudinis ASM-9 strains were evaluated for
their biofilm formation ability through the tissue culture plate method as described by
Christensen et al. [34]. A total of 200 μL of freshly grown cultures of ASM-1 and ASM-
9 in LB broth with 1% glucose were inoculated in sterile 96 well plate and incubated
at 37 ◦C for 72 h. Negative control wells contained uninoculated sterile broth. After
incubation, the plates were washed and stained with 125 μL of 1% (w/v) crystal violet
for 15 min. Absorbance of the remaining dye was measured at λ540 nm using an ELISA
Microplate reader.

4.6.5. Gas Chromatography–Mass Spectrometry Analysis for ASM-1 Fractions

The chemical constituents in most promising fractions (E-2 and D-2) with maximum
antioxidant activity were analyzed by gas chromatography–mass spectrometry (GC–MS)
(Agilent, Model number 6890 N) [35]. Agilent JW Scientific DB-5 MS capillary column
(dimensions 30 m × 0.25 mm × 0.25 μm) fused with 5% phenyl methyl polysiloxane;
Helium was used as carrier gas at a flow rate of 1 mL/min. The column temperature was
initially set at 70 ◦C for 2 min followed by an increase of 3 ◦C/min to attain 250 ◦C for
the total sample run time of 30 min. The ionization voltage for MS was operated at 70 eV
with an ionization current of 0–315 μA. The instrument was set to detect compounds in a
mass range of 50–1000 a.m.u. The chemical compounds were identified after comparing
the mass spectral data with the National Institute of Standards and Technology (NIST) Ver.
02 library.

4.7. In Vitro Analysis of ASM-1 Extracts in Protecting Radiosensitive Microorganisms under
UVB Radiation

The radioprotective property of extract from ASM-1 was analyzed against radiosen-
sitive microorganisms under UV radiation stress. Two radiosensitive bacterial strains
ASM-9 and E. coli (ATCC 10536) were spread on TGY agar plates (90 mm) and followed by
spreading of 100 μL of liquid mixture containing E-2 fraction (1 mg/mL) and supernatant
(24-hour-old culture) of a radioresistant ASM-1 strain in a ratio of (2:1). The plates were
kept in a UVB chamber for UVB doses in exponential form for different time intervals.
Thereafter, the plates were wrapped in aluminum foils and incubated for 3 days at 37 ◦C. A
control with radiosensitive strains without spreading ASM-1 extracts was run in parallel as
a control. The results were recorded after 3 days using the following formula and the data
is expressed as a mean value obtained from triplicates as shown in Figure 9.

%Survival =
No o f colonies on UV irradiated plates

No o f colonies on control plates
× 100 (3)
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Figure 9. Growth and survivability rate of radiosensitive strains (E. coli and ASM-9) under UVB
radiation with no ASM-1 extracts (A). The second figure shows survivability of radiosensitive strains
after the addition of ASM-1 extracts (B). The data are expressed as mean values of the triplicates ± SDs.
(C) Depicts the survival of ASM 9 under UV radiation without the addition of ASM 1 extracts.
Whereas, (D) shows the survival of ASM 9 under UV radiation after the addition of ASM 1 extracts.

4.8. Ligand Preparation

The compounds were studied based on literature search where two compounds
were obtained having role in inhibiting UV radiation among the compounds obtained via
GC/MS analysis. These compounds are Pyrrolo [1,2-a] pyrazine -1,4-dione, hexahydro-
3-(2- methyl propyl and 9H-Pyrido [3,4-b] indole. Ligand preprocessing, which included
protonation, ionization, and the addition of explicit counter ions, hydrogen atoms, or
atomic partial charges, was performed using Discovery Studio (DS) and UCSF Chimera.
Energy minimization of small molecules was carried out using the AMBER ff14SB forcefield.
The refined dataset obtained from these steps was then utilized for further computational
experiments. To facilitate the study, ChemDraw (Mendelsohn, 2004), a chemical drawing
tool, was used to draw the 2D structures of the compounds and convert them into 3D
structures. Subsequently, ligand preprocessing was performed on these compounds.

4.9. Molecular Docking

Molecular docking of the compounds was carried out using the PyRx interface [36]
and GOLD software [9]. For the docking process, the following parameters were employed:
an exhaustiveness value of 10, the binding site was defined as the residues of the N-terminal
domain involved in the binding pocket, and a maximum of 10 poses were allowed. The
PyRx tool generated binding affinity values in the negative (where a more negative value
indicates a stronger binding affinity). The obtained inhibitors demonstrated a high binding
affinity were selected for further analysis. The docking results of the top inhibitors can be
found in Figures 5 and 6. To validate the docking protocol used, an inhibitor was docked
into the N-terminal structure of (PDB ID = 51FA and 5KZP) using 10 iterations. The same
binding mode as the one observed in crystallization studies for the known inhibitors was
obtained. The docking reproducibility results obtained using AutoDock Vina are presented
in Figures 5 and 6.
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4.10. Molecular Dynamics Simulations

The docked solutions and inhibitor were subjected to a 20 ns molecular dynamics
(MD) simulation using AMBER16 [37]. The inhibitor was optimized with the AMBER
(GAFF) force field [38], while the targets protein parameters were generated using the
ff14SB force field [39]. To integrate the complex into a TIP3P water box, a padding distance
of 12 between target proteins and the box borders was set. Sodium ions were added to
neutralize the system. The system was heated to 300 K (NVT) using Langevin dynamics [40]
for 20 ps to maintain a constant temperature [41]. A time step of 2 fs was used, and a
5 kcal/mol-Å2 restriction was applied to carbon alpha atoms. The system was relaxed
for 100 milliseconds during equilibration. To maintain system pressure, a 50 ps NPT
ensemble was employed. Finally, a 20 ns production run was conducted at a 2 fs rate. The
trajectories generated were analyzed for structural parameters using the AMBER CPPTRAJ
program [42]. The hydrogen bonds formed between protein targets and the inhibitor
throughout the trajectories were visualized.

5. Conclusions

In summary, this study demonstrates the isolation of a radioresistant bacterial strain
from the Thal desert, Pakistan. The strain was identified as Bacillus subtilis strain ASM-
1 (OK559666) and was able to tolerate the detrimental effects of UVB radiation and
Mitomycin-C up to a significant level. The extracellular ethyl acetate fraction as compared
to other fractions possessed considerable antioxidant potential evaluated via DPPH and
H2O2 scavenging assays. The chemical profile of the partially purified fractions concluded
from GC–MS spectra was revealed to have phenolic compounds, pyrrolopyrazine, and
other important constituents having significant antioxidant and radioprotective potential.
Consequently, ASM-1 unveiled its hidden potential of having a radioprotective role to aid in
the survival quest of radiosensitive microorganisms under UVB radiation. Thus, the present
study concluded the antioxidative, and radioprotective potential of Bacillus subtilis strain
ASM-1 extracts, which could play a crucial role in the bioremediation studies of radioactive
wastes via growth cooperation with the efficient radiosensitive microbial degraders.
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Abstract: The LQFM05 is a prototype drug designed for treatment of psychiatric disorders, such
as schizophrenia, exhibiting anxiolytic- and antidepressant-like (12 or 24 μmol/kg) effects in classi-
cal behavioral tests. In order to evaluate its pharmacokinetic properties, a liquid chromatography
method coupled to a quadrupole time of flight mass spectrometry system (LC-QTOF/MS) was
developed and fully validated for LQFM05 analysis in rat plasma and tissue samples (brain, heart,
liver, and kidneys). Liquid–liquid extraction, solid phase extraction and protein precipitation were
assessed as clean-up procedures for biological samples and analyte enrichment. Plasma and tis-
sue samples underwent protein precipitation as a preliminary step, using acetonitrile. Linearity
was fully demonstrated for the dynamic range (10.0 to 900.0 ng/mL), with r2 values higher than
0.99 (RSDslope ≤ 2%, Fcal < Ftab, Ccal < Ctab). Biodistribution studies in rats revealed high brain tissue
concentrations (12.4 μg/g), suggesting elevated drug affinity to the main therapeutic target tissue,
showing a blood partition coefficient of 1.9. Kidneys also showed great exposure and tissue affinity,
suggesting a potential extrahepatic clearance. Likewise, all examined tissues exhibited satisfactory
LQFMF05 distribution. The mass fragmentation spectrum indicated the presence of its main metabo-
lite, LQFM235, yielded by high hepatic hydroxylation route, an equally bioactive derivative. Lastly,
the developed LC-QTOF/MS method was shown to be sensitive (LOQ = 10 ng/mL), precise and
accurate for LQFM05 determination in tissue homogenates and plasma samples.

Keywords: antipsychotic drug LQFM05; sample pretreatment; tissue distribution; bioanalytical
methods; LC-QTOF/MS

1. Introduction

Schizophrenia is a severe chronic psychiatric disorder and one of 25 leading causes
of disability worldwide [1,2]. Clozapine is the most used drug for schizophrenia dis-
order control, and is therefore constantly related to hematological and metabolic dis-
orders as a side effect for some clinical patients [3], limiting its prescription and use.
To fill this gap, 1-(4-methoxyphenyl)−4-((1-phenyl-1H-pyrazol-4-yl)methyl)piperazine
(LQFM05) was investigated as a promising prototype antipsychotic N-phenylpiperazine
drug, showing anxiolytic- and antidepressant-like effects in classical behavioral tests
(12 or 24 μmol/kg LQFM005), putatively through activation of 5-HT1A receptors [4].
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Preclinical pharmacokinetics studies are key aspects of the new drug development
phase as a way of identifying an adequate bioavailability profile, tissue distribution and
excretion rates. Furthermore, it can support data on dosage schedules, pharmacological
information, and possible toxicity [5–7]. In this sense, a reliable and accurate analytical
method is required.

Several methods for quantification of phenylpiperazine antipsychotics and atypical an-
tidepressants have been reported, often using liquid chromatography (LC) with ultraviolet
(UV), diode array (DAD), fluorescence (FLD) and mass spectrometry detector (MS) [8–11].

Moreover, a sample pretreatment procedure also seems like a crucial step for analytical
method development. Techniques such as protein precipitation, liquid–liquid extraction
(LLE), solid phase extraction (SPE), solid phase microextraction (SPME) and hollow fiber-
based liquid phase microextraction (HF-LPME) have been used to extract and/or pre-
concentrate drugs in the biological fluid before analytical system analysis [9,12–15].

Mass spectrometry methods have several applications in pharmacokinetic studies due
to the better selectivity of the higher resolution mass spectrometers, such as the quadrupole
time-of-flight mass spectrometry system (QTOF/MS). The higher resolution, sensitivity
and selectivity of these systems, especially when coupled to a liquid chromatography
system (LC-QTOF/MS), allow for techniques with reduced time consumption and sample
pretreatment costs.

Thus, here, we present a bioanalytical LC-QTOF/MS method applied to the pharma-
cokinetics and biodistribution studies of a new potential antipsychotic drug with anxiolytic
and antidepressant-like effect (LQFM05) using a straightforward sample pretreatment
procedure. Pharmacokinetics and drug tissue/plasma ratio (Kp) to the brain, heart, liver
and kidneys were also evaluated.

2. Results and Discussion

2.1. Method Development and Sample Preparation Strategies

Carbamazepine, dexamethasone, olanzapine, ethinylestradiol, fluoxetine macohy-
drochloride and diazepam were evaluated as internal standards (ISs) because some of their
physicochemical properties, such as log P and parent fragmentation in the
MS/MS spectrometer, were similar to LQFM05 [16,17]. Accordingly, diazepam was se-
lected for MS ionization condition, fragmentation profile, matrix endogenous compounds
interference, as well as chromatographic profile. The LQFM05 and diazepam MS/MS
obtained spectrum are shown in Figure 1. The most abundant ion (157.08 m/z) was selected
as the LQFQ05 quantifier.

For sample clean-up and analyte enrichment procedures, solid phase extraction (SPE),
liquid–liquid (LLE) and protein precipitation extraction (PPE) were evaluated. Some SPE
drawbacks may include multiple steps and slow filtration. Moreover, the observed analyte
run time elution was inadequate (~20 min) as well as its selectivity. Instead, LLE was shown
to be a faster and less costly sample preparation procedure than SPE. Experiments were
performed based on the protocol established by Kumar and Ramanathan [10], although con-
siderable residual effects were observed. Eventually, PPE was also evaluated. Regardless
of some often-reported disadvantages, such as low selectivity and ion signal suppression,
herein data from PPE procedure showed better sample clean-up, with no MS signal inter-
ferences. In summary, the efficiency of the evaluated techniques is expressed by a slightly
higher determination coefficient (r2) for PPE (0.9985) compared to LLE (r2 = 0.9872), as
exemplified by the liver extraction procedure in Figure 2.

2.2. Analytical Validation

The total ion chromatograms (TICs) of blank plasma, brain, heart, liver and kidney
blank samples and heart compared to matrix spiked with IS (250 ng/mL) and LQFM05
(10 ng/mL) are shown in Figure 3. LQFM05 and IS retention time (RT) were 5.6 min and
6.3 min, respectively. Endogenous or exogenous interferences were not seen for LQFM05
and IS peaks in the matrices studied.
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Figure 1. MS/MS spectrum of (A): LQFM05 at 30 ng/mL (retention time at 6.3 min), [M + H]+ 349
m/z, and (B): diazepam 250 ng/mL (retention time at 5.6 min), [M + H]+ 285 m/z.

Figure 2. LLE and PPE calibration curves (10.0–100.0 ng/mL, n = 5) in liver homogenate.
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Figure 3. Total ion chromatogram (TIC) of: (I) reference blank samples (A: plasma; B: brain; C: liver;
D: kidneys and E: heart); (II) heart homogenates (IS: 250 ng/mL and LQFM05: 250 ng/mL).
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Analytical parameters assessed during the LC-MS method validation process
(linearity, precision, accuracy, etc.) aim to provide evidence of confidence for the applied sam-
ple preparation and analysis procedure. Methods of calibration are especially meaningful
for assaying studies. Linearity in the LQFM05 concentration range of 10.0 to 900.0 ng/mL
was primarily assessed by means of an r2 > 0.99. The lower limit of quantification (LLOQ)
concentration was at 10.0 ng/mL based on the signal/noise higher than 10 with accuracy
and precision. A summary of these values can be found in Table 1.

Table 1. Calibration curve data for LQFM05 (range of 10.0 to 900.0 ng/mL) at all studied matrices.

Parameter Plasma Brain Heart Liver Kidneys

Slope a

(±SD, n = 4)
1.761 × 10−3±
1.587 × 10−5

9.882 × 10−4 ±
8.168 × 10−6

1.239 × 10−3 ±
1.985 × 10−5

1.692 × 10−3 ±
7.928 × 10−6

1.127 × 10−3 ±
1.655 × 10−5

Intercept a

(±SD, n = 4)
1.081 × 10−3 ±

7.043 × 10−3
0.905 × 10−2 ±

0.362 × 10−2
−0.7043 × 10−3 ±

0.8809 × 10−2
7.30 × 10−3 ±
3.518 × 10−3

8.292 × 10−3 ±
7.345 × 10−3

r2 b 0.9969 0.9974 0.9903 0.9992 0.9919

RSDslope (%) c 0.901 0.827 1.602 0.469 1.469

Fcalculated
d 1.351 1.257 0.285 1.062 0.641

Ccalculated
e 0.201 0.226 0.204 0.073 0.191

a Peak intensity of the analyte/IS vs. concentration. b Correlation coefficient. c Relative standard deviation
of the slope (RSDslope ≤ 2%). d Fisher ratio; Fcal < Ftab (linear relationship) = calculated and tabulated value
(α = 0.05), respectively [18]. e Cochran test; Ccal < Ctab (homoscedastic residuals) = calculated and tabulated value
(α = 0.05), respectively [19].

In general, the relative standard deviation of the slope (RSDslope) used to evaluate
linearity and the significance of the angular coefficient is an indication of the experimental
dispersion data around the regression line [20]. The RSDslope values in all matrices are
in the range of 0.47 to 1.6% (Table 1). According to the obtained RSDslope values, the
regressions can be considered linear (≤2%) [20].

Additionally, the Cochran hypothesis test was performed in order to evaluate the
homogeneity of variance of the residues from the (y) axis. In other words, if the calculated
(Ccal) value at a 5% level of significance (P = 0.05) found for (J = 4 and I = 10) was lower
than 0.373 (Ctabulated). As the calculated value (Ccal) was lower than Ctabulated in all the
matrices, there is homoscedasticity of responses [19,20]. Hence, once the hypothesis was
accepted, the least squares method was adequate for estimating the best regression line
that passes through the points obtained experimentally from the calibration curve.

Fisher-Snedecor’s F-Ratio was calculated for comparison between calibration data
variability. At the 95% confidence level, F-tabulated (0.05, 8, 30) for 10 concentrations
levels (I) and two different days were 2.27 [18–20]. Accordingly, Fcal was lower than Ftab
in all matrices, and the obtained results describe a linear calibration. See Table 1.

Graphical representation of the residues between observed and predicted Y (response)
values is also a very important procedure for detection of outliers, points of influence, lack
of adjustment or unequal variation. However, Jurado et al. [21] adds the differentiation of
the use of studentized residuals by the residual standard deviation (Sy/x) and the leverage
effect of each point on the regression line. Studentized residues (Figure A1) distributed
around zero showed no tendency and corresponded to the acceptance criteria (±2) in
the range of analyzed concentrations. Thus, the regression model used was considered
adequate to this aim.

The intra- and inter-assay precision and accuracy were estimated at four concentration
levels, each concentration in replicates (n = 6 and n = 12, respectively). All results are shown
in Table 2.
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Table 2. Precision and accuracy of LQFM05 in rat plasma and tissue homogenates (brain, heart, liver
and kidneys) by LC-QTOF/MS.

Matrix
Cspiked

(ng/mL)

Intra (n = 6) Inter (n = 12)

CM

Mean ± SD
(ng/mL)

RSD% RE%
CM

Mean ± SD
(ng/mL)

RSD% RE%

Plasma

10 9.66 ± 0.51 5.3 −3.4 9.98 ± 0.72 7.2 −0.2
30 31.00 ± 1.37 4.4 3.3 30.71 ± 1.57 5.1 2.4

450 455.58 ± 9.50 2.1 1.2 453.78 ± 8.97 2.0 0.8
750 754.80 ± 10.30 1.4 0.6 754.24 ± 10.06 1.3 0.6

Brain

10 9.44 ± 0.56 6.0 −0.2 9.76 ± 0.79 8.1 −2.4
30 29.31 ± 1.47 5.0 −0.1 29.36 ± 1.39 4.7 −2.1

450 432.76 ± 3.20 0.7 −0.2 441.38 ± 9.34 2.1 −1.9
750 727.68 ± 7.53 1.0 −4.2 743.67 ± 18.95 2.5 −0.8

Heart

10 9.85 ± 0.30 3.4 −1.5 9.92 ± 0.25 2.6 −0.8
30 30.06 ± 0.12 0.4 0.2 30.22 ± 0.42 1.4 0.7

450 451.04 ± 8.07 1.8 0.2 449.65 ± 6.04 1.3 −0.1
750 750.11 ± 11.61 1.5 0.0 751.43 ± 9.65 1.3 0.2

Liver

10 10.22 ± 0.37 3.6 2.2 10.30 ± 0.35 3.4 3.0
30 30.16 ± 0.86 2.9 0.5 30.36 ± 0.76 2.5 1.2

450 449.78 ± 7.87 1.8 0.1 449.19 ± 6.16 1.4 −0.2
750 751.24 ± 8.68 1.2 0.2 749.57 ± 8.92 1.2 −0.1

Kidneys

10 10.59 ± 0.71 6.7 5.9 10.49 ± 0.71 6.7 4.9
30 29.84 ± 0.77 2.6 −0.5 29.94 ± 0.75 2.5 −0.2

450 452.49 ± 10.95 2.4 0.6 453.60 ± 8.57 1.9 0.8
750 756.41 ± 10.11 1.3 0.9 752.52 ± 8.93 1.2 0.3

Cspiked: spiked concentration; CM: measured concentration; mean determination; SD: standard de-viation;
RSD%: relative standard deviation percentage; RE%: relative error.

Recovery of a bioanalytical method measures efficiency of the extraction procedure.
Regarding drug recovery rates from all investigated tissues, the lowest one was found
for the brain (around 45%), probably as a result of the high drug affinity to brain tis-
sue. Additionally, biotransformation by enzymatic route can also bias to lower recovery
rates. However, is worth mentioning that high analytical precision was found at all drug
concentration levels (RSD% ≤ 10.9%), providing reliable recovery values. See Table 3.

The IS matrix effects showed values in the range of 0.98 (30 ng/mL: heart and liver) to
1.09 (30 ng/mL: plasma, and RSD% ≤ 8.4% (Table 3) in agreement to worldwide acceptance
criteria [22]. Thus, results imply no significant drug ionization suppression or enhancement
in plasma or other homogenates [23]. All RSD% values were lower than 15%.

Adsorption of the analyte or IS into the injector, chromatographic column, LC connec-
tions, ionization interface or other section of the chromatographic system can result in a
late peak appearance of them into the next following run [24]. Potential interfering peaks
at the analyte retention time should not exceed 20% of the obtained value when setting the
LLOQ. In the present developed method, no carryover was observed at retention time of
both IS (5.6 min) and LQFM05 (6.3 min) after injecting the highest calibrator concentration
(900.0 ng/mL).

The stability was assessed at three different conditions (FTC: stability after freezing
and thawing cycles, SST: short time stability and PPS: post-processing stability). The
obtained data showed acceptable accuracy and precision values below 15% (Figure 4) [22].
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2.3. Tissue Distribution Study

Tissue distribution of LQFM05 was investigated in male Wistar rats at 0.08, 0.17, 0.25,
1, 3, 6 and 12 h after intravenous (i.v). dosing (10 mg/Kg) by collecting tissue samples from
the brain, heart, liver, kidneys and blood. The concentration-time profile of LQFM05 in
various tissues is shown in Figure 5.

Table 3. Recovery and matrix effect data expressed by standard deviation (SD) and precision for all
evaluated matrices (n = 6 for QC and n = 18 for IS) by LC-QTOF/MS.

Matrix Cspiked (ng/mL)
Recovery Matrix Effect (NMF)

Mean ± SD (%) RSD (%) Mean ± SD RSD (%)

Plasma
LQFM05

30 55.53 ± 4.63 8.3 1.02 ± 0.09 8.8
450 56.82 ± 5.0 8.7 1.04 ± 0.06 5.8
750 56.22 ± 3.70 6.6 1.03 ± 0.03 2.9

IS 250 79.50 ± 4.93 6.2 1.09 ± 0.04 4.1

Brain
LQFM05

30 45.84 ± 3.82 8.3 1.09 ± 0.04 4.1
450 47.54 ± 2.03 4.3 1.05 ± 0.04 3.6
750 43.26 ± 1.62 3.7 1.06 ± 0.03 2.7

IS 250 94.38 ± 4.50 4.8 0.99 ± 0.07 7.3

Heart
LQFM05

30 68.94 ± 3.87 5.6 1.04 ± 0.04 3.5
450 63.47 ± 1.84 2.9 1.00 ± 0.05 4.5
750 65.28 ± 3.05 4.7 0.98 ± 0.04 4.4

IS 250 99.61 ± 5.89 5.9 1.02 ± 0.05 5.1

Liver

LQFM05 30 71.82 ± 4.79 6.7 0.99 ± 0.04 3.7
450 59.13 ± 2.92 4.9 0.98 ± 0.06 6.3
750 70.75 ± 5.03 7.1 1.00 ± 0.04 3.7

IS 250 82.38 ± 7.04 8.5 1.00 ± 0.03 3.0

Kidneys

LQFM05 30 63.77 ± 6.97 10.9 1.05 ± 0.04 3.6
450 55.40 ± 2.53 4.6 1.06 ± 0.03 2.7
750 66.50 ± 2.38 3.6 0.99 ± 0.07 7.3

IS 250 98.31 ± 3.70 3.8 1.04 ± 0.04 3.5

IS: Diazepam; Cspiked: spiked concentration; NMF: normalized matrix factor; mean determination;
SD: standard deviation; RSD%: relative standard deviation percentage; QC: quality control samples.

Non-compartmental analysis (NCA) was employed without assumption of any previ-
ous PK model, as it could be used in all cases, being the main advantage of the method [25].
All tissues investigated (Table 4) showed decreasing tissue concentrations from 0.08 to
12 h, except for liver tissue (tmax at 0.17 h). The highest tissue concentration (Figure 5) was
obtained in the brain tissue (12,357.0 ng/g), indicating higher tissue affinity as desired to
any psychoactive drug candidates.

The highest exposure to LQFM05 was found in the kidneys (14,595.2 h*ng/g) fol-
lowed by the heart (10,919.6 h*ng/g) and brain (10,460.6 h*ng/g). The lowest expo-
sure was observed in the liver (8235.3 h*ng/g) in a similar manner as that found for
the LASSBio-579 [26].

The liver and brain half-lives were higher (3.6 and 2.5 h, respectively) compared to
other tissue values around to 2.2 h. The largest mean residence time (3.1 h) was observed
in the liver. Penetration coefficient values (Kp) were larger for the kidneys (2.7), heart
(2.0) and brain (1.9). Thus, according to Kp data, LQFM05 was widely distributed to
tissues (Kp > 1). Similar results were found for phenylpiperazine analogs, such as LASSBio-
579 and 581, except for adipose tissue, which presented a value of 2.24 for penetration
of LASSBio-579 [8,11].

Although LQFM05 penetration was much larger when compared to LASSBio-579
(log P 3.48) and LASSBio-581 (log P 2.91), it can be related to its higher lipophilicity (log P 3.68),
favoring drug passage through biological phospholipid bilayer membranes. Other works
also reported Kp > 1 as a tissue penetration pharmacokinetic parameter. In order to compare
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different formulations of quetiapine, an atypical antipsychotic, Carreno et al. [27] reported
values ranging from 1.5 for the brain to 3.6 for the liver, according to the formulation ad-
ministrated; Laxman et al. [28] also explores the tissue affinity of a new inhibitor, with
Kp values ranging from 0.03 in the brain to 36.33 in the small intestine, where it showed
remarkable accumulation.

Figure 4. LQFM05 and IS stability in rat plasma and tissue homogenates (brain, heart, liver, kidneys)
under different storage conditions (n = 4) by LC-QTOF/MS compared to fresh samples. FTC: stability
under freezing and thaw cycles; SST: stability after short time analysis; PPS: postprocessing analysis;
RE%: relative error.
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Figure 5. LQFM05 concentration-time profile in four tissue homogenates after an i.v. administration
(10 mg/Kg) to rats. The final amount (ng/g) was calculated after considering the appropriate
dilution factor.

Table 4. Tissue pharmacokinetic parameters after i.v. administration of LQFM05 (10 mg/Kg) to male
Wistar rats (mean, n = 3) out of 21 rats randomly distributed into seven groups. Data obtained from
Phoenix WinNonlin® 8.1.

Matrix
AUC(0–∞)
(h*ng/g)

tmax

(h)
Cmax

(ng/g)
Kβ

(h−1)
t1/2β

(h)
MRT
(h)

Kp b

Plasma 5366.7 a - - 0.31 2.3 1.7 -
Brain 10,460.6 0.08 12,357.0 0.28 2.5 2.0 1.9
Heart 10,919.6 0.08 7430.9 0.33 2.1 2.1 2.0
Liver 8235.3 0.17 4922.9 0.19 3.6 3.1 1.5

Kidneys 14,595.2 0.08 8768.0 0.30 2.3 2.4 2.7
a: h*ng/mL. b Kp: tissue/plasma ratio = AUC(0–∞) tissue/AUC(0–∞) plasma. AUC(0-∞): area under the matrix
concentration-time curve from time zero to infinity; tmax: time to peak concentration; Cmax: peak concentration;
Kβ: elimination rate constant; t1/2β: terminal half-life; MRT: mean residence time.

In this sense, supplementary LC analysis of rat tissue samples also detected the
4-(4-((4-(4-methoxyphenyl)piperazin-1-yl)methyl)−1H-pyrazol-1-yl)phenol (LQFM235) [4],
a bioactive metabolite of the LQFM05 at 3.3 min (Figure 6).

As a metabolite, it is assumed to be a less hydrophobic compound than LQFM05
and more easily eliminated from the body. Although the metabolite quantification was
not the main purpose of the present study, the LQFM235 concentration was tentatively
estimated in all tissues from in vivo rat samples (Figure 6) as it also showed anxiolytic-
like properties, as previously demonstrated [4]. Both LC-MS drug analyses were run
under the same experimental conditions, meaning that the same sample preparation and
instrumental conditions were used (Section 3.4.2), except for the MRM transition ions of
LQFM235 (Figure 6). The putative average area of the chromatographic peak was a direct
comparison to a LQFM235 (500 ng/mL, n = 3) peak area obtained from an original sample
(not fully validated method).

From the biodistribution study, the metabolite could be detected and tentatively
quantified in all tissues (Figure 7), with the exception of brain and heart matrices after
6 and 12 h post LQFM05 administration. The liver had the highest LQFM235 concentration
at all sample times as compared to other evaluated tissues.
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Figure 6. (A) Total ion chromatogram (TIC) of liver homogenate sample at 0.17 h; (B) fragmentation
spectrum of LQFM235 (retention time: 3.3 min) by LC-QTOF/MS. MS spectra characterization in [4].

Figure 7. Putative mean tissue concentration (±tandard deviation)—time curves of metabolite
LQFM235 after intravenous administration of LQFM05 (10 mg/kg).

3. Materials and Methods

3.1. Chemicals and Materials

Diazepam (IS), purity ≥99%, was purchased from the National Institute for Quality
Control in Health (Rio de Janeiro, Brazil). Acetonitrile (ACN) and methanol (MeOH) of
LC-grade were obtained from Merck (Darmstadt, Germany). Ammonium acetate and
hydroxypropyl-β-cyclodextrin were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Ultrapure water (≥18 M Ω cm) was obtained from an Elga Purelab Option-Q water purifi-
cation system (Elga, Purelab Option-Q, EUA).

LQFM05 was synthesized at Laboratório de Química Farmacêutica Medicinal
(LQFM, Universidade Federal de Goiás, Goiânia, Brazil). Purity (>98% ± 0.95 w/w; n = 2)
was determined by 1H spectra, as described elsewhere [4].

3.2. Animals

Male Wistar rats weighing 300 ± 50 g (10–12 weeks of age) were provided from the Univer-
sity Animal House (UFG, Goiânia, Brazil). The experimental protocol (022/17; 22 August 2017)
was approved by the Ethics Committee on the Use of Animals of Universidade Federal de Goiás
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(Goiânia, Brazil). One week before experiments, animals were acclimatized under controlled
conditions of temperature (24 ± 2 ◦C), humidity (50 ± 10%) and 12 h light-dark cycle, with
free access to water and standard laboratory rodent food.

3.3. LQFM05 Dosage Form Preparation

LQFM05 (ca. 600.0 mg) was dissolved in 50 mL of 30% (w/w)
hydroxypropyl-β-cyclodextrin (HP-β-CD) aqueous solution and shaken in a borosilicate flask
(1500 rpm, 24 h at 21 ± 1 ◦C). The sample was filtered and sterilized (Nylon filter; 0.22 μm) to
obtain a clear LQFM05 drug solution of 11.87 ± 0.44 mg/mL (n = 6) prior to in vivo analysis.
The concentration of LQFM05 was determined by the validated LC-QTOF/MS method over
the linear concentration range (0.0001–0.08 mg/mL).

3.3.1. Drug Administration to Pharmacokinetic Studies

A single dose of LQFQM05 solution was administered intravenously (IV, 10 mg/kg)
and orally in two different doses (20 and 40 mg/kg, max vol. 0.4 mL/100 g body weight)
to groups of four healthy male Wistar rats: G1 (10 mg/mL, n = 4) received an intravenous
bolus dose (ca. 30 sec bolus injection; ca. 0.1 mL/100 mg BW) via catheterization of the
carotid artery and, G2 (20 mg/Kg, n = 4; ca. 0.2 mL/100 mg BW) and G3 (40 mg/kg, n = 4;
ca. 0.4 mL/100 g BW) received a single oral dose by gavage.

Blood samples (150–200 μL) were withdrawn from the lateral tail vein (max 6% BW)
at 0.08; 0.25; 0.50; 0.75; 1.0; 1.5; 2.0; 2.5; 3.0; 4.0; 5.0 and 6.0 h after IV drug administration.
After oral dosing, samples were taken at 0.17; 0.33; 0.50; 0.75; 1.0; 1.50; 2.0; 3.0; 4.0; 6.0; 9.0
and 12.0 h. The study design was based on a LQFM05 pilot study and previous work from
Tasso et al. (2005) [11] and Conrado et al. (2008) [26].

Pharmacokinetic parameters were estimated by using non-compartmental analysis (NCA)
without the assumption of any previous PK model and performed using Phoenix
(WinNonlin® version 8.1; Pharsight Corp., Mountain View, CA, USA), plus Microsoft
Excel software.

3.3.2. Drug Administration to Tissue Distribution Study

For the LQFM05 tissue distribution study, 21 rats were randomly divided into seven
groups. After i.v. dosing (10 mg/kg; 28.7 μmol/kg), biological fluids and tissue samples
(heart, liver, kidneys, brain and blood) were collected from animals at 0.08, 0.17, 0.25, 1, 3, 6
and 12 h post-dosing time intervals.

The LQFM05 concentration in rat tissues was expressed in ng/g and calculated by
Equation (1) [11,26].

Ct = (Cs × Vs)/P (1)

where Ct represented the tissue concentration (ng/g), and Cs, Vs and P were the concentra-
tion (ng/mL), volume (mL) and weight (g) of the tissue samples, respectively.

3.4. Preparation of Samples for LC-QTOF/MS Analysis
3.4.1. Stock Solutions, Calibration Standards and Quality Control Samples

Aiming to provide evidence of confidence for the applied sample preparation and
analysis procedure, LQFM05 and diazepam (IS) stock solutions were prepared in ace-
tonitrile (ACN 1.0 mg/mL). Next, the stock was diluted to yield working solutions in
ACN-water (1:1 v/v). Calibration curve samples (10.0, 20.0, 25.0, 50.0, 100.0, 250.0, 400.0,
600.0, 750.0 and 900.0 ng/mL) were prepared by spiking blank plasma/tissue samples
with equal volumes of standard working solutions aliquots. Quality control (QC) samples
(10.0, 30.0, 450.0, 750.0 and 1500.0 ng/mL) were prepared separately from a different drug
weighting batch. The IS working solution (250 ng/mL) was prepared from stock standard
solution in ACN.

For LC-QTOF/MS analysis, the sample residue was reconstituted with ACN:10 mM
ammonium acetate (1:1, v/v, 100 μL), vortexed (10 min), centrifuged (12,000 rpm/12 min)
and then injected into an LC system (15 μL).
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3.4.2. Unkown Rat Plasma and Tissue Samples

Blood was collected in heparinized tubes and immediately centrifuged
(1000 rpm/111× g, 10 min) to separate the plasma portion. The supernatant was transferred
into clean tubes and stored at −80 ◦C until analysis by LC-QTOF/MS. Tissue samples were
gently blotted with absorbent paper to remove the excess blood, weighed, and stored at
−80 ◦C until analysis.

Plasma, calibration standards and QC samples were processed by protein precipitation.
Previously, plasma (100 μL) was spiked with IS (100 μL, 250 ng/mL) and deproteinized
with ACN (500 μL), vortexed (10 min), centrifuged (10,000 rpm/10 min) and the super-
natant was transferred to clean 1.5 mL tubes and vacuum dried (45 ◦C, 90 min). Tissue
samples from biodistribution studies were first homogenized (Ultra-Turrax® model T10
basic, IKA, Staufen, Germany) in 10 mM monobasic potassium phosphate buffer (pH 9.0)
at the ratio of 1:3 (organ: buffer, w/v), except for liver which was 1:2 (w/v). After, IS
solution (100 μL, 250 ng/mL) was added to tissue homogenates (100 μL) and submitted
to extraction as previously mentioned. If any of the quantified values were higher than
ULOQ, an appropriate sample aliquot of supernatant was additionally diluted using the
same biological matrix as an actual sample. The final amount (ng/g) was calculated after
considering the dilution factor.

For LC-QTOF/MS analysis, the sample residue was reconstituted with ACN:10 mM
ammonium acetate (1:1, v/v, 100 μL), vortexed (10 min), centrifuged (12,000 rpm/12 min)
and then injected into an LC system (15 μL).

3.5. Instrumentation
LC-QTOF/MS Conditions

Data were acquired on a Shimadzu LC liquid chromatography system
(LC-20AD, Shimadzu Corporation, Kyoto, Japan) with two pumps (LC-20AD), an autosam-
pler (SIL-20ACHT) and a UV detector (SPD-20AV) and also coupled to a micrOTOF-Q
III mass spectrometer (Brucker Daltonics, Bremen, Germany) equipped with electrospray
source (ESI) operated in a positive-ion mode (ESI(+)) using Brucker Data Analysis software.
Data acquisition was carried out in the “multiple reaction monitoring” (MRM) mode, and
the most abundant ion was selected as the quantifier ion. Recall that TOF detectors simul-
taneously collect both precursor and product ion information over a mass range without
isolating a particular ion. The two most intense product ions of LQFM05 were selected
as quantifier (349.21 m/z → 157.08 m/z) and qualifier ions (349.21 m/z → 191 m/z). MS
parameters of the analyte and IS are listed in Table 5.

Table 5. MRM transition in positive ion mode, collision energy and retention time for the determina-
tion of LQFM05 and diazepam (IS).

No. Compounds
MRM Transition (m/z)

CE *(eV)
RT **
(min)Quantifier Qualifier

1 Diazepam (IS) 285.08 → 257.09 20 5.6
2 LQFM05 349.21 → 157.08 349.21 → 191 15 6.3

* Collision energy; ** Retention time.

Chromatographic separation was performed using the X-Terra RP18 column
(150 × 3.0 mm, 3.5 μm, Waters), at 40 ◦C. The binary mobile phase of 10 mM of am-
monium acetate (A) and ACN (B) with gradient elution: 0–8 min (55% A), 8–9 min
(50% A), 9–10 min (45% A), 10–11 min (40% A), 11–12 min (35% A), 12–13 min
(30% A), 13–14 min (40% A), 14–16 min (50% A) and 16–21 min (55% A) at a flow of
0.5 mL/min. The auto-sampler was conditioned at 15 ◦C, and the injection volume
was 15 μL.

The Q-TOF settings were as follows: nebulizer nitrogen gas with 220 ◦C temperature,
5.5 bar pressure, drying gas of 10 L/min, capillary voltage was set to 4.5 kV; end plate offset
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500 V, transfer 200 Vpp, quadrupole ion energy 3 eV, collision cell energy of 7 eV e transfer
time 72 μS. The micrOTOF_Q III was programmed for scanning low mass (100–380 m/z).

The LC-QTOF/MS method was only validated for the quantification of LQFM05
(not for LQFM235) in plasma and tissues according to the Brazilian Health Surveillance
Agency [22,29] guidelines: selectivity, linearity, precision and accuracy, recovery, matrix
effect, carryover and stability of the analyte and IS were the analytical parameters assessed.
For LQFM 235, the Q-TOF settings were kept as displayed on Table 5, although m/z
transitions were set at 365 →173.

3.6. Analytical Validation
3.6.1. Selectivity

Six different blank plasma batches and animal tissue homogenates (brain, heart, liver
and kidneys) were investigated by assessing possible endogenous interferences at the same
retention time of analyte and IS.

3.6.2. Linearity

Linearity of the calibration range (10.0, 20.0, 25.0, 50.0, 100.0, 250.0, 400.0, 600.0, 750.0
and 900.0 ng/mL) was assessed by triplicate samples on two different days. Blank samples
were spiked with LQFM05 and IS (analytical curve), and zero samples (blank samples
spiked only with IS) of the biological matrix were also analyzed.

Calibration curves were analyzed by the linear least squares regression method ap-
plied to a graphical plot of the analyte/IS peak intensity ratio (y axis) versus the theoretical
concentration (x axis) of the analyte. Linearity was assessed by correlation (r) and deter-
mination (r2) coefficients and other additional criteria, such as, graphically, %RSDslope,
studentized residual and homoscedasticity (Cochran’s hypothesis test and F-test values).

3.6.3. Precision and Accuracy

Precision and accuracy were evaluated by spiked QC plasma samples in replicates
(n = 6) at four concentration levels in the same day (intra-day repeatability). Intermediate
precision and accuracy (inter-day) were also investigated at the same QC levels on two
different days (n = 12). Precision was expressed as a percentage of the relative standard
deviation (RSD%) of the specified concentrations, while accuracy was determined by the
relative error (RE%) of the experimental samples [22].

3.6.4. Recovery of the Extraction Procedure

Relative recovery was determined by comparison of analyte response in the spiked
matrix samples before and after extraction procedure at all three QC levels (30.0, 450.0 and
750.0 ng/mL) [22,24].

3.6.5. Carry-Over Effects

Carryover effect was assessed by comparing the chromatographic profile of blank
samples’ homogenates spiked with LQFM05 (900.0 ng/mL). One blank plasma homogenate
was run before spiked sample analysis and repeated twice after the upper concentration
limit of quantification (900.0 ng/mL).

3.6.6. Matrix Effect

In order to evaluate the matrix effect, blank samples were spiked with IS (250 ng mL−1)
and drug aliquots at three concentration levels (30.0, 450.0, 750 ng mL−1). Next, the drug/IS
peak ratio was compared to drug response in solution in order to calculate the normalized
matrix factor (NMF) for each sample, according to Equation (2) [29].

NMF =
LQFM05 response in matrix/IS response in matrix

LQFM05 response in solution/IS response in solution
(2)
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3.6.7. Stability

The stability of the analyte and IS was determined by the following tests: three freeze-
thaw cycles, short-term stability and post-processing assay at two concentration levels
(low and high QCs). Short-term stability samples were kept in an auto-sampler (15 ◦C) and
analyzed after 35 h of storage. Post-processing stability samples were injected after being
kept in the refrigerator (2–8 ◦C, 58 h), followed by the auto-sampler storage (15 ◦C, 24 h).

4. Conclusions

In the presented study, an LC-QTOF/MS method for pharmacokinetic and tissue
biodistribution of a new prototype drug named LQFM05 was developed and duly validated.
Different sample preparation techniques (SPE, LLE and PPE) were evaluated. The PPE
method was preferred due to its simplicity, reduced cost, lower preparation time, higher
sensitivity and accuracy. The LC-QTOF/MS method was shown to be linear over the
therapeutic range, selective and sensitive for LQMF05 tissue biodistribution studies after
i.v. administration in rats.

The LQMF05 biodistribution study demonstrated fast and wide body distribution to
all tissues analyzed. The greater exposure and tissue affinity were seen for kidneys, thus
suggesting a potential extrahepatic clearance. Additionally, LQFM05 crosses the blood-
brain barrier, reaching the target tissue with a high tissue-blood Kp (1.9) and half-life t1/2β
of 2.5 h, accounting for a proper pharmacodynamic effect. In addition, brain tissue showed
the highest tissue concentration (Cmax: 12,357.0 ng/g), thus evidencing its higher tissue
affinity rate.

In conclusion, the developed and validated LQFM05 method was successfully applied
to different tissue samples. Accordingly, our results showed that LQFM05 is a promising
antipsychotic drug, mainly metabolized in the liver.
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Appendix A

Figure A1. Studentized residues of LQFM05 in rat plasma and tissue homogenates (brain, heart, liver
and kidneys) obtained from the calibration curve by LC-QTOF/MS.
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Abstract: Background: Opioids are considered the cornerstone of pain management: they show good effi-
cacy as a first-line therapy for moderate to severe cancer pain. Since pharmacokinetic/pharmacodynamic
information about the tissue-specific effect and toxicity of opioids is still scarce, their quantifica-
tion in post-mortem autoptic specimens could give interesting insights. Methods: We describe an
ultra-high-performance liquid chromatography coupled with tandem mass spectrometry method
for the simultaneous quantification of methadone, morphine, oxycodone, hydrocodone, oxymor-
phone, hydromorphone and fentanyl in several tissues: liver, brain, kidney, abdominal adipose
tissue, lung and blood plasma. The presented method has been applied on 28 autoptic samples from
different organs obtained from four deceased PLWH who used opioids for palliative care during
terminal disease. Results: Sample preparation was based on tissue weighing, disruption, sonication
with drug extraction medium and a protein precipitation protocol. The extracts were then dried,
reconstituted and injected onto the LX50 QSight 220 (Perkin Elmer, Milan, Italy) system. Separation
was obtained by a 7 min gradient run at 40 ◦C with a Kinetex Biphenyl 2.6 μm, 2.1 × 100 mm.
Concerning the analyzed samples, higher opioids concentrations were observed in tissues than in
plasma. Particularly, O-MOR and O-COD showed higher concentrations in kidney and liver than
other tissues (>15–20 times greater) and blood plasma (>100 times greater). Conclusions: Results
in terms of linearity, accuracy, precision, recovery and matrix effect fitted the recommendations of
FDA and EMA guidelines, and the sensitivity was high enough to allow successful application on
human autoptic specimens from an ethically approved clinical study, confirming its eligibility for
post-mortem pharmacological/toxicological studies.

Keywords: LC-MS; tissue; morphine; fentanyl; opioids

1. Introduction

Opioids have been the most useful drugs for the management of severe pain for more
than 200 years [1]. They show good efficacy as a first-line therapy for moderate to severe
cancer pain with greater analgesic efficacy than non-steroidal anti-inflammatory drugs.

These drugs act by binding opioid receptors located along the nociceptive pathway [2]
name μ (in turn including μ-1 and μ-2 subtypes), κ and δ [3,4]. Several opioids are available
for clinical use in the management of chronic pain, with the most common including

Pharmaceuticals 2023, 16, 903. https://doi.org/10.3390/ph16060903 https://www.mdpi.com/journal/pharmaceuticals
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morphine (MOR), methadone (MTD), hydromorphone (H-MOR), hydrocodone (H-COD),
oxycodone (O-COD), oxymorphone (O-MOR), and fentanyl (FENT) [5,6]. MOR is a phenan-
threne derivative and the prototypical μ-receptor opiate [3]; it is the first-line treatment of
severe pain and cancer [7]. After oral administration, about 40 to 50% of the administered
dose reaches the central nervous system. In small amounts, MOR is also metabolized in H-
MOR: this last is present in 66% of MOR consumers without excessive drug response [3,8].
FENT is an opioid agonist that is about 80–100 times more potent than morphine, highly
lipophilic and highly bound to plasma proteins [3,9]. H-COD is the most used opioid
indicated for moderate to severe pain. O-COD has similarities with H-COD and has activity
at multiple opiate receptors including the k-receptor. O-COD has high affinity for the μ

receptor and is about 10 times more potent than MOR, and it is not affected by CY2D6 or
CY3A4 [3]. H-MOR is more potent than MOR (7–10 times more potent), and it has a good
solubility in water which allows for concentrated formulations [10].

MTD is a synthetic μ opioid receptor agonist; in addition to its opioid activity, it is also
an antagonist of the N-methyl-D aspartate (NMDA) receptor [3].

The management of these drugs is complex due to their effects on the central nervous
system but also on other systems, causing respiratory depression, orthostatic hypotension,
constipation, urinary retention, nausea and vomiting [3] and, in most critical cases, coma
and death [11].

Most opioids are subjected to wide first-pass metabolism in the liver before reaching
systemic circulation. Metabolism allows facilitating renal excretion, improving drug hy-
drophilicity. CYP450 and UDP-glucuronosyltransferases (UGTs) are the two major enzyme
systems involved in opioids metabolism: this process results in the production of both
inactive and active products [12].

Some opioids are pro-drugs, and they become active after the metabolism process.
Others opioids are transformed in more potent drugs after an initial metabolism [13,14].

As an example, COD is a pro-drug that shows pharmacological activity after metabolism
to MOR in the liver. About 80% of COD is eliminated by glucuronization through the
UGT enzyme. A minor pathway (6–9% of the dose) is represented by N-demethylation to
nor-COD and O-demethylation to MOR by the CYP2D6 enzyme [12].

Indeed, H-COD is metabolized by CYP enzymes. More than 50% of total H-COD
clearance is mediated by CYP2D6 and CYP3A4, resulting in the formation of H-MOR
and norhydrocodone, respectively. H-COD is metabolized with glucuronization, and it is
about 10 times more potent and less polar than its parent drug, codeine. H-COD may be a
pro-drug, requiring further metabolism to H-MOR, which is an active opioid agonist [12].

Since pharmacokinetic/pharmacodynamic information about the tissue-specific pene-
tration and toxicity of opioids is still scarce, their quantification in post-mortem autoptic
specimens could give interesting insights about the tissue distribution of these drugs.

Some opioids are lipophilic and can be stored in body tissues for a long time: thanks
to their good solubility in lipids, some opioids are rapidly distributed in tissues. Conse-
quently, they can be gradually released, causing tissue redistribution [15]. In this scenario,
investigation about opioid distribution in tissues could be a useful tool to better understand
tissue-specific toxicity: in this scenario, the post-mortem toxicological investigation of
different specimens is needed. Consequently, thoroughly validated analytical methods
capable of a reliable quantification of these drugs in different tissues are required.

Most tissue distribution studies are performed in animals models [16,17], while poor
information is available about distribution in humans [18–20]. In addition, the currently
available observations in humans are mainly focused on toxicological/forensic qualitative
or semi-quantitative applications, serving more than a quantitative purpose in the context
of pain management.

Furthermore, a very small variety of matrices are normally evaluated even in the
toxicological analysis, such as hair [21], nails [22,23], saliva [24], plasma, blood, urine and,
in rare post-mortem analyses, brain or liver [11,25–28].
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The evaluation of these molecules in different biological matrices should be carried out
with sensitive and specific methodologies, such as liquid chromatography coupled with
mass spectrometry (UHPLC-MS/MS) [29,30]. This technique has been also applied in sev-
eral fields, for example for the quantification of different phytocostituents and metabolites,
as shown in the works of Thakur et al. and Perez De Souza et al. [31,32].

For these reasons, in this work, we reported on the development and validation,
following EMA and FDA guidelines [33,34], of an ultra-high performance liquid chro-
matography coupled with tandem mass spectrometry (UHPLC-MS/MS) method for the
simultaneous quantification of MOR, O-COD, H-COD, O-MOR, H-MOR, FENT and MTD
in several animal tissues (e.g., liver, brain, kidney, heart, lung) and its application in human
autoptic samples. Interestingly, these samples were from a unique cohort of terminally
sick participants with concomitant HIV infection who agreed to participate in the study,
donating their post-mortem tissues, which were withdrawn and snap frozen within 6 h
after death. Furthermore, compared to the literature, the present method is able to quantify
a larger number of opioids in different specimen types.

2. Results

2.1. Calibration Curve and Dilution Integrity

During method validation, all drugs showed linear calibration curves. The coefficient
of determination (R2) of all calibration curves ranged from 0.996 to 0.999, confirming good
fitting to the calibration models. The equations are reported in Table 1.

Table 1. Overall evaluation of IS-nME and IS-nREC by comparison of the slopes as suggested by Ma-
tuszewsky et al. [35,36]. All deviation data are related to the curve prepared in pure solvent (reference
calibration curve); the CV% is referred to the comparison between different tissues. M = calibration
slope; k = calibration intercept.

Morphine Oxymorfone Hydromorfone Oxycodone Hydrocodone Fentanyl Methadone

m k
Dev.
from
Ref.

m k
Dev.
from
Ref.

m k
Dev.
from
Ref.

m k
Dev.
from
Ref.

m k
Dev.
from
Ref.

m k
Dev.
from
Ref.

m k
Dev.
from
Ref.

Pure
sol-

vent
(reference)

1.030 0.007 n.a. 5.437 0.022 n.a. 3.752 0.027 n.a. 2.544 0.026 n.a. 3.980 −0.012 n.a. 4.451 −0.001 n.a. 2.236 0.002 n.a.

Heart 1.062 0.006 3.1% 4.994 0.046 −8.1% 3.730 0.007 −0.6% 2.510 0.006 −1.3% 4.042 −0.014 1.6% 4.422 0.005 −0.7% 2.442 0.024 9.2%
Lung 1.015 0.006 −1.5% 4.808 0.038 −11.6% 3.716 −0.004 −1.0% 2.488 0.015 −2.2% 4.050 −0.013 1.8% 4.422 0.002 −0.7% 2.406 0.014 7.6%
Kidney 1.011 0.007 −1.8% 5.26 −0.011 −3.3% 3.712 0.003 −1.1% 2.525 0.013 −0.7% 4.006 0.007 0.7% 4.420 0.003 −0.7% 2.35 0.017 5.1%
Liver 1.022 −0.001 −0.8% 5.62 0.042 3.4% 3.820 0.001 1.8% 2.678 −0.009 5.3% 3.982 0.016 0.1% 4.453 −0.006 0.0% 2.449 0.017 9.5%
Intestine 1.032 0.001 0.2% 5.476 0.046 0.7% 3.678 0.012 −2.0% 2.678 0.061 5.3% 4.053 −0.005 1.8% 4.416 0.001 −0.8% 2.36 0.009 5.5%
Subcut.

fat
1.044 −0.012 1.4% 5.408 −0.053 −0.5% 3.598 0.003 −4.1% 2.385 0.024 −6.3% 3.932 −0.003 −1.2% 4.344 −0.005 −2.4% 2.203 0.015 −1.5%

Plasma 0.961 0.012 −6.7% 4.851 0.021 −10.8% 3.891 −0.031 3.7% 2.451 0.001 −3.7% 4.038 −0.022 1.5% 4.32 0.005 −2.9% 2.361 0.016 5.6%
Inter-
tissue
CV

Mean
Dev.

Inter-
tissue
CV

Mean
Dev.

Inter-
tissue
CV

Mean
Dev.

Inter-
tissue
CV

Inter-
tissue
CV

Inter-
tissue
CV

Mean
Dev.

Inter-
tissue
CV

Mean
Dev.

Inter-
tissue
CV

Mean
Dev.

3.11% −0.9% 6.17% −4.3% 2.55% −0.5% 4.37% −0.5% 1.11% 0.9% 1.10% −1.2% 3.50% 5.9%

Samples spiked with concentrations higher than STD 6 were quantified with a mean
bias lower than 10% after a 3-fold dilution with extraction solvent, highlighting a good
dilution integrity.

2.2. Specificity and Selectivity

The chromatographic separation of all the analytes and their IS medium standard
point (STD 5) have been depicted in Figure 1: a summary of the RT of opioids is provided
in Table 2.
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Figure 1. Overlaid chromatograms of the target analytes and their internal standards from the
analysis of a medium level of the standard curve (STD 5).

Table 2. For each drug are reported, in order: retention time (RT), the concentration at the highest
standard point of the calibration curve (STD 7 to STD1/LLOQ), dwell times and mass transitions
(precursor and product ions), with the corresponding entrance voltages and collision energies. All
concentration data are referred to the initial plasma sample.

DRUGs
RT

(min)

Calibration
Range

(ng)

[M+H]+

(m/z)
Dwell

Time (ms)
Quantification
Trace (m/z)

Entrance
Voltage (V)

Collision
Energy
Second
Product

Ion Trace
(eV)

Qualifier
Trace (m/z)

Entrance
Voltage (V)

Collision
Energy

First Ion
Product

Trace (eV)

MRPH 1.32 0.027–20 286.10 25 201.10 40 −32 165.10 40 −50
MRPH-D3 1.30 - 289.10 25 201.10 40 −33 165.10 40 −50
O-MRPH 1.47 0.020–15 302.10 25 227.10 30 −35 198.10 28 −60
O-MRPH

-D3
1.45 - 305.10 25 230.10 30 −35 201.10 28 −60

H-MRPH 1.64 0.014–10 286.10 25 185.10 46 −40 128.10 47 −79
H-MRPH

-D3
1.63 - 289.10 25 185.10 46 −40 128.10 47 −79

O-COD 2.15 0.020–15 316.20 25 212.10 30 −55 241.10 30 −55
O-COD

-D3
2.14 - 319.20 25 215.10 30 −35 244.10 30 −55

H-COD 2.22 0.014–10 300.10 15 241.10 40 −34 199.10 40 −39
H-COD

-D3
2.22 - 303.10 25 241.10 40 −34 199.10 40 −39

FEN 3.24 0.007–5 337.30 25 188.20 33 −31 105.10 34 −57
FEN -D5 3.23 - 342.30 25 188.20 33 −31 105.10 34 −57

MET 3.76 0.027–20 310.30 25 105.10 20 −40 91.00 20 −64
MET -D3 3.75 - 313.30 25 105.10 20 −40 92.10 20 −64

The blank tissues samples did not yield any significant “noise” (20% of the signal of
the analytes at the LLOQ or 5% of the IS) due to endogenous components at the analytes’
RT (Figure 2).

Similarly, the addition of antiretroviral drugs (Abacavir, Amprenavir, Atazanavir,
Bictegravir, Cabotegravir, Cobicistat, Darunavir, Doravirine, Dolutegravir, Efavirenz, Elvite-
gravir, Emtricitabine, Etravirine, Lamivudine, Lopinavir, Maraviroc, Nevirapine, Ralte-
gravir, Rilpivirine, Ritonavir, Tenofovir Disoproxil Fumarate and Tenofovir Alafenamide)
did not yield significant interference neither in terms of additional signal nor matrix effect
(ME).
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Figure 2. Overlaid chromatograms from the injection of the lowest level of the standard curve
(STD 1 = LLOQ) and from blank liver sample (STD 0) for each analyte.

2.3. Lower Limit of Quantification (LLOQ) and Limit of Detection (LOD)

The lower limits of quantification (LOQ) and of detection (LOD) are reported in
Table 3.

Table 3. Summary of the overall trueness, intra-day and inter-day precision for each drug in all the
tested tissues. Lower limits of quantification (LOQ) and of detection (LOD).

Analyte QC Level Trueness (%)
Precision

Intra-Day (CV%) Inter-Day (CV%)

Morphine

H (10 ng) 101.5 6.7 5.5
M (1 ng) 98.4 4.4 7.5
L (0.1 ng) 97.7 12.1 3.0

LLOQ (0.027 ng) 111.2 11.3 8.2
LOD (0.009 ng) - - -

Oxymorphone

H (7.5 ng) 103.3 4.3 2.2
M (0.75 ng) 104.6 6.5 3.0
L (0.075 ng) 101.5 11.8 6.2

LLOQ (0.020 ng) 107.8 12.1 10.2
LOD (0.007 ng) - - -

Hydromorphone

H (5 ng) 104.2 4.8 5.5
M (0.5 ng) 99.8 7.9 7.1
L (0.05 ng) 96.9 8.3 3.2

LLOQ (0.014 ng) 108.2 10.8 12.1
LOD (0.005 ng) - - -

Oxycodone

H (7.5 ng) 101.1 7.8 1.5
M (0.75 ng) 102.3 7.2 0.5
L (0.075 ng) 96.3 10.9 8.7

LLOQ (0.020 ng) 106.2 11.6 10.1
LOD (0.007 ng) - - -

Hydrocodone

H (5 ng) 102.2 5.6 2.7
M (0.5 ng) 101.5 8.6 8.6
L (0.05 ng) 97.6 12.5 6.8

LLOQ (0.014 ng) 110.5 13.1 14.0
LOD (0.005 ng) - - -

Fentanyl

H (2.5 ng) 98.8 1.8 1.9
M (0.25 ng) 96.8 2.2 2.2
L (0.025 ng) 95.9 5.2 2.8

LLOQ (0.007 ng) 98.2 9.3 9.1
LOD (0.002 ng) - - -

Methadone

H (10 ng) 97.5 5.2 0.7
M (1 ng) 97.0 3.7 0.9
L (0.1 ng) 93.6 7.0 3.6

LLOQ (0.027 ng) 91.8 8.9 9.6
LOD (0.009 ng) - - -
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The LLOQ resulted at least equal to the STD1, as required by FDA guidelines.
The overlaid chromatograms for each analyte at the LLOQ and in blank plasma are

reported in Figure 2.

2.4. Stability

Long-term stability data showed deviation lower than 15% after 4 months at −80 ◦C.
Similarly, short-term stability bench-top and in an autosampler has resulted in CV% in
accordance to reference guidelines for method validation. All drugs were not affected by 2
freeze and thaw cycles, as reported in Supplementary Table S1.

2.5. Recovery and Matrix Effect

The recovery (REC) data, both in terms of absolute REC and in terms of IS-normalized
REC, were consistent and highly reproducible among different matrices and matrix lots for
each analyte. Similarly, the matrix effect (ME) results were quite variable among different
tissues: nevertheless, the evaluation of IS-normalized ME (IS-nME) showed the very good
performance of the chosen IS compounds to correct the variability accounted by ME,
which was in accordance with previous reports and with EMA guidelines [33,37]. Data are
summarized in Table 4.

Table 4. Summary of the evaluation of raw and IS-normalized REC and ME by post-extraction
addition technique at 3 different concentrations in all the tested tissues.

Recovery and Matrix Effect by Post-Extraction Addition

Analyte QC Level REC (%) IS-nREC (%) EM (%) IS-nEM (%)

Morphine

H 88.8 (18.5) 91.8 (5.6) −1.0 (21.9) 9.9 (5.3)

M 92.9 (21.9) 99.0 (4.6) −13.9 (22.6) −5.0 (5.9)

L 91.6 (26.5) 95.3 (10.0) −19.7 (23.9) 4.8 (9.5)

Oxymorphone

H 90.2 (11.1) 101.2 (5.0) 0.1 (14.9) 0.3 (5.5)

M 91.9 (14.9) 101.4 (3.7) −12.5 (18.0) 1.2 (5.9)

L 93.1 (17.7) 105.8 (10.3) −15.5 (16.8) −0.4 (5.1)

Hydromorphone

H 89.9 (13.0) 101.5 (4.2) −1.5 (4.1) −3.1 (2.4)

M 94.3 (14.2) 100.4 (3.9) −16.1 (10.6) −3.0 (3.6)

L 88.2 (20.2) 100.2 (8.2) −2.9 (14.9) 8.8 (9.6)

Oxycodone

H 102.1 (24.9) 97.6 (8.4) −22.5 (24.8) −0.8 (9.9)

M 97.7 (25.7) 100.1 (7.4) −23.2 (17.4) 1.5 (5.8)

L 95.5 (19.9) 97.9 (10.2) −23.1 (19.2) −6.9 (7.7)

Hydrocodone

H 108.8 (22.5) 99.7 (4.6) −12.1 (25.3) 1.6 (5.7)

M 99.6 (17.9) 101.5 (7.1) −7.5(15.5) 2.5 (5.9)

L 101.5 (19.7) 103.7 (6.6) −2.3 (19.5) 1.0 (5.2)

Fentanyl

H 106.3 (32.5) 99.8 (1.7) −33.2 (35.0) −1.1 (1.1)

M 102.2 (30.9) 99.3 (2.1) −33.2 (19.9) −1.3 (2.2)

L 95.4 (29.1) 99.3 (4.8) −23.8 (28.5) 0.3 (5.1)

Methadone

H 100.8 (30.3) 100.7 (5.1) −28.8 (28.2) −0.8 (4.2)

M 104.9 (29.7) 101.8 (3.8) −36.6 (19.4) −2.6 (2.9)

L 94.7 (26.3) 98.6 (7.2) −30.3 (27.7) 6.1 (5.5)
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2.6. Carry-Over

Carry-over was investigated by injecting blank plasma extracts after the injection of a
sample extract prepared at a twice higher concentration than the highest standard sample
(STD 6). Resulted data showed the absence of significant carry-over.

2.7. Testing of Participants’ Samples

The presented method has been applied on 28 autoptic samples from different organs
obtained from 4 deceased PLWH who used opioids for palliative care during terminal
disease.

All samples were successfully quantified for each drug. Concentrations are reported
in Table 5 and expressed as ng/g. In order to evaluate incurred sample reanalysis, these
samples have been re-analyzed, showing acceptable bias in compliance to EMA and FDA
guidelines: 8.6% for MOR, 5.7% for O-MOR, 7.9% for H-MOR, 7.01% for O-COD, 5.9% for
FENT and 7.7% for MTD. No sample containing H-COD was tested.

Table 5. Summary of opioid concentrations in human autoptic samples.

Participant 1

Morphine (ng/g)
Mean (CV%)

Oxymorphone
(ng/g)

Mean (CV%)

Hydromorphone
(ng/g)

Mean (CV%)

Oxycodone
(ng/g)

Mean (CV%)

Hydrocodone
(ng/g)

Mean (CV%)

Fentanyl (ng/g)
Mean (CV%)

Methadone
(ng/g)

Mean (CV%)

Heart n.d. 33.4 (14.0) n.d. 703.4 (18.2) n.d. n.d. n.d.

Lung n.d. 24.9 (10.7) n.d. 1046.4 (6.9) n.d. n.d. n.d.

Kidney n.d. 380.7 (2.8) n.d. 2580.6 (1.2) n.d. n.d. n.d.

Liver n.d. 317.5 (4.5) n.d. 4421.7 (5.3) n.d. n.d. n.d.

Left colon n.d. 18.9 (0.8) n.d. 455.7 (7.4) n.d. n.d. n.d.

Abdominal
adipose tissue n.d. 3.9 (2.6) n.d. 108.8 (3.4) n.d. n.d. n.d.

Plasma
(pre-mortem) n.d. 2.0 (4.3) n.d. 38.0 (6.7) n.d. n.d. n.d.

Participant 2

Morphine (ng/g)
Mean (CV%)

Oxymorphone
(ng/g)

Mean (CV%)

Hydromorphone
(ng/g)

Mean (CV%)

Oxycodone
(ng/g)

Mean (CV%)

Hydrocodone
(ng/g)

Mean (CV%)

Fentanyl (ng/g)
Mean (CV%)

Methadone
(ng/g)

Mean (CV%)

Heart 75,753 (5.7) n.d. n.d. n.d. n.d. n.d. n.d.

Lung 13,119 (13.6) n.d. n.d. n.d. n.d. n.d. n.d.

Kidney 11,739 (15.1) n.d. n.d. n.d. n.d. n.d. n.d.

Liver 10,166 (2.8) n.d. n.d. n.d. n.d. n.d. n.d.

Left colon 413,709 (3.5) n.d. n.d. n.d. n.d. n.d. n.d.

Abdominal
adipose tissue 510 (4.2) n.d. n.d. n.d. n.d. n.d. n.d.

Plasma
(post-mortem) 4013 (7.8) n.d. n.d. n.d. n.d. n.d. n.d.

Participant 3

Morphine (ng/g)
Mean (CV%)

Oxymorphone
(ng/g)

Mean (CV%)

Hydromorphone
(ng/g)

Mean (CV%)

Oxycodone
(ng/g)

Mean (CV%)

Hydrocodone
(ng/g)

Mean (CV%)

Fentanyl (ng/g)
Mean (CV%)

Methadone
(ng/g)

Mean (CV%)

Heart n.d. n.d. n.d. n.d. n.d. 60.5 (2.6) 569 (1.1)

Lung n.d. n.d. n.d. n.d. n.d. 80.7 (0.5) 1699 (15.9)

Kidney 323.2 (16.3) n.d. n.d. n.d. n.d. 57.1 (19.5) 710 (18.2)

Liver n.d. n.d. n.d. n.d. n.d. 96 (3.3) 853 (1.3)

Left colon n.d. n.d. n.d. n.d. n.d. 14.1 (13.4) 171 (8.0)

Abdominal
adipose tissue n.d. n.d. n.d. n.d. n.d. 45.3 (1.2) 239 (4.4)

Plasma
(post-mortem) n.d. n.d. n.d. n.d. n.d. 10.6 (1.3) 181 (4.9)
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Table 5. Cont.

Participant 4

Morphine (ng/g)
Mean (CV%)

Oxymorphone
(ng/g)

Mean (CV%)

Hydromorphone
(ng/g)

Mean (CV%)

Oxycodone
(ng/g)

Mean (CV%)

Hydrocodone
(ng/g)

Mean (CV%)

Fentanyl (ng/g)
Mean (CV%)

Methadone
(ng/g)

Mean (CV%)

Heart n.d. n.d. 221.6 (11.1) n.d. n.d. n.d. n.d.

Lung n.d. n.d. 221.6 (15.8) n.d. n.d. n.d. n.d.

Kidney n.d. n.d. 134.4 (1.4) n.d. n.d. n.d. n.d.

Liver n.d. n.d. 39.8 (9.6) n.d. n.d. n.d. n.d.

Left colon n.d. n.d. 37.7 (8.6) n.d. n.d. n.d. n.d.

Abdominal
adipose tissue n.d. n.d. 54.6 (6.4) n.d. n.d. n.d. n.d.

Plasma
(pre-mortem) n.d. n.d. 9.0 (2.3) n.d. n.d. n.d. n.d.

3. Discussion

The evaluation of opioid concentrations in tissues can give important insights about
their distribution, tissue redistribution, possible tissue-specific effects and toxicity.

In this work, we described a multi-matrix, multiplexed method for the simultaneous
quantification of the commonly used opioids in palliative care, which will be useful for
studying drug distribution in autoptic specimens. The choice of the drugs to be included in
this method was based on the most common opioid prescriptions [5,6] or pain management
in terminal disease and on the drugs which were included in the treatment protocol from
the “Last Gift” study. To assess the capability of this method to work in widely different
matrices, we performed the validation considering several different tissues with widely
different chemical compositions: heart, as a model for muscle tissue, subcutaneous fat, for
fatty tissues, lung (alveolar tissue), liver (parenchymatous organ), intestine (one of main
targets of opioid toxicity), kidney and plasma.

The results in terms of IS-nREC and IS-nME, both by post-extraction addition and
standard curve slopes methods, confirmed the good robustness of this method. Neverthe-
less, it is important to note that the absolute REC and ME data, without the corrective effect
of SIL-ISs, were widely variable: this highlights the importance of a rigorous internal stan-
dardization for a multi-matrix method as the one presented in this work. This aspect was
particularly important considering the extremely variable chemical–physical composition
of some of these tissues (e.g., fat, liver, and heart).

The developed method provided fast (7 min) and reliable results, confirming the
eligibility for wider studies and, possibly, for medico-legal purposes. This multi-matrix
validation, involving matrices with extremely different and variable composition, suggests
the applicability of this method to other tissues with intermediate characteristics (e.g., brain
tissue, smooth or striated muscles, etc.).

This method has been applied on seven sets of autoptic samples from four participants
who lived with HIV. These samples confirmed the method’s capability of quantifying
opioid concentrations in human samples on a wide range of tissue amounts (from 10 to
100 mg).

