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PREFACE

The world around us is rapidly changing. These changes require the development of
novel, fast, and precise analytical methods that should be implemented via the creation
of micro- to nanoscale sensing platforms. We define a sensor as a device that transforms
information about a chemical or physical property of the system into an analytically useful
signal. The proper design of such devices is always a challenge, since it requires the fundamental understanding of the nature of inter- and intramolecular interactions, the ability
to create certain nanosized architectures, and to measure the response(s) caused by the
interactions of these nanosized systems. As a result, the design of modern sensors erases
boundaries between chemistry, physics, material science, and engineering.
While conceiving this book, my aim was to create an entire story that describes the
design and development of sensors starting from the nanotechnology of materials for sensors (design of sensors on a level of nanometer-sized clusters or even on the level of a
single molecule) to the practical applications of modern sensors. The authors of each
chapter are internationally recognized professionals specializing in certain areas of the
development of nanomaterials for sensing applications and therefore, each chapter is
focused on the topic of the author’s best expertise. It was a great challenge for me, as
the editor working closely with the authors to combine these relatively “broad topics”
into one complete story. Altogether, we are interested in nanoobjects such as nanoparticles, nanochannels, and even single molecules and their implementation in sensing not
only nanomoles or nanograms of particular analytes but also a change of physical properties such as temperature, pressure, color, etc. When compiling the book, I was trying to
combine classical sensing approaches with the “white spots”—unusual and unconventional novel sensing platforms developed for sensing changes in the physical, chemical,
or biochemical environment. Importantly, expanding the frames and giving a very broad
definition of sensors (see above), we now can focus not only on “classical” sensors but also
can introduce radio frequency identification systems as a technology that allows sensing
and identifying an object (including goods, animals or even humans). Moreover, we
describe a new concept of self-healing materials for target analyte sensing. Finally, the
theoretical foundations and principles of sensor development and operation are spread
in the book and illustrated by multiple representative examples carefully selected from
the recent cutting-edge research articles.
The book contains 10 chapters that are interconnected and complementing each
other. Chapter 1 considers the role of colorimetric sensors in a family of optical sensors,
demonstrates the concepts of colorimetric sensors design, and introduces the ways of output interpretation and analysis. On others, it touches a novel concept of mobile phone
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sensing when a photo of the sensor before and after application of the analyte can be taken
by a camera of a cell phone and the color difference can be used for the quantitative determination of the analyte. Significant attention is paid to demonstrate carefully picked
examples of molecules that are able to selectively bind heavy metal ions resulting in
the system’s color change as representatives of the molecular sensing approach. Moreover, anchoring these molecules onto a solid support (including, but not limited to nanostructured metal oxides) or liquid dispersed nanomaterials (classical nanoparticles, carbon
dots, etc.) that results in selective heavy metal sensors is also discussed. While Chapter 1
touches metal oxide nanostructures only as a support, Chapter 2 is focused on applications of metal oxides as sensing elements and biosensor transducers. Introducing the basic
sensing characteristics, it gives a comprehensive description of a range of optical, electrical, and electrochemical gas sensors. This includes sensors not only for conventional gases
such as oxide, carbon monoxide, and nitrogen oxides but also for volatile organic compounds. A special attention is paid to electrochemical sensors. This includes an introduction of basic two- or three-electrode measurement schemes and a comprehensive review
on metal oxide nanostructures used for the development of chemical- and biosensors.
The operation of these sensors is based on a wide range of electrochemical techniques
including amperometry, cyclic voltammetry, and electrochemical impedance spectroscopy. The nanostructured materials for RFID Sensors (Chapter 3) are a logical continuation of Chapter 2. While based on metal oxide or metal nanostructures, this type of
sensors is built for radio frequency identification and can be used for tagging goods or
implanted in animals to track their migration, which in fact makes RFIDs a unique class
of “unconventional” sensors. Moreover, these sensors can be utilized for tracking
changes of chemical environment or change of physical properties, such as humidity,
pressure, temperature, light exposure, etc. The chapter starts from the overview of theoretical basics and current practical technological issues utilized in RFID systems; it
describes nanomaterials and methods of their deposition on supports to get efficient
RFIDs, including main printing techniques and basic principles of screen printing paste
formulation. Finally, it demonstrates the recent trends in flexible electronics and smart
materials for RFID tags. Chapter 4 focuses on a specific metal oxide—silica. It discusses
the ways to control the pore size and morphology of mesoporous silica (threedimensional pores vs two-dimensional pores that are oriented parallel to the plane of
the film); describes the design of inorganic-organic hybrid mesoporous silicates and their
application in optical and electrochemical sensing. It also introduces gated-mesoporous
silica sensors and applications of mesoporous silica in quartz crystal microbalance.
Chapter 5 discusses the design of micro- and nanoextraction platforms. It offers a brief
history of the evolution of these platforms and is focused in detail at the latest developments of new methods that can integrate sampling, preconcentration, matrix removal,
derivatization, and in some cases even detection of an analyte in a single step. The chapter
describes the design of materials for solid phase nanoextraction (as a logical evolution of
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the concept of solid phase microextraction) that allows integration of these platforms in
conventional (mostly chromatographic) and nonconventional analytical platforms.
Chapter 6 is devoted to novel electrochemical sensors developed for the industrial-scale
analysis of the fossil fuels and biofuels to ensure the minimal environmental impacts these
fuels cause. It discusses the novel materials used for these types of sensors design; perspectives and new trends in the area. A concept of use of proteins as nanosized parts of biosensors is introduced in Chapter 7. Nowadays, the structure and functions of many
proteins are well-known. Specific binding affinities of particular proteins can be used
for selective deposition of the protein on the desired surface and for binding specific ions
or molecules. Moreover, novel methods of protein engineering allow tuning and even
converting protein’s binding specificity. The chapter separately considers singlemolecule protein biosensors and sensors that utilize proteins integrated into nanomaterials. The potential of another group of natural products—carbohydrates in modern sensing
applications is the subject of Chapter 8. It introduces the concept of glyconanomaterials:
their design, synthesis, and fabrication. It also provides a range of examples for different
glyconanomaterials responsive to a specific stimulus, such as temperature, magnetic field,
the presence of specific enzymes, etc. and multiresponsive glyconanomaterials. A very
promising potential of these materials outgoing from their sensing abilities can be visualized by their practical applications in biosensing, imaging, drug delivery and thus, therapeutics and diagnostics, environmental applications, etc. Chapter 9 discusses another
class of stimuli-responsive sensors based on nanosized supramolecular gold(I) complexes.
Similarly to natural products discussed in Chapters 7 and 8, these artificial compounds can
utilize weak interactions for the formation of particular molecular structures and arrangements, which, in turn, can be disrupted by external stimuli. The way how and why gold
(I)-based assemblies change their optical properties (color and luminescence) in response
to thermal, mechanical, light, and chemical stimuli is the focus of this chapter. The final
Chapter 10 is devoted to self-healing sensing platforms, perhaps the most challenging
sensing architectures. Inspired by nature, they can combine all the above-mentioned
sensing nanomaterials with the property of self-healing making the sensor very sustainable. The recent advances in fabrication methodologies make possible the integration of
sensing platforms into a self-healing matrix (of polymeric or composite nature) resulting
in sensors with improved reliability, working continuity, and durability. This allows the
development of novel so-called “electronic skin—e-skin, electronic nose—e-nose, and
electronic tongue—e-tongue” devices with a broad range of applications stretching from
healthcare to environmental sciences.
All through the book, all the authors were trying to find a balance between theoretical
backgrounds, aspects of common interest or common trends and innovative technologies
for design and developing of novel and promising sensors that have not been extensively
covered in the literature yet. For the sake of clarity, we had to limit the number of representative examples. I believe that this approach is beneficial since it allows the reader to
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familiarize himself with a certain concept illustrated with just a sufficient number of
examples and then finds additional examples elsewhere if needed. A summary at the
end of each chapter includes conclusions and points out the latest trends in certain areas
of material design for sensing at nano level. We believe that this book will be an excellent
resource for students, educators, R&D chemists, physicists, and engineers working in the
areas of material science, analytical chemistry, express-analysis of chemical and physical
properties, in industrial applications of novel sensors, renewable energy sources, and
green chemistry.

CHAPTER 1

Colorimetric Sensors and Sensor Arrays
Iraklii I. Ebralidze, Nadia O. Laschuk, Jade Poisson, Olena V. Zenkina
Faculty of Science, University of Ontario Institute of Technology, Oshawa, ON, Canada

1.1 Introduction to Colorimetric Sensors
A sensor is a device that transforms information about a chemical or physical property of
the system into an analytically useful signal.1 Interactions between the medium and the
sensor leading to change in optical properties, or in other words, leading to optical signals
that can be read and interpreted, are often utilized for the creation of optical sensors.
Based on IUPAC classification,1 optical sensors can be further subdivided according
to the type of optical properties, which have been applied for sensing:
(a) Absorbance, measured in a transparent medium, caused by the absorptivity of the
analyte itself or by a reaction with some suitable indicator.
(b) Reflectance is measured in nontransparent media, usually using an immobilized
indicator.
(c) Luminescence, based on the measurement of the intensity of light emitted by a
chemical reaction in the receptor system.
(d) Fluorescence, measured as the positive emission effect caused by irradiation. Also,
selective quenching of fluorescence may be the basis of such devices.
(e) Refractive index, measured as the result of a change in solution composition. This
may also include a surface plasmon resonance (SPR) effect.
(f ) Optothermal effect, based on a measurement of the thermal effect caused by light
absorption.
(g) Light scattering, based on effects caused by particles of definite size present in the
sample.
Colorimetric sensors are an important part of optical sensors that demonstrate distinguishable color change upon reaction with the analyte. This color change can often be
detected by the naked eye. More general, the change in intensity at certain wavelength
within visible (400–800 mm) range can be determined using special instrumentation.

1.2 Design of Colorimetric Sensors and Sensing Arrays: Binding Sites
(Receptors), Signal Transducers, Readouts, and Supports
The design of any sensor is defined by the interactions of the sensor with the external
stimulus. For example, colorimetric sensors that change their color signaling the change
Nanomaterials Design for Sensing Applications
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of a physical property, such as temperature, utilize thermochromic molecules or thermochromic assemblies (including crystals). The temperature either shifts the chemical equilibrium between two forms of a molecule or result in a unit cell modification, or
crystalline phase transition. The color change induced by the temperature might be
reversible or irreversible. Reversible thermochromic materials, which restore their original color once the temperature stimulus is withdrawn, are useful temperature sensors.2
Thermochromism related to crystalline phase transition is characteristic to some inorganic compounds: metal salts, metal oxides, and metal complexes. Perhaps one of the
oldest known thermochromic metal salts is mercury iodide (HgI2). This compound is
red at room temperature and changes to yellow at 127°C.3 The structure of red phase
is tetragonal, space-group symmetry P42/nmc. In the HgI4 tetrahedra of the red form,
the bonds are equal by symmetry (the Hg-I distances are 2.783 Å) but the angles are distorted to 103.14 and 112.72 degrees.4 On heating, the tetragonal red phase undergoes
several intermediate phase transitions5 finally resulting in a yellow polymorph stable at
temperatures higher than 127°C with orthorhombic Cmc21 symmetry. The HgI6 octahedra of the yellow form are much more distorted with two short Hg-I distances of
2.617 Å and four long distances of 3.508 Å, the internal angles at the Hg atom vary from
85 to 95 degrees.4 The phase transitions of mercury iodide are reversible. When cooled
down, the orthorhombic to tetragonal phase transition takes place resulting in red color
recuperation. Being toxic, mercury iodide did not find practical applications in temperature sensing, but remains the classic example of molecules that change the color upon
temperature change due to crystalline phase transition.
On the contrary, some representatives of metal oxides show very promising applicability in temperature sensing. For example, vanadium oxides, especially vanadium pentoxide (V2O5), are well known for their chromic behavior. Vanadium is stable in +2, +3,
+4, and +5 oxidation states that is why mixed crystalline phases of vanadium oxide VOx
may coexist in the same material. Moreover, VOx can be easily doped. Finally, the size of
the nanocrystal powder does influence the color. As a result, the color of V2O5 at room
temperature can vary from yellow, orange, rust brown to red.6–8 Deposition of vanadium
oxide on silicon substrates followed by annealing of the as-grown VOx films under ambient air at 450°C for 10 min allows the complete oxidative conversion of the films to pure
V2O5.2 Upon heating, these yellow films at room temperature gradually change their
color to red (Fig. 1.1A). Similarly, the Cr doping (4.23%) of V2O5 results in olive green
color at room temperature that gradually changes to reddish-brown (Fig. 1.1B). Contrary
to mercury iodide, in which the color change is due to the tetragonal-to-orthorhombic
structural phase transition, V2O5 remains orthorhombic in the temperature range
30–300°C. The color change in V2O5 is due to the change in unit cell parameters upon
heating/cooling. V2O5 is an anisotropic material that has different linear expansion coefficients in different directions. Although the lattice parameters “a” and “b” remain
unchanged, the parameter “c” features a linear increase with the temperature.2 In other
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Fig. 1.1 Photographs (taken in an ambient atmosphere at different temperatures) of the coated silicon
substrate with (A) V2O5 films and (B) 4.34% Cr-doped V2O5 films. (C) Photograph of silver/polystyrene
nanocomposite film (5 wt% of AgSC12H25 annealed at 200°C for 30 s) at 25°C (brown), and 110°C
(yellow). ((A and B) Reproduced with permission from Kumar, S.; Qadir, A.; Maury, F.; Bahlawane, N.
Visible Thermochromism in Vanadium Pentoxide Coatings. ACS Appl. Mater. Interfaces 2017, 9 (25),
21447–21456. Copyright 2017 American Chemical Society; (C) Reproduced with permission from
Carotenuto, G.; Peruta, G. L.; Nicolais, L. Thermo-Chromic Materials Based on Polymer-Embedded Silver
Clusters. Sens. Actuators B Chem. 2006, 114 (2), 1092–1095. Copyright 2005 Elsevier B.V.)

