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Abstract

Self-assembled monolayer (SAM) represents one of the methods to precisely modify
surface structures in the nanoscale dimension. It has opened up a new era of explo-
ration and has a profound impact on sensors and biosensors due to its unique prop-
erties. Different self-assemblies will be considered in this chapter: SAM of metallic
nanoparticles on polymeric film, SAM of surfactant on polymeric film, and SAM
of S-containing compounds on nanometallic films. The main goal of this chapter is
to present comprehensive collection of the recent achievements in this area. Several
issues will be discussed including the morphology, sensitivity, selectivity, stability,
and electrochemical properties of the sensor.

Keywords
Nanostructured composites ® Self-assembled monolayer « Conducting polymers ®
Metal nanoparticles  Surfactants ® Sensors

General Introduction
Sensor

A sensor can be described as a device capable of converting the different types of
signals. Systems generate signals due to physical, chemical, biological, and several
other changes that are normally transformed into electrical signals. A typical sensor
responds with selectivity and specificity to the target analyte without interference
(Fig. 1). The main components of the sensor are transducer and detector devices.
Signals are collected, amplified, and displayed using signal processor. A biosensor
is a specific type of sensor that should include a biological component in its sensing
element; an example is blood glucose biosensor. On the other hand, a chemical sen-
sor can convert the chemical information that results from a chemical reaction
including the analyte itself or from a physical property of the system under investi-
gation into an analytically representative signal. This chemical information may be
ranged from the concentration of a specific component to the analysis of the total
composition of the sample. Selectivity, anti-interference ability, linear dynamic
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Analyte Biosensing Transducer

Response

elecment
Signal Analysis

Fig. 1 A schematic of an electrochemical biosensor with electrochemical transducer (Reprinted
from [1], Copyright (2013), with permission from Elsevier)
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ranges, limit of detection, sensitivity, and precision of response can be used to
experimentally evaluate the performance of any biosensor. Other parameters can be
taken into consideration like portability, ease of use, stability, and time of response.
A typical sensing surface should be renewable so that several repetitive measure-
ments can be made [1].

Nanostructured Hybrids for Electrochemical Sensing Applications

Self-assembled monolayer (SAM), a fashionable approach to electrically orient and
address a molecular component of interest, represents one of the methods that pre-
cisely modify the surface structure in the nanoscale dimension. It has opened up a
new era of exploration and has a profound impact on sensors and biosensors due to
its unique properties. SAM may be nanometallic film, surfactant film, or SAM of
S-containing compounds, particularly cysteine over modified or bare substrates.
This chapter will give a brief review of SAM of metallic nanoparticles (Pd, Pt, etc.)
over different polymeric films (poly(3-methylthiophene), polypyrrole, polyfuran,
etc.) showing the enhanced catalytic activity of these hybrid nanocomposites and its
biosensing applications. Moreover, it will show the SAM of different surfactants
over polymeric film of poly(3,4-ethylenedioxythiophene) PEDOT and over the
hybrid nanocomposite of PEDOT/gold nanoparticles. It will show its biosensing
applications toward different neurotransmitters and drugs. On the other hand, this
chapter will explain the effect of formation of SAM of S-containing compounds on
different substrates: macro- and nanoelectrode (bare electrodes and metallic
nanoparticle-modified electrodes). It will display the sensing applications of gold
nanoparticles electrode modified with self-assembled monolayers of cysteine and
surfactants. It will explain the role of SAM of surfactant and that of cysteine in the
enhancement of the catalytic activity and improvement of the stability of the pro-
posed electrodes toward sensing applications.

Nanostructured Metallic Particles on Polymers
General Introduction

The physicochemical characteristics of bare electrodes can be improved using elec-
trode modifiers such as conducting polymers. Conducting polymers can signifi-
cantly improve the analytical detection by enhancing the sensitivity and selectivity
and lowering the detection limit; therefore, they are utilized as redox mediators for
several analytes. Moreover, they exhibit an anti-interference ability which resulted
in electrochemical responses with excellent repeatability. On the other hand, the
catalytic electrode processes can be activated using mediating agent that can be
used in the solution containing the analyte, and this was the first developed system
suitable for this purpose. On the other hand, the mediating agent can be immobi-
lized directly on the electrode surface through electrochemical polymerization
resulting in chemically modified electrode. The electrochemical polymerization can
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be achieved via galvanostatic, potentiostatic, or potential sweeping techniques.
As aresult, these modified electrodes exhibited several advantages such as reduced
matrix effect, fast regeneration of the catalyst, anti-contamination of the solution by
the redox mediator, and improved performance of the redox mediator [2]. Due to
their combination of useful electrochemical, electrochromic, and electrocatalytic
properties [3]; antifouling, mechanical, optical, and electronic properties; as well as
their high sensitivities and low detection limits [4], conducting polymers have been
widely used for a variety of sensors, biosensors [5], and actuators to improve the
response time, sensitivity, reliability, and versatility of different sensors and biosen-
sors [6].

On the other hand, it is well known that metal nanoparticles exhibited unique
electronic, physical, and chemical characteristics besides their small size (1-100
nm) and flexibility. As a result, they have obvious applications in electrochemical
sensing and catalysis. Metal nanoparticles are described as “electron wires” that
enhance the kinetics of electron transfer between the redox centers of the target
molecules and the electrode surface [1]. It is well known that the catalytic activity
of metal nanoparticles is affected by their dispersion and surface properties.
Conducting polymers exhibited metallike conductivity reaching a range as high as
10°~103 S cm™! and long w-conjugation length; therefore, they are considered as use-
ful matrices for metal nanoparticles immobilization [7]. In addition, the high poros-
ity of the conducting polymer structure generates additional electrocatalytic sites by
allowing the dispersion of metal nanoparticles into the polymer matrix. As well, the
facilitation of the charge transfer kinetics between the substrate and the dispersed
metal nanoparticles is more obvious in the conducting polymer matrix. Also, metal
nanoparticles’ incorporation to conducting polymers enhances the performance for
both the “host” and the “guest” leading to various physical characteristics and
potential applications in electrochemical capacitors and protective coatings against
corrosion [8], magnetic devices, biomaterial separation membranes [9], electronics,
sensors, nanoelectronic sensor devices, biosensors, and catalysis.

Conducting polymer-incorporated metallic nanoparticles, or the so-called nano-
composites [8], exhibited synergistic unique physical and chemical characteristics
based on the porous polymer and the dispersed metal [10—14]. The combination of
the porous structure and high efficient electronic charge flow of the conducting
polymers with the high reactive surface area presented by noble metal nanoparticles
resulted in interesting electrocatalytic properties [15]. As well, the development of
the composite material aims to enhance the electrocatalytic properties of the simple
polymeric electrode coating [16]. Various hybrid nanocomposites were fabricated
for different applications which are summarized in Table 1.

Different Routes of Formation of Polymer/Metal
Nanocomposite Hybrid

There are different routes for the growing of metal nanoparticles inside the polymer
matrix: chemical routes [8, 9, 20, 21], electrochemical deposition of metal
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Table 1 Summary of various hybrid nanocomposites and their applications

Hybrid nanocomposites

Pt nanoparticles’ dispersed
poly(3-methylthiophene)

Pd and Pt nanoclusters’ modified
poly(3-methylthiophene) (PMT),
poly(N-methylpyrrole) (PMPy), and
polyfuran

Gold nanoclusters’ modified
insulating overoxidized polypyrrole
PEDOT/Pd composite

Application
DNA biosensor

Sensors for simultaneous determination
of catecholamine neurotransmitters and
acetaminophen in the presence of uric
acid and ascorbic acid

Electrochemical biosensor for dopamine
and serotonin

Electrochemical sensor for simultaneous
determination of dopamine and uric acid
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References
[17]

[10-13]

(18]

[19]

Table 2 Summary of the different routes of formation of polymer/metal nanocomposite hybrid

Routes of formation of

polymer/metal nanocomposite | Example

Chemical routes for the Chemical preparation of gold-incorporated
growth of metal nanoparticles | PEDOT nanocomposite via reverse emulsion
inside the polymer matrix polymerization method [8]

Spontaneous deposition of Au and Pt
nanoparticles on polymers containing sulfur by
the immersion of the polymer into the metal
nanoparticle suspension (colloidal methods;
citrate or borohydride reduction in the presence
of citrate capping agent) [15, 17]

Electrodeposition of polymer | PEDOT including Au nanoparticles by constant
and metal nanoparticles current method on ITO glass in aqueous
simultaneously medium [26]

Electrodeposition of metal
nanoparticles on the spin-
coated polymer

Electrochemical deposition of | Electrodeposited Au nanoparticles by bulk

metal nanoparticles on the electrolysis BE method (at —400 mV for 400 S)

electropolymerized polymer over the electrochemically prepared PEDOT
film by BE at 1400 mV for 30 S [27]
Nano-Au/PPy,, composite by electrochemical
polymerization of pyrrole by cycling the
potential from —0.35 to 0.85 V for 3 cycles.
Then, Au nanoclusters were electrochemically
deposited on the PPy,,/GCE by cycling the
potential between 0.2 and —1.0 V in HAuCl,
solution for 15 cycles [18]

References

(8,9, 15,
17,20, 21]

[14,
24-26]

[22]

[7, 18, 19,
23,27, 28]

nanoparticles on the polymer matrix that was prepared by spin coating [22] or
electrochemical methods [23], and electrodeposition of polymer and metal
nanoparticles simultaneously [14, 24, 25]. Summary of the different routes of for-
mation of polymer/metal nanocomposite hybrid is given in Table 2.
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Characterization of Nanometallic Particles/Polymer Composite

Surface and Chemical Characterization

Scanning electron microscope (SEM) is an electrochemical tool which gives an
image for the different studied surfaces explaining their morphology in relation
to electrocatalytic activity. Pd nanoparticles electrodeposited on poly(3-
methylthiophene) (PMT) film-modified Pt electrode was utilized as novel electro-
chemical biosensor. The electrocatalytic activity of the obtained nanocomposite is
affected to a great extent by the polymerization method of the polymer (bulk elec-
trolysis BE, cyclic voltammetry CV) and the deposition method of Pd nanoparti-
cles. Pt/PMT (BE), Pt/PMT(CV), PtPMT(BE)/Pd(BE), and Pt/PMT(BE)/Pd(CV)
showed great difference in their electrocatalytic response which can be explained in
terms of their morphology analyses (Fig. 2a—e). Pt/PMT(BE) exhibited a compact
morphology with low porosity but Pt/PMT(CV) showed fluffy surface with high
porosity. On the other hand, Pd nanoparticles are larger with dendrite forms at Pt/
PMT(BE)/Pd(BE), while smaller Pd particles with homogenous distribution are
observed at Pt/PMT(BE)/Pd(CV). In a conclusion, the electrocatalytic activity of
the modified electrodes is highly affected by the size and homogeneity of the depos-
ited nanoparticles [11].

Furthermore, the loading of the metal nanoparticles on the polymer matrix can
be confirmed using energy dispersive X-ray analysis (EDX). Atta et al. constructed
a novel biosensor by the electrodeposition of Pt or Pd nanoparticles into poly(3-
methylthiophene) (PMT) matrix. BE technique was used to prepare PMT film at
1800 mV for 30 s. Then, metal nanoparticles were electrodeposited by double
potential step (BE) method. The formed electrode can be represented as Pt/PMT(240
or 360 nm)/M, M: Pt or Pd particles. EXD analysis was performed to investigate the
ratio of the loaded Pd/Pt over the polymer film corresponding to its value in the
deposition solution and to confirm the immobilization of metal nanoparticles over
the polymer matrix. The deposition solution contained equimolar amounts of PdCl,
and PtCl,. Figure 3 showed the EDX analysis explaining the atomic percentages of
47.22 and 52.78 corresponding to Pd and Pt, respectively, which is very close to
their ratio in the deposition solution [11].

XRD

XRD was used to confirm the formation of polymer incorporating metal nanopar-
ticles. Gold nanoparticles are dispersed in the PEDOT backbone that was polymer-
ized in a linear fashion. The XRD patterns of PEDOT and Au-incorporated PEDOT
nanoparticles are shown in Fig. 4. No characteristic peaks are observed in case of
PEDOT, except the low angle peak at ~25° which is characteristic to the amorphous
nature of the polymeric material. On the other hand, the diffraction characteristic
peaks for PEDOT-Au nanocomposite appeared at 20 38.20°, 44.41°, 64.54°,
77.50°, and 81.68° corresponding to (111), (200), (220), (311), and (222) planes of
the standard cubic phase of Au, respectively [8, 9, 28]. The broadening of XRD
peaks suggests the formation of nanocrystallites. The average particle size of Au
nanoparticles was ~50 nm based on Scherrer equation [8].
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Fig. 2 Scanning electron micrographs for (a) PPMT(BE), (b) Pt/PMT(CV), (¢) PYPMT(BE)/
Pd(BE), and (d, e) PYPMT(BE)/Pd(CV). Inset: histogram showing the Pd particle size distribution;
average size is around 60 nm (Reprinted from [11], Copyright (2010), with permission from Elsevier)

AFM

Topography and properties of different surfaces can be measured using atomic force
microscope. Figure 5a, b shows the AFM 3D images of Au/PEDOT and Au/
PEDOT-Au,,,, electrodes by the noncontact mode, respectively [27].

