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The aim of this work was to demonstrate that various types of nanostructures provide different
gains in terms of sensitivity or detection limit albeit providing the same gain in terms of increased
area. Commercial screen printed electrodes (SPEs) were functionalized with 100 ug of bismuth ox-
ide nanoparticles (BizOs NPs), 13.5 pug of gold nanoparticles (Au NPs), and 4.8 ug of multi-wall
carbon nanotubes (MWCNT3) to sense hydrogen peraxide (H203). The amount of nanomaterials to
deposit was calculated using specific surface area (SSA) in order to equalize the additional electroac-
tive surface area. Cyclic voltammetry (CV) experiments revealed oxidation peaks of BiaOs NPs, Au
NPs, and MWCNT3s based electrodes at (790 + 1) mV, (386 + 1) mV, and (589 + 1) mV, respec-
tively, and sensitivities evaluated by chronoamperometry (CA) were (74 + 12) uA mM~! ecm™?,
(129 + 15) yA mM ™! cm™?, and (54 + 2) pA mM~! cm ™2, respectively. Electrodes functionalized
with Au NPs showed better sensing performance and lower redox potential (axidative peak position)
compared with the other two types of nanostructured SPEs. Interestingly, the average size of the
tested Au NPs was 4 nm, under the limit of 10 nm where the quantum effects are dominant. The
limit of detection (LOD) was (11.1 % 2.8) uM, (8.0 £ 2.4) uM, and (3.4 + 0.1) uM for BizOs NPs,
Au NPs, and for MWCNTSs based electrodes, respectively. '
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Introduction

Low-cost, simple, efficient, and highly sensitive
electrochemical biosensors are attractive for the de-
tection and quantification of many compounds. Here,
the performance of different nanostructured SPEs in
H20; sensing is investigated, since this compound is
involved in oxidase-based sensing and thus, it is a key
element in the analysis of various organic compounds
and enzymatic reactions (Boero et al., 2011; Wang &
Hu, 2009; Pumera et al., 2007). In this work, the oxida-
tion peak of H30; is determined by CV experiments,

and the applied potential of CA is set slightly beyond
this value to examine the performance of the function-
alized SPEs against H,0,.

Many novel nanostructures enhancing the electron
transfer rate between electrodes and targets and thus
increasing the performance of the devices have been
developed and exploited. Electrochemical and optical
properties of semiconductor nanoparticles (NPs) are
tunable with their size; a well-known example of this
being the blue shift in the absorption edge of NPs
while decreasing their size (Trindade et al., 2001). Size
dependent properties are the result of high fraction of
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surface atoms and quantum effects (Alivisatos, 1996).
Many applications in electronics (Ding et al., 2006; Liu
et al., 2012), catalysis and sensing (Bredol & Kacz-
marek, 2010; Willner et al., 2007), solar-energy con-
version (Jiang et al., 2013; Guo et al., 2013), optoelec-
tronics (Zeng et al., 2010; Kairdolf et al., 2013), quan-
tum devices (Pumera et al., 2007), and single electron
transistors (Facci et al., 1996) take advantage of the
particle size tuning. BiaO3 NPs (Zhang et al., 2010; Ge
et al., 2011) provide enhanced catalytic and electro-
chemical activity compared to their bulk counterpart
(Shipway & Willner, 2001), which is induced by the
high surface/volume ratio, high defect concentration
on surface (porous morphology), and the unique elec-
tronic properties (Zhang, 1997; Banks et al., 2005).
These properties as well as the nontoxic nature and
biocompatibility make Bi;O3 NPs a suitable choice
for biosensing applications (Periasamy et al., 2011).