words, V2O5 has a layered structure, and consists of planar two-dimensional sheets. Upon
heating, individual sheets move apart from each other due to the elongation of the weak
bonds holding the two sheets in place, thus expanding the interlayer space.2
As described above, the color change in some crystalline materials is related to the
change in lattice parameters due to thermal expansion/shrinkage. This color change
might be gradual with the temperature, if at least one lattice parameter of the crystal gradually changes with the temperature. Alternatively, the immediate color change at certain
temperatures is often related to the crystallographic phase transition.
Many polymeric materials demonstrate significant volume change with temperature.
Combining these polymers with nanoparticles (NPs) that demonstrate SPR in the visible
range, promising composite thermochromic materials can be created. Individual NPs
possess a Gaussian-shaped SPR band with a narrow bandwidth. Its position depends
on size and shape of the particles as well as on the surrounding medium.9 In NP aggregates, multiple band splitting results in broad absorption peaks, which can cover the entire
visible range. As such, reversible structural changes of NPs (single vs collective particles)
will result in visible optical change. Thus, thermochromic materials based on polymerembedded silver NPs were shown to have a reversible color switch from dark brown to
light yellow observed at 80°C (Fig. 1.1C).10 The change in nanocomposite color was
related to a switching of silver cluster system from a “collective absorption” to a
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“single-particles absorption.” In particular, when silver NPs are located very close to each
other, SPRs interact causing a broadening of absorption band because of multiple band
splitting. Such absorption corresponds to the brown coloration of the material. The
strong thermal expansion of polymeric matrix at polymer glass transition temperature
causes an increase in interparticle distance that reduces interactions among particle
dipoles reducing the absorption to that characteristic of isolated particles.11
Spin crossover (SCO) materials are traditionally associated with high-density data
storage. The SCO is the ability of a system to switch between low-spin and high-spin
states, which is accompanied by the change in magnetic, optical, and structural characteristics of the material. The SCO might be caused by external stimuli such as temperature, pressure, irradiation (including light), magnetic field, or inclusion of a guest
molecule. As a result, SCO materials can be potentially applied in sensing. In SCO materials based on Fe (II) transition, the 3d-orbitals of the Fe (II) are split into two orbitals of
different energy, t2g orbitals (with lower energy) and the antibonding eg counterparts
(higher energy). In low spin (LS), the t2g orbitals are full, (t2g)6, involving a diamagnetic
behavior. If some energy is induced to the system, the electronic configuration can
change to high spin (HS) and two electrons can go from t2g to eg resulting in
(t2g)4(eg)2 configuration.12 When the structural changes associated with the spin transition are transmitted in a cooperative manner across the molecular network, the transition
occurs with steepness and is often accompanied by a hysteresis loop (the first-order transition).13 The thermochromic behavior of the SCO material reaches a similar hysteresis
loop compared with magnetic measurements. The hysteresis loop complicates the use of
SCO materials in thermochromics sensors since at the same temperature, the color of the
sensor might be different depending on whether it was preheated or precooled. Nevertheless, it is possible to use the whole hysteresis loop to obtain all the information by using
an artificial neural network (ANN) to overcome the associated uncertainty to the hysteresis width and to model the inherent nonlinear response of the sensors with respect to
the temperature.14
As discussed above, thermochromic behavior of some metal salts and metal oxides is
defined by crystalline transformations they undergo in the solid phase. However, some
metal salts demonstrate thermochromism in solution. For example, dissolving cobalt
chloride in water results in a situation when two ions [Co(H2O)6]2+ and [CoCl4]2
coexist in the equilibrium in the solution (Fig. 1.2). The forward reaction is endothermic,
while the reverse one is exothermic. As a result, increase in the temperature leads to shifting of the equilibrium to the right and thus formation of more blue complex. On the
contrary, cooling the reaction mixture shifts the equilibrium to the left, toward forming
pink complex. The temperature change shifts the chemical equilibrium between two
forms of a molecule resulting in color change (Fig. 1.2). Similarly, thermochromism
of other metal complexes is due to the thermal-induced coordination dynamics. Assembly/disassembly of π-extended zinc porphyrin complexes 1 and 2 via a metal-ligating
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Fig. 1.2 Photographs of cobalt chloride solution in aqueous solution of HCl taken at different
temperature intervals.

pyridyl group is a representative example of systems that exhibit a multicolor thermochromism upon heating from 0°C to 100°C (Fig. 1.3A). Thermal-induced axial coordination dynamics can be observed as a color change by the naked eye. The colors
can be adjusted by fine-tuning of the substituents R and Ar.15 Therefore, solutions of
π-extended zinc porphyrin complexes can be applied in multicolor thermometers.16
Some complexes dissolved in coordinating solvents may irreversibly change the color
upon heating. Compound 3 has two copper (II) centers that are surrounded by structural
building blocks such as two nitrogen-containing diamine chelates and the oxalate bridge
(Fig. 1.3). In fact, the two Cu(II) centers are different. One has a square-pyramidal and
the other has an elongated octahedral coordination geometry due to the different coordination to oxygen atoms belonging to counter-anions (perchlorate groups). Upon heating, coordinating DMSO solvent molecules irreversibly replace pre-coordinated
counter-anions, which leads to the irreversible color change.17
A concept of assembly/disassembly, which takes place between different molecules
resulting in the emergence of an optical signal, is used for the design of colorimetric
chemical sensors. It should be mentioned that one of the desired properties of colorimetric sensors is their capability for recuperation and reuse. That is why, in the best scenario, chemical interactions involved in the design of chemical sensors should be selective
but reversible. These interactions include metal coordination via ion-dipole interactions
(for alkaline metal ions) and covalent bond formation (for transition metal complexes) as
well as a range of intermolecular interactions that are related to supramolecular interactions. Supramolecular interactions include ion-ion interactions, hydrogen and halogen
bonding, hydrophobic interactions, π-π and H-π interactions, and cation-π and
anion-π interactions.
There are two main approaches to the design of colorimetric chemical sensors: sensing based on direct binding of an analyte and sensing based on the competitive binding of
an analyte (Fig. 1.4). The receptor-spacer-reporter (RSR) scheme (which also
appears in the literature as indicator-spacer-receptor scheme) is a classical representative
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Fig. 1.3 (A) Schematic representation of assembly/disassembly of π-extended zinc porphyrin complexes via a metal-ligating pyridyl group. Inset
(i) visualizes temperature-dependent reversible color changes of zinc porphyrin complex 1 (3-pyridyl, R ¼ (trimethylsilyl)ethynyl, Ar ¼ 3,5dioctyloxyphenyl). Inset (ii) shows temperature-dependent reversible color changes of zinc porphyrin complex 2 (2-pyridyl, R ¼
(triisopropylsilyl)ethynyl, Ar ¼ phenyl). (B) Chemical formula of compound 3 and irreversible color change of the solution of 3 in DMSO with
the temperature. ((A) (i) Reproduced with permission from Tsuda, A.; Sakamoto, S.; Yamaguchi, K.; Aida, T. A Novel Supramolecular Multicolor
Thermometer by Self-Assembly of Pi-Extended Zinc Porphyrin Complex. J. Am. Chem. Soc. 2003, 125 (51), 15722–15723. Copyright 2003
American Chemical Society. (ii) Reproduced with permission from Jeong, J.; Satish Kumar, R.; Naveen, M.; Son, Y.-A. Synthesis, Thermochromic,
Solvatochromic and Axial Ligation Studies of Zn-Porphyrin Complex. Inorg. Chim Acta 2018, 469 (Suppl. C), 453–460. Copyright 2018 Elsevier
B.V.; (B) Reproduced with permission from Golchoubian, H.; Samimi, R., Solvato- and Thermochromism Study in Oxalato-Bridged Dinuclear
Copper(II) Complexes of Bidentate Diamine Ligands. Polyhedron 2017, 128, 68–75. Copyright 2017 Elsevier B.V.)
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Fig. 1.4 Illustration of the main approaches for the design of colorimetric chemical sensors:
(A) receptor-spacer-reporter (RSR) and (B) indicator displacement assay (IDA).

of the direct binding approach, which dates back to Emil Fisher’s lock and key principle.
A sensor utilizing this scheme consists of a reporter and a receptor moiety joined together
by a spacer. A selective binding of an analyte to the receptor translated through the spacer
induces a signal change on the reporter. Spacer and reporter pair are often called a transducer. Thus, the transducer is defined as a moiety that transforms and amplifies the perturbed properties of the receptor into an observable analytical signal output.18
In contrast, colorimetric chemical sensors developed using alternative indicatordisplacement assay (IDA) scheme start from a receptor-indicator assembly and utilize
the competition between an analyte and the indicator. Displacement of the indicator
results in a signal change. Importantly, to develop IDA-based sensor with desired sensitivity, the binding constants of the analyte to receptor should be comparable to that of the
indicator to the receptor.19
In an ideal scenario, the receptor should selectively bind a particular analyte. The
selectivity of the receptor can be adjusted by applying external physical or chemical stimuli such as temperature, pressure, pH, solvent (polarity and concentration), etc. While the
transducer as such does not show selectivity,1 it’s ability to generate optical response
(color or luminescence) can also be affected by the above-mentioned stimuli. Moreover,
strict subdivision of the sensor into moieties is not always possible. As a result, the influence of external stimuli on the overall sensor should be taken into account. Since both
main approaches for the design of colorimetric chemical sensors are based on the intermolecular interactions, sensors can be designed as single molecules. These molecules
react with corresponding analytes in a solution resulting in a color change. However,
the transducer or reporter is not necessarily a purely organic moiety. Noble metal
NPs exhibit unique optical properties, such as resonant absorption and scattering of light
due to collective coherent excitations of the free electrons in the conduction band, also
known as SPR. The energy and width of the SPR absorption depend on the size, morphology, spatial orientation and optical constants of the NPs, and the embedding
medium.20 As such, a strategy of sensor development may utilize the SPR dependence
on the size. For this, NPs can be decorated with a receptor that upon sensing an analyte
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results in the formation of interparticle junctions, changes the formal size (from a single
particle to a dimer, trimer, etc.) and thus results in the changes in the SPR band. Therefore, noble metal NPs have attracted lots of attention recently due to a wide range of
potential sensing applications. We will discuss this in more detail below.
While the detection of analytes in liquid media by dissolved molecules or dispersed
NPs is a common procedure, the separation of the used sensor from the media is often
complicated. As a result, dissolved sensing units cannot be used for online sensing of the
flowing liquids. To solve this problem, sensors can be immobilized on a solid support.
The development of highly selective binding sites, especially for the discrimination
of a single analyte in mixtures of structurally similar compounds, remains very challenging. To overcome this problem and differentiate the analyte in a mixture, an approach
called “differential sensing” or “array sensing” can be used. This approach utilizes
simultaneous binding of the analyte to a set of cross-reactive receptors. As a result, none
of the receptors in the array need to be highly specific for any given analyte.21 Each
receptor within the array can bind to multiple analytes, but recognize each of them
to varied extents. A sensor array contains sensor elements or spots, each bearing one
sensor. Sensor elements can be designed as a set of microtubes to perform detection
in a liquid; the colorimetric output is then analyzed by a UV-vis spectrometer equipped
with either micro cuvettes or flow-through cell. As a result, the data collection from
each element takes time and simultaneous recording of the response from all sensing
elements (multiplexing) is not possible. Use of specialized equipment such as microplate readers accelerates the reading process but is still limited by lab practice and
has low applicability for field tests. More practical and easy-to-use design of sensor elements includes immobilization of a sensor on a solid support. This approach allows
simultaneous data collection by scanning or simply taking a photo of the array followed
by image processing and analysis. The most useful strategies of immobilization of sensing molecules on a solid support are described below.
Molecularly imprinted polymers (MIPs) are a classical example of sensor immobilization
on a solid support. To get this kind of sensor, a nonpolymerizing templating analyte is
incorporated into the monomer that contains receptor moieties and the polymerization
reaction is performed. The analyte is then thoroughly removed from the polymeric network leaving behind binding sites complementary to the template. If the MIP sensor is
designed using the RSR approach (Fig. 1.4A), spectroscopically responsive reporters are
pre-included in the polymerizable matrix. If the sensor is designed using the IDA
approach (Fig. 1.4B), an indicator (a dye) is introduced into the system to bind the receptor replacing the analyte.22 The porosity and overall three-dimensional (3D) structure of
MIPs are very important. The MIPs should be adequately cross-linked to hold internal
integrity during the storage and when reacting with analyte-containing media. On the
other hand, the porosity of MIP should allow easy analyte access to the receptor moieties.
(For representative examples of MIP application see Chapter 5.)
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Sensing arrays immobilized on organic or inorganic polymers benefit from the preadjusted
porosity or native 3D structure of the support. The high surface area or the support results
in the high loading of the sensing molecules and makes receptors more accessible to analyte species. Organic polymer supports, such as cellulose derivatives or polyvinylidene
difluoride, have been common substrates for many recent optical sensors and are commercially available with several types of microstructures.23 When the robustness of
organic polymers is not enough, such as for the design of sensors and sensing arrays working online under harsh conditions, including high temperatures and pressures, the presence of organic solvents and metal ions, inorganic substrates can be used. Spherical or
bicontinuous24 mesoporous ceramics with high surface area (to incorporate sensing molecules) can be easily obtained by sol–gel methodology. The porosity of these materials
can be adjusted using additional “soft templating” molecular species that interact with
the sol–gel precursors or each other. Most of the examples of alkoxide-based sol–gel
chemistry involve early transition group metals (e.g., Ti, Zr) or early p-block elements
(e.g., Al, Si) that can be converted to powders or nanostructures of a wide range of binary
and ternary metal oxides as well as metal nitrides or carbides.25 The reader can find more
detail about mesoporous silica in Chapter 4. While bicontinuous mesoporous ceramics
can be fabricated as centimeter-sized bulk,24 most recent metal-oxide substrates utilize
powders or ceramic NPs. These NPs can be introduced at a solid support by traditional
spin-coating or spray-coating technology followed by annealing to evaporate the solvent,
burn out the organic components of the suspension, and to sinter the NPs. Using spincoating technology, the thickness of the NP layer can be roughly adjusted by varying the
NP concentration in the suspension. However, this often results in destabilization of the
suspension and thus requires readjusting of the dispersion medium composition to
improve the adhesion and avoid cracks. Also, spin coating results in full coverage of
the support by a thin layer of the porous ceramic film. This film often should be further
etched to create separate supports for sensor elements of the sensing array. An alternative
method of NP deposition on a solid support is screen printing. It allows fabrication of
supports for sensor elements with desired size and shape that eliminates the need of etching. Moreover, it grants more precise thickness control by step-by-step deposition of NP
layers using paste with optimized composition. The screen-printing procedure may use
specially designed or commercially available NPs and neither requires complex equipment nor involves any complicated preparative steps, thus leading to a considerable
reduction in the costs of the product.26 Screen-printing methodology is described in
more detail in Chapter 3. Any organic or inorganic support should have binding sites
for proper deposition of sensing molecules.
Printed arrays are fabricated by printing formulations containing sensing molecules on
the surface of a homogeneous (not necessarily porous) support. This often results in miniaturized sensing elements and thus enhances the density of unique sensing spots that can
be formed per unit area. Arrays can be printed on any organic or inorganic polymeric
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support described above that has appropriate properties, such as stability to the working
medium (solvent, pH, temperature, and gases), high optical transparency, or high reflectivity. A simple method for array manufacture involves printing sensing molecule formulations on a porous surface such as silica gel plates, cellulose-based polymers (acid-free
printer paper and chromatography paper), or porous polymer membranes made out of
a material such as cellulose acetate or polyvinylidene difluoride (PVDF).27 The resulting
spot size is proportional to viscosity of the formulation and inversely proportional to the
porosity of the substrate.28 Sensors deposited on robust but nonporous impermeable substrates usually demonstrate nonsignificant coloration due to a relatively small amount of
sensing molecules, and longer response times due to slow diffusion of the analyte through
the spot. Ink-jet printing is often used for the fabrication of printed arrays; alternatively,
pin printing is applied. Pin printers are normally equipped with a set of slotted pin tips that
allow simultaneous printing of all spots of the array. In contrast to ink-jet printing, dispense speed and volume of each pin in modern pin printers can be programmed for liquids of different viscosities. This is especially important for the printing of MIPs. Also,
alkoxide-based precursors for sol–gel chemistry (see above) can be premixed with sensing
molecules and pin-printed, resulting in an array of nanoporous spots with preanchored
sensing molecules. The most widely used starting precursors for the fabrication of silicabased sol–gels are tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS). The introduction of various organic functional groups into inorganic alkoxide has led to organically modified sol–gel glasses, known as ormosils.29 Hydrophobicity of ormosil-based
formulations and thus solubility of the sensing molecules in the formulation can significantly be adjusted using different silane precursors. Use of this methodology makes possible the fabrication of porous arrays on robust nonporous supports with improved shelflife and excellent stability.

