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Abstract The Cd and Zn total body burden of individ-
ual, up to 7-day-old aquatic organisms (Hyalella azteca
benthic amphipod) with an average volume of approxi-
mately 100 nL was determined simultaneously by using
rhenium-cup (Re-cup) in-torch vaporization (ITV)
sample introduction and an axially viewed inductively
coupled plasma atomic emission spectrometry (ICP-
AES) system. The direct elemental analysis capabilities
of this system (i.e., no sample digestion) reduced sample
preparation time, eliminated contamination concerns
from the digestion reagent and, owing to its detection
limits (e.g., in the low pg range for Cd and Zn), vit
enabled simultaneous determinations of Cd and Zn in
individual, neonate and young juvenile specimens barely
visible to the unaided eye (e.g., nearly microscopic). As
for calibration, liquid standards and the standard addi-
tions method were tested. Both methods gave compa-
rable results, thus indicating that in this case liquid
standards can be employed for calibration, and in the
process making use of the standard additions method
unnecessary. Overall, the ITV-ICP-AES approach by-
passed the time-consuming acid digestions, eliminated
the potential for contamination from the digestion re-
agents, improved considerably the speed of acquisition
of analytical information and enabled simultaneous
determinations of two elements using individual bio-
logical specimens.
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Introduction

In our laboratory, we are developing and characterizing
an in-torch vaporization (ITV) sample introduction sys-
tem for inductively coupled plasma atomic emission
spectrometry (ICP-AES) [1–6]. The ITV sample intro-
duction system was originally developed for direct (i.e.,
minimum or no sample pre-treatment) elemental analysis
of micro-amounts of liquid or solid samples [1–4]. Re-
cently, ITV was coupled to an axially viewed ICP-AES
system with photomultiplier tube (PMT) detectors, and
the precision and limits of detection (LODs) obtained
from single-element solutions were impressive [5]. The
improved LODs enabled single-element determinations
from microscopic samples such as sub-nanoliter-volume
single cells [6] and ng-weight individual grains of pollen
[5]. All applications of ITV-ICP-AES described thus far
have been performed by using a one-element-at-a-time
approach (i.e., single channel mode). The objective of this
work was to demonstrate that simultaneous, multi-ele-
ment determinations from nanoliter-volume samples by
ICP-AES becomes possible if a rhenium-cup (Re-cup)
ITV is used for sample introduction. And, to demonstrate
that there is a need for such a capability, the determina-
tion of two ecologically relevant metals in a nearly
microscopic, individual aquatic invertebrate was used as
an example. But, why opt for Cd and Zn, why stipulate
simultaneous determinations, and why choose an indi-
vidual biological organism as the analytical sample [7–9]?

Metals introduced on surface waters as a result of
either natural or anthropogenic sources are subjected to
a variety of processes that result in their sedimentation
[7–10]. In addition to being a contaminant-repository,
sediments also provide habitat for many types of aquatic
life [7–10]. As a consequence of sedimentation that leads
to accumulation, aquatic ecosystems tend to have far
greater concentrations of metals in the sediments rather
than in the overlying waters, often by orders of magni-
tude [7–10]. The ecological impact of elevated concen-

A. T. Smith Æ H. R. Badiei Æ V. Karanassios (&)
Department of Chemistry, University of Waterloo,
Waterloo, ON, Canada, N2L 3G1
E-mail: vkaranassios@uwaterloo.ca

J. C. Evans
Department of Biology, University of Waterloo,
Waterloo, ON, Canada, N2L 3G1

Anal Bioanal Chem (2004) 380: 212–217
DOI 10.1007/s00216-004-2703-1



trations of metals in the sediment can be severe if the
metals remain biologically available to the benthic (i.e.,
bottom-dwelling) organisms. Many of the metal-
sensitive benthic invertebrates (i.e., those without a
backbone) are important prey for fish. Fish ingesting
metal-laden benthic organisms also show elevated metal
concentrations, thus bringing metals from sediments to
the food chain and in the process making measurement
of the total body burden in individual organisms a
valuable tool for assessing metal bioavailability [11–15].

