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Abstract: Mushroom poisoning remains a serious food safety and health concern in some parts of
the world due to its morbidity and mortality. Identification of mushroom toxins at an early stage
of suspected intoxication is crucial for a rapid therapeutic decision. In this study, a new extraction
method was developed to determine - and -amanitin in mushroom samples collected from central
Portugal. High-performance liquid chromatography with in-line ultraviolet and electrochemical
detection was implemented to improve the specificity of the method. The method was fully validated
for linearity (0.5-20.0 pg-mL~1), sensitivity, recovery, and precision based on a matrix-matched
calibration method. The limit of detection was 55 ug mL~! (UV) and 62 ug mL~! (EC) for a-
amanitin and 64 pg mL~! (UV) and 24 ug mL~! (EC) for f-amanitin. Intra- and inter-day precision
differences were less than 13%, and the recovery ratios ranged from 89% to 117%. The developed
method was successfully applied to fourteen Amanita species (A. sp.) and compared with five edible
mushroom samples after extraction with Oasis® PRIME HLB cartridges without the conditioning and
equilibration step. The results revealed that the A. phalloides mushrooms present the highest content
of o- and P-amanitin, which is in line with the HPLC-DAD-MS. In sum, the developed analytical
method could benefit food safety assessment and contribute to food-health security, as it is rapid,
simple, sensitive, accurate, and selectively detects o- and 3-amanitin in any mushroom samples.

Keywords: mushroom toxins; a-amanitin; $-amanitin; HPLC; mass spectrometry

1. Introduction

Mushrooms have long attracted a great deal of interest in many areas of the food
and biopharmaceutical industries due to their well-known nutritional [1] and medicinal
properties [2—6]. Remarkably, more recently, mushrooms have also been implemented in
mycoremediation as “clean technologies” for different types of pollutants [7]. However,
the vast number and differences in mushroom species make it challenging to distinguish
between edible and poisonous mushrooms. In fact, mushroom poisoning remains a se-
rious concern for food safety and human health, being commonly associated with acute
toxicity episodes, morbidity, and mortality. Among the most toxic mushroom species is
Amanita phalloides, which accounts for more than 90% of mushroom poisoning deaths [8],
with many unreported cases [9].

The percentage of mushroom toxins in each sample depends on the geographic loca-
tion, the growth conditions, the amount of toxin ingested, and the genetic profile [10].

Mushroom toxins have been grouped into different categories, of which the cyclopep-
tides stand out [11]. The principal poisonous ingredient of the group of cyclopeptides is
the amatoxins, namely the bicyclic octapeptides (Figure 1) from Amanita species [11,12],
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including a-and B-amanitin, which are 10-20 times more toxic than phallotoxins [13-15].
The structural formula of x-amanitin has been elucidated as a cyclic octapeptide whose
ring is divided by a sulfoxide bridge from the original cysteine sulfur to the 2-position of
the indole nucleus of a tryptophan unit (Figure 1). The three binding sites indispensable
for the toxic effects of x-amanitin are (a) an isoleucine side chain in position 6, (b) a trans-
4-hydroxyl group at proline in position 2, and (c) a hydroxylated L-isoleucine side chain
in position 3 [16]. Besides x-amanitin, a carboxamide, (3-amanitin has also been identified
and isolated [16-18].

a-amanitin

R = NH,

B-amanitin
R=0H

Figure 1. Chemical structure of «- and 3-amanitin.

The underlying toxicological mechanisms are usually associated with RNA poly-
merase II inhibition, which may induce changes in normal cell metabolism, cell death,
and tissue necrosis [19]. Despite recognizing the possible toxic pathways, discovery is a
demanding process, making urgent the development of innovative therapies [20-22].

Moreover, considering the relevant number of publications using different methods to
determine amatoxins in various mushroom and biological matrices, a gap in the food chain
assessment of mushroom poisoning still persists.

Several studies have been described for the determination of amatoxins in wild
mushrooms based on reverse-phase high-performance liquid chromatography (RP-HPLC)
with different detection techniques, such as ultraviolet (UV) [23], diode array detection
(DAD) [24-26], mass spectrometry MS-TOF [27], and DAD-MS [28-30]. Electrochemical de-
tection (EC), either amperometric or coulometric, can be very attractive due to its specificity
and sensitivity for the detection of easily oxidizable compounds in food, environmental,
and biological samples [31-33]. Furthermore, the EC detectors are inexpensive, easy to
assemble, and of high analytical robustness [31].

However, to the best of our knowledge, there is no reporting the assessment of toxin
content in Amanita species collected from the central region of Portugal.

Therefore, the aims of this work were: (1) to develop a simple and quick analytical
method for simultaneous detection of «- and -amanitin by HPLC with in-line UV and
electrochemical (EC) detection in order to improve the specificity of the method and (2)
to apply the developed method in the detection of &- and -amanitin in wild mushroom
samples collected in the central region of Portugal. For that purpose, an (3) environmentally
friendly solid-phase extraction (SPE-Oasis® PIME HLB) method with high efficiency and
selectivity was developed and optimized. Moreover, (4) to confirm the results obtained
using the developed method, the HPLC-DAD-MS method was applied.
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2. Materials and Methods
2.1. Reagents and Materials

All reagents and solvents were of analytical grade unless specified. The standards of
a-amanitin (>90% purity), -amanitin (=90% purity), and sodium acetate were acquired
from Sigma-Aldrich (Steinheim, Germany). HPLC-grade methanol and acetonitrile were
obtained from Merck (Darmstadt, Germany), and ultrapure water was supplied by a Milli-
Q water purification apparatus (Millipore Lda, Bedford, MA, USA). All solutions prepared
for HPLC were filtered using a 0.45 mm nylon filter. The Oasis® PRIME HLB (1 mL/30 mg)
from Waters Corp, (Mildford, MA, USA) and a vacuum manifold system (VaElut 6 Manifold
Processing Station, Agilent Technologies, Santa Clara, CA, USA) were used.

2.2. Working Solutions, Calibration Curve, and Quality Control Samples

The stock solutions of x- and 3-amanitin at the concentration of 1.0 mg mL~! were
prepared by diluting each standard in methanol. Standard solutions were diluted with
1 mL of mobile phase [0.1 mol/L sodium acetate, pH 4.7 (A): methanol (B), 83:17, v/v)] at
the following concentrations for each amanitin: 0.5, 1.0, 2.0, 5.0, 10.0, and 20.0 pg mL~1. All
stock solutions were stored at —20 °C in the dark until use. Quality Control (QC) samples
were prepared at 0.5 ug mL~! (low-quality control, LQC), 2.0 ug mL~! (medium-quality
control, MQC), and 10.0 pg mL~! (high-quality control, HQC) for a- and -amanitin,
respectively. Quality control samples were prepared by spiking blank shiitake mushroom
samples and treated according to the sample preparation described below.