Participant 1 presented a pancreatic tumor and had taken O-COD 10 mg/day with a
history of FENT use.

Participant 2 took 15 g of MOR as a part of his legal right-to-die option, as extremely
high concentrations were found in all the compartments, with the higher ones in the left
colon, heart, kidney and lung.

Participant 3 had a squamous cell carcinoma of tongue and had taken MTD and FENT
(previously took MOR): opioid concentrations in this participant were more homogeneous
among tissues and plasma.

Participant 4 presented with rectal cancer and was treated with H-MOR, showing
higher concentrations in heart and lung as compared with other tissues.
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Concerning the analyzed samples, higher opioids concentrations were observed in
tissues than in plasma. Particularly, O-MOR and O-COD showed higher concentrations in
kidney and liver than other tissues (>15–20 times greater) and blood plasma (>100 times
greater).

The possible limits of this method consist in the difficulty of estimating the real recov-
ery in tissue samples, where the drugs could be less available for extraction. Nevertheless,
the double replicate testing of samples from participants showed satisfactory reproducibil-
ity (CV < 15%), even with tissue sections of variable weight, suggesting that this simple
extraction technique could be still considered reliable.

To our knowledge, this is the first method able to quantify a wide panel of opioids
in different tissue matrices; in addition, this study grants deeper insights on opioid dis-
tribution in tissues, paving the way for a better understanding of concentration-related
organ-specific toxicity.

4. Materials and Methods

4.1. Chemicals and Reagents

The reference standard of FENT (purity 99.9%), MOR (purity 99.7%), MTD (purity
99.9%), O-MOR (purity 99.8%), O-COD (purity 99.8%), H-MOR (purity 99.6%), and H-
COD (purity 99.8%) solutions in methanol (MeOH) were purchased from Sigma-Aldrich
(Milan, Italy).

The compounds which were chosen as internal standards (IS) included (±)-FENT-D5
(purity 99.5%, isotopic purity 97.05%), MOR-D3 (purity 99.2%, isotopic purity 89.00%),
(±)-MTD-D3 (purity 99.7%, isotopic purity 98.7%), O-MOR-D3 (purity 99.8%, isotopic
purity 99.55%), O-COD-D3 (purity 99.9%, isotopic purity 93.30%), H-MTD-D3 (purity
99.7%, isotopic purity 89.70%), and H-COD-D3 (purity 99.8%, isotopic purity 86.49%) in
MeOH were purchased from Sigma-Aldrich (Milan, Italy). HPLC-grade acetonitrile (ACN)
and MeOH were purchased from VWR International (Radnor, PA, USA). HPLC grade water
was produced with a Milli-DI system coupled with a Synergy 185 system by Millipore
(Milan, Italy). Formic acid was purchased from Sigma-Aldrich (Milan, Italy). Blank plasma
from healthy donors was kindly supplied by the Blood Bank of the “Città della Salute e
della Scienza” of Turin, while blank tissue for method validation was obtained from meat
for commercial use.

4.2. Preparation of Calibrators and Quality Control Samples

Standard solutions at the concentration of 1 mg/mL in MeOH were used to indepen-
dently spike MeOH:H2O (70:30 v/v) to obtain the highest calibrating solution, which were
used, in turn, for the preparation of the highest standard point of the calibration curve
(STD 7). The same procedure was performed for the preparation of the quality control
(QCs) solutions at 3 different concentrations: high, medium and low (QC H, M and L,
respectively).

At each analytical session, other calibration standards (STD 6 to STD 1) were obtained
by 1:3 (v/v) serial dilution of the STD 7 with MeOH:H2O (70:30 v/v). Then, these calibration
standards were used to independently spike blank tissue aliquots to obtain calibration
curves in different matrices: 100 μL of calibrating solutions were added to each aliquot of
tissue (weight range 10–100 mg). Exact concentrations for each standard (STD), calibration
ranges and QC values are reported in Tables 2 and 3, respectively.

The type of matrices tested were as follows: heart, lung, kidney, liver, abdominal
adipose tissue, intestine and plasma (post-mortem and pre-mortem, where available).

4.3. Sample Preparation

Before each analytical session, an internal standard (IS) working solution was prepared
in MeOH:H2O (70:30 v/v) at the concentration of 10 ng/mL for MTD, 20 ng/mL for MOR,
5 ng/mL for FENT, O-COD, O-MOR, H-COD and H-MOR.
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After thawing at room temperature, each sample was treated as follows: 40 μL of IS
working solution and 100 μL of calibration standard were added to an amount of pestled
weighed tissue.

Then, samples were vortex-mixed for at least 10 s and sonicated for 10 min.
Subsequently, in the extraction process, 360 μL of a precipitant solution (ACN:MeOH

50:50 v/v) was added, and then, samples were vortex-mixed for at least 10 s.
All samples were subsequently centrifuged at 10,000× g for 5 min, without brake, at

10 ◦C, and the obtained supernatants (400 μL) were transferred in glass shots and dried
in a vacuum centrifuge at 50 ◦C for about 1.5 h. Finally, the dry extracts were dissolved
first with 50 μL of H2O:MeOH 50:50 v/v and vortex-mixed; then, they were dissolved with
150 μL of H2O and vortex-mixed again; lastly, they were transferred in total recovery vials:
5 μL were injected in the chromatographic system.

4.4. LC-MS Analysis

The chromatographic separation was carried out with a LX50 UHPLC (Perkin Elmer,
Milan, Italy) composed of an Integrity® autosampler, a SPH1299® Dual UHPLC Pump
and a Mistral® column oven. The chromatographic column was a Kinetex® Biphenyl LC
column, 2.1 × 100 mm, 2.6 μm (Phenomenex, Torrance, CA, USA) at 40 ◦C. The autosampler
temperature was set at 15 ◦C.

The flow rate was settled at 0.4 mL/min with a gradient of two mobile phases: A (0.1%
v/v formic acid in HPLC grade H2O) and B (0.1% formic acid v/v in MeOH and ACN 60:40
v/v). Briefly, the chromatographic gradient started with 10% Mobile Phase B up to 0.5 min.
Then, it was increased linearly to 95% at 4.7 min and held at the same percentage up to
5.60 min. After, a decrease to 10% Mobile Phase B was applied from 5.65 min and held to
the end of analysis.

The total runtime was 7 min. H2O:MeOH 95:5 vol:vol was used as weak washing
solution, while H2O:ACN 30:70 vol:vol was adopted as strong washing solution. Two
strong washing and two weak washing cycles (250 μL each) were applied, sequentially,
after each injection.

Tandem mass spectrometry detection was carried out with a QSight 220® (Perkin
Elmer, Milan, Italy) tandem mass spectrometer with an electrospray ionization (ESI)
interface.

The ESI source was set in positive ionization mode (ESI+) for all drugs.
“Zero-Air” (Dry air) was used as nebulizing and heating gas, while nitrogen was used

as Drying and Collision gas: both these gasses were produced at high purity (>99.9%) with
a Cinel Zefiro QS® (Cinel, Vigonza, Italy).

The general mass parameters for positive ionization were as follows: electrospray
voltage 5.0 kV; source temperature 350 ◦C; nebulizing gas flow 350 L/h; drying gas flow
130 L/h; Heated Surface-Induced Desolvation (HSID) temperature, 300 ◦C.

Two mass transitions yielding the highest sensitivity were selected for all drugs: the
first was quantification trace and the second was ion trace. All masses are reported in
Table 2.

4.5. Method Validation

Once we obtained enough separation between the different analytes and enough
selectivity/specificity, the method underwent a full validation in compliance with EMA
and FDA guidelines for bioanalytical methods validation [33,34]. The validation covered
the following: specificity and selectivity, accuracy and precision, linearity and sensitivity,
carry-over, recovery and matrix effect. Since the stability data were already available for
these drugs [38], analyte stability was tested only in particular conditions associated with
the method.
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4.5.1. Results of Specificity and Selectivity Test

The method’s specificity and selectivity were tested on 6–10 “blank” (without any
trace of the analytes of interest) aliquots of each tissue after undergoing sample preparation.
Good specificity and selectivity were interpreted as the absence of significant interfering
peaks at the analytes retention times (with mean signal <20% of the LLOQ for the target
analytes or 5% of the IS).

4.5.2. Accuracy, Precision, Calibration, Limits of Quantification and Detection,
Dilution Integrity

The accuracy and intra-day precision were evaluated in 5 intra-day replicates of
each QC sample at 3 different concentrations. Inter-day precision was evaluated as the
coefficient of variation (CV%) of the QC among 6 different validation sessions. The linearity
of the calibration curve was evaluated in all the 6 sessions, following a linear fitting
with 1/x weighing. The lower limit of quantification (LLOQ) and of detection (LOD)
were considered as the lowest concentrations yielding signal-to-noise ratios of 5 and 3,
respectively. Moreover, the bias% from the nominal value and CV% at the level of LLOQ
had to be both <20%.

Finally, the dilution integrity was evaluated by quantifying in double replicate samples
with a concentration twice higher than the highest point of the standard curve (STD 6) after
a 3-fold dilution.

4.5.3. Recovery

Recovery (REC) was estimated by comparing the signals of target analytes and their
IS in 6 “blank” samples (without analytes) from different tissues spiked, after the extraction
process, at the same concentration in vials of the QC samples (post-extraction addition) with
the ones from the injection of QC samples (spiked before extraction). This was evaluated
both as absolute REC and as IS-normalized-REC in order to assess the capability of the IS
to mitigate the variability in REC data.

4.5.4. Shelf-Life Results

The long- and short-term stability data at −20 and −80 ◦C were already extensively
described in the literature [39–42]. However, a long-term stability study was performed up
to 4 months at −80 ◦C on standards and QC samples (H and L) spiked in liver samples (from
pig), since this tissue is expected to provide the highest potential for drug degradation, and
in human plasma, in order to evaluate the feasibility of the samples’ shipment and medium-
term storage. Moreover, the short-term stability bench-top (at 2, 4 and 24 h) and in the
autosampler (at 24 h) was investigated, again from pig liver samples and human plasma.

In addition, 2 freeze and thaw cycles were performed.

4.5.5. Matrix Effect

The percentage of matrix effect (ME) was calculated by comparing the signals of the
target analytes and QC of “post-extraction” spiked QCs (see Recovery) with the ones from
the direct injection of pure solvents with the same analytes concentrations [37]. Moreover,
ME and REC were also evaluated by comparing the standard curve slopes prepared in all
the different tissues tested (heart, lung, kidney, liver, abdominal adipose tissue, intestine
and plasma) with the ones obtained from the same curves prepared in pure solvent, as
suggested by Matuszewsky et al. [35,36].

4.5.6. Carry-Over results

Carry-over was investigated by injecting blank plasma extracts after the injection of a
sample extract prepared at a twice higher concentration than the highest standard sample
(STD 6).

The absence of significant carry-over was defined as a signal in these samples < 20%
of the LLOQ and 5% of the IS signal.
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4.5.7. Application and Statistical Analysis

This method was applied on autoptic specimens obtained in the context of the obser-
vational clinical study “Last Gift” (this study was approved by the UCSD Office of Human
Research Protections Program, protocol 160563), which aims to study drug concentrations
in tissues and plasma in people who lived with HIV (PLWH) and used opioids for palliative
care during terminal disease. Chromatographic and mass spectrometry data were pro-
cessed through Simplicity® 3Q (Perkin Elmer, Milan, Italy) software. Drug concentrations
were normalized by weight for each sample.

The Last Gift is a unique cohort that enrolls altruistic PLWH with a life-shortening
illness who wish to participate in HIV cure research at the end-of-life (EOL), including
tissue donation for a rapid research autopsy (completed within six hours of death), which
greatly increases viable cell count, tissue and nucleic acid integrity, as well as maintaining
the tissue distribution of drugs. The primary goal of the Last Gift study is to characterize
the HIV reservoirs across various tissues and anatomic compartments. Opioid medications
are used to relieve pain and suffering associated with terminal illness and might interact
with HIV persistence. Thus, measuring levels of opioids in various tissues is a priority for
the Last Gift study team.

4.5.8. Samples Retesting

All the analyzed samples have been re-tested in the following analytical session. The
CV% of these comparisons was calculated as a marker of “real-samples” precision.

5. Conclusions

The fast and simple method was fully validated in compliance with EMA and FDA
guidelines for bioanalytical methods validation.

The obtained results gave evidence that the method could be useful for research pur-
poses: it could be used for post-mortem pharmacological/toxicological studies, allowing to
complement the lack of information in this field.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph16060903/s1, Supplementary Table S1: Short-term and long-
term stability results.

Author Contributions: Conceptualization, A.M. and A.D.N.; methodology, A.M. and A.D.N.; soft-
ware, J.M., A.P. and J.C.; validation, A.M. and A.D.N.; formal analysis, E.D.D.V.; investigation, A.M.
and A.D.N.; resources, S.G.; data curation, M.F., S.O., S.K., N.H. and R.G.D.; writing—original draft
preparation, A.M. and A.D.N.; writing—review and editing, A.D., S.B. and S.G.; visualization, J.M.
and A.P.; supervision, A.D. and S.G.; project administration, A.M. and A.D.N.; funding acquisition,
S.G. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by NIH P01 fund (AI169609, Prof. David Smith) and the NIDA
“Avenir” award (DA051915, Prof. Sara Gianella).

Institutional Review Board Statement: This study was approved by the UCSD Office of Human
Research Protections Program (protocol 160563).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data will be provided on request.

Acknowledgments: We thank David Smith for his support and assistance in the preparation and
execution of this study.

Conflicts of Interest: A.D.A. and A.M. declare to be shareholders of CoQua Lab. The other authors
declare no conflict of interest.

84



Pharmaceuticals 2023, 16, 903

References

1. Bruera, E.; Paice, J.A. Cancer pain management: Safe and effective use of opioids. Am. Soc. Clin. Oncol. Educ. Book. 2015, 35,
e593–e599. [CrossRef] [PubMed]

2. McDonald, J.; Lambert, D.G. Opioid receptors. Contin. Educ. Anaesth. Crit. Care Pain 2005, 5, 22–25. [CrossRef]
3. Trescot, A.M.; Datta, S.; Lee, M.; Hansen, H. Opioid pharmacology. Pain. Physician 2008, 11, S133–S153. [CrossRef] [PubMed]
4. Waldhoer, M.; Bartlett, S.E.; Whistler, J.L. Opioid receptors. Annu. Rev. Biochem. 2004, 73, 953–990. [CrossRef] [PubMed]
5. CDC. Clinical Practice Guideline for Prescribing Opioids for Pain—United States. Available online: https://www.cdc.gov/

mmwr/volumes/71/rr/rr7103a1.htm?s_cid=rr7103a1.htm_w (accessed on 18 April 2023).
6. Nora, D.; Volkow, M.D. Oida Opioid Facts for Teens. Available online: https://nida.nih.gov/sites/default/files/nida_

opioidfactsforteens_brochure_final_web.pdf (accessed on 18 April 2023).
7. Wootton, M. Morphine is not the only analgesic in palliative care: Literature review. J. Adv. Nurs. 2004, 45, 527–532. [CrossRef]
8. Wasan, A.D.; Michna, E.; Janfaza, D.; Greenfield, S.; Teter, C.J.; Jamison, R.N. Interpreting urine drug tests: Prevalence of morphine

metabolism to hydromorphone in chronic pain patients treated with morphine. Pain. Med. 2008, 9, 918–923. [CrossRef]
9. Inturrisi, C.E. Clinical pharmacology of opioids for pain. Clin. J. Pain. 2002, 18, S3–S13. [CrossRef]
10. Vallner, J.J.; Stewart, J.T.; Kotzan, J.A.; Kirsten, E.B.; Honigberg, I.L. Pharmacokinetics and bioavailability of hydromorphone

following intravenous and oral administration to human subjects. J. Clin. Pharm. 1981, 21, 152–156. [CrossRef]
11. Vandenbosch, M.; Somers, T.; Cuypers, E. Distribution of Methadone and Metabolites in Skeletal Tissue. J. Anal. Toxicol. 2018, 42,

400–408. [CrossRef]
12. Mercadante, S. Opioid metabolism and clinical aspects. Eur. J. Pharm. 2015, 769, 71–78. [CrossRef]
13. Hutchinson, M.R.; Menelaou, A.; Foster, D.J.; Coller, J.K.; Somogyi, A.A. CYP2D6 and CYP3A4 involvement in the primary

oxidative metabolism of hydrocodone by human liver microsomes. Br. J. Clin. Pharm. 2004, 57, 287–297. [CrossRef] [PubMed]
14. Zhou, S.F. Polymorphism of human cytochrome P450 2D6 and its clinical significance: Part II. Clin. Pharm. 2009, 48, 761–804.

[CrossRef] [PubMed]
15. Caplehorn, J.R.; Drummer, O.H. Methadone dose and post-mortem blood concentration. Drug. Alcohol. Rev. 2002, 21, 329–333.

[CrossRef]
16. Kinnunen, M.; Kokki, H.; Hautajarvi, H.; Lantto, J.; Rasanen, J.; Voipio, H.M.; Kokki, M. Oxycodone concentrations in the central

nervous system and cerebrospinal fluid after epidural administration to the pregnant ewe. Basic. Clin. Pharmacol. Toxicol. 2019,
125, 430–438. [CrossRef] [PubMed]

17. Guillot, E.; de Mazancourt, P.; Durigon, M.; Alvarez, J.C. Morphine and 6-acetylmorphine concentrations in blood, brain, spinal
cord, bone marrow and bone after lethal acute or chronic diacetylmorphine administration to mice. Forensic Sci. Int. 2007, 166,
139–144. [CrossRef] [PubMed]

18. Nakhla, D.S.; Hussein, L.A.; Magdy, N.; Abdallah, I.A.; Hassan, H.E. Precise simultaneous quantification of methadone and
cocaine in rat serum and brain tissue samples following their successive i.p. administration. J. Chromatogr. B Analyt Technol.
Biomed. Life Sci. 2017, 1048, 19–29. [CrossRef] [PubMed]

19. Colucci, A.P.; Aventaggiato, L.; Centrone, M.; Gagliano-Candela, R. Validation of an extraction and gas chromatography-mass
spectrometry quantification method for cocaine, methadone, and morphine in postmortem adipose tissue. J. Anal. Toxicol. 2010,
34, 342–346. [CrossRef]

20. Frost, J.; Løkken, T.N.; Helland, A.; Nordrum, I.S.; Slørdal, L. Post-mortem levels and tissue distribution of codeine, codeine-6-
glucuronide, norcodeine, morphine and morphine glucuronides in a series of codeine-related deaths. Forensic Sci. Int. 2016, 262,
128–137. [CrossRef]

21. Platosz, N.A.; Binz, T.M.; Baumgartner, M.R.; Lendoiro, E.; de Castro, A.; Concheiro, M. Quantification of Classic, Prescription
and Synthetic Opioids in Hair by LC-MS-MS. J. Anal. Toxicol. 2021, 45, 943–949. [CrossRef]

22. Liu, P.; Liu, W.; Qiao, H.; Jiang, S.; Wang, Y.; Chen, J.; Su, M.; Di, B. Simultaneous quantification of 106 drugs or their metabolites
in nail samples by UPLC-MS/MS with high-throughput sample preparation: Application to 294 real cases. Anal. Chim. Acta 2022,
1226, 340170. [CrossRef]

23. Shen, M.; Chen, H.; Xiang, P. Determination of opiates in human fingernail—comparison to hair. J. Chromatogr. B Anal. Technol.
Biomed. Life Sci. 2014, 967, 84–89. [CrossRef] [PubMed]

24. Maurer, H.H. Advances in analytical toxicology: The current role of liquid chromatography-mass spectrometry in drug quantifi-
cation in blood and oral fluid. Anal. Bioanal. Chem. 2005, 381, 110–118. [CrossRef]

25. Chatterton, C.N.; Scott-Ham, M. The distribution and redistribution of fentanyl & norfentanyl in post mortem samples. Forensic
Sci. Int. 2018, 284, 146–152. [CrossRef] [PubMed]

26. Chesser, R.; Pardi, J.; Concheiro, M.; Cooper, G. Distribution of synthetic opioids in postmortem blood, vitreous humor and brain.
Forensic Sci. Int. 2019, 305, 109999. [CrossRef] [PubMed]

27. Jakobsson, G.; Larsson, R.; Pelle, L.; Kronstrand, R.; Green, H. Oxycodone findings and CYP2D6 function in postmortem cases.
Forensic Sci. Int. Genet. 2021, 53, 102510. [CrossRef]

28. Poklis, J.; Poklis, A.; Wolf, C.; Mainland, M.; Hair, L.; Devers, K.; Chrostowski, L.; Arbefeville, E.; Merves, M.; Pearson, J.
Postmortem tissue distribution of acetyl fentanyl, fentanyl and their respective nor-metabolites analyzed by ultrahigh performance
liquid chromatography with tandem mass spectrometry. Forensic Sci. Int. 2015, 257, 435–441. [CrossRef]

85



Pharmaceuticals 2023, 16, 903

29. Gosetti, F.; Mazzucco, E.; Gennaro, M.C.; Marengo, E. Ultra high performance liquid chromatography tandem mass spectrometry
determination and profiling of prohibited steroids in human biological matrices. A review. J. Chromatogr. B Anal. Technol. Biomed.
Life Sci. 2013, 927, 22–36. [CrossRef]

30. Thomas, S.N.; French, D.; Jannetto, P.J.; Rappold, B.A.; Clarke, W.A. Liquid chromatography-tandem mass spectrometry for
clinical diagnostics. Nat. Rev. Methods Prim. 2022, 2, 96. [CrossRef]

31. Perez de Souza, L.; Alseekh, S.; Scossa, F.; Fernie, A.R. Ultra-high-performance liquid chromatography high-resolution mass
spectrometry variants for metabolomics research. Nat. Methods 2021, 18, 733–746. [CrossRef]

32. Thakur, D.; Lal, U.R.; Kapoor, D.N.; Kumar, D. Identification and quantification of polyphenolic secondary metabolites in Stem
Bark of Ficus Religiosa (Moraceae) using UPLC-HRMS and RP-HPLC-PDA. Separations 2023, 10, 338. [CrossRef]

33. EMA. Guideline on Bioanalytical Method Validation. Available online: http://www.ema.europa.eu/docs/en_GB/document_
library/Scientific_guideline/2011/08/WC500109686.pdf (accessed on 4 March 2021).

34. FDA. Guidance for Industry: Bioanalytical Method Validation. Available online: https://www.fda.gov/files/drugs/published/
Bioanalytical-Method-Validation-Guidance-for-Industry.pdf (accessed on 4 March 2021).

35. De Nicolò, A.; Cantu, M.; D’Avolio, A. Matrix effect management in liquid chromatography mass spectrometry: The internal
standard normalized matrix effect. Bioanalysis 2017, 9, 1093–1105. [CrossRef] [PubMed]

36. Karinen, R.; Øiestad, E.L.; Andresen, W.; Smith-Kielland, A.; Christophersen, A. Comparison of the Stability of Stock Solutions of
Drugs of Abuse and Other Drugs Stored in a freezer, refrigerator, and at Ambient Temperature for Up to One Year. J. Anal. Toxicol.
2011, 35, 583–590. [CrossRef] [PubMed]

37. Wehrfritz, A.; Schmidt, S.; Ihmsen, H.; Schuttler, J.; Jeleazcov, C. Long-Term Stability of Hydromorphone in Human Plasma
Frozen at −20 ◦C for Three Years Quantified by LC-MS/MS. Int. J. Anal. Chem. 2022, 2022, 3645048. [CrossRef] [PubMed]

38. Papoutsis, I.; Nikolaou, P.; Pistos, C.; Dona, A.; Stefanidou, M.; Spiliopoulou, C.; Athanaselis, S. Stability of morphine, codeine,
and 6-acetylmorphine in blood at different sampling and storage conditions. J. Forensic Sci. 2014, 59, 550–554. [CrossRef]
[PubMed]

39. Palmquist, K.B.; Swortwood, M.J. Long-Term Stability of 13 Fentanyl Analogs in Blood. J. Anal. Toxicol. 1999, 45, 870–877.
[CrossRef]

40. Moody, D.E.; Monti, K.M.; Spanbauer, A.C. Long-term stability of abused drugs and antiabuse chemotherapeutical agents stored
at −20 degrees C. J. Anal. Toxicol. 1999, 23, 535–540. [CrossRef]

41. Matuszewski, B.K. Standard line slopes as a measure of a relative matrix effect in quantitative HPLC-MS bioanalysis. J. Chromatogr.
B Anal. Technol. Biomed. Life Sci. 2006, 830, 293–300. [CrossRef]

42. Matuszewski, B.K.; Constanzer, M.L.; Chavez-Eng, C.M. Strategies for the assessment of matrix effect in quantitative bioanalytical
methods based on HPLC-MS/MS. Anal. Chem. 2003, 75, 3019–3030. [CrossRef]

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.

86



Citation: V. González-de-Peredo, A.;

Vázquez-Espinosa, M.;

Espada-Bellido, E.; Ferreiro-González,

M.; Carrera, C.; Palma, M.; F. Barbero,

G. Application of Direct Thermal

Desorption–Gas

Chromatography–Mass Spectrometry

for Determination of Volatile and

Semi-Volatile Organosulfur

Compounds in Onions: A Novel

Analytical Approach. Pharmaceuticals

2023, 16, 715. https://doi.org/

10.3390/ph16050715

Academic Editors: Jan Oszmianski

and Sabina Lachowicz-Wiśniewska
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Abstract: The population is now more aware of their diets due to the connection between food and
general health. Onions (Allium cepa L.), common vegetables that are minimally processed and grown
locally, are known for their health-promoting properties. The organosulfur compounds present in
onions have powerful antioxidant properties and may decrease the likelihood of developing certain
disorders. It is vital to employ an optimum approach with the best qualities for studying the target
compounds to undertake a thorough analysis of these compounds. In this study, the use of a direct
thermal desorption–gas chromatography–mass spectrometry method with a Box–Behnken design
and multi-response optimization is proposed. Direct thermal desorption is an environmentally
friendly technique that eliminates the use of solvents and requires no prior preparation of the sample.
To the author’s knowledge, this methodology has not been previously used to study the organosulfur
compounds in onions. Likewise, the optimal conditions for pre-extraction and post-analysis of
organosulfur compounds were as follows: 46 mg of onion in the tube, a desorption heat of 205 ◦C
for 960 s, and a trap heat of 267 ◦C for 180 s. The repeatability and intermediate precision of the
method were evaluated by conducting 27 tests over three consecutive days. The results obtained for
all compounds studied revealed CV values ranging from 1.8% to 9.9%. The major compound reported
in onions was 2,4-dimethyl-thiophene, representing 19.4% of the total area of sulfur compounds. The
propanethial S-oxide, the principal compound responsible for the tear factor, accounted for 4.5% of
the total area.

Keywords: Allium cepa L.; direct thermal desorption–gas chromatography–mass spectrometry;
multi-response optimization; onion; organosulfur compounds

1. Introduction

The Allium genus includes the onion, a vegetable that holds significant value both in
terms of its economic and nutritional contributions [1]. The use of onions in food, including
as seasoning in many dishes, has been prevalent in most countries for hundreds of years [2].
However, onions are not only used in culinary contexts but also for medical purposes [3].
Many studies have reported that onion consumption helps to prevent the occurrence of
several illnesses, such as inflammatory diseases [4], cancer [5], diabetes [6], and neurological
disorders [7]. These biological effects are largely associated with the chemical components
of onions, especially organosulfur and phenolic compounds [8]. Regarding the latter,
different studies carried out by our research group have demonstrated the high levels
of flavonols and anthocyanins in onion bulbs [9–11]. In addition, these compounds are
responsible for the color of the bulb and have strong antioxidant activity. On the other
hand, organosulfur compounds can make up as much as 5% of an onion’s dry weight.
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They are responsible for the flavor and aroma of onions and have powerful antioxidant
properties [12]. Nrf2, nuclear erythroid 2-related Factor 2, is a key factor that plays a
vital role in protecting cells against oxidative stress and inflammation [13]. It has been
shown that activation of this transcription factor can have a significant impact on various
diseases, including renal, pulmonary, cardiovascular, neurodegenerative diseases, and
cancer [14,15]. Likewise, antioxidant compounds, such as organosulfur compounds, can
increase the activity of Nrf2, thus contributing to the activation of the cellular antioxidant
defense system.

S-alk(en)yl cysteine sulfoxides (SCs), R-SO-CH2-CH(NH2)COOH, are the primary
odorless, non-volatile organosulfur compounds found in onions and are kept in the cyto-
plasm of whole bulbs [16]. When onions are damaged by cutting, cooking, or chewing,
the cell tissue ruptures and SCs are released, thus coming into contact with the enzyme
alliinase (S-alk(en)yl-L-cysteine sulfoxide lyase) [17]. This release triggers enzymatic hy-
drolysis of SCs, thus generating pyruvate, ammonia, and sulfenic acids (R-S-OH) [18].
These highly reactive sulfenic acids are rearranged causing thiosulfinates (R-S-SO-R’),
which in turn react with each other or with other sulfenic acids, thus leading to more stable
forms such as thiosulfonates (R-SO2-S-R’), monosulfides (R-S-R’), disulfides (R-S-S-R’), and
trisulfides (R-S-S-S-R’), as well as to other thiosulfinates [19]. This heterogeneous mixture
of aromatic organosulfur compounds is a consequence of both the nature of the -R and -R’
groups of their precursors (i.e., SCs) and their proportion in onion bulbs [20]. For example,
after all these fast and reactivating reactions, the S-trans-prop-1-enyl cysteine sulfoxide
(isoaliin, CH3-CH=CH-SO-CH2-CH(NH2)COOH), which is the main SC of the common
onion, generates propanethial S-oxide (CH3-CH2-CH=SO); this is very interesting because
it is responsible for the irritation of the eyes (usually generating tears) when cutting an
onion [21]. Therefore, in Allium vegetables, SCs serve as the precursor to a remarkable
array of sensory and health-promoting active chemicals [22].

Given the importance of organosulfur compounds, their content in onions must be
known to select and develop cultivars with high nutraceutical value for the food and
pharmaceutical industry [18]. A range of techniques has been employed to examine these
compounds, ranging from basic semi-quantitative screening to state-of-the-art chromato-
graphic methods. These methods may be categorized as either direct or indirect [22]. Direct
methods determine SCs before their enzymatic decomposition, and indirect methods de-
termine the products obtained after enzymatic conversion [23]. The profile study of these
compounds, which are known as secondary aroma compounds [8], is very important, as
they are responsible for the flavor and biological qualities of onions. In addition, many
studies have shown that the concentration of organosulfur compounds in the volatile and
semi-volatile fractions of onions affect the antibacterial activity of sulfides [24].

Frequently, trace amounts of volatile and semi-volatile organic compounds (VOCs
and SVOCs) can be found in fruits and vegetables, so effective extraction techniques and
sensitive methodologies are required to properly characterize them [25]. In terms of ana-
lytical methodologies, gas chromatography combined with mass spectrometry (GC-MS)
is a useful tool to characterize the volatile and semi-volatile organosulfur composition
of Allium [8,26–28]. Regarding the extraction technique, conventional solvent extraction
requires a high volume of solvent, as well as consuming a lot of time and money [29]. As a
result, many solvent-free sample preparation methods have been developed. Solid-phase
microextraction (SPME) is one of the most widely used due to its versatility, simplicity of
operation, availability of many coating materials, and its robustness [30]. However, the
competition for adsorption/absorption sites caused by the fiber’s low surface capacity
could hinder the extraction of some VOCs and SVOCs [31]. The direct thermal desorption
(DTD) method stands out as an exceptional alternative to SPME due to its capacity for a
large sorbent phase. Unlike normal thermal desorption (TD), which focuses on gaseous
samples, DTD is specifically designed for solid samples. Instead of using sorbents to absorb
the sample, the TD tube is directly filled with the solid material, which eliminates the need
for sample pre-treatment since analytes are directly desorbed at the appropriate tempera-
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ture [32]. Additionally, this technique is renowned for its higher final sensitivity and lower
detection limits [33,34]. However, for onions, the use of DTD or TD coupled with GC-MS
has not been previously explored to analyze the profile of their organosulfur compounds.

Although DTD is a versatile preconcentration technique for GC-MS, various parame-
ters such as the sample amount, the desorption tube temperature, or the trap heat tempera-
ture could affect the extraction. Therefore, it is crucial that the DTD method has the most
suitable characteristics for the compounds to be analyzed. The use of experimental designs
(DOEs) combined with the response surface methodology (RSM) is a widely adopted strat-
egy for optimizing methodologies for the analysis of bioactive compounds. This approach
enables the determination of the optimal values of the factors that minimize or maximize
the response or achieve a specific goal [35].

Therefore, this work aims to develop and validate a direct thermal desorption–gas
chromatography–mass spectrometry (DTD-GC-MS) method for the simultaneous deter-
mination of organosulfur compounds in onions using both a BBD and an RSM. This
combination could allow the relationship between factors and their response to be fully un-
derstood, as well as methods to be systematically and effectively optimized. Likewise, the
DTD-GC-MS method proposed in this study could be used by laboratories, researchers, and
companies to better understand the organosulfur onion profile and select onion cultivars
with the best nutraceutical value or sensory characteristics.

2. Results and Discussion

2.1. Qualitative Analyses

To have an overview of the profile of compounds present in onions, qualitative analy-
ses were performed under unoptimized conditions as follows: 40 mg of onion sample; tube
heating at 150 ◦C for 600 s; a trap temperature heating at 265 ◦C for 180 s. Table 1 shows
the compounds divided into families.

Table 1. First qualitative analyses of the lyophilized red onion by using DTD-GC-MS.

Name Formula N◦ CAS Similarity (%)

Carboxylic acid
Acetic acid C2H4O2 64-19-7 97
Formic acid CH2O2 64-18-6 98

Propanoic acid C3H6O2 79-9-4 83
Ester

Oxiranylmethyl ester 2-propenoic acid C6H8O3 106-90-1 90
Methyl ester hexadecanoic acid C17H34O2 112-39-0 90

Ethyl ester 2-methyl-3-oxo-butanoic acid C7H12O3 609-14-3 83
2-Hydroxy-gamma-butyrolactone C4H6O3 19444-84-9 87

3,5-Dihydroxy-2-methyl-4H-pyran-4-one C6H6O4 1073-96-7 92
Alkane

1-(1H-pyrrol-2-yl)-ethanone C6H7NO 1072-83-9 94
Alcohol
Ethanol C2H6O 64-17-5 98

2,3-Butanediol C4H10O2 513-85-9 92
3-Furanmethanol C5H6O2 4412-91-3 94
2-Furanmethanol C5H6O 98-0-0 90

5-Methyl-2-furan methanol C6H8O2 3857-25-8 95
3-Butene-1,2-diol C4H8O2 497-6-3 88

Aldehydes
Acetaldehyde C2H4O 75-7-0 98

Propanal C3H6O 123-38-6 96
2-Methyl-propanal C4H8O 78-84-2 98
2-Methyl-butanal C5H10O 96-17-3 96

2-Methyl-2-butenal C5H10O 590-86-3 93
2-Methyl-2-pentenal C6H10O 14250-96-5 96
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Table 1. Cont.

Name Formula N◦ CAS Similarity (%)

Furfural C5H4O2 98-1-1 98
2,2-Diethylbutyraldehyde C8H16O 26254-89-7 85

Ketones
2-Butanone C4H8O 78-93-3 86

2,3-Butanedione C4H6O2 431-03-8 96
Acetoin C4H8O2 513-86-0 90

1-Hydroxy-2-propanone C3H6O 116-9-6 98
4,5-Dimethyl-1,3-dioxol-2-one C5H6O3 37830-90-3 86

Furans
3-Methyl-furan C5H6O 930-27-8 95

2,4-Dimethylfuran C6H8O 3710-43-8 95
Other compounds without S

Carbon dioxide CO2 124-38-9 98
Organosulfur compounds

Thiols
Methanethiol CH4S 74-93-1 98

1-Propanethiol C3H8S 107-3-9 95
Allyl mercaptan C3H6S 870-23-5 94

Monosulfide
Dimethyl sulfide C2H6S 75-18-3 98

1,1’-Thiobis-1-propene C6H10S 33922-80-4 89
(Z)-Allyl(prop-1-en-1-yl)sulfane * C6H10S 104324-69-8 87
(E)-Allyl(prop-1-en-1-yl)sulfane * C6H10S 104324-36-9 85

Disulfides
Dimethyl disulfide C2H6S2 624-92-0 95

Methyl propyl disulfide C4H10S2 2179-60-4 93
(Z)-1-Methyl-2-(prop-1-en-1-yl)disulfane * C4H8S2 23838-19-9 96
(E)-1-Methyl-2-(prop-1-en-1-yl)disulfane * C4H8S2 23838-18-8 97

Trisulfide
Dimethyl trisulfide C2H6S3 3658-80-8 97

Episulfide
Methyl-thiirane C3H6S 1072-43-1 94

Thiophene
2-Methyl-thiophene C5H6S 554-14-3 93
3-Methyl-thiophene C5H6S 616-44-4 96

2,5-Dimethyl-thiophene C6H8S 638-02-8 91
3,4-Dimethyl-thiophene C6H8S 638-0-6 94
2,4-Dimethyl-thiophene C6H8S 638-00-6 95

Sulfine
Propanethial S-oxide C3H6OS 32157-29-2 96
Other S-Compounds

Sulfur dioxide SO2 7446-09-5 96
* The identification of the isomer is tentative.

A total of fifty-one VOCs and SVOCs were tentatively identified, according to the
Wiley Library, with a matching factor greater than 80%. Among these compounds, twenty
were organosulfur compounds, and the remaining were eight aldehydes, three carboxylic
acids, six alcohol, five ketones, five esters, two furans, one alkane, and one carbon dioxide.
The distribution of the VOCs and SVOC in the red onion is graphically represented by a
pie chart (Figure 1).
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Figure 1. Distribution of the fifty-one compounds. Each color shows the percentage composition
of the fifty-one VOCs and SVOCs following the normalization method of the chromatographic
peak areas.

Carboxylic acids (35.7%), organosulfur (28.1%), and aldehydes (13.9%) accounted for
more than 77.6% of the composition of red onion. This information agreed with the data
reported by other authors who indicated that red onion is mainly characterized by these
three families of compounds [27].

As for aldehydes, 2-methyl-2-pentenal was produced by the sequential transformation
of 1-propenyl sulfenic acid into thiopropanal-S-oxide [36,37]. In addition, the condensa-
tion of propanal and acetaldehyde could produce (E)-2-methyl-2-butenal, which in turn
could be reduced to 2-methyl-butanal [38]. Moreover, some aldehydes characteristics of
heated onions were detected because of the temperatures applied during DTD. Likewise,
acetaldehyde, propanal, 2-methyl-butanal, and 2-methyl-propanal have been recognized
as by-products of the Maillard process, resulting from the Strecker degradation of the
respective amino acids [39]. As for carboxylic acids, acetic, propanoic, and hexanoic acids
have already been described in the volatile composition of roasted onions [36].

This study focused on the twenty organosulfur compounds identified in onions
(Table 2) and aimed to analyze the impact of DTD conditions on their extraction and
analysis. Figure 2 shows their chemical structures, and the characteristic mass spectral ions
are shown in the Supplementary Materials (Table S1).

Table 2. ANOVA of the quadratic model for the total area.

Source Source Code Coefficients
Sum of
Squares

DF
Mean

Square
F-Value p-Value

A: Onion sample X1 −5.97 × 108 5.70 × 1018 1 5.70 × 1018 91.32 <0.001
B: Tube desorption

temperature X2 9.83 × 108 1.55 × 1019 1 1.55 × 1019 247.71 <0.001

C: Tube desorption
time X3 7.29 × 107 8.50 × 1016 1 8.50 × 1016 1.36 0.296

D: Trap heat
temperature X4 9.92 × 107 1.57 × 1017 1 1.57 × 1017 2.52 0.173

E: Trap heat time X5 −4.91 × 106 3.86 × 1014 1 3.86 × 1014 0.01 0.940
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Table 2. Cont.

Source Source Code Coefficients
Sum of
Squares

DF
Mean

Square
F-Value p-Value

AA X1
2 −6.81 × 108 4.05 × 1018 1 4.05 × 1018 64.89 <0.001

AB X1X2 −1.30 × 108 6.77 × 1016 1 6.77 × 1016 1.08 0.345
AC X1X3 1.88 × 108 1.42 × 1017 1 1.42 × 1017 2.27 0.192
AD X1 X4 −1.37 × 107 7.52 × 1014 1 7.52 × 1014 0.01 0.917
AE X1X5 −3.59 × 107 5.15 × 1015 1 5.15 × 1015 0.08 0.786
BB X2

2 −4.13 × 108 1.49 × 1018 1 1.49 × 1018 23.8 0.00460
BC X2X3 5.12 × 108 1.05 × 1018 1 1.05 × 1018 16.78 0.00940
BD X2X4 −7.35 × 107 2.16 × 1016 1 2.16 × 1016 0.35 0.582
BE X2X5 −1.65 × 108 1.08 × 1017 1 1.08 × 1017 1.74 0.245
CC X3

2 −6.09 × 108 3.24 × 1018 1 3.24 × 1018 51.89 <0.001
CD X3X4 −1.12 × 108 4.98 × 1016 1 4.98 × 1016 0.8 0.413
CE X3X5 3.62 × 108 5.25 × 1017 1 5.25 × 1017 8.41 0.0338
DD X4

2 −5.44 × 108 2.58 × 1018 1 2.58 × 1018 41.4 0.00130
DE X4X5 2.90 × 108 3.37 × 1017 1 3.37 × 1017 5.4 0.0678
EE X5

2 −6.77 × 108 4.00 × 1018 1 4.00 × 1018 64.12 <0.001
Lack-of-fit 5.31 × 1018 20 2.65 × 1017 4.25 0.0577
Residual 5.62 × 1018 25 2.25 × 1017

Pure Error 3.12 × 1017 5 6.24 × 1016

Cor Total 3.71 × 1019 45
Model 7.36 × 1009

 

Figure 2. Identification of organosulfur compounds found in red onions: chemical structures.

2.2. Individual Box–Behnken Designs and Analysis of Variances

Two Box-Behnken designs were carried out for the development and optimisation of
the DTD-GC-MS method for the pre-extraction and post-analysis of both the total sulfur
compounds area and the area of the propanethial S-oxide. The ANOVA was applied to
each experimental matrix, and the results are shown in Tables 2 and 3.
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Table 3. ANOVA of the quadratic model for the area of the propanethial S-oxide.

Source Source Code Coefficients
Sum of
Squares

DF
Mean

Square
F-Value p-Value

A: Onion sample X1 −1.16 × 108 2.15 × 1017 1 2.15 × 1017 68.8 0.0004
B: Tube desorption

temperature X2 −4.60 × 107 3.39 × 1016 1 3.39 × 1016 10.83 0.0217

C: Tube desorption
time X3 4.71 × 107 3.55 × 1016 1 3.55 × 1016 11.33 0.0200

D: Trap heat
temperature X4 1.74 × 107 4.86 × 1015 1 4.86 × 1015 1.55 0.268

E: Trap heat time X5 −3.29 × 107 1.73 × 1016 1 1.73 × 1016 5.53 0.0655
AA X1

2 −1.27 × 108 1.40 × 1017 1 1.40 × 1017 44.6 0.00110
AB X1X2 1.22 × 108 5.92 × 1016 1 5.92 × 1016 18.89 0.00740
AC X1X3 3.05 × 107 3.72 × 1015 1 3.72 × 1015 1.19 0.325
AD X1X4 −2.01 × 107 1.61 × 1015 1 1.61 × 1015 0.52 0.505
AE X1X5 −4.36 × 107 7.62 × 1015 1 7.62 × 1015 2.43 0.180
BB X2

2 −1.78 × 108 2.77 × 1017 1 2.77 × 1017 88.41 <0.001
BC X2X3 4.26 × 107 7.27 × 1015 1 7.27 × 1015 2.32 0.188
BD X2X4 1.38 × 108 7.61 × 1016 1 7.61 × 1016 24.28 0.00440
BE X2X5 −5.43 × 107 1.18 × 1016 1 1.18 × 1016 3.76 0.110
CC X3

2 −8.15 × 107 5.80 × 1016 1 5.80 × 1016 18.53 0.00770
CD X3X4 −7.83 × 107 2.45 × 1016 1 2.45 × 1016 7.83 0.0381
CE X3X5 9.73 × 106 3.79 × 1014 1 3.79 × 1014 0.12 0.742
DD X4

2 −1.38 × 108 1.66 × 1017 1 1.66 × 1017 52.95 <0.001
DE X4X5 1.06 × 107 4.47 × 1014 1 4.47 × 1014 0.14 0.721
EE X5

2 −3.83 × 107 1.28 × 1016 1 1.28 × 1016 4.09 0.0992
Lack-of-fit 2.64 × 1017 20 1.32 × 1016 4.21 0.0586
Residual 2.80 × 1017 25 1.12 × 1016

Pure Error 1.57 × 1016 5 3.13 × 1015

Cor Total 1.18 × 1018 45
Model 5.26 × 108

The models effectively described the observed data for both responses, as well as the
total area (YTA) and the area of the propanethial S-oxide (YC3H6OS), explaining 84.84% and
76.35% of their variability, respectively. Additionally, both models fit well as lack-of-fit tests
with p-values greater than 0.05 (0.0577 and 0.0586, respectively). So, 2 s-order equations can
be constructed to predict each response value as a function of the independent variables
(Equations (1) and (2)).

YTA (g−1) = 7.36 × 109 − 5.97 × 108·X1 + 9.83 × 108·X2 + 7.29 × 107·X3 + 9.92 × 107·X4
− 4.91E+06·X5 − 6.81 × 108·X1

2 − 1.30 × 108·X1X2 + 1.88 × 108·X1X3 − 1.37 × 107·X1X4
− 3.59 × 107·X1X5 − 4.13 × 108·X2

2 + 5.12 × 108·X2X3 − 7.35 × 107·X2X4 − 1.65 × 108·X2X5
− 6.09 × 108·X3

2 − 1.12 × 108·X3X4 + 3.62 × 108·X3X5 − 5.44 × 108·X4
2 + 2.90 × 108·X4X5

− 6.77 × 108·X5
2,

(1)

YC3H6OS (g−1) = 5.26 × 108 − 1.16 × 108·X1 − 4.60 × 107·X2 + 4.71 × 107·X3 + 1.74 × 107·X4
− 3.29 × 107·X5 − 1.27 × 108·X1

2 + 1.22 × 108·X1X2 + 3.05 × 107·X1X3 − 2.01 × 107·X1X4
− 4.36 × 107·X1X5 − 1.78 × 108·X2

2 + 4.26 × 107·X2X3 + 1.38 × 108·X2X4 − 5.43 × 107·X2X5
− 8.15 × 107·X3

2 − 7.83 × 107·X3X4 + 9.73 × 106·X3X5 − 1.38 × 108·X4
2 + 1.06E × 107·X4X5

− 3.83 × 107·X5
2,

(2)

Likewise, ANOVA showed the significance of each factor and its interaction with the
response variable. Only variables and interactions with a p-value less than 0.05 were signif-
icantly affected at a 95% level of significance. This statistical information was graphically
represented using the Pareto chart (Figure 3).
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Figure 3. Pareto Chart of: (a) the total area; and (b) the area of the propanethial S-oxide.

Onion sample weight (X1) significantly impacted the pre-extraction and post-analysis
of the organosulfur compounds of the red onions (p-value < 0.05). The onion sample amount
used negatively affected the total area of the organosulfur compounds (b1 = −5.97 × 108)
and the area of the propanethial S-oxide area (b1 = − 1.16 × 108).

The tube desorption temperature positively affected the total area of the organosulfur
compounds because greater temperatures increased the efficiency of the pre-extraction
process (b2 = 9.83 × 108). However, it is worth noting that, if the desorption temperature
is too high, the peak area could show a negative trend due to the degradation of the
compounds [38]. This could be observed by the effect of the desorption temperature on
the area of the propanethial S-oxide—the effect was not significant, but negative. The
conditions in the tube oven during the desorption stage were crucial for the effective
extraction of the compounds [37].

Finally, for a clear understanding of the interactive and main effects, 3D surface plots
were represented using the designed model. Figure 4a–d show the combined impact of
the onion sample–tube desorption temperature, the tube desorption temperature–tube
desorption time, and the tube desorption temperature–trap heat temperature, on the
response variables.
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Figure 4. Three-dimensional (3D) surface plots of BBD using polynomial equations: (a) the effect of
both the onion sample and the tube desorption temperature on the total organosulfur area; (b) the
effect of both the tube desorption temperature and the tube desorption time on the total organosulfur
area; (c) the effect of both the onion sample and the tube desorption temperature on the area of the
propanethial S-oxide; and (d) the effect of both the tube desorption temperature and the trap heat
temperature on the area of the propanethial S-oxide.

2.3. Multi-Response Optimization

Finally, RSM provided details on the optimal values that each factor should assume
to achieve maximum response. Specifically, the values required to optimize the extraction
of total organosulfur and the extraction of propanethial S-oxide are included in Table 4.
On the other hand, to identify the best conditions not only for the total area but also for
the area of the propanethial S-oxide, the MRO was applied. As Table 4 shows, the optimal
conditions obtained through both individual experiments and MRO achieved a desirable
value of 84.8%.

Table 4. Results of the individual optimization of the total area and the area of the propanethial
S-oxide, as well as MRO of both response variables.

Factors

Individual Optimization

MRO
Total Area

Propanethial
S-Oxide Area

X1: Onion sample (mg) 46 47 46
X2: Tube desorption temperature (◦C) 211 189 205

X3: Tube desorption time (s) 16 9 16
X4: Trap heat temperature (◦C) 265 252 267

X5: Trap heat time (s) 3 2 3

The precision of the MRO method was also validated through conducting 27 experi-
ments carried out on 3 consecutive days. The approach exhibited desirable reproducibility
and intermediate precision, as evidenced by a CV below 10% for all organosulfur com-
pounds (Supplementary Material, Table S2). These results were considered acceptable, as
the CVs were below the commonly accepted threshold of 10% [37].
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The validated method was applied to the red onion sample, obtaining the results of
the area shown in Table 5 and the total ion chromatogram (TIC) shown in Figure 5.

Table 5. Organosulfur compounds extracted and analyzed using the DTD-GC-MS MRO optimized
method. Compositional percentages were computed by the normalization method from the GC
peak areas.

Code Compound
Individual

Relative Area (g−1)
Percentage Composition (%)

1 Methanethiol 79,946,258 ± 5,037,254 0.8 ± 0.1
2 Dimethyl sulfide 368,819,241 ± 26,379,719 3.9 ± 0.3
3 1-Propanethiol 520,814,238 ± 25,833,947 5.9 ± 1.2
4 Sulfur dioxide 741,589,894 ± 68,150,056 8.1 ± 0.3
5 Methyl-thiirane 356,083,962 ± 6,570,787 3.8 ± 0.2
6 Allyl mercaptan 925,374,280 ± 53,675,232 10.7 ± 0.6
7 Dimethyl disulfide 734,818,197 ± 68,447,885 7.0 ± 0.4
8 2-Methyl-thiophene 79,399,050 ± 7,255,625 0.7 ± 0.04
9 3-Methyl-thiophene 161,784,317 ± 15,999,654 1.6 ± 0.1
10 2,5-Dimethyl-thiophene 46,771,965 ± 4,109,263 0.4 ± 0.03
11 3,4-Dimethyl-thiophene 266,951,634 ± 26,402,475 3.2 ± 0.3
12 1,1’-Thiobis-1-propene 12,137,629 ± 982,646 0.1 ± 0.01
13 (Z)-Allyl(prop-1-en-1-yl)sulfane 47,080,601 ± 3,942,928 0.5 ± 0.03
14 (E)-Allyl(prop-1-en-1-yl)sulfane 34,336,629 ± 1,522,835 0.4 ± 0.03
15 Methyl propyl disulfide 127,532,708 ± 1,832,161 1.4 ± 0.1
16 Propanethial S-oxide 385,303,062 ± 14,922,610 4.5 ± 0.3
17 2,4-Dimethyl-thiophene 1,728,974,335 ± 94,208,493 19.4 ± 0.1
18 (Z)-1-Methyl-2-(prop-1-en-1-yl)disulfane 457,771,521 ± 11,134,133 5.2 ± 0.5
19 (E)-1-Methyl-2-(prop-1-en-1-yl)disulfane 983,648,059 ± 82,014,566 10.3 ± 0.4
20 Dimethyl trisulfide 839,379,417 ± 73,906,935 9.6 ± 1.0

Total 9,389,028,511 ± 908,282,182 -

Figure 5. DTD-GC-MS chromatogram of the organosulfur compounds present in red onions. The
code compounds are shown in Table 5.

2.4. Distribution of the Organosulfur Compound in Red Onion by MRO DTD-GC-MS Method

The optimized method for analyzing the distribution of 20 sulfur compounds in a red
onion sample was then used, and the results are included in Figure 6.
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Figure 6. Distribution of the twenty organosulfur compounds. Each color shows its percentage
composition calculated by using the normalization method from the GC peak areas.

When alliinase and cysteine sulfoxides came together, they generated a mixture of
sulfenic acids, ammonia, and pyruvate. The major onion cysteine sulfoxide, i.e., S-1-
propenyl-L-cysteine sulfoxide, was transformed into the 1-propenyl sulfenic acid, which
was then turned into propanethial S-oxide. This organosulfur compound, which is known
as the onion lachrymatory factor (LF), accounted for 4.5% of the composition of red onions
and was stable during the gas chromatography analysis, making it easy to trap and measure.

The other products of the condensation reaction, i.e., thiosulfinates, were degraded
during trapping and GC analysis, thus generating most of the organosulfur compounds
identified, i.e., the sulfides [39], which were involved in further transformations and showed
biological activity [34]. Disulfides were observed in frozen onions, while the drying of
onions increased trisulfides [40]. The resulting mixture of monosulfides, disulfides, and
trisulfides accounted for 4.9%, 23.9%, and 9.6% (i.e., 38.4% of carbon sulfide CSn) of the red
onion composition, respectively. Additionally, propanothiol was identified as a significant
source of flavor in fresh onions [41], accounting for 5.9% of the red onion composition.

In addition, high temperatures during thermal desorption can trigger the thermolysis
of alkyl-1-propenyl disulphides and di(1-alkenyl) disulphides to form thiophene [42]. This
family of compounds accounted for 25.3% of the red onion composition, so it was one of
the main components.

2.5. Comparison of DTD Methodology with Another Extraction Techniques

Finally, the developed MRO DTD-GC-MS method was compared with other extraction
techniques to highlight its advantages.

Concerning solvent extraction techniques for volatile compounds, DTD offers multiple
advantages as reported by other authors [34,43]. Firstly, it is an automated extraction
technique in which there is hardly any sample handling, and it does not use solvents, which
means that it is a more environmentally friendly technique. In addition, the yields and the
sensitivity offered by this technique are much higher than conventional solvent extractions.

However, it should be noted that it is not the only solvent-free technique currently
available in the literature. SPME combined with HS has been used on several occasions
for the study of sulfur compounds in onion samples [8,43]. Nonetheless, the choice of the
adsorbent material is consistently a crucial aspect of the process because it must adsorb
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a diverse range of molecules with varying chemical properties, molecular weights, and
polarities. With SPME, the fiber’s surface capacity is relatively restricted, which can lead to
analytes competing for adsorption sites, potentially causing a greater bias towards specific
volatile compounds [18]. Overall, TD typically has a higher surface capacity than SPME
due to the larger size of the trap used in TD compared to the SPME fiber. To facilitate an
experimental comparison of both techniques, an analysis of the organosulfur compounds
in the same onion matrix using SPME (AOC-6000 Plus Multifunctional Autosampler,
Shimadzu, Kyoto, Japan) was carried out. The SPME analysis conditions used were as
follows: 0.5 g of onion was pre-incubated at 150 ◦C with pulsed agitation for 10 min at a
speed of 500 rpm. The headspace above the samples in a vial was exposed to a DVB/Carbon
WR/PDMS SPME fiber (manufactured by Shimadzu, Kyoto, Japan) at a depth of 22 mm
for 20 min. After extraction, the SPME fiber was withdrawn and introduced into the gas
chromatograph inlet, where it was desorbed for 5 min using a split mod at a temperature
of 220 ◦C. The results obtained showed that the number of sulfur compounds identified
by SPME (14 sulfur compounds) was lower than that identified by the MRO DTD-GC-MS
method (20 sulfur compounds). In addition, the extraction of these compounds also showed
worse results, with a total area by SPME of 78,595,746 ± 612,8231 g−1 —lower than the
total area obtained by DTD (9,389,028,511 ± 908,282,182 g−1). This shows that, in the case
of sulfur compounds in onion, DTD correctly optimized by BBD and MRO and combined
with GC-MS provides a suitable extraction and analysis method for the compounds of
interest, yielding better results than other more common techniques, such as SPME.

3. Materials and Methods

3.1. Onion Samples

The onion samples that were the focus of this investigation were procured from a
nearby marketplace located in the province of Cadiz, Spain. Specifically, this variety has
been used by the research group in previous studies about the evaluation of the content of
phenolic compounds [9–11,44]. For all the experiments carried out, the onions used were in
freeze-dried form to avoid the presence of water and to have a more homogeneous onion
matrix [45]. The type of onion used for our investigation is a variety of Spanish origin that
is cultivated from June to December. The bulbs were characterized by their globose/conical
shape with red outer skins in different shades (depending on the variety). The flesh has an
intense purple color, a strong taste, and high pungency.

3.2. DTD-GC-MS Procedure and Conditions

The DTD equipment used was a TD-20 System (Shimadzu, Kyoto, Japan). Specifically,
the onion sample was placed in a sample tube (with an outer diameter of 1/4′ ′ (6.35 mm)
and a length of 90 mm) and was secured at both ends with silica wool to prevent leakage.
The flow rate of the carrier gas (helium) was adjusted to 1 mL s−1. The cold trap, which con-
centrated the desorbed compounds to a bandwidth compatible with the capillary column,
was set to −15 ◦C. The compounds were injected into the GC module in a split mode with
a split ratio of 1:50. The sample amount collected in the tube, the temperature and time of
the sample-tube heating block, and the temperature and time of the trap desorption were
chosen according to the results of the response surface design of experiments. A detailed
outline of the process is shown in the Supplementary Materials (Figure S1).

The GC-MS equipment used was GCMS-TQ8040 (Shimadzu, Kyoto, Japan). The chro-
matographic separation was performed on a Suprawax-280 capillary column (Teknokroma,
Barcelona, Spain; 60 m length × 0.25 mm column I.D. × 0.25 μm film thickness). The
injector was set at 25 ◦C. Moreover, the temperature program of the oven was as follows:
40 ◦C isothermal for 300 s; from 40 ◦C to 200 ◦C at a rate of 0.05 ◦C s−1; 200 ◦C isothermal
for 300 s; from 200 ◦C to 270 ◦C at a rate of 0.67 ◦C s−1; and 270 ◦C isothermal for 120 s.
Likewise, helium (99.999%) was used as the carrier gas at both a constant linear velocity of
35 cm s−1 and a flow rate of 0.031 mL s−1. Regarding the mass spectrometer, the ionization
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mode was electron impact with a voltage of 70 eV. The mass spectrometer worked in a
full-scan mode in the range of 40–400 m/z. The ion source temperature was 200 ◦C.

Compounds were identified by comparing their mass spectra using the Wiley library
(Wiley Registry of Mass Spectral Data, 7th Edition, 2000) and the criterion of at least 80%
similarity [46]. The area of the chromatographic signal produced by the largest mass
fragment (base peak) was measured to determine the area of each compound. Furthermore,
a normalizing approach was used to obtain the percentage composition (%) from the peak
area of each compound: the area of the base peak/total area.

3.3. Box–Behnken Design

The parameters that affected the analysis of the organosulfur compounds by using
DTD-GC-MS were optimized with a BBD [47]. As aforementioned, several factors were
evaluated to determine their optimum levels: the onion sample amount placed in the
sample tube (X1), the tube desorption temperature (X2), the tube desorption time (X3), the
trap heat temperature (X4), and the trap heat time (X5). In a BBD, each factor was studied
at 3 levels: at a lower level (−1), at an intermediate level (0), and at a higher level (1).
Due to the lack of prior studies on the application of DTD to analyze the organosulfur
compounds in onions, the operating range of each factor for the BBD was selected according
to the outcome of the OFAT experiments. The OFAT experiments are summarized in the
Supplementary Materials (Table S3 and Figure S2). According to these results, the range for
each factor was chosen to consider not only the greatest total areas but also the area of the
individual propanethial S-oxide: 40-50-60 mg for X1; 180-200-220 ◦C for X2; 600-900-1200 s
for X3; 250-265-280 ◦C for X4; 120-180-240 s for X5. Two response variables were defined:
the total area (YTA) of the base peak of each compound, and the area of the propanethial
S-oxide (YC3H6OS). The latter is of interest as it is obtained from the main SCs of onions
and plays the role of lacrimator [48]. Both response variables were expressed as relative
areas, i.e., as a function of the accurate mass of onion weighed for each experiment: the
total area per gram of onion (g−1) and the area of the propanethial S-oxide per gram of
onion (g−1), respectively. The study involved two separate BBD experiments, each design
consisted of 46 treatments, including 6 repetitions at the center point to calculate the error.
The complete matrix with the experimental and predicted values for each response variable
is included in Supplementary Materials (Table S4).

3.4. Response Surface Methodology

In combination with BBD, RSM comprises a series of statistical and mathematical
methods utilized to develop and optimize processes. RSM allows for the modelling of the
curvature relationship between factors and their response by employing a second-order
polynomial equation (Equation (3)) [49].

Y = β0 + ∑k
i=1 βiXi + ∑k

i=1 βii X2
i + ∑ ∑k

i<j βijXiXj + r , (3)

where Y represents the predicted responses (i.e., YTA and YC3H6OS); Xi and Xj the factors
involved; XiXj the interactions between factors; Xi

2 the quadratic interaction between
factors; β0 the intercept; βi the linear coefficient; βij, the coefficient of interaction between
factors; βii the quadratic coefficient; and r the random error.

Utilizing the Statgraphics Centurion version XVI software (Warrenton, VA, USA) and
Design Expert software (Version 13, Stat-Ease Inc., Minneapolis, MN, USA), an analysis of
variance (ANOVA) was executed.

After optimizing each of the two response variables separately, a multi-response
optimization (MRO) was performed to determine their optimal conditions simultaneously.
The desirability optimization methodology was employed, which combines the desirability
function analysis with the design of experiments [50]. Each response was assigned a
desirability score (di) ranging from 0 to 1, where 0 indicated an unacceptable response, and
1 indicated an ideal response. The individual desirability scores were then geometrically
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averaged to obtain an overall desirability score (D). Ultimately, the multi-optimization
process aimed to maximize the value of D.

4. Conclusions

Among all vegetables, onions have perhaps the biggest market niche not only because
of their great use in cooking but also because of their sulfur compounds, which can have
enormously beneficial properties for one’s health. Particularly for the latter reason, it is
necessary to develop methods of analysis and extraction that allow for the study of these
sulfur compounds in an efficient way. In this work, a DTD-GC-MS methodology has
been developed for the pre-extraction and subsequent determination of the organosulfur
compounds present in onions. A BBD, together with MRO, was used for optimization,
considering the total area (sum of the individual area of each of the 20 identified sulfur
compounds) and the individual area of the propanethial S-oxide as response variables. The
MRO conditions were as follows: 46 mg of onion in the tube, a desorption heat of 205 ◦C
for 960 s, and a trap heat of 267 ◦C for 180 s. In addition, the efficacy of the technique has
been confirmed by demonstrating that all organosulfur compounds exhibit high levels of
repeatability and intermediate precision, with coefficients of variation (CV) lower than
10%. The distribution of the twenty organosulfur compounds showed 25.3% of thiophenes,
38.4% of carbon sulfides (mixture of monosulfides, disulfides, and trisulfides), and 4.5%
of propanethial S-oxide. Overall, the optimized DTD-GC-MS method has significant
practical implications for laboratories, researchers, and companies hoping to determine
the organosulfur content accurately and reliably in onions. To evaluate the limitations
of this study, the developed method was compared with SPME, the most widely used
pre-extraction technique, to study these compounds in onions. The developed method
showed better extractions, with a higher amount of extracted sulfur compounds. In the
future, high-resolution analytical techniques will allow us to know more about the content
of these compounds in different types of onions, which could be useful for assessing how
factors such as variety, origin, and cultivation method affect the composition and activity
of these compounds.
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Abstract: In order to valorize the species Crocus sativus from Morocco and to prepare new products
with high added value that can be used in the food and pharmaceutical industry, our interest was fo-
cused on the phytochemical characterization and the biological and pharmacological properties of the
stigmas of this plant. For this purpose, the essential oil of this species, extracted by hydrodistillation
and then analyzed by GC-MS, revealed a predominance of phorone (12.90%); (R)-(-)-2,2-dimethyl-
1,3-dioxolane-4-methanol (11.65%); isopropyl palmitate (9.68%); dihydro-β-ionone (8.62%); safranal
(6.39%); trans-β-ionone (4.81%); 4-keto-isophorone (4.72%); and 1-eicosanol (4.55%) as the major
compounds. The extraction of phenolic compounds was performed by decoction and Soxhlet ex-
traction. The results of the determination of flavonoids, total polyphenols, condensed tannins, and
hydrolyzable tannins determined by spectrophotometric methods on aqueous and organic extracts
have proved the richness of Crocus sativus in phenolic compounds. Chromatographic analysis by
HPLC/UV-ESI-MS of Crocus sativus extracts revealed the presence of crocin, picrocrocin, crocetin,
and safranal molecules specific to this species. The study of antioxidant activity by three methods
(DPPH, FRAP, and total antioxidant capacity) has proved that C. sativus is a potential source of natural
antioxidants. Antimicrobial activity of the aqueous extract (E0) was investigated by microdilution
on a microplate. The results have revealed the efficacy of the aqueous extract against Acinetobacter
baumannii and Shigella sp. with MIC ≤ 600 μg/mL and against Aspergillus niger, Candida kyfer, and
Candida parapsilosis with MIC = 2500 μg/mL. Measurements of pro-thrombin time (PT) and activated
partial thromboplastin time (aPTT) in citrated plasma obtained from routine healthy blood donors
were used to determine the anticoagulant activity of aqueous extract (E0). The anticoagulant activity
of the extract (E0) studied showed that this extract can significantly prolong the partial thrombo-
plastin time (p < 0.001) with a 359 μg/mL concentration. The antihyperglycemic effect of aqueous
extract was studied in albino Wistar rats. The aqueous extract (E0) showed strong in vitro inhibitory
activity of α-amylase and α-glucosidase compared with acarbose. Thus, it very significantly inhibited
postprandial hyperglycemia in albino Wistar rats. According to the demonstrated results, we can
affirm the richness of Crocus sativus stigmas in bioactive molecules and its use in traditional medicine.

Keywords: Crocus sativus L.; phorone; crocins; picrocrocin; safranal; DPPH; FRAP; total antioxidant
capacity; antimicrobial activity; anticoagulant activity; antidiabetic activity
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1. Introduction

The overproduction of reactive oxygen species generates damage in biomolecules
(DNA, proteins, amino acids, and lipids) and can produce oxidative stress, which subse-
quently can induce various pathologies, such as neurodegenerative diseases, cardiovascular
diseases, diabetes, and cancer [1,2]. Currently, there are therapies against these various
pathologies, but they present serious side effects, most often undesirable. To reduce these
side effects, several works have focused on the research of effective bioactive molecules
from natural plant resources, in particular aromatic and medicinal plants.

As humankind has been progressing in its development, we have developed interac-
tions with plants to take better advantage of them for our well-being. We have empirically
learned some of the virtues of plants and have improved them with the development of
science. However, plants in their natural state continue to be used by most of the world’s
population. In particular, the Moroccan population benefits from a rich and diversified
flora characterized by high endemism of 7000 existing species, subspecies, and varieties
with 940 genera and 135 families of which 537 are endemic to the country and 1625 are
rare or threatened [3]. Its diversity is the backbone of Morocco’s industry for aromatic and
medicinal plants, which is regarded as the world’s 12th largest exporter of these plants.

The Fez-Meknes area, with its rich and varied ecosystems, offers an ideal setting for
the research of new bioactive molecules of agro-food and pharmaceutical interest. Saffron
is one of the plants of this region which plays a very important role at the economic and
social level, and its conservation constitutes a major and preponderant priority.

The species Crocus sativus has been widely used as a dyeing agent, as well as for medi-
cation in the traditional medicinal systems of India, Thailand, the Philippines, Malaysia,
China, Australia, Africa, etc. [4,5]. The Moroccan flora is also abundant in this species,
which is used as a condiment plant and in traditional medicine to treat a variety of
illnesses [6].

Saffron (C. sativus L.) is an autumnal herbal flowering plant of the family Iridaceae. It
is currently ranked as the most expensive spice in the world. It is the most important plant
of the genus Crocus. With an estimated 418 tons produced per year, this plant is commonly
cultivated in Iran, Morocco, India, Afghanistan, Italy, Greece, and Spain [7]. The most com-
monly used plant parts of C. sativus are the stigmas, flowers, and petals. Saffron has many
traditional applications, and it is used to treat dysmenorrhea, gastric ulcers [8], nervous
system disorders, asthma, whooping cough, and inflammations [9]. It can be used as an
aperitif, stimulant, and tonic [8]. In addition, phytochemical studies of saffron have identi-
fied multiple active components such as cis- and trans-crocin (dye), safranal (aroma), and
glycoside carotenoids [10]. In addition, the petals and stigmas of this plant contain various
flavonoids, phenylpropanoids, phenolic glycosides, alkaloids, coumarins, terpenoids, fatty
alcohols, and fatty acids of which glycosylated flavonoids and anthocyanins are considered
important antioxidant and anti-inflammatory compounds [11–13].

Currently, the literature on saffron provides a deep scope on plant varieties, major
constituents, and culinary uses, mainly based on traditional Chinese, Indian, and Iranian
medicine. To enlarge the scope of the future implications of this Moroccan plant species for
medicinal and culinary purposes, the present study aims to valorize C. sativus cultivated in
the Boulemane area, through phytochemical investigations and evaluation of biological
and pharmacological properties of this plant species. Certainly, the phytochemical profile,
antioxidant, antimicrobial, and anticoagulant properties, and antidiabetic activities of the
stigmas of C. sativus cultivated in the Boulemane area are highlighted by taking into account
in vitro and in vivo investigations.

