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A novel approach of using a gold disc microelectrode to analyze sweat samples for copper ions by anodic
square wave stripping voltammetry (SW stripping voltammetry) is described. Sweat was collected from
the lower back of four subjects after physical exercise and the sample volume required for the deter-
minations was 100 L. Under the optimized conditions, the calibration plot was linear over the range
1-100 pmol L1 Cu(Il) with a limit of detection of 0.25 wmolL-. The precision was evaluated by car-
rying out five replicate measurements in a 1 wmolL-! Cu(Il) solution and the standard deviation was
found to be 1.5%. Measurements were performed by inserting the microelectrode into sweat drops and
Cu(Il) concentrations in the analyzed samples ranged from 0.9 to 28 wmolL~!. Values obtained by the
proposed voltammetric method agreed well with those found using graphite furnace atomic absorption
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1. Introduction

The determination of chemical species in body fluids by non-
invasive techniques has various advantages over blood sampling.
Accordingly, alternative biological matrices such as saliva, tear,
urine and sweat are receiving growing attention. Sweat is of par-
ticular interest as a consequence of the possible effect of sweat loss
on the demands of the body for salt and vitamins, especially in hot
environments. Moreover, the measurement of sweat chloride con-
centration remains a fundamental test for the diagnosis of cystic
fibrosis [1-4], a common inherited disorder which does not allow
chloride to be reabsorbed back into sweat duct cells. Hence, the
amount of chloride ions in the duct increases and its concentration
in sweat is elevated in individuals with cystic fibrosis. Sweat has
also been used to measure other chemical species, including lac-
tate [5,6], ammonium [6], cocaine [7], amphetamines [8], antigenic
compounds [9] and trace metals [10-15].

Investigations on copper sweat concentration can aid clinical
diagnosis of several diseases such as Wilson disease [16]. This is
a genetic disorder responsible for excessive absorption of copper
at the intestine and reduced excretion by the liver, causing an
accumulation of the metal in the body. Copper is an important com-
ponent of several metabolic enzymes and can be detected in sweat
using atomic absorption spectrometry [10] or anodic SW stripping
voltammetry [12,13].
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The anodic SW stripping voltammetry is largely used for
the detection of trace metals, including copper, since this
technique allows the determination of low concentrations by pre-
concentrating the metal on the electrode surface [17-20].

Sweating is the mechanism to prevent rise in body tempera-
ture through to the evaporation of released water. Determination
of chemical species in sweat for therapeutic and diagnosis pur-
poses depends on stimulation for collection and further analysis.
Sweat stimulation is usually performed by pilocarpine iontophore-
sis (introduction of a cholinergic drug into the skin using an electric
potential gradient), physical exercises or thermal methods (sauna)
[16]. As water evaporation occurs, the collection step is crucial
since it can lead to inaccurate results. The collection methodology
requires the sweat to be absorbed by materials impermeably sealed
against a cleaned skin to avoid vapor losses. The collected sample is
weighed, extracted and the residue is diluted for further analysis.
A specific limitation of this methodology is that temporal infor-
mation is not easily obtained. New strategies have been recently
reported for real time measurements of sweat sodium [21] and
pH [22].

Microelectrodes are devices with a critical dimension smaller
than the thickness of the Nernst diffusion layer. Accordingly, they
possess several attributes such as steady-state response for very
short times. Electrochemistry can be performed at very small vol-
umes when manufacturing procedures can ensure that both the
sensing area and the non-conducting material are of very small size
[23,24]. At these experimental conditions, the probe is localized
very close to the assay site and the analytes or chemical reactions
can be investigated in real time, as already demonstrated by our
group in previous reports [25-27].
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This work represents an effort to develop a simple, rapid, reli-
able and low cost method for copper analysis in sweat samples. A
sensing microelectrode structured as a small gold disc was used
to measure the analyte by anodic SW stripping voltammetry. The
proposed approach is an attractive alternative when compared to
current sweat analysis techniques that require larger sample vol-
umes, depend on sophisticated and expensive instrumentation and
do not provide fast information.