2.3. Mushroom Collection

Mushroom samples were used to develop and validate the analytical method. For
this, fourteen wild mushrooms of different phenotypic species were collected from green-
open spaces in the Inner Center Region of Portugal (Figure 2) during September and
November to be used as testing samples. Shiitake mushroom samples (Lentinula edodes)
were purchased from local markets to serve as blank samples. After properly collecting the
mushroom samples, they were adequately scrubbed, dried at 40 °C for 24 h, and stored at
—20 °C to avoid degradation.

Tricholoma
portentosum

Lentinula edodes

Amanita pantherina  Amanita gemmata — Amanita citrina Amanita phalloides

Figure 2. Pictures of (A) some wild mushrooms collected in the Inner Central Region of Portugal and
(B) Lentinula edodes mushroom used in this work.
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2.4. Sample Preparation and Extraction Procedure

A 0.2 g sample of all parts of the dried mushrooms was weighed, finely chopped,
and placed in a test tube with 10 mL of extraction solvent [methanol/water/0.01 mol/L
HCl1 (5:4:1, v/v/v)]. The mixture was vortexed for 30 s, incubated for 1 h at room temper-
ature, and centrifuged at 2000x g for 5 min. The supernatant was collected, filtered by a
disposable filter holder of 0.45 um, and evaporated to dryness at 50-55 °C. The residue
was reconstituted in 10 mL of mobile phase [83 (A):17 (B)]. The solid-phase extraction
(SPE) of «- and B-amanitin was performed using Oasis® PRIME HLB cartridges without
conditioning the column or the equilibration step, as shown in Figure 3. One mL of the
previously obtained solution was loaded onto an Oasis® PRIME HLB extraction cartridge
without preconditioning of the cartridge sorbent. Afterwards, the cartridge was washed
with 1 mL of 5% methanol, and the elution was performed with 1 mL of acetonitrile:
methanol (9:1). The eluate was collected and thoroughly dried to a solid residue under
a slight nitrogen flow at room temperature. The residue was reconstituted with 1 mL of
mobile phase, and 50 pL was injected into the chromatographic system. Blank shiitake
mushroom samples alone and spiked (QC) were prepared in triplicate, and the SPE was
then performed according to the scheme described in Figure 3.

2.5. Chromatographic System and Conditions

Quantification of amatoxins by HPLC with in-line UV and EC detection was performed
using Flexar Perkin Elmer HPLC (Norwalk, CT, USA) chromatography comprising an LC
Flexar binary pump, LC Flexar autosampler, and LC Flexar detector UV /VIS, followed
by an electrochemical detector BASi (West Lafayette, IN, USA), coupled to a Perkin Elmer
TotalChrom workstation. The chromatographic separation was done using a reverse-phase
Brisa LC2 C18 column (150 mm X 2.1 mm, 3 um particle size) at room temperature. The
mobile phase was composed of a buffer mixture of 0.1 mol/L sodium acetate (pH 4.7) (A)
and methanol (B) in a ratio of 83 (A):17 (B), v/v. Then, it was filtered through a 0.45 um
membrane (Schleicher & Schuell) and degassed. Isocratic elution was applied at a flow
rate of 1.0 mL min~!, and the injection volume was 50 pL for all samples. A sequential
detection was performed for all studies using UV detection at 305 nm, followed by an EC
detection holding potential (+0.600 V vs. Ag/AgCl).

Identification of amatoxins by was performed by high-performance liquid chromatog-
raphy, diode array, and mass spectrometry detection. The analysis of a-amanitin and
[3-amanitin was achieved using a Quadrupole/Ion Trap Mass Spectrometer (QIT-MS) (LCQ
Advantage MAX, THERMO) coupled to a Liquid Chromatograph of High Performance
(Finnigan Surveyor, THERMO). Separation was performed on a Spherisorb® ODS-2 C18
column (150 mm x 2.1 mm; particle size 3 pm; Waters® Corporation, Milford, MA, USA)
and a Spherisorb® ODS-2 guard cartridge C18 (10 mm x 4.60 mm; particle size 5 um;
Waters® Corporation, Milford, MA, USA) at 25 °C, using 0.1 mol/L sodium acetate with a
pH of 4.7 (eluent A) and methanol (eluent B) as a mobile phase. The gradient profile was
90% A/10% B (0.0-4.0 min), 82% A /18% B (4.0-10.0 min), 0% A/100% B (10.0-30.0 min),
and 90% A /10% B (30—40 min), at a flow rate of 200 uL mL 1.
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0.2 g of dried mushroom samples
llO mL MeOH/H,0/HCl 0.01M (5:4:1, v/v/Vv)

Vortex mixer
(305s)

ll hour of incubation

Centrifugation
(2000 rpm, 5 min, 20 °C)

|

Supernatant filtration
(disposable filter holder 0.45 mm)

l

Evaporation
(temperature ranged from 50 to 55 °C)

!

Reconstitution
[10 mL of mobile phase: 0.1 M CH;COONa pH 4.7/MeOH (83:17, v/v)]

50 pL 1mlL

Solid Phase Extraction
Oasis® PRIME HLB

\ cartridges

Injection into HPLC

HYDROPHILIC Q
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ELUTION
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Figure 3. Flow chart showing the proposed sample treatment and analysis for HPLC-UV-EC.

Interferences

The DAD detector was used in a wavelength ranging from 200 to 600 nm and recorded
at 305 nm. The mass detector was operated in the positive electrospray ionization (ESI)
mode using selected reaction monitoring (SRM) acquisition. The source voltage was
5.00 kV, and the capillary temperature and voltage were 150 °C and 42 V, respectively.
Nitrogen was used as nebulizing gas, with a sheath gas flow of 15 (arbitrary unit) and
an auxiliary sweeps gas flow of 5 (arbitrary unit). The collision gas was helium, with a
normalized collision energy of 35%. A precursor ion (MS1) and an MS2 product ion were
obtained for a-amanitin and (-amanitin.
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2.6. Validation of the Method

The method was validated according to the established and approved guidelines [34-36].
For that, selectivity, linearity, the limit of detection (LOD) and limit of quantification (LOQ),
precision (intra- and inter-day repeatability), recovery, and matrix effect employing a matrix-
matched calibration method were assessed.

2.6.1. Selectivity

The selectivity was evaluated by comparing, under optimized chromatographic con-
ditions, chromatograms of standard «- and 3-amanitin, an extract of blank mushroom
samples, and an extract of blank mushroom samples spiked with both amanitins to exclude
interferences that could co-elute with amanitins. The absence of detectable interfering
peaks at the - and -amanitin retention times was considered a lack of interference.

2.6.2. Linearity

The linearity response for x- and (3-amanitin was obtained by an external calibra-
tion using six standards in the mobile phase, injected three times, covering a range of
0.5-20.0 ug mL~!. Linear regression equations evaluated linearity for each curve. Corre-
lation coefficients (R?) were determined, and residual analysis showed the straight-line
model is correct [34-36].

2.6.3. Precision

The intra-day precision was estimated by replicating analysis (n = 6) of QC samples at
three concentration levels: 0.5, 2.0, and 10.0 ug mL~!. The inter-day precision (n = 3) was
assessed by testing the same QC samples over three consecutive days. The coefficient of
variation (CV) was calculated to estimate precision according to the following equation:
CV (%) = (¢/u) x 100, where o is the standard deviation and p is the mean of the response.

