
A

A
i

A
a

b

a

A
R
A

K
F
M
B
P
M

I

a
i
m
e
t
t
m
i
s
l
t
i
r
c
s
w
p
m
a

R
T

0
h

Journal of Trace Elements in Medicine and Biology 27 (2013) 273–285

Contents lists available at ScienceDirect

Journal of Trace Elements in Medicine and Biology

journa l homepage: www.e lsev ier .de / j temb

NALYTICAL METHODOLOGY

nalysis methods and reference concentrations of 12 minor and trace elements
n fish blood plasma

nna M. Sturrocka,b,∗, Ewan Hunterb, J. Andy Miltona, Clive N. Truemana

National Oceanography Centre Southampton, Waterfront Campus, University of Southampton, Southampton SO14 3ZH, UK
Centre for Environment, Fisheries and Aquaculture Science, Lowestoft Laboratory, Lowestoft, Suffolk NR33 0HT, UK

r t i c l e i n f o

rticle history:
eceived 24 August 2012
ccepted 4 March 2013

eywords:

a b s t r a c t

A comprehensive review of the analytical literature revealed substantial under-representation of trace
element concentrations in fish blood, particularly for marine species. We describe a simple dilution
procedure to measure Li, Mg, K, Ca, Mn, Cu, Zn, Se, Rb, Sr, Ba and Pb concentrations in low volumes of
blood plasma of adult plaice (Pleuronectes platessa) using high resolution-inductively coupled plasma-
ish
ulti-elemental

lood
lasma
icrochemistry

mass spectrometry (HR-ICP-MS). Captive male and female plaice (n = 18) were serially sampled for one
year and samples collected outside of the spawning season (n = 157) used to estimate reference ranges
for this species. Method accuracy was deemed satisfactory, based on its application to the analysis of a
certified reference material. Precision was generally <3%, with the most conservative measure of precision
being ≤10% for all elements except Pb (∼20%). This is the first study to analyse fish blood plasma by ICP-MS
and includes some of the first reference ranges for trace element concentrations in fish blood.
ntroduction

Essential trace elements are, by definition, vital to the health
nd survival of all animals. Concentrations of elements in body flu-
ds need to be tightly controlled, given their requirement in many

etabolic reactions and their potential toxicity at elevated lev-
ls [1]. Precise and accurate reference concentrations are crucial
o establish bioindicators of population health and to understand
he functionality of elements in biological processes [2]. Variations

ay indicate differences in physiological status among individuals,
mpaired body function, and/or differences in environmental expo-
ure. All of these are of interest for monitoring wild animal popu-
ations, particularly those exploited for food. Despite global impor-
ance as a protein resource, both from wild fisheries and increas-
ngly from aquaculture, fish blood trace elemental chemistry has
eceived relatively little attention compared with their mammalian
ounterparts [3]. A review of the analytical literature indicated
trong representation of Na+, Cl+, K+ and Ca2+ concentrations in
hole blood (henceforth described simply as ‘blood’), serum and

lasma [reviewed in 4–8], but serious under-representation of
any trace elements (Table 1). This, along with the lack of suit-

ble reference materials and the large (often >2sd) differences in
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concentrations among species, studies and blood fractions
(Table 1), hamper studies requiring a robust baseline to examine
elemental uptake, distributions and processing mechanisms.

Accurate and precise measurement of trace and ultra-trace ele-
ments in biological fluids presents a number of challenges due to
the complex nature of the medium and low detection limits neces-
sary for analysis [9]. Inductively coupled plasma mass spectrometry
(ICP-MS) has proven to be the most reliable method for rapid multi-
element screening of a variety of complex solutions, but spectral
and non-spectral interferences can hinder analyses, particularly for
elements close to detection limits. High resolution ICP-MS (HR-ICP-
MS) offers greater sensitivity and can reduce or even eliminate mass
interference problems [10]. Direct analysis of biological fluids can
be problematic because the high protein and salt content can block
the nebuliser and torch tubes [9]. This can be overcome through
microwave or acid digestion [11], but such processes can introduce
contamination or cause loss of volatile elements [12]. To reduce
contamination risk and processing time, simple dilution methods
are generally favoured [9,13,14].

While a number of studies have examined optimal methods
for the analysis of human biological fluids [e.g. 11], none have
focused on determination of trace elements in fish blood. Marine
fish present additional challenges as they are hypo-osmotic and
continually drink seawater to maintain ionic homeostasis [15].

Despite highly evolved excretory mechanisms to remove excess
salts, their bloods are characterised by elevated Na+ and Cl− concen-
trations, typically 25–30% higher than freshwater species (Table 1)
and 20–70% higher than humans [16]. Salt loading could have

dx.doi.org/10.1016/j.jtemb.2013.03.001
http://www.sciencedirect.com/science/journal/0946672X
http://www.elsevier.com/locate/mechrescom
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Table 1
Concentrations (in ppm) of 14 elements in serum (S), plasma (P) or whole blood (B) collected from fish inhabiting freshwater (FW) or seawater (SW). Study details provided where relevant, such as when male (M), female (F)
or juvenile (J) subject animals were specified. Concentrations include averages (X) and values extrapolated from graphs. Table updated from S. Campana (pers. comm.). Trace elements were the primary focus of the review, but
examples of major ion concentrations were included to illustrate coarse differences in blood composition between freshwater and marine species.

