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Abstract – Amatoxin-containing mushroom poisonings are recorded worldwide and the 
frequency increases due to confusion with other macrofungi. Affected regions are characterized 
by important disparities in relation to available technological equipment for analytical 
identification of amatoxins. In this context the present study was designed to define advantages 
and disadvantages of the most accessible standard analytical methods for amatoxin detection. 
Several methods were compared: (1) a commercialized immunoassay kit, (2) standard 
high-performance liquid chromatography (HPLC) and (3) high-performance thin layer 
chromatography (HP-TLC). For each method, linearity, limit of detection (LOD), limit of 
quantification (LOQ) and recovery were determined. Six macrofungi were analysed using 
these compared methods, three known to contain amatoxins: Amanita phalloides, Amanita 
virosa, Lepiota josserandii, and three free-amatoxin containing macrofungi: Amanita 
muscaria, Macrolepiota procera and Omphalotus olearius. Our results will allow for a choice 
of method with full knowledge of advantages and disadvantages of each technique as a 
function of local technological possibilities when facing suspected poisoning due to amatoxin-
containing mushrooms. The final aim is to be able to reach faster and effective diagnosis in 
order to save a patient’s life.
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Résumé – Les intoxications dues aux champignons contenant des amatoxines surviennent 
dans le monde entier. Les régions touchées sont caractérisées par des disparités importantes 
en matière d’équipement technologique disponible pour l’identification des amatoxines. Cette 
étude définit les avantages et les inconvénients des méthodes d’analyse les plus accessibles 
pour la détection des amatoxines. Le choix de la méthode doit être fait en pleine connaissance 
des avantages et inconvénients de chaque technique et en fonction des possibilités 
technologiques locales. Plusieurs méthodes ont été comparées : (1) un kit commercial de 
dosage immunologique, (2) la chromatographie liquide à haute performance et (3) la 
chromatographie haute performance sur couche mince. Chaque méthode a été validée 
(linéarité, limites de détection et de quantification) et appliquée à des matrices de 
champignons : trois champignons connus pour contenir des amatoxines : Amanita phalloides, 
Amanita virosa, Lepiota josserandii, et trois champignons ne présentant pas d’amatoxines  : 
Amanita muscaria, Macrolepiota procera et Omphalotus olearius. Les résultats fournissent 
aux cliniciens des données comparatives pour appuyer leur prise de décision concernant le 
choix des méthodes analytiques. Cette étude est utile dans l’interprétation des résultats face 
à un empoisonnement présumé aux amatoxines. L’objectif final est d’être en mesure 
d’atteindre un diagnostic plus rapide et efficace afin de sauver la vie des patients.

Amanita / Amatoxines / Intoxication par les champignons / Lepiota / Méthodes 
analytiques / Omphalotus / Prise de décision / Validation de Méthodes

INTRODUCTION

The frequency of mushroom fatal poisonings recorded in emergency 
medicine units increases worldwide (Enjalbert et al., 2002; Berger & Guss, 2005; 
Diaz, 2005; Giannini et al., 2007; Barceloux, 2008; Assisi et al., 2009; Benítez-
Macías et al., 2009; Isiloglu et al., 2009; Epis et al., 2010; Patowary, 2010; Trabulus 
& Altiparmak, 2011; Oeckinghaus et al., 2012; Schenk-Jaeger et al., 2012; Lawton 
& Ni Bhraonain, 2013; Roberts et al., 2013; Chen et al., 2014; Gawlikowski et al., 
2015; Gok et al., 2015). Over 90% of human casualties are caused by the ingestion 
of amatoxin-containing species of the genus Amanita, i.e., mainly Amanita phalloides 
(Vaill. ex Fr.) Link in Europe and A. bisporigera G.F. Atk., A. exitialis Zhu L. Yang 
& T.H. Li, A. ocreata Peck, A. phalloides, A. verna (Bull.) Lam. and A. virosa (Fr.) 
Bertill. in the United States, Canada, South America, Australia and China (Benjamin, 
1995; Enjalbert et al., 2002; Karlson-Stiber & Persson, 2003; Lamoureux, 2006; 
McNeil, 2006; Escudié et al., 2007; Giannini et al., 2007; Madhok, 2007; Ferenc 
et  al., 2009; Deng et al., 2011; Mendez-Navarro et al., 2011; Vargas et al., 2011; 
Xue et al., 2011; Hu et al., 2012; Santi et al., 2012; Roberts et al., 2013; Ward et al., 
2013; Yilmaz et al., 2014; Varvenne et al., 2015). Fatalities also occur by the 
consumption of several amatoxin-containing species of the genera Galerina and 
Lepiota (Klisnick et al., 2000; Enjalbert et al., 2004; Roux et al., 2008; Delacour 
et  al., 2009; Ben Khelil et al., 2010; Kervegant et al., 2013; Sgambelluri et al., 
2014; Kose et al., 2015; Varvenne et al., 2015). These mushrooms contain biotoxins, 
i.e., toxic secondary metabolites, which can be classified in three types: amatoxins, 
phallotoxins and virotoxins (Wieland, 1986; Bresinsky & Besl, 1990; Li & Oberlies, 
2005; Barceloux, 2008). Amatoxins are a group of nine bicyclic octapeptides (with 
an indole-(R)-sulphoxide bridge) resistant to heat, freezing, drying and digestion. 
They are absorbed in the gastro-intestinal tract and are considered as the agent 
responsible for poisoning (Vetter, 1998; Rittgen et al., 2008; Allen et al., 2012; 
Clarke et al., 2012). Phallotoxins are a group of seven bicyclic heptapeptides (with 
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an indole-thio-ether bridge) unstable to heat. They are not absorbed in the gastro-
intestinal tract and are therefore not considered to be responsible for poisoning. 
Virotoxins are a group of seven cyclic heptapeptides (without intra-molecular bridge) 
whose properties have been less studied than the phallotoxins; the virotoxins do not 
generate poisoning (Clarke et al., 2012).

Therefore Amanita fatal poisonings are associated with amatoxins (α-, β- 
and γ-amanitins accounting for 40% of the amatoxin content) which are considered 
as one of the most violent natural poisons (Barceloux, 2008; Clarke et al., 2012; 
Yilmaz et al., 2015). Human adult lethal dose (LD50) per os is 0.1-0.3 mg/kg 
body weight (Scheurlen et al., 1994; Leist et al., 1997); these doses correspond to 
50-300  g of amatoxin-containing mushrooms (Barceloux, 2008). Therefore, a 
medium-sized Amanita specimen containing 10-15 mg of amatoxins may be fatal 
(Faulstich, 1980; Wieland, 1986). The mortality rate depends also on the applied 
treatment (Faulstich, 1980; Enjalbert et al., 2002; Saviuc et al., 2003; Zilker, 2009; 
Evrenoglou et al., 2010; Poucheret et al., 2010; Jansson et al., 2012; Mengs et al., 
2012). Amatoxins are absorbed in the intestinal tract and follow the enterohepatic 
cycle thereby increasing toxins half-life and intoxication severity (Santi et al., 2012; 
Erden et al., 2013). Toxins accumulate in the liver. Excretion is mainly urinary 
(Jaeger et al., 1993). Acute tubular necrosis may occur in the kidney after ingestion 
of amatoxin-containing mushrooms (Ganzert et al., 2008; Ferenc et al., 2009; 
Garrouste et al., 2009). Pharmacological actions of amatoxins include inhibition of 
RNA polymerase II (Michelot & Labia, 1988; Karlson-Stiber & Persson, 2003; 
Poucheret et al., 2010; Santi et al., 2012) and induction of apoptosis through synergic 
action with cytokines such as tumor necrosis factor (TNF) (Leist et al.,1998). These 
molecular actions lead to three successive clinical stages: (1) an asymptomatic 
latency period lasting for 6-10 hours (Vetter, 1998), (2) a gastro-intestinal phase 
lasting for 24-72 hours with vomiting and cholera-like diarrhea, and (3) a hepatic-
kidney final stage lasting for 6-16 days leading to liver failure (massive hepatocyte 
necrosis) and kidney damages (Enjalbert et al., 2002; Saviuc et al., 2003; Berger & 
Guss, 2005; Karakayali et al., 2007; Unverir et al., 2007; Santi et al., 2012). Without 
appropriate medical care, patients may develop encephalopathy followed by coma 
and death (Ronzoni et al., 1991; De Carlo et al., 2003; Allen et al., 2012).

Amatoxin clinical symptomatology being non-specific (i.e., vomiting, 
diarrhea, damage to liver and kidneys), toxin analysis is mandatory to rule out other 
gastro-intestinal and hepatic pathologies or poisonings. In addition it is now widely 
accepted that amatoxin quantitative dosage, in classical biological fluids and biopsy, 
is of no interest for clinical prognosis. Indeed no correlation could be established 
between amatoxin tissue (blood, urines) concentration and either intoxication stage 
or poisoning severity (Allen et al., 2012; Erden et al., 2013; Santi et al., 2012). 
Therefore, for clinical purposes, the main interest of qualitative and quantitative 
amatoxin analyses lays in differential diagnosis (Butera et al., 2004; Tomkova et al., 
2015). The main objective is to certify, without false positive or negative results, the 
presence or absence of amatoxins, mostly α-amanitin (Beutler & Vergeer, 1980; 
Staack & Maurer, 2000; Karlson-Stiber & Persson, 2003).

