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Copper (Cu) participates in the biological redox reaction in the
body, and its deficiency is fatal to the body. At the same time,
Cu is extremely toxic when it exists in excess. Thus, the body
has to tightly and spatiotemporally regulate the concentration
of Cu within a physiological range by several groups of Cu-
regulating proteins. However, entire mechanisms underlying the
maintenance of Cu homeostasis in body and cells have not fully
understood. It is necessary to analyze Cu itself in a body and in a
cell to reveal the Cu homeostasis. In this review, recent advances
in the analytical techniques to understand the Cu metabolism
such as speciation, imaging and single-cell analysis of Cu were
highlighted.
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Copper (Cu) is an essential metal for living organisms that
is required as a cofactor of redox-regulating enzymes,
such as superoxide dismutase (Sodl), lysyl oxidase, tyrosinase,
dopamine B-hydroxylase, and ceruloplasmin.’ Cu is also a
harmful metal in body and cells. Cu in the body is present in the
form of either mono- (cuprous, Cu*) or divalent (cupric, Cu?")
state. Cuprous ions are readily oxidized to cupric ions and Cu
cannot exist in the form of cuprous ions without being coordi-
nated by appropriate ligands. In other words, Cu in the monova-
lent form readily reduces chemicals as in the case of the produc-
tion of ROS. Thus, Cu is tightly and spatiotemporally controlled
by several Cu-regulating factors. However, entire mechanisms
underlying Cu homeostasis in body and cells have not fully
understood, and many researchers are tackling to reveal the
mechanisms at molecular level. Molecular-biological techniques
to analyze genes and proteins provided many new insights in the
research field. In addition, the techniques which detect Cu
directly are expected to pave a road toward further insights.

In this review, recent advances in techniques for understanding
the Cu metabolisms, in particular, applications using inductively
coupled plasma mass spectrometry (ICP-MS), were highlighted.
In our opinion, there are three advanced applications of ICP-MS.
The first is ICP-MS hyphenated with high performance liquid
chromatography (LC-ICP-MS), namely speciation. Speciation is
not newly developed technique, however, the recent improve-
ments of ICP-MS in terms of sensitivity, specificity, and robust-
ness pave a road to new application of speciation analysis.
Second, laser ablation (LA) is used for the sample introduction of
ICP-MS. This technique makes elemental imaging possible. The
third is single cell-ICP-MS (SC-ICP-MS). Recently, ICP-MS
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with a fast time-resolved mode has been developed, and has been
applied to the analysis of particle materials such as nanoparticles
(NPs) and living cells. We summarize some applications of these
three advanced ICP-MS to reveal the Cu metabolism (Fig. 1).

Speciation

According to the recommendation of International Union of
Pure and Applied Chemistry interdivisional working party,
“speciation” is described as the distribution of an element
amongst defined chemical species in a system.®) The term of
“speciation analysis” denotes the analytical activities of
identifying and/or measuring the quantities of one or more
individual chemical species in a sample.® For the Cu speciation,
ICP-MS has some advantages over other detectors in terms of
the sensitivity and the discrimination of Cu isotopes, i.c., *Cu
and %Cu. Indeed, Cu speciation in biological samples by LC-
ICP-MS was reported.“” However, early LC-ICP-MS has an
inevitable disadvantage. It requires a substantial volume of
sample at pl level when a conventional size of HPLC column is
used. Under the condition when a conventional LC-ICP-MS is
adopted, the injection volume and flow rate are 20-200 pl and
0.6—1.0 ml/min, respectively, in our previous experiments. Since
the flow rate of a conventional HPLC is comparable to the flow
rate of sample introduction into an ICP-MS, the eluate can be
directly introduced into an ICP-MS without splitting or addition
of sheath flow. This is simultaneously a strong point and a weak
point. Namely, although the direct introduction does not reduce
the sensitivity of ICP-MS, such a large volume of sample
requirement limits an applicable sample to an early conventional
LC-ICP-MS. Indeed, massively acquirable samples such as blood
plasma, tissue extract, and urine have been analyzed.

Recent ICP-MS has been improved in terms of sensitivity, it
can be hyphenated with a narrow bore HPLC column without
severe decrease in sensitivity. In addition to suppressing the
diffusion of the sample during separation in narrow bore HPLC
(compared to conventional HPLC), a small volume of eluent is
efficiently introduced into the ICP by a micronebulizer and a
high efficient spray chamber. The introduction system contributes
to avoid the decrease in the sensitivity of ICP-MS detection.
Narrow bore LC-ICP-MS was developed to analyze a minute
amount of tissue extract, and the relationship between the amount
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Fig. 1. Advanced techniques using an inductively coupled plasma mass spectrometer for copper analysis in biological samples. Speciation by
LC-ICP-MS (A), Imaging by LA-ICP-MS (B), and Single cell analysis by SC-ICP-MS (C).
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of Cu in the metallothionein-bound form (Cu-MT) and MT
mRNA expression was evaluated to reveal Cu metabolism in the
mutant animal model.®® The hemizygote bearing a mutation in
Atp7a located on the X chromosome, i.e., the male blotchy
mouse shows typical symptoms of Cu deficiency. Due to the Cu
deficiency, the mouse shows severe growth retardation and dies
before weaning. Thus, the organs from this neonatal mouse are
too small to be analyzed by a conventional LC-ICP-MS. The
narrow bore LC-ICP-MS was operated under the following
conditions; the injection volume and the flow rate were 1.0-5.0
pl and 40 pl/min, respectively. The results for the Cu distribution
in a cytosolic fraction obtained by the narrow bore LC-ICP-MS
showed that the male blotchy mouse presented the systemic Cu
deficiency except the intestine and the kidneys.('” The kidney of
blotchy mouse accumulated Cu in the form bound to MT
comparing to the control mouse (Fig. 2A). Contrary, the liver of
blotchy mouse showed Cu deficiency (Fig.2B). In a normal
neonate, Cu is accumulated in the liver in a form of bound to
MT.® Cu bound to MT was specifically lowered in a blotchy
neonate although Cu bound to superoxide dismutase 1 (SOD1)
was not altered. These results indicate that MT acts as a cellular
pool of Cu in organs because Cu is preferably delivered to a Cu
enzyme rather than MT. As indicated above, Cu speciation is a
useful technique to reveal the Cu metabolism.
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Fig. 2. Elution profile of Cu in the supernatant of wild type and
blotchy mutant (Atp7a deficient) mice. The tissue supernatant was
prepared from the liver (A) and the kidney (B) of wild type (upper
lines) and blotchy (lower lines) mice.
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Imaging

