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SUMMARY 

 

Healthcare monitoring still lacks of point-of-care (POC) devices for heavy metal detection in human 

blood. Gold standard techniques currently employed – (AAS) atomic absorption spectroscopy and 

(ICP-MS) inductively coupled plasma mass spectrometry -  require voluminous and expensive 

equipments, specialized personnel and large sample volumes to perform the analysis. These 

characteristics make them unfeasible for on-the-field applications[1,2]. On the other side, 

electrochemical detection of heavy metals can be pursued with cost effective, disposable sensors and 

little amount of volumes. Lead (Pb) and Manganese (Mn) levels are worth to be monitored as target 

toxicant metals. Reasons for this assumption include their increasing presence in the environment 

associated to human activities and their severe impairment on the central nervous system (CNS) even 

at low exposure levels. Commercially available electrochemical sensors featuring gold (Au) working 

electrodes (WE) are applied for quantitative identification of lead (Pb) via square wave anodic 

stripping voltammetry (SWASV) , whereas the same devices with platinum (Pt) electrodes are 

analyzed for manganese evaluation through square wave  cathodic stripping voltammetry (SWCSV). 

Despite all the efforts made by several research groups in environmental samples, little has yet been 

done on real human blood.  Successful preliminary tests on human blood samples are achieved for 

lead determination and the right path for manganese has been traced.  The ease of fabrication through 

well developed techniques and cost effectiveness of the sensors and the ability of handling small 

amount of volumes (droplets of 10µL) for each measurement make this approach a viable way for 

effective on-the-field application. In the next future its integration with microfluidic devices for 

sample preparation will bring to reality the dream for portable ‘metallometers’. 
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CHAPTER 1 

INTRODUCTION 

Heavy metal detection in biological fluid still lacks of small, cost effective devices. The 

ultimate goal of this research is the development of easy-to-use, low cost and small devices for point-

of-care detection of trace metal levels in human blood. Heavy metals can be defined as metallic 

elements with a density at least 5x that of water (𝜌𝐻2𝑂 = 1 𝑔 𝑐𝑚3⁄ )[7] ; considering the assumption 

that toxicity is striclty related to heaviness, it  emerges that these elements can be health-threatening 

even at trace level, at concentrations in the part per billion ( 𝑝𝑝𝑏, 10−6) rather than part per million 

(𝑝𝑝𝑚, 10−3)range. Although the mechanisms of heavy metals intake on human health are unique for 

each compound and yet not fully understood, it is demonstrated that their systemic impairment can 

affect almost every cellular organelle from the cellular membrane to the nulcei and different enzymes 

involved in damage repair, metabolism and detoxification. Reactive Oxygen Species (ROS) are 

believed to play a fundamental role in mediating metal induced cell injuries[6] that include the 

interactions with DNA and nuclear proteins, leading to cell changes, carcinogenesis and ultimately 

apoptosis. This study focuses on two particular metals: Lead (𝑃𝑏,density 𝜌𝑃𝑏 =11.34 𝑔/𝑐𝑚3) and 

Manganese (𝑀𝑛, density 𝜌𝑀𝑛=7.43 𝑔 /𝑐𝑚3). 

The relevance of Pb detection even at low exposure levels is related to its widespread presence 

in everyday life. Lead sources common everywhere comprise paint, products made of plastic, vinyl 

and food, contaminated with lead during growth on soil, production, packaging or storage[4]. 

On the other side, the interest in Mn detection arises from the subtle border between its importance 

as a key element in some biological functions and its toxicity related to neurodegenerative diseases 

and mental impairments in children even at reduced levels of exposure[8]. 

The importance of this study can be further enhanced considering that their environmental 

levels have exponentially risen due to their release from several human activities, including industrial 
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processes, agriculture and technological fabrication[3]. The established relationship between 

neurodegenerative diseases and exposure to heavy metals pushed forward research studies whose 

primary aim is the identfication of the proper strategies for heavy metal determination[9] . 

In spite of their abilities of multi-element analysis and very small limits of detection, both of 

the two actual gold standard techniques - AAS and ICP-MS - suffer from the impossibility of point 

of care adaptability[20] . They require long analytical times, bulky instruments available only in 

analytical laboratories and manipulation of the sample by specialized personnel.  Electrochemical 

techniques offer the possibility to overcome all of these issues, while achieving detection limits 

compatible with heavy metal levels in biological and environmental samples[20,9].  Several sensors 

have been proposed to achieve heavy metal detection[1,2,10,37],but they all require complicated 

fabrication processes that inevitably increase their cost of fabrication and make them suitable for 

academic purposes but impractical for real applications. In contrast, sensors based on noble metals 

electrodes, such as gold (Au) and platinum (Pt) are currently easily available on the market and 

performances fully compatible with heavy metal detection in biological fluids are demonstrated in 

this study. Cost effectiveness, ease of integration with other components and market availability are 

three fundamental features for a widespread diffusion of disposable diagnostic devices. 

Moreover, considering Lead (Pb) and Manganese (Mn) toxicity in humans, as summarized in 

the following chapters, it is not difficult to imagine how much will be useful one day to develop 

portable E-CHeMA sensors or ‘metallometers’ ready for heavy metal analysis at point-of-care level.  
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1.1. Lead (𝑷𝒃) toxicity 

Lead (Pb) is a highly toxic heavy metal whose natural presence in the environment is consistenly 

increased by human activities. Despite US ban of lead based paints in housing in 1978 and as a 

gasoline additive, Lead exposure for humans still remains a major health problem due to its strong 

absoprtion into the soil and its slow deterioration. In humans three routes of exposre are mainly 

identified: 1)ingestion from contaminated food or drinking water ,2)inhalation from lead dust or 

fumes in industrial  contexts,3) dermal contact . In 2012 the CDC (Center for Disease Control and 

Prevention) fixed the value for elevated blood lead level in children at 5µg/dL (50ppb), with evidence 

that neurotoxic effects of lead exposure in workers are present at blood levels ≤18 µg/dL(180ppb). 

As a divalent cation (𝑃𝑏2+), lead binds to proteins sulphydryl (𝑆 − 𝐻 ) groups with a subsequent 

distorption of their structure and functionality[6]. It is capable of reaching almost every organ or 

system in human body but its main impairments affect the CNS (Central Nervous System), as a 

consequence of its ability to overcome the Blood Brain Barrier. Moreover, its neurotoxicity is 

found to be determinant for neurologic disfunctions in children such as lack of muscular 

coordination, intellectual and behavioral deficits[6]. 

Blood has been recognized as the primary biomarker for the assesment of lead exposure. It is 

important to underline that Blood Lead levels (BPb) are capable of reflecting both recent and past 

exposure as a result of reabsorption into blood from bones[11];  whole blood measurements must be 

considered since Pb mainly binds to proteins and erythrocyte and plasma Pb can be assumed to be 

the most relevant in terms of its toxicity as the compartment capable of more rapid exchange of Pb 

throughout the body[12]. It turns out that constant monitoring of whole blood lead levels seems to be 

mandatory for a dual purpose: the first one is the assessment of long term exposure and the second 

one is early detection of high Pb levels, especially in work environments at high risk 

(mining,batteries,metal recycling industries) and in highly sensible subjects (children,pregnant 

women). 
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1.2. Manganese (𝑴𝒏) toxicity 

Mn is an element known to be essential in several enzymatic reactions including growth of 

neuronal and glial cells as well as synthesis and development of neurotransmitters[16]. Moreover,it is 

involved in metabolic processes of fat and carbohydrates and in bone formation as a cofactor for 

calcium absorption[9]. The thin border between Mn physiological impact and its toxicity makes this 

heavy metal monitoring in humans particularly important. Mn is the fourth most used metal in the 

world after iron, aluminum and copper. Mn exposure occurs primarily via inhalation[13]; its chemical 

properties lead to its usage in the production of high resistant steel, glass, ceramics, weldings, 

adhesives, paints and gasoline, with a potential vulnerability for large part of the population. Mn has 

been addressed as an irritant of the respiratory tract and a cause for lung inflammations and decreased 

functionality[13],although the most important impairment caused by Mn even at low levels are 

represented by neurodegenerative diseases, with symptoms often compared to the Parkinson’s ones 

and associated with disfunctions in the basal ganglia system[15]. The reversibility of this condition at 

the first stages makes an early detection of dangerous levels of Mn extremely important.  

Monitoring of these threatening substances has been assessed as a public health priority by many 

international agencies including the European Union, the Joint Food and Agricultural Organization 

(FAO), the World Health Organisation (WHO) and the Centre for Disease Control (CDC) , pushing 

forward the need for easy to use, low cost and small-sized sensors for on the field detection , as 

occurred for glucose levels checking with the modern and portable glucometers. Several steps are 

still necessary for a complete miniaturization of all the components involved in the heavy metal 

detection process, but as Figure1 exemplifies the right path for lab-on-a-chip (𝐿𝑂𝐶) platforms is 

traced. 
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Figure 1-Dimensions of the miniaturized gold-based sensor for heavy metal detection used in this 

work compared to a one cent coin - sensor model ED-SE1 from Micrux Technologies 
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CHAPTER 2 

TECHNIQUES FOR HEAVY METAL DETECTION AT TRACE LEVELS 

2.1. AAS : Atomic Absorption Spectroscopy 

One of the most used method for metallic detection in different sample matrices is represented 

by Atomic Absorption Spectroscopy. It allows quantification of a wide variety of species both at trace 

levels and at higher concentrations. This method measures the amount of energy (in the form of a a 

wavelength change) absorbed by the excited sample. The analysis of a sample is based on the unique 

electron configuration that each atom presents in its outer shell and therefore only absorbs energy at 

a specific wavelength, related to the energy difference between its electronic levels. The 

quantification of the amount of the target substance is then derived from the intensity of the absorption 

spectrum on the basis of the Beer-Lambert’s law: 

𝐴 = log10(
𝐼0

𝐼
) = 𝜀(𝜆)𝐿𝑐       (2.1) 

Where 𝐴 is the measured absorbance, 𝐼0 is the intensity of light initially provided to the sample, 𝐼 is 

the light intensity after passing through the sample – or the light intensity transmitted by the sample, 

𝜀(𝜆)[𝑀−1𝑐𝑚−1] is the wavelength dependent molar absorptivity coefficient , 𝐿 [𝑐𝑚] is the path 

traveled by the light through the sample and 𝑐[𝑀] is the concentration of the analyte in the evaluated 

sample. 