Taxonomic group Fish species Reference Fraction Water Li Na Mg Cl K Ca Sr Details

Class Actinopterygii
Order Acipenseriformes

Family Acipenseridae
Acipenser fulvescens [26] S FW 2888 4141 94.0 48.0

Acipenser naccarii [27] S FWa 3065 3712 106.0 7 yrs, cannulated
Acipenser transmontanus [28] Bb FWa X (J, time zero). Non PBb fraction = 0.031 �g/g
Ameiurus nebulosus [29] S FW 2943 46.0 3900 78.2 107.0

Order Siluriformes
Family Ictaluridae

Campostoma oligolepis [30] Bc FW X (2 ref sites)

Ictalurus punctatus [31] Bc FW X (2 ref sites)
I. punctatus [32] P FW 3150 4396 101.7

Order Cypriniformes
Family Catostromidae

Catostomus commersoni [33] S FW 175.3 X (F, 4 sites, �pH)

Hypentelium spp. [34] Bc FW
Hypentelium nigricans [30] Bc FW
H. nigricans [35] B FW X (protected sites)

Family Cyprinidae Cyprinus carpio [36] P FW 20.0 Anaethetised, ‘Initial concs’
C. carpio [31] Bc FW
C. carpio [37] B FW 1695
C. carpio [37] S FW 3000 33.2 4010 246.0 115.0 X
C. carpio [38] P FW 3166 30.9 3921 162.6 81.6 X
C. carpio [39] P FW 3104 30.0 3470 235.0 85.0 Controls
Pimephales promelas [40] B FW X (J, time zero)

Order Salmoniformes
Family Salmonidae

Oncorhynchus mykiss [41] P FW 2457 117.1 76.7 Controls

O. mykiss [38] P FW 3529 17.5 4634 79.4 96.8 M
O. mykiss [42] P FW 4370 4056 170.1 X (stunned MS222 treated)
O. mykiss [43] S FW
O. mykiss [44] S FW 117.2 X
O. mykiss [45] S FW 3438 22.5 4294 50.0 103.0 X
O. mykiss [46] S FW 17.0 99.0 X (Jan–Dec)
O. mykiss [47] P FW 111.0 pH 6.62
O. mykiss [48] B FW 2941 72.0 812.0 109.0 0.17
O. mykiss [49] P FW 3564 17.0 4786 105.6 98.2
O. mykiss [50] P FW
O. mykiss [51] P FW 3829 X
Oncorhynchus mykiss [52] P FW 3420 41.0 41.0 256.0 X (Controls)
Oncorhynchus nerka [53] P FWa X (M, F, spawning)
O. nerka [53] P SWa X (M, F)
Oncorhynchus
tshawytscha

[54] P FW 3862 4680 75.9 107.4 J, caudal puncture

Salmo salar [55] P FWa J, Mn < LOD
S. salar [56] S FWa X (4 diets, �Zn)
Salmo trutta [57] P FW 41.8 5353 192.4 Controls
S. trutta [58] S FW 3580 23.0 4240 201.0 125.0 X
Salvelinus namaycush [59] S FW 28.0 115.0
S. namaycush [60] B FW 2620 67.8 1990 102.0 0.14

Order Lophiiformes
Family Lophiidae

Lophius piscatorius [61] P SW 3816 5859 249.1 X (J, F, M)

Order Gadiformes
Family Gadidae

Gadus morhua [62] S SW 0.048 3931 23.8 127.9 139.5

G. morhua [63] P SW 171.9 X (M, F, 1 yr)
Family Lotidae Lota lota [60] Bc FW 2670 66.4 1970 80.2 0.21
Family Moridae Antimora rostrata [64] P SW 4115 34.8 5602 89.5 101.8

Pseudophysis barbatus [20] P SW 4213 279.3 71.6 1.10 X (M, F, 8 mo)
Order Mugiliformes

Family Mugilidae
Mugil cephalus [65] P FWa 33.8 101.0 X

M. cephalus [2] S SWa 3862 55.0 4963 97.7 120.0 X (all months)
M. cephalus [65] P SWa 47.4 95.8 X
M. cephalus [66] P SWa 134.7 Controls
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Table 1 (continued )

Taxonomic group Fish species Reference Fraction Water Li Na Mg Cl K Ca Sr Details

Order Beryciformes
Family Holocentridae

Holocentrus adscensionis [67] P SW X (F)

Order Pleuronectiformes
Family Pleuronectidae

Platichthys flesus [68] P FWa,d 3472 14.6 4680 140.8 96.2

P. flesus [69] P FWa,d 3518 4485 82.1
Kareius bicoloratus [46] S SWa 19.0 93.0 X (1 yr)
Parophrys vetulus [70] P SWa 25.4 113.4 X (F, all stages)
Pleuronectes platessa [71] S SW 4012 14.0 5619 162.0 102.0
P. platessa [72] S SW
P. platessa [73] B SW
P. platessa [74] S SW X (F, all months)
Pseudopleuronectes
americanus

[75] P SWa 5081 6807 43.0

Family Scophthalmidae Scophthalmus aquosus [76] P SW 3851 185.7 79.8 X (field, 4 seasons)
Order Scorpaeniformes

Family Cottidae
Myoxocephalus scorpius [62] S SW 0.076

Myoxocephalus
quadricornis

[77] P SWa 3678 10.9 4396 125.1 97.0

Family Scorpaenidae Scorpaena porcus [78] P SW 0.051 3747
Order Perciformes

Family Centarchidae
Lepomis macrochirus [33] S FW 200.0 X (M, F)

Lepomis megalotis [79] B FW
L. megalotis [30] B FW X (2 ref sites)
Lepomis sp. [80] S FW 1825 2365 88.0 178.5 X (ref site, 2 yr)
Micropterus salmoides [31] Bc FW

Family Centracanthidae Spicara smaris [78] P SW 0.056 3839
Family Cichlidae Oreochromis

mossambicus
[81] P FWa 24.1 Control (>8 wk)

O. mossambicus [82] P FWa 3674 4804 106.3 Control
O. mossambicus [83] S FWa 440.9 F
O. mossambicus [83] S FWa 3720 34.0 5038 129.0 128.2 M, F (Ca = M)
O. mossambicus [83] S SWa 384.7 F
O. mossambicus [83] S SWa 4028 29.2 6180 129.0 144.3 M, F (Ca = M)

Family Istiophoridae Makaira mazara [84] B SW X
Tetrapturus audax [84] B SW X

Family Moronidae Dicentrarchus labrax [85] S SWa 4198 6044 134.1 172.6 X (ref value)
Morone saxatilis [86] P SWa 4483 258.0 90.2

Family Mullidae Mullus barbatus ponticus [78] P SW 0.045 3678
Family Percidae Perca fluviatilis [87] P FW 42.5 142.8 X (M, F, 2 sites, monthly)
Family Scombridae Thunnus alalunga [88] B SW 0.022 2650 2270

Thunnus albacares [89] B SW
T. albacares [90] B SW X (M, F)
T. albacares [84] B SW X
Thunnus obesus [89] B SW
T. obesus [90] B SW X (M, F)
T. obesus [84] B SW X