2.6.4. Limit of Detection (LOD) and Limit of Quantification (LOQ)

According to the standard guidelines for analytical procedures, the LOD is the lowest
amount of analyte in a sample that can be detected but not necessarily quantified as an
exact value. The LOQ corresponds to the lowest amount of analyte in a sample which
can be quantitatively determined with suitable precision and accuracy [34-36]. The LOD
and LOQ for a- and 3-amanitin by the proposed method were determined using fortified
shitake mushroom samples, i.e., the matrix-matched calibration method (MMCM), and
calculated using the standard deviation of the residuals (Sy/x) of the regression line and
the slope of the calibration curve (m) by the following equations: LOD = 3.3(Sy/x/m) and
LOQ =10(Sy/x/m).

2.6.5. Recovery and Matrix Effect

The recovery and matrix effect were evaluated at three different concentrations: 0.5,
2.0, and 10.0 pg mL~1. The recovery (n = 6) was determined by comparing the response of
extracted analyte in the spiked blank matrix with the response of standard solutions.

The matrix effect (n = 5) was evaluated by comparing the calibration graphs by spiking
shiitake mushroom samples with known amounts of - and 3-amanitin and the calibration
graph obtained from «- and -amanitin standard solutions at the same concentration by
the following equation: matrix effect (%) = (mgc/msr) x 100, where mgc is the slope of
fortified shiitake mushroom samples, and mgr is the slope of standard solutions of - and
[p-amanitin.

2.7. Method Application

The validated method was applied to fourteen species of mushrooms collected in
the Central region of Portugal. According to the method, all samples were pre-treated,
extracted by SPE-Oasis® PRIME HLB, and 50 pL of the residue was injected into HPLC-
UV-EC to identify and quantify the presence of these toxins (Figure 3). The identity of the
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o- and -amanitin was confirmed by comparing the retention times (tg), UV Amax, and
MS" data with those of known standard references by HPLC-DAD-MS.

3. Results and Discussion
3.1. Optimization of Electrochemical Detection

The presence of a 6-hydroxytryptophan, an indole nucleus, in - and (3-amanitins makes
it possible to detect these compounds by using an electrochemical detector operating in an
oxidative mode [37,38]. EC detectors are usually more sensitive and selective than a standard
UV detector, although they disadvantageously require more time to stabilize [31,32].

Electrochemical studies were conducted using standard solutions of both toxins and a
wall-jet cell detector comprising a glassy carbon working electrode with potentials ranging
between 0.100 to 1.00 V using Ag/AgCl as the reference electrode. This experimental
design made possible the establishment of the most suitable electrode-holding potential in
order to reduce the background current and improve the sensitivity and selectivity of the
method. Figure 4 depicts the hydrodynamic voltammograms obtained by plotting the peak
area versus the working electrode potential.

8.0x10"
6.0x10°

2.0x10°

Peak Arca

2.0x10° 4

0.0 4

T T T T T
0.0 0.2 0.4 .6 0.8 1.0

E/V vs. Ag/AgCl

Figure 4. Hydrodynamic voltammograms of - and 3-amanitin standard solutions. Peak areas are
plotted versus electrode potentials.

The half-wave potentials calculated by fitting data to a sigmoidal function for each
curve were very similar for a-amanitin (+0.406 V) and -amanitin (+0.472 V), which
are slightly lower values (ca. 50 mV) compared to those previously achieved [39]. The
potential of +0.600 V provides an optimal compromise between sensitivity and selectivity
in detecting both amanitins, namely a-amanitin. However, it may not compromise the
selectivity and sensitivity of the method, as it has been reported that the use of electrode
potentials of +350 mV presents enough sensitivity and selectivity to detect c-amanitin
in human plasma samples [38]. In another study, coulometric detection using working
electrodes with high surface areas at an oxidation potential of +0.500 V has also been used
to quantify a-amanitin in urine [37] and biological samples such as liver and kidney [13].
Interestingly, to circumvent issues regarding EC sensitivity, it has been recommended
to regularly polish the electrode surface, as products derived from the indole residue of
amatoxins can accumulate there, compromising the results.

3.2. Optimization of Sample Extraction Procedures

The extraction of the analytes of interest from a biological matrix or a mushroom
sample is critical in developing an analytical method because it will affect the overall
sensitivity, selectivity, and accuracy [40].

Several procedures for the extraction of toxins from mushroom samples have been
reported. «- and f-amanitin and phalloidin have been extracted under acidic conditions,
such as 0.1% trifluoroacetic acid in methanol [30], 0.5% acetic acid in methanol [41], and 2.5%
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formic acid in acetonitrile [42], methanol [43], methanol/water (MeOH/H,0O; 1:1) [44,45], and
acidified methanol/water (MeOH/H,O/(HCI or HCOOH) 0.01 M; 5:4:1) by the addition
of mineral or organic acid [23,46,47]. Thus, extraction solvents reported in the literature are
different according to the mushroom toxins [27].

In the present work, the mushroom sample preparation was performed in two steps
before the injection into the HPLC system. First, the mushroom samples were crushed and
homogenized with acidified aqueous methanolic solutions. Then, the extracted solution
was cleaned up by one-step PRIME (process, robustness, improvements, matrix effects, ease
of use). The Oasis® PRIME HLB cartridge is a proprietary sorbent based on Oasis® HLB
technology that does not require any solvation, equilibration, or conditioning step, thus
saving time and solvent expenses, being that 3-amanitin, an acidic compound (-OH group
on aspartic residue), elutes earlier than «-amanitin, a neutral compound (-NH; group on
aspartic residue). The recovery rates and sensitivity were higher using methanol. The
effective PRIME pass-through clean-up procedure using the Oasis® PRIME HLB cartridge
was optimized. The results demonstrated higher extraction capacity with recoveries in 80
to 100% (n = 5). Literature is scarce regarding the use of SPE cartridges for extraction and
purification of o- and f-amanitin in mushroom samples. Sample purification procedures
using Oasis HLB [27,30], Oasis® MAX [27,30,42], Oasis® WAX [27,30,41], and Sep-Pak Plus
Accell QMA [30] have been described. Oasis® HLB gave the highest recovery of Amanita
toxins extracted from mushrooms. Oasis® PRIME HLB has been described for extraction
and purification of these toxins in biological samples [48].

Our results agree with those reported by Zhang et al. using biological samples (plasma,
serum, and urine) for x-amanitin, 3-amanitin, y-amanitin, phalloidin, and phallacidin [45].
The optimized pre-treatment procedure using the Oasis® PRIME HLB method provides
great recoveries and reduced matrix interference. This procedure is favorable, as it is
considered environmentally friendly when compared with other SPE cartridges or other
extraction procedures [49].

