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Abstract

In this work, we demonstrate accurate and precise measurement of manganese (Mn) concentration
in human whole blood with indium tin oxide (ITO) electrode using square wave stripping
voltammetry. While an essential trace metal for human health, elevated levels of Mn due to
environmental or occupational exposure have been associated with severe neuromotor dysfunction
characterized by parkinsonism and cognitive dysfunction making the monitoring of Mn in whole
blood necessary. Pediatric populations are particularly susceptible to Mn given their developing
brain and potential long-term impacts on neurodevelopment. The current gold standard for whole
blood Mn measurements is by ICP-MS, which is costly and time consuming. The electrochemical
detection with 1TO working electrode in this work showed a limit of detection of 0.5 pg 1™ and a
linear range of 5 to 500 pg I=1, which encompasses the physiological Mn levels in human whole
blood (5-18 pug I1). Our results of Mn measurement in whole blood show an average precision

of 96.5% and an average accuracy of 90.3% compared to ICP-MS for both the normal range
(5-18 ug 171) and the elevated levels (>36 pg 171) that require medical intervention. These results
demonstrate the feasibility of Mn measurements in human blood with electrochemical sensors.

1. Introduction

Manganese (Mn) is an essential trace element that plays a critical role in many enzyme-
related physiological processes, including metabolism, immune system function, cellular
energy regulation, and neurotransmitter synthesisl—3. Nevertheless, elevated Mn levels lead
to neurotoxicity, with adverse health effects that include tremors, difficulty walking, and
facial muscle spasms*~’. Studies also suggest that children with high level of Mn may have
developmental problems with low performance in school, diminished memory, and attention
deficits®-12, Mn is under tight homeostatic control whereas it is Mn is removed from the
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blood by the liver where it conjugates with bile and is excreted into the intestinel3.14,
However, exposure to elevated concentrations of airborne Mn, such as steel production,
welding, mining, and residential proximity to industrial sources, can result in an inverted-U
shaped relationship between exposure and health outcomes!®. Mn can enter the brain by
passing through the brain-blood-barrier!6-20 and has been shown in animal studies to enter
the brain directly along the olfactory neurons?1:22, Whole blood Mn has been a reliable
indicator of elevated Mn exposure23-26, Normal range of Mn in adults is 5-18 ug 171 in
whole blood, and values greater than twice the upper limit of normal correlate with overt
disease outcomes, which exhibits central nervous system symptoms resembling idiopathic
Parkinson’s disease?’.

The clinical gold standard for determination of Mn in blood is by inductively coupled
plasma mass spectrometry (ICP-MS). This method offers high accuracy, sensitivity, and
the low limit of quantification of ~ 0.1 ug 171 28-30, However, the bulky instrumentation
and need for highly-trained personnel increases cost and turn-around time of the analysis.
The approach also requires a relatively large blood sample that must be collected by
venipuncture, which makes it problematic for pediatric patients. These requirements limit
ICP-MS use to centralized laboratories and make the approach unfeasible for point-of-use
(POU) applications.

Stripping voltammetry offers an attractive alternative, and can be inexpensive and
miniaturizable. It offers exceptionally low limits of detection, a necessity when working with
trace metal analytes at pg 171 level. With a preconcentration step by either electrodeposition
or adsorption, the analyte is first accumulated onto the working electrode surface before

the working electrode potential is swept to strip the analyte off the electrode surface,
generating a detectable faradaic current that is proportional to the analyte concentration

in solution. Both anodic and cathodic stripping voltammetry have been used to detect Mn
with various electrodes, including glassy carbon3L, mercury32:33, bismuth34, palladium3>,
platinum36:37 and 1TO38:39, However, most of the demonstrations are performed in buffer or
inorganic sample solutions. Determination of Mn in biological samples presents a significant
challenge for the electroanalytic detection due to the complexity of the sample matrix, which
causes biofouling on the sensor and diminished signal#%-42, Rusinek et a/. demonstrated
measurement of Mn in a bovine blood sample of 50 pg 11, with accuracy of 80% as
compared with ICP-MS.32 However, the normal Mn concentration range in bovine blood

is 70 ~ 90 pg 1714346 which is much higher than that in human blood. Also, differences

in Mn distribution in blood fractions between human blood and bovine blood can make

the Mn detection in human blood more challenging,*’48 For human samples, Wang et al.
detected 25-50 pg 1= Mn spiked in human plasma with a mercury electrode, showing good
accuracy in comparison with GF-AAS49. However, the Mn levels detected were at 3-25x
higher than what is expected physiologically. Thus, electrochemical determination of Mn in
human blood within the physiological range remains as a challenge and is yet to be reported.