To this end, researchers develop various analytical methods on different 
types of samples for amatoxin detection. Amatoxin analyses may be performed 
using liquid chromatography (Enjalbert et al., 1992; Maurer et al., 2000; Nomura 
et al., 2012; Kaya et al., 2013; Leite et al., 2013; Gicquel et al., 2014; Helfer et al., 
2014; Yilmaz et al., 2014; Garcia et al., 2015a, 2015b; Parnmen et al., 2016), thin 
layer chromatography (Wieland, 1964, 1986; Andary et al., 1977; Stijve & Seeger, 
1979; Plancke et al., 1980), enzyme-linked immunosorbent assay (ELISA) (Butera 
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et al., 2004; Parant et al., 2006; Gomolka et al., 2011), electrophoresis (Rittgen 
et al., 2008; Robinson-Fuentes et al., 2008), fluorescent complex, artificial receptors 
and molecular biology (Gausterer et al., 2014; Parnmen et al., 2016). 

In addition, amatoxin poisonings being recorded in diverse parts of the 
world with high disparities of scientific equipment, there is a real and clear need for: 
(1) a comparative assessment of the most accessible analytical methods for amatoxin 
detection and (2) the validation of these analytical methods in the aqueous matrix 
since the first sources of mushroom material for amatoxin detection are mushroom 
harvest remains, cooking residues and vomiting. 

Therefore, the aim of the present study was to fill this void, thereby helping 
decision-making regarding the choice for the most appropriate analytical method 
and proper interpretation of results for early clinical diagnosis of amatoxin-containing 
mushroom poisonings to save lives.

MATERIAL AND METHODS

Chemical standards/Material

Alpha- and β-amanitins were purchased from Sigma-Aldrich (Deisenhofen, 
Germany). Acetonitrile was HPLC grade from Carlo Erba Reagents (Val de Reuil, 
France). Other chemicals were from Sigma-Aldrich (Deisenhofen, Germany). 
Ultrapure water was obtained using Simplicity® Water Purification system from 
Millipore (Darmstadt, Germany).

The stability of α- and β-amanitins over a time period of six months at 
– 7°C was already proven by Maurer et al. (2000) and therefore no additional tests 
were performed here.

Mushroom material

The mushrooms were collected in the Montpellier area, France. Three 
mushrooms known to contain amatoxins were selected: A. phalloides (Fr.) Link, 
A.  virosa (Fr.) Bertillon and Lepiota josserandii Bon & Boiffard (synonym: 
L. subincarnata J.E. Lange). Three mushrooms that do not contain amatoxins were 
used in the present study as negative controls: Amanita muscaria (L.:Fr.) Hook., 
Macrolepiota procera (Scop.) Singer and Omphalotus olearius (DC.) Sing. The two 
former mushrooms are selected because they are classified in mushroom genera 
similar to those containing amatoxins (Enjalbert et al., 2002); the latter belongs to 
a distant mushroom genus (Courtecuisse & Duhem, 2013). After morphological 
identification of the mushrooms, they were dried and preserved at room temperature 
in the dark to improve preservation of the fungal materials. Voucher specimens are 
conserved in the laboratory.

Extraction procedure: 50 mg of dried mushroom were grounded then 
extracted with 2 mL of ultrapure water. Ultrasonic extraction was performed at room 
temperature for 5 min. After filtration, extracts were preserved at 4°C until analysis.

Sample preparation: Preliminary assays were conducted in hydroalcoholic 
solution (50:50, v/v), nevertheless, ethanol interacts with immunoassay method by 
giving false positive results, and so we choose to compare the three methods using 
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water as solvent extraction. Samples were diluted in pure water and then directly 
injected without any sample pretreatment. Extemporaneous dilutions were done 
in  pure water: 1/2 for immunoassay method, 1/10 for HPLC method, no dilution 
for HP-TLC. 

Immunoassay method

BUHLMANN Amanitin ELISA kit (BUHLMANN Laboratories AG, 
Switzerland) was used in accordance with manufacturer’s specifications. The aqueous 
mushroom samples were dilute 1:25 with Incubation Buffer. The wells, coated with 
a polyclonal specific antibody for α- and β-amanitins, were washed twice using wash 
buffer. 50 µL of α-amanitin calibrators, low control and high control were deposited 
in duplicate into wells. 50 µL of each sample were deposited in triplicate into wells. 
50 µL Biotin Conjugate were added to all wells. The plate was covered with a plate 
sealer, incubated for 30 ± 5 min at 18-28°C on a plate rotator (500 rpm). The wells 
were then washed three times with Wash Buffer. 100 µL of the TMB Substrate 
Solution were distributed into all wells. The plate was cover again with a plate 
sealer, incubated for 15 ± 5 min at 18-28°C on a plate rotator (500 rpm) and protected 
from direct light. 100 µL of Stop Solution were added into all wells. Within 30 min 
absorbance was read at 450 nm in a microtiter plate reader UVMAX Molecular 
Devices (MDS Inc., Toronto, Canada). All experiments were repeated three times.

Linearity/work range: Standard curves were generated by increasing 
amounts of α- and β-amanitins corresponding to a concentration range of 1-100 ng/mL. 
Peak areas of α- and β-amanitins were integrated and a calibration curve constructed. 
Regression lines of best fit were constructed and deemed acceptable if the regression 
coefficient, r, was > 0.99. 

Limit of detection/Limit of quantification (LOD/LOQ) were specified by 
the manufacturer.

Recoveries of pure amanitins were assessed by analysing prepared samples 
at each of the five concentrations available in the kit (1-3-10-30-100 ng/mL). The 
accuracy was expressed as percent error [(mean of measured/mean of expected] 
× 100, while the precision was given by the coefficient of variation (C.V. in %).

Applicability: Extracts of mushrooms without amanitins (A. muscaria, 
M.  procera, O. olearius) and extracts of mushrooms containing amanitins 
(A. phalloides, A. virosa, L. josserandii) were prepared and analysed.

HPLC method

Chromatographic separation and detection for quantitative analysis were 
performed on a SpectroSYSTEM® which included a P4000 pump, a SCM1000 
degasser, an AS3000 automatic sampler and an UV6000LP DAD detector (Thermo 
Fisher Scientific Inc., San José, USA). The system was operated using ChromQuest 
Software version 5.0. Chromatographic separation was achieved on an ODS Hypersyl 
C18 column (250  mm  ×  4.6  mm, 5  μm, Thermo Fisher Scientific Inc., San José, 
USA). Column temperature was maintained at 30°C. 

Chromatography analyses were performed using a modified separation 
based on Enjalbert et al. (1992). Briefly, elution was achieved at a flow rate of 1 mL/
min (initial back pressure of approximately 105  bar), with a gradient from 10:90 
(acetonitrile/aqueous ammonium acetate 2 mM, pH 5), with an initial hold of 7 min 
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followed by a linear increase in organic mobile phase to 24:76 at 16 min, which was 
sustained for a further minute (until 20  min) before re-equilibration, with a total 
run-time of 21 min. Retention times for β- and α-amanitins internal standards were 
approximately 8.3 and 9.3 min, respectively. Absorbances were monitored between 
200 and 400 nm. For each peak, UV spectrum was extracted and compared with 
literature data for amanitins (Enjalbert et al., 1992, 2002, 2004; Wieland, 1964, 
1986) to confirm identification.

Linearity/work range: Standard curves were generated by increasing 
amounts of α- and β-amanitins corresponding to a concentration range of 2-100 µg/
mL (n = 6). Peak areas of α- and β-amanitins were integrated and a calibration curve 
constructed. Regression lines of best fit were constructed and deemed acceptable if 
the regression coefficient, r, was > 0.99. 

Limit of detection/Limit of quantification (LOD/LOQ): The LOD was 
defined as the sample concentration resulting in a response of three times the noise 
level. The LOQ was defined as the sample concentration resulting in a response of 
ten times the noise level.

Recoveries of pure amanitins were assessed by samples analysis at each 
of three concentrations (6-18-50 µg/mL). The accuracy was expressed as percent 
error [(mean of measured)/mean of expected] × 100, while the precision was given 
by the determined coefficient of variation (C.V. in %).

Applicability: Extracts of mushrooms without amanitins (A. muscaria, 
M.  procera, O. olearius) and extracts of mushrooms containing amanitins 
(A. phalloides, A. virosa, L. josserandii) were analysed. UV spectrum of each peak 
was visualized to confirm the presence/absence of amanitins or interfering compounds.

Recovery by the addition of standard known amounts: A. muscaria and 
A. phalloides water extracts were analysed by HPLC to quantify α- and β-amanitins 
concentrations and compare with the same extracts spiked with known concentrations 
of pure amanitins. Recoveries were determined as [(mean of measured in the 
mushroom extract spiked-measured in the mushroom extract without spiked)/
(expected concentration) × 100].

HP-TLC method

Pre-coated HP-TLC plates of silica gel 60 on glass (20 × 10 cm) with 
fluorescent indicator F254 were purchased from Merck (Darmstadt, Germany). 
Spots of samples and standards were applied on the TLC plate by Automatic TLC 
Sampler 4 (CAMAG, Muttenz, Switzerland). The system was operated using 
CAMAG WinCATS Software version 1.4.9. Plates for the analyses were developed 
in a tank containing 10 mL of solvent system [2-butanol/ethyl acetate/water 
(28:24:10, v/v/v)]. Chromatographic plates were observed under CAMAG TLC 
Scanner 3 (CAMAG, Muttenz, Switzerland) at 254 nm and 294 nm. The plates were 
sprayed using cinnamaldehyde reagent extemporary prepared as follows: 
cinnamaldehyde/methanol/HCl (0.3:15:5, v/v/v), then heating at 50°C during 2 min 
and directly analyses under scanner at 500 nm. 