3.3. Optimization of the Chromatographic Conditions

Chromatographic separation was carried out with a reverse-phase column Brisa LC2
C18 (150 mm x 2.1 mm, 3 pm) under isocratic conditions. Other parameters, including the
composition and the ratio of mobile phase, flow rate, and column temperature, were also
optimized to obtain a symmetric peak shape and maximum intensity. The hydrophobic
stationary phase retains lipophilic analytes and separates a wide range of compounds
(charged /non-charged and polar/apolar). Moreover, it offers an excellent lifetime under
extreme pH conditions (including pH 4.7) and allows a rapid elution of compounds.
Absorption spectra of - and 3-amanitin showed a maximum absorption peak at 305 nm
due to the 6-hydroxyTrp [23,50]. Phosphate or citrate buffers have been used as mobile
phase, even though precipitation can occur and may compromise the HPLC valves [13,51].
Therefore, we used acetate buffer (pH 4.7):methanol (83:17, v/v) at a flow rate of 1 mL min~!
in an overall analysis time of 25 min.

The chromatographic conditions used for HPLC-DAD-MS were also optimized to
obtain an efficient separation and identification of amanitins in wild mushroom samples.
In addition, several MS parameters have been optimized for greater sensitivity. HPLC-
DAD-MS analyses were performed to identify the main amatoxins (x- and 3-amanitin)
present in the wild mushroom extracts.

3.4. Validation of the Method

Under optimized conditions, the retention time of (3- and x—amanitin were ca. 16 min
and 19 min, respectively. Blank shiitake mushroom samples, alone and spiked with «- and
[-amanitin, presented no interfering peaks at the x- and (3-amanitin retention times.

The calibration curves obtained using standard solutions with six concentrations
of each amanitin were linear over the range of 0.5 to 20.0 pg mL~!, with appropriate
correlation coefficients (Table 1).



Foods 2022, 11, 3929 9of 16

Table 1. Calibration curve parameters of «- and B-amanitin; regression equation and coefficient (R?)
are expressed as the mean of 4 calibration curves (n = 4).

Compound Detection ( ugj:fil) Llr(llig?ty Linear Regression Equation
EC 0.5-20.0 0.9998 y = 621,020x + 10,701
x-amanitin
uv 0.5-20.0 0.9993 y = 36,624x + 5896.6
. EC 0.5-20.0 0.9997 y = 346,265x + 31,251
[3-amanitin
uv 0.5-20.0 0.9996 y =27,942x + 1373.6

Equation of the calibration curve is given by the general equation of y = mx + b, with y corresponding to the peak
area, m to the slope, and b to the intercept.

The estimated LOD and LOQ values of HPLC-UV-EC detection for o~ and 3-amanitins
are shown in Table 2. As expected, the LOD and LOQ for 3-amanitin are lower for
EC detection compared to UV. However, no significant differences were observed for
a-amanitin for either EC or UV. Therefore, electrochemical detection complements the
method, improving selectivity compared to UV detection at 305 nm for both amanitins.
According to the literature, the analytical methods used for the analysis of «- and f3-
amanitin, especially x-amanitin, based on HPLC with electrochemical detection, are scarce
and have been performed in biological samples [37-39]. Therefore, comparing the obtained
LOD and LOQ values with those reported in the literature is challenging, because in most
cases, methodological details are poorly described or omitted. Table 2 aims to review
the LOD obtained from the literature for &~ and 3-amanitin in mushroom extracts. As
can be observed HPLC-DAD-MS showed LODs in the range of 2-230 ng g1, based on
a signal-to-noise ratio of 3. It should be noted that the LOD and LOQ obtained in the
present work were calculated based on the calibration curve obtained from the MMCM
and produced more conservative estimations.

Table 2. Limits of detection for direct mushroom extracts.

Mushroom LOD LOQ

Matrix Toxin (ngg1) (ng g 1) Method Reference
EC-62 EC-189
Mushroom a-amanitin UV-55 UV-168
tissue B-amanitin EC-24 EC-72.6 HPLC-UV-EC  Present Work
UV-64 UV-193
Mushroom  a-amanitin 20 NS HPLC-ESI-MS [42]
tissue 3-amanitin 20
Mushroom  a-amanitin 20 NS HPLC-TOF-MS [30]
tissue 3-amanitin 30
Mushroom x-amanitin 230 26.8
tissue 3-amanitin 190 33.3 HPLC-TOF-MS [27]
Mushroom  a-amanitin 2 NS HPLC-TOF-MS [52]
tissue 3-amanitin 2

NS: not specified.

Table 3 summarizes the overall recovery and the matrix effect of HPLC-UV-EC assay
of a- and (-amanitin for the shiitake mushroom extracts, expressed as the percentage
of recovery and relative standard deviation (%RSD). As shown, recoveries of «- and f3-
amanitin ranged from 89% to 117%, with an RSD < 5%. The method presents acceptable
extraction efficiency with reproducible recovery since the losses of both amanitins were
minimal during the extraction procedure, even for the lowest concentration.
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Table 3. Recovery and matrix effect values for a- and 3-amanitin analyzed by HPLC-UV-EC.

Compound Detection Concentration Recovery Matrix Effect
P (ug mL-1) (%) (RSD) (%) (RSD)
0.5 117 (4.78)
EC 2.0 99.4 (1.37) 96.9 (8.01)
10.0 96.1 (1.48)
x-amanitin
0.5 104 (3.72)
uv 2.0 92.5 (1.64) 95.8 (8.87)
10.0 96.8 (0.34)
0.5 114 (3.25)
EC 2.0 103 (2.94) 95.8 (11.4)
o 10.0 93.6 (0.48)
[3-amanitin
0.5 92.0 (3.9)
uv 2.0 89.0 (2.7) 97.6 (10.9)
10.0 93.3 (0.6)

The matrix effect was evaluated by comparing the slopes of calibration curves obtained
when processing spiked shiitake mushroom samples and standard solutions of «- and
-amanitin at the same concentrations. The results obtained were in the range of 95.8%
to 97.6% for low, medium, and high concentrations of «- and f-amanitin, respectively
(Table 3), with an RSD < 9% for «-amanitin and an RSD < 12% for (3-amanitin.

The intra-day and inter-day precision for a-amanitin and 3-amanitin in mushroom
matrices ranged from 0.41% to 12.95% (Table 4), within the requested limit (%RSD < 20%).

Table 4. Intra- and inter-day precision for values for - and 3-amanitin analyzed by HPLC-UV-EC.

. Concentration Precision
Compound Detection (ug mL-1) (%RSD)
Intra-day Inter-day
0.5 5.35 12.95
EC 2.0 1.05 7.64
10.0 041 9.95
x-amanitin
0.5 10.23 3.73
uv 2.0 1.13 2.46
10.0 0.62 11.75
0.5 4.20 10.38
EC 2.0 3.34 5.45
10.0 1.22 3.81
[3-amanitin
0.5 5.33 5.80
uv 2.0 4.55 3.69
10.0 0.69 3.51

The results summarized in Tables 3 and 4 indicated that this method showed good
precision and accuracy for «- and -amanitin obtained from mushroom samples.

