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f the naturally occurring
vanadium-complex amavadin in Amanita muscaria
with HPLC-ICPMS†

Simone Braeuer, ‡* Martin Walenta, Lorenz Steiner and Walter Goessler

Amanita muscaria, also known as the fly agaric mushroom, can accumulate vanadium (V), with up to several

hundred mg V kg�1 dry mass. It is long known that V is present in A. muscaria as a complex called amavadin,

but methods for the investigation of the distribution and biosynthesis of amavadin in mushrooms are

missing. Here, we describe the development of the first sensitive method for the determination of

amavadin and other V-containing compounds in environmental samples by employing high performance

liquid chromatography (HPLC) and inductively coupled plasma mass spectrometry (ICPMS). A strong

anion-exchange column serves as the stationary phase, and the mobile phase consists of an aqueous

ammonium citrate buffer and ethylenediaminetetraacetate (EDTA). The concentration and pH of the

mobile phase as well as the column temperature were evaluated to optimize the separation. With the

final method, amavadin is eluted in less than 17 minutes, and its limit of detection is 0.05 mg V L�1.

Moreover, the compound's two isomers are separated from each other and can be quantified

independently. The method was applied to extracts of fruit-body samples of A. muscaria. The extraction

efficiency was 74 � 12%, and amavadin accounted for 75–96% of the extracted V. In addition, significant

concentrations of other V species could be detected, which have never been described before. Our

results demonstrate that V speciation in mushrooms is more complex than assumed until now and that

more in-depth investigations on this matter are needed. The developed method enables the

investigation of organic and inorganic V species in the environment, even at low concentrations.
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1 Introduction
1.1 Vanadium

Vanadium (V) is widely distributed in nature, being the 22nd

most abundant element in the earth's crust.1 The essentiality
of V has been proven for some bacteria, terrestrial fungi, lichens
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, state-of-the-art analytical chemistry is of key importance – for
other (interdisciplinary) studies.
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and marine macro-algae,2 but for other living organisms, the
role of V is still unclear.3 Because of the similarity of vanadate
and phosphate, it has been suggested that V could play a role in
the regulation of the phosphate metabolism. A variety of V
compounds are under investigation as potential anti-diabetic
drugs4 and for several other medical applications.5 On the
other hand, V can also be toxic to living organisms.6,7 It is
usually thought that vanadate, the inorganic pentavalent form
of V, is more toxic than V in the oxidation state +4 and that
organic V species are less toxic than inorganic ones.8 However,
the adverse health effects of V exposure are usually only
observed in laboratory animals and people working in the V-
processing industry,3 with a few exceptions.9

Ascidians (sea squirts) and some fan worms can accumulate
incredible amounts of V. The highest concentrations, up to
350 mM (more than 17 000 mg V kg�1), have been reported in
Ascidia gemmata,10 where specialized cells store the element in
its otherwise rather unstable trivalent form.11 Until now, the
actual function of V in ascidians remains elusive.10,12
1.2 Amanita muscaria

Another living organism that accumulates V is the macrofungus
Amanita muscaria (L.) Lam, also prominently known as y
agaric, along with a few closely related species. While most
other mushrooms typically contain less than 0.5 mg V kg�1 dry
mass (dm),13–15 A. muscaria can easily take up more than 100
mg V kg�1 dm.13,16–18

The highest concentrations, namely up to 1000 mg V kg�1

dm, have been found in the “bulb”, which is the lowest part of
the stipe.17,19,20 This part of the fruit body is prone to contami-
nation by soil, and no measures to minimize such contamina-
tion were described in the respective studies. However, the V
concentrations in European top soils are reportedly between
1.28 and 537 mg kg�1, with a median of only 60 mg kg�1.9 This
makes it unlikely that 1000 mg V kg�1 in a mushroom sample
are solely to be attributed to remaining soil particles.

Concerning the other parts of the fruit body, the V concen-
trations in the stipe, cap skin and cap esh were at least two
times lower than in the corresponding bulb sample, while they
were again a little higher in the gills (but still lower than in the
bulb; the concentrations were only shown in a rough graph, so
that no exact numbers can be cited).19 In the spores, only 1–5
mg V kg�1 dm were detected.19 Many other macrofungal species
have been investigated for their V concentrations, including
Fig. 1 Structure of amavadin, schematic representation of its D- and L-

This journal is © The Royal Society of Chemistry 2021
several members of the genus Amanita, but only A. regalis and A.
velatipes accumulated as much V as A. muscaria.17,21
1.3 Amavadin

In 1972, Bayer and Kneifel found that V is present in A. muscaria
as a negatively charged compound (pH 1–10), which they named
“Amavadin”.22 They reported a tentative sum formula for the
compound, and electron paramagnetic resonance (EPR) spec-
troscopy indicated that the oxidation state of V was +4. One year
later, they published a rst structure of the complex.23 Further
structural investigations by EPR, infrared (IR), and other tech-
niques followed, which have been reviewed a few times over the
decades.24–26 EPR spectra suggested that the different parts of
the fruit body contained the same compound.20,27 The rst
synthesis of amavadin was reported in 1986,28 and in the
following years, a new structure of the complex was proposed29

and conrmed by crystallography, X-ray absorption spectros-
copy and nuclear magnetic resonance (NMR) spectroscopy.34,35

Amavadin, as shown in Fig. 1, contains a rather unusual non-
oxo V(IV) ion (the vanadyl ion VO2+ is more common) and can
exist in two isomers, namely D-amavadin and L-amavadin. The
two tetradentate ligands can coordinate to the V center in two
distinct orientations, as shown in Fig. 1. It was reported that
synthetic and also natural amavadin were present in solution in
an almost equal mixture of the D- and L-isomers, although it
was noted that isomerization could theoretically occur aer
extracting or dissolving the compound.30,31 The rst enantiose-
lective synthesis of amavadin was carried out by Hubregtse
et al., who found that the ratio of the diastereoisomersL : Dwas
rst 2.27, but later decreases to 0.8 at equilibrium.32,33

Because of the reversible oxidation of V(IV) to V(V) in ama-
vadin, several studies investigated its catalytic properties. It was
found that a broad range of reactions can be catalyzed by the
complex. This led to the synthesis and investigation of amava-
din analogues with a different metal ion in the center or slightly
modied ligands.35

The biological role of amavadin is unknown. A few proposals
have been made, but none have been proven so far. It has been
speculated that amavadin was part of an ancient, primitive
enzyme, which has been outdated through evolution.26 Other
suggestions are that it serves as a protective agent against
external microbial pathogens or aids the self-regeneration of
damaged fruit-body tissue by cross-linking thiol groups in
proteins.32,34 The ability to mediate water oxidation gave the
helical forms, and structure of vanadyl acetate.