AAS involves different steps that can be summarized in the following ones: 1)Atomization of 

the sample either in a graphite or in a flame furnace, 2)Irradiation of the treated sample either with 

UV or visible light sources, according to the specific target metal to be detected, 3) Measurement of 

the wavelength transmitted by the sample and comparison with the excitation wavelength originally 

passed through the sample. 



7 
 

 
 

Concentration of the analyte is then determined on the basis of calibration curves obtained from 

standards at known concentrations. 

A number of specialized instruments is required to carry out this analysis and make it unfeasible 

for on the field or point of care (POC) applications. 

 

2.2. ICP-MS: Inductively Coupled Plasma-Mass Spectrometry 

Nowadays referred to as the most common technique employed in analytical laboratories for 

trace metal level determination. Its advantages encompass ultra low 𝐿𝑂𝐷 in the part per trillion (ppt) 

range, simultaneous multielemental analysis and isotopic capabilities. 

ICP-MS combines an ICP source at high temperature with a mass spectrometer for detection 

purposes. The inductively coupled plasma (ICP) source converts the atom of the elements in the 

sample into ions.  These particles are then directed into the mass spectrometer by means of the 

interface region and focused in the system through a series of electrostatic lenses. 

The heart of the ICP-MS is represented by the mass separation device, kept at high vacuum  

(𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒~10−6𝑇𝑜𝑟𝑟). This component filters the generated ions on the basis of their ratio mass-

to-charge. The final step after the splitting of the different ions is their conversion into a detectable 

electrical signal. The most common design for ions detection is a series of metal dynodes along the 

length of the instrument[17]. 

It is evident that also this method turns out to be impractical for point of care detection and 

widespread use and provides incompatibility with a constant home-monitoring of heavy metal levels 

in humans. 

As highlighted in the previous paragraphs the gold standard techniques applied for tace metal 

detection all suffer from the dependency on specific, bulky and costly equipment that prevent their 
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transition from analytical laboratories to home-take care. Thus, the only practicable way appears to 

be electrochemical detection. 

 

2.3. Electrochemical techniques 

Electrochemistry can be defined as the crossroad between electrical and chemical effects. It is a 

scientific field and an engineering tool that comprises several phenomena and technologies with a 

direct application in different devices ranging from common batteries to industrial fuel cells. The dual 

principle on which the basis of electrochemistry are built relies in the chemical changes produced by 

the passage of an electric current and the energy production generated by chemical reactions[11]. 

 Electrochemical analysis are concerned with the processes that develop at the interface 

between different chemical phases in a system referred to as an electrochemical cell. In the case of 

trace element detection the main actor is represented by the boundary between an electrode (i.e. an 

electronic conductor) and an electrolyte (i.e.a conductor where ions are the charge carriers). The 

electrolyte contains the heavy metal ions dissolved in a supporting media. Small electrodes can be 

exploited to pass a current to the liquid sample and generate a detectable electrical signal 

representative of the electrochemical reactions that took place at the interface due to the presence of 

the target metal ions. 

 These are active methods, since they require the presence of a power supply to provide the 

proper excitatory signal and consequently measure the response function given by the analyte under 

test; the general workflow for any electrochemical analysis is represented in Figure 2. 
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Figure 2-General scheme of electrochemical analysis. In this example the detecte response is 

represented by a current vs potential curve, showing detectable peaks at different target 

concentrations. 

 

The techniques involved in this study implement a three electrode setup that consists of a 

Reference Electrode(RE), a Counter Electrode(CE) and a Working Electrode(WE) . The basic 

configuration of the device needed to perform this kind of detection will be given in the following 

paragraph. When a biased solid electrode is in contact with an electrolyte three different phenomena 

may occur: 

1. Potential drop at the interface due to the resistance if the solution 𝑅𝑠𝑜𝑙 (Built-in Potential) 

2. Rearrangement of charges at the interface that induce the creation of a layer of ions very close to 

the solid conductor with opposite charges and is namely known as the double layer capacitance 

𝐶𝑑𝑙 

3. Charge transfer between the ions of electroactive species in solution and the electrons in the solid 

conductor. This last process gives rise to the Faradaic current that is the relevant signal indicative 

of the concentration of the target analyte. 

A simplified electrical equivalent of the system can be defined as a network of impedances and it 

is shown in Figure 3. 
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Figure 3-Electrical equivalent of a three electrode electrochemical cell–WE=WorkingElectrode, 

RE=ReferenceEllectrode ,CE=CounterElectrode, 𝐸𝑡𝑜𝑡=controllable potential, 𝐸𝑖𝑛𝑡=effective potential seen 

at the electrode-electrolyte interface, 𝑅𝑠𝑜𝑙=resistance of the solution, 𝐶𝑑𝑙=double layer capacitance, 

𝑍𝑓𝑎𝑟=faradaic impedance, 𝑖𝑡𝑜𝑡=effective current measured at the working electrode, 𝑖𝑓𝑎𝑟=current generated 

by the faradaic electron transfer between the electrolyte and the electrode, 𝑖𝑑𝑙=current generated by the 

presence of the double layer capacitance. 

 

  𝑍𝑓𝑎𝑟 is the faradaic impedance that represents the electron transfer at the working electrode and 

depends upon the kinetic at which this relevant phenomena occurs.The double layer capacitance  𝐶𝑑𝑙  

and the faradaic process that generates the current 𝑖𝐹𝑎𝑟 occur at the interface,  provide a parallel path 

for the electron delivery and are in series with the solution resistance 𝑅𝑠𝑜𝑙
[13]; given that, the total 

current 𝑖𝑡𝑜𝑡 that will flow through the working electrode will be the sum of the two components 𝑖𝐹𝑎𝑟 

and 𝑖𝑑𝑙. The interesting signal that relates to the presence and cincentration of the target is only the 

faradaic component 𝑖𝐹𝑎𝑟 and one of the advantages of the chosen technique of square wave 

voltammetry with respect to simple linear methods lies in the rejection of  𝑖𝑑𝑙. 

At this point it is substantial to underline the relevance of the reference electrode in a three electrode 

system with respect to a simple two electrode configuration-without RE- as a way to minimize the 

effect of the ohmic voltage drop that happens due to the presence of the solution resistance  𝑅𝑠𝑜𝑙. As 

depicted in Figure 3, the controllable parameter is the overall potential 𝐸𝑡𝑜𝑡 , whereas the effective 

potential seen by the electrolyte-electrode interface 𝐸𝑖𝑛𝑡 is somewhat different as a consequence of 

𝑅𝑠𝑜𝑙 that represents a resistive path in series with the interface and leads to a potential difference 

across itself 

  𝐸𝑠𝑜𝑙 = 𝑅𝑠𝑜𝑙 ∗ 𝑖     (2.2). 



11 
 

 
 

𝐸𝑡𝑜𝑡 = 𝐸𝑠𝑜𝑙 + 𝐸𝑖𝑛𝑡      (2.3) 

From Equation (2.2) it is clear that 𝐸𝑠𝑜𝑙 depends upon the current signal and therefore cannot be 

precisely governed; the result is a distortion of the excitation signal seen by the interface for 

voltammetric techniques and an inaccuracy in the potential response signal for amperometric 

techniques[12]. The most common approach to minimize this effect is to design the reference electrode 

(RE) as close as possible to the working one (WE). As pointed out in the previous sentences, the 

material of the electrodes, especially the one of WE is of paramount importance, in order to achieve 

the best performances during electrochemical analysis. Traditionally Mercury electrodes were 

applied, but the latest findings on its toxicity, volatility and its tricky disposal[21] push forward the 

need to identify mercury-free devices[19]. The most attractive candidates to replace mercury based 

electrodes appear to be noble metals - particularly platinum (Pt) and gold (Au) - and carbon based 

materials[23]. They offer simple fabrication through photolitographic processes with performances in 

terms of limits of detection and repeatability perfectly suitable for trace element detection, in the 

order of few 𝜇𝑔 𝐿⁄ (or 𝑝𝑝𝑏). 
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2.4. Classification 

A classification of electrochemical techniques applied for heavy metal detection can be made on 

the basis of the nature of the excitation signal and the corresponding response provided by the analyte 

in acqueous solution. They are defined as amperometric, potentiometric, voltammetric, impedance 

measurements, coulometric and electrochemiluminescent techniques as the target ion produces a 

change in voltage, current, electrical impedance, charge or electrochemiluminescence respectively. 

In the majority of the actual applications the relevant parameters are the current or the potential 

of the system; either one of them is controlled while the changes in the other one are monitored[16].  

Figure 4 provides an overview on the classification of electrochemical techniques applied in the field 

of heavy metal detection. 

 

Figure 4-Classification of the electrochemical techniques applied for the detection of metal ions, with 

the ones considered in this study highlighted in red; adapted with permission from reference[23.] 