Family Sparidae Diplodus annularis [78] P SW 0.053 3770
Lagodon rhomboides [2] S SW 4023 42.0 5424 117.3 130.0 X (all months)
Pagrus auratus [91] S SW 4690 41.3 6311 234.6 124.2 Sedated
P. auratus [92] P SW 4616 6736 168.1 100.2 Rested, cannulated

Family Zoarcidae Lycodes esmarkii [64] P SW 4621 67.6 6559 211.1 110.6

Grand means (± SEM)
FW - 3216 (112) 38.2 (5.2) 4240 (145) 381.3 (129) 131.3 (14.2) 0.17 (0.02)
SW 0.050 (0.006) 4043 (109) 34.2 (4.9) 5875 (209) 287.2 (125) 128.9 (14.8) 1.10 (-)
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Table 1 (continued )

Taxonomic group Fish species Reference Fraction Water Mn Cu Zn Se Rb Ba Pb Details

Class Actinopterygii
Order Acipenseriformes

Family Acipenseridae
Acipenser fulvescens [26] S FW

Acipenser naccarii [27] S FWa 7 yrs, cannulated
Acipenser transmontanus [28] Bb FWa 0.64 X (J, time zero). Non PBb fraction = 0.031 �g/g
Ameiurus nebulosus [29] S FW

Order Siluriformes
Family Ictaluridae

Campostoma oligolepis [30] Bc FW 56.6 0.197 X (2 ref sites)

Ictalurus punctatus [31] Bc FW 114.0 0.095 X (2 ref sites)
I. punctatus [32] P FW

Order Cypriniformes
Family Catostromidae

Catostomus commersoni [33] S FW X (F, 4 sites, �pH)

Hypentelium spp. [34] Bc FW 69.0 0.630
Hypentelium nigricans [30] Bc FW 50.5 0.287
H. nigricans [35] B FW 49.4 0.090 X (protected sites)

Family Cyprinidae Cyprinus carpio [36] P FW 0.001 0.84 0.7 Anaethetised, ’Initial concs’
C. carpio [31] Bc FW 52.0 0.290
C. carpio [37] B FW 0.058
C. carpio [37] S FW X
C. carpio [38] P FW X
C. carpio [39] P FW 0.10 4.60 Controls
Pimephales promelas [40] B FW 0.37 X (J, time zero)

Order Salmoniformes
Family Salmonidae

Oncorhynchus mykiss [41] P FW 0.69 Controls

O. mykiss [38] P FW M
O. mykiss [42] P FW X (stunned MS222 treated)
O. mykiss [43] S FW 0.070 1.30 10.2
O. mykiss [44] S FW X
O. mykiss [45] S FW X
O. mykiss [46] S FW X (Jan–Dec)
O. mykiss [47] P FW pH 6.62
O. mykiss [48] B FW 0.220 0.94 13.0
O. mykiss [49] P FW
O. mykiss [50] P FW
O. mykiss [51] P FW X
Oncorhynchus mykiss [52] P FW 1.25 18.3 X (Controls)
Oncorhynchus nerka [53] P FWa 0.85 8.5 X (M, F, spawn)
O. nerka [53] P SWa 1.39 23.4 X (M, F)
Oncorhynchus
tshawytscha

[54] P FW J, caudal puncture

Salmo salar [55] P FWa 1.60 12.8 J, Mn < LOD
S. salar [56] S FWa 22.9 X (4 diets, �Zn)
Salmo trutta [57] P FW Controls
S. trutta [58] S FW 2.80 X
Salvelinus namaycush [59] S FW
S. namaycush [60] B FW 0.103 8.8 2.42 0.25 0.161

Order Lophiiformes
Family Lophiidae

Lophius piscatorius [61] P SW 0.72 X (J, F, M)

Order Gadiformes
Family Gadidae

Gadus morhua [62] S SW

G. morhua [63] P SW X (M, F, 1 yr)
Family Lotidae Lota lota [60] Bc FW 0.084 5.78 1.96 0.37 0.054
Family Moridae Antimora rostrata [64] P SW

Pseudophysis barbatus [20] P SW X (M, F, 8 mo)
Order Mugiliformes

Family Mugilidae
Mugil cephalus [65] P FWa X

M. cephalus [2] S SWa X (all months)
M. cephalus [65] P SWa X
M. cephalus [66] P SWa 2.70 Controls
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Table 1 (continued )

Taxonomic group Fish species Reference Fraction Water Mn Cu Zn Se Rb Ba Pb Details

Order Beryciformes
Family Holocentridae

Holocentrus adscensionis [67] P SW 6.54 X (F)

Order Pleuronectiformes
Family Pleuronectidae

Platichthys flesus [68] P FWa,d

P. flesus [69] P FWa,d

Kareius bicoloratus [46] S SWa X (1 yr)
Parophrys vetulus [70] P SWa X (F, all stages)
Pleuronectes platessa [71] S SW
P. platessa [72] S SW 0.57
P. platessa [73] B SW 0.67
P. platessa [74] S SW 9.93 X (F, all months)
Pseudopleuronectes
americanus

[75] P SWa

Family Scophthalmidae Scophthalmus aquosus [76] P SW X (field, 4 seasons)
Order Scorpaeniformes

Family Cottidae
Myoxocephalus scorpius [62] S SW

Myoxocephalus
quadricornis

[77] P SWa

Family Scorpaenidae Scorpaena porcus [78] P SW
Order Perciformes

Family Centarchidae
Lepomis macrochirus [33] S FW X (M, F)

Lepomis megalotis [79] B FW 0.030
L. megalotis [30] B FW 51.7 0.194 X (2 ref sites)
Lepomis sp. [80] S FW X (ref site, 2 yr)
Micropterus salmoides [31] Bc FW 53.9 0.100

Family Centracanthidae Spicara smaris [78] P SW
Family Cichlidae Oreochromis

mossambicus
[81] P FWa Control (>8 wk)

O. mossambicus [82] P FWa Control
O. mossambicus [83] S FWa F
O. mossambicus [83] S FWa M, F (Ca = M)
O. mossambicus [83] S SWa F
O. mossambicus [83] S SWa M, F (Ca = M)

