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Motivation and aim of the research

The main aim of my Ph.D research was the development of novel sensors for
clinical and environmental analyses. Nowadays, the concepts of smart cities,
smart houses and Homo Deus (potential next stage in human evolution) are
taking more and more attention [1-2-3-4]. Sensors have a key role in this
context: recording different parameters, such as pollution, traffic jam, blood
pressure, blood composition, brain activities or the functioning of organs, it will
be possible to design cities able to manage efficiently all the resources or to
warn people if a particular kind of disease, such as cancer or diabetes, is taking
place. Current way of detecting these parameters or molecules are often
laborious and expensive and cannot be used as in situ and real time [5]. In this
scenario, the development of new kind of sensors, able to fit to these new
necessities is of great importance. Electrochemical sensors, especially nano-
sized sensors, are perfect candidates to address these challenges. Indeed, these
sensors do not require special instrumentations to work but just an usual battery,
so that this technology is really cheap and suitable for in situ action.
Furthermore, the signal, which is an electrical signal (current, potential or
resistance), can be recorded over time and can be acquired and managed in
remote [6]. The main challenge of this technology is to achieve a Limit Of
Detection (LOD) low enough to make the use of these sensors competitive with
other analytical techniques, such as Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) or Enzyme Linked ImmunoSorbent Assay (ELISA)
and, at the same time, to achieve a good reproducibility and stability when used
with real samples like blood, urine or sea/river water [7]. These goals can be
achieved by nano-sized materials because they enhance mass transport and

electron transfer rate. In addition, to once found the right sensing material, it is



possible to select the electrochemical detection technique giving the best

performances in dependence on the analyte that has to be detected [8].

During my 3 years of Ph.D 1 studied different electrodes to detect,
electrochemically, 3 different analytes: i) heavy metals, ii) proteins, and iii)
hydrogen peroxide. Heavy metals are the main source of water pollution. They
have been extensively used in various applications due to their specific
properties. The main problem using these chemicals is that they are non-
biodegradable and thus they can accumulate in the human body through either
the food chain or respiratory function. Among heavy metals, one of the most
dangerous is mercury because just the exposure to some ppb (ung/l) can cause
several problems to human body. Lead, cadmium, zinc, arsenic and copper are
considered toxic and dangerous as well, therefore, their monitoring is really
important [9-10-11]. H,O, is a widely used chemical, employed as bleaching
agent in textile and paper industry, for medical and pharmaceutical applications
and to remove organic compounds from waste water and contaminated soil.
Furthermore, H,O, has a key role in the human body as well. For instance, its
detection can be useful because can give indications about the glucose
concentration and so it could be useful for diabetic patients. Furthermore, it is a
biomarker of oxidative stress that is a pathological condition due to breakdown
of the antioxidant defense system. [12-13-14]. Detection of proteins was also
investigated during my Ph.D. In order to detect these bio-compounds it is
mandatory to use some bio recognition elements (such as antibodies, DNA or
aptamers) so that the sensors are usually named biosensors. During my studies, I
developed a biosensors towards Human ImmunoGlobulin G (H-IgG) and
ParaThyroid Hormone Like Hormone (PTHLH). H-IgG is a protein always
present in the human fluids (blood, urine, sweat) and its detection has not any
particular relevance. It can be used as a model because is a cheap protein that

has the bio-chemical properties of many other proteins. Instead, PTHLH 1is
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overproduced owing to different kind of cancer, consequently it can be used as a
biomarker. This kind of application is really of great value because PTHLH
starts to be produced at the beginning of the disease, so that its detection is

useful for early diagnosis. [15-16-17].
Summarizing, the main goals of this Ph.D work are:

1. To develop new and innovative ways to fabricate electrodes with high
surface area such as nanowires, nanotubes, thin film, microbands and
porous substrates;

2. To find new and cheap electrochemical sensors featured by fast response
in real time, high selectivity, low LOD, and able to work in situ, for
detecting hydrogen peroxide, heavy metals, and proteins was the
challenge of the research. It has been addressed with the proper
development of nanostructured materials easy to be prepared. ;

3. Validate these sensors using real sample such as real water sample, cell

cultures or body fluids.
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2. General Introduction

2.1 A monitored world

A sensor is a device able to detect a change in its environment and convert this
change into a readable signal that can be electrical, optical, thermal, mechanical
and so on. A sensor is formed by two separate parts, namely a sensing element
able to detect the parameter of interest and a transducer to get a reliable reading
of the signal. This signal can have different forms: it could be binary (yes/no) or
a numeric value (for example temperature, light, wind, humidity, precipitation,
position, composition) and it provides us the desired information. We actually
live surrounded by sensors, often without even noticing. Just to make an
example, a car from 2013 has installed at least 70 sensors, while, a luxury car of
the same period, has up to 300 [1]. These numbers are expected to grow and
grow over time. Another sensor application is for the environmental monitoring:
an interesting example can be found in the Green Watch Project. In this case,
200 sensors have been distributed among the people living in Paris. These
devices were able to detect air composition and the level of noise pollution
while people lived their ‘normal life’. This study shown how it is possible to
drastically reduce the city pollution (and so to save money) just applying a
network of sensors that work in real time and in situ [2]. One of the main
challenges in the field of sensors is the real time and in situ analysis. These
functions will allow the personnel/citizens to trigger a corresponding action in a
fast and efficient way. Let us think about a city where air, seawater, river water,
drinkable water, traffic jam and so on are regularly monitored over time: this
can save a lot of money and, at the same time, it can improve the citizens quality

of life, over and over.
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FIGURE 2.1 CONCEPT OF SMART CITY [3]

Another interesting application of sensors is in the field of healthcare. In the last
5-10 years, Apple and Google released different kind of ‘Smart Watches’ able to
tell you how long and how good do you sleep, what is your blood pressure over
a day, your heartbeat and so on. In this scenario, electrochemical sensors can
play a key role: let us think about a wearable device that, regularly over time, or
once/twice in a day, make a check-up of your blood, urine or sweat and alerts
the person about the plausible onset of disease. Again, this system can save a lot

of people and money.

=
£

F

FIGURE 2.2NEW GENERATION OF WEARABLE SENSORS [4-5]
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In the last year, Wang et al. developed a 1.5um thick, gold based, e-tattoo sensor
that can be directly pasted on human skin. They tested it under different
mechanical stress, like compression, stretch and twist and they found a good
performance under these conditions. This e-tattoo sensor is able to measure
electrocardiogram, body temperature, skin hydration, heart and respiratory rate
in a non-invasive way [6]. Similarly, Ameli et al. developed a graphene-based
electrode, with a sub p-meter thickness (less than 500nm thick). The aim of this
work is to decrease the cost of the e-tattoo sensor replacing gold, a
biocompatible and expensive material, with a cheaper material like graphene.
Different graphene-based sensors have been developed but they require
expensive fabrication process, such as photolithography. Here, the graphene
electrodes were fabricated by a ‘wet transfer, dry patterning’ process, that is
cheaper and minimizes the chemical contamination of the electrode, providing a
more reproducible and biocompatible sensor. Furthermore, this kind of e-tattoo
sensor looks totally transparent and can be applied on visible part of the body,
such as face or arms [7]. In the same way, Kim et al. developed a wearable
temporary electrochemical sensor, made of Bismuth/Nafion, that detects zinc
cation trace in sweat, from 100 to 2000 ppb, with a constant scanning rate of 5
minutes [8]. Zinc is an important component of many biological processes and
its concentration in bio fluids, such as sweat, is an indicator of many
physiological states. Main problems are related with a zinc deficiency owing to
a loss in resistance and muscular damage. Moreover, athletes need a continuous,
non-invasive and in situ monitoring of many parameters during the training.
Lactase, sodium, chloride ions, pH, can be used as markers to estimate the
quality of the training or, for example, to warn the athlete of a possible muscular
cramp. In 2017, Anastasova et al. developed a multi-platform system able to
detect, simultaneously, Na", Lactase and pH during the training in human sweat,
directly on-body. A continuous sampling of sweat is achieved using a flexible

microfluidic system that brings sweat, with a constant flow rate, into the sensor
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trough microneedles of 50 um of diameter. [9] These examples are referred to
electrochemical sensors and show how it is possible to improve human being
using an appropriate, efficient and easy to use network of sensors. All the data
are transferred directly, through a wireless connection, to our mobile phone that,
just using an App, alerts us about a possible problem concerning our sport
activity or about the water we use to drink or about our healthcare. Among the
clear advantages that these new technologies may bring to the users, there is
another one, maybe more hidden and less obvious: the patient care will move
from the hospital to the home, drastically reducing the health care costs.

In this scenario, electrochemical (bio)sensors are perfect candidates being cost
effective, small, portable, wearable, user friendly and providing an electrical
output signal that can be easily controlled in remote. As a proof of that, the
global market of electrochemical sensors and biosensors is expected to grow,
with a Compound Annual Growth Rate (CAGR) of 9.7%, to USD 23707 million
by 2022 [10]. Among all the applications of these sensors, the market of
electrochemical sensors for healthcare will be by far the fastest growing,

reaching USD 12689 million by 2022.

AutoSensor

GlucoWatch®
Biographer

FIGURE 2.3 A) WEARABLE SENSOR FOR GLUCOSE MONITORING B) EXAMPLE OF
PORTABLE POTENTIOSTAT WIRELESSLY CONNECTED WITH A MOBILE PHONE
FOR HEAVY METAL DETECTION
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This huge and fast-growing market is taking more and more place due to the
development of nanotechnology. Indeed, sensitivity, selectivity and Limit Of
Detection (LOD) of these sensors are highly affected by surface area and so,
nanostructures like NanoWires (NWs), NanoTubes (NTs) and NanoParticles

(NPs), can drastically enhance these features.

2.2 Electrochemical sensors and effect of
nano-sized electrodes

The American National Standard Insitute defines a sensor as a device which
provides a usable output signal (V) in response to a specific measurand, M (or
input) [11]. The output signal is often an electrical signal while the input one
could be every kind of quantity or property. When the input is a concentration of
a chemical present in an environment, the sensor is named ‘chemical sensor’.
There are different kinds of chemical sensors, depending on the chemical
reaction that occurs at the sensing surface. When the reaction is a redox reaction
the electrode is named electrochemical sensor. A typical electrochemical
sensing element is composed of three parts: working electrode, where the redox
reaction of interest occurs, counter electrode, where a second redox reaction
occurs to close the circuit, and a reference electrode, necessary to polarize the
working electrode by applying a known and fixed potential.

The main feature of an electrochemical sensor, and in general of every kind of a
sensor, is the calibration curve. This is the mathematical function between the
input and the output, V=f (M). The main feature of an electrochemical sensor,
and in general of every kind of a sensor, is the calibration curve. This is the
mathematical function between the input and the output, V=f (M). It is possible
to find different trends of the calibration curve such as logarithm, exponential or

polynomial. Besides, electrochemical sensors quiet often show a behaviour
15



typically evidenced by the plot of Figure 2.4 where, at low value of M (the
parameter to be detected) the calibration curve has a linear trend. At higher
analyte concentration, the calibration curve shows a transition region, where
different linear correlation can be found. At the highest analyte concentration,

the calibration curve became almost flat, reaching the ‘surface saturation’.

/. Saturation

Output
g

Linear range

N

Input

FIGURE 2.4 STANDARD CALIBRATION CURVE FOR AN ELECTROCHEMICAL
SENSOR

In the case of a linear dependence, the sensor is calibrated in the linear range,

where the input and the output are related by a linear equation:

Vp=8S+«*M+a (2.1)

EQ 2.1 GENERAL EQUATION TO CALIBRATE AN ELECTROCHEMICAL SENSOR

Where 1V, is the output in the linear range, a the intercept at M=0, i.e. the value
of the blank, and S is the slope of the linear interval, also named sensitivity. This
is a very important feature because it is the increment in the output due to an
unitary increment of the input: higher is the sensitivity, higher is the resolution
of the sensor. As it is evidenced in Figure 2.4, the sensitivity is maximum in the

first linear range. This is why is usual to calibrate the sensor just in this range of
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concentration. Another important feature of the sensor is the Limit Of Detection
(LOD). This is defined as the lowest concentration that, statistically, the sensor
is able to detect with a reliable precision. A more precise and accurate definition
of the LOD is provided by IUPAC according which, it represents the
concentration that provides an output equal to the blank plus 3 times the
standard error of the blank [12]. Substituting this definition into the equation
(2.1):
a+3S; =S*LOD+a (2.2)
LOD =3 4 (2.3)

EQsS. 2.2-2.3: MATHEMATICAL PROCEDURE TO CALCULATE LOD

Where S is the sensitivity and Sy is the standard error of the blank.

Other important features are accuracy and reproducibility. They are often
confused despite have totally different meanings. Accuracy involves how close
you get to the correct result; instead, reproducibility is how consistently you can
get the same result using the same method. Figure 2.5 shows how a sensor is
reproducible but not accurate or vice versa. A non-accurate sensor simply needs
of a new calibration, probably due to some modification of the sensing element;
instead, reproducibility is often related to some random phenomena occurring

during the sensing process that modify the system itself.

Yes Accuracy Yes Accuracy No Accuracy No Accuracy
Yes Reproduc. No Reproduc. No Reproduc. Yes Reproduc.

FIGURE 2.5 SCHEME OF ACCURACY AND REPRODUCIBILITY
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Another important parameter is the selectivity. It involves how much the sensor
can be affected by the presence of other compounds in the environment. This
feature is highly important working with real sample such as blood, urine or sea
water. For instance, electrochemical detection of dopamine (DA) is highly
affected by the presence of ascorbic acid (AA) and uretic acid (UA) because the
redox potentials of these compounds are close to the dopamine one.
Unfortunately, these three compounds are present all together in the blood,
where DA is normally detected, consequently, it is crucial to check the effect of
these compounds on DA detection.

Briefly, other important features are:

e Drift: it represents the life time of the sensor. The electrode surface
can change over time, so that a new calibration could be necessary.
The drift time is the average time during which a calibration is
reliable;

e Reversibility: it depends on how a sensor responds to the same
stimulus over time. It is possible to distinguish, reversible, semi-

reversible and disposable sensors.

All these features can be drastically enhanced using nanostructured based
electrodes. The properties of nanostructures, such as NWs, NTs or NPs, are
widely known and studied. Briefly, several novel properties appear as a
dimension goes down, in addition to the surface enhancement. For instance,
materials with a dimension less than 100 nm show also dramatic change of the
chemical reactivity due to change in density and distribution of electrons in the
outermost energy level. These changes lead to novel optical, electrical, magnetic
thermal properties. A nanoparticle of about 10 nm contains about 100 atoms and
1-5% of them are on the surface [13]. Thus, compared to a massive material, the

surface area and the number of ‘edge atoms’ are drastically enhanced.
18



Electrochemical (bio)sensors at nano-scale benefit arising from enhanced mass
to volume ratio, electron transfer rate, reduced capacitive charging, and lower
signal to noise ratio [14-15]. For instance, when the critical dimension of the
electrode goes down to 10 nm, standard Butler-Volmer (BV) equation is not
valid anymore, or not totally. Indeed, the effective thickness of diffusion layer,

Ocff, linearly depends on the nominal electrode radius, as shown in Figure 2.6.

0.024 electrode radii 11.0
Tnm

L

0.0 ' 0.1 ' 0.2
(r-r-u)lo

FIGURE 2.6 CONCENTRATION PROFILE AND DIFFUSION LAYER OVER 1NM AND
100 NM SCALE

When the radius is higher than 10”7 m, the diffusion layer and the Electrical
Double Layer (EDL) are completely separate (dotted line of Figure 2.6). When
defr decreases up to Snm the EDL and the diffusion layer start to overlap,
enhancing mass transfer at nano-sized electrodes (continuous line of Figure 2.6)
[16]. Such an effect explains the faster electron transfer kinetics at nano-sized
electrodes. Formally, the BV equation cannot be used anymore and it has to be
replaced by the Marcus-Hush or Marcus-Hush-Chidsey model [17].

Furthermore, nano-scale can improve performances of (bio)sensors owing to

steric hindrance: indeed, most of biomolecules, like proteins and nucleic acids,
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have dimensions of about 1-100 nm, and so the interaction and/or reaction
between them is much easier.

All these issues characterize a lot of applications, not only in the field of sensors
and biosensors [18-19], but also in the field of energy storage [20] and energy

conversion[21], catalysis [22], ultra-capacitors [23] , and so on.

2.3 Main electrochemical techniques

The major advantage of the electrochemical sensors consists also in the
opportunity to select the most suitable detecting technique in dependence on the
type of analyte. Indeed, it is possible to polarize the sensing electrode by
applying different potential and/or current waveforms for controlling
molecules/ions reactions.

In this chapter, the main electrochemical techniques are briefly described.
Primarily, it has to be highlighted the effect of the presence of water in the
media. 90% of the solutions of practical interest in sensing field use water as a
solvent. Water can interfere with electrode reactions through the Water Splitting

Reaction (WSR):

2 H,0 = 0, + 2H, (2.4)

REACTION 2.1. WATER SPLITTING REACTION
This reaction is the resultant of two semi-reactions:
4H* + 4e~ = 2H, E®° =0-0.059 pH )

2H,0 = 0, + 4H" + 4e” E® = 1.23 — 0.059 pH (V)

REACTIONS 2.2-3. CATHODIC AND ANODIC REACTIONS OF WSR
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For example, at physiological pH, hydrogen evolution occurs at potentials more
cathodic than -0.413 V, while molecular oxygen is produced at potentials more
anodic than 0.817 V. These two reactions have to be always considered to
properly study an electrochemical cell.

Cyclic voltammetry is one of the most used electrochemical technique to
investigate the electrochemical behaviour of a materials acting as a working
electrode. The electrode is polarized through a triangular potential waveform
applied between reference and working electrode. The slope of the triangular
waveform gives the polarization rate of the working electrode, which can be
selected in dependence of the application. The current response under potential
polarization is recorded and usually plotted vs. potential. Figure 2.7 shows a plot
of reactant concentration vs. distance from the electrode (Figure 2.7 A) and

typical CV curves at different scan rates (Figure 2.7 B).
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FIGURE 2.7 CONCENTRATION PROFILE DURING A CV (A) AND TYPICAL CV IN
PRESENCE OF FE**/** IONS AND POTENTIAL WAVEFORM (INSET) (B)

When the potential is far away from the formal redox potential of the couple, E°,
the current flowing through the cell is a non-faradic current. When the potential
is close to E°, a faradic current starts with a consequent increase in the total
current, 1. This faradic current leads to a consumption of reactant and when the
reactant concentration at the electrode/solution interface is depleted, owing to
higher reaction rate than mass transport one, the electrode process goes under
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diffusion control and a peak appears in the CV curves. For a diffusion controlled
electrode process, the peak current is related to the scan rate by the Randles-

Sevick equation:

Nn*xFxv*D

e 2.6)

ip=0,446*n*F*A*Cb*(

EQ 2.4. RANDLES-SEVICK EQUATION

Where i, is the peak current, n is the number of electrons that take place in the
redox reaction, F is the faradic constant, A the area of the working electrode, C
the concentration of the redox couple, R the gas constant, T the temperature, D
the diffusion coefficient of the reactant in the media, and v the scan rate.

Since A is referred to the total working electrode area, CV can be used also for
determining the real electrode surface when either porous or nanostructured
electrodes are used. In addition, the linearity of the i, vs. v’ is revealing of
diffusive control of the electrode process. The reversibility of the electrode
reaction can be estimated by the anodic and cathodic peak separation which has
to be constant with the scan rate, and equal to 0.059 V/n. Therefore, CV analysis
is a valuable technique, because can provide many useful information, but it is
not reliable for electrochemical sensing because gives a LOD in the uM-mM
range. [24-25-26-27-28]

A more precise and useful electrochemical technique in sensing is the
chronoamperometry. A general compound Ox is present in the media and the

following redox reaction can occur, with a general formal potential, E*:

Ox + ne- = Red 2.7)

REACTION 2.4 GENERAL REDOX REACTION

A fixed potential is applied and, at electrode potential more anodic than E°,
reduction of Ox occurs, therefore, its concentration at the electrode/solution

interface decreases up to depletion. The thickness of the depletion layer
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increases over time up to a limit value of current density. As the depletion layer
is established under the potential scan, the current density decreases because the
depletion layer increase. Of course, the current density depends on the bulk

concentration of the oxidized species in otherwise identical condition.
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FIGURE 2.8 (A): APPLIED POTENTIAL VS. TIME PLOT; (B): FARADIC CURRENT
VS. TIME PLOT FOR DIFFERENT APPLIED POTENTIAL; C: CURRENT DENSITY
SAMPLED AT THE TIME T OF FIG. 2.8 B VS. POTENTIAL
Figure 2.8 well schematizes this behaviour. Figure 2.8A shows different values
of applied potential for a generic reduction process. In particular, level 1
represents a potential value more anodic than the thermodynamic one of the
reduction process. Consequently, the faradic current at this potential is zero
(Figures. 2.8B and C). Level 2, and 3 of Figure 2.8A represents two potential
values at which the oxidised species concentration at the electrode surface is
lower than the bulk one but higher than zero. Level 4 and 5 correspond at
potential values at which the oxidized species is depleted at the
electrode/solution interface. The current density at a time t shows a sigmoidal
trend as a function of the applied potential (Figure 2.8C). This last figure clearly
evidences how is needles to apply a potential more cathodic than the level 4 for
detecting the species Ox, because the current density does not increase as the
limiting value is attained at a less cathodic level. Furthermore, a potential higher
than level 4 can just decrease the selectivity of the sensor because, if other
species are present in the media, they can start to react at more cathodic

potentials. A theoretical explanation of this behaviour can be found by second
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Fick’s law, with the appropriate boundary conditions. By this way, Cottrel’s
equation is obtained:

0.5
l:t — nFAD">Cy (28)

(7‘[ t)O.S

EQ 2.5. COTTREL’S EQUATION

Cottrel equation shows how it is possible to use chronoamperometry as a
sensing technique due to the linear dependence of i from Cy. With this technique
lower LOD can be achieved, in the nM-uM range, as shown in the literature.
[29-30-31-32]

Chronoamperometry can be used in many cases but is not suitable for some
analytes, such as heavy metals. In this case, a more effective and precise
technique is the Square Wave Voltammetry (SWV), discovered by Ramaley and
Krause and further developed by Osteryoungs and their co-workers. The
strength of this technique is based on the application of the square waves. A

typical sequence of potential waveforms to be applied to the sensing electrode is

shown in Figure 2.9.
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FIGURE 2.9 WAVEFORM OF POTENTIAL IN SQUARE WAVE VOLTAMMETRY
(SWYV) [35]
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During the scan, the potential is swept from cathodic to anodic potential but not

linearly, like in the CV. The main parameters of this technique are:

e AE,: Step Potential;
e AEs: Step Amplitude;
e frequency: number of cycle per second.

As a consequence, the scan rate is not a parameter of the process but is
automatically calculated by these 3 parameters. During the process, two current
density values are recorded: a forward current (i, at the beginning of the pulse)
and a reverse current (i, at the end of the pulse). At the end, the difference

between if and i, (Ai) is plotted vs. potential, as shown in Figure 2.10.
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FIGURE 2.10 TWO EXAMPLES OF PEAK ENHANCEMENT AND BACKGROUND
DEPRESSION USING SWYV [35]
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Let’s consider a general reversible redox reaction like 2.7, where Ox is reduced
to Red. When the potential is more anodic than the thermodynamic one E’, both
the reverse and forward current will be non faradic so that Ai will be close to
zero. This is the first advantage of SWV: the background current is depressed
almost to zero, because non faradic current are very low. When the potential
goes next to E°, Ox reduction starts with formation of Red, close to the electrode
surface. A faradic current is circulating giving a peak. During the ‘reverse step’,
Red is oxidized back to Ox producing a current peak opposite at the previous
one. The net current will be so the difference between an oxidation and a
reduction peak. This is the second advantage of SWV: the peak current in the
Ai-E plot is enhanced compared to the one coming from the forward or reverse
current. Peaks in the differential current vs. applied potential plot are indicative
of redox processes, and the magnitudes of the peaks in this plot are proportional

to the concentrations of the various redox active species according to:

_ nFA¥,D%3Cy,

Alp - (TL' t)O.S

(2.9)

EQ 2.6. SWV EQUATION [24]

where Ai, 1s the differential current peak value, A is the surface area of the
electrode, Cyp is the concentration of the species, D is the diffusivity of the
species, t, is the pulse width, and A¥, is a dimensionless parameter which
gauges the peak height in SWV relative to the limiting response in normal pulse
voltammetry.