As will be discussed in the followng paragraphs, a serial combination of different techniques, 

namely stripping voltammetry followed by a square wave scanning, leads to the best analytical 

performances for trace metal detection.  
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2.5. Potentiostatic techniques for trace element detection 

Potentiostatic techniques implicate the control of the potential at the electrode-electrolyte 

interface. Ideally this would coincide with the potential gap between RE and WE, but the presence of 

the unavoidable ohmic drop due to the solution resisitance interposed causes it to be slightly different. 

The instrument involved in this kind of technique is the potentiostat; to achieve  the purpose of 

keeping a defined potential difference between RE and WE, the potentiostat drives the proper current 

at CE .  An example of a basic potentiostatic circuitry is shown in Figure 5.  

 

Figure 5-Basic schematic of a potentiostat showing the electrochemical cell with the three electrode 

setup. The relevant phenomena occur at the electrode-electrolyte interface, on top of the working 

electrode (WE). 

Some important characteristics should be pointed out: 

1) The Working Electrode (WE) is effectively held at virtual ground by the operational amplifier 

OA3 

2) The job of the Counter Electrode (CE) is to supply the current and therefore the proper voltage 

needed to sustain the reaction of the target analyte at the Working Electrode (WE). 

3) The Reference Electrode (RE) has a bivalent purpose of measuring the potential of the solution 

near the Working Electrode (WE) and supply a potential reference point. 

4) The operational amplifier OA2 is in the voltage-follower configuration therefore acting as a 

buffer for the reference electrode (it reports at the output the potential of the reference electrode 

with a low output impedance)  
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5) The feedback loop of the operational amplifier OA1 includes the solution with the target analyte. 

6) The voltage at the output of OA1 will make the current flowing through the counter electrode 

equal to the one that passes through the working electrode (WE) and will maintain the potential 

vs the refrence electrode at the proper point. 

Among potentiostatic methods the ones that provide the best accuracy and sensitivity for heavy metal 

ions detection are the voltammetric ones. They are based on time varying voltage excitation 

waveforms  𝐸(𝑡) and track the corresponding current. The relevant function will be the resulting 

voltammogram, a current-voltage (𝑖 𝑣𝑠 𝐸(𝑡))  curve. These methods are adapted in order to maximize 

the rejection of the background current not related to the concentration of the target analyte and to 

lower the limits of detection (LOD)[24]. The next sections will clarify how these methods can be 

coupled for the speciation of complex samples.  

2.6. Stripping voltammetry: the importance of preconcentration 

The quantitative analysis of trace elements in diluted samples with complex matrices from 

various settings (environmental, clinical or industrial) demands a preconcentration step prior to the 

effective quantification. A simple and reagent-effective way to achieve this task is the electrolytic 

deposition of the analyte[17].  

During the preconcentration step the target element is deposited onto the working electrode; in 

the stripping phase it is afterwards oxidized or reduced back into the solution and the corresponding 

response is recorded. These process provides a double advantage: on one side it separates the analyte 

from  the complex matrix and allow for the detection of target elements near the LOD of the analytical 

method applied. 
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2.7. Square wave voltammetry: rejection of the background current 

As stated in the previous paragraphs, voltammetric techniques are related to the current-time 

signal that is generated at an electrode in a controlled potential experiment, provided that faradaic 

processes involving the target analyte occur. The current is the derivative of the charge over time and 

theoretically it represents the rate at which the charge-transfer happens at the electrode-sample 

interface.  

As pointed out in the introductive chapter, the key word in electrochemical techniques is REDOX 

reaction : 

𝑂𝑋 + 𝑛 ∗ 𝑒− → 𝑅𝐸𝐷 

The manifestation of the sharp concentration profiles that vary with time at the electrode-

solution interface under potential control, is the measured current itself. 

Square Wave Voltammetry is the evolution of pulse voltammetric techniques based on a potential  

excitation waveform  represented by the superimposition of a small amplitude square wave over an 

ideal staircase . The typical potential control exerted during this method is depicted in Figure 6.  

 

 

Figure 6 - Example of Square Wave Excitation Waveform for Cathodic Voltammetry, where the 

staircase potential is scanned from a positive to a negative value. i forward (red dot) represents the 

forward current sampled after the pulse in the direction of a negative potential, as the underlying 

staircase, whereas i reverse (blue dot) is the current sampled at the end of the pulse in the opposite 

potential direction with respect to the underlying staircase. 
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The corresponding current is sampled twice, after each half wave of the square wave modulation and 

the resulting net current is a real differential signal between the forward current  𝑖𝑓  (red dot in Figure 6) and 

the reverse current  𝑖𝑟 (blue dot in Figure 6), as shown in Eq.2.4 : 

∆𝑖 = 𝑖𝑓 − 𝑖𝑟              (2.4) 

As the definition of these two quantities might be misleading, it is important to clarify that the forward 

current 𝑖𝑓 is the one assessed at the end of the half pulse in direction of the staircase potential, whereas the 

reverse current 𝑖𝑟  is the one sampled after the half pulse in the potential direction opposite to the variation of 

the underlying staircase.  

The voltammogram generated by applying this analytical technique provides the best rejection of the 

background currents. These unwanted signals arise from various components including: 

1) Charging current derived from the double layer capacitance 𝐶𝑑𝑙,that might be caused either by a changing 

in the double layer capacitance or by a changing in the potential, as shown by Eq.2.5 

𝑖𝑑𝑙 = 𝜕𝑄𝑐
𝜕𝑡

⁄ =
𝜕(𝐶𝑑𝑙𝑉)

𝜕𝑡
⁄ =

𝜕𝐶𝑑𝑙
𝜕𝑡

⁄ + 𝜕𝑉
𝜕𝑡⁄                   (2.5) 

 where   𝑖𝑑𝑙 is the capacitive current due to the presence of the double layer,  𝑄𝑐 is the charge accumulated 

on the plates of the capacitance, 𝐶𝑑𝑙 is the double layer capacitance itself, that builds up as a consequence 

of charge separation and 𝑉 is the voltage drop across the double layer capacitance  

Considering the electrical equivalent depicted in Figure 3, the capacitive current 𝑖𝑑𝑙 sums to the faradaic 

component 𝑖𝑓𝑎𝑟 but thanks to the velocity of the square wave application it rapidly decays to zero during 

both the forward and the reverse scanning and its effect on the measured current 𝑖𝑡𝑜𝑡is minimized 

2) Current arising from convective mass transport. The rejection of this part is achieved by short square wave 

periods τ , compared to the time required for convective transport to take place. 

Moreover, the differential nature of square wave voltammetry allows to get rid of all of the possible 

backgorund components that turn out to be equal during the forward and reverse sampling and therefore 

easily depleted. 
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These considerations point out how a proper tuning of the square wave parameters improves the capabilities 

of this technique. As presented in Figure 7  they include: 

a) Square Wave Amplitude 𝐸𝑠𝑤 

b) Amplitude of the step potential ∆𝐸𝑠 

c) Square Wave Period 𝜏 = 2𝑡𝑝, where 𝑡𝑝=period of the traditional pulse wave 

 

Figure 7-Example of Square wave Excitation Waveform for Cathodic Voltammetry with highlights of 

the square wave parameters 𝐸𝑠𝑤 = 𝑠𝑞𝑢𝑎𝑟𝑒 𝑤𝑎𝑣𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒, 𝜏 = 2𝑡𝑝 =
𝑠𝑞𝑢𝑎𝑟𝑒 𝑤𝑎𝑣𝑒 𝑝𝑒𝑟𝑖𝑜𝑑 , ∆𝐸𝑠 = 𝑠𝑡𝑒𝑝 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 

 

It has been established[19] that,for a redox reaction in the form exemplified by Eq.2.6,  to 

maximize the sensitivity of the method, the relevant parameters should be selected according to the 

principles summarized in TABLE I. 

 

𝑂𝑋 + 𝑛 ∗ 𝑒− → 𝑅𝐸𝐷     (2.6) 

 

TABLE I-SQUARE WAVE PARAMETERS 

SQUARE WAVE PARAMETER VALUE 

SQUARE WAVE AMPLITUDE  𝑬𝒔𝒘 𝟏𝟎𝒎𝑽
𝒏⁄ ≤ 𝑬𝒔𝒘 ≤ 𝒏 ∗ 𝟓𝟎𝒎𝑽 

STEP POTENTIAL AMPLITUDE ∆𝑬𝒔 𝟖𝒎𝑽
𝒏⁄ ≤ ∆𝑬𝒔 ≤ 𝟏𝟐𝒎𝑽

𝒏⁄  

SQUARE WAVE PERIOD  𝝉 = 𝟐𝒕𝒑 =

𝟏 𝒇𝒓𝒆𝒒𝒖𝒆𝒏𝒄𝒚⁄  

𝟏𝟎𝒎𝒔 ≤ 𝝉 ≤ 𝟏𝟎𝟎𝒎𝒔 
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Some important remarks on each of the above-mentioned parameters are worth to be 

underlined. 

 First of all, the amplitude of the square wave 𝑬𝒔𝒘 should be large enough that each half wave is able 

to produce the oxidation or the reduction of the target analyte at the electrode-solution surface,thus 

ensuring that the net current is larger than the single reverse or forward current because it is the 

difference of the two[15,22].A decrease in the square wave amplitude reduces the net peak current 

without improving the resolution; on the other side an excessive increase in the square wave 

amplitude may broaden the net current peak. 

Moreover, the amplitude of the step potential ∆𝑬𝒔 must be confined into a precise interval in order 

for the small amplitude approximation of the staircase as a combination of infinitesimal potential 

steps to be valid. 

