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GRAPHICAL ABSTRACT

The main scope of the thesis is the study of the implementation of various
nano/micromaterials into biosensing and moving platforms , not only to improve their
performance but also to achieve novel sensing and actuation capabilities. The use of
well-known carbon nanomaterials, conveniently modified with biological entities,

offered new possibilities to biosensing platforms.

Different enzyme immobilization techniques so as to develop miniaturized
electrochemical platforms, such as screen-printed electrodes (SPE), with interest for

various biosensing applications have been developed.

The use of modified-SPE coupled to different operational systems including a Flow
Injection Analysis (FIA) one, permitted the development of a biosensing device with
a better analytical performance while being used for phenol detection with interest for

environmental applications.

In addition a versatile lab-on-a-chip system for immunosensing-related applications,
by coupling the classical electrophoresis approach to the magnetic manipulation of
modified magnetic beads to electrochemically detect rabbit Immunoglobulin G (IgG)

protein used as proof of concept model analyte also has been developed.

Finally one step further has been done by the integration of nano/micromaterials with
micromotors platforms with interest also for environmental-related issues. Beyond the
devices motion studies, interesting sensing and environmental applications have been

reported, envisioning such engines even as the future platforms for in situ theranostic

&

issues.
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GLOSSARY OF TERMS, ACRONYMS AND ABBREVIATIONS

screen-printed electrode

SPE

FIA flow injection analysis

NPs nanoparticles

DNA deoxyribonucleic acid

QDs guantum dots

CNTs carbon nanotubes

TEM transmission electron microscopy
SEM scanning electron microscopy
HRTEM high-resolution transmission electron microscopy
AFM atomic force microscopy

CLSM confocal fluorescence microscopy
XRD X-ray diffraction

Ag antigen

Ab antibody

DPV differential pulse voltammetry
GOX glucose oxidase

HRP horseradish peroxidase

AuUNP gold nanoparticle

SWCNT singlewall carbon nanotubes
MWCNT multiwall carbon nanotubes
CvD chemical vapor deposition
DMSO dimethyl sulfoxide

H,O water

APTES 3-aminopropyltriethoxysilane
NADH nicotinamide adenine dinucleotide
PVC polyvinyl chloride

GA glutaraldehyde

ALP alkaline phosphatase

PCR polymerase chain reaction

1D one dimension

Au gold

Pt platinum

IME interdigitated microelectrodes

Ni nickel

Ag silver

CNT carbon nanotubes



CMOS complementary metal-oxide-semiconductor

PDMS polydimethylsiloxane

PLGA poly-D,L-lactic-co-glycolic acid
PPy polypyrrole

uv ultraviolet

DNA deoxyribonucleic acid

RNA ribonucleic acid

HRP horseradish peroxidase

3-D three dimensional space

DSG dynamic shadowing growth

TiO; titanium dioxide

SDS sodium dodecy!l sulphate

Fe iron

CAD catecholaminergic-a-differentiated
SAM self-assembled monolayers
anti-CEA antibody against the carcinoembryonic antigen
mAb monoclonal antibody

Ga gallium

As arsenic

PANI polyaniline

PEDOT poly(3,4-ethylenedioxythiophene)
PAPBA poly(3-aminophenylboronic) acid
FIB focus ion beam

Ag/AgClI silver/silver chloride

WE working electrode

RE reference electrode

AE auxiliar electrode

THF tetrahydrofuran

ROI region of interest

Bi bismuth

BiFE bismuth film electrode

Ccv cyclic voltammetry

LOD limit of detection

LOQ limit of quantification

FIA flow injection analytical

Glu glutaraldehyde

EPA Environment Protection Agencies



GOx
GDH
CIT
NW
EEIZ
IrOx
H.0,
0O,
UA

CA
LbL
cDC
PB
B-CD
PAH
KCl
AP
EC
MB
p-NPP

glucose oxidase

glucose dehydrogenase
chronoimpedance technique
nanowire

electrode—electrolyte interface impedance
iridium oxide

hydrogen peroxide

oxygen

uric acid

ascorbic acid

citric acid

layer-by-layer

constitutional dynamic chemistry
prussian blue

B-cyclodextrin

polyallylamine

potassium chloride

alkaline phosphatase
electrochemical

magnetic bead

p-nitrophenyl phosphate
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CHAPTER 1 GENERAL INTRODUCTION

The development of more sensible and robust analytical platforms if of great
interest nowadays, especially for the development of miniaturized systems designed
to perform in situ measurements in environmental monitoring and assessment.
Regarding electrochemical sensing techniques, the integration of nano/micro

materials could especially enhance their analytical performance.

Several nano/micro materials as for example carbon nanotubes, bimetallic
nanowires or Prussian blue nanoparticles have been studied. The present PhD thesis is
focused on the implementation of such nano/materials coupled to biological entities
(e.g. enzymes, antibodies) to improved biosensing platforms. Different sensing
platforms, starting by the miniaturized screen-printed electrodes to lab-on-a-chip
systems, to obtain versatile analytical platforms for sensing of pollutants and other

analytes of interest, such as glucose or dopamine have been developed.

Beyond the classical batch and lab-on-a-chip sensing systems, an alternative
and challenging approach based on the use of tubular catalytic micromotors as
dynamic analytical platform is presented. Their implementation in environmental and
analytical issues is of special importance, as they are envisioned as key components in

future diagnostic systems.

=)

Scheme 1.1. General schematic of the main research fields of the thesis showing the batch systems
coupled to different biological entities followed by more complex platforms (FIA and lab-on-a-chip

systems) and micromotors for environmental issues.



CHAPTER 1 GENERAL INTRODUCTION

General aspects and experimental results related to the present PhD thesis are divided
into six main chapters, including the introduction, thesis objectives, results and

discussions and general conclusions and perspectives.

Chapter 1 entitled “General Introduction”, hereby presented, is divided into
three main parts. A general overview of the present thesis with a brief introduction of
the related research fields and concepts with interest for the experimental work of this
PhD thesis, followed by a short summary of the included six chapters. The second
part is focused on the full-comprehension of the state-of-the-art regarding nano/micro
materials and their applications in electroanalysis, in addition to a general
presentation of the mechanisms and principal applications of catalytic micro/nano

motors autonomously moved in presence of hydrogen peroxide.

Chapter 2 entitled “Objectives of the thesis”, presents the different objectives
of the PhD thesis. The principal aim of the present thesis is the integration of different
nano/micro materials to different analytical platforms so as to obtain more robust and
efficient sensing systems. Along with the main purpose of the thesis, particular
objectives related to each developed platform, starting by screen-printed electrode
platforms to lab-on-a-chip devices or micromotors, and the different nanomaterials

involved in, are depicted.

Chapter 3 entitled “Batch detection platforms” consider all the studies based
on screen-printed electrodes (SPE) modified with nano/micro materials, as carbon
nanotubes or nanowires, to further be implemented on the detection of certain
analytes of interest (e.g. phenol, glucose). The results of an extensive characterization
of the SPE platforms, concerning not only their morphology, but also how enzymatic
species are distributed along their matrices are given. Regarding enzyme
immobilization, different approaches that depend on the system requirements and lead
to an improvement of the SPE stability and sensibility towards phenol detection are
described. The integration of modified-SPE in a flow system demonstrating future
real applications in monitoring systems is also considered. Additionally, other hybrid
platforms of interest, which are envisioned as potential host-guest systems in
dependent electrochemical biosensing designs are presented. All these studies

demonstrate the contribution of nano/micromaterials to obtaining of simple and robust
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miniaturized systems with better responses and to opening the door to more efficient

sensing strategies for monitoring applications.

Chapter 4 entitled “Lab-on-a-chip platforms” deals with the development of
bead-based protein analysis in lab-on-a-chip devices. The integration of microscale
magnetic beads in such platforms, coupled with electrochemical detection, resulted in
an extremely efficient immunosensing application. The different optimizations of key
parameters involved in the development of such electrophoretic and magnetic-based
chip, of great interest for environmental and biosensing applications for its versatility

and low reagent consumption, are presented.

Chapter 5 entitled “Micromotors” describes the main features of template-
based tubular micromotors, along with their evolution in different applications related
to biosensing and environmental issues. It is specially emphasized the development of
superhydrophobic micromotors and their further application in water-oil contaminated
water due to their oil-sorption properties. The objective of such micromotors is in line
with previously described batch platforms for environmental issues (ex. phenol
detection) given the fact that these devices aim to be autonomously moving
microscale entities envisioned as future in situ monitoring and cleaning systems

thanks to their small size, versatility and moving efficiency in complex matrix.

Concluding remarks of the present thesis in addition to future perspectives
regarding the different results and research fields explored during the PhD thesis are

enclosed at the Chapter 6.
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CHAPTER 1 GENERAL INTRODUCTION

1. 2. 1. Introduction

Nanotechnology is the term used to describe the creation and exploitation of materials
with structural features in between those of atoms and bulk materials, with at least one
dimension in the nanometer range (Inm = 10 ° m). The properties of materials with
nanometric dimensions are significantly different from those of atoms or bulk
materials. Suitable control of the properties of nanometer-scale structures can lead to

new science as well as new products, devices, and technologies.

There has been explosive growth of nanoscience and technology in the last decade,
primarily because of the availability of new methods of synthesizing nanomaterials,
as well as tools for characterization and manipulation. Several innovative methods for
the synthesis of NPs and nanotubes, and their assemblies, are now available. In
addition, there is a better understanding of the size-dependent electrical, optical, and
magnetic properties of individual nanostructures of semiconductors, metals, and other

materials.?

Besides the established techniques of electron microscopy, crystallography, and
spectroscopy, scanning probe microscopies have provided powerful tools for the
study of nanostructures. Novel methods of fabricating patterned nanostructures, as

well as new device and fabrication concepts, are constantly being discovered.

The immediate goals of the science and technology of nanomaterials must be to fully
master the synthesis of isolated nanostructures (building blocks) and their ensembles
and assemblies with the desired properties, to explore and establish nanodevice
concepts and systems architecture, to generate new classes of high performance
materials, including biologically inspired systems, to connect nanoscience to
molecular electronics and biology, and to improve known investigative methods while

discovering better tools for the characterization of nanostructures.

Table 1 lists typical nanomaterials of different dimensionalities commonly used in
electroanalysis. Nanotubes, NPs, nanowires, and nanocomposite and nanostructurated
materials have already been used to fabricate a large number of electrochemical
devices, ranging from chemical sensors and enzyme-based biosensors to DNA

sensors, exhibiting higher sensitivity, stability, and selectivity due to the presence of

11
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functionalized nanomaterials used as catalytic tools, as immobilization platforms, or

as labels for the sensitive recognition events.*

Table 1. Typical nanomaterials used in electroanalysis

Size Materials
Nanoparticles, quantum dots 1-100nm Metals, semiconductors,
magnetic
Nanotubes, nanocomposites Diameter 1-100 nm; materials, ceramic oxides
length 1 nm — 15pm Metals, semiconductors, oxides,
Nanowires Diameter 1-100 nm; sulfides, nitrides, carbon
length 2 nm — 20pm Metals, semiconductors, oxides,
Nanochannels, Several square sulfides, nitrides, carbon
nanopores nanometers to Metals, oxides, carbon

square micrometers

Various nanostructures have been investigated to determine their properties and
possible applications in electroanalysis. NPs, quantum dots (QDs), carbon nanotubes
(CNTs), nanowires, and nanochannels of different sizes and materials have been
applied and integrated to electrochemical platforms with functions depending on the
specific features of the nanomaterials. They have been applied to improve
immobilization of (bio)molecules onto electrode surfaces, to catalyze reactions, to
record higher transducing signals, to enhance specificity of reactions, to miniaturize

analytical systems, and speed up processes.

A detailed description of the most commonly used nanomaterials in electrochemical
detecting tools, their general properties, and their most successful applications in

electrochemical analysis are given in the following sections.
1. 2. 2. Nanoparticles

Metal and semiconductor NPs are certainly the most studied and applied in
electrochemical analysis.”> Owing to their small size (normally in the range of 1-100
nm), NPs exhibit unique chemical, physical, and electronic properties that are
different from those of bulk materials, and can be used to construct novel and
improved sensing devices; in particular, electrochemical sensors and biosensors. Such
properties strongly depend on the number and kind of atoms that make up the particle.
The properties of the particles generally depend on their size, shape, distribution, and

stabilizing agents, which are controlled by the preparation conditions.®

12
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Metal NPs can be prepared by physical and chemical methods. The physical methods
consist of using a low-pressure evaporation of the metal, followed by a controlled
condensation in a stream of inert gas. Chemical procedures consist of the chemical
reduction of metal ions to metal atoms in the presence of a stabilizer (capping agent
such as citrate or thiol) that binds to their surface to impart high stability and rich
linking chemistry and provide the desired charge and solubility properties. The latter
preparative method is more suitable to obtain small and uniform NPs than the former;
moreover, the size and uniformity of the NPs depend on the kind and amount of the

reducing agent employed.’

NPs from metallic materials such as gold,® silver,® cobalt,*® and platinum™* can be
synthesized. The surface plasmon absorption band can provide information of the

development of the band structure in metals*>*3

and has led to a plethora of studies on
the size-dependent optical properties of metal particles, particularly those of silver
and gold.*** The optical response of these metal NPs is both size- and shape
dependent and locally variable.'® This sensitivity to morphology makes precise
control over the growth of these NPs and knowledge of their external and internal

structures essential.

Plasmonic metal NPs also show potential for biosensing®’ and cancer therapy.'®
Nanoscale shells of gold surrounding a silica core can be selectively tuned to convert
near-infrared photo energy into thermal energy — nanofurnace that efficiently targets
and destroys cells.® While some bulk metals have similar properties, only those with

nanodimensions offer such tunable, and deliverable, possibilities.

Different kinds of techniques can be used to characterize the NPs depending on the
kind of the application. Table 2 shows several characterization techniques and the

parameters that can be obtained from each.

Table 2. Techniques used for nanoparticles characterization

Techniques Characterization
Transmission electron Size and shape (>10 nm)
microscopy (TEM) Crystalline structure (poor)
High-resolution transmission Size and shape (>0.1 nm)
electron microscopy CryStalllne structure (pOOI’)
(HRTEM) Crystalline lattice

13
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Microanalysis (poor)

Atomic force microscopy Size and shape (>0.01 nm)
(AFM) Size distribution

Confocal fluorescence
microscopy (CLSM)

X-ray diffraction (XRD)

Size and shape (>100 nm)
Fluorescence properties

Crystalline structure

) (exact)
Z-potential .
Electrical charge
. Size (poor)
Electrochemical .
Concentration

Redox potential

Many types of NPs of different sizes and compositions are now available, which
facilitate their application in electroanalysis, bringing important advantages: (i) their
immobilization on electrode surfaces generates a roughened conductive high surface
area interface that enables the sensitive electrochemical detection of molecular and
biomolecular analytes; (ii) NPs act as effective labels for the amplified
electrochemical analysis of the respective analytes; (iii) the conductivity properties of
metal NPs enable the design of biomaterial architectures with predesigned and

controlled electrochemical functions.
Applications

Several applications of NPs ranging from their use for biomolecule labelling,
modification of electrode surfaces, enhancement of electron-transfer, and catalysis
with interest for electroanalysis are described in the following sections.

The labelling of biomolecules, such as antigen, antibody, and DNA with NPs plays an
increasingly important role in developing sensitive electrochemical biosensors.
Biomolecules labelled with NPs can retain their bioactivity and interact with their
counterparts, and based on the electrochemical detection of those NPs, the amount or

concentration of analytes can be determined.

The use of biomolecules labelled with NPs offers novel opportunities for (bio)
detection systems.?® The electrochemical detection of NPs offers highly sensitive
detection alternatives besides being the easiest and cheapest technique comparing to
optical detections such as fluorescence spectroscopy among others. The use of NPs as

detecting labels is applied to improve the DNA and protein analysis.

14
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DNA analysis DNA biosensors represent a very important type of affinity biosensors
in which the biorecognition molecules are oligonucleotides of known sequence and
the recognition event is the hybridization with the complementary sequences. Among
the various types of DNA sensors, the electrochemical sensor has some advantage
such as the use of very simple equipment to perform measurements, low cost, and
possibility of miniaturization in order to obtain high-density arrays. DNA biosensors
based on DNA hybridization are playing an increasing role in DNA analysis.*"*
Protein analysis immunosensors and immunoanalysis are affinity ligand-based
analytical tools that use antibodies as the biospecific sensing element with the
immunochemical reaction coupled to a transducer. These biosensors are based on the
ability of an antibody to form complexes with the corresponding antigen.?*2*
Immunoassays are among the most specific of the analytical techniques. They provide
extremely low detection limits and can be used for a wide range of substances. As
research moves into the era of proteomic, such assays become extremely useful for
identifying and quantifying proteins. Immunosensors are based on immunological
reactions involving the shape recognition of the antigen (AG) by the antibody (AB)-
binding site to form the AB/AG stable complex:

AB + AG < AB/AG (1)

Immunoassays, based on the specific reaction of ABs with the target substances
(AGs) to be detected, have been widely used for the measurement of targets at low
concentration in clinical samples such as urine and blood and the detection of the
trace amounts of drugs and chemicals such as pesticides in biological and

environmental samples.

Direct detection of NPs consists of a so-called solid state analysis, where the metals
forming the NPs are detected electrochemically without any preliminary dissolution
step to liberate the metal ions in solution. However, this type of detection needs a
direct contact between the electrode surface and the metal itself and excludes from
detection a large portion of non-touching particles. Despite the loss of sensitivity that

could result from this phenomenon, in comparison with techniques exploiting the total

15
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NPs dissolution and all metal ions detected, direct detections achieve more rapid

responses and still considerable limit of detections.

Solid-state detection of NPs has been applied in numerous immunoassays analysis
exploiting the intrinsic electrochemical properties of the metal NPs used as tracers.
Ambrosi et al. recently used magnetic particles as platform to perform the
immunological interactions. After the specific interaction with the secondary NP
labeled antibody, these magnetic particles were collected onto the electrode surface
by means of a permanent magnet inserted inside the electrode body. Differential pulse
voltammetry (DPV) analyses were performed to quantify the metal NPs collected
through the biospecific interaction and that are related to the target analyte
concentration (protein). Very low limits of detection were achieved using this
magnetic particle collection, reaching the lowest value of 260 pgmL—1 human IgG

protein.?®
Modification of Electrode Surfaces

Owing to their large specific surface area and high surface free energy, NPs can
adsorb biomolecules strongly and once introduced onto the surface of a proper
transducer would play an important role in the immobilization of biomolecules and
consequently improve the biosensor performance. Generally, the adsorption of
biomolecules directly onto naked surfaces of bulk materials may frequently result in
their denaturation and loss of bioactivity. However, the adsorption of such
biomolecules onto the surfaces of NPs can retain their bioactivity. Having comparable
dimensions,  biomolecules conjugated to NPs maintain the natural

conformation/structure and hence the functionality.

Figure 7 is a schematic that show three different mechanisms that can be used to

functionalize NPs with biomolecules:
1. Electrostatic adsorption.
2. Chemisorption of thiol derivatives.

3. Specific affinity interactions.
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Avidin or streptavidin @ Biotin

(c) D Biomolecule . Metal nanoparticle

Figure 1.2.1. Schematic of different strategies used to couple NPs with biomolecules. (a) Electrostatic
interaction of biomolecules with metal nanoparticles; (b) covalent interaction of biomolecules through
thiol groups with metal nanoparticles; (c) bioconjugation of metal nanoparticles by the use of
bioaffinity interactions upon (strept)avidin—biotin binding.

(a)

(b)

?

Concerning enzyme immobilization, in the early 1990s, Crumbliss et al. immobilized
several kinds of enzymes with gold NPs and further fabricated different enzyme
electrodes with retained enzymatic activity.?® Chen et al. first attached gold NPs to
gold electrodes modified with cysteamine monolayer, and then successfully
immobilized horseradish peroxidase on these NPs.?’ They also studied the effect of
nanoparticle size on the performance of the prepared biosensors. NPs with smaller
size were found to be more suitable for enzyme immobilization. Many similar studies
have been reported for the construction of biosensors based on the immobilization of

28,29

different enzymes such as horseradish peroxidase, microperoxidase-11, *°

tyrosinase,*! and hemoglobin® with gold NPs.

The electrostatic deposition of biomolecules, particularly proteins or enzymes, can
also be extended to multilayer-level assemblies.®® Proteins that are electrostatically
attracted to the charged NPs can provide an interface for the further deposition of an
oppositely charged polyelectrolyte polymer, which again allows the deposition of a
secondary protein layer. Multilayer films of glucosidase,** glucose oxidase (GOX),*®
urease,*® and HRP*" have been assembled on polystyrene NPs by the alternate
deposition of the proteins and an oppositely charged synthetic polyelectrolyte as a

linker, e.g. positively charged poly(diallyldimethylammonium) chloride or negatively
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charged poly(sodium 4-styrenesulfonate). The protein/polymer multilayer shell could
be varied from several to hundreds of nanometers in thickness. This strategy permits

the preparation of functional films on NPs with a high density of enzyme molecules.

Chemisorption of proteins onto AuNP surface can originate from the binding of thiol
groups from cysteine residues that exist in the proteins to the Au surface. If no
thiolated residues are available in the native proteins, thiol groups can be incorporated

by chemical means; for example, with 2-iminothiolane *

or through genetic
engineering. *° For example, the immobilization of endoglucanase enzyme onto
AuUNPs through the covalent bonds formed between the Au atoms and the cysteine

residues of the protein has been reported.®

Nanoparticles are considered enhancers of electron transfer, as the electrical
contacting of redox enzymes with electrodes is a key process in the design of enzyme

L or biofuel cell

electrodes for bioelectronic applications such as biosensors, *
elements.*> Enzymes usually lack direct electrical communication with electrodes due
to the fact that their active centers are surrounded by considerably thick insulating
protein shells, which, therefore, block the direct electron transfer. The conductive
properties of NPs — mostly metal NPs at nanoscale dimensions — make them suitable
for enhancing the electron transfer between the enzyme active centers and electrodes,

thus acting as ‘‘mediators’’ or ‘‘electrical wires’’.
1.2.3. Carbon nanotubes

The discovery in 1985 of buckminsterfullerene opened a new era for the chemistry of
carbon and for novel materials. Sumi ljima, the Japanese physicist, discovered the
nanotubes in 1991.** CNTs have generated great interest for various applications
based on their field emission and electronic transport properties, their high
mechanical strength, and their chemical properties.*® From this arises an increasing
potential for use as fieldemission devices,** nanoscale transistors,* tips for scanning

microscopy,*® or components for composite materials.*’

In this context, CNT are considered particular nanomaterials that have generated a
considerable interest owing to their unique structure-dependent electronic and

mechanical properties.*®
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CNTs can be divided into single-wall carbon nanotubes (SWCNT) and multiwall
carbon nanotubes (MWCNT)* (Figure 8). SWCNT (Figure 8a) possess a cylindrical
nanostructure formed by rolling a single graphite sheet into a tube. SWCNT can thus
be viewed as molecular wires with every atom on the surface. MWCNT (Figure 8b)
comprise of an array of such nanotubes that are concentrically nested like rings of a

tree trunk.>°

(b)

Figure 8. Schematics of an individual (a) SWCNT and (b) MWCNT. (Adapted from Ref. 49. Elsevier,
2005.)

CNTs are one of the most commonly used building blocks of nanotechnology. With
100 times the tensile strength of steel, thermal conductivity better than all but copper,
but with the ability to carry much higher currents, CNTs seem to be a wonder

material.

Concerning carbon nanotubes production, there are several methods to form CNTSs:
arc method, laser methods, chemical vapor deposition (CVD), etc. However, in order
to use CNTSs in novel devices, it is necessary to produce these materials with a high
crystallinity on a large scale economically. In this context, the catalytic CVD method
is considered to be the optimum for producing large amounts of CNTSs, particularly
with the use of a floating-catalyst method.>* This technique is more controllable and

cost efficient compared to arc-discharge and other methods.

Extensive research has been dedicated to the purification of CNTs in order to remove
foreign NPs that modify the physicochemical properties of CNTs. Chemical methods
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have been applied for purifying CNTs. SWNT purification developed by Smalley and

coworkers *2

consists of refluxing as-grown SWNTs in nitric acid solutions.
Subsequently, more-effective purification techniques have been developed with minor
physical damage of the tubes.>*** The other method was reported by Martinez et al.>
and consists in a technique of high-temperature air oxidation in conjunction with
microwave acid treatments, for removing a high portion of metal particles in
relatively short periods of time. The most effective methods for MWNTSs purification
are high-temperature treatments in an inert atmosphere (graphitization or annealing)
and removing structural defects (heptagons and heptagon—pentagon pairs) or

impurities such as metallic compounds.*®

Carbon nanotubes dispersion is of key importance before their further implementation
in certain applications, as it is necessary to transform them into a “soluble” product.
The preparation of homogeneous dispersions of CNTSs, suitable for their use in thin
films or for other applications, is of a great importance. Various methods can be used
for this purpose. End®’ and/or sidewall®® functionalization, use of surfactants with

%0.81 and protonation by superacids®

sonication,®® polymer wrapping of nanotubes,
have been reported. Although these methods are quite successful, they often related to
CNTs cut into smaller pieces (sonication and/or functionalization), thus partly losing

the high aspect ratio of SWCNTSs.

Kim et al.®

provided an example of CNT solubilization. They developed a simple,
efficient process for solubilizing CNTs with amylose in dimethyl sulfoxide—H,0
(DMSO-H,0) mixture as well as in pure water. This process requires two important
conditions, presonication of CNTs in water and subsequent treatment of the fine CNT
dispersion with amylose in a specified DMSO-H,O mixture, followed by a
postsonication. The best solvent composition was found to be 10-20% DMSO, in
which amylose assumes an interrupted loose helix. The resulting colloidal solution

was stable and exhibited no precipitation over several weeks.

CNT solubilization by covalent modification was reported by Luong et al.®

MWCNTs were solubilized in a mixture of 3-aminopropyltriethoxysilane (APTES)
and Nafion-perfluorinated ion-exchange resin and ethanol. Uniformly dispersed

MWCNTSs were obtained after 20 min sonication and used for sensor applications.
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Applications

CNTs have a wide range of properties that we are still in process of discovering with
an ambitious variety of applications. In this case, we focus on the application of CNT-
modified electrodes in bioelectroanalysis, which mainly includes electrochemical

studies on neurotransmitters, proteins, nucleic acids, and other molecules.

In recent years, CNT-modified electrodes show the properties of electrocatalytic
activity due to its unique electronic properties and CNTs can promote electrontransfer
reactions,® which can be applied for the detection of analytes in a low concentration
or in the complex matrix. The CNT-modified electrodes usually include CNT paste
electrode,®® CNT coating electrode,®” or CNT embedded in a polymeric matrix.®®
Generally, CNT-modified electrodes contain an electrochemical analysis and

biosensor applications.®®™

Modifications of Electrodes Surfaces

The derivatization of carbon surfaces allows electrochemists to design tailor-made
electrodes, which offer distinct advantages for catalysis, analysis and biological
applications, and the area of electrochemistry has attracted considerable attention over
the last few years,”* it has aroused great interest in modifying electrode surfaces, for
example Pérez et al. integrated CNTs onto a GC electrode and use this for reduced
nicotinamide adenine dinucleotide (NADH) detection. The use of polyvinyl chloride
(PVC) as a matrix for CNTSs dispersion aimed to ensure better mechanical/robustness
properties of the sensor membrane compared to an unmodified GC electrode.
Additionally, with the use of glutaraldehyde (GA) as a matrix linker, their design
offer future alternatives for biosensors applications due to the ability of the developed

design to aid in covalent binding of biological molecules’ (Figure 9).

21



CHAPTER 1 GENERAL INTRODUCTION

. o
| 2uA B
\J

1 mM NADH

Curront (1A)

(d) - >

(<)

®)

Figure 9 (a) Images of the MWCNTSs in tetrahydrofuran (THF) (A), THF+PVC (B), and in
THF+PVC+GA solution (C). (b) Scanning electron microscope (SEM) images of the same solutions as
in the upper images. (c) Current — time recordings including (as inset) the corresponding calibration
plots obtained from amperometric experiments at unmodified (A’) and at modified (B’) GC electrode
for successive additions of 1mM NADH in 0.1M phosphate buffer pH 7. Working potential: +0.7V.

(d) The stability of the response (as zoom of the recordings in (c)) is shown for each electrode used.
(Adapted from Ref. 127. Wiley-VCH, 2008.)

)

Carbon Nanotubes as ‘‘Carriers/Amplifiers’

A strategy for dramatically amplifying enzyme-linked electrical detection of proteins
and DNA using CNTs as carrying enzymes has been developed by Wang et al.,”
amplifying electrical detection and producing an ultrasensitive bioelectronic detection
of DNA hybridization. First, the alkaline phosphatase (ALP) enzyme tracer was
immobilized on CNTs using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide as
linker. Such coupling of several CNT-derived amplification processes results in
highly sensitive detection of proteins and DNA and hence indicates great promise for

PCR-free DNA assays and for assembling controllable nanoscale systems.

The loading of multiple peroxidase enzyme tracers onto CNTs “carriers” has recently
been exploited by Rusling’s team for highly sensitive immunodetection of cancer

biomarkers in serum and tissue lysates.”
1.2.4. Nanowires

Nanowires are attractive materials because of their small size, high surface-to-volume
ratios, and/or electronic, optical, and magnetic properties, which can differ markedly
from those observed for bulk or thin film materials as the nanowire cross-sectional

diameter decreases. Because of the high surface-to-volume ratio and novel electron
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transport properties of these nanostructures, their electronic conductance is strongly
influenced by minor surface perturbations (such as those associated with the binding
of macromolecules). Such 1D materials thus offer the prospect of rapid (real-time)
and sensitive label-free bioelectronic detection, and massive redundancy in
nanosensor arrays. Metal and conducting polymer nanowires can be readily prepared
by a template directed electrochemical synthesis involving electrodeposition into the

pores of a membrane template.”

Nanowires show promise in a number of different sensing strategies, including

optical,”® electrical,”” electrochemical ® and mass-based’® approaches. Recent results
suggest the possibility of incorporating large numbers of nanowires into large-scale
arrays and complex hierarchical structures for high-density biosensors, electronics,

and optoelectronics.®
1.2.5. Conclusions and future perspectives

Nanomaterials ranging from NPs, CNTs and nanowires are proving to be very
interesting alternatives to conventional materials in a broad range of electrochemical
sensing and biosensing systems. Their integration into electrochemical platforms

depends on their different sizes, forms, and constituting materials.

NPs have been applied to improve immobilization of (bio)molecules onto electrode
surfaces, to catalyze reactions, and to enhance transducing signals. In addition, owing
to their small size and electrochemical properties (i.e. heavy metal-based QDs or even
gold NPs), these are showing to be excellent labelling tags as alternative to

conventional ones like dyes or enzymes.

Although most of the electrochemical strategies for DNA analysis reported to date
suffered from the fact that the hybridization event is still separated from the detection,
there is a lot of on going effort is to integrate the whole electrochemical assay in a
classical biosensor model with real applications for the future. The electrochemical
properties of NPs make them extremely easy to detect (in both direct and indirect
detection modes) by using simple instrumentation. The electrochemical coding
technology is thus expected to open new opportunities for DNA diagnostics, and for

bioanalysis, in general, with a special interest for in-field low-cost applications.
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There are various advantages that CNTs bring in the electrochemical analysis. CNTs
composites seem to be an attractive alternative material in electrochemical sensors.
The developed biosensors based on this kind of materials are showing clear
advantages in terms of sensor operability (sensitivity, detection limit, stability, etc.)
due, overall, to an improvement of electron transfer that leads to a lowering of
working potential and consequently a significant remove of interferences during a real

sample analysis.

The application of the above-mentioned nanomaterials in relation to electroanalysis is
already a consolidated research field not only for electroanalysis but also for the
current nanoscience and nanotechnology. The experiences acquired so far in the field
of electrochemistry are successfully coupled with the knowledge of new
nanomaterials. This synergy is already offering interesting alternatives for several
important analytical chemistry applications in fields like clinical analysis,

environmental industry, safety as well as other industries.
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1.3.1. Introduction

Nano/micromotors propelled by the presence of certain chemical fuels owe their
motion to the specific chemical reaction taking place in the interface between the
catalytic material (part of the nano/micromotor) and the fuel, which can be added to
the reaction or be inherently present in the operation medium. Depending on the
reaction taking place, nano/micromotors motion can be due to the bubble production,
inducing the so-called bubble recoil mechanism, or to a certain gradient of
concentration involving the selphoretic mechanisms. Among the different fuels
reported up to date, the most extensively used in the synthetic autonomous systems
has been hydrogen peroxide. However, it should be remarked that it has been of
special interest the use of alternative fuels, like water or acid/basic induced
locomotive systems, which can promote their motion and at the same time be
biocompatible. Although micromotors moving in presence of hydrogen peroxide do
not present the same potentiality for in situ biological applications, they are efficient
and present long-life performance, which make them suitable for certain miniaturized

systems (e.g. lab-on-a-chip devices) or environmental-related monitoring systems.

1.3.2. Hydrogen peroxide fuel

Hydrogen peroxide has largely been employed to propel nano/micromotors and to
further study the basic mechanisms governing their motion. The different parameters
determining the motion and directionality including related applications are will be
described. Two groups of hydrogen peroxide fuel-based autonomous nanomotors
corresponding to the two main principle mechanisms, selfphoretic or bubble-based
ones, along with the evolution on their design, motion capabilities and related

applications, will be presented.

1.3.2.1. Selfphoretic mechanisms

Since the first reported micro/nanomotors there was the concern of attributing a
mechanism that could perfectly describe their motion, ideally one that could be
applied to all the autonomously moving systems. Although the first autonomous
motors were reported to move by means of bubble expulsion from the catalytic
section,* further studies based on bimetallic rod-shape particles showed a different

behavior towards hydrogen peroxide presence, which indicates that for each case
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different mechanistic pathways govern their motion patterns, influencing both the

parameters that enhance their velocity and their motion direction.

Pt/Au nanorods > synthesis, conceived as nanomotors, was based on the
electrochemical deposition of the corresponding metals on alumina membranes,
followed by nanorods release. Nanomotors movement was clearly observed to be
non-Brownian and the motion direction was toward the platinum end. Initially, the
interfacial tension gradient model was supposed to fit the system requirements, as the
movement was induced by both the gradients of solute, in this case an oxygen
concentration gradient, and temperature due to the exothermic decomposition of
hydrogen peroxide at the platinum end. The oxygen was produced at the platinum
end, where its concentration remained constant as it was generated at a constant rate,
while the real gradient took place at the opposite gold segment, where the oxygen
concentration decreased and took place the relevant interfacial tension, giving rise to a
net axial force that propels the motion toward the platinum side. However, the
interfacial tension model itself did not justify the motion direction, which in this case

was attributed to the polarity of the gold surface.

Inspired by how a cell would maintain a dynamic electric field, the self
electrophoresis mechanism ® based on the electrochemical hydrogen peroxide
decomposition at both the platinum and gold ends of the nanomotor was proposed.
This mechanism would represent a flux of electrons, as well as protons, inside the
particle, behaving as a short-circuited galvanic cell. According to the mechanism, as a
cathodic section the oxidation of hydrogen peroxide takes place preferentially on the
platinum end, while the reduction of hydrogen peroxide and oxygen occurs at the Au
side, which could be considered the anodic section (Figure 5AI).? Further studies by
using interdigitated microelectrodes (IME), demonstrated that effectively nanomotors
presented a catalytically generated electric fields that induced electroosmotic fluid
pumping. * By combining different metals pairs in the bimetallic nanomotor
configuration and studying the reaction that was taking place in each metal section as
if it was a half-cell reaction, the motion direction showed a clear correlation with the
mixed potentials of individual catalytic metals.’> Not only the direction motion could
be perfectly predicted, but also the reaction rate, as nanomotors with a metal pair with
higher potential differences exhibit higher speeds. This way, the self-electrophoresis

mechanism, so-called bipolar electrophoresis mechanism, was confirmed.
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However, there was one particular case whose movement was based on sustained
interfacial tension gradient, the gold gear-like structures with platinum deposited on
the tooth region.® The hydrophobic character of the section next to the catalytic region
is crucial for the optimal rotational movement of the gear, therefore the gold surface
was judiciously functionalized to exhibit such hydrophobic behavior. Although the
whole microfabricated structure was bigger than the nanomotors entities already
mentioned, this system was conceived as a synergy between different pieces or
catalytic section of a motion system, where micrometric asymmetric scale pieces were

moved to accomplish an ultimate useful work.
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Figure 5. Autonomously moving nano/micromotors by means of selfphoretic mechanisms. (A) Rod-
shape Au/Pt bimetallic nanomotor based on selfelectrophoresis mechanism (I) (Reprinted with the
permission from Ref. 2. Copyright 2004 ACS) and its magnetically guided counterpart with
ferromagnetic nickel segments (II). Reprinted with the permission from Ref. 25. Copyright 2005
Willey-VCH. (B) Spherical shape particles whose movement is attributed to selfdiffusiophoresis
mechanism and demonstration of the motion orientation of asymmetrically platinum-coated
polystyrene particles (I) (Reprinted with the permission from Ref. 9. Copyright 2010 ACS), faster and
more versatile method of synthesis for bimetallic spherical particles (II) (Reprinted with the permission
from Ref. 16. Copyright 2010 ACS), catalytic sphere dimer showing quasi-linear and quasi-circular
trajectories (III) (Reprinted with the permission from Ref. 17. Copyright 2010 Willey-VCH) and
colloidal Janus particles with magnetic cap that leads to the first fine magnetic guidance of spherical
catalytic particles (IV). Reprinted with the permission from Ref. 28. Copyright 2010 Willey-VCH.

Apart from the mechanism, the shape and symmetry of the nanomotor entity is crucial
for determining how the translational or rotational motion events will take place. For
example, Pt/Au nanomotors move in the direction of long axis, where the drag force
is minimized.” However, for the perfect spherical particles, being totally symmetric,
the net force created in case of a gradient would essentially be cancelled out.

Therefore, symmetry breaking is the clue in the movement of such catalytic
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nano/micromotors, starting up from the rod-shape nanomotors, whose asymmetry is
coming from their shape itself, to the well-known spherical Janus particles, which
owe the movement to their asymmetry in surface properties.” Additionally, it must be
noticed that the particles developed by Golestanian and co-workers,” with an
asymmetric distribution of catalyst on its surface, were moving by means of a self-
diffusiophoretic mechanism. This model doesn’t imply any electrochemical reaction,
like the self-electrophoresis mechanism previously described, but is directly related to
the gradient concentration of products created at the catalytic section. Such Janus
particles demonstrated to self-assemble resulting into doublets or even higher order
aggregates, showing a different trajectories and morphologies (the majority rotated,
while linear translators were exceptional).® Directionality of spherical nanomotors
was firstly described by the study of asymmetrically platinum-coated polystyrene
particles, where it was demonstrated that the platinum-coated region was oriented
opposite to the direction of motion (Figure 5B1).° The direction of their motion shows
to be highly correlated with the particle orientation, which is not affected by the
particle-surface interactions. Although particles generally move in the same general
direction, infrequent large directional changes bring major changes to the particle

trajectory.

Nano/micromotors that moves by means of electrophoretic or diffusiophoretic
mechanisms are especially affected by the ionic strength and the viscosity of the
medium, this last parameter being decisive when motion is evaluated at the nanoscale
where nanomotors are propelled according to the fluid dynamics at the low Reynolds
numbers®. Although the autonomous moving of Pt/Au nanorods at viscous interfaces
have been studied due to their anomalous translational and rotational diffusion
patterns,** demonstrating that their movement can be modulated from active motion
towards passive diffusion depending on the surfactant concentration, in general the
motion studies related to Pt/Au nanorods have been performed in non-viscous
mediums and limited to low-ionic strength environments. To optimize and improve
their performance, several approaches that particularly affect their composition and/or

morphology have been reported.

Regarding rod-shape nanomotors, the importance of the cathodic and anodic section
length ratio was demonstrated by early experimental studies in Au/Pt nanomotors,
where the surface area of the catalytic platinum segment limited oxygen production.®
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However, further research stated that 1:1 axial ratio gave the faster axial motion for a
given pair of rods, being preferred the shorter ones to minimize the fluid drag and the

sliding friction along the glass surface, which in turn decrease their velocity.”

With the objective to obtain a higher potential difference between the metal pair and
consequently a higher speed, diverse improvements have been achieved by changing
the composition or the morphology of the cathodic or anodic end (Figure 6A). On the
one hand, more active materials toward oxygen reduction have been introduced in the
cathodic end instead of platinum, such as carbon nanotubes?, as well as the
substitution of gold by Ag/Au alloy™ at the anodic end. In both cases it has been
demonstrated an enhance in the electron transfer reactions, which resulted in an
acceleration of nanomotor’s speed up to 51um/s in the case of Au/Ni/Au/Pt-CNT and
150um/s in the case of Ag-Au/Pt compared to the classical Au/Pt bimetallic
nanomotors, which in presence of 2-3% of hydrogen peroxide showed speeds of
8um/s (10 body lengths/second).? From the morphological point of view, enhanced
surface roughness of the catalytic segment, and therefore a higher surface-to-area
ratio, resulted in faster Au/Ni nanomotors.'* Apart from playing with the inherent
composition of the bimetallic nanomotor, energy-rich chemical reactions were
achieved by adding hydrazine to the hydrogen peroxide fuel and showing a doubling
of the nanomotors speed in the case of CNT-modified ones.** After obtaining the
desired speed by tailoring their morphology, composition and their surrounding
medium, the next logical step was the real control over their motion. A first approach
of this fine control was reported by Wang et al. by presenting electrochemical
activation of the nanomotor’s motion, which not only permits to control nanomotors
speed but also achieves an interesting “on” and “off” electrochemical activation
system by means of applying a reversible voltage, held by a gold-fiber working
electrode located next to the nanomotors plane.*

Regarding the synthetic approaches to obtain bimetallic spherical motors, several
improvement have been reported, showing a faster and more versatile method for the
synthesis of the bimetallic ones'® and demonstrating that their velocity decreases with
the sphere radius (Figure 5BII). In addition, the development of new systems such as

catalytic sphere dimer *’

showed quasi-linear and quasi-circular trajectories in
presence of hydrogen peroxide, which could be easily tuned by changing the size of

the two spheres or their internuclear separation (Figure 5BI11). These factors were key
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to understand the propulsion mechanism and explore more complex motor designs
based on building blocks that are suspected to create dynamic structures and devices

by means of self-assembly mechanisms.

However, one of the most challenging contributions to nanomotors field had been the
possibility to perform the magnetic guidance of their motion. Concerning rod-shape
nanomotors, Sen et al. *® achieved their magnetic control by adding a ferromagnetic
nickel segment that can be transversally magnetized due to its size, which must be
shorter than the diameter of the rod (Figure 5AII). It is important to notice that the
applied magnetic field only aligns the rods by orienting their net magnetic moments
and doesn’t add any additional force to the motion, which really opened the door to
the real manipulation of the nanomotors and their further implementation in sensing
devices. In the case of spherical particles, their high symmetry complicated the
control of their directionality by magnetic means, as the fixed orientation of the
magnetic moment generally relies on the magnetic shape anisotropy. Therefore, one
first logical approach was the introduction of asymmetry to the perfectly spherical
particles, by converting them in ellipsoids.'® After sputtering of a thin layer of
platinum onto the microellipsoids, a preferred magnetization direction along its axis
was achieved. However, the real control of spherical particles came by Schmidt et al.,
20 that reported the fabrication of Janus particles with a magnetic cap structure based
on ultrathin magnetic multilayers onto the spheres (Figure 5BIV). In case of in-plane
(x- or y- axis), orientation of the magnetic field the motors will perform a
deterministic propulsion with a certain speed, but in case of out-of-plane orientation,
the motor will immediately stop. This approach eliminates the rotational diffusion of
the Janus particles and also permits a real control over the motion of the spherical
particles, leading to a perfect guidance of their trajectory and the possibility to stop

their motion on demand.

The possibility to magnetically control the nanomotors directionality motivated the
design of different systems. CMOS (complementary metal-oxide-semiconductor) chip
where arrays magnetic nanoparticles or nanorods (Au/Ni/Au/Ni/Pt) were integrated
demonstrating their successful manipulation, even giving raise to trapping events.
Two different CMOS designs were implemented, the ring trap chip, which employs a
magnetic steering scheme, and the wire array chip, where the steering electromagnetic
field produced by an array of parallel wire line was digitally controlled. By using both
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systems, optical and electromagnetic measurements were done, demonstrating the
basic control of the magnetic nanostructures by the applied currents.?! In addition, the
directional control of CNT-modified nanomotors by using a weak external magnet to
sort out different features in PDMS platforms was successfully achieved in absence of
bulk fluid flow (Figure 6CI), in addition to the dynamic loading, including both the
pick-up and drop-off events by means of the magnetic-torque based method.? The
transport of magnetic cargo over predefined paths showed the versatility and potential
possibilities of nanomotors in lab-on-a-chip systems. Additional improvements
(beside the control of the directionality of nanomotors) were focused on thermal
modulation of nanomotors motion by applying short heat pulses to accelerate or slow
down their motion. In addition, other changes associated to the activation of the redox
reactions where hydrogen peroxide fuel was involved were studied, showing the

decrease of medium viscosity in case of raising the temperature.?

Nanomotors motion-related capabilities to perform transport and delivery events in a
controlled way have been extensively studied. First approach permitted the pick-up,
transport and release of magnetic particles, which were captured by taking advantage
of the paramagnetic nickel segment present in the nanomotor. Further studies brought
the possibility of substituting this magnetic particles by magnetic liposomes or
biodegradable polymeric particle (poly-D,L-lactic-co—glycolic acid (PLGA) particles)
(Figure 6CII).** Apart from presenting a magnetic behavior, they are of special
interest for both being potential drug carriers, especially liposomes, which can carry
both hydrophilic and lipophilic therapeutic agents and present and on-demand drug
release by mechanically or chemically breaking them. Cargo manipulation by
magnetically controlled spherical motors have been demonstrated by applying a
magnetic field that will not only control the trajectory of the motor, but it will also
induce a magnetic dipole-dipole moments between the particles and the cargo.? In
case of changing the magnetic field orientation, such interaction will disappear,
leading to the unloading of the cargo, and the motor will stop their motion. This cargo
manipulation has been also depicted in chip studies, fully controlling the trajectory of
the spherical motors, which in addition could sort out several microobjects in the
channels. However, more sophisticated systems that involved specific or more
complex interactions were developed. Clear examples are the nanomotors synthesized

by Sen et. al depicted in Figure 6CIII. Their interaction with the particle of interest
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was on the one hand based on the electrostatic interaction between the positively
charged cargo (positively charged polystyrene amidine microspheres) and a Pt-Au
nanomotor with a negatively charged polypyrrole (PPy) tail,® and on the other hand
took advantage of the biotin-streptavidin specific binding by functionalizing the Pt-
Au nanomotors with a biotin-terminated disulfide and capturing an streptavidin-
coated cargo. Compared to the magnetic-based capture methods, the ones held
through chemical bonding or electrostatic interactions lacked easy methods for the
cargo unloading. Improved nanomotors were synthesized with the capacity of not
only capturing and transporting, but also releasing of the cargo with a high degree of

26 The dissolution of the silver

precision through UV-light-stimulated methods.
segment of the Pt/Au/Ag/Au/PPy nanomotor in presence of UV light, whose cargo
was attached through electrostatic interactions at the PPy end, and the selective
dissolution of the photocleavable bifunctional linker used to attach the motor to the

cargo by photolysis upon UV illumination, promoted the drop-off events.
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nanomotors. Incorporation of carbon nanotubes to the cathodic end (I) (Reprinted with the permission
from Ref. 12. Copyright 2008 ACS) or the substitution of Ag/Au alloy at the anodic end (II) (Reprinted
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with the permission from Ref. 13. Copyright 2008 Willey-VCH) and, as well as an enhanced surface
roughness of the catalytic section (III), resulted on an acceleration of nanomotor’s speed. Reprinted
with the permission from Ref. 14. Copyright 2009 RSC. (B) Motion-sensing applications of
nanomotors by towards the trace silver (1) (Reprinted with the permission from Ref. 27. Copyright
2009 ACS) and to determine DNA and bacterial ribosomal RNA (1). Reprinted with the permission
from Ref. 28. Copyright 2010 Nature. (C) Nanomotors motion-related capabilities to perform transport
and delivery event in PDMS platforms by magnetic-torque based method (I) (Reprinted with the
permission from Ref. 22, Copyright 2008 ACS) as well as to transport magnetic liposomes or
biodegradable polymeric particles (I1) (Reprinted with the permission from Ref. 24. Copyright 2008
Willey-VCH); in addition, drop-off events were finely tuned by UV-light-stimulated methods, in case
of using a photocleavable bifunctional linker (I11). Reprinted with the permission from Ref. 26.
Copyright 2008 Willey-VCH. (D) Creation of in-situ surface microstructure by nanomotors moving by
selfeletrophoretic mechanism. Reprinted with the permission from Ref. 29. Copyright 2010 RSC.

Nanomotors have been regarded as a potential clue on the future biosensing platforms
due not only to the possibility to better control its trajectory and speed, but also
because promising motion-sensing applications have been reported (Figure 6B).
Although Au-Pt bimetallic nanomotors movement in presence of hydrogen peroxide
is compromised by high-ionic mediums, a faster speed in presence of trace silver ions
have been observed. ?” This motion-based chemical sensing is related to the
underpotential deposition of silver on both the gold and platinum segments in
presence of silver ions, which in the case of the gold section results on an increase of
the mixed potentials between the cathodic and anodic segments, and in the case of the
platinum section it showed a more catalytically active surface. A clear correlation
between nanomotors speed in presence of hydrogen peroxide and silver ions
concentration with a silver detection range from 0.5 to 100 uM was observed.
Nanomotors enhanced speed in presence of silver ions also permitted the development
of a simple, sensitive and fast method to determine DNA and bacterial ribosomal
RNA.% The detector probe used in the hybridization sandwich assay is tagged with a
silver nanoparticle, which will be lately dissolved obtaining in the solution a certain
silver ions concentration that can be correlated with the hybridization event. Once the
unmodified bimetallic nanomotors swam in the silver enriched fuel, their speed was
enhanced, finding out that longer the signal distances were, higher the concentration
of the nucleic target was, reaching detection limits up to the attomole level.

It should be mentioned that apart from the cargo transport and their potential
application in sensing platforms, nanomotors that moves by means of phoretic
mechanisms had been applied also to create in situ surface microstructures. Peroxide-
driven horseradish peroxidase (HRP)-functionalized nanomotor were magnetically

guided in presence of aniline monomer, performing a localized deposition/precipation
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of polyaniline (Figure 6D).%° Although resolution is limited to nanomotor diameter,
the generation of predefined patterns is of great interest for surface chemistry, as well
as to be considered as an additional key functionality for future self-assembly systems
or other biosensing platforms that nanomotors could provide.

1.3.2.2. Bubble induced propulsion based mechanism

Bubble induced propulsion mechanism can be considered as the first reported
locomotion principle although a long way since achieving the full control of the
engines while moving by means of bubble propulsion was necessary. Such
nano/micromotors design showed a really fast decomposition rate of hydrogen
peroxide into water and oxygen in presence of different transition metals, as for
example platinum, silver, manganese or nickel. The choice of the appropriate
geometry, in addition to other parameters optimizations, have overcome some of the
problems that selfphoretic motion-based nano/micromotors present, like ionic-
strength limitations associated to their movement, in addition to perform novel

trajectories that bring novel mechanized-related functions at the nanoscale.