J. Anal. At. Spectrom., 2021, 36, 954–967 | 955

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ja00518e


JAAS Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
m

ar
s 

20
21

. D
ow

nl
oa

de
d 

on
 1

7.
7.

20
25

 0
8:

03
:3

7.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
idea that amavadin is involved in the oxygen production in the
fruit body.35 da Silva et al. speculated that amavadin could react
with the side chains of amino acid residues of proteins, but also
noted that the high coordination number of the complex makes
a permanent coordination to proteins unfavorable.25 This was
conrmed by a recent study, where Ugone et al. showed that
only non-covalent interactions between amavadin and proteins
are possible.36 Finally, the high stability of the complex over
a broad pH range led to the suggestion that amavadin could be
used as a catalyst in an acidic medium, and its chiral properties
could be handy in asymmetric synthesis.25

Of the many old and recent studies on amavadin and
derived complexes, most explored the compounds' physico-
chemical properties and their catalytic behavior. However,
hardly anything is published on amavadin's occurrence,
biosynthesis, and distribution in A. muscaria and other
macrofungi. One exception is a study by Gillard et al., where
EPR data suggested that all parts of the fruit body of A.
muscaria contained the same V compound.20 The only other
notable exception is the work of Koch et al. from 1987, where
they extracted several different mushrooms of the genus
Amanita and different fruit-body parts of A. muscaria with
water at 60 �C and then analyzed with ion-pair chromatog-
raphy and UV-detection.17 They, too, found that amavadin
was present in all the investigated fruit-body parts of A.
muscaria, with concentrations between 15 and 56 mg V kg�1

dm. The highest concentrations were detected in the bulb
samples. The concentrations accounted for only 10 to 20% of
the total V in the samples. As possible reasons for these low
percentages, the authors speculated that the extraction was
maybe not quantitative, that amavadin was degraded in the
extract, or that amavadin was not the only V species in A.
muscaria, although they deemed the last option not very
likely.17 Furthermore, Koch et al. found that amavadin is not
only present in A. muscaria, but also in A. regalis and A.
velatipes.17 In the case of A. rubescens, A. parcivolvata and A.
wellsii, no clear identication of amavadin was possible, due
to the low concentrations.
1.4 Vanadium speciation analysis

Speciation analysis of V is mainly focused on the determination
of V(IV) and V(V) in water and soil extracts,37,38 V porphyrins in
crude oil,39 and molecular size fractions in blood and organ
samples, usually aer the administration of different V
compounds.40

Inductively coupled plasma mass spectrometry (ICPMS) is
nowadays typically used as a sensitive, V-selective detector, but
other techniques have been used in the past as well, like elec-
trothermal atomic absorption spectroscopy, inductively
coupled plasma optical emission spectroscopy or even UV.38

For blood and organ samples, size exclusion chromatog-
raphy (SEC), oen in combination with anion-exchange
chromatography (AEC) has been used to distinguish
between low-molecular mass fractions, high molecular mass
fractions and transferrin-associated V.41,42 Nischwitz et al.
used electrospray ionization tandem mass spectrometry in
956 | J. Anal. At. Spectrom., 2021, 36, 954–967
addition to SEC and tentatively identied a divanadate-
phosphate derivate in liver cells that were exposed to an
antidiabetic V species.43

The V speciation in water and soil extracts usually only
consists of inorganic V(V) and V(IV) ions.37 The speciation anal-
ysis of these samples is nevertheless challenging, because of the
lability of the V species. If the samples are not stabilized prop-
erly, species interconversion can easily take place, especially the
oxidation of V(IV) to V(V).61 For this reason, most methods add
a chelating agent to the samples or the mobile phase, for
example ethylenediaminetetraacetate (EDTA).44,45 The separa-
tion of the formed vanadyl and vanadate complexes is typically
achieved via high performance liquid chromatography (HPLC),
with ion-pair or ion-exchange chromatography.46–51 Capillary
electrophoresis has been employed as well, but only in very few
studies.52 Alternatively, some publications use selective extrac-
tion one of the two V species or solid phase extraction with
selective elution, and apply the developed methods to water,
soil and plant samples.53–55

There are also examples of V speciation analysis with X-ray
absorption spectroscopy, more precisely with X-ray absorption
near edge structure (XANES) spectroscopy, for example of V
compounds in mycelium56 or ascidians.57 These studies were
able to deliver information on the element's oxidation state and
in some cases on its spatial distribution in the sample.

There are only a few publications that do not only distin-
guish between V(IV) and V(V) or between rough molecular mass
fractions, or investigate other sample types than the mentioned
ones. Jensen-Fontaine et al. used HPLC-ICPMS with AEC to
determine V species in the benthic invertebrate Hyalella azteca,
exposed to V.58 Apart from V(IV) and V(V) ions, they also found an
unknown V compound. They speculated that it could be V
associated or bound to a protein or a smaller cellular molecule
of H. azteca, but this still remains to be investigated in more
detail. Kütter et al. used SEC and AEC-UV-ICPMS as well as
matrix-assisted laser desorption/ionization (MALDI) time of
ight mass spectrometry for V speciation analysis in plankton.59

They found a V-containing compound with a mass of 8–16 kDa,
but concluded that it was not possible to further identify this
compound. Finally, in 1987, Koch et al. used ion-pair chroma-
tography with UV detection to determine amavadin in different
parts of Amanita muscaria, as already described earlier.17 This is
the only described chromatographic method for the investiga-
tion of amavadin until now, but it is neither sensitive nor
selective, nor was it validated. The authors themselves write that
the unambiguous identication of amavadin is not possible in
samples with low V concentrations, due to a high background
and “not very characteristic UV spectra”.17 While this work was
useful for a rough estimate of the amavadin concentration in
the samples of Amanita muscaria back in 1987, it does not meet
the criteria for a modern, state-of-the-art analytical method in
2021.

