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The potential of liquid chromatography—mass
spectrometry (LC-MS) using electrospray ioni-
zation (ESI) was investigated for the identifica-
tion and quantification of organoarsenic species
excreted in rats urine chronically exposed to
dimethylarsinic acid (DMAA). Quantification
was performed by both LC-ESI-MS and LC—
inductively coupled plasma mass spectrometry
(ICP-MS). The detection limits of organoarsenic
species in LC—-ESI-MS with cation-exchange
chromatography were 75-200pg as arsenic.
Although there are about ten times higher than
that of LC-ICP-MS, LC-ESI-MS had a low
enough detection limit to determine major
metabolic arsenic species in the urine. LC-ESI-
MS was applied to the identification of orga-
noarsenic species in the urine. Major arsenic
peaks in urine were identified as DMAA and
trimethylarsine oxide using agreement of the
spectra and retention times. Three unidentified
arsenic peaks were found in the urine; one of
these was determined to be tetramethylarsonium
ion by agreement of both the spectrum and the
retention time. LC—ESI-MS and LC-ICP-MS
were also used to quantify organoarsenic in
urine: good agreement between LC-ESI-MS
and LC-ICP-MS was obtained. Copyright ©
1999 John Wiley & Sons, Ltd.
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INTRODUCTION

The importance of identification and quantification
of the chemical species present in biological and
environmental samples is well recognized. One of
the reasons is that different species of the same
element may have very different chemical and
toxicological properties, because their properties
depend on their chemical form. A typical example
is arsenic species. Inorganic arsenic species have
long been known to be carcinogenic to humans,
giving rise to both skin and lung cancemMost
mammals, including humans, convert inorganic
arsenic species to monomethylarsonic acid
(MMAA) and dimethylarsinic acid (DMAA) by
methylation>™* Furthermore, it has been reported
that DMAA is further methylated to trimethylarsine
oxide (TMAO)>*® which has been considered the
ultimate methylated metabolite in mammals.

In general, the acute toxicity of organoarsenic
compounds is much lower than that of inorganic
arsenic. Methylation can be considered as a
mechanism of detoxification of arsenic, since it
renders arsenic less reactive to tissue and therefore
facilitates its elimination from the bodyRecently,
the potential of DMAA to the promotion of cancer
in the urinary bladder, kidney, liver and thyroid
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genesis bioassay in rdts.In these studies, six-
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monthexposureo 10mgl—* DMAA promotedthe
induction of tumors in carcinogen-treatedats.
These results suggestedthat DMAA has the
potentialto promoterat carcinogenesis.

We reported previously on the speciation of
arsenicspeciesin urine usingliquid chromatogra-
phy (LC) with inductivel)l/ coupled plasmamass
spectrometry(ICP-MS)1°*! LC-ICP-MSwas ap-
plied to the determinatiorof arsenicspeciesn the
urine of rats chronically exposedto DMAA in
toxicological and carcinogenicstudies®®'? a few
unidentified arsenic specieswere found in the
companyof the major urinary metabolitesMMAA,
DMAA and TMAO.**? However, LC-ICP-MS
cannotgive any informationon chemicalstructure
becauseof atomization at the ICP. Therefore,
identificationby LC-ICP-MSalwaysdependonly
on agreemenbof the retentiontime with thatof the
referencecompound.Consequentlythe chemical
structureof theseunidentifiedarsenicspeciehave
not beendetermined.