Bioimaging of metals, i.e., mapping the distribution of metals
in tissue specimen and a cell is an effective technique to reveal
biological significance of metals. The techniques to perform
metal bioimaging are primarily divided into two categories. One
is the techniques using a chemical probe which specifically react
with an individual metal. We reported that the Cu (I) distribution
in the cells bearing knockdown of Atoxl or Commdl were
determined by a Cu (I)-specific fluorescent probe, CSI.1L12)
Since Professor Okuda reviews the Cu imaging probes in this
Serial Review, please read his article for further information.

The other is the technique using specific analytical instru-
ments. For instance, laser ablation coupled with an ICP-MS
(LA-ICP-MS), scanning X-ray fluorescence microscopy (SXFM)
and secondary ion mass spectrometry (SIMS) belong to the
category. Recently, there are several excellent reviews for LA-
ICP-MS, 319 SXFM, and SIMS.1%'® Some researches focused
on Cu imaging. The Cu distribution was analyzed by LA-ICP-
MS.192) The Cu, Zn, and Fe distributions in the fibroblasts
established from Atoxl1-deficient mice were visualized by
SXFM.® These techniques require the special instrumentations,
e.g., a synchrotron source for SXFM and a laser ablation system
with an interface to ICP-MS for LA-ICP-MS, although they are
more specific to each metal than chemical probes. However, LA-
ICP-MS can be more easily set up than other instrumental tech-
niques, thus, it is expected that LA-ICP-MS becomes a more
easily accessible technique for metal imaging.

Single Cell Analysis

Recent ICP-MS can be operated in a fast time-resolved mode,
and this mode is applicable to single cell- (SC-)ICP-MS. In this
analytical mode, cell suspension is directly introduced into ICP
through a specially customized nebulizer and spray chamber. The
cells are decomposed, atomized, and finally ionized in ICP, then
plume of the ions derived from a single cell passes detector
within 1 ms, which is quite shorter period than signal integration
time used in a conventional ICP-MS measurement (10—100 ms).
The contents of the endogenous element of dry yeast were
successfully measured by SC-ICP-MS.?>29 SC-ICP-MS gives
us elemental contents in a cell as a histogram (Fig. 3). For
mammalian cell characterization, the cellular Cu content in
human RBCs was determined.?” Culture cells such as A549,
HeLa, and 16HBE have been investigated by SC-ICP-MS
analysis, and several elements such as P, S, Fe, Zn, Cu, and Mn
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Fig. 3. Transient signals and histogram of metal content obtained by SC-ICP-MS.
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have been quantitatively measured in the cells.®® SC-ICP-MS
was also used to evaluate the effects of Cu-based algaecide on
the toxic algae, Microcystis aeruginosa.® The toxic effects of
arsenic (As) were evaluated using Chlamydomonas reinhardtii
and A549 cells.1239 SC-ICP-MS has also been used to detect
inorganic NPs or quantum dots in biological tissue and cells.!?
Namely, elemental data (i.e., signal intensity and number of
signals) are useful to evaluate the metabolism and the transporta-
tion mechanism of nano-sized materials. Therefore, the develop-
ment of a metal analysis technique for the analysis of single cells
would be useful to study both the physiological and nutritional
importance and toxicological effects of metal NPs. This tech-
nique is called single particle (SP-)ICP-MS. However, it is not
readily feasible to detect NPs in biological samples consisting of
complicate matrices. SP-ICP-MS for biological samples is
mainly reported for plant samples. For instance, isotopically
enriched Cu, silver, and zinc oxide NPs in Arabidopsis thaliana
were detected by SP-ICP-MS.®» Although SC-ICP-MS should
be more sophisticated, it could be a potential emerging technique
for metabolism of metals.
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Conclusion

The instrumental techniques for Cu biology are continuously
developing. The miniaturized speciation could be evolving to
single-cell-speciation, namely, the technique that allows
analyzing entire Cu-containing species in a single cell. The
development of LA-ICP-MS in terms of spatial resolution and
sensitivity is one of the fruitful topics for both analytical
chemists and biologists. Further advanced techniques may
provide novel insights into the research field of Cu biology.
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