With regard to the last parameter, 𝝉 , it is mandatory to consider that the current 𝑖 measured at each 

pulse is given by the Equation (2.7)[25]  

 

𝑖 ∝ 1
√𝑡𝑝

⁄ = 1
√𝜏/2⁄      (2.7) 

Decreasing the period 𝝉 of the square wave (and consequently increasing its frequency) increases 

each single current peak; in addition some frequencies must be avoided in order to minimize the effect 

of the 50Hz (in Europe) or 60Hz (in US) electric noise of the supply AC current. 

It is clear that the association of preconcentration strategies (deposition phase) followed by 

square wave excitation (stripping phase) allows for the rapid, sensitive and selective measurement 

of several analytes; moreover, the progresses of microelectronics and data processing techniques 

enabled the integration of the simple potentiostat into disposable devices as opposed to the gold 

standard techniques presented at the beginning of this chapter. 
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2.8. SWASV  vs  SWCSV 

Two basic square wave approaches are available for the described purposes: 

1) SquareWave-Cathodic Stripping Voltammetry 

2) SquareWave-Anodic Stripping Voltammetry 

Their application depends upon the properties of the target analyte and is related to the interferences 

with the hydrolysis of water molecules. Their major characteristics are reviewed in TABLE II. 

 

TABLE III- CHARACTERISTICS OF SWASV VS SWCSV. 

SWASV SWCSV 

 

ANALYTE: 

Standard Potential of the redox reaction 

involving analytes more positive than the 

standard potential for hydrolysis of water (~ −
1.2𝑉) 

 

ANALYTE:  

Standard Potential of the redox reaction  

involving analytes near the standard potential 

for the hydrolysis of water (~ − 1.2𝑉) 

 

STRIPPING PHASE: 

 net oxidation of the analyte back into the 

solution 

• Forward Potential: favors oxidation 

• Reverse Potential: favors reduction 

 

STRIPPING PHASE:  

net reduction of the deposited analyte back into 

the solution 

• Forward Potential: favors reduction 

• Reverse Potential: favors oxidation 

•  

 

STRIPPING CURRENT: 

• Forward Current: Anodic Current 

• Reverse Current: Cathodic Current 

 

Net Differential Current: Anodic Current 

 

 

STRIPPING CURRENT: 

• Forward Current: Cathodic Current 

• Reverse Current: Anodic Current 

 

Net Differential Current: Cathodic Current 
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Figure 8-Comparison between Anodic (left) and Cathodic (right) stripping voltammetry during the 

two phases of the analysis. Top panel shows the deposition phase when the target is concentrated 

onto the working electrode – Bottom panel pictures the stripping phase during which the effective 

signal is acquired
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CHAPTER 3 

 

MATERIALS AND METHODS 

3.1. Reagents 

Manganese (Mn) and Lead (Pb)solutions at tested concentrations are made from standard 

solutions for Atomic Absorption Spectrometry  (AAS) at  initial concentrations of 1000mg/L 

(106𝑝𝑝𝑏,parts per billion)  in 2-5% Nitric Acid (𝐻𝑁𝑂3)purchased from Acros Organics (part of 

ThermoFisherScientific,Waltham,MA USA 02451).For dilution of Pb solutions and initial testing on 

Mn solution of Sodium Acetate Buffer (AB) at pH 5.2±0.1 (25°C) , 3M  are bought from Sigma 

Aldrich, St.Louis, MO USA 63103. Solution of Borate Buffer 20X concentrate for initial testing on 

Mn is purchased from ThermoFisher Scientific, Watham, MA USA 02451, and diluted 20 times with 

deionized water (𝐷𝐼 𝐻2𝑂 ) in order to obtain 50mM Borate Buffer pH8.5. 

For electroplating the Ag/AgCl reference electrode and treatment (cleaning) of the sensors the 

following reagents are employed: 

• Sulfuric acid (𝐻2𝑆𝑂4) solution at 0.05M, made by diluting in 𝐷𝐼 𝐻2𝑂  pure 𝐻2𝑆𝑂4 , ACS 

grade. 

• Silver (𝐴𝑔) solution plating, Silver Cyless II RTU purchased from Technic Inc,Cranston, RI 

USA 02910 

• Potassium Chloride (𝐾𝐶𝑙) solution at 0.1M, made by dissolving 𝐾𝐶𝑙(𝑠) in 𝐷𝐼 𝐻2𝑂   

For sample preparation the listed chemicals are required: 

• Nitric acid (𝐻𝑁𝑂3) trace metal grade 

• Hydrogen Peroxide (𝐻2𝑂2) solution at 30% in 𝐻2𝑂 

• Sodium Hydroxide (𝑁𝑎𝑂𝐻) solution at 5M or 12M, made from 𝑁𝑎𝑂𝐻(𝑠)diluted in  𝐷𝐼 𝐻2𝑂  

Unless otherwise specified, all of the above mentioned chemical species are purchased from 

FisherScientific (part of ThermoFisherScientific, Waltham, MA USA 02451). 
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Human whole blood samples are purchased in 10mL tube from ZenBio Inc, Research Triangle 

Park, NC 27709. All of them are treated with dipotassium ethylenediaminetetracetic acid (𝐾2 −

𝐸𝐷𝑇𝐴) as anticoagulant. 

3.2. Sensors 

The sensors employed in this work are purchased from Micrux Technologies, Oviedo, Asturias 

Spain 33006. 

 Figure 9 shows an inset of the Platinum sensor with the three electrodes in evidence. 

 

Figure 9-Inset on the active surface of the Platinum sensor - WE=WorkingElectrode, CE=CounterElectrode 

, RE=ReferenceElectrode 

 

Both for Mn and Pb detection the same model of sensors ED-SE1 is used. The only difference 

between the sensors applied for the detection of the analytes lies in the material of the top layer: Gold 

(𝐴𝑢)for Pb detection and Platinum (𝑃𝑡) for Mn detection. Their relevant features are listed in 

TABLEIII. 
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TABLE III- SPECIFICATIONS OF THE APPLIED SENSORS ED-SE1. 

FEATURE DESCRIPTION 

 

 

ELECTRODE SETUP 

3 electrode architecture:  

• WE 

• RE 

• CE 

 

 

SENSOR DIMENSIONS 

 

10x6x0.75 mm 

 

 

AREA WORKING ELECTRODE 

 

𝜋(0.5𝑚𝑚)2 ≅ 7.85 ∗ 10−7𝑚𝑚2 

 

 

PROTECTIVE LAYER 

 

SU-8 layer with a 2mm circular opening  

 

 

SUBSTRATE MATERIAL 

 

Glass 

 

 

SEED LAYER MATERIAL 

 

50nm Ti  

 

 

TOP THIN FILM MATERIAL 

 

• 150nm Au for Pb detection 

• 150nm Pt for Mn detection 

 

 

 

Figure 10 shows an overview of the setup used during all of the experiments, with the electrodes 

positioned inside the interface provided by the Micrux for the connection with the potentiostat. 
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Figure 10-Overview of the setup during an experiment with a 10µL droplet of treated human blood , 

on the background are depicted the connections of the three electrode systemto the potentiostat 

 

Prior to any treatment or analysis all of the sensors are electrochemically cleaned with at least 

12 cycles of cyclic voltammetry in the potential range -1.3V to +1.3V with 0.05M sulfuric acid 

(𝐻2𝑆𝑂4). The same procedure is applied also after each usage.  

For the creation of the 𝐴𝑔/𝐴𝑔𝐶𝑙  Reference Electrode (RE) on both the Au and the Pt sensors 

the electroplating technique is applied, following the protocol optimized in a previous work done by 

collaborators[16]. Nevertheless it is important to briefly describe the overall procedure. 

Electroplating can be defined as the application of a metal coating to a metallic or other 

conductive surface by an electrochemical procedure.  

In this study a two-step process is performed: 

1. Electrodeposition of silver (𝐴𝑔) on the reference electrode  

During this step the reference electrode is made the cathode of the electrolytic cell (i.e. the terminal 

at which reduction occurs) and deposition of silver from the silver based solution is achieved; a 



25 
 

 
 
 

cathodic current 𝑖𝑐 = 12.55𝜇𝐴 is provided by the potentiostat through a chronoamperometric 

experiment for 𝑡𝑐 = 240𝑠 . 

𝐴𝑔(𝑎𝑞)
+ + 𝑒− → 𝐴𝑔(𝑠) 

2. Electrodeposition of chloride (𝐶𝑙) on the reference electrode 

The reference electrode coated with electrodeposited 𝐴𝑔 is then chloridized in 1M 𝐾𝐶𝑙 by 

reversing the electrolytic cell (i.e. the reference electrode RE coated with 𝐴𝑔(𝑠)  is made the anode of 

the cell, where the oxidation occurs). An anodic current 𝑖𝑎 = 12.55𝜇𝐴 is provided by the potentiostat 

through a chronoamperometric experiment for 𝑡𝑎 = 120𝑠.  

𝐴𝑔(𝑠)+𝐶𝑙(𝑎𝑞)
− → 𝐴𝑔𝐶𝑙(𝑠) + 𝑒− 

It is important to point out that the time for the chloridization (120s) is half of the one applied 

for the deposition of Ag (240s) in order to have a final molar ratio Ag:AgCl of 1:1. 

Figure 11 plots the chronopotentiogram (or the voltage-time curve) provided by the reference 

electrode with respect to ground during the chloridization phase; from that it is possible to infer that 

the potential given by the plated electrode is stable after the final steps of electroplating. 