The freshwater benthic amphipod (i.e., a shrimp-like
shellfish or crustacean with two types of legs, one type
for walking and the other for swimming) Hyalella azteca
was selected as a test organism for several reasons [16–
20]. For instance,H. azteca is a common and widespread
species in freshwater ecosystems as a scavenger and as
prey. In many cases, H. azteca is the primary source of
food for other aquatic life. Its ecological relevance,
sensitivity to metal concentrations, and ease of collec-
tion and identification from natural sources are also
important. Equally as important are its amenability to
be cultured in a laboratory under controlled conditions
and the short culture times required. These attributes
make H. azteca one of the most frequently used or
recommended invertebrates in standardized toxicity tests
and an ideal test candidate in metal bioavailability and
bioaccumulation studies [10–20]. As an analytical ben-
efit, the presence of a durable exoskeleton (as is typical
of crustaceans) makes it possible to wash H. azteca
specimens with deionized water without lysing, thus
simplifying sample preparation and handling.

The total Cd and Zn body burden of individual
H. azteca specimens cannot be determined by ICP-AES
when using a pneumatic nebulizer for sample introduc-
tion due to the requirement for milliliter volumes of
sample. Only the average concentration of several pre-

treated (e.g., acid-digested) specimens can be deter-
mined. Alternatively, the total Cd and Zn content of
individual, intact (i.e., un-processed), live biological
specimens can be determined rapidly and with minimum
sample pre-treatment by using a system capable of
introducing discrete, nanoliter-volume specimens into an
ICP directly (i.e., with minimum sample pre-treatment).
In-torch vaporization is such a sample introduction
system. In ITV-ICP, a sample is deposited on a metallic
probe, such as a Re-cup made out of a strip of 0.025-
mm-thick Re foil approximately 3·5 mm (width ·
length, with a cup volume of about 5 lL). The sample-
carrying probe is inserted into a small-volume vapori-
zation chamber (5.8-cm3 internal volume) that clips onto
any ICP torch with a ball joint, and electrical power in
the range of approximately 10–100 W is applied to the
cup to vaporize the sample in it. A carrier gas is used to
transport the vaporized sample to the plasma. Owing to
the sensitivity of Re-cup ITV-ICP-AES [5], it was
anticipated that ITV would enable simultaneous deter-
minations of Cd and Zn from nanoliter-volume H. azt-
eca specimens with no sample pre-treatment (other than
washing). The need for simultaneous determinations is
apparent because the specimen is consumed on each
analytical run.

Instrumentation, operating conditions,
and sample preparation

A diagram of the horizontally operated ITV coupled to
an axially viewed ICP-AES system is shown in Fig. 1.
Design, operation, and analytical performance charac-
teristics of this system have been described elsewhere [5];
only the differences will be highlighted here. For exam-
ple, the Cd (228.802 nm) and Zn (213.856 nm) PMT

Fig. 1 Schematic illustration
showing the Re-cup ITV sample
introduction system, the axially
viewed plasma torch, the
optical interface, and the multi-
channel spectrometer used in
this work (illustration not
to scale)
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channels were monitored simultaneously. Both PMTs
were operated at )1,000 V. The current output of the
PMTs was converted to a voltage by using two low-noise
current-to-voltage amplifiers (model SR570, Stanford
Research Systems, Sunnyvale, CA, USA). The output
voltage of the amplifiers was digitized at 100 Hz by
using a 16-bit data acquisition board (PCI-16XE-50,
National Instruments, Austin, TX, USA) controlled by
an IBM-compatible personal computer running Win-
dows operating system. A program for data acquisition
and simultaneous display of analyte emission temporal
behavior from the Cd and Zn PMT channels was written
in LabView (also from National Instruments, Austin,
TX, USA). Electrical power was delivered to the Re-cup
by using a computer-controlled power supply (XHR 20–
30; Xantrex Technology Inc., Burnaby, BC, Canada).