First micromotors developed by Whitesides et al. were fabricated by rapid
prototyping and based on hemicylindrical plates with a small platinum area on the
surface, which in presence of hydrogen peroxide were clearly moving by the bubbles
generated at their platinum section (Figure 8A). Recoil force is a result of a
momentum conservation generated from the bubbles expulsed from the platinum
surface determined both the movement and the direction of the micro/nanomotors.’ In
addition, the hydrophobic character of each region of the motor, which induced
capillary interaction between menisci, resulted in spontaneous attraction between the
hydrophobic edges of the plates being the first demonstration of “collective

behaviour” by self-assembly chiral structures in the autonomous motors field.

Further lithography techniques were implemented to synthesize new micromotor
structures more efficient towards rotary motion. Although template-based bimetallic
AU/Ni nanowires with their gold segment anchored to the surface of a silicon wafer
(Figure 7A)* have shown fairly good clockwise and counterclockwise rotations in
presence of hydrogen peroxide fuel, alternative approaches which include
lithographic techniques have shown higher rotational speeds. Mirkin et al. tailored
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nanorod architecture by using on-wire lithography (OWL) upon template-directed
synthesis of Au-Pt nanorod, which allowed coating one face of the nanorod with gold
(Figure 7BI).%" It should be noticed that in this nanomotor configuration an anchorage
was needed to obtain a rotating behavior. Pure rotary motion was obtained in presence
of hydrogen peroxide by working with a similar design, improved by the deposition
of a platinum layer by vapor-deposition onto an Au-Ru bimetallic rod (Figure 7BII).*
In the trimetallic structure, the force is generated along two axes that do not intersect

at the center of the drag, which results in a rotary speed ten times faster.
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Figure 7. Rotary nano/micromotors based on bubble propulsion mechanism. (A) Au/Ni nanowires with
their gold segment anchored to a silicon wafer surface. Reprinted with the permission from Ref. 30.
Copyright 2005 RSC. (B) Improved rotation nanomotors fabricated by on-wire template direct
synthesis of Au-Pt nanorod with an addition gold coating onto one face (I) (Reprinted with the
permission from Ref. 31. Copyright 2007 ACS) and deposition of a Pt layer by vapor-deposition onto
Au/Ru bimetallic rod (II). Reprinted with the permission from Ref. 32. Copyright 2009 ACS. (C)
Heterogeneous self-motile structures fabricated by dynamic shadowing growth (DSG), achieving L-
shaped Si/Pt structures (I) and Si/Ag nanospring structures (II) (Reprinted with the permission from
Ref. 33. Copyright 2007 ACS); Pt-coated TiO, nanoarms grown on silica microbeads (III) (Reprinted
with the permission from Ref. 34. Copyright 2009 Willey-VCH) and self-assembled clusters based on
V-shaped nanomotor and microbeads (IV). Reprinted with the permission from Ref. 35. Copyright
2010 Willey-VCH.

Another lithographic technique extensively used for its versatility to fabricate 3-D
heterogeneous self-motile structures was dynamic shadowing growth (DSG), as
depicted in Figure 3C. The key rule design for these catalytic motors is the
asymmetric deposition of a catalytic section, as it was reported for rotary Si/Pt and
Si/Ag nanorods, rotary L-shaped Si/Pt or rolling Si/Ag nanospring. > L-shaped
geometry showed both clockwise and counterclockwise rotation patterns, but in any

case rotation was held from the long arms to the short ones, demonstrating that
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nanomotors were pushed from the Pt side (Figure 7CI). Nanospring design was
conceived taking into consideration the motion patterns observed in the L-shaped
structures, expecting that the nanomotor would not only rotate but also would be
moving downward, giving raise to the rolling and translational motions at the same
time (Figure 7CII). The most challenging multicomponent catalytic nano/micromotors
developed by DSG were based on Pt-coated titanium dioxide (TiO,) nanoarms grown
upon silica microbeads (Figure 7CIII).** More important than the design itself, was
the potential of such entities to self-organize presenting tadpole-like structures by the
assembly of two nanomotors, inspiring other clusters that spontaneously self-
assemble through magnetic interactions forming a helicopter-like nanomotor, a V-
shaped like nanomotor and a microbead, both magnetized (Figure 7CIV).*® In
addition, their rotational frequency was parabolically increased due to the addition of
the sodium dodecyl sulphate (SDS) surfactant that lowers the surface tension. This
frequency enhance agrees with the nanobubble-ejection model. It firstly demonstrated
in the case of hydrogen peroxide decomposition by Pt-coated spherical silica catalytic
microbeads that the propelling force was attributed to the momentum change via
oxygen bubbles detachment from the catalytic surface and that it was specially
influenced by the fuel concentration and the surface tension of the solution.®® The
possibility to have systems that organize themselves in more complex arrangements
without external forces is crucial for future real application where several independent

parts would work in coordination to give rise to new potential applications.

Further studies based on spherical-shape nano/micromotors showed alternative
composition and designs that can bring different strategies to control their motion as
shown in Figure 8B. Bubble formation and the study of the buoyancy force governing
the movement of polymer resin beads coated with palladium nanoparticles at different
viscosity conditions, resulted in tailoring the vertical velocity leading to horizontal
motion (Figure 8BI).* Molecular motors induced autonomous motion to silica
microparticles covalently tethered to synthetic manganese catalase,®® which showed
efficient translational motion that in addition to some autonomous rotary motion were
attributed to the structure anisotropy (Figure 8BIl). Such molecular motor was further
used to functionalize bare silica and glass surfaces, demonstrating that the translation
motion of modified glass microsized fibers moved due to oxygen bubbles growth.*

The study of such bubble growth effect and how it contributes in to the motion of big
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spherical Janus micromotors, suggested a quasioscillatory translational motion for
such catalytic micromotors, ** in contrast to the reported mechanism by Zhao et al.**
Therefore, bubble growth and burst events generates a competition that leads to a net
forward motion produced by the growth force moving the micromotor forward and
the burst force inducing a local pressure that pulls the micrometer backward (Figure
8BIII). One last example of the advances in self-propelled Janus micromotors have
recently fabricated by using a template-assisted layer-by-layer self-assembly and
microcontact printing method by Li and coworkers (Figure 8BIV). Polyelectrolyte
multilayer hollow capsules partially coated with platinum nanoparticles showed both
the autonomous circular and spiral motions, as well as a very interesting delivery

capability based on the controllable encapsulation and triggered release in response to

certain external stimuli, which tunes their permeability.*'
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Figure 8. Improvement strategies and applications of autonomously moving nano/micromotors by
means of bubble propulsion mechanisms fabricated by photolithographic processes. (A) First
micromotor developed by Whitesides et al. based on PDMS plates with a small platinum area on one
surface. Reprinted with the permission from Ref. 1. Copyright 2002 Willey-VCH. (B) Schematic
representation of rolled-up catalytic miromotors, synthesized through strain engineering strategy.
Reprinted with the permission from Ref. 42. Copyright 2008 Willey-VCH. (C) Non tubular shape
nano/micromotors. Regarding the spherical shape motors, Pt-coated spherical silica microbeads (I)
(Reprinted with the permission from Ref. 36. Copyright 2009 AIP) and silica particles tethered to a
synthetic manganese catalase (II) (Reprinted with the permission from Ref. 38. Copyright 2008 RSC)
and polyelectrolyte multilayer hollow capsules partially coated with platinum nanoparticles (IV)
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(Reprinted with the permission from Ref. 41. Copyright 2012 ACS), showed autonomous movement in
presence of H,O,, in addition bubble growth effect on big spherical catalytic nan/micromotors was also
studied (I11) (Reprinted with the permission from Ref. 40. Copyright 2008 AIP); stomatocyte-like
structure obtained by supramolecular assembly of amphiphilic block copolymers which entrapped Pt
nanoparticles (V) (Reprinted with the permission from Ref. 52. Copyright 2013 Nature). (D)
Applications of rolled-up micromotors, selectively loading, transporting and delivering polystyrene
particles and thin metallic films (1) (Reprinted with the permission from Ref. 44. Copyright 2010
Willey-VCH); swimming in a controlled manner in microfluidic systems, even against flowing streams
(I (Reprinted with the permission from Ref. 45. Copyright 2011 ACS); capturing and delivering
murine CAD cells (I11) (Reprinted with the permission from Ref. 46. Copyright 2011 RSC); modifying
their outer surface by self-assembly monolayers to perform on-the-flight hybridization to selective
isolation of nucleic acids (I'Va) (Reprinted with the permission from Ref. 47. Copyright 2011 ACS)
tumor cells (IVb) (Reprinted with the permission from Ref. 48. Copyright 2011 Willey-VCH) or
thrombin (IVc) (Reprinted with the permission from Ref. 49, Copyright 2011 ACS) all the processes
held in raw biological samples; controlling their directionalities according to an external field and
behaving as a permanent magnet (V) (Reprinted with the permission from Ref. 50. Copyright 2012
RSC); showing crowscrew-like trajectories that allow them to perform mechanized functions (VI).
Reprinted with the permission from Ref. 51. Copyright 2012 ACS.

However, the great leap on nano/micromotors moved by means of bubble induced
propulsion came with the rolled-up catalytic micromotors. Their synthesis is based in
strain engineering strategy, which rearrange in a controlled fashion nanomembranes
intro three dimensional micro/nano structures (See Figure 8C).** Although material
choice is limited, because of the parameters related to the relaxation and generation of
stress involved in the roll-up procedure, this simple and reproducible technique offers
the possibility to obtain different tube geometries with an inner catalytic layer in
addition to its simple mas production possibility. First reported tubular micromotor
based on Ti/Fe/Au/Ag nanotube had an inner silver catalytic surface and achieved

speeds up to 720-150 nm/ms,*

which was propelled by a recoiling mechanism
produced by expelled microbubbles. Further studies integrated not only an inner
platinum surface, more active towards hydrogen peroxide decomposition, but also a
magnetic layer that permits the magnetic guidance of the micromotors by applying
external rotating magnetic fields.* Although their lengths is considerable large
compared to the nanomotors moving by selfphoretic mechanisms, such micromotors
present speeds up to 2 mm/s, in addition to different trajectories that can easily be
identified by the microbubble tails, revealing curved, circular and self-rotating

motions.

The control of rolled-up micromotors trajectory and their high speeds in presence of
hydrogen peroxide and certain surfactants, led to the performance of several tasks.
Self-propelled catalytic Ti/Fe/Pt micromotors have been reported to selectively

loading, transporting and delivering polystyrene particles and thin metallic films
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(Figure 8DI).* This transport-and-delivery capabilities were further optimized in
microchannels of microfluidic systems, where micromotors swam in a controlled
manner to perform the corresponding tasks by sucking the cargo toward its front
opening and propelling themselves even against the flowing streams (Figure 8DII).*
Taking advantage that micromotors moving by bubble recoil mechanisms are not
limited by high-ionic mediums, controlled manipulation of murine CAD cells
(cathecolaminergic cell line from the central nervous system) was held not only
transporting it, but also delivering the cell in the location of interest by rapidly
rotating the magnet (Figure 8DIII). * By applying a custom-modified
photolithography process, microrockets were sputtered with a gold layer, offering the
opportunity to more selectively perform pick-up and delivery events (Figure 8DIV).
Outer gold surface was functionalized by means of mixed self-assembly monolayers
(SAM) to be further modified with single-strand DNA probe, performing an on-the-
fly hybridization that permits the selective isolation of target nucleic acids from raw
biological samples, such as serum, crude Escherichia coli lisate, urine or saliva.*’
Moreover, it was demonstrated that the hybrization process was enhanced by the
locally induced convection associated to the bubbles generated during the micromotor
motion and it was not compromised by the peroxide fuel and the surfactant presence
in the solution. The selective binding and isolation of tumor cells in non-preprocessed
biological samples was also demonstrated for micromotors with their outer gold
modified with a binary SAM conjugated to anti-carcinoembryonic antigen (anti-
CEA) monoclonal antibody (mADb), a specific antibody for the proteins expressed on
cancer cells.*® Following the same principles, an aptamer-modified micromotor was
implemented for the selective isolation of target proteins, demonstrating the rapid
loading, transport and controlled release of thrombin in complex biological samples,

such as serum or plasma.*®

In addition rolled-up tubular micromotors have recently been reported to align the
directionalities of their movement according to the external field (Figure 8DV).>°
After being exposed to strong magnetic field the micromotor become magnetized,
behaving as a permanent magnet with well-defined polarities and bringing the
opportunity to sense and follow magnetic fields. Although cylindrical rolled-up
micromotors showed a straight direction, asymmetrically GaAs/(Cr)Pt rolled-up

microtubes have shown novel corkscrew-like trajectory that allow them to perform
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mechanized functions, such as drilling (Figure 8DVI).”' In addition, the asymmetric
sharp tip that this structures present let them embed themselves into biomaterials,

such as soft cellular material.

Designs that resemble structures already present in nature were also reported by
polymer deformation, creating polymer vesicles that mimic natural stomatocytes
(Figure 8DV). Such synthetic structures were obtained by supramolecular assembly of
amphiphilic block copolymers, selectively entrapping preformed platinum
nanoparticles within the nanocavities present inside the polymeric stomatocyte.” In
presence of hydrogen peroxide, the catalytic decomposition of the fuel takes places
inside the cavity promoting a rapid discharge that induces thrust and directional
movement through the controlled opening of the cavity. It should be noted that
although the direct observation of bubbles was possible in the case of the micron-size
polymeric structures, both bubble propulsion and self-diffusiophoresis are feasible, as
a gradient of oxygen concentration is also self-generated, consistent with the studies
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performed by Howse et a where such synergy on the mechanisms was

demonstrated for nonconductive 2um Janus particles.

0, bihbles
5

il dropl nls

Figure 9. Improvement strategies and applications of autonomously moving tubular nano/micromotors
by means of bubble propulsion mechanisms fabricated by template-based methods. (A) Schematic
representation of the different template methods used to synthesize nano/micromotors: template-
assisted layering approach for the direct deposition of the different layers onto a silver wire, which is
further diced and dissolved to obtain the tubular micromotors (I) (Reprinted with the permission from
Ref. 54. Copyright 2010 ACS); direct sequential deposition of PANI/Pt tubular micromotors onto
conically shaped membranes, which are further dissolved (II) (Reprinted with the permission from Ref.
55. Copyright 2011 ACS); silver is firstly deposited in alumina template membranes, which enables the
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further metal depositions of the metals onto the membrane walls and the desired tubular nanomotors
(11). Reprinted with the permission from Ref. 57. Copyright 2013 RSC. (B) Applications of the tubular
template-based micromotors: direct optical optical visualization of pick-up, transport and delivery of E.
Coli bacteria and polymeric drug-carrier spheres (I) (Reprinted with the permission from Ref. 58.
Copyright 2012 ACS); in-chip immunoassays for the in-situ capture and transport of target proteins (1)
(Reprinted with the permission from Ref. 59. Copyright 2013 RSC); absorption and capture of oil
thanks to the superhydrophobic-modified outer layer (111) (Reprinted with the permission from Ref. 60.
Copyright 2012 ACS); selective recognition of monosaccharides for the capture and release of yeast
cells (IV). Reprinted with the permission from Ref. 61. Copyright 2012 ACS.

Alternative template-based methods have been developed to fabricate conical tubular
miromotors, starting by simplified template-assisted layering approaches to the direct
deposition of the different layers confining the tubular engine (see Figure 9A). The
very first approach was based on the sequential deposition of platinum and gold onto
an etched silver wire, used as a template, to further dicing the wire and dissolving it
(Figure 9AI1).>* The degree of concavity was controlled by the etching conditions,
obtaining micromotors with an optimal smooth cone geometry that could be
magnetically guided in case of plating an intermediate nickel layer, which also allows
the pick-up and transport of magnetic cargo. However, much efficient tubular
micromotors have been synthesized by direct sequential electrodeposition of
polyaniline (PANI) and platinum, using as a template polycarbonate membranes with
conically shaped pores (Figure 9AII).>® The outer polymeric layer permitted the layer-
by-layer electrodeposition, being used as a conductive template to obtain the desired
tubular micromotors, such as the magnetic PANI/Ni/Pt that can be magnetically
guided. PANI/Pt tubular micromotors exhibit similar velocities to their rolled-up
counterparts, but their dimensions are appreciably smaller. A wide range of polymeric
micromotors by using different polymeric precursors to electrodeposit their outer
layer, including polypyrrole (PPy) or poly(3,4-ethylenedioxythiophene) (PEDOT),
and varying their inner catalytic metal surface, demonstrating the different
morphologies and locomotion patterns depending on the chosen combination have
been developed.® In any case, the use of surfactants during micromotors motion led
to a decrease on the surface tension, creating dense smaller bubbles that induce
smoother propulsion. Although the micromotors present slower speed, such

controllable movement for real applications was preferred.

Smaller bubble-recoil nano/micromotors fabricated by template-based methods have

|.,57

been reported by Pumera et al.,”” presenting similar dimensions to the nanomotors

moved by selfphoretic mechanisms (Figure 9AIII). Although being fabricated by
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using the same alumina membranes as the rod-shape nanomotors, they present a
tubular shape due to firstly deposited outer silver surface, which enables the further
metal depositions only onto the walls of the membranes. Such tubular nanomotors
present different trajectories like straight, screw-like and circular motion, and speed
up to 40 body lengths per second.

Interesting applications for self-propelled micromotors fabricated by template-based
methods due to their high speed at very low fuel concentration (down to 0.2% of
hydrogen peroxide) and their dimensions, similar to the analyte of interest were
reported (Figure 9B). One first example is the functionalization of Au/Ni/PANI/Pt
micromotors with Concanavalin A (ConA), which selectively captures pathogenic
bacteria from fuel-enhanced real samples.®® The direct label-free optical visualization
of the pick-up, transport and delivery events could be observed due to the similar
dimensions of both the micromotor and the bacteria. The simultaneous transport of
both the pathogenic bacteria and polymeric magnetic drug-carrier spheres envisions
attractive motion-based theranostics strategy. In addition, antibody-functionalized
synthetic catalytic micromotors have been implemented for in-chip immunoassays by
the active in-situ capture and transport of target proteins between different reservoirs
in fuel-enhanced environments, avoiding the washing steps in common antibody-
based protein bioassays.>® Self-propelled micromotors have also been used for
assessing environmental issues, such as the remediation of oil-contaminaed water by
using microengines conveniently functionalizated by long chain of self-assembled
monolayers on their outer gold rough surface to obtain a superhydrophobic layer able
to absorb and capture 0il.°° Alternative materials to the mentioned polymers have
been reported, bringing not only the desired conductive conical template, but also
directly providing the target recognition without the need of additional external
functionalization.  Poly(3-aminophenylboronic  acid) (PAPBA)/Ni/Pt tubular
micromotors selectively recognize monosaccharides, bringing the possibility of

capture and release yeast cells.®*

New techniques have been implemented to obtain precisely geometries for the
catalytic motors in the nanoscale. Focus lon Beam (FIB) etching has recently been
used to fabricate a sophisticated nanomotor that swims in certain orbits,
demonstrating the easy fabrication of catalytic entities and their convenient

manipulation.®® Although this technique is has not mass-production capability, it
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opens to door to the design of almost any shape, bringing new locomotion patterns

and future new functionalities.

1.3.3. Conclusions and future perspectives

Concerning catalytic nano/micromotors moving in presence of hydrogen peroxide,
remarkable advances related to their composition and shape had led to more efficient
entities, which had permitted a better understanding of their motion patterns and their
implementation in real systems. Although the use of hydrogen peroxide is hindered by
their toxicity, such devices are still the most efficient ones, with great interest for
miniaturized systems (e. g. lab-on-a-chip) and applications held in non-biological

environments.

However, the main focus of the research in this field has been searching of efficient
motors in terms of the used fuel /motion source, their composition and structure
beside the versatility in applications. While catalytic nano/micromotors propelled in
presence of hydrogen peroxide have been widely studied, future applications towards
motors moving in presence of external stimulus (e. g. light, electric source, magnetic
source, etc.) or alternative biocompatible fuels, such as water or moving in basic/acid
environments are envisioned. Hydrogen peroxide has been the very first example of
what it can be achieved and what parameters must be considered regarding
nano/micromotors motion. This kind of nanomotors opened the door to the
development of many new nano/micromotors designs with the capacity to freely
moving and performing complex tasks in biological samples without compromising
their stability, leading to real theranostic applications (sensing and therapy at the same

platform).
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CHAPTER 2 OBJECTIVES OF THE THESIS

The development of efficient miniaturized analytical platforms for the detection
of pollutants and other analytes of interest is of great concern nowadays both to
address environmental and/or health related issues. The main objective of the present
thesis is the implementation of nano/micromaterials in different miniaturized
platforms with the aim of obtaining more efficient, robust and selective (bio)sensing
and moving platforms/devices with interest for further integration in monitoring and

cleaning/remediation systems.

More in details, the objectives of the thesis can be summarized as following:

1. Design, fabrication and characterization of novel carbon nanotubes
(CNT) modified screen-printed electrodes (SPE)
1.1. Study of CNT purification and dispersion for its further
implementation in SPE.
1.2. Characterization of CNT structure and composition by SEM
microanalysis and TEM.
1.3. Study CNT integration onto working electrode surface and
characterization of its morphology through SEM and Confocal
Scanning Laser Microscopy (CSLM).

2. Study and applications of screen-printed and ITO electrodes.

2.1. Study different immobilization approaches and evaluate
electrochemical behavior (including sensibility, sensitivity and
stability between others) of the developed biosensing platform
towards phenol detection. .

2.2. Characterize the morphology and enzyme distribution through
the matrix of biosensing platform by SEM and CSLM studies.
2.3. Study the possible integration of the miniaturized SPE in

monitoring systems.

2.4. Integration of nano/micromaterials into an SPE, to evaluate its

analytical platform towards glucose detection by impedancimetric

methods.
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2.5. Layer-by-layer  modification of ITO to include
nano/micromaterials which could enhance its electrochemical

behavior, especially regarding applications for host-guest systems.

3. Integration of nano/micromaterials in lab-on-a-chip platform for protein
analysis.

3.1. Study of different nano/micromaterials, which could be of
interest as dynamic platforms, with advanced and improved
electrochemical response, for immunosensing applications..

3.2. Study key parameters in electrophoresis: injection time, injection
voltage or pumping voltage, related to the nano/micromaterials
loading.

3.3. Study and optimization of the electrochemical parameters for

protein detection.

4. Study and application of micromotors towards environmental and
health issues.

4.1. Design, fabrication and characterization of template-based
tubular micromotors.

4.2. Judicious functionalization of micromotors outer surface with the
idea to design novel environment remediation and health related
applications.

4.3. Motion studies related to the fuel concentration, matrix effect and

lifetime.
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CHAPTER 3 BATCH DETECTION PLATFORMS

3.1. Introduction

Miniaturized biosensing batch platforms based on screen-printed electrodes have a
great potential for a wide range of applications, basically due to their versatility and
easy-functionalization. In the following sections the fabrication process, along with
the different modifications and further enzyme immobilizations, of some of the
developed platforms will be described. An overview of some of their applications in
batch and flow through monitoring systems will also be given (more details can be

seen in the published articles).
3.1.1. Screen-printing technology

Screen-printed technology is based on the sequential deposition of layers of different
conductive or non-conductive inks on a variety of inert substrates. Nowadays, screen-
printing microfabrication technology is well established for the mass production of
thick film electrodes and it is widely applied to build biological or chemical sensors."
Screen-printed electrodes (SPE) represent one of the most important products of this

technology.

Generally, inert substrates used in screen-printed processes are ceramic or polymeric
substrates. In case of polymeric substrates, polyester substrate is the most common
used for its durability, thermal and hydroscopic stability, clarity and stiffness. Exact
composition of printing inks is uncertain, as they are commercial, but it is known that

these inks are comprised mainly by synthetic grade graphite, vinyl or epoxy-based
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Figure 1. (A) Photography of the screen-printed machine DEK 248. (B) Scheme of the screen-printed
process performed to produce home-made SPE. (C) Details, not in scale, of an SPE.
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Screen-printing process for the fabrication of SPEs is based on four main steps (see
Figure 1B): (1) deposition of graphite ink, (2) deposition of silver/silver chloride
(Ag/AgCI) ink, (3) deposition of an addition layer onto the working electrode area for
modification purposes, and (4) deposition of the insulating ink. Insulating substrate
used is a polyester sheet where the deposition of each layer is performed by forcing
the ink to pass through the open meshes of a net (composed by polyester mono-

filament of 110 threats) using a silicon spatula (squeege).

After the deposition of each layer a drying process that consists on introducing the
printed sheet into an oven during 15 minutes at 90°C is applied. During this process

the ink is adsorbed onto the sheet and the solvent almost evaporated.

The fabricated SPE is composed by three electrodes (see Figure 1C): working
electrode (WE), reference electrode (RE) and auxiliar electrode (AE) printed in a
single strip. In the WE is where the reaction occurs, the RE (composed by Ag/AgCl)
provides a constant potential reference and the AE (or counter electrode) is used to

ensure that current does not run through the reference electrode.

Screen-printing technology offers the opportunity for mass production of low cost
biosensors. Several printing steps such as biomolecule (i.e. enzyme) layers as well as
other species (i.e. mediators etc.) with interest for the normal operation of biosensors
can be applied that makes this technology a versatile one for a broad range of

applications.
3.1.2. Carbon-nanotubes modified screen-printed electrodes

Incorporating carbon nanotubes into sensing devices generally requires the dispersion
of CNTs in certain solvents so they can be processed into thin films or other
applications.? To control the properties of the CNTS it is necessary to remove foreign
nanoparticles that modify the physico-chemical properties of carbon nanotubes. CNTs
processing permit the elimination of non-nanotube material, dispersion of individual
nanotubes and chemical functionalization.® Purification of CNTs by sonication can
induce sidewall® or end® functionalization, which is of interest for facilitating their
manipulations.® In our particular case, CNTs are dispersed into a suitable solvent in

order to achieve their homogeneous distribution onto the working electrode surface.
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Chemical oxidation (by previously stirring CNTs into 2 M nitric acid at 25 °C for 24
h) and physical treatment (applying a sonication process at room temperature during 4
h) shorten the CNTs and lead to the partial oxidation of the CNTs to produce
functional oxygenated groups at the open ends and defects along the sidewall.’
Impurities and defects in CNTs were characterized by SEM microanalysis and
showed that traces of iron (Fe), nickel (Ni) and potassium (K) from 0.5%, 1.6% and
1.5% were decreased to 0.1%, 0.9% and 0.4% after treatment with nitric acid.® CNTs
were dispersed in tetrahydrofuran (THF) (1 mg of CNTs/1 ml THF) during four hours
by sonication. The studies reveal a good dispersion of the CNTs in THF. At the same
time, some impurities that are probably related to the remaining metals are observed
in the different TEM images taken. Defects along the tubes can also be seen in
addition to the impurities.

Screen-printed microfabrication is based on the sequential deposition of graphite ink,
Ag/AgCI ink and insulating ink on a polyester substrate. After each layer is deposited
a drying process is carried out, which consists on keeping the polyester substrate at 90
°C for 15 min. Previously to their dispersion, CNTs were purified by stirring them in
2 M nitric acid at 25 °C for 24 h. Multiwalled CNTs used have a purity of 95%.° The
working surface area of a bare SPE was modified by depositing a 7 ml drop of
MWCNTs suspension (1 mg MWCNTs/1 ml THF) onto the working electrode

surface, followed by a drying process at room temperature for 24 h.

Once the modified SPE was prepared, an accurate and extensive characterization of
the CNTs based matrix is especially important for understanding the improved
response mechanisms and consequently a correct interpretation of the analytical
platform responses. Although CNTs are usually characterized prior to application by
electron microscopy (SEM and TEM), Raman spectroscopy, thermal analysis and
absorption spectroscopy (UVVis-NIR), it is also important to evaluate their properties
once they have been applied/integrated into a matrix where biological molecules will
be further included. Careful testing with these techniques provides important
information on the morphology, distribution and possible linkages of CNTs that led to
significant improvements in CNTs based biosensors. The characterization process of
the working electrode surface was performed by SEM to check if a homogeneous
distribution of CNTs over the surface was achieved (Figure 2). SPE images of the
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working electrode, with and without CNTs, were obtained by previously mounting the
electrode onto adhesive carbon films and then coated with gold. Profile images were
taken from electrodes that were previously immersed in liquid nitrogen and
immediately cut with a knife. A more sponge-like structure of the MWCNTs modified
surface (Figure 2C2) in comparison to bare SPE surface (Figure 2B2) can be
observed. The cut view of the MWCNTs (Figure 2D) clearly shows the MWCNTS
layer deposited over the previous imprinted carbon layer. The evident roughness
would be with interest for biosensing application due to the increased sensing area.

B

Figure 2. Image of the SPE (A) where the working surface area evaluated by SEM is circled in green.
SEM images of the working surface area of a bare (B) and MWCNTSs (C) modified SPE at different
resolutions: 0.86 mm (B1 and C1) and 3 um (B2 and C2). In the case of SPE modified with MWCNTS,
a suspension of 7 ul of MWCNTSs dispersion (1 mg MWCNT/1 ml THF) was dropped onto the
working electrode area and left to be dried at room temperature during 24 h. SEM image of the profile
of SPE modified with MWCNTSs (D) is also shown.

A more accurate quantitative study of the sensor surface is done by calculating several
statistical data that correspond to the studied sensor surfaces by using Confocal Laser
Scanning Microscopy (CLSM) in reflection mode and three-dimensional analysis
(topographic image) to assess the different parameters of roughness were used.
Roughness parameters were calculated according to DIN-ENISO 4287 (1997).%
Average roughness (Pa; arithmetic average of the profile ordinates within the

measured section), root mean square (Pg; root mean square value of the profile
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ordinates within the measured section), maximum values for the valleys (Pn, depth of
the greatest profile valleys) and peaks (Pp; height of the highest profile peak) are
measured. Although CLSM has less resolution than SEM, it is not limited to the
surface characterization of the materials. Being a nondestructive method it can
provide quantitative information on the roughness and the relative surface-to-area
value of the different electrodes were evaluated (see Table 1). These values clearly
indicate that quantitatively SPE modified with CNTs have a higher average roughness
and a higher maximum values for the valleys and peaks compared to the carbon

surface of the unmodified SPE.

SPE Pa Pq Pn Pp
Bare 1.51+0.25 2.06 £ 0.57 14,57 + 1.58 13.49+3.14
CNTs modified 2.23+0.39 3.03+045 18.14 +1.62 1552 +1.74

Table 1. Quantitative information over the roughness of different formulations evaluated by CLSM.
Formulation evaluated were bare SPE and SPE modified with CNTSs. Statistical data and its standard
deviation are presented and consists of the average roughness (Pa), root mean square (Pg), maximum
values for the valleys (Pn) and peaks (Pp). Seven fields for each surface (bare and CNTs modified)
were studied using the reflection mode evaluated by DIN-EN-1SO 428726.

3.2. Enzyme-based screen-printed electrodes platforms for phenol detection

Phenolic compounds are on the priority pollutants list of the European Community
and the environmental Protection Agency of the United States because of their
toxicity and persistency in the environment. They are commonly used in resin
manufacture, and polymer and pharmaceutical products.! As they are compounds of
particular environmental significance, it is important to be able to quantify and

monitor them on-site.

Phenolic compounds are classically determined by gas chromatography and
spectrophotometric analyses,*? but these techniques are expensive, time-consuming
and difficult to be applied in situ. Electrochemical biosensors represent a promising
alternative to the mentioned technique due to the extremely high sensitivity
achievable, the simplicity of their use, very low cost and the fact that biosensors can
be easily combined with miniaturized devices. Amperometric biosensors based on

tyrosinase enzyme show high selectivity for phenol detection.
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13,14 15,16

Different matrixes such as carbon paste,

1718 graphite-teflon electrodes™ * glassy carbon electrodes

graphite epoxy composite,
21,22

sol—gel
composite, and screen-
printed electrodes (SPEs) ' ?* have been reported. Screen-printing is a well-
established microfabrication technology for the mass production of thick film
electrodes and it is widely applied to build biological or chemical sensors,”® which
can be used without complicated sample pretreatment and therefore are suitable for

on-site monitoring.?

Confocal laser scanning microscopy (CLSM) is emerging as an indispensable tool
that can provide valuable information related to the distribution of the incorporated
enzyme within the sensing matrix layer.?” CLSM can be useful for characterizing not
only the outer layer of the biosensing surface but also its interior, and provide at the
same time a relative quantification of the enzyme. These studies aim to obtain a better
understanding and control of the structure, shape and composition of the CNTs based
biosensing materials and could be of interest for further investigations including

30,31

biofuel cells,®®* drug delivery®**! or biomarkers analysis,** between others.

3.2.1. Enzyme immobilization approaches

Immobilization of the enzyme represents the crucial point in obtaining adequate
sensitivities and overall stability of the biosensor. Different approaches, based on
adsorption, covalent binding® or entrapment in polymers,** have been performed to
achieve better immobilization of the enzyme. Nanostructured materials can be used to
improve the incorporation of the enzyme into the sensing matrix and avoid its leaking.
Better responses in terms of the biosensor performance are related to the intrinsic
properties of the nanostructured materials used. Carbon nanotubes (CNTs) have
unique structure-dependent electronic and mechanical properties® that when coupled
with the specific recognition properties of enzymes provide important improvements

in biosensors.

Their advantages in electrochemical biosensing applications are mostly related to
their capacity to mediate electron transfer reactions between electroactive species®
and transducers thanks to their excellent electrical conductivity. Other exceptional

properties of CNTs such as their mechanical strength and large surface area, which
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make them a potential linking bridge to attach biomolecules to the biosensor

transducer, have been reported.>”

Coupling CLSM with the specificity of immunostaining techniques has been proved
to be a good technique for evaluating the distribution of biological species in certain
matrixes.*® In case of Tyrosinase being immobilized by physical adsoption into the
CNTs matrix, their distribution can be evaluated by CLSM by using optical sectioning
through a material up to a 100 pm depth. Maximum height section studied was ca.
18.14 pm (corresponding to the electrode modified with CNTs). Taking several
images of successive depth planes of the material allow three dimensional (3D)

imaging of the matrix.

The possible autofluorescence of the different electrode constituents (i.e. polyester
substrate and carbon ink) before and after applying the immunostaining protocol have
been studied. The control of the possible autofluorescence coming from the different
materials that constitute the biosensing area are also evaluated so as to avoid false
positives. The used electrode materials didn’t show any autofluorescence in the
spectra of interest (results not shown). Consequently, the fluorescence of the studied
sensors is only due to the presence of the tyrosinase in the different studied matrixes.

This protocol allows the problems usually present in immunochemistry to be avoided.

CLSM s suitable to study the enzyme distribution through the working electrode
surface. An in situ 3D representation of this distribution can be seen in Figure 3. A
better distribution of tyrosinase onto the electrode surface as well as in depth is
observed at the CNTs based SPE. Furthermore, it is possible to have been measured
across all individual CLSM images of the stack. This value gives an idea of the sum
of the total fluorescence in the frame scanned. As the fluorescence is proportional to
the enzyme present in the sample, this integrated value can be related to the total
enzyme adsorbed in this stack. Comparing the frame scanned for the bare and the
modified SPE a quantity of the immobilized tyrosinase enzyme 1.96 times higher in
the case of the MWCNTSs modified SPE is found.
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Figure 3. CLSM images of the sensor surfaces. (A) Distribution of tyrosinase in the SPE carbon matrix
(1) and its corresponding 3D confocal images (2). (B) Distribution of tyrosinase in the SPE CNTs
matrix (1), and its corresponding 3D confocal images (2). Scale bar 50 mm.

Additional information on the relation between the tyrosinase distribution and the
roughness can be found by overlapping the signal obtained by the reflection mode and
the fluorescence signal obtained in the same linear region of interest (ROI) (Figure 4).
The graphics of the fluorescence versus the depth along the ROI (Figure 3 graphics)
demonstrate that the enzyme distribution is directly affected by the roughness of the
sample. Both Figure 2 and Figure 3 demonstrate qualitatively demonstrate that

tyrosinase is well distributed within the surface and the depth of the CNTs based

matrix.
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Figure 4. Confocal micrographs of bare SPE (A) and CNTs modified SPE (B), with their
corresponding graph. Fluorescence of the Alexa Fluor! 488 dye (pink) is overlapped with the signal
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obtained by working in the reflection mode (blue). ROI (linear region of interest) used for each surface
is shown.

One of the biggest challenges in designing a new enzyme based biosensor is to find
the optimal balance between stability and activity of the enzyme. Immobilization
methods, such as cross-linking bonding,*° covalent attachment,** polymer inclusion*
and simple adsorption, have different effectiveness with regard to the stability of the
signal generated, due to the fact that a higher or lower percentage of enzyme
immobilized is lost during the measurement. On the other hand, better stability is
generally obtained, paying the price of the loss of signal intensity related to a lower
enzyme catalytic activity. A good combination of support material and
immobilization method is of fundamental importance to achieve the desired
performances from the sensing system. In our specific case, the first step was
tyrosinase immobilization through physical absorption, as it was previously reported,
followed by the casting of glutaraldehyde solution at 5% onto the working electrode
surface and left to dry at room temperature. Such treatment led to the creation of a
glutaraldehyde film, without compromising CNTs dispersion, as it can be clearly

appreciated at the SEM images taken after the mentioned treatment (Figure 5).

Figure 5. SEM images of the working surface area of (A) bare SPE, (B) SPE modified with MWCNTS,
(C) SPE modified with MWCNT/Tyr and (D) SPE modified with MWCNT/Tyr/Glu. Images are taken
at a resolution of 3 um and an acceleration voltage of 15 kV.

A third immobilization approach based on the mushroom tissue immobilization by via
bismuth (Bi) deposition onto multiwalled carbon nanotube (MWCNT) modified SPE
(SPE/MWCNT) offers a simple and stable biosensor design. Bismuth film electrode
(BIiFE) was developed as an alternative electrode material to mercury film electrode.*®
BiFE was easily formed by accumulation of Bi** ions on proper electrode surface by
applying suitable potential at significant period of time. The novelty of the
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immobilization procedure relays on the electrodeposition of tissue onto SPE surface
with the aid of Bi** precursor thalntt interacts with the tissue and got reduced onto the
transducer surface. This represents an in situ Bi and tissue deposition/entrapment
without using any other matrix like gelatin or binder glutaraldehyde.

Effects of Bi amount, deposition time and deposition potential have profound effect
on accumulation of Bi**onto electrode surface. For this reason, these parameters were
optimized for 50 mM phenol on plain SPE in the presence of proper amount of Bi**

with 10 mL tissue, at a working potential was -0.8 V (see more details at annexes).

The Bi**-tissue interaction was studied by using UV-spectroscopy and evaluating the
surface morphology by performing SEM studies. Spectroscopic methods revealed the
creation of a complex only when bismuth was present, while SEM images shown a

more complex structure of the Bi film in case of tissue presence (Figure 6).

Figure 6. SEM images of plain-SPE (1A), BiFE on SPE (2A), SPE/Bi/Tissue (3A) and SEM images of
MWCNT modified SPE (1B), BiFE on MWCNT/SPE (2B), SPE/MWCNT/Bi/Tissue (3B). Resolution
of 1 um, magnification of 30 k x and accelerating potential of 15 kV have been used.

3.2.2. Electrochemical measurements

Tyrosinase has hydroxylase activity, by which phenol can be hydroxylated to catechol

using molecular oxygen, and then oxidase activity that can catalyze the oxidation of
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catechol to o-quinone. At moderately negative potential the o-quinone product of
phenol oxidation may be reduced electrochemically to catechol. Oxidation by the
enzyme followed by reduction at the electrode may result in cycling between the
catechol and o-quinone and yields a catalytically amplified current'® (Figure 7A).
Therefore, what is occurring at the electrode surface is the reduction of o-quinone to

catechol (the working electrode acting as a cathode).
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Figure 7. Schematic diagram displaying the electrode reactions involved in the detection of phenol at
the SPE surface using the tyrosinase enzyme (A). Cyclic voltammograms recorded for unmodified and
modified SPE in 0.1 M PBS (pH 6.5) (B). Without (a), and with (b) 0.15 mM phenol addition with the
SPE/Tyr biosensor; without (c) and with (d) 0.15mM phenol addition with the SPE/MWCNT/Tyr.
Conditions used in the cyclic voltammograms: starting potential of 0.5 V; scan rate of 0.05 V/s and
switching potential of 0.5 V. Reproducibility of peak potential, 11%; reproducibility of peak current,
39%.

Regarding MWCNT/Tyrosinase matrix, where tyrosinase was immobilized by
physical adsorption, in order to understand the phenol detection mechanism using the
developed MWCNT/Tyrosinase matrix cyclic voltammetry studies have been
performed. The developed matrixes (SPE/Tyr and SPE/MWCNT/Tyr) are studied in
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the absence and presence of phenol substrate. While in the absence of phenol the
SPE/Tyr did not give any significant response (Figures 7B, curve a) in the presence of
phenol (Fig. 7B, curve b) a narrow shape CV characterized by a reduction peak
without reaching a plateau has been observed. SPE/MWCNT/Tyr displays a CV
(Figure 7B, curve c) with a broad shape and a peak at less negative potential (at -150
mV) in comparison to SPE/Tyr. In the presence of 0.15 mM of phenol an increase of
the anodic current for SPE/MWCNT/Tyr (Figures 7B, curve d) can be observed.
Additionally, working potential as well as enzyme loading have been studied,
determining as the optimum value -0.2 V for SPE/MWCNT/Tyr and a Tyrosinase

concentration of 1mg/50ul (see more details at annexes).

This matrix is especially interesting for low phenol concentration detection, due to the
high stability of the signal and the rapid response of the biosensor at the working
range. Moreover, phenol concentrations over 2.5 and 25 uM are of special interest in
the field of environmental analysis. The analytical parameters related to our electrode
formulation were a detection limit of 1.35 pM and a sensitivity of 47.4 pA-mM™
within a linear response range of 2.5 to 75 uM phenol (Figure 8). The limit of
quantification, calculated as 10 times the concentration corresponding to noise level
current, was found to be 4.51 mM; standard deviation of slope, 0.005 uM/pA;
standard deviation of intercept, 0.008 pA. A shelf lifetime study was also performed
and showed very promising results, with a shelf lifetime of 68 days while being stored

in the refrigerator.
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Figure 8. Calibration plot corresponding to successive additions of 5 ml of a 2.5 x 10° M phenol
solution into a 20 ml 0.1 M PBS (pH 6.5) during stirring conditions with a Tyr/MWCNT/SPE
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biosensor with tyrosinase concentration of 1 mg tyrosinase/50ml buffer. Inset: Calibration plot under
the same conditions at the 2.5 to 25 mM range is shown.

In the third immobilization approach, where mushroom tissue is immobilized via Bi
film onto SPE for phenol detection, considering electrocatalytic contribution of
MWCNT, optimum potential study was investigated by using SPE/MWCNT/BI/
Tissue. As a result, 800 mV shown the highest current value was obtained, like in the
case of SPE/Bi/Tissue. Alhtough such working potential is expected to strip off the
Bi-film from the electrode surface at this potential, UV spectroscopy studies
demonstrated that the creation of a complex between Bi-film and mushroom tissue
should have been formed. However, the presence of phenol during measurements
resulted with more complex interactions, which require the application of a cleaning
process between two measurements in order to decrease the background current. The
effect of pH on the electrode response, as well as the effect of tissue amount, were
studied, choosing an optimum pH 4.5 (Bi stays in its cationic form at acidic pH,
enhancing the probability of being linked to negatively charged enzymes) and 5ul of

tissue amount to obtain the highest response towards phenol detection.

Under optimum working conditions, SPE/Bi/Tissue system was compared with
SPE/MWCNT/BIi/Tissue biosensor in terms of analytical characteristics. Introducing
MWCNT into electrode structure provides wider linear range with better RSD value.
This is probably related to the diffusion process of the electroactive specie undergoing
oxidation onto the SPE electrode. On the other hand, plain SPE provides slightly
better limit of detection (LOD) and limit of quantification (LOQ) values compared to
MWCNT/SPE. Developed systems were also applied for phenol detection in
synthetically prepared wastewater sample as described in experimental part. As a
result, recoveries of 95.20% (SPE/Bi/Tissue) and 95.60% (SPE/MWCNT/Bi/Tissue)
were obtained with the electrodes.

3.2.1.3. Integration in a flow system

A stable and sensitive biosensor for phenol detection based on a screen-printed
electrode modified with tyrosinase, multiwall carbon nanotubes and glutaraldehyde
(following the second enzyme immobilization approach already described in section

3.2.1.) is applied in a flow injection analytical (FIA) system.
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An FIA setup (Figure 9) that uses a home-made flow-through cell of 20 pl was built
and housed the SPE/MWCNT/Tyr/Glu biosensor, ensuring a stable operational
analysis. In a typical measurement a 0.1 M buffer solution of pH 6.5 was introduced
for 5 min at a flow rate of 3 ml min—1 by using a peristaltic pump (Perimax16/3).
Volumes of phenol standard solutions from 0.5 to 25 pl were injected by using an
automatic injector (Hamilton 36781). The injected phenol is passed through the
electrochemical flow-through cell with the integrated SPE/MWCNT/Tyr/Glu
biosensor. The measurements were performed under a flow-through regime by

applying a working potential of =100 mV.

Figure 9. FIA setup based on home-made flow-through cell, peristaltic pump (Perimax16/3) and a
model Ch-Instrument potentiostat 660A electrochemical workstation from CH Instruments Inc.,
Austin, TX.

Several parameters such as the working potential, pH of the measuring solution,
biosensor response time, detection limit, linear range of response and sensitivity are
studied. Parameters such as working potential, pH of the measuring solution, flow rate
and injection time were analysed so as to find the optimum working conditions. The
effect of applied potential on the phenol response of the biosensor was studied by the
amperometric technique in the range of 0 to =500 mV. The highest signal-to-noise
ratio was recorded applying a working potential of —100 mV, and therefore this

potential was used for the further optimizations and studies.

The enzymatic activity is greatly influenced by the medium pH; therefore, the sensor
response was investigated using pH ranging from 4.6 to 8.8. Figure 10 shows the FIA
responses of the biosensor for different pH values. The biosensor response increased

from pH 4.6 up to 6.5. A gradually decreased response was observed at pH values
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above 6.5, which can be associated with a lower tyrosinase activity. The pH value of

6.5 was selected as optimal and used in all the following measurements.
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Figure 10. Amperometric responses of the SPE/MWCNT/Tyr/Glu biosensor at different pH values: (a)
4.67; (b) 5.99; (c) 6.50; (d) 7.16; (e) 7.53; (f) 8.18; (g) 8.52; (h) 8.82. Each peak corresponds to the
injection of 20 pl of 10 pM of phenol solution at phosphate buffer 0.01 M, pH 6.5 at 25 °C; an
operating potential of =100 mV versus Ag/AgCIl was used. Other experimental conditions were as
described in the text.

Parameters related to the FIA system were also optimized. The effect of injection time
from 2 to 30 s on the amperometric response of the biosensor towards phenol was
studied. A stable and reproducible response at 10 s injection time was obtained. For
shorter injection times (t <10 s) the analytical response was not reproducible. A
current decrease related to the short exposure time of the enzyme to the phenol
substrate was observed. For longer injection times (10 s < t < 60 s) a saturation of the
signal was observed. The heights of the peaks for retention times longer than 60 s
remained almost constant but broadened, and therefore not adequate in terms of the

time of analysis.

The study of the flow rate effect determined that the response time of the biosensor
decreases at flow rates lower than 2 ml min—1. At higher rates the response time and
the peak current increase. This is probably related to a more efficient diffusion
process occurring under these conditions. This behaviour can be associated with
chemical kinetics of the enzyme due to the fact that the response is better controlled
by the enzymatic reaction at smaller volumes.** A flow rate of 3 ml min~* was chosen

as the best to get a fast, stable and repeatable response.

Electrochemical quantification of phenol using the FIA system was studied. The

biosensor exhibited good response as a function of phenol concentration. The plot of
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the cathodic current versus phenol concentration (Figure 11) in the range of 0.05-1
uM phenol shows a correlation coefficient of 0.99. The biosensor exhibits a
sensitivity of 52.5 nA uM—1 and a detection limit of 0.14 pM phenol. The obtained
detection limit is almost 500 times lower than the allowed levels of phenols in water
as given by the EPA. The biosensor keeps its activity during continuous FIA
measurements at room temperature, showing a stable response (RSD 5%) within a
two weeks working period at room temperature. The stability of this biosensor during
this working period is related to the good entrapment of the enzyme within the
MWCNT/Glu matrix and also probably to the fact that MWCNT and Glu are able to

minimize surface fouling of the biosensor surface.
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Figure 11. (A) FIA peaks obtained by chronoamperometric detection of phenol with concentrations of
(a) 0.05, (b) 0.125, (c) 0.25, (d) 0.5, (e) 1 and (f) 1.25 uM. (B) Corresponding calibration curve of the
current response versus phenol concentration. The error bars indicate the standard error for triplicate
measurements. Conditions: temperature, 25 °C; operating potential, —100 mV versus Ag/AgCl
reference; 0.01 M PBS solution at pH 6.5 is used as buffer. SPE/MWCNT/Tyr/Glu biosensor is used as
detector.

The developed biosensor was also applied for phenol detection in seawater samples
(see more details at annexes) and seems to be a promising alternative for automatic

control of seawater contamination, being of interest for several other applications.
3.3. Nonenzymatic screen-printed electrode platforms for glucose detection

Although the most of the known amperometric glucose biosensors are based on

4546 in some

glucose oxidase (GOx) or glucose dehydrogenase (GDH) immobilization,
applications it is necessary to have sensors which are stable when they are exposed to
high temperatures or other aggressive environments.*’ Most of these nonenzymatic

electrochemical glucose sensors rely on measuring the current response during the

76



CHAPTER 3 BATCH DETECTION PLATFORMS

direct glucose oxidation on the electrode surface. The use of noble metals such as Pt
and Au to develop nonenzymatic sensors has been reported.*> However, in the
presence of glucose these electrodes quickly lose their activity due to accumulation of
chemisorbed intermediates, which block the electrocatalytic surface.*

On the other hand the chronoimpedance technique (CIT) for real-time determination
of glucose concentration in first and second generation glucose oxidase/carbon paste
electrodes has been implemented. This technique allows continuous and rapid time
response measurements and is only limited by the transient response of the biosensor.
This new method is supposed to be applicable to any other biosensor system.*3° It
has been reported that the nanostructured electrodes possess a very large surface to
area activation ratio, favoring kinetically controlled reactions like electrocatalytic
oxidation of glucose more than diffusion controlled reactions expecting a high
sensitivity toward glucose detection.* For this reason we propose the combination of
both materials and consequently the use of a bimetallic platinum/gold nanowire (Au—
Pt NW) as a free-enzyme electrocatalyst for glucose detection. This is achieved
through Au-Pt NW integration on the working electrode of a screen printed electrode
(SPE) followed by CIT measurements performed for the first time in an integrated
and miniaturized three electrode system. The use of an iridium oxide (IrOx) thin layer
electrodeposited onto the working electrode surface was necessary to reduce the
electrode—electrolyte interface impedance (EEIZ) for CIT measurements, as
previously described. > Au-Pt NWSs were immobilized onto the SPE working
electrode surface by using the iridium oxide (IrOx) thin layer and the cross-linking
agent glutaraldehyde.

