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Arsenic speciation in a brown alga, Fucus
gardneri, collected in Vancouver, B.C., Canada,
was carried out by using high-performance
liquid chromatography–inductively coupled
plasma–mass spectrometry (HPLC–ICP–MS).
Hydride generation–atomic absorption spectro-
metry (HG–AAS) was used for total arsenic
determination. The relative amounts of some
arsenosugars 1 in growing tips are found to be
different in comparison with the remainder of
the plant. Fucus samples collected in summer
contain 9 ppm of total arsenic. Most of the
arsenic species are extractable.Fucus samples
collected in winter contain relatively higher
amounts of arsenic, 16–22 ppm, but only low
amounts of this are extractable.# 1998 John
Wiley & Sons, Ltd.
Appl. Organometal. Chem.12, 243–251 (1998)
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INTRODUCTION

Arsenic is one of the most notorious elements on
account of its human toxicity, and it occurs in a
variety of different forms. The distribution of
arsenic in natural waters can vary widely depending
on the accessibility of arsenic-bearing rocks and
deposits.1,2 Generally speaking, natural waters

contain arsenic concentrations ranging from 1.0 to
10 ppb with an average of 1.7 ppb: in marine
environments, arsenic concentrations range from
1.5 to 5 ppb.1–3

The toxicity of arsenic compounds depends on
their chemical form. Thus the organometallic forms
of arsenic, which are widely found in marine
animals and plants, are generally less toxic than the
inorganic arsenicals found in the environment.2

Since the early 1900s, a number of different
research groups have been working on the identi-
fication of the chemical forms of arsenic in the
environment. But only in the past 20 years have the
many complexities of arsenic speciation, in marine
animals and plants, been revealed. Arsenic-contain-
ing ribofuranosides (arsenosugars) such as arseno-
sugars1a, 1band1c were found in the brown alga,

Ecklonia radiata, and in a rangeof other marine
macroalgae.4 For example,arsenosugars1a and1b
werefound in the redalgaPorphyratenera(Nori)
and the greenalga Odiumfragile (Miru). Arseno-
sugars1a, 1b and 1c were found in brown algae
Undaria pinnatifida (Wakame), Eisenia bicyclis
(Arame)andLaminaria japonica(Makonbu).4,5

The presentstudy involves an investigationof
theseasonalchangesin arsenicspeciationin Fucus
gardneri, particularlyin thetipsof theplant.Fucus
gardneri is commonly found in British Columbia
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and the speciesgrowson rocks in the middle and
lower intertidal zones;the plant is olive–greento
yellowish–greenin colour.The swollentips of the
branchesof Fucussp., termedreceptacles,are the
reproductiveareas.Scatteredover the surfaceof
these receptaclesare minute openings, called
conceptacles,in which are producedthe sperm
andeggs.6,7 Receptaclesaregenerallyyellowish in
colour.8 Fucus gardneri is the major species
growing in the sampling site, Brockton Point,
StanleyPark,Vancouver.Sampleswere collected
in July, February and May, correspondingto
summer, winter and spring seasons.The same
samplingsitewaschosenfor all collectionsin order
to minimize differences in arsenic speciation
associatedwith geographicalvariations.

A combination of high-performance liquid
chromatographyinterfaced with an inductively
coupled plasma–massspectrometer(HPLC–ICP–
MS) wasusedto identify thearsenicspecieson the
basis of their retention times compared with
chromatographicstandards.

EXPERIMENTAL

High-performance liquid
chromatography±inductively
coupled plasma±mass spectrometry
(HPLC±ICP±MS)

TheHPLCsystemconsistedof aWatersModel510
delivery pump, a ReodyneModel 7010 injector
valve with a 20ml sampleloop, and one of two
reverse-phaseC18 columns(GL SciencesInertsil
ODS,250mm� 4.6mm; andPhenomenexInertsil
5 ODS-2, 250mm� 4.6mm). A guard column
packedwith the samematerial(Supelco)preceded
the analytical column. The HPLC system was
connectedto the ICP nebulizervia a PTFE tube
(20cm� 0.4mm) andappropriatefittings.

A VG PlasmaQuad 2 Turbo Plus inductively
coupledplasma–massspectrometer(VG Elemen-
tal, FisonsInstrumentequippedwith an SX 300
quadrupolemassanalyser,a standardICP torch,
andadeGalanV-groovenebulizer,wasusedasthe
detector.The time-resolvedanalysis(TRA) mode
was usedto set the massanalyserto monitor the
m/z= 75 signal peak correspondingto As�. The
TRA mode allowed the possibility of simul-
taneouslymonitoring more than one m/z value at
atime.All signalswerecollectedandthedata(peak
areas)were manipulatedon a separatecomputer

(MS Excel 5.0). A summary of the ICP–MS
operatingparametersis given in Table1.