Linearity/work range: Standard curves were generated by increasing 
amounts of α- and β-amanitins corresponding to a concentration range of 100-
1000  ng/spot. Peak areas of α- and β-amanitins were integrated and a calibration 
curve constructed. Regression lines of best fit were constructed and deemed 
acceptable if the regression coefficient, r, was > 0.99.
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Limit of detection/Limit of quantification (LOD/LOQ): The LOD was 
defined as the sample concentration resulting in a response of three times the noise 
level. The LOQ was defined as the sample concentration resulting in a response of 
ten times the noise level.

Recoveries of pure amanitins were assessed by analysing samples at each 
of three concentrations (400-600-800 ng/spot). The accuracy was expressed as 
percent error [(mean of measured)/mean of expected] × 100, while the precision 
was given by determined coefficient of variation (C.V. in %).

Applicability: Extracts of mushrooms without amanitins (A. muscaria, 
M.  procera, O. olearius) and extracts of mushrooms containing amanitins 
(A. phalloides, A. virosa, L. josserandii) were analysed. UV spectrum of each peak 
was visualized to confirm the presence/absence of amanitins or interfering 
compounds.

Recovery by the assay of known added amounts: A. muscaria and 
A. phalloides water extracts were analysed by HP-TLC to quantify α- and β-amanitins 
concentrations and compare with the same extract spiked with known concentrations 
of pure amanitins. Recoveries were determined as (mean of measured in the 
mushroom extract spiked-measured in the mushroom extract without spiked)/
(expected concentration) × 100.

RESULTS

Immunoassay method

Enzyme-linked immunosorbent assay (ELISA) is the most used in clinical 
setting for detecting α-amanitin in biological samples (Butera et al., 2004; Parant 
et al., 2006; Gomolka et al., 2011; Gausterer et al., 2014).

In the present study, Bühlmann kit is used to determine presence of 
amanitins directly in mushroom samples. Reconstitution of reactive products 
contained in the kit, preparation of the samples, kit procedure and analyses are 
performed in 4 hours.

Hydroalcoholic extraction of the mushrooms revealed false positive results 
for all the samples tested following manufacturer’s procedure (data not shown). 
Hence aqueous extractions were conducted to avoid false positive. Consequently, the 
three methods were conducted using aqueous extraction to be compared.

Linearity

Calibrators give a curve fit y = (A-D)/(1+(x/C)^B)+D, with :
A = 1.83; B = 0.453, C = 1.27, D = – 0.236
Correlation Coefficient (R2) is calculated as 1.00 for the three experiments.

LOD/LOQ

Limit of detection was established by the manufacturer as 0.22 ng/mL 
(Functional Sensitivity) whereas LOQ is 1.5 ng/mL (Analytical Sensitivity). It 
should be noted that β-amanitin is not detected by the kit.
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Recovery of pure standards

Quantitative analysis of known concentrations of α- and β-amanitins was 
done to confirm the exactitude of the kit. We observed a good correlation between 
absorbance measured for α-amanitin samples prepared in the laboratory and the kit’s 
calibrator with recovery range between 83.4% and 145.9% (Table 1). Similar range 
is presented in the manufacturer’s specifications (80.0%-127.5%). 

β-amanitin reacts with only 1% of the highest concentration (recovery of 
0.995% with 100 ng/mL). This value is consistent with the low specificity for 
β-amanitin manufacturer’s procedure (specificity of 0.1% for β-amanitin). For lower 
concentrations the recoveries are aberrant; this is in accordance with functional 
sensitivity of 1.5 ng/mL for the kit. In consequence no correlation can be done for 
lower concentrations. 

Applicability on mushrooms (Immunoassay method)

As presented in Table 2, the mushrooms containing α-amanitin react with 
the Bühlmann kit (α-amanitin concentrations up to 100 ng/mL). Conversely, 
mushrooms without amanitin appeared negative for the presence of α-amanitin: in 
other words, no false positive results were recorded. The mushrooms tested were 
chosen for being known to belong to various genera. Nevertheless, further 
investigations should be carried out with a larger diversity of mushroom species to 
confirm the absence of false positive when using the immunoassay method on 
mushroom matrix.

At the tested concentration (dried mushrooms: 25 mg/mL, then dilution ½) 
A. phalloides solution contains up to 100 ng/mL of α-amanitin (the assay has a range 
of 1-100 ng/mL). We selected this concentration for several reasons. First, to avoid 
false negative results the mushrooms concentration must be elevated. Second, no 
correlation can be made between ingested mushroom amount and prognosis. 
Therefore, a secured qualitative test (limiting probability of false negative) is more 
useful than a quantitative test without any recommendation for therapeutic guidance.

Table 1. Recovery of pure amanitins standards

Amatoxins Expected concentration  
(ng/mL)

Measured concentration  
in ng/mL (C.V.* in %) n = 3

Recovery  
(observed/expected)

α-amanitin

0 0.893 (5.5%) –
1 1.360 (2.7%) 136.0%
3 2.516 (1.3%) 83.87%

10 8.886 (3.1%) 88.86%
30 27.57 (6.7%) 91.90%

100 145.9 (9.3%) 145.9%

β-amanitin

0 0.517 (5.4%) –
1 0.789 (13.1%) 78.90%
3 0.738 (9.8%) 24.60%

10 0.780 (6.5%) 7.800%
30 0.839 (4.9%) 2.796%

100 0.995 (3.2%) 0.995%

* C.V. = Coefficient of Variation.
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HPLC method

Linearity
Calibration curves for α-amanitin (Fig. 1) and for β-amanitin (Fig. 2) are 

presented at 294 nm. For both amanitins, correlation factors were calculated as 
R2 > 0.999 in the range 2-100 µg/mL.

Limits of detection/quantification for α- and β-amanitins
LOD and LOQ were calculated at 294 nm for both amanitins diluted in 

H2O. Results are presented in Table 3. 
Recovery of pure amanitin standards
Measurements have been performed for three concentrations, i.e., 6 µg/mL, 

18 µg/mL and 50 µg/mL. Recoveries of both amanitins were in the acceptable range 
84.4-104.6% (Table 4).

Applicability on mushrooms (HPLC method) 
Three amanitin-containing mushrooms and three amanitins-free mushrooms 

were analysed using HPLC method at 294 nm. The results are presented in Table 5, 
and are in accordance with literature (Ahmed et al., 2010; Sgambelluri et al., 2014).

Table 2. Analysis of amanitins in mushrooms by immunoassay method

Mushrooms Expected concentration Measured concentrations
(means in ng/mL)

A. muscaria 0 < LOD
M. procera 0 < LOD
O. olearius 0 < LOD
A. phalloides + > 100
A. virosa + > 100
L. josserandii + > 100

Table 3. LOD and LOQ for amanitins at 294 nm

α-amanitin β-amanitin

LOD 20.5 ng/mL 29.1 ng/mL
LOQ 68.5 ng/mL 97.1 ng/mL

Table 4. Recoveries measurements for pure amanitins at 294 nm

Amatoxins Level Observed concentration (C.V. in %) Recovery

α-amanitin
  6 µg/mL   5.30 (1.17)   88.3%
18 µg/mL 18.38 (0.63) 102.1%
50 µg/mL 51.50 (0.20) 103.0%

β-amanitin
  6 µg/mL   5.1 (1.38)   84.4%
18 µg/mL 18.3 (1.28) 101.9%
50 µg/mL 52.3 (2.53) 104.6%
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Fig.1. Calibration curve of α-amanitin in water at 294 nm (2-100 µg/mL).

Fig. 2. Calibration curve of β-amanitin in water at 294 nm (2-100 µg/mL).

Table 5. Analysis of amanitins in mushrooms by HPLC-UV

Mushrooms Expected concentrations
Amount in dried mushroom (µg/g)

α-amanitin β-amanitin

A. muscaria 0 < LOD < LOD
M. procera 0 < LOD < LOD
O. olearius 0 < LOD < LOD
A. phalloides + 2026 1585
A. virosa + 1031 < LOD
L. josserandii + 3031 < LOD
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Recovery by the assay of known added amounts
A. phalloides (with amanitins) and a mushroom without amanitins 

(A.  muscaria), were spiked with known concentration of α- and β-amanitins. 
Recoveries for both amanitins are in the range 83.0-124.8% (Table 6).

HP-TLC method

Linearity
Calibration curves for α-amanitin (Fig. 3) and for β-amanitin (Fig. 4) were 

performed at 254 nm: a nonspecific wavelength, but present in all laboratories 
worldwide. Linearity is also presented at 294 nm corresponding to the wavelength 
absorbance for amanitins. For both wavelengths, correlation factors were calculated 
as R2 > 0.994 in the range 100 ng-1000 ng/spot.