Family Istiophoridae Makaira mazara [84] B SW 0.96 X
Tetrapturus audax [84] B SW 0.80 X

Family Moronidae Dicentrarchus labrax [85] S SWa X (ref value)
Morone saxatilis [86] P SWa

Family Mullidae Mullus barbatus ponticus [78] P SW
Family Percidae Perca fluviatilis [87] P FW X (M, F, 2 sites, monthly)
Family Scombridae Thunnus alalunga [88] B SW 0.44

Thunnus albacares [89] B SW 42.5
T. albacares [90] B SW 38.6 X (M, F)
T. albacares [84] B SW 40. 8 X
Thunnus obesus [89] B SW 41.4
T. obesus [90] B SW 44.8 X (M, F)
T. obesus [84] B SW 45.2 X

Family Sparidae Diplodus annularis [78] P SW
Lagodon rhomboides [2] S SW X (all months)
Pagrus auratus [91] S SW Sedated
P. auratus [92] P SW Rested, cannulated

Family Zoarcidae Lycodes esmarkii [64] P SW

Grand means (± SEM)
FW 0.089 (0.03) 1.15(0.8) 33.5 (7.1) 0.505 (0.14) 2.19 (0.2) 0.312 (0.06) 0.193 (0.05)
SW - 1.21 (0.9) 13.28 (8.9) 31.9 (6.8) 0.443 (-) - -

a Euryhaline species.
b Protein bound (PB) blood fraction.
c Analyses carried out by ICP-MS.
d Brackish water (salinities of 7–7.6).
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Table 2
Concentration ranges (in ng/g) for external calibration of fish plasma and Seronorm
at 150-fold dilution.

Fish plasma Seronorm

Min Max Min Max

Li 0.012 1.396 17.38 83.76
Mg 5.92 698.3 60.51 291.6
K 10.34 1220.1 375.3 1808.6
Ca 24.78 2925.1 317.4 1529.3
Mn 0.009 1.112 0.030 0.145
Cu 0.221 26.09 4.036 19.45
Zn 2.329 274.9 4.088 19.70
Se 0.099 11.65 0.199 0.961
Rb 0.002 0.205 0.011 0.055
Sr 0.198 23.35 0.086 0.416
78 A.M. Sturrock et al. / Journal of Trace Eleme

mportant implications for trace metal analyses and would be
ugmented in studies (such as this) using sodium-based anticoag-
lants. Otherwise, blood composition is broadly conserved among
ertebrates, particularly for essential trace elements such as Zn, Mn
nd Cu (Table 1, Ref. [17]).

Biomineral microchemistry represents a growing field that
ould benefit greatly from an improved understanding of ele-
ental uptake and transport mechanisms in fish [15]. Otoliths are

cellular calcium carbonate ‘earstones’ that are common to all bony
sh and grow incrementally, incorporating chemical markers from
he environment to produce a time-resolved natural tag that can
nfer stock identity and individual movements [15]. The elements
elected for the current study (Li, Mg, K, Ca, Mn, Cu, Zn, Se, Rb, Sr,
a and Pb) have all been reported as useful (or potentially useful)
tolith markers, but their relationships with the environment are
ot always clear [e.g. 18], and many are of minor interest in human
iomedical fields and under-represented in the analytical literature
Table 1). Otolith Sr/Ca and Ba/Ca ratios are often used to monitor
sh movements across salinity gradients [19], however physiologi-
al processes may significantly influence Sr behaviour, particularly
n marine fishes [18,20]. Otolith Li/Ca, Mg/Ca, K/Ca, Mn/Ca, Cu/Ca
nd Zn/Ca ratios have been used to infer population structuring
f wild marine fishes [21,22], while correlations between water
hemistry and otolith Se/Ca [23], Rb/Ca [24] and Pb/Ca [25] ratios
ave indicated potential utility as additional geographic markers.
espite increasing prominence of otolith microchemistry in the sci-
ntific literature [18], little is known about element sources, uptake
echanisms or transport pathways prior to their incorporation into

he otolith, nor the relative importance of intrinsic and extrinsic
actors.

The objectives of this study were to (1) develop a simple proce-
ure for simultaneous quantification of 12 trace, minor and major
lements in the blood plasma of plaice (Pleuronectes platessa) using
ow sample volumes, (2) provide a baseline of reference values
or future studies, and (3) explore possible reasons for differences
mong studies.

ethods

nimals

Adult plaice (8 females, 10 males; mean total length = 26.2 cm)
ere collected by beam trawl from the Irish Sea in February 2009

nd maintained in a large outdoor tank at CEFAS Lowestoft fed with
ontinuously flowing coastal seawater. They were acclimatised for
hree months prior to blood sampling and fed twice weekly with
ive lugworms (Arenicola marina) from a single, local beach. Samp-
ing was carried out between 8 and 10 am on days prior to feeding
o avoid diurnal or food-related artefacts.

ample collection

Plasma was collected instead of serum, as metabolism of blood
omponents during clotting can result in serum being a less reli-
ble recorder of in vivo elemental concentrations [93], particularly
n animals with nucleated red blood cells such as fish [93]. Also,
lotting time of fish blood is particularly rapid [94] and needles
requently blocked during trials attempting to sample without an
nticoagulant. A stock of heparin solution was prepared (500 IU/ml)
sing MQ and high purity heparin sodium salt from porcine intesti-
al mucosa (Sigma–Aldrich). Aliquots were stored at –20 ◦C. Before

ach sampling session an aliquot was thawed at 4 ◦C and 0.1 ml
rawn up into each needle (25 mm, 25 gauge) and syringe (1 ml
D Plastipak) then fully vented. This left 25 ± 2.76 mg (mean ± SE,
= 17) heparin in each syringe.
Ba 0.0024 0.2806 0.4207 2.0274
Pb 0.0001 0.0078 0.0099 0.0478

Monthly blood samples were collected from each fish for one
year (02/06/09–28/05/10) by caudal venipuncture and stored on ice
blocks until processing. Bloods were centrifuged within 3 h (15 min,
2500 rpm, 4 ◦C) and the plasma stored at −20 ◦C. Procedural blanks
were collected in the same way, using MQ in place of blood. For
quality control purposes, clotted or haemolysed samples were dis-
carded. All processes apart from the initial blood collection were
carried out using acid cleaned consumables [95] in a dedicated Class
100 clean room or Heraeus Class II Safety Cabinet lined with clean
plastic sheeting. To avoid blood contamination, subject animals
were not sedated prior to sampling, but handling time and sample
volume were minimised (usually <3 min and 0.3 ml, respectively)
in compliance with UK Home Office guidelines (Project License no.
80/2260).