XPS

X-ray photoelectron spectra (XPS) can be used to confirm the incorporation of
metal nanoparticles on the polymer film. Y. Lee prepared PEDOT/Au nanocomposite
using a redox cycle system. Two strong signals of Au 4fs, and 4f;, energy levels
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Fig. 3 Energy dispersive analysis by X-ray, EDAX, for Pt/PMT/(Pd+Pt) electrode. Pd and Pt
were deposited by the double potential step method from a solution of 2.5 mM PdCl,+2.5 mM
PtCl,/0.1 M HCIO, (Reprinted from [11], Copyright (2010), with permission from Elsevier)

were centered at 84.4 and 88.0 eV, respectively, indicating the presence of metallic
gold [21] (Fig. 6). Moreover, Ce Wang utilized Pt/polypyrrole (PPy) hybrid hollow
microspheres as electrocatalysts for hydrogen peroxide reduction. Pt/polypyrrole
was prepared by wet chemical method via Fe;O, template. Figure 7 showed the
XPS patterns of Pt/polypyrrole composites showing a significant Pt4f signal due to
the binding energy of metallic Pt (Fig. 7a), a Cls signal due to the binding energy
of C (Fig. 7b) and a N1s signal corresponding to the binding energy of N (Fig. 7¢).
Therefore, XPS can be used to confirm the formation of Pt/PPy hybrid hollow
spheres by the wet chemical method using Fe;O, template [29].

FTIR

FTIR can be used to illustrate the molecular structure of nanocomposites. FTIR
spectroscopy was used to characterize the molecular structure of the Pt/PPy hybrid
hollow spheres. Figure 8 investigated the characteristic bands of the Pt/PPy hybrid
hollow spheres which are the pyrrole ring fundamental vibrations. The characteris-
tic bands appeared at 1564 cm™ (C=C stretching), 1456 cm™' (C-C stretching),
1338 cm™ (C-N stretching vibration in the ring), 1068 cm™ (C-H deformation
vibration), 1132 cm™ (C-C breathing), 3461 cm™ (N-H stretching mode), and
846 cm™ (C-H out of plane vibration). The FTIR spectra of Pt/PPy hybrid hollow
spheres and Fe;O,/PPy spheres showed no obvious difference indicating that no
chemical bonds exist between Pt nanoparticles and PPy shell [29].
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Fig.4 XRD pattern of nanoparticles of PEDOT and Au—PEDOT nanocomposite and schematic
diagram showing Au nanoparticles incorporated within the polymer backbone (Reprinted from
[8], Copyright (2007), with permission from Elsevier)

On the other hand, the FTIR spectrum of the PEDOT film and monomer is shown
in Fig. 9. The formation of PEDOT chains with a, 4-coupling can be demonstrated
by the disappearance of the strong band at 890 cm™ (C-H bending mode) in the
polymer spectrum compared to the monomer spectrum. Thiophene ring exhibited
vibrations at 1518, 1483, and 1339 cm™ due to C=C and C-C stretching modes.
C-S bond vibration modes in the thiophene ring appeared at 978, 842, and 691 cm™".
The stretching modes of ethylenedioxy group appeared at 1213 and 1093 cm™.
The band around 920 cm™! is attributed to the ethylenedioxy ring deformation mode.
On the other hand, the doped state of PEDOT usually shows an absorption peak at
1722 cm™. The intensity increases in the case of Au-incorporated polymer matrix as
a result of Au,,,, doping within the polymer matrix [8].
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Fig.5 3D AFM images of Au/PEDOT (a) and Au/PEDOT-Au,,,, (b) electrodes by noncontact
mode. 2D AFM images by noncontact mode of Au/PEDOT (c¢) and Au/PEDOT-Au,,,
(d) electrodes (Reprinted from [27], Copyright (2012), with permission from Elsevier)
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Fig.7 XPS patterns of the Pt/PPy hybrid hollow spheres: (a) Pt 4f; (b) C 1 s; (¢) N 1 s (Reprinted
from [29], Copyright (2010), with permission from Elsevier)
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Fig. 8 FTIR images of (a) Fe;0,/PPy composites and (b) Pt/PPy hybrid hollow microspheres
(Reprinted from [29], Copyright (2010), with permission from Elsevier)
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Fig.9 FTIR spectrum of EDOT monomer, PEDOT, and Au—PEDOT nanocomposite (Reprinted
from [8], Copyright (2007), with permission from Elsevier)

Sensing Applications

Polymer/metal nanocomposites have been widely utilized as sensor and biosen-
sors. Pd nanoparticles distributed into conductive polymer matrix of poly(3-
methylthiophene) (PMT), poly(N-methylpyrrole) (PMPy), or polyfuran (PF)
film-coated Pt electrode were utilized as biosensors for neurotransmitters and
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acetaminophen. Different parameters were studied because they have a great
effect on the electrocatalytic activity of the resulting nanocomposite such as
polymer film thickness, its polymerization method, type of deposited metal
nanoparticles, metal nanoparticles deposition method, deposition voltage, and its
amount. The resulting hybrid nanocomposite combined the perfect properties of
the polymer matrix and metal nanoparticles. This combination resulted in dra-
matic enhancement in the electrocatalytic activity of the modified electrodes
toward the studied compounds. In addition, the interference of ascorbic and uric
acids (AA and UA, respectively) and other interferents with the studied analyte
was eliminated at the surface of these modified electrodes showing perfect selec-
tivity and anti-interference ability [10-13].

The enhanced electrocatalytic effect of Pt/PMT/Pd nanocomposites was highly
affected by the method of formation of polymer film (bulk electrolysis (BE), cyclic
voltammetry (CV)) (Fig. 10a). Cyclic voltammetry technique was used to test the
resulting Pd-modified PMT electrodes in 5 mM hydroquinone (HQ). Pt/PMT(BE)/
Pd(CV) nanocomposite exhibited higher electrocatalytic activity compared to Pt/
PMT(CV)/Pd(CV) electrode as it exhibited higher oxidation current, lower oxida-
tion potential, and smaller peak separation.

Another factor that affects the electrocatalytic activity of polymer/metal nano-
composite is the conducting polymers’ doping level. After the formation of PMT
polymer with BE method, the film was washed with acetonitrile and dedoped in a
solution free from the monomer (0.05 M Bu,NPFs/CH;CN) for 1 min at —=0.2 mV.
Then, Pd nanoparticles were electrodeposited using CV over the dedoped polymer
film (Scheme 1). Pt/PMT(dedoped) exhibited lower current response, larger
peak separation, and broader oxidation peak compared to the doped one (Fig. 10b).
The inclusion (doping) and expulsion (dedoping) of the given anion resulted in
reorganization of polymer chains which resulted in further conformational changes
and structural differences leading to broader oxidation peaks at the dedoped films.
In a conclusion, the electroactivity of the Pt/PMT and Pt/PMT/Pd electrodes
toward HQ electrooxidation is greatly affected by the doping level of the PMT film
[11,12].

As well, the electrocatalytic activity of the resulting hybrid nanocomposite is
highly affected by the method of deposition of Pd particles (BE and CV). The elec-
trochemistry of bare Pt, Pt/PMT(BE), Pt/PMT(BE)/Pd(BE), and Pt/PMT(BE)/
Pd(CV) electrodes toward 5 mM HQ was shown in Fig. 11. The current response
was enhanced by 3.88- and 6.18-fold at Pt/PMT(BE)/Pd(BE) and Pt/PMT(BE)/
Pd(CV) electrodes, respectively, compared to bare Pt. Also, the oxidation potential
was shifted to less positive potential by 119 and 107 mV at the same electrodes. Pt/
PMT(BE)/Pd(CV) electrode can catalyze the electrooxidation of HQ greatly due to
the enhancement of peak current and the decrease in the oxidation potential. On the
other hand, the effect of interference from UA on the simultaneous determination of
DA and AA was investigated at Pt/PMT(BE)/Pd(CV) electrode. Three well-resolved
peaks were defined at the modified electrode at —128 mV, +113 mV, and +400 mV
for AA, DA, and UA, respectively. As a result of this good separation, the simulta-
neous determination of the three components can be achieved well at this modified
electrode. Also, glucose and other interferents did not show any interference with
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Fig. 10 Effect of the method of PMT formation (a) and doping level of PMT films (b) on the elec-
troactivity of the produced PMT-Pd hybrid. The electrodes are tested in 5 mM HQ/0.1 M H,SO, at
a scan rate of 50 mV s™' (Reprinted from [11], Copyright (2010), with permission from Elsevier)

the studied species [11, 12]. On the other hand, the simultaneous determination of a
quaternary mixture containing AA, HQ, DA, and acetaminophen (APAP) in 0.1 mol
L' H,SO, was achieved at Pt/PMT(BE)/Pd (CV) electrode. Four well-defined peaks
were obtained at Pt/PMT(BE)/Pd (CV) electrode: 264, 408, 504, and 656 mV for
AA, HQ, DA, and APAP, respectively [12].

Randles—Sevcik equation was used to calculate the apparent diffusion coefficient
D,,, for DA at Pt/PMPy(BE), Pt/PMPy(CV), Pt/PMPy(BE)/Pd,,..(BE) (I), and Pt/
PMPy(BE)/Pd,,,c(CV) (II). The order of the increase of D,, values was Pt/
PMPy(BE) ~Pt/PMPy(CV) <Pt/PMPy(BE)/Pd,.,, (I)<Pt/PMPy(BE)/Pd,.,, (II).
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Scheme 1 Schematic diagram showing the mechanism of undoping and loading of nanoparticles
into the polymer matrix (Reprinted from [11], Copyright (2010), with permission from Elsevier)
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Fig. 11 Comparison between the different electrodes formed by the electrodeposition of Pd on
PMT films. Cyclic voltammograms obtained by testing the electrodes in 5 mM HQ/0.1 M H,SO,
solution at a scan rate of 50 mV s~ (Reprinted from [11], Copyright (2010), with permission from
Elsevier)

The analyte diffusion increased due to the inclusion of Pd nanoparticles in the poly-
mer matrix; the D,,, values calculated at Pt/PMPy(BE)/Pd,,,,, (II) for some analytes
are 100 times greater than that at Pt/PMPy electrodes. D,,, values obtained at Pt/
PMPy(BE)/Pd,,,, (I) are close to those found in aqueous solution (10~° cm? s7!)
because of the fast mass transfer of the analyte species from bulk solutions toward
electrode surface and/or fast electron transfer process of analyte electrochemical
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oxidation at the electrode surface/solution interface. In addition, the analyte redox
reaction occurs at the electrode surface controlled with the molecules diffusion
from the solution bulk to the electrode surface. The analyte redox reaction does not
occur within the polymer/Pd,,,, matrix. As the DA molecule reaches the Pt/PMPy/
Pd, .., surface, it simultaneously undergoes oxidation due to the greater number of
active sites on this surface. On the other hand, DA diffuses on the Pt/PMPy surface
until it finds the active site for oxidation. The previous results showed that the elec-
trodeposited Pd,,,, has a great electrocatalytic effect on the electrochemistry of the
studied species [10].

Figure 12 showed the differential pulse voltammograms (DPV) of different
micromolar concentrations of DA and UA at Pt/PMPy(BE)/Pd,.,,(II) and different
millimolar concentrations of AA. The oxidation peak currents of DA, UA, and AA
increased with the increase in their concentrations in the working concentration
range. For AA, the linear dynamic range was 0.05-1 mM with 0.9993 correlation
coefficient and 0.0056 pA/pM sensitivity. For DA, the linear dynamic range was
0.1-10 pM with 0.9995 correlation coefficient and 0.71 pA/pM sensitivity. For UA,
the linear dynamic range was 0.5-20 pM with 0.9991 correlation coefficient and
0.28 pA/pM sensitivity. The potential peak separations were large enough for the
individual and simultaneous determination of DA, UA, and AA. The obtained
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Fig. 12 Simultaneous determination of AA, DA, and UA. Differential pulse voltammograms of
AA, DA, and UA were obtained at Pt/PMPy(BE)/Pd,,,,(I) in 0.1 M PBS (pH 7.4). Concentrations
of the three compounds (a—g): AA (0.05, 0.2, 0.34, 0.55, 0.72, 0.87, and 1.0 mM), DA (0.1, 1.7,
3.2,4.8, 6.4, 8.0, and 10.0 pM), and UA (0.5, 5.0, 8.5, 11.5, 15.3, 18.0, and 20.0 pM). Inset: the
peak current of AA, DA, and UA increases linearly over a concentration range typical of physio-
logical conditions. Interestingly, the difference between peak potentials does not change with the
concentration of the three species in the mixture (Reprinted from [10], Copyright (2010), with
permission from Elsevier)
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values of detection limit (signal/noise [S/N]=3) at Pt/PMPy(BE)/Pd,,,,(II) were 12
nM, 27 nM, and 7 uM for DA, UA, and AA, respectively. Also, the detection limits
of DA were not affected by the absence and presence of UA and AA (14 and 12 nM,
in the absence and presence of AA and UA, respectively). These results confirmed
the independent oxidation processes of AA, DA, and UA and their independent
simultaneous determination [10].

Furthermore, Atta et al. studied the simultaneous determination of AA, DA, and
acetaminophen ACOP at bare Pt, Pt/PF(BE), and Pt/PF(BE)/Pd(CV) in 0.1 M
H,SO,. The voltammetric signals of AA, DA, and ACOP were not resolved at bare
Pt and Pt/PF(BE). On the other hand, three well-resolved voltammetric signals were
resolved at Pt/PF(BE)/Pd(CV) at 246, 508, and 673 mV for AA, DA, and ACOP,
respectively. The presence of AA affected the determination of the actual concentra-
tion of DA as the dopamine-o-quinone “DA oxidation product” reacts catalytically
with AA and regenerates DA again by the reduction of dopamine-o-quinone. At Pt/
PF(BE)/Pd(CV), AA is oxidized before DA, and large potential separation (262
mV) between AA and DA was achieved. As a result, the interference from the oxi-
dation product of DA was minimized. In a conclusion, the synergistic presence of
PF and Pd in the new composite affected greatly the simultaneous determination of
AA, DA, and ACOP [13].

