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Selenium (Se) occurs naturally in a range of oxidation states as volatile species 
or analogues ol’ organic sutphur compounds. Over a narrow concentration 
range (< 1 muday]. wknium is an essential ekment for growth of animals and 
man. However at higher comwtrdtiom (~3 mg/day) it possesses toxicological 
proprties. Low levels of the ekmeot in most foods including milk and infant 
formulae require a sampling procedure to ix followed and lhe use of certified 
reference material. Accurate quar,titative analysis is dependent on the initial 
digesrion stage of the food matrix and the reduction of !Se(VI) to Se(lV) in the 
final determination. In view of the difficulty in obtaining some reagents (e.g. 2,3- 
diaminonaphakne), alrernative procedures to the classical fluoromerric tech- 
nique need to be evaluated. Methods for the detcrminalion of Se arc described 
detailing detection limits, sensitivity, inkrferences and matrix-retated problems. 

INTRODUCTION 

Selenium was first discovered by Jons Jacob Beraelius 
in 1818 (Reilly. 1993). Interest in its biological role did 
not develop until 1958. when selenium toxicity was 
shown IO be responsible for muscular dystrophy in 
lambs and calves (Combs & Combs, 1986). It was the 
mle of selenium in glutathionc peroxidase; preceded by 
recognition of its essentiality in Ihe prevention of liver 
necrosis in vitamin E-deficient rats (Schwat?.z 8r Foltz. 
1957). that finally brought attention to the nutritional 
importance of this element in 1973 (Rotruck er ~1.. 
1973) although our understanding of ibis function is 
still incomplete. 

Selenium deficiency is now recognised as the major 
aetiological factor in Keshan disease. an often fatal 
dilated (congestive) cardiomyopktby, and Kascbin Reck 
disease (osteoarthritis deformans endemica) or 
‘enlarged joints’. These selenium deficiency syndromes 
occur predominately in young children and women 
(particularly in China) whose dietary intake of sele. 
nium is low (~3 Clg/day) and blood levels in affected 
individuals of less than 20 &ml (Diplock, 1987). Daily 
supplementation with selenite, providing I mg of de- 
nium, has been e&live in preventing new cases (Litov, 
1991). On the other hand, in certain parts of the world 
(China, Venezuela and the USA) where there are very 
high environmental levels of selenium, dietary intakes 
may reach 5 mg/day and blood levels of 3200 pdrnl 
which show clear signs of selenium toxicity, i.e. loss of 
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hair, roughening of nails, nausea and fatigue (Reilly, 
1993). 

Selenium exists naturally in several oxidation states 
(-2.0, +2, +4, t6), some of these chemical forms being 
volatile and analogues of organic sulphur compounds 
(IPCS. 1987). These forms, which include selenate (G), 
selenite (+4), selenide (-2), alkyl-selenium and 
selenoamino acids (selenomethionine, selenocysteine) 
possess distinct physical and chemical properties which 
are fundamental to the analytical technique employed. 

The selenium concentration in a sample is a major 
consideration in deciding which technique to use. 
Equally, sample inhomogeneity, matrix comp!&lty, ele- 
mental volatility, presence of interfering species, 
demands for reliability, availability of specialist equip 
ment. time and cost requirements also contribute to 
this decision. 

Since the early 1980s selenium in milk and infant for- 
mulae has been routinely determined by a variety of 
methods (Olson, 1969; Cumming e! al., 1992a; Amaud e/ 
al,, 1993; McGuire er rrl., 199% Van Dael er al.. 19931 
The most commonly used techniques depend on wet 
oxidation (digestion) for total destruction of organic 
matter, to release the selenium (Olson, 1969; Jangbor- 
bani ef al., 1982; Subramanian & Meranger, 1982; 
Essick & Lisk, 1987: Li et al., 1989; Van Dael et al, 
1991; Tingii CI al, 1992; Sherl ef ul., 1993). 

Central to many methods is the formation of the 
piazselenol which is extracted in an organic solvent and 
the fluorescence determined (Watkinson, 1966). 
Modification of this classical fluorimetric technique has 
led to the application of more sophisticated methods, 



i.e. gas chromatography (McCarthy et al.. 1981) and 
highperformance liquid chromatography (Oshima & 
Kawamura, 1990). 

Since 1981, Auorometric methods of analysis for the 
determination of selenium in milk have been reported 

Hydride generation of selenium (Noda et dL. 1981; 

in just over half the studies reviewed. The remainder 

Kumpulainen cr al.. 1983; Tingii e/ ul.. 1992). has been 
coupled with newer techniques such as inductively cou- 

inctuded atomic absorption spcctrometry (AAS) and 

pled plasma mass spectrometry (Tracy & Moller, 1990). 
Neutron activation analysis is a very sensitive method 

various other methods (c.g. neutron activation analysis 

when coupled with chemical separation of selenium 
(Ebert er u/., 1984; McOris~ PI uL, 1987; Lavi % Alfassi. 

(NAA) and gas chromatography (GC)). This review 

1990; Cummiug er a/.. 1992,x), but has not been univer- 
sally available due to cost and equipment needs. 

aims to provide a genera) discussion of sample callee- 
tion, preparation and treatment with an overview of 
the most commonly used methods for selenium analysis 

of milk and related materials to date, including exami- 
nation of some of the probiitus r&&g to them. 

SAMPLE COLLECTION, PROCES!3INC AND 
STORAGE 

Curreut methods of analysis used for the determination 
of selenium in milk include Ruorimetry, hydride genera- 

However, any analytical method under consideration 

tion atomic absorption spectrometry, GC with electron 
capture. isotope dilution mass spectrometry and neu- 

requires verification, usually against samples of known 

tron activation analysis (Table I). 

certified selenium content. For milk, the standard refer- 
ence material (SRM) non-fat milk powder (National 
Institute of Standard and Technology SRM 1549) has 
been adopted in conjunction with suitabrc analytical 
quality control measures (Van Dacl et al., 1592; 
M&tire PI al.. 1993a; Branch & Crews, 1994). Other 
available certified reference materials (CRMs) for milk 

Human brcarl 
milk 

I week 
post-parturn 

FlUOrimcttiC 
delcnninalion of 
elcnium tn 
br&ut milk vwsu~ 
wt arhing 

WC1 wiling ti?w%tnhvo eJ ul. w+l) 
HNO,/HCtO, d 
I6oo’C for 
u-3 h 
HCI reduction 
23.DAN 
Singk test 
Illbe assay 

I ronth 
plWpJ”“Zll 

Wkolc brca51 milk 
5 days, 3 and 6 
months 
pat-pwtum 

Ma~rmal Mwd 
Loum 

Inlrinric SC fomula 
~lcnitcsupplcmentcd 
formula. maternal 
SUpplCi%CnlS 
*Met. SeV 
4.8.12 wckr 
post-parium 
Matcrial plasma 
and rbc srtcnium 

Nick 
Nigeria 

n = 197 

Illinois. USA Longitudinal study 

Elcctmthemxd 
AAS 

Amaud er u1.(lQ93) 

SRM non& milk 
powder 
NIST IW 

cc rlcctron qx”w 

SRM non-fat milk pm&r 
NIST I549 

Longitudinal study Gc okoron capture 

milk 
4.8. I2 weeks 
pmpanum 
Non&ctating 
mothers’ scum 

ZI suppkmcnts 



Determinarion of selenium in milk and in@ Jormulae 

Table 1. - ww& 
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powder available from the Community Bureau of matrix. particularly if a chemical separation step is 
Reference (BCR) are 8(963, BIM and 8151 (Laboratory invo!ved prior to the analyte determination (Yang & 
of the Government Chemist. 1994). Yang. 1990). 