3.5. Method Application

After developing and validating the HPLC-UV-EC method, it was applied for quan-
tifying o- and -amanitin in different wild mushroom samples collected in the central
region of Portugal. The results showed the presence of «- and -amanitin in the samples
of A. phalloides. No «- or f-amanitin were detected in any other species analyzed, which
has been confirmed by HPLC-DAD-MS. The concentration of «- and (-amanitin in the
extract of A. phalloides is shown in Table 5 and is similar for EC and UV detection modes.
Our results are consistent with previous report of - and 3-amanitin content of A. phalloides
analyzed by HPLC-UV [23]. Garcia et al. reported the composition and distribution of
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amatoxins and phallotoxins in different tissues of A. phalloides from two other locations
in Portugal using LC-DAD-MS [29]. The content and composition of cyclopeptides in
lethal amanitins have been shown to vary between different species [45]. Previous studies
have also shown that climate, topography, soil characteristics, body tissue, and growth
stages influence the concentrations and distributions of amatoxins and phallotoxins in A.
phalloides [24,46].

Table 5. Amanitin identification and quantification in Portuguese wild mushrooms.

Mushroom Species HPLC-UV-EC

Amanita citrine;
Amanita pantherine;
Amanita boudieri;
Amanita gemmate;
Amanita muscaria;
Amanita rubescens;
Amanita vaginatae; ND
Amanita var alba;
Boletus edulis;
Cantharellus cibarius;
Tricholoma equestre;
Tricholoma joachimii;
Tricholoma portentosum

1
1
1
1

a-amanitin: (EC) <>290 ug g~
-amanitin: (EC) <> 280 ug g~
a-amanitin: (UV) <> 280 ug g~
B-amanitin: (UV) <> 288 ug g~

Amanita phalloides

ND: Not detected.

Under the optimized qualitative conditions, all mushroom extracts were analyzed in
positive ion mode using HPLC-DAD-MS to identify and confirm the presence of x- and
-amanitin. The chemical structures of the «- and 3-amanitin are illustrated in Figure 1.
The identification of x- and 3-amanitin peaks under UV was based on their retention times,
spectra, molecular ion characteristics, and fragment ions. Under these conditions, the base
peaks of the mass spectra were m/z 919.13 (C39H54N190O145) for x-amanitin and m/z 920.37
(C39H53N9O15S) for B-amanitin (Table 6).

Table 6. Retention time and fragment ions of «- and B-amanitin.

Compounds Molecular Retention Time Protonated Major Fragment
(Formula) Weight (min) Molecular Ions Tons (MS?, m/z)
(MS?, m/z) !
. 901.14 (100%)
_ +
C "‘I;‘m;m%“ ) 918.97 18.1 [g/glg(]) 661.43 (44.8%)
3977547N10%-14 : 546.71 (60%)
o 902.09 (100%)
[B-amanitin [M+H]* o
(C39Hs3NoO;55) 919.95 16.6 920.35 661.77 (45%)

546.64 (64.8%)

The chromatogram obtained by HPLC-DAD of the extract of Amanita phalloides
confirmed the presence of «- and f3-amanitin (Figure 5A). Both compounds exhibited
an absorption maximum at 303-305 nm, similar to &- and 3-amanitin patterns [23]. As
the backbone of x-amanitin and $-amanitin is a bicyclic octapeptide, and since the only
structural difference between «- and 3-amanitin resides in the -NH, for a-amanitin and -
OH for 3-amanitin groups, it is reasonable to expect that both compounds undergo a similar
fragmentation pathway under optimized MS conditions. Therefore, we have studied and
compared the fragment ions of «- and 3-amanitin.
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Figure 5. (A) HPLC-DAD chromatogram of an extract of Amanita phalloides, monitored at 305 nm,
with the separation of peaks of 3-amanitin (1) and x-amanitin (2). Total ion chromatogram (TIC) (B)
and mass spectrum and fragmentation pattern (D) of peak 2-a-amanitin and total ion chromatogram
(TIC) (C) and mass spectrum and fragmentation pattern (E) of peak 1--amanitin with a retention
time of 18.1 and 16.6 min, respectively.

Based on the chromatographic peaks obtained by DAD and total ion chromatogram
(TIC), the molecular ion [M+H]" at m/z 919 (relative intensity, 100%) corresponds to the
protonated molecular ion of a-amanitin (Figure 5C). The [M+H]"* ion was further selected
and isolated to pass through the collision cell to produce MS? fragment ions (Figure 5E),
and the results showed only three fragment ions (Table 6). The limited fragmentation of -
and 3-amanitin by the positive ionization mode agrees with a previous work of Johnson
etal. [50,53]. The MS! and MS? mass spectra of B-amanitin were acquired under the same
conditions, and [M+H]* ions were observed at m/z 920 (Figure 5B,D).

A comparison of the MS? spectra fragmented ions revealed some differences, summa-
rized in Table 6. The «- and 3-amanitin mass spectra exhibited characteristic fragments at
m/z 901 and 902, respectively, produced by dehydration of protonated ions [M + H-H,O]*.
However, it is not well-known which hydroxyl group is lost from the parent structure
when collision-induced dissociation occurs. These fragmented ions agree with previous
studies [30,42,51,54,55] and can be used as characteristic ions to identify «- and (3-amanitin
in complex sample matrices. MS? data also showed ion fragments at m/z 661 [fragment a
to ¢ + H]* and m/z 547 [fragment a to b + H], typical of «- and (3-amanitin, as shown in
Figure 6. Since the same ions fragments were produced with identical mass differences,
it is predictable that o- and -amanitin have a similar cleavage pathway. Figure 6 shows
a schematic representation of fragmentation sites in the chemical structure of «-amanitin
and the respective characteristic fragments produced [30,51]. Cleavage of peptide bonds at
dihydroxy-Ile-Gly (a), Asn-Cys (b), and hydroxyl-Pro-Asn (c) also have the ion peaks at
m/z 373 [fragment b to a + H]*, 259 [fragment ¢ to a + H]*, and 115 [fragment b to ¢ + HJ*,
which can be observed in spectra of the amanitin fragmentation mass. The MS/MS mode
for data acquisition provided a high specificity and allowed an unequivocal detection and
confirmation of amanitins in wild mushroom samples, namely in A. phalloides.
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Figure 6. Schematic representation of the fragmentation sites in the chemical structure of x-amanitin
and the respective characteristic fragments produced with the corresponding 1/z values.

4. Conclusions

Developing a simple and accurate analytical method for determining amatoxin content
in wild mushrooms is of interest for treating cases involving poisoning. In this work, a
simple, sensitive, accurate, rapid, and affordable method was developed for the simulta-
neous determination of «- and B-amanitin in wild mushrooms collected in the center of
Portugal. The method based on HPLC-UV-EC involved the simultaneous extraction of
both toxins using Oasis® PRIME HLB sorbent, selected for clean-up due to its simplicity,
cost-effectiveness, and adequate recoveries. The method was validated and successfully ap-
plied for analyses of fourteen wild mushrooms samples. High levels of «- and 3-amanitin
were detected in A. phalloides samples, which was confirmed by HPLC-DAD-MS. The
HPLC-UV-EC method offers several advantages: (1) its applicability in routine analysis
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to detect and quantify toxins in wild mushrooms with sensitivity and specificity; (2) a
rapid identification of x- and 3-amanitin in amatoxin-containing species poisoning, thus
contributing to a faster application of the adequate treatment, and (3) the identification of
these toxins in wild mushroom samples constitutes an up-to-date step to increased food
safety and reduced risk to human health.