The main application of this technique is for heavy metals detection. Here, an
heavy metal cation is dissolved in the media and the following reaction can
occur:

ME* + ze™ = M, (2.10)
REACTION 2.5. METAL DEPOSITION REACTION
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For heavy metals detection, SWV is slightly modified and takes the name of
Square Wave Anodic Stripping Voltammetry (SWASV). Here, before to apply
SWV, a fixed cathodic potential is applied for a certain time t. During this time,
heavy metal is deposited on the electrode surface, according to the Reaction
2.10. Then, SWV is applied, starting from a cathodic potential higher than E° to
an anodic one. The deposited metal will be stripped off from the electrode
surface, giving a current peak that is related to the metal concentration. By this
technique, it is possible to detect heavy metals also in trace, up to pM-nM range
as shown in the literature. [33-34-35-36-37]

Another valuable and useful technique is the Electrochemical Impedance
Spectroscopy (EIS). An electrochemical cell can be seen as an electrical circuit,
including resistances (resistance of the electrolyte, the electrode, charge transfer

and so on) and capacitances (first of all, the double layer capacitance).
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FIGURE 2.1 A): TYPICAL EQUIVALENT CIRCUIT OF AN ELECTROCHEMICAL
CELL; B) :TYPICAL ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS)
DIAGRAM

Figure 2.11A shows a typical equivalent circuit where R, Ry, C4 and Z,, are the
resistance of the solution, the charge transfer resistance, the capacitance of
double layer and the Warburg impedance, respectively. The last one is kind of a

resistance related to the diffusive mass transport. In a typical EIS measurement,
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the total impedance of the cell/electrode is calculated over a frequency range
and by this way, it is possible to check the interfacial properties of an electrode
in terms of resistance and capacitance with high precision. The most common
EIS plots show the real part of the impedance vs the imaginary one (Figure
2.11B). This curve is made of a semicircle and a straight line. By the
semicircles, it is possible to calculate the resistances of the circuit, because it is
possible to demonstrate that the radius is equal to Ry/2. The intersect of the
straight line with the x-axes represents the double layer capacitance. EIS is an
hard and difficult method, highly affected by many parameters but, if properly
used, can be really useful. For example, if the detection method requires
physical interaction of the analyte with the electrode surface (for instance, for
protein detection, where the protein has to bond with its antibody), it is possible
to detect also a single molecule by this method, reaching low LOD, in the order

of fM-pM. [38-39-40-41]
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3.8ensors for hydrogen peroxide

Abstract

In this chapter, the development of two nanostructured sensors to detect H202
are described. This has relevance for both environmental and clinical
applications. Indeed, its concentration in human body fluids (mainly in blood) is
related to glucose concentration and can be used to evaluate the oxidative stress
of our body. Today, there is not any device able to detect this compound in a
easy, portable and cheap way. Currently, the sample has to be collected, moved
into a laboratory, tested and, often after several days, the result is sent to the
patient. The possibility to make this process shorter and easier, using
electrochemistry, has been studied in this chapter. The high surface area of the
electrode allowed to reach low limit of detection, in the uM range (less than 1
mg per liter). We also found that the electrode material plays an important role
because a noble metal, such as palladium, has high selectivity, high stability and
reproducibility, while a less noble metal, like copper, has good features but is
less performing. On the other side, the copper based electrode is 10 times
cheaper than the palladium one so the applicability of these sensors are
different: the copper one can be used for a qualitative analysis, when minor
precision is accepted, while palladium has to be used for a more precise and
reliable analysis. In order to check its technological applicability, we used it to
evaluate the oxidative stress by detecting hydrogen peroxide produced by
different cellular culture under stressing conditions. The good results support the
conclusion that just stimulated macrophages release hydrogen peroxide, whose

amount can be easily detected by these sensors.
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3.1 Introduction

Hydrogen peroxide is the simplest peroxide, with a chemical formula H,O,. A
covalent bond links the hydrogen atoms while a polar covalent bond links the
oxygen and hydrogen atoms. It is a non planar molecule, with a bond angle of
111°. At room temperature, it is an uncoloured liquid and is diluted in aqueous
solutions. Due to the low activation energy (49 kcal/mol), it spontaneously

reacts, producing water and molecular oxygen:
H202 = H20+ 02 (31)

REACTION 3.1. HYDROGEN PEROXIDE DECOMPOSITION REACTION

It 1s an exothermal reaction (-98.3 kJ/mol). The main peculiarity of hydrogen
peroxide concerns the oxidation state of oxygen, equal to -1. It makes hydrogen

peroxide both a reducing and an oxidant agent:
H,0, =0, + 2H" + 2e~ (3.2.1)
H,0, +2H* + 2e” = 2H,0 (3.2.2)

REACTIONS 3.2. HYDROGEN PEROXIDE AS REDUCING (3.2.1) AND OXIDIZING AGENT (3.2.2)

Both these reactions produce ‘green compounds’, such as either oxygen or
water, therefore, hydrogen peroxide can be used as a ‘green oxidising/reducing
agent’. This is why, in the last years, many chemical plants started to use

hydrogen peroxide to minimize the environmental impact of the factory.

H,0, was discovered in 1818 by Louise Jacques Theénard, by the reaction
between nitric acid and barium di-oxide [1]. Today, the main process to produce
hydrogen peroxide is the oxidation of 2-etil-antrachinone to 2-alchilantrachinol

producing a quiet concentrated solution (close to 40% in volume). In order to
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obtain more concentrated solutions, a vacuum distillation is required, drastically
increasing the price [2]. Actually, hydrogen peroxide concentration unit is the
‘volume’. It represents the volume of oxygen that can be produced by 1 L of a
solution of hydrogen peroxide, at room temperature. It is possible to convert the

‘volume concentration’ to molarity by the following equation [3]:
MHZOZ = 0.08931 * VHZOZ (31)

EQ. 3.1 CORRELATION BETWEEN MOLAR AND VOLUME CONCENTRATION

At low concentration, H,O, is a non toxic and dangerous compound, but it

became really aggressive at concentration higher than 40%.

The world production of this compound is about 2.2 Mton/year and is mainly
employed as bleaching agent in textile and paper industry [4], but also in
pharmaceutical and medical applications and for chemical syntheses [5].
Another 1mportant application concerns treatment of waste water and
contaminated soils [6-7] to remove organic impurities by Fenton’s reaction, in
which hydrogen peroxide is used to generate highly reactive hydroxyl radicals,
able to destroy aromatic and halogenated compounds which are difficult to
remove by other methods. For many of these applications (e.g., the use as anti-
pathogen agent), it is important to detect the exact concentration of hydrogen
peroxide in the given environment either before or after its reaction. For
instance, during Fenton’s reaction, it is fundamental to maintain suitable
concentration of hydrogen peroxide for ensuring efficient degradation of the

organic compounds.

In the field of health, hydrogen peroxide is a marker of oxidative stress, a
pathological condition due to breakdown of the antioxidant defense system with
consequent imbalance between production and elimination of oxidizing
chemicals. During the course of this disease, hydrogen peroxide is released so it
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can be used as a biomarker for a rapid and noninvasive detection of the disease
[8]. Furthermore, hydrogen peroxide sensors can be used to detect glucose, for
diabetic patients. When glucose reacts with its enzyme, glucose oxidase,

hydrogen peroxide is produced:
Glucose + 0, = Gluconic Acid + H,0, (3.3)
REACTION 3.3. REACTION BETWEEN GLUCOSE AND GLUCOSE OXIDASE

Hydrogen peroxide detection is faster and more efficient than glucose one,
therefore, a more reliable, rapid and sensitive detection can be achieved [9-10],
as demonstrated by different commercial devices already in the market [11].
Hydrogen peroxide is also a secondary product of many other enzymes (alcohol
oxidase, lactate oxidase, urate oxidase, cholesterol oxidase, and so on),
therefore, its detection is of value in many other fields [12]. Besides its well-
known cytotoxic effects, H,O, plays an important role in living organisms,
because it acts as an ‘alert’ of many biological processes, such as immune cell
activation, vascular remodeling, apoptosis, stomatal closure and root growth.

[13-14]

Therefore, real-time and reliable monitoring of H,O, concentration is important.
The most used methods for detection of hydrogen peroxide are IR spectroscopy,
spectrophotometry, citometry and redox titration. These methods are often
expensive or require very high detection time. Besides, are just qualitative
methods and cannot be used for in situ and real time analyses [15]. Instead,
electrochemical sensors are cheap with detection time lower than 3s. Besides, it
is highly reliable and easy to produce. Among electrochemical sensors, the
amperometric ones are the most used because are easier to use. Another great
advantage of the amperometric sensors is that the managing costs are very low
because they can work under an applied potential close to 0 V (The standard

potential of hydrogen peroxide is E’ = 1.8 — 0.066 pH V (NHE)) [16-17-18].
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Electrochemical sensors detect the presence of hydrogen peroxide owing to a
redox reaction occurring at the electrode/solution interface. Consequently,
performance of the sensor will be improved by increasing the surface area. For
this reason, the use of nanostructures, such as nanowires, nanotubes or
nanoparticles, is of advantage owing to the high surface to volume ratio which

considerably improves the performance of the sensor.

Electrochemical sensors for hydrogen peroxide can be classified as bio-labeled

and non-enzymatic sensors.

Bio-labeled electrochemical sensors are often more selective owing to the bio-
recognition of the hydrogen peroxide by peroxidase (HRP). The high selectivity
is due to the structure of the HRP (and in general to the enzyme structure):
enzymes have an active site with a stereospecific interaction that allows just to
the right substrate to penetrate and react. When the active site and the substrate
react, the products will leave the site and regenerate the active site, therefore, the

enzyme is not consumed over time.

On the other hand, the immobilization of these compounds into the electrode
surface is often unreproducible and unstable [19]. For these reasons, these
electrodes generally have a shelf life often lower than 7 days. The other severe
drawback is the electron transfer between the enzyme and the electrode. This
kind of transfer generally occurs by tunneling effect. In many proteins, the
active site is shielded by a thick layer of polypeptides that make this transfer
hard owing to the long distance [19].

In this field, Jonsson et al. [20] developed a graphite electrode with absorbed
peroxidase for hydrogen peroxide detection. They obtained a LOD of 0.5 uM
with a wide linear range but they confirmed the scarce stability. They found that
just after 10 sample injections (10 measurements) the electrode loses about 10 to

15% of its initial response and more than 40% after 300 measurements. In order
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to decrease this effect, Zhang et al. [21] modified an Indium Tin Oxide (ITO)
electrode with magnetic NPs of Fe;O4, the main compound of peroxidase
enzyme. They found a longer stability but the features are not so good, having a
LOD of 200 uM and a linear range up to 2mM. In 2013, Xin et al. [22] slightly
modified this process, by modifying a Screen Printed Carbon Electrode (SPCE)
with Fe;O4-Au nanoparticles coated with horseradish peroxidase and graphene.
In their work, they obtained an excellent stability over time (decrease of 10% of
the current density after 28 days of storage) with a 10 times lower LOD (12
uM). Ferric hexacyanoferrate or Prussian blu (PB) is a compound
morphologically similar to HRP so that has been named ‘artificial peroxidase’.
Its polycrystalline structure allows small molecules to reach the active side,
increasing the selectivity in comparison with Fe;O4. Big molecules, such as
Ascorbic Acid (AA), Uretic Acid (UA), Potassium Oxalate (POX), glucose
(GLU) cannot react with the electrode. Du. et al. [23] used electro co-deposited
Prussian Blu and carbon nanotubes (CNTs) on the surface of a planar gold
electrode. Due to the presence of both the CNTs and PB a LOD of 23 nM has
been achieved with high sensitivity (almost 1 pA/nM). Cao et al. [24] developed
a graphene based electrode with a PB layer chemically deposited via wet
process. The results are really interesting, reaching a LOD of 45 nM with an
extremely high stability over time. After 100 consecutive cycles, the signal
remained highly stable (the current density decrease was less than 5%) while the
current decrease was of about 9% over 2 weeks of storage. The main drawback
of this material is its stability in neutral and alkaline media. The reduced form of
PB, named ‘Prussian white’, is soluble in these solutions. In order to overcome
this problem, other kinds of metal hexacyanoferrates (copper, lead, nickel) have
been investigated. This aspect has been confirmed by Garjonite et al. [25] that
developed a copper hexacyanoferrate (CHFH) based electrode. They compared
the electro-catalytic stability of PB electrodes with CHFH electrodes and found

interesting results. Operating at pHS5, PB based electrodes are stable for H,O»
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detection, but when the pH arises to 7 (physiological pH), the PB based
electrode loses 45% of its sensitivity from the 1™ to 3™ cycle. This drop
diminishes a little bit by working at anodic potential (0.6V instead of - 0.2V) but
it is still present and deep. Using CHFH electrode, the sensitivity at low pH (=5)
is lower than PB electrode, but it drastically increases (+25% working at
cathodic potentials and +100% at anodic potential) working at pH 7. Ali
Eftekhari [26], developed an aluminum electrode covered with cobalt
hexacyanoferrate film and they demonstrated how it is possible to work at

neutral pH, achieving a LOD of 200 nM.

In the case of non-enzymatic sensors, metals, metallic oxides, and carbonaceous
materials has been investigated, each with different morphologies such as NWs,
NTs and NPs. The reduction of hydrogen peroxide to water occurs on these
materials through an adsorption mechanism where the Rate Determining Step

(R.D.S.) is the formation of adsorbed OH (OH.,qs) [27].

H30;2 buik) = H202 (surface) (3.4.1)
H,0, (surface) T € = OH™ + OHpgs (3.4.2)
OH,qs + €~ = OH- (3.4.3)
20H™ + 2H* = 2H,0 (3.4.4)

REACTIONS 3.4. MECHANISM OF ELECTRO REDUCTION OF HYDROGEN PEROXIDE
Metallic atoms such Ag, Pd, Cu, and their alloys can act as active sites for OH
adsorption, suggesting that the use of nano-structured sensors based on these
metals should imply an increase of the reaction kinetics, with consequent better
performance of the sensor. Since performances of the sensor can be improved
considerably by enhancing active area, the use of different shaped
nanostructures, such as nanowires, nanotubes or nanoparticles is of great

advantage. Nasirizadeh et al. [28] have shown that multiwall carbon nanotubes
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on glassy carbon electrode have excellent catalytic activity and reproducibility
for detecting hydrogen peroxide, reaching a LOD of 0.27 uM and an excellent
stability. They were also able to detect H,O; in orange juice. About metal-based
electrode, Nie et al. [29], developed a Pd nanocube modified electrode to detect
H,0,. They found good features, with a LOD of 7.4 uM and a wide linear range
up to 24mM. Furthermore, the interference from other compound was negligible
and the standard deviation was lower than 9%. Nevertheless the good features of
this enzyme-free sensor, palladium is an expensive material. Selvaraju et al. [30]
fabricated a Cu-NPs modified glassy carbon electrode and they found a LOD of
0.5 uM. Anyway, the good result in term of LOD was not supported by stability
and linear range. In fact, the linear range was really narrow, from 0.5 to 8§ uM.
In addition, the electrode properly worked just for 1 week. Furthermore, they did
not test the nanostructured electrode against any interference compound, that is
mandatory for an enzyme-free electrochemical sensor. In recent years,
bimetallic nanomaterials have attracted great attention for application in many
fields, including detection of hydrogen peroxide. Xiao et al. [31] modified in
2008 a chitosan film with AuPt-NPs, using an electrodeposition method.
Chitosan has the property to adsorb different material so that has been used to
trap the metal ions that were cathodically electrodeposited. A really low LOD of
0.5 nM has been reached. They tested the electrode with real samples, as well
(honey, milk, urine and plasma) obtaining excellent results as confirmed by a
standard photometric method. The good features of this electrode should come
from the combination of Au and Pt: Pt is an excellent electroactive material but
OH groups hardly desorb from it. The authors suggest that gold decrease this
effect, increasing the electro activity of the electrode. Table 3.1 summarizes

most of the example reported.
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TABLE 3.1. EXAMPLES OF ELECTROCHEMICAL SENSORS AND BIOSENSORS FOR HYDROGEN PEROXIDE

N.S. NOT STUDIED, BL BIO LABELLED, MEA MimIC ENZYMATIC ACTIVITY, NL NOT LABELLED

LOD- Stab. Select. Real sample Type of
ULR Days sensor
(uM)
HRP/graphite | 0.5-500 300 N.S. N.S. BL 20
cycles
Fe304/Au/ 12-2500 28 UA,AA,GLU Lenscare sol. BL 22
HRP
Fe304-NPs 10-2000 30 U4, A4 N.S. MEA 21
Graphene/PB | 0.045-120 100 N.S. N.S. MEA 24
cycles
PB/CNTs 0.023-5000 | N.S. N.S. N.S. MEA 23
Co-HCF 0.2-1700 120 K, Cl, Br, I, Na Seawater MEA 26
CNTs 0.27-28 N.S UA,AA,0XA,DA | Orange Juice NL 28
Cu-NPs 0.5-8 7 N.S. N.S. NL 30
Cu-NWs 13.8-3700 7 AA, AU, GLU N.S. NL This
work
Pd-NPs 7.4-24000 N.S N.S. N.S. NL 29
Pd-NWs 13.3-4400 30 AA, UA, GLU, | N.S. NL This
POX work
AuPt NPs 0.003-0.35 30 Metals, Milk,  honey, urine, | NL 31
cysteine, etoh plasma

AMT Analysenmesstechnik GmbH and Dulcostest [32-33], already developed
two prototypes of electrochemical sensors for hydrogen peroxide, that are
available in the market (Figure 3.1 A-C). The AMT sensor has a wide linear
range (8mM-4200 mM) but with a quiet high LOD (8 mM). It is able to make a

measurement each 2 seconds and is stable in a wide range of pH (0-11). If
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properly used, it has a shelf life of about 5-9 months. The Dulcostest sensor has
similar features in terms of stability and pH range but its linear range is shifted
towards uM range (15-1500 uM) and it can work also with high temperature (up
to 50°C). Furthermore, they developed three different systems, able to detect
H,0; in different concentrations ranges (LM range the PER 1-mA-50 ppm, mM
range the PER [-mA-200 ppm and molar the PER [-mA-2000 ppm). On the

other hand, it has a longer response time, close to 7 minutes.

4

A

FIGURE 3.1 A) DULCOTEST H,0, SENSOR; B,C) ATM PROTOTYPE

In my Ph.D work, I developed two nanostructured electrodes for sensing
hydrogen peroxide. This part of my Ph.D work has been carried out in the
Applied Physical Chemisry Lab at University of Palermo, under the
supervision of Prof. Carmelo Sunseri, Prof. Rosalinda Inguanta and Prof.
Salvatore Piazza. Both electrodes, made of copper and palladium NWs, were
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fabricated through galvanic deposition into the pores a nano-sized polycarbonate
membrane acting as a template. Galvanic deposition does not require any
external power supply, because the electromotive force for the deposition
reaction arises from the galvanic coupling of a noble metal sputtered on the pore
bottom of the template and a less noble one acting as a sacrificial anode. By this
technique, which is novel for this application, structure, composition, and
morphology of the deposit can be adjusted through a strict control of the
operative parameters such as solution composition, pH, anodic to cathodic area

ratio and so on.
The aims of this research were:

1. Asses the effect of the surface area, by comparing massive Cu and Pd
electrodes and nanostructured ones with different nanowires length;

2. Asses the wettability of the nanostructures. Despite the high surface area of
the NWs, the wettability of these electrodes can be a limiting factor,
hindering the permeation of the porous structure of the nanowires by the
aqueous solution containing the analyte;

3. To compare the features of a copper electrode made of a cheap material with

a Pd one, made by a noble and expensive material.

Briefly, we found that the LOD does not depend strongly on the surface area,
likely because, at low analyte concentration, the number of active sites is not the
limiting factor. On the contrary, the upper limit of the linear range strongly
depends on the surface area, for both copper and palladium based electrodes.
Comparing the two materials, we found that Pd-based electrodes are more
performing and more stable than Cu ones. Furthermore, Pd based are more
selective towards potassium oxalate, whereas Cu electrodes are slightly
influenced. On the other hand, we estimate that Pd sensor is more than 10 times
more expensive than a copper one (about 70 €cents/sensor). We also found that
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these nanostructures are highly hydrophobic and the use of a wetting agent, like

ethanol, improves the performances of the sensor

3.2 Experimental

Electrode Synthesis

Commercial polycarbonate membranes (PoreticsTM PCTETM  Filter
Membranes) having a nominal mean pore diameter of about 200 nm, a pore
density of 3 x 10® pores m 2 and a thickness of 6 pm, were used as a template
for the galvanic deposition of the nanostructures. The Poretics membrane
consists of interconnected cylindrical pore as shown in Figure 3.2, where SEM

micrograph of the cross-sectional and top views are shown.

FIGURE 3.2 A) TOP VIEW AND B) CROSS-SECTION OF POLYCARBONATE MEMBRANE USED AS A
TEMPLATE FOR GALVANIC DEPOSITION OF METAL NANOSTRUCTURES

By SEM analysis, we found that real mean pore diameter is close to 210 nm,
pore density is 4.8 x 108 pores m—2, while thickness is about 8 pum. This
morphology has been found for all membranes SEM examined. Nanowire

growth was performed according to previous work [34]. Briefly, one surface of
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the membrane was sputtered for 3 minutes with gold in order to make it
conductive; then a thin copper layer (about 12 um thick), acting as a current
collector, was deposited on this surface. Copper deposition was performed in a
two-electrode cell using a Pt mesh as a counter electrode, at room temperature
from an aqueous solution of 0.1 M CuSO45H,O + 0.2 M H3;BO; having
pH=3.9. Deposition was carried out at the constant cathodic current of 8
mA/cm® for 1 h, using a PAR potentiostat/galvanostat (PARSTAT, mod. 2273).
Then, nanostructures were deposited inside the template channels by a galvanic
process. Galvanic deposition is a spontaneous process where a sacrificial anode
(in this case aluminium) is electrically coupled with the copper current collector
and the bimetallic couple was immersed in a solution of Pd(NH3)4(NO;), and
boric acid (0.05 M H3;BOs3) or CuSO4 5H,0 and boric acid (0.05 M H3;BOs) for
Pd and Cu deposition, respectively. The pH was adjusted through either nitric or
sulphuric acid addition. A scheme of the galvanic cell used for the fabrication of

Pd NWs is reported in Figure 3.3.

Pd* +2¢ |1 Pd Al = AlY 43¢

Pd(NH;),(NO,),
H;BO;
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FIGURE 3.3 SCHEME OF GALVANIC CELL FOR PALLADIUM DEPOSITION INSIDE THE CHANNELS OF THE
POLYCARBONATE MEMBRANE OF FIG. 3.1. SIMILAR SCHEME FOR COPPER DEPOSITION
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The sacrificial aluminium anode works as a reducing agent that, dissolving into
the solution, produce electrons that are consumed by the metallic ions that
spontaneously deposit into the pores of the membrane. The energetic

thermodynamic scale is schematized in Figure 3.4.
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FIGURE 3.4 ENERGETIC SCALE OF THE GALVANIC COUPLING OF TWO DIFFERENT METALS WITH
DIFFERENT NOBILITY

The Gibbs energy of this process is:
AG® = —nF&° (3.2)

EQ. 3.2 FREE ENERGY OF AN ELECTROCHEMICAL PROCESS

Where n is the number of electrons exchanged in the reaction, F is Faraday’s
constant and £° is the electromotive force (e.m.f), equal to EP — E}. Using Al
as an anode and Cu as a cathode, the electromotive force is positive (negative
Gibbs energy), therefore, a spontaneous reaction occurs. Table 3.2 shows the

standard electrochemical potential of different metals
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TABLE 3.2 STANDARD POTENTIAL OF DIFFERENT METAL/METAL IONS COUPLE

Metal /metal-Ion Electrode Reaction Standard Value (V vs NHE)

Au/Au* Au” + e = Au 1.69

Cu/Cu** Cu’" +2¢ = Cu 0.35

Pd/Pd* Pd** +4¢ =Pd 0

Fe/Fe** Fe’* + 3¢ = Fe -0.037

Pb/Pb** P’ +2¢ =Pb -0.126

Ni/Ni** Ni** + 2¢ = Ni -0.26

Co/Co®* Co® +2¢ = Co -0.28

Zn/Zn’ Zn** + 2¢ = Zn -0.762

AVAPY AP+ 3¢ = 4l -1.66

In order to grow either Pd or Cu nanostructures by galvanic deposition, an
aluminum tube was previously polished with 320, 800 and 1200 grade emery
paper, washed with distilled water and rinsed ultrasonically in pure acetone. The
gold film sputtered on one side of the template was electrically coupled with the
aluminum tube through carbon conductive paste. Prior to starting the deposition,
the assembled galvanic couple was immersed in pure ethanol for 5 min in order
to favor template wettability. The galvanic coupling of two metals with different
nobility leads to deposition of either Pd or Cu into the polycarbonate pores with
simultaneous dissolution of aluminum. Deposition time, concentration of metal
ions, and cathodic to anodic area ratio were optimized to grow an array of
nanowires uniformly distributed on the surface. After NWs deposition, samples
were etched in pure di-chloromethane in order to dissolve the template. Then,
nanostructured electrodes were assembled with a copper tape and insulated with
a lacquer (Lacomit - Cousins UK) to have a geometric area of about 0.05 cm?”.
Morphology was characterized through scanning electron microscopy (SEM),

using a FEI FEG-ESEM (mod. QUANTA 200) equipped with an Energy
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Dispersive Spectroscopy (EDS) detector. Samples were also characterized by X-
ray diffraction (XRD) using a RIGAKU diffractometer (model: D-MAX 25600
HK). All the diffraction spectra were obtained in the 20 range from 10° to 100°
with a step of 0.004" and a measuring time of 0.067 s for step, using the copper
Ka radiation (A= 1.54A). Diffraction patterns were analyzed by comparison with

ICDD database [35].

Electrochemical tests

Cyclic voltammetry was carried out at a scan rate of 50 mV/s in the potential
range from —0.6 to +0.3V vs. Ag/AgCl in a three-electrode cell with a Pt mesh
as a counter electrode. Sensor calibration curves were obtained by means of
chronoamperometric tests carried out in aerated stirred solution at the constant
potential of —0.2V vs. Ag/AgCl. Electrochemical tests were carried out in
aqueous phosphate buffer solution (0.2 M PBS) and hydroalcoholic electrolyte
prepared by mixing PBS with ethanol. In this case, a given volume of 0.4 M
aqueous PBS was added to an identical volume of pure ethanol, so that 0.2 M
was the final concentration of PBS in the electrolyte. The chronoamperometric
curves were obtained by adding the desired amount of H,O; to the solution at
concentration up to 1 M. Selectivity tests were carried out using 4 different
electro-active species (glucose, ascorbic acid, potassium oxalate and uric acid)
at two different concentrations (1 mM and 10 mM) in the presence of hydrogen
peroxide at a concentration an order of magnitude lower than that one of the
interfering species (0.1 mM and 1 mM). Accuracy tests were also conducted by
analyzing 4 different concentrations (0.2, 0.7, 1, and 2 mM) after different time
of aging of nanostructured electrode and using the calibration line obtained

previously.
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3.3 Results and discussion

Electrodes fabrication

Figure 3.5 shows the complete fabrication process.

FIGURE 3.5 A) POLYCARBONATE MEMBRANE; POLYCARBONATE MEMBRANE SPUTTERED WITH GOLD
(B) AND WITH ELECTRODEPOSITED CURRENT COLLECTOR (C); (D) ELECTRODE AFTER
NANOSTRUCTURE DEPOSITION AND DISSOLUTION OF TEMPLATE

The polycarbonate membrane (Figure. 3.5A) has been sputtered with gold, in
order to make conductive, one side of the template (Figure. 3.5B). A thin and
uniform layer of gold (about 10 nm thick) is obtained after 3 min of sputtering.
Due to the high aspect ratio (over 10°), vertically aligned NWs/NTs are highly
unstable if not properly attached to a base. In order to give a mechanical stability
to the nanostructures, a copper current collector has been deposited on the
sputtered gold film (Figure 3.5C). The current collector was deposited applying
a constant current density of 8 mA/cm?® for 1h, using a solution of boric acid

(0.2M) and copper sulphate (0.1M), and a Pt mesh as a counter electrode in a
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two electrode cell. A uniform layer of about 11 pm was obtained. Figure 3.6

shows the cell potential vs. time plot during the copper deposition.
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FIGURE 3.6 TYPICAL TREND OF POTENTIAL DURING COPPER CURRENT COLLECTOR DEPOSITION

The deposition of the copper current collector initially occurs on a gold film,
while, it continues as a deposition of copper on copper. This explains the
potential drop at the beginning of the experiment that reaches a semi-plateau
after 500 s, when a uniform copper layer is already deposited. The current
collector was deposited in a two electrodes cell, therefore some scattering of the
results was found owing to impossible control of parameters such as electrodes

distance or anodic surface, and so on.

Galvanic deposition is a spontaneous process where a sacrificial anode (in this
case aluminium) is electrically coupled with the copper current collector and the
bimetallic couple is immersed in a solution containing either Pd or Cu ions
(Figure 3.3). During the galvanic deposition, the membrane colour moves from
white to black and brown for palladium and copper respectively. The last step
concerns the dissolution of the template by etching the electrode several times in

a solution of pure DCM (Figure 3.5 D).