Hydride generation±atomic
absorption spectrometry (HG±AAS)

Thehydridegenerationsystemwasthesameaswas
describedpreviously9 except that a commercial
Nafion permeationtube (PermaPure Inc.) fitted
with a nitrogenpurge(90ml minÿ1) was usedto
dry the hydrides before they reachedthe quartz
tube.

Atomic absorption measurementswere made
with a Jarrell Ash 810 atomic absorptionspectro-
meterequippedwith a hydrogen–airflame atomi-
zer. A spectral band width of 1 nm and a
wavelengthof 193.7nm were used.Background
correctionwas not available.A Hewlett–Packard
3390Aintegratorwasconnectedto theAA spectro-
meter to recordsignals.An open-endedT-shaped
quartzabsorptiontube (9.5cm� 0.8cm i.d.) was
mountedin theflameof theburner.Light from the
arsenichollow-cathodelamp (Varian) wasaligned
to passthroughthe wide end of the flame-heated
quartz tube. Hydrides from the reaction of the
samplewith borohydridewere introducedthrough
thesidearmof thequartztube(9 cm� 0.4cmi.d.).

Reagents and chemicals

All chemicalsusedwereof analyticalgradeunless
otherwisestatedand included: methanol (HPLC
grade, Fisher), tetraethylammonium hydroxide
(TEAH, 20wt%, Aldrich), tetrabutylammonium
hydroxide(TBAH, Aldrich), malonicacid (BDH),
sodium borohydride(Aldrich), hydrochloric acid
(36.5%,Fisher),sulphuricacid(98%,Fisher),nitric
acid (69%, sub-boiled, SeastarChemicals) and
hydrogenperoxide(30%,Fisher).Deionizedwater
with resistivity betterthan1 
 m wasusedfor the
extractionsandto makeup theeluentfor HPLC.

The glasswareandplasticwarewerecleanedby
soakingin 2% Extran solution overnight, rinsing

Table 1 Operatingparametersfor ICP–MS

Forwardrf power 1350W
Reflectedpower <10W
Outer(cooling) gasflow rate 13.8l minÿ1

Intermediate(auxiliary) gasflow rate 0.65l minÿ1

Nebulizergasflow rate 1.002l minÿ1

Analysismode TRA, 1 s time slice
Quadrupolepressure 9� 10ÿ7 mbar
Expansionpressure 2.4mbar
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with water and deionizedwater, then soakingin
0.1M HNO3 solution overnight. They were then
rinsedwith deionizedwaterandair-dried.

Samples

Samplecollection
Fucus sampleswere collectedat Brockton Point,
StanleyPark,Vancouver,B.C.,at mid-tide level in
July 1995, February1996 and May 1996. Oyster
tissue standard reference material (SRM NIST
1566a)was purchasedfrom the National Institute
of Standardsand Technology,US Departmentof
Commerce.Kelp powder was purchasedfrom a
food storein Vancouver,B.C., Canada.

Sampletreatment prior to storage
Fucussamplescollectedin July 1995hadobvious
receptacles.Thepartsof thesamplesreferredto as
‘the tips’ containthereceptacleswith conceptacles,
andthepartsreferredto as‘the remainder’contain
the remainingpartsof theplant.

Fucussamplescollectedin February1996were
first separatedinto two subsamples,young and
mature.Theyoungsamplesdonotshowobservable
conceptacles,whereasmature sampleshave ob-
servableconceptacles.Thematuresamplesandthe
youngsampleswerefurtherseparatedinto tips and
remainder. Mature Fucus is usually brown in
colour, and young Fucus is greenish–brown.
Mature ‘tips’ were selected, as for the July
collection.However,it wasmoredifficult to decide

which part of the youngFucusis the reproductive
organsinceconceptaclesarenotwell developed.In
this case,the swollen endsof the brancheswere
picked as the tips. Occasionally,only flat non-
swollenbranchescouldbeseen.For thesesamples,
endportionsof thebranches,1.5cmin length,were
regardedasthe tips.

Fucuscollectedin May 1996wasfirst separated
into young and mature samples,based on the
presence or absence of conceptacleson the
receptacles.The matureFucuscollectedappeared
to be greenish–yellow,similar to that collectedin
July 1995.The young Fucuswas not subsampled
becauseof its smallsize.Thetips of matureFucus
wereseparatedasin theJulycollection.Eachbatch
of samplesfrom many plants contained a wet
weight of more than 120g. Figure 1 shows the
sampling/collectingscheme.