The calibration curve was also presented at 500 nm, after spraying a 
cinnamaldehyde reagent (Fig. 5), a classical reagent used for detection of amanitins 
(Stijve & Seeger, 1979). In this case, the linearity is presented in the range 1-20 µg. 
This is different from linearity at 254 nm and 294 nm, because of a decreased 

Table 6. Amanitins recovery by the assay of known added amounts

Amanita muscaria

α-amanitin β-amanitin

Concentration difference 5.0 µg/mL 7.4 µg/mL
Recovery (%) 83.0% 124.1%

Amanita phalloides

α-amanitin β-amanitin

Concentration difference 17.6 µg/mL 25.0 µg/mL
Recovery (%) 87.9% 124.8%

Fig. 3. Calibration curve for α-amanitin at 254 nm and 294 nm (100-1000 ng/spot).



228	 S. Morel et al.

sensibility after reagent spraying. Correlation factors (R2) are > 0.98 in the range 
1-20 µg/mL.

LOD and LOQ 
LOD was defined as 3 times signal-to-noise ratio, whereas LOQ was 

10 time signal-to-noise. Determination of signal-to-noise was performed on 20 blank 
samples. LOD/LOQ is expressed in ng/spot (Table 7).

As presented in Table 7, 294 nm should be the wavelength of choice for 
the lowest detection and quantification of amanitins. 

Recovery of pure amanitins
Recovery with pure amanitins was evaluated at 294 nm and 254 nm 

(Table  8). For α-amanitin, recovery was calculated in the range 99.4-118.8% at 

Fig. 5. Calibration curve for α- and β-amanitins at 500 nm after spraying cinnamaldehyde reagent 
(1-20 µg/spot).

Fig. 4. Calibration curve for β-amanitin at 254 nm and 294 nm (100-1000 ng/spot).
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294  nm and 100.8-110.0% at 254 nm (three amounts, three experiments). For 
β-amanitin, recovery was in the range 94.3-108.5% at 294 nm and 96.3-103.4% at 
254 nm. 

As presented in Table 9, using cinnamaldehyde reagent then absorbance 
measurement at 500 nm led to low recovery for α-amanitin, whereas recovery for 
β-amanitin was above 300%. So, this method should not be used for quantitative 
determination of amanitins. Nevertheless, cinnamaldehyde spraying can be useful 
for enhanced specificity during basic TLC analysis.

Table 7. LOD and LOQ for amanitins at 254 nm, 294 nm, and at 500 nm after spraying 
cinnamaldehyde reagen

UV 254 nm UV 294 nm UV 500 nm after 
cinnamaldehyde spraying

α-amanitin β-amanitin α-amanitin β-amanitin α-amanitin β-amanitin

LOD (ng/spot)   47   59 23   31 272   388
LOQ (ng/spot) 157 197 82 104 905 1293

Table 8. Recoveries measurements for pure amanitins at 254 nm and 294 nm

Amatoxins Expected amount 
(ng/spot) Wavelength Found amount in  

ng/spot (C.V. in %)
Recovery 

(%)

α-amanitin

400 ng
294 nm 467.53 (1.20) 118.8
254 nm 440.20 (1.00) 110.0

600 ng
294 nm 651.20 (1.24) 108.5
254 nm 635.24 (2.08) 105.9

800 ng
294 nm 795.34 (1.85) 99.4
254 nm 805.98 (3.34) 100.8

β-amanitin

400 ng
294 nm 433.97 (1.33) 108.5
254 nm 413.61 (2.46) 103.4

600 ng
294 nm 609.56 (1.10) 101.6
254 nm 609.86 (0.97) 101.6

800 ng
294 nm 754.42 (2.99)   94.3
254 nm 775.52 (4.53)   96.9

Table 9. Recoveries for pure amanitins at 500 nm after spaying with cinnamaldehyde

Amatoxins Nominal value  
(ng/plot)

Found amount in ng/spot 
(C.V. in %)

Recovery (Found amount/
Nominal value) (%)

α-amanitin
400 ng   1.38 (22)   27.7
600 ng   3.54 (25)   35.4
800 ng   5.23 (24)   34.9

β-amanitin
400 ng 18.13 (15) 362.5
600 ng 29.80 (12) 298.0
800 ng 37.12 (10) 247.5
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Applicability on mushrooms (HP-TLC method) 
Three mushrooms containing amanitins and three free of amanitin (not 

containing amanitin) mushrooms were analysed using HP-TLC method at 294 nm. 
The results are presented in Table 10, and are in accordance with the literature 
(Ahmed et al., 2010; Sgambelluri et al., 2014).

Recovery by the assay of known added amounts
Recoveries were calculated in A. muscaria and A. phalloides, spiked with 

a known amount of amanitins (200 ng). As presented in Table 11, recoveries for 
both  amanitins (α-and β-amanitins) are in the range 110.4-129.9% at 254 nm and 
in the range 102.1-113.1% at 294 nm. It should be noticed that recovery measured 
for β-amanitin at 254 nm for A. phalloides is particularly high (129.9%), because of 
the non-specificity of this wavelength. For both mushrooms, the wavelength 294 nm 
should be preferably used for a quantitative analysis, whereas 254 nm can be used 
for a semi-quantitative analysis when a scanner (with 294 nm as wavelength) is not 
available in laboratory. 

Table 10. Analysis of amanitins in mushrooms by HP-TLC

Mushrooms Expected concentrations
Amount in dried mushroom (µg/g)

α-amanitin β-amanitin

A. muscaria 0 < LOD < LOD

M. procera 0 < LOD < LOD

O. olearius 0 < LOD < LOD

A. phalloides + 3464 700

A. virosa + 1400 < LOD

L. josserandii + 5100 < LOD

Table 11. Recovery by the assay of known added amounts

Amanita muscaria

α-amanitin β-amanitin

Wavelength 254 nm 294 nm 254 nm 294 nm
Extract/spot 2 µL 2 µL 2 µL 2 µL
Amount difference/spot *
(C.V. in %)

220.7  
(11.3)

204.2  
(10.0)

236.5  
(9.0)

208.6  
(15.5)

Recovery (%) 110.4 102.1 118.2 104.3

Amanita phalloides

α-amanitin β-amanitin

Wavelength 254 nm 294 nm 254 nm 294 nm
Extract/spot 2 µL 2 µL 2 µL 2 µL
Amount difference/spot *
(C.V. in %)

238.4  
(13.1)

226.1  
(10.9)

259.9  
(3.3)

207.9  
(9.8)

Recovery (%) 119.2 113.1 129.9 104.0

* Amount difference /spot is calculated as the difference of amount in amanitins detected in mushroom spiked with 200 ng 
and amount in amanitins detected in mushroom alone.
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DISCUSSION

Amatoxin poisoning is potentially fatal or may lead to severe health injury 
(e.g. liver failure). Initial semiology is non-specific and there is no antidote. Therefore 
medical emergency focuses on: (1) preliminary medical care and supportive measures 
to maintain the vital functions, (2) specific treatments protocols based on one drug 
or various combinations, and (3) liver transplantation (Allen et al., 2012; Bergis 
et  al., 2012; Escudié et al., 2007; Enjalbert et al., 2002; Karakayali et al., 2007; 
Evrenoglou et al., 2010; Jander & Bischoff, 2010; Mengs et al., 2012; Poucheret 
et al., 2010; Ward et al., 2013; Zhang et al., 2014; Bakirci et al., 2015; Garcia et al., 
2015c). Therefore early differential diagnosis is crucial. It allows medical care to act 
earlier and focus on limiting as much as possible the detrimental effects of toxin 
enterohepatic recirculation on liver (Santi et al., 2012; Erden et al., 2013; Thiel 
et al., 2011; Zhang et al., 2014) and later on kidney (Das et al., 2007; Unverir et al., 
2007; Garrouste et al., 2009). Also a general clinical consensus was reached 
regarding the absence of prognostic correlation between amatoxins concentration in 
biological fluids (blood and urines) or biopsy (Rieck & Platt, 1988; Filigenzi et al., 
2007) and severity of pathophysiological damages. Taken together, these combined 
parameters suggest that in terms of clinical intervention, the qualitative detection of 
amatoxins is more critical than their actual quantification. The main objective of our 
work is to provide reliable proof for either presence or absence of amatoxins in 
mushroom materials after ingestion.

Indeed amatoxin-containing mushroom poisonings are worldwide 
distributed and the frequency increases due to confusion with other macrofungi. 
Affected regions are characterized by important disparities in term of available 
technological equipment for analytical investigations. In this context the present 
study was designed to define advantages and disadvantages of standard most 
accessible analytical methods for amatoxin detection. Results presented are intended 
to provide clinicians with comparative data. It will support their decision-making in 
relation to the chosen methods and potential of results interpretation when facing 
suspected poisoning due to amatoxin-containing mushrooms. The final aim is to be 
able to reach faster and effective diagnosis in order to optimize patient care for 
saving life. In consequence, choice of the method will be made with full knowledge 
of advantages and disadvantages of each technique as a function of local technological 
possibilities. Several methods were compared: (1) a commercialized immunoassay 
kit, (2) standard high-performance liquid chromatography (HPLC) and (3) high-
performance thin layer chromatography (HP-TLC). For each method, linearity, limit 
of detection (LOD), limit of quantification (LOQ) and recovery were determined. In 
addition a challenge test in “real conditions”, of all methods, on mushrooms 
containing or not amatoxins was performed before general conclusion.