2. Experimental
2.1. Chemicals and materials

All solid reagents were of analytical grade and were used with-
out further purification. Solutions were prepared by dissolving the
reagents in distilled, deionized water processed through a water
purification system (Nanopure Infinity water purification system,
Barnstead, Dubuque, IA).

2.2. Electrodes and instrumentation

A PalmSens portable electrochemical analyzer (Palmsens BV,
Houten, The Netherlands) was used for electrochemical mea-
surements. A graphite furnace atomic absorption spectrometer
(GFAAS), model SIMAAS-6000, with a longitudinal Zeeman-effect
background correction system, Echelle optical arrangement, solid
state detector, and standard transversal heating graphite tube
(THGA) with integrated pyrolytically coated platforms (Perkin-
Elmer Life and Analytical Science, Shelton, CT, USA) was used in
this work. A Cu hollow cathode lamp (324.8 nm, 10 mA, bandpass
0.7 nm) was used for Cu determinations. All Solutions were deliv-
ered into the graphite tube by means of an AS-72 autosampler
(Perkin-Elmer Life and Analytical Science, Shelton, CT, USA). Argon
99.996% (v/v) (White Martins, Sdo Paulo, SP, Brazil) was used as the
purge gas.

2.3. Gold microelectrode fabrication

A gold 25 pm diameter disc microelectrode was fabricated fol-
lowing a conventional method. The gold fiber (Thornel) was cleaned
by sonication in acetone, ethanol and distilled water, sequentially.
Then, the fiber was dried using an IR lamp (Infraphil PAR38 150 W,
Philips, Holland). Cleaned gold fibers were connected to a Ni/Cr
wire with silver ink conductive paint (Joint Metal Comércio LTDA,
Sdo Paulo, Brazil), inserted into a glass capillary and vacuum-sealed
with a P-97 Flaming/Brown Micropipette Puller (Sutter Instrument
Company, USA). The surface of the microelectrode was polished
with alumina powder (1, 0.3 and 0.05 pm, Alfa Aesar, MA, USA)
on a microcloth polishing pad. Then, the electrode surface was
rinsed with water and sonicated for 5min in distilled water. The
radius of the microelectrode was found to be 12.5 wm by measur-
ing the steady-state current in a K3Fe(CN)g solution containing KCIl
as supporting electrolyte.

2.4. Electroanalytical measurements

Copper analysis was carried out by inserting the working (gold
microelectrode) and the reference (homemade Ag/AgClsat. kc) elec-
trodes into a sweat drop (100 p.L). The whole system was supported
on a gold substrate that was also used as counter electrode. Fig. 1a
shows a representative scheme of the electrochemical cell and
Fig. 1b shows a photograph of the fabricated gold microelectrode,
taken with an Inverted microscope Observer D.1 (Carl Zeiss, Ger-
many) equipped with a Ph2 63x objective and an AxioCam HSm
digital camera (Carl Zeiss).

(a) A B
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Fig. 1. (a) representative scheme of the electrochemical cell used in the sweat cop-
per analysis. Gold microelectrode (A), reference electrode (B), sweat drop (C) and
counter electrode (D). (b) Photograph of the fabricated gold microelectrode.

2.5. Sweat collection

The sweat samples were collected from four individuals of both
sexes aged between 23 and 26 years old. The sampling procedure
must avoid any evaporation and minimize epidermic contamina-
tion. Hence, the skin of the individuals was carefully washed with
soap and water, rinsed with distilled water and then wiped twice
with a cotton swab immersed in 50% ethanol. After the cleaning
procedure the area was isolated from the external environmental
with a plastic film in order to reduce sweat evaporation and con-
tamination. Samples were collected directly from the lower back
of individuals following moderate exercise for 30 min (exhaustive
walk). Sweat samples were stored in air tight plastic containers and
kept at4°C.