Sample preparation

Extraction with CH3OH/H 2O
Freeze-driedFucusgardneri, oystertissuestandard
referencematerial,kelp powder(0.5g dry weight)
or fresh Fucus gardneri (5 g wet weight) was
extractedby a proceduresimilar to that described
by ShibataandMorita.10 Eachsamplewasweighed
into a 15ml or 50ml centrifugetube.To eachtube
was added10ml gÿ1 dry sampleor 2 ml gÿ1 wet
sampleof amethanol–watermixture(1:1,v/v). The
tubewassonicatedfor 10min andcentrifugedfor
10min. After centrifugation, the extract was

Figure 1 Thesamplecollectionschemefor Fucus.
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removedby meansof a Pasteurpipetteandplaced
in a round-bottomedflask. The extractionproce-
durewasrepeatedanadditionalfour timesfor each
sample.The combinedextract was evaporatedto
drynessandredissolvedin 10ml of deionizedwater
beforefurtheranalysis.

Acid digestionof samples
Dry samples(0.25g), wet samples(2.5g), or the
residue after water/methanolextraction (initially
0.5g dry weightor 5 g wet weight)wasplacedin a
250or 500ml round-bottomedflaskfitted with the
special condenser,Teflon capillary, four Teflon
plugs and a Teflon adaptordescribedby Bajo et
al.11 To eachsample,an acid mixture of H2SO4:
HNO3:H2O2 (1:3:3, by vol.) was added12 and the
reactionmixturewasrefluxedfor 2 h,13 cooledand
madeup to 25ml for furtheranalysis.

Analytical procedures

HPLC–ICP–MS
Thecolumnsandeluentsusedarelistedin Table2.
All sampleswerefiltered(0.45mm) beforeinjection
onto the column. In general,20ml sampleswere
analysed.Arseniccompoundsin the sampleswere
identified by matchingthe retentiontimes of the
peaksin the chromatogramswith thoseobtained
from standards.

HG–AAS
Thesamplesafter total digestionwereanalysedby
using HG–AAS. The samplesrequired dilution
beforeanalysis.The blank solution was madeup
from theappropriateamountsof H2SO4, H2O2 and
HNO3. Standardarsenate,As(V), solutions were
alsomadeup in a similar way.After aciddigestion
of the samples,the only arsenicspeciespresentis
the oxidized form, As(V);12 therefore,the useof
arsenate for calibration was appropriate. The
optimizedconditionsdescribedby Le et al.14 were

usedfor the analysis.Sampleswere aspiratedfor
30s, correspondingto the uptakeof 2 ml for each
analysis.Triplicate analyseswere performedfor
eachsample.

RESULTS AND DISCUSSION

Water content

Table 3 shows the water content of the Fucus
samplescollected in summer,winter and spring
between1995and1996,in BrocktonPoint,Stanley
Park.Thewatercontentof Fucusgardneriremains
relatively constantfrom seasonto season.The tips
of Fucus, which aresometimesswollen,containa
higheramountof water(88 to 93%) thandoesthe
remainder(80 to 82%).

Qualitative analysis by HPLC±ICP±
MS

Figures 2 and 3 show chromatograms[condi-
tion(1a)Table2] of the extractsfrom the tips and

Table 2 Summaryof experimentalconditions(HPLC)

Condition Column Mobile phase
Flow rate

(ml minÿ1)

(1)(a) Inertsil ODS(GL Sciences,Japan) 10mM tetraethylammoniumhydroxide(TEAH), 4.5mM malonic
acid,0.1%CH3OH, pH 6.8

0.8

(1)(b) Inertsil ODS(GL Sciences,Japan) 10mM tetrabutylammoniumhydroxide(TBAH), 4.5mM malonic
acid,0.1%CH3OH, pH 6.8

1.0

(2)(a) Inertsil 5 ODS-2(Phenomenex) 10mM tetraethylammoniumhydroxide(TEAH), 4.5mM malonic
acid,0.1%CH3OH, pH 6.8

0.8

(2)(b) Inertsil 5 ODS-2(Phenomenex) 10mM tetrabutylammoniumhydroxide(TBAH), 4.5mM malonic
acid,0.1%CH3OH, pH 6.8

1.0

Table 3 Watercontentof Fucusgardneri

Sample Watercontent(%)a

July collection(summer)
Tips 93
Remainder 80

Februarycollection(winter)
Young tips 89
Youngremainder 82
Maturetips 89
Matureremainder 81

May collection(spring)
Youngwhole plant 82
Maturetips 88
Matureremainder 80

a RSD=� 5%.

