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The efficiency of enzymatic hydrolysis and leaching with water using accelerated solvent extraction
(ASE) or boiling was investigated for quantitative Se speciation in selenized potatoes using reversed
phase HPLC coupled to ICP-MS. Preliminary identification of selenomethionine (SeMet), Se-
methylselenocysteine (SeMeCys), and selenate in extracts of potato skin and flesh was achieved
using complementary reversed phase and anion-exchange HPLC-ICP-MS and retention time matching
with standards. The quantitative speciation data revealed a higher percentage of selenomethionine
(73% of the total Se) found in the flesh in comparison with skin (containing 21% of the total Se as
SeMet). ASE and boiling in water were found to be similar in terms of Se extraction efficiency and
profiles. However, ASE was found to be more efficient than boiling with respect to sample cleanup
and reduced sample handling. The presence of SeMet at parts per billion levels in selenized potatoes
was confirmed by reversed phase HPLC with online ESI MS/MS.
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INTRODUCTION

Selenium is an essential nutrient for humans (1). However,
the content of this mineral in the ordinary diet in Europe and
other parts of the world is insufficient, a fact that has engaged
pharmaceutical and food companies in the production of Se-
enriched food and supplements in an effort to increase Se intake
levels (2-5). A long-term solution to increase Se intake levels
has been the enrichment of crops with Se-containing fertilizers
(6-8). Regulation of the manufacture of specific Se species in
food would enable better safety and quality-control measures
to be implemented. There is also a need to know to which Se
species beneficial or detrimental health effects can be attributed
(3, 5, 9, 10). Currently there is a lack of this relevant
information.

The need for characterization of a new range of Se-enriched
food in terms of measurement and identification of different
chemical forms of Se has led to development of state-of-the-

art analytical techniques; must successful strategies are based
on the complementary use of elemental and molecular mass
spectrometry with high-resolution separation techniques
(7, 8, 11-15).

A key outstanding challenge is the clear tradeoff between Se
extraction efficiency and preservation of identity of the com-
pounds, which is associated with most of the existing extraction/
digestion procedures used prior to quantification by HPLC-ICP-
MS. Extraction methods that mimic the physiological conditions
in the body and/or food cooking in real life are of paramount
importance to obtain useful speciation information from food
analysis (3, 5, 9, 10). Without such knowledge, false conclusions
may be drawn when optimal selenium nutrition is assessed.
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Table 1. Concentrations of Total Se and Selenomethionine in Potato
Water Extracts Obtained by ASE and Boiling in Watera

total Se SeMet (as Se)

potato sample boiling (ng/g) ASE (ng/g) boiling (ng/g) ASE (ng/g)

skin 814 ( 17 815 ( 17 176 ( 8 183 ( 8
flesh 398 ( 12 402 ( 11 321 ( 14 321 (15

a Precisions (as SD) are calculated from three independent determinations.
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Hydrolysis with proteolytic enzymes, which mimics the
physiological conditions in the body, or acid hydrolysis with
methanesulfonic acid, a harsher chemical extraction, has led to
the highest extraction efficiencies of Se (mostly as SeMet) from
Se-enriched food and supplements (16-26). Moreover, previous
studies have suggested that cooking often reduces the Se content
of most foods. For example, losses of Se of approximately 40
and 85% from mushrooms and garlic have been reported during
boiling owing to leaching with water (3, 15).

This study was designed to investigate for the first time the
effect of different extraction and cooking procedures on the Se

species distribution obtained by HPLC-ICP-MS and HPLC-ESI
MS/MS in selenized potatoes for human consumption, which
were grown in the presence of Se-containing fertilizers. The
efficiency of extraction methods such as hydrolysis with
proteolytic enzymes, which mimics the physiological conditions
in the body, and leaching with water using accelerated solvent
extraction (ASE) or boiling, which mimics food cooking in real
life, for quantitative Se speciation in potato skin and flesh by
complementary reversed phase and anion-exchange HPLC
coupled with ICP-MS has been investigated. Structural confir-
mation of the major Se species detected by HPLC-ICP-MS in