2.6. Absorption atomic spectroscopy analysis

The GFAAS heating program consisted of five steps
(temperature/°C, ramp/°Cs~!, hold/s): 1 (100, 5, 10), 2 (140,
5, 10), 3 (1100, 10, 30), 4 (2200, 0, 5), and 5 (2400, 1, 3). 10 wL
aliquots of samples or standard solutions were introduced into
the graphite furnace with 10 pL of the chemical modifier prepared
using suprapure solutions of 10gL~! of Pd (Pd(NO3),)and 10gL-!
of Mg (Mg(NO3),)in 15% (v/v) HNO3 (Merck, Darmstadt, Germany).
The analytical reference solutions containing 10-50 wgL~1 Cu(II)
were obtained by successive dilution of 1000mgL-! (Cu(NO3);)
(Titrisol, Merck, Darmstadt, Germany) with 0.1% (v/v) HNOs.

150 L aliquots of sweat samples were diluted with 1350 pL of
ultrapure water. The standard and sample solutions were directly
prepared in the autosampler cups (volume=1500 L) and the
homogenization was done using a micropipette. All measurements
had at least three replicates, based on integrated absorbance.

3. Results and discussion
3.1. SW stripping voltammetry parameters optimization

The association of microelectrodes with SW stripping voltam-
metry permits to determine low concentrations of metals without

sample composition changes. Among the stripping waveforms, the
square wave modulation combines high sensitivity with high speed
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Fig. 2. Representative SW voltammograms recorded with a gold microelectrode in
a drop of solution containing 0.1 molL~! NaCl, 0.1 molL~! acetate buffer (pH 6.0)
before (dashed line) and after addition of a Cu(Il) solution to give concentrations
varying from 1 to 85 pumol L~! (full line). Inset: calibration plot.

and is quite insensitivity to dissolved oxygen [28]. Preliminary
experiments involved the optimization of SW stripping voltam-
metry parameters for copper analysis using the apparatus shown
in Fig. 1. Data were obtained using a 0.1 molL~! NaCl+0.1 molL~!
acetate buffer (pH 6.0)+ 1 wmol L~ Cu(Il) solution. The supporting
electrolyte composition was chosen as an attempt to simulate the
human sweat [15] and will be referred in this paper as synthetic
sweat. From the Handbook of Chemical Equilibria in Analytical
Chemistry [29] it is known that the stability constants involv-
ing copper complexes with acetate are rather low (as illustrated
below), which means that the formation of such complexes does
not influence the Cu(Il) electrochemical behaviour to a significant
extent. The SW stripping voltammetry parameters were optimized
choosing the highest current value obtained for each parameter
in order to obtain best sensitivity. The parameters studied were
Edeposition‘ Estepv EamplitudEv Ecleaningv frequency, tdeposition and tcleaning
and the optimum value chosen were —1.2V, 20mV, 65mV, 0.7V,
70Hz, 200 s and 30 s respectively.

3.2. Analytical aspects

In order to investigate the relationship between Cu(IlI) concen-
tration and SWVresponse, voltammograms were recorded inadrop
of synthetic sweat after addition of 10 p.L aliquots of a 0.1 mmol L~!
copper solution. Some of the voltammograms recorded at the opti-
mized conditions and the calibration plot are shown in Fig. 2.
Linearity is noticed from 1 to 100 wmolL~! and the straight line
obeys the equation I (nA)=5.3 x 1072 +1.2 x 10~3 C/mol L~1. The
limits of detection (30/s, o being the standard deviation of 10
replicates of the blank and s the slope of the calibration plot) and
quantification (10c/s) were found to be 0.25 and 0.80 wmol L7,
respectively [30-32].

By looking at the voltammograms shown in Fig. 2, it is possible to
observe that peak potentials corresponding to the anodic oxidation
of Cu® to Cu(ll) appear at about 0.2V vs Ag/AgCl (KCI conc.). This
electrochemical process depends largely on the concentration of
chloride ions in the solution, as the stabilization of Cu(Il) by chloride
shifts the potential to less positive values [33].