In this paper, for the first time, we report on accurate Mn determination in human whole
blood by cathodic stripping voltammetry (CSV) using an 1TO electrode. Our prior work38:39
showed that ITO electrodes exhibit superior performance for detection of Mn in buffer

and bovine blood, while Pt electrodes lose majority of the signal in human blood despite
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successful detection of Mn in buffer and drinking water.36:37 Herein, a blood digestion
protocol was optimized to fully de-complex Mn bound to protein, with minimal dilution.
CSV preconcentration parameters (potential and time), stripping waveform parameters
(period and amplitude), and pH of the electrolyte solution were optimized. The ITO sensors
exhibited a linear range of 5 to 500 pg =1, which totally encompasses the physiological Mn
levels in human whole blood (5-18 pg 171), and ~90.3% accuracy and ~96.5% precision as
compared with ICP-MS.

Experimental methods

Reagents

Trace Metal grade nitric acid (67 ~ 70%) and sodium hydroxide monohydrate (Honeywell,
Fluka) for trace analysis were purchased from Fisher Scientific. Hydrogen peroxide solution
(30%) for ultra-trace analysis, sodium acetate buffer (3.0 M, pH 5.2 + 0.1) were purchased
from Sigma Aldrich. A 1000 mg =1 Mn2* atomic absorption standard was purchased from
Acros Organics. A 5.0 M sodium hydroxide solution was prepared by dissolving 2.9 g
sodium hydroxide in 10 ml of deionized (DI) water. A 0.1 M acetate buffer was prepared by
dilution from 3.0 M acetate buffer stock solution. Mn solutions with desired concentrations
were prepared by diluting 1000 mg 1"XMn standard with 0.1 M acetate buffer.

2.2. Blood digestion

We performed both hot block digestion and microwave digestion to compare their efficiency
and efficacy. To prevent Mn contamination during the digestion process, Pyrex and quartz
digestion tubes were acid washed by soaking in 20% nitric acid for 24 h and rinsed with

DI water before use. To confirm the absence of Mn, digestion tubes were first run with
blanks. For this, a 0.5 ml DI water, 1 ml trace metal grade nitric acid, and 0.5 ml trace metal
grade hydrogen peroxide were mixed and microwave digested at 200 °C for 3 min. After the
digestion, the solutions were analyzed with ICP-MS to confirm the absence of Mn.

Human whole blood in BD Vacutainer® with K2 EDTA anticoagulant was purchased from
ZenBio Inc. The blood samples were refrigerated at 4°C prior to testing. The digestion
started by vortexing the blood sample thoroughly to provide a homogenous matrix. For hot
block digestion, we adopted the conditions previously developed by collaborators for bovine
blood digestion3®. Specifically, 0.25 ml human blood was pipetted into a 10 ml digestion
vial and digested with 0.7 ml HNO3 at 90 °C for 30 min and then 120 °C for 90 min. The
vial was then removed from the hot block and allowed to cool for 10 min. A 0.18 ml 30%
H,0, aliquot was added into the vial and heated at 120 °C for another 90 min. The sample
was then cooled down again and finally heated at 120 °C for 45 min with additional 0.12
ml 30% H,0,. The entire process took about 5 h and the resulting dilution factor of the
digestion was 5x.