 

Figure 11- Chronopotentiogram (Voltage-Time curve) of the Platinum (left) and Gold (right) 

electrodes during the chloridization step of electroplating.  
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It is also interesting to visualize the color changes that occur on the reference electrode 

surfaces after each stage, as depicted in Figure 12 

          

Figure 12- Platinum (left) and Gold (right) electrodes after each phase of electroplating- (1) Bare 

Electrode before any treatment, (2) Electrode after Ag deposition, (3) Electrode after Cl deposition.  

 

3.3. Whole blood digestion 

One of the most important and most critical passages of the detection of trace metal elements in 

biological samples is the preparation of the sample itself. Acid digestion technique, derived from 

sample pre-treatment required for ICP-MS, is applied with some important variations that make it 

more feasible in an unspecialised laboratory and in the next future might allow its integration into a 

microfluidic device. 

The basic purpose of acid digestion is the decomposition of any organic matter[18], in order for 

the trace elements to be detected to recover their ionic form. For whole human blood this includes 

the breakdown of all the cells and proteins which the analytes are bound to. The protocol developed 

originates from a previous work done by C.Rusinek et al.[19,36].  In order to reduce the dilution of the 

sample, that is found to be a determining factor in trace metal detection, a first revised procedure has 

been realised by Dr.Thushani Siriwardhane (named PROTOCOL A). This approach works very well 

with bovine blood, but when performed on human blood several issues come out and just from the 

first step with the addition of 𝐻𝑁𝑂3 is noticed the presence of a large amount of white residuals, 

attributed to formation of protein aggregates that are not destroyed by nitric acid. A revised protocol 
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(named PROTOCOL B), that takes into account a slight increase in the volume of nitric acid is 

developed. TABLE IV provides an insight on the two different schemes with highlights of the major 

differences.  

TABLE IIV-DIGESTION PROCESS: PROTOCOL COMPARISON 

PROTOCOL A PROTOCOL B 

1) SAMPLE: 250µL Human Blood 

2) Addition of 175µL of trace metal 

grade Nitric Acid (𝐻𝑁𝑂3) to each 

digestion vial 

3) Vials in the Hotblock at 90°C for 30 

minutes to perform pre-digestion 

4) Increase temperature up to 120°C for 

90 minutes to perform acid digestion 

5) Let the sample cool down at room 

temperature 

6) Additon of 87.5µL   of 30%  𝐻2𝑂2 

7) Temperature of the hotblock at 120°C 

for 90 minutes 

8) Let the sample cool down at room 

temperature before pH adjusting 

 

1) SAMPLE: 250µL Human Blood 

2) Addition of 250µL of trace metal 

grade Nitric Acid (𝐻𝑁𝑂3) to each 

digestion vial 

3) Vials in the hotblock at 90°C for 30 

minutes to perform pre-digestion 

4) Increase temperature up to 120°C for 

90 minutes to perform acid digestion 

5) Let the sample cool down at room 

temperature 

6) Additon of 110µL   of 30%  𝐻2𝑂2 

7) Temperature of the hotblock at 120°C 

for 90 minutes 

8) Let the sample cool down at room 

temperature before pH adjusting 

 

 

It should be highighted that the first 30 minutes in the hotblock,after the addition of  𝐻𝑁𝑂3  

are required for the pre-digestion of the heavy organic matrix  and the subsequent combination with 

𝐻2𝑂2 allows to regenerate 𝐻𝑁𝑂3 and therefore maximize the capabilities of the method performed 

without highly specilized equipments such as digestion microwaves traditionally applied before ICP-

MS testing. Markers of a proper digestion can be considered a yellowish and transparent color of the 

treated sample, without any particulate matter.  

After acid digestion the samples present a strong acidic pH that needs to be adjusted in order 

not to damage the sensors and affect the success of the detection. This stage is carried out with the 

dropwise addition of a strong base (typically 𝑁𝑎𝑂𝐻 solution at 5M or 12M). At the end of this step 

the sample is ready for the measurement. Figure 13 shows two examples of treated blood samples 

before (right vial) and after pH adjusting (left vial). It is interesting to notice the change in color 
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between the two, remark that might make feasible to the colorimetric check of pH for future 

automatization of the overall procedure. 

 

Figure 13-Blood samples after acid digestion following PROTOCOL B-  (a) Blood sample after pH 

adjusting with 12M NaOH ,pH of the final solution around 5- (b)Blood sample before pH adjusting, 

highly acidic. Despite the difference in color both of the two samples look trnasparent and without 

particulate residuals, indeces of a proper digestion. 

 

3.4. Standard addition 

Standard addition is defined as a calibration method designed in order to overcome the effects of 

a complex matrix when dealing with analytical samples[20]. It can be considered as an internal 

standardization and it is particularly useful for the analysis of biological samples, such as blood, urine 

or saliva when the sensitivity of a test varies from sample to sample and an external calibration turns 

out to be unfeasible. When the matrix of the sample can affect the sensitivity of analytical 

measurements two different effects can occur, namely a ‘rotational or proportional effect’ highly 

dependent upon the signal (in this case the concentration of the target element) and a ‘translational 

effect’, independent from the signal and affecting he intercept but not the slope of the calibration 

curve[29].  

Standard addition allows to overcome the rotational effect and its key steps are: 
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1) measurement of the signal from the unknown sample 

2) addition of known concentrations of the target analyte to the unknown sample 

3) measurement of the given signal after each addition 

4) estimation of the calibration curve through linear regression at least squares 

5) extrapolation of the unknown concentration in the sample as the absolute value of the x-axis 

intercept of the estimated calibration curve.  

 

3.5. Software  

For data aquisition from the potentiostat the software Aftermath, Pine Research 

Instrumentation, Durham, NC 27705 USAis used. It provides automatic tools to compute the peak 

current value and identify the peak position and full width at half maximum (FWHM). 

For data analysis and generation of the graphs the software Matlab©, The MathWorks Inc., Santa 

Clara, CA 95054 USA is employed.
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1. Lead detection on Au electrodes 

As highlighted in Figure 8 the main actor in Pb detection during SWASV is represented by the 

following redox reaction that occurs at the electrode-sample solution interface: 

𝑃𝑏2+ + 2𝑒− ↔ 𝑃𝑏𝑜     (4.1) 

with 𝑛 = 2 electrons exchanged 

In order to assess the capabilities of gold-based electrodes for Pb determination through 

Square Wave Anodic Stripping Voltammetry and identify the proper supporting electrolyte, a prior 

Cyclic Voltammetry analysis is conducted.  

Two different supporting electrolyte are tested: Acetate Buffer (𝐴𝐵) at pH 5.2, Borate Buffer 

(𝐵𝐵) at pH 8.9.  As depicted in Figure 14 (a), Acetate Buffer pH 5.2 turns out to be more stable at 

negative potentials required for Anodic Stripping of the target analyte and it is therefore chosen as 

the supporting electrolyte to carry out the study of the performances of the gold sensors. The dashed 

oval highlights the region where the lead (𝑃𝑏) reduction peak is expected[21]. It is clear that for anodic 

methods, where the potential is typically in the negative side (𝐸(𝑡) < 0𝑉) ,the reduction and 

oxidation of the Au electrode does not impact, since they occur at more positive potentials as 

represented by the sharp peaks at around +0.4𝑉 and +0.8𝑉. 

To confirm the capabilities of the applied sensors and locate the lead (Pb) reduction peak, cyclic 

voltammetry in AB pH5.2 is repeated with the addition of 10ppm Pb (48.2 µ𝑀). As shown in Figure 

14(b) a well resolved reduction peak is detected at a potential 𝐸𝑟𝑒𝑑 ≈ (−0.31 ± 0.07)𝑉 ,mean on 

𝑛 = 3 electrodes. 
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Figure 14-(a) Cyclic voltammetry on Au Electrodes, comparison between Acetate Buffer (AB pH 5.2) 

and Borate buffer (BB pH8.9) and (b) Cyclic Voltammetry of Aceate Buffer (AB pH5.2) alone and 

with the addition of 10ppm Pb 

Provided that the gold-based sensors offer the proper characteristics for lead (Pb) detection 

through SWASV, optimization of the analytical parameters in standard solution is performed. 

 

4.2. Optimization of the SWASV parameters  

As highlighted in CHAPTER 2, where a theoretical overview of electrochemical techniques is 

presented, the most important parameters that affect the measurement in square wave stripping 

methods (both ASV and CSV) are the following ones: 

• DEPOSITION PHASE: deposition potential, deposition time 

• SQUARE WAVE STRIPPING: square wave amplitude 𝑬𝒔𝒘 and square wave period 𝝉 = 𝟐𝒕𝒑 =

𝟏 𝒇𝒓𝒆𝒒𝒖𝒆𝒏𝒄𝒚⁄  

Provided that , in order for the small amplitude approximation of the small amplitude signal to 

hold[13], the step potential ∆𝐸𝑠 must be confined inside a precise interval ,4𝑚𝑉 ≤ ∆𝐸𝑠 ≤ 6𝑚𝑉 ,it is 

not taken into account as a relevant parameter to be optimized and an intermediate value of  ∆𝐸𝑠 =

5𝑚𝑉 is chosen. 

Moreover, in practical experiments also the pH of the supporting buffer electrolyte is thought to 

be a determining factor in the performances of the measurement and a remark on that should be made.  
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Its importance is more related to the nature of target element itself, in this case lead (Pb) rather than 

to the material of the electrode. Previous works by C.Rusinek at al.[21] have demonstrated that the 

value that ensures lower signal variability, best peak sharpness and stable response lies in between 

pH 5 and pH 5.5,therefore Acetate Buffer at pH 5.2 is selected for the analysis. 