1.3 Basics of Visual Output Interpretation and Analysis
As we have mentioned above, any chemical optical sensor is built to identify the presence
of an analyte in a media, and to provide an optical signal or output. DIN 5031 defines
“optical” electromagnetic radiation in the wavelength range between 100 nm and 1 mm.
It includes ultraviolet (100–400 nm), visible (400–800 nm), and infrared (800 nm–1 mm)
regions.30 When interacting with matter, electromagnetic waves may be reflected or
deflected without the loss of energy, which is an example of elastic interactions. In contrast, inelastic interactions of electromagnetic waves with matter result in energy loss.
When electromagnetic waves inelastically interact with organic matter (or ligand), the
energy of photons with certain radiation frequency, v, is used to promote an electron
from the ground states of the molecule, such as a bonding (σ or π) or nonbonding (n)
orbital to an excited state, in particular to one of the empty antibonding (π* or σ*)
orbitals.
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Each photon carries energy E, proportional to the radiation frequency and inversely
proportional to wavelength, λ (Eq. 1.1). If this particular amount of energy fits the
amount of energy required for one of the above-mentioned electron transitions, then
that wavelength will be absorbed since the photons with this energy are consumed for
promoting electron transition.
c
E ¼ hv ¼ h
(1.1)
λ
where
E—energy
h—Planck’s constant
v—radiation frequency
c—the speed of light
λ—wavelength
In fact, σ ! σ* transition requires a significant portion of energy and thus the absorption maximum is associated with short (λ < 200 nm) wavelength. The n ! σ* transition
appears at the edge of UV region (150 < λ < 200 nm). As a result, both σ ! σ* and n ! σ*
transitions are out of the visible range. Finally, n ! π* and π ! π* transitions are observed
in the full optical range (200 < λ < 800 nm).
We should separately mention compounds that contain electron donating (ED) and
electron accepting components. They might be purely organic compounds, but it is
mostly associated with metal complexes. The absorption of the radiation by these compounds involves the transfer of an electron from the donor to an orbital associated with
the acceptor. The most common and frequently used transitions in optical sensor technology are ligand-to-metal charge transfer (LMCT) and metal-to-ligand charge transfer
(MLCT), respectively.31 If the ligand molecular orbitals are full, charge transfer (CT) may
occur from the ligand molecular orbitals to the empty or partially filled metal d-orbitals.
The absorptions that arise from this process are called LMCT bands. The LMCT transitions are common for coordination compounds having π-acceptor ligands. Since a
metal gains electrons during LMCT it formally becomes reduced. The opposite MLCT
happens from the d-orbitals of electron-reach metal (or metal in a low oxidation state) to
the ligand that possesses low-lying empty orbitals (such as CN, CO, and heterocyclic
aromatic ligands). An MLCT leads to the oxidation of the metal center.
All the above-mentioned transitions result in the attenuation of a beam of light at certain wavelengths after it passes through a sample or after reflection from a sample surface.
This attenuation is called absorbance. As a result, in the first approximation, the optical output can be defined as the difference of absorbance before and after reaction with the analyte. For sensing species dissolved in a solution, the concentration of the analyte can be
found from the Beer-Lambert law:
A ¼ εcl

(1.2)
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where
A—absorbance
ε—molar extinction coefficient or molar absorptivity
c—concentration
l—the optical path, the length of the solution the light is passing through.
When sensing species are incorporated into an opaque solid matrix, the absorbance of
the sample and thus the concentration of the analyte can be found using diffuse reflectance UV-vis spectroscopy. In this scenario, when incident light interacts with the solid
matter, some of the photons are absorbed leading to the above-mentioned electron transitions. The others are either reflected from grain surfaces, or pass through the grain of the
support matrix. Those photons that are reflected from grain surfaces or refracted through
a particle are said to be scattered. The incident light scattered away from the surface in
different directions is called diffuse reflection. The absorbance value received from the diffuse reflectance measurements is proportional to the concentration of the analyte, but
since the optical path of photons in diffuse reflectance measurements is a random walk
that depends on the size and nature of the support grains, the direct determination of the
analyte concentration from the Beer-Lambert law is impossible. That is why the calibration curve, or the plot of how the instrumental response changes with the concentration
of the analyte, is required. The calibration curve can be obtained by measuring the absorbance values of the solid sensor after the application of the known concentrations of the
analyte and plotting a graph of the instrument responses vs concentration.
The unambiguous advantage of colorimetric sensors is that the analyte can be detected
by color change, that is, by the optical change in the visible (400–800 nm) range that can
often be detected simply by the naked eye. These sensors are designed to perform
“instrument-free” and nondestructive detection that can be conducted by people with
minimum qualifications. Importantly, most of these sensors are developed not only
for qualitative analysis, but also for the quantitative determination of the analyte. Such
quantitative determination is traditionally performed by comparing the color of the sensor with the appropriate color gradient scales. The first color gradient scales or color
wheels have been suggested more than a century ago,32 and since that time many different
specific and universal color wheels have been developed. Fig. 1.5 demonstrates a representative example of specific color wheel for iron sensor.81
While the quantification of the analyte is possible just by the visual comparison of the
sensor with the color wheel, more precise analysis can be performed by an image analysis.
Nowadays many smartphone apps allow scanning and grabbing of colors from the
photos. Thus, a digital image of optical sensors can be taken and analyzed. Most of
the image processing/editing apps use the red-green-blue (RGB) (or more specifically,
sRGB) color space that was cooperatively developed by HP and Microsoft in 1996 and
became the most widespread in the computer industry to describe the characteristics of a
typical PC monitor.33 This is an additive color model in which red (R), green (G), and
blue (B) light are added together in various ways to reproduce a broad array of colors. The
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Fig. 1.5 (A) Color wheel showing the color change of detecting film after applying certain volumes of
Fe (II) aqueous solutions: 0.3 ppm (upper row), 1 ppm (second line from the top), 5 ppm (third line from
the top), and a mixture of metal ions (including Fe (II)) 5 ppm each (bottom row). (B) Digitalization of the
data shown in (A) using ΔERGB and ΔEL*a*b* color spaces. Linear and polynomial fit of the ΔERGB data.
((A) Reproduced with permission from Laschuk, N. O.; Ebralidze, I. I.; Quaranta, S.; Kerr, S. T. W.; Egan, J. G.;
Gillis, S.; Gaspari, F.; Latini, A.; Zenkina, O. V. Rational Design of a Material for Rapid Colorimetric Fe2+
Detection. Mater. Des. 2016, 107, 18–25. Copyright 2016 Elsevier Ltd.)

color components of an 8-bit RGB image are integers in the range [0, 255]. The color
difference, ΔERGB, can be determined as differences in all three color coordinates of the
image of the color sensor before and after sensing:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ΔERGB ¼ ðΔRÞ2 + ðΔGÞ2 + ðΔBÞ2
(1.3)
Alternatively, the CIE L*a*b* color space can be used.34 The advantage of this color
model is that it is device independent.35,36 This color space describes mathematically
all perceivable colors in the three dimensions: L* for lightness and a* and b* for the color
opponents green-red and blue-yellow. The color difference ΔEL*a*b* will be then:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ΔEL∗ a∗ b∗ ¼ ðΔL∗ Þ2 + ðΔa∗ Þ2 + ðΔb∗ Þ2
(1.4)
Other less common color spaces can be found in the literature.37 By picking and analyzing colors from the color wheel (Fig. 1.5A) and plotting the ΔE responses against amount
of Fe (II) applied on the detector, a calibration curve can be constructed (Fig. 1.5B). For
the user convenience, this particular color wheel shows volumes and ppm concentrations
of the applied Fe (II) samples. These values can be recalculated as the mass of Fe (II)
applied on the sensor. While the numerical values of ΔERGB and ΔEL*a*b* are different,
the overall trend of the graph is similar. In classical analytical chemistry, the working
range of calibration curves is limited to the linear range of the calibration graphs. The
equation of the linear calibration graph takes the general form:
y ¼ a + bx

(1.5)
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where
a—an intercept of the line with the y-axis
b—the slope (tangent)
Fitting the ΔERGB plot using Eq. (1.5) gives y ¼ 9 + 145x with R2 ¼ 0.969 valid for the
range of Fe (II) mass applied on the detector x  1 μg; y < 151 (Fig. 1.5B solid line). While
the ΔERGB at the interval 1 μg < x  8 μg does not look like as a straight line, it can be
fitted by a linear regression model using an nth degree polynomial equation.
y ¼ a + bx + cx2 + dx3 + … + mxn

(1.6)

Linear regression models are all linear from the point of view of estimation, since the
regression function is linear in terms of the unknown parameters a, b, c, d, ..., and
m.38 But only the first degree polynomial equation (Eq. 1.5) represents a straight line.
Fitting the data using second-order polynomial equation (Fig. 1.5 dotted line) gives
y ¼ 127 + 24x – 2x2 with R2 ¼ 0.976 valid at the interval 1 μg < x  8 μg;
151 < y  213. We assume that the indeterminate errors are the same for all experimental
points, and thus both linear regression equations are considered as unweighted. Since
R2 parameter of the second-order polynomial equation is R2 of the first-order polynomial fitting (Eq. 1.5), use of higher order polynomial equations is not needed.
Thus, we have fit the experimental data by two separate polynomial equations each describing a segment of the calibration curve. Now the concentration of an analyte Fe (II) in an
unknown sample can be found by taking an image of the sensor before and after application,
by calculating the response (ΔERGB, y), and by solving the appropriate equation. Potentially,
the whole detecting range can be fitted using an appropriate linear regression model. The
left limit of the detecting range or the smallest quantity of the analyte that is “significantly
different” from a blank is called the detection limit. It is often defined as the mean signal
for blanks plus three times the standard deviation of a low-concentration sample.39
The analysis and interpretation of the data obtained from multisensor arrays is much
more complicated. By definition, sensing arrays include different receptors that can
simultaneously interact with single analyte or with multiple analytes in a mixture. Each
receptor binds the analytes differently which results in differential response. The appropriate data preprocessing technique often depends on the particular type of sensor array.18
Often it is beneficial to explore several preprocessing strategies to determine which one is
best suited for a particular sensor array/data analysis. These strategies include relative scaling, background subtraction, linearization, mean-center, auto scale, range scale, baseline
subtraction, etc.40 The data pretreatment after collection should be carefully considered
with the understanding of what each preprocessing method means for the data set. Some
of the relative scaling procedures can result in the elimination of the concentration
dependence of the sensor response intensity and thus can be used for qualitative applications. Needless to say, several preprocessing methods should be tested prior to application of advanced chemometric techniques since the resulting responses may be
significantly altered.18
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Relatively simple colorimetric assays that contain few receptors are designed to sense a
limited amount of analytes without complicated preprocessing. Park and Kim have
reported on such array that contains only four receptors based on polydiacetylenes
(PDAs).41 The PDAs are π-conjugated supramolecules that possess unique colorimetric
properties. Photopolymerization of diacetylene groups of diacetylene monomers results
in the formation of extended π-conjugated PDA backbones. When PDAs, which intrinsically absorb visible light and often have a blue color, are exposed to various chemical
and/or physical stimuli, they undergo blue-to-red transitions. As a result, PDAs serve as
efficient colorimetric sensors. Thus printing and UV-polymerization of four different
diacetylene compounds result in 4-spot sensing array (Fig. 1.6). The exposure of the array
to a solvent results in a situation where each sensing spot changes its color differently
forming a unique color pattern. The exposure of the array to different solvents results
in different color patterns. The analysis of the image using a smartphone application
can be used to extract the color information. In this particular case, the values of red color
(R value) and Hue were used. The higher R values correspond to deep red colors, indicating that the PDA is more strongly responsive to a solvent. To take into consideration
the overall RGB color change and minimize image process errors, the Hue value (H), a
color appearance parameter, was also employed.
 pﬃﬃﬃ

3 ðG  BÞ
H ¼ atan
(1.7)
2R  G  B
The database of R and H values for each spot exposed to certain solvent was uploaded to a
VOC sensor smartphone app that was made using an Android Studio app. After the sensor array is exposed to an unknown solvent, the app then extracts the R and H values of
the respective circle areas and carries out an identification process by calculating and comparing the R and H values of the PDA array to those in the preloaded database.41

Fig. 1.6 Different color patterns when the PDA sensors were exposed to various solvents. (Reproduced
with permission from Park, D.-H.; Heo, J.-M.; Jeong, W.; Yoo, Y. H.; Park, B. J.; Kim, J.-M. Smartphone-Based
VOC Sensor Using Colorimetric Polydiacetylenes. ACS Appl. Mater. Interfaces 2018, 10 (5), 5014–5021.
Copyright 2018 American Chemical Society.)
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More complex sensing arrays often require more sophisticated algorithms of preprocessing and data analysis. One of the approaches for the analysis of more complex colorimetric sensing arrays consists of: (A) recording the image after detection, (B) color
(RGB) inversion, so the background is black (has a zero value), (C) RGB deconvolution,
(D) averaging, and (E) finally integration of the gray pixel value for each sensing element
(well or spot) in the array for each (RGB) component.18 For arrays that contain sensor
elements with different initial coloring, an even more complicated approach can be used.
Images should be taken both before and after detection and the difference map can be
generated. This allows visualization of the absolute values of the color change, which
is especially useful for arrays that contain sensor elements with different initial coloring.
This algorithm is realized in many image analysis and processing software including
ImageJ42 (Fig. 1.7). It should be mentioned that formally the color map can be generated
by two algorithms: direct pixel-by-pixel subtraction and determination of a difference.
Subtraction ¼ image 2  image 1

(1.8)

Difference ¼ |image 2  image 1|

(1.9)

As we have mentioned above, any 8-bit RGB image can be described by a set of three
integers of the color components in the range [0, 255]. As a result, if the value of the color
component in image 2 is less than the value of the corresponding color component in
image 1, the regular subtraction results in a negative value. The negative value is out
of the range and thus is interpreted as zero (black). As a result, regular digital subtraction
may result in data loss. While the determination of a difference (Eq. 1.8) results in visualization of the absolute values of the color change, the sign of these values should be
taken into consideration for the data matrix creation and for further data analysis.
There are many multivariate analysis techniques that allow interpretation of preprocessed sensor array signal outputs. They are mostly based on the statistical analysis, cluster
analysis, and neural network-based approaches. The detailed description of these techniques can be found in recent reviews.18,27,43

