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Abstract
Manganese (Mn) is a required trace metal in the body. In recent years however, it has garnered significant attention as a
developmental neurotoxin in children with chronic exposure. It has been linked to complications such as memory loss
with negatively associated IQ scores, attention deficit hyperactivity disorder (ADHD), and in extreme cases, the
development of a Parkinson’s disease analogue- manganism. Cathodic stripping voltammetry has proven to be a suitable
method for electroanalytical determination of Mn. We have established Mn CSV using indium tin oxide (ITO) as the
working electrode for the determination of Mn in bovine whole blood after an acid digestion. Reliable, accurate, and
precise results were obtained as only 9% variation in the digested blood was observed. The CSV results were compared
with graphite-furnace atomic absorption spectroscopy (GF-AAS) and inductively coupled plasma- mass spectrometry
(ICP-MS) and favorable agreement across the methods was observed. Due to ITO’s excellent positive potential window
and stability under harsh environments, this method could be applied to other oxide-forming transition metals detectable
by CSV.
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Manganese (Mn) has been identified as a developmental
neurotoxin in children. [1] Though it is a required trace
metal found within the body, chronic exposure to Mn in
drinking water has been linked to a number of
neurological complications. [2-5] Some of these
complications include but are not limited to memory loss,
learning disabilities in children, and the development of
manganism - a disorder with symptoms similar to those
of Parkinson’s disease. [2-6] For these reasons among
others, the Environmental Protection Agency has set the
maximum contaminant level (MCL) in drinking water at
a very low concentration of 50 ppb (0.9 μM). [6] A study
completed in Bangladesh found that exposure to Mn in
drinking water was directly correlated to deficiencies in
mathematics scores in school. [1-8] In addition, the
Harvard Medical School found that a 10-year old male
exposed to levels of Mn as high as 1.2 ppm in drinking
water scored well below average on memory tests. [7]

Specifically, he scored no higher than the 19th percentile
in general memory index, verbal memory, visual
memory, and learning index tests. [7] Thus, trace
detection of this neurotoxic metal in both environmental
and biological samples has become very important.
Electroanalytical
methods
such
as
stripping
voltammetry are becoming more prevalent for monitoring
environmental contaminants such as metals and organic
compounds (PAHs and PCBs) in both environmental and
biological samples. [10-15] Due to inexpensive
instrumentation and operating costs while maintaining
low limits of detection and excellent selectivity,
electroanalytical methods offer advantages over other
analysis methods such as spectroscopy and spectrometry.
[12,14] These advantages coupled with the ease of
miniaturization
make
electroanalytical
methods
attractive. [14,15]
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In this communication, we report that a bare, uncoatedITO electrode can be used for accurate sample analysis
for the determination of Mn2+ in bovine whole blood.
Though ITO is not typically used for such measurements,
we have already shown the material’s superior
performance in Mn2+ CSV over other electrode materials
such as glassy carbon, boron-doped diamond, and
mercury. [5] The intrinsic selectivity of CSV itself
removes several interferences and the only significant
interference observed was iron (Fe2+) at a 20:1
concentration ratio of Fe2+:Mn2+. [5] This positive
experience with its application to environmental samples
caused us to investigate its suitability for biological
samples. ITO’s stability under the harsh environment
used in this work proved to be a crucial factor in its
ability to quantitatively determine Mn2+ in bovine blood
samples. CSV with ITO yielded similar results to other
commonly used techniques for analysis of biological
samples such as graphite furnace-atomic absorption
spectroscopy (GF-AAS) and inductively coupled plasmamass spectrometry (ICP-MS).
Osteryoung square-wave voltammetry (OSWV) was
used for the electrochemical stripping step because of its
ability to significantly minimize non-faradaic current,
allowing it to achieve low limits of detection. In OSWV,
the voltage is scanned in a step-wise fashion with forward
and reverse current pulses. [14,15] The current pulses are
executed in a way that allows the electrode charging
current to decay, allowing for measurement of faradaic
current only. [14,15] In order for sufficient preconcentration to occur at the electrode surface, the proper
deposition potential and time must be used. In CSV, the
deposition potential is typically positive relative to the
oxidation potential to oxidize analyte onto the electrode
surface, which in this case is the oxidation of Mn2+ to
insoluble MnO 2. As stated above, ITO has advantages
over other electrode materials because of its excellent
positive potential window. We investigated this and
found
Current response increased and reached a
maximum at +1200 mV (data not shown). This is the
same potential that we found to be optimal for Mn2+ CSV
in buffer and water samples. [5]
Deposition time can affect current response considering
that as deposition time increases, more analyte can
deposit at the electrode surface. All analyte can be
effectively depleted from the solution onto the electrode
surface if a sufficiently long deposition time is used.
However, these long deposition times are generally not
needed to obtain a voltammogram that can be
quantitatively measured nor to achieve sufficient
detection limits. It can be seen from Fig. 1 that even at a
deposition time of 1 min, a quantifiable voltammogram is

2+

obtained for 100 ppb Mn . The peak current continues
to increase with deposition time until at 10 min a more
symmetrically shaped voltammogram is obtained.

Fig. 1. Deposition time optimization. Deposition potential: +
1200 mV. [Mn2+]: digested bovine blood + 100 ppb Mn2+ (1.8
μM).