Microwave blood digestions were performed with a Discover SP-D Clinical microwave
digestion system (CEM Inc.). A 0.25 ml blood sample was pipetted into a 10 mL digestion
vial, followed by 0.5 ml HNO3 and 0.25 ml H,O5. The digestion vial was gently agitated
to mix, and allowed to rest for 5 min. The vial was sealed with a PTFE cap and digested at
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200 °C with 7 min ramp-up, 3 min hold time, and 300 psi maximum pressure. The resulting
dilution factor of the digestion was 4x. To assess efficiency and potential contamination
during the digestion process, the digested blood sample and the original whole blood sample
were analyzed with ICP-MS. After the digestion, the blood was titrated with 5.0 M NaOH to
adjust pH to desired values. To eliminate any Mn contamination during sample transfer and
reagent pipetting, trace metal free pipette tips (Cole-Palmer) were used.

2.3. Analytical Experiments

Potentiostat/Galvanostat (Reference 600+, Gamry Instrument) was used in all
electrochemical experiments. Cyclic voltammetry (CV) and CSV measurements were
executed in a 20 ml conventional three electrode cell consisting of ITO working electrode,
a Ag/AgCl reference electrode (3.0 M KCI solution), and a platinum (Pt) wire auxiliary
electrode. The ITO electrode was formed by coating 1.1 mm thick glass slides that are 10
mm x 28 mm in size (1737F, Corning) with a 135 nm thick, 11-50 Q/sq layer of ITO (Thin
Film Devices, Anaheim, CA). In all the experiment, a 750 ul sample of whole blood was
digested and pH adjusted, yielding ~8 ml sample solution volume under test (due to ~10.5
dilution factor).

CV was performed to investigate the potential window and the redox peak potentials of
Mn2* with the 1TO sensor in the digested and pH adjusted blood. The sweep rate for CV
was 100 mV s~1. For CSV, after a series of optimizations of pH values, preconcentration
conditions and stripping waveform parameters, we selected pH of 5.0, 1.2 V as the
preconcentration potential with 180 s duration, a stripping range from 1.2 to 0.2 V, and
waveform parameters of 70 ms period, 5 mV increment, and 25 mV amplitude. CSV was
performed in both blood sample and 0.1 M sodium acetate buffer to compare performance
of the ITO electrode in different matrices. The CSV parameters of the platinum and glassy
carbon electrodes were: 900 s preconcentration at 1.0 V, a stripping range from 1.0t0 0.4
V, and waveform parameters of 70 ms period, 4 mV increment, and 25 mV amplitude. The
extrapolated baseline current method described by Kissinger and Heineman was used to
measure peak current height and area®. The current sign of CSV measurements was not
shown with IUPAC convention, and thus the reduction/cathodic current exhibits a positive
sign. Independent measurements of the blood samples were performed using Thermo iCAP
Q ICP-MS instrument (ThermoFisher Scientific, Waltham, MA).

3. Results and discussion

3.1. Validation of microwave digestion with ICP-MS

To demonstrate electroanalytical measurement of Mn in blood, the first step is to free-up
the metal ions. In human blood, the majority of Mn2* ions are bound to protein, with about
80% bound to hemoglobin in erythrocytes and another 20% to proteins in plasma such

as transferrin and globulin®1:52, To free-up this protein-bound Mn (11) for electrochemical
measurements, blood needs to be fully digested to mineralize the proteins to release all

the Mn2* jons. Conventionally, blood is digested on a hot block in a strong oxidizer (e.g.,
nitric acid or a mixture of nitric acid and hydrogen peroxide) at elevated temperature, which
mineralizes proteins and releases MnZ*. However, for the hot block system with open vials,
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the digestion temperature is limited to 120 °C by the boiling temperature of 68% nitric acid,
leading to a low digestion efficiency. Further, the large amount of acid needed for digestion
causes significant dilution and thus lower Mn concentration in the digested blood, creating a
challenge with respect to detection limit for the subsequent detection step.

Microwave digestion, on the other hand, can circumvent the temperature limitation of the
hot block digestion by using a sealed vial, with pressure increasing from several hundreds to
one thousand PSI. Thus, higher temperature can be used to shorten the digestion time and to
minimize volume of acid. In addition, the closed vial system can prevent the analyte loss due
to volatilization as well as any accidental contamination. Further, the microwave digestion
process rapidly heats the sample, resulting in significant time savings.