Fig. 1.7 Schematic representation of a sensing array with multiple receptors: (A) before and (B) after an
analyte detection. (C) Color map obtained by pixel-by-pixel subtraction of (A) from (B), and (D) Color
difference map obtained as a difference between images (B) and (A).
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1.4 Colorimetric Sensors for Heavy Metal Ions (Fe, Cu, Co,
Mn, Zn, and Cr) Detection
Colorimetric chemosensors for metals are becoming increasingly prevalent in the field of
inorganic and organometallic chemistry. These sensors allow for on-site analysis of
samples without the use of costly and often complicated instrumentation. Fluorometric
analysis is also quite common for the detection of these metals; however, this often
requires more sophisticated instrumentation and will not be covered in detail in this
chapter.
The basis of a colorimetric sensor for heavy metal detection is that a color change will
be observed in the presence of the metal species of interest. The color change is ideally
observable by the naked eye but can also be observed using a simplistic spectrophotometer. These types of sensors become increasingly important when detecting metals as they
can serve as a health and safety tool. Although there are many different types of colorimetric sensors capable of detecting these toxic metal species, they all have one common
component. In each of the metal chemosensors, the metal ion forms a complex that
results in a color change. The color change can be the result of many different chemical
interactions. The first of which is that a CT between the ligand and the metal occurs. This
can occur by either a LMCT or a MLCT. As we have already mentioned above, LMCT
often occurs when an electron from the full molecular orbital of the ligand transfers to the
partially full molecular orbital of the metal species and vice versa for MLCT interactions.
Coming back to RSR approach (Fig. 1.4), a receptor can contain ED and/or electron
withdrawing (EW) groups. The deciding factor for whether a particular metal ion will
bind to ED or EW group depends on the hardness and softness of the binding sites and the
analyte. Generally, the binding of a metal ion with an ED group decreases its donating
ability, reducing the conjugation and increasing the chances of MLCT transitions. This,
in turn, results in the displacement of certain absorption bands to shorter wavelengths,
which is called blue shift or hypsochromic shift. On the contrary, the binding of a cation
to the EW group strengthens the push-pull CT effect and results in red shift or bathochromic
shift of a certain absorption band to longer wavelengths along with increased chances of
occurrence of LMCT transitions.44
The CT is often dependent on d-d electron transitions that are common in transition
metals. However, even in metals that do not possess d-electrons, the CT band can result
from the change of electron distribution of the complex.45 Another possible CT resulting
in a color change is photo-induced CT. Photo-induced CT occurs when electrons
excited by photons are transferred and thus a redox reaction takes place in an excited
state.46 Internal CT (which can include photo-induced CT) is often thought of as a
metal-metal CT in which metals of differing oxidation states transfer an electron from
one to the other14.
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Heavy metals impact daily well-being because the human body requires many as trace
elements. While most heavy metals are transition metals, the term is inclusive to arsenic
which is a metalloid.47 Iron is the most abundant heavy metal in the body,48 and is found
in many proteins that transport oxygen such as hemoglobin. Although iron is vital for the
body, it is toxic in excessive amounts because it is able to form harmful free radicals.49
Zinc is the next most abundant transition metal in the body, and is required for key functions like cell growth and development, DNA generation, and tissue formation.48 It can
prevent diseases like colon and prostate cancer.50 As zinc accumulates in the human body,
zinc poisoning becomes possible.48 Other necessary heavy metals include cobalt, copper,
manganese, nickel, and vanadium. Some metals, such as aluminum and silver, are not
required at all and become toxic as bodily concentrations rise. The required intake of
essential metals is on the milligram to microgram scale depending on the metal. Like iron
and zinc, an accumulation of excess heavy metals in the body is harmful and can lead to
further health concerns.51 Heavy metals enter the environment through airways, water,
and soil by processes like combustion, runoff, and vegetation. Each pathway poses its own
threat to the environment via the bioaccumulation of toxins.47 Current leading methods
for heavy metal detection include atomic absorption spectroscopy (AAS), electrochemistry, high-performance liquid chromatography (HPLC), and inductively coupled plasma
mass spectrometry (ICP-MS). While these methods are reliable, instrumentation is
costly, time consuming, requires experienced personnel for operation, and samples must
be measured within the confinements of a laboratory.52–54
An alternative method to use is solutions containing organic molecules that will
undergo a complexation reaction with metal species and result in a color change, which
can be observed either via the naked eye or relatively inexpensive UV-vis spectrophotometers. Colorimetric sensing is a visual color change or a change in UV-vis absorbance
caused by the electron density on a chromophore being altered.55 Important characteristics of these organic molecules include their specificity, that is, they must bind preferentially to the metal(s) of interest. Many N-, S-, and O-containing organic molecules are
good receptors due to their empty d-orbitals and lone electron pairs.56 The bonds
between the metal and the ligand should also be favorable enough to provide high sensitivity for the system.
In its simplest form, colorimetric sensing can be achieved by mixing a solution of the
cation with a coordinating ligand resulting in a solution color change. There are extensive
examples of this method for selective colorimetric sensing in literature, and coloration
efficiency depends on the ligand applied. The chelating ligand 2,20 :60 ,200 -terpyridine (terpyridine, Fig. 1.8A, compound 4) performs well as an Fe (II) sensor due to a colorless to
purple color change upon addition of Fe (II) ions in solution. The color change is caused
by MLCT. Throughout literature, terpyridine is substituted differently at various positions to adjust its specific properties, and selective detection limits for Fe (II) on the part
per billion scale have been observed.57,58 Moreover, decoration of terpyridine with
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Fig. 1.8 (A) Terpyridine and its derivatives; inset shows the color change of aqueous solution of 6 in the
presence of Fe (II) and Fe (III) ions. (B), (C), and (D) Schiff-base ligands 7–10 for iron detection. Optical
images demonstrate the color change of aqueous solutions of 7–9 in the presence of iron ions and the
color of compound 10 in the presence of Mn (II). ((B) Reproduced with permission from You, G. R.;
Park, G. J.; Lee, S. A.; Ryu, K. Y.; Kim, C. Chelate-Type Schiff Base Acting as a Colorimetric Sensor for
Iron in Aqueous Solution. Sens. Actuators B Chem. 2015, 215, 188–195. Copyright 2015 Elsevier Ltd.;
(C) Reproduced with permission from Łukasik, N.; Wagner-Wysiecka, E., Salicylaldimine-Based Receptor
as a Material for Iron(III) Selective Optical Sensing. J. Photochem. Photobiol. A 2017, 346, 318–326.
Copyright 2017 Elsevier B.V.; (D) Reproduced with permission from Hariharan, P. S.; Anthony, S. P.,
Substitutional Group Dependent Colori/Fluorimetric Sensing of Mn2+, Fe3+ and Zn2+ Ions by Simple
Schiff Base Chemosensor. Spectrochim. Acta A 2015, 136, 1658–1665. Copyright 2014 Elsevier B.V.)

hydrophilic moieties, such as diethyl phosphonate (Fig. 1.8A, compound 5) or phosphono (Fig. 1.8A, compound 6) group results in the solubility of these molecules in polar
solvents: ethanol and water, respectively.
Chelate-type Schiff bases were also reported to sense Fe (II) and Fe (III). Schiff bases
are products of aldehyde condensation with amines that results in the formation of an
imine group. This class of compounds is known to form various colorful complexes with
d-metals.59,60 Condensation of 2,3-dihydroxybenzaldehyde and 2-(2-aminoethoxy)
ethanamine in acidified ethanol results in the formation of compound 7 (Fig. 1.8) able
to detect Fe (II) and/or Fe (III) in solution.61 Reacting with Fe (III), compound 7 forms
a pink complex that is easily detectable with a naked eye. Interestingly, Fe (II) reacts with
7 via one electron oxidation to form corresponding Fe (III) complex. Another Schiff
base, compound 8 can selectively distinguish between Fe (II) and Fe (III) forming pink
complexes with Fe (III) only.62
Hydroxyl-substituted Schiff base 9 selectively binds Fe (III). The addition of Fe (III)
changes the colorless solution to orange due to the formation of low-energy LMCT band
at 480 nm; while other ions such as Mn (II), Co (II), Cr (II), and Ni (II) display yellow
color that appears due to the enhancement of n-π* transition around 400 nm. Diethylamine substituted derivative 10 demonstrates a selective colorimetric detection of Mn (II).
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The Mn (II) coordination with imine nitrogen increases the EW ability of C]N group
and results in the red shift of n-π* transition band from 380 to 415 nm. The appearance of
a broad low-intense band at 520 nm could be assigned to LMCT. While interacting with
Fe (II) and Co (II) ions, 10 forms yellow complexes that visually interfere to some degree,
the presence of Mn (II) can be tracked by the generation of distinct pink color upon addition of 10.63
Gold nanoparticles (AuNPs) are also used for colorimetric sensing of heavy metal
ions. AuNPs are known to have distinct coloration depending on NP size, shape, and
distances between NPs. Therefore, if the NPs are provoked by an external factor to
agglomerate, a color change is observed, likely from red to blue or red to purple.52,54,64
NPs require encapsulation by surface ligands to prevent an initial agglomeration in solution, and this allows for the surface properties to be fine-tuned. As we have discussed
above, AuNPs in solution have a characteristic SPR band, which is observable with
UV-vis spectroscopy or even with the naked eye. Many colorimetric sensors utilize
SPR shifts in the spectral position and intensity in response to external stimuli.65 Incorporation of functional thiol-terminated ligands into classical in-water dispersed citratestabilized AuNPs via citrate-to-thiol partial ligand exchange is a promising strategy for
functionalization and well-tuning of interfacial properties of NPs. This strategy can be
easily applied for the detection of metal ions. For example, incorporation of a functional
organic moiety 11, able to selectively complex Fe (II) and Fe (III) into citrate-stabilized
AuNPs, results in NPs sensitive to iron. Interestingly, iron affinity of 11 is so strong that
not only “free” Fe (II) and Fe (III), but even iron incorporated in a protein hemoglobin
can be detected66 (Fig. 1.9).
Cu (II) sensors were developed in solution using azobenzene ligands that experienced
an orange (λmax 480 nm) to pale yellow-to-colorless (λmax 320 nm) color change only in
the presence of Cu (II) vs several other cations (Fig. 1.10A).67 The colorimetric response
is due to the coordination of Cu (II) to the amide carbonyl and to the amino moieties.
The length of the alkyl substituent in compounds 12 and 13 had no impact on the copper
ion sensing. On the contrary, replacing amide moieties on the alkyl chain (compound 14)
results in less effective sensing confirming the importance of the amide moiety.67 Decorating the sensing core with triethoxysilyl groups (compound 15) allows deposition of
the sensing molecule on hydroxylated solid support.
Many other efficient Cu (II) sensing molecules described in the literature include
derivatives of naphthalimides (16), naphthoquinones (17), and anthraquinones (18).
These moieties serve as reporters (Fig. 1.10B), while appropriate receptors (R1, R2,
and/or R3) contain at least one NH group.68 The capture of Cu (II) by the receptor
results in a change of the electron-donating ability of the amino group conjugated to
the ring, and thus a color change.
There is an increase in interest for sensing molecules, which detect more than one
target analyte and thus are potential candidates for sensing arrays. Upon reaction with
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Fig. 1.9 (A) Structure of alpha-lipoic acid derivative of 2-(2-pyridine)imidazo[4,5,f]-1,10phenanthroline, compound 11, (B) schematic representation of partial citrate substitution by
11 resulting in the formation of functionalized nanoparticles (NPs). (C) Schematic representation of
NPs iron-directed assembly in the presence of iron ions, and (D) in the presence of hemoglobin.
Insets represent the color of the NP solutions. (Reproduced from Egan, J. G.; Drossis, N.;
Ebralidze, I. I.; Fruehwald, H. M.; Laschuk, N. O.; Poisson, J.; de Haan, H. W.; Zenkina, O. V. HemoglobinDriven Iron-Directed Assembly of Gold Nanoparticles. RSC Adv. 2018, 8 (28), 15675–15686. Published
by The Royal Society of Chemistry.)

Fig. 1.10 Ligands often used for Cu (II) detection: (A) compounds based on azobenzene (shown in blue)
moiety. Inset: a color changes of a solution of 12 in the presence of Cu (II) ions. (B) Other reporter
moieties known for Cu (II) sensing. ((A) Reproduced with permission from Lee, S. J.; Lee, S. S.;
Jeong, I. Y.; Lee, J. Y.; Jung, J. H., Azobenzene Coupled Chromogenic Receptors for the Selective
Detection of Copper(II) and its Application as a Chemosensor Kit. Tetrahedron Lett. 2007, 48 (3),
393–396. Copyright 2007 Elsevier Ltd.)
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Fig. 1.11 (A) A sensor based on 1-aminoanthracene-9,10-dione, compound 19 able to selectively
detect Cu (II) and Ni (II).69 Inset schematically demonstrates the color change from RGB (237, 128,
73) to RGB (33, 106, 180) in the presence of Cu (II) and to RGB (169, 201, 69) in the presence of Ni
(II). (B) Ditriazole Schiff-base derivative 20 for Co (II), Hg (II), and Cu (II) colorimetric detection.70
Inset schematically demonstrates the color change from RGB (227, 221, 188) to RGB (202, 205, 119)
in the presence of Cu (II), to RGB (178, 209, 159) in the presence of Co (II), and to RGB (219, 223,
208) in the presence of Hg (II). (C) Structure of an amidine compound 21 able to detect for more
than one analyte.53 Inset schematically demonstrates the color change from transparent solution to
RGB (23, 213, 17) in the presence of Cu (II), to RGB (221, 208, 81) in the presence of Fe (II), and to
RGB (97, 0, 0) in the presence of Fe (III), respectively.

these molecules, metal ions can be differentiated by experiencing unique color changes
between metals. Compound 19, anthraquinone-based sensor (Fig. 1.11A) forms red
solutions (λmax 500 nm) when dissolved in methanol-water mixtures that demonstrate
characteristic color changes only upon addition of Cu (II) (blue, λmax 600 nm) and Ni
(II) (green, λmax 750 nm).69
The reaction of ditriazole compound 20 with solutions of Cu (II), Co (II), and Hg (II)
results in the formation of corresponding complexes with 1:1 ligand-metal binding stoichiometry. These reactions are accompanied by drastic color change (Fig. 1.11B) from
light yellow (initial solution of 20) to greenish when reacted with Co (II), colorless when
reacted with Hg (II), and dark yellow when reacted with Cu (II).
An amidine derivative 21 (Fig. 1.11C) can selectively distinguish between Cu (II), Fe
(II), and Fe (III) from several other metal ions. A solution of compound 21 is colorless
(Fig. 1.11C) but turns a deep red when brought into contact with Fe (II) and faint yellow
in the presence of Fe (III). It is possible to use reducing and oxidizing agents to switch
back and forth between the two colors in solution. The solution of the ligand with Cu (II)
is green. All three color changes are reversible with addition of ethylenediaminetetraacetic acid (EDTA).53
More selective to Co (II) ligand, compound 22 can be obtained by combining julolidine (shown in blue in Fig. 1.12A) and quinoline moieties through the formation of an
imine bridge. Two molecules of compound 22 complex one Co (II) ion resulting in color
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Fig. 1.12 (A) A sensor combining julolidine (shown in blue) and quinoline moieties, compound 22 able
to selectively detect Co (II).71 (B) Ligand 23 for Co (II) sensing.72 (C) Ligand 24 for Co (II) sensing.73
(D) bis-triazolyl rhodamine-based ligand 25 (rhodamine moiety is shown in red).74 Insets
schematically demonstrate the color change.