The agreement between independent results obtained under
the same conditions by the same operator, measured as the
repeatability of the method, was investigated by carrying out
experiments with a synthetic sweat solution containing 1 wmol L~

S nA
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Fig. 3. SW voltammograms recorded with a gold microelectrode in a solution con-

taining 0.1 mol L~! NaCl, 0.1 mol L-! acetate buffer (pH 6.0) and 1 wmol L~ Cu(II) to
investigate the repeatability (A) and the reproducibility (B) of the determinations.

Cu (II). The voltammograms obtained in these experiments are
shown in Fig. 3A and the standard deviation of the signals was
found to be less than 1.5%. The reproducibility of the method was
also investigated by recording SW voltammograms under the same
conditions, but by different operators. Fig. 3B depicts the results
obtained in this experiment and the standard deviation of the peak
measurements was found to be 7.8%. The rate of mass-transport
is greatly enhanced at electrodes with very small size. Hence, the
deleterious influence of irregular solution stirring is avoided when
microelectrodes are used in stripping voltammetric methods, as
data can be obtained in quiescent conditions. This particular feature
of microelectrodes may explain the good precision of the proposed
method.

3.3. Sweat analysis

To demonstrate the applicability of the proposed method to a
practical microanalytical problem, sweat samples were studied for
their Cu(Il) content. Because of the relatively high amount of Cu(II)
in some of the samples, a peak distortion was noticeable in the
recorded voltammograms probably because of intermetallic com-
pound formation at these experimental conditions or because of
the complex nature of the matrix [34]. To overcome this problem,
experiments were performed at a much shorter deposition time
than the one found in the optimization study, i.e. 15s instead of
200s.

Determination of Cu(Il) in the sweat samples was also done by
the standard addition method as shown by the results in Fig. 4.
Sweat samples were collected from four individuals of both sexes
aged between 23 and 26 years old. Concentration of Cu(Il) ranged
from 0.9 to 28.0 pwmol L~ Cu(Il) and the results are consistent with
earlier findings reported in the literature, where the Cu(II) concen-
tration varied between 0.4 and 33.2 wmolL~! [13,16]. This wide
concentration range in sweat can be explained by differences in
dairy ingested food, medication and beverages, among other envi-
ronmental aspects.

The t-test was applied to compare the results obtained by SW
stripping voltammetry with those found using a reference method.
The paired t-test indicated that there was no significant difference
between the results obtained with both methods at a 95% confi-
dence level. Hence, it can be conclude that the proposed strategy
is reliable and can be successfully applied for field determination
of copper ions in sweat drops. Table 1 shows the results obtained
with both methods.
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Fig. 4. SW voltammograms recorded with a gold microelectrode in a sample of
human sweat before (dashed line) and after (solid lines) successive increments of
Cu(Il) to give final concentrations in the range 10-50 wmol L~1.

Table 1
Comparison of the results for Cu(Il) content in four sweat samples using the proposed
SW voltammetric procedure and a reference method.

Sample Electroanalytical RSD (%) Spectrophotometric ~ RSD (%)
measurement measurement
(pmol L) (nmolL-1)

1 28.0 3.2 28.7 4.0

2 8.0 2.5 79 3.0

3 2.1 4.8 2.2 24

4 0.9 6.0 0.8 1.6

4. Conclusions

In the present work we have demonstrated that a gold disc
microelectrode can be successfully used as a sensor for measur-
ing copper in sweat samples by anodic SW stripping voltammetry.
Because the volume sample required for the analysis is very small
(only a few microliters) and the linear concentration range is suit-
able for performing the measurements at very low deposition
times, the approach offers rapid, precise and straightforward detec-
tion. The copper concentration in the analyzed sweat samples was
found to fall within the range of values reported in the literature.
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