Thus, we developed a sensitive method for the detection of
amavadin and related V species with HPLC-ICPMS. The method
was validated and applied to three fruit-body samples of A.
muscaria, divided into their different parts.
This journal is © The Royal Society of Chemistry 2021
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2 Experimental
2.1 Chemicals and instruments

Ultrapure water (18.2 MU cm) was used throughout the
study. All chemicals were purchased from common chemical
suppliers and used as received without further purication,
if not described otherwise. A detailed description of all
chemicals, including the purity and supplier, can be found in
the ESI (Section 1 “Chemicals and instruments”†). The
employed instruments are also listed in more detail in the
ESI (Section 1†) and are only described in an abbreviated
version here.

Air and moisture sensitive reactions were carried out
following the standard Schlenk technique with Ar as an inert
atmosphere. NMR spectra were recorded on a Bruker Advance
III 300 MHz NMR spectrometer in deuterated solvents. IR
spectra were recorded on a Bruker Alpha FTIR spectrometer.

Electrospray mass spectrometry (ESMS) was performed with
a 6120 Quadrupole LC/MS (Agilent Technologies). A 1260
Innity HPLC (Agilent Technologies) and a Nucleodur C18
Pyramid column (Macherey-Nagel) were used to separate the
compounds for further analysis with ESMS. Total V concentra-
tions were determined with a 7700x ICPMS (Agilent
Technologies).

For speciation analysis, a 1260 Innity HPLC (Agilent Tech-
nologies) was coupled to a 7700x ICPMS or a tandem ICPMS
(ICPMS/MS, 8900, Agilent Technologies). A silica-based strong
anion-exchange column (Zorbax SAX, 4.6 � 150 mm, 5 mm,
Agilent Technologies) was used for the separation of the V
species.

The water content of the mushroom samples was deter-
mined with a SMART Trac II Moisture & Fat Analyzer (CEM). An
Ultraclave IV (MLS GmbH) was used for microwave assisted
digestions. Extracts were centrifuged on a Rotina 420 R (Hettich
Lab Technology). Nylon syringe lters (0.22 mm, Simplepure)
were used for ltering the extracts prior to analysis.
2.2 Synthesis

2.2.1 Dimethyl 2,2'-(hydroxyazanediyl) (2R,20R)-dipropio-
nate (1). In a ame dried, Ar ushed Schlenk ask, methyl-L-
lactate (1.40 g, 13.4 mmol) was dissolved in dry methylene
chloride (40 mL), and the solution was cooled to �60 �C. Tf2O
(1M in dry methylene chloride, 14.7 mL) was added, followed by
lutidine (3.16 g, 29.5 mmol) aer 10 minutes which caused the
solution to turn pale red immediately. Aer another 10minutes,
hydroxylamine solution (1 M in MeOH, 5.36 mL) was added,
and the cooling bath was removed. The reaction mixture was
slightly opaque, but aer warming up to room temperature, all
solids were dissolved. Aer stirring for 16 h, the mixture was
quenched by the addition of water (20 mL), the phases were
separated, and the aqueous phase was extracted with ethyl
acetate (2 � 20 mL). The combined organic phases were dried
(MgSO4) and the solvent was removed on a rotary evaporator.
Purication by SiO2 ash chromatography gave 664 mg (48%) of
1 as a pale-yellow resin. NMR spectra can be found in the ESI
(Fig. S1 and S2†).
This journal is © The Royal Society of Chemistry 2021
1H NMR (300 MHz, CDCl3) d ¼ 5.79 (s, 1H), 5.29 (s, 2H), 3.71
(q, J ¼ 6.9, 2H), 3.70 (s, 6H), 1.33 (d, J ¼ 6.9, 6H). 13C NMR (75
MHz, CDCl3) d ¼ 173.2, 60.9, 53.4, 52.2, 12.6.

2.2.2 (2R,20R)-2,2'-(Hydroxyazanediyl)dipropionic acid (2).
In a round bottom ask, KOH (85% by weight, 310 mg, 6.5
mmol) was dissolved in water (20 mL). 1 (532 mg, 2.59 mmol)
was added, and the mixture was stirred at room temperature for
1 hour. The product suspension was acidied to a pH of approx.
5 by the addition of 2 M HCl. Upon addition of Zn(OAc)2 (1 M in
H2O, 3 mL), a colorless precipitate was formed. The suspension
was transferred into test tubes, centrifuged for ten minutes, and
the liquid was disposed of. The solid was washed twice with
water and centrifuged again. The isolated colorless solid was
dissolved in 5 M HCl (approx. 4 mL) and applied onto a column
packed with Dowex® 50WX2 hydrogen form ion-exchange resin
that was thoroughly rinsed with water prior to use, until the
eluent had a steady pH of �4. Fractions were collected and
checked for product by spotting on a thin layer chromato-
graphic plate, thorough drying and derivatization with KMnO4

staining solution. The removal of water on a rotary evaporator
gave 359 mg (86%) of 2 as a colorless solid. See ESI, Fig. S3 and
S4† for NMR spectra and Fig. S5† for the IR spectrum.

1H NMR (300 MHz, D2O) d ¼ 4.02 (q, J ¼ 7.0, 2H), 1.41 (d, J ¼
7.0, 6H). 13C NMR (75 MHz, D2O) d¼ 174.5, 62.7, 11.6. ESMS:m/
z calc for [M + 1]+: 178, found: 178. IR: 1747 (nCO) cm

�1.
2.2.3 Vanadyl acetate, VO(OAc)2. A suspension of V2O5

(1.00 g, 5.49 mmol) in acetic anhydride (50 mL) was brought to
a reux for 3 h, during which the suspension turned from
orange to pale green. The hot product suspension was ltered,
and the residue was washed with chloroform (3 � 5 mL) and
dried in vacuo to give 1.87 g (92%) of vanadyl acetate (Fig. 1) as
a pale green solid. The IR spectrum is shown in ESI, Fig. S6.†

ESMS: m/z calculated for [M + 1]+: 186; m/z found: 158, cor-
responding to [VO(OOCH)2 + H]+ – owing to the formic acid in
the mobile phase. IR: 1508 (nCO), 894 (nVO) cm