Author Contributions: Conceptualization, ER. and R.M.B.; Formal analysis, I.B. and C.D.; Funding
acquisition, R.M.B.; Investigation, 1.B.; Methodology, L.B.; Resources, RM.B.; Supervision, ER.;
Writing—original draft, I.B. and C.D.; Writing—review & editing, FR. and R.M.B. 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 available on request from the authors.

Acknowledgments: This work was supported by the National Strategic Reference Framework
(QREEN) and the European Regional Development Fund (FEDER) through Mais Centro (Programa
Operacional Regional do Centro). We are grateful to Marta Leite for her help in collecting and
preparing the wild mushroom samples and the manuscript. We also thank MSc Fatima Nunes from
the Laboratory of Mass Spectrometry of the University of Coimbra for the technical support in mass
spectrometry.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this manuscript.

References

1.  Kalag, P. A review of chemical composition and nutritional value of wild-growing and cultivated mushrooms. J. Sci. Food Agric.
2013, 93, 209-218. [CrossRef] [PubMed]

2. Wasser, S.P. Medicinal mushrooms as a source of antitumor and immunomodulating polysaccharides. Appl. Microbiol. Biotechnol.
2002, 60, 258-274. [PubMed]

3. Gao, Y.; Chan, E.; Zhou, S. Immunomodulating Activities of Ganoderma, a Mushroom with Medicinal Properties. Food Rev. Int.
2004, 20, 123-161. [CrossRef]

4. Jayachandran, M.; Xiao, J.; Xu, B. A Critical Review on Health Promoting Benefits of Edible Mushrooms through Gut Microbiota.
Int. J. Mol. Sci. 2017, 18, 1934. [CrossRef] [PubMed]

5. Muszynska, K.; Ostrowska, D.; Bartnicki, F.; Kowalska, E.; Bodaszewska-Lubas, M.; Hermanowicz, P.; Faulstich, H.; Strzalka, W.
Selection and analysis of a DNA aptamer binding alpha-amanitin from Amanita phalloides. Acta Biochim. Pol. 2017, 64, 401-406.
[CrossRef]

6.  Valverde, M.E.; Hernandez-Pérez, T.; Paredes-Lépez, O. Edible Mushrooms: Improving Human Health and Promoting Quality
Life. Int. ]. Microbiol. 2015, 2015, 376387. [CrossRef]

7. Kulshreshtha, S.; Mathur, N.; Bhatnagar, P. Mushroom as a product and their role in mycoremediation. AMB Express 2014, 4, 29.
[CrossRef]

8.  Enjalbert, F,; Rapior, S.; Nouguier-Soule, J.; Guillon, S.; Amouroux, N. Treatment of amatoxin poisoning: 20-year retrospective
analysis. J. Toxicol.-Clin. Toxicol. 2002, 40, 715-757. [CrossRef]

9.  Karlson-Stiber, C.; Persson, H. Cytotoxic fungi—An overview. Toxicon 2003, 42, 339-349. [CrossRef]

10. Erden, A.; Esmeray, K.; Karagoz, H.; Karahan, S.; Gumuscu, H.H.; Basak, M.; Cetinkaya, A.; Avci, D.; Poyrazoglu, O.K. Acute
liver failure caused by mushroom poisoning: A case report and review of the literature. Int. Med. Case Rep. |. 2013, 6, 85-90.

11.  Berger, K.J.; Guss, D.A. Mycotoxins revisited: Part I. ]. Emerg. Med. 2005, 28, 53-62. [CrossRef] [PubMed]

12.  Vetter, J.; Vetter, S. Death cap poisoning and the animals. Literature review. Magy. Allatorv. Lapja 2014, 136, 750-758.

13. Garcia, J.; Costa, V.M.; Baptista, P.; Bastos, M.D.; Carvalho, F. Quantification of alpha-amanitin in biological samples by HPLC
using simultaneous UV-diode array and electrochemical detection. J. Chromatogr. B-Anal. Technol. Biomed. Life Sci. 2015, 997,
85-95. [CrossRef] [PubMed]

14. Vargas, N.; Bernal, A.; Sarria, V.; Franco-Molano, A.; Restrepo, S. Amatoxin and phallotoxin composition in species of the genus
Amanita in Colombia: A taxonomic perspective. Toxicon 2011, 58, 583-590. [CrossRef] [PubMed]

15. Durand, E; Valla, D. Mushroom Poisoning: A Clinical Model of Toxin-Induced Centrilobular Necrosis. In Drug-Induced Liver
Disease, 3rd ed.; Academic Press: Cambridge, MA, USA, 2013; pp. 621-629.

16. Wieland, T.; Faulstich, H. 50 Years of Amanitin. Experientia 1991, 47, 1186-1193. [CrossRef] [PubMed]

17.  Vetter, J. Toxins of Amanita phalloides. Toxicon 1998, 36, 13—24. [CrossRef] [PubMed]


http://doi.org/10.1002/jsfa.5960
http://www.ncbi.nlm.nih.gov/pubmed/23172575
http://www.ncbi.nlm.nih.gov/pubmed/12436306
http://doi.org/10.1081/FRI-120037158
http://doi.org/10.3390/ijms18091934
http://www.ncbi.nlm.nih.gov/pubmed/28885559
http://doi.org/10.18388/abp.2017_1615
http://doi.org/10.1155/2015/376387
http://doi.org/10.1186/s13568-014-0029-8
http://doi.org/10.1081/CLT-120014646
http://doi.org/10.1016/S0041-0101(03)00238-1
http://doi.org/10.1016/j.jemermed.2004.08.013
http://www.ncbi.nlm.nih.gov/pubmed/15657006
http://doi.org/10.1016/j.jchromb.2015.06.001
http://www.ncbi.nlm.nih.gov/pubmed/26100080
http://doi.org/10.1016/j.toxicon.2011.09.005
http://www.ncbi.nlm.nih.gov/pubmed/21945592
http://doi.org/10.1007/BF01918382
http://www.ncbi.nlm.nih.gov/pubmed/1765129
http://doi.org/10.1016/S0041-0101(97)00074-3
http://www.ncbi.nlm.nih.gov/pubmed/9604278

Foods 2022, 11, 3929 150f 16

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.
34.
35.
36.
37.

38.

39.

40.

41.

42.

43.

44.