Conductivity and nanoscale dimensions of metal
NPs (mostly Au NPs) were employed in many en-
zymatic (Pingarrén et al., 2008; Shumyantseva et
al., 2005) and non-enzymatic (Wang & Zheng, 2010;
Yin et al., 2014) biosensing applications. Metal NPs
have been deposited on a wide range of substrates
by electrodeposition (Wang & Zheng, 2010), self-
assembly (Nie et al., 2010; Sun, 2006) and precip-
itation (Shumyantseva et al., 2005; Guascito et al.,
2011) techniques. Strong adsorption band of metal
NPs is another quantum scale effect, which is absent
in their individual atoms or bulk materials (Ghosh &
Pal, 2007). This and many other optical properties
of metal NPs originate from the surface plasmon res-
onance phenomenon (Ghosh & Pal, 2007). Au NPs
with negative net charge adsorb biomolecules with-
out attenuating their bioactivity (Hernédndez-Santos
et al., 2002), thus, offering many potential applica-
tions as bio-labels (Liu & Lin, 2005) or enzymes im-
mobilizing platform (Pingarrén et al., 2008). Au NPs
size and surface chemistry, and consequently their op-
tical and electrochemical properties, are easy to mod-
ify. This feature has made Au NPs one of the most
widely used nanomaterials for academic research and
an integral component in point-of-care medical devices
and industrial products (Shumyantseva et al., 2005;
Rosi & Mirkin, 2005). Solar conversion (Tian & Tat-
suma, 2005), single-electron transistors (Bolotin et al.,
2004), cancer diagnostics and therapy (Huang et al.,
2007), optoelectronics (Willner & Willner, 2001), and
quantum devices (Junno et al., 1998) are some of the
examples of Au NPs applications.

MWOCNTs display metallic, semi-metallic or super-
metallic conductivity depending on the applied syn-
thesis method and surface treatment. They provide a
bollow core proper for immobilizing platforms, and a
1D electron confinement with a high mean free path.
Consequently, MWCNTSs play an important role in
biomedical diagnostics as they improve the electron
transfer kinetics toward the redox center of enzymes

or biomolecules (Boero et al., 2011; Carrara et al.,
2008, 2009). Furthermore, they find many applications
in integrated circuit technology (Nihei et al., 2005),
optical displays (Paddeu et al., 1998), single-electron
transistors (Roschier et al., 1999), single-molecular de-
tectors (Sorgenfrei et al., 2011), solar cells (Lin et
al., 2011), and fuel cells (Prabhuram et al., 2006).
MWCNTSs are grown on a vast variety of substrates
by means of chemical vapor deposition (Taurino et
al., 2013; Singh et al., 2003), electrophoretic deposi-
tion (Boccaccini et al., 2006), arc discharge (Cadek
et al., 2002), laser ablation (evaporation) (Journet &
Bernier, 1998), as well as new by techniques including
solar energy evaporation, plasma torch, underwater
AC electric arc, and microgravity environment (Par-
adise & Goswami, 2007). All in all, MWCNTs with
high surface to volume ratio, good mechanical prop-
erties, and great electrical conductivity improve the
sensitivity, selectivity and LOD (Boero et al., 2011).

In the present work, the above-mentioned nano-
materials were used to functionalize SPEs in order to
compare the performance of the resulting sensors in
terms of sensitivity, LOD and redox potential toward
H;0; sensing.

Experimental
Materials and instrumentation

SPEs (model DRP-C110) were purchased from
DropSens (Spain). Electrodes consisted of a 0.12 cm?
carbon working electrode, a silver reference electrode
and a carbon counter electrode. Suspension of dode-
canethiol functionalized Au NPs, with average parti-
cle size of 4 nm and concentration of 2 mass % in
toluene, was provided by Sigma-Aldrich, and diluted
with toluene to obtain the density of 1 mg mL™!.
H20; solution was supplied by Reactolab SA (Switzer-
land) and diluted in phosphate buffer solution (PBS
0.01 M, pH 7.4) to provide a 25 mM solution. Pow-
der of MWCNTs (diameter: 10 nm; length: 1-2 pm,
90 % purity) was purchased from DropSens (Spain).
It was dispersed in chloroform to the concentration
of 1 mg mL~! and the suspension was subjected to
sonication for 1 h to achieve a homogeneous solution.
Bi;O3 NPs, synthesized in Politecnico di Torino, were
dispersed in acetone to the density of 2 mg mL~!, and
then sonicated.