2. Results

2.1. The Yield of C. sativus EO

The average yield of EO was calculated based on the dry plant material obtained from
the stigmas of C. sativus.
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The yield of the obtained essential oil is very low, about 0.25 ± 0.01% (Table 1). This
oil is characterized by a yellowish color with an aromatic spicy and woody smell.

Table 1. The yield of the essential oil of C. sativus.

Species
Properties

Yield (%) Color Smell

C. sativus 0.25 ± 0.01 Deep yellow Spicy and woody aromatics

2.2. GC-MS Analysis of C. sativus Essential Oil

The GC/MS analyses of EO from C. sativus stigmas were used to determine the
chromatographic profile (Figure 1), identify the different constituents, and measure their
relative abundances in the EO analyzed (Table 2).

Figure 1. Chromatographic profile of the GC/MS analysis of C. sativus EO studied.

Table 2. Chemical profile (GC/MS) of the essential oil of C. sativus.

KI Compounds Area (%)

856 (R)-(-)-2,2-dimethyl-1,3-dioxolane-4-methanol 11.65

912 2-acetylfuran 1.42

1017 γ-terpinene 1.32

1050 2-acetylcyclopentanone 0.86

1070 Trans-arbusculone 0.91

1121 Isophorone 3.56

1095 Phorone 12.90

1145 4-keto-isophorone 4.72

1196 Safranal 6.39

1230 Duroquinone 1.10

1252 Thymoquinone 2.42

1282 2-ethyl menthone 0.93

1289 Cyclopent-2-en-1-one, 2-pentyl- 2.03

1314 2,3,4-trimethyl benzaldehyde 1.25
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Table 2. Cont.

KI Compounds Area (%)

1436 Dihydro-β-ionone 8.62

1455 β-ionone epoxide 0.78

1488 Trans-β-ionone 4.81

1668 (Z)-Coniferyl alcohol 3.62

1800 Octadecane 1.20

1812 Isopropyl myristate 2.38

1900 Nonadecane 1.91

2000 Eicosane 3.27

2010 Isopropyl palmitate 9.68

2049 4-tert-Octyl-o-cresol 1.29

2060 13-epi-manool 2.46

2065 1-eicosanol 4.55

2100 Heneicosane <n-> 3.96

Monoterpene hydrocarbons (%) 1.32

Oxygenated monoterpenes (%) 67.97

Hydrocarbon sesquiterpenes (%) 3.11

Oxygenated sesquiterpenes (%) 13.35

Hydrocarbon diterpenes (%) 7.23

Oxygenated diterpenes (%) 7.01

Total (%) 99.99

The analysis of the chemical composition of the EO identified 27 chemical compounds
for C. sativus representing 99.99% of the total composition. By examining the EO’s ma-
jor chemical classes (Figure 1), we found that the saffron sample presents an EO rich
in oxygenated monoterpenes (67.97%), oxygenated sesquiterpenes (13.35%), hydrocar-
bon diterpenes (7.23%), and oxygenated diterpenes (7.01%). The hydrocarbon sesquiter-
penes and hydrocarbon monoterpenes come last, with levels of 3.11 and 1.32%, respec-
tively. In addition, the majority of compounds of this EO are phorone (12.90%); (R)-(-)-
2,2-dimethyl-1,3-dioxolane-4-methanol (11.65%); isopropyl palmitate (9.68%); dihydro-β-
ionone (8.62%); safranal (6.39%); trans-β-ionone (4.81%); 4-keto-isophorone (4.72%); and
1-eicosanol (4.55%).

The EO of C. sativus is composed essentially of ketones (44.28%) and non-aromatic alco-
hols (18.66%), followed by esters (12.06%), hydrocarbons (11.66%), and aldehydes (7.64%).
In addition, we discovered additional chemical families, such as weakly proportioned
phenols and epoxides, that describe the species of saffron (Figure 2).

2.3. Phytochemical Screening

Phytochemical tests showed that C. sativus stigmas contain important secondary
metabolites (Table 3). A strongly positive reaction was observed showing the presence
of sterols and triterpenes, flavonoids, gallic tannins, alkaloids, and saponosides. In ad-
dition, a negative reaction of anthocyanins, catechic tannins, and anthracene derivatives
was observed.
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Figure 2. Distribution of chemical classes identified in C. sativus EO (%).

Table 3. Results of phytochemical tests.

Compounds/Species C. sativus

Part used Stigma

Sterols and triterpenes +++

Flavonoids ++

Anthocyanins -

Tannins
Catechic tannins -

Gallic tannins +

Anthracene derivatives

Quinones -

O-Heterosides -

C-Heterosides -

Saponosides +

Alkaloids
Dragendorff ++

Mayer ++
Category: Strong presence: +++; average presence: ++; low presence: + and absent: -.

2.4. Extraction and Quantitative Analysis of Phenolic Compounds
2.4.1. Extraction Yields

We performed the solid–liquid extraction by decoction (E0), by Soxhlet water (E1),
and by Soxhlet ethanol–water (E2) extraction, to compare the yields and the contents of
phenolic compounds obtained by these two methods. From Figure 3, it appears that the
yield of extracts obtained by decoction for C. sativus stigmas is higher than those obtained
by Soxhlet extraction.

Figure 3. Extraction yields of phenolic compounds from C. sativus.

109



Pharmaceuticals 2023, 16, 545

2.4.2. Determination of Phenolic Compounds

In order to evaluate the contents of polyphenols, flavonoids, condensed tannins,
and hydrolyzable tannins in the aqueous extracts and the hydroethanolic extract of C.
sativus, we established calibration curves for gallic acid (Y = 0.095X + 0.003; R2 = 0.998),
quercetin (Y = 0.073X − 0.081; R2 = 0.995), catechin (Y = 0.7421X + 0.0318; R2 = 0.998), and
tannic acid (Y = 0.1700X − 0.0006718; R2 = 0.996). The quantities of total polyphenols,
flavonoids, condensed tannins, and hydrolyzable tannins in the extracts were estimated
by milligram equivalents of gallic acid, quercetin, vanillin, and tannic acid per gram of
extract, respectively.

The results of the total polyphenol assay show that the contents of these molecules
vary considerably from one extract to another (Figure 4). The best contents recorded for C.
sativus stigmas were noted for the hydroethanolic extract (45.474 mg EAG/g), followed
by decocted and then the aqueous extract obtained by Soxhlet extraction. Flavonoid
content values (Figure 4) show that C. sativus extracts are visibly rich in flavonoids with
the best contents recorded for the hydroethanolic extract (33.497 mgEQ/g), followed
by decocted (113.877 mgEQ/g) then the aqueous extract obtained by Soxhlet extraction
(5.639 mgEQ/g). An analysis of the tannin results shows that C. sativus stigmas are
rich in tannins (condensed and hydrolyzable tannins). The extracts obtained by Soxhlet
extraction of C. sativus represent the highest tannin contents, while the decocted one has
a lower content of condensed tannins and hydrolyzable tannins (0.558 mg EC/g and
0.364 mg EAT/g extracts).

Figure 4. Contents of phenolic compounds: (a) total polyphenols; (b) flavonoids; (c) condensed
tannins; (d) hydrolyzable tannins. Mean values ± standard deviations of determinations performed
in triplicate are reported. Means are significantly different (p < 0.001).
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2.4.3. Analysis and Identification of Polyphenols in C. sativus Extract by High-Pressure
Liquid Chromatography–Mass Spectrometry (HPLC/UV-ESI-MS)

The extracts of C. sativus were analyzed by HPLC/UV-ESI-MS, and the chromatogram
in Figure 5 presents the different compounds detected in the stigmas of C. sativus. The
analysis of the mass spectra in addition to the chromatogram allowed us to propose
27 molecules which are recorded in Table 4.

Figure 5. HPLC chromatograms of C. sativus compounds: (a) decocted; (b) aqueous extract obtained
by Soxhlet extraction; (c) hydroethanolic extract obtained by Soxhlet extraction.

The analytical study of the mass spectra of the aqueous and hydroethanolic extracts
of C. sativus in negative mode shows the presence of several carotenoids, flavonoids, and
phenolic acids. The principal carotenoids identified in the decocted extract (E0), aqueous
extract obtained by Soxhlet extraction (E1), and hydroethanolic extract obtained by Soxhlet
extraction (E2) are cis-crocin-3 (0.32%, 1.64%, and 1.48%), cis-crocin-4 (1.06%, 2.58%, and
4.12%), crocetin (0.57%, 0.16%, and 2.47%), crocin-2 (7.8%, 11.25%, and 24.58%), crocin-3
(25.65%, 10.1%, and 3.58%), crocin-4 (10.52%, 1.32%, and 17.99%), picrocrocin (18.78%,
30.23%, and 0.5%), trans-crocin-1 (0.62%, 2.34%, and 4.3%), and β-carotene (1.32%, 4.44%,
and 7%), respectively. We also recorded the presence of safranal in the three extracts (E0,
E1, and E2) with respective percentages in the range of 0.78%; 3.83%; and 0.69%.
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Each compound can be mass fragmented using electrospray mass spectrometry (ESI-
MS) detection in the negative ion mode, which is an additional technique for determining
their structure.

The ESI-MS spectrum of picrocrocine (C16 H26 O7, m/z = 330) showed an addition ion
(with formic acid (HFA)) at m/z = 375 [M-H + HFA]−.

The crocin-4, crocetin esterified with a gentiobiose at each end, trans and cis iso-
mers (calculated as C44 H64 O24, M = 976) produced the pseudo-molecular ion [M-H]−
at m/z = 975 at 25.19 and 26.96 min, respectively. Upon adduct formation with formic
acid in the mass spectrum of crocin-4, the peak formed with m/z = 1021 was identified as
[M-H + HFA]−.

The crocin-3 (C38 H54 O19, M = 814), crocetin esterified with a gentiobiose at one end
and glucose at the other end, trans and cis isomers showed the [M-H]− ion at m/z = 813.
The use of formic acid as a mobile phase modifier gave an intense signal at m/z = 859
corresponding to the presence of adduct ion with crocin-3 [M-H + HFA]−.

The crocin-2 (C33 H44 O14, M = 652), a crocetin esterified with a gentiobiose at one
extreme and a free carboxyl group at the other, showed the [M-H]− ion at m/z = 651 at
26.18 min. The compound has ion fragmentation similar to that of crocin-4 and crocin-3.

The β-carotene showed the [M-H]− ion at m/z = 535 at 26.27 min. On adduct formation
with formic acid in the mass spectrum of β-carotene, the peak formed with m/z = 581 was
identified as [M-H + HFA]−.

The other ions at m/z = 489 [M-H]− correspond to the pseudomolecular ion of trans-
crocin-1 and at m/z = 327 [M-H]− to the quasi-molecular ion of crocetin. Thus, the pseudo-
molecular ions at m/z = 149 [M-H]− and m/z = 409 [M-H]− correspond to the molecules of
safranal and oleanolic acid, respectively.

2.5. Heavy Metal Contents

The determination of heavy metal contents in the crocus genus has been the subject of
very little work. In our study, a total of seven elements (As, Fe, Cd, Sb, Cr, Pb, and Ti) were
determined. The Crocus sativus sample showed values below the FAO/WHO regulated
limit values (Table 5).

Table 5. Heavy metal concentration (mg/L) and maximum limits FAO/WHO (2009).

Species
Arsenic

(As)
Cadmium

(Cd)
Chromium

(Cr)
Iron (Fe) Lead (Pb)

Antimony
(Sb)

Titanium
(Ti)

C. sativus 0.013 ≤0.001 0.005 0.513 0.305 0.001 0.017

Maximum limits
(FAO/WHO) 1 0.3 2 20 3 1 -

2.6. Antioxidant Activity

Three techniques—DPPH, FRAP, and TAC—were used to assess the antioxidant
properties of the aqueous and hydroethanolic extracts of C. sativus and the reference
(ascorbic acid). The calibration curves of ascorbic acid by DPPH (Y = 1.013X − 8.032;
R2 = 0.9893), FRAP (Y = 0.004760X + 0.09740; R2 = 0.8963), and TAC (Y = 0.04066X + 0.02110;
R2 = 0.9949) methods were determined.

The extracts are referred to as natural antioxidants, due to their ability to reduce
and/or prevent free radical formation. The results in Figure 6A show that the aque-
ous extracts and the hydroethanolic extract of C. sativus are endowed with antiradical
power. The hydroethanolic extract (E2) and the aqueous extract obtained by Soxhlet ex-
traction (E1) exerted remarkable antioxidant activity with EC50 values equal to 565.590
and 627.003 μg/mL, respectively. The EC50 of ascorbic acid was 19.378 μg/mL. The EC50
of iron reduction in the C. sativus extracts is quite evident, according to the results of the
FRAP method. Figure 6B shows significant differences between the reducing power of
the extracts from C. sativus stigmas and the positive control (ascorbic acid). The aqueous
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extract obtained by Soxhlet extraction of C. sativus showed a better reducing capacity than
the decocted extract (112.530 μg/mL) or the aqueous extract obtained by Soxhlet extraction
(113.914 μg/mL). However, these results fall short of the ascorbic acid standard, which
had a concentration of 0.470 g/mL. As the total antioxidant activity (TAA) is measured
in terms of ascorbic acid equivalents, the phosphomolybdenum technique is quantitative.
According to Figure 6C, the tested extracts showed good total antioxidant capacity. The
results showed that the organic extracts presented the highest TAC compared to the de-
cocted extract, with a high activity recorded for the aqueous extract (193.356 mg EAA/g)
followed by the hydroethanolic extract (175.666 mg EAA/g). Moreover, the results grouped
in Figure 7 present a perfect correlation between the phenolic compound contents of the
studied extracts and the different antioxidant activities carried out, in particular between
the contents of flavonoids, condensed tannins, and hydrolyzable tannins concerning DPPH,
FRAP, and TAC assays.

Figure 6. Antioxidant activity of ascorbic acid and extracts by: (a) DPPH; (b) FRAP; (c) TAC assays.
Mean values ± standard deviations of determinations performed in triplicate are reported. Means
are significantly different (p < 0.001).

Figure 7. Correlation between antioxidant activities and phenolic compound contents of C. sativus stigma
extracts. (Poly: polyphenols; Flav: flavonoids; CT: condensed tannins; HT: hydrolyzable tannins).
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2.7. Antimicrobial Activity

The results of the antimicrobial activity of decocted C. sativus extract are represented
in Table 6. The MIC of the extract was categorized using the standards put forth by
Sartoratto, Duarte, Wang, Oliveira, and their associates [14–17]. Antimicrobial activity was
classified as high (MIC < 600 μg/mL), moderate (MIC between 600 and 2500 μg/mL), and
low (MIC > 2500 μg/mL). The MIC, BMC, and FMC analyses of C. sativus show a high
bactericidal quality of the decocted extract against enterobacterial species. The other strains
tested show some resistance. Indeed, the evaluated decocted extract is powerful against
Gram-negative bacilli and, in particular, against A. baumannii and Shigella sp. with MIC
lower than or equal to 600 μg/mL. Moreover, the decocted extract of C. sativus is more
active against strains causing candidiasis, in particular against C. kefyr and C. parapsilosis
with a MIC of about 2500 μg/mL. The mold (A. niger) was also sensitive to the decocted
extract studied (MIC = 2500 μg/mL).

2.8. Anticoagulant Activity

According to the data in Figure 8, it is apparent that the studied extract (E0) does not
affect prothrombin time (PT). However, the results of the coagulation test (aPPT) showed a
remarkable anticoagulant activity by inhibiting the intrinsic pathway in a dose-dependent
manner. Indeed, C. sativus extract (E0) can significantly prolong the partial thromboplastin
time (p < 0.001) with a 359 μg/mL concentration.

Figure 8. Effect of C. sativus decocted extract (E0), normal control (NC), and heparin on prothrombin
time (a) and partial thromboplastin time (b).

2.9. Antidiabetic Activity
2.9.1. Evaluation of the Inhibitory Effect of Decocted Extract on the Activity of α-Amylase
and α-Glucosidase, In Vitro

Regarding the in vitro inhibition tests of α-amylase and α-glucosidase by aqueous
extract of C. sativus, the results presented in Figure 9 show that the extract exerts a variable
and dose-dependent inhibitory effect. C. sativus decocted extract as well as acarbose
showed strong inhibitory activity on α-amylase and α-glucosidase. The effect of acarbose
against α-amylase and α-glucosidase was increased in a concentration-dependent manner,
with EC50 of 364.446 and 17.269 μg/mL, respectively. The decocted extract’s effect was
significantly higher than that of acarbose on α-amylase and α-glucosidase (86.326 mg/mL;
10.957 μg/mL, respectively).
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Figure 9. Percent inhibition and EC50 of inhibitory effects on α-amylase (a,b) and α-glucosidase
(c,d) activities by C. sativus decocted extract and acarbose, in vitro. Values are means ± SEM (n = 3).

2.9.2. Acute Toxicity Study of C. sativus Decocted Extract

The result of this acute toxicity assay shows that the decocted material is not toxic
even at 2 g/kg. Neither toxicity (diarrhea, vomiting, abnormal mobility, etc.) nor mortality
were caused by the decocted substance during the observation period.

2.9.3. Study of the Antihyperglycemic Activity of C. sativus Decocted Extract in Normal
Rats In Vivo

Analysis of the glucose tolerance test and comparison of the total areas under the
blood glucose curve during the 150 min period are shown in Figures 10 and 11.

• Oral glucose tolerance test
• Blood glucose levels in normal rats showed a high peak 30 min after glucose loading.

A positive effect on the response of rats to glucose loading was noted in rats treated
with decocted extract and glibenclamide. Oral administration of C. sativus extract at
a dose of 400 mg/kg, 30 min before glucose overload, to normal rats significantly
attenuated postprandial hyperglycemia for this decocted extract study (Figure 10),
compared with the group of control rats pretreated with distilled water. However,
glibenclamide very significantly inhibited postprandial hyperglycemia during the first
hour (60 min) after glucose overload, (p < 0.001; 1.08 g/L) compared with the distilled
water-pretreated rat group.

• Areas under the curve (AUCs) of postprandial glucose levels.
• The area under the curve was significantly smaller in the decocted extract-treated

rats (p ≥ 0.001; 56.11 g/L/h) than in the distilled water-treated rats (62.91 g/L/h). In
addition, the area under the curve of glibenclamide was significantly (p ≥ 0.01) smaller
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(55.95 g/L/h) compared with the area under the curve of distilled water-treated rats
(62.91 g/L/h) (Figure 11).

Figure 10. Variation in postprandial blood glucose in normal rats after administration of test products
(decocted extract and glibenclamide). Values are means ± SEM. (n = 6). ** p < 0.01 in comparison
with the control.

Figure 11. Variation in the area under the curve of postprandial blood glucose in normal rats after
administration of tested products (decocted extract and glibenclamide). Values are means ± SEM.
(n = 6). * p < 0.05 when compared with control.

3. Discussion

More than 100 volatile chemical compounds are found in saffron after processing the
scent precursors and dehydrating the stigmas [18]. Monoterpenes and sesquiterpenes ob-
tained from the isoprenoid synthesis pathway, phenylpropanoids and benzenoids derived
from the shikimic acid pathway, and chemicals derived from the enzymatic conversion
of lipids by β-oxidation are the several types of aromatic compounds found in saffron.
A few volatile chemicals are also created by shortening or altering the skeletons of other
molecules [19]. Safranal, which makes up about 0.001–0.006% of the dry matter and is
responsible for 30–70% of the saffron’s scent, is the main constituent [20]. Picrocrocine is
converted into safranal through an enzyme reaction and/or dehydration. However, there
is proof that this conversion can take place at low pH levels.

The yield obtained in EO from C. sativus stigmas in our work remains low and com-
parable to the yields of saffron harvested in Mexico by Cid-Pérez [21] and in Kashmir,
Iran, and Turkey by Kafi [22]. Previous studies on the chemical composition of C. sativus
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EO show similarities and variations in major constituents. Using GC-MS/FID, Anas-
tasaki et al. [23] identified the following significant chemicals in samples of C. sativus
from Italy and Spain: safranal, 4-hydroxy-2,6,6-trimethyl-3-oxocyclohexa-1,4-diene-1-
carboxaldehyde, isophorone, and dihydrooxophorone. The same substances, albeit in
a different sequence of concentration, were found in samples from Iran and Greece. Ali-
akbarzadeh et al. [24] used GC-MS to identify 77 volatile compounds of Iranian saffron,
of which 10 are biomarkers, incuding 8 secondary metabolites (isophorone; phenylethyl
alcohol; phorone; keto-isophorone; dihydrooxophorone; safranal; 2,6,6-trimethyl-4-oxo-2-
cyclohexene-1-carbaldehyde; 2,4,4-trimethyl-3-carboxaldehyde-5-hydroxy-2,5-cyclohexadi-
ene-1-one), 1 is a primary metabolite (linoleic acid), and 1 is a long chain fatty alcohol
(nonacosanol). Azarabadi and Özdemir [25] used solid phase microextraction (SPME) to
extract and determine the significant compounds from Iran, including acetic acid; 2-(5H)-
furanone; isophorone; 4-keto-isophorone; 2,6,6-trimethyl-1,4-cyclohexanedione; eucarvone;
and safranal. Similarly, Carmona et al. [26] determined high concentrations of acetic acid,
dihydrooxophorone, and isophorone in samples from Morocco and Iran as markers to
distinguish their origin. This polymorphism of the identified constituents varies according
to the time of harvesting, seasonal factor, place of origin, and the condition of the plant,
fresh or dry. Thus, the concentration of compounds of interest may vary according on the
preparation, extraction, and characterization processes [24].

The results of phenolic compound assays indicated that the content of phenolic com-
pounds in the studied extracts showed a significantly higher variation in the aqueous
extract and hydroethanolic extract obtained by Soxhlet extraction compared to the de-
cocted extract. The total contents of phenolic compounds, flavonoids, and tannins in C.
sativus stigmas were higher compared to those reported by the work of Karimi et al. in
Iran [27]. Additionally, this work offers the first account of a comparison of three distinct
extracts made via decoction, Soxhlet extraction, and ethanol/water mixture. These data
confirm that C. sativus stigmas harvested from the Boulemane region are rich in total
polyphenols, flavonoids and tannins, and could therefore show important biological and
pharmacological activities. In addition, the results of the chromatogram and mass spectral
analysis (HPLC/UV-ESI-MS) obtained were in agreement with earlier studies in a signif-
icant way [28]. The provided information offers trustworthy confirmation of the mass
spectral analysis-based structures of crocins, picrocrocin, β-carotene, crocetin, and safranal.
Mineral elements are involved in important biological functions of cells. The contents of
heavy metals (As, Cd, Cr, Fe, Pb, Sb, and Ti) determined in C. sativus powder were found
to be below the standards described by the FAO/WHO. This will allow safe and healthy
uses of the studied plant in the fields of pharmacy, food, and cosmetics.

Concerning the evaluation of the antioxidant potential of C. sativus extracts, we mea-
sured the antioxidant activities using three methods (DPPH, FRAP, and TAC). The results
of these activities showed the richness of the studied extracts of C. sativus in antioxidant
molecules. Several previous works have focused on the antioxidant effects of C. sativus
flower, petal, and leaf extracts, however, we found that few studies have been reported on
the antioxidant activity of stigma extracts [29–31]. The outcomes of our research demon-
strate that the antioxidant potential of the C. sativus stigma extracts from the Boulemane
region is comparable to the information gathered by Assimopoulou et al. [32], who pre-
sented studies on the antioxidant activity of saffron. They estimated that the antioxidant
activity of saffron could be attributed to two bioactive compounds, crocin and safranal.
According to Chen et al. [33], who compared the antioxidant activity of Chinese saffron
(C. sativus) with that of Gardenia jasminoides, Chinese saffron had greater free radical
scavenging abilities than Gardenia, with corresponding values between 107 and 421 mg
tocopherol/g. In the present work, the antioxidant activity of saffron stigma extracts could
be attributed to the presence and synergic effects of phenolic compounds (total polyphenols,
flavonoids, and tannins) or other bioactive molecules, as affirmed by the correlation test
between antioxidant activities and phenolic compound contents described in Figure 7.
Moreover, the difference between the antioxidant activity of the extracts studied in this
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work and those from China could be due to the difference in their polyphenol, flavonoid,
and tannin contents and experimental conditions (plant, standard, etc.). Indeed, many
studies have previously mentioned that phenolic compounds have remarkable antioxidant
properties in both in vitro and in vivo systems [34–36].

Up to now, some global studies have reported work on the antimicrobial activity
of C. sativus extracts. Jadouali and co-workers demonstrated that C. sativus leaf extracts
had strong antibacterial activity against Listeria sp. in a prior investigation carried out
in Morocco [29]. Vahidi and his team investigated the antimicrobial efficacy of C. sativus
extracts prepared with various solvents and harvested in Khorasan, Iran, against various
bacterial and fungal strains [37]. Asgarpanah and co-workers studied the antibacterial
properties of methanolic extract made from the various portions of C. sativus that were
harvested from the southern Iranian province of Khorasan. They focused on the extract’s
ability to inhibit different types of bacteria and fungi [38]. Aqueous and ethanolic extracts
of C. sativus against mammitis pathogens in Turkey showed an intriguing antibacterial
action [39]. Additionally, Muzaffar demonstrated the potent antibacterial properties of C.
sativus extracts made from India-sourced methanol and petroleum ether [40]. Furthermore,
our findings demonstrated that C. sativus decocted extract is superior to Gram-positive
bacteria in its ability to combat Aspergillus niger, candidiasis, and Gram-negative pathogens.
This difference could be due to the difference in the cell wall structure of the tested microor-
ganisms. Moreover, our results showed that the antibacterial activity of C. sativus extracts
from Morocco is similar to those from Iran and Turkey [37,38].

By forming a platelet thrombus, the normal hemostatic process halts a cut or wound
on the blood vessels; once healing is complete, the thrombus is eventually removed. This
complex multiphasic mechanism depends on platelets and coagulation factors interacting
with blood arteries. Thrombosis or hemorrhage can result from a flaw in any of these
stages [41]. In this study, the decocted extract showed a clear difference between coagulation
and anticoagulation by prolonging the partial thromboplastin time (aPPT) in a more
significant manner. Earlier research with saffron demonstrated that crocin might inhibit
thrombosis in rats, delay blood clotting time and relieve respiratory discomfort during
pulmonary thrombosis in mice, and decrease platelet aggregation in rabbits [42]. Hence,
crocetin effectively inhibited platelet aggregation caused by collagen and ADP, but not by
arachidonic acid [43]. Furthermore, while neither platelet adherence to collagen nor cyclic
AMP levels were impacted by crocetin, it greatly reduced the release of dense granules [44].
After this, administration of saffron tablets (200 and 400 mg/day) failed to significantly
affect the coagulation and anticoagulation system after one month in a double-blind,
placebo-controlled clinical investigation with a large sample size. The authors suggested
that the case reports of bleeding complications could be due to the high dose of saffron, the
long period of consumption, or idiosyncratic activities [45].

The results of the antidiabetic activity of the decocted extract studied against digestive
enzymes showed higher inhibitory activities against α-glucosidase and α-amylase com-
pared to acarbose and compared to other published studies [46]. The traditional usage of C.
sativus aqueous extract in the treatment of diabetes is supported by its capacity to inhibit the
enzymes α-glucosidase and α-amylase, which suggests that substances with antidiabetic
activity are extracted into the water. Since limiting the rate of glucose absorption from
the intestines into the bloodstream was thought to be the only method that could help
prevent diabetes, numerous prior studies have shown the hypoglycemic effect of phenolic
compounds, improving postprandial blood glucose, acute insulin secretion, and insulin
sensitivity [47].

4. Materials and Methods

4.1. Vegetal Material

The studied sample of Crocus sativus was collected from the cultivated stands in the
Boulemane region. The data on the origin, the part collected, and the site of harvesting
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are shown in Table 7. The Scientific Institute of Rabat’s Laboratory of Botany and Plant
Ecology is where identification of this species was completed.

Table 7. Origin, part used, location, and harvesting period of Crocus sativus.

Scientific
Name

Part
Collected

Type of
Extract Used

Harvesting Area

Region Province Municipality Latitude (x)
Longitude

(y)
Altitude (m)

Collection
Period

Crocus
sativus L.

Stigma EO and
extract Fez-Meknes Boulemane Serghina 33◦20′44′′ N 4◦24′11′′ W 1496 m September

2019

4.2. Microbial Materials

The determination of the antimicrobial activity of the aqueous extract of C. sativus was
performed on twenty-four bacterial and eight fungal strains (Table 8). These particular
microorganisms are harmful and well-known for their strong resistance, ability to invade,
and toxicity toward humans. They are frequently encountered in many infections in
Morocco that represent a clinical and therapeutic problem. These strains were isolated from
the hospital environment: Mohamed V-Meknes Provincial Hospital. All strains were kept
in a 20% glycerol stock at −80 ◦C, rejuvenated in Mueller–Hinton and Sabouraud broths,
and subcultured before use.

Table 8. List of bacterial and fungal strains tested with their references.

Strains Abbreviations References

G
ra

m
-p

o
si

ti
v

e
co

cc
i

Staphyloccocus epidermidis S. epidermidis 5994

Staphyloccocus aureus BLACT S. aureus BLACT 4IH2510

Staphyloccocus aureus
STAIML/MRS/mecA/HLMUP/BLACT

S. aureus
STAIML/MRS/mecA/HLMUP/BLACT 2DT2220

Streptococcus acidominimus S. acidominimus 7DT2108

Streptococcus group D S. group D 3EU9286

Streptococcus agalactiae S. agalactiae 7DT1887

Streptococcus porcinus S. porcinus 2EU9285

Enterococcus faecalis E. faecalis 2CQ9355

Enterococcuss faecium E. faecium 13EU7181

G
ra

m
-n

e
g

a
ti

v
e

b
a

ci
ll

i

Acinetobacter baumannii A. baumannii 7DT2404

Escherichia coli E. coli 3DT1938

Escherichia coliESBL E. coli ESBL 2DT2057

Enterobacter aerogenes E. aerogenes 07CQ164

Enterobacter cloacae E. cloacae 02EV317

Citrobacter koseri C. koseri 3DT2151

Klebsiella pneumonie ssp. pneumonie K. pneumonie 3DT1823

Proteus mirabilis P. mirabilis 2DS5461

Pseudomonas aerogenosa P. aerogenosa 2DT2138

Pseudomonas fluorescence P. fluorescence 5442

Pseudomonas putida P. putida 2DT2140

Serratia marcescens S. marcescens 375BR6

Salmonella sp. Salmonella sp. 2CG5132

Shigella sp. Shigella sp. 7DS1513

Yersinia enterocolitica Y. enterocolitica ATCC27729
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Table 8. Cont.

Strains Abbreviations References

Y
e

a
st

s

Candida albicans C. albicans Ca

Candida kefyr C. kefyr Cky

Candida krusei C. krusei Ckr

Candida parapsilosis C. parapsilosis Cpa

Candida tropicalis C. tropicalis Ct

Candida dubliniensis C. dubliniensis Cd

Saccharomyces cerevisiae S. cerevisiae Sacc

Fungi Aspergillus niger A. niger AspN

4.3. Animal Selection for Research

The acute toxicity study was performed on albino mice (male and female). The study
of the antidiabetic activity in vivo was carried out on Wistar rats (males and females).
The animals were kept in an environment with a photoperiod of 12 h of light and 12 h
of darkness and a temperature of 22 ± 2 ◦C in the Biology Department’s animal home at
the Faculty of Sciences in Oujda. The animals were maintained under favorable rearing
conditions with free access to water and food. The animals were cared for, used, and
handled in full compliance with internationally accepted standard guidelines and the
institutional animal ethics committee (02/2019/LBEAS) [48].

4.4. The Qualitative and Quantitative Study of Essential Oils
4.4.1. Extraction of Essential Oils from C. sativus and Determination of Yield

Essential oils (EOs) were extracted from C. sativus stigmas by hydrodistillation using a
Clevenger-type apparatus. Briefly, 20 g of plant material was boiled for three hours with
200 mL of distilled water to produce three distillations. Then, the obtained oil was dried
by adding anhydrous sodium sulfate (Na2SO4) and stored at a temperature of −4 ◦C in a
dark bottle until its use. The yield of EO was calculated from 20 g of the plant material by
Formula (1) [49]:

Yield (%) =
W (EO)

W0
× 100 (1)

where: W (EO): weight of HE recovered (g); W0: weight of plant material (20 g).

4.4.2. Analysis and Identification of the Chemical Composition of C. sativus EO

The sample of the studied essential oil was subjected to chromatographic analysis
using a gas chromatograph of the Thermo Electron (Trace GC Ultra) type in conjunction
with a mass spectrometer of the Thermo Electron Trace MS system (Thermo Electron: Trace
GC Ultra; Polaris Q MS). The fragmentation was accomplished by an electron impact
of intensity of 70 eV. The chromatograph was outfitted with a flame ionization detector
(FID) fed by an H2/air–gas mixture and a DB-5 type column (5% phenyl-methyl-siloxane)
(30 m × 0.25 mm × 0.25 m film thickness). The column temperature was set to increase by
4 ◦C/min for 5 min, from 50 to 200 ◦C. The carrier gas utilized was nitrogen at a flow rate
of 1 mL/min in the split injection mode (leak ratio: 1/70).

The identification of the chemical composition of the EO was performed by determin-
ing and comparing the Kovats indices (KIs) of the compounds with those of the known stan-
dard products described in the databases of Kovats [50], Adams [51], and Hübschmann [52].
The retention times of the peaks were compared to those of known authentic standards
kept in the authors’ lab, and their reported KI and MS data were compared to those kept
in the WILEY and NIST 14 standard mass spectral database and published literature to
identify every compound. This was carried out using the Kovats index. The retention
times of any products were compared using Kovats indices to the retention times of linear
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alkanes with the same number of carbons. They were determined by co-injecting a mixture
of alkanes (standard C7-C40) under the same operating conditions.

4.5. Phytochemical Screening

In this qualitative investigation, chemical families were discovered using tests for the
solubility of compounds, precipitation, and turbidity responses. It can also be carried out
by looking for a specific color change or by carrying out an examination under UV light.
The stigmas of C. sativus were used for this phytochemical investigation. Dry samples of
the plant were ground into a fine powder, followed by characterization tests of different
chemical groups, carried out according to the protocols of Dohou et al., Judith, Mezzoug
et al., Bekro et al., Bruneton, and N’Guessan et al. [53–58].

4.6. Study of Phenolic Compounds
4.6.1. Extraction of Phenolic Compounds

Extraction of phenolic compounds was performed using two methods: decoction and
solid–liquid extraction by Soxhlet apparatus. The first sample of 30 g was added to 600 mL
of distilled water, heated, and boiled at 80 ◦C for 1 h. The mixture was allowed to sit for
five minutes before being filtered at a lower pressure. The decocted extract was dried in
an oven at 70 ◦C and then recovered as a powder in a glass vial and stored until use. The
Soxhlet apparatus was used to extract the second and third samples, each weighing 30 g,
using 300 mL of water or an ethanol/water solution (70/30, v/v) as the extraction solvent.
After different extraction cycles, the extracts were concentrated using a rotary evaporator.
Table 9 below describes the coding adopted for the extracts prepared in this work.

Table 9. Extraction coding.

Extraction Methods Solvents Codification

Soxhlet
Ethanol/Water (70/30; v/v) E (2)

Water E (1)

Decoction Water E (0)

4.6.2. Determination of Total Polyphenols

The Folin–Ciocalteu method, as described by Singleton and Rossi [59], was used to
determine the total polyphenol content of the plant extracts under study. The methods
of their determination are generally based on the oxidation of these compounds and the
development of color. The Folin–Ciocalteu technique is the most popular. It consists
of the reduction of a mixture of phosphotungstic (H3PW12O40) and phosphomolybdic
(H3PMo12O40) acids (Folin–Ciocalteu reagent) into a mixture of blue oxides of tungsten
(W8O23) and molybdenum (Mo8O3). The assay of the compounds is carried out by col-
orimetry with an optical density reading. Using a spectrophotometer (UV mini-1240) set to
760 nm, the absorbance reading was taken in comparison to a blank (a reaction mixture
without extract). Gallic acid was used as a positive control from a concentration range of
50 μg/mL in a parallel calibration curve that was made under the same operating circum-
stances. The results are expressed as the milligram equivalent of gallic acid per gram of
extract (mg GAE/g) and were determined by the equation of type Y = a x + b obtained
with the calibration curve. Each test was repeated three times.

4.6.3. Determination of Flavonoids

The flavonoid content was determined by the colorimetric method with aluminum
trichloride by adaptation of the methods of Djeridane [60] and Hung [61] and their co-
workers. Aluminum chloride (AlCl3) forms a complex with the hydroxyl groups (OH)
of flavonoids. The flavonoids were estimated by UV spectroscopy at a wavelength of
433 nm. Quercetin, a standard flavonoid that experienced the same analytical conditions
as the samples and had concentrations between 5 and 30 μg/mL, was used to generate
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a calibration curve (type Y = a x + b) for the measurement of flavonoids. The flavonoid
content is expressed as milligram equivalent of quercetin per gram of extract (mg EQ/g).
Each test was repeated three times.

4.6.4. Determination of Condensed Tannins

Condensed tannin contents were estimated by the vanillin method [62]. Briefly, differ-
ent prepared concentrations of (+)-catechin solution (2 mg/mL) were added to a volume
of 3 mL of vanillin/methanol solution (4%; m/v). The mixture was manually stirred.
Then, 1.5 mL of strong hydrochloric acid was added to each concentration. The resulting
mixes were allowed to react for 20 min at room temperature. With the aid of a UV–visible
spectrophotometer, the absorbance at 499 nm was determined in comparison to a blank.
By substituting our samples for the catechin in the calibration curve plotting process, the
quantity of condensed tannins in our samples was determined. The calibration curve was
used to quantify the tannin concentration in milligram equivalent of catechin per gram of
dry matter weight.

4.6.5. Determination of Hydrolyzable Tannins

Hydrolyzable tannins were determined by the method of Willis and Allen [63], with
minimal modifications. The extract was vortexed for ten seconds with 5 mL of 2.5%
KIO3 in a mixture of 10 μL of the extract. After 2 min for the extract and the reaction’s
optimum, and 4 min for the standard tannic acid solution, the maximum absorbance was
reached. A spectrophotometer was used to measure the absorbance at 550 nm (UV–visible).
The results are expressed as mg of tannic acid per gram of dry plant, and 11 different
tannic acid concentrations (ranging from 100 to 2000 g/mL) were used to elaborate the
calibration curve.

4.6.6. HPLC/UV ESI-MS Analysis of C. sativus Stigma Extracts

Analysis of phenolic compounds of C. sativus decocted by high-performance liq-
uid chromatography coupled to Q Exactive Plus mass spectrometry with electrospray
as a molecular ionization method (HPLC/UV-ESI-MS) was performed with an UltiMate
3000 HPLC (Thermo Fisher Scientific, Sunnyvale, CA, USA) equipped with a sample
changer, in which the samples were stored at 5 ◦C. This HPLC system was equipped with
a reverse phase C18 column (250 × 4 mm, id 5 μm, Lichro CART, Lichrospher, Merck,
Darmstadt, Germany). During the analysis, the column temperature was set at 40 ◦C. The
mobile phase degassed by ultrasonic treatment was: solvent A: 0.1% formic acid in water
(v/v) and solvent B: 0.1% formic acid in acetonitrile (v/v). The gradient composition was:
2% B at the beginning (0 min) and then changed to 30%, 95%, 2%, and 2% B at 20, 25, 26,
and 30 min, respectively. The flow rate was 1 mL/min and the injection volume was 20 μL.

Detection was performed on a Maxis Impact HD (Bruker Daltonik, Bremen, Ger-
many) in MS/MS mode (broadband collision-induced dissociation (bbCID)) after negative
electrospray ionization. In addition, UV detection by an L-2455 diode array detector (Merck-
Hitachi, Darmstadt, Germany) was performed by scanning in the wavelength range of
190–600 nm and then at three acquisition wavelengths, 280 nm, 320 nm, and 360 nm. The
values of the other parameters were set as follows: capillary voltage of 3000 V; drying gas
temperature 200 ◦C; dry gas flow rate 8 L/min; a nebulizing gas pressure of 2 bar; and an
offset plate of −500 V. Nitrogen was used as the desolvation gas and nebulizer gas. MS
data were acquired over an m/z range of 100 to 1500. A Thermo Scientific™ Chromeleon™
7.2 Chromatography Data System (CDS) was used as software for data acquisition and
evaluation. The analysis of the eluted compounds was carried out by analyzing the mass
spectra of the eluted molecules.

4.7. Heavy Metal Assays: Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES)

A number of heavy metals, including arsenic (As), cadmium (Cd), chromium (Cr),
iron (Fe), lead (Pb), antimony (Sb), and titanium (Ti), were studied. Each metal has a set of
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somewhat lax contamination requirements. Drugs whose primary ingredients are known
to accumulate significant amounts of cadmium are exempt from this rule. The standard
mineralization protocol (AFNOR, 1999) using aqua regia (HNO3 + 3 HCl) was chosen for
the analysis of the concentrations of the key elements (As, Cd, Cr, Fe, Pb, Sb, and Ti). The
latter permits large sample sizes, which reduce issues with sample representativeness. The
method involves mixing the pulverized plant material (0.1 g) with 3 mL of aqua regia,
which is made from 1 mL of nitric acid (HNO3; 99%) and 2 mL of hydrochloric acid (HCl;
37%). The mixture was then placed in a reflux setup at 200 ◦C for two hours, following
which it was cooled and allowed to settle. The supernatant was then taken, filtered through
a 0.45 m membrane, and diluted to a final volume of 15 mL using distilled water. The ICP-
AES (Ultima 2 Jobin Yvon) at the UATRS laboratory (Technical Support Unit to Scientific
Research) at CNRST in Rabat measured the concentrations of heavy metals [64].

4.8. Antioxidant Activities
4.8.1. Antiradical Activity by the DPPH• Test

The evaluation of the antiradical activity was based on the ability of an antioxidant
(phenolic compound) to donate a single electron to the synthetic radical DPPH• (chemical
compound 2,2-diphenyl-1-picrylhydrazyl), with purple coloring, to stabilize it into DPPH
with yellow coloring [65]. At a wavelength of 515 nm, the experiment was carried out
in a UV–visible spectrophotometer. The 6 × 10−5 M DPPH• solution was obtained by
dissolving 2.4 mg of DPPH• in 100 mL of ethanol. In order to prepare the extract samples,
pure ethanol was used to dissolve them. The test was carried out by combining 200 μL
of extract (sample) or standard antioxidant (ascorbic acid) at various concentrations with
2.8 mL of the preceding DPPH• solution.

Following 30 min of incubation at room temperature in the dark, the absorbance was
measured at 515 nm in comparison to a blank that solely contained ethanol. The DPPH•
solution without extract served as the negative control, and the values were subsequently
converted into percent inhibition using the formula below (2) [66]:

% AA =
Abs control − Abs sample

Abs control
× 100 (2)

where: % AA: percentage of antiradical activity; Abs control: absorbance of the blank
(optical density of the solution consisting of DPPH• and ethanol); Abs sample: absorbance
of the test compound (extracts).

4.8.2. Ferric Reducing Antioxidant Power (FRAP) Method

According to Oyaizu’s approach from 1986, the reduction of Fe3+ in the K3Fe(CN)6
complex to Fe2+ was used to assess the iron reducing activity of our extracts. To carry
out the measurements of antioxidant activity by the FRAP method, samples from the
different extracts were studied, proceeding as described below. A quantity of extract
underwent the same treatment as the samples described above. Using distilled water to
calibrate the device, the absorbance value was read at 700 nm against a prepared blank (UV–
Vis spectrophotometer). A typical antioxidant solution was used as the positive control
(ascorbic acid whose absorbance was measured under the same conditions as the samples).
Increases in absorbance were accompanied by increases in the extracts’ tested reducing
power [67,68].

4.8.3. Total Antioxidant Capacity (TAC)

The TAC of the extracts was evaluated by the phosphomolybdenum method described
by Khiya [69]. According to this method, molybdenum Mo (VI), which is present as
molybdate ions MoO4

2−, is reduced to molybdenum Mo (V) MoO2+ in the presence of
the extract to form a green phosphate/Mo(V) complex at an acidic pH. Each extract was
combined with 3 mL of the reagent solution and a 0.3 mL aliquot (0.6 M sulfuric acid,
28 mM sodium phosphate, and 4 mM ammonium molybdate). The tubes were secured
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with screws and left to sit at 95 ◦C for 90 min. Following cooling, the solutions’ absorbance
at 695 nm was measured in comparison to a produced blank that was incubated under
identical circumstances as the sample. Several ascorbic acid concentrations were prepared
as a standard range. Ascorbic acid milligram equivalents per gram of crude extract (mg
EAA/g EB) are used to express the TAC.

4.9. Determination of the Minimum Inhibitory Concentration, Minimum Bactericidal
Concentration, and Minimum Fungicidal Concentration

Using 96-well microplates and the reference microdilution method, the minimum
inhibitory concentration (MIC) was determined [70]. The MIC is the lowest amount of EO
necessary to completely stop the tested microorganism’s development during incubation, as
measured by how much growth is visible to the naked eye. Thus, a series of dilutions were
carried out from a stock solution of the essential oil produced in 10% DMSO to obtain con-
centrations of 5 to 0.93 × 10−2 mg/mL of each EO. These dilutions were made with a final
volume of 100 μL for each concentration in Sabouraud broth for fungi and Mueller–Hinton
medium for bacteria. Thereafter, 100 μL of microbial inoculum with a final concentration
of 106 or 104 CFU/mL for bacteria or fungi, respectively, was added to the various stages
of the dilution series. Ten microliters of resazurin was added to each well as a measure of
bacterial growth after a 24 h incubation period at 37 ◦C. The coloring changed from purple
to pink after a second incubation at 37 ◦C for two hours, indicating microbial development.
The MIC value was determined as the lowest concentration that prevents resazurin from
changing color. The growth and sterility controls, respectively, were the eleventh and
twelfth wells. For this oil, the test was conducted twice. Terbinafine 250 mg, the typical
antifungal used in the study, was mixed with 2 mL of 10% DMSO after being ground. The
minimum bactericidal concentration (MBC) and minimum fungicidal concentration (MFC)
were determined by taking 10 μL from each well that had no apparent growth and plating
it for 24 h at 37 ◦C on Mueller–Hinton (MH) agar for bacteria or in Sabouraud broth for
fungi. The lowest sample concentration that resulted in a 99.99% reduction in CFU/mL
relative to the control was designated as the MBC and MFC. Additionally, it was possible
to calculate the MBC/MIC or MFC/MIC ratio of each extract to evaluate its antimicrobial
potency. Accordingly, if the ratio is less than 4, the essential oil has a bactericidal/fungicidal
effect, and if it is greater than 4, the sample has a bacteriostatic/fungistatic effect [71].

4.10. Anticoagulant Activity

The anticoagulant effect was evaluated by chronometric coagulation tests involving
the prothrombin time and partial thromboplastin time by adopting the method described
by Hmidani et al. [72]. The prepared decocts were studied for possible investigation of
anticoagulant agents. The extract concentrations used in the coagulation mixtures were
11.500, 5.750, 2.875, 1.438, 0.719, 0.359, and 0.179 mg/mL. In a polypropylene container,
3.8% trisodium citrate tubes were used to collect blood samples. They were then separated
and pooled to create a plasma pool after being immediately centrifuged at 25,000 rpm for
10 min. Before use, the freshly made plasma pool was kept at −10 ◦C.

By combining the citrated normal plasma pool (50 μL) with a plant extract solution
(50 μL) and incubating for 10 min at 37 ◦C, the partial thromboplastin time (aPTT) of
the various samples examined was determined. After that, the mixture was mixed with
100 μL of the PTT reagent (CKPREST®) provided by Diagnostica Stago and incubated for
5 min at 37 ◦C. Coagulation was induced by adding 25 mmol/L CaCl2 (100 μL) and the
coagulation time was recorded. In contrast, the prothrombin time (PT) experiment was
performed by combining 50 μL of the citrated normal plasma pool with 50 μL of a plant
extract solution, and incubating the mixture for 10 min. After that, 200 μL of Neoplastin ®

Cl reagent was added and preincubated for 10 min at 37 ◦C. The clotting time was then
noted. The anticoagulant activity of the various aqueous plant extracts was measured
in seconds at various doses. A coagulometer (MC4Plus MERLIN Medical®) was used to
automatically carry out each measurement six times.
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4.11. Antidiabetic Activity
4.11.1. Study of the Inhibitory Effect of Aqueous Extracts on the Activity of Pancreatic
α-Amylase, In Vitro

The following concentrations of acarbose were used for testing: 1, 0.8, 0.6, 0.4, and
0.2 mg/mL. The following concentrations were used to test the aqueous extract: 0.89, 0.45,
0.22, 0.11, and 0.06 mg/mL. The inhibitory effect of the aqueous extract on α-amylase
enzymatic activity was measured according to the method described by Daoudi et al. [73].
Phosphate buffer solution was mixed with 200 μL of the aqueous extract solution or 200 μL
of the acarbose solution (positive control). All tubes received an addition of 200 μL of the
enzyme solution, with the exception of the blank tube, which received 200 μL of phosphate
buffer instead. The tubes underwent a 10 min preincubation at 37 ◦C. Starch solution was
then added to each tube in a volume of 200 μL. The entire set was incubated for 15 min at
37 ◦C. The tubes were filled with 600 μL of DNSA to halt the enzymatic process.

The tubes were then submerged for 8 min in a pot of boiling water. Heat shock was
then used to inhibit this process. Before adding 1 mL of diluted water to each tube, the
tubes were submerged in an ice water bath. Using a spectrophotometer and a blank made
up of the buffer solution rather than the enzyme solution, the absorbance was measured at
540 nm. The following Equation (3) was used to compute the % inhibition of each extract
or acarbose:

% Inhibition =
A control − A sample

A control
× 100 (3)

where: A control: absorbance of enzyme activity without inhibitor; A sample: absorbance
of enzymatic activity in the presence of extract or acarbose.

4.11.2. Study of the Inhibitory Effect of Aqueous Extracts on the Activity of α-Glucosidase,
In Vitro

The α-glucosidase inhibitory activity of the extract was determined using pNPG
substrate according to the method described by Chatsumpun et al. [74], with some modifi-
cations. The extracts were tested using the concentration range from 0.488 to 100 μmg/mL.
DMSO (5%) was used to prepare each sample, and phosphate buffer was used to prepare
the α-glucosidase enzyme (pH 6.8). As a solvent control, DMSO (5%) was employed, while
acarbose served as the positive control. Step by step, 40 μL of the α-glucosidase enzyme
(0.1 U/mL) and 10 μL of each sample were added to a 96-well plate. This mixture was
then preincubated for 10 min at 37 ◦C. Thereafter, 50 μL of pNPG (1 mM) was added, and
the mixture was incubated at 37 ◦C for 20 min. To end this reaction, 100 μL of Na2CO3
(0.1 M) solution was added. In a microplate reader, the mixture’s absorbance was deter-
mined at a wavelength of 405 nm. Equation (3) was used to compute the percentage of
α-glucosidase inhibition.

4.11.3. Acute Toxicity Study

This experiment aimed to demonstrate that normal mice do not experience any short-
term toxicity from the therapeutic dose. We investigated acute toxicity by the oral pathway,
as this is the usual pathway implicated under normal conditions for humans. This study
was conducted according to the guidelines of the Organization for Economic Cooperation
and Development (OECD) [75]. The products tested were C. sativus extract (E0) selected for
the pharmacological study, at doses of 0.5, 1, and 2 g/kg.

Two lots of albino mice (20–35 g) in a fasted state (14 h) were randomly divided into
4 groups (n = 6; ♂/♀= 1):

• Control: distilled water (10 mL/kg).
• Group 1: aqueous extract E0 (0.5 g/kg).
• Group 2: aqueous extract E0 (1 g/kg).
• Group 3: aqueous extract E0 (2 g/kg).

The mice were weighed before the test began. They were then given a single dose of
the aqueous extract right away. After that, we continuously observed them for 10 h to look
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for indications of apparent toxicity. The mice were observed every day for the following
14 days for any new clinical or behavioral indications of harm.

4.11.4. Study of the Antihyperglycemic Activity of the Aqueous Extract of C. sativus in
Normal Rats In Vivo

The ex vivo oral glucose tolerance test (OGTT) or oral sucrose tolerance test (OSTT)
was performed by administering the different test products to normoglycemic mice. This
study aimed to investigate whether the extract (E0) had a postprandial antihyperglycemic
effect in normal rats overloaded with D-glucose.

The normal rats (200–250 g) in a fasted state (14 h) were grouped into 3 groups (n = 6;
♂/♀= 1):

• Control: administration of distilled water (10 mL/kg).
• Extract: administration of aqueous extract E0 (2 mL/kg).
• Glib: administration of glibenclamide (2 mg/kg).

First, normal rats were anesthetized with ether (inhalation), then a blood sample was
taken from the queue to measure blood glucose at t0 and, immediately after that, the test
material (distilled water, aqueous extract, or glibenclamide) was administered orally. Thirty
minutes afterward, another blood glucose measurement was performed, and immediately
afterward the rats were overloaded with D-glucose (2 mg/kg). Thereafter, the change in
blood glucose was monitored for 3 h, at 30, 60, 90, and 150 min.

4.12. Statistical Analysis

The results were expressed as mean ± standard error of mean. The results were
analyzed using the one-factor ANOVA test of variance and followed by the Tukey posttest
using GraphPad Prism 9 software (version 9.5.1) (San Diego, CA, USA). Values with
p < 0.05 are considered significant. Correlations between phenolic compound contents and
antioxidant activities were investigated using R software (version 4.1.3).

5. Conclusions

Morocco is a country with abundant plant resources, and there is a wide variety of
medicinal plants there that are used to treat and prevent a number of diseases. From
this study, we conclude that essential oils and extracts of Crocus sativus stigmas from
the Boulemane region contain the same bioactive molecules required by European and
American norms for the export of this spice, knowing that Morocco became the 3rd world
producer of saffron in 2021, in front of Greece and India. The studied extracts are rich in
phenolic compounds and carotenoids. Moreover, the extracts of Crocus sativus stigmas
studied have great antioxidant, antimicrobial, anticoagulant, and antidiabetic properties.
As a result, in addition to its numerous uses in the food and medical industries, it can
be employed as a source of bioactive molecules in the treatment of infectious disorders
brought on by bacteria that are multidrug resistant.
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Abstract: The administration of veterinary medicinal products containing tiamulin hydrogen fu-
marate (THF) leads to the appearance of the following residues in animal tissues: THF and metabolites
that can be hydrolyzed to 8-α-hydroxymutilin. The marker residue for tiamulin, according to Regula-
tion EEC 2377/90, is the sum of the metabolites that can be hydrolyzed to 8-α-hydroxymutilin. The
main aim of this study was to analyze the depletion of tiamulin residues and metabolites that can
be hydrolyzed to 8-α-hydroxymulinin by liquid chromatography with tandem mass spectrometry
(LC-MS/MS) in pig, rabbit and bird tissues after tiamulin administration and to determine minimum
withdrawal times for products of animal origin intended for human consumption. Tiamulin was
administered orally as follows: 12,000 μg/kg body weight/day for 7 days to pigs and rabbits and
20,000 μg tiamulin/kg body weight/day for 7 days to broiler chickens and turkeys. The values found
for tiamulin marker residues were 3 times higher in liver than in muscle in pigs, 6 times in rabbits and
8–10 times in birds. The content of tiamulin residues in eggs from laying hens was below 1000 μg/kg
at all times of analysis. The minimum withdrawal times for animal products intended for human
consumption, resulting from this study, are 5 days for pigs, rabbits and turkeys, 3 days for broiler
chickens and 0 days for eggs.

Keywords: tiamulin; withdrawal time; LC-MS/MS

1. Introduction

Monitoring the use of antibiotics in animals is essential to ensure food safety and
environmental protection. The administration of veterinary medicinal products containing
tiamulin hydrogen fumarate (THF) leads to the appearance of the following residues in
animal tissues: THF and metabolites that can be hydrolyzed to 8-α-hydroxymutilin. The
marker residue for tiamulin, according to Regulation EEC 2377/90, is the sum of the
metabolites that can be hydrolyzed to 8-α-hydroxymutilin. Tiamulin residues in animal
tissue can lead to many adverse biological effects and allergic reactions in consumers.

Tiamulin hydrogen fumarate, discovered in 1950, is a semi-synthetic derivative of
the antibiotic pleuromutilin, produced by the basidiomycete Clitopilus scyphoides (formerly
Pleurotus mutilis) and is chemically similar to valnemulin. The mechanism of action of
tiamulin consists in inhibiting the synthesis of microbial proteins; this is achieved by
binding with rRNA in the peptidyl-transferase slot on the ribosome, in which it prevents
the correct positioning of CCA on the ends of tRNA for the transfer of peptides and
the subsequent production of specific proteins [1]. Tiamulin hydrogen fumarate has a
pleuromutilin chemical structure similar to that of valnemulin HCl. The hydroxyacetyl
side chain is replaced by a larger diethylaminoethylthioacetyl moiety. This gives tiamulin
hydrogen fumarate better hydrophobicity. The hemi-fumarate moiety provides a stable salt
with improved water solubility (Figure 1) [2].
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Figure 1. Structure of tiamulin hydrogen fumarate (adapted from [2]).

Tiamulin is not used in human medicine. It is used exclusively for animals. Tiamulin
has demonstrated in vitro activity against porcine and avian Mycoplasma species, as well as
against gram-positive aerobic species (streptococci and staphylococci), gram-positive anaer-
obes (clostridia), gram-negative anaerobes (Brachyspira hyodysenteriae, Brachyspira pilosicoli) and
gram-negative aerobes (Actinobacillus pleuropneumoniae and Pasteurella multocida). Tiamulin is
effective against mycoplasmas resistant to tylosin and erythromycin.

For veterinary medicinal products, the recommended dose for prevention or meta-
phylaxis when not associated with treatment is between 2000 and 5000 μg tiamulin as
hydrogen fumarate/kg b.w. for 5 days to 6 weeks and for treatment-related metaphylaxis
it is between 4000 and 10,000 μg for up to 10 days.

Analysis of the distribution of tiamulin in animal tissue is essential for ensuring
food safety as well as preventing the spread of resistant bacteria and the acquisition of
bacterial resistance.

The withdrawal time required for safe consumption of meat products from birds
treated with tiamulin at therapeutic levels is 72 h in several states of the European Union.
No waiting time is required for the removal of tiamulin residues from the egg in several
states of the European Union [1,3].

In one study, tiamulin residues in meat were determined by liquid chromatography/mass
spectrometry. Extraction of tiamulin was performed with acetone-tetrahydrofuran. The
organic layer, separated from water with dichloromethane, was evaporated to dryness and
the dry residue was diluted in methanol-1-heptane sulfonic acid. The method is advantageous
due to the low quantification limit of 0.002 μg/g [4]. Tiamulin content was also successfully
determined in medicated feed using a different gradient of 0.1% formic acid in acetonitrile
and 0.1% formic acid in ultrapure water and a biphenyl column [5].

Studies on the metabolism of tiamulin have resulted in the following findings. Ap-
proximately 85–90% of the drug is absorbed. Maximum blood levels were reached 2–4 h
after its oral administration. The target tissue for residues is the liver. The antibiotic is
rapidly absorbed and the metabolites are eliminated through bile in feces (2/3) and urine
(1/3). Only 0.3 to 0.5% of the parent compound is excreted unchanged in the urine. At
least 25 metabolites have been found in urine and bile, of which 16 have been structurally
identified. In animals, tiamulin is transformed by N-dealkylation, hydroxylation, oxidation
and sulfoxidation. Most metabolites have a substantially lower antibacterial activity and
the others have no antibacterial activity. In pigs, tiamulin is readily absorbed and exten-
sively metabolized. None of the 14 metabolites found in pig urine exceeded 6% of the dose
and none of the 16 metabolites in pig bile exceeded 7% of the administered drug dose. All
individual metabolites found in pig urine, bile or liver (target tissue for residues) represent
up to 10% of the administered dose [6].

The distribution of tiamulin in animal tissues was studied by gas chromatography
with electrochemical detection in pigs and turkeys, by liquid scintillation counting (LSC)
in broilers and by gas chromatography (GLC) with an electron capture detector in rabbits.

134



Pharmaceuticals 2023, 16, 387

Under the same treatment conditions, similar results were obtained by the LC-MS/MS
method described in this study, an equally efficient and accurate method [7–19].

The main aim of this study was to analyze the depletion of tiamulin residues and
metabolites that can be hydrolyzed to 8-α-hydroxymulinin by an effective method, LC-
MS/MS, in pig, rabbit and bird tissues after tiamulin administration and to determine
minimum withdrawal times for products of animal origin intended for human consump-
tion, according to European Medicines Agency (EMEA) requirements and EEC Regulation
2377/90 [20,21]. Compliance with the withdrawal period for residues to reach concentra-
tions below the limits of safety protects humans from exposure to medicinal substances
added to food. It is the responsibility of veterinarians and animal breeders to follow and
comply with the withdrawal period in treated animals.

2. Results

2.1. Calculation of the Recovery Percentage from Samples

The calibration curve was drawn with the standard calibration solutions (0.05; 0.1; 0.25;
0.5; 1.0 μg/mL) in the control sample extract (matrix), which under working conditions
(2 g sample/1 mL final purified extract) corresponds to 25–500 μg/kg; the linearity of the
response was checked, then the percent recovery of tiamulin was calculated.

2.2. Calculation of Residue Content

The residue concentration was calculated using the calibration curve, taking into
account the percentage recovery, or using the following formula:

Tiamulin(8-α-hydroxymutilin) = cpr ·
Vextract f inal

m
· 100

R
· 1000 μg/kg (1)

where cpr is the concentration of tiamulin (8-α-hydroxymutilin) in the final sample extract,
read from the calibration curve, in μg/mL; Vextract final is the final sample extract volume, in
mL; m is the mass of sample taken in work, in g; and R is the recovery percentage.

2.3. Quality Control

A negative control without traces of tiamulin and a positive control obtained by
fortifying the control sample to maximum residue limits (MRLs) were added to each series
of samples analyzed.

2.4. Identity Confirmation

The ESI-MS/MS technique performed with the acquisition of the spectrum is good
evidence of the identity and quantification. The spectrum obtained from the extract must
match the spectrum of the standard solution analyzed in the same series of samples. The
base ion must be the same. Qualifier ions must be present and have a relative abundance
comparable to that of the standard.

The precursor ion and two MRM transitions corresponding to two fragmentary ions were
selected, which means 4 identification points (Table 1 of Directive 2002/657/EC) [20,22]. The
identity confirmation is presented in Table 1.

Table 1. Confirmation of identity.

Analyte Precursor Ion (m/z) Fragment Ions, (m/z) Ion Ratio, (%) Max. Tolerance Allowed (%)

Tiamulin 494.5 191.9; 118.6 17.6 25
8-alphahydroxymutilin 337.4 282.8; 300.8 3.7 25

The results obtained for tiamulin hydrogen fumarate (THF) marker residues are shown
in Tables 2–6. The values shown are corrected with recovery coefficients. The content of
tiamulin and 8-α-hydroxymutilin for the samples taken from untreated control animals
was below the detection limit of the analysis method.
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Table 2. Values found in pigs for tiamulin marker residues (dose 12,000 μg tiamulin/kg body
weight/day for 7 days).

Animal Number Days after Treatment Muscle (μg/kg) Liver (μg/kg)

1 1 114 322
2 1 125 488
3 1 95 330
4 1 104 608
5 3 67 112
6 3 41 224
7 3 53 194
8 3 77 334
9 7 38 93
10 7 23 73
11 7 35 51.6
12 7 29 119

Table 3. Values found in rabbits for tiamulin marker residues (dose 12,000 μg tiamulin/kg body
weight/day for 7 days).

Animal Number Days after Treatment Muscle (μg/kg) Liver (μg/kg)

1 1 54 419
2 1 46.7 425
3 1 72 372
4 1 16.9 120
5 3 12.4 85
6 3 15.5 116
7 3 31.3 141
8 3 10 46.6
9 7 15 92.5
10 7 13.8 65
11 7 11.9 111

Table 4. Values found in broiler chickens for tiamulin marker residues (dose 20,000 μg tiamulin/kg
body weight/day 7 days).

Animal
Number

Days after
Treatment

Muscle
(μg/kg)

Liver
(μg/kg)

Skin/Fat
(μg/kg)

1 1 107 622 122
2 1 78 544 118
3 1 88.8 255 127
4 1 91 430 117
5 3 37.5 239 52.8
6 3 44.6 123 41.9
7 3 34.1 119 47
8 3 35 178 55
9 7 25 150 28.8
10 7 18.7 86 21.4
11 7 20 110 18
12 7 16.8 57 16

Table 5. Values found in turkeys for tiamulin marker residues (dose 20,000 μg THF/kg body
weight/day 7 days).

Animal
Number

Days after
Treatment

Muscle
(μg/kg)

Liver
(μg/kg)

Skin/Fat
(μg/kg)

1 1 62 400 77.6
2 1 36 356 37.5
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Table 5. Cont.

Animal
Number

Days after
Treatment

Muscle
(μg/kg)

Liver
(μg/kg)

Skin/Fat
(μg/kg)

3 1 53.5 460 64
4 3 29.5 183 34.2
5 3 17.2 192 31.8
6 3 25.7 226 27.8
7 7 12 88 25.5
8 7 15 80 20.3
9 7 20 110 22

Table 6. Content of tiamulin residues in eggs from laying hens (dose 20,000 μg THF/kg body weight
/day for 7 days).

Days after Treatment Residues of Tiamulin in Egg (μg/kg)

1 412 391 279 366 408
2 552 445 332 519 450
3 469 426 416 387 321
5 269 257 273 166 261
8 129 136 133 185 96
10 100 118 90 72 70
12 90 83 70 50 55

The highest concentrations of tiamulin (and 8-alphahydroxymutilin) residues were found
in the liver in all species tested. In turkeys, at 7 days after treatment (20,000 μg tiamulin/kg
body weight/day), the residues in the liver samples were below 100 μg/kg.

The residues from pig liver (608 μg/kg) were about three times higher than those from
muscle. In rabbits, the residues in the liver (425 μg/kg) were about six times higher than
those in the muscles and in birds (chicken and turkey broilers) about four times larger in
liver than in muscle and skin/fat. Tiamulin residues in the analyzed eggs were below the
MRL (1000 μg/kg) at all times of analysis.

The concentration of tiamulin (and 8-alphahydroxymutilin) in samples from untreated
control animals was below the detection limit of the analytical method (Appendix A,
Figures A1–A4) [23–25].

3. Discussion

Tiamulin use in intensively raised animals can lead to the appearance of residues in
tissues and other products of animal origin intended for human consumption, in higher
concentrations than those allowed. The presence of tiamulin in animal products intended
for human consumption can often lead to the removal and destruction of a significant
amount of meat, causing a serious economic consequences. For this reason, monitoring
tiamulin residues is necessary.

For the analysis of tiamulin residues in animal tissues, an analytical HPLC-MS/MS
method was developed in this paper. The presented method ensures specificity and
selectivity for the determined compounds and efficient recovery and involves simple and
fast sample preparation. The precision and accuracy of the described method are validation
parameters that meet all the requirements for residue analysis. The results obtained for
recoveries on samples fortified at the 0.5, 1 and 1.5× MRL levels exceeded the value of
75.0%, and coefficients of variability were lower than 15%. So, for tiamulin, the mean
recovery for muscle was 84.2 ± 5.6% with a coefficient of average CV variability of 6.65%;
for the liver, the average recovery was 80.5 ± 7.34% with an average CV coefficient of
variability of 9.12%; and for the egg, the average recovery was 79.6 ± 8.80% with an average
CV coefficient of variation of 11.06%.

In addition to the fragmentations (m/z) specific for tiamulin, the specific fragmen-
tations were also monitored for 8-α-hydroxymutilin. The limit of quantification based
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on acceptable precision and accuracy (25 μg/kg) is below the MRL for different tissues,
which is a necessary condition for the residue analysis methods. Values for MRL ac-
cording to the EMA documents for the amount of metabolites that can be hydrolyzed
to 8-α-hydroxymutilin are the following: in pigs and rabbits, 100 μg/kg in muscle and
500 μg/kg in liver, in broilers, 100 μg/kg in muscle and skin and 1000 μg/kg in liver, in
turkeys, 100 μg/kg in muscle and skin and 300 μg /kg in liver and in eggs from laying
hens, 1000 μg/kg.

According to a study in pigs, concentrations of liver metabolites that could be hy-
drolyzed to form 8-α-hydroxymutilin were determined by gas chromatography with
electrochemical detection. In this paper, the LC-MS/MS method was used to determine the
concentrations of liver metabolites that could be hydrolyzed to form 8-α-hydroxymutilin
under the same conditions as in that study. The concentrations detected by gas chromatog-
raphy with electrochemical detection in pigs with access to feed containing tiamulin at
a concentration of 39,000 μg/kg for 10 days were 247 μg/kg 12 h after administration,
whereas, in animals fed likewise for 18 consecutive days, mean liver concentrations of
8-α-hydroxymutilin were 184 μg/kg 12 h after administration. Using LC-MS, under the
same conditions, mean concentrations of 272 μg/kg and 202 μg/kg, respectively, 12 h after
administration were detected.

According to another study, in turkeys that had access to drinking water contain-
ing 0.025% w/v for 5 consecutive days, the concentrations of metabolites that could be
hydrolyzed to form 8-α-hydroxymutilin, detected by gas chromatography with electro-
chemical detection, were less than 50 μg/kg in muscle. The mean liver concentrations
of 8-α-hydroxymutilin were 905, 518, 527, 253 and 228 μg/kg at 0 h, 8 h, 1 day, 2 days
and 3 days after treatment, respectively. Using the LC-MS/MS method described in this
work, under the same experimental conditions, the average concentrations in the liver
were 883, 489, 398, 203 and 188 μg/kg at 0 h, 8 h, 1 day, 2 days and 3 days, respectively,
after treatment.

In broilers given 50,000 μg 3H-tiamulin/kg body weight/day for 5 consecutive days,
average total residue concentrations in liver, muscle, skin and fat, determined by LSC
(liquid scintillation counting), were 108,000, 550 and 6500 μg equivalents/kg, respectively,
2 h after dosing and the average tiamulin residues in liver, fat and muscle were 15,500, 1400
and 2200 μg/kg, respectively. 8-α-hydroxymutilin metabolite residues in broiler tissues
represented approximately 7%, 3% and 2%, respectively, of the total residue from the liver,
muscle and skin and fat [8–11].