49



The morphology of the electrode highly depends on the deposition parameters,
such as batch composition, pH, deposition time and anodic to cathodic area ratio
[34, 36-37]. All these parameters were varied in order to find the best conditions
to obtain an array of metal nanostructures uniformly distributed over the current

collector.

Due to the change of template and type of galvanic cell in comparison to what
used previously [38], here it was necessary to optimize the deposition
conditions. In particular, the new cell permitted to reduce drastically the
deposition time using an aluminium tube that provided a large anodic area.
Initially, a cell with a cathodic/anodic area ratio equal to 0.055, and containing
either 7 mM Pd(NH3)4(NO3), or 0.1 M CuSO4 5H,O was used. The first
investigated parameter was pH that is fundamental because it influences the
process thermodynamics. Initial attempts for metal deposition were carried out
at pH value of the as-prepared bath (6.8 for Pd and 4 for Cu). The deposition
was slow and the membrane colour changed slightly towards black/brown after
2 days. In Figure 3.7 SEM images of the copper (A) and palladium (B)

electrodes, obtained under these conditions are shown.

FIGURE 3.7 A) COPPER NANOWIRES (NWS) AFTER 2 DAYS OF DEPOSITION AT PH 4; B) PALLADIUM
NWSs AFTER 2 DAYS OF DEPOSITION AT PH 6.8
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Really short Cu NWs were visualized. Surprisingly, the same NW height was
observed with the electrode immersed in the Pd bath (Figure 3.7 B). This
suggested us that the galvanic deposition did not occur at this pH, and the NWs
shown in Fig. 3.7 came from the current collector deposition because, at the
beginning of the copper current collector deposition, the copper ion solution can
penetrate inside the membrane pores forming a copper deposit with a
nanostructured shape. This hypothesis has been confirmed by EDAX analysis of
these samples (Figure 3.8).

Cu

Au

c Au

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 keV

FIGURE 3.8 EDS ANALYSIS OF SAMPLE OF FIG. 3.6 A (A) AND 3.6B (B)
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Carbon, oxygen, gold, and copper peaks are present in both spectra. The last one
is due to the copper current collector, while C, and O come from some residual
of polycarbonate. It is important to highlight that Pd is not present in the
samples (Figure 3.7B), confirming that galvanic deposition did not occur.
Furthermore, during the deposition in these conditions, a white gel deposit over
the aluminium tube was found, probably an aluminium hydroxide. In fact, at

pH>3 (Figure 3.9) the stable compound is not AP’" but ALO; 3H,O (white
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FIGURE 3.9 POURBAIX’S DIAGRAM OF ALUMINIUM

In order to favour dissolution of the Al sacrificial anode, bath pH was lowered to
2 for both types of electrodes. At this pH, upon immersion in the electrolyte
containing the desired metal ions, we observed precipitation of either Pd or Cu
into the pores of the membrane that changed colour just after 20 min. In the case

of Pd deposition, the following reaction occurs

Pd(NH,)>* +2¢ +4H,0 = Pd +ANH; +40H~ E’=0.0V(NHE) (3.5)

REACTION 3.5 GALVANIC DEPOSITION OF TETRAMINE PALLADIUM
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During galvanic deposition, pH was increasing owing to the side reaction of
base electro-generation in nitrate solution, which occurs simultaneously to that

of Pd NW deposition [38-39]:

NO; +H,0+2¢” — NO, +20H" E’=0.01 V(NHE) (3.6)

REACTION 3.6 BASE ELECTRO-GENERATION IN NITRATE SOLUTION

The electrons necessary to these reactions were supplied by aluminum

dissolution:

Al —> A +3e” E’=-17V(NHE) (3.7)

REACTION 3.7 GALVANIC DISSOLUTION OF ALUMINUM
The electron transport from the anodic area (Al surface) to the cathodic one
(pore bottom) occurs through the carbon conductive paste, electrically
connecting the sacrificial anode with the copper current collector grown on the
template surface. Similar reactions occurs for copper deposition, except reaction
3.6. In these deposition conditions, nanostructures reach the top of the
membrane (length 8um) after about 70-80 minutes but the deposition was not

reproducible, as can be seen from Figure 3.10 A and B.

FIGURE 3.10 PD-NWSs AFTER 40 MIN OF GALVANIC DEPOSITION OF TWO DIFFERENT SAMPLES
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Furthermore, the deposition was not uniform over the entire membrane surface,

because nanostructures with different length were measured in different areas of

the same sample (Figure 3.11).

FIGURE 3.11 LENGTH OF Cu NWS IN DIFFERENT REGION OF THE SAME SAMPLE

In order to eliminate these drawbacks, metal concentration in solution was

halved (3.5 mM for Pd and 50 mM for Cu), and the ratio between anodic and

cathodic area was set to 0.065, at the aim of decreasing the driving force for

nanostructures growth. Under these new conditions, the deposition of

nanostructures was uniform and reproducible and in particular, it was possible to

control the length of nanowires through deposition time. SEM images of Figure

3.12 show morphology of Pd and Cu nanostructures after 20 to 40 minutes of

deposition. From these micrographs, it appears that length of the nanostructures

was increasing with deposition time.

TABLE 3.3 NANOSTRUCTURES HEIGHT AND MORPHOLOGY OF PD AND CU AFTER 20, 30 AND 40 MIN

OF DEPOSITION
Deposition time Cu-NWs height/ Pd-NWs/Nts height/
min Morphology Morphology
20 1.6 um /NWs 1.7 um /NTs
30 2.1 um/NWs 2.1 um / NWs-NTs
40 3.0 um /NWs 5.1 um/NWs
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FIGURE 3.12 A),B),C): PD NWSs AFTER 20-30-40 MIN OF GALVANIC DEPOSITION. D),E),F): Cu
NWSs AFTER 20-30-40 MIN OF GALVANIC DEPOSITION

Table 3.3 summarizes the average height of the nanostructures with different
deposition time and their morphology (either NWs or NTs). It is clear from
Table 3.3 and from Figure 3.12 that nanostructures height increased (not
linearly) with the deposition time. From Fig. 3.12 we have also calculated a
mean nanowire diameter of about 220 nm, close to the mean pore diameter of
polycarbonate membrane. Besides, these images show the interconnection of

nanostructures with free-space between nanostructures of 1.17+0.63 pm.

Furthermore, copper nanostructures always show a NW morphology, while Pd
electrodes changed their morphology from NTs to NWs over time. NTs

morphology can be due to the concurrent reaction of hydrogen evolution:
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2H* +2¢ —>H, E’ = 0.0-0.059pH V(NHE) (3.8)

REACTION 3.8 HYDROGEN EVOLUTION REACTION

Development of gas bubbles into the template channels forces Pd deposition
toward the pore walls. For longer deposition times, as the local pH increases
owing to the reaction 3.6, the driving force for hydrogen evolution decreases
and reaction 3.8 slows down, so that morphology of the nanostructure switches
from nanotubes to nanowires. These phenomena did not occur during copper
deposition because the copper standard potential is more than 0.3 V nobler and
so hydrogen evolution cannot happen. To fully characterize nanostructures, EDS

and XRD analyses were carried out, as shown in Figure 3.13.
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FIGURE 3.13 EDS (A) AND XRD (B) ANALYSIS OF PD NWs

EDS spectrum of Figure 3.13A shows peak of Pd arising from the galvanic
deposit, while peaks of Cu is due to the current collector, peaks of Au, C and O
are due to sputtered gold layer and residual trace of polycarbonate membrane,
respectively. Some XRD peaks of Figure 3.13 B correspond to Pd face-centered
cubic phase (card 87-637 of the ICDD database [35]), the other ones are
attributable to copper (card 4-836) and Au (card 4-784) coming from the current
collector and gold sputtered layer. At all deposition time, Pd nanostructures are
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polycrystalline with the most intense peak along the plane (111). Using
Scherrer’s equation [40], an average grain size of about 34 nm was calculated.

Similar results were found for Cu NWs.

For the sake of comparison, also nanostructured thin films of Pd and Cu were
fabricated by galvanic deposition, in the same conditions of Pd or Cu NWs, into
a commercial copper foil. SEM pictures obtained after 40 min of deposition
(Figure 3.14 A-D) show the formation of a thin layer of either Cu or Pd,
uniformly covering the Cu substrate (grooves due to the abrasion with abrasive
paper are clearly visible) and consisting of nanoparticles with 114+2.6 nm and

260+3.8 nm size for Pd and Cu, respectively.

FIGURE 3.14 SEM IMAGES OF PD (A, B) AND Cu NPs (C,D)
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Sensor calibration

In order to analyze the sensing behavior of Pd and Cu nanostructures, CV and
chronoamperometric tests were carried out. Cyclic voltammetry were conducted
in the absence and presence of 0.1 mM H,0, in PBS to found the potential to be
applied for the subsequent chronoamperometric test. Figure 3.15 shows CV

curves of Pd NWs obtained after 40 minutes of deposition.
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FIGURE 3.15 CV OF 40 MIN DEPOSITED PD NWSs IN PURE PBS (BLACK CURVE) AND
WITH 1MM HYDROGEN PEROXIDE (RED CURVE) AT 0.05 vs™

In the presence of 1 mM H,O,, the CV curve shifts toward higher currents
confirming the electrocatalytic properties of Pd NWs. The difference between
reduction current values of these two CVs increases from 0 to -0.2 V. and then,
it remains constant from -0.2V to -0.4V. Greater is the difference between the
blank current and that one recorded in the presence of H,O,, better are the
electrocatalytic ~ properties of the sensor; thus the subsequent
chronoamperometric tests were performed at -0.2 V (vs Ag/AgCl). To work at
this low potential is of value for guaranteeing the selectivity of the sensor,

because many biological systems contain electroactive species such as ascorbic
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acid, uric acid and other ones, which can interfere with the electro-reduction of
H,0, [17-18]. The same experiment was carried out using Cu NWs, and we
found a lower signal compared to Pd NWs. Anyway, an applied potential of -
0.2V vs Ag/AgCl has been selected also in this case.

Also, the sensing behaviour of a nanostructured thin film was investigated in
comparison with a planar electrode. This investigation led to valuable results
concerning not only the influence of the active surface area on sensor

performance but also the wettability of the nanostructures.
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FIGURE 3.16 SENSING CALIBRATION LINE OF PD NPs (RED LINE) AND PD NWs
(BLACK LINE) IN PURE PBS

Initial tests carried out with in a PBS solution showed (Figure 3.16) similar
electro-catalytic behavior of nanoparticle thin film (red plot) and Pd NWs (black
plot). NPs based electrode shows a wider linear range but a lower sensitivity.
Furthermore, the nanostructured electrode starts to saturate faster (1mM vs 100
mM). Considering the high surface area of NWs in comparison to that of planar
NPs, these results are very surprising. We think that the no-excellent
performances of the nanostructured electrodes are attributable to their scarce
wettability. Likely, the solution does not soak fully into the porous mass because

the NWs are hydrophobic, as evidenced by contact angle analysis of Figure
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3.17. Owing to the high surface tension, only the top of the NWs is wetted by
the aqueous solution, therefore the working surface area is lower than the total

one.

Angle = 102.83 degrees
Base Width = 3.1131mm

FIGURE 3.17 CONTACT ANGLE OF WATER DROP ON PD NW's

To overcome this problem, we found that electrochemical tests must be carried
out in a hydro-alcoholic solution that ensures the wettability of the
nanostructures. In fact, we have found a contact angle of about 100° when only
PBS was used, while in the case of hydro-alcoholic solution no drop was visible
on the electrode surface because the porous mass was permeated
instantaneously. Ethanol (EtOH) was selected because in advance we checked

that it does not interfere with the electro-reduction of H,O,.

In hydro-alcoholic solution, very good performances of the nanostructured

electrodes (both Pd and Cu) were found.
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FIGURE 3.18 (A) CHRONOAMPEROMETRIC TEST OF PD NWS IN HYDROALCOHOLIC
SOLUTION; (B) CALIBRATION LINE

Figure 3.18A shows the fast response of Pd NWs after injection of H,O,. A
sudden increase of cathodic current is observed, followed by a fast (less than 4
seconds) stabilization to a new value. Figure 3.18 B shows the calibration curve
obtained from the test of Figure 3.18A. A linear response from 53 uM to 4400
uM was found (inset figure 3.18 B). At higher concentration of hydrogen
peroxide, there is a linear dependence but with lower and lower sensitivity (1.5

uA mM"' ecm? from 0.15 to 1 M and 0.5 pA mM™ cm™ from 1 M to 1.6 M).
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Limits of the linear range were selected in order to obtain a calibration line with
a R? greater than 0.995. The LOD of these sensors is highly limited by the

current noise, as shown in Figure 3.19.
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FIGURE 3.19 NOISE IN THE CHRONOAMPEROMETRIC TEST OF PD NWS IN HYDROALCOHOLIC
SOLUTION FROM 3 TO 6 1M OF HYDROGEN PEROXIDE

When small amount of H,O, was injected into the cell, a sudden increase of
current is visualized but, when the system goes back to a steady state value, the
noise is higher than the current change due to this small increase of H,O,
concentration. We think it is possible to decrease the LOD using a more precise

reading system, such as, for example, a digital/analogical filter.

Figure 3.20 shows the effect of the active area on the sensor performance. In
detail, the calibration lines of electrodes with nanostructures of different length
are shown. For the sake of comparison, also the calibration lines of nanoparticle

thin films and planar Pd sensors are shown. For a better comparison, in Figure
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3.20 all calibration lines are referred to the y-axis intercept, that is almost

coincident with the blank current density.
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FIGURE 3.20 EFFECT OF SURFACE AREA ON CALIBRATION LINE OF PD BASED SENSING
ELECTRODES

It can be observed a noticeable increase of the sensing performance when a
nanostructured Pd is used in place of planar Pd surface, owing to the increase of
the sensing surface. Table 3.4 shows Linear Range (LR), LOD, and Sensitivity
values of Pd based sensing electrodes: a significant increase of the upper limit of
the linear range is observed with increasing NWs length, while the lower limit
remains almost constant. Thus, the increase of active sites number guarantees a
linear sensing of H,O, up to higher concentration without reaching saturation.
On the contrary, the lower limit does not depend on surface area, because the
number of active sites is always high enough for the electrochemical reduction

of small amount of hydrogen peroxide. Table 3.4 also shows that LOD slightly
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decreases and sensitivity increases with nanowires length, confirming the good

electro-catalytic behavior of the nanostructured electrodes.

TABLE 3.4 LINEAR RANGE (LR), LOD AND SENSITIVITY OF PD BASED SENSING ELECTRODES

Sample LR LOD Sensitiv.

M M uA mM* em?
Pd thin film 202-780 21 0.078
Pd-NPs 104-951 18.8 0.136
1.72um Pd-NWs 60-1600 17.7 0.173
2.1um Pd-NWs 60-2400 15 0.299
5.1um Pd-NWs 53-4400 13.3 0.368

The standard deviation of these measurements was lower than 12%. The
increase of sensitivity is not linear with nanostructures length, probably due to a
nonlinear relationship between the nanostructures length and electrochemical
active area, because of the interconnections between the channels visible in the
SEM images of Figure 3.2. Furthermore, ethanol improves the wettability of the
NWs but there is no certainty that the NWs are totally wetted, especially when
are longer. Similar conclusion was reached by Li et al [41] in the case of Pt
nanowires grown electrochemically in anodic alumina template. According to
these results, we can conclude that 5 pm long nanowires exhibit the better
performances, therefore, the selectivity, accuracy and stability tests were carried
out by employing these sensing electrodes. Similar results were obtained using
Cu electrodes. In this case, the best results were found with 3um long NWs

(Figure 3.21A-C and Table 3.5).
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TABLE 3.5 LINEAR RANGE, LOD AND SENSITIVITY OF CU BASED SENSING ELECTRODES

8e+5

Sample LR/uM LOD / uM Sensitivity / uA uM™”’ cm™
Cu thin film 145-780 194 0.168
Cu-NPs 114-863 16.6 0.202
1.6um Cu-NWs 104-1600 154 0.285
2.1um Cu-NWs 61-3000 14.8 0.308
3umCu-NWs 61-3700 13.8 0.507

We found that the sensing stability highly improves if the electrode is stored in

PBS. In detail, when the electrodes are stored in air, the open circuit potential
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changes over time almost randomly, while, when stored in PBS, it is almost
constant (0.08 V vs Ag/AgCl for the copper sensing electrodes and 0.27 V vs
Ag/AgCl for the palladium ones). Furthermore, we found that when the
electrodes (both Cu and Pd) are in contact with H,O, higher concentration than
0.5M, the open circuit potential slightly modifies. The origin is due to the
mechanism of hydrogen peroxide detection which is based on an adsorption
step, which, likely, is the rate determining step (r.d.s.): as the H,O, concentration
is high, some OH groups remain adsorbed on the electrode with consequent
alteration of the electrode surface state, leading to open circuit potential change.
It is important to highlight that this is an invertible phenomenon, because it
disappears after 24h of storage in PBS. Furthermore, such a high level of
hydrogen peroxide is not usual in the practice and anyway, is far away from the

linear range of both Pd or Cu sensing electrodes.

Selectivity, Accuracy and stability

In order to investigate selectivity of the nanostructured sensors, some
chronoamperometric tests were carried out in the presence of four relevant
electroactive species (glucose, ascorbic acid, potassium oxalate and uric acid) at
two different concentrations (1 mM and 10 mM) in PBS/EtOH solution
containing H,O, at concentration an order of magnitude lower than that of the
interference species. In particular, the contaminants were introduced after
stabilization of the current following the addition of 0.1 mM (first step) and 1
mM (second step) of H,O,. Figure 3.22 shows the results using a nanostructured

Pd electrode.
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FIGURE 3.22 SELECTIVITY OF PD NWS BASED SENSING ELECTRODE AGAINST ASCORBIC ACID (AA),
POTASSIUM OXALATE (POX), UREeTIC AcID (UA), AND GLUCOSE (GLU)

Negligible response to the injection of ImM of these species is evident. When
10 mM of electroactive species were added, an instantaneous variation of sensor
response was observed for glucose, ascorbic acid and potassium oxalate, after
which the current got back to the original value. This transient is probably
related to the instantaneous change of the composition at the electrode/solution
interface following the addition of the electroactive species close to the sensing
electrode. On this basis, it is possible to conclude that the sensing electrode is
selective toward hydrogen peroxide. Such a significant selective behavior is due
to the low applied polarization potential hindering the reaction of other species
at the sensing surface. It is interesting to note that a further injection of H,O; to
the solution containing electroactive species produces a stepwise increase of
current, suggesting that the presence of interferent species does not affect
detection of hydrogen peroxide. Figure 3.23 shows the same experiments carried

out using a 40 min long deposited Cu NW based sensing electrode.
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FIGURE 3.23 SELECTIVITY OF CU NW BASED SENSING ELECTRODE AGAINST ASCORBIC ACID (AA),
POTASSIUM OXALATE (POX), URETIC ACID (UA) AND GLUCOSE (GLU)

It is possible to observe that the copper based sensing electrode is still selective
towards glucose, ascorbic acid and uric acid, but it is not towards potassium
oxalate. When 1mM and 2mM POX was injected into the solution, a fast and
stable increase of the current signal occurred. Anyway, it is important to
highlight that also in the presence of high concentration of POX, the electrode is
still able to detect hydrogen peroxide (see last injection of Figure 3.23).

In addition, accuracy was evaluated by testing the nanostructured sensors after
about 1 month of storage in PBS solution. Four different concentrations of
hydrogen peroxide (0.2, 0.7, 1, and 2 mM) were tested with 3 different

electrodes and accuracy was calculated by the following equation:

e="""4100 (3.3)
Cv

EQUATION 3.3 EQUATION USED TO EVALUATE SENSOR ACCURACY
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where ¢ is the accuracy percent, ¢, is the detected concentration and c, the real
one. Figure 3.24 shows the results of these tests with 40 min long growth of Pd
NWs.
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FIGURE 3.24 ACCURACY OF 40 MIN LONG DEPOSITED PD NWS IN HYDROALCHOLIC SOLUTION

At concentration close to both upper and lower limits of the linear range,
accuracy decreases. In particular, an error of about 15% was calculated at low
and high concentration, respectively. A good agreement between measured and
real values was found for intermediate concentration inside the limit values,
with a calculated error of about 5%. After 1 month long storage, the
nanostructured sensing electrode is less precise when the concentration to be
detected approaches the limits of the range of linearity. This result suggests that
after 1 month, a new calibration of the electrode is necessary. After
recalibration, accuracy tests revealed errors less than 5%, that means a very

good precision of the Pd nanostructured sensing.

The same experiment was carried out with Cu NWs based sensing electrode

stored for 7 days in PBS. Table 3.6 shows the results of this experiment.
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TABLE 3.6 ACCURACY OF Cu NWS AFTER 7 DAYS OF STORAGE IN PBS

Real concentration Average Experimental | Accuracy
uM Value uM
198.5 98.6 50 %
695 144.3 80%
1042.6 180.1 82%
1996.8 253 87%

Here, the accuracy of the sensing electrode is really scarce. After these tests, the

sensing electrodes have been calibrated again and the tests were carried out after

1 day of storage in PBS. The results are shown in Table 3.7 and evidence that

the accuracy is now highly improved.

TABLE 3.7 ACCURACY OF CU NWS AFTER RICALIBRATION AND 1 DAY OF STORAGE IN PBS

Real concentration Average Experimental | Accuracy
umM Value uM

198.5 112 41 %

695 495 28%
1042.6 706 28%
1996.8 1150 41%

Therefore, it is possible to conclude that the drift time of a nanostructured Cu

electrode 1s less than 1 week.
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Economic Analysis

The results of these experiments clearly indicate that the performances of Pd
based sensing electrodes are much better compared to the Cu ones. Indeed, the
LOD is slightly lower, the linear range is wider, the stability is longer and the
selectivity is higher. On the other hand, the cost of these electrodes is much
higher. We carried out an easy and fast economic analysis taking into account

all the steps to develop the electrode. All the costs are summarized in Table 3.8.

TABLE 3.8 COST OF DIFFERENT STEPS FOR CU AND PD NWS DEPOSITION

Price (cents/electrode) Cu Pd

Polycarbonate template 10 Yes Yes
Sputtering 22 Yes Yes
Current collector 13 Yes Yes
DCM 10 Yes Yes
Assembly 10 Yes Yes
Copper for NWs deposition 10 Yes No
Palladium for NWs

651 No Yes
deposition
Total Price per electrode 0.75 7.4

In this analysis, we did not consider the cost of the power energy, aluminum
tube, and reagents, and those to assembly the cell for the galvanic deposition
(Lacomit, carbon conductive paste). These costs are small compared to the other
ones and so the total cost should not change a lot. The result of this analysis is
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clear: 85% of the cost of a Pd based sensing electrode is due to the purchase of
the Pd precursor. Therefore, the copper based sensing electrode, nevertheless the
less performances, can be useful for a qualitative analysis as an accurate and

precise quantification is not mandatory, being 10 times cheaper.

In order to emphasize the low price of these prototypes, we asked for a price
quotation of the Dulcotest and Analysenmesstechnik [32-33] but they did not

answer so this comparison was not possible.

Real samples

In the last part of the Ph.D. activity, a collaboration with Ri.Med Foundation
(Ricerca Mediterranea) started for a research project aimed to detect hydrogen
peroxide in biological medium to safely diagnose the oxidative stress. In Ri.Med
laboratories, different cellular cultures simulating oxidative conditions (both anti
oxidant and pro-oxidant) were prepared. They studied the release of H,O; in two
different cellular media: in epithelial and macrophages cells. The main
differences is the amount of hydrogen peroxide released by these cells: epithelial
cells release less hydrogen peroxide compared to macrophages. The project

started recently, so that just preliminary results can be shown.

The concentration range of hydrogen peroxide in these media was unknown,
because from the literature study it can vary from nM to mM. Furthermore, in
the cellular medium many different compounds are present (such as Glucose,
Glycine, Aspartic Acid, Glutamic Acid), which can interfere with detection of

hydrogen peroxide.

As widely known, Pt is an excellent material for hydrogen peroxide detection

[41], therefore, we tested a Pt wire as a sensing electrode (with Pt mesh as a
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counter and Ag/AgCl as a reference), just to have a fast response about the
possibility to use electrochemical techniques with this particular and
heterogeneous medium. The first attempt has been carried out using the cellular
culture of macrophages cells. The calibration line of the sensing electrode (Pt

wire) in this medium is shown in Figure 3.25 A-B.
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FIGURE 3.25 TEST OF A PT WIRE AS A SENSING ELECTRODE IN MACROPHAGES MEDIUM: A)
CHRONOAMPEROMETRIC CURVE; B) CALIBRATION LINE

It shows that the electrode is able to quickly detect hydrogen peroxide. We
found a linear range from 50 to 2000 puM, confirming that Pt is much more
effective in comparison with Pd or Cu thin film (200 and 100 uM respectively).
Four different samples were tested: (1) normal macrophages ‘healthy’ grown
(NT, not treated), (2) macrophages grown with LPS, (3) macrophages grown
with LPS and Nigicerin and (4) macrophages grown with LPS, Nigicerin and
Epox. Ri.Med laboratories tested these samples (Figure 3.26) with flow
citometry, a qualitative technique, and they found that the amount of H,0O,
increase from sample (1) to sample (3) and then it drops when sample (4) was

tested, accordingly with the biochemistry of the process.
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FIGURE 3.26 FLOW CYTOMETRY TEST OF MACROPHAGES NOT STIMULATED AND STIMULATED WITH
LPS AND NiG

The results of our experiments are shown in Fig 3.27 A-D.
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Figure 3.27 A shows that when 750 pl of NT sample were added to 3 ml of
solution current density did not change. When 900 pl of sample (2) were added,
a slightly increase of signal is visualized (Figure 3.27 B). In order to confirm
that the sensing electrode is able to detect hydrogen peroxide, 200 uM of H,0,
has been injected successively. Figure 3.27 C shows that addition of 750 pl of
the sample (3) determined a significant increase in current density, in
comparison with Figure 3.27 B. When sample (4) was tested, a really small
increase, almost comparable with the noise, is visualized (Figure 3.27 D). This
trend agrees with the results of Fig 3.26. A quantification analysis is shown in

Fig 3.28.
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FIGURE 3.28 CONCENTRATION OF HYDROGEN PEROXIDE OF MACROPHAGES SAMPLE DIFFERENTLY
TREATED

Being just preliminary study, just 3 experiments for each type of sample were
conducted. Details on macrophages are not available because owned by the
Ri.Med Lab.. These are highly satisfying preliminary results because show that
the Pt sensing electrode is able to detect hydrogen peroxide also in this
heterogeneous medium and can be used to quantify the oxidative stress in

human beings.
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Comparison with the literature

From the above results, it can be concluded that it is possible to fabricate Pd

and/or Cu nanostructured electrodes for sensing of hydrogen peroxide through

galvanic deposition. Their performances are highly satisfying if compared either

with those of other materials having the same nanostructured morphology or

with those of identical materials (Pd or Cu) with other morphologies (Table 3.9).