Bi2O3 NPs were synthesized starting from a bis-
muth salt (Zhao et al., 2004; Kharissova et al., 2010)
following the Metal Organic Chemical Vapor Deposi-
tion (MOCVD) process (Feil et al., 1990). MOCVD
was selected due to the possibility of optimizing var-
ious parameters with the scale up from a few mil-
ligrams to kilograms. The metal organic precursor
was evaporated in inert atmosphere with regulated
temperature 8o as to form metal nanoparticles. By
varying the MOCVD experimental conditions, it was
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possible to tailor the properties of the crystals at
the atomic scale. Bismuth(III) nitrate pentahydrate
(Bi(NO3)3 -5H20) (Aldrich, 98% purity) was used
as bismuth and oxide atomic source for synthesizing
Bi203 NPs.

The first step of the process was to get rid of resid-
ual air using pure argon gas flow. Then, the furnace
was brought to a thermal equilibrium at the required
deposition temperature (600°C). In the furnace, the
high temperature leads to the pyrolysis of the starting
material, Bi(NO3)3 - 5$H20, into a gas mixture, which
ultimately leads to the nanoparticle growth inside the
glass vial. When the growth process ended, the fur-
nace was allowed to cool down to ambient temperature
while maintaining the inert gas flow.

A MERLIN scanning electron microscope (Carl
Zeiss, Germany) was used to obtain SEM images of
the nanostructures. SEM images confirmed that the
surfaces of working electrodes were completely covered
with nanostructures. The average diameter of Bi;O3
NPs (Fig. 1) was computed by the ImageJ software
(Schneider et al., 2012).

Electro-active surface area

The gain of nanostructures in terms of additional
electroactive surface area has widely been reported.
Therefore, the aim of this work was to investigate
and prove that nanostructures offer different gains in
terms of sensitivity, LOD and redox potentials even if
they provide equal surface area. Cottrell and Randles-
Sevcik equations verify the direct relationship between
the electrochemical faradaic current and the surface
area of electrodes. Furthermore, it was proved (Car-
rara et al., 2014) that the sensitivity (S) calculated
from the faradaic current versus concentration is di-
rectly related to the additional electroactive surface
area (Eq. (1), where n = number of electrons, F =
Faraday constant, A = electrode area, D = diffusion
coefficient, ¢t = time):

_ nF(Ag + Acnt)VD

S ™ (1)

Further, the SSA of target nanostructures was ap-
proximately defined (Eqs. (2), (4)) in order to cal-
culate the additional electroactive surface area. SPE
with 100 pg of Bi;O3 NPs is considered as the ref-
erence (Eq. (5)), and the amounts of Au NPs and
MWCNTs to achieve almost the same additional elec-
troactive surface area were calculated (Egs. (6), (7)).

Bi;O3 NPs, without taking into account their
porous surface morphology, are roughly considered as
spheres with the average size of 64 nm (based on SEM
images in Fig. 1). SSA (area over mass in m? g~!) can
be calculated for the sample using the following equa-
tion (Lowell & Shields, 1991) where A = 4nr?, V =

Fig. 1. SEM images of the surface of working electrodes func-
tionalized with: BigOs NPs (a), Au NPs (b), MWCNTs
(c)-

4/3n3, p=89gcm3, and r = 32 nm:

SSAsi,0, = Vip = % =105m’g™'  (2)
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Table 1. Oxidation peak position related to nanostructured and bare SPEs for H303-25 mM sensing; additional electroactive
surface area provided by the nanostructures is approximately 1050 mm? in respect to SPE

Working electrode?® SPE

MWCNTs4.8 ug

BizO03-100 pg Au-13.5 ug

Peak position/mV 688 + 8

589 £ 1

780 + 1 386 + 1

@) Carbon-0.12 cm?.

Au NPs also, according to the data sheets of
Sigma-Aldrich and the SEM images (Fig. 1), have
sphere-shaped geometry with average dimensions of
4 nm. The SSA4, of 77.7 m? g~ ! was calculated us-
ing Eq. (2), where r = 2 nm and p = 19.3 g cm™3.
SSA of MWCNTs was calculated according to Eq. (3a)
(Peigney et al., 2001), where d, is the MWCNTs diam-
eter (10 nm), d, , is the inter-shell distance (0.34 nm),
SSAgs is the SSA of one side of a graphene sheet
(1315 m? g~'), and n is the number of shells (cal-
culated according to Eq. (3b) following the work of
Haruehanroengra and Wang (2007)).
SSAgsd.