Reagents

Multi-element stock solutions were prepared using 2% nitric
acid (HNO3) and single element standards (Inorganic Ventures,
Lakewood, USA, and Romil, Cambridge, UK). These were diluted
to produce five-point calibration curves in physiologically relevant
ranges (Table 2). MilliQ water (MQ, >18.2 M�) and trace metal
grade HNO3 (Fisher Scientific, UK), further purified by sub-boiling
(sb.) distillation in a Savillex Teflon still, were used through-
out. Seronorm Human Trace Elements Serum L-1 (Batch 0608414,
Nycomed, Norway) was used as the certified reference material
(CRM), but required separate calibration due to differences in its
composition (Table 2). Samples and calibration standards were
diluted using two mixtures previously developed for human biolog-
ical fluids spiked with internal standards (Be at 20 �g/L; Rh and Re
at 10 �g/L). Both diluents were weakly acidic and contained Triton-
X 100 (Sigma–Aldrich, UK) to form a stable emulsion and avoid
build-up of organic residues, and butan-1-ol (≥99.5, Fisher Scien-
tific, UK) to ensure efficient ionisation of Se [96]. ‘Mix 1’ [14,96]
comprised 0.05% HNO3, 0.1% Triton X-100 (replacing ‘TAMA SC’)
and 3% butanol, while ‘Mix 2’ [13] comprised 1% HNO3, 0.01% Triton
X-100 and 0.5% butanol.

Method optimisation

To determine optimal diluent mixture and dilution factor (DF),
plasma and Seronorm samples were serially diluted 10, 20, 30, 50,
100, 250, 600 and 1000-fold. Exact DF was determined by weight.
Samples were analysed sequentially from the least to the most con-

centrated. Internal standard-spiked ‘acid blanks,’ sb. 2% HNO3 and
‘diluent blanks’ were analysed at the start and end of each batch
to correct for instrument drift and to calculate detection limits
(LOD, mean + 3 sd of diluent blanks). The optimal preparation was
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efined as the preparation that minimised signal suppression while
roducing concentrations >LOD.

Memory effects were informally assessed by analysing replicate
% HNO3 washes after plasma and Seronorm samples. Generally,
ounts had returned to background levels by the second wash
equivalent to ∼3.5 min), so wash times were set to 4 min. Even
ith this extended wash time, Seronorm Li (almost 100× higher

han fish plasma Li) remained elevated in subsequent samples, so
eronorm-based samples and calibration standards were analysed
nly at the end of runs.

ample preparation

All solutions were weighed to 5 d.p. and concentrations calcu-
ated by weight, given the potential for pipetting error when using
ow volumes and viscous solutions. The following steps were taken
o improve matrix matching among blanks, standards and samples:

. Volumes of Be-, Rh- and Re-spiked diluent mixture were
matched among all tubes (2.5 ml).

. MQ was used in place of plasma or Seronorm in blank and cali-
bration tubes (20 �l).

. All tubes were spiked with an equal volume of 2% HNO3 or 2%
HNO3 based standard (480 �l).

‘Procedural standards’ were prepared in the same manner,
caled up to larger volumes to allow repeat-sampling within and
cross runs. Also, while sample order was randomised, blanks, cal-
brations and Seronorm were analysed only at the start or end of
uns. Both ‘procedural’ and ‘laboratory’ blanks were analysed, their
nly difference being the source of the MQ added (via heparinised
yringe and multiple tubes, or direct from the lab, respectively).

ample analysis

Analyses were carried out on a Thermo Fisher Scientific Element
XR HR-ICP-MS. Low-resolution (LRM, m/�m 300), medium-

esolution (MRM, m/�m 3000) and high-resolution (HRM, m/�m
500) modes were utilised to avoid spectral interferences (Table 3).
ample introduction was achieved via autosampler (ESI SC2,
maha, US) using a pumped micro PFA nebuliser into a peltier
ooled PFA cyclonic spray chamber (ESI PC3). Additional Ar add

as was ported into the spray chamber to improve sensitivity and
ignal stability. The instrument used the standard torch, sapphire
njector and guard electrode. Using this configuration and adjus-
ing ion lens settings to maximise sensitivity, the instrument was

able 3
sotopes, resolutions and operating conditions for HR-ICP-MS.

RF power (W) 1200
Sample uptake rate (ml/min) 0.15, pumped
Ar gas flow rates (L/min)

Coolant 15.0 Nebu
Auxiliary 0.95 Add

Nebuliser ESI PFA ST
Spray chamber ESI PFA cyclonic, peltier cooled

LRM 7Li, 9

Resolution MRM 9Bea

HRM 39K,
Acquisition mode E-scan, Mode 1, 12 scans per resolution
Mass window (%)b 50 (LRM), 125 (MRM and HRM)
Search window (%)b 25 (LRM), 60 (MRM and HRM)
Integration window (%)b 20 (LRM), 60 (MRM and HRM)
No. of samples per peak 50 (LRM), 20 (MRM and HRM)

a Internal standards.
b Percent of peak width.
Medicine and Biology 27 (2013) 273–285 279

tuned to achieve sensitivity of around 1 × 106 cps in LRM 1 ng/g
115In. Oxide formation was minimised using the 238U16O+/238U+

ratio. The instrument was ‘conditioned’ at the start of each run by
repeat-analysis of diluent mixture for 30–45 min.

Data analysis

Raw counts were blank and drift-corrected offline, and concen-
trations quantified by direct calibration (sample calibration curves
r2 > 0.999 except Pb, which ranged from 0.954 to >0.999). Differ-
ences between procedural and laboratory blanks were tested by
oneway ANOVA. Log transformation was applied if data were het-
erogeneous (Brown-Forsythe test, JMP 8.0). Concentrations <LOD
(3 SD of repeat blanks) were excluded, as were samples taken dur-
ing the spawning season (January–March), as ‘resting’ basal values
can be significantly altered during this period [53,67].