Several considerations must bc borne in mind during 
the collection and treatment of samples prior to analy 
sis. Firstly, the sample collcctcd must bc representative 
of the material under scrutiny. This is slrdighlforward 
for dried milks and powdered infant formulae. Bulk 
samples from the manufacturer can be reduced in size 
by quartering, the combined segmems being thoroughly 
mixed and the quartering repeated until a suitably sized 
laboratory sample is achieved by the combination of 
the opposite quarter segments. Commercially available 
fluid milks and formulae should bc thoroughly mixed 
by inversion. pouring hack and forth into beakers or 
homogenising with top or bottom drive blenders (Egan 
cf crl.. 1991). Reprcscntativc samples may also be 
extracted using a ‘thier. Methods and techniques for 
sampling milk and milk producls are dcscribcd in BSl 
(1985) or IS0 (1985). 

Typically wet oxidation procedures USC a variety of 
oxidant mixtures. i.e. nitric acid-prchloric acid (HNqJ 
HCIO,), nitric acid-hydrogen peroxide (HN0,/H202) 
and nitric acid-sulphuric acid (HNO~H$iO,) in con- 
junction with catalytic agents such as mercury. molyb. 
denum, vanadium and pcrsulphatc (WCS. 1987). Thr 
preference for these wet digestion methods is based on 
the reduced danger of losses by vofalilisation and their 
simplicity of operation (Adeloju rl ul., 1984). 

Rcpresentativc sampling of milks direct from the 
species is more problematic. Rcccnt studies using 
human milk report wide variability in terms of sample 
numbers. i.e. l&200 (Table I). 

For longitudinal studies infants lend to be fed on 
demand. IO ml milk being manually exprcsscd at the 
start and end of a mid-morning feed from the first 
breast offered (usually pooled) from 0 IO I2 weeks 
post-partum (Gumming er ul., 1992b: McGuire CI cl/.. 
19930). Other human milk studies require complete 
breast expression via a battery opcrdted pump into acid 
washed plastic vials or polypropyltne bottles with mini- 
mal trace element contamination from the skin (brcasl 
cleaned with deionised water) (Mannan & Picciano. 
1987; Dcbski er u/.. 1989: litov (‘r crL. 1989). 

Following collcc~ion. samples must bc protected from 
contamination or loss of selenium during analysis. In 
particular losses can occur during drying due to the 
volatile nalurc of some selenium compounds. Whilst 
few losses have been reported in milk samples. losses in 
waler s;lmpks have occurred as a result of adsorption 
on to container walls and microorganism aclivily. These 
may be minimiscd by preventing formation of insoluble 
hydroxides and maimaining an acidic environment. 
Sclcnatc has been found to bc more stable lhan sclcnitc 
a1 low tcmperdturcs (Dilli & Sutikno. 1984~). 

Conflicting views exist as to tbc adequacy of particu- 
lar methods based on the variability of organic matrix 
composition, state or form of the clement in solutioa 
and the method of detection employed (Analytical 
Melhods Commit&. 1979). Lhtlc attempt has been 
made IO quantitatively assess the cxtcm of matrix 
dcswuction. Generally, the achicvemcnl of a colourkss 
solution and total element cccovery is assumed to be 
indicative of complete dissolution of the organic matrix 
(Yang & Yang. 1990). Any residual matter retained by 
the oxidant mixture or possible interference properties 
arc not accounted for. Subramanian and Meranger 
(1982) identified several elements 0”. Co!O!‘. Ni”. Hg?‘. 
Bi” and Sn?‘) exhibiting interfecrcna eRects for seknium 
(IV) which were minimised by scprating the selenium 
by coptipitation with Ianth,anum hydroxide (S&rama- 
nhn & Meranger. 1982). Martinie and Schilt (1976) 
reported compounds posxssing N-methyl. Smethyl. C- 
methyl and pyridyl moicdcs as being rnmt resistant to 
wet oxidation. and the addition of certain elements 
(VW). Co(lll), CoUl)) increasing catalytic activity (Mar- 
Gnic & Schilt. 19761. Yang and Yang (1990) combined 
radiotraccr tohniqucs with paper ekclrophoresis to 
assess the complctcncss of decomposition of rat liver 
samples for selenium. They concluded that selenicm was 
almost compklety released fmm ihe biological matrix 
into ionic form as selen~tc after one cycle of Sjostrand 
rcflux (HNO,IH_$OJ or pressure bomb (HNOdH,SO,. 
130°C. 3 h) digestion proces~s (Yang & Yang, 1990). 

Sample storage methods include transport on dry ice 
and stordgc at -14, -20 or -70°C until analysis (Man- 
nan & Picciano. 1987; Gumming eI u/., 199% Arndud 
et ul., 1993). Prior IO analysis whole milk is defatredl 
skimmed by antrifugation at I500 x g. 30 min. 4°C (Van 
Dael et ut.. 1992: Van Dar1 E, ut,, 1993) or 10000 X x, 
90 min, 4°C depending on the milk sp&cs (Debski n d. 
1987; Mannan & Picciaac, 1987; Milncr et rrl., 1987). 

Reported inconsistencies in data for selenium do not 
occur only as a result of decomposition efficiency but 
also by the application of inadequate analytical tcch- 
niqucs (Adeloju ef al., 1984). A digestion procedure 
suitable for scknium determination by atomic absorp- 
tion sprctmmetry (ashing slep) may not be suitabk for 
lcchniqucs that require the element lo bc in a particular 
state/form in solution (Analytical Methods Committee. 
1979). Thus, successful analysis requires information on 
the identity and distribution of selenium-containing 
species within the decomposed sample. 

Conflicting statements have been made as to the suit- 
ability of particular acid/oxidant mixtures for digesting 
biological materials for selenium determination. 