Morphological and structural studies of bimetallic nanowires were performed by a
Transmission Electron Microscope (TEM). Highly regular and uniform average
diameter Au-Pt NWs of about 140 nm (Figure 12) can be observed. X-Ray
microanalysis of nanowires was performed by TEM, showing an Au and Pt alloy at
different proportions along the nanowire. Compositions in terms of Pt and Au
percentages at different sections of the Au—Pt NW are given in the inset table of Fig.
12(A). A homogeneous distribution of the nanowires on the electrode surface can be

observed by a Scanning Electron Microscopy (SEM) image (Figure 12B). Figure 12C
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shows the effect of glutaraldehyde as a binding matrix, showing a good entrapment of

the wires within the mentioned matrix.

Figure 12. TEM image of a single (Au/Pt)NW(A). SEM micrographs of modified SPE with a
(Au/Pt)NW (B). Effect of glutaraldehyde as a binding matrix for NW entrapment (C).

The electrocatalytic effect of Au—Pt NWSs toward glucose detection was evaluated,
were a current decrease was observed by increasing glucose concentration, indicating
that Au—Pt NWs are exhibiting electrocatalytic activity toward glucose presence.
glucose concentrations the catalytic effect of NWs in the range from 0 to 0.1 V.

In an electrode—electrolyte interface (EEI) the electric current flows due to the charge
transfer occurring during the electrochemical reactions that take place between the
electrode surface and the electrolyte. In our specific case, the electrochemical reaction
on the SPE/IrOx/Au—Pt NW sensor surface can be described considering the different
metallic surfaces present along the alloy (Figure 13). The mentioned mechanism
based on the glucose oxidation on the gold surface and hydrogen peroxide (H,0,)
reduction on the platinum surface is the reason why this sensor presents such a high
sensitivity and a low linear range for glucose detection. It is well known that Au
nanoclusters can behave as GOx mimicking units able to catalytically oxidize glucose

and produce gluconates and H,0,.°%°3

Glucose - (1) 0,
] MG'“H“'“ HOA#2H  2H,0
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—wd—i

Figure 13. Proposed mechanism for the glucose electrocatalytic detection using a Au-Pt NW. (i)
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Glucose is transported by convection to the gold surface, where it is oxidized to glucuronic acid by
reducing O2 to H202, (ii) H202 decomposes into H20 on the platinum surface.

This process, catalysed by AuNPs, is similar to the one performed using the natural
enzyme glucose oxidase, which also catalyzes the oxidation of glucose with the co-
substrate oxygen (O). The recent implementation of an Au NW modified sensor for
nonenzymatic glucose detection also has confirmed that nanostructured gold is able to
act by mimicking the GOx activity.>* On the other hand, Pt is a widely used electrode
material for H,O, detection and biosensor fabrication. Most of the platinum based
biosensors detect H,0, at relatively high potential (around 0.6 V). However, Pt NWs
and Pt nanoparticles (NPs) were recently reported for H,O, detection at 0 mV.>>>°
The use of a bimetallic gold—platinum nanowire as a free-enzyme electrocatalyst for
glucose detection is a very interesting application due to the non-competitive

mechanism taking place on the electroactive surface.

For a better elucidation of the glucose detection mechanism further impedance
measurements were carried out. Measurements were performed under different
experimental conditions (see more details at annexes), elucidating that SPE/IrOx/Au
NW and SPE/IrOx sensors don’t show any response toward either H,O, or glucose.
Results are consistent with the sensors composition, as in the first configuration
platinum is not present to reduce H,O, (product of glucose oxidation on the Au
surface) and in the second configuration H,O; is not catalyzed by iridium oxide at this

potential value.>"*

The SPE/IrOx/Au-Pt NW sensor is the only one that exhibits response to glucose
addition, showing an impedance change of around 150 Q (Fig. 3A). This sensor can
detect glucose because both metals (Pt and Au) are present and both reactions can be
coupled, the oxidation of glucose to gluconic acid (Au surface) and reduction of
hydrogen peroxide (Pt surface). Real-time determination of impedance changes (|Z)
in 50 mM NaOH solution during successive addition of glucose 20 mM was carried
out by using a composed signal of 100 mV DC plus a 50 mV ac of 0.4 Hz (Figure 14).
Impedance response shows a linear range up to 140 mm with 8557 Q mM™ of
sensitivity, and 0.99 of correlation coefficient (inset of Figure 14). In order to
compare the repeatability of 3 sensors, the normalized impedance (relative value to
zero concentration of glucose) is evaluated. The results of triplicate sets, indicated by
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error bars, show the repeatability and reproducibility corresponding to the
measurements with a relative standard deviation (RSD) less than 5% for a glucose

concentration range of 20-140 mM.

16500
16200
=
5 e 16800 -y =8,0916x + 15332
o g16200 ”f*ffj_,ﬂ
15600 N 15600 |
15000
o 100
153':]0 Glucose (uh)
300 800 1300 1800
Time (S)

Figure 14. (A) Real-time impedancimetric response of the SPE/IrOx/ Au-PtNWsensor. (B) Sensor
calibration given as impedance magnitude versus glucose concentration in the 0-140 mM range.

Selectivity is a very important parameter to be considered for nonenzymatic glucose
sensors. To evaluate the selectivity of the sensor, impedancimetric response toward
uric acid (UA) and ascorbic acid (AA) was measured. These interference species are
normally present in real physiological samples and are usually examined in the
presence of glucose. It must be considered that the concentration of glucose studied is
at least 30 times lower than the one in human blood,* and in addition for this
experiment the glucose concentration is 20 times higher than the concentration of
interference species. Citric acid (CA) is also evaluated due to its presence as a
preservative in soft drinks and other foods. Good selectivity of the SPE/IrOx/Au-—
PtNW sensor is shown toward glucose oxidation, because interference species (such

as UA, AA and CA) can be neglected (see more details at annexes).

The low detection range obtained by this glucose sensor, in addition to its high
repeatability and sensitivity, may allow applications to non-invasive detection of
glucose in other biological fluids (saliva, sweat and urine) where glucose, where it is
present at very low concentrations. Moreover, the results obtained show that the use
of the CIT as a novel transduction platform coupled with bimetallic nanowires can

bring advantages in the design of nonenzymatic sensors achieving improved
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analytical performance besides the robustness and stability of the biosensing system

with interest for applications in various fields.
3.4. Other approaches

Advanced functional materials have been constructed based on the combination of
appropriate building blocks such as inorganic compounds, ® ' biopolymers, ®

64,85 and carbon nanotubes.®®®’

semiconductor quantum dots,®® metallic nanoparticles,
For this purpose, layer-by-layer (LbL) and self-assembled®®®® structures provide an
excellent approach, since several hybrid supramolecular nanodevices can be built
combining suitable oppositely charged components.?®®® In the LbL method, the self-
assembly process is governed by individual immobilization of positively and
negatively charged polyelectrolytes, which allow for design and control of the
thickness and structural morphology aspects. In the context of nanoscience,
constitutional dynamic chemistry (CDC) concepts’® confer the means to interpret and
control functional supramolecular entities, since dynamic character such as functional
recognition and self-organization must be directly involved on the molecular level.™

Control of molecular and supramolecular properties is used to obtain a new advanced
hybrid material based on Prussian blue nanoparticles (PB NPs). This hybrid material
is obtained through a self-assembled Layer-by-Layer (LbL) approach combining the
advantageous features of pB-cyclodextrin (B-CD) polysaccharides, PB NPs and
poly(allylamine hydrochloride) from electrostatic interaction between the deposited
layers. The presence of cyclodextrin molecules confers a unique structural
characteristic to the material, while Prussian blue (PB) iron(ll) hexacyanoferrate(l1)

72,7
d?

is defined as a mixed valence coordination compoun exhibiting unique

electronic, electrochemical and structural features with a wide range of applications

including molecular magnets, * sensors, " 7

72,74

semiconductors, " electrochromic

devices, and biosensors.”®

In order to obtain supramolecular structures with interest for both host—guest model
and DNA probe applications,”® PB nanoparticles protected by p -CD, designed as PB-
CD NPs, have been reported that could improve the charge transfer inside the § -CD
cavity producing an attractive nanocomposite.? To the best of our knowledge this is

the first example of PB nanoparticles using B-CD polymer as a stabilizer, which opens
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the way to develop new supramolecular devices with interest for sensing and

biosensing applications.

A novel assembled nanoplatform is designed, which takes advantage of alternate layer
depositions from PB-CD NPs with polyallylamine (PAH). It is obtained on a tin oxide
substrate by using the LbL technique, which is able to control the nano/micro
supramolecular structure and in this way tune its conductivity. Multilayer
characterization and formation of compact microcube structures at the molecular level

have been evidenced by optical and electrochemical experiments.

The characterization of the hybrid material by transmission electronic microscopy
images suggested that PB NPs were protected by B-CD polysaccharides that prevent
the aggregation phenomena. In addition, as confirmed by scanning electronic
microscopy images, it was found that PB NPs are organized in microcubic
supramolecular like structures via a mesoscale self-assembly process (Figure 15).
Interestingly, the 3-bilayer {PAH/PB-CD} film exhibited a higher density of
microcubic structures and a high electrochemical response with PB sites available for

redox reactions at a supramolecular level.

1 bilayer
Figure 15. Self-assembly for 1, 2 and 3-bilayers based on interaction between Prussian blue
nanoparticles protected by B-cyclodextrin (blue) and PAH polymer (orange). Detail: Microcubic
structure.

The layer-by-layer assembly onto ITO electrodes from PAH and PB-CD NPs was
performed (up to 4 bilayers) and monitored by cyclic voltammetry (after each
deposition step) over a potential range of -0.3 to 1.1 V vs. Ag/AgCl in 0.2 mol L™ of
potassium chloride (KCI). As illustrated in Figure 16, typical j—E electrochemical
responses were obtained for {PAH/PB-CD}, systems showing two well-defined
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redox couples at 125 (E(2)1) and 800 mV (Eqp)2) attributed to the conversion of
Prussian white (PW) to Prussian blue (PB) and Prussian blue (PB) to Berlin green
(BG), respectively, which are similar to those of PB species immobilized in LbL films
reported previously.”®®# Moreover, the cathodic and anodic peak currents increased
with the number of bilayers. This last behavior indicates that PB nanoparticles are

electrically connected within multilayers (see more details at annexes).

150
1 Increasing number of bilayers

-1501

-04 -0.2 0.0 OI.2 04 06 08 10 1.2
E/Vvs Ag/AgCl

Figure 16. Cyclic voltammograms for self-assembly {PAH/PB-CD} multilayers onto ITO electrode
containing 1, 2, 3, and 4 bilayers. Scan rate: 50 mV s, Electrolyte: KCI, 0.2 mol L™, T = 25 °C.

The developed platform is expected to have interesting applications in the sensing and
biosensing fields, where highly conductive and tunable ‘on-demand’ platforms
combined with biorecognition reactions are desirable. Additionaly, by utilizing fewer
bilayers and consequently less material deposition, the formed {PAH/PB-CD}
multilayer films of a tuneable conductivity can be expected to have interesting future

applications for host—guest like dependent electrochemical biosensing designs.
3.5. Conclusions and future perspectives

Screen-printed electrodes modified with carbon-nanotubes have been characterized in
depth, evaluating their structural characteristics and other parameters that play a key
role on the further functionalization of the electrode surface and its analytical
performance while being used in analytes monitoring. The developed device has
shown several advantages in terms of cost, simplicity, analytical performances, being

used in phenol detection.
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Regarding phenol detection, several immobilization approaches for tyrosinase
immobilization, starting by the physical adsorption of the enzyme have been
successfully obtained and applied. The results obtained by CLSM studies particularly
were remarkable. These results were not limited to the 3D visualization of the matrix,
but also provided a statistical study to evaluate material roughness and its effect on
enzyme distribution through the entire working electrode surface. Enzyme
distribution and aggregation effects are considered to be of crucial importance for the
electrochemical process, which has been demonstrated in the case of phenol detection.

Second immobilization approach, where a novel MWCNT/SPE biosensor that uses
glutaraldehyde as the immobilization matrix of Tyrosinase (Tyr) is designed and
applied for phenol analysis in a Flow Injection Analysis (FIA) system, have shown
excellent results towards phenol detection (below EPA criteria), in addition to a long
term stability of the biosensor. The developed biosensor exhibited relatively fast
response time (15 s) and good performance in terms of sensitivity and detection limit
when the Tyr enzyme is entrapped within the MWCNT/glutaraldehyde matrix. The
proposed immobilization matrix is easy to be prepared and cheaper than other
materials like nanorods,® nanoparticles, fibres® and polymers.® The developed
SPE/MWCNT/Tyr/Glu biosensor seems to be an interesting alternative for phenol
detection in water including its integration into automatic control systems for

pollution control in water samples.

As a third enzyme immobilization approach, enzyme source mushroom tissue was
electrochemically immobilized onto SPE or SPE/MWCNT/ surface with the aid of Bi
film. This immobilization and complex formation of Bi**-ions with tissue were
demonstrated with UV spectroscopy and SEM measurements. Then developed
biosensor’s working conditions were optimized and obtained system was subjected to
phenol detection in synthetically prepared wastewater sample. Avoiding the usage of
matrices like gelatin might be helpful to overcome diffusion problems caused by these
membranes. On the other hand, stability of tissue was provided by means of Bi film
that was formed during the accumulation procedure suggesting the usage of more
specific enzyme like tyrosinase or laccase, which might provide more sensitive results

for this system.
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The designed nonenzymatic platforms, where Au—-Pt NWs were immobilized onto the
SPE working electrode surface by using the IrOx thin layer and the cross-linking
agent glutaraldehyde, have been successfully implemented as a glucose sensor. The
low detection range obtained by this glucose sensor, in addition to its high
repeatability and sensitivity, may allow applications to non-invasive detection of
glucose in other biological fluids (saliva, sweat and urine) where glucose is present at
very low concentrations. Moreover, the results obtained show that the use of the CIT
as a novel transduction platform coupled with bimetallic nanowires can bring
advantages in the design of nonenzymatic sensors achieving improved analytical
performance besides the robustness and stability of the biosensing system with

interest for applications in various fields.

Apart from the modified MWCNT screen printed electrodes, where different
biological entities were immobilized to achieve higher sensitivity and selectivity, and
the SPE nonenzymatic platform, an alternative analytical platform that combines the
advantageous features of B-CD polysaccharide, Prussian blue nanoparticles and the
layer-by-layer process, have been prepared and characterized. It is envisaged that
unique features arising from the nanostructured PAH/PB-CD LbL films and overall
tuning of the conductivity upon LbL control may be exploited in several sensing and
biosensing designs. The study of further applications of these materials in

immunosensing systems is still in progress at our laboratories.
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4.1. Introduction

The introduction of the concept of micro-total analysis systems, or mTAS, started the
development of multiple technologies for the realization of fluidic microsystems. This
is due to the advantages deriving by the use of microfluidic chips when compared
with the classical analytical systems: (i) the possibility of using small quantities of
sample and reagents (down to picoliters), (ii) fast reaction times when molecular
diffusion lengths are of the order of the microchannel dimension, and (iii) a large
surface-to-volume ratio, offering an intrinsic compatibility between the use of a
microfluidic system and surface-based assays.?**°

In heterogenous assays, reactions occur both in a solution and in a solid phase,
offering the advantage of easy separation of chemical complexes from reactants. Bead
based materials are ideal reagent delivery vehicles providing large reactive surface
areas for chemical binding. They can be easily recovered from a dispersion, reversibly

redispersed, and are omnipresent in biomedical applications.®’

Biomolecule immobilization on a solid phase (i.e. microparticles or nanoparticles)
evidently results in a small volume and localized assay.® With respect to open
microchannels, microfluidic structures with packed beds of functionalized beads or
containing bead suspensions, take profit from an even larger surface-to-volume ratio,
with an enhanced interaction of reactive surfaces with passing fluids. This reduces
diffusion times during the microfluidic procedures and also having a higher density of
binding sites, and improves the detection sensitivity. In addition, such an assay allows

for a rapid regeneration and exchange of the solid support when needed.’

Magnetic nanoparticles and microparticles offer an additional advantage: having
embedded magnetic entities, they can be easily manipulated using permanent magnets
or electromagnets, independently of normal microfluidic or biological processes.™®
This extra degree of freedom is the basis of a still improved exposure of the
functionalized bead surface to the surrounding liquid and of higher sample
preconcentration efficiencies, due to the increased relative motion of the bead with
respect to the fluid.™
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Paramagnetic beads have been extensively used as solid support for the preparation,

13,14

separation, and detection of biomolecules such as DNA' and protein mostly

because of their efficiency, simplicity, mild operation conditions, and low

COSt.15'16'17'18

Several applications of magnetic particles with microfluidic systems have been

19,20,21 22,23,24

demonstrated for DNA hybridization and recognition, cell

25,26

immunoassays

capture/detection,?®?® and environmental®”?® and food control.?®

These studies describe the manufacturing and assembling of analytical tools for
different applications where magnetic particles are precisely handled in either on-
channel or off-channel formats by means of permanent magnets or built-in
electromagnets. Optical detection (LIF, Chemiluminescence) represents the most
adopted technology for the signal transduction with excellent results in terms of limit
of detection and sensitivity. Extremely low detection limits have been achieved also
by means of electrochemical (EC) detection.?”?® Fluids and magnetic particle
pumping inside the microchannels is mostly accomplished by physical systems such
as syringe or peristaltic pumps. However, most successful microfluidic system
devices consist of microchannel networks in which the solutions are pumped using
applied electric fields.**'3* The mechanism underlying this pumping principle is
electro-osmosis, a bulk flow which originates at the surface of charged substrates such
as glass, and requires no pumps, valves, or other moving parts.*> An additional
advantage of using electric fields is that species may also be separated
electrophoretically as a function of their different charge-to-mass ratios.*® 323

High-voltage power supply (HVPS) systems used to apply the electric field are built
in much reduced dimensions, and therefore promoting miniaturization of the device
for portable applications. EC detection is also ideally suited to miniaturized analytical
systems and is an attractive alternative mode for microchip CE devices.®* %3¢ The

sensitivity and selectivity of EC detection are comparable to those of LIF detection.

There are several advantages of EC detection over other detection modes, including
the ability to miniaturize both the detector and the control instrumentation and the fact

that many compounds can be detected without derivatization.*’
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4.2. Bead-based protein analysis

The combination of electrophoretic and magnetic manipulations with electrochemical
detection for a versatile microfluidic and bead-based biosensing application permits
the use of magnetic particles as solid support for bioassays with an end-channel EC
detection. EC detection is used as extremely sensitive technique to quantify the
electroactive enzyme product generated within the channel. Widely used enzyme-
linked immunoassay (ELISA) for the quantification of protein is based on the optical
measurement of the product of the reaction between an enzyme detecting label and a

specific substrate.

An alternative detection format is proposed, performing the heterogeneous
immunoassay onto paramagnetic particles, and detecting the enzyme product by
means of amperometric technique. The proposed analytical tool showed promising
performances carefully compared with optical detecting systems and offered
additional interesting features, such as the possibility for multianalysis setup,
miniaturization, automation, and also a high grade of versatility since the detecting
scheme could be easily adopted for protein analysis as well as for DNA analysis, cell

counting, and environmental control.

The experimental setup consist on a glass microchip, where the detection system will
be placed a the waste reservoir (at the channel outlet side) and consisted of a platinum
wire counter, an Ag/AgCI reference, and a gold working electrode (Figure 1). These
wire (reference and counter) electrodes were inserted through holes drilled in
Plexiglas holder. The working electrode, housed in the plastic screw, was placed
opposite to the channel outlet. Additionally, platinum wires are inserted into the

individual reservoirs, serving as contacts to the high-voltage power supply.
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Figure 1. (A) Schematic representation of the glass microchip device components. (B) Photograph of
the device setup. (C) Schematic representation of the chip design with the endchannel EC cell.

The preparation of the biotinylated alkaline phosphatase coated magnetic beads (AP-
coated MBs) and the formation of the sandwich-type immunocomplex for rabbit 19gG
detection was held off-chip (see more details at annexes). The MB sandwich
immunocomplex prepared was analyzed spectrophotometrically in order to quantify
the rabbit IgG model antigen, where the specific reaction between AP and p-NPP
produced a yellow-colored solution whose intensity is proportional to the

concentration of rabbit IgG used during the immunoassay procedure.

Schematic representation of the EC detection principle is shown in Figure 2. Phenyl
phosphate is a specific substrate for the enzyme AP, which produces phenol by
hydrolysis reaction. While phenyl phosphate is electro inactive, phenol can be
oxidized electrochemically. The concentration of phenol produced by the enzyme is
directly proportional to the amount of enzyme itself, which is then directly related to
the amount of antigen in exam. The EC detector set at the channel outlet can monitor
the amount of phenol produced by the enzyme linked to the magnetic particles by the
sandwich immunoassay. Antigen protein under investigation related to the amount of

signaling enzyme can therefore be quantified.
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Figure 2. Schematic illustration of the EC detection principle. Hydrolysis of phenyl phosphate by AP
generates phenol which is then electrochemically detected.

The microchannels of the glass chip were treated before use by rinsing with 0.1M
NaOH for 10 min and deionized water for another 10 min. The introduction of MBs
inside the longitudinal channel is performed by injecting a small volume of suspended
MBs by micropipette with the optimized number, through the buffer reservoir (Il in
Figure 1C) and then by means of a permanent magnet, the particles are quantitatively
dragged inside the channel until the desired position is reached. In order to achieve
reproducible and quantitative loading, it is crucial to have the chip channel perfectly
clean and free from any small residual particles or solid impurities which could cause
clogging. Once the particles have reached the desired position, they are kept in
location with the magnet. At this point, the application of a low-pumping voltage
(1000 V) to the buffer reservoir and then alternatively to the sample reservoirs (all
filled with running buffer), while leaving the detection reservoir grounded, helps in
pushing any particles eventually lost during the dragging operation. In this way, the
buffer and sample reservoirs/channels are cleaned and also all the particles introduced
are settled in the reaction zone, controlled by the magnet. The two sample reservoirs
(I and I11) are then filled with phenyl phosphate and phenol, respectively, while
keeping PBS running buffer in reservoir Il. At this point, in order to stabilize the EC
detecting signal, the running buffer is pumped along the separation channel with a
voltage of 1500 V, while simultaneously recording the EC signal at fixed potential.

When the current reaches a steady state, the device is ready for measurements.

In order to achieve the best conditions for the EC detection of phenol by the
hydrolysis of phenyl phosphate by AP enzyme linked to the MBs, several parameters

have been optimized. Hydrodynamic study has been carried out in order to select the
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best detecting potential. The graph (Figures 3A) shows the signal recorded versus
potential applied, fixing injection time (10 s), injection voltage (1500 V), and
pumping voltage (1500 V). As shown in the figure, by increasing the detection
potential from 0.6 to 1.2 V (versus Ag/AgCl), the EC phenol oxidation signal was
increased. A detecting potential of 1.1 V was chosen as optimal, also taking into

account the background signal, which was significantly high at a potential of 1.2 V.
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Figure 3. (A) Hydrodynamic study for the detection potential optimization. (B) Optimization of
injection time. (C) Optimization of pumping voltage with retention times measured at different
pumping voltages with photographs of the channel section with retained MBs. General conditions:
Phenol concentration, 200 mM; electro-osmotic flow voltage, 1.5 kV; injection voltage, 1.5 kV;
injection time, 10 s; detection potential, 1.1 V; detection potential, 1.1 V; running buffer, 10mM
phosphate at pH 8.

Fixing the detection potential at 1.1 V and pumping voltage at 1500 V, injection time
was investigated. Figure 3B shows the signal recorded for phenol detection, varying
the injection time from 3 to 10 s. Increasing the injection time increases the amount of
phenol introduced in the channel and therefore as expected higher signals were
recorded with the highest obtained using 10 s injection. For injection times longer
than 10 s, the broadening effect of the peaks (results not shown) started to be

significant and therefore no optimal for the application.
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Pumping voltage for this type of device is a very important parameter because not
only regulates the flow at which substrate passes through the retained magnetic
particles (MB bed) and the flow at which the product reaches the detector, but also
has a profound effect on the stability of the MB bed. Separation voltages that are too
low could generate broad peaks and with long retention times, whereas separation
voltages that are too high could generate a flow, able to remove and wash away all the
particles trapped by the magnet. Figure 3C shows the results of two separate
experiments. First of all, the effect of the applied pumping voltage on the time
necessary to phenol to reach the detector at the channel outlet was evaluated. For this
experiment, as expected, increasing the pumping voltage reduced phenol retention
time with a big difference between 500 and 1500 V, whereas from 1500 to 3000 V the
retention time reduction is less significant. A separate experiment was also carried out
in order to evaluate the effect of the pumping voltage on the stability of the MB bed.
To visualize this effect, photographs of an MB bed have been taken after the
application of pumping voltages between 1000 and 2500 V (see photographs in Fig.
3C). It is clear that by applying voltages lower than 1000 V, all the particles remain
trapped by the magnet and fill the channel entirely. Applying a pumping voltage of
1500 V, the particles still remain trapped but forced by the flow tend to fill only the
portion of the channel volume closest to the magnet generating a longer but equally
stable MB bed. Finally, separation voltages higher than 1500 V start to generate flows
too high for the magnetic field and an increased number of particles is washed away.
It can be seen that only few particles remain trapped by the magnet at applied
pumping voltage of 2000 V, whereas no particle is present at 2500 V. A good
combination between reasonable analysis times with high particle retention resulted to

be with the applied pumping voltage of 1500 V, which was selected as the optimal.

In order to evaluate the applicability of the method, preliminary tests have been
carried out using AP-modified MBs. One of the advantages of using magnetic
particles as in-chip solid support for immunoreactions is that by the manipulation of
magnetic field together with the application of the electro-osmotic flow, the
bioreaction surface can be easily renewed. Multianalysis procedures could be
performed on the same device by following these steps: (i) particle loading, (ii)
immunoreactions on trapped particles, (3) detection of the enzyme product, and (iv)
washing/releasing of particles (see more details at annexes).
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Additionally, the size and number of loading particles was also optimized. Figure 4
shows the signal recorded when different numbers of particles of 1 and 2.8 um
diameter size were loaded. It has to be pointed out that according to the manufacturer’
specifications, the binding capacity of streptavidin magnetic particles for biotinylated
protein is slightly higher for the particle of 1 mm diameter despite the lower
geometrical surface. Approximatively, 6x10° and 8x10° biotinylated AP can be bond
to one streptavidin-MB of 2.8 and 1.0 um, respectively (www.invitrogen.com). This
must be due to a different distribution or density of streptavidin molecules linked to
the particles. Keeping this in mind, it is clear from the graph shown in Figure 4 that
for a small number of particles loaded (10°-10%), the signal generated resulted similar
for both types of particles increasing proportionally with the number of particles.
From 10* to 10" particles of 2.8 um size, the signal recorded increased less
consistently reaching saturation using 10> particles. For the same range, using
particles of 1.0 um diameter, the signal increased significantly reaching saturation
only for 10° particles. This is because the section/volume of channel that can be
occupied by MBs being retained steadily by a 3mm size permanent magnet is filled
approximatively by 10° and 10° particles of 2.8 and 1.0 um, respectively. In other
words, the particles in excess from the values where saturation is reached start to be
located at a distance from the magnet too long to be hold at the optimized pumping
voltage (1500 V). Offering larger active surface and therefore more active enzyme at
the given channel volume, the particles of 1.0 um size generated higher signals and
were therefore selected to carry out the rabbit IgG immunoassay. Pictures of the two
types of particles inside the channel at different magnifications are also shown in
Figure 4. A number of particles of 10° were selected as the optimal in order to be sure
that all the particles introduced are trapped effectively by the magnet increasing, in

this way, reproducibility of the loading operation.
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Figure 4. MB dimension study. EC phenol signals generated by MB—AP of 1 and 2.8 pm diameter,
loaded, and retained inside the channel by the magnet. Photographs of the beads inside the channel are
also shown at different magnifications. General conditions: phenyl phosphate concentration, 500 mM;
electro-osmotic flow voltage, 1.5 kV; injection voltage, 1.5 kV; injection time, 10 s; detection
potential, 1.1 V; and running buffer, 10mM phosphate at pH 8.

Analytical utility of the microchip device loaded with paramagnetic bead was
demonstrated on the detection of rabbit 1IgG model antigen. Two sets of MB-—
immunocomplexes have been prepared in parallel using standard rabbit 1gG solutions
at the concentration between 0.0032 and 2 pug/mL. One set of MB—immunocomplexes
was used to perform the spectrophotometric analysis (Figure 5A) and the other set
was used for the on-chip EC analysis. Regarding on-chip EC analysis, Phenyl
phosphate (0.5 mM), introduced in reservoir | (Figure 1C) was used as a substrate to
generate phenol. Figure 5B shows the EC signals recorded with MB-
immunocomplexes prepared with different rabbit IgG concentrations. It appears clear
that the EC detection performed using the microchip device resulted comparable to
the spectrophotometric detection despite the fact that with the microchip device an
extremely lower number of particles were used and also with a shorter response time.
Inset in Figure 5B shows typical electropherograms recorded using different
concentrations of rabbit 1gG.
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Figure 5. Off-chip spectrophotometric (A) and on-chip EC (B) detection of rabbit 1gG. Inset (B)
electropherograms recorded using different rabbit 1gG standard solutions in the sandwich type
immunoassay on MBs. General conditions for the EC detection: MBs loaded, 105; phenyl phosphate
concentration, 500 pM; electro-osmotic flow voltage, 1.5 kV; injection voltage, 1.5 kV; injection time,
10 s; detection potential, 1.1 V; and running buffer, 10mM phosphate at pH 8.

As a measure of the reproducibility in the preparation of the enzymatic reactor, the
EC signals generated by five different MB—immunocomplexes prepared with the
fixed antigen concentration of 0.08 mg/mL have been considered. The optimized
amount of particles (10°) from each of the five MB—immunocomplexes have been
loaded inside the channel and the EC signals generated by passing phenyl phosphate
resulted to be with a RSD lower than 10%. It should be noted that this value not only
takes into account the reproducibility of the MB—immunocomplex preparation, but

also includes the reproducibility of the MB loading operation inside the channel.
4.3. Conclusions and future perspectives

The combination of paramagnetic particles with microchip electrophoresis, external
magnetic field manipulations, and coupled to EC detection resulted extremely
promising with regard to the application to protein analysis. The use of an external
permanent magnet, easy to be manipulated, allowed a reproducible loading and

efficient control of magnetic particles used as solid support for immunoassay.

The experiments performed demonstrated the applicability of the device for
multianalysis setup since electrophoretic and magnetic manipulations allow the
renewing of the immuno-specific support. Very sensitive amperometric detection

allowed quantification of the antigen rabbit 1gG comparably with the
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spectrophotometric method but with a number of particles and therefore immuno
reactants consumed, extremely lower. In addition to the lower reagent consumption,
inherent miniaturization and versatility represent the main advantages of the
developed device, which in the future could be used as a universal bioanalytical tool.
The total analysis procedure, entirely performed with the microchip device, including
all the incubations and washing steps is presently under investigation, and this would
certainly give an impressive versatility to this bioanalytical device. It could be
successfully adopted not only for protein quantification, but also for DNA analysis

and environmental applications.
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CHAPTER 5 MICROMOTORS

5.1. Introduction

Self-propelled catalytic nanomotors, capable of converting energy into movement and

123456 have shown considerable promise for diverse practical applications.

forces,
Particularly attractive are tubular microengines owing to their efficient bubble-
induced propulsion in complex biological media and high ionic-strength
environments.* 7+ ® Such chemically powered nanomotors have been commonly
prepared by top-down photolithography, e-beam evaporation, and stress-assisted
rolling of functional nanomembranes into conical microtubes.” Alternatively, a
simplified membrane-template electrodeposition protocol can be used for mass
production of high-performance catalytic microtubular engines. °'*° The resulting

microengines are smaller in size (~8 um long), require low fuel concentrations (down

to 0.2% hydrogen peroxide (H,0O,)), and move at an ultrafast speed (over 1400 body
lengths/s).

These template-fabricated microtubes commonly consist of a polymer/Pt bilayer and
require additional Ni and Au layers for their magnetic guidance and facile
functionalization (e.g., with receptors), respectively. A judicious modification of the

! aptamers, *?

outer Au surface by molecular bioreceptors, e.g., DNA probes, *
antibodies, * or lectins,** has thus been shown useful for diverse target-isolation
sensing applications. Considerable efforts have also been devoted toward the use of

catalytic nanomotors for targeted drug delivery.™

Concerning environmental remediation issues, oil is a major source of ocean pollution
and groundwater contamination. The presence of oils in wastewaters as a product of
various manufacturing processes is common in different industries. Furthermore,
episodes of major water pollution, caused by oil spillage, result in the release of
millions of tons each year. For example, the 1989 Exxon Valdez and 2010 Deepwater
Horizon incidents spilled millons of gallons of crude oil.***" The removal of oils and
organic solvents from contaminated water is thus of considerable importance for
minimizing the environmental impact of these pollutants. Substantial efforts have thus
been devoted to develop effective tools toward the remediation and clean up of oil
spills. Although oils in wastewater plants are mostly removed by a mechanical

separation, other methods have been proposed to address related pollution
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episodes. ¥ However, most of these methods lack the desired selectivity and
efficiency and are not cost-effective or environmentally friendly. Accordingly, the

development of new highly effective oil-water separation methods is highly desired.
5.2. Superhydrophobic alkanethiol-coated micromotors

Different synthetic and natural materials have been proposed as possible sorbents for
oil removal. Surfaces with superhydrophobic properties have recently attracted
particular interest for oil-water separation owing to their high efficiency and

SEleCtiVity,18'19'20'21'22

although their high cost, complex preparation processes, and
scalability issues have hindered their practical applications.’® These hydrophobic
surfaces tend to repel water while strongly interact with nonpolar or oily liquids,
which firmly adhere to textured interfaces.?* Both the micronano-hierarchical texture
and the chemical composition are essential for promoting the superhydrophobic
character necessary for effective oil removal. The surface polarity and roughness are
thus expected to influence the extent of the oil-surface interaction.?*?* Self-assembled
monolayers (SAMs), formed by the spontaneous and strong chemisorption of
alkanethiols at gold or silver surfaces, have been particularly useful for transforming
these surfaces into superhydrophobic interfaces.?* Guo et al.® reported that ZnO
hydrophilic surfaces become superhydrophobic after exposure to an octadecanethiol

solution.

Tailoring the length of the alkanethiol chain has allowed the control of the surface
polarity and hence tuning the partition of hydrophobic drugs.? The choice of the
ending functional group is also vital for tailoring the polarity of the SAMs. For
example, water contact angle studies reveal that methyl-terminated SAMs lead to
hydrophobic surfaces, while hydroxyl-terminated ones provide wettable surfaces.?’
However, there are no reports of integrating these oil-sorption properties into self-
propelled microengines and using such superhydrophobic nanomotors to facilitate the
capture, transport, and separation of oil droplets. Autonomously moving synthetic
nanomotors have recently been employed for the pick-up and transport of diverse
payloads, ranging from cancer cells to drug-loaded polymeric spheres,**** but not in

connection to the isolation of oily contaminants.
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The method herein presented is based on the creation of a SAM-modified
microtubular engine able to strongly interact with oily liquids via adhesion and
permeation onto its long alkanethiol coating. The new catalytic microsubmarine is
template-prepared by electroplating poly(3,4-ethylenedioxythiophene) (PEDOT)/Pt
bilayer followed by e-beam deposition of Ni/Au and subsequent functionalization
with the SAM. In particular, it is illustrated the deliberate modification of the rough
outer surface of microengines with highly hydrophobic long-chain self-assembled
alkanethiol monolayers, which offers considerable promise for the capture, transport,
and removal of oil droplets from water samples. The influence of the alkanethiol
chain length upon the oil-nanomotor interaction and the collection efficiency has been
examined using SAMs of different chain lengths, i.e., hexanethiol (C6), dodecanethiol
(C12), and octadecanethiol (C18), in addition to its loading capacity in terms of oil

droplets cargo.
5.2.1. Chain length effect of the n-alkanethiol coating

The fabrication of the oil-sorption hydrophobic microsubmarines, depicted in Figure
1, involves a template-based electrodeposition of a PEDOT/Pt bilayer microtube and
e-beam vapor deposition of the Ni and Au outer layers, essential for the magnetic
navigation control and surface functionalization, respectively. As illustrated in Figure
1A(d), such functionalization involves the formation of a superhydrophobic layer by
self-assembly of long alkanethiol chains on the rough outer gold surface. A SEM
image of the unmodified microengine (Figure 1B) indicates a rough surface,
characteristic of nitrate-doped PEDOT films.*

The template fabrication process results in 8 pum long microtubes that are substantially
smaller than common rolled-up tubular microengines. 2 The relatively similar

dimensions of microsubmarine and oil droplets (which range from ~1 to ~100 um,

depending on the emulsion composition) permit convenient real time optical
visualization of the oil-microengine interaction. Similar to recently developed
PANI/Pt microengines,” the new template-prepared PEDOT/Pt microtubes were
propelled efficiently in different media via the expulsion of oxygen bubbles generated
from the catalytic oxidation of hydrogen peroxide fuel at their inner Pt layer.!

Several factors, such as additional Ni and Au layers, influence the microengine speed.
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Figure 1. Fabrication and modification of the SAM-AuU/Ni/PEDOT/Pt micromotors for environmental
remediation. (A) A Cyclopore polycarbonate membrane is used as a template (a), PEDOT and Pt layers
are electroplated into the template (b), Au and Ni layers are sputtered by e-beam (c), and a
superhydrophobic layer is formed on the microsubmarine surface by incubation in a 0.5 mM n-
dodecanethiol ethanolic solution (d). (B) SEM image of the resulting PEDOT/Pt microsubmarine (a)
with a zoom-in of the zone highlighted with a yellow arrow (b).

As to create the superhydrophobic outer surface, Au/Ni/PEDOT/Pt microsubmarines
were immersed in a 0.5 mM dodecanethiol ethanolic solution for 30min to form the
hydrophobic monolayers on the outer gold surface, as illustrated in Figure 1D (see
annexes for additional details). Such surface modification of the Au/Ni/PEDOT/Pt
microsubmarine resulted in an additional 50% speed reduction, reflecting the partial
blocking of the inner Pt catalytic layer.?® However, the reduced speed is sufficient for
transporting large cargoes in a manner analogous to our previously reported
Au/Ni/PANI/Pt microengines.”* Table 1 summarizes the changes in the

microsubmarines' speed due to each different step involved in the fabrication process.

Table 1. Average speed of the micromotors upon each step involved in the fabrication process and
pickup of oil droplets.

Micromotor step Speed, pm/s
PEDOT/Pt 420
Au/Ni/PEDOT/Pt 200
Au/Ni/PEDOT/Pt 105

Figure 2A show the Au/NI/PEDOT/Pt micromotor approaching, contacting, and

spinning around a stained olive oil drop firmly attached to a glass slide (see additional
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details and related videos in annexes). The strong interaction between the SAM-
modified microsubmarine and an oil droplet results in a continuous spinning of the
modified engine around the droplet with an accelerated speed ranging up to 200 pum/s.
It should be pointed out that such continuous high-speed spinning is observed even
after a prolonged 20min period. These data also confirm that the hydrogen peroxide
fuel and the sodium cholate (NaCh) surfactant, essential for the micromotor
movement, do not compromise its interaction with the oil droplet or the integrity of
the SAM. In contrast, no such interaction is observed using an unmodified
micromotor (Figure 2B). This bare Au/Ni/PEDOT/Pt micromotor moves rapidly,

while approaching, contacting, and bypassing the droplet.

Figure 2. SAM-modified (A) and unmodified (B) microsubmarines in the presence of a stained olive
oil droplet (attached to a glass slide). Images show (in a single overlaid image) the following sequential
steps: approaching, contacting, and spinning around (A, a_c) the droplet and approaching, contacting,
and leaving (B, a_c) the oil droplet, respectively. Fuel conditions (final concentration): 0.4% NaCh and
10% H202. Arrows indicate the micromotor trajectory.

Particularly attractive is the ability to tailor the polarity of the microsubmarine surface
via a judicious choice of the chain length of the n-alkanethiol coating and hence their
capture and transport properties. Chain length, head groups, preparation time, and
other conditions (e.g., temperature) give rise to different SAM packing densities,
configurations, and polarity.*® The influence of the alkanethiol chain length on the oil-
nanomotor interaction was thus examined by modifying the microengine with SAMs
of different alkanethiol lengths (C6,C12, and C18). A considerable difference in the
microsubmarine-oil droplet interaction was observed using C6 and C12 SAM-coated
microsubmarines. Notice, for example, the strong microsubmarine-oil interaction of
the C12-modified microengine spinning around a large olive oil droplet (Figure 2B)
compared to the weaker interaction experienced by the C6-modified motor, where no
spinning around the droplet is observed (see Supporting Figure 1A, in annexes).
Similarly, a higher number of captured oil droplets are observed by using the C12
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SAM modification, compared to the lower number of droplets attached to the C6-
modified motor or to the absence of captured droplets by using the unmodified
microsubmarine. These results are consistent with the different surface wettability
properties observed in contact angle studies of n-alkanethiols of different lengths.®*!
On the basis of the higher hydrophobic character of long-chain thiols, C18 SAM-
coated microsubmarines are expected to offer higher oil-adsorption capabilities.
However, such C18 SAM-modified microsubmarines hardly move owing to greater
blocking of the inner Pt catalytic layer expected in the presence of longer
alkanethiols.?® Selective modification using alkane isonitriles* may be used to

minimize the Pt blocking by the alkanethiol SAM, thus retaining microengine speed.

The influence of the SAM headgroup and hence surface polarity on the
microsubmarines-oil interaction was examined by comparing the behavior of
microengines coated with C6 SAM containing methyl and hydroxyl terminal groups
using different time scales. Figure 3A(a-c), which illustrates small droplets attached to
the hexanethiol-modified microsubmarine upon navigating in the sample. In contrast,
and as expected from wettability measurements using hydroxyl-terminated SAM,?’
the mercaptohexanol-modified microsubmarines do not interact with the large or
small olive oil droplets upon rapidly contacting them (Figure 3B, a-c). It is
remarkable that even prolonged navigation of the mercaptohexanol-modified
microsubmarines does not lead to any capture of the oil droplets. Clearly, and as
expected,”’ the polarity of the head functional group strongly influences the
interaction between the modified microsubmarines and the oil droplets and represents
another key consideration (besides the chain length) when modifying the outer

microengine surface.
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Figure 3. C6-SAM-modified microsubmotors with different head functional groups interacting with
small olive oil droplets. Hexanethiol-modified micromotors are able to confine a payload of multiple
oil droplets (A) (a, b, and c, time-lapse images at different navigation times: 11, 50, and 73 s (for A)
and 6.57, 6.66, and 6.71 s (for B)). The corresponding mercaptohexanol-modified counterparts (B) are
not able to pick up such droplets (a, b, and ¢ images correspond to approaching, contacting, and leaving
the droplets). A(a) and B(a) insets: cartoons of the respective SAM-modified microsubmarines. Arrows
indicate the direction of the microsubmarine movement.

5.2.2. Loading capacity

Efficient capture and transport of oil droplets has been observed when the modified
micromotor navigates in contaminated water samples containing small “free-floating”
oil droplets. Figure 4 illustrates the capture and transport of multiple small olive oil
droplets by the dodecanethiol SAM-modified microsubmarine. The longer the
navigation time, the more oil droplets are collected and confined onto the surface of
the self-propelled micromotor. While around 5 droplets (1.7 + 0.4 pm size) are
captured and transported in Figure 4A after a 12 s navigation, around 40 droplets are
attached to the motor surface following 80 s (Figure 4A(d)). These observations
demonstrate that these SAM-modified microengines provide high towing force for
transporting efficiently approximately 10-fold their volume and indicate considerable
potential for oil removal applications. As expected from the increased drag force
(Stokes's law),* the speed of the micromachine decreases upon increasing the cargo
size (i.e., number of captured droplets). This is illustrated in Figure 4B, which
displays the dependence of the micromotor’s speed on the number of transported oil

droplets. The speed rapidly decreases from 26 to 12 pm/s upon increasing the number
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of droplets from 7 to 30 and then more slowly to 11 pm/s for 43 droplets. As common

for nanomotor-based cargo pickup, the optimal motor speed will provide a trade-off

between sufficient contact time and large contact rate.
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Figure 4. Dodecanethiol (C12-SAM)-modified micromotor carrying floating olive oil droplets. (A)
Images a_d were taken after navigating in the water-oil (10% fuel) solution for 5, 12, 66, and 80 s,
respectively (conditions, as in Figure 2). (B) Dependence of the micromotor speed upon the number of
cargos (olive oil droplets). Inset: Cartoon of the dodecanethiol-modified micromotor.

Toward a practical utility of this new microsubmarine approach, we examined the
ability of the dodecanethiol-modified microsubmarine to collect and transport motor
oil in an oil-contaminated water sample. Figure 5 clearly illustrate that the SAM-
coated microsubmarines display an “on the fly” capture upon contacting the small
droplets of motor oil that are floating in the contaminated water sample. These results
demonstrate the potential of the superhydrophobic-modified microsubmarines for
facile, rapid, and highly efficient collection of oils in oil-contaminated water samples.

8 um

Figure 5. SAM-modified micromotor carrying floating droplets of motor oil in a fuel-enhanced oil-
contaminated water sample. Images taken after 78 s navigation in the fuel-enhanced solution
(conditions, as in Figure 2). (A, B, C) Time-lapse images showing the microsubmarine approaching,
contacting, and carrying the droplets, respectively. Inset: Cartoon of the dodecanethiol-modified
micromotor. Arrows indicate the direction of the micromotor movement.
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5.3. Conclusions and future perspectives

The first example of using artificial nano/microscale machines for environmental
remediation applications and specifically the tailoring of the surface of such self-
propelled machines to interact strongly with oily liquids has been presented. The new
SAM-AU/NI/PEDOT/Pt micromotors thus offer a facile, rapid, and highly efficient
collection and transport of oil droplets in aqueous environments through the

interaction with the hydrophobic alkanethiol monolayer coating.

Comparison of different alkanethiol modifiers indicates that the dodecanethiol (C12-
SAM)-modified microsubmarines offer the most favorable performance in terms of
oil recovery and propulsion. Such high oil-adsorption ability indicates considerable
promise for the cleanup of contaminated water samples. The extent of the
micromotor-oil interaction and the collection efficiency can be tuned by controlling
the surface hydrophobicity through the use of different chain lengths and head
functional groups. The new micromotor capability was demonstrated either by a
strong interaction between the modified nanomotor and large oil droplets (attached to
a glass slide) or by the collection and transport of multiple free-floating small olive oil
and motor oil droplets present in a contaminated water sample. These micromotor-oil
interactions can be exploited in the suitable final disposition of oily wastes (or other
organic solvents) by collecting them in a controlled fashion within a certain spatially
separated zone. Simultaneous parallel movement of multiple SAM-modified
micromotors holds promise for improving the efficiency of oil-removal processes.
Practical large-scale oil cleaning operations would require the use of motors propelled

36,37

by their own natural environment™*" or driven by an external (magnetic or electrical)

control,%=3°

The new superhydrophobic micromotors offer also considerable promise for the
isolation of hydrophobic molecules, e.g., drugs, or for transferring target analytes
between liquid-liquid immiscible interfaces, and hence great potential for diverse
analytical microsystems. Multifunctional coatings of mixed (or multi) layers, coupling
the preferential partition of hydrophobic compounds into the SAMs with additional
functions (e.g., biocatalysis), could lead to additional advantages toward on-the-fly

“capture and destroy” operations.
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CHAPTER 6 CONCLUSIONS AND FUTURE PERSPECTIVES

6.1. General conclusions

Considering the objectives previously described in Chapter 2, along with the
obtained results presented from the chapter 3 to the chapter 5, the following

concluding remarks on this PhD thesis can be given:

The design and characterization of novel miniaturized (bio)sensing platforms
and devices modified with different nanomaterials, such as carbon nanotubes or
nanowires, have been achieved. These platforms and devices have been applied in the
detection of various analytes (e.g. phenol, glucose, oil droplets), in some cases closely
related to the previously immobilization of biological entities that confer selectivity
and sensitivity to the analytical platform, being this the principal conclusion of the
PhD thesis.

More in detail, the conclusions that can be extracted by following the entire

working objectives and strategies are:

1. Novel modified carbon nanotubes screen-printed electrodes have been
prepared and characterized:

- Carbon nanotubes have been processed and successfully dispersed
in tetrahydrofuran. The physico-chemical properties of the
nanotubes have been tunned, leading to the partial oxidation of
CNTs that produced functional oxygenated groups at the open ends

and defects along the sidewall.

- Carbon nanotubes were integrated onto the working electrode of the
SPE, whose distribution and morphology was studied by SEM and
Confocal Scanning Laser Microscopy (CSLM) revealing a
homogenous distribution over the entire surface and a sponge-like
structure with a higher surface-to-area ratio compared to its non-

modified counterpart.

2. Three different approaches for Tyrosinase (Tyr) enzyme connection with
CNT and SPE, along with the full characterization of the enzyme

distribution throughout the entire CNT-based working electrode surface,
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have been achieved, evaluating the sensibility, sensitivity and stability for
each case.

- Tyrosinase has been successfully immobilized by physical
adsorption in CNTs matrix in SPE, statistically studying its
distribution by CSLM, and showing a good response towards
phenol detection in a batch system. Comparing the frame scanned
for the bare and the modified SPE a quantity of the immobilized
tyrosinase enzyme 1.96 times higher in the case of the MWCNTSs
modified SPE is found.

- Second approach, achieved by the previous immobilization of
tyrosinase enzyme by physical absorption and a creation of a
glutaraldenyde film, showed a higher stability and was further

implemented in a flow system.

- The last tyrosinase enzyme immobilization approach was based on
the electrodeposition of a tissue onto SPE surface or CNT modified
SPE, with the aid of Bi*" precursor that interacts with the tissue and
got reduced onto the transducer surface. Bismuth film was shown to
be an alternative to the traditional film electrode and with a good
response towards phenol detection in synthetically prepared

wastewater samples.

3. Integration of the SPE/MWCNT/Tyr/Glu biosensor (fabricated by the
second approach) in a flow injection analytical (FIA) system is achieved.

- Several parameters such as the working potential, pH of the
measuring solution, biosensor response time, detection limit,
linear range of response and sensitivity were determined, showing
a detection limit almost 500 times lower than the allowed levels of
phenols in water as given by the EPA.

- The biosensor keeps its activity during continuous FIA
measurements at room temperature, showing a stable response
(RSD 5%) within a two weeks working period at room

temperature.
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4. Nonenzymatic electrochemical glucose sensor, based on measuring the
current response during the direct glucose oxidation on the electrode
surface by chronoimpedance technique (CIT) is developed.

- The low detection range obtained by this glucose sensor, in
addition to its high repeatability and sensitivity, may allow
applications to non-invasive detection of glucose in other
biological fluids (saliva, sweat and urine) where glucose should be

present at very low concentrations.

5. Novel assembled nanoplatform taking advantage of alternate layer
depositions from Prussian blue (PB) - cyclodextrin (CD) nanoparticles
(NPs) with polyallylamine (PAH) was designed.

- The obtained hybrid PB based material is successfully
characterized by SEM and TEM studies, showing a microcubic

supramolecular like organization.

- Electrochemical characterization of the PB based hybrid platform
revealed that the cathodic and anodic peak currents increased with
the number of bilayers, indicating that PB nanoparticles are

electrically connected within multilayers.