change of the aqueous solution from yellow to brown.71 Another water-soluble ligand 23
bearing almost duplicated comparing to the ligand 22 HO  C ¼ C  C ¼ N  C ¼ C  N
chelating bridging pattern, complex Co (II) in 1:1 ratio resulting in the solution color
change from colorless to gray.72 Interestingly, ligand 24 that contains chelating bridge
identical to one of ligand 23 and julolidine reporter unit identical to one of ligand 22, when
reacted with Co (II) results in not brown but gray coloring.73 This unambiguously confirms that the color of the Co (II) complex of ligand 22 comes not only from julolidine unit,
but also from the overall julolidine-quinoline conjugated reporter system.
Zn (II) does not experience MLCT because of its full d-orbitals.75 As a result, Zn (II)
more commonly requires fluorescence for sensing.56,57,74 Moreover, ligand 24 is a
representative example of a dual-mode chemosensor—a sensor that can be applied for
colorimetric detection of Co (II) and fluorimetric detection of Zn (II). Nevertheless, colorimetric Zn (II) sensors do exist. For example, a bis-triazolyl rhodamine-based molecule
in solution experienced a color change from clear to pink when Zn (II) ions were present
(Compound 25, Fig. 1.12D). This is possible because the rhodamine derivative has a ring
structure that opens in the presence of certain metal ions, in the case of Zn (II), inducing
the color change.74 Alternatively, molecules that undergo the intramolecular CT transition can change their color upon Zn (II) complexation due to the change in the intermolecular charge distribution. (We will discuss this in more detail when talking about Pb
(II) detection, compound 30, see below.)
The amount of colorimetric molecular sensors for chromium ions is limited. Kim
group76 have reported a selective colorimetric sensor for Cr (III). Upon the addition
of Cr (III) into the CH3OH solution of compound 26 (Fig. 1.13), the absorption bands
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Fig. 1.13 Cr (III) sensing: (A) compound 26 solutions change color in the presence of Cr (III) ions. Inset
visualizing the color change. Sensing of Cr (III) using AuNPs capped with BP-DTC (compound 27).
(B) AuNP functionalized by the receptor. (C) schematic representation of the complex formation
leading to NPs agglomeration. ((A) Reproduced with permission from Jang, Y. J.; Yeon, Y. H.;
Yang, H. Y.; Noh, J. Y.; Hwang, I. H.; Kim, C. A Colorimetric and Fluorescent Chemosensor for Selective
Detection of Cr3+ and Al3+. Inorg. Chem. Commun. 2013, 33, 48–51. Copyright 2013 Elsevier B.V.;
(C) Reproduced with permission from Zhao, L.; Jin, Y.; Yan, Z.; Liu, Y.; Zhu, H. Novel, Highly Selective
Detection of Cr(III) in Aqueous Solution Based on a Gold Nanoparticles Colorimetric Assay and its
Application for Determining Cr(VI). Anal. Chim. Acta 2012, 731, 75–81. Copyright 2012 Elsevier B.V.)

at 278, 344, 467, and 494 nm significantly decreased, and two new bands at 262 and
382 nm appeared due to the formation of a corresponding complex. Meanwhile, the
solution color changes from yellow to colorless. In the presence of other metal ions,
26 shows either no change or a slight decrease in the absorption intensity.
We have seen before that AuNPs, if decorated with a proper ligand, can be used for
iron ions detection (Fig. 1.9). The change in NPs SPR band during agglomeration serves
as a reporter. Similarly, AuNPs can be applied for Cr (III) detection in aqueous solutions.
In this case, AuNPs were capped with N-benzyl-N-4-(pyridin-4-ylmethyl)phenyl
dithiocarbamate (compound 27). The functionalized AuNPs demonstrate SPR band
at 520 nm that corresponds to a red color. When added to the suspension, Cr (III) reacts
with four molecules of 27 anchored to different NPs, forming an interparticle complex
(Fig. 1.13C). The complex formation induces AuNPs aggregation, the intensity of the
SPR band of individual NPs at 520 nm decreases and a new peak at 630 nm appears. This
immediate color change from red to blue as a result of induced aggregation can be easily
observed. While the system was selective to Cr (III) against 12 other heavy metal ions
including Fe (III) and Cr (VI),77 it allows indirect determination of Cr (VI). For this,
aqueous solutions containing Cr (VI) were treated with an excess of ascorbic acid resulting in a reduction of Cr (VI) to Cr (III) that can be further detected.
Dichromate ðCr2 O7 2 Þ and other Cr (VI) compounds are more soluble, mobile, and
bioavailable compared to Cr (III) species. Moreover, carcinogenic Cr (VI) is mainly generated and discarded worldwide by industries associated with chrome plating, metal finishing, pigment manufacturing, and leather tanning. Cr (VI) can be reduced to Cr (III)
not only by ascorbic acid as we have seen above, it undergoes reduction in solution in the
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presence of H+ and low-valent metal centers such as Fe (II), Mn (II), or Os (II).78 For
example, [Os(bpy)3]Cl2 (where bpy is bypyridine) reacts with K2Cr2O7 in water under
acidic conditions (pH ¼ 1) to afford Cr (III). This reaction can be tracked by decoloration
of red solution of [Os(bpy)3]2+ due to the formation of [Os(bpy)3]3+. Like terpyridine,
bypyridine experiences a visible MLCT with certain metal ions due to low π* orbitals.
Anchoring a monolayer of the complex containing Os(bpy)3 moiety on the glass surface,
van der Boom reported an efficient optical sensor for Cr (VI) (Fig. 1.14). The ions of Cr
(VI) in an acidified MeCN solution oxidize Os (II) of complex 28 deposited on the glass
surface resulting in complex 29 with Os (III). As a result, the UV-vis spectra of the monolayer deposited on glass changes: the absorption band at 293 nm, both singlet and triplet
states of MLCT bands at 516 and 692 nm decrease, while the intensity of the LMCT band
at 317 nm increases. The sensor can be reduced with water at pH ¼ 7.5.
Interestingly, the same sensor (Fig. 1.14) can be used for Fe (III) detection in solutions
with almost neutral pH. The solution of [Os(bipy)3]2+ is known to reduce Fe (III) with
concurrent oxidation of the Os (II) center.79 Similarly, complex 28 anchored onto the
glass surface reduces Fe (III) to Fe (II) while the metal center in the bipyridyl complex
became oxidized Os (III), complex 29. The monolayer experiences an LMCT as osmium
oxidizes, which can be observed by UV-vis spectroscopy of the film. Thus, the presence
of the Fe (III) in the solution can be tracked by the color change of the osmium-based
detector. Alternatively, with the addition of an extra bypyridine into the solution, [Fe
(bipy)3]2+ complex forms from the reduced iron ions. In contrast to colorless [Fe
(bipy)3]3+, Fe (II) bipyridyl complex is pink due to MLCT. As a result, colorless to pink
color change of the solution allows Fe (III) detection.78

Fig. 1.14 Schematic representation of Os(bpy)3 complex anchored on glass surface. (A) Cr (VI)
detection at low pH by the color change of the anchored complex. (B) Fe (III) detection either by
the color change of the anchored complex or (in the presence of bypyridine in solution) by the
solution color change. See main text for details.
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Although applying monolayers of the sensing molecules onto flat surfaces results in
atom-efficient detectors that are able to selectively sense ppb to ppm levels of an analyte,
these detectors require special instrumentation such as UV-vis spectrometers. On the
contrary, anchoring of sensing molecules onto a support with an enhanced surface can
result in efficient optical sensors that demonstrate significant color change, which can
be detected by the naked eye. Among others, titanium dioxide is a useful structural material for this purpose because it is stable, nontoxic, and can be crafted into a desired morphology without harsh conditions.80 Making use of these advantages, a terpyridine
derivative 6 (Fig. 1.8A) featuring a phosphonic acid group as a surface anchor was applied
onto titanium dioxide screen-printed films (Fig. 1.5A). The films change color from
white to purplish-red or magenta color in the presence of Fe (II) due to coordination
of Fe (II) to the ligand deposited on the film. As we have previously discussed, the intensity of film coloration depends on the amount of Fe (II) in the solution sample. Moreover,
these films can be regenerated using EDTA washes.81 In a similar manner, silica gel plates
can be functionalized by azobenzene receptor 15 (Fig. 1.10) for colorimetric detection of
Cu (II), Fig. 1.15A).67
Colorimetric sorbents offer additional advantage of removing the heavy metal ion
from the sample, in addition to the color change experienced on the film. Fe (III),

Fig. 1.15 (A) Silica gel plates: (i) unmodified, (ii) functionalized with azobenzene receptor 15, (iii) plate
ii after immersion in Cu (II) solution, and (iv) plate ii after immersion in Li (I), Na (I), K (I), Co (II), Cd (II), Pb
(II), Fe (III), or Zn (II) solution. (B) Images of hydrogels composed of polyacrylic acid copolymerized with
acrylamido-methyl propane sulfonic acid exposed to soluble transition metal ions followed by the
treatment with hexacyanoferrate (HCF) results in the formation of different colored complexes.
((A) Reproduced with permission from Lee, S. J.; Lee, S. S.; Jeong, I. Y.; Lee, J. Y.; Jung, J. H. Azobenzene
Coupled Chromogenic Receptors for the Selective Detection of Copper(II) and its Application as a
Chemosensor Kit. Tetrahedron Lett. 2007, 48 (3), 393–396. Copyright 2006 Elsevier Ltd.;
(B) Reproduced with permission from Price, C.; Carroll, J.; Clare, T. L. Chemoresistive and Photonic
Hydrogel Sensors of Transition Metal Ions Via Hofmeister Series Principles. Sens. Actuators B Chem.
2018, 256, 870–877. Copyright 2017 Elsevier B.V.)
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Cu (II), and Co (II), among other heavy metal ions, were sensed using different color
changes when coordinated to films deposited with ferrocyanide (aka
hexacyanoferrate(II)). Mesoporous gelatin films can be used to make the backbone
and form pores, and support ferrocyanide throughout material. The film color changes
from yellow to blue in the presence of Fe (III) due to the formation of Prussian blue. In
the presence of Cu (II) and Co (II), the film color changes from yellow to reddish-brown
and green, respectively, forming a derivative of Prussian blue, and signaling the presence
of the metal ion. The gelatin films have a high affinity for the metal ions thereby acting as
a sorbent, as well as a metal ion sensor.82 Gelatin is not the only hydrogel that was used
intensively in metal sensing. Head groups of various hydrogels include carboxylic acids,
ammonium, sulfonates, amides, amines, and hydroxyls, which can all be leveraged to
effectively absorb and concentrate metal ions from solution. Hydrogels composed of
polyacrylic acid copolymerized with acrylamido-methyl propane sulfonic acid were
exposed to soluble transition metal ions. After exposure to transition metal ions, the
hydrogels were treated with ferricyanide or ferrocyanide to form Prussian blue or one
of its metal hexacyanoferrate analogues. The unique colors of the complexes allowed
for differentiation of the metal ions present.83

1.5 Colorimetric Sensors for the Most Toxic Metal Ions (Hg, Cd, Pb, As)
Detection
Given that toxic metals can be extremely dangerous to biological organisms even at very
low concentrations (ppm), these chemosensors must also be highly sensitive in order to
detect low concentrations that could still present a hazard.84 Lead is the most abundant of
the toxic metals discussed here. It is frequently found as a contaminant in groundwater
and soil. Lead causes serious neurological, reproductive, cardiovascular, and developmental disorders in humans.85 Cadmium is commonly introduced in food or through
inhalation and is a known carcinogen.85 Mercury is commonly found in the atmosphere
and is particularly dangerous due to its long residence time which allows mercury atoms
to diffuse throughout the atmosphere resulting in widespread contamination.86 Additionally, mercury is often converted to an extremely dangerous neurotoxin (methylmercury) by bacteria. Arsenic is another common groundwater contaminant that causes
widespread bodily harm in the form of skin damage, circulatory damage, and cancer.87
This is especially prevalent in developing nations where it is more likely to be present due
to the imperfection of water purification systems. The World Health Organization set a
maximum level of arsenic in drinking water at 10 ppb. These metals not only present
immediate health dangers but can often bioaccumulate in the human body, which can
present health concerns in the long term.88 That is why the development of simple, fast,
and reliable methods that allow detection of these metal ions is in high demand. The simplest colorimetric method for the determination of the most toxic metal ions is based on
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Fig. 1.16 (A) Structure of tetrathiafulvalene-based compound used for Pb (II) colorimetric sensing, and
observed color changes (inset). (B) Structures of ferrocene-containing imidazo-fused heterocycles and
observed color change when reacted with Pb (II), inset. ((A) Reproduced with permission from Xue, H.;
Tang, X. J.; Wu, L. Z.; Zhang, L. P.; Tung, C. H. Highly Selective Colorimetric and Electrochemical Pb2+
Detection Based on TTF-Pi-Pyridine Derivatives. J. Org. Chem. 2005, 70 (24), 9727–9734. Copyright
2005 American Chemical Society; (B) Reproduced with permission from Zapata, F.; Caballero, A.;
Espinosa, A.; Tarraga, A.; Molina, P. Imidazole-Annelated Ferrocene Derivatives as Highly Selective and
Sensitive Multichannel Chemical Probes for Pb(II) Cations. J. Org. Chem. 2009, 74 (13), 4787–4796.
Copyright 2009 American Chemical Society and From Pandey, R.; Gupta, R. K.; Shahid, M.; Maiti, B.;
Misra, A.; Pandey, D. S. Synthesis and Characterization of Electroactive Ferrocene Derivatives:
Ferrocenylimidazoquinazoline as a Multichannel Chemosensor Selectively for Hg2+ and Pb2+ Ions in an
Aqueous Environment. Inorg. Chem. 2012, 51 (1), 298–311. Copyright 2011 American Chemical Society.)