The choiur! of acid is based on the following assump 
lions: SAMPLE DECOMPOS!TION 

Quantitative analysis of selenium in aqueous solution 
requires complete dcstructiox?of the composite organic 

(I) complete conversion of native forms of selenium 
in the tissues to selanit~selenate: 
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(2) reconversion of any selenate (+6) formed during 
oxidation to selenite (+4k and 

(3) prevention of significant loss of selenium during 
wet oxidation by volatilisation (Janghorbani. 
1982; Ting el al.. 1982) 

Neve er a/. (1982) concluded nitric acid (HNO,) 
alone was unsuitable for digestion of biological materi- 
als due to incomplete mineralisation of some organic 
Se compounds (l.Idiphenyl&no4rert-butylcyclo- 
hexane. phcnyldimethylselenonium methylsulphonatc. 
trimethylselenonium iodide. xlenomethionine). Thus. 
dcrivadves possessing an aliphatic carbon-Se bond are 
more resistant IO HNO, thao those with an aromatic 
carbon-Se bond. Nygaard and Lowry (1982) reported 
Ihal the aqueous inorganic form of selenium gave 
higher recoveries of selenium than the Se organ0 com- 
pounds using the same acid mixtures indicating the sig- 
nilicance of speciation. The addition of perchloric 
(HCIO,) and sulphuric acids (H,SO,) with increased 
digestion time improved recoveries (Neve eI $, 1982). 
Similar studies on urine have shown that trimethylsel- 
enonium chloride and ‘5%~ are not quantitatively wn- 
verwd to Se(lV) with HNOdHzO, but HNOdHCIO,. 
HNO,/H,SO, and HNOdK&OX gives a satisfactory 
conversion although a lower sensitivity, indicative of 
the high residual acid in the sample digest (Janghorbani 
er al., 1982: Adeloju PI al. 1984). 

Michic et al. (1978) proposed removal of 
HNO,/HCIO, from the digesl to avoid interference 
with the formation of the %2,3diaminonapthalene 
(SC-DAN) complex by adding H#O, (Michie et ul.. 
l978), However. sulphuric acid may induce charring. 
precipitation of DAN with molybdenum causing a loss 
in scnsitivily particularly in the presence of excess 
organic material (Koh & Benson, 1983: Tingii ei al. 
1992). 

Procedures adopted IO remove interfering substances 
prior to selenium measurement include coprecipitation 
with arsenic, tellurium or ferric hydroxide; ion 
exchange column chromatography; solvent extraction 
of Se halides, organic scleno.complexes of interfeting 
metals. volatilisation of hydrogen xlenide, precipit+ 
tion of elemental selenium, thin layer chromatography. 
gas chromatography and addition of complexing agents 
EDTA (IPCS, 1987). 

Ssmplc decotnposltiw in milk 

Recent studies on selenium determination in milk 
adopt the nitric acid-perchloric acid oxidant mixture 
for decomposition of the organic matrix with HCI as a 
rcductant (Essick & Lisk, 1987; Mannan & Piiiano. 
1987; Shen et al., 1993; Van Dael er o/L 1993; Kawa- 
moto er a/., 1994). Kumpulainen and Koivistoinen 
(1981) reported use of nitric acid-prchloric acid- 
sulphuric acid (HNOJHCIO,IH_SD,) with Ni(l1) ions 
added as a matrix modifier to prevent selenium losses 
dttring ashing (Kumpulainen & Koivistoinen. 19111). 

Nitric acid-perchloric acid is generally the preferred 

mixture as it gives optimum recoveries of selenium par- 
ticularly when HNO, is the predominant acid (Janghor- 
bani er al.. 1982; Ting ct al.. 1982; Egan el ul., 1991). 
Perchloric acid facilitates the oxidation of resistant 
fatty material and organoselenium compounds provid- 
ing satisfactory conversion to se(lV) (Subramanian % 
Merdnger. 1982). Losses and/or interference can be 
minimized by not taking the digestion to complete dry- 
ness (Tingii et al.. 1992). Losses incurred from drying 
temperature/time variation are species dependent since 
diRerent matrices exhibit different volatilities (Koh & 
Benson, 1983). Sdphuric acid may be added to prevent 
drying out although, as mentioned, it enhances the risk 
of charring and toss of selenium through volatilisation 
(Haddad & Smythe, 1974). 

The requirements and conditions for the reduction of 
SelVI) to SelIV) are controversial. If adouted. HCI is 
the &al reducing agent at ambient or elev&d temper- 
aturc (Nygyadrd % Lowry. 1982). Overnight standing 
induces poor precision and low recovery and losses in 
selenium have been reported at this stage (Lalonde et 
ul., 1982). 

METHODS OF DETERMINATION 

Fluorimetry 

Spectrofluorimetry is a well-established method used for 
the determination of selenium in foods and biological 
materials (Olson. 1969). Few studies document quanti- 
tative analyses of milks and infant formulae (Table 2). 
Hojo (1986) determined the selenium content of various 
baby foods by a Ruorimetric method according to 
Walkinson (1966). Fluorimetry has been applied to 
several longitudinal studies investigating the selenium 
status of milk or formula fed infants using modified 
versions (Table 2) of w&established methods (Higashi 
et al.. 1983: Levander er al.. 1987; Litov et al., 1989). 

Following wet digestion, the selenium is converted to 
Se(lV) by boiling with hydrochloric acid, and deter- 
mined by measurement of the fluorescence of the 
piazselenol formed on reaction with DAN or 3,3’- 
diaminobenzidine (DAB) (Watkinson, 1966; Olson., 
1969). DAN is the preferred reagent as it has a greater 
sensitivity to fluorescence than DAB being extractable 
into organic solvent (Watkinson, 1966). lzquicrdo 
(1981) reported a fluorimetric method using 4,5dimer. 
captopyrimidine (DPP) with sensitivity more than twice 
that of methods using DAB without complex extrac. 
tion into the organic phase (Izquierdo er a/., 1981). 
However, some opposition exists as to the use of DAN 
because of its potentially carcinogenic nature (Horler, 
1989). This was further recognized in March 1994 with 
the implementation of shipping rertriiions banning the 
entry of DAN into the UK (Sigma Chemical Co.. 1994). 

The formation of the Se-DAN complex is strongly 
influenced by pH. The optimum pH for complexation 
can range from 1.1 to 2.4 with values of 18-2.0 being 
most common (Analytical Methods Committee, 1979; 
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Moreno-Dominguez er a/.. 1983). Fluctuations in pH the first pink colour after dropwise addition of I M HCI 
may occur as a result of incubation temperature and at pH 3. pusbdigeslion with nitric and perchloric acids 
time variation. Heating the reaclion mixture for 30 min achiing Se-DAN complex formation after 20 min at 
at 60°C alrered the fluorescence response from pH 1.4 60°C. 
10 2. the response being acid independent fmm pH 2.0 For the fluorexence reaction with DPP lquierda er 
10 3.5 (Michie et ul.. 1978). Tingii et ul. (1992) oblained al. WSI) reported colour development in an acid 

TabkZ.F&i*enitlItelbCldSalulecdpr~*ndyrblll#k 

Author Watkinson Hoffman Olson Analytial Koh dr Tingii et al. Kawamota el aL 
(19661 (1968) (19699r” Methods Benson (1492)’ ( IWb 

Committee (1983) 
(1979)” 

Deslruclion Sampk 1 ml Sample <I g Sampkcl g Samplf” Sample Sample Sampk 
or organic ~2 ml* 0.25-I g 0.5 ml 
mmlcr 
Acid 
mixtuv? 