�1.
2.2.4 Amavadin. A solution of 2 (219 mg, 1.24 mg) in water

(5 mL) was added to a suspension of vanadyl acetate (114 mg,
0.62 mmol) in water (3 mL). The mixture was stirred for 1 hour
and the formed blue solution was ltered through a cotton plug,
and the solvent was removed on a rotary evaporator. The crude
product was dried in vacuo to give a 243 mg bright blue solid. It
was a mixture of amavadin (74% w/w, 0.45 mmol, 73% yield)
and vanadyl acetate. Because of the paramagnetic character of
V(IV), no NMR of the product could be obtained. The IR spec-
trum is shown in ESI, Fig. S7.†

ESMS: m/z calc for [M + 3H]+: 402, found: 402. IR: 1561
(nCO) cm

�1.
2.3 Conrmation of the structure and concentration

2.3.1 Structural conrmation by ESMS. For HPLC-ESMS
measurements, a reversed-phase Nucleodur C18 Pyramid
column was used as the stationary phase. The mobile phase
consisted of 0.1% formic acid in water (A) and methanol (B),
with 70% A and 30% B. The ESMS was operated in positive ion
mode. In scan mode, the m/z range 120–600 was scanned, and
in SIM mode, m/z 158, 186 and 402 were monitored. More
J. Anal. At. Spectrom., 2021, 36, 954–967 | 957
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details on the settings of the HPLC-ESMS measurements can be
found in the ESI. Amavadin and vanadyl acetate were dissolved
in ultrapure water (although the latter one was only poorly
soluble60) for the ESMS analyses.

2.3.2 Determination of the standard's concentration via
ICPMS. Amavadin was dissolved in ultrapure water and then
further diluted with 10% nitric acid. Vanadyl acetate was dis-
solved in 10% nitric acid and further diluted as well. The V
concentration of both standards was determined with ICPMS in
He collision gas mode. Details on the measurements are given
in Table 1. An external calibration was used for quantication,
with a V standard in 10% nitric acid, at concentrations from 0.1
to 10 mg L�1. The Standard Reference Material (SRM) 1640a
(trace elements in natural water, n ¼ 1) was used to evaluate the
measurement's accuracy (trueness: 93%).

Ge (m/z 74, 200 mg L�1 in 10% nitric acid) was used as the
internal standard. It was added online via a T-piece in front of
the nebulizer to the calibration standards and the sample. Its
tubing's diameter was 1/4 of the sample tubing.

2.4 HPLC-ICPMS method development

Because amavadin carries two negative charges, an anion-
exchange column (Zorbax SAX) and an aqueous mobile phase
with ammonium citrate (citric acid, pH adjustment with
concentrated aqueous ammonia) were employed. Na2EDTA (10
Table 1 Details on the ICPMS settings, the optimized HPLC-ICPMS
method and the parameters during method optimization

ICPMS measurements
Instrument Agilent 7700x
Collision gas mode He (5 mL min�1)
Monitored m/z 51 (V), 74 (Ge, internal standard)
Integration time 0.1 s per m/z
Intensity of 1 mg V L�1 40 kcps
Oxide ratio (m/z 156/140,
140Ce16O+/140Ce+)

0.5%

Doubly charged ratio (m/z 70/
140; 140Ce2+/140Ce+)

1.3%

Signal stability (RSD) 2–3%

Optimized HPLC-ICPMS method
Instruments Agilent HPLC 1260 Innity and ICPMS

7700x or ICPMS/MS 8900
Collision gas mode He (5 mL min�1)
Monitored m/z 51 (V)
Integration time 0.3 s
Column Zorbax SAX, 4.6 � 150 mm, 5 mm
Mobile phase 10 mM citric acid, 10 mM Na2EDTA,

pH adjusted to 5.0 with aqueous
ammonia

Flow rate 1.0 mL min�1

Column temperature 13 �C
Injection volume 25 mL
Injection speed 100 mL min�1

Evaluated parameters during HPLC-ICPMS method optimization
(starting values in bold)
Concentrations 2, 5, 10, 20, 30, 40, 50 mM citric acid
pH values 4.0, 4.5, 5.0, 5.3, 5.5, 6.0, 6.5, 7.0, 7.5
Temperatures 5, 10, 13, 15, 20, 25, 30. 35, 40, 45 �C
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mM) was added to the mobile phase for complexing all present
smaller V species and thus prohibiting unwanted precipitation
or interconversion. Different column temperatures (5–45 �C),
concentrations of citric acid (2–50 mM) and pH values (4.0–7.5)
were tested to optimize the separation method. The evaluated
parameters and also the nal method are summarized in Table
1. A standard containing 10 mg V L�1 of amavadin and vanadyl
acetate was used for the experiments, dissolved and diluted in
the initial mobile phase (Table 1, “starting values”).

The peaks were integrated at the baseline, with a vertical
division at the valley between the two amavadin isomers.

The resolution R of the amavadin's two isomers was calcu-
lated according to the following formula, where tR1 and tR2 are
the retention times at the peak maxima, and w0.5 h1 and w0.5 h2

are the peak widths at 50% peak height.

R ¼ 1:18� ðtR2 � tR1Þ
ðw0:5h1 þ w0:5h2Þ

The optimized method was validated by performing a cali-
bration from 0.1 to 100 mg V L�1 (calibration points: 0, 0.1, 0.5,
1, 5, 10, 50, and 100 mg V L�1) of amavadin (sum of both
isomers) and vanadyl acetate. The two standards were mixed
together and diluted with the mobile phase (Table 1). The
lowest standard was injected 5 times to determine the limit of
detection (LOD) and limit of quantication (LOQ). The LOD was
calculated as three times the standard deviation, and the LOQ
ten times the standard deviation of the lowest standard. A
standard solution with 10 mg V L�1 of amavadin and vanadyl
acetate was injected six times over the course of a 24 hour long
measurement to evaluate the method's stability. The SRM 1640a
(n ¼ 1) was diluted 1 + 1 with the mobile phase and analyzed
with the developed method to determine the method's
accuracy.
2.5 Mushroom samples

2.5.1 Collection and cleaning. Three fruit bodies of
Amanita muscaria (named A, B and C) were collected in Lachtal,
Austria, in August 2020. The samples were kept at 4 �C over-
night, and then brought to the lab and thoroughly cleaned with
a small brush and moist paper towels. They were separated into
their different parts, as shown in Fig. 2, namely the cap, stipe,
gills, cap skin (hereaer referred to as “skin”, removed from the
cap with a scalpel) and the outer part of the bulb (the lower part
of the stipe), which was a mixture of bulb, mycelium and
residual soil (hereaer referred to as “bulb”). In order to keep as
much mycelium as possible, we refrained from removing the
soil too thoroughly from the bulb samples. Each sample was
homogenized with a small blender (M 20 Universal mill, IKA,
Staufen, Germany). The homogenates were then stored at 4 �C
and prepared for total element determination and speciation
analysis within 24 hours of cleaning. The water content of the
homogenized samples was determined with a SMART Trac II
Moisture & Fat Analyzer.