Forward power for the ICP was 1,000 W, and re-
flected power was maintained below 5 W. The gas flow
rates were 15, 0.6, and 0.7 L min)1 for the outer-tube
gas, intermediate-tube gas, and carrier gas, respectively.
A 3% H2 in Ar (v/v) was used as the carrier gas and the
flow rate was controlled by a mass flow controller
(model 5850C, Brooks Instruments, Hatfield, PA, USA).
The hydrogen that was mixed with the Ar gas was used
to prevent formation of volatile Re oxides [1]. From
previous work with ITV-ICP-AES [1, 5], it was con-
cluded that compromised operating conditions for
observation height, cup insertion position inside the
vaporization chamber, and carrier gas flow rate would
be required for simultaneous multi-element determina-
tions. Such conditions were used throughout. For in-
stance, the observation height was set at 14.5 mm above
the load coil, the carrier gas flow rate was set to
0.7 L min)1, and the insertion position was at 21 mm
from the carrier gas inlet (Fig. 1).

To run specimens and standard solutions for calibra-
tion purposes, the sample holder was manually retracted
from the vaporization chamber until the center of the cup
was aligned with the center of the sampling inlet (Fig. 1).
The glass stopper of the inlet was removed and 5-lL
volumes of standard solutions were pipetted into the cup.
Subsequently, the holder was re-inserted into the vapori-
zation chamber at the insertion position shown in Fig. 1,
and the sampling inlet was re-sealed with the glass stop-
per. A seal was also formed at the bottom of the vapori-
zation chamber, thus ensuring formation of awell-defined
central channel in the plasma.

The size of H. azteca amphipods varied depending on
their age, sex (e.g., males are typically larger than fe-
males), and nutrient value of their habitat [18]. The
specimens used in this work ranged from newly hatched
(i.e., neonates) to 7-day-olds, and had an estimated
average volume of about 100 nL (estimated under a
microscope, as described previously [6]). Infants and
young juveniles were chosen because they are more
sensitive to metal concentrations than adults. The
elements chosen were Zn, an essential nutrient that
becomes toxic at elevated concentrations, and Cd, a
non-essential toxic metal that is thought to be respon-

sible for adverse toxicological effects even at low levels
of exposure.

In terms of sample preparation, the H. azteca speci-
mens were cultured for controlled metal bioavailability
and bioaccumulation studies in an ecotoxicology labo-
ratory located in the Department of Biology and were
brought to our lab in petri dishes. There are several
procedures for culturing H. azteca as described in
methods-manuals developed by the environmental pro-
tection agency [13] and by the American Society of
Testing and Materials [14]. In addition, newer proce-
dures for conducting sediment testing have been pub-
lished by Environment Canada [17]. The procedure used
in this work was originally described [21] and tested [22–
25] several years ago and has been in use for a number
of years [25, 26] in the biology laboratory that provided
the specimens for this work.

Only neonate to 7-day-old specimens were used. A
photograph of a typical specimen is shown in Fig. 2.
Subsequently, specimens were transferred to a plastic
medicine cup and were individually retrieved by using a
plastic medicine dropper. Once isolated under a micro-
scope (Olympus, Tokyo, Japan), one specimen at a time
was transferred to a smaller petri dish. There, it was
washed three times with distilled, de-ionized 18 MW cm
water (to remove any sediment and to wash off any Cd
and Zn from the culture medium). At the end of the
third wash cycle, the final wash water surrounding the
specimen was removed (to the degree possible) with the
aid of a pipette and the resultant analytical sample was
‘‘hooked’’ onto a stainless steel micro-probe (akin to a
dental tool). Once secured on the micro-probe, the
sample was deposited into the Re-cup through the
sampling inlet of the vaporization chamber (Fig. 1). A
few microliters of distilled, de-ionized water were then

Fig. 2 A photograph (shown under 60-fold magnification) of a
typical individual H. azteca used in this work
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added to the cup to prevent the lightweight sample from
flying off the cup when the sampling inlet and the bot-
tom of the vaporization chamber were sealed.