On the other hand, PEDOT-incorporated gold nanoparticles were prepared by
J. Mathiyarasu via chemical and electrochemical routes and were utilized for DA
and UA sensing in presence of excess AA. A distribution of reduced (hydrophobic)
and oxidized (hydrophilic) regions was present in the PEDOT matrix. Au,,,, has the
tendency to reside within the “hydrophobic regions” of PEDOT. DA is considered
one of the hydrophobic analytes; therefore, DA interacts with the hydrophobic
regions. On the other hand, the hydrophilic analytes like AA interact with hydro-
philic regions of PEDOT (Scheme 2) [14, 25]. Figure 13 showed the electrochem-
istry of DA and UA in the presence of excess of AA at Au,,,.—PEDOT nanocomposite.
Au,,,,PEDOT nanocomposite exhibited more efficient response toward DA
and UA. The detection limit of DA/UA in the presence of 0.5 mM of AA was 2 nM.
The PEDOT matrix allowed perfect peak potential separation for the studied species
exhibiting excellent selectivity. The gold nanoparticles allowed the nanomolar

Scheme 2 Depiction of hydrophobic and hydrophilic regions on the conducting polymer film;
DOQ dopamine-o-quinone, DHA dehydroascorbate (Reprinted from [25], Copyright (2005), with
permission from Elsevier)
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Fig. 13 Differential pulse voltammograms of Au—PEDOT-coated electrode in phosphate buffer
solution (pH 7.4) containing 0.5 mM AA with different concentrations of DA and UA (a—j corre-
spond to mixed solutions of 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20 nM) (Reprinted from [14],
Copyright (2008), with permission from Elsevier)

determination of these species exhibiting high sensitivity [14]. Therefore, Au,,—
PEDOT nanocomposite can detect DA and UA sensitively and selectively in the
presence of AA.

Moreover, Pd/PEDOT/GCE enhanced the current response and the reversibility
of DA in comparison with bare GCE and PEDOT/GCE. The DA oxidation process
at the nanocomposite does not cause any fouling of the electrode surface. Also,
simultaneous determination of DA and UA in the presence of AA was achieved at
Pd/PEDOT/GCE. Good peak potential separations of 190 and 320 mV were
achieved between DA-AA and UA-AA, respectively [19]. Moreover, poly(4-
aminothiophenol) (PAT)-Au,,,, was utilized for the simultaneous determination of
AA and DA showing two well-resolved anodic peaks at 75 and 400 mV for AA and
DA, respectively. The nanocomposite exhibited good selectivity and high sensitivity
without fouling by AA or DA oxidation products. Also, PAT-Au,,,, was utilized for
the real determination of DA in human blood serum. No interference from AA, UA,
albumin, and glucose was observed (Table 3) showing an applicable selective and
sensitive DA sensor in real samples. In addition, long-term stability was observed
for DA electrochemical response (>15 days) [28].

On the other hand, Nano-Au/PPy,, composite-coated GCE was developed
by Xiangqin Lin as an electrochemical biosensor for DA and serotonin 5-HT,
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Table 3 Determination of DA in human blood serum (n=5) (Reprinted from [28], Copyright
(2007), with permission from Elsevier)

Samples Added (pmol L) Found (pmol L) Recovery (%) R.S.D %
1 0.3 0.32 101 2.3
2 0.6 0.57 98 2.4
3 0.9 0.89 96 2.0

Fig.14 DPVs of 1.0x 105

M EP and 2.5x 10~ M UA in 604 — g EP
pH 7.0 PBS containing ] 2
5.0x 10 M AA at bare GCE —d

(@), nano-Au/GCE (b), 45 UA
PPyox/GCE (c), and |
nano-Au/PPyox/GCE (d) <

(Reprinted from [30], = 30+ AA
Copyright (2007), with ]
permission from Elsevier)

T
-0.2 0.0 0.2 0.4 0.6
E/V (vs. SCE)

exhibiting stable and sensitive current responses toward their oxidation. Gold
nanoclusters were electrochemically deposited on ultrathin overoxidized polypyr-
role (PPy,,) film. There is a remarkable enhancement in the DA and 5-HT oxida-
tion response current and a lowering of overpotential due to the synergic effect of
the utilized composite. An enlarged template for the growth of Au nanoclusters
was provided by the nanoporous PPy, film on the GCE, resulting in an array of
nano-Au electrodes, enlargement in the effective surface area, and enhancement in
the electronic conductivity of the composite. Therefore, the sandwiched Au nano-
clusters can facilitate the mass and electronic transportation rates of the reactions
of DA and 5-HT. The overlapping anodic peaks of 5-HT, DA, and AA (1000-fold)
were simultaneously resolved at the modified electrode into three well-defined
voltammetric peaks at 370, 200, and 10 mV (vs. SCE), respectively. The oxidation
process of DA and 5-HT was adsorption-controlled as investigated by scan rate
effect. A linear response was obtained in the range of 7.0x 10~ to 2.2 x 10 M with
a detection limit of 1.0 x 10~ M for 5-HT and in the range of 7.5x 108 to 2.0 x 107
M with a detection limit of 1.5x10®* M for DA (s/n=3), respectively [18].
Moreover, this novel biosensor (nano-Au/PPy,,/GCE) exhibited strong catalytic
activity toward the oxidation of epinephrine (EP), UA, and AA with three well-
defined peaks with a large anodic peak difference. Figure 14 shows the DPV curves
of 1.0x10° M EP and 2.5x 10> M UA solution containing 5.0x 10~ M AA at
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different electrodes. A broad small anodic peak at 0.31 V was obtained at bare GC
electrode (curve a). Moreover, only one broad anodic peak at 0.25 V was obtained
at nano-Au/GCE (curve b). However, three well-defined peaks were resolved at
both PPy,,/GCE (curve c) and nano-Au/PPy,,/GCE (curve d). An enhancement in
the oxidation currents of EP, AA, and UA was obtained at nano-Au/PPy,,/GCE
than that at PPy,,/GCE, indicating that the nanocomposite has a strongly electro-
catalytic activity toward EP, UA, and AA oxidation. In addition, the sensor exhib-
ited excellent sensitivity, selectivity, and stability and has been applied for
determination of EP in epinephrine hydrochloride injection and UA in urine sam-
ples with satisfactory results [30].

Moreover, a hybrid nanocomposite of PEDOT and Au-NPs is fabricated electro-
chemically onto a screen-printed carbon electrode (SPCE). SPCE/PEDOT/Au-NPs-
modified electrode exhibited great catalytic activity for the oxidation of cysteine in
various pH buffer solutions (pH 2.0-8.0). The selectivity of the method is demon-
strated by the separation of the oxidation peaks at up to 240 mV for cysteine and
glutathione in pH 6.0 buffer solutions. Flow-injection amperometry is performed
for 0.5-200 pM of cysteine in pH 4.0 buffer solutions, and a linear calibration plot
with a slope of 0.115 pA/puM is obtained with detection limit (S/N=3) 0.05 pM.
Additionally, the proposed methods obtain satisfactory results in the detection of
cysteine-containing medicine samples [23].

Moreover, Pt/polypyrrole (PPy) hybrid hollow microspheres were utilized by Ce
Wang as enzymeless electroactive H,O, biosensor. At bare GCE, no H,0, reduction
peak was obtained, but a H,0O, reduction peak appeared at— 100 mV at the proposed
sensor (Fig. 15) because of the high electrocatalytic activity of the ultrahigh-density
Pt nanoparticles with the mean diameters of around 4.1 nm deposited on PPy shell.
The proposed composite showed some advantages such as fast response of less than
2 s with linear range of 1.0-8.0 mM, sensitivity of 80.4 mA M~ cm2, and a rela-
tively low detection limit of 1.2 pM (S/N=3) [29].

Fig.15 CVs of H,0, 10
reduction at the bare GCE .
(a and b) and GCE modified 5] %
by Pt/PPy hybrid | a
microspheres (¢ and d) in a
0.1 M PBS in the absence =z 0 /7 =
(a and c¢) and presence of 1.0 = 1
mM H,0, (b and d). The scan g —54 b
rate is 100 mV/s (Reprinted S ] c
from [29], Copyright (2010), O _io4
with permission from
Elsevier) 1
—154
-20

-04 -03 -02 -01 0.0 0.1 02 03 04
Potential (V vs Ag/AgCl)
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Self-Assembled Monolayer of Surfactant on Polymers
and Hybrid Nanostructures

Surfactants and Self-Assembly in Solution

Surfactants, surface active agents, are chemical compounds that have the ability to
affect the interfacial relationship between two dissimilar substances such as oil
and water.

Surfactants have the ability to reduce the free energy of the system by reducing
the contact between the hydrophobic group and the aqueous surrounding.
Surfactants are considered as amphiphilic molecules which have a hydrophilic
polar head on one side and a long hydrophobic nonpolar tail on the other. They
have wide potential applications in electrochemistry [31, 32]. The polar head
group is characteristic with the presence of heteroatoms like N, P, S, or O. These
heteroatoms are present in functional groups like alcohol, thiol, ether, ester, acid,
sulfate, sulfonate, phosphate, amine, amide, etc. A hydrocarbon chain of alkyl or
alkylbenzene type represented the nonpolar tail group. The unique solution and
interfacial characteristics of the surfactant that resulted in enhanced electrode/
solution interface property are attributed to the polar—nonpolar duality nature of
the surfactants [33]. Moreover, surfactants can reduce oil-water contact by the
accumulation at various interfaces or the formation of different self-assembled
structures in the solution. Thus, the hydrophobic domains of surfactant molecules
can associate to form various structures achieving segregation of the hydrophobic
parts from water [34, 35]. Formation of a specific self-assembled structure in
solution depends on the type of surfactant (the size of the hydrophobic tail group,
the nature, and size of the polar head group) and the solution conditions (tempera-
ture, salt concentration, pH, etc.).

Micelles in Aqueous Medium

At low concentration surfactants form true solutions where they are dispersed as
individual molecules or ions and do not associate themselves to form micelles.
With increasing the concentration, spontaneous self-association in solution takes
place and the srufactant molecules form micelles due to the split personality
structure nature of such amphiphilic substances leads their spontaneous self-
association in solution resulting in the formation of micelles [35, 36]. Aggregates
of long-chain surfactant molecules or ions which are formed spontaneously in
their solution at definite concentration are known as micelles which possess
regions of hydrophilic and hydrophobic character. This concentration was found
to be dependent on the size of the hydrophobic moiety, the nature of polar head
group, the nature of counter ions (for charged surfactants), the salt concentration,
pH, temperature, and presence of co-solutes. In water, the charged polar head
groups are oriented toward the water, and the hydrocarbon chains are oriented
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away from the water to face the interior of the micelles. Micelles are characterized
by aggregation number (N) and critical micelle concentration (CMC). N is the
number of molecules or monomers in the micelle determining the size and geom-
etry of the micelle, and it ranges between 10 and 100 in aqueous solution [36].
The CMC of the amphiphile can be defined as the narrow concentration range at
which the micelles first become detectable. Also, it can be defined as the concen-
tration at which an abrupt change in physical properties like surface tension and
conductivity takes place [34, 36]. Each surfactant has a characteristic CMC value
where dynamic aggregates are formed. The CMC values for most surfactants are
in the range of 10~* to 1072 mol L' [36].

Surfactants Self-Assembly at Solid/Liquid Interface

The formation of micelles in solution starts to occur upon reaching the CMC
[35, 36]. At concentration less than the CMC, the cooperative hydrophobic forces
are not sufficient to form micelles or any self-assembled structures in solution. As a
result, surfactant molecules or ions pass out into the surface layer at the interface of
the surfactant with the other phases (we will focus on solid-liquid interface), thus
reducing the oil-water contact and hence lowering the free energy of the system
[35]. Soon, the surface layer becomes saturated and with further increase in the
surfactant concentration, the system expels the hydrophobic chains from the water
into the liquid “pseudo phase” — a micelle. The adsorption of surfactants at solid
substrate not only occurs before CMC but also occurs above CMC [37—41]. The
adsorbed surfactant films on the surface of solid substrates exhibited different
molecular structures in the form of monolayer [42—46], bilayer [47—49], multilayer
(especially at extreme potentials of opposite sign for that of surfactant head group)
[50-53], and surface micelles or hemimicelle (full sphere, full cylinder, or half cyl-
inder) [54-57].

The formation of specific self-assembled structure on the solid substrate surface
depends on the hydrophobicity and morphology of the substrate [58—60], the nature
of the electrolyte and counter ions [61, 62], the applied potential and the charge of
the substrate [63—67], the surfactant concentration [68—73], the structure and type of
surfactant, and the pH of the solution from which adsorption occurs. Typical surfac-
tant aggregate structures are shown in Scheme 3 [33, 74].

Modes of Surface Modification by Surfactants

Two important modes of modification of the electrode surface by surfactants:

1. Surface modification, in which spontaneous adsorption or self-assembly of sur-
factants occurs on the electrode surface

2. Bulk modification, in which surfactants (modifiers) are mixed intimately with
the electrode material such as carbon paste
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Scheme 3 Typical surfactant aggregates: (a) cylindrical, (b) lamellar, (c) spherical, (d) globular,
(e) spherocylindrical micelles, and (f) spherical bilayer vesicles (Reprinted from [33, 74],
Copyright (1991, 2011), with permission from Elsevier)

Surface Modification by Surfactants

Amphiphilic compounds can be used to control the electrochemistry at the modified
electrode surface [75]. The adsorption of these amphiphilic compounds on the elec-
trode surface can be achieved via different approaches [76—78]. One approach is
based on the physico-chemisorption of highly ordered self-assembled monolayers
(SAMs) [79]. Different self-assembled structures of surfactants were formed
through the spontaneous physisorption of surfactant molecules at the electrode
surface. This was achieved via the exposure of a clean electrode surface to a dilute
solution of surfactants either by dipping or by the application of a drop of solution
followed by spinning to evaporate the solvent (spin coating).