To the best of our knowledge, this is the first time that basic amatoxin 
detection methods are compared to provide rational support for decision-making. 
During the past few years, much work was performed and reported in the literature 
on detection and quantitation of amatoxins in biological samples (Chen & Hu, 
2014). Most methods used HPLC with sophisticated and elegant protocols in 
combination with associated devices (Garcia et al., 2015a; Gicquel et al., 2014; 
Helfer et al., 2014; Leite et al. 2013) thereby leading to major improvements in 
decreasing the detection/quantification limit. Even though these methods are of high 
analytical quality, not all clinicians dealing with amatoxin poisoning in various parts 
of the world have access to such sophisticated protocols and expensive equipment. 
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Indeed, in situations of emergency, the choice of the appropriate, accessible, 
affordable and easy to use techniques are necessary to support early diagnosis, 
Taking into account the great disparity of logistic constraints and equipment between 
health care facilities around the world, an integrative comparison of cost effective 
basic methods of amatoxin qualitative analysis might help decision-making in 
choosing appropriate techniques based on knowledge of pros & cons for optimal 
clinical result exploitation.

Our investigations were performed on aqueous extracts of mushrooms for 
two main reasons. Firstly homogeneity and compatibility between techniques had to 
be respected for unbiased comparison. Indeed immunoassay sample preparation 
requested aqueous extraction to avoid false positive or false negative results. This 
protocol requirement was compatible with all three methods studied. Secondly, 
water is more available and easier to handle than any other expensive organic 
solvent.

Immunoassay method. It showed that amatoxin detection kit is useful for 
detecting α-amanitin directly in aqueous mushroom samples. It is efficient in urine, 
serum and plasma as specified by the manufacturer. Following the provided 
procedure, this method is straightforward and relatively easy to perform. Beside a 
microplate reader (450 nm), required material to perform the assay is very common 
and widespread. Sample pre-treatment (aqueous extraction) is quick and simple. 
Linearity, limit of detection (LOD), limit of quantification (LOQ) and recovery 
are  validated and provided by the kit supplier. Results obtained by this technique 
are reproducible. α-Amanitin is efficiently detected with a detection range as low as 
0.22 ng/mL. Nevertheless, immunoassay method is costly and potentially difficult to 
obtain in remote and/or limited budgets area. A significant supplier restriction “not 
intended for use in diagnostic procedure” limits its use to research purpose only, 
thereby as part of post-clinical care investigations. It requires freezing for kit storage. 
α-Amanitin being the only toxin detected, other toxins, contributing to the phalloid 
syndrome poisoning such as β-amanitin, are not detected. Moreover, the range 
of  detection compatible with the validated calibration curve is quite restrictive 
(1-100 ng/mL) leading to potential repetition of sample preparation and/or full assay 
repetition.

In conclusion, immunoassay main pros include: “all included & ready to 
use” feature, ease of use, sensitivity in the low nanogram range, efficiency for 
α-amanitin detection. Kit main cons include: restriction to research use, high price, 
assays duration (over 4 h), storage conditions (– 20°C), potential false positive/false 
negative results if supplier protocol conditions are not precisely respected. 
Immunoassay kit can be used in α-amanitin detection with mushrooms samples with 
a major precaution: extraction process has to be done only with water. Approximately 
concentration of 25 mg/mL of dried mushrooms is enough for the kit.

HPLC method. It confirmed the High-Performance Liquid Chromatography 
method usefulness for detection of α- and β-amanitins in aqueous mushroom samples 
(from residue of harvest, cooking or vomiting). The procedure is straightforward and 
easy to perform under the condition of a preliminary set up for suitable conditions. 
Beside HPLC machine, required material is common and widespread. Sample pre-
treatment, after aqueous extraction, needs to be properly performed but remains 
simple upon reagent availability (solvents and amatoxins standards). Linearity, LOD, 
LOQ and recovery should be set up before facing an actual poisoning case. Results 
are reproducible; both α- and β-amanitins are efficiently detected. Nonetheless, 
HPLC method needs to have an operating HPLC apparatus which can sometimes be 
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not as evident as it seems, mainly in remote area, even if this material is now very 
common. Local procedure preliminary validation is mandatory before use for clinical 
purpose. The range of detection indicates middle range sensitivity, around the 20 ng/
mL minimum. Both α- and β-amanitins can be detected. The range of concentration 
for calibration curve is large, allowing easier matching with samples concentration, 
thereby limiting the necessity to multiply HPLC runs to obtain results.

In conclusion, HPLC method main pros include: compatibility with clinical 
purpose in diagnosis, range of detection compatible with expected sample 
concentration, efficient detection of both α- and β-amanitins, middle range assay 
duration (2-3  h) and absence of false positive and/or false negative results. Main 
cons include: operating HPLC material availability, amatoxins references permanent 
storage, necessity to pre-set up the method, middle range sensitivity.

HP-TLC method. It suggested that the High-Performance Thin Layer 
Chromatography technique or TLC can be used to detect both α- and β-amanitins in 
aqueous mushroom samples. Procedure is simple and easy to perform. This method 
requires material that is usually common in most laboratories. Sample pretreatment 
is fast and easy upon access to adequate reagents (solvent, amatoxins standards and 
spraying reagent). Linearity, LOD, LOQ and accuracy should be set before use in 
an actual poisoning case. Results are reproducible, and both α- and β-amanitins are 
detected. Nonetheless, sensitivity remains pretty low (over 100 ng/spot) and local 
procedure validation is mandatory before considering its use for diagnosis purpose. 
Cinnamaldehyde was used in the present study to improve sensibility and specificity. 
Other reagents such as sulfanilic acid can also be used as spraying reagent (Andary 
et al., 1977). As for HPLC, the range of amatoxin detection makes it more compatible 
with significant amounts of test sample thereby limiting the necessity of re-assay.

In conclusion, TLC method main pros include: a short assay duration 
(1-2 h) to obtain an analytical response, compatibility with clinical diagnosis purpose, 
efficient detection of α- and β-amanitins in the high concentration range (over 
100 ng/spot) and absence of false positive and/or false negative results. Main cons 
include: requested pre-setup of this method, a low sensitivity and elution solvents 
and spraying reagents availability.

In order to finalize the assessment of the three detection methods of α- and 
β-amanitins, they were applied in “real conditions” on harvested residue from six 
macrofungi species: three amatoxin-containing species and three amatoxin-free 
species. All three methods properly identified presence or absence of amatoxins in 
the tested mushrooms. The results suggest that upon availability, any method can be 
used to detect α-amanitin, but not β-amanitin since it was only detected by HPLC 
and TLC methods. This validates the possibility to use immunoassay, HPLC and 
TLC on aqueous extract of mushroom residue from harvest, cooking or vomiting 
origin. Nonetheless it should be noted that immunoassay is not intended to be used 
on mushroom aqueous extract therefore caution must be considered for its use. In 
addition further investigations should be carried out to confirm the presence of false 
negative results (Gicquel et al., 2014).

CONCLUSION

Major information and data to remember are summarized in Table 12. It 
was produced for clinicians to have comprehensive data for decision-making in their 
choice of amatoxin detection method for differential diagnosis. This choice should 
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be made depending on local logistic constraints, reagents availability, expected 
result outcome and type of use (clinical applied analyses or fundamental research). 
These comparative data on analytical methods for amatoxin detection and amatoxin 
poisoning diagnosis along with comparative data on treatment decision-making 
(Poucheret et al., 2010; Trabulus & Altiparmak, 2011; Allen et al., 2012; Roberts 
et al., 2013; Gores et al., 2014; Zhang et al., 2014; Laita et al., 2015) should provide 
clinician comprehensive tools that may contribute to save human lives.

REFERENCES

AHMED W.H.A., GONMORI K., SUZUKI M., WATANABE K. & SUZUKI O., 2010 — Simultaneous 
analysis of α-amanitin, β-amanitin, and phalloidin in toxic mushrooms by liquid 
chromatography coupled to time-of-flight mass spectrometry. Forensic Toxicology 28: 69-76.

Table 12. Comparison of immunoassay method, HPLC and TLC for α- and β-amanitins detection 
for physician decision-making

Amatoxins Immunoassay method HPLC method
(at 294 nm)

HP-TLC method
(at 294 nm)

Linearity
α-amanitin Range : 0-100 ng/mL

R2 = 1.00
2-100 µg/mL
R2 = 0,9996

100 ng-1 µg/spot
R2 =  0.9978

β-amanitin N.D.* 2-100 µg/mL
R2 = 0,9992

100 ng-1 µg/spot
R2 =  0.9978

LOD/LOQ 
α-amanitin LOD = 0.22 ng/mL

LOQ = 1.5 ng/mL
LOD = 20,5 ng/mL
LOQ =  68,5 ng/mL

LOD = 23 ng/spot
LOQ = 82 ng/spot

β-amanitin N.D. LOD = 29,1 ng/mL
LOQ = 97,1 ng/mL

LOD = 31 ng/spot
LOQ = 104 ng/spot

Recovery of pure 
amanitins

α-amanitin 84-146% 88.3-103.0% 99.4-118.8 %
β-amanitin N.D. 84.4-104.6 % 94.3-108.5%

Recovery in 
mushrooms

α-amanitin N.D. 83.0-87.9 % 102.1-113.1 %
β-amanitin N.D. 124.1-124.8 % 104.0-104.3 %

Qualitative 
analysis in 
mushroom

α-amanitin +++ +++ +++

β-amanitin – +++ +++

Quantitative 
analysis in 
mushroom 

α-amanitin +/– but in the range  
0-100 ng/mL +++ +

β-amanitin – +++ +

Specificity
α-amanitin +++ ++ ++
β-amanitin – ++ ++

Time of analysis 3-4 h 2-3 h 1-2 h

Cost of the 
analysis +++ ++ +

Storage
Amanitins at – 20°C 

(available into the kit)
Others reagents at -20°C

Amanitins at – 20°C
Others reagents  

at R.T.**

Amanitins at – 20°C
Others reagents  

at R.T.