To provide consistency with the current threshold for elevated Pb levels in human blood, fixed at 

≤ 180𝑝𝑝𝑏, [34], all the experiments are carried out with a sample of 10µL of 100ppb (0.48µM) Pb in 

Acetate buffer pH5.2. Triplicate experiments are performed for each parameter to define the mean 

value 𝜇 ,the standard deviation 𝜎 and the coefficient of variation 𝐶𝑉% = (𝜎
𝜇⁄ )*100. 

Each parameter is thought to affect the response independently from the others and separate 

analysis are performed. 

• Deposition phase 

The first fundamental variable considered is the deposition potential, at which WE is held during 

preconcentration. This parameter is scanned from 𝐸𝑑𝑒𝑝 = −1200𝑚𝑉 up to 𝐸𝑑𝑒𝑝 = −600𝑚𝑉  with 

deposition a time 𝑡𝑑𝑒𝑝 = 300𝑠. At deposition potentials 𝐸𝑑𝑒𝑝 ≥ −700𝑚𝑉 no detectable signal is 

obtained. As Figure 15 depicts, at deposition potentials −1000𝑚𝑉 ≤ 𝐸𝑑𝑒𝑝 ≤ −700𝑚𝑉 double 

stripping peaks are observed, at 𝐸𝑝𝑒𝑎𝑘1~ − 420𝑚𝑉 and 𝐸𝑝𝑒𝑎𝑘2~ − 100𝑚𝑉. This is in accordance 

with literature[26,27], supporting the theory of the underpotential deposition (UPD)  of Pb at gold or 

silver electrodes at relatively short deposition times. This concept can be expressed as the stripping 

of the target metal into two different steps. Two distinct phases of the deposited metal (Pb) can be 

identified: a metallic monolayer and a superimposed layer due to the deposition of the metal in the 

bulk solution. After deposition has occured first the bulk deposit is stripped back into solution 

(𝐸𝑝𝑒𝑎𝑘1) and then the underlying monolayer of Pb is oxidized back into solution (𝐸𝑝𝑒𝑎𝑘2). Deposition 

potentials 𝐸𝑑𝑒𝑝 ≤ −1100𝑚𝑉 are not preferable due to thier proximity to the redox potential of water 

molecules and possible degradation of the working electrode surface that impacts on the 
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reproducibility of the signal in various cases and significantly shifts the stripping peak to more 

negative values 𝐸𝑝𝑒𝑎𝑘~ − 650𝑚𝑉.. 

 For the proposed application on human blood testing, precision is one of the major parameter 

that must be taken into account and therefore the selected deposition potential is 𝐸𝑑𝑒𝑝 = −1100𝑚𝑉 

which leads to the minimum coefficient of variation 𝐶𝑉% = 15%. Moreover, at deposition potentials 

𝐸𝑑𝑒𝑝 ≤ −1200𝑚𝑉 oxidation of the gold electrodes occurs randomly, visually verifiable from a 

change in the color at the surface of the counter electrode. 

 

Figure 15-Example of voltammograms obtained at different deposition potentials; for potentials in the range 

-1000mV -700 mV double peaks are observed, leading to a significative decrease in the signal. 

The next parameter taken into account for optimization is the deposition time. This variable 

is scanned at 120s,180s,300s,600s,900s,1200s,1500s. 
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Figure 16-Current peaks and CV% as a function of the deposition time evaluated at 

120s,180s,300s,600s,900s,1200s and 1500s 

From Figure 16 it seems that the signal continuously increases up to a deposition time 𝑡𝑑𝑒𝑝 =

1200𝑠, but so does the standard deviation. In accordance with the need for a rapid on-the-field 

application, the selected preconcentration time is 𝑡𝑑𝑒𝑝 = 600𝑠. For further confirmation of the choice 

a paired t-test on the equality of means (with the assumption of unequal variances) is conducted by 

comparing the mean values (computed on three measurements) of the couples 300s-600s ,600s- 900s 

and 600s-1200s. Actually for none of them it is possible to discard the hypothesis of equal means at 

the 5% level of significance, with p-values of 0.12, 0.16, 0.11, respectively. Yet, a deposition time of 

600s is associated to the minimum coefficient of variation and therefore selected as the optimum one.  

• Square wave  

For optimization of the square wave parameters applied during the stripping phase a deposition 

potential=-0.9V and a deposition time=300s are selected. 

Square Wave Amplitude 𝑬𝒔𝒘  is scanned from 𝑬𝒔𝒘 𝒎𝒊𝒏 = 17.5mV (< 50𝑚𝑉
𝑛⁄ = 25𝑚𝑉 ) to  

𝑬𝒔𝒘𝒎𝒂𝒙 = 100𝑚𝑉 (𝑛 ∗ 50𝑚𝑉)  . Experimental results are partially in accordance with the theory, 
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since at small values of the square wave amplitude reduced current peaks are found, indicating that 

the reverse pulses are insufficient to cause the reduction of 𝑃𝑏2+. 

Increasing the amplitude of the square wave induces a shift of the potential at which the peak is 

found from ≈ −380𝑚𝑉 at 𝑬𝒔𝒘 𝒎𝒊𝒏 = 17.5mV to ≈ −450𝑚𝑉 at 𝑬𝒔𝒘𝒎𝒂𝒙 = 100𝑚𝑉 and to a 

broadening of the peak, quantifiable in a maximum mean value of the FWHM=199.1mV for 

𝑬𝒔𝒘𝒎𝒂𝒙 = 100𝑚𝑉. From Figure17 it is possible to extrapolate that the optimum value is  𝑬𝒔𝒘 =

50𝑚𝑉, characterized by the best trade-off between the mean signal 𝑖𝑝𝑒𝑎𝑘 =218.5𝑛𝐴, the mean 

𝐹𝑊𝐻𝑀 = 136𝑚𝑉 and the minimum coefficient of variation 𝐶𝑉% = 31%. 

        

Figure 17-(left) Plot of the Current Peak values vs Amplitude of the applied square wave- (right) Plot 

of FWHM vs Amplitude of the excitatory square wave. Errorbars represent the standard deviation 

from the mean value computed over three repetitions. 

Square Wave period of the applied excitation waveform is evaluated from 10ms to 100ms. 

To identify the ideal value peak current, FWHM (Full Width at Half Maximum, indicative of the 

sharpness of the peak for a better identification) and CV% are considered.  

Figure17 depicts the obtained results. 

It is interesting to underline that, as predicted from Equation ( 2.7),  𝑖 ∝ 1
√𝑡𝑝

⁄ = 1
√𝜏/2⁄  , 

confirming that the value of the current peak decreases with increasing the period of the square 
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wave and a good linearity (𝑅2 = 0.984) between the peak current and  1
√𝑡𝑝

⁄  is experimentally 

found. 

 

Figure 18-Current Peak [nA] as a function of 1
√2𝜏

⁄ . Good linearity is in accordance with the theory 

of square wave voltammetry originally developed by J. G. Osteryoung and R. A. Osteryoung[19.] 

 

However, theory and real applications might sometimes be separate and other factors apart 

from the value of signal must be considered. Although a square wave period 𝜏 = 10𝑚𝑠 gives a mean 

signal 𝑖𝑝𝑒𝑎𝑘 =542.86𝑛𝐴 ,it exhibits a CV%=48.7% and a mean 𝐹𝑊𝐻𝑀 = 136.1𝑚𝑉 and a distortion 

in the peak signal. The optimal period is therefore selected as 𝜏 = 30𝑚𝑠, with a mean peak current 

𝑖𝑝𝑒𝑎𝑘 =235.5𝑛𝐴, a CV%=22% and a mean FWHM=111mV. 
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Figure 19-(left) Plot of the current peak values vs Period of the applied square wave- (right) Plot of 

FWHM vs Period of the square wave. Errorbars represent the standard deviation from the mean 

value computed over three repetitions. 

 

The overall parameters selected for the following analysis and calibration of Pb on Au 

electrodes are summarized in TABLEV 

TABLE V - OPTIMIZED PARAMETERS FOR SWASV OF PB IN STANDARD SOLUTIONS, 

ELECTROLYTE: AB PH5.2 

PARAMETER VALUE 

 

DEPOSITION TIME 

 

600s 

 

 

DEPOSITION POTENTIAL 

 

-1.1V 

 

 

SQUARE WAVE AMPLITUDE 

 

50mV 

 

 

SQUARE WAVE PERIOD 

 

30ms 

 

 

STEP POTENTIAL 

 

5mV 

 

 

 

 

 



38 
 

 
 
 

 

4.3. Calibration 

Once the optimum parameters are selected, it is possible to define a calibration curve and assess 

the limit of detection (LOD) of the method. This last indicator of performances is defined by the 

following relationship:  

 

𝐿𝑂𝐷 = 3 ∗ 𝜎
𝑠𝑙𝑜𝑝𝑒⁄       (4.1) 

Where 𝜎 = standard deviation of the signal at the lowest detectable concentration (5ppb), 

repeated on 8 measurements and 𝑠𝑙𝑜𝑝𝑒 =slope of the estimated calibration curve, indicative of the 

sensitivity of the sensor. This parameters identifies the lowest concentration of the measurand that 

the sensor is able to detect. 

Considering the range of Pb levels in human blood [34]a range of 5ppb-1000ppb of Pb in 

standard solutions is selected. Figure 16 depicts an example of the voltammograms obtained at 

different Pb concentrations in AB pH 5.2 standard solutions after subtraction of the baseline given by 

the buffer alone. In order to avoid any possible contamination for each measurement a different 

electrode is used.  
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Figure 20-Example of a series of voltammograms obtained in AB pH5.2 at different Pb 

concentrations, range 5ppb to 1000ppb. 