Robinson-Fuentes, V.A.; Jaime-Sanchez, J.L.; Garcia-Aguilar, L.; Gomez-Peralta, M.; Vazquez-Garciduenas, M.S.; Vazquez-
Marrufo, G. Determination of alpha- and beta-amanitin in clinical urine samples by Capillary Zone Electrophoresis. J. Pharmaceut.
Biomed. 2008, 47,913-917. [CrossRef]

Lawton, L.D.; Bhraonain, S.N. Accidental poisoning by death cap mushrooms: Be careful what you eat. Wilderness Environ. Med.
2013, 24, 168-170. [CrossRef]

Garcia, J.; Costa, V.M.; Bovolini, A.; Duarte, J.A.; Rodrigues, D.F; Bastos, M.D.; Carvalho, F. An effective antidotal combination of
polymyxin B and methylprednisolone for alpha-amanitin intoxication. Arch. Toxicol. 2019, 93, 1449-1463. [CrossRef]

Garcia, J.; Carvalho, A.T.P.; Dourado, D.EA.R,; Baptista, P; Bastos, M.D.; Carvalho, F. New in silico insights into the inhibition of
RNAP II by alpha-amanitin and the protective effect mediated by effective antidotes. J. Mol. Graph. Model. 2014, 51, 120-127.
[CrossRef]

Arici, M.A,; Sahin, A.; Cavdar, Z.; Ergur, B.U.; Ural, C.; Akokay, P.; Kalkan, S.; Tuncok, Y. Effects of resveratrol on alpha-amanitin-
induced nephrotoxicity in BALB/c mice. Hum. Exp. Toxicol. 2020, 39, 328-337. [CrossRef] [PubMed]

Enjalbert, E.; Gallion, C.; Jehl, F.; Monteil, H.; Faulstich, H. Simultaneous Assay for Amatoxins and Phallotoxins in Amanita-
Phalloides Fr by High-Performance Liquid-Chromatography. J. Chromatogr. 1992, 598, 227-236. [CrossRef] [PubMed]

Enjalbert, F.; Cassanas, G.; Guinchard, C.; Chaumont, J.P. Toxin composition of Amanita phalloides tissues in relation to the
collection site. Mycologia 1996, 88, 909-921. [CrossRef]

Kaya, E.; Yilmaz, I; Sinirlioglu, Z.A.; Karahan, S.; Bayram, R.; Yaykasli, K.O.; Colakoglu, S.; Saritas, A.; Severoglu, Z. Amanitin
and phallotoxin concentration in Amanita phalloides var. alba mushroom. Toxicon 2013, 76, 225-233. [CrossRef] [PubMed]
Kaya, E.; Karahan, S.; Hanci, M. The Measurement Of Alpha Amanitin Levels Using Hplc Method In Amanita Phalloides From
Diizce Province. Duzce Med. |. 2012, 14, 15-17.

Yoshioka, N.; Akamatsu, S.; Mitsuhashi, T.; Todo, C.; Asano, M.; Ueno, Y. A simple method for the simultaneous determination of
mushroom toxins by liquid chromatography-time-of-flight mass spectrometry. Forensic Toxicol. 2014, 32, 89-96. [CrossRef]
Sgambelluri, R.M.; Epis, S.; Sassera, D.; Luo, H.; Angelos, E.R.; Walton, J.D. Profiling of Amatoxins and Phallotoxins in the
Genus Lepiota by Liquid Chromatography Combined with UV Absorbance and Mass Spectrometry. Toxins 2014, 6, 2336—2347.
[CrossRef]

Garcia, J.; Oliveira, A.; de Pinho, P.G.; Freitas, V.; Carvalho, A.; Baptista, P; Pereira, E.; Bastos, M.D.L.; Carvalho, F. Determination
of amatoxins and phallotoxins in Amanita phalloides mushrooms from northeastern Portugal by HPLC-DAD-MS. Mycologia
2015, 107, 679-687. [CrossRef]

Ahmed, W.H.A.; Gonmori, K.; Suzuki, M.; Watanabe, K.; Suzuki, O. Simultaneous analysis of alpha-amanitin, beta-amanitin, and
phalloidin in toxic mushrooms by liquid chromatography coupled to time-of-flight mass spectrometry. Forensic Toxicol. 2010, 28,
69-76. [CrossRef]

Maio, M.; Di Fiore, C.; Iannone, A.; Carriera, F.; Notardonato, I.; Avino, P. Review of the Analytical Methods Based on HPLC-
Electrochemical Detection Coupling for the Evaluation of Organic Compounds of Nutritional and Environmental Interest.
Analytica 2022, 3, 54-78. [CrossRef]

Sontag, G.; Pinto, M.I.; Noronha, J.P.; Burrows, H.D. Analysis of Food by High Performance Liquid Chromatography Coupled
with Coulometric Detection and Related Techniques: A Review. J. Agric. Food Chem. 2019, 67, 4113-4144. [CrossRef] [PubMed]
Silah, H.; Erkmen, C.; Demir, E.; Uslu, B. Modified indium tin oxide electrodes: Electrochemical applications in pharmaceutical,
biological, environmental and food analysis. TrAC Trends Anal. Chem. 2021, 141, 116289. [CrossRef]

FDA. Guidance for Industry: Bioanalytical Method Validation; Food and Drug Administration (FDA): Silver Spring, MD, USA, 2018.
EMA. ICH Guideline M10 on Bioanalytical Method Validation; EMA: Amsterdam, The Netherlands, 2019.

ICH. Validation of Analytical Procedures: Text and Methodology Q2(R1); The International Conference on Harmonisation of Thecnical
Requirements for Registartion of Pharmaceuticals for Human Use: Geneva, Switzerland, 2005.

Defendenti, C.; Bonacina, E.; Mauroni, M.; Gelosa, L. Validation of a high performance liquid chromatographic method for alpha
amanitin determination in urine. Forensic Sci. Int. 1998, 92, 59-68. [CrossRef] [PubMed]

Tagliaro, F,; Schiavon, G.; Bontempelli, G.; Carli, G.; Marigo, M. Improved High-Performance Liquid-Chromatographic Determina-
tion with Amperometric Detection of Alpha-Amanitin in Human Plasma Based on Its Voltammetric Study. |. Chromatogr.-Biomed.
Appl. 1991, 563, 299-311. [CrossRef] [PubMed]

Tagliaro, F.; Chiminazzo, S.; Maschio, S.S.; Alberton, F.; Marigo, M. Improved High Performance Liquid Chromatographic
Dtermination of amanitins with Electrochemical Detection. Chromatographia 1987, 24, 482-486. [CrossRef]

Novékova, L.; Vickova, H. A review of current trends and advances in modern bio-analytical methods: Chromatography and
sample preparation. Anal. Chim. Acta 2009, 656, 8-35. [CrossRef]

Clarke, D.B.; Lloyd, A.S.; Robb, P. Application of liquid chromatography coupled to time-of-flight mass spectrometry separation
for rapid assessment of toxins in Amanita mushrooms. Anal. Methods 2012, 4, 1298-1309. [CrossRef]

Chung, W.C.; Tso, S.C.; Sze, S.T. Separation of polar mushroom toxins by mixed-mode hydrophilic and ionic interaction liquid
chromatography-electrospray ionization-mass spectrometry. J. Chromatogr. Sci. 2007, 45, 104-111. [CrossRef]