*N.D.: Not Determined
**R.T.: Room Temperature



	 Comparison of analytical methods for amatoxin detection	 235

ALLEN B., DESAI B. & LISENBEE N., 2012 — Amatoxin: A Review. International Scholarly 
Research Network, ISRN Emergency Medicine, Volume 2012, Article ID 190869, 
doi:10.5402/2012/190869.

ANDARY C., ENJALBERT F., PRIVAT G. & MANDROU B., 1997 — Dosage des amatoxines 
par  spectrophotométrie directe sur chromatogramme chez Amanita phalloides Fries 
(Basidiomycetes). Journal of Chromatography 132(1977): 525-532.

ASSISI F., DELLA PUPPA T., DAVANZO., CERNUSCHI A., CHIESA G., MOROSINI C.M., 
BESTETTI F. & MORO P., 2009 — Le intossicazioni da funghi in Italia: problematiche 
diagnostiche e terapeutiche. Pagine di Micologia (Décembre, N° 32. Atti del 4° Convegno 
internazionale di Micotossicologia, 6-7 décembre 2007): 9-20. 

BAKIRCI S., BAYRAM R., KAYA E., YAYKASLI K.O. & YILMAZ I., 2015 — What is the restoring 
role of chrysin in alpha-amanitin toxicity ? Acta Medica Mediterranea 31: 907-911.

BARCELOUX D.G., 2008 — Medical Toxicology of natural substances. Foods, Fungi, Medicinal 
Herbs, Plants and Venomous Animals. John Wiley & Sons, USA, 1157 p.

BENÍTEZ-MACÍAS J.F., GARCÍA-GIL D., BRUN-ROMERO F.M. & NOGUÉ-XARAU S., 2009 — 
Intoxicaciones agudas por setas. Revista Clínica Española 209(11): 542-549.

BEN KHELIL M., ZHIOUA M., BAKIR O., ALLOUCHE M., GLOULOU F., BANASR A., 
HAOUET S., HEDHILI A. & HAMDOUN M., 2010 — Four cases of deadly intoxication 
by Lepiota brunneoincarnata. Annales de biologie clinique 68(5): 561-567.

BENJAMIN D.R., 1995 — Mushrooms: Poisons and Panaceas. A handbook for naturalists, mycologists 
and physicians. W.H. Freeman and Co, USA, 422 p.

BERGER K.L. & GUSS D.A., 2005 — Mycotoxins revisited: Part I. The Journal of Emergency 
Medicine 28: 53-62.

BERGIS D., FRIEDRICH-RUST M., ZEUZEM S., BETZ C., SARRAZIN C. & BOJUNGA J., 2012 
— Treatment of Amanita phalloides Intoxication by Fractionated Plasma Separation and 
Adsorption (Prometheus®). Journal of Gastrointestinal and Liver Diseases 21(2): 171-176.

BEUTLER J.A. & VERGEER P.P., 1980 — Amatoxins in American mushrooms: Evaluation of the 
Meixner test. Mycologia 72: 1142-1149. 

BRESINSKY A. & BESL H., 1990 — A colour atlas of poisonous fungi. A handbook for pharmacists, 
doctors, and biologists. Wolfe Publishing Ltd, Germany, 295 p.

BUTERA R., LOCATELLI C., COCCINI T. & MANZO L., 2004 — Diagnostic accuracy of urinary 
amanitin in suspected mushroom poisoning: A pilot study. Journal of Toxicology Clinical 
Toxicology 42(6): 901-912.

CHEN Z.H. & HU J.S., 2014 — Historical development and present situation of detection methods for 
Amanita peptide toxins. Food Science 35(8): 11-16.

CHEN Z., ZHANG P. & ZHANG Z., 2014 — Investigation and analysis of 102 mushroom poisoning 
cases in Southern China from 1994 to 2012. Fungal Diversity 64: 123-131.

CLARKE D.B., LLOYD A.S. & ROBB P., 2012 — Application of liquid chromatography coupled to 
time-of-flight mass spectrometry separation for rapid assessment of toxins in Amanita 
mushrooms. Analytical Methods 4: 1298-1309.

COURTECUISSE R. & DUHEM B., 2013 — Champignons de France et d’Europe. Guide Delachaux, 
Delachaux et Niestlé, Paris, France, 544 p.

DAS R.N., PARAJULI S. & JAYAKUMAR J., 2007 — “Last supper with mushroom soup”: a case 
report of amatoxin poisoning. McGill Journal of Medicine 10(2): 93-95.

DE CARLO E., MILANESI A., MARTINI C., MAFFEI P., TAMAGNO G., PARNIGOTTO P.P., 
SCANDELLARI C. & SICOLO N., 2003 — Effects of Amanita phalloides toxins on insulin 
release: in vivo and in vitro studies. Archives of Toxicology 77(8): 441-445.

DELACOUR H., FRITSCH N., ROCHE C., GENTILE A., TRAN-VAN D. & GARDET V., 2009 — 
Intoxication phalloïdienne par consommation de Lepiota brunneoincarnata. Immuno-analyse 
et biologie spécialisée 4: 50-55.

DENG W.Q., LI T.L., XI P.G., XIAO Z.D. & JIANG Z.D., 2011 — Peptide toxin components of 
Amanita exitialis basidiocarps. Mycologia 103(5): 946-949.

DIAZ J. H., 2005 — Syndromic diagnosis and management of confirmed mushroom poisonings. Critical 
Care Medicine 33(2): 427-436.

ENJALBERT F., GALLION C., JEHL F., MONTEIL M. & FAULSTICH H., 1992 — Simultaneous 
assay for amatoxins and phallotoxins in Amanita phalloides Fr. by high-performance liquid 
chromatography. Journal of Chromatography 598: 227-236.

ENJALBERT F., RAPIOR S., NOUGUIER-SOULÉ J., GUILLON S., AMOUROUX N. & CABOT C., 
2002 — Treatment of amatoxin poisoning: 20-year retrospective analysis. Journal of 
Toxicology Clinical Toxicology 40(6): 715-757.



236	 S. Morel et al.

ENJALBERT F., CASSANAS G., RAPIOR S., RENAULT C. & CHAUMONT J.P., 2004 — Amatoxins 
in wood-rotting Galerina marginata. Mycologia, 96: 720-729.

EPIS S., MATINATO C., GENTILI G., VAROTTO F., BAUDI C. & SASSERA D., 2010 — Molecular 
detection of poisonous mushrooms in different matrices. Mycologia 102: 747-754.

ERDEN A., ESMERAY K., KARAGÖZ H., KARAHAN S., GÜMÜŞÇÜ H.H., BAŞAK M., 
ÇETINKAYA A., AVCI D. & POYRAZOGLU O.K., 2013 — Acute liver failure caused by 
mushroom poisoning: a case report and review of the literature. International Medical Case 
Reports Journal 6: 85-90.

ESCUDIÉ L., FRANCOZ C., VINEL J.P., MOUCARI R., COURNOT M., PARADIS V., SAUVANET A., 
BELGHITI J., VALLA D., BERNUAU J. & DURAND F., 2007 — Amanita phalloides 
poisoning: reassessment of prognostic factors and indications for emergency liver 
transplantation. Journal of Hepatology 46(3): 466-473.

EVRENOGLOU D., MICHELIDOU S. & SAKAGIANNI K., 2010 — Mushroom poisoning: successful 
treatment with silibinin and N-acetylcysteine (NAC). Intensive Care Medicine 36 
(Supplement 2): S412-S412, Meeting Abstract: 1299.

FAULSTICH H., 1980 — Pharmacokinetics of amatoxins in the dog. In Amanita toxins and poisoning. 
Faulstich H., Kommerell B., Wieland T., eds. Witzstrock, New York, pp 88–89.

FERENC T., LUKASIEWICZ B., CIECWIERZ J. & KOWALCZYK E., 2009 — Poisonings with 
Amanita phalloides. Medycyna Pracy 60(5): 415-426.

FILIGENZI M.S., POPPENGA R.H., TIWARY A.K. & PUSCHNER B., 2007 — Determination of 
α-amanitin in serum and liver by multistage linear ion trop mass spectrometry. Journal of 
Agricultural and Food Chemistry 55: 2784-2790.

GANZERT M., FELGENHAUER N., SCHUSTER T., EYER F., GOURDIN C. & ZILKER T., 2008 
— Knollenblätterpilzvergiftung: Silibinin und Kombination von Silibinin und Penicillin im 
Vergleich (Amatoxin poisoning - Comparison of silibinin with a combination of silibinin and 
penicillin). Deutsche Medizinische Wochenschrift 133: 2261-2267.

GARCIA J.V., COSTA V.M., BAPTISTA P., DE LOURDES BASTOS M. & CARVAHLO F., 
2015a — Quantification of alpha-amanitin in biological samples by HPLC using simultaneous 
UV-diode array and electrochemical detection. Journal of Chromatography B 997: 85-95.