In this work, we have performed both hot block and microwave digestions to evaluate and
compare their efficiency and efficacy. The representative digested samples are shown in Fig.
1. As the figure illustrates, the color of the sample digested by hot block for 5 h with a
dilution factor of 5x is still yellowish, suggesting an incomplete digestion. In contrast, the
sample obtained by microwave digestion within 15 min and with a dilution factor of 4x is
clear and colorless. From these results we conclude that microwave digestion is substantially
faster, yielding a fully digested sample after only 15 min, and requires less acid, giving a
lower dilution factor. This suggests superior efficiency and efficacy. Thus, the microwave
digested sample with dilution factor 4x was selected for the subsequent electrochemical
Sensors experiments.

Mn contamination from the digestion should be carefully avoided to ensure accurate
measurement results. The average Mn content is 5000 pg 171 in Pyrex glass and 10 ug

11 in quartz®3. Since neither Pyrex glass nor quartz digestion tubes are metal free, proper
cleaning of the digestion tubes and validation with blank samples are necessary. Table 1
shows the ICP-MS data for Mn concentration in blank samples digested in the Pyrex glass
and quartz tubes. Without acid washing, the blank samples digested in two Pyrex glass
tubes show >1 pg 171 of Mn, indicating that the sample picked up contamination from the
tubes. This is obviously problematic when performing sensor measurements in the single
ug 171 range. After acid washing, Mn concentration of the blank samples decreased to 0.18
ug 171, which suggests acid washing effectively removes majority of Mn contamination, as
expected. Similarly, acid-washed quartz tubes exhibited very low Mn contamination level,
<0.05 pg 171, Since Mn in blood is at low pg 171 level, the contamination picked up in

the acid-washed tubes can be considered negligible. Based on these results, all the blood
digestion in this work was performed in the acid-washed quartz tubes.

After eliminating contamination from the digestion step, we next examined whether there
was Mn loss due to volatilization during the blood digestion process. To do this, the digested
blood and the corresponding original whole blood samples were analyzed with ICP-MS.
Since the ICP-MS requires acid concentration of the samples to be 3% - 5%, we further
diluted the digested blood samples about 7.5 times to meet the requirement, resulting a final
dilution factor of ~30 for the digested blood samples undergoing ICP-MS measurements.
Table 2 shows the results of four pairs of digested blood and the corresponding whole blood
samples. As the table indicates, all the Mn concentrations in the digested blood samples
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match with the corresponding whole blood samples once adjusted for the dilution factor.
On average, the recovery rage of the digestion process is estimated at 96.5% (+1.9). Thus,
we conclude that our microwave digestion process exhibits minimal loss and contamination
during analysis, while maintaining a high rate of recovery.

3.2. Cyclic voltammetry

Cyclic voltammetry was performed to initially investigate the potential window of the ITO
sensor and the electrochemistry (redox peaks) of Mn2* at ITO in the blood samples. In
previous work38, sodium acetate buffer with pH 5 showed the best performance for Mn
measurement with an ITO sensor. Thus, herein the digested blood sample was titrated with 5
M NaOH to pH 5 for CV measurements. Fig. 2 shows representative cyclic voltammograms
of the digested and pH-adjusted blood sample, and the sample spiked with 1 mg 171, 2 mg
171 and 3 mg 171 Mn. As the figure indicates, the voltammogram of the original pH adjusted
blood sample exhibited a flat region from 0.2 V to 1.1 V, which is well-suited for Mn
stripping analysis. For the solutions containing Mn, the forward scan of the voltammogram
shows an anodic wave commencing around +800 mV for the oxidation of Mn2* to MnO»,
which deposits on the ITO surface; the reverse scan shows a cathodic wave at ca. +625 mV
which is attributed to the reduction of MnO, back to Mn2*. This reduction wave exhibits the
characteristic for reduction of a surface deposited material in that the current drops rapidly
back toward zero current after passing the peak potential since diffusion is not involved.
This reduction peak is well separated from the positive potential limit of ITO of 1.2 V
making the peak current easy to measure for quantitation. The peak current increased as

the Mn concentration increased from 1 to 3 mg 171, as expected. In the spiked samples,
anodic current for oxidation of Mn2* also climbed with increased Mn concentration at
positive potentials beyond +0.8 V as expected. Although the oxidation peak was incomplete
when reaching the upper limit of the ITO potential range at 1.2 V, it clearly showed that
potentials higher than +0.8 V can induce oxidation of MnZ*. For the CSV measurement, this
is sufficient as long as the preconcentration potential can induce oxidation for deposition

on MnO, at the electrode, and only the complete, well-defined reduction peak is critical for
accurately correlating peak area/current with Mn concentration.