6. The combination of paramagnetic particles with microchip electrophoresis,
external magnetic field manipulations, and coupled to EC detection
permitted the detection of phenol (as indicator for immunodetection) by
using low reagent consumption, in addition to the inherent miniaturization
and versatility of such miniaturized system.

- Phenol detection was achieved by following the hydrolysis of
phenyl phosphate by alkaline phosphatase (AP) enzyme linked to
the magnetic beads (MBs).

- Electrophoretic and magnetic manipulations allow the renewing of

the immuno-specific support.

7. The development of artificial nano/microscale machines for environmental
remediation applications based on the creation of a superhydrophobic outer

surface to strongly interact and capture oily liquids has been achieved,.
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- The extent of the micromotor-oil interaction and the collection
efficiency can be tuned by controlling the surface hydrophobicity
through the use of different chain lengths and head functional
groups.

- Dodecanethiol (C12-SAM)-modified microsubmarines offered the
most favorable performance in terms of oil recovery and

propulsion.
6.2. Perspectives and future work

The results obtained during this PhD thesis period open the door to interesting
application in the sensing and biosensing fields, not only in the efficiency and
robustness of analytical platforms by the integration of nano/micromaterials, but also
for the different platforms available, being of special interest the recent micromotor’s
technology, which is specially versatile and adequate for different environmental or

health related applications.

The carbon nanotubes modified screen-printed electrode, apart from
presenting the advantages of being a low-cost and versatile technology, have shown a
great potential due to the easy immobilization of enzyme into its matrix and its
electrochemical behaviour. Its high surface-to-ratio matrix and the stability that it
confers to the immobilized biological entities have been quantitatively demonstrated
during this thesis, being envisioned as a potential analytical platform for other kind of

health or environmental related analysis.

Additionally, screen-printed electrodes have been also applied in non-
enzymatic analytical platforms for glucose detection by using impedancimetric
studies. Such platforms are of special interest for its stability and the possibility to
work at high temperatures and other aggressive environments. Therefore, the study
presented, where the nanomaterial in absence of any biological entity is performing
the entire detection event, opens the door to work with many different nanomaterials
coupled to other easier-to-handle miniaturized platforms, like screen-printed
electrodes. Parallely, hybrid platforms developed are expected to have interesting
applications in the sensing and biosensing fields, where highly conductive and tunable

‘on-demand’ platforms combined with biorecognition reactions are desirable.
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The lab-on-a-chip related experiments demonstrated the applicability of the
device for multianalysis setup since electrophoretic and magnetic manipulations allow
the renewing of the immuno-specific support. Such technology and the use of
alternative nano/micromaterials could be successfully adopted not only for protein

quantification, but also for DNA analysis and environmental applications.

Finally, superhydrophobic micromotors offer a considerable promise for the
isolation of hydrophobic molecules, like drugs, or for transferring target analytes
between liquid-liquid immiscible interfaces, and hence great potential for diverse
analytical microsystems. Alternative funcionalization of the outer surface, as well as
the versatility of the materials involved on its fabrication by template-based
deposition, could bring additional functions (e.g., biocatalysis), could lead to
additional advantages toward on-the-fly “capture and destroy” operations but also
playing a key role in other biosensing platforms by working as transporters or

dynamic analytical platforms.

The implementation of micro/nanomaterials in different platforms, with results
that opens the door to new and improved technologies, has been the aim of this PhD
thesis, which has tried not only to merely integrate and characterize several analytical
platforms, but to fully understand their electrochemical behaviour to project its
application for useful and challenging health and environmental issues. This
philosophy encourages the creation of new analytical platforms which takes
advantages of the nowadays science and in particular of nanotechnologies.
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The emergence of nanotechnology and nanomaterials has
opened up new horizons for the development of improved
analytical devices. New synthesis, fabrication, and char-
acterization methods offer the possibility to control the
size, shape, and composition of nanometric-scale materials,
thereby allowing exquisite control of their properties. The
ability to carefully tailor the physical properties of nanoma-
terials is probably the major achievement of nanoscience
and represents an essential element for their application in
analytical systems.

Among the numerous detecting strategies, electrochem-
ical sensing techniques play a growing role in various fields
in which an accurate, low-cost, fast, and online analytical
measuring system is required. Besides the relatively low
cost compared with optical instrumentation, advantages

Encyclopedia of Analytical Chemistry R.A. Meyers (Ed.)
Copyright © 2010 John Wiley & Sons Ltd

such as the possibility of miniaturization as well as in-field
applications make electrochemical sensing devices very
attractive.

The properties of nanostructured materials, such as
high surface/volume ratio, their ability to be function-
alized, favorable electronic and thermal features, and
electrocatalytic effect attracted considerable attention for
the assembling of novel electrochemical sensing systems.
Nanomaterials such as nanoparticles (NPs), nanotubes,
nanowires, nanocomposites, and nanochannels of various
sizes and compositions have been applied in electroanal-
ysis to improve the immobilization of enzymes, antigens,
and nucleic acids on electrochemical transducer surfaces,
to promote the direct electron-transfer reactions, and to
amplify and orient the analytic signal of biorecognition
events. In this article, a general description of the properties
of the nanomaterials most commonly used in electro-
analysis, along with their integration into electrochemical
analytical tools, is given. The analytical performances and
the impact such nanomaterial-based devices are expected
to have upon clinical diagnostics, environmental moni-
toring, security surveillance, and food safety are also
discussed.

1 INTRODUCTION: NANOTECHNOLOGY
AND NANOMATERIALS

Nanotechnology is the term used to describe the creation
and exploitation of materials with structural features
in between those of atoms and bulk materials, with at
least one dimension in the nanometer range (1nm =
10~°m). The properties of materials with nanometric
dimensions are significantly different from those of
atoms or bulk materials. Suitable control of the
properties of nanometer-scale structures can lead to
new science as well as new products, devices, and
technologies.)

There has been explosive growth of nanoscience
and technology in the last decade, primarily because
of the availability of new methods of synthesizing
nanomaterials, as well as tools for characteriza-
tion and manipulation. Several innovative methods
for the synthesis of NPs and nanotubes, and their
assemblies, are now available. In addition, there is
a better understanding of the size-dependent elec-
trical, optical, and magnetic properties of individual
nanostructures of semiconductors, metals, and other
materials.®

Besides the established techniques of electron
microscopy, crystallography, and spectroscopy, scanning
probe microscopies have provided powerful tools for
the study of nanostructures. Novel methods of fabri-
cating patterned nanostructures, as well as new device
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and fabrication concepts, are constantly being discov-
ered.

The immediate goals of the science and technology
of nanomaterials must be to fully master the synthesis
of isolated nanostructures (building blocks) and their
ensembles and assemblies with the desired properties,
to explore and establish nanodevice concepts and
systems architecture, to generate new classes of high-
performance materials, including biologically inspired
systems, to connect nanoscience to molecular electronics
and biology, and to improve known investigative methods
while discovering better tools for the characterization of
nanostructures.®

Table 1 lists typical nanomaterials of different dimen-
sionalities commonly used in electroanalysis. Nanotubes,
NPs, nanowires, and nanocomposite and nanostruc-
turated materials have already been used to fabricate
a large number of electrochemical devices, ranging
from chemical sensors and enzyme-based biosensors
to DNA sensors, exhibiting higher sensitivity, stability,
and selectivity due to the presence of functionalized
nanomaterials used as catalytic tools, as immobiliza-
tion platforms, or as labels for the sensitive recognition
events.®

Various nanostructures have been investigated to
determine their properties and possible applications
in electroanalysis. NPs, quantum dots (QDs), carbon
nanotubes (CNTs), nanowires, and nanochannels of
different sizes and materials have been applied and
integrated to electrochemical platforms with functions
depending on the specific features of the nanomaterials.
They have been applied to improve immobilization
of (bio)molecules onto electrode surfaces, to catalyze
reactions, to record higher transducing signals, to enhance
specificity of reactions, to miniaturize analytical systems,
and speed up processes.

A detailed description of the most commonly used
nanomaterials in electrochemical detecting tools, their
general properties, and their most successful applications
in electrochemical analysis are given in the following
sections.

ELECTROANALYTICAL METHODS

2 NANOPARTICLES, QUANTUM DOTS

2.1 General Properties

Metal and semiconductor NPs are certainly the most
studied and applied in electrochemical analysis.®» Owing
to their small size (normally in the range of 1-100nm),
NPs exhibit unique chemical, physical, and electronic
properties that are different from those of bulk materials,
and can be used to construct novel and improved
sensing devices; in particular, electrochemical sensors
and biosensors. Such properties strongly depend on the
number and kind of atoms that make up the particle.
The properties of the particles generally depend on
their size, shape, distribution, and stabilizing agents,
which are controlled by the preparation conditions.®
Metal NPs can be prepared by physical and chemical
methods. The physical methods consist of using a
low-pressure evaporation of the metal, followed by a
controlled condensation in a stream of inert gas. Chemical
procedures consist of the chemical reduction of metal ions
to metal atoms in the presence of a stabilizer (capping
agent such as citrate or thiol) that binds to their surface
to impart high stability and rich linking chemistry and
provide the desired charge and solubility properties. The
latter preparative method is more suitable to obtain small
and uniform NPs than the former; moreover, the size and
uniformity of the NPs depend on the kind and amount of
the reducing agent employed.”

NPs from metallic materials such as gold,® silver,®
cobalt,!” and platinum®) can be synthesized. The
surface plasmon absorption band can provide information
of the development of the band structure in metals>!®
and has led to a plethora of studies on the size-dependent
optical properties of metal particles, particularly those
of silver and gold.*!> The optical response of these
metal NPs is both size- and shape dependent and locally
variable.'® This sensitivity to morphology makes precise
control over the growth of these NPs and knowledge of
their external and internal structures essential.

Table 1 Typical nanomaterials used in electroanalysis

Size Materials

Nanoparticles, 1-100nm Metals, semiconductors, magnetic

quantum dots materials, ceramic oxides
Nanotubes, Diameter 1-100 nm; Metals, semiconductors, oxides,

nanocomposites length 1nm - 15pum sulfides, nitrides, carbon
Nanowires Diameter 1-100 nm; Metals, semiconductors, oxides,

length 2nm - 20 pm sulfides, nitrides, carbon

Nanochannels, Several square Metals, oxides, carbon

nanopores nanometers to

square micrometers
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Plasmonic metal NPs also show potential for
biosensing!” and cancer therapy.'® Nanoscale shells of
gold surrounding a silica core can be selectively tuned to
convert near-infrared photo energy into thermal energy —
nanofurnace that efficiently targets and destroys cells.!
While some bulk metals have similar properties, only
those with nanodimensions offer such tunable, and deliv-
erable, possibilities.

During recent years, the electrochemical properties of
gold NPs have been of interest for the applications to
biosensing systems. The direct or indirect detection of
gold NPs can be performed?” and therefore they are
used as an electrochemical label in DNA analysis?!??
and immunoassays. >

QDs, also known as semiconductor nanoparticles, are
crystalline clusters with size of few nanometers.?? They
can be synthesized from semiconductor materials such
as cadmium sulfide,® cadmium selenide,?® cadmium
telluride,®” gallium arsenide,®® or indium phosphide.?”

QDs are emerging as a new class of fluorescent
labels for molecular, cellular, and in vivo imaging
applications, due to their special optical properties%-3D
such as a narrow and size-tunable emission spectra,®?
broad absorption profiles, superior photostability,®?
and excellent resistance to chemical degradation or
photodegradation compared to fluorescent dyes. QDs are
also interesting for their electrochemical properties. They
can be detected electrochemically either by dissolving
with HNOj, and liberating the metal ions®¥ or by a direct
detection of the QDs.®> QDs loaded with distinguishable
electrochemical properties, can be used as a ““barcode”
DNAG®Y and proteins. %

Different kinds of techniques can be used to charac-
terize the NPs depending on the kind of the application.
Table 2 shows several characterization techniques and
the parameters that can be obtained from each.

Many types of NPs of different sizes and compositions
are now available, which facilitate their application in
electroanalysis, bringing important advantages: (i) their
immobilization on electrode surfaces generates a rough-
ened conductive high surface area interface that enables
the sensitive electrochemical detection of molecular and
biomolecular analytes; (ii) NPs act as effective labels
for the amplified electrochemical analysis of the respec-
tive analytes; (iii) the conductivity properties of metal
NPs enable the design of biomaterial architectures with
predesigned and controlled electrochemical functions.

2.2 Applications

Several applications of NPs ranging from their use for
biomolecule labeling, modification of electrode surfaces,
enhancement of electron-transfer, and catalysis with
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Table 2 Techniques used for nanoparticles characterization

Techniques Characterization

Transmission electron
microscopy (TEM)

Size and shape (>10nm)
Crystalline structure (poor)

High-resolution transmission

electron microscopy
(HRTEM)

Size and shape (>0.1nm)
Crystalline structure (poor)
Crystalline lattice
Microanalysis (poor)

Atomic force microscopy Size and shape (>0.01 nm)

(AFM) Size distribution
Confocal fluorescence Size and shape (>100nm)
microscopy (CLSM) Fluorescence properties

X-ray diffraction (XRD) Crystalline structure

(exact)

Electrical charge
Size (poor)

Z-potential

Concentration
Redox potential

Electrochemical

interest for electroanalysis are described in the following
sections.

2.2.1 Labeling of Biomolecules

The labeling of biomolecules, such as antigen, antibody,
and DNA with NPs plays an increasingly important role
in developing sensitive electrochemical biosensors.

Biomolecules labeled with NPs can retain their
bioactivity and interact with their counterparts, and
based on the electrochemical detection of those NPs, the
amount or concentration of analytes can be determined.

The use of biomolecules labeled with NPs offers
novel opportunities for (bio) detection systems.®” The
electrochemical detection of NPs offers highly sensitive
detection alternatives besides being the easiest and
cheapest technique comparing to optical detections such
as fluorescence spectroscopy among others. The use of
NPs as detecting labels is applied to improve the DNA
and protein analysis.

2.2.1.1 DNA Analysis DNA biosensors represent a
very important type of affinity biosensors in which the
biorecognition molecules are oligonucleotides of known
sequence and the recognition event is the hybridization
with the complementary sequences.

Among the various types of DNA sensors, the
electrochemical sensor has some advantage such as the
use of very simple equipment to perform measurements,
low cost, and possibility of miniaturization in order to
obtain high-density arrays.

DNA biosensors based on DNA hybridization are
playing an increasing role in DNA analysis. Some
examples of DNA biosensors based on labeling with
NPs are described in the following sections.
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Figure 1 Detection strategies of gold nanoparticles. (a) Potentiometric/voltammetric stripping assay. The hybridization event
occurs between DNA strand (A) and gold-tagged DNA (B). The gold-labeled duplex (C) formed is then detected according to
each strategy: (I) direct detection of the nanoparticles onto the bare electrode without the need for tag dissolution; (IT) the gold
nanoparticles are dissolved with HBr/Br, treatment and then detected by stripping techniques; and (III) the gold nanoparticles
are first covered with Ag by a deposition treatment and then detected by stripping techniques via silver enhanced signal. (b).
Conductivity assay. Probe DNA immobilized in a small gap between two electrodes (A) is hybridized with DNA target (B) and then
with gold-modified DNA probes (B’). Gold is accumulated in the gap (C). Silver enhancement (D) is performed in the presence of
hydroquinone (HQ). The silver precipitated onto the gold nanoparticles (E) improves the sensitivity of the assay by lowering the

resistance across the electrode gap.

Gold Nanoparticles Colloidal gold NPs have been
used as hybridization signals in various DNA-detection
assays. Both potentiometric and voltammetric stripping
analysis have been used to detect gold nanoparticles
following different assay alternatives (see Figure 1a).

According to the first strategy, direct detection
of the nanoparticle on the bare electrode without
the need of nanoparticle dissolving is performed. A
DNA biosensor based on a pencil-graphite electrode
and modified with the DNA target was developed
following this direct detection strategy.®® To achieve
their objective, the authors covalently bound polymerase
chain reaction (PCR) amplicons to a pencil-graphite
electrode using carbodiimide/N-hydroxysuccinimide, and
hybridized oligonucleotide—nanoparticle conjugates to
these electrode-bound targets. Direct electrochemical
oxidation of the particles was observed at a stripping
potential of approximately +1.2' V.

According to the second strategy, the intrinsic electro-
chemical signal of the nanoparticle can be observed after
dissolving it with HBr/Br,.®” Gold(Ill) ions obtained
were preconcentrated by electrochemical reduction onto
an electrode and subsequently determined by anodic-
stripping voltammetry.

As ‘‘tracer amplification”, silver deposition on the
gold NPs after hybridization is also used and an

enhanced electrochemical signal attributable to silver is
obtained.“%4) This represents the third strategy. Strip-
ping detection is used for gold NPs/silver enhancement-
related strategy.

Nevertheless, besides electrochemical-stripping tech-
niques, other interesting methods have been reported
(Figure 1b). Mirkin etal. have exploited the silver-
deposition technique to construct a sensor based on
conductivity measurements. In their approach, a small
array of microelectrodes with gaps (20 um) between the
electrodes leads is constructed, and probe sequences are
immobilized on the substrate between the gaps. Using a
three-component sandwich approach, a hybridized DNA
target is used to recruit gold nanoparticle-tagged reporter
probes between the electrode leads. The nanoparticle
labels are then developed in the silver-enhancer solution
leading to a sharp drop in the resistance of the circuit.“?

ODs and Other Nanoparticles A detection method
of DNA hybridization based on labeling with CdS
QD tracers followed by the electrochemical-stripping
measurements of the cadmium, has been developed.®
Nanoparticle-promoted cadmium precipitation, using a
fresh cadmium solution hydroquinone, is used to enlarge
the nanoparticle tag and amplify the stripping DNA
hybridization signal. In addition to measurements of the
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dissolved cadmium, it was demonstrated in direct ‘‘solid-
state” measurements following a ‘““magnetic” collection
of a “magnetic bead/DNA hybrid/CdS tracer” assembly
onto a thick-film electrode transducer. The low detection
limit (100 fmol) is coupled to good reproducibility
(relative standard deviation (RSD) = 6%).

Besides QDs, gold-coated iron NPs have also been
used in DNA-detection assays. ¥ After hybridization, the
captured gold—iron NPs are dissolved and the released
iron is quantified by cathodic stripping voltammetry in
the presence of the 1-nitroso- 2-naphthol ligand and
a bromate catalyst. The DNA-labeling mode devel-
oped offers high sensitivity, well-defined dependence on
concentration, and minimal contributions from noncom-
plementary nucleic acids.

Electrochemical impedance spectroscopy (EIS) mea-
surements based on CdS-oligonucleotides have been
also possible, besides stripping techniques.*> EIS was
used to detect the change of interfacial electron-transfer
resistance (R,) of a redox marker (Fe(CNy)* /")
from solution to transducer surface where the DNA
hybridization occurs. It was observed that, when target
ssDNA-CdS nanoconjugates hybridized with a DNA
probe, the R, value recorded increased markedly.

O
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Nanoparticle Carriers Polymeric microbeads carrying
numerous gold-nanoparticle tags have also been used as
labels for DNA in electrochemical detection procedures.
The gold-tagged beads were prepared by binding
biotinylated NPs to streptavidin-coated polystyrene
spheres. Such carrier-sphere amplification platforms are
combined with catalytic enlargement of the multiple
gold tags and with the sensitive electrochemical-stripping
detection of the dissolved gold tags (Figure 2a), allowing
the determination of DNA targets down to the 300-amol
level.4®

SWCNTs carrying a large number of CdS QDs are used
as labels for DNA detection.” A schematic view of the
analytical protocol involving a dual hybridization event is
shown in Figure 2(b).

Nanoparticles as Encoded Electrochemical Hosts The
potential of current DNA-microarray technology has
some limitations. Both the fabrication and readout of
DNA arrays must be miniaturized to fit thousands of
tests onto a single substrate. In addition, arrays must be
selective enough to eliminate false-sequence calls and
sensitive enough to detect few copies of a target.

Au(0)

HBr/Br,

—> Au(lll Au(lll
D E

Cd(0)
Dissolution / \
HNO, Cd(ll Cd(ll)

C D

Figure 2 (a) Microparticles as nanoparticle carriers. The DNA target immobilized onto magnetic beads (A) hybridizes with
the nucleic acid functionalized with Au-nanoparticle-carrier polystyrene beads (B) forming the Au-labeled hybrid (C), the tags
of which are than enlarged (D), followed by magnetic separation and a dissolution process with HBr/Br, and then detected by
stripping voltammetry (E). (b) Carbon nanotubes as carriers of QDs. The DNA probe P; is first immobilized onto the well of a
streptavidin-assay plate (A). The DNA target (T) and the single-wall carbon nanotube (SWCNT)-CdS-labeled probe (P;) were
then added, followed by a dual hybridization event (B) forming the final CdS-tagged sandwich (C). The QDs are dissolved with 1M
HNOj; and then detected by stripping voltammetry using a mercury-coated glassy carbon electrode (D).



NPs hold particular promise as the next generation
of barcodes for multiplexing experiments. Genomic
and proteomic research demand greater information
from single experiments. Conventional experiments
use multiple organic fluorophores to barcode different
analytes in a single experiment, but positive identification
is difficult because of the cross-talking signals between
fluorophores.

The labeling of probes bearing different DNA
sequences with different NPs enables the simultaneous
detection of more than one target in a sample, as shown
in Figure 3. The number of targets that can be readily
detected simultaneously (without using high-level multi-
plexing) is controlled by the number of voltammetrically
distinguishable nanoparticle markers. A multitarget sand-
wich hybridization assay involving a dual hybridization
event, with probes linked to three tagged inorganic crys-
tals and to magnetic beads has been reported.®¥ The
DNA-connected QDs yielded well-defined and resolved
stripping peaks at —1.12V (Zn), —0.68 V (Cd), and
—0.53V (Pb) at the mercury-coated glassy carbon (GC)
electrode (vs the Ag/AgCl reference electrode).

Other attractive nanocrystal tracers for creating a
pool of nonoverlapping electrical tags for such bioassays
are ZnS, PbS, CdS, InAs, and GaAs semiconductor
particles, in view of the attractive stripping behavior
of their metal ions. In Table 3, the most representative
examples of genosensors based on nanoparticle labels are
summarized.

2.2.1.2 Protein Analysis Immunosensors and immu-
noanalysis are affinity ligand-based analytical tools that
use antibodies as the biospecific sensing element with the
immunochemical reaction coupled to a transducer. These
biosensors are based on the ability of an antibody to form
complexes with the corresponding antigen.#34%

Immunoassays are among the most specific of the
analytical techniques. They provide extremely low
detection limits and can be used for a wide range of
substances. As research moves into the era of proteomic,
such assays become extremely useful for identifying and
quantifying proteins.

Immunosensors are based on immunological reactions
involving the shape recognition of the antigen (AG) by
the antibody (AB)-binding site to form the AB/AG stable
complex:

AB + AG <> AB/AG )

Immunoassays, based on the specific reaction of ABs
with the target substances (AGs) to be detected, have
been widely used for the measurement of targets at
low concentration in clinical samples such as urine
and blood and the detection of the trace amounts of
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Figure 3 Schematic of multiple detection of DNA. DNA
probes (P’y, P, and P’3) bearing different DNA sequences
with different nanoparticles (ZnS, CdS, and PbS, respectively)
that enable the simultaneous detection of three DNA targets
(Ty, Ty, and T3) hybridized with corresponding DNA-capturing
probes (Py, P,, and P3) immobilized onto a direct or an indirect
(magnetic particles) transducing platform.

drugs and chemicals such as pesticides in biological and
environmental samples.

Metalloimmunoassay (immunoassay involving metals)
has been developed and extended later on to the use of a
variety of other metal-based labels such as colloidal metal
particles.®” One of the first electroanalytical procedures
adopted in NP-based immunosensors, consisted of
the dissolution of the NP labels — mostly metal and
semiconductor NPs— and the measurement of the
dissolved ions with stripping voltammetry, which already
represents a very powerful electrochemical technique for
trace-metal analysis.®D

For example, Limoges et al.®? reported a sensitive
electrochemical immunoassay for goat immunoglobulin
G (IgG) based on a AuNP label. The primary donkey
antigoat IgG was immobilized on a microwell surface and
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Table 3 Details on some genosensors based on nanoparticles used as labels

Nanoparticle Label connection Detection technique Hybridization =~ DNA-detection @ RSD  Reference
label with DNA separate from limit
detection
Au Au-SH-DNA DPYV at pencil graphite No 0.78 fmol m1~! ~8% 38
electrode
Au Au-SH-DNA PSA and silver catalytic Yes 150 pgml~! 7% 40,41
enhancement at
screen-printed electrodes
Au Au-SH-DNA Conductivity at No 500 tM 42
microelectrodes
Au carried into PVC(Au) strepta-  PSA and silver catalytic Yes 40 pgml~! 13% 46
PVC beads vidin-biotin- enhancement at
DNA screen-printed electrodes
CdS QDs CdS NH-DNA EIS with gold electrode No 1.43 x 1071'M 45
CNTs loaded with ~ CNT-CdS-strep- DPV at Hg-film electrode Yes 40 pgml~! 6.4% 47
CdS QDs tavidin—biotin-
DNA
Au-Fe Fe-Au-SH-DNA  DPV at Hg-film electrode Yes 50 ng ml~! 6.3% 44
(core/shell)
CdS QDs CdS-SH-DNA PSA and catalytic Yes 20ngml~! 6% 43
enhancement with Cd at
screen-printed electrodes
CdS QDs CdS-SH-DNA Simultaneous detection Yes 5ngml~! 9.4% 34
with SWV at Hg-film
electrode
PbS QDs PbS-SH-DNA - - - -
ZnS QDs ZnS-SH-DNA - - -

PSA, potentiometric stripping analysis; DPV, differential pulse voltammetry; SWV, square wave voltammetry; EIS, electrochemical impedance

spectroscopy.

interacted with the goat IgG to be determined, and then
AuNP-labeled donkey antigoat IgG was added to the
conjugate. The immunocomplex was treated with acidic
bromine—bromide solution resulting in the oxidative
dissolution of the AuNPs. The solubilized gold ions
were then electrochemically reduced and accumulated
on the electrode and subsequently detected by anodic-
stripping voltammetry using carbon-based screen-printed
electrodes (SPEs). The combination of the sensitive
detection of Au ions with anodic-stripping voltammetry
and the release of a large number of Au ions upon the
dissolution of AuNPs associated with a single recognition
event provides an amplification path that allowed the
detection of the goat IgG at a concentration of 3 pM.

As an alternative to AuNPs, inorganic nanocrystals
have been used with the advantage of having an electrodi-
verse population of electrical tags as needed for designing
electronic coding. A multitarget electronic detection of
proteins was demonstrated by Liu et al.®® using different
inorganic nanocrystal tracers. Three encoding NPs (zinc
sulfide, cadmium sulfide, and lead sulfide) were used
to differentiate the signals of three protein targets in
connection with a sandwich immunoassay and strip-
ping voltammetry of the corresponding metals (Figure 4).

Each binding thus yielded a distinct voltammetric peak,
whose position and size reflected the identity and level of
the corresponding antigen, respectively.

Libraries of electrical codes have been created by
encapsulating different predetermined levels of multiple
inorganic nanocrystals into polymeric carrier beads or
depositing various metal tracers onto the pores of a host
membrane. The resulting voltammetric signatures reflect
the predetermined proportions of the corresponding
metals in such “identification”” nanomaterials.®®

Since the sensitivity of such electrical (stripping-
based) bioassays depends on the size of the metallic
tag, a dramatic amplification of the signals is expected
using larger tracers. For example, a substantial sensi-
tivity enhancement can be achieved by using the metal
nanosphere tags as catalytic labels for subsequent enlarge-
ment and further amplification. A catalytic enlargement
of an AuNP tracer was achieved by the precipitation
of metal gold promoted by the NP itself®® or by the
precipitation of metal silver induced by hydroquinone.®>
Combining such enlargement of the metal particle tracers
with stripping voltammetry paved the way to subpico-
molar detection limits. A triple-amplification bioassay,
using polymeric spheres (PS) (loaded with numerous
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Figure 4 Multiantigen immunoassay based on different inor-
ganic nanocrystal tracers. Each binding yields a distinct voltam-
metric peak, whose position and amplitude reflects the identity
and concentration of the corresponding antigen. (Adapted from
Ref. 53. © American Chemical Society, 2003.)

AuNP tags) has also been demonstrated.®® Such an
enlargement of numerous gold nanoparticle tags (on a
supporting sphere carrier) represents the fourth gener-
ation of amplification (Figure 5), starting with the early
use of single AuNP tags.

The use of metal NP labels coupled with electroanalyt-
ical stripping analysis has resulted in several advantages
for immunoassays. However, the need to dissolve the
metallic labels by means of acidic bromine—bromide solu-
tion, or concentrated acidic solution, represents a distinct
disadvantage. These solutions are toxic, dangerous, and
difficult to handle and hence limit the use of these systems.

Direct detection of NPs consists of a so-called solid-
state analysis, where the metals forming the NPs
are detected electrochemically without any preliminary
dissolution step to liberate the metal ions in solution.
However, this type of detection needs a direct contact
between the electrode surface and the metal itself and
excludes from detection a large portion of nontouching
particles. Despite the loss of sensitivity that could result
from this phenomenon, in comparison with techniques
exploiting the total NPs dissolution and all metal ions
detected, direct detections achieve more rapid responses
and still considerable limit of detections.

Solid-state detection of NPs has been applied in
numerous immunoassays analysis exploiting the intrinsic
electrochemical properties of the metal NPs used as
tracers. Ambrosi et al. recently used magnetic particles
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Figure 5 Generations of amplification platforms for bioelec-
tronic detection based on AuNP tracers: (a) a single NP tag;
(b) catalytic enlargement of the NP tag; (c) polymeric carrier
sphere (PS) loaded with numerous AuNP tags; (d) catalytic
enlargement of multiple tags on the carrier sphere. (Adapted
from Ref. 56. © Wiley-VCH, 2004.)

as platform to perform the immunological interactions.
After the specific interaction with the secondary NP-
labeled antibody, these magnetic particles were collected
onto the electrode surface by means of a permanent
magnet inserted inside the electrode body. Differential
pulse voltammetry (DPV) analyses were performed to
quantify the metal NPs collected through the biospecific
interaction and that are related to the target analyte
concentration (protein). Very low limits of detection were
achieved using this magnetic particle collection, reaching
the lowest value of 260 pg mL~! human IgG protein.®”
The catalytic features of metal NPs that enable the elec-
troless deposition of metals on the NP clusters allows the
enlargement of the particles to conductive interparticle-
connected entities. The formation of conductive domains
as a result of biorecognition events provides an alterna-
tive path for the electrical transduction of biorecognition
events. This was exemplified by the design of a miniatur-
ized immunosensor based on AuNPs and their catalytic
properties (Figure 6). Latex particles that were stabi-
lized by an anionic protective layer were attracted to
a gap between micron-sized Au electrodes upon the
application of a nonuniform alternating electric field
between the electrodes (dielectrophoresis). Removal of
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Figure 6 Immunosensing at microsized Au electrodes by the change of conductivity between the Au strips upon the binding of
AuNPs and the deposition of silver. (Adapted from Ref. 58. © American Chemical Society, 1999.)

the protective layer from the latex particles by an oppo-
sitely charged polyelectrolyte resulted in the aggregation
of the latex particles and their fixation in the gap domain.
Adsorption of protein A on the latex surface yielded
a sensing interface for the specific association of the
human IgG antigen. The association of human IgG on
the surface was probed by the binding of the secondary
AuNP-labeled antihuman IgG antibodies to the surface,
followed by the catalytic deposition of a layer of Ag on
the AuNPs. The Ag layer bridged the gap between the
two microelectrodes to result in a conductive “‘wire”.
Typical resistances between the microelectrodes were
50-70 2, whereas control experiments conducted without
the specific catalytic enlargement of the domain by the
AuNP-antibody conjugate yielded resistances >10° Q.
The method enabled the analysis of human IgG with a
detection limit of about 0.2 pM.®®

Normally, electrochemical immunosensors or immu-
noassays exploiting NP labels are based on the final
detection of the NP itself. Therefore, the preparation
and application of ‘“‘special” NP labels is of great
importance. Composite NPs with special components,
for example, a core-shell NP with a shell suitable for
labeling and a core containing special materials that can be
sensitively detected with electrochemical methods, may
play an important role in developing novel ultrasensitive
methods.

2.2.2  Modification of Electrode Surfaces

Owing to their large specific surface area and high surface-
free energy, NPs can adsorb biomolecules strongly and
once introduced onto the surface of a proper transducer
would play an important role in the immobilization of
biomolecules and consequently improve the biosensor
performance. Generally, the adsorption of biomolecules
directly onto naked surfaces of bulk materials may
frequently result in their denaturation and loss of
bioactivity. However, the adsorption of such biomolecules
onto the surfaces of NPs can retain their bioactivity.
Having comparable dimensions, biomolecules conjugated
to NPs maintain the natural conformation/structure and
hence the functionality.

Figure 7 is a schematic that show three different
mechanisms that can be used to functionalize NPs with
biomolecules:

1. electrostatic adsorption
2. chemisorption of thiol derivatives
3. specific affinity interactions.

Different alternatives used for coupling NPs with
antibodies, enzymes, and oligonucleotides are reviewed
in the following sections.

AuNPs are
enhancing the

2.2.2.1 Immobilization of Antibodies
certainly the most exploited for
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Figure 7 Schematic of different strategies used to couple NPs with biomolecules. (a) Electrostatic interaction of biomolecules
with metal nanoparticles; (b) covalent interaction of biomolecules through thiol groups with metal nanoparticles; (c) bioconjugation
of metal nanoparticles by the use of bioaffinity interactions upon (strept)avidin—biotin binding.

immobilization of antibodies or antigens in proximity
to the electrode surface with, in most of the cases,
improvement in stability. One approach consists of
assembling a monolayer of AuNPs on the electrode
surface, where antibodies can be electrostatically attached
without loss of activity.

An amperometric immunosensor for Schistosoma
japonicum antigen (SjAg) assay based on nanosize partic-
ulate gold (nano-Au) monolayer as a sensing platform was
proposed by Lei et al.®” The nano-Au monolayer was
obtained through a chitosan-entrapped carbon paste elec-
trode (CCPE). The high affinity of chitosan for nano-Au
associated with its amino groups facilitated the forma-
tion of a nano-Au monolayer on the surface of the
CCPE. A sequential competitive immunoassay format
was performed on the CCPE-supported nano-Au mono-
layer using S.japonicum antibody (SjAb) and SjAg as a
model system. The assay consisted of first loading SjAb
on the nano-Au monolayer, then blocking with a bovine
serum solution (BSA), followed by a competitive incuba-
tion in the buffer containing the SjAg (analyte) and SjAg
labeled with horseradish peroxidase (HRP), and finally
amperometric detection with hydroquinone as an enzy-
matic substrate. The dynamic concentration range for
SjAg assay was 0.11-22.4 pgml~! with a detection limit
of 0.06 Lgml~L. The feasibility of regenerating the nano-
Au monolayer for consecutive assays was demonstrated
by a simple chemical treatment after each determina-
tion. The simple construction of the nano-Au monolayer

and the improved sensitivity were main features of the
proposed immunosensing method.

A similar approach was followed by Li et al.,©”
who have recently developed a reusable capacitive
immunosensor based on 1,6-hexanedithiol (HDT) and
colloidal gold layers. The organic monolayer film was
first formed by the spontaneous assembly of HDT
from solution onto a gold electrode. When these thiol-
rich surfaces were exposed to gold colloid, the sulfides
formed strong bonds with AuNPs, anchoring the clusters
to the electrode substrate. After the assembly of the
AuNPs layer, the antibody could be immobilized through
electrostatic adsorption between nano-Au and the
antibody proteins. After use, the formed immunocomplex
layer could be rinsed out via a saline solution with extreme
pH. The use of AuNPs in these types of immunosensor
developments has certainly brought advantages with
respect to classical immunoassays employing covalent
immobilization of the antibodies. However, the need for
regenerating the sensing surface after each measurement
still represents the main drawback for a practical
analytical application of this type of immunosensor.
The assay procedure consists of complex operations that
require specialized operators.

Another approach was based on using membrane
or solgel composites®>%¥ to entrap AuNPs and bioma-
terials. In all these systems, the presence of AuNPs
improved the conductivity of the composite and enhanced
the stability and sensitivity of the sensor owing to a higher

s(61 ,62)
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attachment surface availability for the biomolecules.
Silica NPs do not possess conductive properties. However,
due to the porosity of the material, they exhibit a very
high surface area and therefore they are usually used to
immobilize biomolecules. A higher number of biological
molecules can be attached with a very stable interaction
resulting in enhanced sensor performance.®

2.2.2.2 Immobilization of Enzymes In the early
1990s, Crumbliss et al. immobilized several kinds of
enzymes with gold NPs and further fabricated different
enzyme electrodes with retained enzymatic activity.©®
Chen etal. first attached gold NPs to gold elec-
trodes modified with cysteamine monolayer, and then
successfully immobilized horseradish peroxidase on these
NPs.? They also studied the effect of nanoparticle size
on the performance of the prepared biosensors. NPs with
smaller size were found to be more suitable for enzyme
immobilization.

Many similar studies have been reported for the
construction of biosensors based on the immobilization
of different enzymes such as horseradish peroxidase, %%
microperoxidase-11,? tyrosinase,’? and hemoglobin7?
with gold NPs. SiO, NPs are also excellent matrices for
enzyme immobilization because of their good biocompat-
ibility and easy preparation. Hu et al. immobilized several
heme proteins with SiO, NPs through the layer-by-layer
assembly,’ and investigated the driving forces for the
assembly procedure.”® Other NPs, such as Pt, Ag,™
TiO,, ZrO, NPs, and so on, can also be used for the
immobilization of enzymes.

The electrostatic deposition of biomolecules, partic-
ularly proteins or enzymes, can also be extended to
multilayer-level assemblies.’® Proteins that are elec-
trostatically attracted to the charged NPs can provide
an interface for the further deposition of an oppositely
charged polyelectrolyte polymer, which again allows the
deposition of a secondary protein layer. Multilayer films
of glucosidase,”” glucose oxidase (GOX),"® urease,
and HRP®” have been assembled on polystyrene NPs by
the alternate deposition of the proteins and an oppositely
charged synthetic polyelectrolyte as a linker, e.g. posi-
tively charged poly(diallyldimethylammonium) chloride
or negatively charged poly(sodium 4-styrenesulfonate).
The protein/polymer multilayer shell could be varied
from several to hundreds of nanometers in thickness.
This strategy permits the preparation of functional films
on NPs with a high density of enzyme molecules.

Chemisorption of proteins onto AuNP surface can
originate from the binding of thiol groups from cysteine
residues that exist in the proteins to the Au surface.
If no thiolated residues are available in the native
proteins, thiol groups can be incorporated by chemical
means; for example, with 2-iminothiolane®" or through

11

genetic engineering.®? For example, the immobilization
of endoglucanase enzyme onto AuNPs through the
covalent bonds formed between the Au atoms and the
cysteine residues of the protein has been reported.®?

2.2.2.3 Immobilization of Oligonucleotides The che-
mistry of biomolecules attached to NPs has a significant
impact on their use in the analytical detection scheme.
NPs functionalized in different ways have, for example
in the case of their use in DNA detection, different
oligonucleotide surface densities, different availability for
hybridization to targets, and different tendencies to bind
nonspecifically to surfaces.”

In order to immobilize oligonucleotides onto the
surfaces of NPs, the DNA strands are often modified
with special functional groups that can interact strongly
with certain NPs. Fang and coworkers immobilized
the oligonucleotide with a mercaptohexyl group at
the 5-phosphate end onto the 16-nm diameter gold
NPs, which were self-assembled on a cysteamine-
modified gold electrode and discovered that the saturated
immobilization quantities of single-strand DNA on the
modified electrode were about 10 times larger than that
on a bare gold electrode.®?

Thiol-functionalized oligonucleotides stick strongly to
gold surfaces. The attachment via thiol linkage to
nanocrystals is much stronger and more efficient than
nonspecific adsorption. Unfortunately, the number of
oligonucleotides attached per nanoparticle cannot be
directly controlled. However, gold nanocrystals with
a controlled number of attached oligonucleotides can
be isolated using gel electrophoresis. In addition,
the gold NPs can be connected selectively with one
oligonucleotide. Nanogold maleimide was used in that
case and connected with a thiolated DNA.®>

AgNPs were also used to immobilize mercapto
oligonucleotides to a thiol-containing solgel network-
modified electrode.®® The immobilization of DNA with
silica NPs was also studied, obtaining enhanced analytical
performances.®”

2.2.3 Nanoparticles as Enhancers of Electron Transfer

The electrical contacting of redox enzymes with elec-
trodes is a key process in the design of enzyme electrodes
for bioelectronic applications such as biosensors,® or
biofuel cell elements.®” Enzymes usually lack direct
electrical communication with electrodes due to the fact
that their active centers are surrounded by considerably
thick insulating protein shells, which, therefore, block
the direct electron transfer. The conductive properties of
NPs — mostly metal NPs at nanoscale dimensions — make
them suitable for enhancing the electron transfer between
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the enzyme active centers and electrodes, thus acting as
“mediators” or ‘“‘electrical wires”.

Biocatalytic electrodes for biosensor applications
have been prepared by the codeposition of redox
enzymes/proteins and AuNPs on electrode supports.®%-9D
In one example, direct electron transfer between
hemoglobin and a GC electrode was facilitated by
lipid-protected AuNPs. The biocatalytic electrodes were
reported to operate without electron-transfer mediators.
However, the random and nonoptimized positioning of
the redox proteins on the conductive NPs did not allow
efficient electron transfer between the active sites of
the enzyme and the electrode support. Highly efficient
electrical contacting of the redox enzyme GOX through a
single AuNP was demonstrated by Willner et al.®» They
reconstituted the apo-flavoenzyme, apo-glucose oxidase
(apo-GOX), on a 1.4-nm AuNP that was functionalized
with N°-(2-aminoethyl)flavin adenine dinucleotide (FAD
cofactor, amine derivative). The resulting conjugate
was assembled on a thiolated monolayer by using
different dithiols as linkers. Alternatively, the FAD-
functionalized AuNP could be assembled on a thiolated
monolayer associated with an electrode, and apo-
GOX was subsequently reconstituted on the functional
NPs. The enzyme electrodes prepared by these two
routes revealed similar surface coverages of about
1 x 1072 molecm™2 of the protein. The NP-reconstituted
GOX layer was found to be electrically contacted with
the electrode without any additional mediators, and
the enzyme assembly stimulated the bioelectrocatalyzed
oxidation of glucose. The resulting NP-reconstituted
enzyme electrodes revealed unprecedented electrical
communication efficiency with the electrode showing an
electron-transfer turnover rate of about 5000s~!, nearly
7 times faster than that between GOX and its natural
substrate, oxygen.

The electron transfer between other redox proteins
and electrodes has also been revealed with the help of
AuNPs. For example, Wang et al. self-assembled AuNPs
onto a three-dimensional silica gel network-modified
gold electrode, and obtained the direct electrochemistry
of cytochrome c. These AuNPs acted as a bridge to
transfer electrons between protein and electrode.®®
AgNPs, as well as AuNPs, have good conductivity, and
they can also be used to enhance the electron transfer
between enzymes and electrodes. Li et al. assembled
AgNPs onto pyrolytic graphite electrodes, and then
immobilized cytochrome c on these NPs. It was reported
that AgNPs act as the electrical bridge that ‘“‘wires”
the electron transfer between cytochrome c and the
electrode, and the electron-transfer rate constant was
about 15.8571.%Y Some nonmetal NPs, such as oxide
NPs and semiconductor NPs, can also enhance the
electron transfer between enzymes and electrodes in
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certain systems. For instance, HRP was mixed with
TiO, NPs and immobilized onto pyrolytic graphite
electrodes, which resulted in direct electron transfer.®>
Hemoglobin, immobilized with ZrO, NPs, also exhibited
direct electrochemistry at pyrolytic graphite electrodes
and could be used for constructing mediator-free
biosensors.®® Other oxide NPs such as Fe;0,“” and
MnO,® NPs have also been used to immobilize
enzymes and enhance their direct electrochemistry.
Recently, the application of semiconductor NPs for the
enhancement of electron transfer between redox proteins
and electrode surfaces has been reported. Hemoglobin
and CdS NPs were mixed and immobilized onto pyrolytic
graphite electrodes, and the immobilized hemoglobin
exhibited direct electrochemistry. In fact, the effective
enhancement of electron transfer was dependent not
only on the conductivity of NPs but also on the
arrangement between NPs and biomolecules.®” Tt is
believed that creating defined and ordered arrangements
of NPs using nanotechnology is a promising approach
to the construction of biosensors with greatly enhanced
electron-transfer properties.

3 CARBON NANOTUBES

3.1 General Properties

The discovery in 1985 of buckminsterfullerene opened
a new era for the chemistry of carbon and for novel
materials. Sumi Ijima, the Japanese physicist, discovered
nanotubes in 1991.1% The CNTs have generated great
interest for various applications based on their field
emission and electronic transport properties, their high
mechanical strength, and their chemical properties.1?
From this arises an increasing potential for use as field-
emission devices,'%V nanoscale transistors,9? tips for
scanning microscopy,!% or components for composite
materials.1%Y

In this context, CNT are particular nanomaterials that
have generated a considerable interest owing to their
unique structure-dependent electronic and mechanical
properties.1%

CNTs can be divided into single-wall carbon
nanotubes (SWCNT) and multiwall carbon nanotubes
(MWCNT)1% (Figure 8). SWCNT (Figure 8a) possess a
cylindrical nanostructure formed by rolling up a single
graphite sheet into a tube. SWCNT can thus be viewed as
molecular wires with every atom on the surface. MWCNT
(Figure 8b) comprise of an array of such nanotubes that
are concentrically nested like rings of a tree trunk.19”)

CNTs are one of the most commonly used building
blocks of nanotechnology. With 100 times the tensile
strength of steel, thermal conductivity better than all but
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(b)

Figure 8 Schematics of an individual (a) SWCNT and
(b) MWCNT. (Adapted from Ref. 106. © Elsevier, 2005.)

the purest diamond, and electrical conductivity similar to
copper, but with the ability to carry much higher currents,
CNTs seem to be a wonder material.

3.1.1 Production of Carbon Nanotubes

There are several methods to form CNTs: arc method,
laser methods, chemical vapor deposition (CVD), etc.
However, in order to use CNTs in novel devices, it
is necessary to produce these materials with a high
crystallinity on a large scale economically. In this
context, the catalytic CVD method is considered to
be the optimum for producing large amounts of CNTs,
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particularly with the use of a floating-catalyst method.1%®
This technique is more controllable and cost efficient
when compared with arc-discharge and other methods.

3.1.2  Purification of Carbon Nanotubes

Extensive research has been dedicated to the purification
of CNTs in order to remove foreign NPs that modify the
physicochemical properties of CNTs.

Chemical methods have been applied for purifying
CNTs. SWNT purification developed by Smalley and
coworkers'%  consists of refluxing as-grown SWNTSs
in nitric acid solutions. Subsequently, more-effective
purification techniques have been developed with minor
physical damage of the tubes.1%-112 The other method
was reported by Martinez et al."'3 and consists in a tech-
nique of high-temperature air oxidation in conjunction
with microwave acid treatments, for removing a high
portion of metal particles in relatively short periods of
time. The most effective methods for MWNTs purification
are high-temperature treatments in an inert atmosphere
(graphitization or annealing) and removing structural
defects (heptagons and heptagon-pentagon pairs) or
impurities such as metallic compounds.¥

3.1.3 Dispersion of Carbon Nanotubes

Before certain applications CNTs must be transformed
to a “‘soluble” product. The preparation of homogeneous
dispersions of CNTs, suitable for their use in thin films or
for other applications, is of a great importance. Various
methods can be used for this purpose. End®> and/or
sidewall!® functionalization, use of surfactants with
sonication,"'” polymer wrapping of nanotubes,118-120
and protonation by superacids!?) have been reported.
Although these methods are quite successful, they often
indicate cutting the CNTs into smaller pieces (sonication
and/or functionalization), thus partly losing the high
aspect ratio of SWCNTs.

Kim et al."?» provided an example of CNT solubiliza-
tion. They developed a simple, efficient process for solu-
bilizing CNTs with amylose in dimethyl sulfoxide—H,O
(DMSO-H,0) mixture as well as in pure water. This
process requires two important conditions, presonication
of CNTs in water and subsequent treatment of the fine
CNT dispersion with amylose in a specified DMSO-H,O
mixture, followed by a postsonication. The best solvent
composition was found to be 10-20% DMSO, in which
amylose assumes an interrupted loose helix. The resulting
colloidal solution was stable and exhibited no precipita-
tion over several weeks.

CNT solubilization by covalent modification was
reported by Luong et al.'>¥ MWCNTs were solubilized in
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a mixture of 3-aminopropyltriethoxysilane (APTES) and
Nafion-perfluorinated ion-exchange resin and ethanol.
Uniformly dispersed MWCNTs were obtained after
20 min sonication and used for sensor applications.

3.2 Applications

CNTs have a wide range of properties that we are still
in process of discovering with an ambitious variety of
applications. In this case, we focus on the application
of CNT-modified electrodes in bioelectroanalysis, which
mainly includes electrochemical studies on neurotrans-
mitters, proteins, nucleic acids, and other molecules.

In recent years, CNT-modified electrodes show the
properties of electrocatalytic activity due to its unique
electronic properties and CNTs can promote electron-
transfer reactions,!>¥ which can be applied for the detec-
tion of analytes in a low concentration or in the complex
matrix. The CNT-modified electrodes usually include
CNT paste electrode,'?» CNT coating electrode, 1?9
or CNT embedded in a polymeric matrix.'?” Gener-
ally, CNT-modified electrodes contain an electrochemical
analysis and biosensor applications.1?8:129

3.2.1 Modifications of Electrodes Surfaces

The derivatization of carbon surfaces allows electro-
chemists to design tailor-made electrodes, which offer
distinct advantages for catalysis, analysis and biolog-
ical applications, and the area of electrochemistry
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has attracted considerable attention over the last few
years, 39 it has aroused great interest in modifying elec-
trode surfaces, for example Pérez et al. integrated CNTs
onto a GC electrode and use this for reduced nicotinamide
adenine dinucleotide (NADH) detection. The use of
polyvinyl chloride (PVC) as a matrix for CNTs dispersion
aimed to ensure better mechanical/robustness properties
of the sensor membrane compared to an unmodified GC
electrode. Additionally, with the use of glutaraldehyde
(GA) as a matrix linker, their design offer future alterna-
tives for biosensors applications due to the ability of the
developed design to aid in covalent binding of biological
molecules’?? (Figure 9).

3.2.2 Carbon Nanotubes as ““Carriers/Amplifiers”

A strategy for dramatically amplifying enzyme-linked
electrical detection of proteins and DNA using CNTs as
carrying enzymes has been developed by Wang et al.,13
amplifying electrical detection and producing an ultra-
sensitive bioelectronic detection of DNA hybridization.
First, the alkaline phosphatase (ALP) enzyme tracer
was immobilized on CNTs using 1-ethyl-3-(3-dimethyl
aminopropyl) carbodiimide as linker. Following this,
they realize a capture of the ALP-loaded CNT tags
to the streptavidin-modified magnetic beads by a sand-
wich DNA hybridization or antibody-antigen—antibody
(Ab-Ag-Ab) interaction (Figure 10).
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Figure 9 (a) Images of the MWCNTs in tetrahydrofuran (THF) (A), THF+PVC (B), and in THF+PVC+GA solution (C).
(b) Scanning electron microscope (SEM) images of the same solutions as in the upper images. (c) Current — time recordings
including (as inset) the corresponding calibration plots obtained from amperometric experiments at unmodified (A’) and at
modified (B’) GC electrode for successive additions of 1 mM NADH in 0.1 M phosphate buffer pH 7. Working potential: +0.7 V.
(d) The stability of the response (as zoom of the recordings in (c)) is shown for each electrode used. (Adapted from Ref. 127. ©

Wiley-VCH, 2008.)