In studieson the elucidationof arsenicmetabo-
lism, analytical methodswhich can characterize
methylatedarsenicspeciesshould be used.Mass
spectrometryis a good analytical tool for the
identification of organicand organometalliccom-
pounds.Theidentificationof organoarsenispecies
has been performed by electron impact mass
spectrometry(EI-MS)*31* andfast atombombard-
ment mass spectrometry (FAB-MS).*® For the
identification of chemical speciesin biological
sampleshowever combinationof theidentification
methodwith some separationtechniqueis indis-
pensable Arsenic specieswhich can generatethe
correspondindhydride by reductionmay be identi-
fied by hydride generation—gashromatography—
massspectrometry(HG—-GC-MS)'®*” This tech-
nigue hasbeenappliedto the analysisof arsenic
speciesn marineorganism&® andhamstemrine’

On the other hand, liquid chromatography—mass

spectrometry(LC-MS) is the best suited for the
identificationandquantificationof nonvolatileand/
or thermally unstablecompoundsLC—MS with a
sourceof electrosprayionization (ESI) has been
appliedto the measurementf severalorganome-
tallic compoundsincluding arsenobetainéAB).*®

The purposeof the presenstudywasto evaluate
the availability of LC—ESI-MS for the determina-
tion of organoarsenispeciesn urine. It wasalso
appliedto the identification and quantificationof
organoarsenispeciesexcretedin the urine of rats
chronically exposedo DMAA,; identificationwas
by LC-ESI-MS,and quantificationwas performed
by both LC-ESIMS andLC-ICP-MS.

Copyright© 1999JohnWiley & Sons,Ltd.

EXPERIMENTAL

Reagents

The organoarsenic species MMAA, DMAA,

TMAO, tetramethylarsoniun{TeMA) iodide and
AB, were purchasedrom Tri ChemicalLabora-
tories Inc. (Yamanashi,Japan).Analytical-grade
sodium arsenite [As(lll)] was purchasedfrom
Wako Pure Chemical Industries (Osaka, Japan).
Nitric acid,ammoniumnitrate,formic acid,ammo-
niumformateandethanol(eachof analyticalgrade)
were also purchasedfrom Wako Pure Chemical
Industries.Deionized water was obtainedfrom a
Milli-Q system(Nihon Millipore, Tokyo, Japan).
Solid-phasextractioncartridgesof ToyopakODS-
M packedwith octadecylsilanizedsilica gel was
purchasedrom TosohCo. (Tokyo, Japan).

Instrumentation and analytical
conditions

ThelLC-MSequipmentvasaModelHP1100series
HPLC with MS (Hewlett-PackardlUSA). Electro-
sprayionization (ESI) was selectedas the ioniza-
tion systemAn LC—-ICP-MS,Model HP45001CP—
MS (Hewlett-Packardwas usedfor arsenic-speci-
fic detection. According to the method of our
previouspaper-* theorganoarsenispeciesn urine
were mainly separatecby cation-exchangeshro-
matography.A Shodex RSpak NN-414 (Showa
Denko, Tokyo, Japan)waschoserasthe separation
column. The NN-414 was 150mm x 4.6mm i.d.
and was packed with a hydrophilic-resin-lased
cation-exchangeesin (cation-exchangecapacity,
0.1meqg ). Although the cation-exchangehro-
matography was performed under conditions
comparablewith those of the previous paper*
NH;NO; wasaddedto the mobile phasén orderto
shortertheanalyticaltime. HNO5 (8 mmM)/NH4NO3
(5mm) was used as the mobile phase. For
chromatographidadentificationby differentsepara-
tion modes,Gelpak GL-IC-A15S (Hitachi Chemi-
cal, Tokyo, Japan)was also used.The IC-A15S
columnwasl75mm x 3.0mmi.d. andwaspacked
with a resin-basedanion-exchangeesin (anion-
exchange capacity, 0.05meqg ). Ammonium
formate(6 mm) buffer adjustedo pH 5.5wasused
asthemobile phaseTheliquid chromatographvas
operatedunder the following conditions: mobile
phasdlow rate,0.4ml min~*; columntemperature,
40°C; injectionvolume,50 and20pl for LC-ESI-
MS and LC-ICP-MS, respectively.The operating
conditionsfor ICP—MSweresetin accordancevith
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those reported by our previous papers®*! The
detectionmassof ICP—-MSwassetto nVz=75 (for
®Ast) andm/z= 35 (for *°CI™), respectively,and
dwell time was0.5and0.05s, respectively.