4. Materials and Methods

The method went through the following steps: sample extraction (muscle, liver,
kidney) with McIlvaine–EDTA buffer, precipitation of proteins with trichloroacetic acid,
purification on an Oasis HLB cartridge and elution with methanol, evaporation of the
eluate and reconstitution in 1 mL mobile phase (water–acetonitrile 90:10 v/v with 0.2%
formic acid), LC analysis and MS/MS detection by ESI + technique with MRM moni-
toring of two transitions characteristic for tiamulin (494.5 > 191.9/494.5 > 118.6) and for
8-α-hydroxymutilin (337.4 > 282.8/337.4 > 300.8) [7].

4.1. Reagents Used

The following reagents were used: tiamulin, standard substance (Dr. Ehrenstorfer
GmbH—Augsburg, Germany), disodium salt of ethylenediaminetetraacetic acid (Na2EDTA
dihydrate; Sigma—Livonia, MI, USA), anhydrous citric acid p.a. (Panreac—Barcelona,
Spain), pure trichloroacetic acid, 99%, (Fluka -France), disodium phosphate anhydrous
(Na2HPO4) p.a. (Panreac), acetonitrile, methanol, formic acid, 98–100% (Riedel-de Haen—
Nottingham, UK), trichloroacetic acid, 20% (m/v).

The extraction solution is McIlvaine–EDTA buffer 0.1 M at pH 4, stable for a week.
Standard stock solutions (1000 μg/mL) in methanol were prepared, stable for 6 months at
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−20 ◦C. On the day of use, 5 standard calibration solutions (0.05; 0.1; 0.25; 0.5; 1.0 μg/mL)
were prepared in control sample extract (matrix) corresponding to 25–500 μg/kg.

4.2. Animal Experiments and Sample Collection

Studies have been carried out on the depletion of tiamulin residues in pigs, rabbits
and birds (broiler chickens and turkeys).

Depletion studies on tiamulin marker residues were performed on: 12 young pigs,
weight 25–35 kg, 11 rabbits, weight 2.5–3 kg, 12 broiler chickens, Cob hybrid, average
weight 750 g, and 9 turkeys, average weight 2.3 kg.

To eliminate interference, the animals and birds (broiler chickens and turkeys) used
in the study were not treated before the experiment with another antibiotic. Birds and
rabbits had not previously been treated with an ionophore coccidiostat (monensin, amproli,
narasin or salinomycin).

The animals (pigs, rabbits, broiler chickens and turkeys) in the study were divided
into two groups: an untreated control group and an experimental group in which the
animals were treated according to the scheme of the experimental protocol with an oral
solution containing 100,000 μg tiamulin hydrogen fumarate/mL. The administered doses
were as follows: in pigs, 12,000 μg tiamulin/kg body/day, for 7 days, in rabbits, 12,000 μg
tiamulin/kg body/day, for 7 days, and in birds (broiler chickens and turkeys), 20,000 μg
tiamulin/kg body weight/day for 7 days. At specified time points after the end of treatment,
animals were sacrificed for tissue sampling (muscle, liver and kidney).

4.3. Equipment and Materials

The chromatographic system used in the study was a Waters 2695 high-performance
liquid chromatography (HPLC) system (Waters Corporation, Milford, MA, USA), con-
sisting of a vacuum degasser, a binary pump, and an automatic sampler. An analytical
Xbridge RP 18 column (2.1 × 150 mm, 3.5 μm) was used for the elution of the analyte.
Using a triple-quadrupole mass spectrometer (Quatro micro MS-MS detector Micromass
Waters Corporation, Milford, MA, USA) connected to an electrospray ion source; posi-
tive MRM was carried out with this mass spectrometer equipped with an ESI interface,
MassLynx software.

The following equipment were also used in this study: KERN Abj analytical balance,
REAX control vortex stirrer (Heidolph, Germany), Ultrathurax IKA T25, refrigerated
centrifuge Centra MP 4R, ultrapure water SG GmbH production system, SPE purification
station with pump vacuum (Supelco, Germany), Oasis HLB cartridge (60,000 μg/3 cc),
Turbo-Vap evaporator (Zymark, Germany), Moulinex “Moulinette” type mixer, DD55210,
600 W, and Sonorex RK 100 H ultrasonic bath.

4.4. Sample Preparation

The collected samples were placed in a knife mixer for fine grinding and stored in a
freezer (−20 ◦C) before analysis. Fresh and frozen samples were analyzed. If not analyzed
immediately, the samples can be kept for up to 1 month at −20 ◦C.

4.4.1. Sample Extraction

For extraction, approximately 2 g of minced and homogenized tissue was transferred
to a 50 mL centrifuge tube with a cap. Then, 10 mL of McIlvaine–EDTA buffer was added
and vortexed for 1 min at high speed followed by 10 min on a platform shaker at medium
speed, then sonicated for 5 min. After centrifugation at 4000 rpm for 10 min, the supernatant
was transferred to a test tube. The extraction was repeated with 5 mL buffer solution. For
protein precipitation, 1 mL of 20% trichloroacetic acid solution was added to the combined
supernatants, then homogenized for 1 min with a vortex mixer and centrifuged for 10 min
at 4000 rpm (1685× g) at room temperature.
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4.4.2. Purification

After preconditioning the Oasis HLB cartridge with 6 mL methanol and 6 mL water,
the sample supernatant was transferred to the cartridge. The cartridge was washed with
6 mL water methanol (5 + 95, v/v) and dried under air current for 10 min. Elution was
done with 6 mL of methanol. After evaporating the eluate to dryness under a stream of
nitrogen, at 40 ◦C, the residue, taken up in 1 mL mobile phase water–acetonitrile (90 + 10,
v/v) with 0.2% formic acid, was analyzed by LC-MS/MS.

4.5. LC-MS—MS Analysis
4.5.1. LC Working Parameters

The mobile phase consisted of formic acid 0.2% (A) and acetonitrile with 0.2% formic
acid (B). Gradient elution was conducted as indicated in Table 7.

Table 7. Mobile phase concentration gradient.

Time
(min)

% A % B

0 90 10
1 90 10
12 66 34

12.5 20 80
15 20 80

15.5 90 10
25 90 10

The flow rate was 0.2 mL/min and the injection volume was 20 μL. The temperature
of the column thermostat was 30 ◦C.

Mass spectrometry detection was operated in positive ESI mode with multiple reaction
monitoring (MRM) at two specific transitions: for tiamulin, 494.5 > 191.9/494.5 > 118.6, and
for 8-α-hydroxymutilin, 337.4 > 282.8/337.4 > 300.8.

4.5.2. MS Analysis Parameters

The mass spectrometry detection was operated in the positive ESI mode with multiple
reaction monitoring (MRM). The operating parameters were set as follows: desolvation
gas flow (nitrogen)—400 L/h, dissolving temperature—400 ◦C and ionization source
temperature—120 ◦C. Fragmentation of molecular ions was done in the collision cell with
argon (3.0 × 10−3 mbar). Tuning of the device was performed with standard solutions
(concentration 10 μg/mL), by direct infusion (flow rate 10 μL/min). The retention time
and optimal parameters for tiamulin hydrogen fumarate and 8-α-hydroxymutilin are given
below (Table 8).

Table 8. Retention time and MS/MS parameters for tiamulin hydrogen fumarate and 8-α-hydroxymutilin.

Component
Retention Time

(min)
Precursor Ion

(m/z)
Fragmentary Ions

(m/z)
Cone Voltage

(V)
Collision Energy

(eV)

Tiamulin 9.85 494.5 191.9 *; 118.6 26 29
8-α-hydroxymutilin 9.10 337.4 282.8 *; 300.8 24 13

* Quantification ion (most abundant) (dwell time 20 ms).

Voltage at the extractor was 1 V and capillary voltage was 3.5 kV. The evaluations
were done with the QuanLynx V4.1 program.

4.6. Method Validation

Method validation and measurement uncertainty calculation for the determination
of tiamulin residues in tissues by LC-MS/MS were performed in accordance with Food
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and Drug Administration (FDA) and European Medicines Agency (EMA) guidance re-
quirements, with Directive 2002/657/EC and according to specific internal procedure
PS-IP-CD-16.

All admissibility conditions for all validation parameters (identity, repeatability, repro-
ducibility, specificity, interferences, limit of detection and quantification, linearity, precision
and accuracy, decision limit (CCα) and detection capability (CCβ), stability and measure-
ment uncertainty) were met. According to Directives 2002/657/EC [20] and 96/23/EC [22],
tiamulin belongs to group B in Annex I, a minimum of 3 identification points being re-
quired for the LC-MS/MS technique to ensure the specificity of the method. In our case,
the precursor ion and two transitions were selected, corresponding to two fragmented ions,
which means 4 identification points [13]. The specific ions chosen for tiamulin were the
precursor ion 494.5 and two fragment ions 191.9 and 118.6 and, for 8-α-hydroxymutilin, the
precursor ion 337.4 and fragment ions 282.8 and 300.8. The results obtained by comparing
the relative intensities of the fragment ions for the samples with those obtained for the
standard solution at comparable concentrations, measured under the same conditions, fell
within the allowed tolerance limits. In order to determine the linearity of the detector, a se-
ries of standard solutions with concentrations between 0.05 and 1.0 μg/mL were analyzed,
which corresponds to the conditions described elsewhere in the work (2 g sample/1 mL
final purified extract) 25–500 μg/kg (Appendix B, Figure A5). The correlation coefficient
(r2) was greater than 0.9950. The limits of detection and quantification were calculated by
the method based on the calibration curve. The obtained values were LOD = 8.0 μg/kg
and LOQ = 25 μg/kg. The limit of quantification was confirmed by fortifying the arrays
at the level of quantification obtained and comparing the relative standard deviations
with a limit of 20%. No interferences were observed with retention times of tiamulin and
8-α-hydroxymutilin greater than 20% of the response obtained at the limit of quantification
of the method. The values found for the relative standard deviations of the repeatability
were below the maximum value of 15% established by the legislation. The recovery effi-
ciency and precision of the method were estimated. Control samples treated at the 3 levels,
0.5× maximum recovery limit (MRL), MRL and 1.5× MRL were analyzed in six replicates.
The mean recoveries obtained for muscle, liver and egg were 84.2 ± 5.60%, 80.5 ± 7.34%
and 79.6 ± 8.8%, respectively, and were within the limits, from 70% to 110%, allowed by
legislation [12]. Decision limit (CCα) and detection capability (CCβ) are shown in Table 9.

Table 9. Decision limit (CCα) and detection capability (CCβ).

Tissue
Quantity Added (x)

(μg/kg)
Quantity Found (y)

(μg/kg)
y = ax + b

CCα

(μg/kg)
CCβ

(μg/kg)

Muscle 100 85.2 y = 0.935x − 8.27 93.6 102
Liver 500 388.4 y = 0.668x + 54.4 440.0 491.5
Egg 1000 776 y = 0.696x + 80 929.0 1082

Quantification of measurement uncertainty was based on precision studies, accuracy
studies and the identification and assessment of other contributions to uncertainty.

The calculated values for the expanded uncertainty were between 26 and 36%. The expanded
uncertainty of the method was muscle—2× 0.105 = 0.21 or 21%, liver—2 × 0.132 = 0.264 or 26.4%
and egg—2 × 0.145 = 0.29 or 29% [21–26].

5. Conclusions

The control of antibiotics in the tissues of treated animals is an important factor that
ensures the high quality of animal husbandry, consumer protection, as well as environmen-
tal protection. A simple and precise method was developed and validated in this study for
the determination of tiamulin residues in animal tissue, which is useful for calculating the
minimum withdrawal time for animal products intended for human consumption.

Protecting the population from exposure to tiamulin residues in the edible tissues
of treated animals involves the determination and observance of withdrawal times. The
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method for analyzing tiamulin residues by the technique described in this work ensures
specificity and selectivity for the determined compounds, fulfills all validation conditions
for all analyzed performance parameters and is fast and accurate. By applying the statistical
calculation of the European Medicines Agency (EMA) it was found that the minimum
withdrawal times for meat and offal from animals treated with an approved oral solution
containing 100,000 μg tiamulin hydrogen fumarate/mL are 5 days for pigs, rabbits and
turkeys, 3 days for broilers and 0 days for eggs. The withdrawal times obtained as a result of
this study fall within the limits stipulated and reconfirmed by Commission Regulation (EU)
no. 37/2010. Veterinarians monitor withdrawal times for medicinal products to ensure that
illegal levels of residues do not occur in animal products intended for human consumption
from treated animals. This study is important because it establishes the withdrawal time
and informs the consumer about the risk of consuming meat, organs and eggs that can
harm human health.

The withdrawal time calculated and recommended in this study are in accordance
with the data published in the specialized literature for products with similar indications
of use. The withdrawal times determined in the paper have been confirmed in several
European Union states (72 h for birds and zero for eggs) [27–29].

In the monitoring of tiamulin residues, although the LC-MS/MS method is well
designed, demonstrated by its accuracy, sensitivity and precision, it is not without analytical
problems. In addition to limitations in selectivity due to the occurrence of “isobaric”
interferences, unpredictable attenuations of ion yield, known as the “ion suppression
effect”, must be considered. Lack of traceability to reference materials can lead to inaccuracy
in testing as well as inaccurate reporting of results if the basic rules of method validation
are ignored.
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Appendix A. Chromatograms

Figure A1. Chromatogram of a muscle sample fortified with tiamulin at 25 μg/kg.

Figure A2. Chromatogram of a liver sample fortified with tiamulin at a level of 25 μg/kg.
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Figure A3. Chromatogram of a blank liver sample.

Figure A4. Chromatogram of the reference solution with a concentration of 0.5 μg tiamulin/mL in
the matrix.
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Appendix B

Figure A5. Calibration curve for tiamulin (0.05–1 μg/kg).
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Abstract: Capillary electrophoresis connected with tandem mass spectrometry was employed for the
development of a method for determination of various tyrosine kinase inhibitors in plasma samples.
A stacking online preconcentration with a 120 cm-long capillary was used for the determination
of bosutinib, dasatinib, canertinib, and erlotinib at physiologically relevant concentrations. The
optimization included both capillary electrophoresis and mass spectrometry steps. Under optimal
conditions, 50 mM formic acid pH 2.5, an injection time of 120 s, and an optimized mass spectrometry
set-up (as sheath liquid composition 75:24.9:0.1 (v/v) methanol, water, formic acid, and appropriate
conditions for ion transitions), LODs in a range of 3.9–23.0 nmol·L−1 were observed. The method was
validated in terms of linearity, limit of detection, limit of quantification, repeatability of migration
times and peak area, and recovery using plasma as a matrix for analytes. The results showed that this
method has great promise for use in many analytical tasks, e.g., therapeutic drug monitoring.

Keywords: capillary electrophoresis; mass spectrometry; online preconcentration; stacking; tyrosine
kinase inhibitors

1. Introduction

Tyrosine kinase inhibitors (TKIs) are a family of small molecules or peptides with
the ability to inhibit either cytosolic or receptor tyrosine kinases. Inhibition by this class
of agents occurs through different types of actions, where the direct competition for ATP
binding to tyrosine kinase is often described [1,2]. Generally, tyrosine kinases have the
function of catalyzing the transfer of a phosphoryl group from a nucleoside triphosphate
donor to the hydroxyl group of tyrosine residues on protein substrates and then triggering
the activation of downstream signaling cascades [3]. Abnormal activation of tyrosine
kinases due to mutations, translocations, or amplifications is implicated in tumorigenesis,
progression, invasion, and metastasis of malignancies [4]. As a result, tyrosine kinases have
emerged as major targets for drug discovery. In 2001, the FDA approved imatinib for the
treatment of chronic myeloid leukemia. However, the majority of TKIs are currently not
in clinical use. The exceptions are the first-used imatinib, erlotinib, and dasatinib, which
show promise as “targeted” therapeutics in the treatment of various cancers as well as
leukemia [1,2].

Therapeutic drug monitoring (TDM) is the clinical practice of measuring a drug’s
concentration in blood or plasma, or in other biological fluids that can be linked to blood
drug concentrations. The measured drug concentration is then used to adjust a drug dosing
regimen by targeting a predefined concentration or exposure interval, called a therapeutic
range [5]. The WHO has issued specific guidelines on how a drug should be monitored
due to TDM’s clinical importance, which is defined as individualizing a drug’s dose by
keeping a drug’s concentrations in the plasma or blood within a target range to act as a
guide for healthcare staff [6]. Such guidelines deal with large interpatient pharmacokinetic
variability, adverse effects, therapeutic concentration-related effects, undefined therapeutic
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concentration ranges, and difficult-to-manage desired therapeutic effects. The WHO report
also stressed certain criteria, such as an increased drug concentration in the blood, being
related to increased efficacy and/or toxicity in the organism, the difficulty in monitoring a
target drug’s pharmacological effects, and drug concentration-related adverse effects [7].
Likewise, the report suggested a list of a pharmacological groups requiring monitoring,
i.e., antibiotics (aminoglycosides and glycopeptides), anticonvulsants (e.g., valproic acid,
phenobarbital, carbamazepine), cytotoxic drugs (e.g., metotrexate), antiarrhythmics (e.g.,
digoxin), and immunosuppressants (e.g., cyclosporine), which are indispensable drugs for
the treatment of a myriad of diseases in current clinical practice [8].

Different techniques have been necessarily employed in TDM due to the nature of
the investigated drugs to be quantified. Some of the most common techniques are high-
performance liquid chromatography (HPLC) and its connection with mass spectrometry
(HPLC-MS), gas chromatography–mass spectrometry (GC–MS), and immunoassays. The
chromatographic techniques are the most robust and specific reference techniques; however,
these methods need trained personnel, involve long sample processing times, and require
costly reagents. Moreover, a sample is processed in the chromatograph each time (unlike
other techniques that usually do not need expensive reagents after the validation of the
technique) and requires a specialized laboratory for processing [6,9]. In contrast, immunoas-
says have been of great use as these techniques operate in less time than HPLC and/or
GC-MS (chromatographic techniques require samples and mobile-phase preparations, ex-
tractions and/or filtrations, derivatizations, and continuous control of the equipment for
correct operation). However, these techniques require trained personnel and a clinical
laboratory with the necessary equipment and reagents. Such techniques include radioim-
munoassays, enzyme-linked immunosorbent assays (known as ELISA), and fluorescence
polarization immunoassays, which have been used for quantifying antibiotics as well as
anticancer/antineoplastic, antiarrhythmic, and biological drugs [6,10].

Last but not least, the capillary electrophoresis (CE) technique represents an alternative
to HPLC. CE has a unique separation mechanism, speed, efficiency, and versatility. CE sep-
aration depends on the different migration of solutes in an electric field. CE is performed in
narrow-bore capillaries filled with a background electrolyte (BGE). The driving forces in CE
are electrophoretic migration and electro-osmotic flow (EOF). Compared with other tech-
niques, the instrumentation of CE is simple and consists of electrodes, sample-introduction
systems, a capillary, a power supply, a detector, and a liquid-handling system. Detection
can be achieved with online (diode-array spectrophotometric, spectrofluorimetric, and
electrochemical) or external detectors (mass spectrometer, MS) [11–13]. CE has been noted
as a “green” technique as it “consumes” an ultralow amount of chemicals and samples.
Usually, nanoliter volumes of samples are analyzed (microliters are necessary for injection
from commercial instruments). In the case of chemicals, typically only a few milliliters of
BGE is needed. Hence, the use of substances potentially harmful to the environment, e.g.,
organic solvents, is limited, especially in comparison with HPLC [14]. Moreover, since CE
suffers from less-sensitive UV detection, so-called online sample-concentration techniques
have been developed in the past. These include four basic approaches: stacking, transient
isotachophoresis, dynamic pH junction, and sweeping. The use of such techniques can
improve LOD values from tens to millions, especially when the electrokinetic injection
of samples is employed. Compared to “traditional” offline sample pretreatment steps,
such as liquid–liquid extraction or solid-phase extraction, online sample preconcentration
techniques are user-friendly, as most enrichment processes are performed in the separation
capillary. In general, the composition of zones in the capillary is “programmed” to focus
analytes of interest. The simplest mechanism (stacking) is based on the analyte velocity
change (e.g., slowing down) in a two-discontinuous-solutions system (e.g., at the boundary
formed by diluted BGE and non-diluted BGE) [15–18].

As noted, TDM is considered a very useful tool in helping clinicians with individual
dose adjustment. Many studies have highlighted the clinical benefit of TDM for the first
tyrosine kinase inhibitor—imatinib [19–21]. Like many other TKIs, imatinib exhibits large
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interpatient pharmacokinetic variability with more than ten-fold differences in drug plasma
concentration, which sometimes results in therapeutic failures [22,23]. This variation has
been linked to multiple genetic factors but may also be influenced by other physiological
and environmental factors, such as drug–drug/food interactions and patient adherence [24].
Previous studies have shown that about 95% of imatinib is bound to albumins and α-1-acid
glycoproteins in plasma. The large variability in the concentration of the latter results in
inconsistent concentrations of unbound and active imatinib [25]. Clinical data have also
shown that the plasma concentration of imatinib is directly linked to therapeutic success;
for example, in the case of chronic myeloid leukemia, the concentration needs to be higher
than 1000 ng·mL−1, while for GISTs, the minimum concentration is 1100 ng·mL−1. Current
literature data recommend that the therapeutic dose should not exceed 3000 ng·mL−1;
however, a systematic analysis of available patient data, where side effects were reported,
appears to suggest that a much lower value (closer to 1500 ng·mL−1) should be used [22].

Given the research discussed above, it is of great interest to develop new tools to
measure plasma concentrations of different TKIs. Several methods have already been
developed and published, mainly those connecting the use of liquid chromatography
with mass spectrometry, as described previously [26–32]. For example, Merienne et al.
presented a UPLC-MS/MS method for determination of 17 TKIs in one run using C18
column and LOD in 0.1 ng·mL−1 levels [30]. Koller et al. developed a new clean-up
procedure for analysis of 11 TKIs with Poroshell C18 column and similar LOD levels [31].
Further, supercritical fluid chromatography with MS was used for quantitation of 11 TKIs
on a DIOL column with a gradient program [32].

The use of capillary electrophoresis, a technique for analysis of TKIs with a different
separation principle based on the migration of ions in an electric field, has also been de-
scribed in the literature. For example, Horská et al. [33] separated seven TKIs in 7 min
using phosphate buffer pH 2.75. Rodriguez et al. [34] developed a non-aqueous CE method
for analysis of imatinib with its metabolite and two analgesics using a background elec-
trolyte containing ammonium acetate and acetic acid in methanol. Gonzales et al. [35]
compared analysis of dasatinib via UHPLC and CE, both with UV detection. An LOD
more than one-hundred-times better was obtained by UHPLC. These papers only described
the use of low-sensitivity UV detection, as the optical path for UV detection is extremely
low in CE. This problem can be overcome by using different type of detection, such as
mass spectrometry (which also offers identification of the compounds of interest), or by
using offline or online preconcentration techniques. Here, Rodriguez et al. [36] achieved a
70 ng·mL−1 LOD for sunitinib using CE connected to TOF-MS. Forough et al. [37] used
nanocomposite-based electromembrane extraction followed by field-amplified sample
injection online preconcentration in CE with UV detection, resulting in a determination of
imatinib with an LOD of 6.24 ng·mL−1. Nanomaterials, especially multi-walled carbon nan-
otubes, were also used for dispersive solid-phase extraction prior to CE-UV of dabrafenib
and trametinib in serum samples (with LODs from 8 ng·mL−1) [38]. The Perrin group
published a set of papers [39–41] dealing with salting-out procedures for determination
of TKIs in plasma samples with LODs higher than 16 ng·mL−1. Acetonitrile (ACN) was
used to precipitate proteins from plasma samples followed by the addition of NaCl to the
ACN–plasma mixture to introduce two-phase separation. Next, the high ACN content
allowed for stacking of the analytes in CE. Finally, in 2020, Zhao et al. [42] used CE-MS
with a field-amplified sample stacking method for the determination of imatinib and its
metabolites with an LOD of 0.2 ng·mL−1, which is fully comparable with those obtained
by UPLC-MS/MS.

Given the above, CE-MS seems to be a good alternative to HPLC-MS or UHPLC-MS for
TKIs. Moreover, in contrast to HPLC (and UHPLC), CE is considered a green (environment-
friendly) technique, as it uses smaller amounts of solvents and samples. Considering this,
the aim of the current work was to develop a CE-MS/MS method for the determination
of multiple TKIs, dasatinib, erlotinib, canertinib, and bosutinib (Figure 1), using an online
preconcentration strategy. These four TKIs were chosen because of their use in clinical
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praxis and their different structural features. In addition, they had not been previously
analyzed by CE-MS.

Figure 1. Structures of model TKIs.

2. Results

2.1. Method Development

In our previous work [33], the model TKIs were separated by CZE with UV detection
under acidic conditions with non-volatile phosphate buffer pH 2.75. The LODs were incom-
parable with the levels of these TKIs in plasma samples. However, the right pH adjustment
was necessary to obtain separation. Hence, first, the effect of pH was studied using 200 mM,
100 mM, 50 mM, and 10 mM formic acid (pH 2.2, 2.4, 2.5, and 2.9, respectively) and 100 mM,
50 mM, and 10 mM acetic acid (pH 2.9, 3.0, and 3.4, respectively) as background electrolytes
(BGEs). The decrease in pH led to an increase in the duration of analysis from 3 min (pH 3.4)
to more than 60 min (pH 2.2). This was likely due to differences in the electroosmotic flow
and sucking of MS. The best separation (the highest resolution between all the peaks) was
achieved at pH 2.5. Hence, 50 mM formic acid was used in further experiments.

Next, MS conditions were optimized. First, the effect of sheath liquid composition on
TKI signals as well as background noise was studied. Initially, water–methanol mixtures
at ratios of 25:75, 50:50, and 75:25 (v/v) were evaluated (without the addition of formic
acid). The TKI signals were the highest for the 25:75 (water–methanol, v/v) ratio, Figure 2a;
the same results were observed for the signal/noise ratio. Then, the effect of formic
acid presence (0%, 0.1%, 0.5%; v/v) was analyzed (75% methanol, 25% or 24.9% or 24.5%
water; v/v). The addition of 0.1% (v/v) had a dramatic effect on the erlotinib signal while
the other TKIs had similar signals to those without any formic acid (Figure 2b). The
higher concentration (0.5%; v/v) did not have any positive impact on the signal intensity.
Similar effects were observed for the signal/noise ratio. Hence, the addition of 0.1%
(v/v) formic acid was used for further optimization. Additional parameters included MS
operational parameters, such as electrospray voltage (3.0–4.5 kV), drying gas temperature
(200–300 ◦C), nebulizing gas flow rate (5–13 L min−1), nebulizing gas pressure (10–20 psi),
and sheath liquid flow rate (0.4–1.0 μL·min−1). The highest TKI signals were observed at
an electrospray voltage of 4.0 kV, drying gas temperature 250 ◦C, nebulizing gas flow rate
5 L·min−1, nebulizing gas pressure 15 psi, and sheath liquid flow rate 0.6 μL·min−1.
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Figure 2. Optimization of the sheath liquid composition. (a) Optimization of water–methanol ratio,
(b) effect of formic acid content; error bars represent SD values (n = 3).

To obtain the correct single reaction monitoring (SRM) transitions for both determi-
nation and identification, all the TKIs were fragmented by increasing the collision energy
from 0 eV to 50 eV. The SRM transitions used for the quantitation and identification are
listed in Table 1. They also correspond with previously published literature [30,43].

Table 1. SRM transitions of model TKIs.

Compound
Parent Ion

(m/z)

Quantification
Transition Ion

(m/z)

Collision Energy for
Quantification Transition

(eV)

Confirmation
Transition Ion

(m/z)

Collision Energy for
Confirmation Transition

(eV)

Dasatinib 488 401 20 232 40
Erlotinib 394 336 20 278 30

Canertinib 486 128 15 100 40
Bosutinib 530 141 10 113 50

2.2. Stacking Preconcentration

To decrease the LOD values, sample stacking preconcentration was applied. This
technique is based on an extended injection of analytes in a diluted (low-conductivity)
electrolyte to the background electrolyte (higher conductivity). The differences in con-
ductivities, reflected in differences in the electric field strengths, lead to the slowdown
of analytes at the boundary between the sample and electrolyte plugs and their precon-
centration [44,45]. In this work, a methanol–BGE mixture (90:10, v/v) was used as the
TKI background to ensure some minimal conductivity of the sample zone when using an
extended injection. Next, the effect of injection time of TKIs was studied in a range of
5 to 120 s. A linear increase in the TKI peak area was observed up to 60 s. LOD values
were roughly estimated to be about 1 × 10−7 mol·L−1. This is quite high given practical
(therapeutic drug monitoring) applications. In addition, the resolution between the TKIs
rapidly decreased (with an 85 cm-long capillary) and there was not enough time for stack-
ing. Roughly, a length of about 6 cm, representing about 7% of the capillary length, is
injected within 60 s. Theoretically, about 40 cm of the capillary length is needed for the
separation of the TKIs (the mobilities of TKIs are: bosutinib 29.7, canertinib 27.5, dasatinib
22.7, and erlotinib 19.6, all 10−9 m2V−1s−1). The motion of TKIs in the rest of the capillary
is likely caused by the suction of MS.

Therefore, using a longer capillary may be the solution to improving the LOD values.
If a longer capillary is used, the preconcentration ratio should be the same or better, and
the TKIs should separate. Hence, a capillary of 120 cm was applied. Here, an injection time
of 120 s, two-times longer than that used with an 85 cm-long capillary, represents the same
portion of the capillary length (7%; 8.5 cm). With the new capillary (120 cm), the effect of
the injection time of TKIs was studied in a range of 60 to 150 s (150 s represents an injection
of 8.9% of the capillary length). A linear increase in the TKI peak area was observed up
to 120 s for bosutinib, canertinib, and erlotinib, and up to 150 s for dasatinib. Moreover,
the effect of stacking on the peak height was studied (Figure 3). The peak height linearly
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increased with the injection time. Hence, an injection time of 120 s was chosen for further
experiments.

Figure 3. Effect of injection time on TKIs’ peak height BGE: 50 mM formic acid, pH 2.5; 120 cm-long
capillary; injection pressure 50 mbar; voltage of 20 kV; concentration of TKIs: 10−7 mol·L−1.

2.3. Analysis of Spiked Plasma Samples

Finally, the CE-MS/MS method was applied for the analysis of spiked plasma samples.
The spiked plasma was deproteinated using trichloroacetic acid. The final sample was
diluted with methanol to decrease the conductivity of the sample, allowing for the stacking
preconcentration. An example of the TKI analysis at a concentration level of 10−7 mol·L−1

is given in Figure 4. It can be seen that the method allows for determination of TKIs at low
concentration levels with high resolution.

 

Figure 4. Example of analysis of the model TKIs by CE-MS/MS Peaks: (1) bosutinib, (2) canertinib,
(3) dasatinib, (4) erlotinib; BGE: 50 mM formic acid, pH 2.5; 120 cm-long capillary; injection 120 s
by 50 mbar; voltage of 20 kV; MS conditions: UESI = 4.0 kV, T = 250◦C, 5 μL/min, 15 psi, sheath
liquid: 75:24.9:0.1 MeOH, H2O, formic acid (v/v), flow rate 0.6 μL·min−1; SRM for quantification:
bosutinib m/z 530 → m/z 141, 10 eV; dasatinib m/z 488 → m/z 401, 20 eV; erlotinib m/z 394 → m/z
336, 20 eV; canertinib m/z 486 → m/z 128, 15 eV; sample: deproteinated plasma with addition of
1·10−7 mol·L−1 TKIs.

152



Pharmaceuticals 2023, 16, 186

Finally, the method for the determination of TKIs in plasma samples was validated
in terms of linearity, LOD, LOQ, repeatability, selectivity, and recovery (Table 2). All
calibrations were linear with correlation coefficients higher than 0.985. The LOD and LOQ
values were in a range of 3.9–23.0 nmol·L−1 (1.5–11.5 ng·mL−1) and 11.9–69.7 nmol·L−1

(4.7–34.7 ng·mL−1), respectively. The selectivity was evaluated by comparing analyses of
extracted blank plasma (without the addition of TKIs) with the analyses of TKIs at LOQ
levels. There was no signal overlap. The intraday and interday repeatability (precision)
of migration times varied between 0.5 and 3.2%, and 1.5 and 3.9%, respectively. The
repeatability of peak heights was less than 3.2% (intraday) and 8.1% (interday). The
trueness, expressed as the recovery, ranged from 96% to 103%. As can be seen in Table 2, all
the data are fully acceptable for trace analysis; therefore, the method could be employed in
routine therapeutic drug monitoring.

Table 2. Summary of the method validation.

Parameter
Analyte

Bosutinib Dasatinib Canertinib Erlotinib

Calibration range
(mol × L−1) 1 × 10−8–1 × 10−5 3×10−9–1 × 10−5 3×10−9–1 × 10−5 3×10−9–1 × 10−5

Calibration equation y = 1.528 × 108x + 145 y = 1.148 × 108x + 94 y = 4.977 × 108x + 167 y = 8.417 × 108x + 385

Correlation coefficient 0.9921 0.9849 0.9976 0.9943

LOD (nmol·L−1) 21.6 23.0 8.0 3.9

LOQ (nmol·L−1) 65.4 69.7 24.1 11.9

Intraday repeatability
of migration time (%) 0.55 2.11 1.01 3.18

Interday repeatability
of migration time (%) 1.76 3.76 1.57 3.85

Intraday repeatability
of peak heights (%) 3.17 1.94 2.62 2.20

Interday repeatability
of peak heights (%) 5.89 5.21 8.11 3.60

Recovery (%) 103.2 96.4 96.1 101.5

3. Discussion

In this work, a novel CE-MS/MS method for the determination of four model TKIs,
namely bosutinib, dasatinib, canertinib, and erlotinib, was developed. The stacking online
preconcentration technique was used to achieve LOD and LOQ values comparable with
HPLC-MS methods, allowing for determination of all drugs at physiological levels in
plasma samples. A simple extension of the capillary length (from 85 cm to 120 cm, repre-
senting a 41% increase) led to a significant decrease in LOD and LOQ values to ng·mL−1

levels (LODs of 1.5–11.5 ng·mL−1; LOQs of 4.7–34.7 ng·mL−1). Theoretically, the LOD and
LOQ values can be improved by an extension of the capillary length. However, the increase
in separation distance also led to an increase in analysis time, in some cases. In this work,
the analysis lasted for 60 min; in contrast, LC-MS could finish in approx. 10 min (without
column equilibration) [30,46]. This is, of course, a drawback of the CE-MS/MS method.
However, this weakness is balanced by the reduced consumption of chemicals and samples
by the “environmental friendliness” of CE-MS. Subsequently, LOD values were compared
with a CE-MS/MS method without any preconcentration (5 s injection by 50 mbar); the
preconcentration factors ranged between 12.6 (dasatinib) and 14.4 (bosutinib). Since the
levels of these drugs are in ng·mL−1 concentrations in plasma [47,48], the method could
be employed in routine therapeutic drug monitoring. In conclusion, a new CE-MS/MS
method for determination of certain TKIs in plasma samples was developed and validated.
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4. Materials and Methods

4.1. Chemicals and Materials

Chemicals (mainly acetic acid, formic acid, trichloroacetic acid, sodium hydroxide
solution (0.1 mol·L−1), methanol, isopropanol, water) and standards (dasatinib, erlotinib,
canertinib, and bosutinib), all of analytical grade or higher (solvents of HPLC-grade) purity,
were bought from Sigma-Aldrich (St. Louis, MO, USA). Deionized water with resistivity of
18.2 MΩ.cm was prepared by the MilliQ system from Millipore (Molsheim, France).

Background electrolytes (BGEs were prepared by dissolving corresponding volumes of
acids in HPLC-grade water. The pH was measured using an inoLab (WTW, Weilheim, Germany)
pH meter. The ionic strength was calculated using Peakmaster software [49]. Finally, all the
BGEs were filtered using 0.45 μm PTFE syringe filters (Labicom, Czech Republic).

The blood plasma sample was obtained from Sigma-Aldrich (St. Louis, MO, USA).
The sample was spiked with the model TKIs and deproteinated as follows: 100 μL of the
sample was mixed with 15 μL of cold trichloroacetic acid and shaken for 15 min. Then,
it was centrifuged at 12,000× g for 5 min. Finally, the supernatant (50 μL) was carefully
transferred to the sample vial for CE analysis and diluted with BGE–methanol mixture
(80:20, v/v, 50 μL).

4.2. CE-MS

All the experiments were performed using an Agilent 7100 capillary electrophoresis
instrument, which was connected to an Agilent 6460 triple quadrupole mass spectrometer
(Waldbronn, Germany). The sheath liquid was delivered into the electrospray interface via
an isocratic LC pump Agilent 1260 with a 1:100 flow splitter.

Separations were performed in fused silica capillaries of 85 cm or 120 cm in length
(the effective length was the same) 50 μm ID, from Molex (Lisle, IL, USA). Prior to first
use, the capillaries were initially conditioned by rinsing them with 0.1 mol·L−1 NaOH for
20 min and then deionized water for 30 min, out of the MS. Between each sample run, the
capillary was flushed with 0.1 mol·L−1 NaOH for 10 s, HPLC-grade water for 3 min, and
BGE for 3 min. All the rinsing was carried out at a pressure drop of 935 mbar. The capillary
cassette was thermostated at 25 ◦C, except for the part of the cassette leading to the MS
interface. Each experiment was conducted in triplicate, unless stated otherwise.

4.3. Validation

The method was validated using the following performance characteristics: linearity,
limit of detection (LOD), limit of quantification (LOQ), repeatability of migration time and
peak area, and recovery. Linearity was tested using calibration within a concentration range
of 1 × 10−9–1 × 10−5 mol·L−1 for all the TKIs. LODs and LOQs were calculated according
to equations: LOD = 3.3 SD/s and LOQ = 10 SD/s, where SD is the standard deviation of the
signal intensity and s is the slope of the calibration curve. The selectivity was investigated
by comparing analyses of blank plasma without the addition of TKIs with the analyses of
TKIs at LOQ levels. Acceptance criteria for any interference included a signal response
lower than 5% of the LOQ. The reproducibility of migration times and peak areas was
calculated from repeated analyses at the 1 × 10−7 mol·L−1 level; the intraday repeatability
was calculated from three repetitions within one day; and the interday repeatability was
calculated from repetitive analyses on three consecutive days (with three repetitions each
day). The recovery was evaluated using analyses of TKIs in blood samples spiked at the
1 × 10−7 mol·L−1 level; the recovery was calculated as the ratio of the determined TKI
concentration and the true (added) concentration.

5. Conclusions

In this work, a novel CE-MS/MS method was employed for the determination of four
model TKIs, namely bosutinib, dasatinib, canertinib, and erlotinib. The stacking online
preconcentration technique was used with a 120 cm-long capillary to achieve LOD and
LOQ values comparable with HPLC-MS methods, allowing for determination of all drugs
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at physiological levels in plasma samples. Under optimal conditions, 50 mM formic acid
pH 2.5, an injection time of 120 s, and an optimized mass spectrometry set-up (sheath liquid
composition 75:24.9:0.1 (v/v) methanol, water, formic acid, and appropriate conditions for
ion transitions), LODs in a range of 3.9–23.0 nmol·L−1 were observed.
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33. Horská, J.; Ginterová, P.; Ševčík, J.; Petr, J. CZE separation of new drugs for treatment of leukemia. Chromatographia 2014, 77,
1477–1482. [CrossRef]

34. Rodriguez, J.; Castaneda, G.; Munoz, L.; Lopez, S. Development and validation of a non-aqueous capillary electrophoresis
method for the determination of imatinib, codeine and morphine in human urine. Anal. Methods 2014, 6, 3842–3848. [CrossRef]
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Abstract: To develop and verify a liquid chromatography-tandem mass spectrometry (LC-MS/MS)
method for determining contezolid in plasma and cerebrospinal fluid (CSF). Protein precipitation
was performed on samples using linezolid as the internal standard. We used an Agilent EclipsePlus
C18 column operating at 0.4 mL/min in conjunction with acetonitrile and water mobile phases for
the LC-MS/MS analysis. Using the precursor-product ion pairs 409.15→269.14 (contezolid) and
338.14→195.1 (linezolid), multiple reaction monitoring was used to quantify the compounds. Plasma
linearity range was 50.0 to 5000 ng/mL, and CSF was 20.0 to 1000 ng/mL (r2 = 0.999). The inter-batch
and intra-batch precisions were ≤2.57% and ≤5.79%, respectively. Plasma recovered 92.94%, and
CSF recovered 97.83%. Plasma, CSF, hemolytic plasma, and hyperlipidemic plasma all showed
a coefficient of variation ≤ 7.44%. The stability and dilution integrity of this method were also
acceptable. The study also demonstrated that artificial CSF can be used as a matrix for the preparation
of standard curve samples. A simple and accurate method was developed and validated for the
determination of contezolid concentrations in human plasma and CSF, which may be useful for
monitoring the therapeutic effect of central nervous system medications.

Keywords: contezolid; CSF; LC-MS/MS; plasma

1. Introduction

Antimicrobial resistance in bacteria is becoming increasingly serious, especially in
methicillin-resistant Staphylococcus aureus (MRSA), methicillin-resistant coagulase-negative
Staphylococci, penicillin-resistant Streptococcus pneumoniae (PRSP), vancomycin-resistant
enterococci (VRE), vancomycin-intermediate Staphylococcus aureus, and vancomycin-resistant
Staphylococcus aureus [1,2]. The treatment and control of infectious diseases are faced with
severe challenges [3].

Oxazolidinone is a kind of synthetic antimicrobial agent [4]. These drugs have a
unique mode of action, targeting a unique region of 23S rRNA adjacent to the peptidyl
transferase center of the 50s ribosomal subunit, inhibiting protein biosynthesis in bacteria
and used to treat severe infections caused by Gram-positive pathogens [5–8]. Linezolid
is the first member of the oxazolidinone antibiotics and has good antibacterial activity
against many important Gram-positive bacteria [9,10]. However, potential neurotoxicity
and hematotoxicity, as well as significant inhibition of monoamine oxidase, limited the
wide use of linezolid [11]. The homology between the human cell mitochondrial protein
synthesis pathway and the bacterial ribosomal target also inhibits human cell mitochon-
drial protein synthesis, which could lead to lactic acidosis, myelosuppression, anemia,
thrombocytopenia, pancytopenia, and other serious adverse drug reactions [12]. Con-
tezolid (S)-5-([isoxazol-3-ylamino]methyl)-3-(2,3,5-trifluoro-4-[4-oxo-3,4-dihydropyridin-
1(2H)-yl]phenyl), a new oxazolidinone antimicrobial agent, is an innovative antibiotic
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developed in China and has independent intellectual property rights. Its main active
structure is the same as that of linezolid. Studies in vitro showed that contezolid had good
antibacterial activity against MRSA, PRSP, and VRE and had no cross-resistance with exist-
ing antimicrobial agents [13,14]. Compared with linezolid, it shows better safety as well as
minimal myelosuppression and inhibition of monoamine oxidase, which are independent
adverse reactions associated with linezolid therapy [13]. Therefore, contezolid may provide
a promising alternative therapy for infections with multidrug-resistant Gram-positive
bacteria [15].

The methodology for analyzing contezolid in human body fluids has not been ex-
tensively studied, and only in two articles is it described how ultra-performance liquid
chromatography-mass spectrometry can be used to analyze contezolid concentrations in
human plasma and urine [16,17]. The method for the analysis of contezolid in human
cerebrospinal fluid (CSF) has not been studied. Infections of the central nervous system
(CNS) can be extremely harmful. These lead to fatal outcomes and long-term neurological
problems in survivors, including cognitive deficits and motor impairments [18]. Pathogens
with Gram-positive characteristics are common etiologic agents of infections of the CNS,
including brain abscesses [19]. Antibiotics should be present at therapeutic concentrations
at the site of infection if they are to be effective against CNS infections. But the existence
of the blood-brain barrier made it difficult for antibiotics to enter the CNS, and it was
difficult to obtain effective antibacterial concentration in the CSF and brain tissue, which
seriously affected the antibacterial effect and resulted in poor treatment results, even led
to ineffective treatment results [20]. Therefore, for new antimicrobials, it is necessary to
develop a method for quantitative determination of CSF concentration, which is helpful to
explore their efficacy in the CNS.

Our previous study has successfully verified the feasibility of liquid chromatography-
tandem mass spectrometry (LC-MS/MS) for the analysis of drug concentrations in human
plasma and CSF [21]. The objective of this study is to develop a method for the analy-
sis of contezolid in human plasma and CSF by LC-MS/MS and to verify the methodol-
ogy to provide an analysis method for the study and application of the drug in treating
CNS infections.

2. Results and Discussion

This section may be divided into subheadings. It should provide a concise and
precise description of the experimental results, their interpretation, and the experimental
conclusions that can be drawn.

2.1. Method Development

At present, there are no known LC-MS/MS methods for the determination of conte-
zolid in CSF. In this study, we propose to develop a method for the quantitative determina-
tion of contezolid in CSF by LC-MS/MS, except for plasma.

2.1.1. Chromatography and MS Conditions

Several C18 columns and several gradient programs were tested for the chromato-
graphic separation of target drugs. The Agilent Eclipse Plus C18 column (100 × 2.1 mm,
3.5 μm) provided the best chromatographic performance for all compounds with appro-
priate peak shape and sharpness. Moreover, the addition of 0.1% formic acid (FA) to the
mobile phase acetonitrile: water (90:10, v/v) and the compatibility of the chromatographic
column enabled the target compounds to be effectively retained and separated by chro-
matography. The Agilent Eclipse Plus C18 column showed durability and robustness under
these conditions.

For MS conditions, usually when the polarity of the analyte is high, electrospray
ionization (ESI) is selected. Generally, acidic compounds, which are compounds containing
-OH, -COOH, and phenolic compounds, are determined by the negative ESI mode, and
basic compounds, which are compounds containing more heteroatoms and nucleosides,
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are determined by the positive ESI mode. Contezolid has high polarity and is a basic
compound containing N, so the ESI and positive ion modes were selected.

In order to optimize chromatographic separation, a series of preliminary experiments
were carried out to test different mobile phases, including ammonium acetate, acetonitrile,
the mixture of acetonitrile and ammonium, or water, as well as different concentrations
of mobile phase additives, such as FA and acetic acid. In the positive ESI mode, the
addition of FA reduced the tailing of the peak and improved the response of the target
compounds. Finally, 0.1% FA in 10 mM aqueous ammonium acetate (A) and 0.1% FA in
5 mM ammonium acetate acetonitrile: water (90:10, v/v) solution (B) were selected as the
best mobile phase.

For the purpose of establishing the multiple reaction monitoring (MRM) scanning
mode, the product ions of each analyte were characterized by product ion scanning under
30 eV collision energy. The product ion spectra of each analyte were obtained. For all
analytes, the two most abundant product ions were used as quantifier ions and qualifier
ions, respectively. Quantitative determination was carried out by the m/z transitions
409.15→269.14 for contezolid and 338.14→195.1 for linezolid.

2.1.2. Sample Preparation

The preparation of samples through effective extraction steps is a common step for
the determination of compounds in biological matrices. Yet the cost of the nitrogen used
is high, and liquid-liquid extraction is relatively time consuming and difficult to operate.
In this work, we considered the method of protein precipitation for sample preparation.
Using methanol and acetonitrile as protein precipitates, the matrix effect and extraction
recovery were investigated. The results showed that the method had satisfactory recovery
and almost no matrix effect and could be used for the determination of clinical biological
samples. Of course, this method also had some shortcomings. For example, it was difficult
to remove salts and lipids from the matrix, which was easy to interfere with and affect
the reproducibility and accuracy of the results. Moreover, the non-specific precipitation
reaction might cause the loss of trace analytes along with the co-precipitation of matrix
proteins. But the method had a simple operation procedure, shortened the extraction time,
and saved the cost. It was suitable for hospitals to analyze clinical biological samples with
large size.

2.2. Method Validation
2.2.1. Calibration Curve

The calibration standard curves of three different batches were prepared for linear
evaluation. Two set of calibration curve samples were prepared freshly on the day of
analysis. Each calibration curve consisted of a double blank sample (without analyte or
internal standard, IS), and a single blank sample (only IS). Eight concentration levels (50.0,
100, 250, 500, 1000, 2500, 4000 and 5000 ng/mL) were used; the linearity range of plasma
was between 50.0 and 5000 ng/mL. Eight concentration levels (20.0, 40.0, 100, 200, 400,
600, 800 and 1000 ng/mL) were used; the linearity range of CSF was between 20.0 and
1000 ng/mL. The calibration curve was generated by the response of peak area ratio (y) and
analyte concentration (x), and the linear 1/X2 weighted relation was used for regression.
We also evaluated the batch size, and the results showed that each batch of plasma could
be injected 136 times and CSF could be injected 101 times.

2.2.2. Specificity and Selectivity

The specificity and selectivity results showed that the analyte or the IS in the relevant
mass channels contributed less than 20% of the mean of the lower limit of quantification
(LLOQ) and less than 5% of the IS response. The method produced a specific signal for the
analyte, which allowed for the separation of contezolid from the IS and other components
in samples. In this study, endogenous substances and IS did not affect the determination of
contezolid (Figures 1–3). The matrix effect (ME) of contezolid at low quality control (LQC)
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and high quality control (HQC) was 101.68% and 100.37% in hemolysis, as well as 104.20%
and 101.00% in hyperlipidemia (Table 1).
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Figure 1. Specificity and selectivity of the method in plasma. (a) double blank, (b) single blank,
(c) analyte only and (d) analyte and IS (in six different lots). Chromatograms of contezolid (A) and
linezolid (B).
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Figure 2. Specificity and selectivity of the method in plasma. (a) double blank, (b) single blank,
(c) analyte only and (d) analyte and IS (in six different lots). Chromatograms of contezolid (A) and
linezolid (B).
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Figure 3. Specificity and selectivity of the method in plasma. (a) double blank, (b) single blank,
(c) analyte only and (d) analyte and IS (in six different lots). Chromatograms of contezolid (A) and
linezolid (B).
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Table 1. ME of the method for determining contezolid in hemolytic and hyperlipidemic plasma.

Concentration
(ng/mL)

Number Hemolytic Plasma Hyperlipidemic Plasma

150 1 153.3127 155.2132
2 150.9690 156.3032
3 153.2864 157.3617

Mean 152.5227 156.2927
SD ±1.3456 ±1.0743

%CV 0.8800 0.6900
Accuracy 101.6800 104.2000

RE (%) 1.6800 4.2000
3750 1 3767.9127 3792.1579

2 3752.9170 3775.6060
3 3770.4290 3794.5686

Mean 3763.7529 3787.4442
SD ±9.4681 ±10.3228

%CV 0.2500 0.2700
Accuracy 100.3700 101.0000

RE (%) 0.3700 1.0000

2.2.3. Sensitivity

The signal-to-noise ratio (SNR) of the LLOQs and the zero calibrators was greater than
15 in plasma and 35 in CSF. Among the LLOQs evaluated for this method, SNR reached
18.36 in plasma and 41.33 in CSF, which were considered sensitive. The mean concentration
was 49.3196 (±1.3508) ng/mL in plasma and 19.9802 (±0.4460) ng/mL in CSF. The accuracy
was 98.64% in plasma and 99.9% in CSF. The coefficients of variation (%CV) were 2.74%
in plasma and 2.23% in CSF. The results showed that the lowest detection limits of this
method were 50 ng/mL in plasma and 20 ng/mL in CSF. The results all met the criteria
for acceptance.

2.2.4. Precision and Accuracy

The results of precision and accuracy validation are shown in Table 2. Inter-batch
precision and accuracy of the plasma samples were 0.29% to 3.37% and 93.30% to 105.59%,
respectively, and intra-batch precision and accuracy were 0.10% to 1.02% and 97.34% to
103.33%, respectively. The intra-batch accuracy and precision for CSF samples were 97.57%
to 107.86% and 0.63% to 5.79%, respectively, and the inter-batch accuracy and precision
were 99.41% to 105.62% and 1.35% to 2.57%, respectively.

2.2.5. Recovery

A simple protein precipitation method had been proved to be reliable and provided the
cleanest samples. The comparison results of neat standards vs. plasma-extracted standards
of contezolid and neat standards vs. CSF-extracted standards were evaluated.

The plasma recoveries of contezolid in LQC, medium quality control (MQC) and HQC
were 90.14%, 95.04% and 93.63%, respectively. Their mean value was 92.94% and %CV was
2.52%. The CSF recoveries of contezolid in LQC, MQC and HQC were 102.21%, 98.05% and
93.50%, respectively. Their mean value was 97.68% and %CV was 1.47%.

2.2.6. Dilution Integrity

When the concentration of the unknown sample was higher than the standard curve,
a dilution study was carried out to report the accuracy and precision of the diluted sample.
The samples were diluted five-fold with plasma and ten-fold with human CSF. The samples
showed that the accuracy relevant error (RE) in plasma and CSF were 4.08 and −2.82.

The %CV values were 0.41 and 3.07 (Table 3). If the verified dilution multiple could
not meet the requirements of testing the clinical samples, the dilution multiple would be
supplemented according to the actual need.

176



Pharmaceuticals 2023, 16, 32

Table 2. Precision and accuracy of the method for determining contezolid.

Concentration
(ng/mL)

Batch
Intra-Batch

(Mean ± SD)

Intra-Batch
Accuracy

(%)

Intra-Batch
(%CV)

Inter-Batch
(Mean ± SD)

Inter-Batch
Accuracy

(%)

Inter-Batch
(%CV)

In plasma (n = 6)
50.0 1 51.2670 ± 1.5182 102.53 2.96 51.6672 ± 0.5278 103.33 1.02

2 50.9382 ± 1.7169 101.88 3.37
3 52.7963 ± 0.7198 105.59 1.36

150 1 142.0762 ± 1.2834 94.72 0.90 146.0054 ± 0.8599 97.34 0.59
2 139.9441 ± 2.4430 93.30 1.75
3 155.9958 ± 0.7632 104.00 0.49

2000 1 2008.7019 ± 10.5603 100.44 0.53 2004.4452 ± 2.1689 100.22 0.11
2 1973.4304 ± 7.4792 98.67 0.38
3 2031.2032 ± 11.6640 101.56 0.57

3750 1 3712.0060 ± 14.6794 98.99 0.40 3721.1817 ± 3.8675 99.23 0.10
2 3651.3176 ± 10.4087 97.37 0.29
3 3800.2216 ± 18.1291 101.34 0.48

In CSF (n = 6)
20.0 1 20.7859 ± 0.6668 103.93 3.21 21.1237 ± 0.4009 105.62 1.90

2 21.0129 ± 0.4486 105.06 2.13
3 21.5723 ± 1.2258 107.86 5.68

60.0 1 62.7186 ± 1.6451 104.53 2.62 61.3609 ± 1.4473 102.27 2.36
2 58.7197 ± 0.8075 97.87 1.38
3 62.6443 ± 3.6259 104.41 5.79

350 1 359.8353 ± 3.2945 102.81 0.92 347.9318 ± 4.6878 99.41 1.35
2 342.4519 ± 4.3888 97.84 1.28
3 341.5083 ± 11.9056 97.57 3.49

750 1 738.0302 ± 17.8846 98.40 2.42
2 751.4551 ± 4.7026 100.19 0.63 747.1321 ± 19.1938 99.62 2.57
3 751.9110 ± 42.5167 100.25 5.65

Table 3. Dilution integrity of the method for determining contezolid.

Number
Nominal Concentration

(ng/mL)
Actual Concentration

(ng/mL)
Accuracy

(%)
RE (%)

In plasma (n = 6, diluted five-fold)
1 20,000 20,858.37 104.29 4.29
2 20,820.85 104.10 4.10
3 20,873.87 104.37 4.37
4 20,757.35 103.79 3.79
5 20,675.17 103.38 3.38
6 20,909.58 104.55 4.55

Mean - 20,815.87 104.08 -
SD - ±86.25 - -

%CV - 0.41 - -
RE (%) - 4.08 - -

In CSF (n = 6, diluted five-fold)
1 1750 1739.23 99.38 −0.62
2 1747.11 99.84 −0.16
3 1757.69 100.44 0.44
4 1654.12 94.52 −5.48
5 1657.21 94.70 −5.30
6 1648.88 94.22 −5.78

Mean - 1700.71 97.18 -
SD - ±52.22 - -

%CV - 3.07 - -
RE (%) - −2.82 - -

2.2.7. Stability

The stability of two concentrations of contezolid in human plasma (3.5 h at room
temperature, 116 h in an automatic sampler, after three cycles from −20 ◦C and −80 ◦C
to room temperature freeze-thawed, 28 days at −20 ◦C, and 28 and 118 days at −80 ◦C)
and CSF (6 h at room temperature, 23.5 h in an automatic sampler, after three cycles from
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−20 ◦C and −80 ◦C to room temperature freeze-thawed, 90 days at −20 ◦C and −80 ◦C),
had been established. The %CV values ≤ 14.22% (Table 4). We also investigated the stability
of contezolid stock solution for 24 h at room temperature and 90 days at −20 ◦C, and the
stability of IS stock solution for 24 h at room temperature and 62 days at −20 ◦C. The %CV
values ≤ 1.96%. The results showed that the samples had good stability under different
storage conditions.

Table 4. Sample stability investigation.

Nominal Concentration (ng/mL)
150 3750

Mean SD %CV RE (%) Mean SD %CV RE (%)

In plasma (n = 3)

0 h Determined concentration
(ng/mL) 154.68 ±1.51 0.98 3827.04 ±13.58 0.35

Accuracy (%) 103.12 3.12 102.05 2.05

3.5 h—at room temperature Determined concentration
(ng/mL) 154.03 ±2.92 1.90 3812.67 ±32.46 0.85

Accuracy (%) 102.68 2.68 101.67 1.67
116 h—in the automatic

sampler *
Determined concentration

(ng/mL) 161.21 ±7.12 4.42 3819.02 ±12.55 0.33

Accuracy (%) 107.47 7.47 101.84 1.84
Repeated freeze-thaw three
times from −20 ◦C to room

temperature

Determined concentration
(ng/mL) 153.76 ±1.53 1.00 3791.53 ±21.06 0.56

Accuracy (%) 102.50 2.50 101.11 1.11

Repeated freeze-thaw three
times from −80 ◦C to room

temperature

Determined concentration
(ng/mL) 152.80 ±1.61 1.05 3793.19 ±9.28 0.24

Accuracy (%) 101.86 1.86 101.15 1.15

28 days—at −20 ◦C Determined concentration
(ng/mL) 138.46 ±2.15 1.55 3516.93 ±38.64 1.10

Accuracy (%) 92.30 −7.70 93.78 −6.22

28 days—at −80 ◦C Determined concentration
(ng/mL) 135.19 ±1.57 1.16 3524.58 ±53.28 1.51

Accuracy (%) 90.13 −9.87 93.99 −6.01

118 days—at −80 ◦C Determined concentration
(ng/mL) 152.07 ±5.64 3.71 3219.72 ±46.30 1.44

Accuracy (%) 101.38 1.38 85.86 −14.14
In CSF (n = 3)

0 h Determined concentration
(ng/mL) 62.77 ±4.33 6.90 792.67 ±49.44 6.24

Accuracy (%) 104.61 4.61 105.69 5.69

6 h–at room temperature Determined concentration
(ng/mL) 62.57 ±0.64 1.03 768.33 ±2.52 0.33

Accuracy (%) 104.28 4.28 102.44 2.44
23.5 h–in the automatic

sampler *
Determined concentration

(ng/mL) 60.45 ±0.71 1.17 707.28 ±5.09 0.72

Accuracy (%) 100.75 0.75 94.30 −5.70
Repeated freeze-thaw three
times from −20 ◦C to room

temperature

Determined concentration
(ng/mL) 62.53 ±1.07 1.71 766.00 ±14.42 1.88

Accuracy (%) 104.22 4.22 102.13 2.13
Repeated freeze-thaw three
times from −80 ◦C to room

temperature

Determined concentration
(ng/mL) 61.43 ±1.59 2.59 781.33 ±22.68 2.90

Accuracy (%) 102.39 2.39 104.18 4.18

90 days—at −20 ◦C Determined concentration
(ng/mL) 68.53 ±0.62 0.62 734.52 ±17.95 2.44

Accuracy (%) 114.22 14.22 97.94 −2.06

90 days—at −80 ◦C Determined concentration
(ng/mL) 65.62 ±0.89 1.36 753.42 ±6.14 0.82

Accuracy (%) 109.37 9.37 100.46 0.46

* The stability of the samples after treated.

2.2.8. ME

As shown in Table 5, the matrix factors (MF) of contezolid at three concentrations in
plasma were 97.32%, 98.33%, 98.25%, 98.00%, 94.80%, and 95.36%, respectively. Under the
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selected chromatographic and MS conditions, the %CVs of analytes at low, medium, and
high levels were all less than 13.38%, which did not affect the quantification.

Table 5. ME and matrix factor of the method for determining contezolid and linezolid in six individ-
ual matrices.

Number
LQC (150 ng/mL) MQC (2000 ng/mL) HQC (3750 ng/mL)

Area Ratio
of Analyte

Area Ratio
of IS

MF
Area Ratio
of Analyte

Area Ratio
of IS

MF
Area Ratio
of Analyte

Area Ratio
of IS

MF

In plasma
1 0.8719 0.8896 0.9801 0.9442 0.9589 0.9847 0.9581 0.9760 0.9817
2 0.8314 0.8589 0.9680 0.9390 0.9529 0.9854 0.8791 0.8903 0.9874
3 0.8229 0.8313 0.9899 0.9110 0.9240 0.9859 0.8979 0.9153 0.9810
4 0.9893 1.0272 0.9631 0.9108 0.9319 0.9774 0.9367 0.9459 0.9903
5 0.7877 0.7994 0.9854 1.2185 1.2303 0.9904 1.2196 1.2489 0.9765
6 0.7650 0.8032 0.9524 0.9052 0.9273 0.9762 0.9204 0.9408 0.9783

Mean - - 0.9732 - - 0.9833 - - 0.9825
SD - - ±0.0144 - - ±0.0055 - - ±0.0053

%CV - - 1.48 - - 0.56 - - 0.54
In CSF

1 0.9520 1.1002 0.8653 0.9000 0.9550 0.9424 0.8648 1.0114 0.8551
2 0.9370 0.9040 1.0365 0.9190 0.9743 0.9432 0.9371 1.0000 0.9371
3 0.9700 1.0200 0.9510 0.9429 0.9058 1.0410 0.9837 1.0343 0.9511
4 0.9970 1.0156 0.9817 0.9381 0.8822 1.0634 0.9907 1.0435 0.9494
5 0.9970 0.9265 1.0761 0.9333 0.9893 0.9434 0.9510 0.8902 1.0683
6 0.9760 1.0067 0.9695 0.9190 0.9850 0.9330 0.9604 1.0000 0.9604

Mean - - 0.9800 - - 0.9777 - - 0.9536
SD - - ±0.0729 - - ±0.0582 - - ±0.0681

%CV - - 7.44 - - 5.95 - - 7.14

3. Materials and Methods

3.1. Reference Materials

Contezolid (99.92%) was provided by MicuRx Pharmaceuticals, Inc, Shanghai, China.
Linezolid (99.7%) was purchased from ApexBio Technology LLC, Houston, TX, USA.

3.2. Reagents

The following reagents were purchased from Thermo Fisher Scientific (China) Co.,
Ltd., Shanghai China: dimethyl sulfoxide (DMSO, above 99%), ultrapure water, acetonitrile
and methanol of chromatographic purity, and high-performance liquid chromatography-
grade ammonium.

3.3. Biological Matrix

Artificial CSF (R22153) was purchased from Shanghai Yuanye Bio-technology Co., Ltd.
Individual or mixed human plasma samples in K2EDTA-anticoagulated tubes were taken
from healthy volunteers and stored at −10 to −30 ◦C. Human hemolytic and hyperlipi-
demia plasma samples from our hospital’s Respiratory Department were obtained and
stored at −10 to −30 ◦C. Plasma and CSF samples were stored at −80 ◦C.

3.4. LC-MS/MS System

The chromatographic system used in the study was an Agilent 1260 high-performance
liquid chromatography (HPLC) system (Agilent Technologies Inc., Santa Clara, CA, USA),
consisting of a vacuum degasser, a binary pump, and an automatic sampler.

Agilent EclipsePlus C18 column (2.1 × 100 mm, 3.5 μm) was used for the elution of
the analyte and IS. As mobile phases, we used 0.1% FA in a 10 mM aqueous ammonium
acetate solution (A) and 0.1% FA in a 5 mM ammonium acetate acetonitrile: water (90:10,
v/v) solution (B). The elution gradient started at 15% B, increased to 50% B from 0.5 min to
4.0 min, remained at 50% B until 5.0 min, and then returned to 15% B at 5.1 min. During
each injection, 0.4 mL/min of flow rate was achieved, 5 μL of fluid was injected, and 6 min
were spent in total.
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Using an Agilent 6460A triple-quadrupole mass spectrometer (Agilent Technologies,
Palo Alto, USA) connected to an electrospray ion source, positive MRM was carried out
with this mass spectrometer. The nebulizer pressure was set to 30 psi. The flow of the drying
gas was 11 L/min, and the drying gas temperature was held at 350 ◦C. The electrospray
capillary voltage was optimized to 4000 V for positive and 3500 V for negative. Q1 and
Q3 were both set at unit resolution. The m/z transition of contezolid was 409.15→269.14
(fragmentor, F = 80 V, collision energy, CE = 30 eV), and that of linezolid was 338.14→195.1
(F = 65 V, CE = 30 eV). We used the Agilent MassHunter Workstation to complete data
acquisition and analysis.

3.5. Preparation of Calibration Standard Curves, Quality Control (QC) and IS Samples

Contezolid reference standards were precisely weighed and diluted completely with
DMSO to prepare the stock solutions of 1.00 mg/mL as standard curve stock solution and
the QC stock solution. The stock solutions were stored in a refrigerator of between −10
and −30 ◦C for future use.

Using a 50% acetonitrile aqueous solution as dilution solvent, the working standard
solutions for plasma or CSF samples were prepared. The working solutions were diluted
20-fold into plasma or CSF. The concentrations of 5000, 4000, 2500, 1000, 500, 250, 100 and
50.0 ng/mL were for plasma, and 1000, 800, 600, 400, 200, 100, 40.0 and 20.0 ng/mL were
for CSF calibration standards. The concentrations of 3750 (HQC), 2000 (MQC), 150 (LQC),
and 50.0 (LLOQ) ng/mL were for plasma, and 750 (HQC), 350 (MQC), 60.0 (LQC), and
20.0 (LLOQ) for CSF QCs. The IS working solution, with a concentration of 800 ng/mL for
plasma and 150 ng/mL for CSF samples, was prepared by diluting the IS stock solution
with acetonitrile: methanol (1:1, v/v) and stored in the refrigerator at −10 to −30 ◦C.

3.6. Sample Preparation

The plasma and CSF samples (50 μL) were mixed with 250 μL of the IS working
solution in 1.5 mL EP tubes. The samples were mixed for 1 min by using a vortexer, then
centrifuged 10 min at 14,000 rpm (2 to 8 ◦C). A 100 μL plasma supernatant was added to a
200 μL acetonitrile: water (1:1) solution. After mixing, 200 μL was transferred to the HPLC
vial, and 5 μL was injected into the LC-MS/MS system for analysis.

A 200 μL CSF supernatant was directly transferred to the HPLC vial, and 5 μL of the
supernatant was entered into the LC-MS/MS system for analysis.

3.7. Method Validation and Acceptance Criteria

The method was verified according to Bioanalytical Method Validation (M10) of the
International Council for Harmonisation of Technical Requirements for Pharmaceuticals
for Human Use. The method parameters included linearity of calibration curves, selectivity
and specificity, sensitivity, accuracy, precision, recovery, stability, dilution integrity, and
matrix effect.

3.7.1. Specificity and Selectivity

The potential interference of analyte and IS in the liquid chromatography peak region
was studied by analyzing at least six normal individual blank plasma, hemolytic plasma,
hyperlipidemic plasma, and six normal individual blank CSF samples, then the specificity
of this method was evaluated. By analyzing a double blank (without IS or analytes) plasma
and CSF, a single blank (only IS) plasma and CSF, plasma, and CSF with only analytes, as
well as plasma and CSF containing analytes and IS, the specificity and selectivity of the
method were determined.

The response of the interference component should not be higher than 20% of the
LLOQ and not more than 5% of the IS response in each matrix LLOQ sample.
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3.7.2. ME

The matrix effect of three concentrations (150 ng/mL, 2000 ng/mL and 3750 ng/mL
in plasma; 60.0 ng/mL, 350 ng/mL and 750 ng/mL in CSF) of contezolid in six kinds
of substrates was determined. The ME is calculated from the IS normalized MF. In the
sample group prepared under “sample preparation”, the peak area to mean value ratio of
contezolid was recorded as A1, and the peak area to mean value ratio of IS was recorded as
A2. MF = A2/A1.

The precision (the percentage of the coefficient of variation, %CV) of all individual
source analytes should not be greater than 15%.

3.7.3. Calibration Curve and Range

The calibration curves were prepared by using double blank samples, single blank sam-
ples (only IS), and calibration standard samples with eight concentration levels (including
LLOQ and the upper limit of quantification, ULOQ).

At the LLOQ, the accuracy of back-calculated concentrations of calibrated standards
should be within ±20% of the nominal concentration, while at all other levels, should
be within ±15%. It is recommended that all standard curves contain at least six effective
concentrations and that at least 75% of the calibration samples meet these criteria.

3.7.4. Sensitivity

The LLOQ refers to the lowest level of concentration of analyte whose response is
at least five-fold greater than the blank (SNR ≥ 5), whose precision is less than 20%, and
whose accuracy is in the range of 80.0—120% of the nominal value.

3.7.5. Precision and Accuracy

Samples of LLOQ and QC were prepared six times for three consecutive runs on three
different dates and analyzed three times in each run.

Except for LLOQ, the overall accuracy of each concentration level QC sample should
be within ±15% of the nominal concentration, and the accuracy of LLOQ should be less
than ±20%. Except for LLOQ, the precision of each concentration level QC sample should
not exceed 15% and of LLOQ should not exceed 20%.

3.7.6. Carry-Over

Immediately after the high concentration of the sample (5000 ng/mL in plasma,
1000 ng/mL in CSF), the blank samples were analyzed to estimate the carry-over.