NANOMATERIALS FOR ELECTROANALYSIS

Al Ag A2

15

GC
CNT —
: E (V)
S P~_ 7"
(b) (c)

Figure 10 Schematic representation of the dramatic signal enhancement associated with the CNT-based dual amplification route
for DNA hybridization (A) and Ag—Ab (B) bioassays (a); (b) enzymatic reaction; (c) electrochemical detection of the product of
the enzymatic reaction at the CNT-modified glassy carbon electrode. (Adapted from Ref. 131. © American Chemical Society, 2004.)

Such coupling of several CNT-derived amplification
processes results in highly sensitive detection of proteins
and DNA and hence indicates great promise for PCR-free
DNA assays and for assembling controllable nanoscale
systems.

The loading of multiple peroxidase enzyme tracers
onto CNTs ‘“carriers” has recently been exploited by
Rusling’s team for highly sensitive immunodetection of
cancer biomarkers in serum and tissue lysates.3?

3.2.3 Carbon Nanotube-based Composites

Nanocomposites represent the first major commercial
application of the MWCNTs. CNTs can be mixed
with a wide range of polymeric matrices. By mixing
CNTs with poly(methyl methacrylate) (PMMA), a
nanocomposite PMMA/CNT with improved mechanical
properties is obtained.!®® In case of working with
doped polyaniline/MWCNT composites, conductivities
arise 60-70% compared to the polymer nonmodified
with MWCNT. 139

Carbon nanotube epoxy-composite (CNTEC) elec-
trode has been fabricated and characterized by our
group.13> CNTEC electrodes have been produced by
loading the epoxy resin, before curing, with MWCNTs
of different lengths. On the basis of the electrochem-
ical reversibility and sensitivity studies, it was found
that the electrodes containing 20% (w/w) CNT repre-
sent the optimal composition. The behavior of CNTEC
electrodes has been compared with that of conven-
tional graphite epoxy-composite (GEC) electrode. It was
found that long-MWCNT (0.5-200 wm)-based epoxy-
composite electrodes show strong electrocatalytic activity
toward NADH and hydrogen peroxide while short-
MWCNT (0.5-2pm)-based epoxy composites show
similar oxidation potential as GEC electrode for both
NADH and H,0,. In both cases, CNTEC electrodes
provide better reversibility, peak shape, sensitivity, and
stability when compared to GEC electrode. The CNTEC
material is more robust in terms of mechanical strength

compared to CNT paste or Teflon composite reported
previously. The new CNT composite indicates that it may
become a new class of smart material with unique prop-
erties and applications. The resulting CNTEC electrode
may offer great promise for biosensing by incorporating
biomolecules, such as enzymes, antibodies, or DNA in
the CNT/epoxy composite. Research in this direction is
in progreess in our laboratory.

3.2.4 Use of a Single Carbon Nanotube

Characteristics and different properties related to the
structure of SWCNT are decisive for their applications
in (bio)sensors. First, depending on the direction, the
graphite sheet is rolled to form the CNT - a metallic or
semiconducting character of the SWCNT will dominate.
Impurities and defects in SWCNT are other important
aspects closely related to its electrochemical activation
that have to be considered.

High aspect ratio and large surface area of SWCNT
are generally associated with its application in the
performance of more sensitive sensors. Sensitivity of
SWCNT to dopants and other substances cause dramatic
changes in the electrical resistance of the semiconducting
SWCNT.

The ammonia sensor® represents an interesting
application of SWCNT via its use in a chemiresistor
design. SWCNTs were chemically functionalized with
poly-(m-aminobenzene sulfonic acid) (PABS) showing
the possibility of having a very sensitive and reversible
sensor. The reversibility is controlled by doping/dedoping
PABS at room temperature.

4 NANOWIRES

4.1 General Properties

Nanowires are attractive materials because of their small
size, high surface-to-volume ratios, and/or electronic,
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optical, and magnetic properties, which can differ
markedly from those observed for bulk or thin film mate-
rials as the nanowire cross-sectional diameter decreases.
Because of the high surface-to-volume ratio and novel
electron transport properties of these nanostructures,
their electronic conductance is strongly influenced by
minor surface perturbations (such as those associated
with the binding of macromolecules). Such 1D mate-
rials thus offer the prospect of rapid (real-time) and
sensitive label-free bioelectronic detection, and massive
redundancy in nanosensor arrays. Metal and conducting
polymer nanowires can be readily prepared by a template-
directed electrochemical synthesis involving electrodepo-
sition into the pores of a membrane template.3”)
Nanowires show promise in a number of different
sensing strategies, including optical,’3® electrical,13%
electrochemical, and mass-based!” approaches.
Recent results suggest the possibility of incorporating
large numbers of nanowires into large-scale arrays
and complex hierarchical structures for high-density
biosensors, electronics, and optoelectronics. 14V

4.2 Application of Nanowires to Field-effect
Transistors

Semiconductor nanowire-based field-effect transistors
(FETs) are an exciting new route to ultrasensitive
electrical detection of biomolecular interactions.1*? In
these devices, conductance is monitored to detect binding
events occurring on the nanowire surface. Figure 11
shows a peptide nucleic acid (PNA) receptor-modified
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nanowire FET, in which uncharged PNA probes provide
selective binding to detect charged DNA targets.!*> The
small diameter of nanowire FETs provides extremely
high sensitivity because the binding of target molecules
causes accumulation/depletion of carriers throughout
the wire cross section, and have been used to detect
ions, DNA sequences, proteins, and viruses.14+14
Because FETs respond to changes in surface charge,
attention must be paid to the buffer solution in
which measurements are performed. Physiologically
reasonable ionic strength negatively impacts sensitivity by
compressing the electrical double layer around the wires.
This has been overcome by desalting samples before
analysis to increase Debye length and with it the distance
from the wire surface at which changes in charge can be
detected.146)

Recently, Heath and coworkers used electrostati-
cally adsorbed DNA probes on functionalized silicon
nanowires (SiNWs) to demonstrate DNA detection
in 150-mM salt despite the short Debye length at
this ionic strength.14” There are two complementary
strategies to fabricate nanowire FETs, top-down and
bottom-up. In top-down strategies, the wires themselves,
as well as the chip and electronic circuitry, are all
fabricated from a bulk silicon wafer using advanced
microelectronics technologies (i.e. lithography, etching,
and deposition). These technologies are mature and reli-
able; however, the incorporation of biological probe
molecules is limited by harsh conditions (high temper-
ature, solvents, or reactive-ion etching (RIE)) commonly
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Figure 11 Semiconductor nanowire-based field-effect transistors for biomolecule detection. (a) The surface of a p-type silicon
nanowire is modified with peptide nucleic acid (PNA) probe molecules. (b) The binding of DNA target molecules with a net negative
charge leads to an accumulation of carriers in the nanowire and a corresponding increase in nanowire conductance. (Adapted from

Ref. 143. © American Chemical Society, 2004.)
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used in fabrication. In bottom-up strategies, nanowire
building blocks are synthesized before assembly onto
the chip surface, which provides much greater flexibility
in nanowire material properties and surface functional-
ization but does not yet offer the fabrication reliability
of top-down approaches. In top-down strategies, Stern
et al. reported a complementary metal oxide semicon-
ductor (CMOS) FET compatible technology to detect
antibodies with 100-fM concentration.*® An anisotropic
wet etch was used instead of RIE, which can degrade
device performance.®? The resulting SiNWs had trape-
zoidal cross sections with nanometer-scale width and
height. This approach enables the integration of signals
from the nanowire sensors and real-time detection of
biomolecules. The Lieber’s group has pioneered bottom-
up strategies to fabricate SINW FETs.(14? Notably, they
have demonstrated the versatility of SINW FETs by the
detection of several classes of targets including ions, small
molecules, proteins, nucleic acids, and viruses with high
selectivity and sensitivity. These authors also demon-
strated the highest level of multiplexing, to date, for
nanowire FET sensors in a simultaneous assay for three
cancer markers with a detection of 0.9 pg mL ™! in desalted
but undiluted serum samples. 149 Monoclonal antibodies,
specific for each of the targets, were spotted onto different
nanowire FETs; sample solutions were delivered through
microfluidic channels, and the electrical signal from each
FET was monitored in real time during exposure to
each of the targets. Semiconductor nanowire FETs offer
ultrasensitive, label-free, real-time electrical detection of
biomolecules. To date, most efforts have focused on the
fabrication and characterization of the FET devices, with
less attention on biological multiplexing, at a current
maximum of three targets at a time. New methods are
needed to enable the controlled placement and integra-
tion of large numbers of functional nanowire bioFETs
with different probe antibodies or nucleic acid sequences
by top-down, bottom-up, or hybrid strategies.

S NANOPORES/NANOCHANNELS

5.1 General Properties

5.1.1 Natural Ion Channels

There is increasing interest in measuring and investigating
transport and electrochemical phenomena in membrane
samples that contain a single pore of nanoscopic diameter.
Selective transport in nanopores (protein-based ion
channels) is used in living systems for electrical signaling
in nerves and muscles. This natural behavior is being
approached for the application of nanopores as sensing
elements in biosensors.
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Most membrane proteins are expected to consist of
B-barrels or bundles of a-helices,’*” so attempts to
engineer membrane channels and pores have focused
on these two structural forms: -barrel of trimeric porin
OmpF and a-helix bundle of potassium channel KcsA
(Figure 12).

The nanopore most often used is the a-hemolysin
protein channel, and the typical sensor consists of a single
channel embedded within a lipid bilayer membrane. An
ionic current is passed through the channel, and analyte
species are detected in this current as transient blocks
associated with translocation of the analyte through
channel-stochastic sensing.

The sensing fundament is based on the fact that by
measuring the ionic current through a voltage-biased
nanopore, molecules that enter the channel can be
detected. When a molecule enters the channel, it displaces
its own volume of solution; thereby, it modifies the
channel electrical impedance and a change in the ionic
current can be recorded. In Figure 13 the process that
occurs in natural ion channels®? is shown.

It is a schematic representation of a pore in a lipid
bilayer, where the natural ionic current flows through,
and this ionic current can be recorded. When an analyte
is bound to a specific region of the pore, a change in the
measurement is observed, and this can be related to the
analyte and its concentration. Specifically, the intensity
of the signal is related to the concentration of analyte,
and the amplitude of the signal is characteristic of each
analyte.

There is, however, a key impediment to developing
practical sensors based on the biological nanopore. This
problem concerns the fragility of the supported bilayer

o-helix bundle
(b) of potassium channel KcsA

B-barrel
(a) of trimeric porin OmpF

Figure 12 The two major structural forms of membrane chan-
nels and pores illustrated with X-ray structures: (a) p-barrel:
one subunit of the trimeric porin OmpF; (b) a-helix bundle: the
potassium channel KcsA. The channel contains four subunits:
two are shown in green (pale) and two in red (dark). (Adapted
with permission from Ref. 149. © Informa Healthcare, 2004.)
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Figure 13 Schematic representation of a pore in a lipid bilayer. (Adapted from Ref. 150. © American Association for the

Advancement of Science, 2004.)

membrane that houses the nanopore. Such membranes
typically survive for periods of only a few hours before
rupture,>15%) which is much too short to make a practical
sensing device. One approach for solving this problem
consists in replacing the biological nanopore, and bilayer
membrane, with an artificial nanopore embedded in a
mechanically and chemically robust synthetic membrane.
So, currently, research in this area is focused on the use of
synthetic nanopores simulating this behavior for sensing
applications.

5.1.2  Production and Characterization of Nanoporous
Materials

The basic methods of preparing porous materials consist
in (i) aggregation of particles, (ii) subtraction of a compo-
nent from a compact body, and structural changes like
(iii) crystallization, and (iv) inflation of a structure, for
example, by swelling. There are also some special methods
such as (i) compaction of powder, (ii) chemical reaction
and precipitation, (iii) crystallization, and (iv) thermal
treatment.

Related to the production of engineered nanopores
for electrochemical analysis, the method most used is
the track-etch method. It consists in bombarding a solid
material (i.e. polycarbonate or silicon nitride/oxide films)
with a collimated beam of high-energy nuclear fission
fragments to create parallel damage tracks in the film.1>
The damage tracks are then etched into monodisperse
pores by exposing the tracked film to a solution of aqueous
base. The diameter of the pores is determined by the
etch time and the etch-solution temperature. The pore
density is determined by the exposure time to the fission
fragment beam. Membranes with single nanopores down

to 30 nm are obtained using this method. Conically shaped
pores can also be obtained,’* taking advantage of a
dramatic enhancement in the rate of transport through
the membrane, relative to analogous cylindrical pore.

In order to characterize these nanomaterials, funda-
mental nanofluidic parameters like ion transport
numbers, membrane diffusion permeability, and specific
chemical capacity have been studied. For this purpose,
several techniques, such as conductance/cyclic voltam-
metric, nuclear magnetic resonance of >H, 3P, and 'H,
infrared adsorption spectroscopy, X-ray diffraction, and
electron—positron annihilation have been applied.

5.2 Applications in Electroanalysis

Nanopores are used as resistive-pulse sensors for
molecular and macromolecule analytes in synthetic
as well as biological membranes. The resistive-pulse
method, which, when applied to such analytes, is
sometimes called stochastic sensing, entails mounting
the membrane containing the nanopore between two
electrolyte solutions, applying a transmembrane potential
difference, and measuring the resulting ion current
flowing through the electrolyte-filled nanopore. In
simplest terms, when the analyte enters and translocates
the nanopore, it transiently blocks the ion current,
resulting in a downward current pulse. The current-pulse
frequency is proportional to the concentration of the
analyte, and the identity of the analyte is encoded in
the current-pulse signature, as defined by the average
magnitude and duration of the current pulses.

In Figure 14, three examples of the use of nanopores for
the detection of a variety of analytes, including biological
ones, are shown.
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Figure 14 Scheme of the detection of a variety of analytes by stochastic sensing. (Adapted from Ref. 150. © American Association

for the Advancement of Science, 2004.)

In the first case (a), the nanopore is engineered with a
divalent metal-binding site. Each metal ion binds with
different Kkinetics, so this allows to detect metal ion
mixtures, for example, of zinc and cobalt. In the second
case (b), the pore contains a noncovalent engineered
binding site. This allows to detect organic molecule
mixtures, like promethazine and imipramine. Finally, the
specific detection of proteins, for example, streptavidin
(c), is shown. For this purpose, the pore is engineered with
a specific ligand that binds the streptavidin molecule.

The most reported application of nanopores/nano-
channels for electrochemical analysis is focused on
the DNA sensing. Single-stranded RNA or DNA
molecules can pass through the wild type a-hemolysin
pore in an elongated conformation and the transit
time and extent of the current reveal information
about the length of the nucleic acid and its base
composition. !> On the other hand, the magnitude of
the conductance changes communicates additional details
such as the presence of mismatches in DNA sequences.
Furthermore, when single-stranded oligonucleotides are
covalently attached within the large cavity of the pore,
sequence-specific duplex formation can be detected.
On the basis of the same fundament, cylindrical
nanopores generated in polymeric membranes can be
applied for DNA sequencing.®7~1%0 Furthermore, the
inherent advantages of the conically shaped nanopores
generated in polymeric membranes are also used for the
electrochemical sensing of proteins!®' =163 and DNA. (164

Gold substrates are also useful substrates to build nano-
pores/nanochannels for electroanalysis. For example,
gold nanotubes embedded within polymeric membranes
can be used for proteins!®> and DNA®3D sensing, which
are detected as a change in the current pulses or as a
permanent blockage of the ion current.

Suitable substrates for DNA sensing are also
nanoporous alumina filters. Aluminum anodized oxide
disks have a high pore density (1 x 10 cm™?) and small
pore diameters, that results in a substrate with high
surface area that can be easily functionalized. These
filters modified with covalently linked DNA have been
used to detect target DNA by monitoring the increase
in impedance at the electrode upon DNA hybridization,
which results from blocking the pores to ionic flow.166:167

Micromolding is an alternative technique that can be
used to embed a nanoscale pore in polydimethysiloxane
(PDMS), allowing to construct artificial nanopores for
DNA molecules sensing.1%® This technique is extremely
flexible and allows a variety of single-molecule detection
applications.

Finally, the main advantages of the nanopore-based
electrochemical sensing systems can be summarized as
follows: (i) highl sensitivity; (ii) rapid and reversible
response (allowing real-time monitoring); (iii) wide
dynamic range; (iv) the possibility of several analytes
being quantified concurrently by a single sensing element;
(v) high selectivity of the sensing element not a condition,
as each analyte produces a characteristic signature;
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(vi) fouling of the sensing element cannot give a false
reading, as the signal would not be characteristic of
an analyte; (vii) potential for nanoscale miniaturization.
All this makes this field a very promising research area
that should bring wonderful scientific discoveries, with
tremendous potential applications.

6 CONCLUSIONS AND FUTURE
PERSPECTIVES

Nanomaterials ranging from NPs, QDs, CNTs, nanowires,
and nanochannels or nanopores are proving to be very
interesting alternatives to conventional materials in a
broad range of electrochemical sensing and biosensing
systems. Their integration into electrochemical platforms
depends on their different sizes, forms, and constituting
materials.

NPs have been applied to improve immobilization
of (bio)molecules onto electrode surfaces, to catalyze
reactions, and to enhance transducing signals. In addition,
owing to their small size and electrochemical properties
(i.e heavy metal-based QDs or even gold NPs), these are
showing to be excellent labeling tags as alternative to
conventional ones like dyes, enzymes, etc.

Gold NPs are the most reported labels. The low
detection limits (few femtomoles) obtained for gold
nanoparticle-based assays have been obtained by the
combination of the gold tracing with silver enhancement.
Enhancement has also been reported for QDs leading
to improved detection limits. Nevertheless, the use of
QD carriers such as polystyrene beads or CNTs has
significantly improved (up to 500 fold) the limits of
detection.

Although most of the electrochemical strategies for
DNA analysis reported to date suffered from the fact
that the hybridization event is still separated from the
detection, there is a lot of ongoing effort is to integrate the
whole electrochemical assay in a classical biosensor model
with real applications for the future. The electrochemical
properties of NPs make them extremely easy to detect
(in both direct and indirect detection modes) by using
simple instrumentation. The developed electrochemical
coding technology (based on CdS, PbS, and ZnS) could
be adapted to other multianalyte biological assays,
particularly immunoassays. The electrochemical coding
technology is thus expected to open new opportunities
for DNA diagnostics, and for bioanalysis, in general, with
a special interest for in-field low-cost applications.

There are various advantages that CNTs bring in
the electrochemical analysis. CNTs composites seem to
be an attractive alternative material in electrochemical
sensors. The developed biosensors based on this kind of

ELECTROANALYTICAL METHODS

materials are showing clear advantages in terms of sensor
operability (sensitivity, detection limit, stability, etc.) due,
overall, to an improvement of electron transfer that leads
to a lowering of working potential and consequently a
significant remove of interferences during a real sample
analysis.

Although the number of reports on CNTs applications
in electrochemical sensors has increased, more efforts are
required to figure out the role of CNTs in the improve-
ment of the electrochemical properties of sensors and
avoid precipitated conclusions in attributing electrocat-
alytic properties to nanotubes without conducting the
appropriate control experiments. Further electrochem-
ical study should be recommended for the future to
understand better all the phenomena related with CNTs
implementation in electrochemical sensors including the
possible tuning of their electrochemical properties by
modifications using doping agents as well as other mate-
rials.

Nanowires, nanochannels, and nanopores represent a
novel trend in designing electrochemical (bio)sensors.
Efforts are shown in their use in nanodevices with
interest for both chemical sensing (i.e. nanowires) as
well as biosensing (nanochannels and nanopores). While
integration of nanowires into electrochemical platforms
is relatively simple (i.e. by growing nanowires onto a
transducing platform) the integration of nanochannels
and nanopores still seems to be far from robust
setups with interest for mass production. Nevertheless,
the application of these nanomaterials shows special
advantages for single DNA-strand analysis with future
interest in genetic studies and diagnostics.

The application of the above-mentioned nanomaterials
in relation to electroanalysis is already a consolidated
research field not only for electroanalysis but also
for the current nanoscience and nanotechnology. The
experiences acquired so far in the field of electrochemistry
are successfully coupled with the knowledge of new
nanomaterials. This synergy is already offering interesting
alternatives for several important analytical chemistry
applications in fields like clinical analysis, environmental
industry, safety as well as other industries.
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ABBREVIATIONS AND ACRONYMS

AB Antibody

AG Antigen

ALP Alkaline Phosphatase

apo-GOX Apo-glucose Oxidase

APTES 3-aminopropyltriethoxysilane

BSA Bovine Serum Solution

CCPE Chitosan-entrapped Carbon Paste
Electrode

CMOS Complementary Metal Oxide
Semiconductor

CNTEC Carbon Nanotube Epoxy-composite

CNTs Carbon Nanotubes

CVD Chemical Vapor Deposition

DMSO Dimethyl Sulfoxide

DPV Differential Pulse Voltammetry

EIS Electrochemical Impedance Spectroscopy

FAD Flavin Adenine Dinucleotide

FETs Field-effect Transistors

GA Glutaraldehyde

GC Glassy Carbon

GEC Graphite Epoxy-composite

GOX Glucose Oxidase

HDT 1,6-hexanedithiol

HO Hydroquinone

HRP Horseradish Peroxidase

IeG Immunoglobulin G

MWCNT Multiwall Carbon Nanotubes

NADH Nicotinamide Adenine Dinucleotide

NPs Nanoparticles

PABS Poly-(m-aminobenzene Sulfonic Acid
PCR Polymerase Chain Reaction
PDMS Polydimethysiloxane

PMMA Poly(methyl Methacrylate)

PNA Peptide Nucleic Acid

PSA Potentiometric Stripping Analysis
PS Polymeric Spheres

PVC Polyvinyl Chloride

QDs Quantum Dots

RIE Reactive-ion Etching

RSD Relative Standard Deviation
SEM Scanning Electron Microscope
SiNWs Silicon Nanowires

SPEs Screen-printed Electrodes
SWCNT Single-wall Carbon Nanotubes
SWV Square Wave Voltammetry

THF tetrahydrofuran
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A novel visualization methodology based on the use of immunofluorescence and Confocal Laser
Scanning Microscopy (CLSM) was used to quantify and visualize tyrosinase enzyme within

a MWCNTs matrix immobilized onto carbon based screen-printed electrodes. CLSM was shown to be
an extremely powerful technique which allowed a clear visualization of the distribution of the enzyme
within both the MWCNTSs and carbon based layers and provided additional and useful morphological
data for a better understanding of the interaction between biomolecules and electrode materials.
Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) were also
employed to fully characterize the system components. The proposed MWCNT/Tyrosinase matrix was
applied to the detection of phenol, as an alternative biosensor material. Electrochemical analytical
performances of the biosensor were investigated in order to determine the optimal fabrication design
along with the enzyme stability. The biosensor based on the developed biomaterial matrix proved
promising results in terms of cost, simplicity and analytical performance. A detection limit of 1.35 uM
and a sensitivity of 47.4 pA mM~! within a linear response range of 2.5 to 75 uM phenol were obtained.
The biosensor performed well as a disposable device and could be stored in a refrigerator (—18 °C)
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without loss of activity for up to 2 months.

Introduction

Phenolic compounds are on the priority pollutants list of the
European Community and the environmental Protection
Agency of the United States because of their toxicity and
persistency in the environment. They are commonly used in
resin manufacture, and polymer and pharmaceutical products.!
As they are compounds of particular environmental signifi-
cance, it is important to be able to quantify and monitor them
on-site.

Phenolic compounds are classically determined by gas chro-
matography and spectrophotometric analyses,”> but these tech-
niques are expensive, time-consuming and difficult to apply
in situ. Electrochemical biosensors represent a promising alter-
native to the mentioned technique due to the extremely high
sensitivity achievable, the simplicity of their use, very low cost
and the fact that biosensors can be easily combined with
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1 Electronic supplementary information (ESI) available: Operational
conditions in confocal studies, evaluation of possible autofluorescence
of the materials and supplementary figures S1-S5. See DOI:
10.1039/c000929f

miniaturized devices. Amperometric biosensors based on
tyrosinase enzyme show high selectivity for phenol detection.
Different matrixes such as carbon paste,® graphite epoxy
composite,* sol-gel composite,® graphite-teflon electrodes,®
glassy carbon electrodes’ and screen-printed electrodes (SPEs)?
have been reported. Screen-printing is a well-established micro-
fabrication technology for the mass production of thick film
electrodes and it is widely applied to build biological or chemical
sensors,” which can be used without complicated sample
pretreatment and therefore are suitable for on-site monitoring.'®

Immobilization of the enzyme represents the crucial point in
obtaining adequate sensitivities and overall stability of the
biosensor. Different approaches, based on adsorption, covalent
binding"! or entrapment in polymers,'> have been performed to
achieve better immobilization of the enzyme. Nanostructured
materials can be used to improve the incorporation of the enzyme
into the sensing matrix and avoid its leaking. Better responses in
terms of the biosensor performance are related to the intrinsic
properties of the nanostructured materials used. Carbon nano-
tubes (CNTs) have unique structure-dependent electronic and
mechanical properties'® that when coupled with the specific
recognition properties of enzymes provide important improve-
ments in biosensors. Their advantages in electrochemical bio-
sensing applications are mostly related to their capacity to
mediate electron transfer reactions between electroactive
species' and transducers thanks to their excellent electrical
conductivity. Other exceptional properties of CNTs such as their
mechanical strength and large surface area, which make them
a potential linking bridge to attach biomolecules to the biosensor
transducer, have been reported.'>!¢
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Incorporating carbon nanotubes into sensing devices generally
requires the dispersion of CNTs in certain solvents so they can be
processed into thin films or other applications.!” To control the
properties of the CNTs it is necessary to remove foreign nano-
particles that modify the physico-chemical properties of carbon
nanotubes. CNTs processing permit the elimination of non-
nanotube material, dispersion of individual nanotubes and
chemical functionalization.™ Purification of CNTs by sonication
can induce sidewall” or end?® functionalization, which is of
interest for facilitating their manipulations.*

An accurate and extensive characterization of the CNTs based
matrix is very important for understanding the improved response
mechanisms and consequently a correct interpretation of the
device responses. Although CNTs are usually characterized prior
to application by electron microscopy (SEM and TEM), Raman
spectroscopy, thermal analysis and absorption spectroscopy (UV-
Vis-NIR), it is also important to evaluate their properties once
they have been applied/integrated into a matrix where biological
molecules (i.e. enzymes) will be included. Careful testing with
these techniques provides important information on the
morphology, distribution and possible linkages of CNTs that can
lead to significant improvements in CNTs based biosensors. In
addition to the above mentioned techniques, confocal laser
scanning microscopy (CLSM) is emerging as an indispensable
tool that can provide valuable information related to the
distribution of the incorporated enzyme within the sensing matrix
layer.?

CLSM can be useful for characterizing not only the outer layer
of the biosensing surface but also its interior, and provide at the
same time a relative quantification of the enzyme. These studies
aim to obtain a better understanding and control of the structure,
shape and composition of the CNTs based biosensing materials
and could be of interest for further investigations including
biofuel cells,?® drug delivery?* or biomarkers analysis,?® between
others. Step by step CLSM characterisations of the carbon
nanotube and tyrosinase based sensor along the preparation and
use in order to further relate its structural characteristics to the
electrochemical behaviour are presented. The study has not been
limited to the 3D visualization of the matrix, but also an exten-
sively CLSM statistical study to evaluate material roughness and
its effect on enzyme distribution has been performed. Enzyme
distribution and aggregation effects considered of crucial
importance on the electrochemical process have also been
studied.

Experimental
Materials and equipment

The following materials were obtained from the respective
suppliers and used as received, except where indicated: CNTs
powders (Aldrich, Germany, 95% purity), tetrahydrofuran
(Fluka, Spain), phenol (SigmaUltra, Spain, > 99.5%), tyrosinase
from mushroom (Sigma; BioChemika, Spain, lyophilized, =
2000 units/mg 93898), mouse anti-tyrosinase (Invitrogen, United
States, unconjugated monoclonal antibody specific to human
tyrosinase. Concentration: 100ung/200ul.), Alexa Fluor ® 488
(Invitrogen, Molecular Probes, United States), TWEEN 20©
(Sigma, Spain).

Potassium phosphate buffer (PBS) of pH 6.5 was prepared
with potassium phophate monobasic (Fluka), potassium phos-
phate dibasic anhydrous and potassium chloride in MilliQ water.
TWEEN buffer was prepared with TWEEN 20© (Aldrich).

Electrochemical experiments were performed using a model
CHI 660A electrochemical workstation from CH Instrument Inc.,
Austin, TX. All electrochemical experiments were performed in
a system composed of an electrochemical cell with the introduced
SPE that contains working, auxiliary and reference electrodes in
a single strip. SPE were fabricated in a semi-automatic screen-
printing machine DEK 248 (DEK International, Switzerland),
and the materials used were polyester sheets (Autostat HTS from
McDermid Autotype), Acheson carbon ink (Electrodag
PF407C), Acheson silver/silver chloride ink (Electrodag 6037SS),
and Minico 7000 Blue insulating ink (Acheson Industries, The
Netherlands). Scanning electron microscopic images (SEM) of
SPE were obtained using a Hitachi S-570 (Hitachi Ltd, Japan).
Observations were carried out using a Leica TCS SP2 AOBS
confocal microscope (Leica Microsystems, Germany) for the
roughness experiments, a Leica TCS SP5 AOBS confocal
microscope (Leica Microsystems, Germany) for the 3D images
and to evaluate the enzyme distribution, and an Olympus
FluoView FV1000 (Olympus, Tokyo, Japan) confocal micro-
scope to compare the fluorescence intensity of different electrode
formulations under the same conditions (for more information
on the working conditions of the confocal studies see the ESIT).
Samples were observed on Mat-Teck culture dishes (Mat Teck
Corp., United States).

Preparation and characterization of SPE and their modification
with CNTs

Screen-printed microfabrication is based on the sequential
deposition of a graphite ink, Ag/AgCl ink and an insulating ink
on a polyester substrate. After each layer is deposited a drying
process is carried out, which consists on keeping the polyester
substrate at 90 °C for 15 min. Previously to their dispersion,
CNTs were purified by stirring them in 2 M nitric acid at 25 °C
for 24 h. Multiwalled CNTs used have a purity of 95%.%¢ The
working surface area of a bare SPE was modified by depositing
a7 ul drop of MWCNTs suspension (1 mg MWCNTs/1 ml THF)
onto the working electrode surface, followed by a drying process
at room temperature for 24 h. The characterization process of the
working electrode surface was performed by SEM to check if
a homogeneous distribution of CNTs over the surface was
achieved. SPEs characterization was performed by SEM studies
of the surface and profile of the working electrode. Electrodes
were mounted on adhesive carbon films and then coated with
gold. Profile images were taken from electrodes that were
previously immersed in liquid N, and immediately cut with
a knife.

Immobilization of tyrosinase onto the working electrode SPE

Tyrosinase was immobilized onto the electrode surface by
physical adsorption. Tyrosinase was dissolved in 0.1 M phos-
phate buffer (PBS) at pH 6.5 (prepared with MilliQ water).
Tyrosinase solution (1 mg Tyrosinase/50 ul PBS) was stirred
during 1 h and deposited onto the working electrode surface,
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which was followed by a drying process at room temperature
during 3 h.

Immunostaining protocol of tyrosinase

The protocol followed for immunostaining the working electrode
surface was based on first incubating the primary label mouse
anti-tyrosinase (30 pg/ml) during 3 h at 30 °C in a thermo shaker.
The sample was cleaned with TWEEN20 at 0.05% in order to
remove the primary marker not specifically attached to the
enzyme. The second incubation step with the secondary antibody
anti-mouse IgG conjugated to Alexa Fluor® 488 (5 pg/ml) was
carried out under the same conditions used for the primary
marker. The sample was washed again with TWEEN20 and left
to dry for an hour. Alexa 488 labels were excited with an Ar laser
(488 nm) and detected in the 495 to 520 nm range. The auto-
fluorescence of the materials used was also studied in the spectral
range of interest.

Evaluation of the roughness of the sample

Several fields of the electrode surface were evaluated. CSLM in
reflection mode and three-dimensional analysis (topographic
image) to assess the different parameters of roughness were used.
Roughness parameters were calculated according to DIN-EN-
1SO 4287 (1997).>” Average roughness (Pa; arithmetic average of
the profile ordinates within the measured section), root mean
square (Pq; root mean square value of the profile ordinates
within the measured section), maximum values for the valleys
(Pn, depth of the greatest profile valleys) and peaks (Pp; height of
the highest profile peak) are measured.

Although CLSM has less resolution than SEM, it is not limited
to the surface characterization of the materials. Being a non-
destructive method it can provide quantitative information on
the roughness and the relative surface-to-area value of the
different electrodes evaluated.

Results and discussion
CNTs dispersion

CNTs must be dispersed into a suitable solvent in order to
achieve their homogeneous distribution onto the working elec-
trode surface. Chemical oxidation (by previously stirring CNTs
into 2 M nitric acid at 25 °C for 24 h) and physical treatment
(applying a sonication process at room temperature during 4 h)
shorten the CNTs and lead to the partial oxidation of the CNTs
to produce functional oxygenated groups at the open ends and
defects along the sidewall.®® Impurities and defects in CNTs were
characterized by SEM microanalysis and showed that traces of
iron (Fe), nickel (Ni) and potassium (K) from 0.5%, 1.6% and
1.5% were decreased to 0.1%, 0.9% and 0.4% after treatment with
nitric acid.? CNTs were dispersed in THF (1 mg of CNTs/l ml
THF) during four hours by sonication.

The TEM image (see Fig. S1 of the ESIf) reveals a good
dispersion of the CNTs in THF. At the same time, some
impurities that are probably related to the remaining metals are
observed in the different TEM images taken. Defects along the
tubes can also be seen in addition to the impurities.

Working electrode characterization

There are many different ways to characterize surfaces and to
compare them to each other. Visual comparison of SEM images
represents the most common way. In addition, various roughness
parameters have been previously identified as important to
quantify different materials.>® Surface characterization in terms
of roughness and CNTs distribution was evaluated by taking
SEM images of the electrode surfaces for both bare and
MWCNTs modified SPEs (see Fig. 1A to C). The images of
different areas (considering not only the working electrode
surface, but also the insulator area, reference electrode and
counter electrode) have been taken. These images (not shown)
didn’t demonstrate any effect of THF in terms of roughness.
Profile images of the working electrode surface are shown in
order to study the structure and roughness of the different layers
that configure the membrane of a SPE modified with CNTs
(Fig. 1D).

A more sponge-like structure of the MWCNTs modified
surface (C2) in comparison to bare SPE surface (B2) can be
observed. The cut view of the MWCNTs (Fig. 1D) clearly shows
the MWCNTs layer deposited over the previous imprinted
carbon layer. The evident roughness would be with interest for
biosensing application due to the increased sensing area.

A more accurate quantitative study of the sensor surface is
done by calculating several statistical data that correspond to the
studied sensor surfaces using CLSM (using the reflection mode
previously described). The average roughness (Pa), the root
mean square (Pq), maximum values for the valleys (Pn) and
peaks (Pp) of both bare and CNT modified SPEs are summarized
in Table 1. These values clearly indicate that quantitatively SPE
modified with CNTs have a higher average roughness and
a higher maximum values for the valleys and peaks compared to
the carbon surface of the unmodified SPE.

The CLSM data are in agreement with SEM images and
confirm once again the increase of roughness, area, maximum
values of valleys and peaks of the CNTs modified versus bare
SPE.

Coupling CLSM with the specificity of immunostaining tech-
niques has been proved to be a good technique for evaluating the
distribution of biological species in certain matrixes.?! Tyrosinase
immobilization into the CNTs matrix can be evaluated by CLSM
using optical sectioning through a material up to a 100 pm depth.
Maximum height section studied was ca. 18.14 pm (corres-
ponding to the electrode modified with CNTs). Taking several
images of successive depth planes of the material allow three
dimensional (3D) imaging of the matrix.

The possible autofluorescence of the different electrode
constituents (i.e. polyester substrate and carbon ink) before and
after applying the immunostaining protocol have been studied.
The control of the possible autofluorescence coming from the
different materials that constitute the biosensing area are also
evaluated so as to avoid false positives. The used electrode
materials didn’t show any autofluorescence in the spectra of
interest (results not shown). Consequently, the fluorescence of
the studied sensors is only due to the presence of the tyrosinase in
the different studied matrixes. This protocol allows the problems
usually present in immunochemistry to be avoided. First, non-
specific binding is prevented by using a non-ionic detergent
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Fig.1 Image of the SPE (A) where the working surface area evaluated by SEM is circled in green. SEM images of the working surface area of a bare (B)
and MWCNTs (C) modified SPE at different resolutions: 0.86 mm (Bl and C1) and 3 um (B2 and C2). In the case of SPE modified with MWCNTs,
a suspension of 7 pul of MWCNTs dispersion (1 mg MWCNT/1 ml THF) was dropped onto the working electrode area and left to be dried at room
temperature during 24 h. SEM image of the profile of SPE modified with MWCNTs (D) is also shown.

(TWEEN?20) that removes the primary marker of the secondary
label not specifically attached. By simultaneously combining
temperature and agitation we prevented the extended incubation
times, thus reducing the normal time of 48 h3'* which can often
provoke high background, to 3 h.

CLSM is suitable to study the enzyme distribution through the
working electrode surface. An in situ 3D representation of this
distribution can be seen in Fig. 2. A better distribution of
tyrosinase onto the electrode surface as well as in depth is
observed at the CNTs based SPE. Furthermore, it is possible to
have been measured across all individual CLSM images of the
stack. This value gives an idea of the sum of the total fluorescence
in the frame scanned. As the fluorescence is proportional to the
enzyme present in the sample, this integrated value can be related
to the total enzyme adsorbed in this stack. Comparing the frame
scanned for the bare and the modified SPE a quantity of the
immobilized tyrosinase enzyme 1.96 times higher in the case of
the MWCNTs modified SPE is found.

Additional information on the relation between the tyrosinase
distribution and the roughness can be found by overlapping the
signal obtained by the reflection mode and the fluorescence signal
obtained in the same linear region of interest (ROI) (see Fig. 3).
The graphics of the fluorescence versus the depth along the ROI
(left Fig. 3 graphics) demonstrate that the enzyme distribution is
directly affected by the roughness of the sample.

CLSM images (Fig. 2 & 3) including the corresponding 3D and
ROI related graphics qualitatively demonstrate that tyrosinase is
well-distributed within the surface and the depth of the CNTs
based matrix.

A quantitative evaluation of the enzyme distribution through
the sensor surfaces was also studied by using a Leica TCS SP5
CLSM with the AOBS (Acousto Optical Beam Splitter) yielding
a 264 x 264 um? field. An x—y line is drawn at increasing z depths
to provide information on the evolution of the grey level intensity
with z as shown in Fig. 4 (lower part). Graphs (upper part at
Fig. 4) show that in both cases enzyme aggregates are formed.

Table 1 Quantitative information over the roughness of different formulations evaluated by CLSM. Formulation evaluated were bare SPE and SPE
modified with CNTs. Statistical data and its standard deviation are presented and consists of the average roughness (Pa), root mean square (Pq),
maximum values for the valleys (Pn) and peaks (Pp). Seven fields for each surface (bare and CNTs modified) were studied using the reflection mode

evaluated by DIN-EN-ISO 4287

SPE Pa Pq Pn Pp
Bare 1.51 £0.25 2.06 + 0.57 14.57 + 1.58 13.49 + 3.14
CNTs modified 223 +£0.39 3.03+ 045 18.14 £ 1.62 15.52 £ 1.74
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Fig.2 CLSM images of the sensor surfaces. (A) Distribution of tyrosinase in the SPE carbon matrix (1) and its corresponding 3D confocal images (2).
(B) Distribution of tyrosinase in the SPE CNTs matrix (1), and its corresponding 3D confocal images (2). Scale bar 50 pm. Experimental details as

described in the text.

These aggregates are differently distributed depending on the
matrix. The mentioned aggregates are related to wider and higher
intensity bands observed in several z depths. Bigger but not
homogeneously distributed aggregates can be observed in the
case of the bare SPE (carbon based only) being a more homog-
enous distribution of the enzyme, with fewer and smaller
aggregates for the CNTs matrix.

Electrochemical testing of SPE/MWCNT/Tyr

Tyrosinase has hydroxylase activity, by which phenol can be
hydroxylated to catechol using molecular oxygen, and then
oxidase activity that can catalyze the oxidation of catechol to
o-quinone. At moderately negative potential the o-quinone
product of phenol oxidation may be reduced electrochemically to
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Fig.3 Confocal micrographs of bare SPE (A) and CNTs modified SPE (B), with their corresponding graph. Fluorescence of the Alexa Fluor® 488 dye
(pink) is overlapped with the signal obtained by working in the reflection mode (blue). ROI (linear region of interest) used for each surface is shown.

Other experimental details as described in the text.
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Fig. 4 Typical profiles of the grey level intensity along a given x—y line at
increasing depths (step = 0.5um) from z = 20 pm to z = 60 um for the case
of the enzyme immobilized in the bare SPE and the MWCNTs modified
SPE. CLSM and other experimental conditions as explained in the text.

catechol. Oxidation by the enzyme followed by reduction at the
electrode may result in cycling between the catechol and
o-quinone and yields a catalytically amplified current® (see
Fig. 5A). Therefore, what is occurring at the electrode surface is
the reduction of o-quinone to catechol (the working electrode
acting as a cathode).

In order to understand the phenol detection mechanism using
the developed MWCNT/Tyrosinase matrix cyclic voltammetry
studies have been performed. The developed matrixes (SPE/Tyr
and SPE/MWCNT/Tyr) are studied in the absence and presence
of phenol substrate. While in the absence of phenol the SPE/Tyr
did not give any significant response (see Fig. 5B, curve a) in the
presence of phenol (Fig. 5B, curve b) a narrow shape CV
characterized by a reduction peak (starting at —300 mV that goes
toward more negative values) without reaching a plateau has
been observed. A similar response to phenols at less negative
potentials has also been previously reported.* SPE/MWCNT/Tyr
displays a CV (Fig. 5B, curve c) with a broad shape and a peak at
less negative potential (at —150 mV) in comparison to SPE/Tyr.
In the presence of 0.15 mM of phenol an increase of the anodic
current for SPE/MWCNT/Tyr (Fig. 5B, curve d) can be
observed.

The working potential as well as enzyme loading have been
studied. The working potential is a crucial parameter for the
good operation of the biosensor. The optimum working poten-
tial is determined by two different methods. According to the first
method, which is also the most reported, a hydrodynamic vol-
tammogram is used to find the working potential (see Fig. S2 in
the ESIf). This method consists in measuring the current
obtained at different applied potentials for the same substrate
concentration. A single addition of phenol is carried out before
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Fig.5 Schematic diagram displaying the electrode reactions involved in
the detection of phenol at the SPE surface using the tyrosinase enzyme
(A). Cyclic voltammograms recorded for unmodified and modified SPE
in 0.1 M PBS (pH 6.5) (B). Without (a), and with (b) 0.15 mM phenol
addition with the SPE/Tyr biosensor; without (c) and with (d) 0.15mM
phenol addition with the SPE/MWCNT/Tyr. Conditions used in the
cyclic voltammograms: starting potential of 0.5 V; scan rate of 0.05 V/s
and switching potential of —0.5 V. Reproducibility of peak potential,
11%; reproducibility of peak current, 39%.

starting the experiment in stirring conditions. The variation of
current vs. working potential is obtained and the optimal
potential is determined according to the criteria of achieving
a compromise between the highest current and the signal to noise
ratio. According to the second method different chro-
noamperograms (current vs. phenol concentration for different
working potential values) have been performed so as to better
localize the working potential by also considering the phenol
concentration level (see Fig. S3 in the ESIY).

The first method provides clear information on the best
formulation according to the signal to noise criteria. The SPE/
MWCNT/Tyr tyrosinase shows a higher current and a stable and
practically without noise signal. The graphic of signal/noise vs.
potential shows that the response to phenol for this matrix starts
at —0.2 V. Taking into consideration the signal to noise ratio as
well as the objective of working at the lowest potential value,
a —0.2 V for SPE/MWCNT/Tyr was chosen as the optimal value
for this first study.

Enzyme immobilization requires dissolving the tyrosinase
enzyme. Enzyme was always solubilised in 0.1 M phosphate
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buffer solution (PBS) pH 6.5, and the tyrosinase concentration
used was 1 mg tyrosinase in 50 pl buffer. The responses to phenol
detection were studied for two different concentration ranges of
phenol: 2.5 uM to 25 uM and 25 uM to 250 uM. The first range is
of special environmental interest. In the phenol concentration
range of 25 to 250 uM the SPE/Tyr does not show any response
while for the SPE/MWCNT formulation significantly enhances
the current response (see Fig. S4 in the ESIT). The SPE modified
with MWCNTs shows a stable and fast response for the first
three additions, and starts to show saturation of the signal at the
fourth addition due to the fouling of the electrode (Fig. 6). This
fouling effect is mainly caused by the coupling reactions of
o-quinone produced during phenol detection. This matrix is
especially interesting for low phenol concentration detection, the
high stability of the signal and the rapid response of the biosensor
at the working range. Moreover, phenol concentrations over 2.5
and 25 uM are of special interest in the field of environmental
analysis.

A stability study was carried out in order to evaluate the
performance of the electrodes after being used (see Fig. 7). It can
be observed that electrochemical activity of the electrode
decreases from the first to the second day, probably due to the
leaching of the enzyme from the surface of the SPE to the bulk of
the solution. This would be due to the inefficiency of the
immobilization method. Although the current tends to decrease
after the second day, a considerable response was observed up to
the seventh day. For the sake of comparability, the same
conditions and stacks using an Olympus FluoView FV1000
microscope were considered (for more details see the ESIt). It is
important to take into account that after electrochemical testing
of the two matrixes (SPE with and without modification with
CNTs), more aggregates were present in the SPE without CNTs
(see Fig. 7).

SPEs modified with CNTs and tyrosinase with a concentra-
tion of 1 mg tyrosinase/50 pl buffer immobilized by physical
adsorption were found to be the best conditions for phenol
determination in batch. A range of phenol concentrations from
2.5 to 250 uM was studied. The analytical parameters related to
our electrode formulation were a detection limit of 1.35 uM and
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Fig. 6 Calibration plot corresponding to successive additions of 5 ul of
a 2.5 x 10 M phenol solution into a 20 ml 0.1 M PBS (pH 6.5) during
stirring conditions with a Tyr/MWCNT/SPE biosensor with tyrosinase
concentration of 1 mg tyrosinase/50ul buffer. Inset: Calibration plot
under the same conditions at the 2.5 to 25 pM range is shown.
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Fig.7 z-projection of 20 stacks, separated by 0.5 pm, from bare SPE (A)
and modified SPE with CNTs (B), both with the tyrosinase immobilized.
Images Al and BI correspond to fresh electrodes not used for electro-
chemical measurements, and images A2 and B2 correspond to electrodes
electrochemically tested after 7 days. Stability of the SPE/MWCNT with
tyrosinase concentration of 1 mg tyrosinase/50 pl buffer toward a phenol
solution obtained by adding 10 pl of a 5 x 10-® M phenol solution into
a 20 ml 0.1 M PBS (pH 6.5) during stirring conditions (C).

a sensitivity of 47.4 pA mM~" within a linear response range of
2.5 to 75 uM phenol (see Fig. 6). The limit of quantification,
calculated as 10 times the concentration corresponding to noise
level current, was found to be 4.51 uM; standard deviation of
slope, 0.005 uM/pA; standard deviation of intercept, 0.008 pA.
A shelf lifetime study (see Fig. S5 in the ESIt) was also per-
formed and showed very promising results, with a shelf lifetime
of 68 days while being stored in the refrigerator. This study
consists in determining the lifetime during which the biosensor
retains its quality under a certain set of storage conditions. This
study was performed by keeping the SPEs modified with
MWCNTs and tyrosinase in a refrigerator. The analytical
performance of the electrodes was evaluated after 68 days and
compared with the results obtained for the SPE checked on the
first day of preparation. The analytical response of the elec-
trodes after 68 days is practically the same as that of the
preparation day.

Conclusions

A promising MWCNTs and tyrosinase matrix (MWCNT/Tyr)
applied onto the surface of a carbon based screen-printed
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electrode (SPE) with interest to be used as phenol biosensor is
developed. This matrix and the corresponding biosensor (SPE/
MWCNT/Tyr) have advantages in terms of cost, simplicity,
analytical performances while being used in phenol detection.
SEM, TEM and Confocal Laser Scanning Mircroscopy (CLSM)
studies had enabled a better understanding of the tyrosinase
distribution within the MWCNTs based matrix. SPE without
MWCNTs was compared to the SPE/MWCNT evaluating their
roughness and how it interferes with the enzyme distribution by
considering the enzyme distribution onto the surface as well as
the depth of the carbon or MWCNTSs matrix. Roughness has
been qualitatively and quantitatively studied using SEM and
CSLM. 3D images of CSLM demonstrate a better distribution of
the enzyme onto the MWCNTSs matrix while higher aggregate
formation in the case of the bare SPE electrode have been visu-
alized. The formation of aggregates is also observed after
a certain period of use and is related to a loss of electrochemical
activity.

In terms of electrochemical behaviour, the electrode presents
a detection limit of 1.35 uM and a sensitivity of 47.4 pA mM ™!
within a linear response range of 2.5 to 75 uM phenol was
obtained. The developed biosensors performed well as disposable
devices and could be saved in a freezer (—18 °C) for up to
2 months.

The obtained detection limit of the developed biosensor should
be useful for monitoring phenol contamination in the case of
accidental pollution, industrial effluents etc. The application of
this biosensor in drinking water monitoring would need further
improvements so as to achieve the European drinking water
limits.
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nanotube tyrosinase matrix for phenol detection
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Supporting information

Figure S1. TEM image of the MWCNT purified and dispersed in THF (1mg of MWCNT/ 1ml

THF).
= Operational conditions in Confocal studies

Roughness experiments were carried out using a Leica TCS SP2 AOBS confocal
microscope (Leica Microsystems, Germany) equipped with a Plan Apo 20x (NA 0.4,
dry). Stacks of 40 sections every 2um were acquired along the z axis using the Leica
Confocal Software. The profile roughness parameters were the average roughness (Pa)
and the maximum profile peak height (Pp) and can be calculated according to DIN EN
ISO 4287. The mean roughness, Pa, is the arithmetic average of the profile ordinates

within the measured section (average height).

Leica TCS SP5 AOBS confocal laser scanning microscope (Leica Microsystems,

Germany) was used to take 3D the images using a Plan Apo 63x (NA 1.4, oil HC x PL



APO lambda blue) objective. To determine the 3D structure, a series of horizontal (x-y)
optical sections were collected at 0.5u intervals along the material thickness. The
projections of the series obtained were generated with Imaris v. 6.1.0. Software
(Bitplane; Ziirich, Switzerland). Profile analysis of fluorescence intensity was measured
using Leica LAS AF software to determine the fluorescence intensity (FI) along the line

segment.