Electrical power was applied to the cup to allow lim-
ited in situ sample processing. For example, three power
levels were used with theH. azteca samples. A low power
level was used to dry the sample (�0.25 W for 90 s) and
next, a slightly higher power to pyrolyze (or char) the
organic material of the sample (�0.7 W for 90 s). The
final power level was significantly higher (�75 W) and it
was used to vaporize the sample residue that remained in
the cup. The vaporized sample was transported to the
ICP by using an Ar/H2 carrier gas. With the exception of
the pyrolysis step, standard solutions and water blanks
were also processed in situ by using the same conditions
and procedure described above. In addition, the same
procedure and conditions were used to test the wash
water for residual Cd and Zn, and the signals obtained
were indistinguishable from those obtained by running
water blanks (such signals will not be shown for brevity).
Cadmium and Zn solutions were prepared by serial
dilution with 18 MW cm distilled, de-ionized water of
1,000 ppm standard stock solutions (in 2–5% HNO3)
purchased from SCP Science (Montreal, Quebec).
Freshly prepared solutions were stored in capped Teflon
vials. Vials and pipette tips were soaked for at least 24 h
in dilute HNO3 and were thoroughly washed with dis-
tilled, de-ionized water prior to use.

Results and discussion

Figure 3 shows examples of Cd and Zn signals ob-
tained simultaneously by using samples similar to that

shown in Fig. 2. These results clearly show that Re-cup
ITV coupled to an axially viewed ICP-AES system has
sufficient sensitivity for Cd and Zn determinations of
the total body burden from such small-volume and
light-weight samples. In addition to sensitivity, instru-
ment calibration is an important consideration, in
particular, for live biological specimens for which
obviously there are no standard reference materials
available. Two calibration methods were used: one
using liquid standards, and the other using standard
additions. Initially and similar to previous work [5, 6],
liquid standards were used for calibration. The average
total body burden per specimen determined from such
calibration curves (not shown for brevity) from six
specimens was 0.13± 0.06 ng for Cd and 1.9±0.7 ng
for Zn. These compared reasonably well with the
average concentrations obtained by using the standard
additions method, for example, 0.1±0.06 ng for Cd
and 1.9±0.7 ng for Zn. These results indicate that, in
this case, liquid standards can be used for calibration.
Thus, the time-consuming standard additions method is
not required. The spread in the absolute amount
determined per specimen was of some concern (since
the precision obtained by this system using liquid
standards was 2% or less [5]), but large variability is
commonly encountered even when multiple, acid-di-
gested biological specimens are analyzed [15]. In this
case, the spread was due to the samples themselves,
despite efforts to select (to the extent possible) speci-
mens of similar size. Specimen-to-specimen variability
in the total body burden was confirmed by plotting the
Cd versus the Zn absolute amounts per specimen. As
can be concluded from the correlation plot shown in
Fig. 4, the Cd and Zn absolute total amounts per
specimen followed each other closely, and the speci-
mens had similar uptake rates for these elements.