the use of solutions containing organic molecules that selectively react with corresponding metal ion forming a complex, which is accompanied by a color change.
Several molecules have been reported to detect Pb (II). Tetrathiafulvalene (TTF)based compound 30 (Fig. 1.16) contains a pyridyl group that acts as the monodentate
ligand (receptor) for metal ions. The π-conjugated double bond is used as the spacer
to optimize the communication between the receptor and the TTF core that works
as a reporter. Compound 30 shows a moderately intense absorption band in the region
of 440 nm corresponding to the yellow color of the solution of 30 in acetonitrile. It has
been established that for electron acceptor-TTF compounds, the highest occupied
molecular orbital (HOMO) is located on the TTF moiety, whereas the lowest unoccupied molecular orbital (LUMO) is located on the electron acceptor (pyridyl) fragment.89
Thus, the band in 440 nm is ascribed to the intramolecular CT transition from the
HOMO in TTF to the LUMO in the pyridyl group, while the bands at λ < 370 nm
are assigned to the local transition in the TTF moiety. The interaction between the pyridyl moiety of 30 and Pb (II) results in dramatic changes in the absorption spectra: CT
transition band with λmax at 440 nm decreases monotonically upon the addition of Pb (II),
and the new bands with λmax at 330 and 555 nm appear and concomitantly grew with
increasing Pb (II) concentration. This can be tracked with the naked eye via dramatic
color change from yellow to violet upon exposure of solution 30 to micromolar concentrations of Pb (II).90 It should be mentioned that monodentate pyridyl group is an
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efficient but not very selective receptor. The reaction of 30 with Zn (II) results in color
change from yellow to red. In contrast, ferrocenyl azaheterocycle molecules 31 and especially 32 (Fig. 1.16) demonstrate much better selectivity due to different metal to ligand
binding ability of imidazo-fused heterocycles.91 The deazapurine ligand 31 provides one
strong linkage to the Pb (II) ion through the pyridine-like N4, whereas the other
imidazole-like N3 atom is weakly bound. Upon the addition of Pb (II) cations to a colorless solution of 31 in CH3CN, both orange color and a fluorescence appear. The Pb (II)
complex formation of compound 32 is responsible for a perceptible change of color from
orange to red, which can be used for the naked eye detection of Pb (II) too.91 Another
representative of the ferrocenyl azaheterocycles, compound 33 can sense Pb (II) and Hg
(II).92 However, perhaps due to fast association-dissociation rate, at least two times excess
of the metal is needed to observe a color change distinguishable by the naked eye. Upon
the addition of Pb (II) ions to the solution of 33 in water-ethanol 1:1 v/v mixture, it
changes color from light yellow to greenish-yellow. The addition of Hg (II) ions results
in a more distinguishable color change to dark red. In addition, in the presence of large
(10 times) excess of Cu (II), a solution of 33 turns light brown. While upon reaction with
Cu (II) the electronic spectra of 33 do not show any noticeable shift in the position of
absorption bands, this interference should be taken into account when developing an
analytical method for Pb (II) and Hg (II) determinations.
Porphyrins have been demonstrated to be very powerful in the field of ion sensing.
A wide range of metal ions such as Zn (II), Cu (II), Hg (II), Pb (II), Cd (II), and Y (III)
have been successfully detected using porphyrin-based chemosensors.93 Thus porphyrin1-DPA (compound 34, Fig. 1.17) was found to selectively react with Pb (II).94 Both
porphyrin and N,N-bis(2-pyridylmethyl)amine (DPA) moieties are involved in complex
formation. The intensity of the strongest absorption peak of ligand 34 at 417 nm significantly decreases upon addition of Pb (II). A new peak simultaneously appears around

Fig. 1.17 (A) Structure of porphyrin-1-DPA, 34.94 DPA moiety (N,N-bis(2-pyridylmethyl)amine) is shown
in blue. Inset schematically demonstrates the color change of the solution of 34 from colorless to green
upon addition of Pb (II). (B) Structure of compound 35 and a schematic representation of anchoring 35
on polyacrylonitrile fiber prefunctionalized by ethylenediamine.95 Inset schematically demonstrates
the color change of the functionalized fiber after immersion in Hg(II) solution.
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466 nm. The change in the electronic absorption spectrum of 34 upon addition of Pb
(II) also induces an obvious solution color change from baby pink to light green
(Fig. 1.17). While the addition of Cu (II) does not result in electronic absorption spectrum or in visible color change, it quenches the fluorescent emission of 34 at 650 nm. As
such, compound 34 can work as dual-mode Pb (II) and Cu (II) sensor.94 Another porphyrin derivative 35 deposited on a fiber works as an efficient Hg (II) sensor.95 Multitarget sensor compound 20 able to detect several metal ions including Hg (II) was
mentioned above.
Refluxing the commercially available polyacrylonitrile fiber in an aqueous solution of
ethylenediamine results in surface functionalization with amino groups that, in turn, react
easily with chlorine groups of 35. The immersion of the functionalized fiber into solutions of 35 potentially competitive ions (Fig. 1.17B insert) results in the selective color
change from brown to green only in the presence of Hg (II). The further immersion of
the functionalized fiber into 1 M solution of HCl followed by washings with sodium carbonate solutions and water result in color recuperation and sensor regeneration.
Similar to Zn (II), Cd (II) does not experience MLCT because of its full d-orbitals and
thus often requires fluorescence for sensing. Dyes of 3,30 -bis(dipyrrin) group that have a
yellow-orange color in the solution are promising compounds for sensing arrays. Organic
solutions of bis(dipyrrin)-based compound 36 form Co (II), Ni (II), and Cu (II) complexes of the M2L2 stoichiometry resulting in color change from yellowish orange to
intense crimson or purple-red.96 In contrast, solutions of the Zn (II), Cd (II), and Hg
(II) complexes of 36 have orange-green color due to intense fluorescence of 36
(Fig. 1.18A).
Since Cd (II) and Zn (II) have very similar chemical properties, most of Cd (II) sensors
can also respond to Zn (II). As a result, the developing of selective Cd (II) sensors that can
discriminate Cd (II) from Zn (II) remains a great challenge. Zn (II) complexes are normally six-coordinated. In contrast, Cd (II) can also be seven97- or eight98-coordinated.
This suggests that ligands with multiple coordination sites in the equatorial plane direction can be designed to coordinate with a larger Cd (II) ion differently than Zn (II) thus
distinguishing Cd (II) from Zn (II). A Schiff base that demonstrates threefold symmetry
(C3) based on 8-hydroxy-2-methylquinoline (compound 37, Fig. 1.18B) can display
high fluorescent selectivity for Cd (II) over Zn (II) and most other common ions in neutral ethanol aqueous medium.99 C3-symmetric ligands can be regarded as triangular
building blocks and offer avenues for the construction of organometallic frameworks
with a variety of structures according to the geometric requirements of the metal ions.
Indeed, complexation of 37 to three Cd (II) ions result in the complex, where one Cd (II)
ion is eight-coordinated, while two other Cd (II) ions are seven-coordinated. Upon the
addition of Cd (II) a large absorption band from 450 to 505 nm emerges simultaneously
with one distinct isosbestic point at 410 nm. This corresponds to a significant color
change from light yellow to light red that is observed by naked eyes.99
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Fig. 1.18 (A) A derivative of bis-dipyrrin, compound 36, demonstrates a rainbow of colors when
reacted with various metal ions. (B) and (C) C3—symmetric ligands 37 and 38 demonstrating high
selectivity to Cd (II). ((A) Reproduced with permission from Bumagina, N. A.; Antina, E. V.;
Sozonov, D. I. Off-On Fluorescent Sensor Based on the Bis(2,4,7,8,9-pentamethyldipyrrolylmethene-3-yl)
methane for Detection of Cd2+ and Hg2+ Cations. J. Lumin. 2017, 183, 315–321. Copyright 2016
Elsevier B.V.; (B) and (C) are reproduced with permission from Jiang, X.-J.; Li, M.; Lu, H.-L.; Xu, L.-H.;
Xu, H.; Zang, S.-Q.; Tang, M.-S.; Hou, H.-W.; Mak, T. C. W. A Highly Sensitive C3-Symmetric Schiff-Base
Fluorescent Probe for Cd2+. Inorg. Chem. 2014, 53 (24), 12665–12667. Copyright 2014 American
Chemical Society and from Zhao, Q.; Li, R.-F.; Xing, S.-K.; Liu, X.-M.; Hu, T.-L.; Bu, X.-H. A Highly Selective
On/Off Fluorescence Sensor for Cadmium(II). Inorg. Chem. 2011, 50 (20), 10041–10046. Copyright
2011 American Chemical Society.)

Another threefold symmetry ligand 38 can visually discriminate Cd (II) from Zn (II)100
(Fig. 1.18C). The UV-vis spectrum of 38 exhibits two strong absorption peaks at 308 and
343 nm. The addition of the first equivalent of Cd (II) causes the absorption peaks to red
shift to 325 and 379 nm, respectively. Increase in the concentration of Cd (II) results in the
appearance of two large absorption peaks at 360 and 395 nm. The intramolecular CT in 38
is disturbed by Cd (II) coordination, resulting in the reduction of the EW ability of the
nitrogen atoms and lowering the electron density of 38. This is visualized by the solution
color change from colorless to yellow. In contrast, the addition of Zn (II) leads to the solution color change to reddish-brown.100 While the molecular sensor 38 can be regenerated
when stirring with aqueous solutions of EDTA, the low solubility of 38 in water limits the
ion sensing in the organic (CH2Cl2/CH3CN 1:1 v/v) solutions.
In contrast to the above-mentioned metals, arsenic is categorized as a metalloid, that
is, it has both metallic and nonmetallic properties. As a result, its determination is often
more complicated. For example, some colorimetric sensors show insufficient selectivity
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to arsenic, and pretreatment to remove competing metal ions might be required. Pyridinedicarboxylic acid that binds preferentially to most other metal ions in a solution was
reported as a potential competing ion-removing agent.101
Benzothiazole is an important building block (receptor) for arsenic detection.102
Benzothiazole-containing Schiff base 39 was reported to act as a colorimetric sensor
for As (III) and As (V).103 The sensing solution is stable over long periods of time, has
a short response time, and demonstrates a high tolerance for ions that are commonly
found in arsenic-containing matrices. Upon the reaction with As (III) or As (V), 1:1 complexation between As (III) or As (V) and compound 39 occurs resulting in the solution
color change from yellow (the maximum absorption of 39 is at 480 nm) to dark orange
(580 nm), Fig. 1.19. This chemosensor is sensitive to variations in pH and to get the best
results should be kept at a pH of 7.103

Fig. 1.19 Representative arsenic detectors: (A) benzothiazole Schiff base 39 able to complex As (III)
and As (V).103 The inset demonstrates schematically the color change upon complex formation.
(B) A schematic representation of a carbon dot functionalized by glutathione (compound 40) and
the color change of the solution in the presence of As (III). (C) A schematic representation of a gold
nanorod functionalized by meso-2,3-dimercaptosuccinic acid (DMSA, compound 41). Upper inset
demonstrates the color change of the functionalized nanorods dispersion upon the addition of a
solution containing a mixture of As (III) and As (V). Lower inset visualizes the application of paper
strips with pre-deposited functionalized nanorods in As (III) and As (V) sensing. ((B) Reproduced with
permission from Gupta, A.; Verma, N. C.; Khan, S.; Nandi, C. K. Carbon Dots for Naked Eye Colorimetric
Ultrasensitive Arsenic and Glutathione Detection. Biosens. Bioelectron. 2016, 81, 465–472. Copyright
2016 Elsevier B.V.; (C) Reproduced with permission from Priyadarshni, N.; Nath, P.; Nagahanumaiah;
Chanda, N. DMSA-Functionalized Gold Nanorod on Paper for Colorimetric Detection and Estimation of
Arsenic (III and V) Contamination in Groundwater. ACS Sustain. Chem. Eng. 2018, 6 (5), 6264–6272.
Copyright 2018 American Chemical Society.)
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Carbon dots are also useful in the detection of arsenic ions. Carbon dots are fluorescent carbon nanomaterials, often NPs. The origin of fluorescence of carbon dots is not
clear up to date and remains a topic of debate. Surface functionalization of these nanomaterials allows tuning solubility and fluorescence properties; in addition, it allows
anchoring functional groups able to bind analytes. More detailed description of carbon
dots for sensing applications can be found in a recent review by Sun and Lei.104 Recently,
Gupta et al. reported on the colorimetric naked eye detection of As (III) using carbon
dots functionalized by glutathione (compound 40) that is a L-glutamyl-Lcysteinyl-glycine tripeptide. The skeletal structure of glutathione and especially carboxyl
and thiol groups were shown to be crucial to bind preferentially to the arsenic species
making the system selective. The interparticle complex formation results in a solution
color change from colorless to yellow.105
Pointing out recent success in sensing by carbon dots, it should be mentioned that
sensors based on Au NPs remain the most popular for As (III) and As (V) sensing. Lauryl
sulfate modified AuNPs were shown to interact with As (III) at pH 3–10.106 Upon the
addition of As2O3 to the solution of NPs, the surface plasmon resonance of NPs centered
at 520–530 nm disappears and the appearance of a new SPR band at 730 nm is
observed.106 In contrast to the traditional concept where the color change of NPs solution is associated with agglomeration of NPs due to the formation of an interparticle
complex, in this case, As (III) replaces the stabilizing lauryl sulfate molecules this way
causing the aggregation visualized by the color change.
Using more complicated stabilizing agents with specific binding motifs, Lakatos et al.
have demonstrated highly specific detection of As (V).107 Surface layer proteins of bacteria found in industrial arsenic-loaded mining areas are known to be capable of binding
more arsenic than commercial sorbents; therefore combining the surface layer proteins of
such bacteria with the plasmonic properties of AuNPs is a promising way for the design of
sensors with enhanced sensitivity. Indeed, functionalizing AuNPs with oligomers of the
surface layer protein of Lysinibacillus sphaericus JG-A12 simply and quickly via adsorption,
results in a sensor with high selectivity to As (V). At pH 3.5–4, the surface layerfunctionalized AuNPs exist as a fine dispersion, stabilized by repulsive Coulomb
interactions. The addition of the anionic analyte leads to a decrease in the repulsive forces.
Concomitantly, the probability for agglomeration of the NPs rises. By further increasing
the amount of the negatively charged arsenic complex, the positive charge of the
surface-layer-functionalized AuNPs diminishes cumulatively, resulting in particle
agglomeration at the point where attractive forces exceed electrostatic repulsion. This
results in particle agglomeration visualized by the solution color change from purple
to blue. Due to high selectivity of the protein to As (V), the presence of other metal ions
in environmental samples did not show any significant interaction with the surface-layerfunctionalized AuNPs.
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As we have discussed above, the incorporation of sensing units into a solid support
makes sensors easier to operate and thus more practical. The benefit of a paper substrate
is that it contains an embedded network of microchannels made of fibers through which
liquid can wick in faster rate due to capillary action. This self-pumping property along
with its low-cost and easy availability make it an attractive material for use in a wide range
of flow-based diagnostic assays/devices.108 Thus, functionalization of gold nanorods
(AuNRs) by a dithiol ligand specific to arsenic, meso-2,3-dimercaptosuccinic acid
(DMSA, compound 41) result in the formation of a selective arsenic detector.109
A solution of these AuNRs, when reacted with As (III) and As (V) ions, change color
from dark bluish-purple to almost colorless due to the ion-induced assembly of nanorod
particles. Moreover, once used, nanorod detector exhibits regeneration ability after treatment with EDTA. A practical As (III) and As (V) ion detector can be obtained by applying a drop of these AuNRs as a spot at one end of the filter paper strip and drying it. When
the other end of the strip is immersed in a solution of As (III) and As (V) mixture (1:1 M
ratio) of different concentrations (10.0, 1.0, 0.1, 0.01, and 0.001 ppm) and groundwater
sample, the ions start flowing due to the capillary action of the paper strip and reach to the
spotted zone where bluish-purple NRs are present. After interaction with arsenic ions,
the color of the wet spotted zone changes in the range of pale blue to colorless depending
on the arsenic concentration in aqueous solution (Fig. 1.19).