TABLE 3.9 COMPARISON BETWEEN DIFFERENT NON LABELLED NANOSTRUCTURED BASED

ELECTROCHEMICAL SENSORS FOR HYDROGEN PEROXIDE DETECTION

Sensor type Detection Linear Sensitivity Stability Interf. Ref.
potential Range pA pM! Days
\4 uM cm’
Pd -0.45 VSCE 1-820 n.a. 60 GLU, AA, [42]
nanoparticles AP, UA
Pd hollow -0.4Vvs 100-24000 0.2877 n.a. n.a. [29]
nanocubes SCE
PdCu 08 V vs 500-8000 n.a. 30 n.a. [43]
nanoporous NHE
Pd -0.25V vs 0.1-1000 n.a. 7 AA, GLU, [44]
nanoparticles SCE DA
/ graphene
nanosheets
Pd NWs -0.2Vyvs 53-4400 0.368 30 GLU, AA, | This Work
array Ag/AgCl UA, POX,
(5 pm long) EtOH
Cu NWs -0.2Vyvs 60-3700 0.509 7 GLU, AA, | This Work
array Ag/AgCl UA, POX,
(3 pm long) EtOH
Pt-Cu NPs +0.2 V vs 0.5-1280 0.051 n.a DA, UA, [45]
Ag/AgCl AA
MoS2-Cu -0.3V vs 85-38000 n.a 12 DA, UA, [46]
NWs Ag/AgCl AA
AuCu-NWs 0.484 vs 0.002-0.36 2.71 14 DA, UA, [47]
SCE AA
CuFe,04 0Vvs 500-2500 0.219 14 DA, UA, [48]
NTs Hg/HgO AA
Ag NWs -0.2 Vs 100-3100 0.0329 42 GLU, AA, [17]
array SCE UA, POX,
(300 nm EtOH, OA,
long) SO
Pt NWs -0.2 Vs 10-4000 0.654 n.a CA, GLU, [41]
array Ag/AgCl AA, UA

(12 pm long)
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3.3 Conclusions

Hydrogen peroxide sensor has been successfully fabricated growing regular and
uniform array of metallic Pd and Cu nanostructures. In particular, the array was
fabricated through metal displacement deposition in template. The galvanic
method is advantageous because external power supply is not required, and, in
addition, it is easy to be conducted, and quite fast. Results obtained here showed

that

1. an accurate control of the nanostructure length can be achieved by
adjusting pH, solution composition, deposition time, and anodic to
cathodic area ratio;

2. sensing performances depend on the electrochemical active surface
area. Electrochemical tests were carried out in a hydro-alcoholic
solution that allows to overcome the hydrophobicity of the
nanostructured electrodes;

3. Both Pd and Cu sensing nanowires exhibit good features for detecting
hydrogen peroxide, with a wide linear range, low LOD, and high
selectivity. The best performance was obtained with array of Pd
nanowires about 5 um long. This sensor has a sensitivity of 0.368 pA
pM-1 cm-2 in a linear range from 53 to 4400 uM, with a limit of
detection of 13.3 pM.

4. Pd NWs are highly selective for H202 detection as evidenced by the
negligible response after injection of potassium oxalate, glucose,
ascorbic acid, and uric acid. Cu NWs are also selective towards
hydrogen peroxide showing a negligible response towards glucose,
ascorbic acid and uric acid but there is a slight change in the response

after addition of potassium oxalate.
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5. After 1 month of storage in phosphate solution, the palladium
nanostructured sensor is less precise when the concentration of H202
approaches either upper or lower limit of the range of linearity, while it
holds a good precision for intermediate concentrations. After
recalibration, accuracy tests revealed errors less than 5%, suggesting
that operational stability of the nanostructured sensors is about 1 month.
Copper based sensing electrode is less stable, having a shelf life of
about 7 days, because more than 40% of its original accuracy is lost
after this time.

6. Copper based sensing electrodes are ten times cheaper than palladium
one, therefore, they can be useful for qualitative measurements, when
high precision and accuracy are not mandatory.

7. Hydrogen peroxide released by macrophages has been detected using a
Pt wire as a sensing electrode showing that it can be used to monitor

oxidative stress in humans.
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4.Sensors for heavy metals

Abstract

In this chapter, the development of two nanostructured sensors to detect heavy
metals are described. Heavy metals pollution is highly dangerous for human life
because these compounds are highly toxic and carcinogenic. Nowadays, the
only way to detect them is to use ICP-MS. This technique is expensive, hard to
use and needs of skilled personnel to carry out an analysis. Moreover, due to the
big dimension of the analytical apparatus, it is just a laboratory technique. It
means that the heavy metal pollution can be detected just after many days that
occurred. The possibility to develop an easy, cheap and portable device to detect
heavy metals has been studied in this chapter. Using a thin film of Nickel Oxide,
500 ppt (less than 1 millionth of gram per liter) of mercury were detected after
less than 15 min of analysis. The main problem of this technique is the
acidification of the sample for reliable results, so that its pre-treatment is
mandatory. This drawback makes the in situ and real time detection harder (but
not impossible). To overcome this issue, I developed an electrochemical
procedure for modifying the local pH just in proximity of the electrode surface.
By this way, even if the original pH is about the same (6-7 for either river or sea
water), locally it is made more acidic and the analysis can be carried out. This is
a huge improvement and allowed us to detect, simultaneously, copper, mercury
and lead in real sample (river water) avoiding any sample pre-treatment. This
work clearly shows that it is possible to conduct a real time and in situ water
analysis allowing to alert people promptly about a heavy metal contamination

prior to reaching them.
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4.1 Introduction

Heavy metals are described as metals with density higher than 5g/cm’® and
include lead, copper, arsenic, cadmium, mercury, nickel and many others [1].
Heavy metals contamination has become a theme of primary importance in the
last two/three decades: the rapid technological progress has led to a sharp
increase of the emission of these metals. Heavy metals are natural constituents
of earth’s crust and therefore, they can pass into the food chain through natural
phenomena such as erosion, wind, and rain. However, today heavy metal
emission by natural processes is almost negligible compared to those due to
anthropological activities: for instance, in the 80s and 90s, when the peak of
heavy metal emission by human activities occurred, the emission of lead from
production processes exceeded the natural ones by a factor 28, while for
mercury this factor was 1.4 [2]. Due to the toxicity of these metals, European
legislators have tried to reduce the emission of chemical contamination by
setting the limits of metal concentration in food and water: in particular, the
European Commission, in 2000, released the ‘White paper on Food Safety’,
which confirmed the high priority of the matter in the light of the dangers
concerning heavy metals in food and water [3].

Metals can have different effects on the organism depending on the taken
amount and how long it is taken. An high quantity intake in a short time is called
acute poisoning, while if absorption takes place over long time and it concerns
small quantities, that individually would not give any problem, we talk about
chronic intoxication. In particular, in this last case, there is bioaccumulation: it
is due to the progressive accumulation over time in our organism of heavy
metals, because it is able to eliminate only modest quantity or nothing at all [4].
The metals do not all have the same degree of toxicity (Table 4.1 classify the
metal toxicity depending on the Provisional Tolerable Weekly Intake, PTWI ):
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the tolerability level by the human body depends on the amount necessary for a

proper metabolic activity. Therefore, the massive ingestion of some heavy metal

leads to the above mentioned bioaccumulation. Metals that are not part of the

metabolism, or required in modest amount, are the most dangerous, because

they easily cause bioaccumulation.

TABLE 4.1 LIST OF HEAVY METALS CLASSIFIED ACCORDING TO THEIR TOXICITY LEVEL

Heavy metal Toxicity
Nickel, Arsenic, Mercury, Lead, Antimony, Cadmium, Chromium, | High
Manganes, Copper, Zinc Medium
Alluminium, Silver, Gold, Tin Low

Also trace (parts per billion, ppb) of heavy metals can cause serious problems,

depending on the amount and on the heavy metal. Table 4.2 shows some effects

of different heavy metals on the organism, in dependence of the PTWI

TABLE 4.2 PTWI AND EFFECTS OF DIFFERENT HEAVY METALS [5]

PTWI Acute Poisoning Chronic Intoxication
(mg/kg)
Cu 3.5 - Kidney and liver damages - Dementia
Pb 0.025 - Renal and brain failure -block in the synthesis of the heme group
- irreversible aplastic anemia - cognitive deficits in children
- intestinal cramps -accumulation in the bones
Hg 0.004 -changes in brain development of the fetus | -neurological changes
-destruction of the nervous system - impotence
- abortion -DNA damage
Sn 14 - irritations to the skin and eyes -depression
- general malaise and dizziness -damage to the chromosomes, liver,
- urination and breathing problems central nervous system, immune system
- strong sweating -anemia
Zn 2.1-7 - damage to the pancreas -stomach spasm
-protein metabolism disorder -skin irritations
- arteriosclerosis

Food contamination can occur throughout the food chain, from production to the

end users. The contamination occurring during the production is called primary
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contamination, while the contamination in the subsequent phases
(transformation, distribution, conservation) is called secondary.

The primary contaminations are those that occur directly in the field or breeding
and also due to the natural high content of metals in the environment in which
the agricultural or breeding takes place. The main source of contamination is
represented by soil and water, or better, by the amount of metals they contain.
However, the contamination can come from many other different sources,
including irrigation water, use of urban or industrial biomass, manure, and so
on. As above mentioned, for the humans not all the amount of metals introduced
with the diet is assimilated by the animal body, because it is partially eliminated
through urine, faeces, bile and sweat. However, the repeated accumulation of
metals in animal tissues can reach dangerous levels to human health: this
process is the biomagnification, i.e. bioaccumulation in living beings of toxic
and harmful substances whose concentration in organisms is growing from
bottom to top of the food pyramid. The biomagnification is very serious in the
case of mercury accumulation in fishes: owing to many microorganisms present
in the water, mercury undergoes transformation into organic compounds, such
as methylmercury, and enters into the food chain through the plankton. Then it
passes, through invertebrates and fish, to large predators where the higher
concentrations are found and finally reaches human beings that are the last link
in the food chain[6].

Secondary contaminations are those occurring during processing, distribution
and conservation of foodstuffs. The technology has allowed the development of
optimal systems and materials for the transformation and storage processes,
which prevent contamination from metals in the food or beverage. For example,
aluminum cans, widely used in the beverage sector, are internally enameled with
special polymer resins in order to prevent the metal to pass into the solution. In
the past, there have been numerous problems concerning secondary

contamination which have led to the release of specific regulatory standards
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concerning the transformation, distribution and conservation of food. Now, it is
mandatory for the food industry to meet consumer expectations in terms of
safety and to meet legal requirements. The food industries rely on modern
quality control systems to guarantee the quality and safety of the manufactured

products. The three main systems currently used are:

e Good Manufacturing Practices: they indicate the working conditions and
procedures which, on the basis of long experience, have proven to offer
high quality and safety;

® Hazard Analysis Critical Control Points: this is a recently proactive
technique, focused on the assessment of potential problems. It provides
the control during the production process instead on the final product;

® Quality assurance standards: compliance with the standards set by the
International Standards Organization (ISO 9000) and the European
Standard (ES 29000) ensures that food industries, catering companies
and other companies operating in the food sector comply with
established procedures. The effectiveness of these programs is regularly

analyzed by external experts.

Some cases of secondary contaminations from metals are cited in the literature:
at the beginning of 1900 in Britain, there was a poisoning of about 6000 people
due to the use of arsenical pyrite, usually employed for the production of
sulfuric acid, for the hydrolysis of starch in the beer production; while in 1955 in
Japan, another arsenic poisoning occurred when about 12000 children ingested
sodium phosphate-stabilized baby products obtained as a by-product from the
aluminum production industry. In the 1970s, in Iraq, wheat treated with
mercurial compounds to preserve them from fungal attacks were used for bread
making, causing thousands of cases of intoxication, about a hundred of which

turned out to be mortal. Other problems occurred in foodstuffs with acidic pH,
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such as carbonated drinks: the zinc present in the galvanized containers was
transformed into its soluble salts and then ingested with the drink. Similar
problems were found with tin present in the welds of tin plated cans: due to the
low pH, tin can be abundantly released into the food or beverage altering the
organoleptic characteristics without causing problems of health origin.

Lead contamination is probably the most common and famous. As evidenced in
Table 4.2, exposure to lead can cause neurological, hematological, renal, liver,
and kidney diseases [4]. The use of gasoline containing tetracthyl lead, as an
anti-knockdown agent, characterized the last century and led to the diffusion of
lead in the atmosphere to levels never achieved before. Fortunately (but, almost
always, for other reasons), the list of countries that have banned the use of
tetraethyl lead in gasoline is continually lengthening: currently about 80% of the
fuel circulating in the world is of the type, so called, "Green", i.e. without lead.
Between the 80s and the 90s, it was calculated that the emissions of this element
have been reduced by two thirds, due not only to the transition to green gasoline,
but also to the optimization of incineration treatments, water purification
technologies, and the progressive reduction of the use of lead in paints and
batteries. Despite the significant reduction of the lead emission, it continues to
be present in the environment owing to the high quantities emitted in the past.
Another very dangerous source of contamination is due to lead in water pipes:
for instance, lead is added as a stabilizer to PVC. Urban environments are highly
exposed to lead contamination: it has been extensively used as building material
for pipes and as fitting material and as active material in the battery industry.
The main lead contamination comes from the old pipes for drinkable and
wastewater, made by lead: depending on different parameters, like pH,
temperature or mineral content, these pipes can release lead into the water. For
this reason, the Safe Water Drinking Act imposed the maximum amount of lead
in the pipes system to 0.25% of all the pipes system, including pipes, pipes

fitting and solders [7].
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Mercury is probably the most dangerous one because a short exposure to low
concentration can cause problems to brain, heart, kidney, lungs and immune
system [8]. The world’s health organization (WHO) recognizes mercury as one
of the ten most dangerous chemical for human health [8]. Mercury pollution is
due to several sources: it naturally exists in coal, so all the coal-fired power
plants are a huge source for mercury pollution [9]. For the same reason, it is
possible to have a mercury leakage from cement kilns. Furthermore, different
chemical plants (bleach, PVC and so on) use mercury as a reagent, essentially as
a catalyzer, producing huge amount of mercury waste that can pass directly into
the environment if not properly treated. Last but not least, huge amount of
mercury is used for gold extraction: the Environment Protection Agency (EPA)
stated that more than 11.5tons per year of mercury waste are produced from
gold mining [10]. Mercury is an excellent example of biomagnification: once
introduced into the environment through vapors or waste liquids, it contaminates
soil, passes into the groundwater where enters into the food chain. The toxicity
of the mercury is greatly amplified by the bacteria that inhabit the water and the
intestinal microflora of many animal species, including fishes. These
microorganisms transform inorganic mercury into its organic forms, among
which the most widespread and dangerous is methylmercury. The high
liposolubility gives these compounds the ability to trace the food chain,
accumulating mainly in the nervous tissue of smaller fishes, which in turn
transmit it to their predators. Thus, in general, the greater the size of the fish and
the greater its mercury content. In this context, it is worth mentioning what
happened in Japan in 1952: large amounts of waste containing mercury were
released in the Bay of Minimata since 1932. The accumulation in marine
creatures determined the entry of mercury into the food chain of the inhabitants
of the bay and in 1952, the first case of poisoning appeared. A total of 500 cases
were ascertained in the 1950s, all of them fatal. Between 1971 and 1972 in Iraq,

there were 6530 hospitalizations with 4599 deaths due to the consumption of
88



contaminated fish. Finally, again in Japan, in the city of Nijgata, at the end of
the 1970s, there was another case of mercury contamination contained in fish.
Despite copper is an essential element for human body, high levels of copper are
dangerous for humans causing hepatitis, jaundice and liver diseases [5]. The
main copper pollution source is the mining of Cu containing earths. During this
process, powders containing copper compounds, like sulfide, are produced.
These compounds tend to oxidase in contact with air producing sulphate salts,
which are highly soluble in water, so releasing copper into the environment [11].
Copper is used for fabrication of electrical equipment (60%). In the construction
field, copper is used for roofs and plumbing (20%), and for heat exchangers
(15%) and alloys (5%). Even in agriculture, it is widely used, because it is
contained in the formulation of some plant protection products. Copper is ideal
for electrical connections, because it is easily machinable, can be extruded in
wires and has a high electrical conductivity. Copper production is constantly
growing in the world, and consequently its diffusion in the environment is
constantly increasing: there is continuous deposition of contaminated sludge in
rivers owing to the discharge of wastewater containing copper. Even in the air,
the presence of copper has increased due to the use of fossil fuels. Because of
precipitation, copper is deposited in the soil, from which it can be absorbed by
plants where it can accumulate even in large quantities. In heavily contaminated
soils, only a few plants survive: this is why copper contamination of the soil
poses a serious threat to agricultural land. The absorption by the plants of this
element causes its intake by their consumers and therefore, enters into the food
chain directly, if the primary user is the man, or indirectly, if the plant is used as
fodder in animal husbandry.

The EPA settled the maximum concentration of these metals in drinking water
as 2 ppb for mercury, 15ppb for lead and 1.2ppm for copper [12]. Considering
all these hazards, the detection of heavy metals in water samples is of great

urgency and importance. The most commonly used techniques for this purpose
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are the Atomic Absorption Spectroscopy (AAS), Graphite Furnace Atomic
Absorption Spectroscopy (GFAAS) and Inductively Coupled Plasma Mass
Spectroscopy (ICP-MS). They are highly efficient in terms of sensitivity,
selectivity, LOD and accuracy, but they have different drawbacks: first of all,
they are extremely expensive due to both equipment and operational costs,
require highly skilled personnel, are time consuming and, above all, these are
big machines that cannot be used for in situ and real time analysis [4].
Electrochemical methods, like Cyclic Voltammetry (CV), Differential Pulse
Voltammetry (DPV), Square Wave Anodic Stripping Voltammetry (SWASV),
are perfect candidates for the analysis of trace heavy metals, being highly
sensitive and selective. Furthermore, electrochemical sensors based on
nanostructures or nanomaterial, provide brilliant performances, similar to the
classical analytical methods, mostly due to the high surface area of the
electrodes. In addition, electrochemical sensors based on nanostructured present
the advantages of miniaturized dimensions, low power consumption, friendly
use. Besides, they can also be used in situ and for in real-time analysis, so
overcoming most of the drawbacks of the current detection methods [13-14].
Electrochemical sensing techniques for detection of heavy metals is suggested
by US-EPA [8], confirming the big advantages of such techniques. In the last
years, different materials, like polymers [15-16], metals nanostructures [17-18],
DNA and enzyme-based electrodes [19-20], carbon [21-22], together with
different electrochemical methods (SWV, LSV, DPV) [23-24-25] have been
investigated, achieving very low LOD. Among these methods, stripping
methods are preferable because of the high sensitivity due to the pre-
concentration step [26].

Li et al. [18] made an extensive and excellent study on heavy metals detection
by different techniques, including electrochemistry. In this study, it is easy to
understand the importance of the electrode size. They cite Lee et al.[27] about

the development of an electrode made of Bismuth NPs and they found that the
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LOD highly depends on the NPs size, moving from 2 ppb with a bulky electrode
to 0.51, 0.32 and 0.17 ppb using smaller and smaller NPs. In the same review, Li
et al. focus the attention on the effect of the active material. Carbonaceous
materials, such as Carbon NTs, and graphene are good materials for this goal
because are able to sorb heavy metals [28]. On the other hand, carbon NTs are
hydrophobic and suffers of high background current, therefore, they are often
modified with different compounds, such as epoxy [29] or hiacalixarene [30].
They also focus on gold based electrode: nano-sized gold sensing electrode can
improve the features of glassy carbon electrodes, eliminating the memory effect,
and improving the LOD towards mercury and arsenic of one order of magnitude
[31-32]. Furthermore, using gold based electrodes, Under Potential Deposition
(UPD) can take place. This phenomenon is of advantage because allows to reach
really low LOD. During the pre-concentration step, heavy metal ions deposit on
the surface of the electrode: at the beginning of the deposition, a bond between
the active material of the sensing electrode and the metal has to be created
while, when the first layer of metal has been deposited, a metal-metal bond has
to be formed. If the affinity of the metal is higher with the electrode than with
itself, UPD occurs. In this way, two different stripping peaks will appear: one
due to the stripping of the bulky deposited metal and the other one due to the
stripping of the first metal layer. This second peak is highly sensitive and can be
used to detect low concentration of metals. This phenomena has been
extensively studied [33-34] and occurs in detecting lead [35-36], mercury [37],
copper [38] and zinc [39] by gold based electrodes.

Many heavy metal ions can selectively bond with certain DNA bases and form
stable base pairs that sometimes are even stronger than the Watson-Crick pair.
For example, mercury can interact with two thymine (T) bases [19]. Taking
advantage from this effect, it is possible to detect mercury using different
techniques based on optical [40], fluorescent [41], calorimetric, [41] and

electrochemical properties. Zhang et al. modified a glassy carbon electrode with
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reduced graphene oxide and DNA, fabricating probes for mercury detection
which reached a LOD of 1 ppb with a linear range up to 200 ppb, using
[Ru(NH;)e]*" as indicator [42]. Wu et al. used the same indicator and the same
electrochemical technique for reaching a LOD of about 50 ppt using gold as
substrate [43]. This approach is very interesting because it provides low LOD
with a good selectivity but, on the other hand, it suffers of all the drawbacks of
the biosensors discussed in Chapter 2.

Microbands Arrays Electrodes (MAE) have been widely studied due to the
properties of microelectrodes, such as high mass transport, high current density
and low ohmic drop. The main problem in the working with microelectrodes is
the low current due to the small surface area. In order to overcome this problem,
a MAE contains different parallel microbands that allow to increase the current
and maintain the characteristics of micro-sized electrode[44]. Zhao et al. [45]
developed a gold based MAE with a 45 um gap to detect copper, zinc, cadmium
and lead. They found that the bare MAE is not able to detect zinc and cadmium.
Therefore, a thin film of mercury has been deposited on the Au-MAE to
increase the sensitivity of the electrode, so they were able to detect cadmium,
lead and copper up to 0.3 ppb, 1 ppb, 1 ppb, respectively. Despite the good
results, this technology is not suitable for in-situ analysis due to the presence of
a highly toxic material such as mercury. Zaouok et al. [46] developed a new
generation of MAE sensing electrodes cutting a Screen Printed Carbon slice to
fabricate a single microband electrode, 20pm width and 1.2mm long, for
cadmium detection. The carbon microband electrode was covered with a thin
film of bismuth to increase the sensitivity of the electrode. A LOD of 1.3ppb
was achieved.

Metal oxide based electrodes have attracted great attention because they have
unique optical, electrical and molecular properties and can be easily
functionalized [47-48]. The electrochemical performance of an electrode highly

depends on the nature of the materials. Various metal oxide based electrodes
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with different morphologies and sizes have been investigated as sensing
materials [49]. Wu et al. modified a GCE with chitosan and copper oxide
nanoparticles and they were able to detect mercury ions at almost neutral pH
reaching a quiet high LOD of 0.2 ppm [50]. This high LOD is probably due to
the high pH that doesn’t allow a proper dissolution of the mercury salt. Nickel
oxide is a cheap material, easy to obtain from a nickel substrate and is
environmental friendly. Due to these properties, nickel(I) oxide electrodes have
been largely investigated in the last years as catalysts [51], supercapacitors [52]
and active material for electrochemical sensing [53-54]. Again Wu et al.
calcinated a Ni(OH), nano-sheet and obtained a NiO mesoporous electrode,
which was used to detect mercury at neutral pH, achieving a LOD of 160 ppb
[54]. A LOD of 50 ppt has been achieved by Armas et al.[53] modifying a
screen printed carbon electrode with polystyrene sulfonate-NiO and carbon
nanopowder, and working in a solution at pH 2.7, so demonstrating that metal
oxide based electrodes, especially nickel oxide, can be used to detect selectively
low concentration of mercury.

The main drawback of these techniques is the necessity to use solutions at acidic
pH, between 1 and 4 (depending on the active material and analyte), so that acid
has to be added to the solution. Consequently, the use of such sensing electrode
for in-situ and real time analysis is questionable.

When an anodic potential higher than the thermodynamic value is applied to an
electrode in contact with an aqueous electrolyte, the secondary reaction of

oxygen evolution will occur according to

2H,0 = 0, +4H" + 4e”
REACTION 3.1 OXYGEN EVOLUTION REACTION

Due to this reaction, O, and H' are produced at the electrode/electrolyte

interface and the local pH decreases. Read et al. took advantage of such reaction
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to detect mercury ions in water by using a Boron Doped Diamond (BDD) ring
electrode [55]. The sensing electrode was made of two concentric BDD rings
with a gap of 440pum. The external electrode generated H', decreasing the local
pH, while the internal one was used as a sensing, using a stripping method.
Since pH was locally adjusted, it was possible to operate with a solution at
neutral pH.

Table 4.3 summarizes most of the examples reported above.

TABLE 4.3. EXAMPLES OF ELECTROCHEMICAL SENSORS AND BIOSENSORS FOR HEAVY METALS *Not

STUDIED, **RIVER WATER

Metal LOD-ULR Dep. Time PH Real Sample
Bi-NPs [27] Zn 0.6-50 ppb 10 min 5 N.S*
Cd 0.1-50 ppb
Pb 0.17-50 ppb
rGO-AgNPs[56] Pp 28-500 ppb 150 sec 5 N.§*
Cd 28-390 ppb
Cu 11-220 ppb
Hg 55-600 ppb
GCE-DNA [42] Hg 0.5-200 ppb 40 min 7.4 sewage
Au-DNA [43] Hg 0.05-0.2 ppb 60 sec 7.2 N.S. *
Au-NPs [57] Cd 0.1-2.7 ppb N.S. * N.S.* N.S. *
Hg 0.1-2.7 ppb
Pb 0.1-2.7 ppb
Au/Hg-MAE [45] Cd 0.3 ppb 120 sec 4 N.S. *
Pb 1 ppb
Cu 1 ppb
C-MAE [46] Cd 1.3-45 ppb N.S. * 4.5 RW **
Cu0 [50] Hg 0.2-40ppm N.S. * 6 N.S. *
SPCE-NiO [53] Hg 0.05-2 ppb 300 sec 2.7 RW **
BDD [55] Hg N.S. * 60 sec 6 N.S *
NiO Thin Film Hg 0.5 ppb 12 min 3 Tap Water
(this work)
Au Microbands Hg 1-75 ppb 3 min 6 RW **
(this work) Pb 10-100 ppb
Cu 1-100 ppb

Steroglass and Metrohm already developed two commercial devices of
electrochemical sensors for heavy metal, that are available in the market. The
Steroglas device (Figure 4.1 A) is made of glassy carbon as a sensing electrode
and is able to detect many metals (Zn, Al, Cd, Co, Ni, Hg, Cu, Pb, Sn) with limit
of detection of about 0.1 ppb depending on the matrix, but is able to analyze
many liquids, from milk to wine, from water to oil. The whole analysis requires

just some minutes and the sample does not has to be pre-treated. Furthermore, it
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is quiet small (20%*23*35 cm) and light (less than 10 kg), therefore, it can be
moved from lab to lab even if it needs an external power supply [58]. The
Metrohm (Figure 4.1 B) sensor [59] is able to detect copper, mercury and
arsenic with LOD of 500 pt. It can also work with different water matrixes (tap,
drinkable, river, lake and sea water). It is smaller and lighter than the Steroglass
device and it can work with an external battery, making possible to work in-situ.
Furthermore, in the case of As, it is able to distinguish between different
oxidation state (As(III) and As(V)): this is very important because As(IIl) is a
very unstable compound and could be easily oxidized if the sample should be

transported to a laboratory

FIGURE 4.1 STEROGLASS (A) AND METROHM (B) ELECTROCHEMICAL DEVICES FOR HEAVY METAL
DETECTION

During my Ph.D, I developed two different sensing electrodes for heavy metals
detection: a nickel oxide based electrode (either thin film or nanostructured) for
mercury detection and an interdigitated gold microband electrode for copper,
lead and mercury detection. The activity on Ni oxide has been carried out at the
Applied Physical Chemistry Lab of University of Palermo, under the
supervision of Prof. Carmelo Sunseri, Prof. Rosalinda Inguanta and Prof.
Salvatore Piazza, while the other one has been carried out at Tyndall National
Institute, Cork, Ireland, in the Lab of Nanotechnology, supervised by Dott.