GARCIA J.V., OLIVEIRA A., PINHO P.G., FREITAS V., CARVALHO A., BAPTISTA P., 
CARVALHO E., BASTOS M.L. & CARVAHLO F., 2015b — Determination of amatoxins 
and phallotoxins in Amanita phalloides mushrooms from northeastern Portugal by HPLC-
DAD-MS. Mycologia 107(4): 679-687. 

GARCIA J., COSTA V.M., CARVALHO A.T.P., SILVESTRE R., DUARTE J.A., DOURADO D.F.A.R., 
ARBO M.D., BALTAZAR T., DINIS-OLIVEIRA R.J., BAPTISTA P., DE LOURDES 
BASTOS M. & CARVALHO F., 2015c — A breakthrough on Amanita phalloides poisoning: 
an effective antidotal effect of polymyxin B. Archives of Toxicology 89(12): 2305-2323.

GARROUSTE C., HÉMERY M., BOUDAT A.M. & KAMAR N., 2009 — Amanita phalloides 
poisoning-induced end-stage renal failure. Clinical Nephrology 71(5): 571-574.

GAUSTERER C., PENKER M., KRISAI-GREILHUBER I., STEIN C. & STIMPFL T., 2014 — Rapid 
genetic detection of ingested Amanita phalloides. Forensic Science International: Genetics 
9: 66-71.

GAWLIKOWSKI T., ROMEK M. & SATORA L., 2015 — Edible mushroom-related poisoning: A study 
on circumstances of mushroom collection, transport, and storage. Human and Experimental 
Toxicology 34(7): 718-724.

GIANNINI L., VANNACCI A., Missanelli A., Mastroianni R., Mannaioni P.F., Moroni F., Masini E., 
2007 — Amatoxin poisoning - A 15-year retrospective analysis and follow-up evaluation of 
105 patients. Clinical Toxicology 45: 539-542.

GICQUEL T., LEPAGE S., FRADIN M., TRIBUT O., DURETZ B. & MOREL I., 2014 — Amatoxins 
(α- and β-Amanitin) and phallotoxin (Phalloidin) analyses in urines using high-resolution 
accurate mass LC-MS technology. Journal of Analytical Toxicology 38(6): 335-430.

GOK F., TOPAL A., HACIBEYOGLU G., EROL A., BIYIK M., KUCUKKARTALLAR T. & 
YOSUNKAYA A., 2015 — Fulminant liver failure due to Amanita phalloides toxicity treated 
with emergent liver transplantation. European Journal of General Medicine 12(2): 244-248.

GOMOLKA E., SZPAK D. & MORAWSKA A., 2011 — Evaluation of the diagnostic usefulness 
of  amanitin determination by Enzyme-Link ImmunoSorbent Assay (ELISA). Problems of 
Forensic Sciences 85(LXXXV): 64-74.

GORES K.M., HAMIEH T.S. & SCHMIDT G.A., 2014 — Survival following investigational treatment 
of Amanita mushroom poisoning: thistle or shamrock? Chest 146(4): e126-e129.

HELFER A.G., MEYER M.R., MICHELY J.A. & MAURER H.H., 2014 — Direct analysis of the 
mushroom poisons α- and β-amanitin in human urine using a novel on-line turbulent flow 



	 Comparison of analytical methods for amatoxin detection	 237

chromatography mode coupled to liquid chromatography-high resolution-mass spectrometry/
mass spectrometry. Journal of Chromatography A 1325: 92-98.

HU J., ZHANG P., ZENG J. & CHEN Z., 2012 — Determination of amatoxins in different tissues and 
development stages of Amanita exitialis. Journal of the Science of Food and Agriculture 
92(13): 2664-2667.

ISILOGLU M., HELFER S., ALLI H. & YILMAZ F., 2009 — A fatal Inocybe (Fr.) Fr. poisoning in 
Mediterranean Turkey. Turkish Journal of Botany 33(1): 71-73.

JAEGER A., JEHL F., FLESCH F., SAUDER P. & KOPFERSCHMITT J., 1993 — Kinetics of 
amatoxins in human poisoning: therapeutic implications. Clinical Toxicology 31(1): 63-80.

JANDER S. & BISCHOFF J., 2010 — Treatment of Amanita phalloides poisoning: I. Retrospective 
evaluation of plasmapheresis in 21 patients. Therapeutic Apheresis 4(4): 303-307.

JANSSON D., FREDRIKSSON S.A., HERRMANN A. & NILSSON C., 2012 — A concept study on 
identification and attribution profiling of chemical threat agents using liquid chromatography–
mass spectrometry applied to Amanita toxins in food. Forensic Science International 221: 
44-49. 

KARAKAYALI H., EKICI Y., OZCAY F., BILEZIKCI B., ARSLAN G. & HABERAL M., 2007 — 
Pediatric liver transplantation for acute liver failure. Transplantation Proceedings 39: 
1157-1160.

KARLSON-STIBER C. & PERSSON H., 2003 — Cytotoxic fungi - an overview. Toxicon 42: 339-349.
KAYA E., YILMAZ I., SINIRLIOGLU Z.A., KARAHAN S., BAYRAM R., YAYKASLI K.O., 

COLAKOGLU S., SARITAS A. & SEVEROGLU Z., 2013 — Amanitin and phallotoxin 
concentration in Amanita phalloides var. alba mushroom. Toxicon 76: 225-233.

KERVEGANT M., DE HARO L., PATAT A.M., PONS C., THOMACHOT L. & MINODIER P., 2013 
— Phalloides Syndrome Poisoning After Ingestion of Lepiota Mushrooms. Wilderness & 
Environmental Medicine 24: 170-172.

KLISNICK A., SORIANO C., STOLTZ A. & SCHMIDT J., 2000 — Syndrome paraphalloïdien par 
ingestion de Lepiota brunneoincarnata. À propos d’un cas d’évolution favorable. Réanimation 
Urgences 9: 150-151.

KOSE M., YILMAZ I., AKATA I., KAYA E. & GULER K., 2015 — A Case Study: Rare Lepiota 
brunneoincarnata poisoning. Wilderness & Environmental Medicine 26: 350-354.

LAITA A.D., XARAU S.N., PEREZ B.M. & PUTZE G.B., 2015 — Poisoning by Amanita phalloides. 
Anales de Pediatra 82(4): 284-285.

LAMOUREUX Y., 2006 — Champignons du Québec. Tome 2 : Les Amanites. Cercle des Mycologues 
de Montréal, Canada, 109 p, 26 planches.

LAWTON L.D. & NI BHRAONAIN S., 2013 — Accidental poisoning by death cap mushrooms: Be 
careful what you eat. Wilderness & Environmental Medicine 24: 168-170.

LEIST M., GANTNER F., NAUMANN H., BLUETHMANN H., VOGT K., BRIGELIUS-FLOHE R., 
NICOTERA P., VOLK H.D. & WENDEL A., 1997 — Tumor necrosis factor induced 
apoptosis during the poisoning of mice with hepatotoxins. Gastroenterology 112: 923-934.

LEITE M., FREITAS A., AZUL A.M., BARBOSA J., COSTA S. & RAMOS F., 2013 — 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. Analytica Chimica Acta 799: 77-87.

LI C. & OBERLIES N.H., 2005 — The most widely recognized mushroom: chemistry of the genus 
Amanita. Life Sciences 78(5): 532-538.

MADHOK M., 2007 — Amanita bisporigera. Ingestion and death from mistaken identity. Minnesota 
Medicine 90: 48-50.

MAURER H.H., SCHMITT J., WEBER A. & KRAEMER T., 2000 — Validated electrospray liquid 
chromatographic-mass spectrometric assay for the determination of the mushroom toxins 
α- and β-amanitin in urine after immunoaffinity extraction. Journal of Chromatography B 
748: 125-135.

McNEIL E., 2006 — Le grand livre des champignons du Québec et de l’est du Canada. Editions Michel 
Quintin, Canada, 575 p.

MENDEZ-NAVARRO J., ORTIZ-OLVERA N.X., VILLEGAS-RIOS M., MENDEZ-TOVAR L.J., 
ANDERSSON K.L., MORENO-ALCANTAR R., GALLARDO-CABRERA V.E., FELIX S., 
GALVAN C., VARGAS G., GOMEZ L.M. & DEHESA-VIOLANTE M., 2011 — 
Hepatotoxicity from ingestion of wild mushrooms of the genus Amanita section Phalloideae 
collected in Mexico City: two case reports. Annals of Hepatology 10(4): 568-574.

MENGS U., POHL R.T. & MITCHELL T., 2012 — Legalon® SIL: The antidote of choice in patients 
with acute hepatotoxicity from Amanita Poisoning. Current Pharmaceutical Biotechnology 
13: 1964-1970.



238	 S. Morel et al.

MICHELOT D. & LABIA R., 1988 — α-amanitin: a possible suicide substrate like toxin involving the 
sulphoxide moiety of the bridged cyclopeptide. Drug Metabolism and Drug Interactions 6 
(3-4): 265-274.

NOMURA M., SUZUKI Y., KANEDO R., OGAWA T., HATTORI H., SENO H. & ISHII A., 2012 — 
Simple and rapid analysis of amatoxins using UPLC-MS-MS. Forensic Toxicology 30: 
185-192.