How do these concentrations compare with graphite
furnace atomic absorption spectrometry (GF-AAS), a
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Fig. 3 Typical signals obtained simultaneously for Zn and Cd from
individual H. azteca specimens. To illustrate multi-channel data
acquisition capabilities, every 100 data points correspond to 1 s
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technique widely used for elemental determination from
such specimens? To provide a basis for rough, order-of-
magnitude comparisons, the average wet-weight of the
specimens used in this work was assumed to be 0.04 mg,
as reported elsewhere [15]. Thus, the corresponding
average wet-weight concentrations determined in this
work were 3 ppm for Cd (range 2–4) and 50 ppm for Zn
(range 35–65). Furthermore, assuming that 80% of each
specimen was water, the corresponding average dry-
weight concentrations were 0.6 ppm for Cd and 10 ppm
for Zn. Despite the assumptions and differences in cul-
ture conditions (e.g., temperature, nutrient value, and
Cd and Zn concentrations), these concentrations are
within range of those reported by others [15, 23, 24] and
compare favorably with those obtained from single-ele-
ment determinations by using GF-AAS and individual
H. azteca adults [26].

But the average GF-AAS system lacks the multi-
element capability of ICP-AES, although newer GF-
ASS systems do have some multi-element analysis
capabilities. Furthermore, GF-AAS still requires diges-
tion of individual adult specimens, thus making sample
handling, sample preparation, and analytical determi-
nations from the smaller individual neonates and young
juveniles very difficult (at best) and often altogether
impossible [26]. Moreover, the requirement for cold (or
hot) sample digestions increased sample preparation
time and cost per analysis. For example, after washing
H. azteca specimens, a typical cold digestion of H. azt-
eca adults required a ‘‘minimum of 6 days‘’ [25]. To
avoid analyte loss during digestions, cold digestion
procedures are preferred in the collaborating biology
laboratory [26] for use with their GF-AAS system. Al-
though hot plate digestions were attempted, and as ex-
pected they took much less time to complete, these were
prone to loss of volatile analytes, such as Cd and Zn [26].
In addition, both digestion methods were found to be
susceptible to contamination from the digestion reagents
and from modifiers that often have to be added.

However, for ITV-ICP-AES, neither cold nor hot
digestions were necessary.

Conclusions

Rhenium-cup ITV coupled to an axially viewed ICP-
AES system proved to be effective for simultaneous
determinations of Cd and Zn of not only the average,
but also of the individual body burden of nearly
microscopic biological specimens, such as neonate and
young juveniles of H. azteca benthic amphipods. In
addition, it has been shown that with these samples
liquid standards can be used for calibration, thus
further increasing the speed of analysis by obviating
the need for time-consuming standard additions. Fur-
thermore, the direct elemental analysis capabilities of
ITV-ICP-AES reduced sample preparation and cost per
analysis by eliminating the time-consuming and con-
tamination-prone acid digestions. Overall, the ability to
determine Cd and Zn concentrations in the body bur-
den of individual neonates and young juveniles makes
the case for use of Re-cup ITV-ICP-AES with such
specimens so much stronger. Owing to the inherent
multi-element analysis capabilities of ICP-AES, exten-
sion of the Re-cup ITV approach described in this
work to include rapid and simultaneous determinations
from more than two elements appears to be intellec-
tually appealing and conceptually straightforward. In
practice, additional software would have to be devel-
oped.

In the future, Re-cup ITV-ICP-AES may be used to
facilitate multi-element bioaccumulation, bioavailabil-
ity, and toxicokinetic studies of interest to aquatic tox-
icology and limnology by using nearly microscopic
biological specimens cultured under laboratory-con-
trolled exposures; to enable determination of metal-up-
take rate and metal-content to body-size relationships;
to aid studies of the impact of metals on benthic com-
munities; to further facilitate use of benthic amphipods
either as early warning alarms of ecosystem stress or as
water quality probes for ecosystem management; and to
enable use of aquatic organisms as natural, inexpensive,
integrating chemical sensors of their environment for
possible chronic, acute, and sub-lethal exposure studies.
Overall, from the results presented here and elsewhere
[6], it appears that a niche application area is opening up
for ITV-ICP-AES for elemental determinations from
individual biological organisms. Moreover, ITV-ICP-
AES may be applied to determinations of metal con-
centrations in organs of biological organisms, thus also
helping to address questions of metal metabolism. Work
in this area is in progress.
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