Effect of the Surfactants on the Electrochemical Kinetics

of the Electrode Reaction

Dimensions, polarities, and molecular structures of surfactant aggregates on the
electrode and the position of the electroactive species within them must be known
to predict the effect of surfactants on the electrochemical kinetics of the electrode
reaction [80]. Moreover, to observe the influences of the adsorbed surfactant films
on the discharge of electroactive solutes on the electrode surface, it is necessary to
investigate the adsorption of surfactants from aqueous solution onto the electrode
surface. The most important influences of the adsorbed surfactant films on the
electron transfer rates include (1) blocking by surfactants and (2) electrostatic inter-
actions between electroactive solutes and the adsorbed surfactant films [80, 81].
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The surfactant films may physically block the partial or full access of the electroactive
species to the electrode surface inhibiting the electron transfer process [81]. The
unfavorable entrance of hydrophilic species through the hydrophobic region of the
adsorbed surfactant film or the coulombic repulsion between the charged head
group of the surfactant and similar charged electroactive species was the origin of
this blocking effect [82, 83]. As a result, the adsorbed surfactant film acts as a bar-
rier between the electrode surface and the electroactive species.

On the other hand, mild kinetic enhancement for the electrode reaction may be
observed due to the adsorbed surfactant film on the electrode. This enhancement
depends on the preconcentration process (the accumulation of the electroactive species
through or into the adsorbed surfactant film). The coulombic attraction forces as well
as the hydrophobic interactions between the electroactive species and the adsorbed
surfactant layers are the main driving forces for the preconcentration process [82—84].
Moreover, incorporation of electroactive species within the adsorbed surfactant films
will introduce different distances between the electroactive species and the electrode
surface. Thus, the rate of the electron transfer will decrease with increasing the distance
between the electroactive species and the electrode surface within the adsorbed surfac-
tant film [85-87]. This is in accordance with the electron transfer theory [88], which
predicts the exponential decrease of the electron transfer rate with increasing the dis-
tance between the electroactive species and the electrode surface.

When electroactive species presents in micellar system, it may bind to the
micelles present in the aqueous medium or partitioned between micelles and aque-
ous media [89]. Electroactive ions which are oppositely charged to the ionic micelles
can bind at the micelle-water interface, whereas nonpolar electroactive species can
bind in hydrophobic regions of the micelles just below this interface [90].
Electroactive species solubilized in micelles or bonded to micelles can undergo
electron transfer reactions in which the current is controlled by diffusional mass
transport of micelles containing the electroactive species.

Surfactant Adsorption

Surfactants have a specific amphiphilic structure which enables them to be adsorbed
at the surface/interface in an oriented form [91, 92]. The adsorption of the surfactant
involves the transfer of the surfactant molecules from the solution bulk to the elec-
trode/solution interface. This adsorption process of surfactant at the solid/liquid
interface plays a crucial role in many applications. There are various mechanisms
by which the surfactant molecules can be adsorbed onto the solid substrates from
aqueous solutions. The adsorption involves single ions rather than micelles [92].

(I Ion exchange takes place through the substitution of counterions adsorbed
onto the substrate from the solution by surfactant ions with similar charges.
(II) Ion pairing takes place through adsorption of surfactant ions from solution
onto sites which are oppositely charged and unoccupied by counterions.
(III) Hydrophobic bonding takes place through the electrostatic attraction between
a hydrophobic group of adsorbed molecule and a molecule present in the
solution.
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Scheme 4 Conceptual drawings of interfacial region on hydrophilic electrode in micellar solutions:
(a) side view of surface micelles or cylinders, (b) side view of a bilayer, (c) position of reactants R
which are dissolved in the surface aggregates, (d) position of reactants R which are specifically
adsorbed to the electrode (Reprinted from [80], Copyright (1997), with permission from Elsevier)

(IV) Adsorption by polarization of i electrons takes place through the attraction
between the electron-rich aromatic nuclei of the adsorbate “surfactant” and
the positive sites on the solid adsorbent.

(V) Adsorption by dispersion forces takes place through the adsorption by
London van der Waals force between adsorbate “surfactant” and solid adsor-
bent [92].

Electron Transfer Modes in Micellar Solutions

Electron transfer kinetics of electrode reaction process can be controlled by the
surfactant aggregates on the electrode surface or inside the solution. Aggregates in
the form of bilayers, cylinders, or surface micelles have the tendency to be adsorbed
onto the electrode surface in solutions with surfactant concentration above the CMC.
On hydrophilic electrodes, head-down orientations of surfactants are preferred
(Scheme 4a, b) [80].

We will start by talking about the mechanism of discharge of electroactive species
binding to the adsorbed dynamic surfactant film. The electron transfer process will
take place when the electroactive species approaches to the vicinity of the electrode
surface. Two main possibilities allow the charge transfer; the first is the displacement
of the adsorbed surfactant by the reactant, thus, the reactant approaches the electrode
closely (Scheme 4c), and the second is the approach of the reactant to the electrode
surface within one head group diameters of adsorbed surfactant moieties (Scheme 4d).
Different possibilities have been suggested for the molecular interpretation of electron
transfer between a micelle-solubilized electroactive species and the electrode.
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One possibility is the dissociation of solute bound to the micelle followed by its entry
into the adsorbed surfactant film, then its orientation near the surface, and finally
electron transfer occurs. The entry into the films and orientation are expected to
occur on a millisecond time scale. Another possibility is the joining of the micelle in
solution with the aggregates on the electrode surface, bringing the reactant close
enough to the electrode for electron transfer [80].

The Role of Surfactants in Electrochemistry
The importance of surfactants to electrochemistry is based on the following points [93]:

(a) Surfactants in aqueous solution will affect the double layer structure, the redox
potential, the charge transfer, and the diffusion coefficient of the electrode pro-
cesses [91, 93].

(b) Surfactants can stabilize radicals or intermediate reaction products.

(c) Surfactants can easily dissolve hydrophobic substances.

Surfactants can endow the electrode/solution interface with different electrical
properties and change the electrochemical process. For example, the adsorption of
ionic surfactants can form charged surfactant layers on the electrode surface, which
have a strong accumulation capacity toward the oppositely charged analytes and an
electrostatic repulsion ability toward the same charged analytes. Similarly, surfactants
can form loose hydrophobic layers on the electrode surface by their hydrophobic tails
exhibiting a strong accumulation capacity toward hydrophobic analytes. Moreover,
the formation of surfactant layers on the electrode surfaces can also avoid the direct
contact of the analyte with the electrode surface enhancing the antifouling capacity of
the electrodes [94, 95]. On the other hand, surfactants play a very important role in
electrode reactions, not only in solubilizing organic compounds but also by providing
specific orientation of the molecules at the electrode interface. Surfactants are effec-
tive excipients in many drug formulations via improving dissolution rate and increas-
ing drug solubility. The ability of surfactants to reduce interfacial tension and contact
angle between solid particles and aqueous media leads to improving the drug wetta-
bility and increasing the surface availability for the drug dissolution [96]. Accordingly,
surfactants were found to have several applications in electrochemistry, polarography,
corrosion, batteries, fuel cells, electrometallurgy, electroorganic chemistry, photoelec-
trochemistry, electrocatalysis, and electroanalysis [36]. Surfactants are very effective
to be used in the electroanalysis of organic compounds, biologically important com-
pounds, drugs, some important inorganic ions, and metals [97-99]. Moreover,
micelles have also been employed as selective masking agents to improve selectivity
and sensitivity of electrochemical analysis [100].

Sensor Applications of Surfactant SAM on Polymers
A promising biosensor based on poly(3.4-ethylenedioxythiophene)-modified Pt

electrode (Pt/PEDOT) was constructed for DA determination in the presence of SDS.
There are electrostatic interactions between the positively charged DA and the
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negatively charged SDS which resulted in enhanced accumulation of protonated
DA at the polymeric electrode surface, improved electrochemical response of DA,
and increased current response by one and a half folds. Surfactant aggregates can be
formed on the electrode surface in the form of bilayers, cylinders, or surface micelles
(at higher SDS concentration), and these aggregates can explain the enhanced cur-
rent response. The process of electron transfer starts when the electroactive analytes
come close to the vicinity of electrode surface. The charge transfer mediation is
attributed to the space of one to two head groups of adsorbed surfactant moieties
extended from the surface of the electrode. On the other hand, ion pair of the proton-
ated DA and the charged surfactant may be formed and adhered on the electrode
surface via the hydrophobic parts in both sides [32]. On the other hand, three well-
resolved oxidation peaks for DA, AA, and UA were defined at PEDOT/Pt in the
presence of SDS. By the addition of SDS, the peak current signal of DA increases,
and the peak current signals of AA and UA disappear. These observations are attrib-
uted to the electrostatic attractions between the negatively charged surfactant film
and the positively charged DA which enables DA to reach the electrode surface
faster. In the case of AA and UA, there are electrostatic repulsion between the
anionic surfactant and the negatively charged species resulting in slower electron
transfer kinetics (Scheme 5) [32].

The morphology of PEDOT matrix in the absence and presence of SDS showed
a great difference (Fig. 16). In the absence of SDS, PEDOT exhibited the globular
shape, and the surface appeared to be rough because of Pt substrate (Fig. 16a). In the
presence of SDS, the PEDOT matrix becomes spongy and cotton-like because of
the anionic tails of the surfactant (Fig. 16b). SDS aggregates have the ability to
accumulate over the polymer surface and affect greatly the film conductivity [32].

Scheme 5 Electrostatic interaction between DA cation and the PEDOT in the presence of SDS
and AA (Reprinted from (Reprinted from [32], Copyright (2011), with permission from Elsevier)



444 N.F. Atta et al.

Fig. 16 SEM image of the PEDOT layers deposited on Pt wire from 0.01 mol L=! EDOT in 0.1
mol L' LiClOy in acetonitrile (10 cycles) (magnification 10,000x, 30 kV), (a) in the absence of
SDS, (b) in the presence of 150 pL 0.1 mol L' SDS (Reprinted from [32], Copyright (2011), with
permission from Elsevier)

Furthermore, PEDOT/Pt in the presence of SDS was utilized for the determination
of catecholamine compounds, namely, epinephrine, L-norepinephrine, and L-DOPA,
as well as serotonin (ST). The electrochemical data for the oxidation of catechol-
amines, serotonin, tryptophan, acetaminophen, and some interfering compounds
such as UA and AA were collected from the cyclic voltammograms at PEDOT/Pt
electrode in the absence and presence of 150 pL. SDS. For cationic catecholamines,
an increase in the anodic and cathodic peak current values was observed upon the
addition of SDS due to the electrostatic interaction between the anionic surfactant film
adsorbed on the electrode and the cationic catecholamine. For anionic compounds,
the oxidation current response decreases in the presence of SDS. Tryptophan, AA,
and UA, which are in the anionic form at pH="7.4, establish an electrostatic repulsion
with anionic surfactant SDS resulting in a large decrease in the peak current value
in micellar medium. L.-DOPA and ACOP are neutral species at physiological pH
(pH=7.4), thus SDS would not affect the kinetic of these compounds. The adsorption
of the surfactant molecules onto the surface of the electrode resulted in changing
the oxidation current values for positively and negatively charged species, altering the
electrode overpotential and affecting the kinetics of the electron transfer. Also,
the micellar aggregates may influence the mass transport of the electroactive ana-
lytes toward the electrode surface [101].

On the other hand, the electrochemical response of ST in the presence of UA,
AA, and glucose was investigated. The presence of more than 1000-fold excess of
AA and 100-fold excess of glucose did not interfere with the response of ST. The
presence of SDS in the medium plays a key role in the electrostatic attraction of ST
toward the polymeric surface and causes repulsion toward the interfering species.
Furthermore, both DA and ST coexist in a biological system, and they affect each
other in their respective releasing. So, it was interesting to study the interaction of
both compounds with SDS (Fig. 17). At PEDOT/Pt electrode, DA and ST yielded
two well-defined oxidation peaks at 0.20 and 0.35 V, respectively. The current
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Fig.17 Cyclic voltammograms of equimolar solution 0.5 mmol I-! of both DA and ST in B-R (0.1
mol 1I7!), scan rate 50 mV s~! at PEDOT/Pt electrode pH 7.4 with successive additions of 10 ul 0.1
mol 17! SDS (0-150 pl) (Reprinted from [101], Copyright (2011), with permission from Elsevier)

response of ST increased, while DA response decreased with successive additions
of 150 pL SDS in 0.1 mol L-! B-R pH=7.4. This is due to the competitive interaction
of DA and ST with the PEDOT/Pt film that is more pronounced in the case of ST.
This is due to the large conjugated structure of ST which has the possibility to inter-
calate into the interior of PEDOT/Pt film. Another reason is the presence of -NH,
and -NH groups in ST which increases the positive charge density on ST enhancing
its interaction with the anionic surfactant SDS, thus facilitating its diffusion to the
polymeric film [101].

Interaction of anionic SDS with ST and DA in aqueous B-R buffer solutions was
followed by UV-Vis spectroscopy. Figure 18a, b shows the effect of successive
additions of SDS on the absorption spectrum of each of ST and DA. The anionic
SDS showed no absorption background. A band is identified at 274 nm, and a shoul-
der is present at 296 nm for ST due to the different possible sites of protonation in
the case of indole nucleus having various constituent groups.