HNO1f 
HClOa 

HNO, stand 
ovcmight 
5 ml 
Slow heat 
minimum 
charring 
HCIO, 

2 ml boil 
Digestion 
time 3 h 

HNO, 6 ml 
HCIO, 2 ml 
H,SO, 5 ml 

Slow heat 
minimum 
foaming: 
heal 
~~igor0USly 

Add HNO;. 
white fumes 

HNO, 

stand > 4 h Stand- 
IO ml overnight 

Mild to 
vigorous 
heating 

Mild heating 
faaming 
Boiling.’ 
YOI <so”/. 

HCIO, 2 ml 
H!O: ? ml 

HNOJ 
HClOa 
15+ 1)3Oml 

IO ml 
HNOJ 
H>SO, 
(1 +tt 

HNO.4 
HCIO, 4 ml 

Stand 
I-? h. 2IVC 

Heat to 
fumes 
overnight 

Cool 

IO ml HNOI, HNOJ 
2 ml HCIO, HCIO, 

(2+ I) 

R&a but 100°C 
not 10 increased to 
complete 16oYI 
dryness-risk 
of explosive 
metal 
perchlorates 

2.5-3.0 h 

Reduction 2mlHP HCI (.XG) I ml HCI 4% HCI HCI (35~) HCI I ml 6~ HCI 
S&q to 30 min I ml 5 ml 0 5 ml 
ScllVl evaporation 

HCI 2 ml 
100°C IOODC Ioo-lso~c 100°C 

ovcmi~r 30 min 5 min 30 min 15-a min 20-H) min _---I-__--._-- __._“. __.. .“.“_“.^_.^__.._ -- 
Fluoasocncc O-04 M 0 02 M NHIOHl Hz0 20 ml oM)25 U Masking pH 4.2 
reaction EDTA EDTA EDTA 5 ml formic acid EDTA agent: citrate 

20 ml IO ml Cr& 5 ml l6ml EDTAI buffer 
O-OX NH,OH indiculor NH,OH HONHiHCI 0.5 ml 
cresol red 23 ml neutral IO ml methyl masking 
lu NH&OH ycllow- EDTA orange agent 
PH I NH:OH. 0.2 ml 
(i HCIOJ HCI - pink pH I,8 MHCIpH3 
O,I’%. DAN DAN 5 ml 0. I’%. DAN DAN 5 ml DAN 5 ml @I’!‘” DAN 
5 ml 5 ml I ml DAN pH2 0.5 ml 
Dark Boil 2 min Yellow light: Dark: 5O”CI Dark: 
5OW20 min Leave I 2 h WCiM min 30 min 6U”CUO min 60°C00 min 5OVX5 min 

Extraction Cyclohexane Cyclohcxane Decalin Decalin or Cyclohexane Cyclobexane Cyclohexanc 
IO ml 6ml dccahydm syclohesanc 5 ml 5 ml 3 ml 
0.1 M HCI napthaknc IO ml 
Centrifuge Centrifuge Centrifuge SUeW.GiP 
2aoO rpm/ moderate moderate culture tubcc 
2 min speed/5 min spced1 ? min _- 

Detection Organic layer Organic layer Organic layer Organic layer Organic layer Organic layer Organic tayer 
Wavelength 6% nm filter 

Excitation 365 nm 369 nm 369 nm 364nm 382 nm 377 nm 
Emission 525 nm 522 nm 525 nm 523 nm 522 nm 520 nm 

- 
??HNO, (sp.gr. 1.42). HCIO, (7(r%1). H$O, (SP.GR. 1.84) prevents charring. 
“Modification of Watkinsan (1966). 
hAnalytical Method Commitlec report by the metallic impurities in organic nlaller &committee (1979). 
‘Modification of Koh & Benson (1983). 
“Depends on: composition of material and expected Se content? 
‘Charring. volatila lost i.e. S&I. SeO!. # combine EDT&DAN stages. 
‘Fuming due to HClO+ Prewnt charring with I ml HNO,. Fumes = setrioxide oxidation. 
‘Acid concentrations as for Hoffman er al. ( 1968). 
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medium only, I M HCI. Koh and Benson (1983) elimi- 
nated this step allowing complex formation to go to 
wmpletion since the rate of Se-DAN formation was 
not at optimum pH. 

The chelation!extraction step involves the addition of 
ethy!+ttediaminetetraacetic acid (EDTA), DAN, and 
cyclohexane under specified conditions: The incubated 
mixture must be cooled to ambient temperature prior 
to solvent addition to minim& solvent evaporation 
(Watkiison, 1966: Hoflman et al.. 1968; Olson, 1%9). 
Koh proposed the use of screw cap cultura tubes to 
count-t evaporation, and separate addition of 
EDTA and DAN which eliminated EDTA crystallisa- 
tion effects (Koh & Benran, 1983). 

Diffuse or amber light is recommended at this stage 
since exposure of DAN to ultraviolet or daylight causes 
decomposition with the slow formation of bmwn DAN 
polymer precipitates (Olson, 1969). Conflicting infor- 
mation exists on the stability of the Se-DAN wmplex. 
In contrast to Koh, Micbii er a/. (1978) found a 10% 
decrease in fluorescence response for standards stared 
for I2 h. Traces of water in the solvent extract have 
been implicated as a snurce of Se-DAN complex desta- 
bilisation (Granf 1981). 

The choice of oxidant mixture for organic decompo 
sition has a direct bearing on the sensitivity of the 
fluorescence signal. HNOdH$O, is reported as an 
eiGctive decomposition mixture, but the presence of 
sulphuric acid caused formation of crystallised DAN 
which interfered with the fluorescence signal. Glass 
wool filtering and added HCIO, failed to rectify this 
(Watkinson. 1966: Tingii ef aLI., 1992). Coprccipitation 
of Se with lanthanum prior to piazselenol formation 
may prevent interference by DAN precipitation 
(Maher, 1982). Fluorescent impurities may be removed 
by washing the extract with 0.1 M I-ICI depending on 
the efficiency of the puri8cation procedure (Analytical 
Methods Committee. 1979). 

Hubert et al. (1987) repnrted Huorbnetric analysis of 
milk powder as, part of an interlaboratory study, by 
sample wet decomposition in a closed system which 
prevented iron(Ill) contamination: a known source of 
interference (Hubert er al., 1987). 

Water has been implicated as a cause of fluorescence 
interference warranting its removal by centrifugatioh 
filtration and extract storage in a desiccator with silica 
gel (Grant, 1981: Koh & Benson, 1983). 