Rittgen, J.; Putz, M.; Pyell, U. Identification of toxic oligopeptides in Amanita fungi employing capillary electrophoresis-
electrospray ionization-mass spectrometry with positive and negative ion detection. Electrophoresis 2008, 29, 2094-2100. [CrossRef]
Zhang, P; Chen, Z.H.; Hu, ].S.; Wei, B.Y.; Zhang, Z.G.; Hu, W.Q. Production and characterization of Amanitin toxins from a pure
culture of Amanita exitialis. Fems Microbiol. Lett. 2005, 252, 223-228. [CrossRef]


http://doi.org/10.1016/j.jpba.2008.03.032
http://doi.org/10.1016/j.wem.2012.11.001
http://doi.org/10.1007/s00204-019-02426-5
http://doi.org/10.1016/j.jmgm.2014.05.002
http://doi.org/10.1177/0960327119888271
http://www.ncbi.nlm.nih.gov/pubmed/31726883
http://doi.org/10.1016/0021-9673(92)85052-U
http://www.ncbi.nlm.nih.gov/pubmed/1618982
http://doi.org/10.1080/00275514.1996.12026731
http://doi.org/10.1016/j.toxicon.2013.10.008
http://www.ncbi.nlm.nih.gov/pubmed/24139877
http://doi.org/10.1007/s11419-013-0214-5
http://doi.org/10.3390/toxins6082336
http://doi.org/10.3852/14-253
http://doi.org/10.1007/s11419-009-0089-7
http://doi.org/10.3390/analytica3010005
http://doi.org/10.1021/acs.jafc.9b00003
http://www.ncbi.nlm.nih.gov/pubmed/30900882
http://doi.org/10.1016/j.trac.2021.116289
http://doi.org/10.1016/S0379-0738(98)00006-1
http://www.ncbi.nlm.nih.gov/pubmed/9627976
http://doi.org/10.1016/0378-4347(91)80036-C
http://www.ncbi.nlm.nih.gov/pubmed/2055993
http://doi.org/10.1007/BF02688530
http://doi.org/10.1016/j.aca.2009.10.004
http://doi.org/10.1039/c2ay05575a
http://doi.org/10.1093/chromsci/45.2.104
http://doi.org/10.1002/elps.200800055
http://doi.org/10.1016/j.femsle.2005.08.049

Foods 2022, 11, 3929 16 of 16

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Tang, S.S.; Zhou, Q.; He, ZM.; Luo, T.; Zhang, P,; Cai, Q.; Yang, Z.L.; Chen, J.; Chen, Z.H. Cyclopeptide toxins of lethal amanitas:
Compositions, distribution and phylogenetic implication. Toxicon 2016, 120, 78-88. [CrossRef] [PubMed]

Enjalbert, F; Cassanas, G.; Salhi, S.L.; Guinchard, C.; Chaumont, ].P. Distribution of the amatoxins and phallotoxins in Amanita
phalloides. Influence of the tissues and the collection site. Comptes Rendus Acad. Sci. III 1999, 322, 855-862. [CrossRef]

Hallen, H.E.; Watling, R.; Adams, G.C. Taxonomy and toxicity of Conocybe lactea and related species. Mycol. Res. 2003, 107,
969-979. [CrossRef] [PubMed]

Zhang, S.; Zhao, Y.F; Li, H].; Zhou, S.; Chen, D.W.; Zhang, Y.Z.; Yao, Q.M.; Sun, C.Y. A Simple and High-Throughput Analysis of
Amatoxins and Phallotoxins in Human Plasma, Serum and Urine Using UPLC-MS/MS Combined with PRiME HLB Elution
Platform. Toxins 2016, 8, 128. [CrossRef]

Gouveia, F,; Bicker, J.; Santos, J. Development, validation and application of a new HPLC-DAD method for simultaneous
quantification of apixaban, dabigatran, edoxaban and rivaroxaban in human plasma. J. Pharm. Biomed. Anal. 2020, 181, 113109.
[CrossRef] [PubMed]

Wieland, T. Peptides of Poisonous Amanita Mushrooms; Springer: Berlin/Heidelberg, Germany, 1986.

Leite, M.; Freitas, A.; Azul, A.M.; Barbosa, J.; Costa, S.; Ramos, F. Development, optimization and application of an analytical
methodology by ultra performance liquid chromatography-tandem mass spectrometry for determination of amanitins in urine
and liver samples. Anal. Chim. Acta 2013, 799, 77-87. [CrossRef] [PubMed]

Kaya, E.; Karahan, S.; Bayram, R.; Yaykasli, K.O.; Colakoglu, S.; Saritas, A. Amatoxin and phallotoxin concentration in Amanita
phalloides spores and tissues. Toxicol. Ind. Health 2015, 31, 1172-1177. [CrossRef] [PubMed]

Johnson, R.C.; Kalb, S.R.; Barr, J.R. Toxin Analysis Using Mass Spectrometry. In Microbial Forensics, 2nd ed.; Academic Press:
Cambridge, MA, USA, 2011; pp. 405-420.

Filigenzi, M.S.; Poppenga, R.H.; Tiwary, A K.; Puschner, B. Determination of alpha-amanitin in serum and liver by multistage
linear ion trap mass spectrometry. J. Agric. Food Chem. 2007, 55, 2784-2790. [CrossRef]

Li, C.L.; Wei, F; Muhammad, S.; Yang, G.D.; Wang, S.C.; Liu, X.S. A cost-effective LC-MS/MS method for identification and
quantification of a-amanitin in rat plasma: Application to toxicokinetic study. . Chromatogr. B-Anal. Technol. Biomed. Life Sci. 2017,
1064, 36-39. [CrossRef]


http://doi.org/10.1016/j.toxicon.2016.07.018
http://www.ncbi.nlm.nih.gov/pubmed/27476461
http://doi.org/10.1016/S0764-4469(00)86651-2
http://doi.org/10.1017/S0953756203008190
http://www.ncbi.nlm.nih.gov/pubmed/14531619
http://doi.org/10.3390/toxins8050128
http://doi.org/10.1016/j.jpba.2020.113109
http://www.ncbi.nlm.nih.gov/pubmed/31981828
http://doi.org/10.1016/j.aca.2013.08.044
http://www.ncbi.nlm.nih.gov/pubmed/24091377
http://doi.org/10.1177/0748233713491809
http://www.ncbi.nlm.nih.gov/pubmed/23719849
http://doi.org/10.1021/jf063194w
http://doi.org/10.1016/j.jchromb.2017.08.042

	Introduction 
	Materials and Methods 
	Reagents and Materials 
	Working Solutions, Calibration Curve, and Quality Control Samples 
	Mushroom Collection 
	Sample Preparation and Extraction Procedure 
	Chromatographic System and Conditions 
	Validation of the Method 
	Selectivity 
	Linearity 
	Precision 
	Limit of Detection (LOD) and Limit of Quantification (LOQ) 
	Recovery and Matrix Effect 

	Method Application 

	Results and Discussion 
	Optimization of Electrochemical Detection 
	Optimization of Sample Extraction Procedures 
	Optimization of the Chromatographic Conditions 
	Validation of the Method 
	Method Application 

	Conclusions 
	References