Figure 1. Elution profiles of Se by reversed phase HPLC-ICP-MS for the enzymatic extracts from (A) potato skin and (B) flesh and for (C) a Se standard mixture
containing 3 µg L-1 Se as selenocystine (Se(Cys)2), 2.5 µg/L Se as selenite, 5 µg/L Se as SeMeCys and SeMet, and 25 µg/L Se as γ-glutamyl-SeMC. (Insets)
Chromatograms with an expanded scale. Peak identification in sample chromatograms: 1, SeMeCys; 2, SeMet; U, unknown Se peak.
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potato enzymatic extracts was addressed using reversed phase
HPLC in online combination with ESI MS/MS in selected

reaction monitoring mode. To do this, for species present at
low concentrations (minor Se peaks), it was necessary to develop
a sample cleanup/preconcentration method.

MATERIALS AND METHODS

Instrumentation. Extraction of the water-soluble seleno compounds
from potato was carried out by accelerated solvent extraction (ASE)
using a Dionex ASE 200 system (Sunnyvale, CA) or cooking in boiling
water. Enzymatic hydrolysis of samples was performed using a
hybridization oven model HB-2 (Techne, Duxford, Cambridge, U.K.),
in which homogenization of samples and the buffered enzyme can be
accomplished during incubation.

For acidic digestion of the solid sample a microwave oven model
Multiwave 3000 (Anton Paar, Graz, Austria) was employed.

HPLC-ICP-MS measurements were performed using an Agilent
Technologies 1200 HPLC system (Palo Alto, CA) for chromatographic
separations and an Agilent 7500i ICP-MS for element-specific detection.
Reversed phase HPLC was performed on a 250 mm × 4.6 mm i.d, 5
µm, Zorbax Rx-C8 column (Agilent). Anion-exchange HPLC was
performed on a 250 mm × 4.1 mm i.d., 10 µm, PRP-X 100 column
(Hamilton Co., Reno, NV). The HPLC column was directly connected
to the 100 µL/min PFA microflow concentric nebulizer of the ICP-MS
via 30 cm × 0.1 mm i.d. PEEK tubing. Agilent Technologies ICP-MS
chromatographic software (G1824C version C.01.00) was used for
integration of the chromatographic signal. The optimum ICP-MS
settings and HPLC conditions were as follows: ICP-MS RF power,
1200 W; plasma Ar flow rate, 15 L/min; makeup Ar flow rate, 0.29
L/min; nebulizer Ar flow rate, 0.89 L/min; spray chamber temperature,
2 °C; isotopes monitored, 77Se, 82Se; points per spectral peak, 1;
integration time per mass, 100 ms; HPLC mobile phase, 0.1% formic
acid, 2% (v/v) MeOH; flow rate, 0.5 mL/min; and injection loop, 50
µL.

For the HPLC-ESI MS/MS experiments, a 4000 QTRAP mass
spectrometer (ABI/MDS Sciex) and an Agilent Technologies 1100
HPLC system were used. The effluent of the reversed phase HPLC
column (0.5 mL/min) was fed directly into the electrospray source using
50 cm × 0.1 mm i.d. PEEK connecting tube. Confirmation of the
presence of SeMet was on the basis of chromatographic retention time
while the MS was operated in SRM mode. Data acquisition and
processing were performed using ABI Analyst software version 1.4.1.
The optimum ESI MS/MS instrumental parameters for online measure-
ments with HPLC were as follows: mode, positive ion; source, turbo
V ion spray; capillary voltage, 3.2 kV; desolvation temperature, 700
°C; nebulization gas, 80 psi; turbo gas, 50 psi; curtain gas, 35 psi;
declustering potential, 30 V; collision energy, 24 eV; and collision gas,
nitrogen.

Reagents, Standards, and Samples. Chemical substances were
purchased from Sigma-Aldrich (St. Louis, MO) unless stated otherwise.
The standard of L-γ-glutamyl-Se-methylseleno-L-cysteine was purchased
from PharmaSe (Lubbock, TX). A single-standard stock solution (1
mg/g) was prepared by dissolving the Se standard substance in ultrapure
water. This stock solution was kept at 4 °C in the dark.