OECKINGHAUS R., CUNEO A., BROCKMEIER J., OECKINGHAUS G.S., DREWEK-PLATENA S., 
HOCHREUTHER S.T., GOETZ J. & TEBBE U., 2012 — Acute hepatic failure after 
ingestion of mushrooms. Internist 53(5): 619-624. 

PARANT F., PELTIER L., LARDET G., PULCE C., DESCOTES J. & MOULSMA M., 2006 — 
Phalloidin syndrome  : role of Elisa-based assay for the detection of alpha- and gamma-
amanitins in urine. Preliminary results. Acta Clinica Belgica. Supplementum 1: 11-17.

PARNMEN S., SIKAPHAN S., LEUDANG S., BOONPRATUANG T., RANGSIRUJI A. & 
NAKSUWANKUL K., 2016 — Molecular identification of poisonous mushrooms using 
nuclear ITS region and peptide toxins: a retrospective study on fatal cases in Thailand. The 
Journal of Toxicological Sciences 41(1): 65-76.

PATOWARY B.S., 2010 — Mushroom Poisoning - an overview. Journal of college of Medical Sciences-
Nepal 6(2): 56-61.

PLANCKE Y., HENICHART J.P. & BERNIER L., 1980 — Mechanism proposal for a fluorescent 
amanitin derivative formation. Zeitschrift für Naturforschung 35 c: 516-518.

POUCHERET P., FONS F., DORE J.C., MICHELOT D. & RAPIOR S., 2010 — Amatoxin poisoning 
treatment decision-making: Pharmaco-therapeutic clinical strategy assessment using 
multidimensional multivariante statistic analysis. Toxicon 55: 1338-1345.

RIECK W. & PLATT D., 1988 — High-performance liquid chromatographic method for the determination 
of α-amanitin and phalloidin in human plasma using the column-switching technique and its 
application in suspected cases of poisoning by the green species of Amanita mushroom 
(Amanita phalloides). Journal of Chromatography 425: 121-134.

RITTGEN J., PUTZ M. & PYELL U., 2008 — Identification of toxic oligopeptides in Amanita fungi 
employing capillary electrophoresis-electrospray ionization-mass spectrometry with positive 
and negative detection. Electrophoresis 29(10): 2094-2100.

ROBERTS D.M., HALL M.J., FALKLAND M.M., STRASSER S. & BUCKLEY N.A., 2013 — 
Amanita phalloides poisoning and treatment with silibinin in the Australian Capital Territory 
and New South Wales. Medical Journal of Australia 198(1): 43-47.

ROBINSON-FUENTES V.A., JAIME-SANCHEZ J.L., GARCIA-AGUILAR L., GOMEZ-
PERALTA  M., VAZQUEZ-GARCIDUENAS M.S. & VAZQUEZ-MARRUFO G., 2008 — 
Determination of α- and β-amanitin in clinical urine samples by Capillary Zone Electrophoresis. 
Journal of Pharmaceutical and Biomedical Analysis 47: 913-917.

RONZONI G., VESCONI S., RADRIZZANI D., CORBETTA C., LANGER M. & IAPICHINO G., 
1991 — Recovery after serious mushroom poisoning (grade IV encephalopathy) with 
intensive care support and without liver transplantation. Clinical case. Minerva Anestesiologica 
57(6): 383-387.

ROUX X., LABADIE P., MORAND C., FONTAINE B. & COUTANT G., 2008 — Mushroom poisoning 
by brunneoincarnata: about two cases. Annales Françaises d’Anesthésie et de Réanimation 
27: 450-452.

SANTI L., MAGGIOLI C., MASTROROBERTO M., TUFONI M., NAPOLI L. & CARACENI P., 
2012 — Acute liver failure caused by Amanita phalloides poisoning. Hindawi Publishing 
Corporation, International Journal of Hepatology Article ID 487480, 6 pages, doi: 
10.1155/2012/487480.

SAVIUC P., FLESCH F. & DANEL V., 2003 — Intoxications par les champignons : syndromes majeurs. 
Encyclopédie Médico-Chirurgicale. Elsevier : Paris. Toxicologie Pathologie Professionnelle, 
16-077-A-10. 10 p. 

SCHENK-JAEGER K.M., RAUBER-LUETHY C., BODMER M., KUPFERSCHMIDT H., KULLAK-
UBLICK G.A. & CESCHI A., 2012 — Mushroom poisoning: A study on circumstances of 
exposure and patterns of toxicity. European Journal of Internal Medicine 23(4): E85-E91.

SCHEURLEN C., SPANNBRUCKER N., SPENGLER U., ZACHOVAL R., SCHULTE-WITTE H., 
BRENSING K.A. & SAUERBRUCH T., 1994 — Amanita phalloides intoxications in a 
family of russian immigrants. Case reports and review of the literature with a focus on 
orthotopic liver transplantation. Zeitschrift für Gastroenterologie 32(7): 399-404.

SGAMBELLURI R.M., EPIS S., LUO H., ANGELOS E.R. & WALTON J.D., 2014 — Profiling of 
amatoxins and phallotoxins in the genus Lepiota by liquid chromatography combined with 
UV absorbance and mass spectrometry. Toxins 6: 2336-2347.



	 Comparison of analytical methods for amatoxin detection	 239

STAACK R.F. & MAURER H.H., 2000 — New Bühlmann ELISA for determination of amanitins in 
urine – Are there false positive results due to interferences with urine matrix, drugs or their 
metabolites? Toxichem Krimtech 68: 68-71.

STIJVE T. & SEEGER R., 1979 — Determination of α-, β-, and γ-amanitin by High Performance Thin-
Layer Chromatography in Amanita phalloides (Vaill. ex Fr.) Secr. from various origin. 
Zeitschrift für Naturforschung 34: 1133-1138.

THIEL C., THIEL K., KLINGERT W., DIEWOLD A., SCHEUERMANN K., HAWERKAMP E., 
LAUBER J., SCHEPPACH J., MORGALLA M.H., KÖNIGSRAINER A. & SCHENK M., 
2011 — The enterohepatic circulation of amanitin: Kinetics and therapeutical implications. 
Toxicology Letters 203: 142-146.

TOMKOVA J., ONDRA P. & VALKA I., 2015 — Simultaneous determination of mushroom toxins 
α-amanitin, β-amanitin and muscarine in human urine by solid-phase extraction and ultra-
high-performance liquid chromatography coupled with ultra-high-resolution TOF mass 
spectrometry. Forensic Science International 251: 209-213.

TRABULUS S. & ALTIPARMAK M.R., 2011 — Clinical features and outcome of patients with 
amatoxin-containing mushroom poisoning. Clinical Toxicology 49: 303-310.

UNVERIR P., SONER B.C., DEDEOGLU E., KARCIOGLU O., BOZTOK K. & TUNCOK Y., 2007 
— Renal and hepatic injury with elevated cardiac enzymes in Amanita phalloides poisoning: 
a case report. Human & Experimental Toxicology 26: 757-761.

VARGAS N., BERNAL A., SARRIA V., FRANCO-MOLANO A. & RESTREPO S., 2011 — Amatoxin 
and phallotoxin composition in species of the genus Amanita in Colombia: A taxonomic 
perspective. Toxicon 58: 583-590.

VARVENNE D., RETORNAZ K., METGE P., DE HARO L. & MINODIER P., 2015 — Amatoxin-
containing mushroom (Lepiota brunneoincarnata) familial poisoning. Pediatric Emergency 
Care 31(4): 277-278.

VETTER J., 1998 — Toxins of Amanita phalloides. Toxicon 36(1): 13-24. 
WARD J., KAPADIA K., BRUSH E. & SALHANICK S.D., 2013 — Amatoxin poisoning case reports 

and review of current therapies. The Journal of Emergency Medicine 44(1): 116-121.
WIELAND T., 1964 — Peptides of Amanita phalloides. Pure and Applied Chemistry 9(1): 145-157.
WIELAND T., 1986 — Peptides of Poisonous Amanita mushrooms. Springer Series in Molecular 

Biology, Springer-Verlag, USA, 256 p.
XUE J.H., WU P., CHI Y.L., XU L.X. & WEI X.Y., 2011 — Cyclopeptides from Amanita exitialis. 

Natural Products and Bioprospecting 1: 52-56.
YILMAZ I., KAYA E., SINIRLIOGLU Z.A., BAYRAM R., SURMEN M.G. & COLAKOGLU S., 2014 

— Clinical importance of toxin concentration in Amanita verna mushroom. Toxicon 87: 
68-75.

YIMAZ I., ERMIS F., AKATA I. & KAYA E., 2015 — A case study: What doses of Amanita phalloides 
and amatoxins are lethal to humans? Wilderness & Environmental Medicine 26: 491-496.

ZHANG J., ZHANG Y., PENG Z., MABERRY D., FENG X., BIAN P., MA W., WANG C. & QIN C., 
2014 — Experience of treatments of Amanita phalloides-induced fulminant liver failure with 
molecular adsorbent recirculating system and therapeutic plasma exchange. ASAIO Journal 
60(4): 407-412.

ZILKER T.H., 2009 — Prognosis and treatment of amatoxin poisoning. Clinical Toxicology 47 (5) 
(Abstracts of the XXIX international congress of the European association of poison centres 
and clinical toxicologists, May 12-15, 2009, Stockholm, Sweden): 467 (abstract 115).