It was assumed that protonation on nitrogen always occurs first and then takes
place in other places (Fig. 18a). The absorbance of these bands decreased from 1.31
to 0.95 with five SDS additions. On the other hand, a sharp band was formed at
279 nm for DA (Fig. 18b); its absorbance decreased from 1.27 to 0.97 with five SDS
additions. The anionic character of SDS favors columbic attraction forces with the
compounds and leads to the formation of aggregates in the solution phase. The
aggregation in aromatic systems could be attributed to the formation of larger units
(possibly due to the formation of longer repeat unit chains). This “oligomerization”
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Fig. 18 Absorption spectra of five successive aliquots of 0.2 ml of 0.01 mol 1! SDS added to
4.0 ml of (a) 2.5x10™* mol 17! serotonin, (b) 5x10™* mol 1! for DA (Reprinted from [101],
Copyright (2011), with permission from Elsevier)

was due to the London—Margenau attractive forces between the n-electrons that are
counterbalanced by the columbic and Lennard-Jones repulsive forces. This should
be accompanied with a blue shift or a red shift in the corresponding spectra that was
not observed in the present case for ST and DA. Thus, the charge interaction of
the compound with SDS is the main contribution to the association that resulted
in the decrease in the absorption spectra. Also, it was noticed from the results that
the decrease in absorbance in the case of ST was larger than in the case of DA show-
ing that there is more charge interaction of ST with SDS than in the case of DA.
So, the spectrophotometry data are in good agreement with what we obtained from
the voltammetry experiments [101].

On the other hand, drug analysis is an important branch of chemistry which plays
an important role in drug quality control. Therefore, the development of sensitive,
simple, rapid, and reliable method for the determination of active ingredient is very
important [102]. Surfactants have proven effective to be used in different occasions
for the electroanalysis of drugs [97-99]. Improvement of drug analysis using sur-
factants was found to be concentrated in two important points:

1. The ability of surfactant systems to dissolve hydrophobic (insoluble) drugs
2. The preferential accumulation of drug molecules on the electrode surface via
electrostatic and hydrophobic interactions [103—108]

Atta et al. employed PEDOT/Pt for morphine (MO) determination in the pres-
ence of SDS. MO is used as a relief from severe pain. The anionic surfactant SDS
facilitates the arrival of MO molecules to the electrode surface faster, improves its



14 Self-Assembled Monolayers on Nanostructured Composites. .. 447

10~

00r -

10~ -

I/ pA
R
o
¥
i

_60 i i 1 L i 1 i i 1 i i i i i 1 i
1.0 0.8 0.6 0.4 0.2 0.0

E/V(vs.Ag/AgCl)

Fig. 19 Cyclic voltammograms of 5.0x 10~ mol L~ morphine/ 0.1 mol L™! BR, pH 7.4, at (a)
PEDOT/Pt electrode in the presence of SDS, (b)) PEDOT/Pt electrode (c) Pt electrode at scan rates
50 mV s! (Reprinted from [109], Copyright (2011), with permission from Elsevier)

reaction rate, and enhances greatly its anodic peak current (Fig. 19). PEDOT/Pt in
the presence of SDS exhibited perfect electrocatalytic activity toward MO as it lowers
its oxidation potential, enhances its current response, and improves its electron
transfer kinetics. D, (cm” s™') value for MO at PEDOT/Pt is 2.6 x 10~* in the pres-
ence of SDS which is higher than the corresponding value in the absence of SDS
1.1x 107, The diffusion component of the charge transfer at the electrode surface is
greatly affected by the anionic surfactant SDS [109].

On the other hand, DA is considered one of the most common interferents for MO
in urine or blood. Two well-resolved peaks for DA and MO were obtained at 220 and
410 mV at PEDOT/Pt in the presence of SDS, respectively. The proposed sensor can
determine MO in the presence of DA with high sensitivity and excellent peak poten-
tial separation (190 mV). Moreover, the simultaneous sensitive determination of
MO and epinephrine EP was achieved well at the proposed sensor. Therefore, this
promising sensor can be used to selectively and sensitively discriminate MO
from neurotransmitters. Also, the simultaneous determination of MO, AA, and UA
proved excellent at the proposed sensor. By the addition of SDS, the MO oxidation
current increased, and the AA and UA oxidation current disappeared. This is attrib-
uted to the electrostatic attractions between the positively charged MO and nega-
tively charged SDS and the electrostatic repulsion between the negatively charged
AA and UA and anionic SDS [109]. On the other hand, MO can be discriminated
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from codeine that is very close to MO in structure at the surface of the proposed
sensor. Codeine usually interferes with MO and affects the MO determination
because of the competitive adsorption between them. At the surface of the proposed
sensor, no interference was detected from codeine in a solution containing equimolar
amounts of MO and codeine in the presence of SDS. Only an oxidation peak for MO
was detected at 550 mV. As a result, PEDOT/Pt in the presence of SDS can be used
to detect MO in opium poppy in the presence of high concentration of codeine (ten-
fold) [109].

As well, electrochemical impedance spectroscopy (EIS) is a characteristic tool
that can be used to examine the electrode/solution interface properties. It also can
be used to examine the type of interaction of MO at the proposed sensor in the
absence and presence of SDS. The diameter of the semicircle in the Nyquist plot
resembles the resistance of the electron transfer. In the absence of SDS, a semicircle
with larger diameter was observed which is diminished obviously by SDS addition.
As a result, the resistance of electron transfer of MO electrooxidation decreases,
and electron transfer kinetics is improved. The fitting values calculated from the
equivalent circuit for the impedance data were summarized in Table 4. R, is the
solution resistance, R, is the polarization resistance, CPE is the predominant diffu-
sion influence on the charge transfer process, and n is its corresponding exponent
(n<1). Cyis the capacitance of the double layer. W is the Warburg impedance due
to diffusion. The capacitive component values are higher at PEDOT/Pt in the pres-
ence of SDS compared to the case of the absence of SDS because of the ionic
adsorption at the electrode surface, the charge transfer process, and the conducting
character of the surface. In selective electrostatic interactions between MO and
SDS, the accelerated electron transfer kinetics resulted in the obvious decrease in
the interfacial electron transfer resistance [109].

Also, the voltammetric behavior of isoniazid (an antituberculous drug, INH) was
investigated at PEDOT/Pt in the presence and absence of SDS and CTAB. INH
exhibited a very weak electrochemical response at bare Pt electrode which was
markedly enhanced in the presence of SDS achieving an improved response of INH
in pH 2.3 (INH is positively charged in this pH). Two well-defined irreversible
anodic peaks of INH were obtained at 630 mV and 820 mV (Fig. 20a) that resulted
to form an irreversible oxidation of INH. In the absence of SDS, no peaks were
obtained for INH due to electrostatic repulsion between the positively charged INH

Table 4 Summary of the data obtained from EIS in the determination of MO using PEDOT/Pt
electrode in the absence and presence of SDS at the oxidation potential (Reprinted from [109],
Copyright (2011), with permission from Elsevier)

R,kQ |R,(kQ |C/(uF |W (KQ' |Cep (WF

Electrode PEDOT/Pt | E (mV) | cm?) cm?) cm™) cm™) cm™?) n

In the absence of 420 122 0.39 45 2.49 75 0.88
SDS

In the presence of 420 52 0.5 50 2.38 279.8 0.7

SDS
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Fig.20 Cyclic voltammograms of 5.0 x 10~ mol L INH/0.1 mol L' L B-R, scan rate 50 mV s~
at PEDOT/Pt electrode at pH 2.3 with successive additions (0—150 pL) of 0.1 mol L! (a) SDS, (b)
CTAB and at pH 7.4 with successive additions (0—~150 pL) of 0.1 mol L' (¢) CTAB and (d) SDS
(Reprinted from [110], Copyright (2011), with permission from Elsevier)

and positive charge density of PEDOT. SDS improves the oxidation current of
INH and mediates the electron transfer kinetics as it facilitates the arrival of cat-
ionic INH to the electrode surface faster. Also, PEDOT/Pt in the presence of SDS
exhibited high electrocatalytic activity toward INH showing lower oxidation poten-
tial and higher oxidation current [110]. On the other hand, a weak broad peak is
observed at PEDOT/Pt in the presence of CTAB for INH solution/pH 2.3. By the
addition of CTAB, the INH oxidation current decreases (Fig. 20b) due to the elec-
trostatic repulsion between the cationic CTAB and the positively charged INH
resulting in a retarded diffusion.
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On the other hand, the electrochemical response of INH at pH 7.4 was studied at
PEDOTY/Pt in the presence of SDS and CTAB. INH becomes neutral at pH 7.4
according to its pK, value resulting in different types of interaction of INH with the
polymer film and surfactant molecules. At PEDOT/Pt, one oxidation peak for INH
appeared at 260 mV with a current value of 38 pA because INH becomes neutral
and diffuses easier toward the cationic polymer. By CTAB additions, the INH oxi-
dation current increases to 55 pA then becomes stable (Fig. 20c). There are electro-
static force between INH molecules and CTAB resulting in enhanced oxidation
current as the INH approaches the electrode surface faster and the reaction becomes
easier. Figure 20d showed the opposite manner by the addition of anionic SDS; the
INH oxidation current decreases because of the electrostatic force between INH and
SDS resulting in difficult diffusion of INH to electrode surface [110]. Moreover, it
is necessary to examine the simultaneous determination of INH, AA, and UA.
At PEDOT/Pt in the presence of SDS, the selective determination of INH, AA, and
UA at pH 2.3 proved excellent. This is attributed to the electrostatic attractions
between anionic SDS and positively charged INH and electrostatic repulsions
between SDS and anionic AA and UA. Also, the simultaneous determination of
IHN, AA, and UA at pH 7.4 achieved well at PEDOT/Pt in presence of CTAB.
Two oxidation peaks for AA and UA were observed at 100 and 486 mV, respec-
tively, as a result of electrostatic attractions between cationic CTAB and anionic AA
and UA. The oxidation current of INH is firstly observed at 700 mV and increased
by the addition of CTAB as a result of INH neutral structure which improves its
diffusion toward the polymeric film by CTAB. One can say that the presence of
surfactant molecules plays a crucial role in the electrostatic interactions of INH
toward the polymeric film in different pH values [110].

On the other hand, the electrochemical response of 0.3 mM atropine in 0.1 M
B-R/ pH 7.4 was examined at PEDOT/Pt in SDS. One well-resolved irreversible
peak was observed at 670 mV for atropine at PEDOT/Pt in the presence of SDS
which was four and eight times higher than that observed at PEDOT/Pt and Pt elec-
trodes, respectively. The oxidation current of atropine was markedly enhanced by
the anionic SDS which mediates the approaching of atropine molecules to the elec-
trode surface and facilitates the reaction. Higher current response, lower oxidation
potential, and low detection limit of 34 nM were remarkable characteristics of the
electrocatalytic activity of PEDOT/Pt toward atropine in the presence of SDS.

Also, an electroanalytical method was developed for the sensitive determination
of flutamide in pharmaceutical formulations at polyglutamic acid polymer-modified
carbon paste electrode in the presence of CTAB. The reduction current of flutamide
increases by the addition of CTAB exhibiting a maximum 1 % CTAB and after that
decreases continuously. The adsorption manner changes at 1 % CTAB from mono-
mer adsorption to monolayer adsorption with an increase in CTAB concentration at
the electrode surface. After 1 % CTAB, the reduction current decreases because of
the retardation of electron transfer rate by micelle aggregates. Therefore, 1.0 %
CTAB is selected as the optimum concentration. The proposed sensor showed per-
fect electrocatalytic activity toward flutamide determination, good sensitivity,
excellent stability, and applicability with wide concentration range [111].
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SAM of Surfactant on Polymers/Nanometallic Structures

Chunya Li et al. utilized gold nanoparticle-modified glassy carbon electrode
(Au-NPs/GCE) for the determination of tryptophan (Trp) in the presence of sodium
dodecylbenzenesulfonate (SDBS). The oxidation peak potential of Trp at Au-NPs/
GCE showed a negative shift of 50 mV, and the peak current was improved in the
presence of SDBS indicating that the electron transfer between the electrode and
the bulk of solution was facilitated. Surfactants can be adsorbed on hydrophobic
surface to form surfactant film altering the overvoltage of the electrode and influ-
encing the rate of electron transfer [112]. In the presence of SDBS, a hydrophilic
film with negative charge was formed through the interaction of Au-NPs and sul-
fonic group of SDBS. This hydrophilic layer improves the accumulation of Trp at
the electrode surface through electrostatic interaction, thus the electron transfer of Trp
was facilitated, its oxidation overpotential decreased, and its current response was
enhanced [112]. Moreover, Gong-Jun Yang studied the electrochemistry of etham-
sylate (ESL), a homeostatic agent that appears to maintain the stability of capillary
walls and correct abnormal platelet adhesion, at hydrophobic gold nanoparticle-
modified GCE (C;3NH,-capped Nano-Au/GCE) in the presence and absence of
cationic surfactant CTAB. A significant negative shift of the oxidation potential
and increase of the anodic peak current were observed in the presence of CTAB
indicating the role of CTAB in the oxidation of ESL. Sulfo acid group in ESL is
ionized and negatively charged in the weak acid solution. In the presence of CTAB,
a positively charged hydrophilic film of CTAB was formed on the modified sur-
face. The hydrophobic interaction between ESL and hydrophobic chain of CTAB
was more dominant than the static interaction with the polar head group, thus the
overvoltage was reduced and the electron transfer rate was enhanced. Therefore,
the electrochemical oxidation of ESL was facilitated in the presence of cationic
surfactant CTAB, and very low detection limit was obtained, 3.5 nM [113].
Furthermore, the electrochemical response of DA was examined at Au/PEDOT-
Au,,,/SDS (gold nanoparticle-modified PEDOT-modified gold electrode in the
presence of SDS). This promising sensor combined the effective properties of
PEDOT matrix to lower the DA oxidation potential and the catalytic properties
of gold nanoparticles and SDS to facilitate the electron transfer kinetics (Fig. 21).
The SDS addition improves the preconcentration—accumulation of hydrophobic
positively charged DA, facilitates its diffusion through the modified electrode, and
mediates the electrostatic transfer rate as a result of electrostatic interactions
between cationic DA and anionic SDS leading to enhanced DA current signal at the
proposed surface. The utilized sensor showed the effective synergism between
PEDOT, Au,.,, and SDS to selectively and sensitively determine DA [27]. The
previous results may be explained as follows: PEDOT matrix involves a distribu-
tion of reduced (hydrophobic) and oxidized (hydrophilic) regions, and positively
charged DA tends to interact with the more reduced regions. In addition, PEDOT
film acts as an electron facilitator as it contains a rich electron cloud. Furthermore,
gold nanoparticles act as a mediator to facilitate the electrochemical reaction and
mediate the electron transfer rate. Also, DA cations tend to be weakly adsorbed at
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Fig.21 CVsof 1 mmol L' DA/0.1 mol L' PBS/pH 2.58 at (1) bare Au, (II) Au/PEDOT, (/II) Au/
PEDOT-Au,,,,, and (IV) Au/PEDOT-Au,,,/SDS-modified electrodes; scan rate 50 mV s-!
(Reprinted from [27], Copyright (2012), with permission from Elsevier)