Alan O’Riordan and Dott. Pierre Lovera
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4.2 Nickel oxide based electrode for mercury
detection

4.2.1 Experimental

Sensing electrode synthesis and characterization

Fabrication of NiO thin film and synthesis of NiO@Ni NWs was performed
by annealing in an air oven of either a commercial Ni foil (Alfa Aesar
Product, 127um thick, purity higher than 99%) or pre-synthesized Ni NWs,
respectively. Even electrochemical oxidation of the nickel substrate was

investigated using a solution of 1M KOH or borate.

In order to obtain a thin film of nickel oxide, a commercial nickel foil has

been annealed as bought, without any pre-treatment.

Prior to synthesize Ni NWs, a Ni current collector was deposited on one side
of a polycarbonate membrane (the same procedure like Chapter 3) at a
constant potential of -1.25V (vs. SCE) using the typical Watt’s solution (300
g/l of NiSO4°6H,0, 45g/1 of H;BO3 and 45g/1 of NiCl,). Then, Ni nanowires
deposition was carried out applying pulsed potential between the open
circuit potential and -1.5V (vs SCE) for 90 cycles [60]. Also in this case, the
precursor solution was the Watt’s bath. After deposition of the
nanostructures, the template was dissolved in pure di-chloromethane in order
to expose the nanowires, in the same way used to grow Pd and Cu

nanostructures of Chapter 3.

Mohanty et al. [61] obtained 200nm of NiO NPs after 3-6 hours of annealing
at 500°C . On the other hand, Valladares et al. [62] showed that just 3 hours

of oxidation at 350°C were enough to obtain nickel (II) oxide from a
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commercial nickel foil. Because of this discrepancy, in this work, Ni foil
was oxidized for 120 min at three different temperatures (350°C, 500°C and
700°C) and successively characterized by XRD, using a RIGAKU X-ray
diffractometer (model: D-MAX 25600 HK), and SEM, using a FEI FEG-
ESEM (mod. QUANTA 200) equipped with a detector for EDS (Energy
Dispersive Spectroscopy). XRD patterns were obtained in the 20 range from
10° to 100° with a sampling width of 0.004° and a scan speed of 3 deg./min,
using Ni-filtered Cu Ko radiation (A= 1.54 A). Diffraction patterns were
analyzed by comparison with ICDD database (International Centre for

Diffraction Data, Power Diffraction File (2007), Pennsylvania USA).

Electrochemical measurements

The procedure for revealing Hg®" ions consists of two successive steps, as
described in Chapter 2. Briefly, Hg is initially potentiostatically deposited on
NiO electrode, and then, it is polarized through square wave voltammetry,
recording the current response, and, in particular, the current stripping peak
due to Hg dissolution. Through a calibration curve, the stripping current
intensity can be correlated to the Hg*" concentration in solution. NiO works
as a cathode during the enrichment step (first step), while, it works as an
anode in the second step (SWV). The first step is very challenging because
NiO is a p-type semiconductor therefore it tends to block cathodic current.
For a correct working as a sensing element, it has been necessary to find a
satisfying value of NiO thickness, which was sufficiently thin to avoid block
effects in working as a cathode, and significant ohmic drop in working as an
anode, and also, sufficiently high to avoid fast dissolution under repeated
SWASYV cycles, due to the low pH. In order to achieve this challenging
compromise, two annealing times were investigated: 15 and 120 minutes,

finding the second one as the best. After annealing, NiO@Ni was sealed
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with an insulating lacquer to expose a NiO geometric area of about 0.1 cm?
that was tested as an electrochemical sensing for mercury ions.
Electrochemical experiments were conducted in a 50ml three-electrode cell,
where NiO@Ni was the working electrode, a Pt mesh was the counter
electrode, and Ag/AgCl worked as a reference electrode. HgCl, solution was
used as an analyte (solution containing the substance to be measured), which
was buffered with citric acid and Na,HPO, in different ratio depending on
the desired pH and was stirred at 600 rpm during deposition. Both deposition
and square wave polarization parameters, such as deposition potential and
time, frequency, potential step increment and duration were changed in a
large range in order to find the best combination giving the highest stripping
peak current. After optimization of the different parameters, a calibration
curve was established, in order to find sensitivity and LOD that are the key
features of a sensor. For reliability purpose, the calibration curve was
repeated for 3 times, at least, and the results here presented are averaged on

3 determinations.

Selectivity tests were carried out against copper, zinc, cadmium and lead

ions in a concentration at least 10 times higher than the mercury one.

Real samples analysis

Two kind of real samples were tested: tap water from a public fountain of
undrinkable water in Palermo and sea water from Mondello beach, Palermo.

Prior to test, the samples have been acidified to pH 3 by nitric acid.
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4.2.2 Results and discussion

Electrode synthesis and characterization

Features of NiO thin film as a sensing material depend on the quality of the NiO
film, in particular, on annealing time and temperature. NiO is a p-type
semiconductor with a resistance of 105 MQ [61]. For electrochemical
measurements, a good electrical conductivity is mandatory; consequently, it is
very important to select a configuration where pure Ni allows easy electron flow
to nickel oxide that is the active material for detection of the mercury ions.
Besides, NiO is quite soluble in acid medium, therefore it is important to have a
thickness sufficient to evenly cover the Ni substrate during electrochemical
measurements. In order to achieve this goal, it is very important to control the
thickness of the NiO produced. The first attempt to obtain NiO@N:i electrodes
was to electrochemically oxidize the nickel substrate in an alkaline solution.
Different papers suggest to use either KOH or NaOH solution to oxidize Ni in
NiO or Ni(OH), or in the oxihydroxy form [63-64-65-66-67].

A constant potential of -0.1 V vs Ag/AgCl was applied for 2h and the i-t curve is
shown in Figure 4.2 together with SEM analysis.
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FIGURE 4.2 A): I-T CURVE DURING ELECTROCHEMICAL OXIDATION OF NI FOIL; B) AND C): SEM
IMAGES OF NI FOIL AFTER ELECTROCHEMICAL OXIDATION
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The current of Figure 4.2A is always positive (oxidation current) and noisy,
suggesting that the process doesn’t reach a steady state. Furthermore, SEM
images of Figure 4.2B and C show that the oxidation did not happen, or the
thickness of the oxide/hydroxide film is too thin. Indeed, the low magnification
picture (Figure 4.2B) shows that the morphology of the electrode is still the
same of the bare nickel foil. At higher magnification (Figure 4.2C) some small
dots are visible, but the film is not uniform enough. Therefore, the electrolyte
was changed from KOH to Na;BO4 but the results were still not satisfying
(morphology not showed). We do think that electrochemical techniques were
not suitable for this application, where a thick layer is mandatory, and so we

gave up and we tried to obtain a NiO@Ni1 using a thermal process.

In this case, the NiO thickness depends mostly on temperature and time. If the
temperature is not in the right range, other kinds of nickel oxides can be
produced (like Ni,O3 of NiO,). In addition, by adjusting the oxidation time, it is
possible to control the oxide thickness that must be adequately thin in order to

have an efficient transport of electrons.

Figure 4.3 shows XRD patterns of Ni foil annealed in different conditions. For

comparison, the pattern of a not annealed Ni foil is also shown.
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FIGURE 4.3 XRD PATTERN OF A PURE NI FOIL (BLACK CURVE) AND ANNEALED AT 350, 500 AND
700°C
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Figure 4.3 shows that the lowest temperature leading to visible formation of NiO
is 350°C, but the kinetics of the process at this temperature is so slow that after a
period of 120 minutes of annealing, the NiO peak was very weak. On the
contrary, as annealing was conducted at 700°C, the Ni oxidation was very
severe with formation of other oxidized species. The best annealing condition
was found to be 120 minutes at 500°C, because the morphological analysis (see
below) together with the successive tests as a sensor showed that NiO film
thickness grown at 500 °C for 120 minutes is the best compromise between
electrical conductivity and stability under SWASV. Only one NiO peak is
shown in Figure 4.3 because the 20 scale has been limited to a narrow interval
for clarity purpose. Figure 4.4 shows three SEM images of a NiO surface after
Ni oxidation (nickel foil) at 500°C for 120 minutes, and EDS analysis. For

comparison, also the morphology of the nickel foil annealed at 700 °C is shown.

FIGURE 4.4 SEM IMAGES OF NI FOIL ANNEALED FOR 2H AT 700 °C A), B); AND 500 °C C), D); E):
EDS ANALYSIS OF NI FOIL ANNEALED AT 500 °C; F): CROSS SECTION VIEW OF NI FOIL ANNEALED AT
500 °C
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Figure 4.4 A, and B show the morphology of the electrode annealed at 700°C. It
is clear that the electrode is not uniform, having different cracks (Figure 4.4A)
and exposing Ni substrate (Figure 4.4B). On the contrary, the electrode annealed
at 500°C looks much more uniform (Figure 4.4C) and, despite some cracks are
still visible, these are not deep enough to show the substrate (Figure 4.4D). The
ridges visible in the micrographs, likely, reproduce the initial Ni surface, so
indicating that the film is thin. EDS analysis of Figure 4.4E confirms the
presence of an oxide layer by the presence of the oxygen peak that is absent
when the bare nickel foil has been examined (not showed) and confirms also the
purity of the NiO based electrode. Figure 4.4 F shows the cross section view of
NiO grown at 500 °C having a thickness of about 1pm.

Ni NWs has been fabricated using the same procedure to grow Cu and Pd
nanostructures described in Chapter 3. Figure 4.5 shows SEM images of Ni

NWs before and after the annealing (500 °C for 120 minutes).

FIGURE 4.5 SEM IMAGES OF NI-NWSs BEFORE (A) AND AFTER 120 MINUTES S OF ANNEALING AT
500 °C (B)

Figure 4.5 shows that as prepared Ni NWs are smooth and uniform in length

while, after annealing, are rough and some heads stuck together.
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XRD and EDS analysis of this electrode are similar to the NiO thin film,
therefore are not shown. The conductivity of this electrode was really poor
probably because the diameter of the NWs is of about 220 nm, therefore, 120
minutes of annealing might be excessively long. In order to improve electrode
conductivity, Ni-NWs has been annealed for 15 min. By this way, the electrode
conductivity was enhanced without variations in the morphology and XRD/EDS

spectrum ( see Figure 4.6)

FIGURE 4.6 SEM IMAGES OF NIO@ NI NWSs ANNEALED AT 500 °C FOR 15 MIN

Electrochemical tests

For testing the NiO sensing performance in detecting Hg*" ions through the
SWASV method, different parameters were investigated according to Armas et
al. [53]. Figure 4.7 shows the influence of analyte pH (A), and Hg deposition
potential (B) on SWASW curves of a NiO thin film thermally grown at 500 C°

for 120 minutes. The graphs show the mean value of the #3 samples.
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FIGURE 4.7 EFFECT OF PH (A), AND DEPOSITION POTENTIAL (B) ON STRIPPING PEAK OF 4 PPM OF
MERCURY IONS

We have prepared different buffered solutions of citric acid and Na,HPO,.
Figure 4.7A shows that the current peak at 0.45 V increases as pH
diminishes according to Pourbaix’s Atlas [68]. The optimum pH for
detecting Hg was estimated to be 3 because NiO is unstable at lower pH and
tends to dissolve.

Therefore, the deposition potential of Hg on NiO was investigated at pH 3. In
detail, deposition was conducted at different potentials for 3 minutes from a
solution containing 4ppm of Hg*". After deposition, the sensing element was
polarized through SWASV, and the current vs. potential curves showed in
Figure 4.7B were recorded. It can be observed that the stripping current peak at
0.45 V is almost constant in the interval from — 0.4 to -0.8V, while the stripping
peak for deposition at -0.2 V is shifted at a few higher potential with a lower
intensity. When deposition was conducted at a so high potential as -1.2 V,
likely, the reduction of H" ions strongly interfere with Hg”" ones lowering Hg
mass deposited on NiO. As a consequence, the stripping peak was weaker.
According to these findings, -0.4 V was selected as the best deposition potential,
because the lower potential guarantees higher selectivity of deposition and

higher lifetime of the NiO film.
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Figure 4.8 shows the effect of the step frequency, amplitude, and potential on

mercury detection.
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FIGURE 4.8 INFLUENCE OF FREQUENCY (A), POTENTIAL STEP (B), AND STEP AMPLITUDE (C) ON
STRIPPING PEAK OF 4 PPM OF MERCURY IONS

It can be observed that the frequency and potential step have a huge effect on the
stripping peak, while step amplitude does not affect. In detail, frequency higher
than 60 Hz and step amplitude higher than 0.06 V start to distort the signal,
making it impossible to be read.

Figure 4.9 shows the influence of deposition time on SWASYV curves.
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FIGURE 4.9 INFLUENCE OF DEPOSITION TIME ON STRIPPING PEAK OF 4 PPM OF MERCURY IONS
The deposition was conducted at -0.4V from a 4ppm Hg solution, at pH 3.
According to the literature [69], the SWASV peak current vs. deposition time
should be a sigmoid that reaches a plateau when the electrode surface is totally
covered by the analyte. Figure 4.9 shows that after 350s of deposition at -0.4V,

the peak current doesn’t increase anymore, therefore this time was considered as
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the optimum one. Table 4.4 summarizes the optimized values of operational

parameters controlling the analytical determination of Hg traces in water.

TABLE 4.4 OPTIMIZED PARAMETER VALUES FOR ELECTROCHEMICAL DETECTION OF MERCURY IONS BY
NIO@NI FoIL

Parameter Selected as an optimization
pH 3
Deposition potential -0.4 vs Ag/AgCl
Frequency 50 Hz
Step Amplitude 60 mV
Step Potential 1 mV
Deposition time 350 sec

Sensor calibration line was established by applying these parameters. Different
HgCl, concentrations, from 6ppb to Sppm, were investigated, and curves
relative to only six concentrations are shown in Figure 4.10, for the sake of

clarity.
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FIGURE 4.10 CALIBRATION LINE OF NIO@NI SENSING ELECTRODE FOR MERCURY IONS DETECTION,
AND INFLUENCE OF MERCURY CONCENTRATION (INSETS) FROM 6 PPB TO 2 PPM
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Figure 4.10 shows a linear dependence of the peak stripping current on mercury
concentration in a range from 15ppb to 1.8ppm with a sensitivity of 1.1pA ppb™
cm™ and a limit of detection (LOD) of 4.4ppb. In order to reach a LOD lower
than 2ppb (EPA limit), the deposition time was increased to 12 minutes with 0.5
to 30 ppb of Hg **. Figure 4.11 shows the stripping steps in this condition and a
peak of 20pA appears for 0.5 ppb.
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FIGURE 4.11 INFLUENCE OF DIFFERENT CONCENTRATION OF MERCURY (FROM 0.5 TO 30 PPB) AFTER
12 MINUTES OF DEPOSITION
Therefore, it is possible to use faster or slower deposition times, for higher or

lower concentration of analyte, respectively. Using NiO@Ni-NWs sensing
electrode annealed for 15 min, the peak current for 3ppm of mercury is smaller
than that one obtained with the thin film electrode (Figure 4.12), even if the
current baseline decreased from 190 to 31 pA, and the peak appears better
structured. Likely, the weaker peak due to Ni@NiO NWs in comparison with
flat NiO sensing electrode can be attributed to the excessive oxide thickness of

the core-shell NWs.
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FIGURE 4.12 STRIPPING PEAK OF 3 PPM OF MERCURY ION AFTER 6 MINUTES OF ACCUMULATION ON
A NIO@NI-NWSs SENSING ELECTRODE ANNEALED FOR 15 MIN

This hypothesis is confirmed by Figure 4.13, which shows the stripping step
of 3ppm of mercury, in the same condition of Figure 4.12, but using an

electrode annealed for 120 minutes.
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FIGURE 4.13 STRIPPING PEAK OF 3 PPM OF MERCURY AFTER 6 MIN OF ACCUMULATION ON A
NIO@NI NWSs ELECTRODE ANNEALED FOR 120 MINUTES

Despite the high mercury concentration (3ppm), a small peak is present,
located at above 0.35 V vs Ag/AgCl. This suggests that the annealing time,

and therefore the NiO thickness, has a huge effect on mercury detection.
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Anyway, this behavior is still under study, but we think that it is possible to

increase the peak current by a proper decrease of the oxidation time.

Selectivity tests

Selectivity tests were carried out against copper, lead, cadmium and zinc. Figure
4.14A shows the stripping step of 50 ppb of mercury deposited for 6 minutes in
the presence of 50 ppb of the other heavy metals. Figure 4.14B shows the result
of the same test conducted with 500 ppb of the interfering ions.
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FIGURE 4.14 INTERFERENCE OF 50 PPB (A) AND 500 PPB (B) OF COPPER, LEAD, CADMIUM AND
LEAD ON THE DETECTION OF 50 PPB OF MERCURY

Figure 4.14 shows a slight increase in the mercury peak current (12%)
demonstrating that the electrode is quite selective towards these chemicals.
Furthermore, the peak of copper is clearly present, suggesting that it is possible

to use this sensing electrode for copper detection as well.
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Real samples analysis

In order to evaluate the ability of the sensor to work with real samples, two
different water samples were collected and tested after acidification to pH 3 with
nitric acid. Sea water from Mondello beach, Palermo, Italy, was collected. Using
this sample, mercury detection was not possible because the NiO layer, after
polarization, immediately dissolve and a huge peak at 0.25V vs Ag/AgCl
appears, probably due to the uncovered Ni exposed to the solution, even in the
absence of externally added mercury (Figure 4.15). We think that this

phenomena could come from the high content of chlorine of the sea water.
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FIGURE 4.15 ANALYSIS OF SEA WATER FROM A MONDELLO BEACH, PALERMO, ITALY

Undrinkable water from a public fountain of Palermo, Italy, has been collected
and tested, after acidification. In this case, mercury detection worked properly as
shown in Figure 4.16, confirming that the failure with the sea water was due to

the high chlorine content.
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FIGURE 4.16 ANALYSIS OF UNDRINKABLE WATER FROM A PUBLIC FOUNTAIN OF PALERMO

When the sample was tested, after 6 min of deposition, a flat CV curve has been
obtained (black curve of Figure 4.16), suggesting that mercury was absent or
below the LOD of the sensing electrode. We tried to deposit for 12 min as well,
but the curve was still flat (not shown). When 20 and 40 ppb of copper were
added, a peak appears proportional to mercury concentration. The results in

terms of recovery are shown in Table 4.5.

TABLE 4.5 RECOVERY ANALYSIS OF FIGURE 4.16

Mercury Added (C,) Mercury Found (Cy Recovery (C,/Cy *100)
0 0 -
20 ppb 18 ppb 90%
40 ppb 44.7 ppb 111%

The results show that the sensing electrode is able to work with this kind of
water sample even if an error of about 10% is obtained using the calibration line
of Figure 4.10. This error could be due to a matrix interference therefore, a new
calibration should be done in order to eliminate the error, using the sample

instead of the buffer solution.
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Comparison with the literature

According to these findings, it can be concluded that NiO based sensing

electrode can be efficiently used for mercury detection. Its performance is

excellent in comparison with other nickel oxide based electrodes as shown in

Table 4.6. Since few researches have concerned nickel oxide as working sensing

electrodes, other types of electrodes with similar morphology (metallic thin

film) are shown in Table 4.6.

TABLE 4.6 COMPARISON OF SENSING BEHAVIOR OF DIFFERENT THIN FILM ELECTRODES FOR MERCURY

DETECTION
Electrode material and Deposition time | Linear Range | Ref

morphology ( sec) (ppb)
Ir microdisck 360 1-9 [70]
SPCE-Au thin film 60 1-1000 [71]
GCE-Bi thin film 300 0.001-0.01 [72]
NiO-Carbon Nanopowder 300 2-75 [53]
Mesoporous NiO N.S. 160-10° [54]
NiCo,04 180 160-560 [73]
NiO thin film 360 6-1800 This
720 0.5-30 work
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4.2.3 Conclusions

For the first time, it has been shown that NiO film thermally grown on Ni can be
used as a sensing element for detecting Hg®" in water by square wave anodic
stripping voltammetry [60]. Ni was oxidized in air at 500°C for 120 minutes
leading to a NiO film thickness of about 990nm suitable for the desired purpose.
The optimization of the sensing process parameters using a 4ppm analyte
concentration gives a straight calibration line from 15ppb to 1800 ppm with a
LOD of 4.4 ppb. The possibility to decrease the LOD by increasing deposition
time was confirmed by a deposition time of 12 minutes, so detecting as less as
500 ppt. The NiO based sensing electrode is also selective for mercury
detection, having a deviation of about 15% when 500 ppb of copper, zinc, lead
and cadmium are present all together. Additionally, the sensing electrode can
also detect mercury in a real undrinkable water sample without any issue. In
addition, 1-D nanostructured NiO@Ni NWs were synthesized and tested
showing a more sharped peak with a lower baseline. Anyway, the optimization
of this sensing electrode is still under study but we think that, due to the higher

surface area, it should be possible to drastically decrease the LOD of the sensor.
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4.3 Gold microband array for mercury,
copper and lead detection

4.3.1 Experimental

Electrode Fabrication

On-chip device formed by i) an interdigitated gold nanowire electrode array, ii)
a gold counter, and iii) a platinum pseudo-reference electrode was fabricated
using a combination of electron-beam and photolithography processes on
Si/Si0; substrates as described in detail previously [74]. In brief, interdigitated
gold microbands were patterned in resist by direct beam writing and metal
evaporation (Ti/Au 5/50 nm) followed by standard lift-off techniques.
Alignment marks were patterned along with this first metal layer to facilitate
accurate positioning of subsequent optical lithography masks. Similarly,
photolithography, metal evaporation (Ti/Au 10/90), and lift-off procedures were
then employed to overlay electrical interconnection tracks including peripheral
probe pads. Two macroscale gold electrodes were also deposited during this
process. A further metal deposition step (Ti/Pt 10/90 nm) onto one of these
macroscale electrodes was conducted to create an on-chip pseudo-reference
electrode. Finally, a silicon nitride passivation layer (500 nm thick) was
deposited to passivate the entire chip and windows selectively opened to allow
exclusive contact between the gold nanowires, the gold counter and platinum
pseudo-reference electrodes and the solution of interest. Openings were also
patterned above peripheral contact pads to permit electrical connection. Each
chip contains 6 interdigitated electrodes. Each electrode consisting of

interdigitated gold microbands can be separately polarized. In order to
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distinguish between these two electrodes, they have been named ‘protonator’

and ‘collector’.

Electrochemical measurements

Nitric andic (35%), Sodium Chloride, Ferrocyanide, Phosphate Buffer Solution
(PBS), lead stock solution for ICP analysis (1000ppm), mercury chloride and
copper chloride powder were purchased from Sigma Aldrich and used as
received. All solution were prepared with DI water with resistivity of 18MQ cm”
' Heavy metals solutions were prepared by adding different amount of the stock
solutions in deionized (DI) water with 10mM of NaCl. All the electrochemical
measurements were carried out using a CHI920 bi-potentiostat in a three
electrodes cell comprising of a Ag/AgCl as external reference electrode and a on
chip gold counter electrode, at room temperature. Prior to stripping experiments,
the chip was washed with pure isopropanol and DI water in order to remove any
contaminants from the electrode surface. After that, a CV (scan rate 100mV/s)
was carried out in a solution containing ImM of ferrocyanide in 10mM of PBS
pH 7.4 in order to characterize the electrochemical behavior of the electrode.

Collector electrodes typically exhibit a peak current of 13nA, as shown in Figure

4.17.
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FIGURE 4.17 TYPICAL CV OF A THE COLLECTOR ELECTRODE WITH 2uM GAP IN THE PRESENCE OF 10 MM Fe/**
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Stock solutions were prepared by adding different amount of heavy metal stock
solutions to a solution of 10mM NacCl in DI. Nitric acid was added to change the
pH from 2 to 6. Different pH and deposition potentials were tested. To be sure
that the metal was totally stripped out from the surface, multiple SWVs were
carried out sequentially in DI with 10mM NacCl after each stripping step, until a
flat CV curve was obtained. When high concentration of heavy metals were
tested (in the ppm range), a cleaning step was necessary in order to regenerate
the sensing electrode. The cleaning has been carried out by applying a fixed

potential of 0.5V vs Ag/AgCl, in 0.1M H,SO,.
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FIGURE 4.18 INFLUENCE OF CLEANING WITH SULFURIC ACID ON CV IN THE PRESENCE OF 10 MM Fe*/Fe>*

Figure 4.18 shows the influence of the cleaning step: the electrode after the
SWYV is definitely poisoned and not able to generate a good peak in the presence
of ferrocyanide, while the CV is almost regenerated after 8 min of treatment.
The calibration curve was obtained by 3 triplicates, starting from the lowest
concentration to the highest. In order to understand the influence of the
polarization of ‘protonator’ on the CV curve recorded on the ‘collector’, the
protonator has been polarized at a fixed potential and a CV on the collector has

been carried out simultaneously.
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Chip holder fabrication

A custom built chip holder was fabricated to permit electrical contact between
the electrodes and the potentiostat without the requirement for PCB packaging
and wire bonding. The lower part of the holder was fabricated from a
polytetrafluoroethylene (PTFE) base fixed to an aluminum tray onto which the
chip was mounted. The tray into which the chip was placed was designed in
order to be only 0.1mm larger than the chip edge dimensions to guarantee that
the chip would remain firmly placed during measurement. The PTFE cap
comprised apertures to mount spring loaded probes to contact the on chip
peripheral bond pads and also a central low volume sample reservoir, sealed
from beneath with an O-Ring (James Walker Ltd.), to accommodate the sample
volume. The inner diameter (4.5 mm) of the O-ring was large enough to ensure
that all electrodes on the chip had equivalent access to the analyte without
impeding diffusion processes. Spring-loaded probes with rounded tips
(Connector Solutions Ltd., U.K) were selected with a typical tip diameter 0.51
mm, (Series S Duraseal: S-00-J-1.3-G-DS-36-1), guaranteeing a good electrical
contact to the contact electrodes (1.5 mm in diameter). When completed with
microband electrode chip, the cell was fully water-tight with a sample volume of

300 pL, (see Figure 4.19).
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FIGURE 4.19 SCHEME OF CHIP HOLDER
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Real Sample Analysis

Three river water samples, from Lee River, Cork, Ireland, named A, B, and C
were collected in three different days and acidified with nitric acid to pH 3.5
after a sedimentation process to eliminate any particulate. The standard addition
method was carried out for the quantification of copper, lead and mercury. A

minimum of five repetitive scans were carried out.