Atuntie rbqtiou scrcboaeby(AAS) 

Hydride generation is most commonly used in wnjunc- 
lion with AAS for selenium determination in milk and 
infant formulae. Whilst rep&s ofien document excel- 
lent sensitivity by isolation of selenium from other ele- 
ments in biological materials and fluids (Veber er ul.. 
l994), hydride generation is subject to interferences 
when applied to complex matrices such as infant for- 
mula (Reimer & Veillon, 1981; Subramanian dr 
Meranger, 1982). This has been confirmed by interlabo- 
ratory studies using biological materials, highlighting 

p-?blems in accuracy and precision (Ihnat & Thomp 
EC,,. 1980; Kumpulainen & Koivistoiuett, 1981). 

DitTerent matrix modifiers affect oxidation states, 
causing variations in thermal stability. Typical modi& 
ers used include copper and magnesium, nickel, nickel 
and magnesium, palladium, palladium and ascorbic 
acid and palladium and magnesium for isoformation, 
converting the analyte into a phase of higher ther- 
mostability (Koops et al, 1989). Some workets propose 
use of nickel as a matrix modifier to prevent selenium 
losses during ashing by premature volatilisation. How- 
ever this is only applicable to serum, plasma and milk 
selenium and the amount present affects the repro- 
ducibility (Kumptdainen et al., 1983, 1985, 1987). It 
cannot be applied to infant formulae due to spectral 
interferences at the 196.0 nm resonance line caused by 
high levels of iron and phosphorous which are intrinsic 
to the formula (Femandez el al., 1981). Similar inter. 
ferences have been obti with whole blood and red 
blood cells which are high in iron, but were eliminated 
when rhodium was added as a matrix modifier (Alfthan 
& Kumpulainen, 1982). 

For human milk analysis. replacement of Cu(H) 
matrix modifier with Ni(ll) markedly lowered the sele- 
nium recovery from 98.4 to 82*10/u (Kumpulainen Ed at.. 
1983). Use of palladium nitrate (Arrunda et al,. 1% 
Oilunkaniemi et al.. 1994) and magnesium nitrate as a 
universal matrix modifier has been reported used in 
conjunction with stabilised temperature platform fur- 
nace atomic absorption spKtrometry for seiettiutn anal- 
ysis in biological samples, milk and fruit juices. 
Spectral interferences fmm phosphorous and iron were 
observed (Maage & Julshanin, 1991) but corrected 
using the Zeeman background correction. This has also 
been reported elsewhere (Hatano Ed al., 1983 Lewis er 
al., 1985: Pettersson et al.. 1986). This method was 
found to be less precise than either spectroliuorimetry 
or HGAAS (Koops ef al, 1989). 

Kumpulainen CI ul. (1983) eliminated interfering 
cations by chelating with EDTA, separating the sek- 
nium with an ammonium pyrrolidine dithiccarbamate- 
methyl-isobutyl ketone (APDC-MIBK) extraction 
system. They demonstrated that the interferenn limit 
for Fe(H) ion, present as sulphate, is three times higher 
in infant formula (IaM) limit ion/Se, wt/wt) than water 
(500 limit ion&e. wt/wt) and Fe(lII)ion, present as 
chloride, is four times higher (3300 limit ion/Se, wtlwt) 
in the infant formula matrix than in water. Phospho- 
rous did not show any interference since the PO,j- ions 
cannot be extracted into the MIBK. Improved extrac- 
tion recovery of human milk (98.4%) was reported; the 
chelation of Se with APDC blockin competition from 
cations in the system (Kumpulainen>r aL,~l983). 

Noda el al. (1981) noted that nitrate ions in&erred 
with selenium reduction during wmmercial milk pow. 
dcr analysis. No interference was observed with 
sodium, potassium, calcium, magnesium and phosphw 
rous which are abundant in this matrix. Interference 
was also observed with the addition of potassium 
iodide, producing a reduction ill peak height, The addi- 
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tion of HCI gave maximum absorbance, which reduced 
if sulphuric acid was used. HCKI, did not impair the 
system (Noda et a/., 1981). 

Tingii er o/. (1992) compared spectrofluorimetry and 
HGAAS for selenium determination in a range of food 
materials including homogenized whok and skim 
bovine milk. High concentrations of nitric acid were 
found to suppress the absorplion signals. due to the 
presence of nitrate, causing a reduction in reproducibil- 
ity and sensitivity. Optimum recoveries were achieved 
with HNO,/HCIOq or HNO,/HClO,IH,SO, mixtures in 
open vcsscls during digestion which increased oxidising 
power and minim&l digestion time (Tingii er crl.. 
1992). This is in agreement with Kumpulaitten 91 al. (1983. 
1985) and Web and Mclcher (1984) who rcportcd that 
the aauracy of selenium determination in human body 
fluids is critically dcpcndcnt on the sample dccompwi- 
tion method used. recommending similar acid mixtures 
heated to a final tempcraturc of 3lCC in long-necked 
flasks. 

Such harsh treatment is ncccssary as the majority of 
selenium in milk exists as organotelenium compounds 
(Van Dael era/., 1993) and for analysis. 1hc sclcnium 
must bc prcscttt in its tetravalent ionic form as seknite 
to allow its complete reduction io gaseous hydrogen 
sclenidc (H,Sc) (Ncve r’f ~1.. 1980). No interferences 
from copper or iron were observed, as confirmed by a 
later interlaboratory trial involving nine laboratories 
(W&et ul., 1987). 

Van Dael and co-workers (199-1993) investigated 
the organoselenium compounds in diRerent protein 
fractions of skimmed COW’S goats and sheep’s milk 
using the hydride gcncration AAS according to Welt 
and Mckher (19X4). The majority of selenium was 
found to rcsidc with the cdxin fraction. This cotma- 
diets an earlier study on cow’s milk which found the 
whey proteins to contain the grearcst proportion 
(Dcschuytcre ef ol.. 1987). 

Tingii cr a/. (1992) observed no intcrfercncc from Fe, 
Cu. Zn. Mn or Ch although above 20 t&3 chlorocom- 
plcxation of copper occurred, suppressing the absorp- 
tion signal unless HCl was added. Spectrofluorimetry 
was rccommcndcd for milk analysis due to its greater 
sensitivity for Se levels occurring in milk. 

Many studies exist investigating the relationship 
between breast milk and formula feeding on maternal 
and infunt seleoium status. In these investigations flam- 
eless graphite furnace AAS is frequently used for the 
selenium analyses of plasma, serum. erythrccytes and 
human milk (Hatano d ul.. 1985; Kumpulainen PI u/L 
1987; Cropper et al.. 1990: Johnson er al., 1993). As 
previously. Ni(II) is generally used as a matrix modifier 
with nitric acid, eliminating organic matrix eRects and 
interferences in background absorption wttich cause 
apparently high Se concentrations not accounted for by 
the method of standard additions. 