Animals and pretreatment of urine

Adult male F344/DuCrjrats were obtainedfrom

CharlesRiver Japan(Hino, Japan) Five ratswere
housedin each box cage and provided with a
standardliet (CE2, CleaJapan,Tokyo, Japanjand
water ad libitum. Rats (10 animals)were given
100mgl~* DMAA in drinking water. To control
rats(10rats),untreatedvaterwasgiven.Urine was
collected by forced urination after 12 weeks of

DMAA administration. The urine sampleswere
centrifuged to remove particulate materials and
storedat —20°C until analysis.The urine sample
for analysis was diluted 10- or 50-fold with

deionizedwater, and was then passedhroughan
ODS cartridge to eliminate hydrophobic com-
pounds. The eluate (50 and 20ul respectively)
wasinjectedinto the LC-ESI-MSandLC-ICP-MS
systemdor analysis.

RESULTS AND DISCUSSION

Optimization of ionization
conditions for organoarsenic
species during LC-ES MS

lonization efficiency during LC-ESI MS depends
on the following conditions:the activationvoltage
(voltageof fragmentor);the flow rateof the drying

gas;andthe pressuref the nebulizer.Particularly,
the fragmentor voltage controls the production
efficiency of molecular ions. The effect of the
fragmentor voltage was examined by a flow

injection method. An acidic solution (8 mm

HNOs/5mm NH4NOs) was used as the carrier
solutionfor detectionin the positive mode. Other
conditionswereasfollows: flow rate,0.4ml min~%;

polarity, positive; drying gas, N, (131 min~?,

350°C); nebulizer, N, (60psi~ 414kPa); and
detection mode, scan. Pseudo-moleculaions of

[M+1]" and[M]" weremonitoredfor anionicand
cationic speciesyespectively.Figure 1 showsthe
relationship of the fragmentor voltage and the
abundanceof the pseudomolecularions. The
abundanceof all organoarsenispeciesincreased
asthe fragmentorvoltageincreasedandmaximum
abundancevasobtainedin the rangeof about80—

Copyright© 1999JohnWiley & Sons,Ltd.
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Figure 1 Effect of the fragmentorvoltageon the abundance
of organoarsenicpecies.Conditions: Carrier, 8 mm HNO;3 /
5mM NH,NO;, 0.4mimin~t drying gas, N, (131 min~?,
350°C); nebulizer, N, (60psi~ 414kPa); polarity, positive,
mode,scan;samples10mgAs|~! each,10pl injections.

100V. The abundanceof the anionic species,
particularly MMAA, was lower than that of the
cationic species. This result suggeststhat the
relatively higheranionicityof MMAA mighthinder
theproductionof positiveionsby ESI. Ontheother
hand,the drying gasandnebulizerconditionswere
not so effective on the productionefficiency of the
molecularions.

According to theseresults, the spectraof the
organoarsenicspecieswhich were separatedby
cation-exchangechromatographywere measured.
Figure 2 showsthe spectraof the organoarsenic
species.Pseudo-moleculaions [M+1]" in rela-
tively highabundancevereobtainedor theanionic
andnon-ionicspeciesMMAA, DMAA andTMAO.
For MMAA and DMAA, pseudo-moleculaions
basedon the dimer andtrimer werealsoobserved.
Ontheotherhand,[M] " ionswereobtainedfor the
cationic speciesTeMA and AB. Similar spectra
were also obtainedwhen anion-exchangehroma-
tographywasused.