To compare the fluorescence intensity, samples were observed under Olympus
FluoView FV1000 microscope equited with a 60x/1.42 (oil PL APO) objective. The
fluorescence intensity was measured at the same laser excitation and photomultiplier
gain setting from SPE. Argon lasers were emitted at 488nm, at an intensity of 60%, a
contrast of 1% and a sensibility of 800. To construct the fluorescent image, 20 sections
separated by 0.5um were taken. Images are presented as a z-projection of the 20 stacks
acquired. Integrated fluorescene intensity of Anti-tyrosinase was quantified using the
Metamorph software package (Universal Imaging Corporation Downington, PA). The
data sets were exported into Microsoft Excel for analysis. The intensity of each pixel

had a value ranging from 0 to 4095 level of gray.

= Evaluation of possible autofluorescence of the materials

Every layer that constitutes the electrodes studies (bare SPE and SPE modified with
MWCNT) is studied in order to evaluate if they present auto fluorescence.
Consequently, different materials were studied. First of all, support polystyrene sheet
for both electrode configurations was evaluated for all the wavelengths, and specially
for the range where our fluorophore (Alexa Fluor® 488) emits (the maximum
adsorption is at 495nm and the maximum emission is on 519). In this case, polystyrene
sheet only shows auto fluorescence in the blue spectral range. Therefore, polystyrene

sheet doesn’t represent any interference when the final experiments are held with Alexa

Fluor® 488.

We did the control of the autofluorescence from the different components (Carbon,
carbon nanotubes) including that of the tyrosinase without and with primary label alone

and didn’t found any fluorescence. Consequently the obtained signal, using the



secondary label (Alexa Fluor® 488), at the green spectra range, is only due to the

presence of Tyrosinase marked with the primary and the secondary label.
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Figure S2. Hydrodynamic voltammograms for Tyr/SPE (a) and Tyr/MWCNT/SPE (b). Measurements
are taken for a phenol concentration of 2.5 x 10-6 M into a 20 ml electrolytic cell containing 0.1M PBS
(pH 6.5) under stirring conditions. Inset: corresponding graphic of signal/noise vs. potential for each
formulation.
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Figure S3. (A) Amperometric responses to a 2.5 x 10° M phenol solution successively added in 5pl
(stock phenol solution: 0.01M) into a 20 ml electrolytic cell containing 0.1M PBS (pH 6.5) under stirring
conditions. Tyr/MWCNT/SPE biosensors with tyrosinase concentration of (1mg tyrosinase/50ul buffer)




at different working potentials are evaluated: OV (a), -0.1V (b), -0.2V (c¢) and -0.4V(d). (B)
Corresponding calibration for the electrodes described in Figure 7A.
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Figure S4. Amperometric responses for successive addition of 5ul of 2.5 x 10 M phenol solution into a
20 ml electrolytic cell containing 0.1M PBS (pH 6.5) under stirring conditions at a working potential of -
0.2V for Tyr/SPE biosensor with tyrosinase concentration of 1lmg tyrosinase/50ul buffer (a) and
Tyr/MWCNT/SPE biosensor with tyrosinase concentration of 1mg tyrosinase/50ul buffer (b).
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Figure S5. Shelf lifetime study. (A) Amperometric responses for successive additions of 25ul. of 5 x 10
M phenol solution successively added into a 20 ml 0.1M PBS (pH 6.5) under stirring conditions for a
Tyr/MWCNT/SPE biosensor with tyrosinase concentration of 1mg tyrosinase/50ul buffer tested on the
preparation day (24.11.08) (b) and after 68 days of being prepared (30.01.09). (B) Corresponding
calibration plots
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Abstract

A stable and sensitive biosensor for phenol detection based on a screen printed electrode
modified with tyrosinase, multiwall carbon nanotubes and glutaraldehyde is designed and

applied in a flow injection analytical system.

The proposed carbon nanotube matrix is easy to prepare and ensures a very good
entrapment environment for the enzyme, being simpler and cheaper than other reported
strategies. In addition, the proposed matrix allows for a very fast operation of the enzyme, that

leads to a response time of 15 s.

Several parameters such as the working potential, pH of the measuring solution, biosensor
response time, detection limit, linear range of response and sensitivity are studied. The obtained
detection limit for phenol was 0.14 x 1076 M. The biosensor keeps its activity during
continuous FIA measurements at room temperature, showing a stable response (RSD 5%)

within a two week working period at room temperature.

The developed biosensor is being applied for phenol detection in seawater samples and
seems to be a promising alternative for automatic control of seawater contamination. The
developed detection system can be extended to other enzyme biosensors with interest for

several other applications.

Online supplementary data available from stacks.iop.org/Nano/21/245502/mmedia

1. Introduction

Phenolic compounds are important contaminants of ground
and surface waters, causing problems for the living
environment and showing adverse effects on animals and
plants. Many analytical techniques, such as the optical method

6 Address for correspondence: Centre d’Investigacié en Nanociéncia i

Nanotecnologia Escola Tecnica, Superior d’Enginyeria (ETSE) Campus de la
UAB-Edifici Q-2%planta, 08193 Bellaterra, Spain.

0957-4484/10/245502+09$30.00

(Huili et al 2007), gas chromatography (Regueiro et al 2009),
liquid chromatography (Zgota-Grzeskowiak et al 2009) and
capillary electrophoresis (Li et al 2009) have been used for
monitoring phenols. Therefore, the sensitive, rapid, and
precise determination of phenols and its derivatives are of
growing interest in environmental control and protection.
Electrochemical biosensors are considered to be the most
attractive techniques for such applications. The use of
electrochemical devices offers many advantages in comparison

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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for example to optical methods. Electrochemical sensors
can operate in turbid media and are more amenable to
miniaturization, which is of crucial importance for monitoring
purposes. In addition, the excellent compatibility of
electrochemical sensors with flow injection analytical systems
(FIA) increases the potential for assay automation, to which
more and more attention has been paid in many fields including
food analysis (Mizutani et al 1998) and environmental
monitoring (Vazquez et al 2006).

One of the biggest challenges in designing a new enzyme-
based biosensor is to find the optimal balance between
stability and activity of the enzyme. Immobilization methods,
such as cross-linking bonding (Jung and Paradiso 2009),
covalent attachment (Drevon et al 2002), polymer inclusion
(Umran and Memet 2009) and simple adsorption, have
different effectiveness with regard to the stability of the signal
generated, due to the fact that a higher or lower percentage of
enzyme immobilized is lost during the measurement. On the
other hand, better stability is generally obtained, paying the
price of the loss of signal intensity related to a lower enzyme
catalytic activity. A good combination of support material
and immobilization method is of fundamental importance to
achieve the desired performances from the sensing system.

With regard to the fabrication of enzyme-based phenol
biosensors, many examples can be found in the literature,
where various sources of tyrosinase and a wide variety of
matrixes including graphite (Nistor et al 1999), carbon paste
(Caruso et al 1999, Merkoci et al 2005), conducting polymers
(Adeyoju et al 1996, Christophe et al 2003), biopolymers
(Aihua et al 2005), Nafion membrane (Furbee et al 1993),
nanoparticles (Li et al 2006), silica sol-gel composite films
(Li et al 1998) and hydrogel (Nistor et al 1999) have been
used, with different combinations of stability and sensitivity,
depending on the application.

The use of enzymatic electrodes is an inherently sensitive
alternative for the detection of enzyme substrate. Many
biosensors for phenol determination have been developed in
the past using the catalytic activity of the redox enzymes
such as tyrosinase, peroxidase, laccase (Duran and Esposito
2000) etc using different electrode materials, flow systems and
sample pre-treatment techniques.

Some of these fabrication methods are relatively
complicated and require the use of several reagents, and
often the biosensor presents stability problems with usage and
sometimes has a short lifetime (Dornelles and Tatsuo 2002).
Currently, there is an increasing interest for the design of
functional membranes for biosensing application because of
their possible use for analytical applications (Liu et al 2005).

Biosensors based on carbon nanotubes (CNTs) have
shown great potential in several fields. From the first
application of CNTs as a modifier of glassy carbon electrodes
for NADH detection (Wang et al 2002), several other
interesting applications have been reported by our and other
groups. The use of CNTs has become relevant due to their
excellent conductivity, including the improvement of electron
transfer between enzymes and electrode surfaces (Merkogi
2006), and at the same time provides a very good matrix
for enzyme immobilization (Pérez et al 2008). On the other

hand, biosensors based on nanostructured compounds (Pérez
et al 2005, Pumera et al 2006) have been demonstrated to be
simple in preparation and offer great promise for developing
amperometric biosensors.

In this work we propose a novel CNT based matrix
for the fabrication of a stable biosensor for multiple
and continuous monitoring of phenol content in seawater
samples. In combination with an especially in-house-designed
flow injection system, the sensing device offered excellent
sensitivity with very low detection limits and also offers a
concrete possibility of its implementation in automatic control
systems.

2. Experimental details

2.1. Reagents

Tyrosinase (TYR, EC232-653-4, 5370 unit mg_‘ from
mushroom), phenol and glutaraldehyde (25%) were purchased
from Sigma Co. (USA), and all other chemicals were analytical
grade, and used without further purifications. Standard
solutions of phenolic compounds were prepared by dissolving
each reagent in water.

Multiwalled carbon nanotube (MWCNT) powders used
were purchased from Aldrich (Stenheim, Germany) with a
95% purity, tetrahydrofuran (THF).

Potassium phosphate buffer solution (PBS) of pH 6.5
was prepared with potassium phosphate monobasic (Fluka),
potassium phosphate dibasic anhydrous and potassium
chloride in MilliQ water.

2.2. Preparation of the biosensor

2.2.1. Preparation of screen printed electrode (SPE). Screen
printed microfabrication is based on the sequential deposition
of a graphite ink, Ag/AgClink and insulating ink on a polyester
substrate. After each layer is deposited a drying process is
carried out, which consists in keeping the polyester substrate
at 90 °C for 15 min.

2.2.2. MWCNT treatment. Previous chemical oxidation and
thermal treatment in order to functionalize MWNCTs, and
subsequently shorten and partially oxidize them, is performed
as reported earlier (Pérez et al 2005). The chemical oxidation
process consists in stirring MWCNTs in 2 M nitric acid
(PanReac, Spain) at 25°C for 24 h. The multiwalled CNTs
used have a purity of 95%. After their purification, the CNT
dispersion is held by sonicating a MWCNT suspension (1 mg
MWCNT/1 ml THF) for 4 h. Some works have reported good
CNT stability, and it has already been reported that chemical
processing can improve the morphology and thermal stability
of MWCNTs (Yang et al 2008). In addition, other works
demonstrate CNT stability when they are treated with nitric
acid, showing that the concentration in the dispersion after 30
days is 85% of the initial value (Peng et al 2009).
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Figure 1. SEM images of the working surface area of (A) bare SPE, (B) SPE modified with MWCNTs, (C) SPE modified with MWCNT/Tyr
and (D) SPE modified with MWCNT/Tyr/Glu. Images are taken at a resolution of 3 ;#m and an acceleration voltage of 15 kV.

2.2.3. Modification of SPE with CNT. The working surface
area of a bare SPE was modified by depositing a 7 ul drop
of MWCNT suspension (1 mg MWCNT/1 ml THF) onto the
working electrode surface, followed by a drying process at
room temperature for 24 h. The characterization process of
the working electrode surface was performed by SEM to check
if a homogeneous distribution of CNT over the surface was
achieved.

2.2.4. Immobilization of the enzyme. 1 mg of tyrosinase
(Tyr) enzyme was dissolved in 50 ul of 0.1 M phosphate
buffer (PBS) at pH 6.5 (prepared with ultra-pure water from
a Millipore-MilliQ system). A 7 wl drop of Tyr solution was
deposited onto the working SPE/MWCNT electrode surface
and allowed to dry at room temperature for 3 h. Finally,
7 pl of glutaraldehyde (Glu) solution at 5% were cast onto
the SPE/MWCNT/Tyr electrode surface and left to dry at room
temperature for 4 h. The prepared SPE/MWCNT/Tyr/Glu
biosensor was kept at room temperature for stability study
measurements or stored, if not in use, in the refrigerator at 5 °C.

2.3. Surface characterization

SPE characterization of the surface and the profile of the
working electrode were performed by scanning electron
microscope (SEM). Electrodes were mounted on adhesive
carbon films and then coated with gold. SEM images were
recorded with an S-570 SEM (Hitachi Ltd Japan) at an
accelerating voltage of 15 kV.

2.4. Electrochemical measurement procedures

An FIA setup (see figure S1 in the supporting information
available at stacks.iop.org/Nano/21/245502/mmedia) that uses
a home-made flow-through cell of 20 pul was built and
housed the SPE/MWCNT/Tyr/Glu biosensor, ensuring a stable
operational analysis. In a typical measurement a 0.1 M buffer
solution of pH 6.5 was introduced for 5 min at a flow rate
of 3 mlmin~! by using a peristaltic pump (Perimax16/3).
Volumes of phenol standard solutions from 0.5 to 25 ul were
injected by using an automatic injector (Hamilton 36781).

The injected phenol is passed through the electrochemical
flow-through cell with the integrated SPE/MWCNT/Tyr/Glu
biosensor.  The measurements were performed under a
flow-through regime. A working potential of —100 mV
was applied and chronoamperometric measurements were
performed by using a model Ch-Instrument potentiostat 660A
electrochemical workstation from CH Instruments Inc., Austin,
TX.

Impedance analysis of the prepared SPE modified elec-
trodes was performed by using an Autolab302 potentiostat/gal-
vanostat/frequency-response analyser PGST30, controlled by
GPES/FRA Version 4.9. All impedance measurements were
conducted in the presence of 50 mM [Fe(CN)¢]>~/4~ (1:1)
mixture in PBS (pH 7.0) as redox probe. The tested
frequency range was from 10 mHz to 100 kHz with an applied
potential of 240 mV. Nyquist (imaginary impedance versus real
impedance) diagrams were recorded.

3. Results and discussion

3.1. Morphological studies by scanning electron microscope
(SEM)

The morphology of the modified electrodes was examined
by SEM. Figure 1 displays typical images of the bare (a),
MWCNT (b), MWCNT/Tyr (¢) and MWCNT/Tyr/Glu (d)
modified SPE electrodes. CNT distribution and glutaraldehyde
film were evaluated. It is observed that MWCNTs are
homogeneously distributed for all the used matrices. A more
sponge-like surface is observed for CNT modified electrodes
in comparison to the bare SPE (figures 1(A) and (B)). This
would lead to an increase of the surface-to-area ratio due to
the MWCNT incorporation into the working electrode area.
Regarding the glutaraldehyde film, its presence is clearly
evidenced by the more planar surface (figure 1(D)).

Chemical processing can improve the morphology and
thermal stability of MWCNTs (Yang et al 2008). We checked
the presence of CNTs in the biosensing matrix after being
electrochemically tested. SEM images (see figure S2 in
the supporting information available at stacks.iop.org/Nano/
21/245502/mmedia) show CNTs still dispersed within the
glutaraldehyde film.
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Figure 2. Cyclic voltammetry of 1 mM phenol with SPE/MWCNT
(am) and SPE/MWCNT/Tyr/Glu (m) in PBS, pH 6.5, scan rate
0.1V s7!; other experimental conditions as described in section 2 in
the text.

3.2. Biosensor’s response mechanism toward phenol detection

In order to make a biosensor selective to phenol detection
tyrosinase immobilization has been used in numerous ways.
Tyrosinase (Tyr) is a known copper containing protein,
which uses molecular oxygen to catalyse the oxidation of
phenolic compounds in two steps: the orthohydroxylation
of monophenols and the two-electron oxidation of o-
diphenols to o-quinones (Solomon et al 1996) (R;). This
reaction was firstly studied by using cyclic voltammetry
of the SPE/MWCNT/Tyr/Glu biosensor (SPE modified with
MWCNT and Tyr and glutaraldehyde, —Glu— as explained in
section 2). In figure 2, the reduction of o-quinone to o-
diphenols (R;) is already observed to start at around 0 mV.
The current increases rapidly as the applied potential moves
negatively from O to —400 mV, achieving a steady state at
around —250 mV, which can be due to the increased driving
force for the fast reduction of o-quinone at low potential.

Figure 2 also shows, for comparison purposes, the CVs
of 1 mM phenol solution obtained by using an SPE/MWCNT
biosensor (SPE modified with only MWCNTSs as described
in section 2). By comparing the responses given by
SPE/MWCNT with that given by SPE/MWCNT/Tyr/Glu it
can be clearly appreciated that it is difficult to see (R,) the
reduction of quinone in the case when the Tyr is missing.

(The peak at —750 mV also appears for the pH 6.5 PBS
used as a blank; see figure S3 in the supporting information
available at stacks.iop.org/Nano/21/245502/mmedia.)

3.3. Impedance studies

The surfaces of unmodified and modified SPEs are also
investigated using electrochemical impedance spectroscopy
(EIS). EIS is a well known method used to study the features
of surface modified electrodes. It is employed to analyse the
detailed electrochemical response of the modified electrode
while using individual or mixed components. The impedance
features are discussed in terms of Nyquist plots so as to analyse
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Figure 3. Typical Nyquist diagrams of electrochemical impedance
analysis for (a) SPE, (b) SPE/MWCNT, (c) SPE/MWCNT/Tyr and
(d) SPE/MWCNT/Tyr/Glu. A 50 mM [Fe(CN)¢]>~/4~ (1:1) mixture
in PBS (pH 7.0) is used as redox probe. The frequency range used
was from 10 mHz to 100 kHz. Applied potential was 240 mV.
Corresponding circuits to bare SPE (upper part) and
SPE/MWCNT/TYR/Glu (lower part) are shown. Rq is the resistance
of the electrolyte solution; C| is the double layer capacitance of the
SPE surface; W is the Warburg impedance; R; is the electron
transference resistance and R,, CPE1 and CPE2 are the resistance
and the capacitance associated with electrode films.

the contributions of different components of the cell. Figure 3
shows Nyquist plots of the impedance spectrum at different
stages of SPE modifications. The electrode impedance is
presented as a dependence plot between two components: the
imaginary Z” (w) versus real Z'(w) components, that originate
mainly from the capacitance and the resistance of the cell.
From the shape of the impedance spectrum, the electron-
transfer kinetics and diffusion characteristics can be extracted.
The respective semicircles of the curves correspond to the
electron-transfer resistance (R) and the double layer capacity
(C) nature of the modified electrode.

The EIS presented as Nyquist plots (Z” versus Z’) for the
bare, MWCNT, MWCNT/Tyr and MWCNT/Tyr/Glu modified
SPE respectively are shown in figure 3. On the other hand bare
SPE exhibits a semicircle at high frequencies that corresponds
to the electron-transfer limited process and the linear part
represents the characteristics of the diffusion limited electron-
transfer process on the electrode surface. Under the same
conditions the MWCNT modified SPE shows an increment in
the diameter of the semicircle with an interfacial resistance.
The increase of the semicircle is related to the increase
of the capacitance due to the presence of carbon nanotube
onto the SPE surface. The EIS of the MWCNT/Tyr and
MWCNT/Tyr/Glu modified SPEs shows similar behaviours
also related to their composition and morphology.

In the case of the CNT matrix the study shows an
especially low electron-transfer resistance. At the same time
the diffusion process is improved, due to the CNT contribution
not only in enhancing surface-to-area ratio but also improving
an increase in the faradaic currents, leading to an improvement
in the electrochemical behaviour (reflected in the analytical
parameters of the biosensor). In addition, biosensor lifetime
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Figure 4. Effect of phenol concentration on the amperometric batch
response of the biosensor: (a) SPE MWCNT/Tyr;

(b) SPEMWCNT/Tyr/Glu. All measurements were made in 0.01 M
phosphate buffer, pH 6.5 at 25 °C; an operating potential of

—100 mV versus Ag/AgCl reference was used.

increases even in atmospheric conditions, making it not
necessary to store them under strict environmental conditions.

The amperometric current responses of SPE/MWCNT/Tyr
and SPE/MWCNT/Tyr/Glu versus phenol concentrations up to
25 uM were also studied (see figure 4) in order to find the effect
of glutaraldehyde. SPE/MWCNT/Tyr (curve (a), figure 4)
shows a lower sensitivity compared to SPE/MWCNT/Tyr/Glu
(curve (b), figure 4). This phenomenon is probably due to
the fact that the enzyme in the case of SPE/MWCNT/Tyr is
directly exposed to substrate (phenol). The sites of catalytic
activity of the enzyme are more accessible, compared to
the case where glutaraldehyde is covering the enzyme. As
seen from curve (a) of figure 4 the saturation of the enzyme
for the SPE/MWCNT/Tyr biosensor seems to occur at a
phenol concentration of around 10 uM. The calculated
value of apparent Michaelis-Menten constant (Ky") for
the SPE with free Tyr enzyme (SPE/MWCNT/Tyr) was
25 mM. This value for the enzyme covered by glutaraldehyde
(SPE/MWCNT/Tyr/Glu) was 68 mM. K,;* shows the affinity
of an enzyme for its substrate, so if K,i* is smaller this
indicates a stronger substrate binding and higher catalytic
activity. This effect is probably related to glutaraldehyde acting
as an enzyme cross-linker. It helps a better immobilization
of tyrosinase, preserving protein conformation (Quiocho
and Richards 1964) and thus maintaining its biological
activity (Avrameas 1969) and preventing leakage (Satish and
Mohapatra 1994).

On other hand the K,;" value for SPE/MWCNT/Tyr/Glu
is lower compared to other reported matrixes used for Tyr
immobilization like Tyr—titania sol-gel (Yu et al 2003),
poly(allylamine)—tyrosinase—carbon fibre (PAA-Tyr-PAA/CF)
(Rijiravanich et al 2006), graphite—Teflon (Serra et al 2002)
and Tyr—ZnO nanorods (Chen et al 2007). The obtained
results show that the MWCNTSs connected with glutaraldehyde
provide an excellent matrix for the immobilization of
tyrosinase, which retains high catalytic activity for phenol
oxidation.

0.6 -

0.4 -

0.2 a

Current (uA)

0.0 -

time (min)

Figure 5. Amperometric responses of the SPE/MWCNT/Tyr/Glu
biosensor at different pH values: (a) 4.67; (b) 5.99; (c¢) 6.50; (d) 7.16;
(e) 7.53; (f) 8.18; (g) 8.52; (h) 8.82. Each peak corresponds to the
injection of 20 ul of 10 «M of phenol solution at phosphate buffer
0.01 M, pH 6.5 at 25 °C; an operating potential of —100 mV versus
Ag/AgCl was used. Other experimental conditions were as described
in the text.

3.4. Optimization of experimental variables

Parameters such as working potential, pH of the measuring
solution, flow rate and injection time were analysed so as to
find the optimum working conditions. The effect of applied
potential on the phenol response of the biosensor was studied
by the amperometric technique in the range of 0 to —500 mV
(see figure S4 in the supporting information available at
stacks.iop.org/Nano/21/245502/mmedia). The highest signal-
to-noise ratio was recorded applying a working potential of
—100 mV, and therefore this potential was used for the further
optimizations and studies.

The enzymatic activity is greatly influenced by the
medium pH; therefore, the sensor response was investigated
using pH ranging from 4.6 to 8.8. Figure 5 shows the FIA
responses of the biosensor for different pH values. The
biosensor response increased from pH 4.6 up to 6.5. A
gradually decreased response was observed at pH values above
6.5, which can be associated with a lower tyrosinase activity.
The pH value of 6.5 was selected as optimal and used in all the
following measurements.

Parameters related to the FIA system were also optimized.
The effect of injection time from 2 to 30 s on the amperometric
response of the biosensor towards phenol was studied (see
figure S5 in section S1 available at stacks.iop.org/Nano/21/
245502/mmedia). A stable and reproducible response at 10 s
injection time was obtained. For shorter injection times (f <
10 s) the analytical response was not reproducible. A current
decrease related to the short exposure time of the enzyme to
the phenol substrate was observed. For longer injection times
(10 s < t < 60 s) a saturation of the signal was observed.
The heights of the peaks for retention times longer than 60 s
remained almost constant but broadened, and therefore not
adequate in terms of the time of analysis.

The study of the flow rate effect (results not shown) shows
that the response time of the biosensor decreases at flow rates
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Figure 6. (A) FIA peaks obtained by chronoamperometric detection of phenol with concentrations of (a) 0.05, (b) 0.125, (c) 0.25, (d) 0.5,
(e) 1 and (f) 1.25 uM. (B) Corresponding calibration curve of the current response versus phenol concentration. The error bars indicate the
standard error for triplicate measurements. Conditions: temperature, 25 °C; operating potential, —100 mV versus Ag/AgCl reference; 0.01 M
PBS solution at pH 6.5 is used as buffer. SPE/MWCNT/Tyr/Glu biosensor is used as detector.

lower than 2 ml min~'. At higher rates the response time and
the peak current increase. This is probably related to a more
efficient diffusion process occurring under these conditions.
This behaviour can be associated with chemical kinetics of the
enzyme due to the fact that the response is better controlled
by the enzymatic reaction at smaller volumes (Martinez et al
2008). A flow rate of 3 ml min~' was chosen as the best to get
a fast, stable and repeatable response.

3.5. Amperometric response of the biosensor

Electrochemical quantification of phenol using the FIA system
was studied. The biosensor exhibited good response as a
function of phenol concentration. The plot of the cathodic
current versus phenol concentration (figure 6) in the range of
0.05-1 uM phenol shows a correlation coefficient of 0.99.
The biosensor exhibits a sensitivity of 52.5 nA uM~' and a
detection limit of 0.14 uM phenol. The obtained detection
limit is almost 500 times lower than the allowed levels of
phenols in water as given by the EPA.

3.6. Stability study

The study of the analytical performance of the developed
biosensor was performed in FIA conditions by following the
cathodic current and using the optimal conditions obtained:
applied potential (E,) —100 mV; pH 6.5; flow rate 3 ml min~';
injection time 10 s.

The typical current—time peaks were obtained for 10 uM
phenol solution injections using the SPE/MWCNT/Tyr/Glu
(see in figure S6 in the supporting information available at
stacks.iop.org/Nano/21/245502/mmedia). Well defined peaks,
virtually without any cathodic decay, were observed. A
relative standard deviation (RSD) value for ten successive
determinations and three replicates of 5.8% was obtained. An
improved repeatability for phenol detection in comparison to
other reported biosensors is obtained.

The long term stability of the biosensor (stored when
not in use at room temperature in phosphate buffer 6.5) was

tested for up to one month by monitoring of the cathodic
current produced by injection of a 10 uM phenol solution
every 3-5 days (results not shown). The biosensor shows
stable response up to two weeks with an RSD of around 5%,
while up to one month the RSD achieved a 25% value. The
stability of this biosensor during this working period is related
to the good entrapment of the enzyme within the MWCNT/Glu
matrix. A remaining enzymatic activity of around 95% for
a two week measuring period represents a good parameter
compared to other complex matrices such as Fe;O4; MNPs-
CNTs/Tyr (Cheng et al 2009) and TiO,/CeO,/Tyr (Njagi et al
2008). The storage of this biosensor at room temperature is
another advantage for future technological developments and
commercialization issues.

The obtained stability results probably are related to the
fact that MWCNT and Glu are able to minimize surface fouling
of the biosensor surface.

3.7. Phenol detection in seawater

Considering the interest for future applications of this
biosensor for real seawater analysis, the recovery tests were
also performed (see figure S7 in the supporting information
available at stacks.iop.org/Nano/21/245502/mmedia). The
recovery test in aqueous solution samples containing 5, 10
and 25 uM phenol in PBS (pH 6.5) were carried out. In
addition, the recoveries of various phenol quantities added to
real seawater samples (collected from the Mataro region in
Barcelona, Spain, and without previous pre-treatment) were
also measured.

Recovery values of around 94, 98 and 90% in PBS
and 74, 99 and 98% in seawater samples respectively were
obtained (see table 1 in the supporting information available at
stacks.iop.org/Nano/21/245502/mmedia). The obtained results
show good promise for further applications of the developed
biosensor in automatic control systems with interest for the
environment.
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Table 1. Summary of the most relevant recent works regarding phenol detection using amperometric sensors. (GCE, glassy carbon electrode; CPE, carbon paste electrode; SPE, screen printing electrode; MWCNTSs,
multiwalled carbon nanotubes; SWCNTs, single-walled carbon nanotubes; PDDA, poly(dimethyldiallylammonium) chloride; PBS, phosphate buffer solution; Tyr, tyrosinase from mushroom; FIA, flow injection analysis;

chit, chitosan.)

Electrode Enzyme Phenol detection
Transductor Modification Stability Stored Enzyme/loading Immobilization technique Mode/technique LOD (uM) Sample Reference
SPE/pasta  No — — Tyr Cross-linking with Batch/amperometric  0.410 Wastewater samples Solnd et al (2005)
carbon (2590 units mg~") glutaraldehyde
GCE No 75% after  PBS (pH 7.4)  Tyr mushroom Composite MWNTSs and cobalt  Batch/amperometric  0.030 Bisphenol in Yin et al (2010)
30 days at4°C (5370 units mgfl) phthalocyanine (CoPc) plastic products
Pt No — — Tyr Electropolymerized Batch/amperometric — — Stanca and Pospescu (2004)
(4200 units mg~") poly-amphiphilic pyrrole
matrix or cross-linked with
glutaraldehyde
CPE SWCNTs 90% after  Dry at 4°C Tyr (3566 units mg~') Incorporated in the CPE Batch/amperometric  0.020 Bisphenol Mita et al (2007)
30 days
GCE MWCNTs and TiO; 89% after  PBS (pH 7.0). Tyr Nafion film Batch/amperometric  0.090 — Lee et al (2007)
10 days at4°C (4400 unit mg~")
GCE MWNTs—chit 93% after  PBS (pH7.0)  Tyr Glutaraldehyde Batch/amperometric  0.005 Coliforms Cheng et al (2008)
10 days at4°C (5370 units mg—l) represented by
Escherichia coli
GCE SWCNT — PBS (pH7.0) Tyr Nafion film Batch/amperometric  0.020 — Wang (2005)
at4°C (3216 units mg~")
GCE MNPs were absorbed CNTs  — — Tyr Cross-linking with FIA/amperometric ~ 0.005 — Cheng et al (2009)
wrapped with cationic (5370 units mg~ ") glutaraldehyde
polyelectrolyte PDDA
ITO No — 4°C Tyr Mixed chitosan, tyrosinase, Batch/amperometric —- Commercial wine  Yang et al (2009)
(25000 unit, 0.3 mg)  and hydroxyl
group-functionalized
MWNTs
SPE 3-aminopropyl 30 days PBS (pH7.0)  Tyr 2000 units mg~'  Cross-linking with FIA/amperometric ~ 0.056 Pharmaceutical Martinez et al (2008)
at4°C glutaraldehyde formulation
SPE MWCNTs 30 days Room Tyr Cross-linking with FIA/amperometric ~ 0.140 Seawater samples Present work
75% temperature (5370 unit mg~") glutaraldehyde

20SStT (0102) 1T ASojouydjoueN

1D 12 UQOIR[Y O



Nanotechnology 21 (2010) 245502

G Alarc6n et al

4. Conclusions

A novel biosensor that uses MWCNTSs and glutaraldehyde as
the immobilization matrix of tyrosinase is designed and applied
for phenol analysis in a FIA system. The used MWCNTSs
and glutaraldehyde not only immobilize the enzyme but also
increase the long term stability of the biosensor.

The developed biosensor exhibited relatively fast response
time (15 s) and good performance in terms of sensitivity
and detection limit when the Tyr enzyme is entrapped
within the MWCNT/glutaraldehyde matrix. The proposed
immobilization matrix is easy to prepare and cheaper than
other materials like nanorods (Gu er al 2009), nanoparticles,
fibres (Wang and Hasebe 2009) and polymers (Lee et al 2007).
The detection limit is comparable to other reported complex
matrices (see table 1) and is below the value established by
EPA criteria. The developed SPE/MWCNT/Tyr/Glu biosensor
seems to be an interesting alternative for phenol detection in
water including its integration into automatic control systems
for pollution control in water samples.
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Fig. S1. Schematic representation of flow analysis system used for phenol
amperometric detection. S, sample; C, carrier; P, pump; |, injector; EC,
Electrochemical cell; RE, reference electrode; WE, work electrode; CE, counter

electrode; PC, computer used for data collection.



Fig. S2. SEM images of the working surface area of SPE modified with
MWCNT/Tyr/Glu before (a) and after (b) being tested. Images are taken at a

resolution of 31Jm and a acceleration voltage of 15kV.
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Fig. S3. CV of a) pH 6.5 PBS used as blank b) phenol 1mM in pH 6.5 PBS;
working electrode: SPE/MWCNT; scan rate 0.1V-s™; Other experimental

conditions as described at experimental section in the main text.
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Fig. S4. Effect of working potential upon the current for a phenol solution of 10 x
10® M. Conditions: temperature, 25 °C; operating potential, -100 mV versus
Ag/AgCI reference; pH 6.5 PBS 0.01M solution is used as buffer. Working

electrode is the SPE/MWCNT/Tyr/Glu.
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Fig. S5. Amperometric responses of SPE/MWCNT/Tyr/Glu biosensor at
different injection times: (a) 2s, (b) 5s, (c) 8s, (d) 10s, (e) 15s, (f) 20s, (g) 30s, of
amperometric response of the biosensor. All measurements were made for
10uM of phenol at phosphate buffer 0.01M, pH 6.5 at 25 °C; An operating
potential of -100 mV versus Ag/AgCIl. Other experimental conditions as

described in the text.
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Fig. S6. Response of SPE/MWCNT/Tyr/Glu biosensor to successive injections
of 10 uM phenol. Conditions: pH =6.5, temperature, 25 °C; operating potential, -

100 mV versus Ag/AgCI reference. Other experimental conditions as described

in the text.
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Fig. S7. Calibration curve (m) for phenol concentration from 5 to 27.5 uM.
Current values (0) corresponding to 5uM, 10uM and 25 uM phenol added into a
pH 6.5 PBS 0.01M solution used as buffer are also shown. Conditions:
temperature, 25 °C; operating potential, -100 mV versus Ag/AgCl reference;.
SPE/MWCNT/Tyr/Glu is used as working electrode. Other experimental

conditions as described in the main text.



Table S1. Recoveries of phenol at synthetic sea water samples,
getting from amperometric response using SPE/MWCNT/Tyr/Glu

biosensor.

[phenol] of sample / uM [phenol] found / uM | Recovery / %

5 3.73 74

10 9.94 99

25 24.50 98
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Abstract

Mushroom tissue was immobilized onto plain screen printed electrode (SPE) and multiwalled carbon nanotube
(MWCNT) modified SPE (SPE/MWCNT) via bismuth (Bi) deposition. By this way, SPE/Bi/Tissue and SPE/
MWCNT/Bi/Tissue biosensors for phenol detection were obtained. UV-visible spectroscopy and SEM were utilized
for explain the immobilization procedure. After optimizing working parameters, both biosensors were compared in
terms of analytical characteristics. Linear range of response were found as 5—100 uM for SPE/Bi/Tissue and 2-
200 uM for SPE/MWCNT/Bi/Tissue while detection limits were calculated as 0.48 uM and 1.17 uM for SPE/Bi/
Tissue and SPE/MWCNT/Bi/Tissue respectively. Developed systems were also applied for phenol detection in
synthetically prepared waste water sample and very promising results were obtained.

Keywords: Bi-film, Mushroom tissue, Phenol biosensor, Screen printed electrode, Biosensors, Bismuth

DOI: 10.1002/elan.200970002

Dedicated to a Decade of Bismuth Electrodes in Modern Electroanalysis

1. Introduction

Phenolic compounds are one of the major pollutants of
industrial waste waters while the concentration of these
compounds in natural water or soil may vary to some degree,
but on the whole they are present at the ppb level. On the
other hand, these compounds have detrimental effect on
human health and for these reasons they require rapid, easy
to operate and low-cost toxicity screening procedures [1, 2].

Many methods are available for the determination of
phenolic compounds, including gas chromatography and
spectrophotometric analyses [3,4]. However, these methods
suffer from complicated sample pretreatment and unsuit-
able on-site monitoring. In order to provide simplification
and automation of the analysis methods, some electro-
chemical procedures were developed which are mainly
based on biosensors [1, 5—7]. Various matrixes such as
carbon paste, graphite-epoxy composite have been em-
ployed for the incorporation of the proper enzyme on the
electrode surface [2, 8—17]. On the other hand, immobili-
zation technique is very important at biosensor construction
since it might directly affect simplicity, sensitivity and
stability of electroanalytical procedures [18].

Electroanalysis 2010, 22, No. 13, 1429-1436
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In this work, mushroom tissue was immobilized and
accumulated via Bi*" ions on carbon ink screen printed
electrode (SPE) and multiwalled carbon nanotube
(MWCNT) modified SPE. As a result, suitable biosensor
for phenol detection was obtained.

Plant tissues provide some advantages at biosensor
constructions like high stability and high level of activity
resulting from the maintenance of the enzyme in its natural
environment. Moreover, the availability and low price of
plant tissues, the avoidance of tedious and time-consuming
enzyme extraction and purification steps and the presence
of the required cofactors in the same tissue make the usage
of wide variety of plant tissues as bioreceptors in different
biosensor formats [19].

Mushroom tissues are known to have a high polyphenol
oxidase enzyme (PPO) content that recognizes a large
variety of mono-and polyphenols. They also contain laccase
oxidase enzyme which can be define as large potential for
the determination of phenolic compounds [19]. On the other
hand, bismuth film electrode (BiFE) was developed as an
alternative electrode material to mercury film electrode
(MFE) in 2000 by J. Wang’s group [20]. BiFE was easily
formed by accumulation of Bi*" ions on proper electrode
surface by applying suitable potential at significant period of

"f.,_ InterScience 1429
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time BiFE has attained extensive attention for ten years and
have been used for various applications including trace
metal analysis [20-31] organic compounds detection [21,
27,32, 33] and recently as biosensor transducer [34, 35].

The novelty of our work relays on the immobilization
procedure. The immobilization procedure in presented
work was achieved by electrodeposition of tissue onto
SPE surface with the aid of Bi*" precursor that interacts with
the tissue and got reduced onto the transducer surface. This
represents an in-situ Bi and tissue deposition/entrapment
without using any other matrix like gelatin or binder
glutaraldehyde. At the first part of this study, we are trying
to demonstrate this Bi*'-tissue interaction by using spec-
troscopic methods and SEM. In the second part, developed
systems were tested as biosensors for phenol detection.
After the optimization of experimental parameters of SPE/
Bi/Tissue, analytical characteristics were examined both for
SPE/Bi/Tissue and SPE/MWCNT/Bi/Tissue. Finally ob-
tained biosensors were subjected to phenol detection in
synthetically prepared waste water sample.

2. Experimental

2.1. Apparatus

Chronoamperometric experiments were carried out with
the AUTOLAB PGSTAT 12 electrochemical measurement
system from ECO CHEMIE Instruments B.V. (The Nether-
lands) driven by GPES software. UV-visible absorbance
spectra were recorded on a UV-1601 spectrometer (SHI-
MADZU), which were equipped with a 1 cm path length
quartz cell. The spectra were recorded between 200 and
800 nm. Scanning electron microscopy (SEM) images were
obtained with a scanning electron microscope (Hitachi-
Japan) with resolution of 1 um, magnification of 30 k x and
accelerating potential of 15 kV.

2.2. Reagents and Materials

Phenol was purchased from Prolabo (M, =94.11 g/mol,
%94 pure). All other chemicals were of analytical grade.
Standard stock solution of bismuth (1000 mg L™, atomic
absorption standard solution) was obtained from Aldrich
and diluted as required. 0.1 M sodium acetate buffer
solution (acetic acid/acetate 100%, puriss (glacial) Riedel-
de Haén UN 2789, pH 4.5) served as supporting electrolyte.
Sodium acetate buffer solution (100 mM, pH 4.5) was
utilized as the supporting electrolyte during bismuth film
formation while simultaneously used as the supporting
electrolyte for all measurements. On the other hand,
phosphate  buffer solution (KH,PO,, Merck/purity
99,995%, pH 7.5) was used as supporting electrolyte during
cleaning process for the modified electrode. Mushrooms
were purchased from a local market.
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2.3. Tissue Sample

100 mg tissue was removed from internal part of the
mushroom using a spatula. The removed tissue was put
into the mortar, smashed and grounded until proper amount
of tissue liquid was obtained. 5 pL tissue liquid was used for
every biosensing platform and the rest was kept at 4°C.
Freshly prepared tissue samples were used in every two days.

2.4. Biosensor Preparation

2.4.1. Preparation of SPEs

Screen-printed microfabrication is based on the sequential
deposition of a graphite ink, Ag/AgCl ink and an insulating
ink on a polyester substrate. After each layer is deposited a
drying process is carried out, which consists in keeping the
polyester substrate at 90°C for 15 minutes.

CNT dispersion and characterization: Previously to their
dispersion, CNTs are purified by stirring them in 2 M nitric
acid at 25 °Cfor 24 hours. MWCNTused has a purity of 95%.

Modification of SPE with CNT: The working surface area
of a bare SPE was modified by depositing a 7 pL. drop of
MWCNT suspension (1 mg MWCNT/1 mL THF) onto the
working electrode surface, followed by a drying process at
room temperature for 24 hours. The characterization
process of the working electrode surface was performed
by SEM to check if a homogeneous distribution of CNT over
the surface was achieved.

2.4.2. Bi and Tissue Deposition and Immobilization

In-situ immobilization procedure was applied for deposition
of Bi-film together with mushroom tissue onto SPE (both
with bare and MWCNT) by following the usual procedure,
which includes introducing 50 mg L™ Bi solution, and 5 pL
mushroom tissue (optimized value) into a working cell
containing 10 mL acetate buffer (100 mM, pH 4.5). Proper
deposition potential was applied for a significant period of
time without applying any deaeration procedure for accu-
mulating Bi together with tissue on SPEs. Biosensors were
freshly prepared before each measurement.

2.5. Measurements

Chronoamperometric measurements were carried out in
0.1 M acetic acid/acetate buffer (pH 4.5) medium under the
operating potential of +0.8 V for both SPE/Bi/Tissue and
SPE/MWCNT/Bi/Tissue biosensors while the solution was
being stirred. The duration of each analysis was 150 s and the
transient current decayed to a steady state value after 75 sin
the presence of supporting electrolyte.

Electroanalysis 2010, 22, No. 13, 1429-1436
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2.6. Cleaning Process

After completion of the measurement, the electrode was
inserted into 0.1 M, 20 mL nitric acid and sonicated for
about 10 minutes. Then same electrode was put into pure
water and again sonicated for about 10 minutes. Square
wave measurements were applied three times for cleaning
electrode surfaces in phosphate buffer solution (pH 7.0)
between —0.5 Vand +1.25 V.

2.7. Sample Application

Artificial waste water of a highly acidic and salty nature
included 50 g/LL NaCl and 100 g/LL phenol in 1.0 M HCI
solution was prepared and diluted in the ratio of 1:10
according to the literature [36]. The last phenol concen-
tration in the measuring vessel was 50 uM.

3. Results and Discussion

3.1. Examination of Immobilization Mechanism

The novelty of our work relays on the immobilization
procedure of mushroom tissue through bismuth electrodepo-
sition onto a SPE. The complex that is formed between Bi and
mushroom tissue is accumulated onto the electrode surface by
applying proper voltage. In order to explain the process, UV
spectroscopy and SEM techniques were utilized. Figure 1
demonstrates the UV spectrums of 150 uL tissue (a), 150 uL
Bi solution (0.1 g/100 mL) (b) and mixture of these two

solutions (c). From Figure 1, it can be concluded that when Bi
and tissue are mixed a complex is formed. The disappearance
of peaks and the shift at the wavelength demonstrate this
formation. However, the exact place of Bi linkage with tissue
structure can not still be clarified. As mentioned in introduc-
tion part, mushroom tissue has a complex structure containing
PPO and laccase oxidases but also other enzymes that are not
specific to phenol [19]. At this acidic pH, 4.5, it is known that
Bi stays in cationic form [37]. This cationic Bi*" can probably
link with negatively charged enzyme. A similar electroactive
interaction of mushroom tyrosinase with ZnO nanorods have
been studied earlier [38]. The Bi**/tissue ‘complex’ along with
execs Bi’" in our case are afterward electrochemically
deposited onto the SPE/MWCNT surface. The formed SPE/
MWCNT/Bi/Tissue is further studied so as to see its
availability for phenol detection.

CNT distribution, as well as BiFE formation, was studied
by scanning electron microscope (SEM). SEM images of the
working electrode surface show a homogeneous distribution
of MWCNT all over the electrode surface as well as a more
sponge like surface compared to the bare SPE (Figure 2
Part 1A and 1B). This effect can be directly related to the
increase on the surface-to-area ratio by the MWCNT
incorporation onto the working electrode. Regarding
BiFE formation, its deposition is clearly evidenced by a
plainer surface and aggregates formation together with
darker coverage compared to plain SPE (Figure 2, Part 2A
and 2B). Introduction of tissue to the Bi film structure
creates more complex structure as demonstrated in Figure 2
Part 3A and 3B. This difference between Figure 2 Part 2A,
2B and Part3A 3B is another evidence that confirms
accumulation of tissue together with Bi on electrode surface.
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UV spectra of a) tissue (20 uL) b) Bi solution (150 puL) and c) Bi (150 uL) and tissue (20 pL) solution.
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Fig.2. SEM images of plain-SPE (1A), BiFE on SPE (2A), SPE/Bi/Tissue (3A) and SEM images of MWCNT modified SPE (1B),
BiFE on MWCNT/SPE (2B), SPE/MWCNT/Bi/Tissue (3B). Resolution of 1 pm, magnification of 30 k x and accelerating potential of
15 kV have been used. Other experimental details as described in the text.

3.2. SPE/Bi/Tissue as Biosensing Platform
3.2.1. Optimization of Bi Film Formation

Effects of Bi amount, deposition time (z;) and deposition
potential (Ey) have profound effect on accumulation of Bi**
onto electrode surface. For this reason, these parameters
were optimized for 50 uM phenol on plain SPE in the
presence of proper amount of Bi** with 10 pL tissue. The
working potential was +0.8 V and results were given in
Figure 3 and summarized in Table 1. As can be seen from
Figure 3 and Table 1, optimized t; and E,; were found as
4 min and —1.0 V respectively while optimum Bi amount
was investigated as 50.0 mg/L.

3.2.2 Optimization of Experimental Parameters

Optimum Working Potential

Considering immobilization of tissue via Bi film onto SPE
for phenol detection, optimum potential is needed to be
defined for proper measurements. In order to examine this
effect, the performance of the biosensor was tested between
600-900 mV with increment of 100 mV for 50 pM phenol
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solution (Figure 4). At 600 mV almost no current was
observed and the highest current value was obtained at
800 mV. Same experiment was repeated for SPE electrode
containing only Bi-film but not any tissue. No significant
current values were obtained at this potential range
demonstrating that obtained current values are results of
enzymatic reactions provided by mushroom tissue. Consid-
ering electrocatalytic contribution of MWCNT, optimum
potential study was investigated by using SPE/MWCNT/Bi/
Tissue. As aresult, again at 800 mV the highest current value
was obtained like SPE/Bi/Tissue (data not shown). It is
expected to strip off the Bi-film from the electrode surface at
this potential. However as it was demonstrated with UV
spectroscopy, a complex between Bi-film and mushroom
tissue should have been formed. The presence of phenol
during measurements resulted with more complex inter-
actions which require the application of a cleaning process
between two measurements in order to decrease the back-
ground current.

Effect of pH
The effect of pH on the electrode response was investigated

at various pHs (3.5 to 6.5 with increment of 1.0) by using

Electroanalysis 2010, 22, No. 13, 14291436
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Fig.3. The effect of (A) Bi amount, (B) deposition time and (C) deposition potential on current values for 50 pM phenol on SPE/Bi/
Tissue biosensor, the obtained curve is plotted according to 5% error bars in 0.1 M, acetic acid/acetate buffer, pH 4.5, 10 uL tissue,
+0.8 V as working potential. Other conditions for Bi** accumulation, (A) E;=—1.1V, t=>5 min; (B) 50.0 mg/L Bi*!, E;=—1.1V; (C)

50.0 mg/L Bi**, ¢, =4 min.

Table 1. The optimum conditions for Bi*" accumulation in 0.1 M,
pH 4.5, acetic acid/acetate buffer, 10 pL tissue, +0.8 V as working
potential for 50 pM phenol.

Optimum conditions Optimum
conditions
Amount of bismuth (Ey=—1.1V, ;=5 min) 50.0 mg/L
Deposition time (50.0 mg/L Bi, E;=—-1.1V) 4 min
Deposition potential of bismuth -1.0V

(50.0 mg/L Bi, fy=4 min)

acetic acid/acetate buffer systems (0.1 M) for 50 uM phenol
(Figure 5). As can be seen from the figure, the response
current of the electrode to phenol increases significantly
from pH 3.5 to 4.5, and then a sharp decrease is obtained at
pH value higher than 4.5. As a result pH 4.5 was chosen as

175

140

{7 a

-

033 a

optimum pH and used for further studies. Though optimum
working pH of mushroom tissue modified electrodes for
phenol detection is reported at more basic pHs, between
6.5-8.0[39], we prefer to examine this range, since optimum
pH for Bi film formation is at pH 4.5 in the acetate buffer
medium [20].

Tissue Amount

The effect of tissue amount (1,2, 5, 10 and 20 pL.) as enzyme
source on current values for 50 pM phenol at SPE/Bi/Tissue
was examined (Figure 6). Proper mushroom tissue was
introduced into working cell which contains 50.0 mg/L of
bismuth solution. Then —1.1 V was applied for 4 minutes
and tissue was immobilized onto electrode surface. After
that fresh buffer was put into working cell and chronoam-
perometry was applied at +0.8 V. At 75.th second chro-
noamperogram was recorded. From the figure, it is obvious
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Fig. 4. The chronoamperometric curves of SPE//Bi/Tissue biosensor for 50 uM phenol showing varying operating potential effect on
current values; a) 0.6 V, b) 0.7V, ¢) 0.8 V, d) 0.9 V. Inset: The curve demonstrating effect of operating potential. on current values. The
curve is plotted according to 5% error bars. Conditions: 0.1 M acetic acid/acetate buffer pH 4.5, 10 puL tissue. For BiFE 500 pL Bi
solution, E4 — 1.1V, t4 5 min.
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Fig.5. The effect of pH (3.5 to 6.5) on current values for 50 uM phenol at, SPE//Bi/Tissue biosensor. Obtained curve is plotted
according to 5% error bars in 0.1 M, acetic acid/acetate buffer, 5 puL tissue, 50.0 mg/L Bi**, E;=—1.0V, t;=4 min.
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Fig. 6. The effect of tissue amount on current values for 50 uM phenol at SPE/Bi/Tissue biosensor, the obtained curve is plotted
according to 5% error bars in 0.1 M, acetic acid/acetate buffer, pH 4.5, 50.0 mg/L Bi*", E;=—1.0V, t;=4 min.

that 5 pL gave the best current value. So this tissue amount
was used for further experiments.

3.2.3. Comparison of SPE/Bi/Tissue Biosensor with SPE/
MWCNT/Bi/Tissue Biosensor

Under optimum working conditions, SPE/Bi/Tissue system
was compared with SPE/MWCNT/Bi/Tissue biosensor in
terms of analytical characteristics. Results were given in

Table 2. Introducing MWCNT into electrode structure
provides wider linear range with better RSD value. This is
probably related to the diffusion process of the electroactive
specie undergoing oxidation onto the SPE electrode. On the
other hand, plain SPE provides slightly better LOD and
LOQ values compared to MWCNT/SPE. Developed sys-
tems were also applied for phenol detection in synthetically
prepared waste water sample as described in experimental
part. As a result, recoveries of 95.20% (SPE/Bi/Tissue) and

Table 2. Comparison of SPE/Bi/Tissue with SPE/ MWCNT/Bi/Tissue.