Blank samples after ULOQ should not carry over more than 20% of the LLOQ sample’s
response and 5% of the IS sample’s response.

3.7.7. Dilution Integrity

Contezolid (20,000 ng/mL) was added to plasma and 1750 ng/mL to CSF. These
samples were diluted to five-fold of plasma or ten-fold of CSF and determined repeatedly
for six times. The mean accuracy of dilution QC should be within ±15% of the nominal
concentration, and the %CV should not exceed 15%.

3.7.8. Stability

The stability of the stock solution, the stability of samples after frozen-thawed or
treated, short- and long-term stability of samples were investigated. By analyzing the
repetition of plasma samples (150 ng/mL and 3750 ng/mL) and CSF samples (60.0 ng/mL
and 750 ng/mL) added under different conditions, the stability of contezolid in human
plasma and CSF was evaluated. We evaluated the stability of the samples stored at room
temperature (bench top stability) for six hours and compared it to the stability of samples
stored in the injector for short-terms and repeated freeze-thaw cycles. A comparison
was made with the concentration obtained after a period of at least 28 days in order to
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determine long-term stability. Through proper dilution, the stability of the stock solution
was investigated by the response of the detector.

4. Conclusions

A simple, rapid, and sensitive LC-MS/MS method of the analysis of contezolid in
human plasma and CSF without time-consuming and expensive extraction procedure was
developed and validated. We also verified that it was feasible to use artificial CSF as the
matrix of standard curve, which made up for the defect that it was not easy to obtain CSF
from patients. By developing the method, the concentration of drugs in the plasma and
CSF can be monitored and clinical treatment can be guided.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph16010032/s1.
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Abbreviation

CE collision energy
CNS central nervous system
CSF cerebrospinal fluid
CV coefficient of variation
DMSO dimethyl sulfoxide
ESI electrospray ionization
FA formic acid
HPLC high-performance liquid chromatography
HQC high quality control
IS internal standard
LC-MS/MS liquid chromatography-tandem mass spectrometry
LLOQ lower limit of quantification
LOQ low quality control
ME matrix effect
MF matrix factors
MQC medium quality control
MRM multiple reaction monitoring
MRSA methicillin-resistant Staphylococcus aureus
PRSP penicillin-resistant Streptococcus pneumoniae
QC quality control
RE relevant error
SNR signal-to-noise ratio
ULOQ upper limit of quantification
VRE vancomycin-resistant enterococci
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Abstract: Plants from the genus Astragalus are gaining attention for their pharmacological importance.
However, the information available regarding the HPLC–MS/MS chemical profile of A. fruticosus
is inadequate. In this study, we performed HPLC–MS/MS analysis using electrospray ionization
(ESI) and atmospheric pressure chemical ionization (APCI). We tentatively identified 11 compounds
in the A. fruticosus methanolic extract, including five flavonoidal and six saponin glycosides. The
extract showed moderate antioxidant activity with 21.05% reduction in DPPH UV absorption. The
preliminary cytotoxic screening against seven human cancer cell lines using 100 μg/mL extract
showed prominent cytotoxic potential against colorectal cancer HCT–116 with 3.368% cell viability. It
also showed moderate cytotoxic potential against prostate (DU–145), ovarian (SKOV–3) and lung
(A–549) cancer cell lines with cell viability of 14.25%, 16.02% and 27.24%, respectively. The IC50 of the
total extract against HCT–116 and DU–145 cell lines were 7.81 μg/mL and 40.79 μg/mL, respectively.
The observed cytotoxicity of the total methanolic extract from the leaves against colorectal cancer
might facilitate future investigations on cytotoxic agent(s) for disease management.

Keywords: Astragalus fruticosus; HPLC–MS/MS profiling; colorectal cancer; cytotoxic activity

1. Introduction

The genus Astragalus is the largest genus in the family Leguminosae (Fabaceae), with
over 3000 species of annual and perennial small shrubs and herbs. It is one of the largest
and most diverse genera among angiosperms [1]. Astragalus has been used as a medicinal
plant for over 1000 years. Radix Astragali (A. membranaceus and A. mongholicus) is an
ancient and well-known Chinese traditional herbal medicine that is used to enhance
resistance against bacterial and viral infections, treat immunological disorders, stimulate
the circulatory system, control excessive sweating, and as a diuretic, hepatoprotective
and heart tonic [2]. The chemical composition of Astragalus uniformly consists of major
active compounds, including polysaccharides, flavonoids (free or glycosidic forms) and
saponins [3]. Astragalus contains both cycloartane and oleanane saponins with the latter
being relatively rare [2]. The saponin-rich purified mixture isolated from A. corniculatus
showed protective activity against the hamster myeloid graffi tumor [4]. The saponins

Pharmaceuticals 2022, 15, 1406. https://doi.org/10.3390/ph15111406 https://www.mdpi.com/journal/pharmaceuticals
185



Pharmaceuticals 2022, 15, 1406

extracted from Astragalus hamosus showed anticancer activity against breast carcinoma cell
lines [2].

Using Astragalus-based Chinese medicine in combination with chemotherapy for treat-
ing colorectal and lung cancer increases the treatment efficacy, reduces the side effects and
improves the patients’ quality of life [5]. Astragalus extracts also have other biological activ-
ities, including antioxidant [6], hepatoprotective [7] and immunomodulatory activities [8].
The saponins isolated from A. hamosus, A. kahiricus and A. peregrinus showed dose-related
modulation of lymphocyte proliferation [9]. There are 37 species of Astragalus in Egypt as
described by Tackholm [10], while Boulos recorded only 32 species [11]. To our knowledge,
until early 2022, previous phytochemical and biological research on members of genus
Astragalus in Egypt included the following 15 species: A. sieberi [12–14], A. hamosus [9],
A. kahiricus [7,9,15], A. vogelii [16], A. eremophilus [16,17], A. bombycinus [18,19], A. peregri-
nus [8,19,20], A. annularis [21], A. trimestris [21], A. tomentosus [22–24], A. spinosus [25–27],
A. tribuloides [28], A. trigonus [29–31], A. alexandrinus [29,32] and A. cremophilos [33]. A recent
study discussed potential somatic embryogenesis and micropropagation of the endangered
plant Astragalus fruticosus to ensure its conservation. The study also identified the presence
of luteolin and kaempferol flavonoids, pyrogallol, protocatechuic acid, p–coumaric acid,
chlorogenic acid, ferulic acid and ellagic acid by comparing the high-performance liquid
chromatography-ultraviolet (HPLC–UV) chromatograms of the plant’s ethanolic extract
and reference compounds. Astragalus fruticosus ethanolic extract showed α–glucosidase in-
hibitory activity (IC50 = 44.8 μg/mL) and exhibited cytotoxic activity against breast (MCF–7)
and leukemia (HL–60) cell lines (IC50 of 28.3 μg/mL and 49 μg/mL, respectively) [34].

Notably, the combination of the HPLC chromatographic resolution and the structural
information by MS and MS2 allows tentative identification of phytochemicals in plant
extracts [35–38]. The information available regarding the HPLC–MS/MS chemical profiling
of A. fruticosus and their activity on different cell lines is limited. Here we performed a
preliminary cytotoxic screening of the A. fruticosus Forssk methanolic extract against a
panel of seven cancer cell lines and determined its IC50 against the most sensitive cell lines.
Additionally, we performed high performance liquid chromatography coupled to tandem
mass spectrometry (HPLC–MS/MS) analysis of the methanolic extract, which is ideal for
analyzing phytochemicals, including saponins and flavonoidal glycosides, due to its high
sensitivity and selectivity.

2. Results and Discussion

2.1. HPLC–MS/MS Identification of Compounds

Using HPLC–MS/MS analysis, we tentatively identified 11 compounds from As-
tragalus fruticosus. Figure 1 shows the extracted ion chromatogram of the seven com-
pounds identified using ESI-Ve ionization mode in the tandem mass spectrometry, and their
HPLC/MS–MS data and spectra are listed in Table 1. The HPLC/MS–MS data and spectra
of compounds identified using atmospheric pressure chemical ionization (APCI)+Ve ion-
ization mode in the MS–MS are listed in Table 2. The mass spectra for tentatively identified
compounds using HPLC–MS/MS showing glycon daughter peaks are provided in the
Supplementary Figures S1–S11.
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Figure 1. The extracted ions chromatogram of the identified compounds using ESI-Ve ionization
mode in tandem mass spectrometry.

Table 1. Compounds identified from A. fruticosus and their HPLC–MS/MS2 data using ESI-Ve
ionization.

Cpd No. Rt MS1 MS2 Data Compound Name

1 13.0 640 (M-H)-
519 (M-ring A-H)-

477 (M-glucopyranose-H)-
316 (a glycon) (M-2 x glucopyranose)-

5-hydroxy isomucronulatol-2/,5/-di-O-
glucoside [39]

2 17.1 579 (M-H)-

447 (M-arabinopyranose)-
429 (M-arabinopyranose-H2O)-

284.8 (a glycon)
(M-glucopyranose-arabinopyranose)-

2/,4/-trihydroxy-flavone-8-C-α-
arabinopyranoside-7-O-β-

glucopyranoside [18]

3 17.7 737.5 (M-H)-

675 (M- acetic acid)-
635 (M-C4H7O3)-Mclafferty
593 (M-rhamnopyranose)-

285 (a glycon) (Kaempferol-H)-

kaempferol-3-O-α-L-rhamnopyranosyl-
(1→2)-[6-O-(3-hydroxy-3-

methylglutaryl)-β-D-
galactopyranoside] [40]

4 18.7 753.3 (M-H)-
651.1 (M-C4H7O3)-Mclafferty
609.2 (M-rhamnopyranose)-,
302.0 (a glycon) Quercetin-

Quercetin-3-O-α-L-rhamnopyranosyl-
(1→2)-[6-O-(3-hydroxy-3-

methylglutaryl)-β-D-
galactopyranoside] [41]

5 20.7 931 (M-H)-

869 (M-isopropyl alcohol)-
786 (M-rhamnopyranose)-,

562
(M-rhamnose-glucose-isopropyl alcohol)-

440 (a glycon)
(M-rhamnose-glucose-H2O)-

Trojanoside C [42]

6 21.3 900 (M-H)-

837 (M-isopropyl alcohol)-
797 (M-C6H14O)-Side chain
755 (M-rhamnopyranose)-

456 (a glycon)
(M-Rhamnopyranose-2 xylose)-

Astrasieversianin XV [43,44]

7 22.5 751.5 (M-H)-

689 (M-OCH3-2OH)-
650 (M-C4H7O3)-

607 (M-rhamnopyranose)-
299.1 (a glycon) 7-methoxykaempferol-

7-Methylkaempferol-3-O-α-L-
rhamnopyranosyl -(1→2)- [6-O-

(3-hydroxy-3-methylglutaryl)-β-D-
galactopyranoside] [40]
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Table 2. Compounds identified in A. fruticosus and their HPLC–MS/MS2 data using APCI + Ve
ionization.

Cpd No. Rt MS1 MS2 Data Compound Name

8 20.9 679 (M+H)+ 661 (M-H2O)+
435 (M-acetylated glucose-2H2O)+ kahiricoside III [15]

9 22.2 679 (M+H)+

661 (M-H2O)+
643 (M-2H2O)+

453 (a glycon-H2O)+
(M-acetylated glucose-H2O)+

435 (M-acetylated glucose-2H2O)+

kahiricoside IV [15]

10 34.6 579.3 (M+H)+ 533 (M-C2H5O)+
385 (M-xylose-C2H5O)+ deacetyl tomentoside I [22]

11 44.4 577.5 (M+H)+
415 (M-glucopyranose) + (a glycon)

387 (M-glucopyranose-C2H4)+
355 (M-glucopyranose-C3H8O)+

β-sitosterol-β-D-glucoside [45–47]

2.1.1. Compounds Identified Using ESI Mode

The peak at Rt 13 and m/z 640 was identified as the (M–H)− of 5–hydroxy
isomucronulatol–2′,5′–di–O–glucoside(C29H37O16). This was further confirmed by MS2,
where the loss of one glucopyranosyl unit (M–162), two sugar units and ring A resulted
in the base peak at m/z 477, glycon signal at m/z 316 and the daughter peak at m/z 520,
respectively. The 5–hydroxy isomucronulatol–2′,5′–di–O–glucoside was previously identi-
fied as a flavonoid component in Radix Astragali [39], and its structure and fragments are
illustrated in Figure 2.

The peak at Rt 17.1 and m/z 579 was identified as the (M–H)− of 2′,4′–trihydroxy–
flavone–8–C–α–arabinopyranoside–7–O–β–glucopyranoside (C26H27O15)− that was previ-
ously isolated and fully characterized from A. bombycinus [18]. The MS2 spectrum showed a
distinctive base peak at m/z 284.8 representing the genin compartment due to the loss of the
sugar units (M–(162) glucopyranosyl–(132) arabinopyranosyl)−. The daughter peaks at m/z
447 (M–132)− and m/z 429 (M–132–18)− were due to the loss of the arabinopyranosyl moi-
ety. The loss of a glucose caused the daughter peak at m/z 417. Figure 3 shows the chemical
structure and fragmentation of 2′,4′–trihydroxy–flavone–8–C–α–arabinopyranoside–7–O–
β–glucopyranoside.

The compound eluted at Rt 17.7 and m/z 737.5 using ESI -Ve was identified as the
(M–H)– of kaempferol–3–O–α–L– rhamnopyranosyl–(1→2)–[6–O–(3–hydroxy–3–methyl–
glutaryl)–β–D–galactopyranoside] (KaeHMG), a flavonoidal glycoside that was previously
identified in A. depressus [41], A. monospessulanus subsp. Illyricus [41] and A. gombiformis [40].
The MS2 spectrum demonstrated a peak at m/z 593 representing the loss of the termi-
nal rhamnopyranose unit, which was previously documented in the MS2 spectrum for
KaeHMG when the phenolic components of A. gombiformis were analyzed [40]. The peak
at m/z 635 was due to the cleavage of the 3–hydroxy–3–methyl glutaryl moiety through
McLafferty rearrangement at the carboxylic group attached to the sugar moiety. A peak
at m/z 675 is probably due to loss of acetic acid from the 3–hydroxy–3–methyl glutaryl
moiety and the formation of a stable tertiary carbocation attached to the methyl and hy-
droxyl groups. The aglycon kaempferol is observed at m/z 285. Figure 4 demonstrates the
chemical structure and fragmentation of KaeHMG.

The peak eluted at Rt 18.9 and m/z 753.3 using the ESI - Ve mode was the (M–
H)− (C33H37O20)− of quercetin–3–O–α–L–rhamnopyranosyl–(1→2)–[6–O–(3–hydroxy–3–
methylglutaryl)–β–D–galactopyranoside] (QueHMG), which was confirmed by the MS2

spectrum where the base peak at m/z 609.2 was due to the loss of the rhamnopyranosyl
terminal sugar unit. The same peak at m/z 609.1462 was observed in the MS2 spectrum of
QueHMG, identified in A. monspessulanus using high resolution ESI–MS (HRESIMS) [41].
Another peak in the MS2 spectrum at m/z 651.1(M–C4H7O3)− was due to cleavage of the
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3–hydroxy–3–methyl glutaryl moiety through McLafferty rearrangement at the carboxylic
group attached to the sugar moiety. The genin was observed as a daughter peak at m/z 302
(M–rhamnopyranose– gluco–pyranose–H2O)−. Figure 5 shows the chemical structure and
fragmentation of QueHMG.

 

Figure 2. The structure and fragmentation of 5–hydroxy isomucronulatol–2′,5′–di–O–glucoside.

 
Figure 3. The structure and fragmentation of 2′,4′–trihydroxy–flavone–8–C–α–arabinopyranoside
–7–O–β–glucopyranoside.
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Figure 4. The structure and fragments of KaeHMG.

Figure 5. The structure and fragments of QueHMG.
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The component eluted at Rt 20.7 and at m/z 931 using the ESI - Ve mode was identified
as the (M–H)– of 3–O–[α–L–rhamnopyranosyl–(1→2)–β–D–xylopyranosyl]–24–O–β–D–
glucopyranosyl–3β,6α,16β(24S),25–pentahydroxycycloartane, a cycloartane–type trigly-
coside saponin that was isolated and fully characterized from A. trojanus, and named as
trojanoside C [42]. The MS2 spectrum showed a base peak at m/z 786 due to the loss of the
terminal rhamnopyranosyl unit (M–146)−. The loss of isopropyl alcohol from the side chain
created the daughter peak at m/z 869, and while that at m/z 562 was due to the loss of the
terminal rhamnopyranose from C3, glucopyranose and isopropyl alcohol from C24 in the
side chain (M–146–162–60)−. Figure 6 illustrates the chemical structure and fragmentation
of trojanoside C.

Figure 6. The structure and fragments of trojanoside C.

The peak at Rt 21.3 and m/z 900 obtained using the ESI - Ve mode was identi-
fied as (M–H)− of 3–O–[α–L–Rhamnopyranosyl–(1→2)–β–D–xylopyranosyl]– 6–O–β–D–
xylopyranosyl–20(R), 24(S)–epoxy–3β,6α,16β,25–tetrahydroxycycloartane, a cycloartane-
type triglycoside saponin that was isolated and fully characterized from A. sieversianus [43]
and A. trojanus [44], and named as Astrasieversianin XV. The MS2 spectrum demonstrated
daughter peaks at m/z 755 and m/z 837 due to the loss of the terminal rhamnopyra-
nosyl unit and isopropyl alcohol from the side chain, respectively. The peak at m/z 798
(M–C6H14O)− was created after cleavage of the side chain, resulting in a stable carbocation
on the C20 carboxylic carbon. Figure 7 shows the chemical structure and fragmentation of
Astrasieversianin XV.
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Figure 7. The structure and fragments of Astrasieversianin XV.

One of the main components eluted at Rt 22.5, m/z 751.5 using ESI - Ve mode was
identified as (M–H)− of 7–Methylkaempferol–3–O–α–L–rhamnopyranosyl–(1→2)–[6–O–
(3–hydroxy–3–methylglutaryl)–β–D–galactopyranoside] (MethKaeHMG). The MS2 showed
a base peak at m/z 607 due to the loss of the rhamnopyranosyl unit. The peak at m/z 689
might arise from the loss of one methoxy and two hydroxyl groups from the flavonoidal
nucleus. Another fragment at m/z 650 (M–C4H7O3)− emerged from cleavage of the 3–
hydroxy–3–methyl glutaryl moiety through McLafferty rearrangement at the carboxylic
group attached to the sugar moiety. The aglycon peak of 7–methoxy kaempferol was
observed at m/z 299. The peak at m/z 607 in the MS2 spectrum of MethKaeHMG was
previously observed while studying the flavonoidal constituents of A. gombiformis [40].
Figure 8 provides the chemical structure and fragmentation of MethKaeHMG.

2.1.2. Compounds Tentatively Identified Using APCI Mode

The two main components eluted at Rt 20.9 and 22.2 at m/z 679 were identified as
(M+H)+ of kahiricoside III and IV, respectively. Both are cycloartane-type saponin glyco-
sides attached to acetylated glucose, where the acetyl group is attached to C2 in kahiricoside
III and C6 in kahiricoside IV. They were previously isolated and fully characterized from
A. kahiricus where the (M+H)+ was determined by high resolution fast atom bombardment
(HRFAB)–MS at m/z 679.4412 for C38H62O10. Kahiricoside III was eluted first, followed
by kahiricoside IV using C18 reversed-phase HPLC and methanol–water elution [15]. The
MS2 spectrum indicated daughter peaks at m/z 661 and m/z 452 due to the loss of water
and the acetylated glucose moiety with one water molecule, respectively. Those at m/z
643 and m/z 435 were due to the loss of two water molecules and the acetylated glucose
compartment and two water molecules, respectively. Figure 9 shows the chemical structure
and fragmentation of kahiricoside III and IV.

The peak eluted at Rt 34.6 and m/z 579 using APCI + Ve mode was identified as
(M+H)+ of deacetyl tomentoside I, which was previously isolated and fully characterized
from the Egyptian A. tomentosus. The daughter peak at m/z 533 was observed earlier in
the MS2 spectrum of deacetyl tomentoside I isolated from A. tomentosus, probably caused
by loss of the ethoxy group C2H5O from the side chain. The peak at m/z 385 represents
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the genin compartment with the dissociation of the ethoxy group. Figure 10 shows the
structure and fragmentation of deacetyl tomentoside I.

Figure 8. The structure and fragments of MethKaeHMG.

 

Figure 9. The structure and fragmentation of kahiricoside III and IV.
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Figure 10. The structure and fragmentation of deacetyl tomentoside I.

The peak at Rt 44.4 and m/z 577 using APCI + Ve mode was identified as the (M+H)+

of β–sitosterol–β–D–glucoside. In the MS2 spectrum, the peak at m/z 415 (genin) represents
the cleavage of the glycosidic linkage and loss of the glucopyranosyl unit (M–162). Loss of
C2H4 from the genin moiety’s side chain. The formation of a secondary carbocation in the
side chain was also observed at m/z 387 (M–162–28)+. The loss of the sugar and C3H7 from
the genin side chain probably resulted in the peak at m/z 355. β–sitosterol–β–D–glucoside
was previously isolated from A. tomentosus [24], A. tanae [45], A. sieversianus [47] and
A. altaicus [46]. Figure 11 illustrates the structure and fragmentation of β–sitosterol–β–D–
glucoside.

Figure 11. The structure and fragmentation of β–sitosterol–β–D–glucoside.

2.2. Cytotoxic Activity

Several natural products can prevent or even treat various cancers. Medicinal plants
have been used to treat cancer as they can prevent or delay cancer onset, improve the
immune system and the physiological status (35). Table 3 summarizes the cytotoxic screen-
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ing of A. fruticosus leaf methanolic extract on seven cancer cell lines using concentrations
ranging from 10 μg/mL–100 μg/mL. Following the preliminary cytotoxic screening, we
generated dose response curves for different concentrations (0.02, 0.2, 2, 20 and 200 μg/mL)
of the extract against colorectal (HCT–116) and prostate (DU–145) cancer cells, the most
sensitive cell lines, (Figure 12) with IC50 values of 7.81 μg/mL and 40.79 μg/mL, re-
spectively. Meanwhile, the results for different concentrations of the methanolic extract
against HCT–116 and DU–145 cells are represented in Supplementary Tables S1 and S2. At
10 μg/mL, the leaf methanolic extract was not cytotoxic against all the tested cancer cell
lines, with the cell viability ranging from 96% to 102%. However, at 100 μg/mL, this
extract exhibited prominent cytotoxicity against the colorectal cancer cells (HCT–116) with
only 3.368% cell viability. It also showed relatively moderate cytotoxicity against prostate
(DU–145), ovarian (SKOV–3) and lung (A–549) cancer cell lines with cell viability of 14.25%,
16.02% and 27.24%, respectively. The breast cancer (MCF–7) cells were the most resistant
(54.1% cell viability), while the osteosarcoma (MG–63) and hepatocellular cancer (HepG2)
cells exhibited cell viability of 39.09% and 37.13%, respectively.

Table 3. Summary for the preliminary cytotoxic screening of A. fruticosus leaf methanolic extract.

Cell Line
Cell Viability %

10 μg/mL 100 μg/mL

Colorectal cancer HCT-116 76.3179 3.68

Prostate cancer DU-145 95.093 14.253

Ovarian cancer SKOV-3 96.0288 16.0264

Lung cancer A-549 97.5202 27.2388

Hepatocellular carcinoma HepG2 99.9973 37.1369

Osteosarcoma MG-63 101.836 39.0968

Breast cancer MCF-7 99.0308 54.104
 

 
Figure 12. Dose response curves for the methanolic extract of A. fruticosus against HCT–116 and
DU–145 cell lines.

These results are consistent with previous studies on the Astragalus species in Egypt
where the ethyl acetate fraction of the A. sieberie whole plant methanolic extract showed
higher cytotoxicity against HCT–116 cells than MCF–7 cells with IC50 32.2 and 69.6 μg/mL,
respectively [13]. Moreover, compounds isolated from A. spinosus roots [48] and A. kahiricus
aerial parts exhibited cytotoxicity against the ovarian cancer cell line (A2780) with IC50
ranging from 16–47 μg/mL [15]. The methanolic extract of A. fruticosus showed dose
dependent cytotoxicity against the two most sensitive cell lines, HCT–116 (colorectal) and
DU–145 (prostate) cancer cells. The extract showed moderate cytotoxic activity against
DU–145 cells (IC50 = 40.79 μg/mL), while that against HCT–116 cell line was significant
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(IC50 = 7.81 μg/mL). Figure 12 represents the dose response curves for the methanolic
extract of A. fruticosus against HCT–116 and DU–145 cell lines.

2.3. Antioxidant Activity

DPPH is a stable radical compound with an intense violet color that fades upon
reaction with antioxidants [49]. We found 21.05% reduction in the absorbance of the
DPPH radical, indicating weak to intermediate antioxidant capacity. The percentage
scavenging of DPPH radical was then expressed as trolox equivalent antioxidant capacity
(TEAC) that was calculated as approximately 2.51 μg/mL from the calibration curve. This
shows that the percentage scavenging activity of 100 μg/mL of the extract was equivalent
to the antioxidant potential of 2.31 μg/mL of trolox. Combination of natural products
eliminates toxic side effects of chemotherapy and decreases colon cancer incidence [50].
This is consistent with studies showing low to intermediate antioxidant potential of some
members of Astragalus growing in Egypt, such as A. sieberi [13] and A. bombycinus [18].

3. Materials and Methods

3.1. Plant Materials

The aerial parts of Astragalus fruticosus were collected during the flowering stage from
Rashid, 40 km east of Alexandria, Egypt in March 2021 [31◦23′07.7′′ N, 30◦25′13.5′′ E].
The plant was kindly identified by Professor Sherif Sharawy, Professor of Plant Taxonomy,
Faculty of Science, Ain Shams University. A voucher specimen (a.f.001) was deposited
in the herbarium of the Pharmacognosy Department, Faculty of Pharmacy, Damanhour
University. After air–drying, 10 gm of the aerial parts were pulverized and extracted with
100 mL absolute methanol using the Soxhlet apparatus at 70 ◦C. The methanolic extract
was evaporated to dryness using a rotary evaporator at 60 ◦C.

3.2. HPLC–ESI/APCI–MS/MS Analysis

HPLC separation was performed using the Eclipse XDB C18 column (50 × 2.1 mm,
1.8 μm) (Agilent, Santa Clara, California, USA) using an HPLC system (Agilent HP 1100,
USA). The mobile phase was composed of (A) methanol with 0.05% formic acid and (B)
water with 0.05% formic acid. The compounds were separated using gradient elution
profile: 0 min, A:B 10:90; 36 min, A:B 100:0; 50 min, A:B 100:0. Post-run time, 16 min.
Chromatography was performed at 30 ◦C with a flow rate of 0.3 mL/min using the Bruker
daltonik mass spectrometer (Bremen, Germany) equipped with ESI and APCI interfaces.
For ESI, the ionization was on negative ion mode with Turbo Spray source, scan type Q1
MS 50–1200 m/z, scan rate 2000 Da/s, CUR gas 25, temperature 450 ◦C, gas 1 50, gas 2
40 and ion spray voltage 4500 V. For APCI, the ionization was on positive ion mode; the
settings for the nitrogen drying and nebulizer gas were 5 mL/min (325 ◦C) and 60 psi.
The APCI temperature and the capillary amperage were investigated before optimizing
other parameters. Data analysis was performed using LC/MSD Trap Software 5.3 (Bruker
daltonik). The compounds were tentatively identified by constructing an in-house mass
spectra (MS/MS2) library of various Astragalus compounds from literature and comparing
their molecular weights and fragmentation (MS/MS2).

3.3. Cytotoxicity Assay

We used 10 and 100 μg/mL of the leaf methanolic extract in DMSO to perform the
preliminary cytotoxic assay against seven cancer cell lines. The ovarian (SKOV-3) and
colorectal (HCT–116) cancer cells were maintained in RPMI media, while the others (lung
A–549, prostate DU–145, breast MCF–7, osteosarcoma MG–63 and hepatocellular HepG2
cancer cell lines) were cultured in DMEM media. Both were supplemented with 100 mg/mL
of streptomycin, 100 units/mL penicillin and 10% of heat-inactivated fetal bovine serum
in humidified, 5% (v/v) CO2 atmosphere at 37 ◦C [50]. Cell viability was assessed using
the sulforhodamine B (SRB) assay [51,52]. In 96-well plates, 100 μL cell suspensions
(5 × 103 cells) were incubated in complete media for 24 h. The cells were treated with
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100 μL media containing various concentrations of plant extracts. After treating for 72 h,
the cells were fixed by replacing the media with 150 μL of 10% TCA and incubated at
4 ◦C for 1 h. The TCA solution was removed, and the cells were washed five times with
distilled water. Then, 70 μL SRB solution (0.4% w/v) was added and incubated at room
temperature for ten min in the dark. The plates were washed thrice with 1% acetic acid
and allowed to air-dry overnight. Then, 150 μL of TRIS (10 mM) was added to dissolve
the protein-bound SRB stain, and the absorbance was measured in triplicates at 540 nm
using a BMG LABTECH®– FLUOstar Omega microplate reader (Ortenberg, Germany). All
the cell lines were obtained from Nawah Scientific Inc., (Mokatam, Cairo, Egypt). After
the preliminary screening, five different concentrations (0.02, 0.2, 2, 20 and 200 μg/mL)
of the extract were tested for their cytotoxic activity against colorectal (HCT–116) and
prostate (DU–145) cancer cell lines, the most sensitive cell lines. Dose response curves were
generated, and the cytotoxic activity of the plant extract was expressed as IC50.

3.4. Antioxidant Activity of the Methanolic Extract

The antioxidant capacity of 100 μg/mL A. fruticosus methanolic extract was determined
using DPPH assay based on the redox potential of DDPH (Sigma–Aldrich, St. Louis, MO,
USA). We prepared 1 mM DPPH solution (0.394 mg/mL) in methanol and then diluted
it 1:10 to obtain a 100 μM solution (Abs at 515 nm = 0.5–0.6). Then, 500 μL each of the
test sample and 100 μM DPPH solution were mixed in a cuvette. The negative control
contained 500 μL each of methanol and DPPH solution. Both solutions were incubated
in the dark at room temperature for 15 min, and absorbance was read at 515 nm using
methanol as blank. The results were expressed as the percentage reduction in the radical
absorbance [18].

[Abs max (negative control) − (Abs sample + DPPH)/Abs max] × 100

The antioxidant potential of the extract was compared to trolox as a reference antioxi-
dant agent, and the results were expressed as TEAC. We constructed the calibration curve
between inhibition percentage and trolox concentrations (12.5–0.3 μg/mL). We obtained a
high correlation coefficient value of 0.9915, which indicated good linearity. We calculated
the TEAC of the extract by substituting the inhibition percentage of the tested extract in the
regression equation of the calibration curve.

3.5. Statistical Analysis

Data were expressed as the mean ± SD. The results were calculated using one way
analysis of variance followed by Tukey multiple comparisons test. GraphPad Prism soft-
ware (version 5) was used for all statistical analyzes and creating graphs.

4. Conclusions

To the best of our knowledge, this study is the first HPLC–MS/MS chemical profiling
of A. fruticosus that demonstrates the predominance of flavonoidal and cycloartane-type
saponin glycosides. These results agree with previous studies showing that the genus As-
tragalus is rich in these compounds. The observed cytotoxic activity of the total methanolic
extract against colorectal cancer cells might facilitate further research efforts to isolate cyto-
toxic agent(s) for disease management. Further studies are underway to isolate, characterize
and evaluate the potential efficacy of these cytotoxic phytochemicals against colorectal
cancer cells. We have also initiated tissue culture experiments to enhance the production of
potential compounds from the endangered plant A. fruticosus.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15111406/s1: Table S1. Cytotoxic activity of different concen-
trations of the methanolic extract against colorectal cancer cell line HCT–116; Table S2. Cytotoxic
activity of different concentrations of the methanolic extract against prostate cancer cell line DU–145;
Figures S1–S11. The mass spectra for tentatively identified compounds using HPLC–MS/MS showing
glycon daughter peaks are provided in the Supplementary file.
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Abbreviations

HPLC: High performance liquid chromatography, MS/MS2: Tandem mass spec-
troscopy, ESI: Electrospray ionization, APCI: Atmospheric pressure chemical ionization,
Cpd No.: Compound number, m/z: Mass to charge ratio, Rt: Retention time, M+: Molec-
ular ion, DMSO: Dimethyl sulfoxide, SRB: Sulphorhodamine B, TCA: Trichloroacetic
acid, μg/mL: microgram per milliliter, TRIS: tris(hydroxymethyl)aminomethane, RPMI:
Roswell Park Memorial Institute, DPPH: 1,1-diphenyl-2-picryl-hydrazyl radical, QueHMG:
quercetin-3-O-α-L-rhamnopyranosyl-(1→2)-[6-O-(3-hydroxy-3-methylglutaryl)-β-D-
galactopyranoside], MethKaeHMG: 7-Methylkaempferol-3-O-α-L-rhamnopyranosyl-(1→2)-
[6-O-(3-hydroxy-3-methylglutaryl)-β-D-galactopyranoside], KaeHMG: kaempferol-3-O-α-
L-rhamnopyranosyl-(1→2)-[6-O-(3-hydroxy-3-methylglutaryl)-β-D-galactopyranoside].
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Abstract: This study aimed to establish a validated HPLC-UV analytical method for the determina-
tion of gallic acid, catechin, scopoletin, and umckalin in phytoformulations containing P. sidoides.
Also, to assess the anti-SARS-CoV-2 effect of P. sidoides and these biomolecules in vitro. An HPLC-
UV method was developed and verified by testing the commercial forms, Kalobin® and Umca®.
It revealed low detectable scopoletin and high umckalin levels. Pelargonium sidoides exhibited a
significant reduction of SARS-CoV-2-induced cytopathic effect in Vero E6 cells (IC50 13.79 μg/mL
and selectivity index, SI 6.3), whereas scopoletin showed a remarkable anti-SARS-CoV-2 activity with
better selectivity (IC50 17.79 μg/mL and SI 14.22). An in-silico prediction of the drugability indicated
that the studied biomolecules are under the acceptable norms of Lipinski’s rule, water-soluble, and
showed high GIT absorption and bioavailability. Docking study towards the essential molecular
targets for viral replication and entry of SARS-CoV-2 indicated good binding affinity of scopoletin
(−6.4 Kcal/mol) towards the interface region between the SARS-CoV-2 spike protein RBD and the
ACE2 surface receptor indicating the probability of interference with the viral entry to the human
cells and showed H-bonding with His-41 in the active site of the main protease which may explain its
high antiviral activity.

Keywords: COVID-19; HPLC-UV; quality control of Umckaloabo; Pelargonium sidoides root extract; umckalin

1. Introduction

Medicinal plants have been used by humans for thousands of years and they are
the basis for today’s advanced medications. One of the commonly used medicinal plants
indigenous to South Africa is Pelargonium sidoides DC. (Geraniaceae), also known as Um-
ckaloabo. The root extract of the perennial flowering plant (EPS 7630) has been used by
the local population for a very long time to treat a variety of symptoms, such as dysentery,
diarrhea, hepatic complaints, wounds, cold, and various infections of the respiratory tract,
including tuberculosis [1]. The major constituents and/or extracts of P. sidoides (Umck-
aloabo) were reported to exhibit antibacterial and antiviral activities against several bacteria
and respiratory viruses [2,3]. Umckaloabo was recently suggested as a promising adjuvant
treatment for the pandemic disease, COVID-19 [4]. However, more research is required to
fully investigate the efficacy of this plant against SARS-CoV-2 and the compound (s) that
could be responsible for this activity.

Several studies have examined the composition of the plant and found a plethora
of coumarins and phenolic metabolites [1]. As reported before, some highly oxygenated
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coumarins are among the factors governing the pharmacological efficacy of the P. sidoides
plant [5]. These include 7-hydroxy-5,6-di-methoxycoumarin (umckalin), 6-hydroxy-7-
methoxycoumarin (scopoletin), and 6,8-dihydroxy-5,7-dimethoxycoumarin, in addition
to gallic acid, and flavonoids (such as catechin) [5,6]. Recently, the chemical profile of
P. sidoides root was characterized by high-resolution MS with the identification of 33 com-
pounds, including phenolic acids, coumarins, flavonoids, polyphenols, vitamins, and
nucleotides [7].

The pharmacological activities of herbal medications cannot be attributed to a single
compound within the medication but rather to a multitude of compounds [8]. Hence,
the development of systematic quality control systems and validation methods is essen-
tial to ensure that the produced herbal medicines are both safe and efficient in achieving
the targeted action [9]. The use of the Pelargonium spp., including P. sidoides DC. and/or
P. reniforme Curt. is accepted by the European Pharmacopoeia without defining specific
differentiation parameters [10]. It is worth noting that umckalin was only reported in
P. sidoides rather than P. reniforme [11,12]. The control of the P. sidoides root and its phar-
maceutical preparations is usually performed through a pharmacopeial method based on
the determination of tannins [10,13], which is not satisfactory for the quality control of the
herbal medications and the corresponding formulations.

In this study, four main representative biomolecules, including one phenolic acid
(i.e., gallic acid), one flavan derivative (i.e., catechin), and two coumarins (i.e., scopoletin,
and umckalin) have been selected for the HPLC analysis and biological evaluation of this
plant’s phytopreparation. The chemical structures of these biomolecules represent the
main phytochemical classes of P. sidoides which are coumarins and phenolic compounds
as depicted in Figure 1. The separation and determination of these biomolecules from
other plants have been extensively studied in the literature. Numerous analytical methods
have been used for gallic acid [14,15], catechin [16,17], and scopoletin [18,19]. However, to
the best of the authors’ knowledge, only one analytical method has been reported for the
determination of umckalin, through an HPLC-RP method using a C18 column, an isocratic
solvent system of acetonitrile-water (45:55, v/v) flowing at a rate of 0.75 mL/min, and by
UV detection at 330 nm [20]. Other analytical procedures suitable for the quantitative and
qualitative determination of umckalin can be found in [7,21]. To date, no analytical method
has been proposed to simultaneously separate or detect these four important biomolecules
by HPLC. In addition, neither validation nor optimization has been described for the
analytical methods reported in the literature.

Figure 1. Chemical structures of the four studied biomolecules of Pelargonium sidoides in phytopreparations.

Hence, the objective of this work is to develop a novel validated HPLC method for
the determination of the four suggested biomolecules (viz., gallic acid, catechin, scopoletin,
and umckalin) in commercial solutions and in tablet formulations containing P. sidoides
(Umckaloabo) extracts. Also, to evaluate and compare the efficiency of different sample
preparation procedures in extracting the studied biomolecules. As well as to investigate the
antiviral activity of P. sidoides root extract and the investigated biomolecules against SARS-
CoV-2. The physicochemical and pharmacokinetic properties of the studied biomolecules
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were investigated in silico to predict their potential drugability and effectiveness. Moreover,
to get insight into the binding interactions of these biomolecules against the essential molec-
ular targets for viral replication and entry of SARS-CoV-2, a computational docking study
was performed. The docking study involved several targets, including the papain-like
protease (PLpro), the main protease (Mpro), RNA helicase (nsp13), and RNA-dependent
RNA polymerase (RdRp, nsp12) that are essential for viral replication [22–27]. Also, the
ability of these compounds to inhibit viral entry to the human cells via interfering with the
interaction between the SARS-CoV-2 spike protein and the human angiotensin-converting
enzyme 2 (ACE2) receptors was virtually examined using the docking study [28,29].

2. Results and Discussion

The quality assurance of phytomedications starts from the correct and reliable iden-
tification of the raw materials. Suitable identification and detection procedures must be
able to distinguish between multiple active compounds and related species. To complicate
things further, a major challenge when dealing with this type of medication is the notice-
able variation in the concentrations of the active compounds between different instances
of the same species of plants. This variation is attributed to several important factors,
including the soil type, geographical location, climate, age, time of harvesting, storage
condition . . . etc. Analytical methods, such as chromatography and spectroscopy can be
used to achieve proper quality control (QC) in herbal medications. It is generally advisable
to use combinations of chromatographic and spectroscopic methods to overcome their
limitations [11].

2.1. HPLC Method Development and Optimization

An extensive survey of the literature related to our studied four biomolecules, gallic
acid, catechin, scopoletin, and umckalin, was carried out to identify the known physi-
cal and chemical properties of these compounds [30–33]. By varying one parameter at a
time while keeping the remaining parameters constant, an optimization of simultaneous
chromatographic separation conditions proceeded, including the detection wavelength,
mobile phase, stationary phase, and sample preparation procedure. A series of trials were
carried out with discrete values of the acetonitrile to water ratio and with pH values of
3, 8, and 9 and two brands of columns (Hypersil BDS column (250 × 4.6 mm, 5 μm par-
ticle size) (Thermo Scientific Inc., Bremen, Germany) and Waters XBridge® C18 column
(200 mm × 4.6 mm, 5 μm particle size, Milford, MA, USA). The most suitable chromato-
graphic conditions for this study were found to be acetonitrile to water ratio of 20: 80 v/v
(pH 3), 1 mL/min flow rate, 20 μL injection volume, 25 min run time, using the Waters
XBridge® C18 column (200 mm × 4.6 mm, 5 μm particle size, Milford, MA, USA) occupied
at 30 ◦C, and a detection wavelength of 210 nm. When the four compounds under the
study were eluted simultaneously, the chromatogram showed symmetrical peaks within a
minimal analysis time. The retention times of gallic acid, catechin, scopoletin, and umck-
alin were found to be 3.3, 4.0, 8.4, and 19.2 min, respectively. The results are depicted in
Figure 2a. An additional peak appears at 2.5 min. This peak is the solvent front which was
coming from the solvent that was used to dissolve the reference standards (methanol) as
shown in the blank run in Figure 2b.
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Figure 2. HPLC-RP chromatograms (at 210 nm) of: (a) 0.16 μg/mL standards mixture of (1) gallic
acid, (2) catechin, (3) scopoletin, and (4) umckalin obtained at retention times of 3.3, 3.96, 8.4 and
19.2 min, respectively; (b) Blank (methanol); (c) Kalobin® solution extracted with ethyl acetate;
(d) Kalobin® solution extracted with methanol; (e) Umca® solutions extracted with ethyl acetate;
(f) Umca® solutions extracted with methanol; (g) Umca® tablets extracted with ethyl acetate; and
(h) Umca® tablets extracted with methanol.

2.2. Method Validation

The proposed separation and detection method was validated by using the validation
parameters, including specificity, linearity, detection and quantitation limits, precision, and
robustness as mentioned in the material and methods section according to the guidelines
of the International Council for Harmonisation (ICH) [34].

2.2.1. Specificity

The tincture samples were exposed to acid or alkali hydrolysis to produce potential
degradation products. The spectral purity of the biomolecules was then compared and
used to evaluate the specificity and selectivity of the method [35]. It was found that the
method was specific and selective.

2.2.2. Linearity

The obtained calibration curves (Figure S1) were interpolated by means of the least-
squares linear regression (LSLR) method [36]. To test the linearity of the proposed method,
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five or six distinct concentrations were considered for each standard as detailed in Table 1.
The concentrations of gallic acid and catechin were taken in the range of 0.2–1 μg/mL, while
the scopoletin and umckalin concentrations were set within the range of 0.1–1 μg/mL.
For each concentration, three different samples were injected. The algebraic mean of
the resulting peak areas was calculated and recorded. The accuracy of the regression
process was identified by means of the coefficient of determination (R2), which had values
of 0.9995, 0.9999, 0.9998, and 0.9995 for gallic acid, catechin, scopoletin, and umckalin,
respectively. Since all values were extremely close to 1, the proposed method is considered
to have good linearity. The obtained regression line equations for the gallic acid, catechin,
scopoletin, and umckalin biomolecules were y = 129747x + 1655.6, y = 164167x + 2039.8,
y = 162562x + 2223.7, and y = 188550x + 3047, respectively.

Table 1. Analytical performance data for the determination of the studied compounds by the
proposed method.

Parameter * Gallic Acid Catechin Scopoletin Umckalin

Concentration range (μg/mL) 0.2–1 0.2–1 0.1–1 0.1–1
Correlation coefficient (r) 0.9995 0.9999 0.9998 0.9995

Slope 129,746.6 164,166.5 162,561.9 188,550.2
Intercept 1655.6 2039.8 2223.6 3046.9

Sy/x, S.D. of the residuals 1059.3 670.3 827.0 1456.5
Sa, S.D. of the intercept 943.78 597.28 589.57 1038.3

Sb, S.D. of the slope 1700.6 1076.2 1159.9 2042.8
S.D. 1.95 1.08 1.87 2.12

%RSD a 1.95 1.08 1.86 2.11
%Error b 0.873 0.484 0.762 0.866

LOD c (μg/mL) 0.024 0.012 0.012 0.018
LOQ d (μg/mL) 0.073 0.036 0.036 0.055

* All determinations were conducted at 210 nm. a Percentage relative standard deviation. b Percentage relative
error. c Limit of detection. d Limit of quantitation.

2.2.3. Detection and Quantitation Limits

When assessing the sensitivity of any method, it is important to quantify its limit
of detection (LOD) and limit of quantitation (LOQ). The LOD refers to the smallest con-
centration of the measured compound that can be detected by the studied method to a
certain high confidence. The LOQ is the smallest concentration that can be determined
with a reasonable level of precision and accuracy [36]. Both limits were calculated from the
regression equations shown in Table 1 and the resulting LOD and LOQ were: 0.024 and
0.073 μg/mL for gallic acid; 0.012 and 0.036 μg/mL for catechin; 0.012 and 0.036 μg/mL
for scopoletin; and 0.018 and 0.055 μg/mL for umckalin, respectively. The equation used to
calculate these values is illustrated below:

LOD = 3.3 S/b

LOQ = 10 S/b

S = Standard deviation of the response
b = Slope of the calibration curve

2.2.4. Precision and Accuracy

To identify the accuracy and precision of the proposed analytical procedure, three
replicates of each QC sample concentration were considered along with the five calibrators.
Recall that the concentrations of the QC samples were chosen as 0.2, 0.3, and 0.5 μg/mL
(low, medium, and high). As shown in Table 2, the accuracies of the proposed method
concerning gallic acid, catechin, scopoletin, and umckalin were found to be 100.89%, 99.57%,
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100.03%, and 100.51%, respectively. Table 2 shows the precision of the method for all four
biomolecules. The relative standard deviation for all samples was below 1%.

Table 2. Statistical evaluation of the precision and accuracy for the analysis of the biomolecules in
their pure forms by the proposed method.

Responses
Concentrations (μg/mL) *

Gallic Acid Catechin Scopoletin Umckalin

Response at 0.2 μg/mL

Concentration:0.2 μg/mL

28,551 34,214 34,084 40,077
28,740 34,350 34,079 40,223
28,340 34,153 34,090 40,122

X 28,543.67 34,239.00 34,084.33 40,140.67
SD 200.10 100.85 5.51 74.77

%RSD 0.70 0.29 0.02 0.19
Conc. Found *(μg/mL) 0.204 0.196 0.196 0.196

% Found 102.10 98.20 98.00 98.40

Response at 0.3 μg/mL

Concentration: 0.3 μg/mL

40,552 51,184 51,610 60,560
41,019 51,435 51,633 60,443
40,391 51,099 51,621 60,492

X 40,654.00 51,239.33 51,621.33 60,498.33
SD 326.19 174.70 11.50 58.76

%RSD 0.80 0.34 0.02 0.10
Conc. Found *(μg/mL) 0.307 0.298 0.304 0.304

% Found 102.33 99.53 101.30 101.57

Response at 0.5 μg/mL

Concentration: 0.5 μg/mL

65,527 75,560 72,072 83,973
65,256 75,118 72,253 84,031
64,322 75,233 72,165 83,992

X 65,035.00 75,303.67 72,163.33 83,998.67
SD 632.17 229.32 90.51 29.57

%RSD 0.97 0.30 0.13 0.04
Conc. Found *(μg/mL) 0.491 0.505 0.504 0.507

% Found 98.24 101.00 100.80 101.56
¯
X ± SD 100.89 ± 2.2 99.57 ± 1.4 100.03 ± 1.7 100.51 ± 1.8

* Each result is the average of three separate determinations. X = average SD = standard deviation %RSD = Percentage
relative standard deviation Conc. Found = concentration found % Found = Percentage found. X = Mean Accuracy.

Our method showed lower LOD and LOQ for gallic acid [14,15], catechin [16], scopo-
letin [7,18] compared to other detection methods. However, better sensitivities were
reported for catechin [17] and scopoletin [19] due to the highly sensitive detectors (i.e.,
UHPLC–MS/MS and fluorescence detectors, respectively). Although Panara, et al. calcu-
lated the LOD of gallic, catechin, and scopoletin, no values were calculated for umckalin [7].
In our study, umckalin showed almost comparable LOD to the previously reported method
using a DAD detector [20].

2.2.5. Robustness

The robustness of the proposed method was investigated. It was found that tempera-
ture variations did not have an impact on the analytical results. However, the rest of the
conditions, including the brand of the column, the flow rate of the mobile phase, and its
composition all had a significant influence on the quantifications. This resulted in some
small changes in the retention times of the detected peaks, and consequently, the integration
was impacted. In addition, when the prepared samples were kept at a temperature of 4 ◦C,
they remained stable for at least 4 days. To further investigate the stability of the standards,
calibration solutions were injected into the HPLC system at 30-day intervals after being
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stored at 4 ◦C. The obtained peaks were almost identical and could be superimposed. This
indicates that the calibration solutions were stable.

2.3. Determination of the Four Biomolecules in Kalobin®, Umca® Solutions and Umca® Tablets

The measured average concentration percentages of the four biomolecules in dif-
ferent dosage forms, namely Kalobin® and Umca® solutions and the Umca® tablets are
shown in Table 3. The obtained results were satisfactory, and no interference was observed.
Figure 2c–f depicts the chromatograms corresponding to the Kalobin® and Umca® solu-
tions, while Figure 2g,h shows that of the Umca® tablets. In these figures, two extraction
solvents are shown: ethyl acetate, Figure 2c,e,g, and methanol, Figure 2d,f,h. It can be
observed that ethyl acetate was efficient at extracting all biomolecules, whereas methanol
was only suitable for the extraction of gallic acid, catechin, and umckalin and poorly
detects scopoletin. Hence, with the appropriate choice of the extraction solvent, all four
biomolecules can be efficiently detected in Kalobin®, Umca® solutions and Umca® tablets
using the proposed analytical method for assay. The proposed HPLC analytical method
using ethyl acetate extraction in sample preparation showed high contents of gallic acid
and umckalin. However, it revealed lower detectable levels of catechin and scopoletin, with
the latter maximum concentration of 27.19 μg/mL in Umca® tablets, Table 3 and Figure 2.

2.4. In Vitro Inhibitory Activity against SARS-CoV-2

The in vitro antiviral screening assay indicated that P. sidoides root extract (Kalobin)
has promising antiviral activity against SARS-CoV-2 (Table 3 and Figure 3) and the concen-
tration required to cause a 50% fall in the viral-induced cytopathic effect (IC50) was found
to be 13.79 μg/mL. On the other hand, the concentration required to cause a 50% growth
inhibition of the normal Vero E6 cells (CC50) was found to be 87.25 μg/mL. Thus, the
P. sidoides root extract showed a selectivity index (SI) for antiviral activity relative to cellular
toxicity equals 6.3. The obtained results were in agreement with those published before on
rhinovirus 16 (RV16), which showed that P. sidoides reduces the infection and improves the
survival rate of the host, human bronchial epithelial cells (hBEC) [37]. Scopoletin showed
the highest antiviral activity among the tested biomolecules with a lower IC50 (17.79 μM)
than the standard references chloroquine and hydroxychloroquine (IC50 of 22.7 μM and
32.8 μM, respectively) [38]. It also showed a SI of 14.22 which was comparable to that of
chloroquine and hydroxychloroquine (SI 16.64 and 10.85, respectively) [38]. Scopoletin was
previously suggested as a potential antiviral agent against SARS-CoV-2 based on its in-silico
binding interactions with the main viral protease (Mpro) [39]. Although many studies
correlated the therapeutic applications of P. sidoides root extract to its main biomolecule
(umckalin) [40], however, umckalin showed a poor antiviral effect against SARS-CoV-2
with an IC50 value of 311.6 μM. These results were in harmony with those published by
Trun et al. (2006) against Leishmania-induced cytopathic effect in RAW 264.7 cells, which
supports our findings as umckalin appears to be inactive as an antimicrobial drug [41].
It could be concluded that the antiviral activity against SARS-CoV-2 can be attributed to
scopoletin. In addition, further pharmacological studies are still required to identify the
other phytochemicals responsible for the immunological and antimicrobial activities of the
P. sidoides plant.
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Figure 3. Dose-response curves of the tested compounds: (a) Catechin, (b) Gallic acid, (c) Umckalin,
(d) Scopoletin, and (e) Kalobin extract showing their 50% Cytotoxic concentration on Vero E6 cells
(CC50) and their 50% Inhibitory concentration (IC50) against SARS-CoV-2 on Vero E6 cells.

Table 3. The 50% cytotoxic concentration (CC50) on normal Vero E6 cells, the 50% inhibitory con-
centration (IC50) against SARS-CoV-2-induced cytopathic effect in Vero E6 cells by P. sidoides root
extract ± S.E.M., and the assay results of gallic acid, catechin, scopoletin, and umckalin content in
Kalobin®, Umca® solutions (S) and Umca® tablets (T).

Test Sample CC50 (μM) a IC50 (μM) b Selectivity
Index (SI)

Concentration of Investigated Biomolecules (μg/mL) **

Kalobin®-S Umca®-S Umca®-T

Ethyl
Acetate

Methanol
Ethyl

Acetate
Methanol

Ethyl
Acetate

Methanol

Gallic acid 439.7 ± 0.065 96.41 ± 0.030 4.6 89.54 22.00 188.71 98.91 146.66 23.72
Catechin 52.76 ± 0.079 58.55 ± 0.088 0.9 14.05 10.96 39.09 0 11.26 0

Scopoletin 253.1 ± 0.45 17.79 ± 0.91 14.1 14.86 0 6.31 0 27.19 0
Umckalin 164.1 ± 0.54 311.6 ± 0.043 0.5 121.07 3.09 79.46 2.86 126.33 4.54

P. sidoides root extract 87.25 ± 0.093 c 13.79 ± 0.034 c 6.3
Chloroquine * 377.7 22.7 16.64

Hydroxychloroquine * 356 32.8 10.85

a The cytotoxicity was determined using an MTT assay and values were calculated by nonlinear regression
analysis using the GraphPad Prism software version 8 (San Diego, CA, USA). b Values were calculated by plotting
the log of the inhibitor’s concentrations versus normalized response (variable slope) using the GraphPad Prism
software version 8 (San Diego, CA, USA). c Values are measured in μg/mL for the crude extract. * The IC50 and
CC50 values of the antiviral positive controls (chloroquine and hydroxychloroquine) were reported by the same
laboratory [38]. ** Concentrations are expressed as the mean of triplicate injection by the proposed HPLC method.
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2.5. In Silico Investigation of the Physicochemical and Pharmacokinetics Properties Using
SwissADME Online Platform

The physicochemical and pharmacokinetic properties affecting absorption, distribu-
tion, metabolism, and excretion were computationally evaluated to provide an understand-
ing of the in vivo antiviral activity of the tested compounds. Results (Table S2) articulated
that the four studied biomolecules are under the acceptable norms of Lipinski’s rule. They are
predicted to be water-soluble and to have high gastrointestinal absorption and bioavailability.

Scopoletin and umckalin showed higher lipophilicity than catechin, and gallic acid and
showed the ability to cross the blood-brain barrier as indicated by their presence in the yolk
of the brain or intestinal estimated permeation (BOILED-Egg) model (Figure S2) [42]. Only
catechin is predicted to be effluated from the central nervous system by the P-glycoprotein.

2.6. Docking Study

Computational methods are increasingly used tools in drug discovery. They showed a
potential role in the screening and development of several important drugs [43]. In this
study, the four selected P. sidoides biomolecules were subjected to a computational docking
study against several essential targets for SARS-CoV-2 viral replication and multiplication.
These targets included the viral proteases; the papain-like protease (PLpro), and the main
protease (Mpro) responsible for the proteolytic processing of the polyproteins that are
translated from the viral RNA [22]. This proteolytic process is essential for the production
of the functional proteins responsible for viral replication [23,24]. In addition to the viral
proteases, SARS-CoV-2 RNA helicase (nsp13) plays an essential role in viral replication
by unwinding duplex oligonucleotides into single strands. While, RNA-dependent RNA
polymerase (RdRp, nsp12) is responsible for replicating the viral RNA genome [25]. So, they
are among the most important therapeutic targets that could be used for inhibiting viral
replication [26,27]. The ability of P. sidoides biomolecules for interfering with the interaction
between the SARS-CoV-2 spike protein and the human angiotensin-converting enzyme 2
(ACE2) receptors, involved in the viral entry to the human cell [28,29] was also investigated.

Generally, the obtained results confirmed the presence of a strong relationship be-
tween the antiviral activity and the in-silico docking calculations of the studied P. sidoides
biomolecules. The docking study demonstrated that scopoletin exhibited a good binding
affinity to the tested SARS-CoV-2 targets that were higher or comparable to that of the
co-crystallized ligands or standard inhibitors in most cases (Table 4).

Table 4. Docking scores of Pelargonium sidoides biomolecules against the SARS-CoV-2 main therapeutic
targets using AutoDock Vina in PyRx 0.8.

Compound

Binding Energy (Kcal/mol)

Mpro PLpro Nsp13 RdRp
The Interface of RBD of Spike Protein with

Its Human ACE2 Receptor

Catechin −7.2 −6.1 −7.2 −6.4 −7.7
Gallic acid −5.1 −4.5 −5.7 −5.4 −6.4
Umckalin −5.3 −4.8 −6.6 −5.4 −6.3
Scopoletin −5.2 −4.9 −6.5 −5.8 −6.4
Reference
inhibitor

−4.9 −6.7 −5.7 −8.9 −6.6

The coumarin derivative, scopoletin showed good binding affinity towards RNA
helicase, nsp13 (−6.5 Kcal/mol) which was greater than that of the co-crystalized ligand
(−5.7 Kcal/mol). It also showed good binding affinity (−6.4 Kcal/mol) towards the
interface region between the receptor-binding domain (RBD) of SARS-CoV-2 spike protein
and the human cell angiotensin-converting enzyme 2 (ACE2) surface receptor indicating
the probability of its interference with the viral entry to the human cells. Additionally,
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it demonstrated reasonable binding free energy (−5.2 Kcal/mol) with Mpro which is
comparable to that of the co-crystalized ligand (−4.9 Kcal/mol), Table 4.

Although umckalin showed close binding scores to that of scopoletin, visualization of
the docking results indicated that scopoletin had better interaction with the amino acids
important for protein activity. This may explain the higher in vitro antiviral activity of
scopoletin in comparison to umckalin. Scopoletin formed hydrogen bonding with His-41
amino acid residue (Figure 4a) in the active pocket of the main protease (Mpro), which is
reported to be involved in the Cys/His catalytic dyad essential for the proteolytic activity
of Mpro [44]. It also showed hydrogen bonding with some amino acids essential for the
interaction between the SARS-CoV-2 spike protein RBD (Gly-496), and the ACE2 surface
receptor (Lys-353 and Glu-37), Figure 4b [29]. Remarkably, it showed hydrogen bonding
with several amino acids, including Ser-289, Lys-288, and Arg-567, which are important for
the NTPase activity of the RNA helicase [45], Figure 4c.

Figure 4. Molecular binding model of scopoletin within the active site of (a) the main protease (Mpro,
PDB: 5R82); (b) within the interface region between the spike RBD (colored cyan) and human ACE2
(colored green), (PDB code: 6M0j); (c) within the active site of RNA helicase, nsp13 (PDB code: 5RL9)
obtained by AutoDock Vina in PyRx 0.8 (Scripps Research, La Jolla, CA, USA).
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Although catechin demonstrated high docking scores towards the investigated protein
targets as depicted in Table 4, it showed lower in vitro antiviral activity (IC50 58.55 μM)
than scopoletin (IC50 17.79 μM). This may be attributed to its predicted active efflux by the
P-glycoprotein and lower lipophilicity in comparison to scopoletin.

3. Materials and Methods

3.1. Chromatographic Procedures
3.1.1. Solvents and Mobile Phases

All the reagents used in the study were of an HPLC grade. The acetonitrile for
HPLC ≥ 99.9% was acquired from SIGMA-ALDRICH® (Saint Louis, MO, USA). The
methanol was of HPLC grade and purchased from Fisher Chemical (Waltham, MA, USA).
The ethyl acetate was acquired from SIGMA-ALDRICH® (Saint Louis, MO, USA). In ad-
dition, HPLC grade water was obtained from a Milli-Q ultrapure water system. We used
orthophosphoric acid for HPLC 85–90% (Honeywell FlukaTM, Seelze, Germany) to adjust
the pH. Finally, a 0.45 μm Nylon membrane HNWP filter was purchased from MERCK
MILLIPORE® Ltd. (Billerica, MA, USA).

3.1.2. Samples

This experimental study utilized two brands of syrup phytopreparations containing
P. sidoides tincture, including Kalobin® (Marcyrl Pharmaceutical Industries, Cairo, Egypt)
Batch No: 1944426, Expiry date: November 2022 and Umca® (ABDIBRAHIM, Istanbul,
Turki) Batch No: 2220420, Expiry date: March 2022, in addition to one brand of film-
coated tablets (Umca®, ABDIBRAHIM, Istanbul, Turki) Batch No: 2480520, Expiry date:
February 2025.

3.1.3. Instrumentation and Chromatographic Conditions

In this study, the UFLC-SHIMADZU 1200 series system (Shimadzu Corporation, Santa
Clara, CA, USA) was used to perform the chromatographic analysis of the samples. The
system was attached to a binary pump, an online degasser, and the autosampler (SIL-20
A). The final separation was carried out using a 5 μm particle size XBridge® C18 column
(Milford, MA, USA) with the dimensions of 200 mm × 4.6 mm supplied by Waters, Ireland.
The elution was isocratic at 1 mL/min with a mobile phase system of acetonitrile-water
(20:80, v/v) adjusted to pH 3 by dropwise addition of 10% orthophosphoric acid. Finally,
the mobile phase was filtered through 0.45 μm membrane filters and degassed by sonication
for 15 min prior to use. The injection volume was 20 μL, and the flow rate was maintained
at 1 mL/min with a total run time of 25 min at 30 ◦C. The liquid chromatographic analysis
system was also equipped with a photodiode array detector (SPD—20 A) with a spectral
setpoint of 210 nm. The system was connected to a computer running the LabSolutions
software on a Microsoft Windows 7 operating platform.

3.1.4. Analytical Standards

The four biomolecules required for this study were all purchased from SIGMA-ALDRICH®

(Taufkirchen, Germany) including umckalin (7-hydroxy-5,6-dimethoxycoumarin), HPLC de-
termined purity≥ 95.0%, CAS Number: 43053-62-9, scopoletin (7-hydroxy-6-methoxycoumarin),
HPLC determined purity ≥ 97.0%, CAS Number: 92-61-5, (+)−catechin (syn. cian-
idanol), HPLC determined purity ≥ 99.0%, CAS Number: 154-23-4, and gallic acid (3,4,5-
trihydroxybenzoic acid), HPLC determined purity ≥ 99.0%, CAS Number: 149-91-7.

3.1.5. Preparation of the Test Solutions

To perform the intended analysis of this study, two different forms were considered,
solution and tablet dosage forms. As for the solution form, Kalobin® and Umca® 20 mL-
package were used. Each of the two solutions was processed by two different methods:
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(a) Dilution of 1.1 mL solution, which contains roughly 100 mg of the dry root P. sidoides
extract, in a 10 mL-volumetric flask. The dilution was carried out using methanol and
the solution was subjected to sonication and filtration to obtain a 10 mg/mL solution.

(b) Liquid-liquid extraction (LLE) of a 20 mL tincture sample containing roughly 2000 mg
of dry root P. sidoides extract with 3 × 20 mL of ethyl acetate. A rotary evaporator was
then used to evaporate the combined ethyl acetate extracts to dryness at 45 ◦C. Finally,
the resulting residue weighing 190.9 mg was dissolved in methanol and the volume
was adjusted in a 5 mL-volumetric flask.

For the tablet dosage form of the plant extract, 10 Umca® tablets containing 20 mg of
dry P. sidoides root extract with an average weight of 0.403 g were crushed in a glass mortar.
The obtained powder was equally divided into two portions that were processed by two
different methods:

(a) The first portion (2.015 g) was extracted using a 10 mL methanol solution, sonicated
for 5 min, and filtered. Finally, the volume of the solution is adjusted using a 10 mL-
volumetric flask to obtain a 10 mg/mL concentration.

(b) The second portion (2.015 g) was suspended in 10 mL of water, sonicated, and ex-
tracted using 3 × 20 mL of ethyl acetate. Then, a rotary evaporator was used to
evaporate the combined extracts to dryness at 45 ◦C. The produced residue was
reconstituted in methanol and the volume was adjusted in a 5 mL-volumetric flask.

The final solution obtained from each procedure was filtered through a 0.45 μm
membrane and the leading few mL of the filtrate were discarded. This procedure was
repeated three times and injected in triplicate. Each time the peak area was calculated and
recorded. The four biomolecules’ contents were calculated using the average and compared
with the standards.

3.1.6. Method Development and Validation
Preparation of the Standard Solution and the Quality Control Samples

Each of the four biomolecules’ reference solutions, namely gallic acid, catechin, scopo-
letin, and umckalin were diluted to a concentration of 1 mg/mL by dissolving 10 mg into
10 mL of methanol. The resulting solution was diluted again with methanol to produce
a standard stock solution with a concentration of 100 μg/mL. This was, then, diluted
once more with methanol to different levels to achieve concentrations in the interval of
0.1–1 μg/mL. Finally, further dilution of the four 100 μg/mL stock solutions with the
same solvent was used to produce three quality control samples with the concentrations:
0.2 μg/mL (low quality control, LQC), 0.3 μg/mL (medium quality control, MQC), and
0.5 μg/mL (high quality control, HQC).

Specificity

HPLC chromatogram of the P. sidoides solutions and tablets was used to compare the
UV spectra of the four biomolecules under the study. This procedure was repeated twice
with samples of the solutions produced after acid (0.1 M HCl) and base (0.1 M NaOH)
treatment of samples of the P. sidoides tincture [16]. The solution (2 mL) was added to the
aqueous acid or base (2 mL) and the mixture was shaken for one hour at 25 ◦C. The mixture
was then neutralized and injected.

Linearity

To prepare the standard calibration curves, five calibrators were utilized within the
concentration interval of 0.2–1 μg/mL for gallic acid and catechin, and 0.1–1 μg/mL for
scopoletin and umckalin. Linear least square (LLS) regression was used to interpolate the
peak area with respect to the drug concentration curves. The accuracy of the regression for
all the four biomolecules was measured employing the coefficient of determination (R2)
and the results were 0.9995, 0.9999, 0.9998, and 0.9995 for gallic acid, catechin, scopoletin,
and umckalin, respectively.
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Accuracy and Precision

To assess the accuracy and precision of the experimental procedure, the three QC
samples with concentrations of 0.2, 0.3 and 0.5 μg/mL (low, medium, and high) were
reproduced at three different time instances together with the five calibrators of the four
standards. The precision was measured by the percentage relative standard deviation
(% RSD), whereas the accuracy percentage was calculated from Equation (1):

% Accuracy =
Calculated concentration
Nominal concentration

× 100 (1)

Robustness

The robustness of the experimental chromatographic procedure was determined for
different parameter values. All experiments performed in this study were repeated three
times. Solutions with a concentration of 0.16 μg/mL were used to assess the stability of
the procedure. The produced solutions were analyzed at four-time instances: immediately
following the preparation, after 7 days, after 14 days, and after 30 days. For the latter
three, the solutions were stored at a temperature of 4 ◦C. The obtained responses from
all four experiments were plotted and compared. On the other hand, the stability of the
samples was investigated by considering chromatographic analysis immediately following
the preparation, and after 24 h of storage at the temperature of 25 ◦C.

3.2. Assay Procedure for the Determination of the Four Biomolecules in Kalobin, Umca Solutions,
and Umca Tablets

Accurately weighed 10 mg portions of gallic acid, catechin, scopoletin, and umckalin
reference standards were placed into 10 mL volumetric flasks and diluted with 10 mL
of methanol to produce 1 mg/mL standard solutions. More diluted solutions with a
concentration of 200 μg/mL were then obtained by mixing 5 mL of each reference standard
with methanol in a 25 mL-volumetric flask. Then, 70 μg/mL working standard solutions
were obtained by depositing 8.75 mL of each solution to a 25 mL-volumetric flask and
completing the volume with acetonitrile-methanol (1:1 v/v). Finally, 20 μL portions of
the working solutions were injected and the peak area was calculated each time. The
corresponding chromatograms were recorded for the standard and the test solutions.
Responses of the peak areas were obtained from the plots and concentration was calculated
compared with the standard.

3.3. Evaluation of the In Vitro Inhibitory Activity against SARS-CoV-2
3.3.1. The Used Cells and the Viral Strain

Vero E6 cells were obtained from the American Type Culture Collection (ATCC No.
CRL-1586). The used SARS-CoV-2 strain, hCoV-19/Egypt/NRC-03/2020 (Accession Num-
ber on GSAID: EPI_ISL_430820) was isolated on 18 March 2020 from an oropharyngeal
swab specimen obtained from a 34-year-old Egyptian woman [46]. All the experiments
were executed according to the protocol approved by the ethics committee of the National
Research Centre (NRC), Giza, Egypt (Approval number: NRC-20074).

3.3.2. MTT Cytotoxicity Assay against Normal Cell Line (Vero E6)

The half-maximal cytotoxic concentration (CC50) of the test compounds was evaluated
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay with
slight modifications [47] and according to the previously published procedure [48]. The
percentage of cytotoxicity was measured compared to the untreated cells from Equation (2):

% cytotoxicity =
Absorbance without treatment − Absorbance with treatment

Absorbance without treatment
× 100 (2)

Plotting% cytotoxicity versus the sample concentrations was used to calculate the con-
centration of the test compound that is required to reduce the cell viability by 50% (CC50).
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3.3.3. Cytopathic Effect (CPE) Inhibition Assay

The inhibitory concentration 50 (IC50) of the test compounds required to reduce the
SARS-CoV-2-induced cytopathic effect on Vero E6 cells by 50% relative to the virus control
was measured. The viral proliferation was assessed by visualization of the cytopathic
effects on infected Vero E6 cells using crystal violet staining according to the previously
published procedure [48]. The optical density of the produced color was measured at
570 nm using an Anthos Zenyth plate reader (Model: 200rt, Anthos Labtec Instruments,
Heerhugowaard, The Netherlands).