Methanol (Fisher Scientific, Loughborough, U.K.) was of HPLC
grade. All of the reagents used were of the highest available purity.
Deionized water (18 MΩ cm) was obtained from an Elga water
purification unit (Elga, Marlow, Buckinghamshire, U.K.). Superpurity
concentrated nitric acid was purchased from Romil (Cambridge, U.K.).

A standard solution of 10 µg/kg of Se in the corresponding mobile
phase was prepared from a 1000 mg/kg Se reference solution (Romil)
and used for the daily optimization of the ICP-MS parameters.

Selenized potatoes grown in the presence of Se-containing fertilizers
were kindly provided by Mark Law from Nutrilaw Ltd. (Narborough,
Norfolk, U.K.). Potatoes were peeled. and the flesh was cut into small
pieces. Skin and flesh fractions were freeze-dried, ground, thoroughly
homogenized, treated, and analyzed as independent samples. Sample
homogenates were stored in the dark at -80 °C before extraction of
Se compounds from the solid matrix was undertaken.

Procedures. Determination of Total Se. Half a gram of potato skin
or flesh was accurately weighed into a Teflon microwave digestion
vessel. Digestion was performed using a nitric acid/hydrogen peroxide

Figure 2. Elution profiles of Se by reversed phase HPLC-ICP-MS for the
aqueous extracts from (A) potato skin and (B) flesh. Peak identification:
1, SeMeCys; 2, SeMet; U, unknown Se peak.

Figure 3. HPLC-ICP-MS chromatograms of a (1:3) diluted unspiked skin
aqueous extract (gray) and of a (1:3) diluted skin aqueous extract spiked
with a standard of γ-glutamyl-Se-methyl-selenocysteine (black).

Figure 4. Se profiles obtained by HPLC-ICP-MS for the partially purified
skin fraction (black) and for the whole skin extract (gray).
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(1:1, v/v) solution in a microwave oven, as described previously (23).
Digested samples were appropriately diluted with ultrapure water before
analysis by ICP-MS. Quantification was performed by external calibra-
tion, monitoring the isotopes 77Se and 82Se and using Ge and Rh as
internal standards. The isotope ratio 77Se/82Se was also monitored to
check for possible matrix-induced interferences (e.g., Cl- or Br-based
interferences) on the detection of such Se isotopes. A cod muscle CRM
422 (IRMM, Geel, Belgium) with a certified Se concentration value of
1.63 ( 0.07 µg/g for Se was used for evaluation of the accuracy of the
procedure.

Extraction of Water-Soluble Selenium Species. Two extraction
procedures (ASE and boiling in water) were evaluated. For determi-
nation of total Se, the 1:10 diluted extract was analyzed by ICP-MS as
described above. For Se speciation analysis, the extract was filtered
(0.45 µm acetate cellulose filter) and diluted with ultrapure water just
before it was applied to the HPLC column.

Accelerated SolVent Extraction. Flesh (0.2 g) and skin (0.3 g),
accurately weighed, were submitted to extraction with water using an
ASE system and the procedure described previously (27).

Boiling in Water. Flesh (0.2 g) or skin (0.3 g) was accurately weighed
into a 100 mL Pyrex reaction vessel. The vessels were placed on a
hotplate, and water was left to boil for 30 min. Extracts were cooled
to room temperature, and a 10 mL aliquot was then carefully pipetted
into a 10 mL tube to separate the aqueous extract to be analyzed for

total Se and Se speciation from the floating solid residue because this
could not be simply achieved by centrifugation.

Extraction of Protein-Bound Selenium. To release protein-bound
selenium, enzymatic hydrolysis with protease, lipase, and Driselase was
the method of choice. Forty milligrams of protease and 20 mg of lipase
in 5 mL of a previously degassed 30 mmol/L Tris-HCl buffer solution
(pH 7.5) were added to 0.4 g of skin or flesh. Incubation at 37 °C was
then carried out in the dark for 20 h. During enzymolysis, the sample
slurries were constantly and gently homogenized, using a rotary shaker
set at 60 rpm. Hydrolyzed samples were centrifuged at 3000 rpm for
30 min and the supernatants filtered and stored at -20 °C. The residue
was then subjected to proteolytic digestion with one more fresh buffered
enzymatic solution also containing 100 mg of Driselase, used to release
cell wall-bound components. Finally, the two supernatants were pooled,
filtered, and appropriately diluted with water before Se speciation
analysis.