Electrode Linear range (uM) LOD (pM) LOQ (uM) RSD (%) (n=3) Recovery (%) (n=3)
BiFE-SPE 5-100 0.48 1.6 1.1 95.20
BiFE-MWCNT-SPE 2-200 1.17 3.93 0.46 95.60
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95.60% (SPE/MWCNT/Bi/Tissue) were obtained with the
electrodes.

4. Conclusions

In this work, for the first time, enzyme source mushroom
tissue was electrochemically immobilized onto SPE or SPE/
MWCNT/ surface with the aid of Bi film. This immobiliza-
tion and complex formation of Bi**-ions with tissue were
demonstrated with UV spectroscopy and SEM measure-
ments. Then developed biosensor’s working conditions were
optimized and obtained system was subjected to phenol
detection in synthetically prepared waste water sample. Asa
result, almost similar promising recoveries were obtained
with both types of SPE.

Avoiding the usage of matrices like gelatin might be
helpful to overcome diffusion problems caused by these
membranes. On the other hand, stability of tissue was
provided by means of Bi film that was formed during the
accumulation procedure. Usage of more specific enzyme
like tyrosinase or laccase might result more sensitive results
for this system. On going efforts for developing BiFE based
immobilization procedures continue in our labs.

As mushroom tissue has a complex structure (PPO,
laccase oxidases between others) rending this material not
specific to phenol it is impossible at this stage of research to
propose the exact mechanism for interaction between Bi
film and mushroom tissue. Besides, the response mechanism
is very complex. Different types of enzymes could have
affected this response. At this stage of our research although
it could be difficult to predict the right response, several
phenomena and the corresponding hypothesis could be
considered as follows. Firstly, as there are many types of
undefined enzymes in the tissue, our reaction might be
product of one of them that follows their metabolic pathways;
secondly, working potential (4 0.8 V) is suitable to monitor
hydrogen peroxide oxidation to water. In addition it is also
known that, quinone could polymerize onto electrodes after
oxidation of phenol. If after this polymerization a phenolic
substance like dihydroanthraquinone is formed, it is possi-
ble to follow H,O, by monitoring oxidation of this substance
to anthraquinone; thirdly, the tissue also contains catalase
enzymes that under normal conditions may oxidize phenol
at +0.4 V. Considering the Bi complex formation of this
substance, the shift at oxidation potential could be ex-
plained.

The use of less complex material as an enzyme source
along with the application of alternative spectroscopic
techniques like IR spectroscopy would probably clarify
this phenomena in the future. In addition the use of less
complex and more active enzyme source will probably open
the way to the increase of the lifetime of the biosensor. This
work is still in the process at our laboratories and will be
object of future publications.
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Bimetallic nanowires as electrocatalysts for nonenzymatic real-time

impedancimetric detection of glucose
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Gold-platinum nanowires are proposed as electrocatalysts for a
real-time nonenzymatic impedancimetric detection of glucose.
The electrochemical behavior of the obtained platform toward
electrocatalytic oxidation of glucose, including a proposal for
the detection mechanism, is shown.

Development and improvement of glucose biosensors has been
an important subject of interest during the last fifty years.!
Most of the known amperometric glucose biosensors are based
on glucose oxidase (GOx) or glucose dehydrogenase (GDH)
immobilization.>* Moreover, in some applications, it is necessary
to have sensors which are stable when they are exposed to high
temperatures or other aggressive environments.* Most of these
nonenzymatic electrochemical glucose sensors rely on measuring
the current response during the direct glucose oxidation on the
electrode surface. The use of noble metals such as Pt and Au to
develop nonenzymatic sensors has been reported.? However, in
the presence of glucose these electrodes quickly lose their activity
due to accumulation of chemisorbed intermediates, which block
the electrocatalytic surface.”

On the other hand the chronoimpedance technique (CIT)
for real-time determination of glucose concentration in first
and second generation glucose oxidase/carbon paste electrodes
has been implemented. This technique allows continuous and
rapid time response measurements and is only limited by the
transient response of the biosensor. This new method is
supposed to be applicable to any other biosensor system.”>® It
has been reported that the nanostructured electrodes possess a
very large surface to area activation ratio, favoring kinetically
controlled reactions like electrocatalytic oxidation of glucose
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more than diffusion controlled reactions expecting a high
sensitivity toward glucose detection.” For this reason we
propose the combination of both materials and consequently
the use of a bimetallic platinum/gold nanowire (Au—Pt NW) as
a free-enzyme electrocatalyst for glucose detection. This is
achieved through Au-Pt NW integration on the working
electrode of a screen printed electrode (SPE) followed by CIT
measurements performed for the first time in an integrated and
miniaturized three electrode system. The use of an iridium oxide
(IrOx) thin layer electrodeposited onto the working electrode
surface was necessary to reduce the electrode—electrolyte inter-
face impedance (EEIZ) for CIT measurements, as previously
described.® Au-Pt NWs were immobilized onto the SPE
working electrode surface by using the IrOx thin layer and
the cross-linking agent glutaraldehyde.

Morphological and structural studies of bimetallic nanowires
were performed by a Transmission Electron Microscope (TEM).
Highly regular and uniform average diameter Au-Pt NWs of
about 140 nm (Fig. 1) can be observed. X-Ray microanalysis of
nanowires was performed by TEM, showing an Au and Pt alloy at
different proportions along the nanowire. Compositions in terms
of Pt and Au percentages at different sections of the Au-Pt NW
are given in the inset table of Fig. 1(A). A homogeneous distribu-
tion of the nanowires on the electrode surface can be observed by
a Scanning Electron Microscopy (SEM) image (Fig. 1B). Fig. 1C
shows the effect of glutaraldehyde as a binding matrix, showing a
good entrapment of the wires within the mentioned matrix.

The electrocatalytic effect of Au—Pt NWs toward glucose
detection was evaluated (see ESIf for experimental condi-
tions). By increasing glucose concentration a current decrease
was observed, indicating that Au-Pt NWs are exhibiting
electrocatalytic activity toward glucose presence. For all the

Fig. 1 TEM image of a single (Au/Pt)NW(A). SEM micrographs of
modified SPE with a (Au/Pt)NW (B). Effect of glutaraldehyde as a
binding matrix for NW entrapment (C).
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Fig. 2 Proposed mechanism for the glucose electrocatalytic detection
using a Au-Pt NW. (i) Glucose is transported by convection to the
gold surface, where it is oxidized to glucuronic acid by reducing O, to
H,»0,, (ii) H,O, decomposes into H>O on the platinum surface.

glucose concentrations the catalytic effect of NWs in the range
from 0 to 0.1 V (data not shown) can be clearly observed.

A Bode diagram was obtained using electrochemical impedance
spectroscopy (EIS) in absence and in the presence of 150uM of
glucose. The EIS data were used to calculate the Percentage
Normalized Modulus (PNM). Higher PNM values were observed
at the low frequency range (0.1-10 Hz) (See Fig. S27).

It is possible to conclude from the PMN evaluation that the
most important impedancimetric response is observed at
the low frequencies range, being this phenomenon similar to
the one reported in the previous work.>® Therefore for CIT
implementation 0.4 Hz was used, because at this frequency the
response obtained appreciably reflects |Z| change.

In an electrode—electrolyte interface (EEI) the electric
current flows due to the charge transfer occurring during the
electrochemical reactions that take place between the electrode
surface and the electrolyte. In our specific case, the electro-
chemical reaction on the SPE/IrOx/Au—Pt NW sensor surface
can be described considering the different metallic surfaces
present along the alloy (Fig. 2). The mentioned mechanism
based on the glucose oxidation on the gold surface and H,0,
reduction on the platinum surface is the reason why this sensor
presents such a high sensitivity and a low linear range for
glucose detection. It is well known that Au nanoclusters can
behave as GOx mimicking units able to catalytically oxidize
glucose and produce gluconates and H,0,.”!°

This process, catalysed by AuNPs, is similar to the one
performed using the natural enzyme glucose oxidase, which
also catalyzes the oxidation of glucose with the co-substrate O,.

The recent implementation of an Au NW modified sensor
for nonenzymatic glucose detection also has confirmed that
nanostructured gold is able to act by mimicking the GOx
activity.! On the other hand, Pt is a widely used electrode
material for H,O, detection and biosensor fabrication. Most
of the platinum based biosensors detect H,O, at relatively high
potential (around 0.6 V). However, Pt NWs and Pt nano-
particles (NPs) were recently reported for H,O, detection at
0 mV.'""!2 The use of a bimetallic gold—platinum nanowire as a
free-enzyme electrocatalyst for glucose detection is a very
interesting application due to the non-competitive mechanism
taking place on the electroactive surface.

For a better elucidation of the glucose detection mechanism
further impedance measurements were carried out. Measurements
were performed under different experimental conditions. The
first one (Fig. 3A) is carried out using a SPE/IrOx/Au-Pt NW,
while the second (Fig. 3B) and the third (Fig. 3C) case correspond
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Fig. 3 Real-time impedancimetric response of the SPE/IrOx/Au-Pt
NW (A), SPE/IrOx/Pt NW (B), SPE/IrOx/Au NW (C) and SPE/IrOx
(D) sensors upon successive additions of 50 pM H,0, and 50 pM glucose.

to SPE/IrOx sensors modified only with platinum and gold
nanowires, respectively. Finally, a SPE/IrOx without NW was
also checked (Fig. 3D). The impedance response (|Z]) of each
electrode toward 50 uM H»O, and 50 uM glucose additions was
recorded showing an appropriate impedance response to H,O,
(see Fig. 3A and 3B). An increase of |Z] of around 500 Q and 300 Q
can be observed for SPE/IrOx/Pt NW and SPE/IrOx/Au-Pt
NW sensors respectively. The higher SPE/IrOx/Pt NW sensor
response toward peroxide is due to the fact that more platinum
area is available for the reduction of H,O, than the Pt-Au NW
sensor. Reaction (ii) (Fig. 2) shows electron consumption, which
increases the EEIZ. This impedance increase is related to hydrogen
peroxide (reduced afterwards at the Pt surface) produced by
oxidation of glucose in presence of dissolved oxygen.
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Fig. 4 (A) Real-time impedancimetric response of the SPE/IrOx/
Au-Pt NW sensor. (B) Sensor calibration given as impedance magnitude
versus glucose concentration in the 0—140 pM range.
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SPE/IrOx/Au NW (Fig. 3C) and SPE/IrOx (Fig. 3D) sensors
don’t show any response toward either H>O» or glucose. Results
are consistent with the sensors composition, as in the first
configuration platinum is not present to reduce HO, (product
of glucose oxidation on the Au surface) and in the second
configuration H»,O, is not catalyzed by iridium oxide at this
potential value.'!*

The SPE/IrOx/Au-Pt NW sensor is the only one which
exhibits response to glucose addition, showing an impedance
change of around 150 Q (Fig. 3A). This sensor can detect
glucose because both metals (Pt and Au) are present and both
reactions can be coupled, the oxidation of glucose to gluconic acid
(Au surface) and reduction of hydrogen peroxide (Pt surface).

Real-time determination of impedance changes (]Z]) in
50 mM NaOH solution during successive addition of glucose
20 uM was carried out by using a composed signal of 100 mV
DC plus a 50 mV ac of 0.4 Hz (Fig. 4). Impedance response
shows a linear range up to 140 pm with 8557 Q@ mM~' of
sensitivity, and 0.99 of correlation coefficient (inset of Fig. 4). In
order to compare the repeatability of 3 sensors, the normalized
impedance (relative value to zero concentration of glucose) is
evaluated. The results of triplicate sets, indicated by error bars,
show the repeatability and reproducibility corresponding to the
measurements with a relative standard deviation (RSD) less
than 5% for a glucose concentration range of 20-140 pM.

The low detection range obtained by this glucose sensor may
allow applications to non-invasive detection of glucose in other
biological fluids (saliva, sweat and urine) where glucose is too
low. Moreover this low detection range would allow the imple-
mentation of a miniaturized system for detection of glucose in
diluted blood samples using just a few pl of the sample.

It is well known that for the systems based on electrochemical
detection of the produced H,0, at a potential range of about
0-200 mV vs. Ag/AgCl there is almost no effect of interferences.
Working under these conditions would bring a high selectivity
along with the high sensitivity and the fast response of the
developed biosensor.'® In our case working with a dc potential
of 100 mV combined with the chronoimpedance technique are
the main reasons for such improvements.

Selectivity is a very important parameter to be considered
for nonenzymatic glucose sensors. To evaluate the selectivity
of the sensor, impedancimetric response toward uric acid (UA)
and ascorbic acid (AA) was measured. These interference
species are normally present in real physiological samples
and are usually examined in the presence of glucose. It must
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Fig. 5 Evaluation of interfering species.

be considered that the concentration of glucose studied is at
least 30 times lower than the one in human blood,'® and in
addition for this experiment the glucose concentration is 20
times higher than the concentration of interference species.
Citric acid (CA) is also evaluated due to its presence as a
preservative in soft drinks and other foods. Fig. 5 presents
experimental results obtained by adding 50 uM of glucose in
50 mM NaOH, followed by 2.5 uM UA, 2.5 uM AA and
10 uM CA. Good selectivity of the SPE/IrOx/Au-PtNW
sensor is shown toward glucose oxidation, because interference
species (such as UA, AA and CA) can be neglected.

Au-Pt NWs are obtained by an electrodeposition method and
implemented on a glucose sensor based on SPE modified by IrOx
and Au-Pt nanowires. Their electrochemical behavior toward
glucose detection is evaluated by CIT. This sensor uses very low
DC potential, decreasing this way the effect of interference species
such as UA, AA and CA. This sensor presents high repeatability
and sensitivity. A glucose detection mechanism associated to the
designed sensor is also determined. The obtained results show
that the use of the CIT as a novel transduction platform coupled
with bimetallic nanowires can bring advantages in the design of
nonenzymatic sensors achieving improved analytical perfor-
mance besides the robustness and stability of the biosensing
system with interest for applications in various fields.
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Non-modified surfaces and IrOx or IrOx/Au-PtNWs modified SPEs were firstly
evaluated in a PBS (pH=7.0) by using cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS), so as to confirm the Au-PtNW immobilization. Fig. S1A shows CVs of the
unmodified SPE, IrOx modified SPE and IrOx/Au-PtNW modified SPE. CV corresponding to
the unmodified SPE does not show any peak. However, the CV of the SPE/IrOx and
SPE/IrOx/Au-PtNW present characteristic peaks around 300 and 600mV.' When NWs are
immobilized onto the electrode surface through entrapment within glutaraldehyde the obtained

current slightly decreases.
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Fig. S1 Estimation of electroactive surface area by cyclic voltamperograms (CVs) at 50mV/s
(A) and EIS characterization (B) of the bare, IrOX andlrOx/Au-PtNW modified SPE

electrodes in phosphate buffer solution at pH 7.

EIS is a well known method used to study the surface features of modified electrodes.’
It is employed to analyze the detailed electrochemical response of the modified electrodes by
using individual or mixed components Argand diagram (Z’ versus Z’’) for the bare, SPE/IrOx
and SPE/IrOx/Au-PtNW modified SPE, respectively shown in Fig. S1B. Bare SPE exhibits high
electrode—clectrolyte interface impedance (EEIZ), whereas IrOx modified electrode shows a
reduction of two orders of magnitude in the EEIZ, similar to the one reported in the literature.
NWs deposited through glutaraldehyde onto the electrode surface showed a slight EEIZ
increase. The presence of glutaraldehyde, being an insulator, should have affected the EEIZ by

increasing it.
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In order to determine the working frequency, the percentage normalized modulus (PNM),
defined in our previous work”*, was calculated by using equation inset in Fig. S2. The measured
modules without (Zyv) and with 150uM of glucose (Zsouv) in the range of 0.1-100 Hz are
used to calculate the PNM, which indicates the rate of impedance variation per mole of glucose
added to the system as a function of frequency. The PNM curve obtained (Fig. S2) presents a
maximum value of 0.21%/uM, measured at 0.1 Hz. As frequency increases, the PNM curve

continuously decreases down to approximately 0.03%/ uM for frequencies higher than 10 Hz.
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Fig. S2 Impedance magnitude in the absence and presence of 150 mM of glucose. Percentage
Normalized Modulus (PNM) of the SPE/IrOx/Au-Pt NW sensor. Z;soum and Zo,v impedance

modulus measured at 0 and 150 uM of glucose concentration.
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MATERIALS AND METHODS

Apparatus and Reagents

Electrochemical measurements were performed with a Solartron 12508W impedance
analyzer composed by a Solartron 1287 Electrochemical Analyzer and a Solartron 1250
Frequency Response Analyzer, commanded by the corresponding software provided by the
manufacturer (ZPlot ®, Scribner Associates Incorporated). Magnetic stirrer was used to provide
the convective transport during the impedancimetric measurements. Statistical computations
were carried out by means of GraphPadPism version 3.00 Software. Scanning electron
microscope (SEM) analysis was performed by using an EVO (Carl Zeiss NTS GmbH.
Germany). Transmission electron microscope (TEM) images were taken with a JEM-2011 (Jeol,

Ltd., Japan).

Track-etched porous aluminum oxide (0.02 pm) membranes were provided by Whatman
(Anodisc 13mm, 0.02 pm). Glutaraldehyde (25%) was purchased from Sigma Aldrich. D-
glucose anhydrous, potassium dihydrogen phosphate, sodium monohydrogen phosphate
dehydrate and potassium chloride were purchased from Laboratories Cicarelli. All
electrochemical experiments were carried out at room temperature (22°C) in 0.07M phosphate
buffer solution (PBS) pH 7 with 0.1M KCI. All solutions were prepared with single distilled

water with conductivity lower than S5uS/m.

Synthesis of Platinum/Gold Nanowires (Au-Pt NW)

Pt-AuNW were prepared by using a three-step electrochemical deposition process,
slightly adapted to the previously described setup.** Prior to Pt/AuNW synthesis, an ultrathin
Au film was firstly sputtered by using a conventional ion sputtering method onto one side of the
anodic alumina as to make the template conductive to be used as the working electrode contact.
A platinum wire (0.3 mm diameter) was used as counter electrode and an Ag/AgCl wire was
used as reference electrode. A cooper layer was previously electrodeposited so as to seal the

aluminum oxide membrane porous.” Platinum had been electrodeposited at -2mA for 30
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minutes and gold was electrodeposited at -0.9V for 40 minutes (see schematic of the setup,
Figure S3). After electroplating, gold sputtered layer and copper layers are dissolved by
mechanical polishing by using nitric acid 35%. As to release the NW from the alumina
template, the membrane was dissolved by immersing it in NaOH 3M solution at room
temperature for 1 hour. Then the Nanowires were centrifuged and rinsed in deionized water up
to six times to remove the remaining NaOH. After template removal, NWs were resuspended

and stored in acetone.
Preparation of Screen Printed Electrode (SPE) and Modification with Au-Pt NWs.

Screen printing electrodes fabrication is based on the sequential deposition of a graphite
ink, Ag/AgCl ink and insulating ink on a polyester substrate. After the deposition of each layer
a drying process is followed by keeping the polyester substrate at 90 C for 15 min. The SPE
working surface area was modified by electrodepositing an IrOx thin film, as previously
reported.1,° A 10pL Au-PtNW solution drop was deposited onto the working SPE/IrOx
electrode surface and allowed to dry at room temperature for 20min. Finally, 7 pl of
glutaraldehyde (Glu) solution at 5% were cast onto the SPE/IrOx/Pt-AuNW electrode surface
and let to dry at room temperature for 4 hours. The prepared SPE/IrOx/Pt-AuNW sensor was

kept at room temperature.

Electrochemical Experiments

All electrochemical experiments were carried out at room temperature. The
electrocatalytic detection of glucose by using SPE/IrOx/Au-PtNw was evaluated in S0mM
NaOH solution in absence and in presence of different glucose concentrations (50, 100 and 150
uM). CV measurements were carried out at the potential range of -0.8 to 0.8 V vs. Ag/AgCl . In
order to determine the working conditions for CIT implementation and study the characteristics
of the modified electrodes surface, electrochemical impedance spectroscopy (EIS) studies were
performed. The AC frequency range was 0.1 Hz to 100Hz logarithmic scale with 10 points per
decade (in this frequency range it is possible to evaluate the impedance of the interface and the

medium) in absence and in presence of 150uM glucose by applying 50mV of AC (optimization
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of AC value is previously reported”®). CTI measurement was performed by stimulating the
system with a composed signal from a 100mVDC potential superimposed with a 50mV AC

potential to a single frequency of 0.4 Hz.

(A) RN (B)

Fig. S3 Schematic of electrodeposition cell.
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Control of molecular and supramolecular properties is used to obtain a new advanced hybrid
material based on Prussian blue nanoparticles (PB NPs). This hybrid material is obtained
through a self-assembled Layer-by-Layer (LbL) approach combining the advantageous features
of B-cyclodextrin (B-CD) polysaccharides, PB NPs and poly(allylamine hydrochloride) from
electrostatic interaction between the deposited layers. Transmission electronic microscopy images
suggested that PB NPs were protected by B-CD polysaccharides that prevent the aggregation

phenomena. In addition, as confirmed by scanning electronic microscopy images, it was found that
PB NPs are organized in microcubic supramolecular like structures via a mesoscale self-assembly
process. Interestingly, the 3-bilayer {PAH/PB-CD} film exhibited a higher density of microcubic
structures and a high electrochemical response with PB sites available for redox reactions at a
supramolecular level. By utilizing fewer bilayers and consequently less material deposition, the
formed {PAH/PB-CD} multilayer films of a tuneable conductivity can be expected to have
interesting future applications for host—guest like dependent electrochemical biosensing designs.

Introduction

Advanced functional materials have been constructed based
on the combination of appropriate building blocks such as
inorganic compounds,' biopolymers,* semiconductor quantum
dots,” metallic nanoparticles,®’ and carbon nanotubes.®'* For
this purpose, layer-by-layer (LbL) and self-assembled®!'!
structures provide an excellent approach, since several hybrid
supramolecular nanodevices can be built combining suitable
oppositely charged components.>!'! In the LbL method, the
self-assembly process is governed by individual immobilization
of positively and negatively charged polyelectrolytes, which
allow for design and control of the thickness and structural
morphology aspects.>!'"'* In the context of nanoscience,
constitutional dynamic chemistry (CDC) concepts'> confer
the means to interpret and control functional supramolecular
entities, since dynamic character such as functional recognition
and self-organization must be directly involved on the
molecular level.'®
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Cyclodextrin (CD) molecules are defined as macrocyclic
oligosaccharides composed of six (&), seven () or eight (y)
linked glucosyl units organized in a cone shape, which show a
lipophilic central cavity and hydrophilic outer surface.!” "
This unique structural characteristic of the CD molecules
allows the formation of new supramolecular nanoplatforms
aiming to develop functional drug delivery systems.?® Also,
Prussian blue (PB)—iron(i) hexacyanoferrate(i)—is defined
as a mixed valence coordination compound®'** exhibiting
unique electronic, electrochemical and structural features with
a wide range of applications including molecular magnets,?
sensors,”*?* semiconductors,?® electrochromic devices,?>
and biosensors.?” In the chemical structure of PB the Fe®*
and Fe’" ions are coordinated to the nitrogen and
carbon atoms, respectively, through the bridging cyanide
ligands.ZI’ZZ‘28 Moreover, the charge balance in the face-
centered cubic lattice® ! must be reached by potassium ions
that confer distinct soluble—KFe[Fe(CN)¢]—and insoluble—
Fey[Fe(CN)g);]—forms. However, the two forms have been
utilized on studies related to chemically modified electrodes.®' 3

In order to obtain supramolecular structures with interest
for both host-guest model and DNA probe applications,?®
PB nanoparticles protected by B-CD, designed as PB-CD
NPs, have been reported that could improve the charge
transfer inside the B-CD cavity producing an attractive
nanocomposite.®® To the best of our knowledge this is the
first example of PB nanoparticles using f-CD polymer as a
stabilizer, which opens the way to develop new supramolecular
devices with interest for sensing and biosensing applications.

We report a novel assembled nanoplatform that takes
advantage of alternate layer depositions from PB-CD NPs
with polyallylamine (PAH). It is obtained on a tin oxide
substrate by using the LbL technique, which is able to control
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the nano/micro supramolecular structure and in this way tune
its conductivity. Multilayer characterization and formation of
compact microcube structures at the molecular level have been
evidenced by optical and electrochemical experiments. The
developed platform is expected to have interesting applications
in the sensing and biosensing fields, where highly conductive
and tunable ‘on-demand’ platforms combined with biorecog-
nition reactions are desirable.

Experimental section

Chemicals and materials

FeCl,-4H,0, K5[Fe(CN)o)l, H,O, (d = 1.1 kg L', 30%),
KCl, NH; (30%) and acetone were acquired from Panreac,
while PAH and B-CD polymers were purchased from Aldrich.
KH,PO4 and K,HPO,, acquired from Fluka, were utilized to
prepare 0.1 mol L™! phosphate buffer solution at pH 6.2. All
the other chemical reagents were of analytical grade purity and
used as received. Ultra-pure water was supplied by a Milli-Q
purification system and used in all experiments.

Synthesis of Prussian blue nanoparticles protected
by p-cyclodextrin (PB-CD NPs)

B-cyclodextrin protected Prussian blue nanoparticles were
prepared reacting FeCl,-4H,O and Kj[Fe(CN)g)] in a 1:1
stoichiometric ratio using B-cyclodextrin as the matrix.?”’
In a reaction flask, 2 mL of aqueous K;[Fe(CN))] (5.26 mg,
1.6 x 1072 mol) was slowly added to an aqueous mixture
(8 mL) that contained FeCl,-4H,O (3.18 mg, 1.6 x 107> mol)
and B-CD (1.6 x 102 mol). Immediately, the formation of a
dark blue product was observed. The above nanocomposite
mixture was kept at 25 °C and stirred for 12 h, under nitrogen
flow. 25 mL of acetone was added to the last mixture and
the solvent was removed by centrifugation. The collected
nanocomposite was washed with acetone at least three times
in order to remove the ferrocyanide and ferric ion impurities as
well as residual KC1.*® The solid was left to be dried at room
temperature for at least two hours.

Synthesis of Prussian blue nanoparticles (PB NPs)

The PB NPs were prepared as described for PB-CD NPs
except for the use of B-CD polymer. The PB NPs, obtained
as a solid precipitate, were purified by washing several times
with acetone. Previous to the preparation of the LbL films, the
PB and PB-CD NPs were characterized by UV-visible and IR
spectroscopy and electrochemical techniques.?' 2438

Self-assembly of Layer-by-Layer {PAH/PB-CD} films

The resulting PB-CD NPs or PB NPs (18 mg) were dispersed
in 2 mL water and sonicated for 10 min to achieve a
well-dispersed suspension, which was used as negative
polyelectrolyte in LbL method."" In order to clean and
introduce negative charge onto the indium tin oxide (ITO;
Delta Technologies Ltda, Ry = 70-100 Q) surface, the
substrates were treated with acetone at 80 °C for 10 min and
washed with water, followed by sonicating in H,O:NHj;:
H,0O, solution (5:1:1 v/v) prior to preparing the LbL
films.'>" ' Self-assembly of the hybrid architectures was

carried out by immersion of ITO electrodes into the cationic
polyelectrolyte—PAH solution—(0.5 mg mL™") for 5 min,
then rinsed with HCI solution (pH 5.0) and dried under
nitrogen stream. After this step, the polymer monolayer was
immersed into PB-CD NPs (or PB NPs) solution for 5 min,
rinsed with HCl solution (pH 5.0) and dried with nitrogen. The
above procedure was repeated to obtain the desired number of
bilayers deposited onto the ITO substrate.

Characterization of PB-CD NPs and {PAH/PB-CD},
multilayer films

Infrared spectra of PB-CD NPs samples, prepared as KBr
pellets, were run on a Perkin—Elmer FT spectrophotometer,
series 2000 in the range 4000—600 cm~'. Ultraviolet and visible
(UV-Vis) absorption spectra were recorded with SpectraMax
M2e spectrophotometer and employed to characterize the
PB-CD and also follow the deposition process of the multi-
layer films onto the ITO substrate. Self-assembled films from
1 to 4 bilayers were characterized using cyclic voltammetry
technique in an electrochemical analyzer (CH Instruments),
where {PAH/PB-CD},, films (n = number of bilayers) deposited
onto ITO acted as a working electrode. The electrochemical
experiments were carried out using a conventional three-
electrode cell with Pt as auxiliary electrode and Ag/AgCl
(3 mol L' KCI) as reference electrode. Prior to electrochemical
experiments, the cell was purged with nitrogen flow for at least
10 min at room temperature in order to remove the dissolved
oxygen. Transmission electron microscopy (TEM) was
performed using a JEOL JEM 2011 (Jeol Ltd Tokyo, Japan),
operating at an accelerating voltage of 200 kV. A drop of each
solution of PB or PB-CD NPs was cast on the copper grid,
allowed to dry and imaged by TEM. The scanning electronic
microscopy (SEM) images for PAH/PB-CD LbL films with 1,
2, 3 and 4 bilayers deposited onto ITO substrates were obtained
using a Hitachi S-570 SEM. For comparison purposes, mono-
layer films were also obtained from solutions of PAH, PB NPs
and PB-CD NPs utilized to prepare the LbL films.

Results and discussion

1 Formation of PB-CD NPs and multilayer growth
of {PAH/PB-CD} bilayers

Initially, the influence of B-CD polysaccharide on the PB
nanoparticle formation was investigated with 1.5, 10 and 20
B-CD/Fe?" stoichiometry ratios. Upon mixing of the Fe?*
and [Fe(CN)g]*~ ions (with respective B-CD/Fe? " stoichiometry
ratios as described in the experimental section) the solutions
immediately turned dark blue, suggesting the formation of
PB species in the form of PB-CD NPs. The mechanism for
PB/B-CD nanocomposite formation contains two steps: (1)
Fe? ™ species binds to the OH™ sites of the polymer chain, and
(2) after adding [Fe(i)(CN)¢J>~ species, coordination of Fe?™"
species to the cyanide ligand occurs. In addition, the UV-Vis
spectra exhibited a broad band with A, at 695 nm. The UV-Vis
absorption spectrum of PB-CD NPs, synthesized as described in
the experimental section, was attributed to the intervalence
charge transfer band (IVCT) from Fe>" to Fe*" species in PB
(ESIt).2"* This band is typical for PB species and its maximum

15506 | Phys. Chem. Chem. Phys., 2010, 12, 15505-15511

This journal is © the Owner Societies 2010


http://dx.doi.org/10.1039/C0CP00960A

Published on 26 October 2010. Downloaded by Universitat Autonoma de Barcelona on 27/05/2013 10:07:10.

View Article Online

Fig. 1 TEM images for (a) PB nanoparticles protected by B-cyclo-
dextrin and (b) PB NPs. The agglomerate formation of PB NPs in
absence of B-CD can be observed.

of absorption can be affected by the interaction between PB and
the surface protecting polymer, causing a change in the energy of
electron transfer from Fe’* to Fe’" in the PB compound.®”

We observed through the TEM images (Fig. la) that
the formation of spherical nanoparticles without particle
aggregation was favoured when the stoichiometric ratio of
B-CD/Fe(CN)¢*~ (or Fe* ) species was kept at 10. Probably
at this stoichiometric ratio a homogeneous distribution of
B-CD species around the PB complex occurs, avoiding
aggregation of PB molecules with each other. In contrast,
the TEM images for PB nanoparticles (without B-CD) used as
control experiments, and those with a higher quantity of f-CD
(B-CD/Fe(CN)¢*~ higher than 10), showed an aggregation
phenomenon (Fig. 1b),”-*® which is expected for PB nano-
composites formed from organic polymers such as polyvinyl
pyrrolidone—PVP, polyallylamine hydrochloride—PAH, and
polystyrene sulfonate—PSS. These findings indicate that PB
NPs were well stabilized in the B-CD matrix and further
aggregation of nanoparticles is prevented. It is important to
point out that PB nanoparticle preparation was carefully
investigated in terms of its reproducibility, and only when
the stoichiometric ratio of p-CD/Fe(CN)¢*~ species was equal
to 10 were well dispersed PB nanoparticles produced.

The conclusion that PB nanoparticles are capped by B-CD
molecules can be presumed, because of the nano-size of the PB
and B-CD polysaccharide species observed in TEM images, as
shown in Fig. 1. In fact, PB nanoparticles with diameters of
10-12 nm were obtained using the mentioned experimental
conditions. Synthesis performed using lower (up to 1.5 fold
excess) and higher (up to 20 fold excess) B-CD concentrations
showed that PB NPs remained either aggregated or dispersed
respectively (ESIT). The vibrational modes for PB species and
B-CD appeared in the infrared spectrum of the nanocomposite
(ESIY) prepared with well dispersed PB in p-CD matrix.>”
The broad absorption (medium intensity) in the range from
3600 to 3000 cm ! and peaks found in the range from 1160 to
940 cm ™' were associated with the primary and secondary OH
groups and C-O-C stretching, respectively, from B-CD.*
The peak at 2073 cm™! (medium intensity) was assigned to
the CN stretching in the Fe’"—CN-Fe’" fragment. The
results obtained are in accordance with previous work on
several nanocomposites containing PB nanoparticles protected
by organic polymers.>”38

The growth of the multilayer LbL films was followed by
UV-Vis spectroscopy by recording spectra after each
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Fig. 2 Maximum absorbance at 705 nm vs. number of PAH/PB-CD
bilayers. Inset: Electronic spectra for PAH/PB-CD films containing
1 to 5 bilayers.

deposition step and finding the relation between the adsorp-
tion intensities for PAH/PB-CD nanostructured films and
bilayer number (Fig. 2). The maximum time used for electrode
immersion (5 min) in the PAH and PB-CD NPs (or PB NPs)
polyelectrolytes was based on previous adsorption kinetic
studies from UV-Vis and electrochemical measurements.>>*°

As shown inset in Fig. 2, the A, for LbL films from 1 to 5
bilayers was observed at 705 nm and also attributed to the
Fe’ " —-CN-Fe** transition for PB species.’®**** This peak
maximum is the same as that found for LbL films containing
PB NPs and B-CD. The difference in energy between the IVCT
bands for LbL films and PB nanoparticles dispersed in
aqueous solution (10 nm) suggests a stronger electrostatic
interaction between PAH and PB-CD NPs groups. The cited
supramolecular stabilization has been observed for several
LbL systems and justified by salt-bridge formation at the
molecular level due to the interaction resulting from ionic
attraction of oppositely charged layers.'> %33 Furthermore,
the peak shifted to longer wavelength for PB NPs can also be
interpreted as an interaction between the surface polymer and
inner PB particles.** It is clear that the multilayer deposition of
PAH/PB-CD assemblies is reproducible with sequential steps.
This is indicated by the linearity between the absorbance and
bilayer number (Fig. 2).

2 Film assembly and evidence of compact microcubic
structures

SEM images for PAH, PB and PB-CD monolayers and LbL
films deposited onto ITO substrates were used to investigate
the morphology of the PAH/PB-CD bilayer films (ESIT). A
closer look at the SEM images reveals that the roughness of
the {PAH/PB-CD}, system increases with deposition of the
bilayers and formation of the microcubic structures, starting
to appear from the 2-bilayers film formation. Fig. 3 displays
typical SEM images for 3-bilayer PAH/PB-CD and PAH/PB
films assembled onto ITO substrates. As evidenced in Fig. 3a,
the average size of the microcubic structures for {PAH/
PB-CD}; films is 200-300 nm with a higher density of microcubic
structures when compared with 2 and 4-bilayer films (ESIY).
On the other hand, for {PAH/PB}; films (without B-CD
matrix) it was only observed that large pores cover the entire
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Fig. 3 SEM images of 3-bilayer films for: (a) PAH/PB-CD and (b)
PAH/PB LbL systems onto ITO coated electrode.
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Fig. 4 Mechanism for growth of compact microcubic structure.

surface of ITO substrates (Fig. 3b). This distinct behaviour
can be probably associated with the role of the B-CD
molecules in avoiding aggregation phenomena of PB
nanoparticles (already evidenced in TEM images) but affecting
the organization of PB NPs in microcubic supramolecular-like
structures.

The SEM images indicate that PB-CD microcrystals did not
follow a classical crystalization process,” which would allow
enlargement of the building blocks such as molecules or small
supramolecular clusters onto the nuclei surfaces. Probably, the
PB-CD microcrystals with cubic orientation are formed via a
mesoscale self-assembly process allowing a non-covalent
supramolecular interaction between PB building blocks and
the B-CD polymer. Fig. 4 illustrates a possible mechanism to
explain this process that might have occurred in three steps: (1)
nucleation of PB-CD NPs within the LbL flask, (2) the unit
cells of microcrystals support a mesoscale self-assembly
process, and (3) supramolecular conversion of mesocrystals
to a compact microcubic structure. Probably, the time adopted
for electrode immersion in PB-CD NPs solution (LbL method)
must affect the formation of microcubic structures, especially
at the beginning because the assembled 1-bilayer of PAH/
PB-CD did not show the mentioned process. Also, the PB NPs
(without B-CD), utilized as experimental control, did not
support the mesoscale self-assembly process, which indicate
that B-CD molecules play fundamental role in supramolecular
organization. The mesoscopic self-assembly (MESA) and
molecular self-assembly concepts are well discussed in
ref. 29. Furthermore, the immobilization of PAH, PB and
PB-CD monolayers for 5 min from respective polyelectrolytes
were also utilized to understand the formation of microcubic

1 ediryr

Fig. 5 Self-assembly for 1, 2 and 3-bilayers based on interaction
between Prussian blue nanoparticles protected by p-cyclodextrin
(blue) and PAH polymer (orange). Detail: Microcubic structure.

structures. Thus, based on this careful SEM investigation, we
propose the formation of microcubic structures and supramo-
lecular like structures for {PAH/PB-CD} LbL films (Fig. 5).
Interestingly, 3-bilayer {PAH/PB-CD} films exhibited a
higher density of microcubic structures and a high electro-
chemical response with PB sites available for redox reactions
at the supramolecular level. The formation of microcubes
from PB nanoparticles has also been observed in several other
conditions. For example, Zheng and co-workers® have
proposed a nonclassical growth mechanism of PB microcubes
under hydrothermal conditions by mesoscale self-assembly. In
this case, the concentration of K3[Fe(CN)y] and the reaction
time seems to affect the preparation of the microcubic
structure.’>3* Using sonochemical synthesis, Wu er al.
obtained single nanocubes with a regular square shape.

3 Electrochemical behavior of LbL. PAH/PB-CD modified
electrodes

The layer-by-layer assembly onto ITO electrodes from PAH
and PB-CD NPs was performed (up to 4 bilayers) and
monitored by cyclic voltammetry (after each deposition
step) over a potential range of —0.3 to 1.1 V vs. Ag/AgCl
in 0.2 mol L™! KCI. As illustrated in Fig. 6, typical j—E
electrochemical responses were obtained for {PAH/PB-CD},
systems showing two well-defined redox couples at 125 (E(/2)1)
and 800 mV (£(;/2)) attributed to the conversion of Prussian
white (PW) to Prussian blue (PB) and Prussian blue (PB) to
Berlin green (BG), respectively, which are similar to those of PB
species immobilized in LbL films reported previously.?”>*40
The following equations describe the steps involved in the

180
1 Increasing mumiber of blapgers
a0 -

30

J.-u.ﬂ.r_m:
@

1504

04 02 00 02 04 06 08 10 12

E/V vs AglhgCl

Fig. 6 Cyclic voltammograms for self-assembly {PAH/PB-CD}
multilayers onto ITO electrode containing 1, 2, 3, and 4 bilayers. Scan
rate: 50 mV s~ . Electrolyte: KCl—0.2 mol L™!, T = 25 °C.
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charge transport for PB and its analogues, and the dependence
on K™:

—K*—e~

K, [Fe* Fe>* (CN)](PW) K[Fe**Fe'* (CN),](PB)E 121

(1)

Ktte-

Kt —e—
K[Fe*Fe** (CN),|(PB) K_A [Fe¥* Fe** (CN) | (BG)E(y a1
+e~

)

Moreover, the cathodic and anodic peak currents increased
with the number of bilayers. This last behavior indicates that
PB nanoparticles are electrically connected within multilayers,
with the charge transport reaction proceeding through an
electron hopping process,'? 14273340 a5 proposed initially by
Laurent and Schlenoff.*' Based on the multilayer deposition
monitored by UV-Vis spectroscopy and cyclic voltammetry, we
should assume that the amount of deposited PB species could
be simply controlled by selecting the LbL step deposition.?”-334
It is necessary to point out that B-CD polysaccharides in the
{PAH/PB-CDNP}, system showed no electroactivity in the
potential range studied. We believe that the electrochemical
processes from B-CD molecules are overlapped by the redox
pair from PB that occurs in the selected window potential.!”

In order to avoid the effect of the amount of deposited
bilayers upon the electrochemical processes of LbL films (loss
of their reversibility and sensitivity)'*'**” especially for LbL
films from 5-bilayers,'>!'*?” we decided to work only with
modified electrodes containing up to 4-bilayers of PAH/
PB-CD.?” According to previous self-assembly studies with
polymers and metallophthalocyanine,'>'* the LbL films
containing more than 4-bilayers are usually thicker due to
the nonconductive material deposition onto the ITO plate (i.e.
PAH polymer and chitosan); in addition, increasing the
of number of bilayers hinders the electron transfer to the
electrode surface. For thin films containing up 4-bilayers a
different behavior is expected due to the initial supramolecular
organization of components at the molecular level.'>'
Furthermore, for the 3-bilayer films of PAH/PB-CD and
PAH/PB, prepared as described in the experimental section,
no significant differences in the electrochemical behaviour of
PB were observed (ESIY).

The influence of the scan rates (v) on the peak currents
(Ipa and I,c) for LbL electrodes containing PAH and PB-CD
nanoparticles was investigated in the range of 10 to 200 mV s~
in 0.2 mol L™' KClI electrolyte (Fig. 7). The peak currents
increased with scan rate up to 200 mV s~ ! with the profiles
of the voltammograms being consistent with strong PB
immobilization onto the ITO surface, since redox peaks as-
signed to the PB and its analogues appeared.”’*** Under CV
conditions, the peaks associated with the redox processes from
PB follow the linearity of peak current vs. potential up to a scan
rate of 70 mV s ! (ESIt). For scan rates higher than
70 mV s~! a linearity in the 7 versus v'/? plot was observed at
scan rates up to 500 mV s~!, where charge transport and
counterion diffusion are expected to be rate-determining.?’->>%?
These findings suggest a change of the charge transfer mechan-
ism to a diffusion-controlled process.?”*>*? Similar behaviour

5
Rk | P

Fig. 7 Cyclic voltammograms from PAH/PB-CD LbL films contain-
ing 1, 2, 3 and 4 bilayers at scan rates: 10, 30, 50, 70, 100, 120, 150 and
200 mV s~ L. Electrolyte: KCl—0.2 mol L™, T =25°C.

was also proposed by Kumar and collaborators for electro-
chemical deposition of gold-PB nanocomposite film.**> In
another work, Li et al.® also evidenced that reaction kinetics
affect the electrochemical response of a composite containing
multi-walled carbon nanotubes, poly(vinylpyridine) and PB. A
linear relationship of I, versus scan rate was observed at lower
scan rate (between 1 and 15 mV s™'), but at higher scan rates
(up to 1000 mV s~ ') the anodic peak currents were proportional
to the v'/°.

As evidenced by Zhao and co-workers,?’ the cyclic voltam-
mogram response for a PB modified electrode containing
Glucose Oxidase (GOD) can assume a quasi-reversible
electrochemical behavior due to the participation of K in
the redox process. Furthermore, for ITO modified electrodes
with the PAH and PB-CD layers it was observed that AE,
increases with increasing scan rate, where E,, and E, shift
slightly to positive and negative regions, respectively, indicating
slower kinetics.2”*>* This behaviour can be interpreted in
terms of the resistance of LbL films, that increases as a function
of the number of bilayers due to higher film thickness and
amount of nonconductive PAH polymer.27 However, the E;
values are practically the same, independent of the scan rates
and number of bilayers. In order to check the electrochemical
stability and independence of the redox responses of the peaks
from ITO-{PAH/PB-CD}; eclectrodes, their voltammetric
responses were analyzed in several potential windows and
cycles. As observed in Fig. 7, the cyclic voltammograms from
—0.1to 0.6 and 0.6 to 1.2 V indicate that both redox pairs are
independent. However, after 10 cycles in the whole potential
window (Fig. 8a), the anodic currents of the I and II peaks
decrease to only 17 and 22% of their initial respective values.
Conversely, for CV responses in the —0.1 to 0.6 V and 0.6 to
1.2 V regions an increase in PB stability was observed, when
anodic currents decrease only 6 and 18% from the first cycle,
respectively (Fig. 8b and c). Initially, the electrochemical
stability study for PB modified electrodes containing 3-bilayers
was performed in 0.2 mol L™' KCl electrolyte and showed that
faradaic currents decrease quickly (ESIt) even in the cathodic
region (—0.1 to 0.6 V), where the LbL films formed from PB
NPs are usually investigated.>*2”-3'3¢ These results indicate
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Fig. 8 Continuous cyclic voltammograms (10 cycles) for the ITO-
{PAH/PB-CD}; electrode in: (a) —0.3 to 1.1 V range (b) —0.1t0 0.6 V
range, and (c) 0.6 to 1.2 V range. Electrolyte 0.1 mol L~! KCl +
0.1 mol L™" PBS (pH 6.2). Scan rate: 50 mV s~!, 7 = 25 °C.

that the incorporation of PBS in the supporting electrolyte
containing KCl enhances the electrochemical stability of PB
NPs immobilized into 3-bilayer films. It is interesting to point
out that according to the common opinions also given earlier
by other authors**27-31736 the stability of PB modified electrodes
depends on the nature of the supporting electrolyte, the number
of voltammetric cycles and also the potential range. The
electrochemical experiments using a nanostructured LbL
PAH/PB-CD system in electrolyte solution containing both
KCl and PBS has been selected for use due to the better
electrochemical response and possibility of host—guest
interactions, with interest for biosensor applications in a
biocompatible physiological media.

It is envisaged that unique features arising from the
nanostructured PAH/PB-CD LbL films and overall tuning
of the conductivity upon LbL control may be exploited in
several sensing and biosensing designs. The use of host—guest
interaction studies with interest for biosensing applications are
underway in our laboratories.

Conclusions

Combining the advantageous features of B-CD polysaccharide,
Prussian blue nanoparticles and the layer-by-layer process, a
new {PAH/PB-CD} platform was prepared and characterized

by optical and electrochemical techniques. As also suggested
by TEM and SEM images, the presence of B-CD species
protected the PB NPs, avoiding aggregation phenomena and
also affecting the organization of PB NPs in microcubic
supramolecular like structures through a mesoscale self-
assembly process. In contrast, agglomeration of PB NPs
without B-CD was evidenced. The 3-bilayer {PAH/PB-CD}
film showed a higher density of microcubic structures with a
high electrochemical response due to PB sites available for
redox reactions at the supramolecular level. Working with a
LbL approach, B-CD and PB NPs and utilizing fewer bilayers
was suggested as a compromise between reduced material
deposition and the conductivity of the platform. The developed
nano/microstructurated PB based platform is expected to have
interesting applications in the design of novel sensing and
biosensing systems.
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1 Introduction

861
Research Article

Magnetic and electrokinetic manipulations
on a microchip device for bead-based
immunosensing applications

The combination of electrophoretic and magnetic manipulations with electrochemical
detection for a versatile microfluidic and bead-based biosensing application is demon-
strated. Amperometric detection is performed in an off-channel setup by means of a
voltammetric cell built at the microchannel outlet and using a gold working electrode.
Superparamagnetic particles are introduced and handled inside the channel by means of
an external permanent magnet in combination with the electrogenerated flow which
allows reproducible loading. The specific detection of phenol as electroactive alkaline
phosphatase product is used in this study as proof of concept for a sensitive protein
quantification. Characterizations and optimization of different parameters have been
carried out in order to achieve the best detection signal. The applicability of the device
has been finally demonstrated by the detection of rabbit IgG as model protein after an
immunoassay performed on magnetic particles as immobilization platform. A compar-
ison between the electrochemical detection using the developed device and the optical
standard detection revealed similar performances with, however, extremely lower
amount of reagent used and shorter analysis time. The developed electrophoretic- and
magnetic-based chip may open the way to several other biosensing applications
with interest not only for other proteins but also for DNA analysis, cell counting, and
environmental control.

Keywords:

Amperometric detection / Immunoassay / Magnetic beads / Microchip capillary
electrophoresis / Miniaturization DOI 10.1002/elps.201000268

2

ratio, offering an intrinsic compatibility between the use of a
microfluidic system and surface-based assays [2-5].

The introduction of the concept of micro-total analysis
systems, or uTAS [1], started the development of multiple
technologies for the realization of fluidic microsystems. This
is due to the advantages deriving by the use of microfluidic
chips when compared with the classical analytical systems:
(i) the possibility of using small quantities of sample and
reagents (down to picoliters), (ii) fast reaction times when
molecular diffusion lengths are of the order of the
microchannel dimension, and (iii) a large surface-to-volume
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In heterogenous assays, reactions occur both in a solu-
tion and in a solid phase, offering the advantage of easy
separation of chemical complexes from reactants. Bead-
based materials are ideal reagent delivery vehicles providing
large reactive surface areas for chemical binding. They can
Dbe easily recovered from a dispersion, reversibly redispersed,
and are omnipresent in biomedical applications [6, 7].

Biomolecule immobilization on a solid phase (i.e.
microparticles or nanoparticles) evidently results in a small
volume and localized assay [8]. With respect to open
microchannels, microfluidic structures with packed beds of
functionalized beads or containing bead suspensions, profit
from an even larger surface-to-volume ratio, with an
enhanced interaction of reactive surfaces with passing
fluids. This reduces diffusion times during the microfluidic
procedures and also having a higher density of binding sites,
and improves the detection sensitivity. In addition, such an

Colour Online: See the articles online to view Figs. 1, 2 and 4 in colour.
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assay allows for a rapid regeneration and exchange of the
solid support when needed [9].

Magnetic nanoparticles and microparticles offer an
additional advantage: having embedded magnetic entities,
they can be easily manipulated using permanent magnets or
electromagnets, independently of normal microfluidic or
biological processes [10]. This extra degree of freedom is the
basis of a still improved exposure of the functionalized bead
surface to the surrounding liquid and of higher sample
preconcentration efficiencies, due to the increased relative
motion of the bead with respect to the fluid [11].

Paramagnetic beads have been extensively used as solid
support for the preparation, separation, and detection of
biomolecules such as DNA [12] and protein [13, 14] mostly
because of their efficiency, simplicity, mild operation
conditions, and low cost [15-18].

Several applications of magnetic particles with micro-
fluidic systems have been demonstrated for DNA hybridi-
zation and recognition [19-22], immunoassays [23-27] cell
capture/detection [28, 29], and environmental [30, 31] and
food control [32].