4.3.2 Results and discussion

Electrode Characterization

Gold microband array electrodes were fabricated using photolithography
process at silicon wafer substrates bearing a 300 nm layer of thermally grown
silicon dioxide, (see experimental section). Standard optical lithography was
employed to overlay electrical contacts and interconnection tracks onto
microband arrays, followed by metal deposition and liftoff. Electrical contact to
all on-chip electrodes was established by contact pads located at the chip
periphery and connected to the microband using interconnection tracks traced by
photolithography. Unwanted electrochemical reactions occurring between metal
interconnection tracks and electrochemically active species were prevented by
the deposition of a silicon nitride layer. A lithographically patterned trench (~30
x 30 um) was selectively opened in the insulating silicon nitride layer directly
above the microband array to allow exclusive exposure of the microband array
to the electrochemically active species. By this way, selective openings over the
on-chip counter and reference electrodes were employed to achieve a fully

functional nano-electrochemical device on-chip. Therefore, 6 interdigitated gold

118



based electrodes, a gold counter and a silver reference were present in one chip.
Each interdigitated electrode was made of two distinct interdigitated microband
electrodes with a gap of 1, 2 or 10 um. Microband electrodes were characterized
using optical microscopy. Figure 4.20 shows the final electrode and optical
micrograph of an interdigitated microband array device after silicon nitride

passivation.

FIGURE 4.20 A) DEVICE AFTER FABRICATION, AND OPTICAL IMAGES OF 10 (B), 2(C) AND 1(D) um
GAP INTERDIGITATED MAE

Optical characterization performed on fabricated devices showed selective
removal of the silicon nitride, exposing the underlying interdigitated microband
electrodes. The length of the electrochemically active microband was typically

45 um with a width of 2 pm.
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Mechanism of detection

To demonstrate the mechanism of detection, 100 ul of a solution containing 10
ppm of copper has been dropped into the electrode and a portable potentiostat
was used to carry out the experiment, as shown in Figure 4.21. The electrode has

been isolated using a piece of silicon with a thickness of 2 mm.

FIGURE 4.21 CONNECTION OF THE ELECTRODE WITH A PORTABLE POTENTIOSTAT

The as prepared electrode was put under an optical microscope, and the SWASV
was carried out. During the experiment, a video was recorded and five frames of

the video are shown in Figure 4.22.
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FIGURE 4.22 A) ELECTRODE BEFORE COPPER DEPOSITION, B) AFTER 10 SEC OF DEPOSITION, C)
AFTER 20 SEC OF DEPOSITION, D) DURING STRIPPING STEP AT E<E’ E) AFTER STRIPPING STEP
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In Figure 4.22A, the experiment is not started yet, showing that the electrode is
clean with a yellowish color typical of gold. When the deposition starts (Figure
4.22B) the electrode starts to become black, due to the copper deposition until,
after 20 sec of deposition, the yellow color is definitely disappeared (Figure
4.22C). When the stripping step starts, the black color starts to disappear (Figure
4.22D) due to the stripping of copper and when the E” of copper is reached the
electrode become yellow again with the same morphology of Figure 4.22A
(Figure 4.22E).

Optimization of deposition time, deposition
potential, and pH

To optimize sensing performance, some parameters such as pH, deposition time
(dt), and deposition potential (dV) were investigated for each metal, employing
gold microbands separated by 1um gap. The metal concentration was fixed to
100 ppb for copper and lead while 10 ppb was selected for mercury, due to its
higher toxicity. The optimization of more than five experiments were averaged
and the resulting values are plotted. An error of about + 10% has been found. pH
significantly affects the process, as confirmed by the literature [75]. A pH range
from 1 to 5 was investigated for copper deposition while a range from 2 to 5 for
mercury and lead. After 3 minutes of deposition at -0.4V vs Ag/AgCl, the
current peak increased in more acidic media and reached a maximum at pH 3.5

for mercury and lead, and pH 2 for copper (Figure 4.23).
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FIGURE 4.23 INFLUENCE OF PH ON THE DETECTION OF 100 PPB OF A) Cu, B) PB, AND C) 10 PPB OF
HG

The influence of the deposition potential was investigated in a range from -0.8V
to 0 V (vs. Ag/AgCl) in a solution with the optimized pH in dependence on the
metal. Moving from anodic to more cathodic potential, the output signal
increased to a maximum at -0.4V for copper and lead and -0.5V for mercury
(Figure 4.24). The current peak starts to decrease more cathodic potentials,

likely due to the start of hydrogen evolution [76]

123



T T T T
e -
16 F A / J B "
[ 25 / 4
14 | r il = /
- < 5
~ 12 4 : ~oil: . i
b= [ 1=
g g
S 101 4 5
o ]
= / / -
/ Y © 15| a1
Ry : . 18
06 | = 1
- 10 | 4
[T L]
04 1 n 1 L 1 L 1 L 1 L 1 1 1 1
0.0 0.2 0.4 -0.6 0.8 450 0.0 0.2 -0.4 06 0.8 -1.0
Deposition Potential vs Ag/AgC| Deposition potential vs Ag/AGCI
T T T T
0.22 | -
C )
0.20 | / o
<< 0.18 | 2
-3
=
0.16 |- N 4
5
= Vs
3 014} / =
=
3
ool i
[ | .
0.10 | S g
0.08 L 1 1 1
06 -05 -04 -0.3

Deposition potential vs Ag/AgCI

FIGURE 4.24 EFFECT OF DEPOSITION POTENTIAL (VD) ON THE DETECTION OF 100 PPB OF A) Cu, B)
P8 AND C) 10 PPB OF HG

Figure 4.25A shows the effect of the deposition time, in a range from 1 to 300 s,
at the optimal pH and Vd with 100 ppb of copper. Increasing the deposition
time, the current peak increases because the coverage on the electrode surface
increases. However, after 180 s of deposition, the current peak reaches a plateau,
probably due to the surface saturation [53]. A similar behavior was found for

lead and mercury (Figure 4.25B, C).
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Table 4.7 summarizes the optimal parameters for each metal. In the perspective

of simultaneous detection, when only one deposition time can be used, the

calibration line of copper and mercury were carried out with 180 s of deposition

as well.

TABLE 4.7 PARAMETERS SELECTED AS OPTIMIZED FOR LEAD, COPPER AND MERCURY

DEPOSITION/STRIPPING

Lead Copper Mercury
pH 3.5 2.0 3.5
ty 180s 120s 120s
Vy -0.4 Vvs Ag/AgCl -0.4 V vs Ag/AgCl -0.5 Vvs Ag/AgCl
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SWASV analysis of Lead, Copper and Mercury

In order to check the presence of some peaks due to the blank solution, SWASV
was carried out in a solution containing 10mM NaCl and nitric acid. As it is

possible to see in Figure 4.26, a peak at -0.4V vs. Ag/AgCl, due to the dissolved
oxygen, is present.[77-78-79]
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FIGURE 4.26 SWASV OVER GOLD MICROBAND ELECTRODE WITH 1uM GAP IN 10MM NACL

Using the optimized conditions, SWASV analysis was conducted with

increasing concentrations of each metal. Figure 4.27 shows a CV in the presence

of 10 ppm of lead.
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FIG 4.27 CV OVER GOLD MAE WITH 1M GAP IN 10MM NACL AND 10 PPM OF LEAD
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Three different anodic peaks at -0.6V, -0.3V, and -0.17V vs. Ag/AgCl were
observed, due to the bulk deposition (-0.6V), and under potential deposition
peaks (-0.3V, and -0.17V). This behavior is consistent with previous papers
published about lead stripping from gold electrodes and corresponds to the
formation, and consequent stripping of a monolayer of lead at potentials more
positive than the Nernst one [80-81-82-83] Indeed, at low concentration of lead
only the peak at -0.17V vs. Ag/AgCl was observed, confirming that it is related

to an under potential deposition.

Figures 4.28 A, B show the experiments at increasing lead concentration from
10 to 1000 ppb and the related calibration line. Each concentration was tested at
least 3 times and the mean value is plotted in the calibration line with the

corresponding standard deviation.
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FIG 4.28 SWASV WITH INCREASING CONCENTRATION OF LEAD (A) AND CORRESPONDING CALIBRATION LINE (B)

It is clear that, the oxygen peak overlaps with the lead stripping peak from 10 to
50 ppb of lead, drastically decreasing the sensitivity of the electrode. This is
confirmed by Figure 4.29 where a solution with 10 ppb of lead has been
degassed for 30 min with N,.
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FIG 4.29 SWASV WITH 10 PPB OF LEAD IN AERATED (BLACK) AND DEGASSED (RED) SOLUTION

After 300s of deposition in a degassed solution, the current peak is more than
twice, increasing from 80 pA to 210 pA, so confirming that it is possible to
achieve a lower limit of detection. Figure 4.30 shows the stripping step at
increasing concentration of mercury and the calibration line. Each concentration
was tested at least 3 times and the mean value is plotted in the calibration line
with the corresponding standard deviation. As it is possible to see, the mercury
UPD is at 0.55V vs. Ag/AgCl and, increasing the concentration up to 500 ppb
the bulk deposition appears at 0.45V vs. Ag/AgCl.
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FIG 4.30 SWASV WITH INCREASING CONCENTRATION OF IMERCURY (A) AND CORRESPONDING CALIBRATION
LINE (B)
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Similar results were found increasing copper concentration, as shown in Figure
4.31. In this case, the bulk deposition starts at 0.5 ppm at almost 0V vs Ag/AgCl
(not shown). Here again, each concentration was tested at least 3 times and the
mean value is plotted in the calibration line with the corresponding standard

deviation.
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FIG 4.31 SWASV WITH INCREASING CONCENTRATION OF CU (A) AND CORRESPONDING CALIBRATION LINE (B)

In this context, it is important to highlight that for lead and copper the LOD is
lower than the concentration limit settled by EPA, while for mercury, an
improvement is necessary. For this reason, the concentration range from 1 to 5
ppb has been investigated by increasing the deposition time from 3 to 6 minutes.
Figure 4.32 shows the stripping step from 1 to 5 ppb of mercury evidencing that
it is possible to reach lower concentration increasing the deposition time. Table
4.8 summarizes all the features of the electrode in terms of linear range,

sensitivity and LOD.
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FIGURE 4.32 STRIPPING STEP WITH INCREASING CONCENTRATION OF MERCURY, FROM 1 TO 5 PPB, FOR 6 MIN OF

DEPOSITION

TABLE 4.8 FEATURES OF THE GOLD MICROBANDS WITH 1UM GAP FOR PB, CU AND HG DETECTION

*NOT DEGASSING, ** 6 MIN DEPOSITION

Sensitivity Linear Range R’ LOD
(pA/ppb) (ppb) (ppb)
Lead 37.0 10*-100 0.996 1.3
Copper 25.1 5-100 0.998 0.9
Mercury 17.2 5-75 0.999 2
1-75%* <1

According to the above results, it can be concluded that gold based MAE can be

efficiently used for heavy metal detection. Their performance is excellent in

comparison with other Au based sensing electrodes with similar morphologies

as shown in Table 4.9.
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TABLE 4.9 COMPARISON OF SENSING BEHAVIOUR OF DIFFERENT GOLD BASED ELECTRODES (NOT
LABELLED)

Electrode Heavy metal | Td (s) Linear Reference
Range (ppb)
Au-Microband | Hg 1000 1-10 [84]
SPCE/gold Hg 60 1-1000 [71]
film
256 Au Hg 30 10-200 [85]
Microbands
Rotating Disc | Cu 90 0.025-0.25 [86]
Au
Gold Cu 30 50-6.3 10° [87]
Electrode
Modified with
Penicillamine
Bi-Au Pb 120 160-10° [88]
Electrode
SPCE/Au-NPs | Pb 240 2.5-250 [89]
Au microband | Cu, Pb, Hg 120 5-100 This work
180 10-100
120 1-75

Metal interferences

The possibility to detect simultaneously these three metals (copper, lead, and
mercury) was investigated by carrying out different stripping analysis in
solutions containing them. The results showed that the presence of each heavy

metal affects the detection of the others differently.

Table 4.10 summarizes the detection of copper in the presence of mercury and

lead.
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TABLE 4.10 EFFECT OF MERCURY AND LEAD ON COPPER DETECTION

Pb Hg Real Cu Output Cu Deviation
concentration | concentration | concentration concentration %
(ppb) (ppb) (ppb) (ppb)

10 5 5 7 40%
30 5 5 9.2 84%
50 5 5 11 120%
20 20 5 9.5 90%
20 50 5 7.1 42%

The effect of these two metals is to enhance the copper peak. This effect is
probably due to the formation of an alloy between these metals [90]. In the
mentioned work, Agra Gutierrez et al. showed that there is a huge interference
on the detection of copper when lead is present but they found a different
behavior, with a decreasing of copper peak height when lead concentration
increases. A similar issue has been found by Sayen et al. when tried to detect
copper in the presence of mercury [91]. In the range investigated here, the

highest deviation is +120% on the output concentration.

Mercury peak is affected from the presence of copper and lead as well, but in a

lesser way, as is possible to see in Table 4.11.

TABLE 4.11 EFFECT OF LEAD AND COPPER ON MERCURY DETECTION

Pb Cu Real Hg Output Hg | Deviation
concentration | concentration | concentration | concentration %
(ppb) (ppb) (ppb) (ppb)
20 5 5 3.3 -34%
30 5 5 2.7 -46%
50 5 5 2.4 -52%
20 10 5 3 -40%
20 50 5 2.3 -54%

In this case the effect is opposite: the presence of different amount of copper and

lead slightly decreases the current peak of mercury with a maximum error of
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54% in the presence of high concentration of copper. Also in this case, the
problem could be due to either the deposition of an alloy on the surface of the

sensing electrode or competition for the binding sites [92].

In any case, a correct approach to take into consideration these effects could be
to calculate different calibration lines, not only in the presence of the target

metal but also with the ‘interference’ ones.

The biggest interference effect is on lead peak, as shown in Figure 4.33A, B.

T T T T T T T T

Pb 20 ppb, 5 Cu ppb, 5 Hg ppb B ——Pb 20 ppb, Cu 5 ppb, Hg 5 ppb
——Pb 20 ppb, 10 Cu ppb, 5 Hg ppb 6 ——Pb 20 ppb, Cu 5 ppb, Hg 10 ppb 7

——Pb 20 ppb, 20 Cu ppb, 5 Hg ppb 7 ——Pb 20 ppb, Cu 5 ppb, Hg 20 ppb
—Pb 20 ppb, 50 Cu ppb, 5 Hg ppb —— Pb 20 ppb, Cu 5 ppb, Hg 50 ppb
—— Pb 20 ppb, Cu 5 ppb, Hg 200 ppb |

—— Pb 20 ppb, 200 Cu ppb, 5 Hg ppb

Current / nA
Current / nA

I I { B I
06 04 02 0.0 0.2 0.4 0.6 04 0.0 0.4 04q
Potential vs Ag/AgCl Potential vs Ag/AgCl

FIGURE 4.33 EFFECT OF INCREASING CONCENTRATION OF COPPER (A) AND MERCURY (B) ON LEAD
CURRENT PEAK

When the copper and/or mercury concentration increase the lead’s peak either
disappears or starts to shift towards more anodic. Figure 4.33A shows that,
nevertheless lead concentration is constant, the peak disappears when 50 ppb of
copper are present. Figure 4.33B clearly evidences that, the lead current peak
increases when mercury concentration increases despite lead concentration is
constant. El Tall et al. found a similar result when tried to detect lead in the
presence of copper, due to the deposition of a Cu/Pb alloy [93]. This behaviour
was also found by other authors [94-95].

About the effect of mercury, we think that this effect is related to an

enhancement of the oxygen current peak due to the presence of mercury on the
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surface of the sensing electrode. When mercury is deposited on the electrode,
the oxygen peak is highly enhanced and shifted towards more anodic potential,

as shown in Figure 4.34.
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Potential vs Ag/AgCl

FIGURE 4.34 EFFECT OF MERCURY CONCENTRATION ON OXYGEN CURRENT PEAK

While in absence of mercury the oxygen peak potential is -0.45V vs Ag/AgCl,
when mercury is deposited, the peak potential shifts to 1) -0.4V with Sppb of
mercury, ii) -0.35V with 25ppb, and iii) -0.3V with 50ppb. Therefore, we infers
that this enhanced oxygen peak overlaps the lead’s peak, making impossible the
lead’s detection. However, a strange behavior was found when a second
consecutive stripping step was performed, without any further deposition. In
fact, performing a second consecutive stripping, the oxygen peak come back in
the right position (above -0.35V vs. Ag/AgCl) decreasing in amplitude as well;

as shown in Figure 4.35.
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FIGURE 4.35 POTENTIAL OF OXYGEN CURRENT PEAK DURING FIRST (BLACK CURVE) AND SECOND
CONSECUTIVE STRIPPING (GREEN CURVE)

On the basis of this result, we tried to detect lead performing two consecutive

stripping steps in the presence of copper and mercury (Figure 4.36).
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FIGURE 4.36 FIRST AND SECOND CONSECUTIVE STRIPPING OF 30 PPB OF COPPER, MERCURY AND

LEAD
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As before, we found that, lead peak is not present at the first stripping but, when

the second stripping is performed, it comes back in the right position (of about -

0.2V) with a reasonable height, as shown in Table 4.12.

TABLE 4.12 EFFECT OF MERCURY AND COPPER ON LEAD DETECTION

Hg Cu Real Pb Output Pb Error
concentration | concentration | concentration concentration
(ppb) (ppb) (ppb) (ppb)
20 20 20 27 35%
30 30 30 36 20%
50 40 40 40.5 -19%

Anyway, this behavior have to be still studied and confirmed but we think that,
if these three metals are simultaneously present, it is possible to determine
copper and mercury concentration by the first stripping step and then,

performing a second one, to determine lead concentration.

pH control

All the previous experiments were carried out with an interdigitated gold
microband electrode of lum gap, by adding different amount of HNOs;,
depending on the metal, to the blank solution of DI and NaCl without polarizing
the protonator electrode. For the sake of using this sensor for in-situ and real
time analysis, we investigated the possibility to polarize the ‘protonator’ in a
potential range where the water splitting occurs. The drawback in using this
technique is the interaction between the electric fields generated by the two
polarized differently interdigitated electrodes. In our previous work, we
calculated that, a gap of 15um is necessary to totally eliminate the interference
between these 2 electrodes [96]. However, the higher is the gap the lower the

number of interdigitated electrodes, that means a lower overall surface area. As
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a good compromise between sensitivity and interaction between the electrodes, a

2um gap electrode was used to carry out all these experiments.

FIGURE 4.37 FRAMES OF THE VIDEO RECORD USING METHYL RED AS AN ELECTROLYTE. A) BEFORE
OXYGEN EVOLUTION, B) AT THE BEGINNING OF OXYGEN EVOLUTION, C) AFTER 10 SEC OF OXYGEN
EVOLUTION, D) AT THE BEGINNING OF HYDROGEN EVOLUTION, E) AFTER 10 SEC OF HYDROGEN
EVOLUTION
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As a proof of concept, we used the same setup of Figure 4.21 putting into the
electrode a drop of methyl red. This is a particular chemical that changes color
depending on the pH. In details, it has a yellowish color when the pH is higher
than 6 while the color shifts toward red when the pH is more acidic than 5. We
applied, constantly, a cathodic current for 10 sec and, suddenly, an anodic
current for other 10 sec. Recording a video during the experiment, we were able
to visualize the pH gradient close to the electrode. In Figure 4.37, five frames of
the video are shown. Figure 4.37A shows the electrode when it is not polarized
and a yellowish color is evident due to the neutral pH. When the protonator is
polarized positively (applying a constant current of 500 nA) a reddish circle
instantaneously appears (Figure 4.37B) that grows over time (Figure 4.37C).
After 10 sec, a negative potential is applied (fixing the current at -200nA) and
hydrogen starts to be produced, lowering the local pH. As visualized in Figure
4.37D, the reddish color starts to disappear until, after 10 seconds, the same
coloration of Figure 4.37A is attained. This experiment shows that the
application of a positive/negative potential really modifies the local pH of the

electrode.

While the WSR occurs, H™ and O, are simultaneously produced at the anode
determining a local decrease of pH. To check this effect, we carried out different
CVs in a blank solution, in the potential range from 0 to 1.2 V vs Ag/AgCl (scan
rate 100mV/s) using the ‘collector electrode’ as a working electrode and
simultaneously applying a constant potential to the protonator. Figure 4.38
shows the effect of the applied potential on the protonator electrode, on CVs

recorded with the collector electrode.
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FIGURE 4.38 EFFECT OF APPLIED POTENTIAL ON THE PROTONATOR ELECTRODE

Without applying an external potential, the peak potential of the Au/AuO
reaction, with a solution of pH 6 (DI water and NaCl), is 0.41V vs. Ag/AgCl
while, after adjusting pH to 3.5, the peak position shifts to 0.72V vs. Ag/AgCL.
When the applied potential to the protonator electrode is lower than 1.2V vs.
Ag/AgCl the water splitting reaction doesn’t happen and the peak potential
doesn’t move. Applying a potential higher than 1.3V vs. Ag/AgCl the Au/AuO
peak potential starts to move towards more anodic potential and reaches 0.72V

vs. Ag/AgCl when the applied potential is 1.74V.

Moving from this result, we carried out SWASVs experiments with different
concentrations of copper, mercury and lead separately in a solution containing
only NaCl 10mM in DI (pH 6) and applying to the protonator electrode a
constant potential of 1.74V vs. Ag/AgCl. Figure 4.39A shows the SWASV of
50ppb of mercury in three different conditions: 1) solution at pH 7 (black line),
i) solution at pH 3.5 (red line), and iii) solution at pH 7 with the protonator
electrode polarized at +1.74V (blue line). According to Figure 4.39A, it can be
concluded that the metals deposition/stripping doesn’t occur without polarizing
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the protonator, while using it the current peak appears, demonstrating again the

modification of the pH. Anyway, polarizing the protonator, the peak is slightly

lower, and slightly shifted with respect to the curve obtained with a chemical

modified solution of pH 3.5. Figures 4.39 B, C show the effect of increasing

concentration of mercury and a calibration line, applying 1.74 V vs Ag/AgCl on

the protonator (pH of the solution 6).
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FIGURE 4.39 A) 50 PPB OF MERCURY AT DIFFERENT PH AND POLARIZATION OF THE PROTONATOR,
B) INCREASING CONCENTRATION OF MERCURY WHEN 1.74 VV WERE APPLIED TO THE PROTONATOR,

AND C) CALIBRATION LINE
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Similar results were obtained with copper (Figure 4.40A, B) and the same LOD

for mercury and copper has been obtained while the copper sensitivity is 30%

less.
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FIGURE 4.40 A) STRIPPING PEAKS OF 50PPB OF CU IN DI WATER (BLU LINE), IN DI WATER AND

HNO3 ( RED LINE), AND IN DI WATER WITH PH CONTROL (BLACK LINE); B) CALIBRATION LINE

During the WSR, molecular oxygen is produced determining the decreasing of

the local pH. This secondary effect poses a problem for lead detection: the peak

height of oxygen is more than twice, compared with the blank solution at pH3.5

(Figure 4.41). This enhancement drastically decreases the LOD for lead with the

pH control. In order to see the lead peak in these condition the minimum

concentration is 100ppb.
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Figure 4.42 shows the protonator electrode after 5 SWASVs experiments

applying 1.74V.

FIGURE 4.42 PROTONATOR ELECTRODE AFTER 10 MIN OF OXYGEN EVOLUTION

It is clearly visible that the electrode, after the experiments, is covered with a
black film which suggests that this high applied potential definitively modifies
the gold microband. Probably, this effect is due to the mechanism of oxygen
evolution: this reaction involves the adsorption of OH and OOH on the surface
of the electrode that have to be desorbed for producing O,. The desorption step
on gold electrode is not fast, therefore these species remain adsorbed on the
electrode, creating the black film of Figure 4.42, as suggested by Diaz Moralez
et al. [97]. They used polycrystalline gold to produce oxygen and found that
different gold oxide/hydroxide are formed at 1.3 V vs. RHE. In order to
overcome this problem, the gold was substituted with platinum that is a more
stable material for oxygen evolution. Using this material as protonator, the
applied potential necessary to reach a pH of 3.5 was about 0.2V less, as shown

in Figure 4.43.
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FIGURE 4.43 EFFECT OF APPLIED POTENTIAL ON THE PT PROTONATOR

The better performance of the Pt electrode was confirmed by repeating more
SWASYV experiments with the same electrode. Figure 4.44 shows the stripping
peak of 50 ppb of copper, using a solution with pH 6, after 3, 12, and 30 min of

oxygen evolution using Pt as a protonator electrode.
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FIGURE 4.44 PEAK OF 50 PPB OF COPPER AT PH 6 USING PT AS A PROTONATOR ELECTRODE
POLAERISED AT 1.55V FOR 3 (BLACK), 12 (RED) AND 30 (BLU) MINUTES
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Using gold in place of platinum, the protonator electrode is completely covered
by a black film after about 5 scans (= 10 min) and the SWASVs do not give any
results (not shown). On the contrary, when Pt is used as a protonator electrode,
the stripping peak is almost constant after 12 min and decrease of about 15%
after 30 min (= 15 experiments), as shown in Figure 4.44. This result clearly

demonstrates that Pt can be used as protonator achieving excellent results.

River Water Analysis

In order to evaluate the possibility to use this heavy metals sensor with real
samples, three different river water samples (named A, B and C) were collected
and the standard addition method was carried out. The river water was collected
from Lee River, Cork, Ireland. 10mM sodium Chloride and ImM nitric acid
were added to the samples A and B while the C sample was used for detecting
the heavy metals with the pH control, and adding only NaCl. The standard
addition method have to be used when the matrix of a complex sample, like the
river water, can change the analytical features of the sensor, including sensitivity
and LOD. Every experiment was repeated at least three times and the results are

showed in Table 4.13.