3.3.4. Statistical Analysis

The data obtained were analyzed using GraphPad Prism Software version 8 (San
Diego, CA, USA). Data are shown as mean ± standard deviation (SD). One-Way ANOVA
followed by Dunnett’s test was used to analyze the data. All concentrations of the tested
samples showed statistical significance (p < 0.05) from the untreated cytopathic cells except
for the lowest tested concentration of umckalin.

3.4. In Silico Studies
3.4.1. Evaluation of Molecular and Pharmacokinetic Properties

The physicochemical and pharmacokinetics properties were investigated using the
SwissADME online platform [49].

3.4.2. Docking Studies

Molecular docking calculations were performed with AutoDock Vina [50] embedded
in PyRx 0.8 software (Scripps Research, La Jolla, CA, USA). Docking was performed as
described in the Supplementary Materials using crystal structures for the studied enzyme
targets retrieved from RCSB-Protein Data Bank with the PDB codes displayed in Table S1.
The docking results were visualized using Pymol Molecular Graphics System (Schrödinger,
LLC, NY, USA) to view the docked protein-ligand interactions.

4. Conclusions

A new HPLC-UV analytical method has been developed and validated for separating
and detecting four selected biomolecules (i.e., gallic acid, catechin, scopoletin, and umck-
alin) of P. sidoides root extract in different commercial dosage forms. The efficiency of the
proposed method was verified by an assay testing procedure considering the commercial
forms: Kalobin® and Umca® solutions and Umca® tablets. The developed method was
accurate, precise, fast, and superior in multiple respects to other previously reported meth-
ods of the analysis of the P. sidoides’ biomolecules. Unlike existing methods, the developed
method can separate all investigated biomolecules simultaneously in their pure form and
in different dosage forms. These results indicated that the proposed method can be success-
fully employed for the routine analysis of the four investigated biomolecules in bulk and
commercial formulations containing this plant extract. Out of the four tested biomolecules,
scopoletin, in addition to P. sidoides DC. root extract, showed remarkable in vitro antiviral
activity against SARS-CoV-2 using cytopathic effect (CPE) inhibition assay on Vero E6
cells. However, the chemotaxonomic marker “umckalin” exhibited weak antiviral activity
against SARS-CoV-2.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15101184/s1, Table S1. PDB codes of the crystal structures and
grid box coordinates for the enzymes used in the docking study; Table S2. The in-silico predicted
physicochemical and ADME properties of Pelargonium sidoides biomarkers; Figure S1. Calibration
curve of: (a) gallic acid, (b) catechin, (c) scopoletin, and (d) umckalin; Figure S2. BOILED-Egg
representation of lipophilicity and polarity of Pelargonium sidoides biomarkers.
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Abstract: Despite a significant amount of research, the relationship between a diet rich in isoflavones
and breast and prostate cancer risk is still ambiguous. The purpose of the current study was to
pre-select the potential candidate for functional foods among red, white, crimson, and Persian clover
sprouts, cultured for different periods of time (up to 10 days), with respect to the isoflavone content
(determined by HPLC-UV-VIS), and to verify their impact on hormone-dependent cancers in vitro.
The red clover sprouts were the richest in isoflavones (up to 426.2 mg/100 g dw), whereas the
lowest content was observed for the crimson clover. Each species produced isoflavones in different
patterns, which refer to the germination time. Hormone-insensitive MDA-MB-231 breast cancer
cells were more resistant to the tested extracts than estrogen-dependent MCF7 breast cancer cells.
Regarding prostate cancer, androgen-dependent LNCap cells were most susceptible to the tested
sprouts, followed by androgen-insensitive, high metastatic PC3, and low metastatic DU145 cells.
The observed cytotoxic impact of the tested sprouts is not associated with isoflavone content, as
confirmed by chemometric analysis. Furthermore, the sprouts tested revealed a high antioxidant
potential, and were characterized by high safety for normal breast and prostate cells.

Keywords: clover sprouts; Trifolium; isoflavones; prostate cancer; breast cancer; cytotoxic

1. Introduction

Plants from the Fabaceae family, as well as their sprouts and by-products, are an
attractive object of research which are currently gaining more and more scientific interest.
This is mainly due to their nutritional value, but also their health-promoting potential,
associated with the presence of polyphenolic compounds [1], among which, isoflavones, a
class of so-called phytoestrogens, are the most intriguing. As they are structurally similar
to 17-β-estradiol, isoflavones reveal estrogenic activity, both by affecting estrogen receptors
and aromatase activity (which regulates transformation of androstenedione into estrone).
Furthermore, isoflavones can also affect 5-α-reductase activity, which is responsible for the
transformation of testosterone to dihydrotestosterone. This may be of great importance
in terms of the development of hormone-sensitive cancers, including breast and prostate
cancers, as these compounds can compete with 17-β-estradiol for the binding site of
estrogen receptors. Literature data indicate that isoflavones trigger epigenomic effects that
could be beneficial in breast cancer prevention and/or treatment [2], and they can reduce the
risk of inducing estrogen-dependent tumorigenesis [3]. However, some studies point out
that at low concentrations, isoflavones may stimulate the growth of breast cancer cells [4].
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Regarding prostate cancer, isoflavones, in addition to affecting the estrogen receptor, also
modulate the androgen receptor, resulting in a decreased risk of the carcinogenesis process,
but the detailed signalling pathways are still unknown [5]. Despite a significant amount of
research, the relationship between a diet rich in isoflavones and breast and prostate cancers
is still ambiguous and controversial [6–8].

Functional food, in addition to its nutritional effect, reduces the risk of various dis-
eases, including cancer. Sprouts are an attractive and dynamically developing example
of functional food, with benefits such as high nutritional and low caloric values. Ad-
ditionally, during the germination process, the level of active compounds can increase
significantly, as was demonstrated especially for phenolic acids and flavonoids [9], but
also for isoflavones [10]. Sprouts rich in phytoestrogens (including isoflavones) are an
example of functional food that may reveal chemopreventive potential against the devel-
opment of hormone-dependent cancers. However, as the isoflavones provided with the
diet can influence the hormonal balance in the human body, it is crucial to know what their
content in a given product is. This is especially important for people with the risk of the
development or already-existing hormone-dependent cancers. During the search for novel
dietary sources of isoflavones, we focused on clover (Trifolium) species, belonging to the
Fabaceae family, of which, red clover (T. pratense L.) is the most well-known. In addition to
soy, red clover is one of the richest sources of isoflavones, and its aerial parts are used as
dietary supplements to reduce menopausal symptoms. Only a few studies described the
level of these compounds in red clover sprouts, and the results are very promising [10–12],
although significant differences were also observed between particular studies. The results
also indicate the impact of red clover and its sprouts on breast cancer cells and their es-
trogenic activity in vitro [13–15]. Therefore, we decided to include red clover sprouts in
our study as an example of the most-known clover species, and to compare them with
the sprouts of three other clovers, namely, white (T. repens L.), crimson (T. incarnatum L.),
and Persian (T. resupinatum L.), in terms of the isoflavone profile and the impact on breast
and prostate cells. Interestingly, except for the latter, these clover species have never been
used to grow sprouts. As far as Persian clover sprouts are concerned, the results on their
antioxidant properties have been published [16,17], but no information on the content of
isoflavones can be found.

The purpose of this study was to preselect the potential candidate for functional foods
from among the four clover sprouts mentioned above, cultured for different periods of
time, with respect to the isoflavone content and the importance in the chemoprevention of
hormone-dependent cancers. To achieve the assumed goal, except from HPLC analysis, we
used a specially designed in vitro cellular model, comprising breast and prostate cancer
cells, differing in their hormone sensitivity. Normal breast and prostate cells were also in-
cluded in the study to determine the safety of the examined clover sprouts. To better justify
our results and reveal potential relationships between the studied factors, chemometric
analysis was applied.

2. Results and Discussion

This study aimed at the comparative analysis of four clover species sprouts, in the
context of the search for new candidates for functional food with chemopreventive potential
in hormone-dependent breast and prostate cancers. We used three clover species and
compared them to red clover sprouts, which are a popular food product. It is also worth
noting that this is the first study to describe the sprouts of white and crimson clover, and
also to define the isoflavone content of Persian clover.

2.1. Four Clover Species Sprouts Differ in Their Isoflavones Profile

In the first step of the experiment, the qualitative profile of isoflavones and the quanti-
tative accumulation dynamics in the sprouts grown for 3, 5, 7, and 10 days were determined
by HPLC, and the results are presented in Table 1. Two isoflavone glycosides, namely,
ononin and daidzin, together with three free isoflavones: genistein, daidzein, and for-
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mononetin, were identified in the examined sprout extracts. Most of the seed extracts
contained only trace amounts of isoflavones, apart from PCS and CCS, where genistein,
daidzein, and formononetin were detected in small amounts. None of the tested species
revealed the presence of biochanin A or genistin. Notable qualitative differences were
observed between the four clover species. The PC and RC sprouts contained five (genis-
tein, daidzein, ononin, formononetin, daidzin) and four (genistein, ononin, formononetin,
daidzin) of the examined isoflavones, respectively, whereas only two isoflavones were
observed in the WC (ononin, formononetin) and CC (genistein, formononetin) sprouts. The
isoflavone profile for RC sprouts is consistent with the observations of other authors [11];
however, some of them also indicated the presence of biochanin A, genistin, sissotrin, or
glycytein [10,12]. No information has been published so far on the isoflavone profile in
WC, PC, and CC sprouts; thus, our analysis is the first one concerning their presence.

In terms of quantitative analysis, the absolute winner in isoflavone content among
the tested species is RC, with the sprouts containing between 204.1 and 426.2 mg/100 g
dw of isoflavones sum (Figure 1). The WC and PC sprouts contained 12.92–48.12 and
0.26–47.06 mg/100 g dw of isoflavone sum, respectively, whereas their sum in the CC
sprouts was the lowest (0.07–23.31 mg/100 g dw). Ononin and formononetin were present
in the highest amount in the examined sprouts. Interestingly, ononin was the predominant
isoflavone in RC and PC sprouts, whereas formononetin was predominant in WC and CC
sprouts (Table 1). Similar observations were made by [10] for red clover sprouts; however,
the total isoflavone content was twice as much as our results, due to the higher amount
of formononetin (up to 215.55 mg/100 g dw for 10-day sprouts). The contents of ononin,
daidzin, and genistein were comparable to those described by [10] for ten-day sprouts,
whereas [12] noted a significantly lower amount of formononetin in 5-day red clover
sprouts compared to our study. Such a difference may result from the details in the growth
conditions, or the variety used for the experiment.

Figure 1. Cumulation dynamics of isoflavones sum in red (RC), white (WC), Persian (PC), and
crimson (CC) clover sprouts harvested for 3, 5, 7, and 10 days.
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2.2. Different Pattern in Isoflavones Accumulation Dynamics among the Tested Sprouts

The accumulation dynamics of isoflavones revealed different patterns in their syn-
thesis among the tested sprouts. In RC sprouts, the content of ononin and genistein was
constantly increasing with the sprouting time, whereas formononetin and daidzin were
produced in an increase and fall mode, but with different maximum content (in RC5 and
RC10 sprouts, respectively). In WC sprouts, the content of ononin and formononetin
was increasing up to the seventh day, followed by a drastic decrease on the last day of
sprouting. The PC3 sprouts had the highest content of all isoflavones examined, with a
further decrease, especially observed on the last day of culturing. In the case of CC sprouts,
two different patterns of isoflavone accumulation were observed: the rise and fall mode for
genistein, with its highest content in PC10, and the drastic increase followed by a constant
decrease for formononetin, with its highest amount noted for PC3 sprouts. Our results are
just opposite to the accumulation dynamics patterns in red clover sprouts described by [10],
with maximum content of formononetin, daidzin, and genistein in 10-day sprouts, and
ononin in 7 day-sprouts. Another study noted a constant decrease in daidzin synthesis in
red clover sprouts cultured for 5 days, whereas the amount of formononetin and genistein
increased with the time of culture, with the maximum in the fourth and third day, respec-
tively, followed by a decrease [12]. The results obtained, compared to those obtained by
other authors, suggest considerable fluctuations of isoflavone amounts and accumulation
in clover sprouts, as a result of the details in the culturing and analytical conditions.

2.3. Comparison of Cytotoxic Potential of Four Clover Species Sprouts

In the next step of the experiment, we focused on the cytotoxic potential of the tested
sprouts which varied in isoflavone content. Taking into account the estrogenic properties
of isoflavones, as a cellular model, we have chosen hormone-dependent and independent
cancer cells, namely, breast and prostate. The model was also completed with appropriate
normal breast and prostate cells to verify the safety of the tested samples.

2.3.1. Impact of the Tested Sprouts on Viability of Breast Cancer and Normal Cells

To evaluate the cytotoxic impact of the sprouts tested, we used two breast cancer
cell lines, differing not only in metastatic potential, but also in the expression of hormone
receptors: low invasive, estrogen- and progesterone-receptor positive MCF7, and high
metastatic, estrogen- and progesterone-receptor negative MDA-MB-231 cells. Normal
epithelial breast MCF10A cells were also included in the experimental model. The results
are presented in Table 2 as IC50 values, and Figure 2 (for the highest concentration tested
of 500 μg/mL). The highly invasive MDA-MB-231 cells were found to be less susceptible
to the tested extracts compared to MCF7 cells, with the exception of the CC10 sprouts
(IC50 56.7 and 61.1 μg/mL, respectively). However, for most samples, the IC50 values
exceeded the maximum concentration used in the assay. The highest cytotoxic effect
against MCF7 cells was observed for CC7 and CC10, but also PC5 and PC10 sprouts, and
the differences between the IC50 values for these samples were not statistically significant.
The most important thing is that at the concentrations cytotoxic to cancer cells, the sprouts
tested were characterized by high safety for normal breast cells, and the decrease in their
viability was observed only at the higher concentrations tested (300–500 μg/mL). The most
interesting observation from our study comes from the relationship between the isoflavone
content and the cytotoxic potential of the examined sprouts. Sprouts rich in isoflavones
were almost inactive in breast cancer cells, whereas CC sprouts, with the lowest amount
of isoflavones, expressed a high cytotoxic impact and were safe for normal cells at the
same time.
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Table 2. Cytotoxic activity of the extracts of red (RC), white (WC), Persian (PC), and crimson (CC)
clover seeds (S) and sprouts harvested for 3, 5, 7, and 10 days to breast (MCF10A) and prostate (PNT2)
normal and cancer (MCF7, MDA-MB-231, and DU145, PC3, LNCaP, respectively) cells, expressed as
IC50 values (μg/mL).
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MCF10A

↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ 440.6 ↑ ↑ ↑ 331.4 315.7

MCF7

↑ ↑ ↑ ↑ ↑ ↑ 352.2 ↑ ↑ ↑ 352.2 153.4 61.1 361.3 71.3 ↑ ↑ ↑ 58.9 61.1

MDA-MB-231

↑ ↑ ↑ ↑ ↑ ↑ 457.5 ↑ ↑ ↑ ↑ ↑ ↑ ↑ 412.9 ↑ ↑ ↑ 224.9 56.7
PANEL OF PROSTATE CELLS

PNT2

↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ 315 ↑ 429.1 ↑ ↑ 481.4 237.9 119.5

DU145

430.5 ↑ 482.3 ↑ 488.6 ↑ ↑ ↑ 401.9 355 ↑ 117.9 ↑ ↑ 261.1 ↑ ↑ ↑ 190.3 176.4

PC3

226.7 269.8 248.9 243.6 206.3 297.6 293.4 351.7 298.1 286.5 ↑ 203.1 324.9 415.9 187.6 ↑ 272.2 ↑ 72.2 32.9

LNCaP

↑ 192.7 263.5 165.3 190.2 ↑ 354.5 260.7 189.3 239.4 ↑ 70.6 83.4 213.7 188.1 ↑ 37.6 95.8 234.0 153.8

↑ >Cmax.

Figure 2. Cytotoxic effect of the extracts of red (RC), white (WC), Persian (PC), and crimson (CC)
clover seeds (S) and sprouts harvested for 3, 5, 7, and 10 days to breast normal (MCF10A) and cancer
(MCF7, MDA-MB-231) cells. Cells were treated with 500 μg/mL of sprout extracts (n = 3) for 24 h.
Values are presented as the mean ± SD (standard deviation). Significant differences are shown in
Table S2.

Recently, red clover sprouts were reported to influence MCF7 and MDA-MB-231 cells
by [15], and the IC50 values were 15 mg of isoflavones in dw of sprouts/mL, which is a
much weaker effect than that obtained in our study. The estrogenic potential of commercial
red clover sprouts was also observed, as a stimulation of MCF7 cell proliferation [13]. Our
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results for WC, CC, and PC sprouts described their cytotoxic activity to breast cancer cells
for the first time. The observed cytotoxic impact of the tested sprouts, not associated with
isoflavones, may be due to the presence of other compounds, such as chlorogenic or gallic
acid, which were also present in noticeable amounts in the extracts (data not shown). Some
recent studies demonstrated the interesting cytotoxic potential of the two compounds in
breast cancer cells [18–21], but further analysis is needed to prove this relationship.

2.3.2. Impact of the Tested Sprouts on Viability of Prostate Cancer and Normal Cells

As information on the impact of isoflavones on prostate cancer cells is scarce, and
its results are ambiguous, we decided to verify the effect of the examined clover sprouts,
differing in isoflavone content, on androgen-dependent LNCap, and androgen-insensitive
prostate cancer cells, DU145 and PC3, with low and high metastatic potential, respectively.
The model was also completed with normal prostate epithelial cells, PNT2. The results are
presented in Table 2 as IC50 values, and Figure 3 (for the highest concentration tested of
500 μg/mL). Interestingly, androgen-dependent LNCap cells were most susceptible to the
tested sprouts, followed by high metastatic but androgen-insensitive PC3 cells, whereas
low metastatic DU145 cells were most resistant. Similar to the effect obtained for breast
cancer cells, CC and PC sprouts, with low amounts of isoflavones, revealed the highest
cytotoxic impact to the examined cancer cells. Interestingly, the effect observed for normal
prostate cells was very weak, with the lowest IC50 of 119.5 and 237.9 μg/mL only for CC10
and CC7 sprouts, respectively, which suggests that at the doses cytotoxic to cancer cells,
the tested extracts (with the exception of CC10 and CC7 samples) were safe to normal cells.
The observed cytotoxicity of four clover species sprouts in prostate cancer and normal cells
is probably the first attempt to describe such an effect for any clover species. However,
again, the cytotoxic impact of the extracts tested did not correlate with the isoflavone
content. Based on some published studies so far [22–24], the observed effect may also
be associated with the presence of chlorogenic and gallic acid, but this speculation needs
further examination.

Figure 3. Cytotoxic effect of the extracts of red (RC), white (WC), Persian (PC), and crimson (CC)
clover seeds (S) and sprouts harvested for 3, 5, 7, and 10 days to prostate normal (PNT2) and cancer
(DU145, PC3, LNCaP) cells. Cells were treated with 500 μg/mL of sprout extracts (n = 3) for 24 h.
Values are presented as the mean ± SD (standard deviation). Significant differences are shown in
Table S3.
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2.4. Antioxidant Potential of Clover Sprouts Not Always Corresponds with Isoflavones Amount

Isoflavones are not only known for their estrogenic activity, but because they belong
to the class of polyphenolics, they also reveal antioxidant properties [25]. Oxidative dam-
age is often related to the initiation and progression of carcinogenesis [26]. Moreover,
some antioxidants can also protect normal tissues from chemo- or radiotherapy side ef-
fects [27]. Therefore, in the last step of the experiment, we decided to verify and compare
the antioxidant potential of clover sprouts tested by the FRAP and DPPH assay, and the
results are presented in Table 1. RC and PC sprouts revealed the strongest antioxidant
potency measured by FRAP, whereas in the DPPH assay, WC sprouts achieved the highest
results. Interestingly, for each species examined, the highest results were observed for both
the FRAP and DPPH assays for 5- and 10-day sprouts. The activity was not dependent
on the content of isoflavones in the sprouts, apart from the RC sprouts, where daidzin
(CW = 0.154), ononin (CW = 0.144), and formononetin (CW = 0.132) were positively corre-
lated with the antioxidant activity evaluated by the FRAP method. In a similar study, 2-day
red clover sprouts revealed the highest antioxidant activity, measured by DPPH, followed
by a constant decrease in activity up to the last, fifth day of culturing. In contrast to our
results for RC sprouts, the antioxidant potential did not correspond to total isoflavones [28].
Two studies described the antioxidant potential of PC sprouts; however, the results are
presented as % of activity, and thus, it is hard to compare with our observations [16,17].
In the latter study, the sprouts were grown for 4 days without light, and the antioxidant
activity increased during the culturing time, which is opposite to the pattern observed in
our study, probably due to the different light conditions. In the study of [17], the exami-
nation was performed on commercial sprouts of unknown age. It is worth highlighting
that the antioxidant potential of WC and CC sprouts was demonstrated for the first time in
our study.

2.5. Chemometric Analysis Reveals Some Relationships between the Studied Factors

The statistically significant PCA model of two significant components was derived,
with eigenvalues of 4.05 and 3.23, respectively. The model explained 72.8% of the variance
of the original parameters and the results are presented in Figures 4 and 5. The first principal
component in this model had predominantly negative weights for the original variables.
Among them were: ononin, formononetin, daidzin, genistein, and FRAP. Therefore, all the
compounds mentioned had high correlation weights with the analyzed antioxidant status
index. They were divided into two clusters containing three first, and two last parameters,
respectively. The second principal component was loaded, mainly positively, by MCF7 and
three other mutually correlated parameters, PNT2, MCF10A, and MDA-MB-231, which
were in one tight cluster (Figure 4). In particular, the highest positive correlation weights
based on this component, with similar values, were disclosed between PNT2, MCF7, and
MCF10A. This confirmed that both breast cancer cell lines, MDA-MB-231 and MCF7,
were almost unaffected by the sprouts tested, to a similar degree as normal breast and
prostate cells. There were no negative correlations between these parameters and any other
parameters (Table S5). The parameter clearly different from the others, in both principal
components, was LNCaP. This can be explained due to its androgen sensitivity, which is a
distinguishing feature from the other two prostate cancer cell lines used in the study.
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Figure 4. The variable loadings on the first and second principal components in the PCA model.

Figure 5. The projection of various species of clover sprouts into the space defined by the first two
principal components of the PCA model.
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3. Materials and Methods

3.1. Reagents

Dimethyl sulfoxide (DMSO), chloroform, HPLC grade acetonitrile, water, and formic
acid were purchased from Sigma-Aldrich (Seelze, Germany). Reference standards for HPLC
analysis of isoflavones: genistein, genistin, glycytein, daidzein, daidzin, ononin, biochanin
A, and formononetin were purchased from Fluka Chemie. Trolox (6-hydroxy-2,5,7,8,-
tetramethyl-chroman-2-carboxylic acid); and FeCl3·6H2O; 1,1-diphenyl-2-picrylhydrazyl
(DPPH) were from Sigma Chemical Co. (St. Louis, MO, USA). 2,4,6-Trispyridyl-s-triazine
(TPTZ) was purchased from Fluka Chemie (Buchs, Switzerland). Methanol, acetic acid,
ammonium hydroxide solution, hydrochloric acid, sodium acetate, and sodium carbonate
were from Avantor Performance Materials Poland S.A. (Gliwice, Poland). All reagents were
of analytical grade. Distilled water was purchased from Sigma-Aldrich.

3.2. Plant Material

The seeds of four clover species, namely, red clover (Trifolium pratense L., Nike variety),
white clover (T. repens L., Grasslands variety), crimson clover (T. incarnatum L., Opolska
variety), and Persian clover (T. resupinatum L., Celtico variety), obtained from plants
cultivated in Poland, were purchased in Małopolska Hodowla Roślin (Kraków, Poland).
Voucher specimens (KFg/2021/T1p; KFg/2021/T2r; KFg/2021/T3i; KFg/2021/T4rs) were
placed in the Department of Pharmacognosy Jagiellonian University Medical College. The
seeds were transferred to EQMM Easy Green Microfarm, and grown for 3, 5, 7, and 10 days
after seeding, at 25 ± 2 ◦C, 70% humidity, in sunlight exposure (10 h/day), being watered
3 times a day. For the purpose of this manuscript, the obtained samples are denoted RC
for red clover, WC for white clover, CC for crimson clover, and PC for Persian clover, with
appropriate numbers indicating the cultivation period. The samples prepared from the
seeds are denoted with the letter S, added to the acronym of the clover species.

3.3. Preparation of Extracts and Quantitative Analysis

The plant material was Soxhlet extracted with methanol, as previously described [29].
Extracts obtained were decanted, centrifuged, and stored in darkness in a freezer at −20 ◦C
prior to analysis for the quantity and antioxidant capacity of isoflavones. The methanol
extracts were further evaporated, and the dry residues were dissolved in DMSO and used
for the determination of cytotoxicity.

The quantitative analysis of isoflavones in clover sprouts was performed, as previously
described [29], on the Dionex HPLC system, equipped with a PDA 100 UV-VIS detector and
a Hypersil Gold (C-18) column (5 μm, 250 × 4.6 mm, Thermo EC). Analysis was carried out
in gradient mode, with 1% formic acid in water (A) and acetonitrile (B), 5–60% B in 60 min,
at a flow rate of 1 mL/min. The detection wavelengths used were 254 and 285 nm. The
compounds mentioned above were identified by comparing their retention times with those
of the reference standards. The isoflavone content was calculated by measuring the peak
area with respect to the appropriate standard curve (concentration range 0.0625–1 mg/mL).
All analyses were performed in three independent experiments, and the mean value was
expressed in mg/100 g of dw.

3.4. Determination of the Antioxidant Capacities

The analysis was performed using the DPPH and FRAP methods, as previously
described [29]. Briefly, DPPH methanolic solution (3.9 mL, 25 mg/L) was mixed with
clover sprout extracts (0.1 mL). The reaction was monitored at 515 nm until the absorbance
was constant. Each sample was measured in three replicates. The mean capacity was
expressed as μM Trolox/g dw. Fresh, working FRAP solution (900 μL; 2.5 mL 10 mM
ferric-tripiridyltriazine in 40 mM HCl, 2.5 mL 20 mM FeCl3·H2O and 25 mL 0.3 mol/L
acetate buffer, pH 3.6) was mixed with 90 μL of distilled water and 30 μL of clover sprout
extracts, and measured at 593 nm. All analyses were performed in three independent
experiments. The mean capacity was expressed as μM Fe2+/g dw. The absorbance of
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both antioxidant assays was measured using a Biotek Synergy microplate reader (BioTek
Instruments Inc., Winooski, VT, USA).

3.5. Cell Cultures and Viability Assay

Cytotoxic activity was tested on two panels of human cancer and normal cells: prostate
panel (androgen-insensitive prostate carcinoma DU-145, derived from the metastatic site:
brain, ATCC HTB-81; androgen-insensitive, grade IV prostate carcinoma, PC-3, derived
from the metastatic site: bone, ATCC CRL-1435; androgen-sensitive prostate adenocarci-
noma LNCaP, derived from the metastatic site: lymph node, ATCC CRL-1740; prostate
epithelial cells, PNT2, ECACC 95012613), and breast panel (ER-positive breast adenocar-
cinoma MCF7, ATCC HTB-22; ER-negative breast adenocarcinoma MDA-MB-231, ATCC
HTB-26; breast epithelial MCF10A, ATCC CRL-10317). Cells were grown under standard
conditions (37 ◦C, 5% CO2, relative humidity) and culture media (DMEM/F12 for PNT2,
PC3, MDA-MB-231; DMEM Low Glucose for DU145; RPMI1640 with sodium pyruvate
for LNCaP; MEM with NEAA for MCF7; DMEM/F12 with 20 ng/mL epidermal growth
factor (EGF), 10 μg/mL insulin, 0.5 μg/mL hydrocortisone, 100 ng/mL cholera toxin),
supplemented with 10% fetal bovine serum (FBS) or 5% donor horse serum for MCF10A,
and 1% antibiotics solution (10, 000 U penicillin and 10 mg streptomycin/mL). The stock
solutions of the examined extracts, prepared in DMSO, were then diluted in the culture
medium to the working concentrations (from 0 to 500 μg/mL). Cell viability was deter-
mined after 24 h of incubation by MTT assay, as previously described [30]. The absorbance
was measured at 570 nm using a Biotek Synergy microplate reader (BioTek Instruments Inc.,
Winooski, VT, USA). All analyses were performed in three independent experiments, and
the results are expressed as % of cell viability (mean ± SD) and IC50 values (concentration
at which viability is inhibited by 50 percent).

3.6. Statistical Analysis

Statistical analysis was performed using Statistica v.13 (Statsoft, Tulsa, OK, USA). The
results obtained were analyzed using one-way analysis of variance (ANOVA) followed by
a post hoc Tukey’s test. All experiments were carried out in triplicate, and the data were
reported as the mean ± standard deviation (SD). Furthermore, the differences between the
groups were considered statistically significant when the p-values were 0.05 or less.

The principal component analysis (PCA) model was used to describe the correlation
structure between the parameters. Parameters with large loadings on the first two principal
components (>0.3) were assumed to be correlated with each other. To express the strength
of bivariate associations, for pairs of correlated parameters, the algebraic products of their
corresponding loadings and the cosine of the corresponding angle were calculated (these
coefficients are called the correlation weights). The “corresponding angle” means the angle
determined by the two lines connecting the origin with the coordinates of both parameters
on the PCA loadings plot. The PCA approach was also applied to check whether the clusters
of various species of clover sprouts appear in the PCA score plot. Statistical analyses were
performed using STATISTICA v. 13.3. package (TIBCO Software Inc., Palo Alto, CA, USA)
and SIMCA-P v.9 (Umetrics, Umeå, Sweden). The software provided by MP System Co.
(Chrzanów, Poland) was used to calculate correlation weights for the pairs of parameters
in the PCA model.

4. Conclusions

The Trifolium genus can be an interesting source for new candidates for functional
food, as the sum of isoflavones in red clover sprouts (up to 426.2 mg/100 g dw) is compa-
rable to what is described for soy (150–450 mg/100 g dw), and significantly higher than
commercially available alfalfa sprouts (180 mg/100 g dw) [31,32]. The sum of isoflavones
calculated for fresh red clover sprouts is approximately 20 mg/100 g, and this amount is
comparable to some dietary supplements used for menopause. The time of sprouting had
various effects on the concentration of isoflavones, depending on the species. The observed
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cytotoxic effect on breast and prostate hormone sensitive cancer cells was associated with a
low amount of isoflavones, as it was especially observed for crimson and Persian clover
sprouts. Importantly, all of the sprouts tested were safe for normal breast and prostate cells.

Our results indicate the need to implement some optimization and/or standardization
procedures in the culture of clover sprouts to obtain batches with a more stable/defined
level of these compounds, and a more probable prediction of their biological impact.
Thus, special caution should be undertaken before including clover sprouts in the diet
of consumers with the risk of hormone-dependent cancers. Moreover, women taking
isoflavone-rich dietary supplements for reducing their menopausal symptoms should also
be aware that some clover sprouts can deliver an additional amount of isoflavones. These
observations may be also important for functional food producers. More in-depth studies
are needed on the influence of isoflavone-rich sprouts on other aspects of cell functioning.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ph15070806/s1, Table S1: Statistical differences for quantitative analysis of isoflavones
in four clover species sprouts, Table S2: Statistical differences for cytotoxic activity of four clover
species sprouts (500 μg/mL) to breast cancer and normal cells, Table S3: Statistical differences for
cytotoxic activity of four clover species sprouts (500 μg/mL) to prostate cancer and normal cells,
Table S4: Statistical differences for antioxidant activity of four clover species sprouts, Table S5: Corre-
lation weights for the pairs of parameters based on PCA model.
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1 Department of Food and Nutrition, Calisia University, 4 Nowy Świat Street, 62-800 Kalisz, Poland;
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Abstract: The present work aims to assess the biological potential of polyphenolic compounds in
different parts (flowers, leaves, stems, and roots) of Stachys palustris L. Towards secondary metabolites
profile, 89 polyphenolic compounds (PCs) were identified by UPLC-PDA-ESI-TQD-MS/MS, with
a total average content of 6089 mg/100 g of dry matter (d.m.). In terms of biological activity,
antioxidant activity (radical activity, reducing power), digestive enzyme inhibitory (α-glucosidase,
α-amylase, pancreatic lipase) effect, and antiproliferative activity (inhibition of cell viability and
induction of apoptosis in different human cancer cell lines) were explored. Leaves, flowers, stems,
and roots of S. palustris L. have not been studied in this regard until now. Vescalagin and cocciferin
d2, isoverbascoside (verbascoside), luteolin 6-C-glucoside, luteolin 6-C-galactoside, apigenin 6-
C-glucoside, (−)-epicatechin, ellagic acid, and malvidin 3-O-diglucoside were detected as main
ingredients in the studied parts. Methanolic extract of S. palustris L. leaves and flowers revealed
the highest amount of PCs with the strongest antiradical (18.5 and 15.6 mmol Trolox equivalent
(TE)/g d.m., respectively) and reducing power effects (7.3 and 5.6 mmol TE/g d.m.). Leaf extracts
exhibited better α-amylase and pancreatic lipase inhibition effects, while flower extracts exhibited
better α-glucosidase inhibition effect. Regarding antiproliferative activity, extracts of the leaves and
flowers significantly reduced cell viability and induced a high level of apoptosis in human lung,
pancreatic, bladder, and colon cancer cell lines, as well as in human acute myeloid leukemia; whereas
the extracts from stems and roots revealed the weaker effects. The results of this work showed
anti-proliferative and potentially anti-diabetic, anti-obesity properties of S. palustris L., especially for
flowers and leaves, which may have wide potential applications in the functional food, special food,
pharmaceutical, cosmetics industries, and/or in medicine.

Keywords: bioactive compounds; in vitro biological potency; medical plant; marsh woundwort
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1. Introduction

In recent years, edible plants, forgotten plants, wild plants, as well as medical plants
have emerged as the potential sources of secondary metabolites for therapeutic interven-
tions [1], which has opened doors for their use as active ingredients in food, pharmaceutical,
cosmetics, and/or medical products.

Stachys palustris L. (sect. Stachys; family Lamiaceae, subfamily Lamioideae), otherwise
known as marsh woundwort, is one such edible plant found in both lowlands and moun-
tains, which has been used in traditional medicines, such as emetic, antiseptic, nervine,
sedative, antispasmodic, emmenagogue, hemostatic, vulnerable, expectorant, and tonic
agent [2–5]. However, it is most effective in treating internal and external hemorrhages,
cramps, and joint pains, as well as the treatment of gout [2]. This plant can grow up to 1 m
tall, has square stems, purplish-red flowers arranged in whorls, opposite leaves, and dry
four-chambered schizocarp fruit [2].

The biosynthesis of polyphenolic compounds is an intensive process, largely condi-
tional on abundant factors linked with the plant and their environment. The distribution
and concentration of bioactive compounds in different underground and above-ground
parts of the plant can be strongly varied. This is mainly tied to the role of polyphenols in
the growth phase and in plants’ life cycle [6]. Previous research has shown that S. palustris
L. plants exhibit a high total polyphenol content of about 213 mg gallic acid equivalent
(GAE)/g dry matter (d.m.), high antiradical activity against DPPH radical, and promising
anti-proliferative properties against cervix adenocarcinoma cells (HeLa) [2,7]. On the other
hand, the chromatographic analysis showed the presence of only eight compounds belong-
ing to the group of phenylethanoid glycosides, isoscutellarein derivatives, phenolic acid,
and iridoids [2].

Despite the above data and traditional knowledge about S. palustris L. being a high
nutraceutical potential, little is known about the secondary metabolites profile and biologi-
cal activity of edible leaves, flowers, stems, and roots of S. palustris L. [6,7]. Therefore, this
study aimed to assess the profile and amount of polyphenolic compounds by UPLC-PDA-
ESI-TQD-MS/MS and their in vitro biological activity (antioxidant and anti-proliferative
activity). Results, on the polyphenol profile and anti-proliferative activity, as well as
inhibitory activity against digestive enzymes, could be interesting for potential applica-
tions in functional foods, natural health products, pharmaceuticals, cosmetics industries,
and/or medicine.

2. Results and Discussion

2.1. Profile of Polyphenolic Compounds

The UPLC–PDA-ESI–TQD–MS/MS fingerprint of Stachys palustris L. flowers, leaves,
stems and roots (Table 1, and Figure S1) discovered the presence of 89 polyphenolic in-
gredients based on their UV maxima, m/z, [M-H]− and [M-H]+, retention times, peak
areas, available data, and standards. Amongst identified compounds, 40 hydrolysable
tannins, 16 phenylethanoid glycosides (PhGs), 4 anthocyanins, 1 flavan-3-ol, 6 phenolic
acids, 1 flavonols, and 21 flavones were found. However, the qualitative composition of
the tested bioactive ingredients was strongly dependent on the extracted part of the plant;
with 56, 55, 50, and 49 compounds identified, respectively, in flowers, roots, leaves, and
stems of S. palustris L (Tables 1 and 2). It is worth emphasizing that thus far only eight
compounds had been identified in S. palustris L. belonging to secondary metabolites, such
as verbascoside, echinacoside, two isoscutellarein derivatives, monomelittoside, chloro-
genic acid, harpagide, and its derivative 8-O-acetyl-harpagide [2]. However, in our study,
compounds, such as monomelittoside, chlorogenic acid, harpagide, and its derivative
8-O-acetyl-harpagide [2], were not observed. Thus, apart from the compounds confirmed
by Venditti et al. [2], the remaining compounds were detected in the flowers, leaves, stems,
and roots extracts of S. palustris L. for the first time.

234



Pharmaceuticals 2022, 15, 785

Table 1. Characterization of polyphenolic compounds in Stachys palustris L. by LC–PDA-ESI–TQD–MS/MS.

Identified Compounds Rr [min]
Δd
[nm]

[M-H]−/MS-MS Ref.

Hydrolysable tannins

Grandinin 2.49 203 1065/975/931/301 [8–19]
Grandinin isomer 2.71 227 1065/975/931/301 [8–19]
Grandinin isomer 2.77 203 1065/975/931/301 [8–19]
Castalagin/vescalagin isomer 2.83 224 933/915/631/301 [8–19]
Vescalagin 2.93 224 933/915/631/613/569/467/301 [8–19]
Castalagin/vescalagin isomer 3.01 224 933/915/613/569/467/301 [8–19]
Castalagin/vescalagin
(HHDP–NHTP–glucose) isomer 3.25 224 933/915/889/871/631/613/467/301 [8–19]

Pedunculagin isomer (diHHDP-glucose) 3.36 232 783/481/301 [8–19]
Castalagin/vescalagin isomer 3.43 204 933/915/889/631/301 [8–19]
Cocciferin d2 isomer
(HHDP-NHTP-glucose-galloyldiHHDP-
glucose)

3.59 224 933/915/631/301 [8]

Castalagin/vescalagin isomer 3.69 204 933/631/461/301 [8–19]
Pedunculagin isomer (diHHDP-glucose) 3.95 204 783/481/301 [8–19]
Castalagin/vescalagin isomer 4.02 208 933/915/631/301 [8–19]
Pedunculagin isomer (diHHDP-glucose) 4.24 230, 275 783/481/301 [8–19]
Castalagin/Vescalagin isomer 4.29 245 933/915/871/613/569/301 [8–19]
Casuarictin (galloyl-DiHHDP-glucose) 4.45 205 935/783/633/301 [8–19]
Cocciferin d2 isomer
(HHDP-NHTP-glucose-galloyldiHHDP-
glucose)

4.51 223 933/915/631/390/301 [8]

Chebulanin 4.54 205 651/481/463/337/319/275/169 [8–19]
Castalagin/vescalagin isomer 4.58 212/270 933/631/569/301 [8–19]

Chebulanin 4.60 206 651/481/463/337/319/275/169 [9,11–
19]

Sanguiin H-10 isome
(digalloyltriHHDPdiglucose) 4.87 315 1567/1265/1103/933/631/481/301 [20,21]

Castalagin/vescalagin isomer 4.93 216 933/633/481/301 [8]
Castalagin/Vescalagin isomer 5.05 276/353 933/915/871/631/613/467/301 [8]
Casuarinin (diHHDP-galloyl-glucose) 5.18 217 935/783/633/481/301 [8–19]
Castalagin/vescalagin isomer 5.33 220 933/783/633/434/301 [8]
Pedunculagin (diHHDP-glucose) 5.43 313 783/707/633/481/301 [8–19]
Sanguiin H-10 isomer
(digalloyltriHHDPdiglucose) 5.51 240 1567/783/631/481/301 [20,21]

Roburin E 5.63 230 1064/301 [8–19]
Vescalagin isomer 5.91 218 933/631/467/301 [8–19]
Castalagin isomer 6.16 222 933/631/467/301 [8–19]
Geraniin isomer 6.25 209 951/933/633/301/257 [8–19]
Casuarinin/potentilin
(galloyl-diHHDP-glucose) 6.51 279 935/783/633/301 [8–19]

Tellimagrandin I
(digalloyl-HHDP-glucose) 6.53 218/277 785/615/483/301 [8–19]

Pentagalloyl-glucose 6.95 280 939/787/769/617/599/447 [8–19]
Tellimagrandin I isomer
(digalloyl-HHDP-glucose) 6.99 218/277 785/615/483/301 [8–19]

Trigalloyl-HHDP-glucose 7.07 280 937/767/635/465/301 [8,14]
Trigalloyl-HHDP-glucose 7.74 280 937/767/635/465/301 [8,14]
Trigalloyl-HHDP-glucose 7.80 281 937/767/635/465/301 [8,14]
Trigalloyl-HHDP-glucose 7.93 281 937/767/635/465/301 [8,14]
Chebulagic acid
(galloyl-chebuloyl-HHDP-glucose) 8.00 220/272 953/785/633/463/337/301/169 [14]
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Table 1. Cont.

Identified Compounds Rr [min]
Δd
[nm]

[M-H]−/MS-MS Ref.

Phenylethanoid glycosides

Echinacoside 6.27 329 785/623/461/161 [22,23]
Betonyoside E 6.32 326 785/639//621/609/193/161 [22,23]
Stachysoside A 6.38 272 755/623/461/593/179/161 [24]
B-OH-Forsythoside B methylether 7.29 330 785/755/623/347/161 [22,23]
Stachysoside A 7.41 330 755/623/593/461/179/161 [24]

Isoacteoside (isoverbascoside) 7.60 330 623/461/161 [2,25–
27]

B-OH-Forsythoside B methylether 7.80 323 785/755/623/347/161 [22,23]
Forsythoside B isomer 7.91 330 755/623/607/593/461/161 [22]
Forsythoside B isomer 7.97 325 755/623/593/461/161 [22]
Forsythoside B isomer 8.07 326 755/623/461/447/161 [24]
Cistanoside A 8.22 328 799/637/623/475/315 [22,23]
Alyssonoside 8.34 329 769/593/575/447/315/161 [24]
Alyssonoside isomer 8.59 329 769/593/575/447/315/161 [24]
Martynoside 9.34 283 651/475/457/328/161 [24]
Samioside 10.02 329 755/593/461/315/161 [24]
Leucoseptoside A 10.29 313 637/461/315/193/175/161 [24,28]
Stachysoside E 10.43 319 669/625/583/380/264 [24]

Anthocyanins

Delphinidin 3-O-glucoside 3.65 520 465/303 [29]
Malvidin 3-O-diglucoside 4.51 525 665/493/331 [29]
Cyanidin 3-O-glucoside 5.06 517 449/287 [29]
Malvidin 3-O-acetylglucoside 6.00 525 535/331 [29]

Flavan-3-ols

(-)Epicatchin 4.83 280 289 [8]

Phenolic acid

Ellagic acid glucoside 5.74 370 463/301 [25]
Ellagic acid pentoside 6.05 254/362 433/301 [25]
Ellagic acid 7.52 255/365 301 [25]
3,4-dicaffeoyl quinic acid 8.91 324 515/353/191/179 [25]
3,5-dicaffeoyl quinic acid 9.04 324 515/353/191/179 [25]
4,5-dicaffeoyl quinic acid 11.07 324 515/353/191/179 [25]

Flavonols

Kaempferol hexose glucuronide 10.85 343 623/285 [30]

Flavones

Chrysoeriol
acetyl-allopyranosyl-glucopyranoside 5.82 269/332 677/299 [31,32]

Luteolin-6-C-galactoside 6.59 269/349 447/357/327/297/285 [33,34]
Luteolin-6-C-glucoside 6.74 267/347 447/357/327/299/285 [33,34]
Apigenin-6-C-galactoside 7.29 268/336 431/341/311/283/269 [35]
Apigenin-6-C-glucoside 7.43 269/336 431/341/311/283/269 [35]
Apigenin 7-O-β-D-(6-p-coumaroyl)-
glucopyranoside 8.26 325 577/432/407/269 [31,36]

Apigenin acetyl-allosyl-glucoside 9.01 332 635/269 [26]
Chrysoeriol 7-O-acetylallosylglucoside 10.84 311 667/299 [25]
4′-O-methylisoscutellarein-diacetyl-
allosyl-glucopyranoside 8.62 346 707/299 [25,26]

4′-O-methylisoscutellarein-acetyl-allosyl-
glucopyranoside 8.87 329 665/485/299 [25,26]

Isoscutellarein-acetylallosyl-
(glucopyranoside)apiose 9.19 276/330 651/429/285 [25,26]
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Table 1. Cont.

Identified Compounds Rr [min]
Δd
[nm]

[M-H]−/MS-MS Ref.

Isoscutellarein-acetylallosyl-
(glucopyranoside)apiose
isommer

9.32 326 651/637/429/285 [25,26]

Isoscutellarein-acetylallosyl-
(glucopyranoside)apiose
isommer

9.44 329 651/607/429/285 [25,26]

Isoscutellarein-acetylallosyl-
(glucopyranoside)apiose
isommer

9.49 329 651/607/429/285 [25,26]

Isoscutellarein-acetylallosyl-
(glucopyranoside)apiose
isommer

9.63 329 651/285 [25,26]

Isoscutellarein-acetylallosyl-
(glucopyranoside)apiose
isommer

9.72 329 651/285 [25,26]

Isoscutellarein-acetylallosyl-
(glucopyranoside)apiose
isommer

9.79 314 651/285 [25,26]

Isoscutellarein-acetylallosyl-
glucopyranoside 9.85 328 651/285 [25,26]

Isoscutellarein-
acetylallosyl-glucopyranoside isommer 10.10 329 651/285 [25,26]

4′-O-methylisoscutellarein-acetyl-allosyl-
glucopyranoside
isomer

11.23 277/305 665/299 [25,26]

Rt, retention time.

Table 2. Total polyphenol content in different parts of Stachys palustris L. [mg/100 g d.m.].

Polyphenolic Compounds Flowers Leaves Stems Roots

Hydrolysable Tannins (HT)

Grandinin 172.25 ± 2.07a a 76.69 ± 0.92b 62.67 ± 0.75c 32.34 ± 0.39d
Grandinin isommer 399.62 ± 4.80b 533.26 ± 6.40a 230.27 ± 2.76c nd
Grandinin isommer 265.51 ± 3.19a nd b 71.98 ± 0.86c 120.43 ± 1.45b
Castalagin/vescalagin isomer 214.78 ± 2.58b 494.02 ± 5.93a 212.20 ± 2.55b nd
Vescalagin 2370.75 ± 18.97a 1528.04 ± 12.22b 1236.86 ± 9.89c 403.8 ± 3.23d
Castalagin/vescalagin isomer 36.41 ± 0.44c 224.02 ± 2.69a 95.17 ± 1.14b nd
Castalagin/vescalagin
(HHDP–NHTP–glucose) isomer 500.80 ± 6.01a 129.82 ± 1.56c 220.30 ± 2.64b nd

Pedunculagin isomer (diHHDP-glucose) nd nd nd 78.36 ± 0.94a
Castalagin/vescalagin isomer 945.11 ± 1.89b 1041.14 ± 2.08a 617.74 ± 1.24c 51.56 ± 0.62d
Cocciferin d2 isomer
(HHDP-NHTP-glucose-galloyldiHHDP-
glucose)

1552.66 ± 18.63a 1388.25 ± 16.66b 867.36 ± 10.41c 230.08 ± 2.76d

Castalagin/vescalagin isomer 636.42 ± 7.64b 990.62 ± 11.89a 572.37 ± 6.87c 37.70 ± 0.45d
Pedunculagin isomer (diHHDP-glucose) 63.94 ± 0.77b 80.22 ± 0.96a 27.38 ± 0.33c 2.59 ± 0.03d
Castalagin/vescalagin isomer 162.72 ± 1.95c 298.50 ± 3.58a 137.30 ± 1.65b 16.72 ± 0.20c
Pedunculagin isomer (diHHDP-glucose) 110.36 ± 1.32b 143.92 ± 1.73a 47.51 ± 0.57c 6.05 ± 0.07d
Castalagin/Vescalagin isomer 100.25 ± 1.20b 117.42 ± 1.41a 57.71 ± 0.69c 13.61 ± 0.16d
Casuarictin (galloyl-diHHDP-glucose) 33.64 ± 0.40b 85.27 ± 1.02a 22.76 ± 0.27c 34.51 ± 0.41b
Cocciferin d2 isomer (HHDP-NHTP-
glucose-galloyldiHHDP-glucose) 21.33 ± 0.26b 29.19 ± 0.35a 8.57 ± 0.10c nd

Chebulanin nd nd nd 2.62 ± 0.03a
Castalagin/vescalagin isomer 40.36 ± 0.48a nd nd nd
Chebulanin nd nd nd 12.15 ± 0.15a
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Table 2. Cont.

Polyphenolic Compounds Flowers Leaves Stems Roots

Sanguiin H-10 isomer
(digalloyltriHHDPdiglucose) 4.73 ± 0.06c 9.11 ± 0.11b 3.84 ± 0.05cd 18.68 ± 0.22a

Castalagin/vescalagin isomer 27.11 ± 0.33a 28.71 ± 0.34a 17.43 ± 0.21b 4.79 ± 0.06c
Castalagin/Vescalagin isomer 18.71 ± 0.22a 1.32 ± 0.02b 0.95 ± 0.01b nd
Casuarinin (diHHDP-galloyl-glucose) 38.79 ± 0.47a 18.53 ± 0.22b 7.82 ± 0.09c 3.42 ± 0.04d
Castalagin/vescalagin isomer 18.55 ± 0.22a 15.14 ± 0.18b 8.00 ± 0.10c 5.39 ± 0.06d
Pedunculagin (diHHDP-glucose) 5.76 ± 0.07b 11.64 ± 0.14a 5.43 ± 0.07b 1.47 ± 0.02c
Sanguiin H-10 isomer
(digalloyltriHHDPdiglucose) 8.20 ± 0.10b 45.22 ± 0.54a 3.68 ± 0.04c nd

Roburin E 27.43 ± 0.33a 20.53 ± 0.25b 4.11 ± 0.05c nd
Vescalagin isomer 5.48 ± 0.07c 8.96 ± 0.11a 6.31 ± 0.08b nd
Castalagin isomer 26.95 ± 0.32a 14.71 ± 0.18b 4.85 ± 0.06c 2.54 ± 0.03d
Geraniin isomer 1.63 ± 0.02b 5.28 ± 0.06a 4.57 ± 0.05a nd
Casuarinin/potentilin
(galloyl-diHHDP-glucose) nd 1.39 ± 0.02b 3.85 ± 0.05a 1.59 ± 0.02b

Tellimagrandin I
(digalloyl-HHDP-glucose) 5.38 ± 0.06a nd nd 2.32 ± 0.03b

Pentagalloyl-glucose 1.83 ± 0.02a nd nd nd
Tellimagrandin I isomer
(digalloyl-HHDP-glucose) 5.28 ± 0.06a nd nd nd

Trigalloyl-HHDP-glucose 8.55 ± 0.10a 4.79 ± 0.06b 1.94 ± 0.02c nd
Trigalloyl-HHDP-glucose 6.40 ± 0.08a 1.30 ± 0.02b 0.75 ± 0.01c nd
Trigalloyl-HHDP-glucose 6.23 ± 0.07a 3.23 ± 0.04b 0.61 ± 0.01c nd
Trigalloyl-HHDP-glucose 25.87 ± 0.31a nd nd nd
Chebulagic acid
(galloyl-chebuloyl-HHDP-glucose) 75.04 ± 0.90a 3.33 ± 0.04b 1.64 ± 0.02c nd

Phenylethanoid glycosides (PhG)

Echinacoside nd nd nd 1.11 ± 0.01a
Betonyoside E 1.53 ± 0.02a 1.44 ± 0.02a 0.57 ± 0.01bc 1.10 ± 0.01b
Stachysoside A 6.62 ± 0.08a nd nd nd
B-OH-Forsythoside B methylether nd nd nd 15.01 ± 0.18a
Stachysoside A nd nd nd 30.72 ± 0.37a
Isoacteoside (isoverbascoside) nd nd nd 114.26 ± 1.37a
B-OH-Forsythoside B methylether nd nd nd 1.04 ± 0.01a
Forsythoside B nd nd 5.76 ± 0.07b 10.84 ± 0.13a
Forsythoside B nd nd nd 1.75 ± 0.02a
Forsythoside B isomer nd nd nd 2.69 ± 0.03a
Cistanoside A nd nd nd 1.33 ± 0.02a
Alyssonoside nd nd nd 13.05 ± 0.16a
Alyssonoside isomer nd nd nd 12.45 ± 0.15a
Martynoside nd nd nd 4.17 ± 0.05a
Samioside nd nd nd 0.92 ± 0.01a
Leucoseptoside A nd 1.76 ± 0.02a nd nd
Stachysoside E nd 1.70 ± 0.02a nd nd

Anthocyanins (ANT)

Delphinidin 3-O-glucoside 3.36 ± 0.04a nd nd nd
Malvidin 3-O-diglucoside 9.99 ± 0.12a nd nd nd
Cyanidin 3-O-glucoside 3.07 ± 0.04a nd nd nd
Malvidin 3-O-acetylglucoside 3.57 ± 0.04a nd nd nd

Flavan-3-ols (F3O)

(-)-Epicatchin 31.95 ± 0.38a 4.81 ± 0.06c 13.69 ± 0.16b nd
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Table 2. Cont.

Polyphenolic Compounds Flowers Leaves Stems Roots

Phenolic acid (PA)

Ellagic acid glucoside nd 4.24 ± 0.05a 0.71 ± 0.01b nd
Ellagic acid pentoside 5.35 ± 0.06a 3.56 ± 0.04b 0.83 ± 0.01c 0.84 ± 0.01c
Ellagic acid 48.45 ± 0.58a 26.35 ± 0.32b 7.18 ± 0.09c 3.16 ± 0.04d
3,4-dicaffeoyl quinic acid 0.64 ± 0.01c 1.41 ± 0.02b 0.38 ± 0.00c 21.85 ± 0.26a
3,5-dicaffeoyl quinic acid 1.98 ± 0.02b 2.21 ± 0.03a 1.16 ± 0.01c 2.03 ± 0.02b
4,5-dicaffeoyl quinic acid 0.89 ± 0.01a 0.25 ± 0.00a 0.30 ± 0.00a 0.18 ± 0.00a

Flavonols (FL)

Kaempferol hexose glucuronide 7.36 ± 0.09a nd nd nd

Flavones (FLN)

Chrysoeriol
acetyl-allopyranosyl-glucopyranoside nd 3.86 ± 0.05a 3.29 ± 0.04a 1.02 ± 0.01b

Luteolin-6-C-galactoside 22.57 ± 0.27c 462.91 ± 5.55a 72.75 ± 0.87b 0.46 ± 0.01d
Luteolin-6-C-glucoside 45.72 ± 0.55c 267.68 ± 3.21a 40.74 ± 0.49b nd
Apigenin-6-C-galactoside 17.59 ± 0.21c 237.74 ± 2.85a 39.72 ± 0.48b nd
Apigenin-6-C-glucoside 14.16 ± 0.17c 394.48 ± 4.73a 65.50 ± 0.79b nd
Apigenin 7-O-β-D-(6-p-coumaroyl)-
glucopyranoside 1.39 ± 0.02c 2.70 ± 0.03a 1.52 ± 0.02b nd

Apigenin acetyl-allosyl-glucoside nd nd nd 3.72 ± 0.04a
Chrysoeriol 7-O-acetylallosylglucoside nd 2.01 ± 0.02a nd nd
4′-O-methylisoscutellarein-diacetyl-
allosyl-glucopyranoside 36.59 ± 0.44a 31.61 ± 0.38b 17.67 ± 0.21c nd

4′-O-methylisoscutellarein-acetyl-allosyl-
glucopyranoside nd nd nd 5.97 ± 0.07a

Isoscutellarein-acetylallosyl-
(glucopyranoside)apiose 0.37 ± 0.00c 2.96 ± 0.04b 0.80 ± 0.01c 93.21 ± 1.12a

Isoscutellarein-acetylallosyl-
(glucopyranoside)apiose
isommer

nd nd nd 2.91 ± 0.03a

Isoscutellarein-acetylallosyl-
(glucopyranoside)apiose
isommer

nd nd nd 18.45 ± 0.22a

Isoscutellarein-acetylallosyl-
(glucopyranoside)apiose
isommer

nd nd nd 11.22 ± 0.13a

Isoscutellarein-acetylallosyl-
(glucopyranoside)apiose
isommer

nd nd nd 3.58 ± 0.04a

Isoscutellarein-acetylallosyl-
(glucopyranoside)apiose
isommer

nd nd nd 4.42 ± 0.05a

Isoscutellarein-acetylallosyl-
(glucopyranoside)apiose
isommer

nd nd nd 1.13 ± 0.01a

Isoscutellarein-acetylallosyl-
glucopyranoside nd nd nd 5.18 ± 0.06a

Isoscutellarein-acetylallosyl-
glucopyranoside
isommer

nd nd nd 2.69 ± 0.03a

4′-O-methylisoscutellarein-acetyl-allosyl-
glucopyranoside
isomer

nd nd nd 14.21 ± 0.17a
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Table 2. Cont.

Polyphenolic Compounds Flowers Leaves Stems Roots

Procyjanidyny polimery (PP) 336.61 ± 4.04b 444.87 ± 5.34a 102.29 ± 1.23d 133.55 ± 1.6c

Degree of polymerization (DP) 2.96c 2.07d 3.72b 4.74a

The total sum of phenolic compounds 8544.63b 9252.11a 4938.76c 1622.94d
a Values that are expressed as the mean (n = 3) ± standard deviation and different letters (between morphological
parts) within the same row indicate statistically significant differences by Duncan’s test (p < 0.05); b nd, not
identified.

2.1.1. Hydrolysable Tannins

The main class of polyphenolic compounds identified in the flowers, leaves, stems,
and roots of S. palustris L. was hydrolysable tannins. In this study, S. palustris L. was found
to contain 40 compounds of this class, including 36 hydrolysable tannins in the flowers,
31 in the leaves, 32 in the stems, and 22 in the roots. This group contains the derivatives
of gallic acid, ellagitannins, and gallotannins [8]. Gallic acid is known to dimerize into
ellagic acid formed by intramolecular dilactonization of HHDP acid (hexahydroxydiphe-
noyl acid). Ellagitanins, constituting the most abundant fraction of hydrolysable tannins,
are formed by the oxidative coupling of adjacent galloyl fractions from gallotannins [8,10].
The group of HHDP is further divided into two groups: a NHTP (nonahydroxytriph-
enoyl) group by coupling to the next galloyl group, or a Chebuloyl group by double
oxidation [8,10]. The structure of thirty-four compounds were confirmed, based on iden-
tification of their fragmentation pattern on the basis of fragmentation earlier described
in the Chestnut of Castanea sativa by Miller [8], the different plant parts of Terminalia ar-
juna [9], the fraction of Sanguisorba officinalis L. [11], the different parts of myrtle berry from
Italy [12], Fragaria vesca L. berries [13], Terminalia chebula fruits [14], plant medical [15,16],
Myrtaceae family [17], Genista tinctoria L. [18], and the leaves of Phyllagathis rotundifolia [19].
These compounds were identified as grandinin, two grandinin derivatives, roburin E
(m/z 1065), fourteen castalagin/vescalagin isomers (m/z 933), four pedunculagin isomer
[diHHDP-glucose] (m/z 783), two casuarinin [diHHDP-galloyl-glucose] (m/z 935), casuar-
ictin [galloyl-DiHHDP-glucose] (m/z 935), two chebulanin (m/z 651), geraniin isomer
(m/z 951), pentagalloyl-glucose (m/z 939), two tellimagrandin I [digalloyl-HHDP-glucose]
(m/z 785), and four trigalloyl-HHDP-glucose (m/z 937).

The fragmentation of the above hydrolysable tannins resulted in losses of typical
residues such as gallic acid ([M-H-170]−), galloyl ([M-H-152]−), HHDP ([M-H-302]−),
HDDP glucose ([M-H-482]−), galloyl-HDDP-glucose ([M-H-634]−), or galloyl-glucose ([M-
H-332]−) residues [8,10,11]. According to Esposito et al. [8], the compound of chebulagic
acid (galloylo-chebuloyl-HHDP-glucose) contains chebuloyl group generated by the oxi-
dation of HHDP residues and further supported by the loss of carboxylic and chebuloyl
groups. In addition, the compound cocciferin d2 isomer (HHDP-NHTP-glucose-galloyl-
diHHDP-glucose), which is a dimer ellagitannin, was noted as [M-2H]2− (double charged
pseudomolecular ion). Sanguiin H-10 isomers [M-H]− at m/z 1567 were identified on the
basis of data published by Kool et al. [20] in Boysenberry (Rubus loganbaccus × baileyanus
Britt.), and by Mullen et al. [21] during the fragmentation MS/MS loss of two HHDP (302
mass unit (m.u.), glucosyl (162 m.u.), and galloyl (170 m.u.) moieties.

2.1.2. Flavanones

The compounds belonging the group of flavones usually subsist as glycosides and
seldom as free aglycones [37]. In the full-scan LC-MS/MS, the deprotonated pseudomolec-
ular ions [M-H]− of luteolin, apigenin, isoscutellarein, and chrysoeriol (m/z 285.0, m/z
269.0, m/z 285.0, and m/z 299, respectively) were observed [33]. A total of 21 compounds
are reported in different parts of S. plasturis L., including 7 flavones in the flowers, 9 in the
leaves, 8 in the stems where apigenins and luteolins dominated, and 15 in the roots where
isoscutellarein and chrysoeriol dominated. The pathway for flavones C-glycosides showed
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the decomposition of glycan with a loss of neutral residues with the decomposition of a
flavonoid moiety associated to the residual part of glycan [38]. These compounds for the
genus Stachys are considered important chemosystematics markers [25].

The first class of flavones was luteolin ([M-H]− at m/z 447) determined based on
characteristic UV absorption maxima at 269 and 349 nm. According to Lin et al. [37], these
compounds are characterized by two UV spectral maximums: 250–300 nm (band I), and
342–350 nm (band II). Based on the fragmentation of the peak that indicated the presence of
a C-glycosylated derivative, these compounds were confirmed as luteolin 6-O-galactoside
and luteolin 6-O-glucoside (previously identified in the Elaeis guineensis Jacq.) [33,34].

Apart from luteolins, four apigenin compounds (m/z 431, 577, and 635) were also iden-
tified based on the UV spectrum at 260 and 336 nm. Two compounds with molecular ion at
m/z 431 and the fragmentation of MS/MS indicative of a C-glycosylated derivative and loss
of glucosyl (162 m.u.) moiety were identified as apigenin 6-C-galactoside and apigenin 6-C-
glucoside, previously noted in Cyclanthera pedata leaves, fruits, and dietary supplements [35].
The compound with pseudomolecular ion at m/z 635 was tentatively identified on the
basis of fragmentation earlier described in Stachys parviflora L. [26] as apigenin acetylallosyl-
glucoside. Mass spectra of apigenin with p-coumaric acid derivative showed molecular
ion at m/z 577 and was confirmed based on previous results for Stachys byzantina [36] and
Stachys bombycina [31] as apigenin 7-O-β-D-(6-p-coumaroyl)-glucopyranoside.

Two compounds belonging to chrysoeriol derivatives with pseudomolecular ion at
m/z 667 and m/z 677 were confirmed based on the fragmentation pathway described in
the Stachys subgenus [32] and Stachys bombycina [31] and were identified as chrysoeriol
7-O-acetylallosylglucoside and chrysoeriol-acetyl-allopyranosyl-glucopyranoside.

The last class of flavones were twelve isoscutellarein derivatives with the pseudo-
molecular ion [M-H]− m/z 667, m/z 707, m/z 665, and m/z 651. The presence of Aglycon
[A-H]− fragment and D-allose, which is characteristic of a large group of Stachys plants,
was noted [25]. As constituents acetylated on the internal or external allose unit showing
the intermediate ions [M-180]− or [M-180-OAc]− [25], these compounds were identified
as isoscutellarein-acetylallosyl-(glucopyranoside)apiose isomers (nine compounds), 4′-O-
methylisoscutellarein-acetyl-allosyl-glucopyranoside, and their isomers similar to Stachys
recta L. [25] and Stachys parviflora L. [26].

2.1.3. Phenylethanoid Glycosides (PhGs)

Phenylethanoid glycosides (PhGs) are appreciated for a strong biological potency [39,40].
The typical spectra exhibited UV-Vis maxima between 320–340 nm [39]. 16 PhG com-
pounds, including 2 in the flowers, 3 in the leaves, 2 in the stems, and 13 in the roots,
were detected in S. palustris L. The detected PhGs showed deprotonated molecular ions
[M-H]− at m/z 785, m/z 755, m/z 623, m/z 799, m/z 769, m/z 651, m/z 755, and m/z
669. During the fragmentation of the above, PhGs showed losses of typical residues, such
as the neutral loss of the caffeoyl residue (162 m.u.), p-coumaric moiety (176 m.u.), the
rhamnose residue (146 m.u.), the glucose residue (162 m.u.), the COCH2 group (42 m.u.), a
CH2 radical (14 m.u.), and the methoxy group (30 m.u.) [25,26,39,40].

Compounds with pseudomolecular ions at m/z 785, m/z 623, m/z 755, and m/z
669 were confirmed as betonyoside E, two B-OH-Forsythoside B methylether isomers,
isoacteoside, two forsythoside B, and their isomer based on stachysoside E, previously
isolated from Stachys recta L. [25], Stachys parviflora L. [26], Stachys officinalis L. [27], and
Stachys alopecuros L. [2].

Mass spectra for two compounds were tentatively assigned as echinacoside (m/z 799)
and cistanoside A (m/z 785), previously described in Cistanche deserticola [22] and Cistanche
armena [23].

Three compounds with pseudomolecular ions at m/z 756 and 637 was tentatively
detected as two stachysoside A and leucoseptoside A, with a characteristic fragmentation
pathway presented in Lagopsis supina [28].
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The last three compounds belonging to PhGs were tentatively specified on the ba-
sis [24] noted in Phlomis species. Two compounds having pseudomolecular ions at m/z 769,
and on the basis of fragmentation MS/MS the losses of p-coumaric residue, pentose, and
glucose moiety, were tentatively assigned as alyssonoside and alyssonoside isomer [24].
Compounds, such as samioside (m/z 755) and martynoside (m/z 651), were assigned on
the losses of glucose, pentose, rhamnose moiety, and p-coumaric and rhamnose moiety,
according to the fragmentation pattern determined by Kirmizibekmes et al. [24].

2.1.4. Other Phenolic Acids, Anthocyanins, Flavonol, and Flavan-3-ol

The last groups of polyphenolic compounds identified in the different parts of S.
palustris L. were phenolic acids, anthocyanins, flavonol, and flavan-3-ol. Among detected
phenolic acids, three compounds presented similar maximum absorbance at 325 nm, which
is typical for derivatives of dicaffeoylquinic acid [25]. All of them had common pseudo-
molecular ions at m/z 515. The first compound was detected as 3,5-di-affeoylquinic acid
compared with the standard. The next two compounds noted the characteristic ions at m/z
173, which indicate the presence of quinic acid in position four. Thus, these compounds
were determined as 3,4-di-caffeoylquinic and 4,5-di-caffeoylquinic acids, respectively, on
the basis of the order of elution [25]. The next three phenolic acid tentatively assigned
as ellagic acid (m/z 301), ellagic acid glucoside ([M-H-463]−), and ellagic acid pentoside
([M-H-461]−) were previously determined in Stachys officinalis [33].

All anthocyanins and flavonol assigned in S. palustris L. was noted in just flowers for
the first time. In the full-scan LC-MS/MS, the deprotonated molecular ions [M-H]− of
delphinidin, malvidin, and cyanidin (m/z 303, m/z 331, and m/z 287, respectively) [29]
were detected. These compounds were detected as delphinidin 3-O-glucoside, malvidin
3-O-diglucoside, cyanidin 3-O-glucoside, and malvidin 3-O-acetylglucoside on the basis of
their fragmentation pathways [29]. One flavonol (deprotoned molecular ion at m/z 285)
was specified as kaempferol hexose glucuronide from the losses of hexose moiety (162 m.u.)
and glucuronide moiety (176 m.u.) [30]. The existence of (−)-epicatechin was confirmed
via the standard.

2.2. Content of Polyphenolic Compounds and Polymeric Procyanidins

Polyphenols are a very important group of secondary metabolites because they exhibit
a wide range of health benefits and biological activities [41]. A statistical test on one-
factor analysis indicated a significant effect (p < 0.05) of research plant parts on the total
polyphenol content (TPC). The average TPC in the S. palustris L. was 6090 mg/100 g
d.m. (Table 2). The highest amount of secondary metabolites were measured in the
leaves (9252 mg/100 g d.m.), and this value was 1.9 and 5.7 times higher than in the stems
and roots.

The main group of the analyzed polyphenols detected in the flowers, leaves, stems,
and roots of S. palustris were hydrolysable tannins (constituting an average of 82.9% of all
polyphenolic compounds) > flavones (8%) > flavan-3-ols (monomers and polymers; 5%) >
phenylethanoid glycosides (3.3%) > phenolic acids, anthocyanins, and flavanols (<0.8%).
Compared with other Stachys species, hydrolysable tannins were also a predominant
group detected in S. cretica ssp. anatolica [42]. Nonetheless, higher TPC detected in the
flowers and leaves is because these organs actively metabolize these compounds during
photosynthesis [43,44].