Fragmentions were not observed,except for
molecularionsbasednthedehydratiorof MMAA
and DMAA. In the EI-MS spectramolecularions
due to fragmentation have been observed in
relatively high abundancé® This suggeststhat
ESl is not so radical ionization as comparedwith
El. Furthermorethe fragmentationof organoarse-
nic speciesmight also dependon the degradation
stability basedon the strong As—C bonds.Conse-
quently, the pseudo-molecularions should be

Appl. OrganometalChem.13, 81-88(1999)
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Figure 2 Spectraof organoarsenispeciefrom LC-ESI-MS
with cation-exchangechromatography.Conditions: column,
ShodexRSpak NN-414; mobile phase,8 mm HNO3; / 5mm
NHsNO;, 0.4mimin~Y; temperature, 40°C; samples,
1.0mgAs|~* each 50l injections.Othercondiionsarethose
givenin Fig. 1.

choserasthedetectiormasdor methylatedarsenic
speciesOn the otherhand,the molecularion with
m/z= 135 [(CHs),As]" was observedn the spec-
trum of AB. The fragmention might be produced
by decarboxylatioror degradatiorof a C—C bond.

Detection limits of organoarsenic
species

The chromatogram®f arsenicspeciesusing LC—
ESI-MSandLC-ICP-MSareshownin Fig. 3. The

concentrations of arsenic species were
0.1mgAs|~* each,and the injection volume was

Copyright© 1999JohnWiley & Sons,Ltd.

20 and 50ul for LC-ICP-MS and LC-MS,
respectively.The selectiveion monitoring (SIM)
mode was used. According to knowledge on
fragmentation[M+1]" and/or[M]* were chosen
as the detection masses.Organoarsenicspecies
werecompletelyseparatedhy LC—ESI-MSwithout
any interferencesln particular, TeMA was com-
pletely separatedby LC-ESI-MS without inter-
ferencefrom TMAOQO, in contrastto LC—ICP-MS.

The system detection limits (S/N=3) of the
organoarsenic species were calculated from
0.01mgAs|~* standardsolution. Table 1 showsa
comparisorof the systemdetectionlimits for LC—
ESI-MS and LC-ICP-MS: for LC-ESI-MS with
cation-exchangechromatographythey were 75—
113pgasAs, exceptfor MMAA. Eventhoughthese
are 7-14 times higher than that of LC—ICP-MS,
LC-ESI-MS had a sufficiently low detectionlimit
to determinethe major metabolic organoarsenic
speciesn urine of ratsexposedo largeamountsof
DMAA.

Identification and quantification of
organoarsenic species in urine of
rats chronically exposed to DMAA

LC-ESI-MSwas appliedto the identificationand
quantificationof metabolic organoarsenispecies
in the urine of ratschronicallyexposedo DMAA.
The analytical samplewas 50-fold diluted urine.
The sameurine samplewasalsoanalyzedby LC—
ICP-MS. Further,the sameurine, diluted 10-fold,
wasalsoanalyzedy LC-ESI-MSin scanmodeto
producethe spectra.

In our previouspapers:* sevenarsenicspecies
were detectedby LC-ICP-MS using cation-ex-
changechromatographin theurineof ratsexposed
to DMAA. Five peakswere identified as As(ll),
MMAA, DMAA, TMAO andAB, andtherewere
two arsenic peaksthat were unidentified on the
baseof their retentiontimes,andthat were eluted
immediately before DMAA and after TMAO,
respectively. They were characterizedas anionic
and cationic species,respectively, due to their
retentionbehavior.

Thechromatogramef theurineobtainedoy LC—
ICP-MS with cation-andanion-exchangehroma-
tographyare shownin Fig. 4. The elution order of
arsenicspeciesduring cation-exchangehromato-
graphywasidenticalto thatin the previouspaper,
exceptfor the retentionof an unidentifiedarsenic
peak characterizedas a cationic speciesin the
previous paper. The unidentified peak in this
experimentvaselutedimmediatelybeforeTMAO.

Appl. OrganometalChem.13, 81-88(1999)
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Figure 3 SIM chromatogramsf organoarsenistandarden (a) LC—ICP-MSand(b) LC-ESI-MS.Conditionswerethosegivenin
Fig. 2, exceptfor modeandsamplemode,SIM; sample0.1mgAs |~ * each:20 ul (LC—-ICP-MS)and50 ul (LC-ESI-MS)injections.