Au/PEDOT-Au,,,, as DA has the ability to form self-assembled monolayer on Au
via the interaction NH, group of DA with Au. As mentioned before, SDS improves
the preconcentration—accumulation of the positively charged DA at the surface of
the modified electrode and enhances its diffusion through the modified electrode
[27]. On the other hand, the simultaneous determination of AA, DA, and APAP
(0.1 M PBS/ pH 2.58) achieved well at Au/PEDOT-Au,,,, electrode. Three well-
resolved peaks appeared at 0.235, 0.499, and 0.678 V for AA, DA, and APAP,
respectively. By SDS addition, the anodic current of DA increased, the anodic cur-
rent of AA diminishes, and the anodic current of APAP decreases slightly. The nega-
tive charge density of SDS film and the hydrophobic property of this film will act to
enhance the preconcentration—accumulation of the hydrophobic DA* cations at the
electrode surface and repel hydrophilic AA molecules away from the electrode sur-
face. The anodic current of APAP decreased slightly by SDS addition because of its
neutral structure in this pH resulting in slow diffusion toward electrode surface and
retarded interaction with SDS. Furthermore, this promising sensor is used for the
simultaneous determination of DA in the presence of AA and UA (0.1 M PBS/ pH
7.40). The oxidation peaks for UA, DA, and AA appeared at Au/PEDOT-Au,,,, at
349 mV, 217 mV, and 19 mV, respectively, with large peak potential separation
(Fig. 22, Scheme 6). By addition of SDS, the anodic current of DA increases, and
the anodic current of AA and UA diminished. This is attributed to the electrostatic
attraction between cationic DA and anionic SDS and electrostatic repulsion between
anionic UA and AA and anionic SDS [27].

Au/PEDOT-Au,,,,/SDS showed excellent stability which was examined through
repeated cycles up to 50 cycles. Perfect stability was obtained at Au/PEDOT-Au,,,,,/
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Fig.23 CV:s of the comparison of 50th cycle of long-term stability of Au/PEDOT-Au,,,,. SDS for
tertiary mixture (1 mmol L' AA, 1 mmol L™ DA, and 1 mmol L' APAP/0.1 mol L' PBS/pH
2.58) separation immediately, after 3 days and 1 week of storage; scan rate 50 mV s~' (Reprinted
from [27], Copyright (2012), with permission from Elsevier)

SDS in 1 mmol L' DA/0.1 mol L' PBS/pH 2.58, and no decrease in the current
response was observed. Furthermore, a very small peak separation was observed,
nearly zero or 15 mV peak separation, which indicated the unusual reversibility
obtained by repeated cycles. Moreover, long-term stability for the separation of a
tertiary mixture of 1 mmol L' AA, 1 mmol L™! DA, and 1 mmol L-! APAP/0.1 mol
L' PBS/pH 2.58 was examined at Au/PEDOT-Au,,,,/SDS up to 1 week. The elec-
trode is kept in 0.1 mol L~ PBS/pH 2.58 in the refrigerator after each measurement.
The CVs of the 50th cycle of repeated cycles of Au/PEDOT-Au,,,,/SDS for tertiary
mixture of AA, DA, and UA immediately after 3 days and 1 week of storage were
shown in Fig. 23. The decrease of I, of DA and APAP was 6.7 % and 1.2 %, respec-
tively, after 1 week of storage. Therefore, better stability via repeated cycles and
long-term stability were obtained at Au/PEDOT-Au,,,,/SDS not only for one com-
ponent detection (DA) but also for tertiary mixture components separation [27].

Self-Assembled Monolayer of S-Containing Compounds
on Nanostructures

SAMs formed by S-containing compounds, namely, thiols on gold—nanogold elec-
trodes, are well-ordered, stable, and densely packed monolayers. They exhibit great
characteristics like small overpotential, good sensitivity, perfect selectivity, repro-
ducibility, and short response time in the electrocatalytic reactions. Moreover, the
immobilized amount of S-functionalized compounds can be greatly increased by
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their modifications with gold nanoparticles which further resulted in enhanced Au—S
bond and enhancement of the SAMs stability. On the other hand, the sensory applica-
tions at SAM-modified metallic nanoparticle surface, namely, gold nanoparticles, in
the presence of surfactants proved excellent and will be addressed in details.

Self-Assembled Monolayer

The design of electrodes with well-defined function and controllable surface prop-
erties can be effectively achieved by employing self-assembled monolayers (SAMs)
of few nm to several hundred nm thickness [114, 115] of organic molecules (both
aliphatic and aromatic) containing free anchor groups such as thiols, disulfides,
amines, silanes, or acids [116, 117]. The advantages of SAMs include simplicity of
preparation, versatility [118], extraordinary thermodynamic stability [119, 120],
reproducibility, and the possibility of introducing different chemical functionalities
with high level of order on a molecular dimension [121-127] providing an elegant
approach to design tailored surfaces with controlled physical and chemical proper-
ties [128, 129]. In addition, several applications were allowed using SAM based on
their terminal hydrophilic or hydrophobic functionality or by changing the chain
length [115]. SAMs proved excellent in the immobilization of sensing elements like
enzymes [118] and DNA. Also, they are very efficient in the electron transfer and
capacitance control of an electrode [115]. SAMs can be described as an elegant
method by which we can address electrically a molecular component [126, 127].
The method by which the SAMs were formed is the spontaneous adsorption of
self-assembled molecules on metals like Au, Ag, Cu, Zn, Fe, Ni, glass, or Pt
[130-132]. As well, highly organized [133], stable, and tightly packed compact
monolayers can be formed on the electrode surface through the strong interchain
and hydrophobic interactions (van der Wall interactions). As a result, various appli-
cations can be achieved like chemical sensing, protective coatings [128], lubricants
[122], corrosion protection [128], patterning, semiconductor passivation, and opti-
cal second-order harmonic generation [134]. There are several reasons for the
attractive features that SAMs are offering in biosensing applications:

(i) Miniaturization is very easy as SAMs utilize the bare minimum resources
(a monolayer consisting of 107 mol/cm? or 10"* molecules/cm?) [114].

(i1) The long-chain alkane thiols of SAMs that showed high degree of ordered and
dense nature [114, 120] resulted in a microenvironment membrane which is
efficient for the biological molecule immobilization.

(iii) The good chemical stability of SAMs even after its coupling with the immobi-
lizing molecules for biological sensing makes SAMs efficient as biosensors
and immunosensors [114].

Organosulfur compounds can form SAMs on metal substrate [116, 129] espe-
cially gold and the formed SAMs [135, 136]. This method is considered an effec-
tive method to prepare chemical interfaces that exhibited perfect features and
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well-organized, structurally, well-defined, and stable resulting in SAMs having
controllable thickness [137] and favorable function [118]. Organothiols lose the
hydrogen of the thiol group [130] as molecular hydrogen H, upon chemisorption
[138-143] on gold surface resulting in the formation of covalent, strong, and ther-
modynamically favored S—Au bond [144-146]. Thiols have great affinity to be
adsorbed on gold due to the following:

(1) Inertness of gold; therefore, it does not form stable oxides on its surface.
(ii) The strong specific interaction of gold with sulfur resulting in stable monolayer for-
mation [130, 131, 147] in a short time [141] and in a very reproducible way [131].

SAMs of thiols formed on gold electrodes are well-ordered, stable, and densely
packed monolayers [131, 133]. They exhibit great characteristics like small overpo-
tential, good sensitivity, perfect selectivity, reproducibility, and short response time
in the electrocatalytic reactions [136, 148].

The electrochemical response at the SAM-modified electrode depends on the
monolayer thickness. The “thick” monolayer (e.g., monolayers of long-chain alka-
nethiols) would passivate the electrode surface, and it slows down the electron
transfer [137]. Also, the monolayer having hydrophilic functional groups can favor
the permeation of ions in solution into the electrode surface, if any specific interac-
tion exists at the monolayer solution interface. The SAMs having —-COOH and —
NH, functional groups are extensively used for electrochemical sensing applications
and served as a platform for the fabrication of biosensors [134]. In recent years,
more and more attention has been focused on L-cysteine (Cys) SAM-modified elec-
trochemical sensors due to their good stability and highly characterized structures
of the Cys SAM [149].

Methods of SAM Preparation

SAM can be prepared via two methods: immersion and electrochemical growth
[114, 149]. The immersion growth is a common method for SAMs’ formation
through which the metal electrode is soaked in the required solution for a certain
time then the electrode was washed with the same solvent and dried [114].
The substrate nature and roughness, type of solvent, adsorbate nature, adsorbate
concentration, and temperature greatly affected the packing density and formation
of SAMs. Very dilute solution gives ordered SAMs, while high concentration and
long time (6 days) resulted in the formation of multilayer. Highly pure solvents such
as water, ethanol, acetonitrile, and hexane are used to prepare solutions of thiol,
sulfide, and disulfide [114]. The electrochemical growth was developed by Ying
Zhuo et al. They reported that the immersion growth suffered from the competitive
adsorption from other ions, for example, supporting electrolytes. In addition, the
assemblies formed by immersion growth sometimes were subjected to nonuniform
layer growth. The electrochemical method was free of the above drawbacks and
more advantageous than immersion growth such as controllable and selective [149].
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SAM-Modified Nanostructured Electrodes

SAM procedure opens a new avenue for the fabrication of electrodes having an
electrocatalytic activity toward many electrochemical reactions superior to that of
unmodified electrodes [150]. SAM-modified electrodes are very promising for the
construction of electrochemical biosensors because they can enhance the electron
transfer rate, selectivity, and sensitivity, improve the response time, and decrease
the overpotential [151-153]. The SAM plays three important roles in the biosensing
applications: (i) it forms thin monolayer, (ii) it forms weak hydrogen-bonding inter-
actions, and (iii) it prevents fouling of the electrode surface by the oxidation prod-
ucts [137]. SAMs of thiol molecules on a metal surface provide a useful means of
immobilizing electrode surfaces to attach various functional groups, such as
nanoparticles and redox-active species [136].

Gold nanoparticles that are conjugated to globular protein, bovine serum albumin,
through S—Au bond showed more surface area for strong interaction with the exter-
nal species [154]. Furthermore, the modification using gold nanoparticles could
greatly improve the S-functionalized compounds’ immobilized amount, affect the
SAM structure [155], enhance the Au-S bond, and improve the SAMs’ layer stability
[147]. The high surface energy of nanoparticles resulted in their instability; there-
fore, they need suitable surface modifications to be stabilized against aggregation.
Cyano (CN), amino (NH,), and mercapto (SH) are functional groups that exhibited
great affinity toward gold. Hak Yong Kim identified the interaction of cysteine and
gold nanoparticles and indicated that the cysteine thiol moiety is an effective site for
gold interaction resulting in the formation of stable cysteine-capped gold nanoparti-
cles. Gold nanoparticles were stabilized by cysteine molecules through S—Au inter-
action [45]. Figure 24a displayed the TEM image of spherical gold nanoparticles
with a corona of cysteine ligand. Moreover, the TEM confirmed the gold

Fig.24 TEM images of (a) cysteine-capped gold nanoparticles and (b) gold nanoparticles in gold
hydrosol (Reprinted from [154], Copyright (2006), with permission from Elsevier)
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Fig.25 Infrared spectra of cysteine (spectrum a) and cysteine-capped gold nanoparticles (spec-
trum b) (Reprinted from [154], Copyright (2006), with permission from Elsevier)

nanoparticles’ stabilization because of their interaction with cysteine. Figure 24b
showed the TEM image of the clusters of gold nanoparticles that are formed by
NaBH, reduction. Moreover, the characteristic bands of cysteine moiety after gold
nanoparticles’ conjugation were detected through the application of FTIR spectra.
Amino acids exhibit spectra characteristic of both carboxylate and primary amine
salts as they can be described as zwitterions. The FTIR spectra of Cys and Cys/gold
nanoparticles were shown in Fig. 25. The characteristics bands in Cys (spectra a)
appeared at 1600, 1390 cm™ for the asymmetric and symmetric stretching of COO-,
at 1532 cm™! for N-H bending, the broad 3000-3500 cm™! range for stretching NH;*,
and near 2550 cm™ for S—H group in the cysteine molecule. These results are very
close to IR spectra of cysteine. The spectra of Cys/gold nanoparticles (spectra b)
showed slight changes. A slight shift in COO~ and NH;" stretching positions occurs
because of the change in their dipole moment as a result of cysteine binding on the
high electron density metal surface. Significantly, the S—H band was not observed in
the spectra of Cys/gold confirming the Au—S bond [154].