Automatic correction of background absorption has 
been reported using deuterium lamps or the Zewran 
elfcct (Camick et al.. 1983; Watano er al.. 1985; 
Kumpulaincn CI u/L 1987) and the validity of such 

methods successfully tested by interlaboratory cornpar- 
isons using pooled human serum (Kumpuktinen et al. 
1987). 

casdmnuatqImpbywIthekctnntcapttwe&tecuott 
(CC-EC) 

The determination of selenium in milks and other bio+ 
logical fluids by CC-EC is well established (Young & 
Christian, 1973; McCarthye~ al, 1981: Dilli & Sutikno. 
1984h). Its success is due to the precise conditions 
rcquircd for piazselenol formation which are specific 
for the clement. 

In principle. GC-EC is based on the selective com- 
pkxation of the selenium with an odiamine derivative 
ligand in acidic media to form the piaaseknole (Elascer 
& Nickless, 1994). His!orically. the term ‘piazelenok 
originated as an abbreviation of paradiazscknol when 
the &ix ‘ole’ was used to represent a five-membered 
ring with two nitrogen atoms (‘diaa’) in the poro posi- 
tion (Dilli k Sutikno. 1984ft). From the synthesis of the 
first ‘parent’ pia~s&ttol itt 1889. many derivatives have 
heen prepared. I4 of whic$t have aLopt& in GC. Thcsc 
include khloro. 5-bromo. kitro. 5bdiihloro. 4.b 
dibromo and X6-benaopiaaselenol (Dilli & Sutikno, 
1984u). 

Recently, Elaxer and Nikless (1994) reported a 
rapid method of Se dctcrmination in sediments using 3- 
bromo-S-trilhtoro methyl-l,2-diaminobenaenc as a 
complcxing ligand. Optimum sensitivity, shorter reten- 
tion time and good chromatographic peak shape were 
reported. They utilized a novel procedure of high-tem- 
perature dcrivalisation to increase the reaction rate; 
sensitivity and precision were not limited and its use in 
biological samples was recommended (Elaseer & Niik- 
less, 1994). This contradicts an earlier study by Dilli 
and Sutikno (19840). on biological fluids including 
milks. who reported that with increasing tc.mpcra:ure 
and reaction rate. more spurious peaks occurred in the 
chromatogram which could not be eliminated, limiting 
sensitivity and producing wide response variations 
(Dilli % Sutkino, 198417). 

As mentioned initially, interference in the GC 
method for selenium determination is minimal because 
of the selective nature of the reaction. The selenium 
must be present as Se(IV) lo react with the odiamine, 
at pH2. to form the pktatelenol which is extracted into 
an organic phase prior to GC (McCarthy CI al, 1981). 
A possible source of interference involves the interac. 
tior of the diamitte reagent with foreign ions in the 
miIk digest, i.e. Ni(Il). Fe(llI). Mo(VI), C(III), St@‘) 
and V(V), at higher pH values resulting in the forma. 
[ion of stable compounds. Whilst such compounds 
have been detected at earlier stages in the reaction, no 
metal complexes or column disturbance have been 
reported in the chromatograms. However any possible 
effects could be eliminated by adding masking agents 
such as EDTA (Dilti & Sutikno, 1984~). 

Spurious peaks have been observed in homogenised 
and human milk sampks as a result of co-extraction of 
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excess reagent with Ihe piazselenol into the organic ducible recovery of the element is not required once 
phase (simultaneous formation of volatile q&s with spike equilibration occurs. Any possible interferences 
volatilisation of the piazzelenol). This has been eliii- &ct the internal standard (‘&) and the natural SC 
natcd by using toluene whiih has a low solubility. equally as they are chemically identical as reported by 
Hence, the free base has beeu indited as the source of Reimer and Veillon (1981). They obxrved a 10% loss 
spurious peaks, its formation being depudent on acid of selenium in biological samples due to incomplete 
concentration (Dilli & Sutikno. 198417). Dilli detected 
some interference, following mjlk dig&on. visible as 

extraction by a single toluene extract However 
quantification of the analyte was possible because of 

pink or vioIe1 compounds transfered into the toluene the similar reactions of ‘6se and natural Se. Toluene 
layer. He recommended adding urea post digestion and was also used to extract non digesled lipids from the 
washing the extract with pcrchloric acid which removed sample prior to derivatisation, which removed any 
any excess reagent and resulting interference (Dilli & interfering peaks (Reamer C Veillon. l981), as is in 
Sutikno. l98&). agreement with Dilli and Sutikno (I984b). 

McCarthy ef al. (1981) minimised interferences asso- 
cialcd with biological matrices using wet digestion with 
nitric acid and magnesium nitrate in closed glass stop. 
pered weighing vials, converting .$@‘I) to Sc(lV) with 
hydrochloric acid. Thii red& errors associated with 
losses and contamination, unlike with other acid mix- 
tures (HN4. HISO,, HCIO,) (see sample decomposi- 
tion). As confirmed by Dilli and Sutikno { 1984}, 
hydroxylaminosulphate and urea eliminated any spuri- 
ous peaks. Blank interferences were dependent on the 
analytical grade of HCI used and overcome by using 
rcag&ts speCifically prepared for trace metal analysis 
(McCarthy PI a/.. 1981 L The McCarthy method is fun- 
damental -to many i&stigalions re&iring selenium 
determination in biologIcal fluids (bloud plasma, ery- 
throcytes, urine, human milk and infant formulae) to 
establish selenium status (Table I) (Smith ef al, 1982: 
Debski er ~1. 1987: Milner d al., 19!37; Smith CI al., 
1991). 

This W-EC technique has also been applied to stud- 
ies investigating the distribution of seknium in milk of 
various species. D&ski et al (1987) detected selenium 
in at feast nine selenoprotein fractions following gel 
chromatography and concluded that the majority of 
selenium is associa’d with the casein protein fraction, 
depending on dietary intake, with <3% being associ- 
ated wilh lipid. This has further been confirmed by 
Milncr et UL (1987). who reported similar s&nium val- 
ues using the McCarthy method. 

(CC-MS) 

As mentioned previously traditional gas chromatogra- 
phy methods sulfer certain limitations including labori- 
ous preparalive techniques necessary to prevent 
interference from lluorescent impurities. This has led to 
further advancement of GC, by coupling with altema- 
tive techniques such as isotope dilution mass spcctrom- 
dry (IDMS), AAS and Rame photometric detection 
(Reimer & Vcillon, 1981; Moser~Veilloa et uL. l!X!). 

In principle, the IDMS method measures the concen- 
[ration of an element by the change in its isotopic com- 
position caused by the addition of an enriched isotope 
(‘s spike) to Ihe sample (Ducros & Favier, 1992). 
This concept has sevnal advantages over more tradi- 
tional techniques. In particular, quantitative or repro- 

It is well established that the addition of a capillary 
column has increased the efficiency of the chromate. 
graphic separation and speed of analysis, Bleeding of 
the column is decreased, whiih is an important param- 
eter in any GC-type analysis (Ducros et al, 1988). The 
availability and expense of GC-MS equipment has 
however limited the application of this method to 
research rdther than routine selenium analyses. 