Smw

SSAMweNTs = Woaw o [2::ll i] (3a)
ne= 14 4:; -8 (3b)

Consequently, SSAMwoenTs for the sample used in this
work can be calculated as:

1315d,

o]

SSAmwenT =

(4)

In the next step, the amount of additional elec-

troactive surface area with 100 pg of Bi;O3; was eval-
uated, and used as reference:

(100 X 10_6) (SSABhO;) =
= (100 x 10~%g) (10.5 m?*g~!) = 1050 mm® (5)

The amount of Au NPs and MWCNTs for the de-
position was calculated according to Eqgs. (6) and (7),
respectively.

1050 mm? = X5,SSAA. =
1050 mm? = X,,(19.3m? g7}) =
xAu = 13.5 wg (6)

1050 mm? = XmMwonNTsSSAMWCNTs =
1050 mm? = XmwonTs(215.7 m? g1) =
XMwceNTs = 4.8 pg (7)

SPEs were covered with the amount of nanostructures
based on the above-mentioned values, and they are
referred as Bi;03-100 pg, Au-13.5 pg, and MWCNTs-
4.8 ug.

Electrode preparation and electrochemical ez-
periments

Sensing elements were prepared by the drop cast-
ing technique (Shumyantseva et al., 2005) as follows:
50 pL of BizO3 NPs suspension (in 5 pL steps), 4.8 uL
of MWCNTs suspension (in 0.8 pL steps), and 13.5 uLb
of Au NPs suspension (four steps of 3 uL and one step
of 1.5 pL) were deposited, and allowed to dry after
each deposition step. Electrodes were stored at ambi-
ent temperature after the deposition (Guascito et al.,
2011).

Electrochemical measurements (CA and CV) were
performed under aerobic conditions using AutoLab
potensiostat/galvanostat and functionalized electro-
des as sensing elements. To obtain the voltammo-
grams, surface of the working electrode of the sensor
was covered with 100 pL of a 25 mM H;0, solution
(H202-25 mM). Then, the device was configured to
sweep the voltage in the range of -1 to +1 V (ver-
sus Ag) with the scan rate of 100 mV s~!. The peak
positions of voltammograms (data in Table 1) were
assessed by curve fitting using the IGOR Pro software
(Wavemetrics, Lake Oswego, OR, USA). The best fit
of the voltammogram shapes was obtained when con-
stant baseline and Gaussians were used (Sadezky et
al., 2005).

For CA, the electrodes were immersed in 10 mL
of PBS (0.1 M, pH 7.4) in which H;0, was in-
jected in steps of 100 pM until the total amount
of 500 uM was achieved. The applied potential was
set slightly above the oxidation peak obtained from
the voltammogram analysis. To achieve better eval-
uation: four SPEs were functionalized with one type
of nanostructure and tested using CA. Then, the cal-
ibration curves were evaluated after removing the
blank measurements from the data obtained. In the
next step, the slope of the calibration curve was di-
vided by surface area of the working electrode to
identify the normalized sensitivity. Standard devia-
tions were calculated using Excel. LOD was calcu-
lated using Eq. (7) (Mocak et al., 1997), where AD
is the standard deviation of blank measurements, S
is the sensitivity, and K is a parameter account-
ing for the confidence level (K = 1, 2, or 3 corre-
sponding to 68.2 %, 95.4 %, or 99.6 % of statisti-
cal confidence, respectively). Finally, results obtained
from the four SPEs were averaged to get the sen-
sitivity, and LOD corresponding to the nanostruc-
ture. This procedure was repeated for every nanos-
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Table 2. CA results to compare sensitivity and LODs of tested electrodes for H203 detection. Additional electroactive surface
area provided by nanostructures is approximately 1050 mm?2 with respect to SPE