1.6 Conclusions
This chapter introduces colorimetric sensors and sensing arrays. We started from showing
the place of colorimetric sensors in the family of optical sensors. We briefly described
materials that change their color upon heating/cooling and showed that several different
mechanisms may be utilized for the design of these thermochromics sensors. These mechanisms include temperature-induced change of unit cell parameters, temperature-induced
shifts in chemical equilibrium between two forms of a molecule, and thermal-induced
coordination dynamics. Colorimetric chemical sensors utilize sensing based on direct binding of an analyte and sensing based on the competitive binding of an analyte. This brings us
to two main approaches for the design of colorimetric chemical sensors: RSR and IDA. In
both approaches, the selectivity of the analyte binding to the receptor is extremely important. In this context, when a highly selective receptor for certain analyte cannot be found,
an approach called “differential sensing” or “array sensing” is used. In array sensing, a
simultaneous binding of the analyte to a set of cross-reactive receptors is analyzed. We have
discussed here the basics of visual output interpretation and analysis. Finally, we described
molecular sensors for heavy metal ions. Here we demonstrated representative examples of
using nano-objects such as carbon dots, AuNPs, and nanorods as reporters to design chemical sensors. In addition, we demonstrated the role of solid support such as screen-printed
TiO2 NPs, transparent glass slides, silica gel plates, gelatin films, polyacrylonitrile fiber, and
cellulose (filter paper strips) in the development of practical optical chemical sensors.
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2.1 Introduction
Air pollution is one of the global problems of the modern world. Detection/sensing of
various gas molecules is very important for the control of chemical processes, environmental safety, medical, and agricultural applications. The most dangerous gaseous pollutants influencing, for instance, the ground-level ozone are not only specific gases such as
sulfur dioxide (SO2), carbon monoxide (CO), and nitrogen dioxide (NO2) but also particulate matter, that is, solid and liquid particles (especially heavy metals and solutions of
their salts) suspended in the air. The detection of these pollutants is an important task in
many branches of industry, science, and ecology. Nowadays, the main gas sensors are
based on semiconductor metal oxides and polymers.
The sensors based on semiconductor metal oxides are widely used for the detection of
various gases due to such advantages as low cost, compact size, and simple measuring
electronics.1–4 It is obvious that the performance of these sensors is significantly affected
by their morphology and structure. In this regard, the gas sensors based on nanomaterials
represent a significantly growing trend to increase the sensitivity, selectivity, and speed of
response. Significant efforts have been made to develop and test the new metal oxide
nanostructures.1,5–9 However, the application of gas sensors still faces problems such
as selectivity and long-term drift due to stoichiometry changes and coalescence of nanocrystallites, at operating temperature. The notion of preparing multipurpose devices has
been replaced by the development of sensors tailored for specific and focused applications. The metal oxide nanostructures have a greater surface-to-volume ratio, better stoichiometry, and a higher degree of crystallinity. Despite the fact that there are already
sensors based on metal oxide nanostructures, there is still a need to systematically summarize the characteristics of these materials and structures.
Environmental monitoring and health issues are recent challenges for modern sensor
and biosensor technologies. The main water pollutants are metal ions and phenolic compounds. Monitoring of water polluting agents, formed as industrial waste products is an
important issue for human safety, flora and fauna regulation, and prevention of technogenic diseases.
Nanomaterials Design for Sensing Applications
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Medical applications of biosensors are focused on early stage detection of widespread
diseases, such as diabetes, cancer, and cardio vascular diseases. The main challenges for
metal oxide biosensors are stability, sensitivity, and selectivity. Due to the unique properties of metal oxide nanostructures, they can be applied in different detection methodologies or platforms including electrical, electrochemical, and optical. Due to the
high complexity of preparation of metal oxide electrical sensors/biosensors (onedimensional (1D) metal oxide field-effect transistor requires microlithography), this
chapter excludes this type of sensors. Electrochemical metal oxide sensors and biosensors are the most widespread and used sensing devices for environmental and medical
applications. Optical metal oxide-based platforms could be an alternative to electrochemical detection of target molecules. This chapter summarizes the recent achievements in electrochemical sensing. Optical sensors and biosensors have been discussed
as alternative methods. Novel prospects of metal oxide optical biosensors have been
discussed as well.

2.2 Basic Sensing Characteristics
2.2.1 Sensor Response
Sensor/biosensor response can be specified as the ratio of some physical parameters/
signals (resistance, conductance, photoluminescence (PL), reflectance, etc.) change of
the sensor parameter before and after the target molecules exposure. For example, in
gas sensors, we can use an electrical resistance as a physical parameter. In this case, the
sensor response (S) toward target gas molecules could be expressed by the formula:
S¼

Rg  R0 ΔR
¼
R0
R0

(2.1)

where R0 is the initial sensor resistance and Rg the sensor resistance in the presence of the
analyte gas. In case of the optical and electrochemical sensors, current, capacitance, optical absorbance, and emission intensity before and after the interaction with target molecules can be used as parameters in Eq. (2.1) for calculation of the sensor response.

2.2.2 Response Time
It is clear that physical parameters of sensors do not take the true value immediately after
the target molecules exposure. It requires a certain time, which is called response time.
Response time is the time that a sensor requires to change its signal (e.g., resistance) from
the initial state (baseline) to a final value (in general taken as 90% of the final value) on
exposure to target molecules. Typical evaluation of the response time in case of a gas sensor is shown in Fig. 2.1. Generally, the response time of a practical sensor ranges between
seconds and 20 min.
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Fig. 2.1 Sensor response curve vs recovery time.

2.2.3 Recovery Time
For proper sensor applications, sensors should recover their values in some time. In this
case, sensors can be used repeatedly. Recovery time is the time to return the measured signal
to the baseline value after the target molecules are removed (to 90% of the original baseline signal). Some sensors are irrecoverable. For instance, some chemical or biosensors
can respond to external stimuli in an irreversible way, permanently changing the receptor. For these systems, the recovery time tends to infinity and cannot be determined. On
the contrary, most of the gas and electrochemical sensors can be used repeatedly. Both
response and recovery times are affected by temperature, pressure/concentration of the
analyte molecules, their binding (adsorption) and dissociation (desorption) kinetics, semiconductor material, and device construction.

2.2.4 Operating Temperature
It is well known that the response of any gas sensor is sensitive to the operating temperature. The process of gas adsorption on the surface of gas-sensitive material depends on
the temperature and is implemented in the range of 100–500°C, and for each gas, there is
a narrow temperature range in which the sensitivity of the material to a specific gas is the
most appropriate. Therefore, the optimum operating temperature depends on the
material of the sensor and the kind of gases.
In case of the electrochemical and optical sensors, the operating temperature range is
often limited by the room temperature to slightly elevated temperatures due to relatively
low boiling points of the monitored media (water and organic solvents), and destruction
of organic molecules, and especially biomolecules at high temperatures.

2.2.5 Selectivity
The selectivity of sensors refers to the characteristics that define whether the sensor can
respond selectively to a particular target analyte in the presence of other analytes under
similar operating conditions. The selectivity of a sensor can be expressed as
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Selectivity ¼

Si
Sg

(2.2)

where Si is a sensitivity of the sensor toward interface species and Sg is a sensitivity of the
sensor toward target species. In case of the biosensors, selectivity is defined by bioselective
layer, which in principle is selective to the target molecules.

2.2.6 Detection Limit or Limit of Detection
Obviously, the sensors must be capable of detecting very low concentrations of the analyzed species. The limit of detection (LOD) is the minimum concentration of the target
molecules, which can be detected by a sensor under certain conditions. There are several
ways to determine LOD.
– Based on the visual evaluation: the detection limit is determined by the analysis of
samples with the specified concentrations of the gas/analyte and then establishing
the minimum level at which the analyzed substance can be detected.
– Based on signal-to-noise approach: the ratio of signal to noise is performed by comparing measured signals of samples with known low concentrations of analyte and
establishing the minimum concentration at which the analyte can still be detected.
– Based on the standard deviation of the response and the slope, which is expressed by
3:3σ
(2.3)
S
where σ is the standard deviation of the response at low concentration and S is the slope of
the calibration curve.
LOD ¼

2.2.7 Stability and Repeatability
One of the most frequent problems of any sensor is the drift of the signal. The stability/
repeatability of the sensor material determines the possibility of multiple recoveries of its
parameters after many cycles of sensor performance.
All of these sensor parameters are used to characterize the performance of a sensing
material or a device. An ideal sensor should be highly sensitive, stable, possessing good
selectivity, and LOD. Moreover, it is better that sensors could be operated at a low
temperature.

2.3 Metal Oxide-Based Gas Sensors
2.3.1 Mechanisms of Gas Sensing
Nanostructures based on the metal oxides (e.g., ZnO, TiO2, SnO2, etc.) are widely used
to detect different gases.10, 11 Mostly, scientists focus on the study of physical properties of
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the sensor materials and methods of improving their sensitivity and selectivity. However,
it is necessary to define the sensing mechanism of these structures, which is helpful for the
development of novel gas sensing materials with enhanced properties.
The sensors can be used to detect gases through redox reactions between gases and the
surface. The process consists of two steps:
In the first step of a redox reaction, O distributed on the surface of the materials
would react with molecules of gases leading to an electronic modification of the oxide
surface. In the second step, this modification is transduced into electrical and/or optical
properties (resistance, reflectance, PL, etc.) variation of the sensor. For instance, the resistance change could be detected in many ways, for example, by measuring the change of
capacitance, work function, or optical characteristics.
In order to promote redox reactions of metal oxide sensors, elevated operating temperatures are required to achieve the optimum functionalities. Kadir et al. showed the
response of the gas sensor (e.g., SnO2 nanofibers) based on changes of the electrical resistance induced by adsorption/desorption of the target gas molecules on its surface.12
Fig. 2.2 presents the schematic energy diagram of different oxygen species adsorbed at
the metal oxide surface. In the ambient air, oxygen molecules are first adsorbed onto sensor surface to form single or double oxygen ions, depending on the temperature, via
extracting electrons from the conduction band (CB). Below 150°C, oxygen adsorption
at the surface is mainly in the form of O2, while above 150°C chemisorbed oxygen
transforms into both O2 and O simultaneously.13 The accumulated oxygen species,
which are ionosorbed on the surface, result in a decrease in the electron concentration
and increase the potential barrier. Consequently, the resistance of the sensor increases. At
elevated temperatures, on exposure to reducing gas (H2 in this case), the molecules of
reducing gas react with the oxygen ions. Consequently, the electrons are released back

Fig. 2.2 Schematic energy diagram of oxygen species adsorption.
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to the CB, which results in an increase of the electron concentrations in the sensor and
decreases the depletion width. Thereby, the resistance of the sensors decreases. This
example explains the mechanisms applied for electrical and optical gas sensing.

2.3.2 Metal Oxides Nanostructures for Different Gas Sensing
2.3.2.1 Oxygen Sensors
Oxygen (O2) sensors play an important role in our life. These sensors are widely used in
industry and medicine, environment, and for control of air-fuel ratio in car engines.
Therefore, different types of sensors (e.g., optical, electrochemical, and resistive) were
developed to detect/monitor oxygen.14–19 Mostly, the sensors based on metal oxide
nanostructures offer advantages in high sensitivity and selectivity, easy fabrication, and
low production cost.
Among various metal oxides, SnO2,20,21 TiO2,22 and ZnO,23,24 are widely used
to detect oxygen. The working temperatures of these sensors mostly lie in the range
of 150–500°C, which can lead to reducing sensor stability and increased power consumption. Therefore, the development of new materials and/or nanostructures operating
at low temperatures is a very challenging task.
Ahmed et al. showed that Mn-ZnO nanorods produced by the microwavehydrothermal method can be used for oxygen gas detection at RT.25 The results revealed
that fabricated sensors had better sensing performance than undoped ZnO nanorodbased sensor due to the high surface area and as a consequence, a larger quantity of
adsorbed oxygen (Fig. 2.3).
Hu et al. produced nanosized SrTiO3 to detect oxygen at low temperatures using the
high-energy ball milling technique.26 In the bulk material, the carriers require energy that
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Fig. 2.3 Sensor response of Mn-doped ZnO nanorod gas sensor for different oxygen concentrations RT.25
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is high enough to overcome the Schottky barriers at the grain boundary that, in turn,
results in high operating temperatures. In contrast, the surface conducting type material
can operate at a lower temperature when the grain size is reduced to the nano range. The
ball milling starting materials, SrO and TiO2, result in the chemical reaction of the formation of nanopowdered SrTiO3. Moreover, tuning the time of ball milling allows
obtaining the product with certain crystallographic phase distribution. Thus, 2 h of milling was reported to be enough to receive the perovskite phase of SrTiO3. The prolongated milling leads to the gradual phase change, resulting in complete transfer to the cubic
perovskite phase after 20 h. This phase maintains up to 120 h of milling time. Further
screen printing the nanopowdered SrTiO3 onto the Al2O3 substrates that were precoated
with interdigital Au electrodes followed by annealing at 400°C for 1 h in air resulted in
sensors that demonstrate a significant change in electrical conductance with the oxygen
partial pressure change. Moreover, the operating temperature of this sensor (40°C) is
much lower than that of the conventional semiconducting oxygen gas sensors working
in the range of 300–500°C. More details about the ball milling technique can be found
in Chapter 3.
Li et al. reported a new type of sensor based on WO3 nanopore electrodes, combined
with a thin-layer reactor for chemical oxygen detection.27 The authors showed that
developed WO3 nanoporous electrode has excellent mechanical stability and possesses
high sensor sensitivity due to the high surface area, which enhances its light harvesting
capability and electrolyte contacting. Surprisingly, there are not so many publications
relating to enhancement of oxygen gas sensing under light illumination, although in some
publications, it was shown that metal oxide sensors under light irradiation demonstrate
better efficiency. For instance, Wang et al. studied the oxygen sensor designed using ZnO
nanowire transistors under UV illumination.28 This sensor exhibits high sensitivity to
oxygen, which causes a change of the source drain current and a shift of the threshold
voltage. In later works, Feng et al. reported a sensor based on individual β-Ga2O3 nanowire transistors. They have shown that the sensor possesses a very fast oxygen response
under UV light activation.29 Irradiating such type of sensors by the UV light it is possible
to activate chemical reactions on metal oxide surfaces without the necessity of heating.
2.3.2.2 CO Sensors
The CO is a colorless and poisonous gas produced by incomplete burning of carbonbased fuels. This gas is also one of the main air pollutants emitted from human activities.
Thus, CO is one of the most dangerous gases, and it is very important to detect CO even
at low concentrations.
Among several materials for CO sensing, the metal oxide nanostructures are considered as one of the most promising materials due to its high sensitivity, carrier mobility,
and good chemical and thermal stability.30–33 However, most of the publications concerning metal oxide sensors focus on resistive sensors, which require some specific
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devices and high operating temperature. Because of these drawbacks, instead of using
electrical signal, metal oxide optical gas sensors could be applied for CO detection.
Tan et al. have developed ZnO and ZnO:In nanorods optical absorbance gas sensor
(NOAGS) operating at room temperature with a capability to detect 10 ppm of CO gas.34
According to the sensing mechanism described by the authors, on UV light illumination
the electrons in ZnO are excited to the CB giving rise to higher carrier concentration in
CB, which in turn increased the adsorption of oxygen species. As the sensor is exposed to
CO gas, the CO molecules interact with the adsorbed oxygen species on ZnO surface to
form CO2 molecules (Fig. 2.4). This phenomenon results in a charge transfer process in
which an additional free electron is moving into the CB, which enhances the attaching of
CO molecules to the surface improving the gas sensing properties (Fig. 2.4).
2.3.2.3 NO, N2O, and NO2 Sensors
Among the known air contaminants, NOx gases are the most reactive and represent the
highest risk to human health and natural environment. Highest amounts of NO2 are produced as side products in industrial chemical processes by power plants fuels burning,
heavy equipment used for construction works, cars, trucks, and autobuses as well as in
agricultural activity. Nitrogen oxides react with chemical compounds in the air forming
smog and ozone, both of which have a negative impact on the human respiratory system.
In addition, NO and NO2 react with water and oxygen in atmosphere forming acid rains,
which act destructively on ecosystems, mainly forests and lakes. According to the
European Commission (EC) air quality standards, the NO2 concentration should not
exceed an average limit of 40 μg/m3 with a period of 1 year. Due to this, the development
of environmental monitoring systems that would allow for sensitive NOx gases detection
is a critical and timely issue. There is a real need for the development of sensitive, selective, and cheap NOx gases detection systems, characterized by good response times and
low working temperatures (preferably at room temperature).
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From metal oxide family, ZnO is a well-known multifunctional semiconducting
material. Due to the unique optical and luminescence properties, low toxicity, high
chemical and thermal stability, high electron mobility as well as low cost, safety, and
biocompatibility ZnO-based materials are promising building blocks for gas sensor application. Synthesis of ZnO nanostructures is simple, low cost and allows obtaining ZnO
materials with different morphology–spherical nanoparticles (0D structures and quantum
dots), whiskers and nanorods (1D),35 plates and films (two dimensional (2D)),36 and
hierarchical super structures (three-dimensional (3D)).37,38 Thus, literature data suggest
that the possible use of undoped and doped ZnO nanostructures with different morphology for toxic gases detection.
Ganbavle et al. showed that ZnO doping by Ni ions as well as its specific morphology
have increased the sensor response and reduced LOD of NO2 to 5 ppm.39 It is important to
emphasize that response of this sensor is reproducible and very selective (Fig. 2.5). As it was
shown, the sensor response was almost negligible for other gases such as CO2, SO2, H2S, etc.
Navale and coauthors described selective NOx sensors based on Al-doped ZnO
porous pellets.40 It was shown that obtained sensor has a good response, fast recovery,
and high selectivity toward toxic NOx gas at 300°C. The fabrication process of the sensor
contains low-cost precursors and utilizes easy synthesis technique. The synthesis method
employed is economical and amenable to large-scale production. These ceramic pellets
are found to be very stable without any degradation up to 350°C for several months.
Ahn et al. fabricated NO2 sensor based on ZnO nanowires.41 The obtained sensors
demonstrated a high gas response to NO2 down to sub-ppm level and fast response/
recovery behaviors. The gas response showed a maximum value at 225°C in the range
of 0.5–3 ppm.
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As one can see, NOx nanomaterials due to their unique properties are excellent building blocks for gas sensor applications. Surface modification improves material characteristics, such as specific surface area, and electronic and optical properties and gives the
possibility to obtain a highly sensitive sensor to detect NOx gases. In addition, recent
breakthroughs in the detailed examination of the reaction occurring on the sensor surface
help to predict the behavior of materials in the ambient environment, which can help in
future to develop a prototype with high selectivity at relatively low working temperature.
2.3.2.4 VOCs sensors
Volatile organic compounds (VOCs) are organic chemicals that have a high vapor pressure at ordinary room temperature. VOCs sensing is an extremely important area that
allows detecting in a gas phase a wide range of organic molecules including benzene, toluene, ethyl-benzene, acetone, ethanol, etc.
Mainly, resistive gas sensors for VOCs detection operate at 100–450°C.42–45 The
sensors based on metal oxide nanostructures demonstrate the reduced operating temperatures (from room temperature to 250°C).46–48 For instance, nanostructured ZnO sensors are able to detect ethanol in 5–200 ppm at 200°C.10
Recently, optical gas sensors have attracted attention because they can operate at low
temperatures and they show enhanced sensitivity.49–51 The metal oxide optical gas sensors, based on the change of PL and refractive index are used to measure low gas concentrations at room temperatures.52–54
Recently, our group has explored for the first time the ability of 3D polyacrylonitrile/
ZnO composite prepared by the combination of electrospinning and atomic layer deposition (ALD) as a new material with large surface area to enhance sensor properties.55 The
polyacrylonitrile/ZnO samples were tested to 150 ppm of ethanol. The ZnO/PAN 1D
nanostructures demonstrate changes in PL intensity, induced by ethanol adsorption
(Fig. 2.6). It is known that ethanol is a donor-like gas to ZnO nanostructures. It increases
the conductivity of ZnO due to the electron transfer to the conductance band of ZnO.
We have shown that ethanol adsorption increases exciton PL (UV) and decreases defect
(visible) PL of ZnO/PAN nanofibers. The sensitivity of the inexpensive polyacrylonitrile/ZnO optical sensor is on par with the modern breath alcohol sensors that utilize
electrocatalytic fuel cell electrode materials based on membrane-electrode assemblies
containing 20% Pt/C.56 Moreover, the presence of two peaks in ZnO PL spectrum
and their simultaneous changes due to the ethanol adsorption can make ZnO PL nanostructures suitable for recognition of different VOCs.
In another work, Zhu et al. reported flower-like ZnO nanostructures synthesized by
hydrothermal method, which were used for ethanol detection. The ethanol-sensing
properties were improved by the UV illumination that gives a higher response and faster
response-recovery speed as compared to that in the dark condition. The sensing enhancement could be ascribed to the co-effect of the 3D ZnO nanostructure and UV irradiation.
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Fig. 2.6 PL sensitivity test of ethanol vapor (150 ppm of ethanol) using 1D ZnO NSs.55