Internal precision (instrument error) was assessed using within-
analysis relative standard deviation (%RSD) of plasma samples
analysed across all runs. External precision was assessed using
%RSD for repeat analysis of both ‘procedural standards’ and
Seronorm CRM. To identify the sources of error in the method (i.e.
preparation, instrument and/or calibration error), %RSD was calcu-
lated using replicate analyses of single and multiple preparations
of a given sample, analysed within and across days. As no CRM for
fish serum or plasma is currently available, accuracy was gauged
by comparing measured Seronorm concentrations with its ‘accept-
able ranges’ and through comparisons with previously published
concentrations (Table 1).

Results and discussion

Dilution method

In all cases, ion yield for the internal standards was greater using
Mix 2 as the diluent (Fig. 1), probably due to signal suppression
from the butanol, so Mix 1 was excluded from further investi-
gation. Signal suppression of Be, Rh and Re was also greatest in
the most concentrated samples, but was negligible at 100 to 250-
fold dilution (Fig. 1). However at 250-fold dilution, Mn, Ba and Pb
concentrations were close to or <LOD. As such, 150 was chosen
as the DF for future analyses. The relatively high DF resulted in
almost no cases of nebuliser blockage, even during long runs of

>100 analyses. It also helps to circumvent issues relating to low
sample volume, which is crucial in serial sampling experiments
such as this to improve animal welfare and ensure blood samples
are representative of a healthy population.

liser 0.7 (via nebuliser)
gas 0.3 (ported into spray chamber)

Bea, 85Rb, 88Sr, 103Rha, 137Ba, 185Rea, 208Pb
, 24Mg, 44Ca, 55Mn, 63Cu, 66 Zn, 103Rha

77Se, 78Se, 103Rha
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Fig. 1. Internal standard counts (Be, Rh, and Re) in fish plasma (circles) and Seronorm (triangles) diluted with Mix 1 (solid symbols, dashed line) and Mix 2 (open symbols,
solid line). The vertical grey lines show the dilution factor chosen for subsequent analyses. Unexpected patterns were observed for the ‘Seronorm + Mix 1’ combination, but
t instr
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hese analyses occurred at the start of the sequence and coincided with a shift in
rift-corrected using subsequent, unaffected blanks.

lanks

Blank subtractions were carried out using laboratory blanks due
o inconsistent patterns in Ba. Raw counts did not differ between
rocedural and laboratory blanks for any other elements (p > 0.05,
= 36), but procedural blanks contained significantly higher Ba

F1,34 = 73.2, p < 0.001), and concentrations almost an order of mag-
itude higher than associated plasma samples (averages of 0.5 and
.07 ng/g, respectively). Given identical treatment of plaice blood
nd procedural blank MQ, this appears to indicate a Ba source
n the heparin, syringe or needle that was not transferred to (or
as highly suppressed in) the plasma, possibly remaining in the
ellet following centrifugation. Whatever the reason for the dis-
repancy, the final Ba concentrations should be taken with some
aution.
ument performance, so should be treated with caution. Remaining samples were

Precision

With the exception of Pb and Ba, internal precision was con-
sistently better than 3% and similar for estimates of external
precision based on single tubes repeatedly analysed within a run
(Table 4). Error relating to sample preparation resulted in higher
%RSD for within-run replicates of multiple sample preparations,
but precision was still generally around 3%, except for Ba (6.6%)
and Pb (13.6%). The most conservative measure of external preci-
sion (inter-assay replicates of multiple preparations, encompassing
preparation, calibration and instrument error) was poor for Pb mea-

surements (23%), but ≥10% for all other elements. The elements
closest to detection limits, Ba and Pb, consistently exhibited the
lowest precision, although the former appeared primarily hindered
by handling error and the latter by calibration issues.



A.M. Sturrock et al. / Journal of Trace Elements in Medicine and Biology 27 (2013) 273–285 281

Table 4
Detection limits (LOD, 3SD of repeat blanks, adjusted by 150× dilution factor) and precision estimates (%RSD) for plaice plasma and Seronorm analyses. Sample numbers are
given in parentheses. Internal precision (instrument error) is represented by the mean within-analysis %RSD for all plasma samples. External precision is represented by the
mean %RSD for repeat analyses of single (S) or multiple (M) preparations of a given sample analysed within or across runs.

External precision

Plaice plasma Seronorm

Element LOD (�g/g) Internal precision Within Across Within Across

(27) (380) S (8) M (25) M (12) M (3) M (6)

Li 0.00343 1.8 2.7 3 9.9 0.9 2.5
Mg 0.0503 0.9 1.4 2.7 5.2 0.8 1.9
K 0.311 1 1.1 2 5.4 1.2 2.2
Ca 1.66 0.9 2.1 3.6 5.1 0.7 2.8
Mn 0.00146 1.3 1 3.2 5.1 2 3.5
Cu 0.0111 1 0.7 3 4.5 0.2 1.3
Zn 0.0827 0.8 0.9 3.1 6 0.1 1.5
Se 0.149 2.6 2.7 3.2 8.1 5.4 5.9
Rb 0.00011 2.1 2.2 3.5 5.6 1 3.6
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Sr 0.00287 1.5 0
Ba 0.00374 3.1 2
Pb 0.00030 5.5 5

On the whole, precision was superior for Seronorm analyses
generally <5%). This can partly be explained by differences in
uid composition. Concentrations of Li, K and Ba were higher in
eronorm, sometimes by orders of magnitude (Table 5), which
esulted in greater measurement reliability. That said, Mn, Zn,
e and Sr were higher in fish plasma, but measurements were
arely accompanied by higher precision. Overall lower precision
or plasma analyses was most likely related to sample matrix and
reatment. Seronorm is a serum and thus contains no clotting fac-
ors; while visibly clotted and heterogeneous plasma samples were
ejected, any protein precipitation could affect matrix viscosity and
ehaviour. Also, once prepared, Seronorm aliquots were stored <1
onth prior to analysis, while plasma samples were stored for up

o 24 months. Inter-assay sample degradation may have reduced
recision to a certain extent, however for repeat plasma prepara-
ions made >3 months apart, precision was still generally better
han 10%, implying that ‘storage effects’ were relatively minor.

ccuracy

Owing to the lack of commercially available fish plasma ref-
rence material, external accuracy was assessed using Seronorm,

human serum. While differences in elemental concentrations
ere observed, particularly for Li and Sr (Table 5), internal

tandard behaviour was similar for both blood types (Fig. 1). If one
ssumes broadly similar behaviour among blood types, accuracy

able 5
ummary of elemental concentrations measured in male and female plaice plasma and Ser
ercentiles.