Se Speciation Analysis by HPLC-ICP-MS. For determination of
SeMet and SeMeCys, a 50 µL portion of the 1:2 diluted extract was
analyzed by RP HPLC-ICP-MS at the flow rate of 0.5 mL/min using
a water/methanol (98:2, v/v) mixture containing 0.1% (v/v) formic acid
as the mobile phase. Anion-exchange HPLC-ICP-MS was used for
determination of selenate in enzymatic extracts of skin and flesh. To
do this, 50 µL of the digest was injected, and elution was achieved by
using 5 mM ammonium hydrogencitrate (pH 5.9) in 2% (v/v) methanol

Figure 5. HPLC-ESI MS/MS chromatograms (SRMs of four transitions) of (A) a selenomethionine and Se-methyl-selenocysteine standard mixture and
(B) the partially purified skin fraction.
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at 0.9 mL/min. Calibration was carried out by the standard addition
technique at three concentration levels, using peak area measurements
of the chromatographic signals by monitoring the 82Se signal. The
standard solution used for calibration was characterized for its total Se
content by ICP-MS.

RP HPLC-ESI MS/MS Analysis. The effluent of the reversed phase
HPLC column was fed directly into the electrospray source. Confirma-
tion of the presence of SeMet and SeMeCys was on the basis of
chromatographic retention time while the MS was operated in selected
reaction monitoring (SRM) mode. The most abundant transitions m/z
198 > m/z 181 (loss of OH) and m/z 198 > m/z 109 (formation of the
ion fragment CH3SeCH2

+) and m/z 184 > m/z 167 (loss of OH) and
m/z 184 > m/z 95 (formation of the ion fragment SeCH3

+) were
monitored for SeMet and SeMeCys, respectively.

Collection and Lyophilization of the Unknown Se Fraction. Freshly
1:2 diluted skin digests of 50 µL were applied to the RP-HPLC column.
HPLC separation was carried out as described above. For partial
purification of the unknown Se fraction (retention time of 16.7 min)
the HPLC effluent was collected in vials during 0.8 min (between 16.4
and 17.2 min) for every chromatographic run replicate. The collected
fractions from 17 independent injections were pooled and freeze-dried.
Dissolution of the lyophilisate in 100 µL of water was performed prior
to its analysis by RP HPLC-ESI MS/MS.

RESULTS AND DISCUSSION

Total Se Content of Selenized Potatoes. As a first step, the
potato flesh and skin were analyzed for their total Se content
using the procedure described above. The concentration of Se
found in the skin (1990 ( 40 ng/g Se) was approximately 3-fold
higher than that found in the flesh (670 ( 20 ng/g Se). Precisions
(as SD) were calculated from six independent determinations
(n ) 6). Recovery of total Se from the cod muscle CRM
averaged 98 ( 3% (n ) 4).

HPLC-ICP-MS Analysis of Enzymatic Hydrolysates. Ex-
traction with proteolytic enzymes, which mimics the physi-
ological conditions in the human intestine, has been the most
widely used approach to release protein-bound SeMet from Se-
enriched food and supplements (17, 22, 25, 28).

HPLC-ICP-MS chromatograms of enzymatic extracts of
potato skin and flesh obtained by enzymatic hydrolysis under
the conditions given above are shown in Figure 1. The HPLC
chromatogram obtained for a selenium standard mixture is also
given in this figure. On the basis of retention time matching
with Se standards, SeMet (peak 2) could be identified as the
major species in enzymatic hydrolysates of both skin and flesh.
Also, both extracts seemed to contain SeMeCys (peak 1) as a
minor species. The chromatograms in Figure 1 also show an
unknown Se peak (U) at 16.7 min (with the highest abundance
in skin), which could not be identified by spiking experiments.