A similar trend for TPC was noted in the studies on different parts of Astragalus
macrocephalus subsp. finitimus [45]. In the S. palustris L. isolated from Hungary and France,
the TPC was 17,630 and 24,980 mg GAE/100 g d.m., respectively [2], and was 1.8 and
2.5 times higher than in the leaves of S. palustris L. from Poland. In turn, the TPC of our
extracts were significantly higher than those reported for other Stachys species (ranging
from 430 mg GAE/100 g d.m. in S. trinervis to 4450 mg GAE/100 g d.m. in S. fruticulosa)
from Iran by Khanavi et al. [46]. According to Oracz et al. [47], TPC may be influenced by
many factors, e.g., origin, soil, weather conditions, analytical method, and the preparation
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of test samples. Carev et al. [42] reported that methanol extracts of S. cretica ssp. anatolica
from Turkey showed 4330 mg/100 g d.m. TPC assessed by LC–ESI–MS/MS and 1.6 times
lower TPC by spectrophotometric method [42]; the results were significantly lower than
those reported in the flowers and leaves noted in our work. Likewise, during the analysis of
S. cretica ssp. Vacillans, the record showed 3604 mg/100 g d.m. TPC using the HPLC system,
and this value was 2.3 times lower compared to the spectrophotometric method [41]. On
the other hand, the total concentration of TPC isolated from stems of S. officinalis L. were
6120 mg GAE/100 g dry extract [33], 1610–3330 mg GAE/100 g [48], which were 1.2 times
higher and 2 times lower compared to stems of S. palustris L. The total amount of bioactive
compounds extracted from leaves and roots of Stachys officinalis L. from Czech Republic
were, respectively, 7495–8050 mg GAE/100 g d.m. and 2286–3164 mg caffeic acid/100 g
d.m. (depending on the cultivar tested) [49]. TPC in the S. recta was 2050 mg/100 g d.m.
and was around 4.8 times lower than in the leaves of S. palustris L. [25].

The most abundant group of tested parts of S. palustris L. contained a range of 1083 to
7945 mg/100 g d.m. for roots and flowers, respectively. The total tannins content identified
in the different organs of Calluna vulgaris L. Hull in flowering time were 5, 4.3, and 3 times
lower than our data for flowers, leaves, and stems [43]. In addition, the predominant
compounds among 40 hydrolysable tannins were vescalagin and cocciferin d2 constituting
21% and 19%, respectively, in the leaves and 37% and 21% in the roots. This was also
confirmed in the study by Esposito et al. [8] and Singh et al. [9].

The concentration of the second numerous group [42] ranged from 138.9 in the flowers
to 1406.0 mg/100 g d.m. in the leaves. The most abundant compound in the flowers
were luteolin 6-C-galactoside and 4′-O-methylisoscutellarein-glucoside-rhamnoside (con-
stituting 33 and 26% of all flavones); in the leaves it was luteolin 6-C-galactoside and
apigenin 6-C-glucoside (constituting 33 and 28%); in the stems it was luteolin 6-C-glucoside
and apigenin 6-C-glucoside (constituting 33 and 27%); in the roots it was isoscutellarein-
acetylallosyl-(glucopyranoside)apiose (constituting 55%). In turn, in studies by Carev
et al. [42] the major compound in S. cretica ssp. anatolica was apigenin-7-glucoside and this
was 2540 mg/100 g d.m. The total of flavonoids as quercetin equivalent in S. tmolea [50]
and in S. cretica ssp. vacillans [41] were 500 and 5010 mg/100 g; in Stachys cretica subsp.
kutahyensis there was 4020 mg/100 g extract [51]. In addition, apigenin and luteolin were re-
ported to reveal a high anxiolytic potency in rats [52] and have high anticancer, antioxidant,
and anti-inflammatory activities [50,53].

The next quantitatively important group was flavan-3-ols, including (−)-epicatechin
as a monomer (constituting 5% of all flavan-3-ols) and polymeric procyanidins (PP; consti-
tuting 95%). The average amount of (−)-epicatechin in measured parts of the plant was
12.6 mg/100 g d.m. and PP—254.3 mg/100 g d.m. The (−)-epicatechin of measured parts
may be organized in the following sequence: flowers > stems > leaves, and for PP: leaves >
flowers > roots > stems. A similar trend for PP was noted in the different tested organs of
Rumex crispus L. and Rumex obtusifolius L. [6]. The total of catechins as catechin equivalent
in Stachys marrubiifolia viv. the leaf was 40 mg/100g extract [54]. The lowest amount of
flavan-3-ols was detected in the stems and also confirmed by Feduraev et al. [6], probably
by the inside metabolic action of the tissues and cells and the molecular constitution of the
exudate carried by the phloem channels [6]. In addition, the alkaline solution of the central
cavity of stems is exposed to oxidation PCs, including flavan-3-ols [6].

Moreover, the most opulent in PhGs were the roots, and the content was 209.5 mg/100 g d.m.,
and this amount was an average of 34 times higher than in the rest parts of S. palustris L.
The main compound detected in the roots was isoverbascoside (verbascoside). This was
also confirmed in the research on S. cretica ssp. anatolica by Carev et al. [47], on S. cretica
subsp. mersinaea by Bahadori et al. [41], on S. tmolea by Elfalleh et al. [50], and on Stachys
cretica subsp. kutahyensis [51]. During the measurement of S. recta, the content of PhGs was
607 mg/100 g d.m. and the concentration was around three times higher than in the stems
of S. palustris L. [25]. In addition, the biological activity of verbascoside was confirmed,
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such as, for example, anti-tumor, anti-inflammatory, anti-radical, and anti-thrombotic
effects [50].

In turn, the phenolic acids were the most abundant in the flowers compared to the rest
parts of S. palustris L. tested, and their amount was 2.2, 3, and 8 times higher compared
to the rest fractions. The total content of phenolic acids measured in the S. recta was
709 mg/100 g d.m. [25] and was significantly higher than our results. The anthocyanins,
and flavonols were noted in the flowers. These compounds present less than 1% of all
PCs in the measured extract of S. palustris L. The total of anthocyanins and flavonols as
quercetin and cyanidin 3-glucoside equivalent in the Stachys marrubiifolia viv. leaves were
537 and 70 mg/100 g extract [54]. According to Bahadori et al. [41], the phenolic acid
content measured in S. cretica subsp. mersinaea was 401 mg/100 g extract; in S. tmolea was
118 mg/100 g [50]. In turn, anthocyanin compounds, in addition to the health benefits, are
responsible for the color of the raw material. According to the analysis, the flowers are the
darkest and red with the addition of dark yellow color (Figure S1). In addition, the NAI
index indicates an intense dark red pigment located in the flowers. On the other hand, the
type of anthocyanins identified indicates a reddish-purple color. Of course, depending on
the pH, it can change [2,29]. This is consistent with the botanical color of the flowers of the
plant under study [55]. The root also seems interesting because it showed a dark red color
with the addition of dark yellow [55].

2.3. In Vitro Biological Activity
2.3.1. Antiradical and Reducing Potential

The antioxidant properties of S. palustris L. was assessed as reducing power (FRAP
assay) and radical scavenging activity (ABTS assay). Results indicate that significant
differences were noted between parts of the research plant. Table 3 suggests that the
flowers and leaves had the highest radical scavenging activities (18.5 and 15.6 mmol TE/g
d.m. respectively) and the highest FRAP reduction potential (5.6 and 7.3 mmol TE/g d.m.,
respectively). The ability to scavenge synthetic ABTS radicals determined for the roots and
stems was about 2 and 3.8 times and 4.4 and 4.5 times weaker compared to the flowers and
the leaves. Similar conclusions were found for the iron (III) reduction capacity, which was
5.3 and 18.5 times and 4 and 14.3 times weaker compared to the flowers and the leaves.

Table 3. In vitro biological activity.

Parts of Plant
α-Amylase
[IC50 (mg/mL)]

α-Glucosidase
[IC50 (mg/mL)]

Pancreatic Lipase
[IC50 (mg/mL)]

ABTS
[mmol TE/g d.m.]

FRAP
[mmol TE/g d.m.]

Leaves 6.85 ± 0.11a a 12.71 ± 0.20b 27.46 ± 0.44a 15.55 ± 0.25b 7.25 ± 0.12a
Flowers 8.14 ± 0.13b 11.20 ± 0.18a 46.23 ± 0.74c 18.49 ± 0.30a 5.57 ± 0.09b
Stems 16.43 ± 0.26c 19.09 ± 0.31c 38.90 ± 0.62b 7.81 ± 0.12c 1.37 ± 0.02c
Roots 26.34 ± 0.42d 34.81 ± 0.56d 47.94 ± 0.77c 4.10 ± 0.07d 0.39 ± 0.01d

a Values that are expressed as the mean (n = 3) ± standard deviation and different letters (between morphological
parts) within the same row indicate statistically significant differences (p < 0.05).

The results indicate that the flowers and the leaves are more effective at eliminating
excess reactive oxygen species (ROS) that cause oxidative stress in the body compared to the
roots and the stems [41,45]. When assessing the reducing power in S. anisochila, S. beckeana,
S. plumosa, and S. alpina spp. Dinarica, a value of 1.9, 1.8, 0.5, and 1.4 mmol Fe2+/g d.m.
has been reported [56]. Likewise, significantly lower values of antioxidant activity for the
FRAP test were noted for the areal part of S. trinervis, S. byzantina, S. setifera, S. subaphylla, S.
turcomanica, S. inflata, S. laxa, S. persica, and S. fruticulosa [45]. In S. tmolea (the areal part), the
antiradical activity and reducing power was 32.3 and 41.9 mg TE/g d.m., respectively [50].
In studies conducted by Benabderrahim et al. [51], the antioxidant activity measured by
ABTS and FRAP assays in S. cretica subsp. Kutahyensis were 175.8 and 239.1 mg TE/g of
extract. The results obtained by Bahadori et al. [41] in Stachys cretica subsp. Mersinaea were
292.7 and 236.4 mg TE/g of extract for ABTS and FRAP tests, respectively. Whereas, in
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the extracts of S. cretica ssp. Anatolica for antiradical activity and reducing power were
112.2 and 127.2 mg TE/g of extract [42]. Moreover, our obtained results were not directly
comparable. Besides, the research by Saravanakumar et al. [57] and Yadav et al. [58] shows
that the differences in the value of antioxidant activity may significantly depend on the
purity of solvents and their polarity, extraction procedure, and fractionation methods.

2.3.2. In Vitro Enzyme Inhibition

Digestive enzymes, such as pancreatic lipase, are involved in fat metabolism and sup-
port the digestion of dietary fats into fatty acids. A-glucosidase and α-amylase are engaged
in the carbohydrate metabolism and break down complex sugars into monosaccharides
and oligosaccharides [57,59]. We analyze different parts of the plant with the digestive
enzyme inhibitory properties to evaluate potential anti-obesity and anti-diabetic properties
(Table 3).

The higher pancreatic lipase enzyme inhibitory activity was reported for leaves of
S. palustris L. In addition, the flowers and leaves noted the higher α-amylase and α-
glucosidase enzyme inhibitory properties. The least ability to inhibit the activity of digestive
enzymes was noted for the roots; the ability to inhibit the activity of α-amylase was on
average 3.5 times weaker compared to the leaves and the flowers, while the α-glucosidase
activity was 3 times weaker. The ability to inhibit pancreatic lipase activity was noted for
both the roots and the flowers.

The higher enzyme (α-amylase and α-glucosidase) inhibitory activity was evaluated
in Stachys japonica of methanol extract, and the result was 7.43 ug extract/ug acarbose
equivalent (ACE) [57]. Whereas the methanol extract from S. cretica subsp. Smyrnaea [41,60],
S. cretica subsp. Mersinaea [41,60], and S. cretica subsp. Kutahyensis [51] had α-amylase
inhibitory activity at the level 61.5, 418.6, and 315.5 mg ACE/g extract, respectively [50].
Furthermore, the inhibitory activity against α-glucosidase for Stachys cretica subsp. Mersi-
naea was 734.5 mg ACE/g of methanol extract [41]. Another study indicated that the
α-amylase inhibition activity for S. iberica subsp. Iberica var. densipilosa and S. byzantina was
219.5 and 200.1 mg ACE/g, respectively [61].

We conclude that the leaves and flowers of S. palustris L. have PP and PA compounds
that show potentially high antidiabetic activities and may be used for the inhibition of
these enzyme activities. To our knowledge, the inhibition of α-amylase and α-glucosidase
activity had not been reported before for S. palustris L. extracts.

2.3.3. Anti-Proliferative Activity

Anti-proliferative activity in the leaves, flowers, stems, and roots of S. palustris L. was
tested in the A549 (lung adenocarcinoma), BxPC3 (pancreatic ductal adenocarcinoma), HT-
29 and CACO-2 (colorectal adenocarcinoma), HCV29T (bladder cancer), and AML-NEV007
(acute myeloid leukemia) cell lines (Figures 1 and 2). We chose tumors that are particularly
resistant to chemotherapy and difficult to treat. Cells were treated with ethanol extract
for 48 h, after which the MTS viability test and the analysis of the induction of apoptosis
were performed.

The most significant results were obtained for leaves and flower extracts of S. palustris
L. In particular, leaves extract markedly decreased the metabolic activity of all tested cell
lines to 8–22%. Extract from the flower showed weaker inhibition effects (10–52% remaining
activity). In addition, the roots and stems extracts were found weakest and reduced the
viability to 30–90%. Diluted ethanol (1%) had no effect on cell lines.

We then tested the induction of apoptosis using Annexin V double staining and propid-
ium iodide. As in the MTS test, the leaf and flower extracts significantly induced apoptosis
in all tested cell lines in the range of 69–86%. The CACO-2 line was the most resistant,
with the apoptosis level around 45%. A study by Kokhdan et al. [62] evaluated a methanol
extract of S. pilifera against HT-29 cell line (colon adenocarcinoma) viability and demon-
strated favorable inhibitory properties and significant anti-proliferative effects. It was also
reported that S. laxa chloroform extract significantly prevented the proliferation of HT-29
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and T47D (ductal carcinoma) cell lines, and the total extract of S. subaphylla also showed anti-
proliferative properties against T47D cell line [63]. Furthermore, Haznagy-Radnai et al. [7],
noted that some Stachys species, such as S. palustris and S. recta, stems in methanolic ex-
tracts displayed significant antiproliferative activity against cervix adenocarcinoma cells
(HeLa); S. germanica flowers against breast adenocarcinoma (MCF-7) cells. In addition,
Lachowicz et al. [11] noted that the methanolic extract of Sanguisorba officinalis L. leaves
and flowers exhibited significant antiproliferative activity versus bladder cancer (HCV29T),
colorectal adenocarcinoma (DLD-1), pancreatic ductal adenocarcinoma (BxPC3), and Jurkat
cell lines. The obtained extracts contain a number of different substances that may have an
additive or synergistic anti-proliferative effect on cancer cells. Many of these substances
affect various intracellular pathways that depend on the type of cancer cells [64]. The
externalization of Annexin V indicates the activation of caspases. Most likely, the process
of apoptosis follows the classical mitochondrial pathway. Polyphenolic compounds are
abundant in the leaves and flowers of S. palustris L. Luteolin, ellagic acid, and apigenin
derivatives are known for their activating effects on the p53 transcription factor. They
also affect the cell cycle and reduce the expression of the proapoptotic proteins from the
Bcl-2 family [65]. Polyphenols have anti-inflammatory properties by inhibiting the activity
of COX2 and NFKB, which is important in cancer [66]. Some natural compounds have
exhibited synergism with established anticancer agents, and thus may reduce the side
effects of chemotherapy. Further research is needed to identify active compounds and test
their anti-cancer properties in appropriate in vivo models. The above results indicate that
the anti-proliferative activity is mainly influenced by the part of the plant studied and
material extraction, as well as the profile of PCs.

Figure 1. The viability of different cancer cells after treatment with 30% ethanolic extracts for 48 h.
One 1:10 solid-to-liquid (S/L) ratio was used for all parts of the plant. Obtained extracts were diluted
30 times to final ethanol concentration 1%.
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Figure 2. Induction of apoptosis after treatment for 48 h.

2.4. Multivariate Analysis

The results show a significant relationship between the high value of particular groups
of the PCs and enzyme inhibitory activities, antioxidant, and antiproliferative activity,
which was confirmed by the Pearson correlation coefficient. It is well known that PCs
indicate numerous properties, including redox properties, and they, therefore, act as singlet
oxygen quenchers and hydrogen donors, as well as exhibiting antioxidant activity [50].
Moreover, it is the synergistic effect between bioactive compounds in the tested material
that provides antioxidant activity depending on, among others, their concentration [50].
Thus, a very strong correlation was noted between the antioxidant potential (for ABTS
and FRAP assay, respectively) and the overall value of PCs (R2 0.953 and 0.956), as well
as individual groups of substances, such as hydrolysable tannins (R2 0.967 and 0.901),
polymeric procyanidins (R2 0.853 and 0.978), and phenolic acids (R2 0.792 and 0.685).

In addition, anthocyanins, flavan-3-ols, and flavonols had a stronger correlation with
antiradical activity than FRAP assay (R2 0.699, 0.684, 0.699, respectively), but flavones
had a stronger correlation with reducing power than ABTS assay (R2 0.700). A strong
correlation between PCs and antioxidant assays was also reported by Bahadori et al. [41,
60] and Khanaki et al. [45] in research concerning the analysis of Stachys cretica subsp.
Mersinaea. On the other hand, the anthocyanins, flavan-3-ols, and flavonols showed
negative correlation with BxPC3 cell line, and flavones noted negative correlation with
α-glucosidase inhibitory activities.

Interestingly, PhGs, especially compounds identified in the roots, were the only group
of PCs to show a negative correlation with enzyme inhibitory activities, a negative strong
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correlation with antioxidant activity, regardless of the method used, and antiproliferative
activity in the all cells line.

The strongest relationships to inhibition of α-amylase activity were noted for hydrolysable
tannins, flavones, and PP against the inhibition of α-glucosidase activity—hydrolysable tannins,
anthocyanins, flavan-3-ols, phenolic acid, and flavonols; whereas the strongest correla-
tions in inhibition of pancreatic lipase activity were noted for phenolic acid and PP. In
turn, α-amylase inhibitory activities indicated a positive correlation with individual PCs,
apart from p-coumaric acid and TPC (R2 −0.999) [41]. Furthermore, a strongly positive
correlation was noted between the anti-proliferative potential (of all analyzed cancer cells
line) and hydrolysable tannins, flavones, PP, and TPC; while the remaining groups of the
polyphenolic compounds noted a positive correlation with cancer cells inhibitory activities,
apart from PhGs.

Overall, the PCA results concerning different parts of plant extract data indicated a
clear correlation with all PCs and anti-proliferative, anti-diabetic, anti-obesity, and antioxi-
dant tests (Figure 3). The PCA detected two essential components that were responsible
for 92.20% of data variance, including PC1 for 70.25%; while the second PC2 was only
responsible for 21.94%. Figure 3 clearly shows the tested parts of S. palustris L. based on
phytochemicals and antioxidant, anti-proliferative, anti-obesity, and anti-diabetic activities:
stems and roots are found on the left of the plot, flowers and leaves are distributed on the
right part. The obtained data indicates that the metabolites that distinguish the studied
parts of the plant are the PCs and mainly hydrolyzed tannins and PP, which are found
in high amounts in the leaves and flowers (PC1), and PhGs, which are especially present
in the roots (PC2). Consequently, their type and concentration affect health-promoting
properties. Therefore, the biological activities demonstrated a difference between parts of
the plant. Besides, the difference in the profile and concentration of PCs in plant fractions
is attributed to the difference in the morphological and anatomical structures and ongoing
physiological processes [44,67]. The results of the PCA method showed similar results as
the Pearson correlation.

Figure 3. PCA of bioactive compounds and biological activities for all parts of Stachys palustris L.
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3. Materials and Methods

3.1. Chemicals, Material and Instruments

Chemicals: Acetonitrile UHPLC, methanol, ascorbic acid, formic acid, methanol, ABTS
(2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid), 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (Trolox), 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ), 2,2-Di(4-tert-octylphenyl)-1-
picrylhydrazyl (DPPH), methanol, acetic acid, α-amylase from porcine pancreas, α-glucosidase
from Rhizopus sp., lipase from porcine pancreas, 3,5-dini-trosalicylic acid, Antibiotic-Antimycotic
Solution, and RPMI 1640 culture medium were purchased from Sigma-Aldrich (Steinheim,
Germany). (−)-Epicatechin, ellagic acid, dicaffeic acid, kampferol-3-O-galactoside, malvidin-
3-O-glucoside, delphinidin 3-O-glucoside, cyanidin-3-O-glucoside, apigenin, apigenin 6-C-
glucoside, and luteolin were purchased from Extrasynthese (Lyon, France). DMEM culture
medium with 10% FBS were purchased from Gibco (Thermo Fisher Scientific, Waltham, MA,
USA), and MTS solution was purchased from Promega (Madison, WI, USA).

Material: Flowers, leaves, stems, and roots of Stachys palustris L. (~3 kg) were obtained
from a private garden in Szczytna (53◦33′46” N 20◦59′07” E), Lower Silesia, Poland. The
plant was collected randomly in August 2019 from different parts of the field (total area of
cultivation is 1 ha). The root of the Stachys palustris L. plant by Professor Ireneusz Ochmian.
The fresh flowers, leaves, stems, and roots were directly frozen at −25 ◦C, and then freeze-
dried and crashed. The powders were kept frozen (−25 ◦C) until planned analysis around
2 weeks.

Instruments: Freeze-dryer (FreeZone 2,5, benchtop, A.G.A. Analytical, Warsaw, Poland),
laboratory mill (RCMZ-800, Warsaw, Poland), Konica Minolta CM-700d spectrophotome-
ter, ultra-performance reverse-phase liquid chromatography (UPLC-ESI-TQD-MS/MS)
with Waters ACQUITY system (Waters, Milford, MA, USA), high-performance reverse-
phase liquid chromatography with fluorescent detector (HPLC-FL) (Waters, Milford, MA,
USA), centrifuge MPW-251 (MPW med. Instruments, Warsaw, Poland), Nicolet Evolu-
tion 300 spectrophotometer (Thermo, Watham, USA), Wallac 1420 VICTOR2 Plate Reader
(PerkinElmer, Waltham, MA, USA).

3.2. Color Parameter

Color and shine of material were measured in a transmitted mode through Konica Mi-
nolta CM-700d spectrophotometer in 1 cm-thick glass trays. Measurements were conducted
in CIE L*a*b* system, through a 10◦ observer type and D65 illuminant [68].

3.3. Polyphenolic Compounds (PCs) by UPLC-ESI-TQD-MS/MS and Procyanidin Polymers (PP)
by the Phloroglucinolysis Method

The method procedure was applied according to the protocol shared by Kapusta
et al. [69]. Profiles of polyphenolic compounds were analyzed using UPLC-PDA-ESI-TQD-
MS/MS. Briefly, the separation was carried out using a BEH C18 column (100 mm × 2.1 mm
i.d., 1.7 μm, Waters, Warsaw, Poland) that was kept at 50 ◦C. For the anthocyanins investi-
gation, the following solvent system was applied: mobile phase A (2% formic acid in water,
v/v) and mobile phase B (2% formic acid in 40% ACN in water, v/v). For other polypheno-
lic compounds, a lower concentration of formic acid was used (0.1%, v/v). The gradient
program was set, as follows: 0 min 5% B, from 0 to 8 min linear to 100% B, and from 8 to
9.5 min for washing and back to initial conditions. The injection volume of samples was
5 μL (partial loop with needle overfill), and the flow rate was 0.35 mL/min. The following
parameters were used for TQD: capillary voltage 3.5 kV, cone voltage, 30 V in positive and
negative mode; the source was kept at 120 ◦C and the desolation temperature was 350 ◦C,
con gas flow 100 L/h, and desolation gas flow 800 L/h. Argon was used as the collision gas
at a flow rate of 0.3 mL/min. The profile compounds identification was based on specific
PDA spectra, mass-to-charge ratio, and fragment ions obtained after collision-induced
dissociation (CID). Quantification of compounds was achieved by the injection of solutions
of known concentrations that ranged from 0.05 to 5 mg/mL (R2 ≤ 0.9998) as standards
((+)-catechin, 3,4-dicaffeoylquinic acid, luteolin 7-O-glucoside, apigenin 7-O-glucoside,
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kampferol-3-O-galactoside, ellagic acid, delphinidin 3-O-glucoside, cyanidin 3-O-glucoside,
and malvidin 3-O-glucoside). All of the determinations were performed in duplicate and
expressed as mg/L. Waters MassLynx software v.4.1 was used for data acquisition and pro-
cessing. The analysis of polyphenolic compounds were assayed in triplicate, and described
as mg per 100 g d.m.

The procyanidin polymers by the phloroglucinolysis method were applied according
to the protocol shared by Lachowicz et al. [11]. The fractions of polymeric procyanidin
were analyzed using HPLC-FL. Briefly, the separation was carried out using a BEH C18
RP column (2.1 × 5 mm, 1.7 μm; Waters Corporation, Milford, MA, USA) that was kept at
15 ◦C with gradient elution of solvent A as 2.5% acetic acid and solvent B as acetonitrile
at a flow rate of 0.42 mL/min for a duration of 10 min (100 mm × 2.1 mm i.d., 1.7 μm,
Waters) that was kept at 30 ◦C, and the fluorescence was recorded at the excitation and
emission wavelengths at 278 and 360 nm. Quantification of compounds was made from
procyanidin B2, (+)-catechin and (−)-epicatechin (R2 ≤ 0.9995) as standards. The degree of
polymerization was calculated as the molar ratio of all flavan-3-ol units (phloroglucinol
adducts + terminal units) to (−)-epicatechin and (+)-catechin, which correspond to terminal
units. The analysis of polymeric procyanidins were assayed in triplicate, and described as
mg per 100 g d.m.

3.4. In Vitro Biological Activity
3.4.1. Extraction Procedure

The extraction was applied according to the protocol shared by Lachowicz et al. [11].
Briefly, 0.2 g of dry material was mixed with 7 mL of 80% of methanol in water and
sonicated at 20 ◦C for 20 min, and then incubated at 4 ◦C for 24 h, and the next step was
centrifuged. The supernatant was analyzed. The extractions method and all biological
activities were assayed in triplicate.

3.4.2. Antioxidant Activity
Antiradical Activity

The antiradical activity (ABTS) method was applied according to the protocol shared
by Re et al. [70]. Briefly, 0.03 mL of extracted material mixed with 2.97 mL of ABTS solution
and measured after 6 min at 734 nm using spectrophotometer. The result is described as
mmol of Trolox equivalents (TE) per g d.m. (y = 33.64x + 2.68, R2 = 0.998).

Reducing Potency

The reducing potency (FRAP) method was applied according to the protocol shared
by Benzie and Strain [71]. Briefly, 0.1 mL of extracted material with 0.9 mL of distilled
water and 3 mL of ferric complex measured after 10 min of incubation at 593 nm using
spectrophotometer. The result is described as mmol of Trolox equivalents (TE) per g d.m
(y = 19.82x − 1.85, R2 = 0.999).

3.4.3. Ability of α-Amylase, α-Glucosidase, Pancreatic Lipase Inhibitors

Ability of α-amylase, α-glucosidase inhibitors (anti-diabetic activity), and ability
of lipase activity inhibitors (anti-obesity activity) effect of the extracted material were
applied according to the protocol shared by Nakai et al. [72], Podsędek et al. [73], and
Nickavar et al. [74]. Briefly, potato starch solution (0.2% (v/v)), the material extract, or
phosphate buffer (0.1 M; pH 6.9; control) was mixed with α-amylase, and after incubation
(37 ◦C, 10 min) the enzymatic reaction was stopped by the addition of HCl (0.4 M), the
absorbance was read at 600 nm. For the α-glucosidase assay, the material extract was mixed
with enzyme solution and incubated for 10 min. After that the reaction was initiated by
p-nitrophenyl-α-D-glucopyranoside solution (5 mM), and incubated (37 ◦C, 20 min), and
read the absorbance at 405 nm. For the pancreatic lipase assay, the material extracts were
mixed with enzyme solution, and incubated (37 ◦C, 5 min). Then, methylumbelliferone
solution (0.1 mM) was added, and incubated (37 ◦C, 20 min) and read at an excitation
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wavelength of 360 nm and at an emission wavelength of 460 nm. The value of the inhibitor,
required to inhibit 50% of the enzyme activity, was defined as the IC50 value. The IC50 of
the fruits tested was obtained from the line of the plot of the fruit concentration in 1 mL of
reaction mixture versus the % inhibition.

3.4.4. Antiproliferative Potency
Cell Lines and Cell Culture

The human cancer cell lines A549 (lung adenocarcinoma), BxPC3 (pancreatic ductal
adenocarcinoma), HT-29, and CACO-2 (colorectal adenocarcinoma) and HCV29T (bladder
cancer) were cultured in DMEM culture medium with 10% FBS (Gibco, Thermo Fisher
Scientific, Walham, MA, USA) and Antibiotic Antimycotic Solution (Sigma-Aldrich, St.
Louis, MO, USA). AML-NEV007 cell line (acute myeloid leukemia) was maintained in
RPMI 1640 culture medium supplemented with 2 mM L-glutamine, 100 U/mL penicillin
and 100 μg/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA), and 10% fetal bovine
serum (FBS). All cell lines were cultured at 37 ◦C in a humidified atmosphere of 5% CO2.
The cells were seeded at densities of 5 × 103 cells/0.1 mL (0.32 cm2) for cell viability
assay. All cell lines were obtained from the collection of the Institute of Immunology and
Experimental Therapy, Polish Academy of Sciences, Wroclaw, Poland.

Determination of Cell Viability

The plant extract was applied according to the protocol shared by Lachowicz et al. [11].
Cell viability was assessed by the CellTiter 96 Aqueous One Solution Cell Proliferation
Assay (Promega), according to the manufacturer’s protocol. Each treatment within a single
experiment was performed in triplicate. Absorbance at 490 nm was recorded using a Wallac
1420 VICTOR2 plate reader (PerkinElmer, Waltham, MA, USA). Data were normalized to
the untreated control.

Apoptosis Assay

Apoptosis was assessed by the Annexin V Apoptosis Detection Kit (Sigma-Aldrich,
St. Louis, MO, USA), according to the manufacturer’s protocol. Briefly, the cells were
incubated with all compounds for 48 h, next were stained with Annexin V-FITC (8 μg/mL)
and PI (5 μg/mL) for 15 min at RT in the dark. The cells were washed with cold PBS
(with Ca2+ and Mg2+) containing 2.5% FBS between the steps. Data were acquired using a
FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and analyzed
using Flowing Software 2.5.1 (Perttu Terho, Turku, Finland). Apoptosis was quantified as a
percentage of both Annexin V-positive and Annexin V/PI-double-positive cells.

3.5. Statistics

Statistical analysis included post-hoc Duncan’s multiple range test (p < 0.05) as one-
way analysis. Principal component analysis (PCA) as the multivariate analysis were
performed with Statistica 13.3 (StatSoft, Kraków, Poland).

4. Conclusions

Overall, the studies of PCs by the LC–PDA-ESI–TQD–MS/MS technique of different
parts of Stachys palustris L. detected 89 polyphenolic compounds, including 40 hydrolysable
tannins, 16 phenylethanoid glycosides, 4 anthocyanins, 1 flavan-3-ol, 6 phenolic acids,
1 flavonol, and 21 flavones. The profile and levels of these ingredients were conditional on
the parts of S. palustris L. used; thus, in flowers, roots, leaves, and stems, there were 56, 55,
50, 49 compounds identified, respectively. The flavonols and anthocyanins were detected
only in the flowers, while PhGs dominated the roots. In addition, the main compounds
evaluated in the research were vescalagin, cocciferin d2, isoverbascoside (verbascoside),
luteolin 6-C-glucoside, luteolin 6-C-galactoside, apigenin 6-C-glucoside, (−)-epicatechin,
ellagic acid, and malvidin 3-O-diglucoside.
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The highest amount of PCs was detected in the leaves, followed by the flowers, stems,
and roots. The strongest antioxidant activity of the ABTS and FRAP assays for the leaves
and flowers extracts were exhibited. In addition, the best digestive enzyme inhibition
effect as a potential antidiabetic and anti-obesity activity. One of the most important
features of leaf and flower extracts is their ability to induce cell death in various tumor cell
lines. In turn, in this study, the roots and stems were statistically the weakest in terms of
medicinal potential.

For these reasons, S. palustris L. leaves and flowers rich in natural antioxidants with
high biological activity should be further examined as health-beneficial ingredients for
functional food, special food, cosmetics, and/or medical and pharmaceutical industries.
Further investigations are required to isolate and identify active compounds from leaves
and flowers with anti-microbiological and antiproliferative effects and a wider range of
antiproliferative effects, as well as the analysis of the bioavailability of compounds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15070785/s1, Figure S1: LC-PDA-ESI-TQD-MS/MS chro-
matogram fragile of the Stachys palustris L. roots extract at 280 and 320 nm; Table S1: Parameter
of color.
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53. Madunić, J.; Madunić, I.V.; Gajski, G.; Popić, J.; Garaj-Vrhovac, V. Apigenin: A dietary flavonoid with diverse anticancer properties.
Cancer Lett. 2018, 413, 11–22. [CrossRef]

54. Bouasla, I.; Hamel, T.; Barour, C.; Bouasla, A.; Hachouf, M.; Bouguerra, O.M.; Messarah, M. Evaluation of solvent influence on
phytochemical content and antioxidant activities of two Algerian endemic taxa: Stachys marrubiifolia Viv. and Lamium flexuosum
Ten. (Lamiaceae). Eur. J. Integr. Med. 2021, 42, 101267. [CrossRef]

55. Taylor, K.; Rowland, P. Biological flora of the British Isles: Stachys palustris L. J. Ecol. 2011, 99, 1081–1090. [CrossRef]
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Abstract: Pentacyclic triterpenoids (PCTs) are a widely distributed class of plant secondary metabo-
lites. These compounds have high bioactive properties, primarily antitumor and antioxidant activity.
In this study, a method was developed for the quantitative analysis of pentacyclic triterpenoids in
plants using supercritical fluid chromatography–tandem mass spectrometry (SFC-MS/MS). Separa-
tion of ten major PCTs (friedelin, lupeol, β-amyrin, α-amyrin, betulin, erythrodiol, uvaol, betulinic,
oleanolic and ursolic acids) was studied on six silica-based reversed stationary phases. The best
results (7 min analysis time in isocratic elution mode) were achieved on an HSS C18 SB stationary
phase using carbon dioxide—isopropanol (8%) mobile phase providing decisive contribution of polar
interactions to the retention of analytes. It was shown that the use of atmospheric pressure chemical
ionization (APCI) is preferred over atmospheric pressure photoionization (APPI). The combination of
SFC with APCI-MS/MS mass spectrometry made it possible to achieve the limits of quantification
in plant extracts in the range of 2.3–20 μg·L−1. The developed method was validated and tested
in the analyses of birch outer layer (Betula pendula) bark, and licorice (Glycyrrhiza glabra) root, as
well as lingonberry (Vaccinium vitis-idaea), cranberry (Vaccinium oxycoccos), apple (Malus domestica
“Golden Delicious” and Malus domestica “Red Delicious”) peels.

Keywords: pentacyclic triterpenoids; plant feedstock; supercritical fluid chromatography; tandem
mass spectrometry

1. Introduction

Pentacyclic triterpenoids (PCTs) are a widely distributed class of important plant
secondary metabolites. The most abundant triterpenoids in higher plants are derivatives
of pentacyclic hydrocarbons lupane, oleanane and ursane, which contain 30 carbon atoms
and belong to the monool, diol, ketone and triterpenic acid types [1,2], differing signif-
icantly in polarity and solubility. PCTs possess various types of bioactivities, having
anti-inflammatory, antimicrobial, antihyperlipidemic, hepatoprotective, gastroprotective,
antidiabetic and hemolytic properties, as well as cardiovascular, antipyretic and wound
healing effects [3–10]. Many researchers emphasize the antitumor [3,4,10–14] and antioxi-
dant activities of PCTs [6,7,15,16], which have also been observed in triterpenoid-rich plant
extracts [17–23]. Therefore, PCTs are of exceptional interest for the pharmaceutical, cosmetic
and food industries. Thus, the development of new rapid, selective, and highly sensitive
methods for screening and determination of triterpenoids in plant materials, drugs, and
biological fluids is an important task.

Mass spectrometry techniques, especially MALDI MS, have been successfully used
for the rapid screening of triterpenoids in plant materials [24], while the quantitative
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analysis of PCTs requires chromatographic separation of analytes. High-performance
liquid chromatography–tandem mass spectrometry (HPLC-MS/MS) in multiple reaction
monitoring (MRM) mode is widely used for PCT quantitative analysis [25–28]. The authors
have found that it is preferable to use atmospheric pressure chemical ionization (APCI)
with positive ion mode, whereas using electrospray ionization (ESI) causes a decrease in
PCT ionization efficiency due to the low polarity of the analytes (except triterpenic acids in
negative ion mode).

Since different types of triterpenoids strongly differ from each other in terms of
polarity, and each type includes structurally similar compounds with close retention on the
common HPLC stationary phases, the chromatographic separation of complex mixtures
of PCTs is a nontrivial task. It requires gradient elution and long analysis time when
using reversed stationary phases which, however, do not provide a good chromatographic
resolution between similar compounds with the same monoisotopic mass in some critical
pairs of PCTs, such as erythrodiol/uvaol, β-amyrin/α-amyrin, and oleanolic/ursolic acids.
Using the stationary phase with cross-linked octadecyl groups (Nucleodur C18 Isis) with
higher resolution towards positional isomers made it possible to separate nine PCTs in
gradient elution mode in only 25 min and achieve the limits of quantitation (LOQ) in
HPLC-MS/MS analysis in the range of 10–22 μg·L–1 [27]. Stationary phases with a mixed
retention mechanism can be used to reduce analysis time and enhance selectivity. In our
recent study [28], the application of the Acclaim Mixed-Mode WAX-1 stationary phase
combining ion exchange, hydrophilic interactions, and reversed phase retention in isocratic
mode allowed rapid separation of ten PCTs (including mentioned above critical pairs) in
7 min with LOQs of 8.3–150 μg·L–1. The advantage of the method is the ability to fine tune
the separation selectivity by changing the contributions of various types of interactions to
the retention mechanism with a change in the composition and pH of the mobile phase.
On the other hand, due to the many factors affecting separation, the development and
optimization of an analytical method for such stationary phases requires considerable effort.

A modern and “greener” alternative to HPLC in the analysis of complex mixtures is
supercritical fluid chromatography (SFC) using sub- or supercritical carbon dioxide as a
main component of the mobile phase. Due to the low viscosity and thus high diffusion
coefficients of such media, SFC features high mass transfer rate, higher efficiency, and
exceptional separation speed. It has been successfully used for rapid analysis of various
natural compounds [29–32]. There are few published works on the use of SFC for the
analysis of PCTs; the most recent one [33] uses a combination of SFC with light scattering
detection (ELSD). Although separation of eight PCTs was achieved in isocratic mode within
16 min, the drawback of this approach is low sensitivity and selectivity of ELSD. Consider-
ing the possibility of rapid separation of PCTs by the SFC, it is promising to hyphenate it
with sensitive tandem mass spectrometric detection, combining the advantages of these
separation and detection techniques. Thus, the aim of the present study is to develop
a novel rapid and sensitive method for the simultaneous determination of pentacyclic
triterpenoids in plant biomass by SFC-MS/MS.

2. Results and Discussion

2.1. Tandem Mass Spectrometry

The ten most common representatives of monools (lupeol, α- and β-amyrins), diols
(erythrodiol, betulin, uvaol), ketones (friedelin) and triterpenic acids (betulinic, oleanolic,
ursolic) with friedelane, lupane, oleanane and ursane backbones (Figure 1) were chosen as
target analytes. As can be seen from their structures, PCTs are characterized by rather low
polarity, which makes APCI or atmospheric pressure photoionization (APPI) preferable for
the mass spectrometric detection. Even though triterpenic acids can form deprotonated
molecules under SFC-APCI/APPI conditions, the positive ion mode demonstrated an
undoubted advantage, allowing efficient ionization of all selected analytes, including
those containing no acidic groups. It has been established that all hydroxyl-containing
analytes undergo dehydration in the ion source during APCI/APPI. Thus, they form
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[M + H − H2O]+ species, whereas friedelin gives protonated molecule [M + H]+. These
ions were chosen as precursor ions in tandem mass spectrometry.

Figure 1. Chemical structure of the studied pentacyclic triterpenoids.

The optimization of APCI and APPI parameters was carried out in selected ion moni-
toring mode by flow injection of analyte standard solutions into the ion source with a flow
of SFC mobile phase to achieve maximum intensities of the signals of precursor ions. The
obtained optimal conditions were as follows: APCI: ion source temperature—350 ◦C; cur-
tain gas, nebulizer gas and drying gas pressure—25, 20 and 30 psi, respectively; nebulizer
current—3.5 μA; APPI: ion source temperature—350 ◦C; curtain gas, nebulizer gas and
drying gas pressure—10, 20 and 30 psi, respectively; ion spray voltage—750 V. After ob-
taining tandem mass spectra, the most intense ion transitions were chosen and the optimal
parameters (declustering and entrance potentials, collision energy) for detecting PCTs in
MRM mode were determined (Table 1).

Table 1. Optimized conditions of PCT mass spectrometric detection in MRM mode.

Analyte
Monoisotopic

Mass, Da
Precursor Ion,

m/z
Product Ion,

m/z
Declustering
Potential, V

Entrance
Potential, V

Collision
Energy, eV

I 426 427 95 41 4.5 45
II 456 439 95 61 5.5 45
III 456 439 191 43 5.0 19
IV 456 439 191 43 6.0 49
V 426 409 95 55 6.5 47
VI 426 409 95 55 8.0 49
VII 426 409 95 55 7.5 59
VIII 442 425 95 50 5.5 47
IX 442 425 95 50 6.0 19
X 442 425 95 50 7.5 21

2.2. Chromatographic Separation and Column Screening

Preliminary tests with BEH Silica and 2-ethylpyridine polar stationary phases showed
high retention of most polar analytes, especially triterpenic acids, along with unacceptable
chromatographic peak shapes. For this reason, the present study was focused on the use
of six silica-based reversed stationary phases—Accucore C30, Nucleodur C18 Isis, Luna
C18, Zorbax SB-Aq, HSS C18 SB and Nucleodur PolarTec. The latter is distinguished by
the presence of amide groups embedded into alkyl chain and contributing to the retention
mechanism through polar interactions. SFC column screening was carried out using the
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model mixture of analytes under the following basic conditions: temperature of 25 ◦C,
backpressure 150 bar, and eluent flow rate 1.0 mL·min–1. The mobile phase was 90% carbon
dioxide and 10% methanol.

Despite the similarity of the tested stationary phases, the obtained chromatograms
(Supplementary Materials, Figure S1) demonstrated significant differences in retention,
selectivity and elution order of the analytes. As expected, triacontyl (C30) and cross-
linked octadecyl (C18 Isis) phases are characterized by similar patterns of retention, with
elution order corresponding to the decrease in polarity of analytes: triterpenic acids–diols–
monools. This indicates the decisive contribution of the reversed phase (hydrophobic)
interactions into the mechanism of analyte retention. The only difference between two
phases is the position of the peak of friedelin, which has a higher retention on the C30
column. Unacceptably low retention factors (k) and thus the impossibility of separating
the most polar compounds (diols and triterpenic acids) make such stationary phases
unsuitable for solving the problem of PCTs analysis. This also applies to the Zorbax SB-Aq
stationary phase, in which the polar surface of the silica particles apparently contributes to
the retention (higher k values for diols) but is difficult to access for the analytes due to steric
hindrances caused by the presence of isopropyl side chains in the grafted alkyl groups.

A completely different pattern was observed for non-endcapped stationary phases
with residual silanol groups capable of interactions with analytes (Luna C18, HSS C18
SB), as well as for a Nucleodur PolarTec sorbent. They provide much higher k values
for all studied PCTs due to mixed-mode retention involving both hydrophobic and polar
interactions. Despite this, at a relatively high concentration of methanol (moderately
polar mobile phase) the contribution of the reversed phase mechanism is decisive, and
the order of analytes elution on both octadecyl phases does not differ from that of the
triacontyl sorbent. Due to the greater availability and different nature of the polar groups
in the Nucleodur PolarTec phase, the retention of the most polar analytes on this sorbent
increases significantly and the separation selectivity is unacceptable. In this regard, based
on the results of column screening, the stationary phase HSS C18 SB, which was especially
designed to increase the selectivity of the separation of substances with polar groups in
SFC and showed the best separation of the investigated PCTs, was chosen for further
optimization of the chromatographic method.

Variations of temperature (20–55 ◦C) and backpressure (110–190 bar) did not signifi-
cantly affect the separation of triterpenoids on an HSS C18 SB column, which is in good
agreement with the published data on the minority of these parameters when optimizing
separation in SFC on polar stationary phases [31]. To ensure the maximum chromato-
graphic column lifetime and the stability of maintaining the temperature, we chose 25 ◦C
as the optimal value. The backpressure of 150 bar typical for SFC separations was used in
our further work.

The main parameter affecting the retention and selectivity in SFC is organic modifier
(co-solvent) content in the carbon dioxide-based mobile phase. A decrease in the methanol
concentration from 10 to 6% led to a sharp (2–4-fold) increase in the k values (Figure 2)
for all analytes, except for friedelin, which does not possess hydroxyl or carboxyl groups.
The most important feature of the obtained dependences of the retention factors on the
methanol content is the inversion of the elution order of PCTs belonging to the monools and
triterpenic acids (in the range of 6–8% MeOH), as well as monools and diols (in the range
of 8–10% MeOH). Thus, at methanol concentrations ≤ 6%, this leads to the occurring the
elution order (friedelin–monools–acids–diols) characteristic of retention by the mechanism,
the main contribution to which is made by polar interactions of analytes with silanol groups
of the sorbent. Varying the methanol concentration leads to a significant change in the
contributions of hydrophobic and polar interactions to the mixed retention mechanism
of PCTs with the possibility of transition from reversed-phase separation to the normal-
phase one, and vice versa. The reason for this phenomenon is the competition of analytes
and polar mobile phase modifier for sorption centers (silanol groups) of the stationary
phase. As can be seen, achieving complete separation of all analytes requires a methanol
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concentration of <6%, which is irrational both from the point of view of an unacceptably
high retention of diols (k > 40) and a decrease in the solubility of PCTs in the mobile phase
with the risk of precipitation and clogging the chromatographic tract. To overcome this
problem, methanol as a mobile phase modifier was replaced by the less polar isopropanol.

Figure 2. Effect of methanol (left) and isopropanol (right) content in the mobile phase on the retention
factors of PCTs on HSS C18 SB stationary phase (flow rate 1.5 mL·min–1, T = 25 ◦C, backpressure
150 bar).

The obtained results (Figure 2) show that the lower affinity of isopropanol with
respect to the silica surface makes it possible to implement a predominantly normal-phase
separation mechanism in the entire studied concentration range. Sufficiently complete
separation of analytes was achieved at a modifier content of 6–8%, while providing optimal
values of retention factors in the range of 4–17. To ensure the maximum separation rate,
the working concentration of isopropanol in the mobile phase of 8% and increased eluent
flow rate of 1.5 mL·min–1 were chosen for analytical method development.

Thus, the optimal separation parameters of ten PCTs are: HSS C18 SB stationary
phase, 92% carbon dioxide and 8% isopropanol mobile phase, elution rate—1.5 mL·min–1,
a temperature—25 ◦C, and backpressure—150 bar. The SFC-APCI-MS/MS chromatogram
obtained under these conditions is presented in Figure 3.

This demonstrates that the analysis time (7 min) is 2–3 times lower than those reported
in the literature for reversed phase HPLC [27] or even SFC on polar sorbent [33] methods
and is comparable to the value attained in our recent work using HPLC on a stationary
phase with mixed retention mechanisms [28]. It is worth noting that SFC, unlike mixed
mode HPLC, does not require complex and time-consuming method optimization pro-
cedures due to there being fewer parameters affecting the separation. Despite the short
retention times, a baseline separation was observed for most PCTs (Table S1). The mini-
mum chromatographic resolution (Rs) was 0.83 for the betulinic/oleanolic acid critical pair.
However, these compounds are distinguished with different ion transitions in MRM detec-
tion. The Rs values for other pairs of analytes (oleanolic/urosolic acids and betulin/uvaol)
were close to 1.0; however, this does not create significant problems for the quantitative
determination of these PCTs.
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Figure 3. SFC-APCI-MS/MS chromatogram of analytes model mixture (I—200 μg·L–1; II, VIII and
X—100 μg·L–1; III, IV and IX—50 μg·L–1; V, VI and VII—25 μg·L–1) obtained on HSS C18 SB stationary
phase in the optimized conditions.

2.3. Quantification and Method Validation

Since the LOQs of triterpenoids obtained using APCI (2.3–20 μg·L–1) were somewhat
lower than those attained in APPI-MS/MS (3.5–33 μg·L–1) (Table 2), the APCI method was
used for further experiments. The reliability of the obtained LODs and LOQs was proved by
the analysis of a model mixture of analytes with concentration close to the limit of quantitation
(Figure S2). The developed method demonstrated a high sensitivity comparable to that
reported in previous works using HPLC-MS/MS (8.3–150 μg·L–1) [27,28], even exceeding it.
The calibration dependences were linear (R2 > 0.999) for all ten triterpenoids (from LOQ to
the maximum used concentrations), spanning at least two orders of magnitude (Table 2).

Table 2. Calibration dependences (y = a × x) for the area of chromatographic peak versus analyte
concentration, limits of quantification of analytes by SFC–APCI–MS/MS and SFC–APPI–MS/MS
methods on HSS C18 SB stationary phase.

Analyte

APPI APCI

Linear Concentration
Range, μg·L−1 a R2 LOQ,

μg·L−1
Linear Concentration

Range, μg·L−1 a R2 LOQ,
μg·L−1

I 33–2000 6.163 0.99288 33 20–2000 26.076 0.99945 20
II 7.0–2000 50.235 0.99278 7.0 11–2000 87.018 0.99997 11
III 3.5–1000 42.627 0.99422 3.5 4.0–1000 75.104 0.99997 4.0
IV 4.6–1000 38.455 0.99033 4.6 4.7–1000 68.122 0.99994 4.7
V 3.8–1000 139.33 0.99283 3.8 2.6–1000 219.15 0.99998 2.6
VI 4.5–1000 119.78 0.99833 4.5 2.7–1000 211.91 0.99997 2.7
VII 3.8–1000 147.89 0.99243 3.8 2.3–1000 253.00 0.99996 2.3
VIII 20–2000 35.314 0.99206 20 9.8–2000 92.152 0.99995 9.8
IX 11–1000 68.244 0.99116 11 5.5–1000 175.25 0.99997 5.5
X 27–2000 27.677 0.99410 27 13–2000 75.618 0.99993 13

The attained accuracy was close to 100%, and the standard deviation did not exceed
10% in intra-day and inter-day assays (Table S2) at levels close to LOQ.
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The matrix effects assessment was carried out by the spike recovery test using the
licorice root PLE extract as a real matrix. The recovery values were in the range of 88–118%,
which proved the absence of significant interferences from the matrix for all analytes
(Table S3). The efficient elimination of the matrix effect is due to the high sensitivity of
the method, allowing sample dilution, the use of APCI not highly susceptible to interfer-
ence from other components, and chromatographic separation of the triterpenoids from
the matrix.

The use of isocratic elution and optimal conditions of the chromatographic separation
of analytes ensure the robustness of the developed approach. Variations in pressure
(145–155 bar) and temperature (23–27 ◦C) did not lead to a significant (>2%) shift in tR
values and loss of chromatographic resolution Rs. The chromatographic separation did not
deteriorate after repeated analysis of plant extracts (about 100 injections).

2.4. Plant Biomass Analyses

To test the developed method, licorice root, birch bark, and berry and apple peels were
selected as real objects. These objects are characterized by a complex chemical composition
and are considered an important source of biologically active substances for pharmaceutical,
cosmetic and food purposes. PLE with methanol, providing near quantitative extraction
of PCTs, was used as a sample preparation method [26]. The resulting chromatograms
(Figure 4) demonstrate the presence of all analytes in the samples (Table 3) over a wide
range of concentrations (0.0041–250 mg·g−1).

Figure 4. SFC-APCI-MS/MS chromatograms of plant methanolic PLE extracts on HSS C18 SB
stationary phase.
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Table 3. The content of PCTs (mg·g–1, recalculated for the oven-dried plant material) in plant tissues
(n = 3, p = 0.95).

Analyte Birch Bark Licorice Root
Apple Peel

“Golden Delicious”
Apple Peel

“Red Delicious”
Lingonberry Peel Cranberry Peel

I - - - - 0.17 ± 0.01 0.14 ± 0.01
II 13 ± 1 0.16 ± 0.01 0.79 ± 0.01 0.47 ± 0.02 - -
III 3.6 ± 0.5 0.10 ± 0.01 10 ± 1 6.3 ± 0.5 3.5 ± 0.3 3.2 ± 0.2
IV - - 49 ± 5 32 ± 1 15 ± 2 14 ± 1
V 4.6 ± 0.3 0.043 ± 0.001 0.26 ± 0.02 - 0.80 ± 0.01 -
VI - 0.0076 ± 0.0008 - - 0.58 ± 0.01 0.23 ± 0.01
VII - 0.0062 ± 0.0001 0.088 ± 0.006 0.027 ± 0.001 0.84 ± 0.01 0.12 ± 0.01
VIII 2.9 ± 0.1 0.0041 ± 0.0001 0.16 ± 0.01 0.090 ± 0.008 0.058 ± 0.003 0.030 ± 0.003
IX 250 ± 10 0.0073 ± 0.0002 0.12 ± 0.02 0.077 ± 0.002 0.072 ± 0.004 0.022 ± 0.002
X - - 1.1 ± 0.1 0.48 ± 0.05 0.17 ± 0.01 0.096 ± 0.007

The outer layer of birch bark is dominated by betulin, erythrodiol, uvaol, betulinic
and oleanolic acids (3.6–250 mg·g−1). The content of the components is consistent with the
literature data [27,28].

Betulinic acid predominates in licorice root extract. Minor substances (0.0041–0.1 mg·g–1)
are oleanolic acid, lupeol, β-amyrin, α-amyrin, erythrodiol and betulin. Most triterpenoids in
licorice root have been previously reported [27,34,35].

Major triterpenoids of apple peel are betulinic, oleanolic and ursolic acids, as well as
uvaol. At the same time, the content of triterpene acids in the peel of “Golden Delicious”
apples is higher compared to “Red Delicious”. Minor components (0.027–0.26 mg·g–1) are
lupeol, α-amyrin, betulin and erythrodiol. The presence of most components in apples
has been previously reported [27,36–38]. However, the papers [37,38] reported only the
sum content of the erythrodiol and uvaol, since it was not possible to separate this pair
of substances.

Berry peel extracts differ from apple peel in the presence of the ketone friedelin. The
main difference between lingonberry peel and cranberry peel is the increased content of
monools. Their total content in the lingonberry peel is 6-fold higher than in the cranberry
peel. The major components of berry peels are ursolic and oleanolic acids (3.2–15 mg·g–1).
The minor components of berries peel are diols. The presence of main triterpenoids has
been reported previously [27,28,39–41].

3. Materials and Methods

3.1. Reagents and Materials

Commercially available standards of ten studied pentacyclic triterpenoids—friedelin
(tech. grade), betulinic acid (≥97.0%), oleanolic acid (≥97.0%), ursolic acid (≥90.0%), lupeol
(≥90.0%), β-amyrin (≥98.5%), α-amyrin (≥98.5%), erythrodiol (≥97.0%), betulin (≥98.0%),
and uvaol (≥95.0%)—were purchased from Sigma-Aldrich (Steinheim, Germany).

HPLC gradient grade methanol and isopropanol (Chimmed, Moscow, Russia), and
carbon dioxide (≥99.99%, Kriogen, Moscow, Russia) were used for the preparation of
mobile phase. Methanol was also used for analyte solution preparation and PLE extraction
of plant materials.

The stock solutions of triterpenoids in methanol (250 mg·L−1) were prepared from an
accurate sample. Calibration solutions of analytes were prepared by mixing and successive
dilutions of the stock solutions with methanol. The solutions were stored in the dark at
4 ◦C for no more than one week. Stability was checked once a day.

3.2. Plant Materials and Extraction

The silver birch (Betula pendula) bark, cranberry (Vaccinium oxycoccos) and lingonberry
(Vaccinium vitis-idaea) fruits were collected in the forests of the Arkhangelsk region of Russia
in August 2021. Identification of botanical raw materials was carried out according to the
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herbarium of Northern (Arctic) Federal University. The apple fruits (Malus domestica var.
Golden Delicious and Malus domestica var. Red Delicious) and licorice (Glycyrrhiza glabra)
roots were purchased in the retail chain in August 2021. The outer layers of bark, root, and
berry and apple peels were separated manually and dried in oven at 50 ◦C overnight. Dry
plant material was grinded (0.5–1 mm) and stored in desiccator over silica gel in dark at
room temperature.

Pressurized liquid extraction (PLE) was performed on an ASE-350 accelerated solvent
extraction system (Dionex, Sunnyvale, CA, USA) according to a previously developed
method [26]. A sample of dry plant material (1.0 g) was extracted with methanol (two
extraction cycles of 10 min each) at 100 ◦C and 100 bar under nitrogen. The resulting
extract was dried. The dry extract (1.00 mg) was dissolved in 1000 μL of methanol, di-
lute with methanol, filtered through a nylon membrane filter (0.22 μm) and subjected to
chromatographic analysis.

3.3. Supercritical Fluid Chromatography and Mass Spectrometry

The SFC-MS/MS system was used, which consisted of a 3200 QTrap triple quadrupole
mass spectrometer (ABSciex, Vaughan, ON, Canada) equipped with APCI (Turbo-V) and
APPI (Photospray) ion sources, and an Acquity UPC2 SFC system (Waters, Milford, MA,
USA), including four pumps for supplying carbon dioxide and co-solvent, autosampler,
column thermostat, and backpressure regulator. Make-up solvent and dopant (in APPI)
were pumped using an additional Ultimate 3000 RS HPLC system (Thermo Scientific,
Waltham, MA, USA).

Separation was carried out on the following columns: Accucore C30 150 × 2.1 mm,
2.6 μm (Thermo Scientific, Waltham, MA, USA), Luna C18 250 × 4.6 mm, 5.0 μm (Phe-
nomenex, Torrance, CA, USA), Nucleodur C18 Isis 150 × 2.0 mm, 1.8 μm (Macherey-Nagel,
Duren, Germany), Nucleodur PolarTec 150 × 3.0 mm, 3.0 μm (Macherey-Nagel, Duren, Ger-
many), Zorbax SB-Aq 150 × 3.0 mm, 3.5 μm (Agilent, Santa Clara, CA, USA) and Acquity
UPC2 HSS C18 SB 150 × 3.0 mm, 1.8 μm (Waters, Milford, MA, USA). The volume of the
injected sample was 5 μL. Flow rate of make-up solvent (isopropanol) was 0.1 mL·min−1.
The SFC-MS/MS system was controlled, and data were collected and processed using the
Empower 3.0 software package (Waters, Milford, MA, USA).

The parameters of the APCI and APPI ionization sources varied in the ranges 250–450 ◦C
for the temperature of the ion source; 10–20, 10–30, and 10–40 psi for curtain gas, nebulizer
gas, and dryer gas, respectively; 2.5–5 mA for nebulizer current (APCI); and 650–1000 V for
ion spray voltage (APPI). The parameters of the MRM mode varied in the ranges 10–100 V
for declustering potential and collision energy and 1–12 V for entrance potential. Toluene
(0.1 mL·min–1) was used as a dopant in APPI.

Optimization of PCT separation was carried out by APCI-MS using the SIM (single
ion monitoring) mode: I—427 m/z; II, III and IV—439 m/z; V, VI and VII—409 m/z; VIII, IX
and X—425 m/z. Optimization of the ionization source parameters was also carried out
using the SIM mode.

3.4. Method Validation

The values of the lower limit of quantification (LOQ) of ten triterpenoids were de-
termined using a signal-to-noise ratio (S/N) criterion of 10. The intra-day precision was
estimated at the lowest concentration level (close to LOQ). A series of consecutive chromato-
graphic analyses of the analytes (n = 7) was used. The inter-day precision was determined
in the same manner within 48 h (n = 14). The matrix effect and accuracy of PCTs quantifica-
tion in plant extracts were estimated by spike-recovery test. Three concentration levels of
analytes were introduced into licorice root PLE extracts and analyzed (n = 3).

4. Conclusions

A fast, accurate, highly sensitive and green method for the analysis of pentacyclic
triterpenoids of different types by supercritical fluid chromatography–tandem mass spec-
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trometry with atmospheric pressure chemical ionization was developed and validated.
The use of the HSS C18 SB stationary phase and isopropanol as mobile phase modifier
allowed the rapid chromatographic separation of ten pentacyclic triterpenoids (friedelin,
lupeol, β-amyrin, α-amyrin, betulin, erythrodiol, uvaol, betulinic, oleanolic and ursolic
acids) with a mixed retention mechanism with prevailing polar interactions of analytes
with silanol groups of the stationary phase. With an analysis time of 7 min, the developed
method ensures LOQs in plant biomass extracts of 2.3–20 μg·L–1. The application of the
developed method for the analysis of real objects—outer layer of birch (Betula pendula)
bark, licorice (Glycyrrhiza glabra) root, and lingonberry (Vaccinium vitis-idaea), cranberry
(Vaccinium oxycoccos), apple (Malus domestica “Golden Delicious” and Malus domestica “Red
Delicious”) peels—allowed new data to be obtained on the contents of ten PCTs. The devel-
oped method can be used both for the analysis of plant materials, drugs, and biological
fluids, as well as for pharmacodynamic and pharmacokinetic studies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph15050629/s1, Table S1: Chromatographic separation parameters
of ten PCTs on the stationary phase HSS C18 SB under optimal conditions. Table S2: The results
of the evaluation of intraday and inter-day reproducibility analysis of the PCTs on HSS C18 SB
stationary phase. Table S3: Matrix effect on the determination of PCTs on HSS C18 SB stationary
phase. Figure S1: SFC-APCI-MS chromatogram (SIM mode) of analytes model mixture (250 μg·L–1 of
each compound) obtained on various stationary phases. Figure S2: SFC-APCI-MS/MS chromatogram
of analytes model mixture (I—25 μg·L–1; II, VIII and X—12.5 μg·L–1; III, IV and IX—6.25 μg·L–1; V,
VI and VII—3.125 μg·L–1) on HSS C18 SB stationary phase.
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Abstract: Dietary supplements are widely consumed in the EU and the USA. Based on their similarity
to pharmaceuticals, consumers mistakenly believe that dietary supplements have also been approved
for safety and efficacy. However, in the absence of mandatory testing, data on supplement quality
is scarce. Thus, we applied liquid chromatography coupled with tandem mass spectrometry to
analyse the quality of dietary supplements containing tryptophan (Trp). We examined 22 supple-
ments in tablets or capsules, produced in the USA, Great Britain, Germany, France, Czech Republic,
and Poland. Trp release, crucial for bioavailability and efficiency, was assessed. Additionally, we
performed a qualitative analysis of the main ingredient and screened for contaminants. Among the
contaminants, we detected Trp’s metabolites, condensation products of Trp and carbonyl compounds,
Trp degradation products, degradation products of kynurenine, and other contaminants such as
glucosamine and melatonin. The main ingredient content was in the range of 55–100% in capsules
and 69–87% in tablets. Surprisingly, almost no Trp release was noted from some supplements. Our
study confirms the need to advance research on supplements. We believe that the high-quality
analysis of supplements based on reliable analytical techniques will be an important contribution to
the discussion on the regulatory framework of these products.

Keywords: dietary supplement; food supplement analysis; LC-MS/MS; release test; quality control;
food composition

1. Introduction

The consumption of dietary supplements is increasing globally, due to low prices,
broad prescription-free distribution, and a common belief in efficacy and safety [1]. In the
EU, they are classified as food and contain ingredients with nutritional or physiological
effects [2]. Similarly, in the USA, dietary supplements are also classified as food and
contain amino acids, herbal substances, vitamins, minerals, and enzymes [3]. Although
they are foods, they are sold in typically pharmaceutical dosage forms such as tablets,
capsules, sachets, and others designed to be taken in small and defined unit quantities.
Based on their similarity to pharmaceuticals, consumers mistakenly believe that dietary
supplements have also been approved for safety and efficacy before marketing. However,
in the absence of mandatory quality testing, data on supplement quality is scarce. When
the data do appear, they indicate some issues such as the presence of contaminants [4,5],
the content of the main ingredient lower than the declared one [6,7], or low release from the
formulation [8]. The most commonly described contaminants are heavy metals [9], anabolic
steroids in preparations for athletes [10], and dioxins in dietary supplements containing
fish oil [11]. The amount of the main ingredient in the dietary supplements was only
examined for melatonin supplements [1] and supplements containing eicosapentaenoic
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acid (EPA) and docosahexaenoic acid (DHA) [12]. Release of the main constituent from the
formulation was conducted for formulations with calcium carbonate [13], melatonin [14],
folic acid [15,16], iron [17], triiodothyronine [18], trans-resveratrol [19] and lutein [8]. The
paucity of data on supplement quality is disadvantageous [20]. Therefore, the need for
international collaboration to advance the knowledge on supplements has recently been
emphasized. Not only the efficacy but also the quality of dietary supplements should be
evaluated, which is essential to improve the regulatory framework [21].

Depression, the most common mental illness, is one of the most common disorders for
which supplementation is also used. This disorder affects over 300 million people around
the world, of different ages, and in all communities [22]. The prevalence of the illness
increases with age and is more common in women and people with higher education [23].
Depression is treated pharmacologically, often with moderate efficacy [24]. This is why
some people also use supplementation. There are numerous mood-enhancing supplements
on the market, mainly containing the neutral amino acid tryptophan (Trp) [25]. It is one
of the 20 L-amino acids incorporated into proteins during mRNA translation [26] and a
precursor of serotonin (5-hydroxytryptamine), niacin (niacinamide), and melatonin. Trp
enters the kynurenine pathway and is a precursor of the coenzyme NAD(P)+ [27]. It
is an exogenous amino acid whose [28] deficiency leads to the insufficient synthesis of
the neurotransmitter serotonin, which worsens mood. Lower levels of Trp in peripheral
blood have been confirmed in patients suffering from depression. Trp supplementation
significantly improved the symptoms of the disease [29]. Trp has a positive effect on mood,
cognitive functions [30], sleep [31], and a decrease or maintenance of a healthy weight [32].
Response to supplementation is individual and may be influenced by genetic factors [33].
The potential efficacy of Trp in depression patients led us to select supplements with this
ingredient to evaluate their quality.

Western diet usually contains about 0.5 g of Trp per day. However, only 2–3% of
this amount enters the brain for conversion, via 5-hydroxytryptophan, to serotonin. It is
due to extensive metabolism and competition with other long-chain neutral amino acids,
e.g., histidine, isoleucine, leucine, methionine, phenylalanine [34]. Trp is an ingredient
of dietary supplements [35]. Sometimes, during Trp supplementation, dose-independent
side effects occur, i.e., tremors, dry mouth, mild nausea, dizziness. Contaminants, present
in commercially available Trp for nutritional use (feed-grade Trp in raw materials of
different manufacturers), were investigated [36]. The contaminants detected and identified
in commercially available Trp sources were the known metabolites of this amino acid,
oxidation products of Trp, condensation products of Trp with carbonyl compounds [37].
So far, there are little data on the quality of Trp preparations. Additionally, no data have
been published on the content and release of Trp from supplements, and most studies on
supplements rely on simple analytical techniques.

This study aimed to apply liquid chromatography coupled with mass spectrometry
as a highly reliable analytical technique to evaluate the quality of dietary supplements
containing Trp in tablets or capsules (n = 22) produced in the USA, UK, Germany, France,
Czech Republic, and Poland. This evaluation was performed by (i) assessment of Trp
release, a key parameter for bioavailability and efficacy, (ii) qualitative analysis of the main
ingredient, and (iii) screening for contaminants. We believe that a high-quality analysis
of supplements will be an important contribution to the discussion of the regulatory
framework for these products and that the new analytical approach will have broad
applicability in the assessment of supplement quality.

2. Results and Discussion

2.1. Tentative Contaminants Present in Trp Supplements

In addition to Trp, twenty-two compounds were detected in the analysed supplements
in the range of 0.02% to 43.89% of the main ingredient area (Table 1, Figure A1). Their
molecular formula, retention time, experimental and theoretical mass, fragmentation,
and tentative names are presented in Table 1. None of these compounds was listed on
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the package as a component of the supplement. Detected compounds were classified
into five groups: (A) Trp’s metabolites, (B) condensation products of Trp and carbonyl
compounds, (C) Trp degradation products, (D) degradation products of kynurenine and
(E) other contaminants.

The first group (group A) includes products of the main metabolic pathways of Trp:
anthranilic acid (I4), indole-3-acetaldehyde (I7), indole acetic acid (I9), 5-hydroxyTrp (I16),
formylkynurenine (I19) (Figure 1).