# 1998JohnWiley & Sons,Ltd. Appl. Organometal.Chem.12, 243–251(1998)

246 V. W.-M. LAI, W. R. CULLEN, C. F. HARRINGTON AND K. J. REIMER



the remainderof Fucus from the July collection.
The arsenic compounds in the extract were
identified by matchingthe retentiontimes of the
peakswith thoseobtainedfrom an oyster tissue
standard reference material and a laboratory
standard‘kelp powder’ as describedpreviously.15

It canbeseenthat theextractfrom thetips (Fig. 2)
containsa smalleramountof arsenosugar1a than
the extract from the remainder(Fig. 3). The tips
containaslightly loweramountof DMAA. Figure3
showsa shoulderat the retentiontime of around
520s.Theretentiontimeof thispeakis closeto that
of arsenosugar1b. However, the result is not
reproducible.Other arseniccompounds,such as
monomethylarsonicacid,arsenite,arsenate,arseno-
cholineandtetramethylarsenoniumion, if present,
elutewell beforearsenosugar1a (V. W.-M. Lai, W.
R. CullenandK. J. Reimer,unpublishedresults).

Figures4 and5 showthesametwo samplesfrom
the July collection analysedunderconditions(2b)
(Table2). With theuseof TBAH astheion-pairing
reagent,arsenobetaine,if present,will co-elutewith
arsenosugar1a, and DMAA will co-elute with
arsenosugar1b.However,nodetectableamountsof
arsenobetaineandarsenosugar1b are observedin
Figs 2 and3. The first andsecondmajor peaksin
Figs4 and5 canbeassignedto arsenosugar1a and
DMAA respectively.Again the relativeamountof
arsenosugar1a in theFucustips (Fig. 4) is smaller
thanin the remainder(Fig. 5).

Table 4 and Figs 6–8 show summariesof the
relativepeakareasof arseniccompoundsfound in
extracts from all samples collected in July,
February and May. It should be noted that the
responsefactorsof all arsenosugarsunderpresent

Figure 2 A chromatogramof the freeze-driedtips of Fucus,
condition(1)(a).

Figure 3 A chromatogramof the freeze-driedremainderof
Fucus, condition(1)(a).

Figure 4 A chromatogramof the freeze-driedtips of Fucus,
condition(2)(b).

Figure 5 A chromatogramof the freeze-driedremainderof
Fucus, condition(2)(b).
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experimentalconditionsareassumedto beequal.In
all threeseasons,extractsof theFucustips contain
relatively lower amountsof DMAA and arseno-
sugar1a andrelatively higheramountsof arseno-
sugars1c and1d thanthosein theremainderof the
plant (Fig. 6). The results from the February
collectionof Fucusshowthatthereis nosignificant
differencein the relative amountsof DMAA and
arsenosugar1a found in youngFucusandmature
Fucus(Fig. 7). Whentheresultsfrom youngwhole
Fucuscollectedin May are comparedwith those
from older plants, the relative amountof arseno-
sugar1a in this youngsampleis approximatelythe
averageof the relativeamountsof arsenosugar1a
in thetips andtheremainderof theolderspecimen
(Fig.7).Theseresultsindicatethattheageof Fucus
is unlikely to be a factor affecting the relative
amountsof DMAA andarsenosugar1a in theplant.

Figure8 showsthat the matureFucuscollected
in Februarycontainsa slightly higher amountof
arsenosugar1d anda lower amountof arsenosugar
1c thanarefoundin theyoungFucusfrom thesame
collection. Similar resultsare observedfrom the
May collection, in which matureFucuscontainsa
slightly higher amount of arsenosugar1d and a
lower amount of arsenosugar1c than does the

Table 4 Relative amounts (wt% of total As) of arsenic
compoundsin all Fucussamples

Sampleno. DMAA 1a 1c 1d

July collection(summer)
1. Tips 2.4 7.6 63.4 26.6
2. Remainder 4.6 16.9 52.8 25.7

Februarycollection(winter)
3. Maturetips 3.2 5.5 60.7 30.6
4. Matureremainder 6.4 11.4 56.4 25.8
5. Young tips 3.7 5.5 69.4 21.4
6. Youngremainder 9.3 11.3 59.4 20.0

May collection(spring)
7. Maturetips 7.8 5.2 65.6 21.4
8. Matureremainder 11.5 13.0 57.5 18.0
9. Youngwhole Fucus 8.8 8.9 66.5 15.8

Averagesa

All tips (1,3,5,7) 4.3 5.9 64.8 25.0
All remainders(2,4,6,8) 7.9 13.2 56.5 22.4
MatureFucusfrom

February(3,4)
4.8 8.4 58.5 28.3

YoungFucusfrom
February(5,6)

6.5 8.4 64.3 20.8

MatureFucusfrom May
(7,8)

9.7 9.1 61.5 19.7

All youngFucus(5,6,9) 7.3 8.5 65.1 19.1
All matureFucus

(3,4,7,8)
7.2 8.8 60.0 24.0

a Thenumbersin parenthesesarethoseof thesamplesusedfor
calculatingaverages.