The concentrations of selenomethionine and selenate found
in potato skin and flesh by HPLC-ICP-MS following multistep
enzymatic extraction were 420 ( 20 ng/g (SeMet, as Se) and
154 ( 16 ng/g (selenate) and 490 ( 30 ng/g (SeMet, as Se)
and 44 ( 4 ng/g (selenate), respectively. Precisions (as SD)
are calculated from three independent determinations. Se relative
detection limits (3σ criterion for three replicates in each case)
obtained for SeMeCys and SeMet (by reverse phase HPLC-
ICP-MS) and for selenate (by anion-exchange HPLC-ICP-MS)
were 10.1 ( 0.5, 14.5 ( 0.7, and 6.3 ( 0.3 ng/kg, respectively.
Recoveries of the spiked SeMet and selenate averaged 95 ( 5
and 101 ( 8%, respectively. Whereas SeMet appears to be the
major Se species in flesh (73% of the total Se), it seems to
comprise only 21% of the total Se in skin. The potato flesh and
skin were also found to contain 6 and 8%, respectively, of the
total Se as selenate. Clearly, a high percentage of Se (ap-

proximately 70% of the total Se) associated with other Se species
(including peak U) in the skin remains undetected and/or
unidentified using this methodology.

Comparison of ASE and Boiling in Water for HPLC-ICP-
MS Analysis of Water-Soluble Selenium. Boiling potatoes in
water is a common cooking procedure in real life. On the other
hand, ASE is an automated, high-throughput operation technique
used for the extraction of solid and semisolid sample matrices
using common solvents at elevated temperatures and pressures
with reduced sample handling. Moreover, ASE (at tempera-
tures between 100 and 115 °C) was found to offer clear
advantages in terms of automation and sample throughput in
comparison with conventional methods (e.g., the standard
sonication method) for extraction of Se compounds from yeast
materials in water. This was achieved without sacrifice in
selenium recovery and speciation integrity (18).

In this study, ASE (at 100 °C) is compared in terms of
extraction efficiency of water-soluble total Se and Se species
with potato cooking by boiling in water. As a first step, the
potato extracts obtained using these procedures at extraction/
cooking times of 15, 30, and 45 min were analyzed for their
total Se content. Recovery of total Se from flesh and skin was
found to increase from 50.9 ( 2.5 and 31.0 ( 1.7%, respectively
(for 15 min extraction/cooking time), to 59.7 ( 2.8 and 40.9 (
2.0%, respectively, for a total extraction/cooking time of 30 min
(two ASE cycles, each of 15 min). Because longer times of
extraction/cooking did not further improve recovery of total Se
from dry potato samples, an extraction/cooking time of 30 min
was selected as optimal for further work.

Table 1 summarizes the results obtained for total Se and
SeMet in potato extracts obtained by ASE and boiling in water
under optimal conditions. As can be seen, the concentrations
of both Se and SeMet using the two extraction methods agree
very well. As noted earlier, losses of about 60 and 41% of the
total Se from flesh and skin, respectively, owing to leaching in
water were observed. It is interesting to note that approximately
80% of the total water-soluble Se from flesh can be found as
SeMet. ASE was, however, found to be more efficient than
boiling with respect to sample cleanup and reduced sample
handling because this system integrates sample extraction and
cleanup, which are performed within the extraction cell,
producing a clean extract that is ready for speciation analysis.
Therefore, ASE was selected for further experiments.

The HPLC-ICP-MS chromatograms obtained for water
extracts from potato skin and flesh are shown in Figure 2. As
shown, Se seems to be associated with different chromatographic
fractions; two of these compounds can be tentatively identified
as SeMeCys (peak 1 at 6.8 min) and SeMet (peak 2 at 11 min)
on the basis of comparison with the corresponding retention
times for known standards. As previously observed for the
enzymatic extracts, an unknown Se peak at 16.7 min (with the
highest abundance in skin) could be detected by HPLC-ICP-
MS. As previously reported (27), the standard of γ-glutamyl-
Se-methyl-selenocysteine appears to elute from the reversed
phase column at a retention time very similar to that of the
investigated unknown Se peak under the conditions described.
Moreover, like the unknown peak at tR ) 16.7 min, the dipeptide
species is known to occur in Se food/supplements not incor-
porated into proteins but easily extractable by leaching into water
(27). For these reasons, investigation on the origin of this water-
soluble Se species (tR ) 16.7 min) was attempted by HPLC-
ICP-MS after spiking of the skin extract with a standard of
γ-glutamyl-Se-methyl-selenocysteine. The results are shown in
Figure 3, which reveal that the unknown Se peak does not
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correspond to γ-glutamyl-Se-methyl-selenocysteine (tR ) 17.8
min). To obtain information on the identity of this unknown
minor Se species (tR ) 16.7 min), fraction collection and
lyophilization were performed prior to its analysis by online
HPLC with parallel ICP-MS and ESI MS/MS.