3.3. Cathodic stripping voltammetry

Square wave cathodic stripping voltammetry was used for Mn determination to achieve low
limits of detection by minimizing non-faradaic current>:55, During the measurement, the
working electrode was firstly biased at a positive potential to deposit insoluble MnO5 on the
electrode surface by oxidizing Mn?*, following the reaction below:

Mn2  (HyO)y (aq) < MnO)(Hp0)x.y(s) +4H™ + (y = 2)H0 +2¢~

When the preconcentration step is done, the electrode potential is then swept negatively

to reduce insoluble MnO, back to Mn2* and strip it off the surface. And the cathodic
current was measured and correlated to the concentration of Mn2* in the solution. Fig. 3
shows voltammograms for Mn2* measurement in the digested blood. A single well-defined
reduction peak was obtained in the digested blood sample. The peak height and area
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increased, and some peak broadening occurred as 10 pg 171 and 20 pg 172 Mn2* were
spiked into the sample. In addition, the voltammogram in Fig. 3 shows current peaks

at two different potentials. In the original digested blood with lower Mn concentration,
the dominant current peak was at ~ 0.9 V. As Mn spiked into the blood sample, the

peak at ca. 0.75 V grew and eventually dominated. The first current peak at ~0.9 V

was due to the reduction of first deposited monolayer of MnO, on ITO, and stopped
increasing with concentration, while the second current peak at ~0.7 V was due to the
reduction of additional deposited MnO, layers and thus continued to grow very large with
increasing concentration. We also compared quantitation by measuring peak current versus
peak area (charge) and found the latter to give the lower LOD, probably because of the
peak broadening as concentration increases. Due to the peak potential shift and the peak
broadening, we then decided to use peak area as the signal.

3.4 Optimization of SWSV

To obtain the optimal conditions for Mn measurements, impacts of sample pH and
preconcentration potential were examined first. 15 ug 1”1 Mn was used for the test and

the preconcentration time was kept at 3 mins. The pH was varied from 3.0 to 7.0 in

one-unit increments, while potential was varied from 0.9 V to 1.4 V in 0.1 V increments.
The CSV measurements were performed repeatedly, in a full factorial design. Fig. 4(a)
illustrates voltammograms with fixed preconcentration potential of 1.2 V and pH ranging
from 3.0 to 7.0. The most acidic solutions, at lower pH, prevented Mn2* oxidation, while
the neutral solution caused formation of insoluble manganese hydroxide and precipitation
in solution, also deterring oxidation of Mn2*. Thus, a weakly acidic solution at pH 5.0

~ 6.0 yielded the highest signal. Fig. 4(b) shows voltammograms with fixed pH of 5.0

and the preconcentration potential ranging from 1.0 V to 1.4 V. The lower potential was
insufficient to oxidize Mn2* at the maximum possible rate, resulting in a smaller peak; while
the higher potential led to bubble formation on the electrode surface which hindered mass
transport of Mn2* to the electrode surface, also resulting in a smaller peak. Preconcentration
potential of 1.2 V resulted in the largest peak. Plotting the 25 pair combinations of pH and
preconcentration potential as a surface plot (Fig. 4(c)) makes it easy to discern that pH 5 at
1.2 V,and pH 6 at 1.1 — 1.2 VV show the regions giving the largest peak charges. The former
was chosen for all subsequent experiments, as it simplified pH adjustment of the digested
sample and reduced the necessary sample dilution.