2.5.2 Sample preparation. For the determination of the
total V concentrations, around 2 g of cap, stipe and gills, and
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Different parts of the fruit body of Amanita muscaria. *The cap
flesh is beneath the skin and not visible.
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0.3–1 g of skin or bulb (less biomass was available) were
weighed into quartz vessels, each sample in triplicates. 5 mL of
nitric acid were added (2 mL in the case of skin samples), and
the samples were digested in a microwave assisted autoclave,
with a loading pressure of 40 bar Ar and a maximum tempera-
ture of 250 �C. The digests were diluted with ultrapure water to
a nal acidity of 10% (v/v) nitric acid. For quality control, the
SRM 1573a (tomato leaves, n ¼ 4) and blanks (n ¼ 6) were
digested as well.

For V speciation analysis, around 2 g of cap, stipe and gills
and 1 g of bulb and skin were extracted with 20mL (10mL in the
case of the bulb and skin) of mobile phase (Table 1). The parts
of sample A were extracted in triplicates, the parts of samples B
and C only one time each, and three blank samples were
prepared. Aer the addition of the mobile phase, the samples
were thoroughly mixed, put in an ultrasonic bath for 20
minutes, centrifuged for 10 minutes, and then ltered through
0.22 mm Nylon lters. The extracts were subjected to HPLC-
ICPMS analysis without further dilution. For the determina-
tion of the extraction efficiency, the extracts were diluted 1 + 99
with 10% (v/v) nitric acid.
2.5.3 Determination of total V

The total V concentrations in the digests and in the diluted
extracts were measured with ICPMS, as already described earlier
for the amavadin standard (Section 2.3.2). In addition to the
digested SRM 1573a, the SRM 1640a (n ¼ 1) was diluted 1 + 9
(10% (v/v) nitric acid) and analyzed as well.
This journal is © The Royal Society of Chemistry 2021
2.5.4 V speciation analysis. The pure extracts were trans-
ferred to polypropylene HPLC vials with polyethylene caps
and a natural rubber septum, and investigated with the newly
developed V speciation analysis method. One replicate of each
A sample was monitored for 60 minutes to look for strongly
retained compounds. An external calibration was prepared,
including amavadin and vanadyl acetate at concentrations
between 0.1 and 100 mg V L�1 (plus a blank). In the case of
amavadin, the calibration line was calculated for the sum of
its two isomers. Since the response of ICPMS is compound-
independent, this calibration was used for the quantica-
tion of the two individual isomers and also for unknown V
species.

The identity and accuracy of amavadin and vanadyl acetate
in the mushroom extracts were conrmed by spiking one
sample (gills A) online via a HPLC autosampler with standard
solutions. For the conrmation of amavadin, 2 mL of extract
were spiked with 20 mL of 100 mg V L�1 of amavadin (see ESI,
Fig. S11†). In the case of vanadyl acetate, 20 mL of extract were
spiked with 1 mL of a 5 mg V L�1 solution of vanadyl acetate. The
ratios were selected to achieve a doubling of the peaks in
question.

3 Results and discussion
3.1 Synthesis

Amavadin was synthesized employing a slightly modied
version of the procedure reported by Hubregtse et al.32 The
ligand was prepared from lactic acid methyl ester, starting with
the conversion of the hydroxyl moiety into the corresponding
triate with triic anhydride in the presence of lutidine, and
subsequent nucleophilic substitution with hydroxylamine to
give 1 (see Scheme 1). The hydrolysis of the methyl esters in
aqueous KOH and precipitation with zinc acetate gave the
desired ligand as the corresponding zinc salt. Ion exchange
chromatography yielded a free ligand (2), that reacted with
vanadyl acetate to form amavadin. A sample of 243 mg of dark
blue crystals was obtained this way. Later analyses with ICPMS,
HPLC-ICPMS and co-chromatography with vanadyl acetate
revealed that 26% (w/w) of the obtained solid still was vanadyl
acetate, and 74% (w/w) was amavadin (see also Section 3.2). This
means that amavadin was synthesized with a yield of 180 mg, or
73%.

Due to the d1 electron conguration of the V(IV) center,
amavadin and vanadyl acetate both are paramagnetic, and thus
NMR could not be performed on the product. The oxidation of
V(IV) to V(V) in DMSO was attempted, as reported in the litera-
ture.31 A sample of amavadin in DMSO-d6 was exposed to the
atmosphere for several weeks, which caused the solution to turn
from blue to red; however still no NMR spectrum was obtained.
It is unclear whether amavadin could not be oxidized
completely or the presence of paramagnetic vanadyl acetate
made the sample immeasurable by standard NMR techniques.

The successful synthesis of amavadin was proven by ESMS
and IR-spectroscopy. The IR spectrum (ESI, Fig. S7†) shows
distinct peaks at wavenumbers reported in the literature.32 The
mass spectrum of amavadin is shown in ESI, Fig. S8 and S9.†
J. Anal. At. Spectrom., 2021, 36, 954–967 | 959
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Scheme 1 Synthesis of amavadin starting from (L)-lactic acid methyl ester.
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The molecule peak for [M + 3H]+ can be seen atm/z 402, besides
lower peaks atm/z 401 and 403, and also sodium adducts atm/z
423, 424 and 425 are visible.
3.2 Method development

Because of the negative charges of amavadin, even at very low
pH values,22 anion-exchange chromatography was selected as
the best option for its chromatographic separation. Citric acid
at pH 5.3 (adjusted with ammonia) in ultrapure water was
selected as the starting point for the mobile phase. At this pH,
citric acid has a dianionic character (pKa values: 3.13, 4.76 and
6.40 61), like amavadin, which should increase the elution
strength of the buffer.