As a first step, the speciation analysis of Se in the partially
purified fraction of potato skin was undertaken using RP HPLC
combined with ICP-MS. The speciation results shown in Figure
4 point to the presence of two main Se peaks; assignments based
on retention times suggest that these Se species correspond to
SeMeCys (peak 1) and SeMet (peak 2). The chromatogram of
the whole skin extract is also shown for comparison with the
elution profile of Se for the partially purified fraction. Results
also show that the peak area of the Se species with a retention
time of 16.7 min (unknown Se compound) decreased for the
collected/preconcentrated fraction, suggesting transformation or
breakdown of the unknown Se species, probably occurring
during sample cleanup and/or preconcentration. To further verify
this, the Zorbax Rx-C8 HPLC column was connected to the ESI
MS/MS instrument and the analysis of the partially purified
fraction of potato skin was carried out in SRM mode.

Se Compound Identification by HPLC-ESI MS/MS. In-
Vestigation of the Origin of the Unknown Se Peak (U). Specific

transitions from the precursor ion to product ions (obtained by
CID) were selected to be monitored by MS/MS on the basis of
the product ions found for the SeMet and SeMeCys peak in
standard solutions (18). Figure 5 shows the SRMs of the most
abundant transitions m/z 184 > m/z 167 and m/z 184 > m/z 95
and m/z 198 > m/z 181 and m/z 198 > m/z 109 obtained for
standard solutions of SeMeCys and SeMet, respectively (Figure
5A) and for the collected skin fraction (Figure 5B), which occur
at the retention time of SeMeCys (6.8 min) and SeMet (11.0
min). The relative abundance ratio of the two transitions
obtained for the skin fraction was found to match the comparison
standards within (4%. This is consistent with the presence of
SeMet and SeMeCys in the investigated skin fraction, as
detected by HPLC-ICP-MS. Further studies involving develop-
ment of more efficient sample cleanup/preconcentration strate-
gies in combination with HPLC-ESI MS/MS should be pursued
to elucidate the structure of the unknown Se peak (16.7 min)
detected in potato skin and, to a lesser extent, in flesh extracts
by HPLC-ICP-MS.

Confirmation of the Presence of SeMet as a Major Compound
in Selenized Potatoes. To verify the presence of SeMet in
selenized potatoes, the water and enzymatic extracts were further
analyzed by online RP HPLC-ESI MS/MS. Figure 6 shows the

Figure 6. HPLC-ESI MS/MS chromatograms (SRMs of two transitions) of (A) an aqueous extract and (B) an enzymatic extract of selenised potatoes.
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SRMs of the most abundant transitions obtained for an aqueous
extract (Figure 6A) and an enzymatic extract (Figure 6B) from
selenized potatoes, which occur at the retention time of those
obtained for a SeMet standard (see Figure 5A). It is also clear
that another peak (retention time of 10 min) for the two
transitions appears in the chromatogram of the enzymatic extract.
This peak corresponds to ions having the same m/z and losing
a fragment of the same m/z, but the relative abundance ratio of
the two transitions at tR ) 10 min did not agree with that of the
SeMet standard. However, for both extracts, the relative
abundance ratio of the two transitions at tR ) 11 min was found
to match the comparison standard within (5%. This is
considered to be the first proof of identity of SeMet in selenized
potatoes.

The complementary use of molecular and element-specific
mass spectrometry with liquid chromatography offers a promis-
ing and straightforward approach that can be applied in the
future to the investigation of Se species distribution in other
complex food-type samples. It is clear that the use of a selective
chromatographic method compatible with both ICP and ESI,
which has advantages in terms of robustness, simplicity of
sample preparation, and online detection/identification capabili-
ties over multistep separation/purification approaches, is of
paramount importance to obtain useful speciation information
from food analysis.
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