Plaice plasma

Element All plasma analyses (n = 157a) Males (n = 85)

Median %RSD % above LOD Median Reference range

Li 0.0653 10.9 100 0.0632 0.0509–0.0740
Mg 26.61 26.2 100 26.80 19.38–40.68
K 42.60 62.1 100 44.80 13.97–110.0
Ca 126.8 16.2 100 123.9 107.8–148.6
Mn 0.021 49.6 100 0.0166 0.0089–0.0413
Cu 0.736 24.8 100 0.7664 0.4887–1.093
Zn 12.50 21.2 100 13.10 9.094–16.56
Se 0.368 22.9 100 0.3747 0.2344–0.5158
Rb 0.0064 64.0 100 0.0070 0.0019–0.0155
Sr 1.030 16.0 100 0.9981 0.7643–1.284
Ba 0.0081 69.8 90 0.0082 0.0029–0.0245
Pb 0.00033 87.3 76 0.00027 0.0001–0.0007

a 157 blood samples from 18 fish (8F, 10M), taken monthly for one year, excluding the
2.8 4.1 4.7 2.3
6.6 10 1 1.2

13.6 23.3 5.2 21.2

was deemed satisfactory, as measured Seronorm concentrations
were generally within certified ranges. Se was the only exception,
for which four of the eight measurements were slightly out of range,
producing an average concentration 0.2 ng/g higher than the max-
imum accepted value. Ba was also at the upper end of the range,
although individual measurements were all within certified limits.

Agreement between reference ranges and previously published
concentrations (Tables 1 and 5) provides some additional corrob-
oration for the methods and values presented herein. Generally,
where available, measured concentrations were within the ranges
reported in the literature (e.g. Li, Mg, Ca, Cu), particularly when
comparing analogous blood fractions. However, some elements
exhibited considerable heterogeneity among studies, so inconsis-
tencies and patterns are discussed below. Note again that whole
blood is referred to simply as ‘blood’.

Potassium

All studies reporting concentrations of K above 800 �g/g
(Table 1) used blood as the analysis medium. Concentrations in
the current study were in keeping with those determined in serum
and plasma of other species, albeit at the lower end of the spec-

trum. It has been suggested that the release of K+ from cells and
platelets during blood coagulation results in unnaturally elevated
concentrations in serum [93]. On the other hand, in a study examin-
ing optimal treatment of salmon blood, plasma K was significantly

onorm CRM. All concentrations in ppm and reference ranges indicated by 5th–95th

Females (n = 72) Seronorm Batch No. 0608414 (n = 8)

Median Reference range Mean ‘Certified acceptable range’

0.0665 0.0549–0.0770 5.36 4.780–5.620
26.50 21.28–45.30 18.48 17.10–19.50
40.94 12.87–101.6 116.9 100.0–124.0

136.7 112.3–190.4 98.24 85.10–100.0
0.0242 0.0112–0.0495 0.0095 0.0071–0.0107
0.7124 0.4522–1.023 1.116 1.010–1.330

11.54 7.109–16.89 1.320 1.100–1.340
0.3612 0.2317–0.4753 0.0650 0.0536–0.0648
0.0063 0.0021–0.0151 0.0030 0.0027–0.0039
1.078 0.8584–1.398 0.0261 0.0228–0.0280
0.0073 0.0029–0.0258 0.1549 0.0920–0.1560
0.00044 0.0001–0.0015 0.0026 0.0025–0.0033

spawning period (January–March).
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educed in samples stored for extended periods (8.5 h) prior to cen-
rifugation, possibly due to movement of K+ into erythrocytes [97].

hile this may help to explain our lower K concentrations, the pre-
entrifugation periods in this study were less than half those used
n the latter experiment, and our median concentration was almost
dentical to the value reported for a closely related flatfish [75] (42.6
f. 43 �g/g), improving confidence in the reported reference range.

anganese

Measured Mn concentrations in the current study were approx-
mately five times lower than those reported for blood from four
reshwater species (Table 1). This implies an effect of blood fraction
nd an association between Mn and erythrocytes, particularly as
he same pattern has also been observed among analogous human
lood fractions [13]. However, there is considerable variation in
n concentrations reported by a very limited number of studies

Table 1), making it difficult to draw useful conclusions from these
omparisons.

inc

Zn concentrations overlapped values reported for both marine
nd freshwater species, but were on average, approximately four
imes lower than those measured in blood (Table 1). Similarly, Zn
oncentrations were about six times lower in human serum than
n blood, implying some erythrocyte binding [98]. However, given
verlap in concentrations among the three blood fractions reported
n Table 1, some of the more elevated concentrations [e.g. 31] are

ore likely to be the result of sample contamination [1], physiolog-
cal status [67] and/or environmental exposure, with waterborne
n tending to follow a nutrient type distribution and contained in
any pollutants [99].

elenium

Se concentrations were similar to those reported for two fresh-
ater and two marlin species, but an order of magnitude lower than

evels in tuna blood [84]. The discrepancy could be related to tuna-
pecific elemental processing as a result of its unique metabolism
100].

ubidium

Rb concentrations in the blood of two freshwater species and
ne marine species were approximately 400 and 70 times higher
han those measured in the current study, respectively (Table 1).
ome of this variation could be due to differences among blood frac-
ions, with human blood exhibiting concentrations approximately
2 times higher than equivalent serum samples [98]. However,
iven the magnitude of the differences and the fact that Rb is
enerally conserved with salinity [99], precluding an obvious ‘envi-
onmental’ explanation, the differences are more likely due to
ample treatment.

trontium

Measured Sr concentrations were almost identical to those pre-
iously reported in the plasma of another marine species [20], but
lmost an order of magnitude higher than those reported for blood
rom three freshwater species [48,60]. Sr is a conservative element

99] and concentrations are similarly elevated in the biomineralised
issues of marine vs. freshwater species [15], implying an effect
f environmental availability rather than blood fraction, sample
reatment or analysis method.
Medicine and Biology 27 (2013) 273–285

Barium

Even with the concerns for Ba contamination in the present
study, measured concentrations were approximately 30 times
lower than those reported in the blood of two freshwater fish
species [60]. The discrepancy is unlikely due to fluid type as human
plasma Ba levels were, if anything, higher than equivalent blood
samples [13]. The differences are more likely the result of sam-
ple treatment or ambient concentrations, with Ba generally more
abundant and bioavailable in freshwater systems [99,101].