Working electrode® SPE MWCNTs4.8 ug Biz03-100 pg Au-13.5 pg
Sensitivity/pA 40+ 5 54+2 74 £ 12 129 £ 15
LODs/pM 11.3 + 2.1 34+01 111 + 2.8 8.0+ 24
Potential/mV 750 £ 2 620 £+ 1 850 + 2 450 £ 1
a) Carbon—0.12 cm3.
1850 - of such a system in CV:
RT aFv
E,=Ei—In{ —— 9
P GF (Rleo) ®)

Fig. 2. CV response of nanostructures for the detection of
H202-25 mM: Bi3O3-100 pg (blue curve), MWCNTs-
4.8 pg (brown curve), Au-13.5 pug (green curve), and
bare SPE (black dotted curve). Potential sweep: -1 and
+1 V (versus Ag), scan rate: 100 mV s—!. Peak posi-
tions are pointed by arrows.

tructure and the results are summarized in Ta-
ble 2.

LOD = K;;D @)

Results and discussion
Cyclic voltammetry

Nanostructured electrodes were tested using CV
under the same experimental conditions as those ap-
plied to detect H;0,-25 mM. The acquired voltam-
mograms are shown in Fig. 2. A clearly detectable
oxidation peak can be observed for Au-13.5 pg at
386 mV, which is lower than 589 mV and 790 mV
found with MWCNT3s—4.8 ug and for Bi;O3-100 pg,
respectively. Oxidation peak positions in Table 1 show
a negative shift of 302 mV and 99 mV for Au NPs, and
MWCNTS, in respect to SPE, while a positive shift of
102 mV for Bi;O3; NPs can be observed.

The peak positions for fully-irreversible systems in
thin layer models were proposed by Hubbard (1969).
Further, Streeter et al. (2008) described that in case
of nanostructuring, the semi-infinite planar diffusion
is not applicable, and the peak positions should be
described by a thin layer model. The following Eq. (9)
(where Ex is the formal electrode potential and !is the
thickness of the thin layer) defines the peak positions

As | decreases, the amount of electroactive species
trapped inside the thin layer is reduced, and thus,
the layer depletion is faster. This means that redox
peaks shift toward lower values. Carrara et al. (2014)
reported CV responses of some MWCNT-based elec-
trodes not obeying this thin layer model (layering ef-
fect). For example, ferricyanide, and etoposide did not
show any layering effect, and ifosfamide opposed it
when metabolized by CYP450-3A4.

In this work it i8 demonstrated that Au-13.5 pug
and MWCNTs—4.8 pg conform to the layering effect
with an almost 300 mV and 100 mV negative shift
of the oxidation peak, while BiyO3-100 ug opposes it
with a 100 mV positive shift. The same behavior was
reported in literature. For instance, Yin et al. (2009)
and Yang et al. (2008) reported an approximately
100 mV and 50 mV negative shift of the redox peak in
H20; detection after applying Au NPs. Moreover, Hu
et al. (2008) demonstrated that Au nanostructuring
decreases the ascorbic acid (AA) redox peak (345 mV)
while the peak of uric acid (UA) was not affected at
all. Considering MWCNTSs, a 100 mV negative shift
of the H;0; redox peak was observed in the work by
Woo et al. (2012). Also, Habibi and Pournaghi-Azar
(2010) reported 348 mV, 374 mV, and 450 mV nega-
tive shifts regarding the DA, AA, and UA redox peaks,
respectively. To the best of our knowledge, there is
not that much work on the electrochemical behavior
of BizO3 NPs against H,O2 published. Nevertheless,
an approximately 100 mV positive shift was observed
by Taufik et al. (2011) when using BizO3; NPs in a
DNA biosensor.

Various shifts reported in literature for a specific
nanostructure are probably caused by the difference in
the electrode preparation techniques (different work-
ing electrodes, size of nanoparticles, additional elec-
troactive surface area, etc.). For example, at a 500 mV
negative shift of the H,0O, redox peak with MWCNTs
nanostructuring was reported (Carrara et al., 2014),
this value is five-fold higher than that reported here
(100 mV). This is due to the difference in the amount
of deposited nanostructures, since an almost six-fold
(30 pg) of MWCNTs was used compared to this work
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1500 1600 1700

Time/s

Fig. 8. CA response to Au-13.5 pg. Injections of 100 uM H204
are pointed out by arrows.