TABLE 4.13 MERCURY, LEAD AND COPPER CONTENT OF RIVER LEE WATER

Sample | Copper Found / Mercury Found / Lead Found / ppb
ppb ppb

A 34.3 ppb Lower than LOD Lower than LOD
(1ppb) (10ppb)

B 9.7 ppb Lower than LOD Lower than LOD
(Ippb) (10ppb)

C 10.8 ppb Lower than LOD Lower than LOD
(1ppb) (100ppb)
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Mercury and lead were not found, because either absent or below the LOD,
while a peak due to copper has been found at 0.22V vs. Ag/AgCl. After addition
of different amount of lead and mercury, they were detected by the sensor under
development, confirming its ability to detect these metals also in the river water

(Figure 4.45A, B, C).
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FIGURE 4.45 A) A RIVER WATER SAMPLE WITH INCREASING CONCENTRATION OF CU; B) B RIVER
WATER SAMPLE WITH INCREASING CONCENTRATION OF HG; C) A RIVER WATER SAMPLE WITH
INCREASING CONCENTRATION OF PB; D) CALIBRATION LINE FOR THE A RIVER WATER SAMPLE AND
STANDARD ADDITION METHOD

The standard addition method is a type of quantitative analysis approach
whereby the analyte is added directly to the analyzed sample. This method is

used in situations where sample matrix can also contributes to the analytical
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signal. Briefly, the sample has to be tested and then, different amount of analyte
were added and tested. In this way, the calibration line will start from a point
higher than 0, as shown in Figure 4.45D. The standard addition method says that

the concentration of the sample is the intercept of this line with the X-Axes.

The standard addition method for copper with sample A is showed in Figure
4.45D, finding 34 ppb. The results show that the proposed method for copper,
mercury and lead determination in river water is efficient and applicable.
Furthermore, it is important to highlight that for each sample, the predicted
copper concentration with the standard addition method (34ppb) is really close
to the concentration obtained using the calibration line in DI+NaCl+HNO3
(43ppb). This result suggests that the matrix of the river water has slight
influence on the performance of the sensor. As mentioned before, the river water
sample C has been used to detect copper using the pH control procedure. The

results are shown in Figure 4.46.
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FIGURE 4.46 A) C RIVER WATER SAMPLE WITH INCREASING CONCENTRATION OF CU AT PH 6 WITH
PH CONTROL; B) STANDARD ADDITION METHOD

Also in this case, the sensing electrode detected copper, finding a content of 13

ppb using the standard addition method.
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4.3.3 Conclusions

A multi heavy metals sensing electroide has been successfully fabricated
depositing an array of interdigitated gold microband on SiO;, substrate. In
particular, the gold microbands electrode was obtained through photolitography.
The electrochemical measurements were carried out in DI water adding NaCl to
increase the conductibility and nitric acid to control the pH. The LOD for all the
tested metals was lower than the limit established by EPA, evidencing that this
technique is applicable and powerful. When copper, lead and mercury are
simultaneously present in the solution some interference is seen, especially for
detecting lead. However, we found a good way to overcome this problem,
making the analysis possible even in that case. Furthermore, an innovative
method to control the pH close to the electrode was found. H' generation
through water electrolysis under constant potential of the protonator electrode
allowed local pH control at the surface of the collector electrode. The metal
stripping response at a controlled was very similar to that when the pH was
externally modified. With this technique, the sensor was able to work at a
neutral pH, avoiding any sample pretreatment. We showed that the electrode is
also able to detect these metals in a real matrix water such as river water, from
Lee River in Cork, Ireland. This work demonstrates how electrochemical
sensors can solve the problems of analytical techniques, like costs, portability
and simplicity, opening new opportunities in the field of sensors for

environmental analysis.
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5.S8ensors for proteins: proof of
concept and application towards
cancer biomarkers

Abstract

In this chapter, a paper based electrode for proteins electrochemical detection
has been developed. Proteins are important biological compounds of human
body and can act as biomarkers for many different goals. Indeed, proteins
concentration can be used to monitor 1) the effect of a drug, ii) a pathogenic
process or iii) the healthy state of individuals. I focused on the detection of
PTHLH: it is a hormone (protein) than can be used as a biomarker for cancer,
especially for breast cancer. Therefore, the possibility to detect PTHLH in an
easy, fast, and portable way is of big relevance. Indeed, early diagnosis of
cancer is fundamental for successfully therapy against cancer. Nowadays, this
analysis is carried out using ELISA assay. This analytical technique is good in
terms of sensitivity and selectivity but, it must be carried out in a laboratory.
Therefore, patients’ liquors (urine, or blood) have to be collected, sent to the lab,
consequently, several days pass prior to having the result. The mean idea of the
research was to develop a paper based electrode that was user friendly and that
can be used at home in a fast and easy way (like the pregnancy test). This is a
very important goal because it will increase the possibility to defeat diseases
such as a cancer and, at the same time, could decrease the health care costs,

avoiding to move the patient from the hospital to home and vice-versa.
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5.1 Introduction

Nucleic acids, antigens, DNA fragments are important compounds of the human
body because they contain genetic information and can provide useful
indications about the health state of the individuals. For this reason, researchers
all over the world worked, and are still working, to understand and unravelling
their secrets. Proteins are the molecular expression of the genetic information
and so are the keystone of our biological function. Besides, proteins can be used
as biomarkers of many diseases: a biomarker is a biological compound that can
be measured in different human samples (urine, blood, sweat) to evaluate
normal biological processes or pathogenic processes as well as the
pharmacological response to some drugs. For instance, MUC-I and
Carcinoembryonic antigen can be used as biomarkers for breast cancer [1], S-
chain of human HP (haptoglobin) is a protein biomarker for lung cancer [2] and
cathepsin D for insulin resistance (a precursor of type 2 diabetes) [3]. In the
light of these findings, it is evident that the detection of biomarkers can improve
the living condition, preventing the spreading of diseases, infections and
pathologies. This detection has to be cheap, rapid, sensitive, selective, portable
and easy to use. Enzyme Linked Immunosorbent Assay (ELISA) has been
discovered more than 30 year ago and, since then, has become the most used
technique for these purposes [4]. The reasons of this success are different. First
of all, ELISA works by trapping the antigen into a sandwich with the
corresponding antibodies (primary and secondary): there are almost infinite
antibodies that can tag almost any antigens. Secondary, this technique is highly
performing in terms of sensitivity and LOD and can be improved by using an
enzymatic amplification step. In the last decades, many different ELISA plates
have been developed, obtaining the possibility to simultaneously carry out 96

experiments. For these reasons, ELISA is currently used to detect many diseases
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such as HIV [5] or West Nile Virus [6]. In recent years, many efforts have been
spent to improve the efficiency of ELISA assay because it is based on an optical
approach therefore, it suffers of the different drawbacks related with 1) the light
sources (bulky and power-intense), ii) the detectors, iii) and the interference
from coloured samples that can lead to false positive results. Furthermore,
sensitivity of the optical techniques is regulated by the Lambert-Beer law,
therefore, a big enough volume of the sample is required [7]. In this scenario,
the development of new kinds of analytical devices, able to overcome these
issues, is of great value. Radioimmunoassay [8], mass spectrometry assay [9]
and electrochemical biosensors [10] have been studied as alternatives for ELISA
assay. Among these techniques, electrochemical biosensors have superior
advantages over the other ones, because can provide rapid, simple, low-cost, and
sometimes on-field detection. Furthermore, the sensing materials are grown on
the surface of different either unmodified or modified electrodes that are also
suitable for extensive fabrication. As a proof, self-testing glucose strips, based
on screen printed enzyme electrodes, fabricated in a pocket size, dominates the

market of glucose sensors [11].
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FIGURE 5.1 DIFFERENT STRATEGIES FOR ELECTROCHEMICAL DETECTION OF PROTEINS, DNA OR
NUCLEIC ACIDS
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Talking about immunosensors for the protein detection, there are 3 different
ways, showed in Figure 5.1, to use electrochemistry for this purpose:
1. direct detection of the protein, if it is electroactive;
2. trapping the antigen in the surface of the electrode using just a primary
antibody (half-sandwich);
3. trapping the antigen using a primary antibody and a secondary marked

antibody (sandwich configuration).

Each technique has advantages and drawbacks. In the configuration 1 (Figure
5.1), the protocol for the detection is simple and easy but the selectivity is poor
because there is not any biological recognition. Furthermore, not all the proteins
are electro active. An example can be found in the work by Vestergaard et al.
[12], where they showed for the first time the possibility to directly detect
Amyloid beta (biomarker for Alzheimer disease) using a Glassy Carbon
Electrode. Moving to configuration 2, the protocol is longer and a good way to
immobilize the antibodies into the surface with a reproducible and stable
protocol has to be adopted. On the other hand, the selectivity is highly improved
because the antibodies bio-recognize just the target antigen. In this case, the
main electrochemical technique is the electrochemical impedance spectroscopy,
because it can detect the bond between antibodies and antigens by the increase
in resistance displayed by the Nyquist Plot [13]. The last configuration concerns
a sandwich configuration where the secondary antibody is marked with some
marks, such as NPs [14-15] or enzymes [16-17]. In this case, there is an indirect
detection of the antigen. Indeed, the mark is electrochemically detected using
different techniques: NPs can be used to catalyze the hydrogen evolution
reaction or HRP enzyme can be used to detect hydrogen peroxide. The point is
that the mark concentration is related to the antigen concentration: the marked
antibody will link the primary antibody (and so the electrode) only if the target

antigen is present. The higher is the antigen concentration, the higher will be the
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amount of marks stuck in the electrode and so it is possible to use this signal to
quantify the antigen. This procedure allows to reach lower LOD, especially
when nano-sized materials are used as sensing electrode, with extremely high
selectivity, but the protocol starts to be laborious and an accurate optimization of
the different incubation steps is mandatory. Almost all the ELISA kits work with
the configuration 3 of Figure 5.1. When used with electrochemical techniques,
all these configurations work with cheap, small and low-power consumption
devices. Several investigations in this field used Indium Tin Oxide (ITO) [18],
Glassy Carbon Electrode (GCE) [19], metals [20], and metal oxides [21] to
develop different electrochemical sensors, for both clinical and environmental
applications.

In this context, it is very important to find a good electrode material because it
determines significantly the LOD. In the last decades, graphene attracted
gradually more attention. This is a two-dimensional material composed of single
sheet of sp2 hybridized carbon linked with hydrogen atoms [22]. This structure
yields to high surface area, high aspect ratio, a mechanical stability comparable
to the diamond, high flexibility similar to the plastics, and excellent electrical
and thermal properties. For these reasons, researchers all over the world are
working with graphene for several applications such as energy storage [23],
sensors and biosensors [24-25], transistors [26], as absorbent material [27]. In the
clinical field, graphene-based electrodes have been used for sensing proteins
[28], DNA [29], neurotransmitters [30], and bacteria [31]. In fact, the high
electron transfer rates, the high peak current response, the porosity and the
flexibility are key features for electrochemical detection of biomolecules.

There are different methods to produce graphene electrodes such as the
exfoliation of highly ordered pyrolytic graphite [22], the epitaxial growth [32],
and chemical vapor deposition [33-34]. These techniques produce uniform,
homogeneous and reproducible graphene, but they have different disadvantages

such as cost, use of highly toxic and/or dangerous chemicals, and are
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incompatible with a mass production. Graphene Oxide (GO) is a cheap and
water soluble material and, nowadays, the most common way to obtain graphene
starts from a GO solution to subsequently reduce it to obtain graphene. GO can
be reduced by annealing graphene at high temperature [35], or through a
chemical reduction, using alcohols [36], dimethylhydizine [37], hydrazine [38],
or ascorbic acid [39] for obtaining the Chemically Reduced Graphene Oxide
(CRGO). Electrochemistry can be used as well to reduce GO [40], but the
reduction grade is often not high enough. In this context, a new and innovative
way to reduce GO is the use of laser light, obtaining the Laser Scribed
Graphene Oxide (LSGO). This technique is based on heating up a GO substrate
in a very precise and localized area which breaks the C=O bond producing
graphene [41-42]. Furthermore, LSGO has a highly porous surface that increases
both surface area and the conductivity of the sheet, making it very suitable for
electrochemical applications. This porosity is very important for immunoassay
sensors because it creates many spots where the primary antibodies can attach.
Additionally, it is possible to program the laser to scribe the surface with a
predefined shape avoiding the use of patterned mask, so that the process is cost-
effective, scalable and waste-free. Due to these advantages, this technology
could fill the gap that divides the labs-research and the market of graphene-
based electrodes. At the best of my knowledge, this technology has been studied
and developed in the last years basically using plastics or ITO as substrates to
build sensors and capacitors [43-44-45-46]. There are no works employing paper
as a substrate to grow LSGO electrodes.

Paper is one of the most used and common material: it is made of randomly
interconnected cellulose fibers, depending on the kind of paper. Paper based
electrodes are highly interesting because they are environmentally friendly,
cheap, abundant, recyclable, flexible, wearable, and portable [47]. Furthermore,
the adhesion of the active material to a porous substrate, like paper, is much

higher compared with plastics, GCE or ITO, increasing the electrode shelf-life.
159



Especially when a full sandwich immunoassay has to be grown, the electrode
reproducibility is very important because all the incubation steps are highly
affected by many parameters and it is important to maintain always the same
conditions in order to have a good reproducibility. In this scenario, Screen
Printing is a new and promising technique to produce electrodes with high
reproducibility, low cost and speed of mass production [48-49]. Furthermore,
these electrodes have a geometric area in the order of mm?, which allows to
reduce the sample volume to less than 10 microliters. Screen printing is a layer-
by-layer technique where different inks are deposited upon a solid substrate
(polycarbon, polymide, PEEK, paper, ceramic). Typically, SPEs (Screen
Printing Electrodes) consist of a three electrodes integrated system (Counter,
Working and Reference Electrodes) that make it smaller and easier to use [50].
There are different works where un-modified SPEs are used as electrochemical
sensors [51-52] but generally SPEs are modified with different compounds to
increase the sensitivity and selectivity. Jarocka et al. [53] developed an
immunosensor to detect influenza A virus H5N1 in hens serum using a SPCE
and they obtained a 4 order of magnitude LOD lower than the ELISA one. In a
similar study, Parkash et al. [54] developed an immunosensor for Dengue NS1
Antigen detection using a SPCE as a substrate, with a linear response between
0.5 and 2 pg/ml.

In Table 5.1 some examples of electrochemical immunoassay for the detection
of different proteins and the comparison with a commercial ELISA kit are

shown.
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TABLE 5.1 EXAMPLES OF ELECTROCHEMICAL IMMUNOASSAY AND COMPARISON WITH ELISA KIT

Electrode Protein LOD LOD ELISA | Ref

SPCE — Pt NPs | human chorionic 0.1 ng/ml 0.25 ng/ml [14]
gonadotropin hormone [55]

PANI-AuNP- | prostate specific antigen | 0.68 ng/ml | 0.98 ng/ml [57]
PNT [56]

Gold electrode | [-amyloid 22 ng/ml 0.1 ng/ml [59]
[38]

SPCE-CdS Human IgG 10 pg/ml 0.03 pg/ml [61]
[60]

Gold CDs prostate specific antigen | 6 pg/ml 0.98 pg/ml [62]

Gold SAMs aflatoxin Bl 10 pg/ml 0.65 [64]

pg/ml[63]

SPCE-AP atrazine 1.47 ug/ml | 1 ng/ml[65] | [66]

Pt disk - thyrotropin 0.2 uUl/ml | 0.2 uUl/ml | [68]
NADH oxidase [67]

From this table, it is clear that electrochemical sensors based on immunoassay
are able to reach LOD really close to the ELISA, sometimes even lower, but
overcoming all the limits of this technique. It is important to highlight that
many ELISA Kits can be found in the market, with different LOD. Here, the
average LOD of the ELISA Kit are reported.

In this work, a new graphene-based electrode, using photographic paper as a
substrate, has been fabricated with the same shape of SPEs by reduction of GO
with a desktop laser. This electrode was firstly used to detect Human
Immunoglobulin G (H-1gG) through an immunoassay with configuration 3.
There are 5 types of Human Immunoglobulin, the A, M, E, G, and D. Among
them, the G has the higher concentration in human serum because it has the
properties of all the other immunoglobulins [69]. H-IgG can be used for disease
diagnosis and therapeutic uses. In the first case, many studies showed that this
protein can be used as a potential biomarker for different diseases such as
Alzheimer [70], cancer [71], inflammatory bowel disease [72], and autoimmune

disease [73]. Anyway, many researchers are skeptical about it and this property
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must be investigated, still. In any case, H-IgG is a protein that can be used as a
cheap model to show how the electrode can be used for detecting any kind of
proteins. Indeed, Human Immunoglobulin G has the same chemical, physical
and biological properties of many proteins and so it can be used as a cheap
model. ELISA kits for Human IgG detection have LOD in the range from 0.1 to
10 ng/ml, with just some prototypes able to detect 30 pg/ml []*. In 2010, Qui et
al. modified a gold film with a thin film of polythionine and Au-NPs and they
obtained a linear range from 10 to 40 ng/ml using the configuration 2 of Figure
5.1 [75]. Later, in 2016, Jumpathong et al. modified a SPCE with graphene
oxide and they used it to detect Human IgG without using a secondary antibody
achieving a LOD of 2 ng/ml and a linear range up to 100 ng/ml [76]. We think
that this result, decreasing the LOD of about 1 order of magnitude, is due to the
presence of a highly porous substrate such as graphene oxide. A good result has
been obtained by Wang et al. [77]. They were able to decrease the LOD down to
0.1 pg/ml using a nanostructured electrode made of ultralong CuS-NWs,
showing the huge effect of the surface area. Anyway, this extremely low LOD
has been hardly reached by other investigated devices. Most of the latest papers
have LOD in the range from 0.005 to 10 ng/ml. In 2017. Chen et al. achieved a
linear range from 10 pg/ml to 100 ng/ml using CdS as bonded tags in the
secondary antibody [61]. At once, Tang et al. [78] used the same procedure with
CdS and CusS tags and they obtained the same LOD, confirming the limit of this
technique. One of the latest papers on this field, has been published by Prado et
al., in 2018 [79]. They used a SPCE where the primary antibody and the antigen
were immobilized. A secondary antibody with alkaline phosphatase tag has
been immobilized to ‘close’ the sandwich and they obtained a LOD of 10 ng/ml
using human serum as a matrix.

The sensing electrode here presented has been developed at the Catalan
Institute of Nanoscience and Nanotechnology, Barcelona, Spain, under the

supervision of Prof. Arben Merkoci. It uses Gold NanoParticles (Au NPs) to
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tag sandwiches between Human IgG and its related capture antibody
immobilized on the electrode surface, made of a LSGO deposited on
photographic paper. Au NPs can catalyze the Hydrogen Evolution Reaction
(HER) and can be detected using chronoamperometry in an acidic media. It was
obtained a wide linear range with an excellent sensitivity.

The same electrode has been tested to detect ParaThyroid Hormone Like
Hormon (PTHLH). This protein regulates cell differentiation and proliferation
and it is present in many tissues during their development, such as tooth, bone,
and mammary gland [80-81]. Furthermore, PTHLH is a hormone that regulates
the homeostasis of calcium in blood. It is a widely known biomarker for
different cancers, especially breast cancer [82-83-84-85-86], but there still is
some uncertainty about it [87]. ELISA kit is able to detect this compound down
to 16 pg/ml [88]. Truong et al. [89] studied the PTHLH level in serum of healthy
people and people with hypercalcemia. They found that people who suffer from
these diseases have a high PTHLH level in the blood, up to 3.45 pg/ml. Fraser et
al. [90] showed that 46% of people who have hypercalcemia associated with
malignancy had PTHLH concentration in serum higher than 10 pg/ml. Similar
results has been obtained by Pandian et al. [91]. They tested volunteers and
patients with various disorders of calcium metabolism and PTHLH
concentrations were above than normal (greater than 5 pg/mL) in 91% of the
patients (42 of 46) with hypercalcemia associated with nonhematological
malignancy. So, it is possible to say that over concentration of PTHLH, above 1-
10 pg/ml, could be an indicator of the presence of cancer. Up to day, not many
works have been done on the electrochemical detection of PTHLH. Table 5.2

summarizes some of them.
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TABLE 5.2 EXAMPLES OF ELECTROCHEMICAL IMMUNOASSAY FOR PTHLH DETECTION

Electrode Configuration LOD Ref
MoS2-Graphene-HRP 3 1 pg/ml | [92]
Nanoporous membrane 1 55 ng/ml | [93]
PAMAM dendrimers 2 10 fg/ml | [94]
Nylon Membrane-Biotin 3 Sng/ml | [95]
Au-SAMs mercaptohexanol-silane 2 10 pg/ml | [96]

There is a huge discrepancy in the LOD of these sensors, going from fg/ml to

ng/ml. The aim of the present study was 1) to fabricate and to characterize a

cheap, flexible, wearable electrode made of reduced graphene oxide reduced by

laser and grown onto photographic paper, ii) to use it to detect a cheap model

protein such as Human IgG, (iii) to detect a cancer biomarker, such as PTHLH,

using the same optimized parameters for H-IgG detection, but avoiding the

optimization process with an expensive material such as PTHLH (both

antibodies and antigen), and to reach a lower LOD, compared to the previous

one obtained by our group using nano-porous membrane (55 ng/ml) [46].
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5.2 Experimental

Reagents and apparatus

Polycarbonate membranes with 25nm nominal pores, were supplied from
Poretics and used as received. Photographic paper was purchased from Ilford
Galerie and used as received. Graphene oxide solution (5mg/ml) was obtained
from  Graphenea. = N-Hydroxysuccinimide  (NHS), Il-ethyl-3  (3-
(dimethylamino)-propyl) carbodiimide (EDC), anti-human immunoglobulin G
(produced in goat), human IgG (from serum), bovine serum albumin,
chloridic acid, ethanalonammine (ETA), phosphate buffer saline (PBS) pH
7.4 tablets, potassium hexacianoferrate, chlorauric acid, sodium citrate
tribasic, sodium chloride, and PTHLH antigen were purchased from Sigma
Co, while PTHLH antibodies was purchased from Abytenk. Silver ink and
grey colour dielectric were purchased from Sun Chemical Gwent Group. All
the chemicals have been diluted in Milli-Q water (18MQ cm™). All the
electrochemical analyses were recorded using pAutolab II (Echo Chemie, The
Netherlands) potentiostat/galvanostat connected to a PC and controlled by
Autolab GPES 4.9007 software (General Purpose Electrochemical System).
The Transmission Electron Microscopy (TEM) analysis was conducted using
a JEM-2011 Jeol (Jeol Ltd., Japan). Scanning electron microscopy (SEM)
images were acquired using a MAGELLAN 400L XHR, FEI Company, The
Netherlands.
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Au-NPs synthesis and antibody conjugation

Au NPs were synthesized following the Turkevich method [97]. Briefly, 50ml
of 0.25 mM AuHCly were heated up under vigorous stirring until boiling
point. Then, 1.25 ml of 1% sodium citrate was quickly added to the boiling
solution. During this process, the colour gradually changes from yellow to red
and then to purple. The heater was switched off once an appropriate red
tonality was observed. Finally, the solution was cooled down and stored at
4°C. The as prepared Au NPs were conjugated with antibodies against Human
IgG or PTHLH. This conjugation followed conditions that are detailed in the
results section, because they were determined from the results obtained from
the Gold Aggregation Test (GAT). The excess antibodies and BSA was
removed by centrifugation. The solution was re-suspended with 2 mM Borate

buffer pH 9.2

Fabrication of Reduced graphene oxide electrode
and immunoassay

Graphene oxide was deposited on a photographic paper, slightly modifying
the procedure of a previous work [98]. Briefly, a solution of 5 mg/ml
graphene oxide was diluted in DI water and then filtered through a
commercial polycarbonate membrane. After that, the membrane was
contacted with a piece of photographic paper and GO was transferred from
the membrane to the paper. The paper-based graphene oxide was reduced
using a laser that was previously programmed to scribe a predefined shape. In
this work, a circular working electrode of 3mm with coaxial reference and

counter electrode was drawn down. External contacts and silver pseudo-
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reference electrode were made using a silver ink, above the reduced GO (r-
GO). This ink dries after 15 mins at 110°C. Then, the external contacts were
insulated with a dielectric paste and dried at 70°C for 5 min. All these inks
were deposited using a screen-printing machine. Morphology was analysed by
scanning electron microscopy. Electrochemical measurements were carried
out by an pnAUTOLAB from -0.6 to +1 V vs. Ag with different scan rate,
from 5mV/s to 500mV/s in 0.2M PBS, pH 7.4, with an electrochemical probe,
such as potassium ferrocyanide. Electrochemical impedance spectroscopy was
carried out in pure PBS at pH 7.4. To increase the affinity of the antibodies
with the electrode, it was incubated with a solution of NHS and EDC in PBS
pH 7.4. By this way, the surface of the working electrode was functionalized
and anti-H-IgG or anti-PTHLH can easily bond to the electrode, via
carbodiimide crosslinking. All the parameters of the incubation were
optimized in terms of time and concentrations using CV, EIS or
chronoamperometry. After immobilization with anti-Human IgG/PTHLH, the
electrode surface was blocked, in order to avoid unspecific interactions. The
working electrode was blocked with ETA. The bioassay was performed by an
immune-sandwich using the conjugated Au-NPs and serial dilutions of H-
IgG/PTHLH. All incubations were carried out by drop casting 6 pl of the

solution, alternating with cleaning steps using PBS.
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5.3 Results and discussion

Electrode characterization

Figure 5.2 shows the complete fabrication process.