To determine the calibration curve, each experiment is repeated n=3 times. Figure 21 shows 

the obtained calibration curve;it turns out to be 𝑖(𝑛𝐴) = 2.85[𝑃𝑏(𝑝𝑝𝑏)] + 6.73(𝑛𝐴) ,with a standard 

deviation for the estimation of the slope,𝑠𝑡𝑑𝑠𝑙𝑜𝑝𝑒 = ±0.098[𝑛𝐴 𝑝𝑝𝑏⁄ ] and a standard deviation for 

the intercept  𝑠𝑡𝑑𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = 36.95[𝑛𝐴].  

The limit of detection, defined by the Equation (4.1) is 𝐿𝑂𝐷 = 7.89𝑝𝑝𝑏, fully comparable 

with the performances of carbon or bismuth based electrodes that provide values from 1ppb to 

8ppb[24] . 
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Figure 21-Linear regression model of the calibration curve for the Au sensor for Pb detection in 

standard solutions. Good linearity is obtained for whole the scanned range, with 𝑅2=0.994. 

Parameters for the SWASV are the optimized ones. 

 

Provided that the LOD is well within the normal range levels of Pb in human blood and 

particularly is fairly low with respect to the threshold that currently defines Pb levels that require 

constant monitoring [33], the gold-based sensors with the chosen parameters are tested on human blood 

samples. 

 

 

 

 

 

 

 
4.4. Human blood 

Blood samples are purchased in 10mL tubes from ZenBio Inc, Research Triangle Park, NC 

27709. All of them are treated with dipotassium ethylenediaminetetracetic acid (𝐾2 − 𝐸𝐷𝑇𝐴) as 

anticoagulant. Blood samples tested are collected on 04/11/2018, shipped on 04/12/2018. Digestion, 

pH adjusting and measurements are performed on 04/17/2018. 
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Prior to the electrochemical detection the acid digestion treatment described in CHAPTER3 is 

performed. For all of the samples PROTOCOL B is followed.  

At the end of the digestion process and pH adjusting the overall dilution factor is 𝐷𝐹𝑝𝑡 = 1.3 

For the standard addition two known concentrations are added. The relative amount of volumes and 

concentrations of Pb are summarised in TABLE VI 

TABLE V-STANDARD ADDITION SPECIFICATIONS 

VOLUME 

UNKNOWN 

SAMPLE 

VOLUME 

OF ADDED 

STANDARD 

CONCENTRATION 

OF ADDED 

STANDARD 

FINAL 

VOLUME 

DILUTION FACTOR 

STANDARD 

ADDITION 

100𝜇𝐿 10𝜇𝐿 -       (AB pH5.2) 110 𝜇𝐿 110𝜇𝐿 10𝜇𝐿 = 1.1⁄  

100𝜇𝐿 10𝜇𝐿 100ppb Pb in AB pH 5.2   

(s1) 
110 𝜇𝐿 110𝜇𝐿 10𝜇𝐿 = 1.1⁄  

100𝜇𝐿 10𝜇𝐿 200ppb Pb in AB pH 5.2 

(s2) 
110 𝜇𝐿 110𝜇𝐿 10𝜇𝐿 = 1.1⁄  

100𝜇𝐿 10𝜇𝐿 300ppb Pb in AB pH 5.2 

(s3) 
110 𝜇𝐿 110𝜇𝐿 10𝜇𝐿 = 1.1⁄  

 

From each sample vial a droplet of 𝑉𝑠𝑎𝑚𝑝𝑙𝑒 = 10𝜇𝐿 is placed on the sensor for the analysis. 

To avoid any contamination from residual material a new sensor is used each time.  

The estimated concentration is taken through extrapolation of the intercept with the x-axis 

and multiplied by dilution factor to recover the original concentration. Two successive repetitions 

are carried out in order to have a minimum statistical significance of the data. 

A first trial quantified the Pb concentration in the blood sample 𝑈𝑛𝑘𝑛𝑜𝑤𝑛𝑃𝑏 =54.73ppb, a 

reasonable value compatible with the actual ranges. The estimated regression line, reported in 

Figure 22, turns out to be 𝑖(𝑛𝐴) = 7.76[𝑃𝑏(𝑝𝑝𝑏)] + 318.97 ; this high sensitivity seems 

promising but care must be taken because a standard deviation of 20.8% is observed.  
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Figure 22-Linear regression model derived from the standard addition on human blood samples. 

Digestion performed 04/17/2018, first trial 

 

As it is possible to catch from both the panels of Figure 23 in blood samples a peak shift 

towards more positive values is noticed in each trial from 𝐸𝑝𝑒𝑎𝑘~ − 390𝑚𝑉 in standard solutions 

to 𝐸𝑝𝑒𝑎𝑘~ − 260𝑚𝑉 in human blood. This mismatch is attributed to the high concentration of 

cholride ions present in real samples, which affect the potential of the Ag/AgCl reference electrode. 

Further testing on standard solutions with added chloride can confirm this hypothesis. 

 

Figure 23-Voltammograms obtained on human blood samples with addition of 3 known concentration of Pb 

in order to perform the standard addtion-Digestion performed 04/17/2018. First trial on the left panel and 

second trial on the right panel. 
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The second trial conducted on the same digested blood provided an estimation 𝑈𝑛𝑘𝑛𝑜𝑤𝑛𝑃𝑏 

=72.06ppb , with an estimated regression line 𝑖(𝑛𝐴) = 19.63[𝑃𝑏(𝑝𝑝𝑏)] + 1088.2 that shows both 

an increased sensitivity and linearity with respect to the first one,as depicted in Figure 24. 

 

Figure 24-Linear regression model extrapolated from the standard addition on human blood 

samples. Digestion performed 04/17/2018, second trial 

 

It is important to underline that despite of the non negligible variability in the two 

estimations, it is possible to assess Pb levels in the range of  normal concentrations, well below the 

established threshold of 180ppb.The obtained mean value is therefore 𝑈𝑛𝑘𝑛𝑜𝑤𝑛 = 63.1 ±

12.5 𝑝𝑝𝑏 with a CV%= 19.8%., slightly higher than the one obtained in standard solutions at 

comparable Pb levels (CV%=15%). This result turns out to be important, since it ensures that the 

performances of the sensor are not degraded by the complexity of dealing with biological fluids.  

To finally confirm the accuracy of the sensor rather than its precision, comparison with gold 

standard techniques are on schedule. The same samples of digested blood will be sent to the 

chemical laboratory at University of Illinois at Urbana-Champaign in order to perform ICP-MS and 

validate the reliability of the devices, before starting with on the field testing.  
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4.5. Manganese detection on Pt electrodes 

The high electronegativity of Manganese, with a standard reduction potential of 𝐸0 ≅ −1.18𝑉 , 

makes cathodic stripping voltammetry the most suitable technique for its electrochemical detection. 

The reaction that allows Mn detection is the following one[35]: 

𝑀𝑛2+(𝐻2𝑂)𝑥 ↔ 𝑀𝑛𝑂2(𝐻2𝑂)𝑥−𝑧 + (𝑧 − 2)𝐻2𝑂 + 4𝐻+ + 2𝑒−  (4.2) 

During the deposition phase oxidation of Mn to 𝑀𝑛𝑂2 occurs. This involves the imposition 

of a positive potential for preconcentration and as Figure 12 points out this prevents Au electrodes 

from being the proper devices for CSV due to possible interferences with redox reactions involving 

gold substrate itslef ( represented by the large anodic and cathodic peaks that appear at positive 

potentials); among noble metals the most suitable alternative seems to be platinum, even though it is 

found to be particularly challenging from the first stages of the analysis. 

To confirm that Pt substrate provides the proper potential window for Mn detection and to 

select the best supporting electrolyte a series of cyclic voltammetry is conducted on two different 

solutions with acetate buffer 0.2M at pH 5.2 and borate buffer 0.1M at pH8.9.  

 

Figure 25 -Cyclic Voltammetry for comparison of the potential window offered by the different 

supporting electrolytes. Acetate Buffer(AB) pH 5.2 and Borate Buffer (BB) pH8.9 are tested 

. 
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As shown in Figure 25 both of the  electrolytes provide the proper working window for 

cathodic stripping voltammetry of Mn. Acetate Buffer guarantees a working window of ~1000𝑚𝑉 

shifted to more positive potential with    respect to the one offered by Borate Buffer and therefore is 

initially selected as the best supporting electrolyte. 

In order to locate the Mn reduction peak an additional series of cyclic voltammetry is 

conducted in the chosen electrolyte. In contrast with previous works [37], it turns out that no peaks 

can be easily resolved from the background, despite the high Mn concentrations, as it is possible to 

grasp from Figure 26. 

 

Figure 26-Cyclic Voltammetry of AB pH5.2 alone and with the addition of 20ppm Mn 

 

This absence of signal is initially attributed to a too acidic pH that does not ensure the 

proper enivronment for Mn oxidation, but adjusting the pH of the supporting electrolyte from 5.2 

up to pH 6.5 with the addition of 𝑁𝑎𝑂𝐻(𝑠) does not improve the detection. 

Borate Buffer is therefore taken into consideration as the proper buffer. As depicted in 

Figure 27, a resolved peak can be identified. To confirm that it is related to the Mn reduction a 

further test with a solution of 40ppm Mn is conducted. The amplitude of the peak increases with 



46 
 

 
 
 

increasing concentrations of the analyte and a sight shift on more positive potentials is evaluated 

from 𝐸𝑟𝑒𝑑~500𝑚𝑉 at 20ppm Mn to 𝐸𝑟𝑒𝑑~560𝑚𝑉 at 40ppm Mn.  