In the chromatogram, DMAA was the most
abundanfarsenicspeciesn the urine. TMAO was
presentin a relatively higher proportionin arsenic
speciegetectedn the urine. Although a peakwas
detectedat the retentiontime of As(lll) on cation-
exchangechromatographyno peakswasobserved
at the retentiontime of As(lll) on anion-exchange
chromatographyOn the basisof the comparisorof
chromatogramsisingtwo separatiormodesjt was

Copyright© 1999JohnWiley & Sons,Ltd.

establishedhatthe peakwasdistinctfrom As(lIl),
and also that the peak containedtwo unidentified
arsenicpeaks(peaksA andB). On the otherhand,
the retentiontime of the unidentified peak which
waselutedimmediatelybeforeTMAO agreedwith
that of TeMA.

The SIM chromatogramsf the urineobtainedoy
LC—-ESI-MS are shownin Fig. 5. Major arsenic
peaks,determinedas DMAA and TMAO by LC—

Appl. OrganometalChem.13, 81-88(1999)
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Tablel Comparisorof thesystendetectiorlimits of organoarsenispeciegor LC-ESIMS

andLC-ICPMS
Separation Detectionlimits (pg As)
Method mode MMAA DMAA TMAO TeMA AB
LC-ESIMS  Cation 200 105 75 113
Anion 153 140 68 33 70
LC-ICPMS Cation 52 54 14.2 9.8 9.8
Anion 52.8 10.8 104 9.2 9.6
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Figure 4 Chromatogramsf ratsurine exposedo DMAA on

LC—-ICP-MSfrom (a) cation-exchangehromatographwnd(b)

anion-exchangehromatographyConditions:column, Shodex
RSpakNN-414 and GelpakGL-IC-A15S; mobile phase 8 mm

HNOs / 5mm NH4NO3 and6 mm ammoniumformate,pH 5.5,
0.4ml min~* each;temperature40 °C; sample 50-fold diluted
urine, 20 ul injections.

ICP-MS, were eluted at the retention times of
DMAA and TMAO, respectively.Their spectra,
which wereobtainedfrom the measurementf ten-
fold diluted urine in scanmode,also agreedwith
the spectraof standardsAccording to the agree-

Copyright© 1999JohnWiley & Sons,Ltd.

mentof the spectraandtheir retentiontimes, they
wereidentifiedasDMAA andTMAO, respectively.
In a similar mannerto that describedabove, AB

wasalsoidentified.It is generallythoughtthat AB

is not producedin mammalst? In the urine of

control rats, AB was also detectedat the same
retentiontime. Its concentratiordeterminedy LC—
ICP-MSagreedapproximatelywith thatin theurine
of rats exposedto DMAA. Therefore, it is

concludedthat AB came from the feed. On the
other hand, the retentiontime of the unidentified
peakwhich waselutedimmediatelybeforeTMAO

onthemasschromatogranatnm/z= 135alsoagreed
with that of TeMA. The spectraof TeMA andthe
unidentifiedpeakat 19.4min are shownin Fig. 6.

The spectrumof the unidentifiedpeakwas not so
clear,but[M]* (m/z= 135) of TeMA wasincluded
in the spectrum.Theseresultssuggestedhat this
unidentifiedarsenigpeakwasTeMA. Theretention
times of the other peaksin each SIM chromato-
grams (Fig. 5) did not agree with that of the
standardarseniccompoundsTheseseemedo arise
from organic compoundsin the rat urine. It was
confirmed by the LC-ICP-MS analysisthat the
otherpeakswerefree of arsenicatoms.

It is well known that TeMA is not producedin
mammalsHowever,it wasestablishedhat TeMA
wasnot derivedfrom the feed,becauseo peaksin
the urine of the control rats were detectedat the
retentiontime of TeMA. Shiomi et al.*® reported
the presenceof TeMA in small amountsin some
marine animals. They also found that TeMA
exhibits strongacutetoxicity in mice. The finding
of a further-methylatednetabolite(TeMA) is very
intriguing, becausemethylation has been consid-
eredto be a detoxificationmechanisnin mammals.