Mangcls et a/. (1990) modified these techniques 
(Reimer & Veillon, 1981) ta examine a range of biolog- 
ical materials (blood plasma, erythrocyb. urine, milk) 
for utilisation of selenomethionine and seknite during 
human lactation. Samples were digested using nitric 
acitiorthophosphoric acitiydrogen peroxide in a 
microwave digestion system producing values in agree- 
ment with those using standard nitriclperchloric diges- 
tion (Hoffman Ed al., 1968; Koh, 1980) then chelated 
using 44Ruoromethyl-o-phenylene diimine (NPD) 
(Moser-Veillon e/ al., 1992) and analyzed for “Se, ldsc 
and natural selenium. 

A comprehensive study by Lewis et ol. (1985) deter- 
mined the selenium level in irarious types and blends of 
infant formulae by GC-IDMS. Losses associated with 
volatility and matrix interference were minimised with 
acid digestion (Reimer 8r Veillon. 1981) and the use of 
the stable isotope “Se as an internal standard (Lewis et 
al 1985). This procedure has since been adopted by 
several researchers to investigate selenium dietary 
intake and status of lactating women and breast fed 
infants via milk, plasma, erythrocytes and standard rcf- 
ercnce materials analysis (Mannan & Picciano, 198’1; 
Moser era/., 1988). 

Moser-Veillon er a/. (1992) simultaneously evaluated 
absorption, retention and apparance of selenium in 
milk and blood of two different chemical forms of seb 
nium (selenite and sclenomcthionine) during lactation 
using stable isotope tracers. This method coupled CiC 
wilh atomic absorption spectrometry, the samples 
being digested (Reiier & Veillon, 1981) and the rle- 
nium reacted with NPD to form the corresponding 
volatile NPD& derivative. This compound 6as alao 
been used with W-EC (McCarthy et al., 1981). 

GC-AAS is extremely specilIc being able to detect 
the metal moiety of the volatile &elate, and any possi- 
ble interferences are eliminated through the destruction 
of organic compounds in the atomiser. Potential inter- 
ferences ati limited to irregular molecular band strut- 
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ture or non specific light scattering. Phosphoric acid 
digestion further eliminates interference and risks assn- 
ciated with perchloric acid digestion (Moser-V&m rr 
al.. 1992). 

Recently a sensitive and selective W&me photo- 
metric detection method has been reported for the 
determinalion of selenocystamine, seknocysteine and 
selenomethioninc standards. Isopropyl chloroformate 
and HCl-methanol were used as derivarising agents 
which eliminated spurious peak formation and oxida- 
tion of seleoxide and selenone derivatives was pre- 
vented with diethyl ether as an extraction solvent. 
Good sensitivity was reported with standards but fur- 
ther development is required for application of this 
technique to biological materials (Kaiaoka Ed al., 1994). 

High-Momranca liquii cbmmatography (HPLC) 

Methods using HPLC with iluorimetric detection have 
recently been developed for the selective determination 
of selenium in biological fluids. although not speeiii- 
tally for milk analysis. Fluorimetry. based on the for- 
mation of piazseknol from selenium(W) and DAN (set 
the Ruorimcuy section) is widely used due to its low 
detection !imit and good sensitivity (Nakagawa (‘I ul.. 
19899). Flucluitions occur in btank values, as shown by 
thin-layer chromatogrdphy, caused by interferences 
from various separated chemical species within the Se- 
DAN complex. 

Shibata L’I (II. ;1984) repor&d an HPLC method for 
separation of this Se-DAN complex using an optimised 
fluorescent: detection system in conjunction with C,, 
reverse-phase liquid chromatography. The optimum sig- 
nal to noise ratio was achieved using acetonitrile as the 
eluting solvent. They identified scvcnl chemical species 
associated with chelation and sample extraction prior to 
chmmatographic determination. which were attributed 
to DAN dcriwtives (Shibata CI ti[. 1984) further limit- 
ing the suitability of this reagent in newer methods of 
selenium analysis &ma Chemical Co.. 1994). 

Oshima and Kawamura (IWO) have described a simi- 
lar HPLC procedure with fluorimetric detection based 
on the chelation of Se(W) with 2,3-DAN forming 4.5 
benzopiazselenol. To investigate speciation selenite and 
selenocystine (Se/IV)) were determined in a range of 
foods via nitric acid digestion, total selenium dctcrmina- 
tion following treatment with HCI and selenate and 
selenomethionioe by difference belween se(W) and total 
Se values. Method reproducibility was limited as indi- 
cated by the high degree of variability between data. 

Other piazseknols and Sediethylithiocarbrlmates can 
be separated from reagents by reversed-phase chro- 
matography and determined by UV detection in the 
nanogram and picogram range (Moser-Veillon r/ d, 
1992). Alternatively. Nakagawa et al (1989) describe an 
HPLC-Auorimetric method for Se(lV) determination in 
a range of certified standards using precolumn reaction 
of SE(W) with penicillamine to produce stable 
aelenotrisulphide which undergoes derivilisation to a 
Auorophore by reaction with 7-fluomitmbmz-2,1,3-ox~ 

diazok. A linear relationship over 1@2ooO ppb is 
reported with a deteczior, limb of Sppb. Propused deter- 
mination of total selenium involved sam$e digestion 
and reduction of WVI) to Sdlv). Fh~orescence intensity 
was pH dependent above pH 8.0 and the reaction opti. 
mised in acid solution. The addition of EDTA to pen& 
lamine solution minimised ion interference with 
sclenotrisulphiie formation reaction preventing the for- 
mation of precipitatRs of copper chelating with pznicil~ 
lamine (Nakagam er al.. 1989). Ion exchange 
(separation of free and complex ions) and reversed phase 
(ion Pairing) HPLC techniques are applicable to xele- 
nium speciation, Laborada and Loos Vollebregt (1991) 
describe an anion exchange proo#lure using inductively 
coupled plasma-atomic emissian speclrometry as an ele- 
ment specific detector for selenium standard s@ation 
in (CH3h se’. SeOi and !~zD~~. Use of a ero~flow 
nebuliser and thermospray vapauriser improved resoiu- 
tion. detection limirs and sensitivity in conjunction with 
increasing methanovwater mobile phase gradients. 

Similarly, Pederson and Larsen (1994) use anion 
HPLC witb an organic polymeric anion exchange col- 
umn for separation of selenomethionine, selenocystine. 
selenite and selenate with d&&on via online coupling 
of flame atomic absorption spectrometry or inductively 
coupled plasma-mass spectrometry. Detection limits of 
I ppm were achieved for all four species. thus limiting 
this method to certain biological materials only. 