.  

Figure 27-Cyclic Voltammetry of Mn in BB 0.1M pH8.9 at two different concentrations. 

 

4.5.1. Optimization of the SWCSV parameters 

As highlighted in the previous section for Pb detection a preliminary optimization of the 

deposition and stripping phase is required in order to maximize the performances of the sensors. For 

each parameter triplicate measurements (𝑛𝑟𝑒𝑝=3) are conducted to achieve a sufficient statitistical 

significance. In order to achieve a well-resolved signal even in non ideal conditions for the analysis 

10µL sample droplets with a concentration of 100ppb Mn in BB 0.1M at pH 8.9 are tested . 

• Deposition Phase 

The first variable considered for the optimization is the deposition potential, known to have a 

great impact on the acquired signal. Interestingly a only a deposition potential 𝐸𝑑𝑒𝑝 = 700𝑚𝑉is 

found to provide a repeatable voltammogram. For potentials 𝐸𝑑𝑒𝑝 ≤ 600𝑚𝑉 in several cases no 

signal was acquired, meaning that the potential is not enough positive to favor the oxidation of 𝑀𝑛2+. 

On the other side, at deposition potentials 𝐸𝑑𝑒𝑝 ≥ 800𝑚𝑉 significant distortion in the curve occur. 

Conversely ,at a deposition potential 𝐸𝑑𝑒𝑝 = 700𝑚𝑉 a coefficient of variation 𝐶𝑉% = 4.70% is 
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obtained even at quite short deposition times 𝑡𝑑𝑒𝑝 = 450𝑠 (evaluated on 𝑛𝑟𝑒𝑝=5). The current peak 

settled at a  mean potential 𝐸𝑝𝑒𝑎𝑘 = 472.9𝑚𝑉 ± 7.5𝑚𝑉 with a mean cathodic peak 𝑖𝑝𝑒𝑎𝑘 = 495𝑛𝐴. 

The second relevant feature to be selected is the deposition time, during which the constant  

𝐸𝑑𝑒𝑝 = 700𝑚𝑉 is provided to the working electrode. The range 120s-1200s is taken into account. As 

it is enhanced by the graph in Figure 28 after 900s the mean signal levels off, indicating that all of 

the Mn in 10µL droplet is concentrated onto the working electrode. 

 

Figure 28-Optimization of the deposition time from 120s to 1200s of Manganese in BB  0.1M pH8.9 

 

At this point the first issues appear; in fact, after several experiments, it turns out that , in 

order for the sensor to detect lower concentrations of Mn a 𝑡𝑑𝑒𝑝 =900s is not enough and increasing 

it up to 1200s significantly improves the signal. The mean values for the peak current on 3 

repetitions at 5ppb Mn with 𝑡𝑑𝑒𝑝 =900s and 𝑡𝑑𝑒𝑝 =1200s are respectively 𝑖900𝑠 = 42.3𝑛𝐴 and 

𝑖1200𝑠 = 123.2𝑛𝐴. 

A deposition time 𝑡𝑑𝑒𝑝 =1200s is therefore selected in order to maximize the performances of the 

sensor at low Mn concentrations. 
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The optimized parameters at the end of this process are 𝐸𝑑𝑒𝑝 = 700𝑚𝑉 and 𝑡𝑑𝑒𝑝 =1200s. 

 

 

• Square Wave 

For the proper tuning of the parameters of the square wave a deposition potential 𝐸𝑑𝑒𝑝 =

700𝑚𝑉 and a deposition time 𝑡𝑑𝑒𝑝 =450s are selected. As emerged from the analysis on Pb 

detection both the square wave amplitude and the square wave period can have an impact on the 

magnitude and on the shape of the current peaks.  

Square wave period is analyzed from 𝜏𝑚𝑖𝑛 = 10𝑚𝑠 to 𝜏𝑚𝑎𝑥 = 100𝑚𝑠.  Figure 29 underlines 

the decrease of the peak magnitude with increasing the period of the square wave, in accordance 

with the theory. Even though the need for repeatability is one of the main feature to be considered, 

in the case of Mn detection at trace level only the parameters that maximize its value allow a 

resolution  from the background down to 5𝑝𝑝𝑏 of Mn concentration. Therefore 𝜏𝑚𝑖𝑛 = 10𝑚𝑠 is 

selected as the optimum square wave period.  

 

Figure 29-Optimization of the square wave period for Mn detection on Pt electrodes. 
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As a parallel path with analysis of the parameters for Pb detection square wave amplitude is 

initially examined in the range 𝐸𝑠𝑤 𝑚𝑖𝑛 = 17.5𝑚𝑉 -𝐸𝑠𝑤 𝑚𝑎𝑥 = 100𝑚𝑉, but as shown in Figure 

30 the magnitude of the cathodic peak current seems to follow a linear trend as a function of the 

amplitude of the square wave and therefore an analysis up to 𝐸𝑠𝑤 𝑚𝑎𝑥 = 150𝑚𝑉 is carried out. 

 

Figure 30-Magnitude of the cathodic peak current of 100ppb Mn in BB as a function of the square 

wave amplitude and corresponding CV% 

 

As pointed out several times in these pages not only the magnitude of the current peak but 

also its variability is fundamental for repeatability in practical applications. A square wave 

amplitude of 𝑬𝒔𝒘 = 100𝑚𝑉 is therefore selected as the one that guarantees the minimum 

coefficient of variation 𝐶𝑉% = 3.71%. 

The analytical parameters selected for the calibration of the Pt sensor for the detection of 

Mn in borate buffer solutions are sum up in TABLE VII. 
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TABLE VI-OPTIMIZED PARAMETERS FOR SWCSV OF Mn ON Pt ELECTRODES. 

SUPPORTING ELECTROLYTE:BB pH8.9 

PARAMETER VALUE 

 

DEPOSITION TIME 

 

1200s 

 

 

DEPOSITION POTENTIAL 

 

0.7V 

 

 

SQUARE WAVE AMPLITUDE 

 

100mV 

 

 

SQUARE WAVE PERIOD 

 

10ms 

 

 

STEP POTENTIAL 

 

5mV 

 

 

 

 

4.6.  Calibration 

In accordance with the Mn range typically found in human blood – 4.7𝑝𝑝𝑏 − 18.3𝑝𝑝𝑏- [35].the 

selected range for calibration is 5𝑝𝑝𝑏 − 100𝑝𝑝𝑏 . The capabilities of the Pt sensor of resolving a 

Mn concentration down to 5𝑝𝑝𝑏 are demonstrated by the plot in Figure 31,.Repetitions on three 

different electrodes provide a mean peak 𝑖𝑝𝑒𝑎𝑘5𝑝𝑝𝑏 = 82.8𝑛𝐴 and a coefficient of variation 𝐶𝑉% =

22.8% ,but further analysis are still required in order to assess a reliable calibration curve. 
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Figure 31- Detection of 5ppb Mn in borate buffer pH8.9 thorugh SWASV on Pt sensors 

 

4.7. Human Blood 

In addition, analysis of blood samples introduces two other issues that make Mn detection 

challenging but interesting at the same time. The first one is the dilution factor required in order to 

bring the digested sample up to basic pH and the second one is the precipitation of Manganese (II) 

hydroxide as a consequence of the addition of Sodium Hydroxide (𝑁𝑎𝑂𝐻) required for pH adjusting. 

These obstacles do not prevent the constant research for innovative strategies and successful Mn 

detection is just delayed.
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CHAPTER 5 

 

CONCLUSIONS AND WORK IN PROGRESS 

The performances of small and low cost sensors for electrochemical detection of lead (𝑃𝑏) 

are demonstrated in standard solutions and optimized to achieve full compatibility with human 

blood testing. Their main advantages over more sensitive but less practical sensors based on carbon 

nanotubes [38]or bismuth[39] include ease of fabrication in large amounts, ability to succesfully detect 

heavy metals at trace levels in reduced droplets of only 10µL and the possibility of integration in 

electrochemical arrays for a complete automatization of the standard addition procedure in the next 

future.  

Gold-based sensors for lead (Pb) assessment are able to achieve  𝐿𝑂𝐷 = 7.86𝑝𝑝𝑏   (38nM), 

far below the value that in human blood requires medical attention -180ppb for the adults and 

50ppb for children-[33]. First tests on human blood samples demonstrated good precision, even 

though for estimation of heir accuracy comparison with well established techniques needs to be 

performed. 

 Detection of manganese (Mn) turns out to be more challenging, as far as its concentration in 

human blood ranges in between 4ppb-15ppb. It is proven that Pt sensors are able to detect such low 

concentrations but repeatability issues are found. 

Minor improvements are still needed in order to pursue the dream of E-CHeMA , or 

metallometers for home-care monitoring of heavy metals, but the right path is traced and 

electrochemical sensing is mature enough for exiting the academic environment. The two most 

critical aspect that are worth to be pointed out are the reproducibility of signal, that is affected by a 

variety of parameters not fully taken into account in this preliminary study and the sample 

pretreatment. This last passage still requires handling with dangerous chemicals, such as nitric acid 

(𝐻𝑁𝑂3)and hydrogen peroxide (𝐻2𝑂2) , high and controllable temperatures and human 
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intervention in pipetting the different reagents. The final goal will be to make it feasible in an 

automatic microfluidic device to achieve a complete integration with the subsequent 

electrochemical detection. 

 The exponential progresses of the technologies related to the microscale world of both 

fluids (microfluidic) and ion-electron interaction (electrochemistry) are a promising carrier to the 

presence of E-ChEMA in houses, hospitals and factories in the next future 
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