1800 1800

(4.8 ug). The present work and the above mentioned
examples prove that CV responses of sensors are not
influenced only by the additional electroactive surface
but that to analyze and predict their electrochemical
behavior, a combination of elements, including bare
electrodes, nanostructures, immobilized enzymes, and
target molecules should be considered.

Chronoamperometry

CA was carried out for Biz03-100 pg, Au-13.5 pg,
and MWCNTs4.8 pg at 850 mV, 450 mV, and
620 mV, respectively. In addition, bare SPE was ex-
amined by CA with the applied potential of 750 mV
as a reference. H;0; was injected in PBS (pH 7.4) by
100 pM steps in the range of 0-500 puM. The system
gave a clear step response after each injection with
the amplitude directly related to the concentration of
H30; (Fig. 3). Therefore, steps related to each injec-
tion were averaged and converted to points in the cal-
ibration curve shown in Fig. 4. Standard deviations
were calculated for each step and they are presented in
the figure as error bars. Blank measurement or noise of
the system were averaged and removed from the data
for higher precision (Mocak et al., 1997). Calibration
curve of Au NPs in Fig. 4 shows a steeper slope than
the other curves as Au NPs enhanced the sensitivity
compared to reference bare SPE, while Bi;O3 NPs and
MWCNTs show lower improvement.

Quantitative values of sensitivity and LOD in Ta-
ble 2 present an improvement by one order of mag-
nitude improvement in the Au NPs sensitivity. Many
studies have reported enhancement achieved by using
Au NPs. For instance, Li et al. (2008) presented sen-
sitivity. increment by comparing calibration curves of
their electrodes for H;0; detection with and without
Au NPs. However, only a few works on non-enzymatic
detection of H;0, with Au NPs based electrodes have
been published. In this work, the sensitivity of elec-
trodes to H20; increased more than three-fold com-
pared to a bare carbon electrode. On the other hand,
MWCNTSs and Bi;O3 NPs based electrodes showed

8
7 4
6 &
§
g f- ;
E3 & -
32 8 : ?
& i e
L o
0 100 200 300 400 500
H0/uM

Fig. 4. Calibration curves obtained by analyzing the CA re-
sponse of the nanostructured electrodes: BizO3-100 pug
(®), MWCNTs4.8 pg (=), Au-13.5 pg (4), and bare
SPE (®@). Slope of the lines identifies the sensitivity
related to each nanostructure.

sensitivity increment of almost 1.5-fold. It is impor-
tant to consider that all the experimental conditions
and configurations are the same except for the dimen-
sions of Au NPs. The increment in sensitivity with
the decreasing dimensions of Au NPs has also been
reported (German et al., 2012). The authors proved
an enhancement of the amperometric response (Imax)
in a glucose detection system by decreasing the size
of Au NPs from 13 nm to 6 nm and then to 3.5 nm
(66.2 pA, 73.8 pA, and 76.2 pA, respectively). This
work proves the qualitative effect of dimensions on the
electrochemical performance, but further investigation
to achieve deeper and more quantitative knowledge is
needed.

It should be mention that the decrease in LOD
with the increasing sensitivity, which was expected
(Carrara et al., 2014) based on Eq. (7), was not ob-
served probably due to the noise of the system out-
weighting the effect of sensitivity.

Conclusions

CA and CV performed on Bi;O3 NPs, Au NPs, and
MWCNTs based SPEs demonstrated different sensi-
tivity, LODs and peak positions despite the fact that
the same electroactive area is added. These findings
prove that there are also some other factors contribut-
ing to the electrochemical behavior of nanostructures.
Physical properties of the surface (such as the level of
porosity and defects), the layering effect, and size de-
pendent properties such as quantum effects are some
of these factors.

The latter factor is more interesting since the elec-
trodes functionalized with Au NPs, with dimensions
under the limit of 10 nm (quantum dots), exhibit the
best performance. Further works planned in our lab-
oratory will be focused on the verification of the role
of quantum phenomena on the improved sensors per-
formance.
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