Amavadin was at rst dissolved in ultrapure water. During
method development, it was found that there was another V-
containing compound in the amavadin standard. The rst
logical candidate was vanadyl acetate, the precursor that was
used in the synthesis of amavadin. Thus, vanadyl acetate was
dissolved in the initial mobile phase (Table 1, “starting values”)
and analyzed along with amavadin. The rst results from ESMS
and HPLC-ICPMS showed that the impurity was indeed vanadyl
acetate, which was subsequently included in the calibration
standards. Quantication via ICPMS and HPLC-ICPMS (in the
latter case with vanadyl acetate as the quantication standard
and SRM 1640a as the reference material) showed that 43% of
the total V of the “amavadin standard” was present in the form
of vanadyl acetate (meaning that 26% of the solid material is
vanadyl acetate).

Due to the poor solubility of vanadyl acetate in pure water,
the amavadin standard was henceforth also dissolved in the
mobile phase, to ensure that the vanadyl acetate moiety in the
amavadin standard was quantitatively dissolved. In order to
have similar concentrations of the two V species, additional
vanadyl acetate was added to the amavadin standard. Over the
course of method development, the relative peak areas of both
species remained constant, which indicates that no intercon-
version of the two species was taking place.

Na2EDTA was included in the mobile phase to ensure
a quantitative elution of vanadyl acetate. This can also be
benecial for other small V species, which were not a target of
the developed method, but can nevertheless occur in environ-
mental samples. Vanadyl acetate (that is to say, very likely
vanadyl complexed by EDTA) was eluting signicantly earlier
than amavadin as a clean, symmetric peak at all settings of the
method development and will not be further discussed in this
context.
960 | J. Anal. At. Spectrom., 2021, 36, 954–967
Finally, 20 mM citric acid at pH 5.3 (adjusted with ammonia)
with 10 mM Na2EDTA was selected as the starting point (see
also Table 1). The column oven was set at 25 �C, and the ow
rate was 1 mL min�1. With these rst settings, a double peak
appeared in the chromatogram at 7.1 and 7.5 minutes, corre-
sponding to the two isomers of amavadin. To achieve a good
resolution of these two peaks, the buffer concentration and pH
value, as well as the column temperature, were optimized. The
evaluated conditions are summarized in Table 1, and the
resulting chromatograms are shown in Fig. 3.

The concentration of citric acid was varied between 2 and
50 mM. As can be seen from the resolution values depicted in
Fig. 4A and the chromatograms in Fig. 3A, lowering the
concentration of the buffer improved the separation of the two
isomers. However, this also increased the retention time
signicantly, up to 20 and 21 minutes at 2 mM citric acid. Based
on these ndings, we found that a concentration of 10 mM
provides a good balance between the retention time (second
isomer: 8.9 min at the peak maximum, resulting in a total
chromatogram time of 10 min) and resolution (R ¼ 0.56) of the
amavadin peaks.

As the next step, the column temperature was varied between
5 and 45 �C. With colder settings, the two peaks were better
separated (Fig. 3 and 4B) but also slightly broadened. There was
not much difference between 5 and 10 �C, and so 10 �C was
selected as the best option (R ¼ 0.80). However, it was later
observed that under the given laboratory conditions longer
experiments at 10 �C led to condensation in the column oven,
which eventually resulted in a leak error in the HPLC. To over-
come this problem, the temperature was slightly increased to
13 �C. This enabled a stable measurement for more than 24
hours, with still good resolution.

Finally, the inuence of the pH value on the separation was
evaluated. As can be seen in Fig. 3C and 4C, the two isomers
were not separated any more at pH values above 6.5. Lower pH
values led to a higher resolution, but while the retention times
were 13.4 and 14.4 minutes at pH 5.0 (R ¼ 0.90), they increased
dramatically to over 26 minutes at pH 4.5 and more than 60
minutes at pH 4.0. This is not surprising, because citric acid will
only have one negative charge at those pH values, while ama-
vadin will still have a charge of �2.

In summary, as can also be seen in Table 1, the nal method
included a Zorbax SAX (4.6 � 150 mm 5 mm) silica-based anion-
exchange column and a mobile phase of 10 mM citric acid, pH
5.0, and 10 mM Na2EDTA. The pH was adjusted with ammonia.
The ow rate was 1.0 mL min�1 and the column temperature
This journal is © The Royal Society of Chemistry 2021
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Fig. 3 HPLC-ICPMS chromatograms (V at m/z 51) of amavadin (5 mg V L�1, later-eluting double peak, corresponding to the two isomers) and
vanadyl acetate (5 mg V L�1, first peak) during method optimization. (A) Varying concentration of citric acid, at 25 �C and pH 5.3. The lowest
concentration, 2 mM, is shown in the inset due to the much longer retention times. (B) Varying temperature, at 10 mM citric acid and pH 5.3. (C)
Varying pH, at 10 mM citric acid and 10 �C. The chromatograms at pH 4.0 and 4.5 are shown in the inset due to the much longer retention times.
Offsets of the y-axis in A, B and C: +3 kcps from the previous line. Exception: +1.5 kcps for pH 4.5 in the inset of C.
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13 �C. The injection volume was set to 25 mL, and the injection
speed to 100 mL min�1.

Exemplary chromatograms of 10 and 0.1 mg V L�1 are drawn
in Fig. 5. Note that the retention times are a bit longer than in
This journal is © The Royal Society of Chemistry 2021
the chromatograms obtained during method development
(Fig. 3). An already used column was employed during method
development. To make sure that no previous use had led to
a modication of the stationary phase and therefore inuence
J. Anal. At. Spectrom., 2021, 36, 954–967 | 961
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Fig. 4 Resolution of the two amavadin isomers at different chromatographic settings. (A) Varying concentration of citric acid, at 25 �C and pH
5.3. (B) Varying temperature, at 10 mM citric acid and pH 5.3. (C) Varying pH, at 10 mM citric acid and 10 �C.
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the separation of amavadin, a virgin column was used for
method validation and application to mushroom samples. As
mentioned, this led to an increase in the retention times, but
the resolution of the two isomers was not affected.
3.3 Method validation

Although the two isomers of amavadin were almost baseline-
separated, they were considered as one compound for method
validation and calibration. The values obtained for the indi-
vidual isomers were used to calculate the ratio of the two
isomers.