Seknium speciation has also been achieved via direct 
interfacing of paired ion reversed phase HPLC fob 
lowed by on line interFacing with direct current plasma 
emission. Selenite and seknate standards (20 ppm) 
were separated using tetrahutylammonium hydrogen 
sulphate (TBAHS) and UV detection at 205 nm. How. 
ever selenium analysis of anima! feed samples incurred 
interference at this wdvelength from other W-absorb 
ing species in the elution regions of the selenium 
species, mobile phase components and baseline distur- 
bance. Such etkcts were overcome using low injection 
analysis (FIA) with TBAHS mobile phase and direct 
current plasma emission (DCP) detection at 1% nm 
(Van Loon & Barefoot, 1992). Many of these specia+ 
tion techniques are developmental, hence no specific 
studies detailing speciation in milk are available, proba. 
bly due to the complexity of the matrix. 

Neutron aelivation aa+& (NAA) 

NAA produces several radioauclides of selenium fol- 
lowing sample irradiation, e.g. “Se (I,~ = 120 days), 
“Se (tin ?? 18.6 min) and We (I,~ = 17.5 s) (WCS, 
1987). The iong-lived “Se radionuclide isotope has 
been most frequently adopted for non-destructive sele- 
nium determination by NAA in biological materials, 
milks and infant formulae since minimum sample treat- 
ment is required prior to counting (Ebert et & 19ed; 
L& W Alfassi, 1990, Bratter el al., 1991; Gumming et 
d. 1992a). However, probkms relating to expense, 
limited sample numbers, long delay and a long count- 
ing period are common @Wrist et a/., 1987). 
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Selenium is identified through the ‘%e stable isotope, 
via its emission of yrays with energies of 136keV and 
265koV. respectively. Methods using destructive aualy- 
sis are limited due to spectral interferences caused by 
decay of other radioisotopes present in the matrix. 
Typically these are “Na (t,c ?? IS h), ‘?K (I,~ = 35 h), 
“Br (r,4 = 35.4 h) and %J (I,~ = 12.7 h) (Hani eI al., 
1986). Lavi and Alfhssi (199O)*identified similar inter- 
fering elements. 

Alternatively, chemical separation techniques (before 
or after irradiation) have been used to eliminate these 
interfering elements (long decay period), thus shorten- 
ing analysis time and lowering the detection limit 
(Eben CI eL1., 1984, Hani et d, 1986). 

In principle. S&V) forms stable complexes with 
pyrrolidine dithiocarbamate (PDC) derivatives (usually 
nickel) during extraction. Consequently, the major 
interfering elements do not complex with the PDC 
extracting agents and can be subsequently removed 
(Hani et al., 1986). Thii technique has been developed 
for analysis of human blood serum and market milk: 
selenium was preconcentrated by dissolving into its 
respective pyrrolidiie difhiocarbamate chelate and pre- 
cipitated with a nickel carrier prior to irradiation (Lavi 
& Alfassi, 1990). Hani CI ul. (1986) adopted a three- 
stage process which used acid digestion. sample extrac- 
tion with lead diethylthiocarhamate to remove 
interfering elements, followed by extraction with 
sodium dietbylthiocarbamate in acidic chloroform and 
back extraction with nitric acid. 

Ultrafiltration has also been used as an alternative 
separation technique to remove interfering species 
(McOrist et cl., 1987). e.g. sodium chloride and potas- 
sium as reported in biological fluids during a study of 
selenium dietary intake of breast fed infants (Cumming 
et al., 1992u). 

During ultrafiltration, the selenium becomes concen- 
trated and desalted as it is hound to the higher molecu- 
lar weight proteins. Up to 9C% Na removal was 
achieved using this method and ““‘Se peak interference 
by ‘Q was eliminated by sample drying to complete- 
ness. In comparison. polyactylamide gel filtration pro- 
duced very poor separation and high data variability 
(McOrist er ol., 1987). 

Recent analysis of selenium in milk by NAA identi- 
fied complex spectra with similar gamma ray energies 
which were ditFtcult to resolve. This was thought to be 
indicative OF the complex nature of the sample matrix 
and further developmental work is required to reduce 
data variability (Ciarg et uL, 1993). 

Dthermethrds 

Several other techniques have been used to quantita- 
tively determine selenium though not s.peciBcaBy in 
milk. Recently, inductively coupled plasma (ICP) with 
atomic emission (AES) detection (Suddendorf & Cook 
1984; Schelkoph & Milne, 1988) or mass atrometric 
(MS) detection (Emmett, 1988; Buckley et al., 1992) 
has become a highly sensitive, powerful tool for Se 

analysis in conjunction with hydride vapour generation 
(Tracy t Moller, 1990; Haldinuum & Zimmerli, 1994) 
replacing earlier, less sensitive ICP optical emission 
methods. i.e. detection limit IO0 nglml (Rose, 1983). 
Interference fmm transition metals, molecular ions and 
HCI was minimised by hydride generation producing 
detection limits of I.3 r&ml (Tracy & Moller. 1990). 

ICPMS with hydride generation has been used in 
multielement studies on milk and infant formula to 
determine Na, Ca, K, Mg, Mn, P, Cr, Fe, Al but no 
data on selenium is reported (Suddendoff & Cook 
1984; Emmett, 1988). Pretty e( u/. (1993) determined 
Se(lV) in urine using iCPES and 1CPMS coupled with 
on-line anodic stripping voltametry which eliminated 
polyatomic interferences caused by chlorine in the sam- 
ple matrix (Pretty ei ab. 1993). Differential pulse cath- 
ode stripping voltametry with ion exchange 
chromatography has been used for routine analysis and 
selenium determination in blood and milk samples 
(Adeloju & Bond, 1983). Other developmental methods 
include polarimetry using a dropping mercury electrode 
(Dunhu et al., 1989) and kinetic catalytic spectrometry 
(Gokmen % Ahdelqader, 1994). 

Wet digestion followed by Ruorimettic measurement 
has until recently formed the method of choice for sele- 
nium determinations in milk. Irrespective of the final 
methods used, two essential criteria need to be satisfied. 
Firstly, the initial complete digestion of the sample 
with nitric and perchloric acid is essential to maximise 
the release of selenium from the food matrix as well as 
insuring minimum charring. Secondly, the reduction of 
Se(VI) to Se(IV) is critical in the final determination 
and is dependent on the concentration of HCI used. 

Consideration of the sample matrix is equally impur- 
tant as most techniques suffer interferences from con- 
comitant elements. These effects have been minimised 
using appropriate acid mixtures and solvents during 
digestion and extraction, water removal, masking 
agents, chelating agents, coprecipitants, chemical sepa- 
ration, background correction-Zeeman e&t, appro- 
priate solvents and detection systems. 

Atomic absorption spectrometry with hydride gener- 
ation and GC with electron capture are particularly 
suitable for milk analysis (intrinsically low Se content 
of 0.02 &g), achieving good sensitivity and limits of 
detection. 

Further studies are needed to accurately test and 
quantify selenium in milk and infant formulae as exist- 
ing information is limited. This is of paramount impor- 
tame since milk fluids form the sole source of nutrition 
in infants. In addition, speciation studies are required 
in order to characterise the various chemical forms of 
the element and provide information as to their 
bioavailability and overall significance, 
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