Next, we investigated the impact of the preconcentration time, which can affect current
response and yield higher stripping current signal due to larger quantity of the deposited
metal. We optimized preconcentration time with a blood sample containing the lowest Mn
concentration among the blood samples we obtained. The Mn concentration was 5 g

171 in the whole blood sample; after digestion and pH adjustment, the blood sample was
diluted 10x, resulting in a digested blood sample with 0.5 ug 171 Mn. Preconcentration
times of 1 to 20 min were applied in the CSV measurement. As shown in Fig. 5, with

1 min preconcentration time, there was no measurable peak, indicating an insufficient
preconcentration. For the preconcentration time of 3 min, a well-defined peak was observed.
The peak area increased linearly with the preconcentration time from 3 to 20 min. Since the
experiment was executed in 10 ml digested blood sample, 20 min was not sufficiently long
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for the electrode to accumulate all Mn2* in the sample during the deposition step and yield

a saturated signal. In the interest of a faster analysis, the shortest time capable of generating
detectable signal for 0.5 ug 1= Mn (i.e., 3 min) was selected. For Mn concentrations below
0.5 pg 171, which were not encountered in this work, longer preconcentration time such as 5
and 10 min can also be used.

3.5. Calibration in digested blood

With the optimized CSV parameters, a calibration curve was constructed to investigate
linearity, sensitivity, and detection limits of the ITO sensor in digested blood. The initial
Mn concentration in the blood sample was confirmed with ICP-MS to ensure measurement
accuracy. Fig. 6(a) shows stripping voltammograms of the ITO sensor in the digested blood
with the Mn concentration ranging from 0.7 ug 171 to 53 pg I=1. For comparison, Fig. 6(b)
shows voltammograms of the ITO sensor in 0.1 M acetate buffer with Mn concentrations
ranging from 0 to 50 pg 171,

The two sets of voltammograms were used to develop calibration curves for the ITO sensor.
Fig. 6(c) illustrates the calibration curves based on the peak area, which is an approach

we used previously38. Sensitivity in the digested blood was 215 nC (ug I71)71, which is
comparable to 198 nC (ug 1™1) =1 in the acetate buffer. Both calibration curves exhibit good
linearity in the range of 1 ug 171 to 50 pg 172, with R2 = 0.998 for blood and R? = 0.997

for buffer. The LOD was calculated as 0.05 pg I~ based on 3a/slope. The performance is
comparable to work by Rusinek et al. who reported LOD of their ITO sensor as 0.06 g

I71, but in 0.1 M acetate buffer38. Considering the ~10x dilution from the digestion and pH
adjustment process, the linear range of the ITO sensor spans the normal Mn range in whole
blood, which is 5 to 18 ug I71.

3.6. Reproducibility

The intra-reproducibility of the ITO electrode was tested to determine precision of the
measurements in digested blood. We performed CSV of 50 pg |1 Mn in a digested

blood sample with the same electrode 10x. Peak areas (Fig. 7 (a)) were consistently in

the range from 9.83 uC to 10.1 uC, generating a coefficient of variation of only ~2%.

The inter-reproducibility of the ITO electrode was also tested with 8 different electrodes,
repeating 3x (n7= 3) for each electrode. As shown in Fig. 7 (b), the peak area obtained with
the 8 electrodes ranged from 9.28 uC to 9.97 uC, with a variation of ~7%. This is a slight
improvement on our earlier work that showed Pt sensors to have an average variability of
9%36, Ultimately, we have confirmed that the sensor is capable of performing reproducibly
with precision >90%.

3.7. Interference study

We performed a series of studies of trace metals in the blood that might potentially interfere
with Mn CSV, to ensure accurate and reliable determination of Mn in blood samples. We
selected several metal ions including Pb2*, Zn?*, Cu2*, and Fe3* based on literature56:57,
Although Fe?* is also known to be one of the main interfering metals for Mn detection36:58,
since our blood samples were digested with strong oxidizer (nitric acid/hydrogen peroxide),
all Fe2* ions should have been oxidized to Fe3* ions. Thus, in the interference study we
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did not select Fe2*. All four ions are considered the most common interferences for Mn.
The highest concentrations of Pb2*, Zn?*, Cu2*, and Fe3* in the normal ranges in blood

are 100 pg 171, 1200 pg 172, 1450 pg 171, and 336 pg 172, respectively. The influence of
different levels of these metals of 500 pg 171, 1200 pg 171, 1500 pg 171 and 500 pg =1 were
analyzed by spiking them into a digested blood sample containing 50 pg I~ Mn, followed
by comparisons of the peak area and voltammogram definition of CSV under the exact same
conditions. As shown in Fig. 8, we confirmed that none of these metals have a detectable
influence on the Mn stripping signal, including both the peak shape and area.