Figure 6 Relativeamountsof arseniccompoundsin thetipsandtheremainderof Fucus.Key: Tips,tipsof Fucus; Rem,remainder
of Fucus; Whole,wholeplant; July, (summer)collection;Feb,February(winter) collection;May, springcollection;ave,average.
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youngwhole Fucus.Thoughthedifferencesin the
relativeamountsof variousarsenosugarsaresmall,
they might indicate that the formation of arseno-
sugar1d is morefavouredthan1c in matureFucus.

In theabsenceof knowledgeaboutprocessesthat
produce the arsenosugarsand the sites of this
activity, it is difficult to commentonthemeaningof
the present results. It has been suggestedthat
arsenosugar1b canbe decomposedto arsenosugar
1a and then DMAA. 5,16 On the samebasis, the
conversionof 1c and 1d to 1a does not seem
unlikely.

Quantitative analysis by HG±AAS

Fucussamplescollectedin July andFebruaryand
the residue after CH3OH/H2O extraction of the
samplesweredigestedto determinethetotalarsenic
content,asdescribedin theExperimentalsection.A
summaryof the total arseniccontentaswell asthe
extraction efficiency of the samplesis given in
Table 5. The extraction efficiency is defined as
[(As1ÿ As2)/As1] � 100%whereAs1 andAs2 are
thearseniccontents(mg As/gsample)of thesample
beforeandafter extractionrespectively.

Figure 7 Relativeamountsof DMAA andarsenosugar1a in matureandyoungFucussamples.For key, seeFig. 6.

Figure 8 Relativeamountsof arsenosugars1c and1d in matureandyoungFucussamples.For key, seeFig. 6.
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The total arsenic content in different Fucus
samplescollectedin the sameseasonis relatively
constant.However,thereis a wide variationin the
total arseniccontentof Fucussamplescollectedin
different seasons(8.9–9.0ppm in July and 16.2–
22.2ppmin Februaryon a dry-weightbasis).

In an earlier arsenic-uptakestudy involving
Fucusspiralisgrowingin aquaria,Klumpp17 found
that the intensityof illumination andthe tempera-
ture affect the short-term uptake and efflux of
arsenicby Fucussp.He alsofoundthatonly living
Fucuscellsareableto accumulatearsenicandthat
theuptakeof arsenicis reducedin thepresenceof a
respiratoryinhibitor. The resultssuggestthat the
accumulationof arsenic by Fucus is an active
processdependentonrespiratoryenergy3 andis not
associatedwith phosphorusuptake.17

In open marine environments,other factors
might affect the total arsenic content and the
speciationof arsenicin Fucus.For example,the
arsenicconcentrationin theseawater,thereproduc-
tion and the growth rate of Fucus need to be
considered.The arsenicconcentrationin seawater
mightchangeasaresultof point inputbutgenerally
the concentrationis expectedto be constant.The
reproductionof the same(or similar) Fucussp. in
False Creek, Vancouver, peaks in autumn to
winter18 but the growth rate is lowest in winter,19

which is whenwe observehigherlevelsof arsenic
in Fucus (February collections); however, no
biochemicalrole hasbeenproposedfor arsenicin
these plants,4 and until this is establishedthe
relationshipbetweenthe total arseniccontent in
Fucus, the seasonand the growth of Fucusmust
remainunknown.

The extraction efficiency found for the Fucus

samplescollectedin July (79.2–98.3%)is higher
than for thosecollectedin February(5.8–48.7%).
Most of the arsenic compoundsexist as water-
solubleformsin July;however,theFebruaryresults
suggestthat either the distribution of the arsenic
speciesis different at this time or the structureof
the plant changesin sucha way as to hinder the
extraction of the water-soluble species. These
differences may also be related to plant age,
becausein February the mature Fucus samples
contain higher amounts of water-soluble com-
poundsthan do the young samples.Whateverthe
causeof this phenomenon,the resultssuggestthat
careis neededwhendiscussingspeciationin algae.
Seasonandage,at least,needto beconsidered.

Arsenicuptakeexperimentsperformedon Fucus
growing in cultureareplannedin orderto provide
furtherinformationaboutthearsenicspeciationand
possiblebiological function in Fucus.
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