Figure 1. Pathways reasoning for the presence of specific contaminants in Trp supplements. (a) Major
metabolic pathways downstream of Trp (b), Trp degradation products formed after exclusive expo-
sure to heat (c), and reaction products of Trp with aldehydes and ketones. Compounds marked in
red were detected in this study [37].
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These compounds are formed during the fermentation of Trp in biotechnological pro-
duction through the activity of Trp-degrading enzymes. The second group (group B) of con-
taminants corresponds to the condensation of Trp with carbonyl compounds: tetrahydro-β-
carboline-3-carboxylic acid (I15) (condensation with formaldehyde), 1-methyl-tetrahydro-β-
carboline-3-carboxylic acid (I17) (condensation with acetaldehyde), 1-(3-methyleneindole)-
tetrahydro-β-carboline-3-carboxylic acid (I21) (condensation with indole-3-acetaldehyde
(I7)). Reactions of tryptophan with aldehydes/ketones to form tetrahydro-beta-carbolines
(tetHβCs), known as the Pictet–Spengler reaction, is one of the most common reactions of
tryptophan with organic compounds. The transformation is usually acid-catalysed and
takes place at low pH and high temperatures [38]. Highly reactive aldehydes are generated
during the fermentation processes, thus tetHβCs may be detected in any biotechnologically
derived Trp [39]. In the summary, the first and second groups of contaminants are asso-
ciated with the process of Trp production using fermentation. The third group (group C)
contains indole (I1), skatole (I2), oxindole (I3), 3-formylindole (I5), unsaturated Trp (I13),
indole pyruvic acid (I14), 2-(3-Methyleneindole)Trp (I20), 1-(2-Trp)-1-(3-indole)propanediol
(I22), and originate from Trp degradation [37]. Indole (I1), skatole (I2), and indole pyru-
vic acid (I14) are Trp degradation products formed after exclusive exposure to heat. At
temperatures above 140 ◦C, decarboxylation and oxidative deamination of Trp occurs,
forming tryptamine and indole pyruvic acid (I14). Tryptamine can degrade further, to form
a possible product: indole (I1) or skatole (I2) [39]. Additionally, contaminants from this
group may be the precursors in the Trp production process as chemical synthesis (indole
(I1), 3-formylindole (I5)), enzymatic synthesis (indole (I1)), biotechnological synthesis
(indole (I1), anthranilic acid (I4)). The next group of contaminants (group D) is degra-
dation products of kynurenine following irradiation and heat: 2,3-dihydro-4-quinolone
(I6), kynurenic acid (I11), kynurenine yellow (I12). Thermal and UV radiation cause a
cascade of reactions of kynurenine, and it transforms to yield kynurenine yellow (I12) and
4-quinolone. Kynurenine yellow (I12) can react further, undergoing either oxidative decar-
boxylation to also afford 4-quinolone or oxidation to kynurenic acid (I11) [40]. Compounds
from the last group (group E) are probably accidental contaminants related to production
conditions, packaging method or quality, transport conditions. The contaminants include
1-phenyl-3-methyl-5-pyrazolone (I8), glucosamine (I10), melatonin (I18). The properties of
some of them can be found in the literature. Glucosamine (I10) is used in the treatment of
osteoarthritis [41]. Melatonin (I18) is centrally produced by the pineal gland and directly
released in the blood, acting as a hormone. In mammals, yeast, and bacteria, melatonin (I18)
is synthesized from tryptophan. Melatonin (I18) has a lot of functions: circadian and sea-
sonal timing of organism; sleep and wakefulness cycle; endocrine functions, such as energy
metabolism, glycaemic control, blood lipid profile and reproduction [42]. Glucosamine
(I10) and melatonin (I18) are ingredients of many dietary supplements. Manufacturers
of C8 and T3 (where we detected glucosamine (I10)) produce also dietary supplements
containing glucosamine (I10). Thus, its presence (I10) in C8 and T3 may be the result of
the insufficient purification (e.g., washing) before the manufacturing process. The same
conclusion can be made in case of melatonin contaminant (I18).

To better visualize the results the heat map was prepared (Figure 2). We can observe
the following:

a) Dietary supplements in capsules contained mainly contaminants from group C (Trp
degradation products), which may indicate that Trp was obtained by chemical synthesis;

b) Dietary supplements in tablets contained mainly contaminants belonging to groups A
(Trp’s metabolites) and B (condensation products of Trp and carbonyls), which may
indicate that Trp was obtained by biotechnology;

c) Trp from C1 and C3 dietary supplements might be produced by the same manu-
facturer. The supplements contained the same contaminants (difference in I3—Trp
degradation product, which may be related to different storage conditions);

275



Pharmaceuticals 2022, 15, 448

d) Trp from C6 and C11 dietary supplements were produced by the same manufacturer,
supplements contained the same contaminants (difference I17—condensation product
of Trp and carbonyls);

e) Trp from C5 and C10 dietary supplements were produced by the same manufacturer,
supplements contained similar contaminants, the differentiating contaminants were
classified as Trp degradation products and can be generated during supplement storage.

Figure 2. Clustering result of the tested supplements and detected contaminants (using Euclidean
distance and clustering algorithm using Ward’s method). The level of contaminant is presented as a
heatmap (red colour indicates higher concentration and blue colour indicates lower concentration
than the average) T—tablet, C—capsule, I—contaminant (with the name of a group of contaminants,
i.e., A—Trp’s metabolites, B—condensation products of Trp and carbonyls, C—Trp degradation
products, D—degradation products of kynurenine, E—other contaminants).

To summarize, twenty-two compounds were detected in the analysed supplements
in the range of 0.02% to 43.89% of the main ingredient area. Among the contaminants,
there were Trp’s metabolites, condensation products of Trp and carbonyl compounds,
Trp degradation products, degradation products of kynurenine, and other contaminants.
Some of Trp’s contaminants have been already described in Trp raw material of different
manufacturers [39], and melatonin supplements [1]. Melatonin can be synthesized from
tryptophan by yeast and bacteria, so the occurrence of the contaminants was expected. The
biological effect of Trp-related contaminants is unknown. Some Trp degradation products
can impact cellular metabolism. I12 a degradation product of Trp was shown to induce
apoptosis in a human natural killer cell line. I15 and I17 act as antioxidants and free radical
scavengers. However, the dose of I12, I15, I17 needed to have a specific effect on cellular
metabolism is unknown. The contaminants were present rather in small amounts, so they
may not cause significant side effects [37].

Contamination can occur accidentally, due to poor manufacturing practices or con-
taminants originating from the supplement ingredients, or intentionally being added by
manufacturers. The first group covers heavy metals [9] or substances found in raw materi-
als, e.g., herbicides [43], insecticides [44], mycotoxins [45], and dioxins [11]. All detected
contaminants in our study were from this group. Most of them were generated during
manufacturing, under storage or transport of supplements/Trp, but some were found in the
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preparation by accident. Heavy metal analysis was not performed because it requires other
analytical techniques such as ICP (inductively coupled plasma) or ASA (atomic absorption
analysis). Moreover, these contaminants are mainly detected in herbal-based dietary sup-
plements. Similarly, targeted screening for pesticides and mycotoxins (which were detected
in herbal formulations), dioxins (detected in fish oil formulations), cyanobacterial neuro-
toxins (detected in shark cartilage) and microcystins (detected in algae) because they were
not warranted, was not conducted in the study. For instance, pesticides were previously
detected in supplements with Ginkgo [44,46] and Ginseng [47,48], whereas mycotoxins
were in supplements with Ginkgo and grapes (Table A1). Many of these compounds require
targeted screening as well as isolation and enrichment from the complex matrix to obtain a
reliable signal [49]. The isolation methods include solid-phase extraction [50], dispersive
solid-phase extraction [51], liquid-phase microextraction [52], microwave-assisted extrac-
tion [53], microwave-assisted saponification combined with simultaneous unsaponifiable
extraction [54]. In our study, a simple extraction was performed without enrichment.

The second group of contaminants includes substances that are prohibited in dietary
supplements and are intentionally used by the manufacturer to enhance the observed effect
(anabolic steroids [10], hypoglycemic drugs [55], drugs used in potency disorders [56],
weight loss products [57]). For Trp supplements, we screened for antidepressants because
Trp is often used for depression [28], but no such substances were detected.

The liquid chromatography with mass spectrometry used in this experiment in the
untargeted analysis is one of the most frequently used for that purpose. The increased
bioavailability of high-resolution instruments improved the detection and identification
of compounds in food including dietary supplements. However, confidence in these
identifications varies between studies and substances, since it is not always possible or even
meaningful to synthesize each substance or confirm them via complementary methods [58].
Thus, we applied the confidence identification level for our data (Table 1). To minimize the
risk of false-positive identification it is recommended to search dedicated “small size” MS
databases including compounds with a realistic probability to be observed [59]. In our case,
the database consisted of degradation products of Trp was used. To decrease further the
risk of false-positive identification, all detected compounds were fragmented to achieve a
confidence level of at least 3. However, for unexpected compounds such as melatonin or
glucosamine, we confirmed the structure with the reference standards. The differences in
retention times of these compounds in the samples and reference standard were 0.01 min
for glucosamine and 0.03 min for melatonin. The isotopic and fragmentation patterns were
similar. The fragmentations are shown in Figure 3.

2.2. Determination of Trp in Dietary Supplements

Following the Polish Pharmacopoeia VI, the content of an active substance in tablets
or capsules should not exceed the following: (1) ±10% for units with the declared active
substance content below 100 mg or (2) ±5% for units with the declared content of the active
substance of 100 mg and above. These requirements apply to pharmaceuticals. Due to the
lack of specific guidelines for dietary supplements and the fact that dietary supplements
appear in the same form as drugs, the same criteria for Trp content were adopted in this
study. Therefore, none of the formulations contained the amount of Trp declared by the
manufacturer (Table 2), i.e., it was not within 90–110% in each tablet or capsule. The lowest
(55% of the declared content) Trp content was in supplement C6, followed by C8 (60%)
and T5 (69%). The amount of Trp was within the range of 70–79% in nine supplements
and 80–90% in the other nine supplements. The amount of Trp ranged from 70–79% in
nine supplements and 80–90% in the other nine supplements. The low Trp content may be
due to the lower amount of active ingredients used in production. The highest average Trp
content (i.e., 100.45% of the claimed content) was observed in supplement C2. However,
the amount of Trp in each capsule varied significantly and ranged from 174 to 251 mg/unit
(CV = 19%), indicating improper mixing of the capsule mass. The concentration of the
main ingredient in C6 and T2 supplements also had a high coefficient of variation: C6
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(CV = 32%), T2 (CV = 35%), but the average amount of Trp was 55% and 87% of the claimed
content, respectively. In these cases, both the wrong amount of active ingredient used and
improper mixing of the tablet or capsule mass during the manufacturing process may be
the reason for inadequate quality.

Figure 3. Glucosamine and melatonin fragmentation pattern in samples (top) and reference
standards (down).

Table 2. Content of Trp in the dietary supplements (maximum error value above 40 was bolded).

Code Dosage Form Source
Declared Trp

Content [mg/unit]
Determined Trp

Content [mg/unit] a
Maximum Error

[%]

C1 capsule United Kingdom 250 205 (CV = 5.0%) −21

C2 b capsule France 220 221 (CV = 19%) −21

C3 capsule United States 500 398 (CV = 4.1%) −24

C4 capsule Poland 500 368 (CV = 4.1%) −29

C5 capsule Poland 500 415 (CV = 13%) −27

C6 capsule No label 500 277 (CV = 32%) −74

C7 capsule Czech Republic 160 143 (CV = 16%) −29

C8 capsule Germany 50 29.8 (CV = 6.6%) −47

C9 capsule Poland 100 77.3 (CV = 8.4%) −32

C10 capsule United Kingdom 500 432 (CV = 5.4%) −19

C11 capsule United States 500 350 (CV = 14%) −44

C12 capsule United States 500 443 (CV = 8.7%) −20

T1 tablet Poland 100 72.6 (CV = 10%) −32

T2 tablet United States 1000 870 (CV = 35%) −48

T3 tablet Poland 40 32.6 (CV = 14%) −27
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Table 2. Cont.

Code Dosage Form Source
Declared Trp

Content [mg/unit]
Determined Trp

Content [mg/unit] a
Maximum Error

[%]

T4 tablet Poland 100 71.4 (CV = 7.0%) −33

T5 tablet Poland 167 115.5 (CV = 7.1%) −36

T6 tablet Poland 50 37.0 (CV = 9.0%) −33

T7 tablet Poland 50 41.4 (CV = 8.1%) −24

T8 tablet Poland 50 41.1 (CV = 16%) −29

T9 tablet Poland 50 37.1 (CV = 3.6%) −29

T10 tablet No label 200 155 (CV = 15%) −35

CV—coefficient of variation; a—mean (standard deviation n = 3); b—three capsules were analysed, results (251 mg,
239 mg; 174 mg).

Inconsistency between the declared and determined content of the main ingredient
has been previously reported for melatonin supplements [1] and lutein [8]. None of the
lutein supplements (n = 10) and 41% of the melatonin supplements (n = 17) met our criteria.
However, it is not clear whether the melatonin or lutein content was evenly distributed
among the units. Therefore, no conclusions could be drawn regarding quality.

Content uniformity is an important critical quality attribute. High variability in active
ingredient content can be caused by the following: improper particle distribution (e.g.,
agglomeration); poor macro- and microblending at the powder mixing stage; loss of a
component (e.g., due to adsorption to the equipment surface); thief sampling and analytical
errors; segregation of well-mixed blends during powder transfer, handling or further
operations [60]. The controlling of all this process is required. In the case of pharmaceuticals
available on the market, content uniformity is not likely to occur [61,62]. The only study
showing the problem with this attribute concern tablets splitting [63]. However, a large
number of articles on content uniformity and the ways of continuous monitoring tablet
content uniformity [64] suggest that it is a difficult task to achieve.

For supplements with Trp, we observed only a slightly higher level of the active
ingredient for capsules (79%) than for tablets (77%). Similar results were noted for mela-
tonin (capsules—91%, tablets—87%) [1] and lutein (capsules—122%, tablets—42%). The
supplements with lutein from Brazil (e.g., 0.12% or 135%) had lower quality than those
from the USA (112%, 113%) [8].

2.3. Dissolution Test for Trp Tablets and Capsules

The Food and Drug Administration provides guidelines for drug testing. According to
the dissolution test requirements, the active ingredient should release from the immediate-
release oral solid drug at least 80% of its claimed content after 30 min of the release test [65].

Dietary supplements do not have dedicated guidelines for dissolution testing. There-
fore, the same criteria for the dissolution test were used in this study. Trp release higher
than 80% was determined for supplements C6, C7, C10 at pH 1.2 and supplement T9, T10
at pH 6.8. (Table 3, Figure 4). Supplement C11 had the lowest release (1.22%) at gastric
pH (pH 1.2), while at pH 6.8 the release reached 60.2%. Supplements C2 and C3 were
characterized by a release of no more than 5% Trp at both pHs (1.2 and 6.8). Thus, only
up to 5% of the claimed dose of Trp could be absorbed from these supplements across
biological membranes to produce a physiological effect (Figure 4a). Trp release between 10
and 20% regardless of dissolution medium was determined for C8 and between 20% and
30% for T3 and T7. In summary, Trp release for 10 of the 22 supplements was determined
between 1.22 and 59.9% at both pHs (Figure 4).
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Table 3. Comparison of the amount of Trp determined and released from tablets and capsules in two
pH (gastric, pH = 1.2 and intestinal, pH = 6.8) with the expanded uncertainty.

Code

The Average Percentage of Trp Amount
Released from a Dosage Form

(Standard Deviation n = 6)

Expanded Uncertainty Parameters

pH 1.2 pH 6.8

pH 1.2 pH 6.8 |x1−x2| U(x1−x2) Equal a |x1−x2| U(x1−x2) Equal a

C1 60 (11) 66.0 (8.1) 55.38 25.29 No 39.99 136.07 Yes

C2 2.65 (0.55) 2.3 (2.2) 215.43 48.12 No 216.31 8.53 No

C3 3.08 (0.76) 4.8 (2.6) 382.17 19.07 No 373.66 57.22 No

C4 53 (13) 41.2 (3.8) 100.87 52.04 No 162.59 117.62 No

C5 36.2 (7.5) 17.9 (3.7) 234.17 68.74 No 325.37 113.25 No

C6 84.3 (8.3) 76.4 (2.2) 144.78 187.05 Yes 105.26 233.65 Yes

C7 81 (18) 40.6 (3.3) 13.18 37.53 Yes 77.73 9.87 No

C8 17.9 (1.8) 15.58 (0.70) 20.81 3.89 No 21.98 0.29 No

C9 75.5 (3.1) 46.6 (6.6) 1.75 10.06 Yes 30.65 15.13 No

C10 90.4 (9.4) 68.9 (7.3) 19.93 49.18 Yes 87.62 435.58 Yes

C11 1.22 (0.31) 60.2 (8.1) 344.27 80.11 No 49.64 541.99 Yes

C12 47.7 (5.8) 18.0 (1.5) 204.17 55.25 No 352.75 17.95 No

T1 71.9 (9.1) 78.0 (5.1) 0.7 11.42 Yes 5.41 9.64 Yes

T2 77.9 (5.4) 76.0 (5.7) 91.2 355.46 Yes 109.37 1071.86 Yes

T3 27 (16) 21.3 (6.9) 21.9 7.22 No 24.12 3.37 No

T4 54.1 (12.2) 79.3 (8.8) 17.3 11.55 No 7.93 26.61 Yes

T5 22.8 (2.9) 39.3 (6.2) 77.3 10.29 No 49.75 36.69 No

T6 32.9 (4.9) 59.9 (6.1) 20.5 4.31 No 7.01 3.94 No

T7 12.1 (1.0) 26.1 (2.4) 35.3 3.87 No 28.37 1.06 No

T8 47.7 (3.6) 68.3 (5.0) 17.3 7.84 No 6.80 2.85 No

T9 67.4 (7.1) 80.0 (5.9) 3.4 3.26 No 2.76 3.74 Yes

T10 71.0 (7.0) 81.4 (2.9) 13.3 28.43 Yes 7.49 11.42 Yes
a amount of Trp in the formulation and amount of Trp released are equal (yes) or not (no) within the uncertainty.

Trp was completely released from C6, C10, T1, T2, T11 supplements at both pHs
(Table 3, Figure 4). The other five supplements released Trp at only one pH: gastric
(supplement C7, C9) or intestinal (supplement C1, C11, T4, T9). Thus, in these supplements,
the amount of Trp released was limited only by the content of the main ingredient (Table 2).
No negative effect of technological parameters and excipients was observed. One of these
supplements, i.e., C11 was probably designed by the manufacturer as an enteral form,
which was not even mentioned in the packaging. For this supplement, a release of less than
10% was observed at pH 1.2 (as recommended by the guidelines) and a complete release
was observed at pH 6.8. However, due to the lower Trp content, the complete release did
not reach 80% of the claimed content as recommended.

The low release of Trp from C2 (pH = 1.2, release 2.65%; pH = 6.8, release 2.3%) and
C3 (pH = 1.2, release 3.08%; pH = 6.8, release 4.8%) was mainly due to improperly selected
process parameters and/or improperly selected excipients. This is because the content of
Trp in the dosage form was much higher than the amount of Trp released (Figure 4a). In
the remaining formulations (i.e., C4, C6, C8, C9, C11, T1, T4, T5, T6, T9), the low Trp release
was due to both low compound content in the formulation and inappropriate preparation
technology (poorly selected technological parameters or excipients) (Figure 4). Referring to
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in vivo conditions, units characterized by low release will enter the gastric juice but will
not release the substance. Thus, no physiological effect will be observed.

Figure 4. Comparison of the amount of Trp released at pH 1.2 (simulated gastric conditions), pH 6.8
(simulated intestinal conditions) with the amount determined in dietary supplements in capsules
(a) and tablets (b); * significant differences (results not equal within the uncertainty) of the amount
released with the amount detected.

In summary, none of the analysed dietary supplements contained 80% or more Trp
(for each tablet/capsule), which means that these formulations do not meet the release
requirements for medicinal products. Comparative data on Trp release from other dietary
supplements are not available. Applying our criteria to dietary supplements containing
lutein [8], it also the case that none of these dietary supplements would meet these re-
quirements. However, a comparison between the two studies is not easy because the
release of the lutein supplements was performed using unconventional parameters. The
dissolution test fluid for tablets was 2% P80 (w/v) and for capsules 2% P80 (w/v) with 25%
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ethanol. In the case of Trp supplements, the release test fluid was 0.1 mol/L hydrochloric
acid (simulated gastric conditions) and 0.05 mol/L phosphate buffer (pH 6.8, simulated
intestinal conditions) regardless of the form of the dietary supplement. Low release of
active ingredients such as calcium carbonate [13], melatonin [14], folic acid [15,16], iron,
zinc, manganese [17] and Grape seed extract [19], have also been observed in other dietary
supplements in solid form (Table A2). However, in these cases, the reasons for the low
release are not known due to the lack of data on the content of the main ingredient in
these supplements. Low release may be due to insufficient content of the main ingredient,
improperly selected process parameters, and/or improperly selected excipients. Only for
food supplements containing triiodothyronine (n = 3) or prehormone thyroxine (n = 1) was
the main component release above 93% [18].

In our study, Trp release was higher from tablets (12.1–81.4%) than from capsules
(1.22–90.4%). Similar results were previously obtained for lutein [8] and folic acid [16]. For
lutein supplements, release from capsules (made in the USA), despite containing adequate
amounts of lutein, showed alarming results due to poor dissolution properties (less than
20% after 180 min of testing). These results may contribute to the lack of bioavailability of
lutein. Unlike the capsules, the lutein tablets (made in Brazil) released more than 80% of
the lutein within 180 min.

Analysis of the content, identity, and release of active ingredients from products is
important to assess their quality [66]. The dissolution test determines the amount of active
substance released and is mandatory for solid drug forms, but not for the same forms
of dietary supplements [67]. The in vivo absorption of the active ingredient from solid
formulations can be predicted to some extent using this assay [68]. A low release rate means
low absorption and no intended effect. Thus, even the substance is in labelled amounts in
the supplement but is not released, the consumer will not be able to achieve the effect.

Ease of marketing the supplement and low level of control combined with high popu-
larity and high market value make dietary supplements a group of products particularly
vulnerable to negligence or intentional manipulation, which poses a threat to consumers’
interests and sometimes even their health [21,69,70]. Determining the quality of dietary sup-
plements is challenging and can be more difficult than for pharmaceutical products because
such products often contain multiple vitamins, minerals [71], many of which are derived
from plants [72] or other biological sources [73]. However, quality control of supplements
should meet the same standards as pharmaceutical products because in both cases they are
intended for consumer use [74]. The results of our studies developed with the use of a gold
standard in analytics—mass spectrometry coupled with liquid chromatography, provide
important data on the quality of the analysed dietary supplements. We hope that our
results will encourage further research and increase public awareness about the purposeful-
ness and safety of taking dietary supplements. An informed consumer will choose tested
supplements, which will encourage manufacturers to test. In the case of the Food and Drug
Administration, Good Manufacturing Practice in Manufacturing, Packing, Labelling, or
Holding Operations for Dietary Supplements were already established. Applying GMPs to
dietary supplements would be a further step to ensure products are consistently produced
and controlled to the quality standards appropriate to their intended use [74].

A limitation of our study is the inability to detect compounds present at very low
concentrations. These compounds require appropriate sample preparation. In addition, the
targeted analysis should be chosen over non-targeted screening in their case.

3. Materials and Methods

3.1. Samples

The study was conducted on twenty-two Trp supplements, which is 10% of all dietary
supplements with Trp in tablets or capsules registered in Poland, and all available on the
market. There were two types of dosage forms: capsules (C1–C12) and tablets (T1–T10). All
supplements were manufactured in the EU (Poland, UK, France, Germany, Czech Republic)
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and the USA. Six supplements were purchased in a Polish online e-commercial platform,
the rest in pharmacies or online pharmacies in Poland.

3.2. Reagents

L-Trp (≥99%) (standard) and doxepin hydrochloride (internal standard) (≥98%) were
purchased from Merck (Darmstadt, Germany). Hydrochloric acid (35–38%) solution pure
p.a., sodium hydroxide (≥98.8%) pure p.a., potassium phosphate monobasic (≥99.5%)
pure p.a. were purchased from Chempur (Piekary Śląskie, Poland). HPLC-grade methanol,
acetonitrile, and formic acid were purchased from Merck (Darmstadt, Germany).

3.3. Sample Preparation

Three tablets or capsules were randomly selected from each supplement. The total
weight of three tablets, or of the contents of three capsules, were determined. For tablets, a
grinding step was applied. In the next step, the tablet’s mass or capsule content equivalent
to 10 mg Trp was weighed and 1.00 mL of acetonitrile/methanol/water (1:1:1; v/v/v)
mixture was added. The mixture was sonicated for 15 min and centrifuged for 5 min.
The supernatant was then diluted with mobile phase to a concentration of 500 ng/mL
or 100 ng/mL for qualitative and quantitative analysis, respectively. For quantitative
analysis, an internal standard (doxepin) was added in the last step to a final concentration
of 500 ng/mL.

3.4. Qualitative Analysis

Instrumental analysis was performed using a UHPLC Dionex Ultimate 3000 with a
Q-Exactive hybrid quadrupole-orbitrap mass spectrometer system equipped with heat
electrospray ionization (HESI), an online vacuum degasser, a quaternary pump, an au-
tosampler, and a thermostatted column compartment. The HESI was operated in positive
mode. Full MS scans were acquired over the m/z 100–1400 range with a resolution of 70,000
(m/z 200). Fragmentation was performed in different runs with a normalized collision
energy of 20, 35, 50 eV. The ion selection threshold was 8 × 103 counts, and the maximum
allowed ion accumulation times were set to auto both for full MS scans and for the tandem
mass spectrum. Standard mass spectrometric conditions for all experiments were: spray
voltage, 3.5 kV; sheath gas pressure: 60 arb; aux gas pressure: 20 arb; sweep gas pressure:
0 arb, heated capillary temperature: 320 ◦C; loop count: 3; isolation window: m/z 1.0; and
dynamic exclusion: 6.0 s. For all full scan measurements, lock-mass ions from ambient air
(m/z 445.1200 and 291.2842) were used as internal calibrants.

Chromatographic separation was achieved with an Accucore C-18 column (100 mm × 4.6 mm,
2.6 μm) supplied by Thermo Fisher Scientific (Waltham, MA, USA) equipped with a security guard.
The column was maintained at 40 ◦C at a flow rate of 0.3 mL/min. The mobile phases consisted of
HPLC grade water with 0.1% formic acid as eluent A and acetonitrile with 0.1% formic acid as
eluent B. The gradient (% B) was as follows: 0 min 10%; 1 min 10%; 10 min 95%; 15 min 95%. The
volume of injection was 10 μL.

The results obtained were analysed using Compound Discoverer 3.0 software supplied
by Thermo Fisher Scientific (Waltham, MA, USA).

The structures of the metabolites were proposed based on:

1. The m/z of the compound. The difference between experimental and theoretical
molecular weight should be no higher than 5 ppm;

2. The isotopic pattern. The relative intensity tolerance to be used for the isotope search
was set at 30%;

3. Fragmentation of the compound. The fragmentation spectrum was compared with ex-
perimental data found in the mass spectra library or the literature (confidence level 2),
in silico fragmentation (confidence level 3) or reference standard (confidence level 1).
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3.5. Quantitative Analysis

The instrumental analysis was performed using an Agilent 1260 Infinity (Agilent
Technologies, Santa Clara, CA, USA), equipped with a degasser, autosampler, and binary
pump coupled to a QTRAP 4000 hybrid triple quadrupole/linear ion trap mass spectrom-
eter (AB Sciex, Framingham, MA, USA). The Turbo Ion Spray source was operated in
positive mode. The curtain gas, ion source gas 1, ion source gas 2, and collision gas (all
high-purity nitrogen) were set at 0.24 MPa, 0.41 MPa, 0.28 MPa, and “medium” instrument
units, respectively. The ion spray voltage and source temperature were 4500 V and 600 ◦C,
respectively. The target compounds were analysed in multiple reaction monitoring (MRM)
mode. The compounds parameters, viz. declustering potential (DP), collision energy (CE),
entrance potential (EP), and collision exit potential (CXP), were 76, 27, 12 V and 71, 25, 14 V
for Trp and doxepin, respectively.

Chromatographic separation was achieved with a Kinetex C18 column (100 mm × 4.6 mm,
2.6 μm, Phenomenex, Milford, MA, USA). The injection volume was 10 μL. The flow rate was
0.75 mL/min. The mobile phases consisted of HPLC grade water with 0.2% formic acid as
eluent A and acetonitrile with 0.2% formic acid as eluent B. The gradient (% B) was as follows:
0 min 5%; 1 min 5%; 2 min 95%; 3 min 95%.

The analysis of the Trp content in dietary supplements was preceded by method
validation. The parameters tested were selectivity, precision, accuracy, linearity, and limit of
quantification. The range of the calibration curve was selected as 0.01–10 μg/mL. Accuracy
and precision were determined in triplicate at four concentration levels (0.01, 0.05, 5.0 and
10.0 μg/mL).

Calculations were made using the Analyst 1.6.3 software (AB Sciex, Framingham,
MA, USA).

3.6. Dissolution Test for Tablets or Capsules

Trp release study was performed using a USP II Varian VK 7025 or USP I Varian VK
7025 dissolution tester (Erweka GmbH, Heusenstamm, Germany) for tablets and capsules,
respectively. Six tablets or capsules were randomly selected and individually placed in
the dissolution vessels. Each vessel contained 900 mL of dissolution medium. The stirring
speed of 50 rpm or 100 rpm was used for tablets and capsules, respectively. The temperature
was set at 37 ± 0.5 ◦C. Aliquots (1.5 mL) of the medium were manually collected using
5 mL syringes after 30 min of the test and filtered through a Millex-HA 0.45 μm filter.
Each aliquot withdrawn was replaced with 1.5 mL of fresh medium. The experiment was
performed both in hydrochloride acid pH 1.2 (simulated gastric conditions) and phosphate
buffer pH 6.8 (simulated intestinal conditions). The Trp content was measured as described
in Section 3.5 (Quantitative analysis).

3.7. Expanded Uncertainty

To assess whether the amount of Trp in the dosage unit and amount of the compound
released is equal within the uncertainty range, extended uncertainty was determined using
Equation (1).

U(x1 − x2) = 2
√
[u(x1)]

2 + [u(x2)]
2 (1)

The measurement results were equal if:

|x1 − x2| < U(x1 − x2)

x1—mean [mg] Trp content determined in dosage unit using quantitative analysis
(n = 3).

x2—mean [mg] amount of Trp released from six dosage units.
u(x2), u(x1)—standard uncertainties of the measured values: x1 and x2 determined

according to the formula:

u(x1) =
S√
n
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S—standard deviation of the average amount of Trp in dosage unit [mg] or standard
deviation of the released amount of Trp [mg].

n—the number of tablets or capsules analysed.

4. Conclusions

A new analytical approach based on liquid chromatography coupled to mass spec-
trometry provided the opportunity to obtain reliable results on the quality of dietary
supplements. The quality of supplements is lower than that of pharmaceuticals with lower
than claimed amounts of the main ingredient and a lack of uniform distribution between
units. Sometimes, the release of the main ingredient is low, resulting in a lower proba-
bility of absorption and physiological effect. Contaminants were detected in all dietary
supplements analysed, based on untargeted analysis. These substances, in the amounts
determined, may not affect health or show significant unknown effects. The study confirms
issues with the quality of dietary supplements and provides an important contribution to
the discussion on the regulation of dietary supplements. We believe that the new analytical
approach will have broad applicability in the assessment of supplement quality.

Author Contributions: Conceptualization, J.G.; methodology, J.G., K.A.S.; software, K.A.S.; valida-
tion, J.G., K.A.S.; investigation, K.A.S.; resources, K.A.S.; data curation, K.A.S.; writing—original
draft preparation, K.A.S.; writing—review and editing, K.A.S., J.G.; visualization, K.A.S.; supervi-
sion, J.G.; project administration, J.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors express their sincere gratitude to Anna Harasimiuk and Jakub
Niewiarowski for their help in performing the Trp dissolution test in pH 1.2, which was part of their
master thesis.

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

Appendix A

Table A1. A review of research on contaminants in dietary supplements.

Type of Dietary Supplement
Number of

Supplements
Contaminants

Country of
Sale

Year
Method
Applied

Ref.

Plant based (e.g., Ginkgo
biloba, Ginseng, flower

pollen), algae
24 Cd, Pb, Hg Mexico 2007 ASA [75]

Mainly plant-based (herbs or
botanicals as major

components)
95 As, Cd, Pb, Hg USA 2003 ICP-MS [76]

Mainly plant-based (e.g.,
ginger, gingko biloba,

ephedra), minerals
40 Hg USA 2005 ASA [77]

Plant-based and algae (e.g.,
gingko biloba)

16 As Denmark 2013 ICP-MS,
LC-ICP-MS [78]

Iron supplements 15 As Brazil/Spain 2017 LC-ICP-MS [79]

Multimineral supplements 168 Pb Poland 2018 MIP-OES [80]
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Table A1. Cont.

Type of Dietary Supplement
Number of

Supplements
Contaminants

Country of
Sale

Year
Method
Applied

Ref.

Herbal (improve hair, skin,
and nails; regulate glucose

levels)
24 Hg Poland 2018 ASA [81]

Prenatal and children
supplements

10 As USA 2014 IC-ICP-MS [82]

Prenatal vitamin
supplements

51 As, Cd, Pb, Hg Canada 2018 ICP-MS [83]

Health clays products 27 As, Cd, Pb, Hg Netherlands 2013 ICP-MS [84]

Calcium supplements 45 Pb USA 2007 ICP-MS [85]

Shark cartilage powder 16

Cyanobacterial toxin (N-
methylamino-L-alanine)

and its isomers
(2,4-diaminobutyric acid

and N(2-aminoethy)
glycine)), Hg

USA 2014 LC-FLD,
LC–MS, CVAFS [86]

Ginkgo 9

250 toxic substances
including pesticides (e.g.,

hymexazol,
tebufenozide) and
mycotoxins (e.g.,

aflatoxin B1, aflatoxin B2,
T-2 toxin), Insecticides,
Fungicides, Herbicides

Spain,
Poland,

USA
2015 LC-HRMS [46]

Grape 24 Mycotoxin
(Ochratoxin A) Italy 2015 LC–FLD [87]

Different plants (used for
liver problems, menopause,

for general health
improvement)

69 57 mycotoxins (e.g.,
zearalenone, enniatins)

Czech
Republic,

USA
2015 LC-MS [88]

Brewer’s yeast 51 Mycotoxin
(Ochratoxin A) Germany 2002 LC-FLD [89]

Blue green algae 17 Microcystins Italy 2012 LC–MS, ELISA [90]

Blue green algae and
Chlorella

18 Microcystins Germany 2012 PPIA, ELISA,
LC–MS [91]

Ginseng 23 Insecticide, Fungicides USA 2016 GC-MS [44]

Soya 14 Herbicides Spain 2016 LC-MS [92]

Fish, seal and vegetable 30 Insecticides Canada 2009 GC-MS [93]

Omega-3 9 Polychlorinated
dibenzo-p-dioxins Spain 2017 GC-MS [94]

Plant-based (weight loss) 11
Sibutramine and its

analogues,
phenolphthalein

China 2008 LC-MS [95]

Plant-based (weight loss) 24
Sibutramine and its

analogues, rimonabant,
phenolphthalein

Netherland 24 LC-DAD-MS [96]

Plant-based (naturally
enhance sexual performance)

74 PDE-5 inhibitors and
their analogues USA 2013 LC-DAD-MS [97]
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Table A1. Cont.

Type of Dietary Supplement
Number of

Supplements
Contaminants

Country of
Sale

Year
Method
Applied

Ref.

Plant-based (enhance sexual
potency)

23 PDE-5 inhibitors and
their analogues Netherland 2013 LC-DAD-MS [98]

Tryptophan 22

Untargeted screening,
Trp products generated

during production,
storage, transport

Poland 2022 LC-HRMS Current
study

ASA—atomic absorption spectrometry, CVAFS—cold vapor atomic fluorescence spectrometry, DAD—diode
array detection, ELISA—enzyme linked immuno-system, GC—gas chromatography, IC—ion chromatogra-
phy, ICP-MS—inductively coupled plasma—mass spectrometry, LC-liquid chromatography, LC-HRMS—liquid
chromatography–high resolution mass spectrometry, LC-FLD—liquid chromatography fluorescence detector, MIP-
OES—microwave-induced plasma optical emission spectrometry, MS—mass spectrometry, PPIA—phosphatase
inhibition assay.

Figure A1. Cont.
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Figure A1. Cont.
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Figure A1. Cont.
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Figure A1. Chromatograms of Trp contaminants (I1-I22) detected in Trp dietary supplements.

Table A2. Review of studies on the release assay of the active substance from dietary supplements.

Main of
Ingredient

Dietary
Supplement

Year
Country
of Sale

Dosage
Form

Number of
Supple-
ments

Dissolution
Test

The Average Percentage
of Trp Amount Released

from a Dosage Form
(Dissolution Medium)

Reference

Calcium
Carbonate

1990 USA tablet 27 Yes

5/27—below 75% (HCl
pH 1.0) 4/27—between

33–75% (HCl pH 1.0)
18/27—less than 33%

(HCl pH 1.0)

[13]

Melatonin 1999 USA

Immediate-
release 9

Yes

4/9 above 75% (HCl
pH 1.0)

[14]
Controlled-

release 2
1/2 above 90% (HCl

pH 1.0)

Folic Acid 2001 United
Kingdom capsule tablet 11 Yes

6/11—below 70% (0.1 M
sodium hydroxide)

4/11—above 70% (0.1 M
sodium hydroxide)

[15]

Folic Acid 2009 USA

tablet 14
45.0% (NaCl, pH 1.5)

104.5% (phosphate buffer,
pH 7.5) [16]

capsule 1
15.2% (NaCl, pH 1.5)

47.4% (phosphate buffer,
pH 7.5)
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Table A2. Cont.

Main of
Ingredient

Dietary
Supplement

Year
Country
of Sale

Dosage
Form

Number of
Supple-
ments

Dissolution
Test

The Average Percentage
of Trp Amount Released

from a Dosage Form
(Dissolution Medium)

Reference

Iron, zinc,
manganase

2016 Poland tablet 4 Yes

Iron—1/4 above 80% (HCl,
pH 1.2)

Zinc—1/4 above 80% (HCl,
pH 1.2)

Manganase—4/4–60% or
less (HCl, pH 1.2)

[17]

Lutein 2018 Brazil
USA

tablet 4
Yes

41.7% (2% polysorbate 80)
[8]

capsule 6 122.5% (2% polysorbate 80
with 25% ethanol)

Triiodothyronine 2019 United
Kingdom tablet 3 Yes Above 93.5% (fasted-state

simulated gastric fluid) [18]

Prehormone
thyroxine

2019 United
Kingdom tablet 1 Yes Above 97.4% (fasted-state

simulated gastric fluid) [18]

Grape seed
extract

2021 USA capsule 1 Yes

73.09, 67.9, 71.06, 59.75%
of gallic acid, catechin,
procyanidin B2, and

epicatechin, respectively
(acetate buffer pH 4.6),

96.49, 89.09, 87.65, 78.84%
of gallic acid, catechin,
procyanidin B2, and

epicatechinin, respectively
(HCl pH 1.2)

[19]

Trans-
resveratrol

2021 China capsule 1 Yes
Above 75% (acetate buffer
pH 4.6) Above 75% (HCl

pH 1.2)
[19]

Tryptophan 2022
Poland

tablet 10
Yes

48.5% (HCl, pH 1.2) 61.0%
(phosphate buffer pH 6.8) Current

study
capsule 12 46.1% (HCl, pH 1.2) 38.2%

(phosphate buffer pH 6.8)
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Abstract: The monitoring of antibiotic use in animals is a crucial element to ensure food safety. The
main goal of this study was to analyse the distribution of selected antibiotics to porcine oral fluid,
as well as to demonstrate that an oral fluid is an alternative to other biological matrices used in
the control of antibacterials. Therefore, an animal study with pigs treated using seven different
antibiotics was performed. Sulfadoxine (SDX) with trimethoprim (TRMP), lincomycin (LIN), tiamulin
(TIAM), tylosin (TYL), amoxicillin (AMX) and penicillin G (PEN G) were injected intramuscularly to
pigs, and concentrations of these analytes in the oral fluid were assessed. Ultra-high-performance
liquid chromatography coupled with mass spectrometry (UHPLC-MS/MS) was used to quantify the
analytes. On the first day of medication, the highest concentrations for SDX and TRMP at the level of
22,300 μg/kg and 14,100 μg/kg were found, respectively. The concentrations of LIN (10,500 μg/kg)
and TIAM (7600 μg/kg) were also relatively high. The peak of TYL was recorded on the second
day of drug administration. Most of the analytes were present in oral fluid for 30 days, apart from
TYL, which was detected for 27 days. It was found that AMX and PEN G were quantified only for
5 and 8 days, respectively, at very low concentrations. It was found that oral fluid can be used for the
verification of antibiotics on pig farms.

Keywords: antibiotics; food safety; oral fluid; pigs; UHPLC-MS/MS

1. Introduction

Antimicrobial residues are of food safety concern. The residues of drugs may result in
many biological adverse effects and allergic reactions in consumers, as well as the spread
of drug-resistant bacteria and bacterial resistance acquisition [1]. Consolidation of pig
production requires ensuring adequate conditions for the maintenance of animals with
high health status, consistent with the guidelines for animal welfare [2,3]. At the same time,
the control of antibiotics in animals is an important element providing the high quality
of pig farming, as well as the protection of consumers. In the official residues monitoring
programs implemented in the Member States of the European Union, antibiotics are mainly
inspected in tissues, collected from animals at the slaughterhouses. However, pigs should
be tested for potential antimicrobial residues on a farm because postmortem analysis does
not enable the monitoring of antibiotics administration during rearing.

It is possible to determine drugs level in blood plasma; however collection of this
type of material is associated with exposure of animals to stress, as well as considerable
inconvenience for the person taking the samples. The pig’s safety, stress reduction, time-
saving, and material collection convenience, determine different sampling techniques. Even
though urine and milk samples can be successfully utilised as matrices for the detection
of drugs in animals, the first material in question is used solely for the analysis of banned
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compounds, whereas usage of the latter is limited to cows only [4]. In the antemortem
drugs analysis, drinking water and feed are generally used, but it gives information about
the source of contamination, not about the presence of residues in animals.

There are many benefits of using oral fluid in the control of antimicrobial residues
compared to matrices used so far. Collecting oral fluid is animal-friendly and noninvasive,
devoid of any needles or snout loop [5]. The technique of sampling requires the use of
cotton rope, which is bitten and chewed to reduce the stress of animals. Oral fluid can be
collected from a single animal, but it is usually collected from a group of animals, which
offers the time and cost-effective approach [6]. A large population of pigs can be checked on
the presence of antibacterials by taking one bulk sample, as one rope should be sufficient for
even 40–50 pigs. The cost of analysing one bulk sample is significantly reduced compared
to testing hundreds of individual samples, as in plasma analysis.

Oral fluid was demonstrated as a matrix in the evaluation of some metabolic diseases
in humans by detecting a variety of analytes in the olden days [7]. After these early reports,
developments in oral fluid diagnostics were generally obfuscated by improvements in the
detection of some compounds in blood or serum [8]. Nevertheless, in the 1990s, intensive
research on the oral fluid-based assays as a medium for infectious and non-infectious
diseases, drugs, hormones and disease marker detection in humans were started and im-
plemented again [9–11]. In veterinary medicine, significant research was carried out for the
detection of many viral infections [12,13]. Literature data demonstrate a high probability of
drug transmission after their administration [14]. However, very limited information about
the detection of antibiotics or other compounds in oral fluid is presented. Recently, there
were a few reports presenting the determination of some antibacterials such as ceftiofur and
oxytetracycline in swine oral fluid [15]. In that study, both compounds were only qualita-
tively determined as positive or negative, using an ELISA test. In another work, described
by Oruc et al., 2013, the application of a biochip array-based immunoassay in the detection
of some antimicrobials in oral fluids was demonstrated, but this technique works only for
clean samples collected under controlled research [16]. A suitable analytical method is an
essential analytical tool in the determination of drugs in the matrix of interest. Therefore,
in the paper of Gajda et al., 2017, a liquid chromatography–tandem mass spectrometry
(LC-MS/MS) method for the determination of oxytetracycline and 4-epi oxytetracycline in
swine oral fluid after intramuscular injection was reported [17]. The results of this study
demonstrate that the tested material from pigs seems to be an effective tool for the control
of proper medical treatment and residues prevention. However, to prove that oral fluid
collected from medicated pigs is an appropriate matrix for the non-invasive detection of
antimicrobials, more analytes should be tested by an accurate and sensitive method.

In this paper, the transfer and concentrations of seven different antibiotics in swine oral
fluid, commonly used in pigs, were studied for the first time. In six separated experimental
groups, animals were therapeutically treated with a veterinary product containing sulfadox-
ine (SDX) with trimethoprim (TRMP), lincomycin (LIN), tiamulin (TIAM), tylosin (TYL),
amoxicillin (AMX), and penicillin G (PEN G), one drug per group. The aim of this study
was to develop and validate a multiresidue method for the simultaneous determination of
seven antibiotics as well as demonstrate an oral fluid as an alternative to other biological
matrices used so far in the control of antibacterials.

2. Results

2.1. Validation of an Analytical Method

The UHPLC-MS/MS method used in this research for the determination of seven
different compounds in oral fluid was fully validated. All matrix-matched calibration
curves showed good linearity (r2 > 0.997) for all analytes. The coefficients of variation
(CVs, %) for repeatability, were lower than 10% and below 15% for within-laboratory
reproducibility. The selectivity testing allowed us to verify that no peaks from endogenous
compounds were detected in the retention time corresponding to each analyte or internal
standard. The average recoveries were in the range of 87.6–107%, depending on the analyte.
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The method was satisfactorily sensitive with limits of quantification (LOQs) established in
the range of 2–10 μg/L, whereas limits of detection (LODs) were in the range of 1–5 μg/L.
The results are shown in Table 1. The chromatograms of oral fluid samples spiked at
validation level (VL) with all analysed compounds are presented in Figure 1.

Table 1. Validation parameters.

Analyte
Repeatability

(CV, %)
Reproducibility

(CV, %)
Recovery

(%)
LOD (μg/L) LOQ (μg/L)

Sulfadoxine 6.39 ± 1.3 12.7 ± 2.6 87.6 ± 6.6 2 5
Trimetophrim 8.92 ± 1.1 11.45 ± 2.4 97.3 ± 4.4 2 5
Lincomycin 7.07 ± 1.5 13.2 ± 2.9 94.2 ± 4.2 1 2

Tiamulin 4.66 ± 1.1 10.1 ± 2.2 106 ± 5.6 1 2
Tylosin 9.59 ± 1.6 14.2 ± 3.1 87.9 ± 4.9 2 5

Amoxycyllin 9.55 ± 1.8 14.9 ± 3.8 107 ± 4.6 5 10
Penicillin G 9.91 ± 1.9 12.0 ± 2.7 101 ± 4.1 2 5

Figure 1. Cont.
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Figure 1. Chromatograms of oral fluid samples spiked at validation level (VL) with analysed
compounds and corresponding internal standards (IS), (a) AMX—amoxicillin, (b) TYL—tylosin,
AZT—azithromycin, (c) LIN—lincomycin, (d) SDX—sulfadoxine, SFF—sulfaphenazole, (e) TIAM—
tiamulin, (f) TRMP—trimethoprim, (g) PEN G—penicillin G.

2.2. Detection and Quantification of SDX, TRMP, TYL, TIAM, LIN, AMX and PEN G in Oral
Fluid Samples

For the quantitative analysis of SDX, TRMP, TYL, TIAM, LIN, AMX and PEN G, an
equation from the regression analysis of the matrix-matched calibration curve was used,
and the corresponding internal standards were used: SFF for SDX and TRMP, AZT for TYL
and TIAM, LIN-d3 for LIN, AMX-d4 for AMX and PEN G. Before the start of the experiment,
all pigs were checked to be negative for all tested substances. After intramuscular injection
of medicines according to therapeutic indications: two doses with 48h interval for SDX
+ TRMP and AMX, and three doses with 24 h interval for TYL, TIAM, LIN, PEN G, all
compounds were detectable in oral fluid. However, significant differences in concentration
on the first day were observed. The highest concentrations for SDX and TRMP at the
level of 22,300 μg/L and 14,100 μg/L was found, respectively. The concentrations of LIN
(10,500 μg/L) and TIAM (7600 μg/L) were also relatively high on the first day of medication.
The peak of TYL was recorded on the second day of drug administration, but concentrations
in the oral fluid were much lower from the abovelisted compounds. It was found that AMX
and PEN G were poorly passed to oral fluid, and the level of these analytes was determined
as 11.3 μg/L for AMX and 93 μg/L for PEN G. The concentrations of antimicrobials at
each time point are listed in Table 2. The content of analytes decreased gradually over
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time. After three days of treatment, the highest concentration of 4010 μg/L for SDX was
recorded. The levels of LIN and TIAM after the finishing of drugs administration were
similar, with concentrations of 1550 μg/L for LIN and 1560 μg/L for TIAM. The sampling
took 30 days, and after this time, SDX + TRMP were detected at the level of 23.0 μg/L and
22.4 μg/L, respectively. Slightly higher concentrations were recorded for LIN and TIAM
(58.1 μg/L and 46.9 μg/L, respectively) on the 30th day. TYL persisted a little less and the
27th day was the last day with a quantified concentration. In contrast, PEN G was present
in oral fluid for 8 days, while AMX persisted for only 5 days. Different withdrawal periods
for each antimicrobial were established. The length of withdrawal periods for each drug
used in the experiment are shown in Table 3, while the concentrations found at this time are
presented in Table 2. At a withdrawal period of 8 days for SDX + TRMP, the concentrations
were determined as 247 μg/L and 67.1 μg/L, respectively. The highest level at withdrawal
time for LIN—437 μg/L was recorded. Low concentration for TYL at this time point was
found (6.6 μg/L), while AMX and PEN G were below the limit of quantification of the
applied analytical method.

Table 2. Results of oral fluid samples analysis.

Avarage Concentrations (μg/L)

Period Time (d) SDX + TRMP LIN TIAM TYL AMX PEN G

Treatment 1 22,300 ± 3555 14,100 ± 2556 10,500 ± 1889 7600 ± 1055 396 ± 68 11.3 ± 1.6 93 ± 21
2 5860 ± 1155 2810 ± 556 2960 ± 446 2520 ± 355 958 ± 166 15.2 ± 2.3 50 ± 15
3 4570 ± 766 1810 ± 311 4250 ± 559 2460 ± 311 832 ± 142 14.6 ± 1.8 11 ± 4.6

Posttreatment 4 4010 ± 601 1030 ± 221 1550 ± 211 1560 ± 225 654 ± 111 11.4 ± 1.4 16 ± 5.4
5 5780 ± 788 1400 ± 255 1674 ± 199 1540 ± 233 538 ± 96 11.2 ± 1.6 5.2 ± 1.1
6 4070 ± 669 1280 ± 198 1790 ± 203 2960 ± 299 475 ± 89 <LOQ 52 ± 13
7 310 ± 98 264 ± 73 1480 ± 186 2570 ± 254 175 ± 54 <LOQ 32 ± 7.2
8 392 ± 88 125 ± 41 437 ± 101 * 875 ± 156 118 ± 41 <LOQ 6 ± 1.2
9 386 ± 72 128 ± 38 457 ± 96 567 ± 111 158 ± 62 <LOQ <LOQ *

10 134 ± 49 36.4 ± 15 420 ± 83 621 ± 124 49.3 ± 13 <LOQ <LOQ
11 247 ± 62 * 67.1 ± 20 * 194 ± 55 279 ± 66 54.4 ± 16 <LOQ * <LOQ
12 74.8 ± 21 25.2 ± 9.6 257 ± 76 254 ± 69 140 ± 36 <LOQ <LOQ
13 68.0 ± 16 22.0 ± 8.7 131 ± 41 138 ± 43 * 32.3 ± 11 <LOQ <LOQ
14 77.4 ± 18 22.1 ± 6.4 125 ± 33 269 ± 71 30.6 ± 8.4 <LOQ <LOQ
15 69.8 ± 14 31.6 ± 11 277 ± 61 156 ± 41 19.2 ± 5.2 <LOQ <LOQ
16 78.4 ± 12 24.2 ± 8.2 337 ± 69 279 ± 68 52.8 ± 33 <LOQ <LOQ
17 47.0 ± 18 18.9 ± 4.8 128 ± 28 182 ± 49 31.9 ± 10 <LOQ <LOQ
18 44.2 ± 16 13.0 ± 3.6 302 ± 51 176 ± 52 13.9 ± 3.6 <LOQ <LOQ
19 58.4 ± 11 42.0 ± 14 279 ± 44 202 ± 45 16.1 ± 4.6 <LOQ <LOQ
20 76.4 ± 14 36.4 ± 10 376 ± 52 133 ± 36 25.4 ± 7.7 <LOQ <LOQ
21 21.4 ± 7.3 10.2 ± 4.4 252 ± 39 148 ± 32 9.2 ± 2.1 <LOQ <LOQ
22 25.3 ± 6.9 46.4 ± 16 142 ± 24 220 ± 44 5.5 ± 1.1 <LOQ <LOQ
23 15.9 ± 7.2 6.9 ± 2.4 298 ± 33 146 ± 29 5.4 ± 0.8 <LOQ <LOQ
24 37.0 ± 5.4 19.4 ± 5.5 326 ± 47 310 ± 55 6.6 ± 0.9 * <LOQ <LOQ
25 31.5 ± 6.3 17.8 ± 4.1 180 ± 44 193 ± 33 5.0 ± 1.3 <LOQ <LOQ
26 19.1 ± 4.2 15.9 ± 3.6 160 ± 36 66.4 ± 12 3.0 ± 0.5 <LOQ <LOQ
27 19.3 ± 3.7 10.4 ± 2.9 205 ± 43 54.3 ± 14 6.8 ± 1.7 <LOQ <LOQ
28 35.0 ± 8.1 16.5 ± 6.2 103 ± 26 35.8 ± 17 <LOQ <LOQ <LOQ
29 30.4 ± 7.6 21.2 ± 9.4 85.6 ± 16 40.6 ± 21 <LOQ <LOQ <LOQ
30 23.0 ± 6.2 22.4 ± 9.1 58.1 ± 12 46.9 ± 19 <LOQ <LOQ <LOQ

LOQ—limit of quantification. *—withdrawal period for each compound.

301



Pharmaceuticals 2022, 15, 225

Table 3. Drugs and dosage administered to animals.

Administered Drug Active Substance
Group of

Antibacterials
Withdrawal Period
for Tissues (Days)

Dosage (Active
Substance Per 1 kg

of Body Weight)
Practical Dosage

Borgal 24%
trimethoprim diaminopyrimidines

8
3 mg of trimethoprim

and 12 mg of
sulfadoxine

1 mL for 16 kg, 2×
with 48 h intervalsulfadoxine sulfonamides

Biotyl 200 tylosin macrolide 21 5 mg 1 mL for 40 kg, 3×
with 24 h interval

Lincomycin VMD lincomycin lincosamides 5 10 mg 1 mL for 10 kg, 3×
with 24 h interval

Probencil penicillin G penicillins 6 10 mg 1 mL for 30 kg, 3×
with 24 h interval

Tiamowet 200 tiamuline pleuromutilins 10 6 mg 1 mL for 20 kg, 3×
with 24 h interval

Vetrimoxin LA amoxicillin penicillins 8 15 mg 1 mL for 10 kg, 2×
with 48 h interval

3. Discussion

The antimicrobials overused in domestic animals can lead to residues in tissues and
other animal products intended for human consumption. In some cases, the lack or
inadequate cleaning of water supply systems or feed dispensers after previous treatment
can also give positive results. Apart from the risk to public health, the presence of antibiotics
in tissues often leads to the removal and destruction of a significant quantity of meat, which
contributes to a serious economic consequence. Therefore, a new method for the control of
antibacterials during rearing is strongly needed. The fast and simple sampling of oral fluid
with the cotton rope is an effective tool for the monitoring of reasonable treatment. In case
of positive oral fluid analysis results, appropriate measures can be taken to prevent the
slaughtering of positive animals intended for sale in order to avoid huge costs connected
with the disposal and utilization of contaminated meat.

For the analysis of antibacterials in oral fluid, a UHPLC-MS/MS analytical method
was developed. The extraction used in the presented method allows for simultaneous
analyses of seven different compounds from six various chemical groups. Additionally, the
simple and fast sample preparation, as well as a cleanup step by filtration, give an oppor-
tunity to test a lot of samples in a short time. The paper described a biochip array-based
immunoassay method for the detection of six different antimicrobial drugs, tetracyclines
were very poorly recovered in dirty samples (5%), and for other drugs (norfloxacin, ceftio-
fur and florfenicol), recovery values were much higher than 100% [16]. This means that the
presented technology with a biochip array-based immunoassay can work only for clean
oral fluid samples and is of value if it is being used under typical field conditions. Field oral
fluid samples are reflective of the environment in which pigs are housed. Therefore, it was
necessary to develop such a method enabling the analysis of all compounds with sufficient
sensitivity, accuracy and precision with reliable recovery values. In our previous research,
we tested the passage and concentrations of oxytetracycline after i.m. injection [17]. For
that purpose, a sensitive LC-MS/MS method was developed with satisfactory validation
results. That experiment proved that oxytetracycline is present in oral fluid for a long time
after medication. At the withdrawal period (21st day), the concentration was 30.8 μg/kg
in the group where all pigs were treated and 11.6 μg/kg in the group where the antibiotic
was administered to half of the animals in one pen. However, in the present study, the
experiment with seven other compounds was performed for the first time.

In the described work, oral fluid was tested for the detection of some antibacterials
for food safety applications. To demonstrate the validity of this matrix, seven drugs from
various groups of antibacterials with different chemical and therapeutic properties were
administered by intramuscular injection. The compounds tested in this experiment were
selected based on a review of the use of antimicrobial drugs used in swine [18]. The route
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of medicine application is an important element in this research. In pigs treated with
medicated feed or water, the presence of drugs can be expected in saliva for most drugs.
However, some reports described that β-lactam antibiotics are neutralized by different
enzymes present in saliva [19]. Therefore, in our study, AMX and PEN G, which belong
to this group of antibacterials, were chosen in the experiment to check the penetration of
these substances and analyse the matrix after intramuscular (i.m.) injection. The value of
sulphonamides as single antimicrobial agents was greatly diminished both by widespread
acquired resistance and by their relatively low potency. However, when combined with
diaminopirymidynes such as trimethoprim, their usefulness was enhanced thus SDX with
TRMP were applied.

Oral fluid is a mixture of saliva, oral mucosal transudate and gingival crevicular
fluid [20]. Antimicrobials can be transported from blood to saliva by simple diffusion
and/or active transport [11,21–23]. Factors such as lipid solubility, molecular size, degree
of ionization of the drug molecule, as well as the effect of salivary pH and the degree of
protein binding of the drug, determine the drug availability in oral fluids [24]. Concerning
antimicrobials that are weak bases, lipophilic compounds and small molecules diffuse
more easily and may reach high concentrations in saliva [24]. SDX and TRMP, which
are relatively small molecules (310.33 g/mol and 290.32 g/mol, respectively), reached
the highest concentrations in oral fluid at 24 h post-treatment (22,300 μg/L for SDX and
14,100 μg/L for TRMP), while the level of TYL, with molecular weight at 916.1 g/mol,
was quantified at 396 μg/L at the same time. The results of our study demonstrate that
high lipid-soluble compounds diffuse more easily and reach higher levels in oral fluid.
SDX and TRMP are lipophilic compounds, similar to TYL, TIAM and LIN, which are high
lipid-soluble substances, and the result of these substances was found greater than for
hydrophilic AMX or high water-soluble PEN G.

The pharmacokinetics properties determine, to some extent, the distribution of drugs
in many structures of the organism. The results of our research demonstrate the strong
relationship between the pharmacokinetics and penetration to oral fluid for most of the
analysed substances. Concentrations of most compounds presented in the experiment
were high and reached great levels in oral fluid. Most of the analysed antibiotics are basic
compounds with relatively high volumes of distribution. LIN is a basic compound with
pKa values of about 7.6. It has high lipid solubility and consequently a large apparent
volume of distribution. LIN is widely distributed in many fluids and tissues. This antibiotic
diffuses across the placenta in many species, and the apparent volume of distribution
is >1 L/kg [25]. For TIAM, which is a weak base, pKa 7.6, high levels in the oral fluid
were observed, similar to LIN [25]. TYL, as a weak base, pKa 7.1, with a good volume
of distribution, reaches high concentrations in many distribution spaces, e.g., in kidneys,
lungs, spleen, liver or milk, as well as oral fluid, where good distribution of this macrolide
antibiotic was observed [26].

PEN G, for which concentrations in the oral fluid were very low, is an organic acid
with pKa 2.7. The group of penicillins have relatively small apparent volumes of distribu-
tion (0.2–0.3 L/kg) and short half-lives (0.5–1.2 h) in all species of domestic animals [27].
Acid hydrolysis in the stomach limits the systematic availability of most penicillins from
oral preparations. After absorption, they are widely distributed in the extracellular fluid
of the body but cross biologic membranes slightly since they are ionized and poorly
lipid-soluble [28]. However, for SDX, a weak organic acid with a pKa value of 6.16, the
concentrations in the oral fluid were high and lasted for a long time. Most sulfonamides
exist predominantly in a non-ionized form in biologic fluids with a pH lower than their
pKa [29].

The transport of some drugs to the oral fluid can also be determined by the degree
of protein binding. It was observed that compounds with high protein binding show a
greater ability for diffusion to saliva. Sulfonamides and diaminopyrimidines, which are
generally highly bound to proteins in serum (60–90%), as well as lincosamides, in which
serum protein binding is 72%, reached high concentrations in oral fluid [25,29]. Substances
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with a low binding degree to plasma proteins, i.e., TYL < 50% and AMX ≈ 25%, penetrate
to oral fluid in lesser extent [28,30].

4. Materials and Methods

4.1. Animal Experiment and Sample Collection

All animals were born in the sow farm (8000 DanBred sows) located in Northern
Poland, after crossing ♀(♂Landrace × ♀Yorskshire) × ♂Duroc. Piglets were weaned after
4 weeks of lactation with an average weight of 6 kg and then moved to the weaner stable
(23,000 weaners). After the next 7 weeks, animals were transported to the 9000-places
fattening farm with an average body weight of 28 kg, where the trial was performed.
All farms in the aforementioned three-phase model used weekly batches and an all-in
all-out system. Specialist veterinary and production management care were provided in
each location.

For the purpose of the study, 240 immunologically castrated boars were divided into
8 groups, 30 animals in each pen. For the control group, 30 pigs were used in separate pens.
Their initial body weight was between 40 and 60 kg. Pigs were housed at 20–25 ◦C. Fatteners
were fed ad libitum with antimicrobial-free water and feed provided by feeders throughout
the study. Before the experiment, water and feed were checked for antimicrobials, and no
antimicrobial treatments were administered to these pigs before. All animals in one pen
were treated due to the same health issue using disposable needles and the same drug
and dosage. Pens were separated from each other with concrete walls. The drugs and
dosage administered to each experimental group with an indication of withdrawal period
for tissues are listed in Table 3. The oral fluid samples were collected using three cotton
ropes (70 cm length with 1 cm diameter) in each pen suspended separately for 25 min
on the front wall of the pen with bottoms at the pigs’ shoulder height, away from water
and feed.

The research material was one pooled sample of oral fluid from 10 pigs, in triplicate,
per pen. Ropes were removed immediately after collection. The first oral fluid sample was
collected 24 h after the first injection. The collection of each subsequent sample took place
at the same time (11:30 A.M.) for 35 consecutive days. Additionally, oral fluid samples were
collected from pigs not treated with any antibiotics. Oral fluid from each pen was pooled
into one 50-mL Falcon plastic tube and centrifuged at 9447× rcf for 15 min. Centrifuged
material was transferred to a 15 mL plastic tube and frozen at −20 ◦C until analysis.

4.2. Quantitative Analysis by UHPLC-MS/MS
4.2.1. Reagents and Chemicals

All reagents used were of analytical grade. Reference standards of SDX, TRMP,
LIN, TIAM, TYL, AMX and PEN G were used for the analysis and quantification of the
analytes. Lincomycin-d3 (LIN-d3), amoxicillin-d4 (AMX-d4), sulfaphenazole (SFF) and
azithromycin (AZT) were used as internal standards. All standards were manufactured
and obtained from LGC Standards (Teddington, Middlesex, UK). Formic acid was from
Sigma Aldrich (St. Louis, MO, USA). Acetonitrile was obtained from J.T. Baker (Deventer,
The Netherlands). Heptafluorobutyric acid was from Fluka (St. Louis, MO, USA). Syringe
0.22 μm Hydrophilic Polyvinylidene Fluoride (PVDF) Membrane Filters were from Restek
(College, PA, USA).

4.2.2. Preparation of the Standard Stock Solutions and Working Solutions

Individual stock standard solutions (1000 μg/mL) for AMX, AMX-d4, and PEN G
were prepared in ultrapure water and stored in polypropylene vessels. LIN, LIN-d3, TYL,
TIAM, AZT, SDX, TRMP and SFF stock standard solutions (1000 μg/mL) were dissolved in
methanol. All individual stock standard solutions were stable for at least 6 months when
retained in a dark place at −18 ◦C. A working solution for each analyte was prepared from
stock solutions by dilution in ultrapure water and stored at 4–8 ◦C for 1 month.
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4.2.3. Extraction and Cleanup

Before the analysis, the oral fluid samples were centrifuged at 9447× rcf. Next, an
aliquot (1 mL) of oral fluid was placed into a 2 mL polypropylene centrifuge tube, and
the 30 μL of the internal standard at the concentration of 2 μg/mL was added. For the
extraction of analysed antibiotics, 600 μL of 0.5% formic acid was added, vortexed for 30 s
and centrifuged for 10 min at 9447× rcf. Then, the supernatant was filtered through a
0.22 mm PVDF filter into an amber glass vial before chromatographic analysis.

4.2.4. LC-MS/MS Analysis

The analysis of SDX, TRMP, LIN, TIAM, TYL, AMX and PEN G was conducted by an
UHPLC Shimadzu Nexera X2 (Shimadzu, Kyoto, Japan) system connected to the SCIEX
4500 triple quadrupole mass spectrometer (Sciex, Framingham, MA, USA) controlled by
Analyst 1.6.2 software (SCIEX, Framingham, MA, USA). The mass spectrometry detection
was operated in the positive ESI mode with multiple reaction monitoring (MRM). The
operating parameters were set as follows: temperature—450 ◦C, curtain gas (N2)—20;
nebulizer gas (N2)—60; collision gas (N2)—medium; auxiliary gas—65; ion spray voltage—
4500 V. Mass spectrometric conditions are shown in Table 4.

Table 4. MS/MS parameters and summary of the MRM monitored for presented analytes.

Analyte
Parent Ion

(m/z)
Daughter

Ion(s) (m/z)
CXP (V) DP (V) CE (eV)

Dwell Time
(msec)

SDX 310.9 156; 108 13 60 25; 40 50
TRMP 292.1 262; 231 5 52 36; 33 70

LIN 407.2 126; 359 7 74 36; 28 50
TIAM 494.4 192; 119 18 128 30; 56 50
TYL 916 174; 772 20 110 52; 42 50

AMX 366.1 349; 208 8 45 12; 18 100
PEN G 335.1 160; 176 12 60 17; 48 100
SFF (IS) 315.1 156 15 90 26 50

LIN d3 (IS) 410.0 129 13 66 44 50
AMX d4

(IS) 371.0 354 13 35 15 50

AZT (IS) 759.0 591 13 89 40 50

The chromatographic separation assay was performed using an Agilent Zorbax SB
(50 × 2.1 mm, 1.8 μm) column (Agilent, St Clara, CA, USA) with an octadecyl guard column
(2 × 4 mm) maintained at 35 ◦C. The mobile phase consisted of 0.025% heptafluorobutyric
acid (A) and acetonitrile (B) at a flow rate of 0.6 mL/min with an injection volume of 5 μL.
Gradient elution was conducted as follows: 0–4 min 90% A, 4–5.3 min 20% A and finally
from 5.31 to 7 min back to 90% A. The total run time was set as 7 min.

4.3. Method Validation

The method was validated according to the Commission Decision 2002/657/EC [31].
The following parameters were established: linearity, selectivity, precision (repeatability
and within-laboratory reproducibility) and recovery. In addition, LOD and LOQ were
estimated (EUR 28,099 EN) [32]. The linearity in the matrix of oral fluid was checked by
preparing two calibration curves at six different spiked levels and at low concentration
ranges: 0, 0.5, 1.0, 1.5, 2.0, 5.0× validation level (VL), as well as high concentrations 10,
20, 50, 80, 100, 120× VL. VLs were different depending on the analyte, and the following
levels were set: VL = 100 μg/L for TIAM, LIN, SDX, TRMP, TYL and VL = 10 μg/l for PEN
G and AMX. The linearity was calculated as the squares linear regression by plotting the
analyte/internal standard area ratio response versus the analyte/internal standard added
concentration. The selectivity was evaluated by analysing different origin oral fluid samples
(n = 20) and checked for potential interferences with endogenous substances. The precision
for each analyte was determined by the repeated analysis (n = 6) of oral fluid samples
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spiked with SDX, TRMP, TYL, TIAM, LIN, AMX and PEN G at three concentrations
corresponding to 0.5, 1.0, 1.5× VL. The precision was calculated and expressed as the
percentage coefficients of variation (CV, %). For repeatability, samples were analysed on the
same day by the same operator. For within laboratory reproducibility, another two sets of
fortified samples at the same concentration levels as for the repeatability were analysed on
two different days with different operators. The extraction recovery experiment was carried
out at the three concentration levels, in the same experiment as precision, by comparing
the average area obtained for each analyte with the concentrations of analytes in spiked
samples. Additionally, LOQ as the lowest point of the matrix-matched calibration curve,
where the least abundant diagnostic ion for quantitative analysis can be detected was
determined. The LOD was estimated as the signal to noise ratio (S/N) of 3, and LOQ was
determined as the lowest validated concentration that produced a signal to noise ratio > 10.

5. Conclusions

The results of conducted experiment illustrate that oral fluid can be used to monitor
most antibacterial substances administered in pig farms. This paper shows the usefulness
of oral fluid as a biological material for the non-invasive detection of drugs administered
on pig farms. An analytical UHPLC-MS/MS method for the simultaneous determination of
seven antibacterials in the oral fluid has been developed and validated. The implemented
method is suitable for the simultaneous rapid detection and quantitation of SDX, TRMP,
TYL, TIAM, LIN, AMX and PEN G in porcine oral fluid. The concentrations of these
compounds found in this work showed high distribution to oral fluid for SDX, TRMP, TYL,
TIAM and LIN, except for AMX and PEN G, where low penetration was observed.

Analysis of antibiotics in oral fluid offers a cost-effective approach for the screening of
an individual animal or populations of pigs. The results of this study demonstrate the oral
fluid analysis as an important “security tool” for the rapid verification of the declaration of
treatment on pig farms.
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