S
L £

FIGURE 5.2 NITROCELLULOSE MEMBRANE BEFORE (A) AND AFTER (B) FILTERING WITH GO;
PHOTOGRAPHIC PAPER BEFORE (C) AND AFTER (D) THE TRANSFER ; GO ON PAPER AFTER THE LASER

SCRIBING (E-F); FINAL CONFIGURATION OF THE LSGO AFTER SCREEN-PRINTING THE SILVER INK (G)
AND THE DIELECTRIC LAYER (H)
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The GO solution was filtered through a nitrocellulose membrane (Figure
5.2A-B) and a uniform distribution of GO is observed. Transfer from the
membrane, Spin coating and drop casting were used to deposit GO on the
paper and the best results, in terms of simplicity, uniformity and
reproducibility, were obtained by using the transfer from the membrane.
Indeed, electrodes obtained through spin coating were not homogenous
having a thicker layer in proximity of the centre of the paper (where the drop
was dropped). By this way, the properties of the electrodes were not uniform,
and the reproducibility would have diminished. On the other hand, drop
casting is an easier technique that could enhance the mass production of the
electrodes. Unfortunately, we found that the deposition based on this
technique was of longer duration and required higher volume sample.
Besides, while the transfer procedure did not require any control by the
operator, the electrodes deposited by drop casting had to be checked before to
pass to the next step because some parts of the photographic paper,
sometimes, were lighter than others (that means a thinner GO layer). The GO
was transferred from the membrane to the photographic paper (Figure 5.2C-
D) and the reduction was made by the laser (Figure 5.2E-F). The electrode is
shown in Figure 5.2G-H. After all these steps the electrode were very thin,

small, and flexible as shown in Figure 5.3.
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FIGURE 5.3 PICTURES SHOWING THE FLEXIBILITY OF THE PAPER BASED LASER SCRIBED DEVICE

The electrode features are highly affected by the properties of the graphene
oxidﬁ layer, such as conductivity, porosity, and thickness. The main
parameters to be considered to transfer the GO are the GO concentration and
the filtering volume. Fixed the volume, the GO concentration was changed
from 50ug/ml to 1000pg/ml and, different parameters have been checked,
such as resistance, capacitance and electrochemical response in the presence
of a probe. Each experiment was repeated five times and the resulting mean

values are reported.
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FIGURE 5.4 (A) EFFECT OF GO CONCENTRATION ON THE RESISTANCE OF LSGO ELECTRODE AND (B)
EFFECT ON RESISTANCE OF LSGO ELECTRODE OF SCRIBING TIME

The resistance decreases increasing the GO concentration, reaching a plateau
after 0.2 mg/ml (Figure 5.4A). This behaviour can be explained considering
that the GO thickness that the laser is able to penetrate depends just on the
speed, power and wavelength of the laser. Fixing these parameters, the
reducible thickness is fixed and even if the GO thickness increases the sheet
resistance will not decrease. The effect of the laser parameters, which are
speed and number of scribes were also studied. The last one has a deep effect
on the electrode resistance: the electrode after 1 scribe has a resistance in the
MQ range that drastically drops to kQ range by scribing a second time, as
showed in Figure 5.4B. As a compromise between electrode resistance and
time consumption, the electrodes were scribed 3 times at the same speed.
After evaluating different engraving speed, it can be concluded that it does
not affect much the resistance, but it plays a role on the precision of the laser.
Subsequently, the same electrodes were tested in a solution of 5mM Fe*"**
and the signal amplitude increases with the GO concentration and become
more invertible due to the smaller peak to peak distance. The electrode
obtained with 0.5 mg/ml of GO has a better peak-to-peak separation and a
lower peak intensity compared to that one with 0.2 mg/ml. These results
indicate a better electrochemical behaviour by the thicker layer of GO despite

the conductivity is the same. Surprisingly, moving from 0.5 to 1 mg/ml, the
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peak-to-peak separation increases, therefore 0.5 mg/ml was chosen as an
optimized concentration. The effect of direction of the laser scribe was
checked as well. Indeed, the laser could scribe either vertically or
horizontally: in the second case, the conductivity of the electrode was really
poor, because the different line scribed by the laser (see Figure 5.5C) were

hardly in touch.
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Shiny Layer

FIGURE 5.5 CROSS SECTION OF THE PHOTOGRAPHIC PAPER BEFORE (A) AND AFTER (B) GO
DEPOSITION, TOP VIEW OF THE LASER SCRIBED GO AT LOW (C) AND HIGH (D) MAGNIFICATION

Five different samples were analysed and every following statement (in terms
of porosity, GO thickness, and separation between lines) are based on the
analysis of these samples Figures 5.5A, and B show the SEM cross-section
images of the photographic paper before and after the GO deposition.. The

bare paper is made of two distinct layers that are visible even at naked eyes
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(Figure 5.5 A). On the top of the shiny layer, a thickness of about 10 pm + 0.7
of GO is deposited (Figure5.5 B). After the laser scribing process (3 times),
the electrode has an intrinsic porosity with an average distance between the

laser lines of about 76 um + 6.2 (Figure5.5 C, and D).
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FIGURE 5.6 COMPARISON OF THE CV IN PRESENCE OF 5 MM FE*">* USING LSGO (BLACK CURVE),

SPCE (RED CURVE) AND CRGO (GREEN CURVE)

The effect of the high porosity can be seen in Figure 5.6. Here, 3 different

electrodes were tested in a 5mM Fe?™**

solution: a Chemically Reduced
Graphene Oxide (CRGO) electrode (red line), a Screen Printed Carbon
Electrode (SPCE) (black line), and a LSGO (blue line). Both the SPCE and
the CRGO were fabricated using a consolidated procedure. Despite the
geometrical area of all these electrodes was the same (3mm diameter), the
current signal of the LSGO electrode is more than twice compared to that one
of SPCE. The CRGO electrode shows a small current signal, almost
negligible compared to the LSGO. These results are due to the porosity of the

electrode determining a higher surface area than an almost flat SPCE. Using
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the Randles-Sevcik equation [99], an area of 2.12 cm’ was calculated, which
is 30 times higher than the geometrical one. This result agrees with the high
porosity evidenced in Figures 5.5C, and D. The reproducibility of the sensing
electrodes was tested (Figure 5.7), with a standard deviation lower than 5%.
Furthermore, the effect of scan rate has been checked and a linear relation
between the current peak and the square root of the scan rate was found. The
peak-to-peak separation slightly increases with the scan rate suggesting that

2+/3+ . . . . ) .
the Fe reaction over this paper-based sensing electrode is semi-reversible.
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FIGURE 5.7 REPRODUCIBILITY OF 6 DIFFERENT LSGO ELECTRODES IN PRESENCE OF 5 MM FE2*/3*

The main problem working with paper-based sensing electrodes is the
disposability. Indeed, paper tends to absorb liquids, permanently modifying
its structure, therefore these electrodes are generally used as disposable
sensors. We choose to work with photographic paper because it has all the

properties of paper, but it less absorbs liquids owing to the presence of the
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shiny layer of Figure 5.5A This is confirmed by Figure 5.8, where CVs were

carried out with the same electrode but in different days.
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FIGURE 5.8 CV CARRIED OUT USING THE SAME LSGO ELECTRODE IN TWO DIFFERENT DAYS

The red CV of Figure 5.8 has been obtained with a fresh electrode, just after its
preparation. Then, the liquid was removed by a micropipette and the electrode
stored in air for 24h. After that time, fresh Fe’"*" was dropped on the electrode
and the black curve of Figure 5.8 was recorded. The curve is slightly modified,
since the peak-to-peak separation was increased, but it can be considered a good
result because the electrode maintained almost all its electro-activity. Therefore,
we can assume that our paper-based sensing electrodes can be used more than

once.
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Au-NPs characterization and conjugation with
antibodies

Figure 5.9 show a TEM images of Au-NPs where is possible to see that are

monodisperse and spherically shaped.

FIGURE 5.9 TEM IMAGES OF 20Nm AU-NPs

In order to check the the Au NPs size and the conjugation of the NPs with the
antibodies, a Gold Aggregation Test (GAT) was performed. This test was
carried out using anti-human IgG, instead of anti-PTHLH, due to the much
lower cost of this antibody. Briefly, 150 ul of Au NPs were mixed with 10 pl
of antibodies at different concentration and shaked for 20 min at 4°C. Then,
20 pl of 10% NaCl were added and shaked again for 20 min. If the surface of
the Au NPs is not covered with antibodies, aggregation occurs due to the
presence of NaCl and therefore, as the concentration of antibodies increases,
the emission spectrum shifts towards red. When the spectrum stops to shift,
the NPs are fully covered by antibodies. Furthemore, the peak position can be
releated to the Au NPs size when no NaCl is added [100-101]. Figure 5.10

shows the GAT of Au NPs and the results are summarised in Table 5.3.
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FIGURE 5.10 GOLD AGGREGATION TEST
The peak position of NPs is about 525nm and it stops to shift when 250ug/ml
of antibodies were added (Figure 5.10). From the literature, the peak at 525
nm is releated to NPs with size of about 20 nm [100-101].

TABLE 5.3 RESULTS GAT OF FIGURE 5.10

Peak Position
Au NPs (no NaCl) 525 nm
Au NPs + 50 ug /ml 585 nm
Au NPs + 100 ug /ml 565 nm
Au NPs + 150 ug /ml 555 nm
Au NPs + 200 ug /ml 535 nm
Au NPs + 250 ug /ml 530 nm

In order to use the conjugated Au NPs as tags for the immunoassay, the
following procedure has been followed: 1.5 ml of NPs were mixed with 100ul
of 250 pg/ml antibodies and shaked for 20 mins at 4°C at 650 RPM. Then,
100ul of 100 pg/ml BSA were added as blocking agent, and shaked in the
same conditions. Finally, the NPs were centrifuged at 14000 rpm for 30
minand then were resuspended in a borate buffer at pH 9.2. The same amount

of PTHLH  antibodies was used to conjugate the NPs.
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Application _as _immunoassay: optimization of the

Immunoassay

The first attempt to detect H-IgG was carried out using random parameters for

all the incubation steps and the result is shown in Figure 5.11.
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FIGURE 5.11 (A) HER OVER LSGO WITH DIFFERENT AMOUNT OF HUMAN IGG USING NOT
OPTIMIZED PARAMETERS AND (B) CORRESPONDING CALIBRATION LINE

It can be observed that the system is able to detect Human IgG down to 5
ng/ml. However, the reproducibility was very scarce with a standard deviation
higher than 200% (not shown). We think that this problem was due to the
previous incubation steps that were not optimized but were selected according
to some papers in the literature [93-102]. In order to increase the
reproducibility, all the parameters of the incubation steps were optimized. The
first step concerns the modification of the LSGO electrode with NHS and
EDC, to create amino groups on the platform and facilitate covalent bond of
the antibodies to the electrode [ 103]. After incubation with antibodies, the cell
impedance should increase because antibodies are not conductive. To check
the effect of the different incubation steps, EIS was carried out and the Bode

Plot has been used to discriminate the best conditions. The higher the
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impedance, the higher is supposed to be the density of antibodies attached on
the electrode. We found that incubation 30 min long with 500mM NHS and
50mM EDC determines the highest increase in the total impedance. Using the
same approach, the incubation with antibodies was optimized. The electrode
was incubated with different amount of antibodies, for different time. After 30
min of incubation with optimized amount of NHS and EDC, EIS was
performed. The surface modification with antibodies increases the electrode
impedance that can be measured using EIS (Figure 5.12 A, B). The
experiments were carried out using three different electrodes for each time
and concentration. In Figure 5.12B the mean value is plotted with the

corresponding standard deviation.
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20 —— 15 min with 100ug/ml antibodies B . 100ug/mi
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w
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FIGURE 5.12 (A) EFFECT OF INCUBATION TIME OF 100 uG/ML OF ANTIBODIES ON THE TOTAL
IMPEDANCE OF THE CELL AFTER INCUBATION WITH NHS AND EDC AND (B) EFFECT OF ANTIBODIES
CONCENTRATION AFTER 30 MIN OF INCUBATION

Figure 5.12A and B show the cell impedance when H-IgG antibodies are
incubated (after the incubation with the optimized amount of NHS and EDC).
Figure 5.12B shows the impedance calculated as the ratio between the
impedance after the incubation with antibodies (Z) and the impedance after
incubation just with NHS and EDC (Z). In Figure 5.12 can be observed that

50pg/ml of antibodies gives the best performance both in terms of signal and
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error. In order to detect proteins, like Human IgG, it is important that the
signal comes just from the sandwiches avoiding that unspecific bonding of the
gold tags with electrodes are read. In order to check the efficiency of the
blocking step, CV in the presence of Fe?"*"

with ETA (Figure 5.13).

was performed after incubation
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FIGURE 5.13 EFFECT OF BLOCKING TIME USING (A) 5 mM, (B) 20 mM, (C) 250 mM AND (D) 500
MM ETA

Both 15 and 30 mins of incubation with 5 mM of ETA are not able to block
the surface that remains electroactive without any significant modification in
peak position nor peak separation (Figure 5.13A). However, when the ETA
concentration increases up to 20 mM, 30 min of incubation start to modify the
electrode that became more irreversible (Figure 5.13B). When 250 mM ETA

was tested, the electrode starts to be blocked after 15 min and becomes much
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more irreversible after 30 min of incubation (Figure 5.13C). Instead, 500mM
ETA almost totally block the electrode already after 15 min while a peak-free
CV appear after 30 min of blocking (Figure 5.13D). Considering that the
electrode still must be conductive, we select to incubate with 500 mM for 15

mins.

The effect of the incubation time with Au NPs has been investigated and the

result is shown in Figure 5.14.
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FIGURE 5.14 EFFECT OF INCUBATION TIME WITH AU-NPS AFTER INCUBATION WITH ALL THE
OPTIMIZED PARAMETERS ON THE HER WITH 20 NG/ML OF H-IGG

The electrode was incubated with NHS, EDC, antibodies, and ETA using the
optimized parameters. Then, 20 ng/ml of Human IgG were incubated for 15
min and pre-conjugated Au NPs were dropped on the electrode for different
times. As it is possible to observe, the sensitivity increases when the
incubation time with Au NPs increases from 10 to 30 min but it decrease
when incubating for 1h. This behaviour can be explained by the Hooke effect,
described below. According to this result, we decided to incubate with Au
NPs for 30 min.
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Electrochemical measurements on the
immunoassay, calibration lines

To produce hydrogen, a cathodic potential has to be applied. pH and applied
potential are the main parameters that have to be optimized. Figure 5.15
shows a Linear Sweep Voltammetry using LSGO and SPCE in 0.5 M HCIL.
This figure shows the CV of one LSGO and one SPCE but the same

behaviour has been found with several other electrodes.
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0| e |
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=
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=
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o
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-160 . 1 L 1 L 1 . 1 . I L I . 1 .
42 -1,0 -0,8 -0,6 0,4 -0,2 0,0 0,2 0,4

Potential vs Ag

FIGURE 5.15 LSV CARRIED OUT IN 0.5 M HCL USING SPCE (RED LINE) AND LSGO (BLACK LINE)

HER starts at -0.6V vs Ag on the LSGO and at -0.8V on the SPCE, and
occurs with lower overpotential on the LSGO electrode. This result shows
that it is possible to have better performances with paper based LSGO rather
than a bare SPCEs. This behaviour has been confirmed also by only addition
on the electrode of different amounts of Au NPs, without any treatment with

antibodies, and applying a fixed cathodic potential of -1V (Figure not shown).
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The results show that, using both LSGO and SPCE, the higher is the
concentration of NPs the higher is the current, so confirming that Au NPs are
electroactive for hydrogen evolution. Besides, it confirmed that LSGO
sensing electrodes are more performing than SPCE ones, because a higher

current was recorded in the presence of the same NPs concentration.

In order to find the best potential to be applied for H, evolution on LSGO
sensing electrode, different experiments with 20ng/ml of Human IgG were

conducted, applying different potentials to catalyse hydrogen reaction.

22

ilib

% increase of current /

0 20
H-lgG / ng/ml

FIGURE 5.16 EFFECT OF THE APPLIED POTENTIAL ON THE DETECTION OF 20 NG/ML OF HUMAN IGG

TABLE 5.4 EFFECT OF THE APPLIED POTENTIAL ON THE DETECTION OF 20 NG/ML OF HUMAN IGG OF FIGURE 5.19

Applied Potential | Blank Current | 20 ng/ml | Sensitivity Standard
(Vs Ag) (HA) (HA) (HA ng *ml) | Deviation
-0.4 11.52 15.13 1.31 10%
-0.6 12.77 19.8 1.55 31%
-0.8 27.32 56.25 2.05 53%
-1 60.9 124.3 2.03 7.5%
-1.2 79.1 155 1.95 8.3%

Table 5.4 and Figure 5.16 show the results of these experiments that agree
with Figure 5.15 (black curve). Indeed, the slope of the LSV curve of LSGO
electrode of Figure 5.15 increases moving from -0.4 V to -0.7V vs. Ag and

then it is constant from -0.8 V until -1.1 V vs Ag. So, it is reasonable to think
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that current for HER has to follow the same behaviour. The results of Figure
5.16, summarised in Table 5.4, confirmed that sensitivity (and so the current)
reached a plateau of about 2 pA ng”' ml applying a potential higher than -
0.8V. Anyway, we choose to work with an applied potential of -1V because it
provided the best reproducibility. We also checked the effect of pH (in terms
of HCI concentration), and we found that its effect is negligible moving from

0.5 to 2 M HCI (not shown).

The experiment of Figure 5.17A was carried out with the following

procedure:

1. Incubation with NHS and EDC;

Incubation with NHS, EDC and antibodies;
Blocking with ETA;

Incubation with PBS pH 7.4 without H-IgG,

v o wb

Incubation with pre-conjugated NPs (20nm);
6. Chronoamperometry at -1 V in 0.5 M HCI.

In this way, no NPs are supposed to be into the electrode.
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FIGURE 5.17 A) sIX DIFFERENT BLANKS, B) TRIPLICATE OF BLANKS, 5 NG/ML, 40 NG/ML OF H-1GG

Figure 5.17A clearly shows that the electrode is reproducible, with a standard
deviation of about 8%. The curves of Figure 5.17B has been obtained
following the same procedure of Figure 5.17A but with addition of different
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amount of H-IgG into PBS. Figure 5.17B shows that current increases with
Human IgG concentration, confirming that the sandwiches are on the surface
of the sensing electrode. Sometimes, a sudden drop in the current was
recorded as shown by one of the three green lines of Figure 5.17B. We think
that this is due to hydrogen bubbles that accumulate over time on the
electrode, shielding the surface. When the bubbles become big enough, they
detach from the electrode so that the exposed area increases with the current.
Furthermore, this result confirms that the lack in reproducibility discussed
before (Figure 5.11) was due to the irreproducibility of the incubation steps.
Indeed, after the optimization process, the reproducibility was greatly

improved. Fig 5.18 A shows that the current increases with the Human IgG

concentration.
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FIGURE 5.18 A) EFFECT OF INCREASING CONCENTRATION OF H-IGG AND (B) CORRESPONDING
CALIBRATION LINE; C) CALIBRATION CURVE FROM 0 TO 100 NG/ML OF H-IGG
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The corresponding calibration line is shown in Figure 5.18 B. We found a
linear range from 1 to 40 ng/ml matched by the equation 2.42*C
(ng/ml)+62.92, and a LOD of 3.78 ng/ml. At analyte concentrations higher
than 40ng/ml, the current starts to decrease (see Figure 5.18C), due to an
overcrowding effect, without reaching a plateau, according to the Hook law
[104]. This behaviour is quite common in working with immunoassay, as
confirmed by the literature [105-106-107]. This behaviour leads to a difficulty
in the result processing because two different concentrations have the same
current value. In order to overcome this problem, a secondary analysis has to
be carried out. Indeed, the current will change differently depending on the
Human IgG concentration: it will increase when the concentration is on the
left side of the peak (when it is lower than 40 ng/ml), while it decreases if the
concentration is on the right. In this way, it is possible to discriminate

between the two different concentrations.

To decrease the LOD, we developed a new way to produce Au NPs, and we
followed a slightly different procedure for the incubation. The results are
shown in Figure 5.19. For the sake of clarity, the NPs prepared according the

new procedure will be called Au NPs2.
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FIGURE 5.19 CALIBRATION CURVE FROM 0.1 TO 2 NG/ML OF H-IGG USING AU-NPs2
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Figure 5.19 shows the calibration line obtained with Au-NPs2. The LOD
shifted towards the pg/ml range, with a linear range from 100 to 500 pg/ml
and a sensitivity of 0.43 pA/(pg/ml) was determined. Unfortunately, the
standard deviation is higher in comparison with the calibration line of Figure

5.18B. We think that this problem could be due to:

e Not efficient incubation with these new NPs;

e Not efficient Au-NPs synthesis.

Anyway, these prelaminar results demonstrate that NPs play a key role in this
technique and that it is possible to decrease the LOD optimizing either the

gold nanoparticles synthesis or incubation steps.

PTHLH detection

The same incubation parameters, used for Human IgG, were applied to detect
PTHLH. Indeed, both anti-PTHLH and PTHLH antigen are highly expensive
chemicals and an optimization process would have required a too high amount
of reagents. For the same reasons, just the Au-NPsl were tested for PTHLH
detection. Indeed, nevertheless the scarcer electrochemical behaviour of these
NPs, we found a better reproducibility during both NPs synthesis and Human
IgG detection.
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Figure 5.20 shows the hydrogen evolution reaction on the LSGO with
different amount of PTHLH antigen, after the conjugation with PTHLH
antibodies and conjugated Au NPs. Sometimes, here again, the current shows
some steps due to the presence of bubbles on the electrode surface. Anyway, a
good sensitivity was found, and the current linearly increases with

concentration from 1 to 30 ngml™ of PTHLH, as shown in Figure 5.21.
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FIGURE 5.21 CALIBRATION CURVE FROM 0 TO 40 NG/ML OF PTHLG
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Two different sensitivities were found: the first one of about 5.9 pA/(ng ml)
from 1 to 10 ng/ml and a second one of about 2 pA/(ng ml) from 10 to 30

ng/ml. The regression lines are:
i=5.93*C+73.8 with an R? of 0.991
i=2.02*C+112.89 with an R? of 0.94

Here, the ‘Hook effect’ appears but at slightly lower concentration (30 ng/ml
instead of 40 ng/ml of Human IgG). Furthermore, we found that the standard
error of the electrode is less than 10% when PTHLH concentration is lower
than 30 ng/ml (the ‘Hook limit”), while it drastically increases when this limit

is approached.

Despite the LOD is not low enough to detect PTHLH in a real sample (a
useful linear range should be from 0.1/1 to 10/100 pg/ml), the result is
satisfying because shows that i) Human IgG can be used as a model, (i1)
PTHLH can be detected using electrochemical techniques, and (iii) it should
be possible to decrease the LOD of the electrode in the pg/ml range by
optimizing the PTHLH incubations and NPs synthesis.

In a previous work, lateral flows strips were used to detect both Human IgG
[108] and PTHLH [109] using gold nanoparticles as marks. Using this new
LSGO sensing electrode for detecting Human IgG, we decreased the LOD of
about 20 times (the linear range started at 50 ng/ml using lateral flow), and
the sensitivity is almost 500 times higher. The linear range in detecting
PTHLH by using lateral flow started at 5 ng/ml, that is not far from that one
obtained in this work. Anyway, it is important to highlight that lateral flow,
being an optical method, suffers of interference due to the matrix of the real

samples, and, moreover, we are quite confident that the LOD of Figure 5.21
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can be decreased of at least 1 order of magnitude by optimizing the synthesis

of the Au NPs2.

Comparison with bibliography

Table 5.5 shows some results concerning with the electrochemical detection
of Human IgG, obtained in the last 5 years using different immunoassay
configurations.

TABLE 5.5 COMPARISON OF DIFFERENT WORKS, IN THE LAST 5 YEARS, FOR ELECTROCHEMICAL
DETECTION OF H-IGG

Electrode Immunoassay LOD Ref
configuration ng/ml

Ag-NWs — ZnO nanostr. 3 0.01 '
SPCE-GO 2 2 [76]
CuS-NWs 2 107 [77]
SPCE-CdS 3 0.01 [61]
SPCE-CdS/CuS 3 0.01 [78]
SPCE-poly(2- 2 015 | '™
aminobenzylamine)
SPCE-AP 3 10 [66]
LSGO-AuNPs 3 0.1 This work

Table clearly shows that our results agree very well with the average results
of the literature.

It is not possible to make the same table for PTHLH detection by
electrochemical methods because not many papers are published. As the best
of my knowledge, all these works were already cited in Table 5.2 where it is
possible to see that our results agree with the literature, mostly if we consider
that the LOD can be decreased improving the Au-NPs size and the incubation

steps.
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5.4 Conclusions

A new, novel, cheap and easy way to produce paper based Laser Scribed
Electrodes has been found. The process does not require any particular
chemical and it is possible to obtain at least 6 electrodes, or even 8/10
optimizing the use of a commercial polycarbonate membrane. The
morphological and electrochemical characterizations of the sensing electrode
showed that it is highly porous and has better electrochemical properties than
commercial SPCEs and ‘home made’ CRGO. We showed that the
optimization of the deposition of the immunoassay plays a crucial role in
improving the reproducibility of the technique. The optimization was carried
out in a new and powerful way using just electrochemical techniques. Human
IgG and PTHLH were detected achieving low Limit of Detection with good
sensitivity. The NPs synthesis has a key role in this process, being able to
decrease the LOD by 1 order of magnitude. This paper based sensing
electrode opens new possibilities for electrochemical sensors for both clinical

and environmental applications.
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6 Conclusions and outlook

General Conclusions

In this doctoral thesis, the research work on the development of different
nanostructured sensors for clinical and environmental applications was
presented. The results obtained in this thesis showed that electrochemical
sensors can be used in many fields, significantly improving the performances of
the current analytical techniques that are often expensive, laborious, bulky and
not portable.

The research activity was focused on the preparation of electrodes, using
different techniques with the aim to obtain electrodes with different
morphology, from NWs and NTs to NPs, from thin films to micro bands.
Different electrochemical techniques were presented both to characterize and to
test the electrodes. In the case of sensors made of nanostructures, the influence
of the nanostructures size was showed and discussed. It was seen that electrodes
with smaller nanostructures show better performances for sensing.

The first investigated sensor (described in Chapter 3) was concerned the
detection of hydrogen peroxide using Pd or Cu nanostructures. It has been
showed the effect of the nanostructures height and active material nature on the
selectivity, LOD and stability. These types of sensors were also used to detect
hydrogen peroxide for monitoring oxidative stress in living cells. This is still an
ongoing work, but preliminary results showed that this technique can be used in
this field.

In Chapter 4, two different sensors for heavy metals were described. Mercury,
lead and copper were detected reaching low limit of detection, always lower
than that one settled by the Environmental Protection Agency. The electrodes

were able to detect metals also in real samples, such as undrinkable water and
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river water. Metals were detected at neutral pH, using interdigitated gold
microbands, exploiting a new and innovative technique able to modify the pH
close to the electrode surface. This technique highly increases the palatability of
electrochemical sensors for heavy metals detection in water.

The last sensor (described in Chapter 5) concerns the development of an
electrochemical immunosensor for Human IgG and PTHLH using an innovative
electrode. In fact, for the first time a paper-based electrode, made of laser
reduced graphene oxide, was efficiently developed. We have achieved a LOD

close to the ones of commercial ELISA Kits.

Ongoing works

Currently, in our Lab (Applied Physical Chemistry, DIID, University of

Palermo) we are working to develop other two different sensors:

e An electrode made of electrochemically reduced graphene oxide and Au-
NPs. These two compounds were deposited simultaneously into an
Indium Tin Oxide substrate. The electrode has been fully characterized
and we are using it to detect dopamine in blood. Dopamine is an
important neurotransmitter that can be used for an early diagnosis of
Alzheimer Disease. We reached low LOD (0.1 nM) with high sensitivity,
reproducibility, and selectivity. This work will be submitted soon for
publication. Furthermore, we like to improve the novelty of the work by
using this electrode to detect, simultaneously, dopamine and other
biomarkers for Alzheimer disease;

e We have patented a new and innovative way to produce silver-based
electrodes from wasted CD-ROM. The patent has been accepted by the
Italian Society of Patents, but it is not available yet. This technique

allows us to produce reproducible electrodes and, moreover, to recover
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an important and expensive material like polycarbonate. We used the
Ag-based electrode to detect simultaneously Zn, Cd and Pb, and the
preliminary results showed excellent features with LOD of about 1 ppb.

Also this work will be submitted soon for publication.
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