Desorption of SAM

The formation of SAM of alkanethiols on bare gold and gold nanoparticle-modified
electrode through the S—Au bond can be confirmed using the electrochemical
desorption experiment. Alkanethiol monolayers on gold electrodes undergo oxi-
dative and reductive desorption. The oxidative desorption of Au—Cys (a) and



14 Self-Assembled Monolayers on Nanostructured Composites. .. 459

O L T T
K A\
® | 1
10F | WA E
ok e .
u !/ 1
a 8 1
< OF bes J :
2 - \ / 6f ]
- —20F \ / . 3
; | | :
-30F \ 2 3
; \ ’! ol ]
40 L -
[ b \} -2 " " L L " " ]
- —200 —-400 -600 -800-1000-1200-1400 —16004
o e M
1500 1000 500 0

E / mV (vs. Ag/AgCl)

Fig.26 CV:s of the oxidative desorption of Au-Cys (a) and Au/Au,,,—Cys (b) in 0.1 mol L-' PBS/
pH 2.58, inset; CVs of the reductive desorption of Au—Cys (solid line) and Au/Au,,,.—Cys (dash
line) in 0.5 mol L~! KOH; scan rate 50 mV s~! (Reprinted from [31], Copyright (2012), with per-
mission from Elsevier)

Au/Au,,,—Cys (b) electrodes in 0.1 mol L™' PBS/pH 2.58 was shown in Fig. 26.
From this figure, we can deduce that gold nanoparticles increase the assembly
amount of cysteine and affect the SAM structure and stability. On the other hand,
thiols undergo reductive desorption in alkaline solutions via a one-electron reduc-
tion reaction:

Au-SR+e” — Au’ + RS~

The amount of the charge consumed during the reductive desorption can be used
to determine the surface concentration of the thiolates. The reductive desorption of
Au—Cys (solid line) and Au/Au,,,—Cys (dash line) in 0.5 mol L~! KOH was shown in
the inset of Fig. 26. At bare gold electrode, two cathodic peaks are observed at —736
mV and —1027 mV, and at gold nanoparticle-modified electrode, cathodic peaks are at
—720 mV and —1008 mV. As a result of gold nanoparticles’ deposition, the desorption
peak current increased largely. Wenrong Yang et al. indicated that the first peak (Q1)
is attributed to the Au—S bond cleavage (having a shape characteristic of an adsorbed
species), and the second peak (Q2) is attributed to a similar field-induced rearrange-
ment of cysteine clusters which would occur within the electrical double layer (having
more diffusion-like character). Therefore, the area under the first peak (Q1) can be
used to determine the surface coverage of cysteine. The estimated surface coverage of
cysteine SAM is 2.64 x 10 mol cm~2 and 4.43 x 10~° mol cm™2 on bare gold- and gold
nanoparticle-modified electrode, respectively. As a result, modification using gold
nanoparticle can markedly improve the immobilization amount of cysteine and
enhance the Au-S bond and stability of cysteine SAM [31, 155].
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Sensing Applications of SAM-Modified Nanostructures

Binary SAM of 3-mercaptopropionic acid (MPA, HS—(CH,),-COOH) and
1-tetradecanethiol (TDT, HS—(CH,),3CH;) was formed on 2D bare gold (Au) and
3D Au-NP-modified electrode by Dong-Shik Kim. Electron transfer rate (k.),
charge transfer resistance (R,), Warburg element (W), double layer capacitance
(Cap), and time constant exhibited significant changes of the binary SAM and uni-
SAM formation on the bare gold and Au-NP surfaces. Greater k. and Cy were
obtained in the case of a binary SAM of MPA and TDT on the Au-NP compared to
that on the binary SAM on planar bare gold surface. This is due to the less ordering
of binary SAM structure on the Au-NP than that on the planar Au electrode resulting
in a reduced interaction between the SAM molecules on the Au-NP than that on the
planar Au electrode. Moreover, the functional group affinity, COOH and CH,,
chain—chain interaction, hydrogen bonding, and Au-NPs surface curvature affect
the stability and surface coverage of the SAM [115]. Moreover, gold electrodes
modified with gold nanoparticles, cysteamine (CA) and 3-mercaptopropionic acid
(MPA), was utilized for simultaneous determination of epinephrine EP, AA, and UA.
The electron transfer rate of EP on the modified electrodes was enhanced compared
to the bare electrode. The voltammetric response of EP at 2D- and 3D-modified
gold templates, Au/MPA, Au/MPA/CA/Au-NPs, Au/Au-NPs, Au/Au-NPs/MPA,
and Au/Au-NPs/MPA/CA/Au-NPs, respectively, were compared and showed in
Fig. 27. Lower oxidation potential, higher oxidation current, and greater catalytic
effect were achieved for EP at modified electrodes prepared on 3D template com-
pared to that on 2D gold template. The 3D layer may provide better curvature and
therefore better penetration of EP through the alkane chains on nanoparticle surface
compared to the 2D layers. As a result, the electron transfer kinetics of EP and the
electrode surface is better on 3D MPA layers compared to 2D MPA layers [147]. On
the other hand, a promising electrochemical sensor of Au/Au,,,—Cys/SDS for DA
[156] and EP [31] was constructed through the formation of SAM of cysteine on
gold nanoparticle-modified gold electrode. The electrochemistry of DA at different
modified electrodes (Au/AUue, AU/ AULL/SDS, Au/Au,,,—Cys, and Au/Au,,—
Cys/SDS) was displayed in Fig. 28 and Table 3. The electrochemistry of DA at Au/
Au,.,, (Au electrode modified with gold nanoparticles) showed a great current
response (I,,=5.6 pA), low oxidation potential (E,,=516 mV), and enhanced
reversibility (AE,=45 mV) Fig. 28 (I). These observations are attributed to the cata-
Iytic effect of Au,,,, that act as a facilitator to improve the electron transfer rate and
enhance the electrochemical reaction. By the addition of 160 pL of SDS at Au/
AU, the oxidation current of 1 mmol L' DA in 0.1 mol L' PBS/pH 2.58 decreased
from 5.6 pA at Au/Au,,,, to 4.2 pA at Au/Au,,,/SDS Fig. 28 (I). There is an inter-
action between Au,,,, and SDS through SDS hydrophobic long carbon chain that
resulted in the blocking of the binding sites on gold nanoparticles. This SDS layer
acts as an insulating layer rather than enhancing the charge transfer, thus the oxida-
tion current of DA decreases in the presence of SDS. On the other hand, the CV of
DA at Au/Au,,,,—Cys (cysteine SAM-modified Au,,,,-modified gold electrode) was
shown in Fig. 28 (II). The oxidation current of DA decreased from 5.6 pA to 3 pA,
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Fig. 27 (a) Cyclic voltammograms of the Au electrode, Au/MPA, and Au/MPA/CA/Au-NP-
modified gold electrodes and (b) cyclic voltammograms of the Au-NPs, Au/Au-NPs/MPA, Au/
Au-NPs/MPA/CA/Au-NP-modified gold electrodes in 60 mM phosphate buffer (pH 7) with 500
pM epinephrine. v=0.1 Vs~ (Reprinted from [147], Copyright (2009), with permission from
Elsevier)

the oxidation potential was shifted from 516 mV to 586 mV, and the peak separation
increased from 45 mV to 148 mV by the modification with Cys SAM. These obser-
vations were attributed to the (i) cysteine molecules’ disorganization on gold
nanoparticles resulting in the inhibition of hydrogen bond formation between DA
and cysteine and (ii) electrostatic repulsion between the positively charged cysteine
(it is a zwitterionic amino acid and its isoelectric point is 5.06; if the pH of electro-
lyte is lower than 5.06, the amino group of cysteine is protonated and cysteine is
positively charged) and the cationic DA resulting in the hindrance of DA molecules
from reaching the electrode surface, decrease of the oxidation current, and increase
of the potential peak separation.

The electrochemistry of DA at cysteine SAM-modified Au,,,,-modified gold elec-
trode in the presence of 40 pL SDS was shown in Fig. 28 (IV) (Au/Au,,,,—Cys/SDS).
In the presence of 40 pL SDS, the oxidation current increased from 3 pA to 4.3 pA, the
oxidation potential was shifted from 586 mV to 504 mV, and the peak separation



462 N.F. Atta et al.

67— T

I (uA)

— 0

RS FEREE FEEEE SRR FEEEE RN RN

L L L L N

Y S U M N B
1000 800 600 400 200

E (mV)

o

Fig.28 CVsof 1 mmol L' DA at (I) Aw/AUe, (IT) Au/Au,,,o/SDS, (IIT) Au/Au,,,—~Cys, and (IV)
Au/Au,,,,—Cys/SDS-modified electrodes; scan rate 50 mV s™' (Reprinted from [156], Copyright
(2012), with permission from Elsevier)

decreased from 148 mV to 47 mV. As mentioned before, there is an electrostatic
repulsion between cationic DA and cationic cysteine layer. The addition of SDS (an
anionic surfactant) improves the DA diffusion through the cationic cysteine layer
because of the electrostatic attractions between the anionic SDS and cationic DA
(Scheme 7). Moreover, there is an electrostatic attraction between anionic SDS and
the positively charged cysteine SAM which allows cysteine molecules’ reorganiza-
tion on gold nanoparticles, improving the formation of the hydrogen bond between
DA and cysteine and promoting faster the rate of the electron transfer. An increase of
the oxidation current, higher electron transfer rate, smaller peak separation, and
better reversibility were observed for DA [156] and EP at Au/Au,,,,—Cys/SDS. Table 5
showed the CVs of DA at Au—Cys and Au/Au,,,,—Cys, we can deduce that the cyste-
ine effect on the polycrystalline bare Au response is more pronounced than that on
gold nanoparticles and its effect on gold nanoparticles is enhanced by using SDS.
SDS promotes the cysteine reorganization on gold nanoparticles resulting in
enhanced oxidation current, small peak separation, and better reversibility. The peak
potential separation (AE,~45 mV) was the same in the cases of Au/Au,,,, and Au/
Au,,,,—Cys/SDS indicating the high reversibility and the strong adsorption of the
electroactive species at the electrode surface. Au/Au,,,, displays a little higher cur-
rent response, but Au/Au,,,—Cys/SDS shows, besides the high current response, bet-
ter stability through repeated cycles and long-term stability.

In addition, the diffusion coefficient (D,,,) values for DA and EP were 5.00x 10-¢
and 1.24x107° cm? s7! at Au/Au,,,,—Cys and 1.06x 107° and 3.86x 1075 cm? s7! at
Au/Au,,,.—Cys/SDS, respectively. The charge transfer diffusion component at Au/
Au,,,—Cys was affected markedly by the anionic SDS. The D,,, values showed that
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Scheme 7 Schematic model of Au/Au,,,—Cys/SDS-modified electrode in the presence of DA
cations and AA (Reprinted from [156], Copyright (2012), with permission from Elsevier)

Table 5 CV results for the redox reaction of 1 mmol L' DA/0.1 mol L~! PBS/pH 2.58 at different
modified electrodes (Au, Au—Cys, Au/Au,,,, AU/AU,,,/SDS, Au/Au,,,—Cys, and Au/Au,,,—Cys/
SDS (Reprinted from [156], Copyright (2012), with permission from Elsevier)

Electrode Ep, (mV) Ipa (HA) E,. (mV) Ipe (RA) AE, (mV)
Au 683 2.82 235 0.478 448
Au—Cys 636 2.55 379 2.14 257
Au/Au,,, 516 5.57 471 4.56 45
Au/Au,,,,/SDS 522 4.20 462 4.24 60
Au/Au,,,,—Cys 586 2.99 438 3.24 148
Au/Au,,,,—Cys /SDS 504 4.35 457 3.99 47

DA and EP diffusion on Au/Au,,,,—Cys was improved in the presence of SDS rather
than in the absence of it [31, 156]. On the other hand, simultaneous determination
of tertiary mixture of AA, DA [156] or EP [31], and APAP was examined at this
modified electrode. The DPVs of tertiary mixture of 1 mmol L AA, 1 mmol L
DA, and 1 mmol L' APAP in 0.1 mol L~! PBS/pH 2.58 at Au/Au,,,,—Cys with suc-
cessive additions of 0—40 pL of 0.1 mol L' SDS was shown in Fig. 29. At Au/
Au,,,—Cys, three well-resolved oxidation peaks appeared at 300, 468, and 648 mV
for AA, DA and APAP, respectively. By SDS addition, the DA and APAP oxidation
current increases, while the AA oxidation current diminishes. The negatively
charged SDS film besides the hydrophobic character of the interior of this film
resulted in the repulsion of the hydrophilic AA molecules away from the electrode
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Fig.29 Differential pulse voltammograms for 1 mmol L' AA, 1 mmol L™! DA, and 1 mmol L!
APAP in PBS (0.1 mol L") at Au/Au,,,,—Cys with successive additions of (040 pL) of 0.1 mol L™!
SDS at pH 2.58; the inset represents the initial (in the absence of SDS) and final (in the presence
of 40 pL SDS) DPVs (Reprinted from [156], Copyright (2012), with permission from Elsevier)

surface while enhancing the preconcentration—accumulation of hydrophobic cations
of DA and APAP. The negatively charged SDS that adsorbed onto the electrode
surface has the ability to control the electrode reactions of AA, DA or EP, and APAP
that differ in their net charge [31, 156]. Furthermore, Au/Au,,,,—Cys/SDS was uti-
lized for the simultaneous determination of binary mixture of EP and APAP (0.1 M
PBS/pH 7.40) (inset of Fig. 30). Two well-defined peaks appeared at 222 mV and
431 mV for EP and APAP at Au/Au,,,—Cys, respectively. By SDS addition, EP
oxidation peak current increased as a result of electrostatic interaction of the anionic
SDS with the cationic EP, while the oxidation current of APAP decreased due to its
neutral structure [31]. Also, Au/Au,,,—Cys/SDS can selectively determine EP in
the presence of a large amount of UA and glucose (PBS/pH 7.40) (Fig. 30). No
interference was observed from glucose at the modified electrode. At Au/Au,,,,—
Cys, two well-defined peaks appeared: 212 mV and 418 mV for EP and UA, respec-
tively. By SDS addition, EP oxidation peak current increased, and UA oxidation
peak current decreased due to the electrostatic interactions (attraction and repulsion,
respectively) with anionic SDS. Furthermore, low detection limit of 0.294 nmol L
and quantification limit of 0.981 nmol L' for EP were obtained at Au/Au,,,,—Cys/
SDS [31]. Moreover, the physical morphology of the surface can be used to explain
the electrochemical responses of different sensors. Figure 31a showed the SEM
image of gold nanoparticles which are located at different elevations and homog-
enously distributed exhibiting large surface area. Figure 31d showed the SEM
image of gold nanoparticles modified with SDS; the nanoparticles have dendritic
shape with different sizes and are randomly distributed on the surface. Also, a
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Fig.30 Linear sweep voltammograms (LSVs) of 0.5 mmol L' EP, 1 mmol L~! UA in the presence
of 5 mmol L' glucose in 0.1 mol L' PBS/pH 7.40 at (a) Au/Au,,,,—Cys and () Au/Au,.—Cys/
SDS, inset; LSVs of 1 mmol L' EP, 1 mmol L~' APAP/0.1 mol L~' PBS/pH 7.40 at Au/Au,,,—Cys
(solid line) and Au/Au,,,—~Cys/SDS (dash line); scan rate 50 mV s (Reprinted from [31],
Copyright (2012), with permission from Elsevier)
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Fig.31 SEM images of (a) Au/AUyuno, (b) AU/AU,,,—Cys, (€) Au/AU,,,—Cys/SDS, and Au/AU,./
SDS electrodes (Reprinted from [31], Copyright (2012), with permission from Elsevier)
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Table 6 CV results for the 1st, 25th, and 50th cycles of the repeated cycle stability of Au/Auy,—
Cys electrode in 1 mmol L' DA/0.1 mol L' PBS/pH 2.58