3.8. Standard addition measurement and comparison with ICP-MS

We used the ITO sensor to determine Mn in digested blood and compared with 1CP-

MS analysis of these samples. The standard addition method was used to calculate the
concentration of Mn2* in the original samples. The dilution factors for all blood samples
from the digestion and pH adjustment process varied slightly from each other but were

all around 10. A 2pg 171 Mn aliquot was spiked into the sample at each step of the
standard addition process. The voltammograms of the original digested blood sample, 2
g 171, 4 ug 171 and 6 pg 171 Mn spiked samples are shown in Fig. 9(a). The resulting
standard addition plot of peak area yielded a correlation equation of Q (UC) = 0.2152 [Mn
(ppb)] + 0.5466, with RZ = 0.992. Mn concentration in the digested blood was obtained

by dividing the y-intercept with the slope of the calibration curve. From the calibration
curve, the Mn concentration in the digested blood should be 2.54 pg I71. Mn concentration
in the corresponding original whole blood sample was obtained by multiplying the Mn
concentration in the digested blood with the dilution factor. For this sample, the dilution
factor from the digestion and pH adjustment process is 10.5, so the Mn concentration in the
original whole blood should be 26.7 pg I71.

Seven different blood samples were tested with the square wave stripping voltammetry

and all the blood samples were analyzed with ICP-MS for comparison. The results are
summarized in Table 3. As the table shows, blood samples with Mn concentrations ranging
from 8.7 pg 171 to 55.3 ug 171 were tested, and our measurement results exhibited an average
precision of 96.5% and an average accuracy of 90.3% as compared to ICP-MS. In the
previous work, 80% accuracy was obtained for Mn measurement in a bovine blood sample
with 60 pg 171 Mn3°. The accuracy was significantly improved in this work, especially for
lower Mn concentrations within the physiological range (5-18 pg I71) in the human blood.

Conclusions

In this work, for the first time, we demonstrate accurate and precise measurements of

Mn concentration in human whole blood with square wave stripping voltammetry. For

the sample preparation, we compared block digestion and microwave digestion and found
microwave digestion to be superior in both efficacy and efficiency. We optimized the
microwave digestion process to yield fully digested blood samples. For the stripping
voltammetry, we optimized the experimental conditions such as preconcentration potential,
time, and pH of the digested blood samples. The ITO electrode showed a sensitivity of 215
nC (ug 1I™1) 71, a linearity of 0.998 in the digested blood samples, and a detection of limit
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of 0.05 ug 171 (calculated). The linear range from 5 to 500 pg I~1 covers the physiological
Mn levels in human whole blood. Our results showed an average precision of 96.5% and
an average accuracy of 90.3% compared to ICP-MS. The favorable results suggest the
capability of Mn measurement in human blood with electrochemical approaches and the
feasibility of further development of an electrochemical point-of-care system using ITO as
the sensor.
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\J ",

Figure 1.
Comparison of the whole blood digestion methods. (a) Whole blood sample prior to

digestion. (b) Blood sample after hot block digestion for 5 h with dilution factor of 5x.
(c) Blood sample after microwave digestion for 15 min with dilution factor of 4x.
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Figure 2.
Cyclic voltammograms of ITO in digested blood. Increasing reduction peaks at a potential of