These studies describe the manufacturing and assem-
bling of analytical tools for different applications where
magnetic particles are precisely handled in either on-channel
or off-channel formats by means of permanent magnets or
built-in electromagnets. Optical detection (LIF, Chemilumi-
nescence) represents the most adopted technology for the
signal transduction with excellent results in terms of limit of
detection and sensitivity. Extremely low detection limits have
been achieved also by means of electrochemical (EC) detec-
tion [30, 32]. Fluids and magnetic particle pumping inside the
microchannels is mostly accomplished by physical systems
such as syringe or peristaltic pumps. However, most
successful microfluidic system devices consist of micro-
channel networks in which the solutions are pumped using
applied electric fields [33, 34]. The mechanism underlying
this pumping principle is electro-osmosis, a bulk flow which
originates at the surface of charged substrates such as glass,
and requires no pumps, valves, or other moving parts [35]. An
additional advantage of using electric fields is that species
may also be separated electrophoretically as a function of
their different charge-to-mass ratios [33-36].

High-voltage power supply (HVPS) systems used to
apply the electric field are built in much reduced dimen-
sions, and therefore promoting miniaturization of the device
for portable applications.

EC detection is also ideally suited to miniaturized
analytical systems and is an attractive alternative mode for
microchip CE devices [37-39]. The sensitivity and selectivity
of EC detection are comparable to those of LIF detection.
There are several advantages of EC detection over other
detection modes, including the ability to miniaturize both
the detector and the control instrumentation and the fact
that many compounds can be detected without derivatiza-
tion [40].

In this study, we propose the combination of electro-
kinetic pumping and magnetic manipulation in a micro-

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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fluidic device, employing magnetic particles as solid support
for bioassays with an end-channel EC detection. EC detec-
tion is used as extremely sensitive technique to quantify the
electroactive enzyme product generated within the channel.
Widely used enzyme-linked immunoassay (ELISA) for the
quantification of protein is based on the optical measure-
ment of the product of the reaction between an enzyme
detecting label and a specific substrate. We propose an
alternative detection format, performing the heterogeneous
immunoassay onto paramagnetic particles, and detecting
the enzyme product by means of amperometric technique.
The proposed analytical tool showed promising perfor-
mances carefully compared with optical detecting systems
and offered additional interesting features, such as the
possibility for multianalysis setup, miniaturization, auto-
mation, and also a high grade of versatility since the
detecting scheme could be easily adopted for protein
analysis as well as for DNA analysis, cell counting, and
environmental control.

2 Materials and methods
2.1 Reagents

Streptavidin-coated paramagnetic beads (MB) of diameter of
2.8 um (M-280) and 1.0 um (MyOne) were purchased from
Invitrogen Dynal AS (Oslo, Norway). Biotin conjugate
anti-rabbit IgG (B5283, developed in goat and Yy-chain
specific), rabbit IgG from serum, anti-rabbit IgG-alkaline
phosphatase (AP) conjugate (A7539, developed in goat
and whole molecule), p-nitrophenyl phosphate (p-NPP),
phenol, sodium phenyl phosphate, and BSA were purchased
from Sigma-Aldrich. Biotin conjugate AP was purchased
from Cultek S. L.U. (Madrid, Spain). All buffer reagents and
other inorganic chemicals were supplied by Sigma, Aldrich,
or Fluka, unless otherwise stated. All chemicals were used
as received, and all aqueous solutions were prepared in
doubly distillated water. The running buffer for the
electrophoretic experiments consisted of 10 mM phos-
phate-buffered solution (pH 8.0).

The phosphate buffer solution used for the immu-
noassay procedure consisted of 0.01 M PBS, 0.137 M NacCl,
and 0.003 M KCI (pH 7.4). Blocking buffer solution consis-
ted of a PBS solution with added 5% w/v BSA (pH 7.4). The
washing buffer consisted of a PBS solution with added
0.05% v/v Tween-20 (pH 7.4).

2.2 Apparatus

The glass microchip was obtained from Micralyne (Edmon-
ton, Canada). The 88 mm x 16 mm chip consisted of four-
way injection cross, with 74 mm long separation channel,
and 5mm side arms. The original waste reservoir was cut
off, leaving the channel outlet at the end of the chip, and
thus facilitating the end-channel amperometric detection

www.electrophoresis-journal.com



Electrophoresis 2011, 32, 861-869

(Fig. 1A). The channels had dimensions of 50 x 20 um
(width x height). Plexiglas holder was fabricated for
holding the separation chips and housing the detector
and reservoirs (Fig. 1B) [41]. A short pipette tip was
inserted into each of three holes on the glass chip and
corresponding reservoirs for the solution contact between
the channel on the chip and the corresponding reservoir on
the chip holder. (for larger photograph, see Supporting
Information Fig. S1).

A Neodymium-iron-boron permanent magnet (diameter
3 mm, height 1.5 mm, Halde Gac Sdad, Barcelona, Spain)
was used to handle the MBs inside the microchip channels.

Pictures and videos were recorded using a digital
microscope connected to a personal computer and using
Motic Images Plus software (Motic, Spain).

The detection system was placed in the waste reservoir
(at the channel outlet side) and consisted of a platinum wire
counter, an Ag/AgCl reference, and a gold working elec-
trode. These wire (reference and counter) electrodes were
inserted through holes drilled in Plexiglas holder. The
working electrode, housed in the plastic screw, was placed
opposite to the channel outlet, at a distance of 50 um
controlled under microscope. Prior to its use, the working
electrode was polished 5min with 0.05um alumina on
polishing strips (Orion, Spain). Platinum wires, inserted
into the individual reservoirs served as contacts to the high-
voltage power supply. The home-made high-voltage power
supply had an adjustable voltage output between 0 and
+4000 V. Amperometric detection was performed with an
EC analyzer CHI630B (CH Instruments, Austin, TX, USA)

A

Anti-rabbit-AP
Rabbit lgG
Biotin-anti-rabbit laG

Strept-MB

Glass chip

- Channel Au
Magnet electrode

Reservoir

3 Pt_g
o o=
= 1] v

Figure 1. (A) Schematic representation of the glass microchip
device components. (B) Photograph of the device setup. (C)
Schematic representation of the chip design with the end-
channel EC cell.
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connected to a personal computer. The electropherograms
were recorded with a time resolution of 0.1s while
applying the detection potential. Substrate injections were
performed after stabilization of baseline. Spectrophoto-
metric measurements were performed using a Gemini
SpectraMax M2¢ Multi-Mode Microplate Reader (Molecular
Devices, CA, USA).

2.3 Preparation of AP-coated MIBs

Biotinylated AP was linked to streptavidin-coated MB of 2.8
and 1 pm of diameter, using a slightly modified procedure
recommended by Dynal. Briefly, 100 pg (10 pL from the
stock solution) of streptavidin-coated paramagnetic beads
was transferred into a 0.5 mL Eppendorf tube. The MBs
were washed twice with 150 pL of washing buffer. The
MBs were then resuspended in 100pL of a buffered
solution of biotinylated AP at a concentration of 80 pug/mL
which is up to fourfold excess with respect to the stated
binding capacity of the MBs. This is to ensure maximum
loading of AP to the MBs. The resulting MB and AP
solution was incubated for 30min at 25°C with gentle
mixing in a TS-100 ThermoShaker. The formed MB-AP
complex was then separated from the incubation solution
using a magnetic separator DynaMag (Dynal), washed three
times with 150 pL of washing buffer, and resuspended in
100 L of PBS.

2.4 Off-chip preparation of MB immunocomplex

Preparation of the sandwich-type immunocomplex for
rabbit IgG detection was carried out as follows: 150 pg
(15 pL from the stock solution) of streptavidin-coated MBs
(diameter, 1 um) were transferred into a 0.5-mL Eppendorf
tube. After washing twice with washing buffer, the MBs
were resuspended in 100 pL of 80 pg/mL buffered solution
of biotinylated anti-rabbit IgG and incubated for 30 min at
25°C with gentle mixing. The formed MB/anti-rabbit IgG
complex was then separated from the incubation solution
and washed three times with 150 uL of washing buffer. The
preparation process was followed by the resuspension of the
MB/anti-rabbit IgG in 150 pL of blocking buffer (PBS-BSA,
5%) to block any remaining active surface of MBs, and the
mixture was incubated at 25°C for 20min. After the
washing steps with washing buffer, the MB/anti-human
IgG was incubated at 25°C for 30 min with 150 pL of rabbit
IgG antigen at different concentrations forming, by this
way, the immunocomplex MB/anti-rabbit IgG/rabbit IgG.
Finally, after the washing steps, the MB/anti-rabbit IgG/
rabbit IgG immunocomplexes were resuspended and
incubated at 25°C for 30 min with 150 puL of anti-rabbit-AP
(80 pg/mL). After the washing procedure with washing
buffer, the immunocomplex MB/anti-rabbit IgG/rabbit
IgG/anti-rabbit-AP was resuspended in 100 pL PBS buffer
solution.
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2.5 Spectrophotometric analysis

The MB sandwich immunocomplex prepared was analyzed
spectrophotometrically in order to quantify the rabbit IgG
model antigen. The analysis procedure is shown in
Supporting Information Fig. S4. The MB sandwich-type
immunocomplex purified magnetically as described
previously was resuspended in the Eppendorf tube with
150 pL of a ready-to-use p-NPP solution. After the optimized
time of 5min (data not shown), the specific reaction
between AP and p-NPP produced a yellow-colored solution
whose intensity is proportional to the concentration of rabbit
IgG used during the immunoassay procedure. The reaction
was arrested by adding 50 pL of 3 M HCI to ensure the same
reaction time in all the tubes. Using an external magnet, the
MBs were then separated from the solution, which was
subsequently transferred to a 96-well plastic plate for the
spectrophotometric analysis performed by measuring the
absorbance at 405 nm.

2.6 EC analysis

Schematic representation of the EC detection principle is
shown in Fig. 2. Phenyl phosphate is a specific substrate for
the enzyme AP which produces phenol by hydrolysis
reaction. While phenyl phosphate is electro inactive, phenol
can be oxidized electrochemically. The concentration of
phenol produced by the enzyme is directly proportional to
the amount of enzyme itself which is then directly related to
the amount of antigen in exam. The EC detector set at the
channel outlet can monitor the amount of phenol produced
by the enzyme linked to the magnetic particles by the
sandwich immunoassay. Antigen protein under investiga-
tion related to the amount of signaling enzyme can
therefore be quantified.

2.7 Magnetic and electrokinetic manipulations

The microchannels of the glass chip were treated before use
by rinsing with 0.1 M NaOH for 10 min and deionized water

1 Alkaline
' - Phosphatase

p-benzoquinone
p S
\ Au electrode ’

Figure 2. Schematic illustration of the EC detection principle.
Hydrolysis of phenyl phosphate by AP generates phenol which is
then electrochemically detected.
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for another 10 min. The introduction of MBs inside the
longitudinal channel is performed by injecting a small
volume of suspended MBs by micropipette with the
optimized number, through the buffer reservoir (II in
Fig. 1C) and then by means of a permanent magnet, the
particles are quantitatively dragged inside the channel until
the desired position is reached. In order to achieve
reproducible and quantitative loading, it is crucial to have
the chip channel perfectly clean and free from any small
residual particles or solid impurities which could cause
clogging. Once the particles have reached the desired
position, they are kept in location with the magnet. At this
point, the application of a low-pumping voltage (1000 V) to
the buffer reservoir and then alternatively to the sample
reservoirs (all filled with running buffer), while leaving the
detection reservoir grounded, helps in pushing any particles
eventually lost during the dragging operation. In this way,
the buffer and sample reservoirs/channels are cleaned and
also all the particles introduced are settled in the reaction
zone, controlled by the magnet. The two sample reservoirs
(I and III) are then filled with phenyl phosphate and phenol,
respectively, while keeping PBS running buffer in reservoir
II. At this point, in order to stabilize the EC detecting signal,
the running buffer is pumped along the separation channel
with a voltage of 1500 V, while simultaneously recording the
EC signal at fixed potential. When the current reaches a
steady state, the device is ready for measurements.
Photographs of the loading operations are shown in
Supporting Information Fig. S2.

2.8 Safety considerations

The high-voltage supply should be handled with extreme
care in order to avoid electric shock.

3 Results and discussion
3.1 Chip operation optimizations

As shown in Fig. 2, the device is based on the principle of
detecting phenol produced by the hydrolysis of phenyl
phosphate by AP enzyme linked to the MBs. In order to
achieve the best conditions for the EC detection of phenol,
several parameters have been optimized. This study has
been carried out (see also Fig. 1), introducing a 200 uM
buffered solution of phenol inside the sample reservoir I.
Both reservoirs II and III were filled with running PBS
buffer (pH 8.0).

Using this setup first, a hydrodynamic study has been
carried out in order to select the best detecting potential. The
graph (Fig. 3A) shows the signal recorded versus potential
applied, fixing injection time (10s), injection voltage
(1500 V), and pumping voltage (1500 V). As shown in the
figure, by increasing the detection potential from 0.6 to 1.2V
(versus Ag/AgCl), the EC phenol oxidation signal was
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Figure 3. (A) Hydrodynamic
study for the detection
potential optimization. (B)
Optimization of injection
time. (C) Optimization of
pumping voltage with reten-
tion times measured at
different pumping voltages
with photographs of the
channel section with
retained MBs. General condi-
tions: Phenol concentration,
200 uM; electro-osmotic flow
voltage, 1.5kV; injection
voltage, 1.5kV; injection
time, 10s; detection poten-
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increased. A detecting potential of 1.1V was chosen as
optimal, also taking into account the background signal
(results not shown) which resulted significantly high at a
potential of 1.2'V.

Fixing the detection potential at 1.1V and pumping
voltage at 1500 V, injection time was investigated. Figure 3B
shows the signal recorded for phenol detection, varying the
injection time from 3 to 10s. Increasing the injection time
increases the amount of phenol introduced in the channel
and therefore as expected higher signals were recorded with
the highest obtained using 10s injection. For injection
times longer than 10s, the broadening effect of the peaks
(results not shown) started to be significant and therefore no
optimal for the application.

Pumping voltage for this type of device is a very
important parameter because not only regulates the flow at
which substrate passes through the retained magnetic
particles (MB bed) and the flow at which the product reaches
the detector, but also has a profound effect on the stability of
the MB bed. Separation voltages that are too low could
generate broad peaks and with long retention times,
whereas separation voltages that are too high could generate
a flow, able to remove and wash away all the particles
trapped by the magnet. Figure 3C shows the results of two
separate experiments. First of all, the effect of the applied
pumping voltage on the time necessary to phenol to reach
the detector at the channel outlet was evaluated. For this
experiment, as expected, increasing the pumping voltage
reduced phenol retention time with a big difference between
500 and 1500 V, whereas from 1500 to 3000 V the retention
time reduction is less significant. A separate experiment was
also carried out in order to evaluate the effect of the
pumping voltage on the stability of the MB bed. To visualize
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this effect, photographs of an MB bed have been taken after
the application of pumping voltages between 1000 and
2500V (see photographs in Fig. 3C). It is clear that by
applying voltages lower than 1000 V, all the particles remain
trapped by the magnet and fill the channel entirely. Apply-
ing a pumping voltage of 1500V, the particles still remain
trapped but forced by the flow tend to fill only the portion of
the channel volume closest to the magnet generating a
longer but equally stable MB bed. Finally, separation volta-
ges higher than 1500V start to generate flows too high for
the magnetic field and an increased number of particles is
washed away. It can be seen that only few particles remain
trapped by the magnet at applied pumping voltage of
2000V, whereas no particle is present at 2500 V. A good
combination between reasonable analysis times with high
particle retention resulted to be with the applied pumping
voltage of 1500 V which was selected as the optimal.

3.2 Influence of paramagnetic bead parameters

In order to evaluate the applicability of the method,
preliminary tests have been carried out using AP-modified
MBs. One of the advantages of using magnetic particles as
in-chip solid support for immunoreactions is that by the
manipulation of magnetic field together with the applica-
tion of the electro-osmotic flow, the bioreaction surface
can be easily renewed. Multianalysis procedures could be
performed on the same device by following these steps: (i)
particle loading, (ii) immunoreactions on trapped particles,
(3) detection of the enzyme product, and (iv) washing/
releasing of particles. Supporting Information Fig. S3 shows
this on-chip renewal of the bioreaction surface in a simple
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way. The chip device was prepared introducing in reservoirs
I and III, phenol (200 pM), and phenyl phosphate (500 pM),
respectively. Reservoir II was filled as usually with running
PBS buffer (10 mM). Using this setup and applying the
optimized condition (1500 V, pumping voltage; 10's, injec-
tion time; and 1.1V detection voltage), EC signal was
recorded injecting either phenol or phenyl phosphate. As
shown in Supporting Information Fig. S3A, no EC signal
was recorded when phenyl phosphate was injected. This
confirmed that phenyl phosphate is electroinactive. After
this experiment, AP-MBs (1 um diameter, 10> particles)
were loaded and positioned 1cm further than the chip
channel cross. Recording again the signals generated by the
injection of phenol and phenyl phosphate resulted that in
this case a signal also appeared after the injection of phenyl
phosphate (Supporting Information Fig. S3B). This demon-
strates that the presence of AP in the channel produced
phenol by passing phenyl phosphate. It can also be seen in
the electropherogram S3B that the signal generated by
phenyl phosphate converted to phenol by AP has a slightly
longer retention time. This could be due to the fact that
before the conversion into phenol in the particle “zone,”
phenyl phosphate migrates more slowly than phenol having
a lower electrophoretic mobility, and also to the extra time
needed by the enzyme to convert phenyl phosphate into
phenol. Also, it can be noted that the signal generated by
phenol has a slightly longer retention time compared with
that of the first experiment. This is because the presence
of magnetic particles inside the channel, as physical
hindrance, slightly reduces the electro-osmotic flow. The
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last experiment consisted in recording again both signals
but only after washing away the magnetic particles. As
shown in Supporting Information Fig. S3C, magnetic and
electrophoretic manipulations allowed a perfect cleaning of
the channel since no signal was recorded when phenyl
phosphate was injected. The device is therefore ready to be
used with renewed bioreaction surface. In all the described
experiments, phenol was always injected to check the
functionality of the device and to have a reference signal.
Once demonstrated that the device is able to detect the
enzymatic product of the reaction occurring inside the
microchannel, the size and number of loading particles was
optimized. Figure 4 shows the signal recorded when
different numbers of particles of 1 and 2.8 pm diameter size
were loaded (for particles of 1um diameter, see also
Supporting Information Video 1). It has to be pointed out
that according to the manufacturer’ specifications, the
binding capacity of streptavidin magnetic particles for
biotinylated protein is slightly higher for the particle of 1 pm
diameter despite the lower geometrical surface. Approx-
imatively, 6 x 10> and 8 x 10° biotinylated AP can be bond
to one streptavidin-MB of 2.8 and 1.0 um, respectively
(www.invitrogen.com). This must be due to a different
distribution or density of streptavidin molecules linked to
the particles. Keeping this in mind, it is clear from the graph
shown in Fig. 4 that for a small number of particles loaded
(102-10%, the signal generated resulted similar for both
types of particles increasing proportionally with the number
of particles. From 10* to 107 particles of 2.8 um size, the
signal recorded increased less consistently reaching satura-

Figure 4. MB dimension

Current (nA)
E-Y

R R

study. EC phenol signals
generated by MB-AP of 1
and 2.8 um diameter, loaded,
and retained inside the chan-

102 10% 10¢ 10° 105 107
MBs loaded
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nel by the magnet. Photo-
graphs of the beads inside
the channel are also shown
at different magnifications.
General conditions: phenyl
phosphate concentration,
500 uM; electro-osmotic flow
voltage, 1.5kV; injection
voltage, 1.5 kV; injection time,
10 s; detection potential, 1.1V;
and running buffer, 10 mM
phosphate at pH 8.
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tion using 10° particles. For the same range, using particles
of 1.0pm diameter, the signal increased significantly
reaching saturation only for 10° particles. This is because
the section/volume of channel that can be occupied by MBs
being retained steadily by a 3 mm size permanent magnet is
filled approximatively by 10° and 10° particles of 2.8 and
1.0 um, respectively. In other words, the particles in excess
from the values where saturation is reached start to be
located at a distance from the magnet too long to be hold at
the optimized pumping voltage (1500V). (see also
Supporting Information Video 2). Offering larger active
surface and therefore more active enzyme at the given
channel volume, the particles of 1.0 um size generated
higher signals and were therefore selected to carry out the
rabbit IgG immunoassay. Pictures of the two types of
particles inside the channel at different magnifications are
also shown in Fig. 4. A number of particles of 10> were
selected as the optimal in order to be sure that all the
particles introduced are trapped effectively by the magnet
increasing, in this way, reproducibility of the loading
operation.

3.3 Spectrophotometric and EC detection for rabbit
IgG immunoassay

Analytical utility of the microchip device loaded with
paramagnetic bead was demonstrated on the detection of
rabbit IgG model antigen. Off-channel preparation of
sandwich-type immunocomplex on paramagnetic beads
of 1um size is explained in detail in Section 2. Two
sets of MB-immunocomplexes have been prepared in
parallel using standard rabbit IgG solutions at the
concentration between 0.0032 and 2 pg/mL. One set of
MB-immunocomplexes was used to perform the spectro-
photometric analysis and the other set was used for the on-
chip EC analysis. With regard to the spectrophotometric
detection, after the final washing step, MB—immunocom-
plexes were resuspended in 150 pL of ready-to-use p-NPP
substrate solution, and incubated at room temperature until
the color was developed. Figure 5A shows the absorbance
measured after stopping the reaction with NaOH 2M and
transferring the solution (without the MB-immunocom-
plexes) to a 96-well plastic plate. The MB-immunocom-
plexes to be used for the EC detection were resuspended in
PBS running buffer (10mM, pH 8.0). The optimized
number of MBs (10°) was then loaded inside the microchip,
following the procedure described in Section 2. Phenyl
phosphate, 0.5 mM, introduced in reservoir I (Fig. 1C) was
used as a substrate to generate phenol. Figure 5B shows the
EC signals recorded with MB—-immunocomplexes prepared
with different rabbit IgG concentrations. It appears clear
that the EC detection performed using the microchip device
resulted comparable to the spectrophotometric detection
despite the fact that with the microchip device an extremely
lower number of particles were used and also with a shorter
response time. Inset in Fig. 5B shows typical electropher-
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Figure 5. Off-chip spectrophotometric (A) and on-chip EC (B)
detection of rabbit IgG. Inset (B) electropherograms recorded
using different rabbit IgG standard solutions in the sandwich-
type immunoassay on MBs. General conditions for the EC
detection: MBs loaded, 10% phenyl phosphate concentration,
500 uM; electro-osmotic flow voltage, 1.5 kV; injection voltage,
1.5kV; injection time, 10s; detection potential, 1.1V; and
running buffer, 10 mM phosphate at pH 8.

ograms recorded using different concentrations of rabbit
IgG.

As a measure of the reproducibility in the preparation of
the enzymatic reactor, the EC signals generated by five
different MB—immunocomplexes prepared with the fixed
antigen concentration of 0.08 png/mL have been considered.
The optimized amount of particles (10°) from each of the
five MB-immunocomplexes have been loaded inside the
channel and the EC signals generated by passing phenyl
phosphate resulted to be with a RSD lower than 10%. It
should be noted that this value not only takes into account
the reproducibility of the MB-immunocomplex preparation,
but also includes the reproducibility of the MB loading
operation inside the channel.

Having demonstrated the applicability of the device for
analytical purposes, further investigations should be focused
mainly in improving the automation of the operations and
in the integration of the entire immunoassay protocol. With
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regard to the first issue, investigations are currently under-
going with the aim to optimize a loading procedure by
means of the electrokinetic pumping, using one of the
reservoirs as MB source. Designing a multireservoir
chip, it is possible to perform on-chip, the complete
immunoassay procedure, from the introduction of the
particle as solid-specific support, incubation with sample/
detecting antibody, washing steps, to the final detection.
Considering the extremely reduced amount of reagent used,
the large surface-to-volume ratio and the optimal flowing
conditions generated by the electrophoresis device,
all the specific immunoreactions would occur in much
shorter time, reducing in this way the overall analytical
procedure time.

4 Concluding remarks

The combination of paramagnetic particles with microchip
electrophoresis, external magnetic field manipulations, and
coupled to EC detection resulted extremely promising with
regard to the application to protein analysis. The use of an
external permanent magnet, easy to be manipulated,
allowed a reproducible loading and efficient control of
magnetic particles used as solid support for immunoassay.
The experiments performed demonstrated the applicability
of the device for multianalysis setup since electrophoretic
and magnetic manipulations allow the renewing of the
immuno-specific support. Very sensitive amperometric
detection allowed quantification of the antigen rabbit IgG
comparably with the spectrophotometric method but with a
number of particles and therefore immuno reactants
consumed, extremely lower. In addition to the lower reagent
consumption, inherent miniaturization and versatility
represent the main advantages of the developed device
which in the future could be used as a universal
bioanalytical tool. The total analysis procedure, entirely
performed with the microchip device, including all the
incubations and washing steps is presently under investiga-
tion, and this would certainly give an impressive versatility
to this bioanalytical device. It could be successfully adopted
not only for protein quantification, but also for DNA
analysis and environmental applications.
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elf-propelled catalytic nanomotors,

capable of converting energy into

movement and forces,' ~® have shown
considerable promise for diverse practical
applications. Particularly attractive are tu-
bular microengines owing to their efficient
bubble-induced propulsion in complex
biological media and high ionic-strength
environments.*”® Such chemically pow-
ered nanomotors have been commonly
prepared by top-down photolithography,
e-beam evaporation, and stress-assisted
rolling of functional nanomembranes into
conical microtubes.” Alternatively, a simpli-
fied membrane-template electrodeposition
protocol can be used for mass production
of high-performance catalytic microtubular
engines.”'® The resulting microengines are
smaller in size (~8 um long), require low fuel
concentrations (down to 0.2% H,0,), and
move at an ultrafast speed (over 1400 body
lengths/s). These template-fabricated mi-
crotubes commonly consist of a polymer/
Pt bilayer and require additional Ni and Au
layers for their magnetic guidance and facile
functionalization (e.g., with receptors), re-
spectively. A judicious modification of the
outer Au surface by molecular bioreceptors,
e.g., DNA probes,"" aptamers,'? antibodies,'®
or lectins, has thus been shown useful for
diverse target-isolation sensing applica-
tions. Considerable efforts have also been
devoted toward the use of catalytic nano-
motors for targeted drug delivery.'”

In this paper we demonstrate the first
example of using functionalized nanoma-
chines toward environmental remediation
of contaminated water. In particular, we
illustrate how the deliberate modification
of the rough outer surface of microengines
with highly hydrophobic long-chain self-
assembled alkanethiol monolayers offers
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The presence of oils in wastewaters as a

ABSTRACT

We demonstrate the use of artificial nanomachines for effective interaction, capture,
transport, and removal of oil droplets. The simple nanomachine-enabled oil collection method
is based on modifying microtube engines with a superhydrophobic layer able to adsorb oil by
means of its strong adhesion to a long chain of self-assembled monolayers (SAMs) of
alkanethiols created on the rough gold outer surface of the device. The resultant SAM-coated
Au/Ni/PEDOT/Pt microsubmarine displays continuous interaction with large oil droplets and is
capable of loading and transporting multiple small oil droplets. The influence of the
alkanethiol chain length, polarity, and head functional group and hence of the surface
hydrophobicity upon the oil —nanomotor interaction and the propulsion is examined. No such
oil —motor interactions were observed in control experiments involving both unmodified
microengines and microengines coated with SAM layers containing a polar terminal group.
These results demonstrate that such SAM-Au/Ni/PEDOT/Pt micromachines can be useful for a
facile, rapid, and efficient collection of oils in water samples, which can be potentially
exploited for other water—oil separation systems. The integration of oil-sorption properties
into self-propelled microengines holds great promise for the remediation of oil-contaminated
water samples and for the isolation of other hydrophobic targets, such as drugs.

KEYWORDS: superhydrophobic - microsubmarine - nanomachine -
self-assembled monolayer - environmental remediation - oil collection -
liquid—liquid interface - self-propulsion

considerable promise for the capture, trans-
port, and removal of oil droplets from water
samples. Oil is a major source of ocean
pollution and groundwater contamination.
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product of various manufacturing processes
is common in different industries. Further-
more, episodes of major water pollution,
caused by oil spillage, result in the release
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of millions of tons each year. For example, the 1989
Exxon Valdez and 2010 Deepwater Horizon incidents
spilled millons of gallons of crude oil.'®'” The removal
of oils and organic solvents from contaminated water is
thus of considerable importance for minimizing the
environmental impact of these pollutants.

Substantial efforts have thus been devoted to devel-
op effective tools toward the remediation and cleanup
of oil spills. Although oils in wastewater plants are
mostly removed by a mechanical separation, other
methods have been proposed to address related pol-
lution episodes.'®'? However, most of these methods
lack the desired selectivity and efficiency and are not
cost-effective or environmentally friendly. Accordingly,
the development of new highly effective oil—water
separation methods is highly desired.

Different synthetic and natural materials have been
proposed as possible sorbents for oil removal. Surfaces
with superhydrophobic properties have recently at-
tracted particular interest for oil—water separation
owing to their high efficiency and selectivity,'® 2>
although their high cost, complex preparation pro-
cesses, and scalability issues have hindered their prac-
tical applications.'® These hydrophobic surfaces tend
to repel water while strongly interact with non-
polar or oily liquids, which firmly adhere to textured
interfaces.”’ Both the micronano-hierarchical texture
and the chemical composition are essential for pro-
moting the superhydrophobic character necessary for
effective oil removal. The surface polarity and rough-
ness are thus expected to influence the extent of the
oil—surface interaction.”*** Self-assembled mono-
layers (SAMs), formed by the spontaneous and strong
chemisorption of alkanethiols at gold or silver surfaces,
have been particularly useful for transforming these
surfaces into superhydrophobic interfaces.* Guo et
al.®® reported that ZnO hydrophilic surfaces become
superhydrophobic after exposure to an octadeca-
nethiol solution. Tailoring the length of the alkanethiol
chain has allowed the control of the surface polarity
and hence tuning the partition of hydrophobic
drugs.?® The choice of the ending functional group is
also vital for tailoring the polarity of the SAMs. For
example, water contact angle studies reveal that
methyl-terminated SAMs lead to hydrophobic surfaces,
while hydroxyl-terminated ones provide wettable
surfaces.”” However, there are no reports of integrating
these oil-sorption properties into self-propelled micro-
engines and using such superhydrophobic nanomo-
tors to facilitate the capture, transport, and separation
of oil droplets. Autonomously moving synthetic nano-
motors have recently been employed for the pick-up
and transport of diverse payloads, ranging from cancer
cells to drug-loaded polymeric spheres,’'* but not in
connection to the isolation of oily contaminants.

The method herein presented is based on the crea-
tion of a SAM-modified microtubular engine able to
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strongly interact with oily liquids via adhesion and
permeation onto its long alkanethiol coating. As illus-
trated in Figure 1, the new catalytic microsubmarine
is template-prepared by electroplating poly(3,4-
ethylenedioxythiophene) (PEDOT)/Pt bilayer followed
by e-beam deposition of Ni/Au and subsequent func-
tionalization with the SAM. In particular, dodeca-
nethiol-coated Au/Ni/PEDOT/Pt microsubmarines are
shown in the following sections to offer an effective
capture and transport of oil droplets from aqueous
media. The influence of the alkanethiol chain length
upon the oil—nanomotor interaction and the collec-
tion efficiency has been examined using SAMs of
different chain lengths, i.e., hexanethiol (C6), dodeca-
nethiol (C12), and octadecanethiol (C18). The optimal
C12 superhydrophobic SAM-coated microsubmarine
has shown a strong prolonged interaction with large oil
droplets (attached to the glass-slide surface) along
with the effective pickup and transport of multiple
small oil droplets present in an oil-contaminated water
sample. Unmodified microengines did not show such
affinity to oil droplets. These results demonstrate that
SAM-functionalized microsubmarines can be useful for
facile, rapid, and highly efficient collection of oils in
water samples. This high oil-adsorption ability indi-
cates considerable potential for environmental reme-
diation of oil-contaminated water samples and other
contaminated water systems.

RESULTS

The fabrication of the oil-sorption hydrophobic mi-
crosubmarines, depicted in Figure 1, involves a tem-
plate-based electrodeposition of a PEDOT/Pt bilayer
microtube and e-beam vapor deposition of the Ni and
Au outer layers, essential for the magnetic navigation
control and surface functionalization, respectively. As
illustrated in Figure 1A(d), such functionalization in-
volves the formation of a superhydrophobic layer by
self-assembly of long alkanethiol chains on the rough
outer gold surface. A SEM image of the unmodified
microengine (Figure 1B) indicates a rough surface,
characteristic of nitrate-doped PEDOT films.'” The
template fabrication process results in 8 um long
microtubes that are substantially smaller than com-
mon rolled-up tubular microengines.?® The relatively
similar dimensions of microsubmarine and oil droplets
(which range from ~1 to ~100 um, depending on
the emulsion composition) permit convenient real-
time optical visualization of the oil—microengine
interaction. Similar to recently developed PANI/Pt
microengines,” the new template-prepared PEDOT/Pt
microtubes were propelled efficiently in different me-
dia via the expulsion of oxygen bubbles generated from
the catalytic oxidation of hydrogen peroxide fuel at
their inner Pt Iayer.10 Several factors, such as additional
Ni and Au layers, influence the microengine speed.
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Figure 1. Fabrication and modification of the SAM-Au/Ni/PEDOT/Pt micromotors for environmental remediation. (A) A
Cyclopore polycarbonate membrane is used as a template (a), PEDOT and Pt layers are electroplated into the template (b), Au
and Ni layers are sputtered by e-beam (c), and a superhydrophobic layer is formed on the microsubmarine surface by
incubation in a 0.5 mM n-dodecanethiol ethanolic solution (d). (B) SEM image of the resulting PEDOT/Pt microsubmarine
(a) with a zoom-in of the zone highlighted with a yellow arrow (b).

TABLE 1. Average Speed of the Microsubmarine upon
Each Step Involved in the Fabrication Process and Pick-
up of Oil Droplets

microsubmarine step speed, «m/s
PEDOT/Pt 40
Au/Ni/PEDOT/Pt 200
SAM/Au/Ni/PEDOT/Pt 105
SAM/Au/Ni/PEDOT/Pt/few (1—5) droplets 20—50
SAM/Au/Ni/PEDOT/Pt/numerous droplets 10—20

For example, and as expected for polymer/Pt micro-
engines,' the fast speed of the PEDOT/Pt microen-
gines (~420 um/s average) is reduced by up to 50%
after the e-beam deposition of the outer Ni/Au layers.
The resulting Au/Ni/PEDOT/Pt microsubmarines were
then immersed in a 0.5 mM dodecanethiol ethanolic
solution for 30 min to form the hydrophobic monolayers
on the outer gold surface, as illustrated in Figure 1D (see
Methods Section in the Supporting Information for
additional details). Such surface modification of the
Au/Ni/PEDOT/Pt microsubmarine resulted in an addi-
tional ~50% speed reduction, reflecting the partial
blocking of the inner Pt catalytic layer.?’ However, the
reduced speed is sufficient for transporting large cargoes
in a manner analogous to our previously reported
Au/Ni/PANI/Pt microengines.™ Table 1 summarizes the
changes in the microsubmarines' speed due to each
different step involved in the fabrication process.
Figure 2A and Supporting Video S1A (right side) show
the Au/Ni/PEDOT/Pt micromotor approaching, contact-
ing, and spinning around a stained olive oil drop firmly
attached to a glass slide (see additional details in the
Supporting Information). The strong interaction be-
tween the SAM-modified microsubmarine and an oil
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Figure 2. SAM-modified (A) and unmodified (B) microsub-
marines in the presence of a stained olive oil droplet
(attached to a glass slide). Images, taken from video 1, show
(in a single overlaid image) the following sequential steps:
approaching, contacting, and spinning around (A, a—c) the
droplet and approaching, contacting, and leaving (B, a—c)
the oil droplet, respectively. Fuel conditions (final
concentration): 0.4% NaCh and 10% H,0,. Arrows indicate
the microsubmarine trajectory.

droplet results in a continuous spinning of the modified
engine around the droplet with an accelerated speed
ranging up to 200 um/s. It should be pointed out that
such continuous high-speed spinning is observed even
after a prolonged 20 min period. These data also confirm
that the hydrogen peroxide fuel and the sodium cholate
(NaCh) surfactant, essential for the microsubmarine
movement, do not compromise its interaction with the
oil droplet or the integrity of the SAM. In contrast, no
such interaction is observed using an unmodified micro-
submarine (Figure 2B and Supporting Video S1 left side).
This bare Au/Ni/PEDOT/Pt micromotor moves rapidly,
while approaching, contacting, and bypassing the dro-
plet. Supporting Video S1B shows different unmodified
microsubmarines contacting, but not interacting, with
olive oil droplets of different sizes (from 5 to 25 um;
attached to a glass slide).

Efficient capture and transport of oil droplets has
been observed when the modified microsubmarine
navigates in contaminated water samples containing
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small “free-floating” oil droplets. Figure 3 and Support-
ing Video S2 illustrate the capture and transport of
multiple small olive oil droplets by the SAM-modified
microsubmarine. The longer the navigation time, the
more oil droplets are collected and confined onto the
surface of the self-propelled micromotor. While around
5 droplets (1.7 + 0.4 um size) are captured and
transported in Figure 3A (and starting Supporting
Video S2) after a 12 s navigation, around 40 droplets
are attached to the motor surface following 80 s
(Figure 3A(d) and ending Supporting Video S2). These
observations demonstrate that these SAM-modified
microengines provide high towing force for transport-
ing efficiently approximately 10-fold their volume and
indicate considerable potential for oil removal applica-
tions. As expected from the increased drag force
(Stokes's law),*° the speed of the micromachine de-
creases upon increasing the cargo size (i.e., number of
captured droplets). This is illustrated in Figure 3B,
which displays the dependence of the microsubmarine
speed on the number of transported oil droplets. The
speed rapidly decreases from 26 to 12 um/s upon
increasing the number of droplets from 7 to 30 and
then more slowly to 11 um/s for 43 droplets. As
common for nanomotor-based cargo pickup, the opti-
mal motor speed will provide a trade-off between
sufficient contact time and large contact rate.'3?
Particularly attractive is the ability to tailor the polarity
of the microsubmarine surface via a judicious choice of
the chain length of the n-alkanethiol coating and hence
their capture and transport properties. Chain length,
head groups, preparation time, and other conditions
(e.g., temperature) give rise to different SAM packing
densities, configurations, and polarity.> The influence of
the alkanethiol chain length on the oil—nanomotor
interaction was thus examined by modifying the micro-
engine with SAMs of different alkanethiol lengths (C6,
C12, and C18). A considerable difference in the micro-
submarine—oil droplet interaction was observed using
C6 and C12 SAM-coated microsubmarines. Notice, for
example, the strong microsubmarine—oil interaction of
the C12-modified microengine spinning around a large
olive oil droplet (Figure 2B and Supporting Video S1A,
right part) compared to the weaker interaction experi-
enced by the C6-modified motor, where no spinning
around the droplet is observed (Supporting Figure 1A
and Supporting Video S3). Similarly, Supporting Informa-
tion Figure 2 and Video S4 illustrate the higher number
of captured oil droplets using the C12 SAM modification
(C) compared to the lower number of droplets attached
to the C6-modified motor (B) and to the absence of
captured droplets using the unmodified microsubmar-
ine (A). These results are consistent with the different
surface wettability properties observed in contact angle
studies of n-alkanethiols of different lengths.?*3*
On the basis of the higher hydrophobic character of
long-chain thiols, C18 SAM-coated microsubmarines are
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Figure 3. Dodecanethiol (C12-SAM)-modified microsubmar-
ine carrying floating olive oil droplets. (A) Images a—d were
taken from video 2 after navigating in the water—oil (10%
fuel) solution for 5, 12, 66, and 80 s, respectively (conditions,
as in Figure 2). (B) Dependence of the microsubmarine speed
upon the number of cargos (olive oil droplets). Inset: Cartoon
of the dodecanethiol-modified microsubmarine.

A

Figure 4. C6-SAM-modified microsubmarines with different
head functional groups interacting with small olive oil droplets.
Hexanethiol-modified microsubmarines are able to confine a
payload of multiple oil droplets (A) (a, b, and ¢, time-lapse
images at different navigation times: 11, 50, and 73 s (for A) and
6.57, 6.66, and 6.71 s (for B)). The corresponding mercaptohex-
anol-modified counterparts (B) are not able to pick up such
droplets (a, b, and c images correspond to approaching, con-
tacting, and leaving the droplets). A(a) and B(a) insets: cartoons
of the respective SAM-modified microsubmarines. Arrows in-
dicate the direction of the microsubmarine movement.

expected to offer higher oil-adsorption capabilities. How-
ever, such C18 SAM-modified microsubmarines hardly
move owing to greater blocking of the inner Pt cata-
lytic layer expected in the presence of longer
alkanethiols.?® Selective modification using alkane
isonitriles®® may be used to minimize the Pt blocking
by the alkanethiol SAM, thus retaining microengine
speed.
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Figure 5. SAM-modified microsubmarine carrying floating droplets of motor oil in a fuel-enhanced oil-contaminated water
sample. Images taken from video 6 after 78 s navigation in the fuel-enhanced solution (conditions, as in Figure 2). (A, B, C)
Time-lapse images showing the microsubmarine approaching, contacting, and carrying the droplets, respectively. Inset:
Cartoon of the dodecanethiol-modified microsubmarine. Arrows indicate the direction of the microsubmarine movement.

The influence of the SAM headgroup and hence
surface polarity on the microsubmarines—oil interaction
was examined by comparing the behavior of microen-
gines coated with C6 SAM containing methyl and hydro-
xyl terminal groups using different time scales. Figure
4A(a—c) and Supporting Video S5 illustrate small drop-
lets attached to the hexanethiol-modified microsub-
marine upon navigating in the sample. In contrast, and
as expected from wettability measurements using hy-
droxyl-terminated SAM,?” the mercaptohexanol-modi-
fied microsubmarines do not interact with the large or
small olive oil droplets upon rapidly contacting them
(Supporting Figure 1B and Figure 4B, a—c). It is remark-
able that even prolonged navigation of the mercapto-
hexanol-modified microsubmarines does not lead to any
capture of the oil droplets. Clearly, and as expected,” the
polarity of the head functional group strongly influences
the interaction between the modified microsubmarines
and the oil droplets and represents another key con-
sideration (besides the chain length) when modifying
the outer microengine surface.

Toward a practical utility of this new microsubmar-
ine approach, we examined the ability of the dodeca-
nethiol-modified microsubmarine to collect and
transport motor oil in an oil-contaminated water sam-
ple. Figure 5 and the corresponding Supporting Video
S6 clearly illustrate that the SAM-coated microsubmar-
ines display an “on the fly” capture upon contacting the
small droplets of motor oil that are floating in the
contaminated water sample. These results demon-
strate the potential of the superhydrophobic-modified
microsubmarines for facile, rapid, and highly efficient
collection of oils in oil-contaminated water samples.

CONCLUSIONS

We have presented the first example of using artifi-
cial nano/microscale machines for environmental re-
mediation applications and specifically the tailoring of
the surface of such self-propelled machines to interact

strongly with oily liquids. The new SAM-Au/Ni/PEDOT/Pt
micromotors thus offer a facile, rapid, and highly efficient
collection and transport of oil droplets in aqueous envir-
onments through the interaction with the hydrophobic
alkanethiol monolayer coating. Comparison of different
alkanethiol modifiers indicates that the dodecanethiol
(C12-SAM)-modified microsubmarines offer the most
favorable performance in terms of oil recovery and
propulsion. Such high oil-adsorption ability indicates
considerable promise for the cleanup of contaminated
water samples. The extent of the micromotor—oil inter-
action and the collection efficiency can be tuned by
controlling the surface hydrophobicity through the use
of different chain lengths and head functional groups. The
new microsubmarine capability was demonstrated either
by a strong interaction between the modified nanomotor
and large oil droplets (attached to a glass slide) or by the
collection and transport of multiple free-floating small
olive oil and motor oil droplets present in a contaminated
water sample. These micromotor—oil interactions can be
exploited in the suitable final disposition of oily wastes (or
other organic solvents) by collecting them in a controlled
fashion within a certain spatially separated zone. Simulta-
neous parallel movement of multiple SAM-modified mi-
crosubmarines holds promise for improving the efficiency
of oil-removal processes. Practical large-scale oil cleaning
operations would require the use of motors propelled by
their own natural environment®**’ or driven by an ex-
ternal (magnetic or electrical) control.>*3° The new super-
hydrophobic microswimmers offer also considerable
promise for the isolation of hydrophobic molecules, e.g.,
drugs, or for transferring target analytes between liquid—
liquid immiscible interfaces, and hence great potential for
diverse analytical microsystems. Multifunctional coatings
of mixed (or multi) layers, coupling the preferential parti-
tion of hydrophobic compounds into the SAMs with
additional functions (e.g.,, biocatalysis), could lead to
additional advantages toward on-the-fly “capture and
destroy” operations.

EXPERIMENTAL SECTION

Synthesis of Multilayer Microsubmarines. The multilayer micro-
tubes were prepared using a common template-directed
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electrodeposition protocol.>'® A cyclopore polycarbonate
membrane, containing 2 um maximum diameter conical-
shaped micropores (Catalog No. 7060-2511; Whatman, Maidstone,
U.K), was employed as the template. A 75 nm gold film was
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first sputtered on one side of the porous membrane to serve
as working electrode using the Denton Discovery 18. The
sputter was performed at room temperature under vacuum of
5% 10~ °Torr, dc power of 200 W, and Ar flow of 3.1 mT. Rotation
speed is 65 um/s. Sputter time is 90 s. A Pt wire and an Ag/AgCl
with 3 M KCl were used as counter and reference electrodes,
respectively. The membrane was then assembled in a plating
cell with an aluminum foil serving as contact. Poly(3,4-
ethylenedioxythiophene) microtubes were prepared by modi-
fying the previously described method.'® Briefly, PEDOT micro-
tubes were electropolymerized up to 0.1 C at +0.80 V from a
plating solution containing 15 mM EDOT monomer, 50 mM SDS,
and 7.5 mM KNOs, all of them prepared from Sigma-Aldrich
reagents. The inner Pt tube was deposited galvanostatically at
—2 mA for 600 s from a commercial platinum plating solution
(Platinum RTP; Technic Inc., Anaheim, CA, USA). The sputtered
gold layer was completely removed by mechanical hand polish-
ing with 3—4 um alumina slurry. Incomplete removal will result
in bubbles emerging from the smaller opening of the micro-
engine (yet without compromising its performance). Finally,
microengines were collected by centrifugation at 6000 rpm for
3 min and washed repeatedly with methylene chloride, fol-
lowed by ethanol and ultrapure water (18.2 MQ cm), three times
of each, with a 3 min centrifugation following each wash. The
microtube suspension was evaporated onto glass slides before
the sequential deposition of 10 nm of Ti (adhesion layer), 15 nm
of Ni (magnetic layer), and 15 nm of Au (functionalization layer)
over the microtubes by using electron beam deposition. These
additional steps provide the necessary magnetic directional
control and the appropriate gold surface for the later modifica-
tion with self-assembled monolayers.

Microsubmarine Modification. The external gold surface of the
microsubmarines was modified by immersion in 0.5 mM dode-
canethiol in absolute ethanol (from Sigma-Aldrich), after which
the resulting monolayer-modified microsubmarines were
washed with Milli-Q water and isolated by centrifugation at
6000 rpm during 4 min. All experiments were carried out at
room temperature. Study of the chemical structure effect, e.g.,
length chain and terminal groups, on the speed was performed
with different thiols, including hexanethiol, mercaptohexanol,
dodecanethiol, and octadecanethiol, all received from Sigma-
Aldrich and dissolved in ethanol. Bare microsubmarines without
the monolayer were also used as control experiments.

Equipment. Template electrochemical deposition of micro-
tubes was carried out with a CHI 661D potentiostat (CH Instru-
ments, Austin, TX, USA). An inverted optical microscope (Nikon
Eclipse Instrument Inc. Ti-S/L100), coupled with a 40 x objective,
using a Hamamatsu digital camera C11440 and NIS-Elements
AR 3.2. software, was used for capturing movies at a frame rate
of 20 frames per second. The speed of the microengines was
tracked using a NIS-Elments tracking module, and the results
were statistically analyzed using Origin software.

Experimental Procedure. In order to self-propel the catalytic
microsubmarines around different oil droplets or capture
such droplets, an emulsion containing Milli-Q water/oil sam-
ple/6% sodium cholate (NaCh) (2:2:1) was first prepared. A
known volume of this solution was spread on a glass slide,
and an equal volume of a solution containing the microsubmar-
ines and the same volume of hydrogen peroxide was added to
get a final concentration of 0.4% NaCh and 10% H,0O,. Micro-
submarines approach the oil droplets either to spin them
around for several minutes (up to 20) or to pick up and carry
them. Experiments were performed using olive and motor oils
dispersed in Milli-Q water. Initial experiments were carried out
with Nile-red-stained olive oil for improved visualization under
microscopy. However, the dye was not used in most subsequent
experiments, as the water—oil interface was sufficiently distin-
guishable without such staining.
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SI FIGURES CAPTIONS

SI Figure 1. Absence of interaction of hexanethiol (A) and mercaptohexanol (B)-
modified microsubmarine with big olive oil droplets. Images taken consecutively after 11
s navigation time when the modified microsubmarine is approaching (a), contacting (b)
and leaving (c) the big olive oil droplets (conditions, as in Figure 2). Inset the
corresponding SAM-modified microsubmarine. Arrows indicate direction of the

movement.

SI Figure 2. Effect of thiol length chain on the SAM-modified microsubmarine-oil
droplets interaction. Unmodified microengine (A) and microsubmarine modified with

hexanethiol (B) and dodecanethiol (C) SAMs. Images taken after approximately the same

4 These authors have contributed equally to this work.
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time of navigation in the fuel solution (conditions, as in Figure 2). Arrows indicate

direction of the movement.

SI VIDEOS CAPTIONS

Supporting Video S1A. Interaction of C12-modified (left side) and undodified (right

side)-microsubmarines with stained big olive oil droplets (attached to a glass slide).

Supporting Video S1B. Interaction of unmodified microengines with olive oil droplets

of different sizes.

Supporting Video S2. C12-modified microsubmarines carrying small free-swimming

olive oil droplets. Interaction through time.

Supporting Video S3. Interaction of C6-modified microsubmarines with big olive oil

droplets.

Supporting Video S4. Interaction of microsubmarines modified with C6 SAMs of
different head functional groups with big olive oil droplets: hexanethiol (A) and

mercaptohexanol (B).

Supporting Video S5. Effect of thiol length chain on the SAM-modified
microsubmarine-oil  droplets interaction. Unmodified microengine (A) and

microsubmarine modified with hexanethiol (B) and dodecanethiol (C) SAMs.

Supporting Video S6. C-12-modified microsubmarine cleaning motor oil from an oil-

contaminated water sample.
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SI Figure 1. Absence of interaction of hexanethiol (A) and mercaptohexanol (B)-

modified microsubmarine with big olive oil droplets. Images taken consecutively after 11

s navigation time when the modified microsubmarine is approaching (a), contacting (b)

and leaving (c) the big olive oil droplets (conditions, as in Figure 2). Inset the

corresponding SAM-modified microsubmarine. Arrows indicate direction of the

movement.
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SI Figure 2. Effect of thiol length chain on the SAM-modified microsubmarine-oil
droplets interaction. Unmodified microengine (A) and microsubmarine modified with
hexanethiol (B) and dodecanethiol (C) SAMs. Images taken after approximately the same
time of navigation in the fuel solution (conditions, as in Figure 2). Arrows indicate

direction of the movement.
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