The method's gures of merit are listed in Table 2. They
include the LOD, LOQ, correlation coefficient R, stability of a 10
mg V L�1 standard during a 24 hour measurement and the
average repeatability of three replicates of the ve mushroom
parts of sample A. The low LODs of 0.04 and 0.05 mg V L�1 for
vanadyl acetate and amavadin, respectively, allow the detection
of traces of amavadin or similar species. With a dilution factor
of 10 (due to the extraction process), the LODs for mushroom
Fig. 5 HPLC-ICPMS chromatograms of V (m/z 51) of the lowest (0.1 mg
and vanadyl acetate, obtained with the optimized method parameters.

962 | J. Anal. At. Spectrom., 2021, 36, 954–967
samples are still below 1 mg V kg�1 (namely 0.4 and 0.5 mg V
kg�1).

The method is very stable; the detected amavadin concen-
trations only vary by around 2.6% (2.8% for vanadyl acetate) in
the re-measured standard. Also, for the mushroom samples, the
repeatability is lower than 5%. The amavadin concentrations in
the three replicates of sample A varied between 1.7 and 5.6% for
the ve different fruit-body parts, while the variations of the
vanadyl acetate concentrations were 4.6 � 2.1%. The highest
relative standard deviations (RSDs) were found in the skin
sample (5.6% and 7.8% for amavadin and vanadyl acetate,
respectively), which can be explained by the difficult homoge-
nization of this part of the mushroom. The accuracy of the
measured SRM, NIST 1640a, was excellent, namely 98.4% of the
total V. The V speciation in this SRM is not dened, but V had
the same retention time as vanadyl acetate (probably eluted as
vanadyl EDTA). The method's accuracy was further conrmed
by the recoveries aer online spiking of an extract (gills A) with
amavadin and vanadyl acetate, which were 90 and 105%,
respectively. Another indirect proof of the method's accuracy is
V L�1) and a medium concentrated (10 mg V L�1) standard of amavadin

This journal is © The Royal Society of Chemistry 2021
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Table 2 Method figures of merit; calibration range: 0.1–100 mg V L�1; stability¼ RSD of six times re-measured 10 mg V L�1 standard; repeatability
¼ mean � standard deviation of the RSD of the three replicates of each mushroom part of sample A. Recovery ¼ results from online spiking an
extract (gills A) with the standards

LOD [mg V
L�1]

LOQ [mg V
L�1] R

Stability
[%] Repeatability [%]

Recovery
[%]

Vanadyl acetate 0.04 0.13 0.9999 2.8 4.6 � 2.1 90
Amavadin 0.05 0.17 0.9999 2.6 3.7 � 1.7 105
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the quantitative column recovery of the mushroom extracts (see
below, Section 3.4.3).

3.4 Mushroom samples

3.4.1 Water content. The water content varied between 88
and 94% for all samples, except the bulb samples, which con-
tained 72, 86 and 84% water (samples A, B and C, respectively).
Concentrations will be given on a wet mass basis, because the
whole experiments were performed with fresh samples.

3.4.2 Total V and extractable V concentrations. In the
digested SRM 1573a, we detected 90 � 1% (n ¼ 4) of the
certied V concentration, and for the SRM 1640a, the trueness
was 95% (n ¼ 1) when determining the V concentrations in the
digested samples, and 98% (n ¼ 1) when the total extractable V
was analyzed.

Concerning the samples of Amanita muscaria, the highest V
concentrations, namely 38–97 mg kg�1, were found in the bulb
samples. In the other samples, the V concentrations were
between 6.4 and 33 mg kg�1. Within each mushroom, the
concentrations in the stipe and gills were very similar. Slightly
lower concentrations were found in the skin, and the caps had
the lowest V concentrations among all fruit-body parts. All
total V concentrations, along with the extractable V concentra-
tions and V species, are listed in Table 3.

Overall, 74 � 12% of the total V was extractable with the
mobile phase. The repeatability of the samples of fruit-body A
Table 3 Concentrations of total V, extractable V and V species in three
efficiencies in % of total V. Sample A was extracted three times, whereas

Sample Total V Extractable V Extraction efficiency

Skin A 8.5 � 0.6 4.2 � 0.3 49 � 4
Cap A 6.4 � 0.3 5.1 � 0.3 80 � 5
Gills A 13.5 � 0.3 9.3 � 0.1 69 � 1
Stipe A 16.4 � 2.2 11.0 � 0.8 67 � 5
Bulb A 38.1 � 0.4 31.0 � 1.0 81 � 3
Skin B 18.0 � 1.3 11 63
Cap B 13.1 � 0.4 11 85
Gills B 25.6 � 0.8 20 79
Stipe B 25.3 � 0.4 18 70
Bulb B 58.1 � 1.6 51 88
Skin C 19.5 � 0.9 12 60
Cap C 18.1 � 0.5 13 73
Gills C 33.0 � 1.2 23 71
Stipe C 27.5 � 0.7 23 84
Bulb C 97.4 � 0.7 90 93

a Species detected at the same retention time as the vanadyl acetate stan
0.0013 mg V kg�1).

This journal is © The Royal Society of Chemistry 2021
was between 1 and 7% (three replicate extractions per sample).
The bulb samples had the highest extraction efficiencies of 81–
93%, while the lowest extraction efficiencies were found for the
skin samples, with 50–63%. It will be interesting to see in future
studies whether an extended extraction time or higher
temperature can lead to an increased extraction efficiency in
Amanita muscaria samples.