Lead

Pb concentrations determined in the present study were
approximately 500 times lower than those reported for blood sam-
ples from a number of freshwater species. This may not simply be
due to sample contamination, although Pb contamination is noto-
riously difficult to avoid [1]. In humans, Pb has been found to be
56 and 420 times higher in blood than serum [98] and plasma [13],
respectively. Such results imply that the majority of blood Pb exists
bound to erythrocytes and other components, such as platelets.

Reference ranges

An investigation into the intrinsic and extrinsic influences on
blood composition of plaice is beyond the scope of the current
paper. Reproductive events in teleost fish are coupled with major
changes in blood chemistry [20], so samples collected during the
spawning period were excluded from the reference ranges. Even
with this step in place, there was considerable variation in mea-
sured concentrations, as indicated by the high %RSD values across
all blood samples (Table 5). Plaice are sexually dimorphic; males
and females exhibiting significant differences in life history traits
such as reproductive investment and growth rate [102]. These
traits will almost certainly affect blood composition, so reference
ranges were calculated for males and females separately. Indeed,
the results indicate that plasma Ca, Mn, Sr and Pb concentrations
tended to be higher in the females, while Cu, Zn and Se concentra-
tions tended to be higher in the males. While these differences were
not formally investigated, their directionality tended to corrobo-
rate trends reported in the literature. For example, the relationship
between blood hypercalcaemia and reproductive investment in
teleosts is well recognised, with females from oviparous species
mobilising large quantities of Ca2+ for egg yolk production [103].
While Sr is thought to be a largely ‘nonessential’ element [104],
blood concentrations were positively correlated with blood Ca con-
centrations and gonadosomatic index of Pseudophycis barbata [20]
and Oncorhynchus mykiss [48] females, suggesting potential for a
functional requirement during ovary development. The utilisation
of blood Cu and Zn for oocyte production appears to be broadly
conserved among vertebrates [1,67,75,105–107], while the impor-
tance of Se for reproduction has been reported for humans but
not fish [1,107]. Thus, while samples collected during the active
spawning period were excluded from the dataset, some effects of
gonad development are still likely present within the results, so
care should be taken if directly comparing them with samples from
immature fish.

Conclusions

This study shows that a suite of trace, minor and major elements
can be simultaneously quantified in small volumes of fish plasma

using a simple dilution method. To date, most studies examining
fish blood elemental chemistry have focused on major elements,
freshwater species and/or whole blood. To our knowledge, no pre-
vious study has measured Mn, Ba or Pb in any blood fraction of a
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arine fish species nor determined Rb or Pb in serum or plasma
ractions of any fish species, and none have previously analysed
sh plasma or serum by ICP-MS or HR-ICP-MS. Also, no previous
tudy has investigated analysis methods for this unique biological
uid, characterised by elevated protein and salt concentrations. For
erial sampling experiments such as this, it is crucial to minimise
ample volumes to reduce stress in the subject animals. The lower
ield obtained using serum over plasma [108], and the potential
or reworking of blood components during coagulation [93], make
lasma the preferred biofluid for such experiments. By heparin-

sing syringes using a standardised, low volume procedure and a
igh purity preparation, we found that procedural blanks were not
ignificantly higher than laboratory blanks in any of the measured
lements except Ba. Whatever the source of the Ba contamination,
t did not appear to transfer significantly into the blood samples,
owever, the reference ranges for this element should be noted
ith caution.

While HR-ICP-MS is an excellent tool for multi-element analy-
es, combining high sensitivity with a capability to separate analyte
eaks from spectral interferences, it is susceptible to salt loading
nd matrix changes. By carefully tuning the instrument, using the
ighest possible DF and matrix matching among samples, blanks
nd standards where possible, such effects were minimised in this
tudy. The dilution method used in the current study produced
recise and accurate results for almost all elements in question;
owever Pb and Ba concentrations were close to detection lim-

ts. Studies prioritising these metals should use a slightly lower
F and analyse samples within a single run or across adjacent
ays to maximise accuracy and precision. Addition of methane to
he plasma gas can also improve sensitivity and matrix tolerance
potentially eliminating the need for butanol) [109], however the
urrent method utilises a standard instrument without additional
ccessories.

As discussed above, otoliths represent a hugely valuable
esource in fish ecology and management, but the mechanisms
nderpinning elemental fractionation from water to blood, blood
o endolymph, and endolymph to otolith, are poorly understood,
indering progress within this field [15]. Accurate and precise
etermination of element concentrations in multiple biological tis-
ues, including plasma, is key to understanding the behaviour of
ons in metabolic reactions and their movements across biological

embranes.
It is also crucial that reliable blood reference ranges are deter-

ined across a variety of species and systems. These ranges
an improve clinical diagnosis and provide crucial biomarkers of
opulation health, both of which are increasingly important for
he fast-growing aquaculture sector. Currently, few studies have
ttempted multi-elemental analysis of fish blood, while some of
he variation among published concentrations implies contamina-
ion issues and/or incompatibilities among biofluids and analytical
echniques. Accurate and precise measurements of trace element
oncentrations in a range of fish species, blood fractions and phys-
ological states will allow a better understanding of both natural
nd anthropogenic variations. A key objective in the field of fish
race elemental chemistry should be the development of a CRM for
sh blood and plasma, and inter-study standardisation of sample
reatment and analytical techniques.
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