0.625 V are shown for blood spiked with 1 mg 1”1, 2 mg 1”2 and 3 mg I"1 Mn.
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Figure 3.
Stripping voltammograms of digested blood samples on ITO electrode. The voltammograms

show a well-defined peak for the blood sample and increased peaks as 10 ug 171 and 20 ug
I-1 of Mn were spiked into the blood sample.
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Figure 4.
Optimization of pH and preconcentration potential for square wave stripping voltammetry

by comparisons of the peak area for digested blood sample. (a) Voltammograms of ITO

in digested blood at pH 5.0 with the preconcentration potential ranging from 1.0 to 1.4 V.
(b) Voltammograms of ITO in digested blood with 1.2 V preconcentration potential and pH
ranging from 3.0 to 7.0. (c) Measured peak area (charge in UC) as a function of pH and
preconcentration potential.
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Figure 5.
Optimization of preconcentration time. (a) Voltammograms of 1TO in the digested blood

sample containing 0.5 ug 11 Mn. (b) Measured peak area as a function of preconcentration
time.
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Figure 6.
Voltammograms of ITO in digested blood (pH: 5.0) with Mn concentration ranging from 0.7

g 171 to 53 ug 171 (a) and 0.1 M sodium acetate buffer (pH: 4.65) with Mn concentration
ranging from 0 pug 171 to 50 pg 171 (b). (c) Calibration curve of ITO sensor in digested blood
and acetate buffer based on peak area.
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Figure 7.
Study of reproducibility by measuring 50 ug 1= Mn in digested blood with one ITO

electrode for 10 runs and 8 different ITO electrodes. (a) Voltammograms of ten runs with the
same ITO electrode in 50 pug 17 Mn in the digested blood (Inset: measured peak area of the
ten runs). (c) Voltammograms of 8 different ITO electrodes in 50 pg 11 Mn in the digested
blood. (Inset: Measured peak area of the 8 ITO electrodes).
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Figure 8.
Voltammograms of 50 pg 171 Mn with and without the presence of interfering metals: 500

pg 171 Pb2*, 1200 pg 171 Zn2*, 1500 pg 172 Cu?*, and 500 pg I~ Fe3*. Inset: Measured peak
area of 50 pug 1”1 Mn with and without the presence of other metals.
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Figure 9.

Determination of Mn in human blood sample using SWCSW and the method of standard
additions. (a) Voltammograms of the digested blood samples with and without Mn additions.
(b) Standard addition plot of peak area. The original concentration of Mn in the whole blood
sample can be calculated using the equation in (b) and the dilution factor from the digestion

and pH adjustments.
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Table 1.

Mn concentration of blank samples (DI water, trace metal grade nitric acid, trace metal grade hydrogen
peroxide) digested in Pyrex and quartz digestion tubes without and with acid cleaning.
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Mn in blank #1 (ug I"%)

Mn in blank #2 (ug I1)

Pyrex tube without acid cleaning 1.61 1.23
Pyrex tube with acid cleaning 0.18 0.18
Quartz tube with acid cleaning 0.05 0.04
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Table 2.

Page 23

Comparison of Mn concentrations in whole blood samples and digested blood samples analyzed by ICP-MS.
The recovery rate ~96.5% (+1.9) shows minimal Mn loss and no contamination during the microwave

digestion process.

Wt;glro;gllgod Mn in(\l/lv;i)_lf)blood Mn in d(ilgl(;slt_elt; sample Dilution factor Calcugzliézg ?:Ilg Ii_nl)whole Recovery (%)
A 8.95 0.27 31.0 8.37 93.5
B 7.61 0.25 29.6 7.40 97.2
C 29.07 0.88 323 28.42 97.8
D 27.93 0.84 324 27.25 97.4
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Table 3.

Electrochemical sensor performance compared with ICP-MS. Each measurement was performed in triplicate
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(n=3).

Sample | ICPMSMn (ug I™%) | CSV Mn (ug I"%) | C.V. (%) | Precision (%) | Accuracy (%)
1 8.7 9.5 52 94.8 90.8
2 9.0 11.0 5.8 94.2 77.8
3 24.1 28.1 2.8 97.2 83.0
4 28.9 26.7 3.4 96.6 92.3
5 30.9 29.6 2.0 98.0 95.8
6 39.2 36.4 2.7 97.3 92.8
7 55.3 55.0 25 97.5 99.4
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