3.4.3 V species. The concentrations of the detected V
species in the fruit-body samples are given in Table 3. The
identity of amavadin was conrmed by spiking a diluted extract
of gills A with a standard solution, containing 100 mg V L�1 of
amavadin and vanadyl acetate (see chromatograms in ESI,
Fig. S11†). The data showed quantitative column recoveries
(sum of all detected V species divided by the extractable V), with
98 � 9%. Amavadin accounted for 4.0–83 mg V kg�1, which is
75–96% of the extractable V. It was not possible to determine
which peak was the L- and which one the D-isomer, and thus
the earlier eluting isomer will be referred to as isomer 1, and the
later eluting one as isomer 2. The ratio of isomer 2 to isomer 1
was very constant, between 1.9 and 2.2, in all samples except the
bulbs. There, the ratio was 2.4, 2.4 and 2.3 for samples A, B and
C, respectively. Interestingly, the ratio was only 0.90 � 0.05 in
the synthetic standard solutions. In other words, the two
isomers were present at almost equal concentrations in the
synthetic amavadin, while the concentrations of isomer 2 were
more than twice as high as that of isomer 1 in Amanita muscaria
fresh fruit bodies of Amanita muscaria, in mg V kg�1, and extraction
B and C were only extracted once.

Amavadin Vanadyl acetatea Unknown 1 Other species

4.0 � 0.2 0.0040 � 0.0003 0.27 � 0.01 0.32 � 0.03
4.8 � 0.2 Tracesb 0.32 � 0.03 0.19 � 0.02
8.1 � 0.1 0.0035 � 0.0001 0.50 � 0.03 0.20 � 0.01
10.3 � 0.6 0.037 � 0.001 0.48 � 0.04 0.28 � 0.09
26.2 � 0.8 0.60 � 0.01 1.21 � 0.03 0.59 � 0.13
11 0.0088 0.63 0.26
11 0.0030 0.63 0.17
16 0.0048 0.92 0.27
17 0.075 0.71 0.31
38 1.8 1.6 1.1
11 < 0.0004 0.92 0.35
12 0.0033 0.66 0.34
22 0.0086 1.1 0.58
21 0.068 0.82 0.51
83 1.4 2.9 1.2

dard (vanadyl EDTA). b Traces: between the LOD and LOQ (0.0004 and
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Fig. 6 HPLC-ICPMS chromatogram of V (m/z 51) in bulb A, presented
in different variants. (A) 0–20minutes. (B) 0–20minutes, zoomed in to
see lower abundant species. (C) 0–60 minutes, zoomed in.
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extracts. Over the course of the 24 hour measurement, no inter-
species conversion was observed in the re-measured standard,
nor in the extracts. It is possible that naturally occurring ama-
vadin is present in an asymmetric environment that might favor
one diastereoisomer over the other.

Besides amavadin, other V-containing compounds could be
detected in the extracts as well. A typical chromatogram of
a bulb sample is drawn in Fig. 6, and the concentrations are
given in Table 3.

The peak representing vanadyl acetate was present in most
samples, but usually at low concentrations, accounting for only
0.02–0.43% of the extractable V except in the bulb samples,
where it accounted for up to 1.8 mg V kg�1 (3.4% of the
extractable V). As already mentioned earlier, the vanadyl moiety
of vanadyl acetate was very likely complexed by EDTA. In real
samples, the same will apply to any present vanadyl ions, and
they will show the same retention behavior as vanadyl acetate.
This was conrmed by preliminary experiments in our lab. For
future investigations on environmental V speciation, it will be
important to evaluate the behavior of small inorganic V species
with our method systematically, but it was beyond the scope of
the present study.

At around 10 minutes, another double peak can be found
(Fig. 6B). It accounted for 3.1–4.4% of the extractable V
(“unknown 1”). The highest relative concentrations were found
in the skin samples, with 5.6–7.8% of the extractable V, while it
accounted for only 3.4 � 0.4% of the extracted V in the bulb and
4.0 � 0.4% in the stipe samples. In gills and cap samples,
between 4.6 and 6.2% of the extractable V was present as
unknown 1. The peak's shape was very similar to that of ama-
vadin, albeit at a much lower concentration. The chemical
structure of this compound(s) is unknown, but it can be spec-
ulated that it is related to amavadin, for example a precursor or
homologue, and is also present in two isomeric forms. The ratio
of the second to the rst peak in bulb and stipe samples is
a little lower than in the case of amavadin, namely 1.6–2.1. In
the cap, gills and skin samples, however, the ratio is between 2.2
and 2.6.

During the measurement of the rst samples, it was
observed that the extracts also contain V species that are
retained much longer on the column than amavadin. There-
fore, replicate 1 of each part of fruit-body A was injected again
and monitored for 60 minutes instead of 20. The whole chro-
matogram of the bulb sample is shown in Fig. 6C, and the
other chromatograms can be found in ESI, Fig. S11.† In all
parts of Amanita muscaria, we detected one to two peaks
between around 20 and 30 minutes (“unknown 2 and 3”). They
only accounted for around 0.15% of the extracted V in the skin,
cap and gills, but were more abundant in the stipe (1.8% of the
extracted V) and bulb (5.7%), where also two more small peaks
appeared at around 20 and 30 minutes, respectively. Finally, at
52 minutes, a small peak could be found in all ve chro-
matograms. The compound's V concentration was very low,
only 0.01–0.13% of the extracted V, but it would still be
interesting to explore the identity of this extremely strong
retained species in the future.
964 | J. Anal. At. Spectrom., 2021, 36, 954–967 This journal is © The Royal Society of Chemistry 2021
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4 Conclusion and outlook

We synthesized amavadin and developed a sensitive anion-
exchange HPLC-ICPMS method for the separation and detec-
tion of amavadin and its two diastereoisomers with a limit of
quantication of 0.17 mg V L�1.

We applied the method on the extracts of fruit-body samples
of Amanita muscaria. 75–96% of the extracted V was found in the
form of amavadin. We also found other V species in the extracts,
of which one was eluting with a similar double-peak prole to
the two diastereoisomers of amavadin. Additionally, long
retained V containing signals were detected in all the investi-
gated parts of the mushroom (bulb, stipe, cap, skin, and gills).

Our results add valuable and unique information to our
knowledge on amavadin in mushrooms. The new method
allows vanadium speciation analysis at trace concentrations in
mushrooms and other environmental samples.

Until now, it was assumed that only Amanita muscaria and its
few closely related species contain amavadin, because of their
extraordinary V concentrations. With the developed method, it
can be explored whether traces of amavadin are present in other
environmental samples as well. This will help in elucidating the
biogeochemical pathway of V and its role in the environment.
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