Cycle Ia (HA) E,. (mV) I (nA) E,. (mV) AE, (mV)
Ist 2.46 585 2.63 465 120
25th 3.87 480 3.16 480 zero
50th 3.84 480 3.13 480 zero

spongy film is observed due to the surfactant film on the surface acting as an insulat-
ing layer rather than enhancing the charge transfer, thus, the oxidation current of DA
at gold nanoparticles surface decreases in the presence of SDS. Figure 31b showed
the SEM image of gold nanoparticles modified with cysteine SAM; the nanoparti-
cles have dendritic shape with different sizes and are randomly distributed on the
surface. Figure 31c showed the SEM image of gold nanoparticles modified with
cysteine SAM and further modified with SDS; the nanoparticles are better dis-
persed, highly packed, and homogenously distributed on the surface. Reorganization
and redispersion of gold nanoparticles occur as a result of the electrostatic attraction
between the anionic SDS and cationic cysteine. A spongy film is observed in Fig. 31c
due to the surfactant film on the surface [31, 156]. Furthermore, the stability of the
different modified electrodes was studied via repeated cycles up to 50 cycles. Au/
Al,ano, AU/ AU, o/SDS, Au/Au,,,—Cys, and Au/Au,,,,—Cys/SDS electrodes in 1 mmol
L' DA/0.1 mol L PBS/pH 2.58 exhibited excellent stability with no current
response decrease. These modified electrodes exhibited good reproducibility and do
not suffer from surface fouling during the repetitive voltammetric measurement.
The bare Au electrode exhibited bad stability because of the electrode fouling. On
the other hand, very small peak potential separation (~ zero or 15 mV) was obtained
indicating unusual high reversibility at the surface of these modified electrodes.
From the CV that compared the 1st, 25th, and 50th cycles of repeated cycles stabil-
ity of Au/Au,,,,—Cys electrode, it was found that I,, increased from 2.5 pA in the 1st
cycle up to 3.8 pA in the 25th and 50th cycles and the peak separation decreased
from 120 mV in the 1st cycle to ~0 mV in the 25th and 50th cycles (Table 6). These
observations indicate that cysteine molecules undergo reorganization on gold
nanoparticles resulting in mediation of DA diffusion through the electrode surface
and enhancement of the hydrogen bonding between the hydrogen in hydroxyl-phenol
of DA and the nitrogen in the L-Cys which enhances the electron transfer rate of DA
molecules. Therefore, cysteine molecules undergo reorganization on gold nanopar-
ticles by repeated cycles or by SDS addition (instantaneous reorganization).
Moreover, the long-term stability of Au/Au,,e, AU/AUL—CyS, and Au/Au,,,—
Cys/SDS electrodes was studied up to 1 week (Tables 7 and 8). The electrode is
kept in 0.1 mol L' PBS/pH 2.58 in the refrigerator after each measurement. The
repeated cycles of Au/Au,,,, and Au/Au,,,,—Cys/SDS electrodes after 1 week of
storage were shown in Fig. 32a, b, respectively. I, of the 50th cycle decreased
by 26 % and 44 %, and the peak separation increased to 120 mV and 180 mV after
3 days and 1 week of storage, respectively, in the case of Au/Au,,,, electrode.
In addition, I, of the 50th cycle decreased by 23.6 % and 35.6 %, and the peak
separation was zero and 15 mV after the same periods of storage, respectively, in
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Table7 CV results for the 50th cycle of the repeated cycle stability of Au/Auyne, AU/AU,—CysS,
and Au/Au,,,,—Cys/SDS electrodes in 1 mmol L™! DA/0.1 mol L-! PBS/pH 2.58 immediately

Electrode Ep. (mV) Ipa (HA) E,. (mV) Ipe (RA) AE, (mV)
Au/Au,n, 480 3.54 480 3.14 Zero
Au/Au,,,,—Cys 480 3.84 480 3.13 Zero
Avu/Au,,,,—Cys/SDS 495 3.53 480 3.07 15

Table 8 CV results for the 50th cycle of the repeated cycle stability of Au/Auyan,, AU/Ale,—Cys,
and Au/Au,,,—Cys/SDS electrodes in 1 mmol L' DA/0.1 mol L' PBS/pH 2.58 after 1 week of
storage

Electrode E,. (mV) Ipa (RA) E,. (mV) e (HA) AE, (mV)
Au/Au,,n, 585 1.97 405 1.51 180
Au/Au,,,,—Cys 495 247 480 2.40 15
Au/Au,,,,—Cys/SDS 525 2.69 465 2.57 60

Fig.32 Long-term stability a 2
of (a) Au/Au,,,, and (b) Au/

Au,,,,—Cys/SDS (40 pL) after ¥
1 week, 50 repeated cycles, 1k -
50 mV s! scan rate i ]
(Reprinted from [156], E ]
Copyright (2012), with OF .
permission from Elsevier) -
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Fig. 33 Comparison of 1Ist, 25th, and 50th cycles of repeated cycle stability of Au/Au,.,—Cys
electrode in 1 mmol L-' EP/0.1 mol L=' PBS/pH 7.40. Inset: CV of repeated cycles stability of Au/
AU,.—Cys/SDS-modified electrode in 1 mmol L' EP; scan rate 50 mV s™! (Reprinted from [31],
Copyright (2012), with permission from Elsevier)

the case of Au/Au,,,—Cys electrode. Also, I,, decreased by 24 %, and the peak
separation was 15 and 60 mV after 3 days and 1 week of storage, respectively, in
the case of Au/Au,,,,—Cys/SDS electrode (Tables 7 and 8).

These results confirmed that the presence of cysteine SAM on gold nanoparticles
improved the reversibility and the long-term stability of Au/Au,,,,—Cys and Au/
Au,,,—Cys/SDS electrodes due to the formation of strong Au—S bond [156].

On the other hand, excellent stability of Au/Au,,,.—Cys electrode for mixture
separation (AA, DA, and APAP) in the presence of SDS was achieved via repeated
cycling up to 50 cycles. As well, the long-term stability for the separation of AA,
DA, and APAP tertiary mixture on Au/Au,,,,—Cys electrode was studied in the pres-
ence of SDS. I, of DA decreased by 14 % and 17 % and I, of APAP decreased by
15 % and 28 % after 3 days and 1 week of storage, respectively. In addition, the
long-term stability for the separation of the same mixture at Au/Au,,,, electrode was
studied. I, of DA decreased by 34 % and 44 % and I,,, of APAP decreased by 9 %
and 33 % after 3 days and 1 week of storage, respectively. Therefore, Au/Au,,,—Cys
in the presence of SDS exhibited a better stability via repeated cycles and longer-
term stability not only for one component detection but also for tertiary mixture
separation [156].

Furthermore, the same study was utilized in EP at the different modified electrodes
via repeated cycles up to 50 cycles. The repeated cycle stability of the Au/Au,—
Cys/SDS-modified electrode was shown in the inset of Fig. 33. Au/Au,,,,—Cys and
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Au/Au,,,,—Cys/SDS-modified electrodes in 1 mmol L-' EP/0.1 mol L-' PBS/pH
7.40 showed better stability compared to the Au/Au,,,, electrode indicating that
these modified electrodes have good reproducibility and do not suffer from surface
fouling during repetitive voltammetric measurement due to Au—S bond formation.

Figure 33 showed the CV comparing the Ist, 25th, and 50th cycles of repeated
cycles stability of Au/Au,,,,—Cys electrode, I, increased from 4.9 pA in the 1st
cycle up to 8.2 pA in the 25th and 50th cycles, and the oxidation peak potential
shifted from 363 mV in the st cycle to 220 mV in the 25th and 50th cycles. This
result confirms the reorganization of cysteine molecules on gold nanoparticles by
repeated cycles resulting in enhanced hydrogen bond formation between EP and
cysteine and improved electron transfer rate. Also, the long-term stability of Au/Au,,,
and Au/Au,,,,—Cys/SDS electrodes was studied for up to 1 week. I,, of EP decreased
by 20 % and 30 % after 3 days and 1 week of storage, respectively, in the case of
Au/Au,,,, electrode. I, decreased by 9 % and 16 % after the same periods of stor-
age, respectively, in the case of Au/Au,,,.—Cys/ SDS electrode. These results indi-
cate that cysteine SAM organized on gold nanoparticles enhances the long-term
stability of Au/Au,,,—Cys/SDS electrode due to Au—S bond formation. Therefore,
Au/Au,,,.—Cys/SDS electrode showed better stability via repeated cycles and long-
term stability compared to the Au/Au,,,, electrode [31]. In conclusion, the synergis-
tic effect between cysteine SAM-modified gold nanoparticles and surfactant
enhances the use of surfactant-modified electrodes as nanosensors with excellent
reproducibility, high sensitivity, and unique selectivity.

On the other hand, Gan Yang prepared a hemoglobin (Hb)/gold colloid (nano-
Au)/L-cysteine (L-cys)/nano-Au/nanoparticles Pt (nano-Pt)—chitosan (CHIT) com-
posite film-modified Pt disk electrode as a biosensor for the determination of H,O..
Figure 34 compares the response of different modified electrodes toward H,O,. The
current increased upon adsorption of L-cys on the nano-Au/nano-Pt—CHIT surface,
and maximal current is obtained at the modified electrode. L-cys molecules were
assembled on the nano-Au-modified electrode, and the interfacial resistance
decreased as obtained from EIS study suggesting that L-cys promotes the electron
transfer rate [157]. Furthermore, Guoli Shen prepared L-cysteine—gold particle
nanocomposite (CGN) by a self-assembly process to involving L-cysteine on gold
nanoparticles providing a general method to realize the direct electrochemistry of
enzymes [138]. A new electrode interface was constructed by using CGN to be
immobilized in the network of a Nafion membrane on a glassy carbon (GC) elec-
trode (GC/NCGN). GC/NCGN was utilized to fabricate the third-generation horse-
radish peroxidase biosensor exhibiting good response to H,O, and displayed the
remarkable sensitivity and repeatability. The effect of the amount of L-cysteine on
the response of the GC/NCGN was investigated. The response was rather small
when only a small amount or even no L-cysteine was added to prepare the nanocom-
posites. This may be attributed to the formation of a rather small amount of CGN
during the assembly of L-cysteine on gold nanoparticles. A maximum response was
obtained when 5 pL of 10~ M of L-cysteine was used, and the response decreased
again when more than 5 pL of 10 M of L-cysteine was added. The optimum amount
was 5 pL of 10 M of L-cysteine [138].
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Fig. 34 Cyclic voltammograms of the different electrodes in 0.1 M pH 7.0 PBS containing
3.5x10* M H,0,. (a) Hb/n-Pt—CHIT composite film-modified Pt electrode, (b) Hb/n-Au/n-Pt—
CHIT composite film-modified Pt electrode, (c¢) Hb/L-cys/n-Au/n-Pt—CHIT composite film-
modified Pt electrode, (d) modified electrode (Reprinted from [157], Copyright (2008), with
permission from Elsevier)

Conclusions

Self-assembled monolayer has opened up new era of exploration and has a
profound impact on sensors and biosensors due to its unique properties. SAM-
modified electrodes have been utilized as nanosensors with excellent reproduc-
ibility, high sensitivity, unique selectivity, and exceptional stability. Different
self-assemblies were considered in this chapter: SAM of metallic nanoparticles
on polymeric film, SAM of surfactant on polymeric film, and SAM of
S-containing compounds on nanometallic films. Simplicity, cheapness, and
fastness are the main advantages of the proposed methods utilizing SAM-
modified electrodes when compared with other determination methods of dif-
ferent studied compounds. Furthermore, these methods are highly sensitive so
that the studied analytes can be determined under physiological conditions in
real urine samples with good accuracy, excellent selectivity, and sub-nanomo-
lar concentration detection.
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