However, since minimal negative effect (resolution from
background, symmetrical peak shape) was seen using a
deposition time of only 3 min, all subsequent experiments
were completed using 3 min deposition.
In order to investigate ITO as a working electrode for
the determination of Mn2+ in biological samples, bovine
whole blood samples were analyzed. For the CSV
analysis, the standard addition method was used. After
measuring 3 replicates of the acid-digested whole blood,
4 successive additions of 10 ppb Mn2+ were added to the
digested blood samples. The resulting cathodic stripping
voltammograms are shown in Fig. 2.
It can be seen in Fig. 2 that both the digestion and
analyses are reproducible albeit, with slight changes in
the background current. Each set of voltammograms
shows quantifiable MnO 2 -Mn2+ reduction peaks from the
digested blood sample as well as each subsequent
addition of Mn2+.
The standard addition curves
constructed from the data obtained in Fig. 2 were linear
as R2 values of 0.998, 0.988, 0.993, and 0.996 were
obtained for digestions 1, 2, 3, and 4, respectively.
The calculated Mn2+ concentrations from the data in
Fig. 2 are shown in Table 1 below. The results from
digestion 1 were compared with those obtained with ICPMS and GF-AAS. For the calculations of Mn2+ using
CSV, the y-intercept obtained from the standard addition
curve was divided by the slope and then multiplied by the
dilution factor (14.3, 11.7, 11.1, and 11.2 for each
separate digestion and neutralization procedure). For
digestion 1, the calculated Mn2+ concentrations using
CSV and GF-AAS agree at the 95% confidence level
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whereas between CSV and ICP-MS the confidence level
agreement decreases to 80%.

Fig. 2. Cathodic stripping voltammograms of acid-digested bovine whole blood. (A) Digestion completed on 01/09/16, (B)
digestion completed on 02/09/16, (C) digestion completed 02/26/16, and (D) digestion completed 03/21/16. Each digestion sample

was from a fresh batch of Na-Heparin bovine whole blood.

The calculated Mn2+ concentrations varied by 9% using
CSV across all 4 acid-digested bovine blood samples.
These results show that CSV with ITO can be used for
quantitative determination of Mn2+ in whole blood;
comparable Mn2+ concentrations are obtained as well as
similar accuracy and precision to that of ICP-MS and GFAAS.
Table 1. Analysis method comparison for acid-digested bovine
whole blood
Analysis Method
(Digestion/Sample #)
ICP-MS (1)
GF-AAS (1)
CSV (1)
CSV (2)
CSV (3)
CSV (4)

[Mn2+], ppb (µM)
60 ± 11 (1.1 ± 0.2)
48 ± 4 (0.9 ± 0.1)
46 ± 10 (0.8 ± 0.2)
58 ± 13 (1.1 ± 0.2)
48 ± 11 (0.9 ± 0.2)
54 ± 11 (1.0 ± 0.2)

An accurate, precise CSV method for the determination
of Mn2+ in bovine whole blood using an ITO working
electrode was shown to give comparable results to those

Deposition potential: +1200 mV; deposition time: 3 min

obtained with other commonly used analytical methods
(GF-AAS, ICP-MS). After optimization of the CSV
method, accurate Mn2+ determination with ITO was
obtained with 95% and 80% confidence level agreement
with GF-AAS and ICP-MS, respectively. Though we
recently reported ITO as an ultrasensitive working
electrode for Mn2+ in water samples, ITO has never been
used for metals determination in biological samples like
whole blood. The potential applied in the CSV method is
one where few other metal ions electrolyze, giving the
method excellent selectivity as no interferences were
observed from other components in the bovine whole
blood samples. The advantage of ITO’s excellent
sensitivity to Mn2+ under harsh conditions coupled with
its potential to be miniaturized into a microfabricated
sensor make this method an attractive one for point-ofcare applications.
This method is a potential alternative to traditional
expensive
and
time-consuming
blood-metal
measurements without compromising sensitivity and/or
selectivity. The low cost of instrumentation and ease of
use make this technique potentially applicable to hospital
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laboratories where result turn-around time could be
significantly reduced. To achieve an applicability such as
this, future directions involve miniaturizing and
expediting the digestion process for rapid, accurate
analysis.

Kaval, Dr. Daoli Zhao, and Dr. Stephen Mills for helpful
discussion.
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All CSV measurements were made using a BASi
Epsilon Electrochemical Analyzer (Bioanalytical
Systems, West Lafayette, IN). Measurements were made
in a 10 mL cell consisting of ITO coated glass slides
(Corning 1737F, 11-50 Ω/sq, 135 nm, Thin Film Devices,
Anaheim, CA) with 10 x 40 mm dimensions as the
working electrode, a Ag/AgCl reference electrode, and a
platinum (Pt) wire auxiliary electrode.
The basic
parameters for OSWV that were used for the stripping
step were: square wave amplitude = 25 mV, step
potential = 5 mV and frequency = 25 Hz. The
extrapolated baseline current method described by
Kissinger and Heineman was used to measure peak
currents (i p ). [14]
For the bovine blood digestion, 0.350 mL of NaHeparin bovine blood was added to the 10 mL digestion
vials. For blank solutions, 0.350 mL of deionized water
was added. 1.00 mL of concentrated trace metal grade
HNO 3 was then added to all digestion vials (sample and
blank). The vials were then placed in the hotblock and
pre-digested at 90 °C for 30 min; the temperature was
then increased to 120 °C for 90 min. After this, the vials
were removed from the hotblock and allowed to cool for
10 min before adding 0.250 mL of 30% H 2 O 2 . The vials
were placed back in the hotblock for an additional 90 min
at 120 °C before removing and cooling once more. 0.150
mL of H 2 O 2 was added and the vials were placed back
on the hotblock at 120 °C for 45 min. The samples were
then cooled and placed back into the 4 °C refrigerator
until neutralized for analysis.
For the neutralization, 5.0 M NaOH was added
dropwise to each digested vial (sample and blank) until
the pH was raised to 5.0. A pH of 5.0 was previously
found to be the optimal pH for Mn2+ CSV on ITO. [5]
After neutralization, the dilution factor varied from 1112x. The samples were analyzed by CSV, GF-AAS,
and/or ICP-MS.
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