In this experimentusing LC-ESI-MS, informa-
tion on the otherunidentifiedarsenicpeaks(A and
B) wasnot obtainedbecausef the interferenceof
organic matrices.However, it was assumedthat
they were anionic species,due to their retention
behaviour on both anion- and cation-exchange

Appl. OrganometalChem.13, 81-88(1999)
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Figure 5 SIM chromatogramf urine of rats exposedio DMAA from LC—-ESI-MS with cation-exchangehromatography.
Conditionswerethosegivenin Fig. 2, exceptfor modeandsample:mode,SIM; sample 50-fold diluted urine, 50 ul injection.
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Figure 6 Spectraof TeMA andunidentifiedpeak(retentiontime=19.4min) in urine. Analytical conditionswerethosegivenin
Fig. 2. Sample,10-fold diluted urine, 50 ul injections.

Table 2 Concentrationsf organoarsenispeciesn the urine of ratsexposedo DMAA deternined by LC-ESI-MSandLC—-ICP-
MS

Concentratiorof arsenicspeciesn urine (mgAs|—%)

Separation
Method mode MMAA PeakA PeakB DMAA AB TeMA TMAO
LC-ICP-MS Cation 0.13 1.83 32.8 0.20 0.37 15.7
Anion NDP 1.75 0.43 31.6 ND 0.47 16.2
LC-ESI-MS Cation ND — — 32.3 0.46 2.08 15.6
Anion ND — — 32.0 ND 1.81 14.4

2 Shownasthe sumof two peaksbecausef incompleteseparation.
® ND, not detected.

Copyright© 1999JohnWiley & Sons,Ltd. Appl. OrganometalChem.13, 81-88(1999)
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chromatographyon LC-ICP-MS. Furthermore,
their retentiontimesin anion-exchangehromato-
graphyweredecreasethy addingethanol(10%)to

the mobile phase andthey were elutedjust before
DMAA. This resultsuggestedhat theseunidenti-
fied arsenic species might have hydrophobic
groups.To elucidatethe structuresof the unidenti-
fied speciesfurther experimentssuchas purifica-

tion, will be needed.

Finally, the quantification of organoarsenic
speciesin urine of rats exposedto DMAA was
performedoy LC-ESI-MSandLC—-ICP-MS.A 50-
fold diluted portion of urine was used as the
analyticalsample Both cation-andanion-exchange
chromatographywere used as separationmodes.
[M+1]" and/or[M]* were usedas the detection
masseswith the external calibration method for
LC-ESI-MS. The detectionmassfor LC-ICP-MS
wassetat m/z=75. Theresultsareshownin Table
2. MMAA onanion-exchangehromatographwnd
LC—ESI-MS could not be detectedbecauseof its
lower concentration,and AB on anion-exchange
chromatographycould not be determinedbecause
of the overlap of TMAO. Good agreementwas
obtainedbetweerthe concentrationsleterminedy
LC-ESI-MSandLC-ICP-MS,exceptfor TeMA. It
seemsthat the disagreementover TeMA was
caused by incomplete separationfrom TMAO
during LC—-ICP-MS. Therefore,the concentration
of TeMA determinedby LC—ESI-MS might be
morereliablethanthatdeterminedy LC—-ICP-MS.

CONCLUSIONS

LC-ESI-MSis an excellentanalyticaltool for the
identification and quantificationof organoarsenic
speciedn urine. The detectionlimits are about10
timeshigherthanthoseof LC-ICP-MS.However,
simultaneousiseof LC-ICP-MSandLC-ESI-MS
also has sufficient capability to quantify arsenic
species.For there identification, however, higher
purificationandpreparatiorwereneededn orderto
overcomethe interference®f organicmatrices.
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