The authors have explained this phenomenon by photogenerated electron-hole pairs,
which improve interactions with gas molecules, and as a consequence, enhance ethanolsensing properties.

2.4 Electrochemical Sensors Based on Metal Oxides
2.4.1 Basis of Electrochemical Measurements
Basically, electrochemical sensors work on the charge transfer principle, resulted from a
reduction/oxidation reaction between target molecules and the electrode surface. Electrochemical sensors typically have a schematic representation of two main measurements:
three–electrode (voltammetry, amperometry, etc.) (Fig. 2.7A) and two–electrode (electrochemical impedance spectroscopy (EIS)) (Fig. 2.7B). The three-electrode scheme
consists of a working electrode (sensor), a counter electrode (typically platinum),
4
1
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2

3

3

1

2

(B)

Fig. 2.7 Schematic representation of three electrode (A) and two electrode (B) electrochemical
measurements.
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a reference electrode 3 (Ag/AgCl electrode in 3 M potassium chloride solution), and
electrochemical analyzer. Two-electrode scheme involves a working electrode (sensor), a counter electrode, and electrochemical analyzer. Three-electrode modes
involve current–voltage (cyclic voltammetry (CV)) and dynamic current (current vs
time at fixed applied voltage; amperometry) measurements. Both schemes require electrolyte media for effective measurements. Traditionally, the working electrodes are
associated with conductive materials, such as carbon nanotubes, conductive polymers,
etc.57 The metal oxides nanostructures with high surface area (SnO2, ZnO, TiO2, etc.)
can be grown on working electrodes. They demonstrate good catalytic properties, fast
charge transfer between analyte and electrode, and biocompatibility. The metal oxide
nanostructures are good templates for covalent and noncovalent immobilization of
biomolecules.58
Electrochemical sensing is based on reduction-oxidation reactions, occurred on the
working electrodes at the proper values of applied voltages. CV and amperometry can be
combined for electrochemical sensing. For instance, the position of specific redox peaks is
determined by CV. Then, amperometry measurements are performed at the fixed potential, determined from CV data. Typical cyclic voltammogram and amperometry are
shown in Fig. 2.8A and B respectively. The response could be analyzed toward a change
of peak position (Fig. 2.8A) or current value (Fig. 2.8B).
The two-electrode measurement is based on EIS. EISs are preformed at constant DC
applied bias (typically U ¼ 0 V) and AC signal:
U ðtÞ ¼ U0  sin ð2πftÞ

(2.4)

where U0, f, and t are the signal amplitude, frequency, and time respectively. The EIS
allows us to measure the real and imaginary parts of impedance vs frequency. Typical
EIS plot is shown in Fig. 2.9. The inset involves an equivalent circuit determined
by EIS analyzing software. In the scheme, Rs, Rct, Cdl, Ra, and Ca represent solution
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Fig. 2.9 Schematic representation of Nyquist plot expressing the impedance parameters of
the sensor.61

resistance, charge transfer resistance, double-layer capacitance, resistance of adsorption/desorption, and capacitance of adsorption/desorption. The EIS detects impedance changes due to different interactions with target molecules.

2.4.2 Amperometric Metal Oxide Electrochemical Sensors
Amperometric metal oxide chemical sensors are mostly targeted to detection of a limited
amount of compounds, such as hydrazine, hydrogen peroxide (H2O2), nonenzymatic
glucose detection, and some biosensors (see further).
Hydrazine (N2H4) is an aggressive compound, which can cause cancer, eye, and kidney diseases.59 Detection of hydrazine is important for health safety issues. Amperometric
metal oxide sensors show good sensitivity and selectivity comparing to other stationary
methods.62–64
Kim et al. reported on TiO2/carbon nanotubes composites for hydrazine detection.63TiO2 nanoparticles were synthesized by sol–gel method on carbon nanotubes.
The composites were deposited on glassy carbon electrode (GCE). Nafion was deposited
over TiO2 nanocomposite to prevent electrochemical dissolution. Amperometry tests
were performed to different concentrations of hydrazine. The linear range of the sensor
response was found in the range of 0.35–162 μM hydrazine concentrations. A LOD
observed was 0.22 μM.
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Fig. 2.10 (A) Amperometric i-t response of mesoporous Au/ZnO modified GCE during successive
injections of 0.2–14.2 μM hydrazine into a continuously stirred 0.1 M PBS (pH 7.4) at an applied
potential of +0.45 V vs Ag/AgCl; (B) current vs concentration calibration plot.64

Ismail et al. reported on hydrazine detection, using Au-ZnO mesoporous nanocomposites.64 The nanocomposites were formed by sol–gel method (ZnO mesoporous template) and photochemical reduction of Au3+ ions over ZnO surface. The deposited
nanocomposites were coated on GCE to form electrochemical-sensing template.
Amperometric response to hydrazine of Au-ZnO mesoporous nanocomposites is shown
in Fig. 2.10A. The electrochemical interaction of the sensor surface with hydrazine molecules resulted in an increase of the current. The sensor signal vs hydrazine concentration
is shown in Fig. 2.10B.It is supposed that the sensor signal was linear in a concentration
range of 0.2–14.2 μM. A LOD of hydrazine was determined to be 0.042 μM.
Ahmad et al. proposed a possible mechanism of metal oxide sensor interaction with
hydrazine.62 It is known that negatively charged adsorbed oxygen and hydroxyl groups
are formed on metal oxide surfaces. The adsorbed hydrazine molecules interact with the
hydroxyl groups for the further decomposition of hydrazine and formation of free electrons in metal oxide layer.62 This results in a current increase after adding of hydrazine
(Fig. 2.10A).
Hydrogen peroxide is an important compound, which can be formed as a product of
enzymatic reactions. It is present in different biomaterials, cosmetic, and pharmacology
products. Detection of H2O2 is an important issue for health applications and industrial
control.65–67
Miao et al. reported on Ag/SnO2 nanotubes for H2O2 detection. The measurements
were performed at an applied potential of 0.3 V (Fig. 2.11). From Fig. 2.11, one can see
that the current decrease is due to the reduction of H2O2.65 The developed sensor
showed good signal in the range of 0.01–35.0 mM H2O2 concentrations with a detection
limit of 5.0 μM.
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Fig. 2.11 Amperometric response of Ag/SnO2 nanotubes to H2O2.65

Gholivand et al. reported on the novel ZnFe2O4/chitosan nanocomposites for H2O2
detection.66 Chitosan is a polysaccharide biopolymer-bearing primary amino group.
When protonated (at acidic pH), chitosan is water soluble while forming viscous hydrogels around pH 6.5–7.0. As a result, chitosan can be used as a stabilizing agent for
nanoparticles when dissolved at acidic media. The CV scans in a slightly acidic solution
containing a mixture of chitosan and NPs resulting in the formation of a film made by
the chitosan hydrogel incorporated with ZnFe2O4 NPs on the surface of the gold
working electrode. The amperometry tests of these films deposited on rotating electrode toward H2O2 were performed at 0.8 V vs SCE reference electrode. A good
sensitivity was observed in a range of 0.018–50 μM of H2O2. The calculated value
of LOD was 2.5 nM.
Wu et al. reported on an electrochemical sensor for hydrogen peroxide detection
based on Mn3O4-MnCo2O4 nanoparticles.67 The binary metal oxide nanoparticles
(200–400 nm) were formed by the solvothermal method on carbon nanotubes and then
adjusted to aluminum foil as the conductive electrode. Tests to H2O2 were performed in
PBS solution (0.1 M, pH ¼ 8) in the range of 0–1600 μM of H2O2. Amperometry measurements were performed at the fixed potential (0.8 V) by adding H2O2 to the solution.
Hydrogen peroxide detection in real samples (milk and fetal bovine serum samples) has
been performed. Good sensitivity and selectivity, stability and feasibility of the metal
oxide electrochemical sensor have been achieved.
Li et al. reported on an electrochemical sensor for hydrogen peroxide detection based
on carbon quantum dots/octahedral Cu2O nanocomposites.68 H2O2 detection tests for a
range of these Cu2O-based nanocomposites were performed in PBS solution (0.1 M,
pH ¼ 7.4) and demonstrated a linear behavior in the range of 10–4900 μM of H2O2.
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Amperometry measurements were performed at the fixed potential of 0.2 V. Let us
look at the works of Li et al.68 and Wu et al.67 in more detail for a better understanding
of the basic principles of the operation of H2O2 detectors.
Copper oxidation by hydrogen peroxide of Cu2O/Nafion material described by Li
et al.68 involves neither electron release to the system nor electron capture from the
system: Cu2O + H2O2 ! 2CuO + H2O. As a result, during CV of Cu2O/Nafion in
the presence of H2O2, the oxidation peak increases insignificantly if compared with
the one in the absence of H2O2. In contrast, the reduction of copper requires electrons
supplied from the electrode: 2CuO + H2O + 2e ! Cu2O + 2OH. This reaction is associated with the significant increase in the intensity of the reduction peak on CV. Therefore, amperometry measurements were performed at the fixed potential corresponding to
the copper reduction conditions, that is, at 0.2 V.
On the contrary, CV of Mn3O4-MnCo2O4 NPs deposited on GCE, in the presence of H2O2 demonstrates intense catalytic oxidation peak at 0.80 V.67 This peak current is assigned to oxidation of H2O2 on the surface of the modified electrode:
H2O2 ! O2 + 2H+ + 2e. The increase of intensity of the oxidation peak is related
to the electron release that takes place during the reaction. Therefore, amperometry
measurements were performed at oxidation conditions, that is, at 0.80 V. The necessity to control glucose levels in biological, biomedical, and food samples requires effective and inexpensive glucose sensors. Protein-based sensors for measuring the blood
glucose levels at home are described in detail in Chapter 7. Nonenzymatic glucose
sensors are most commonly used for glucose control in different industrial applications
due to their stability.69 The metal oxide amperometric sensors show good performance toward these applications.
Li et al. reported on carbon quantum dots/Cu2O nanocomposites for nonenzymatic
glucose testing. Amperometric response to glucose showed a linear response range from
0.02 to 4.3 mM with the detection limit of 8.4 μM.68
Soyoon et al. developed new Cu/CuO/ZnO hybrid nanostructures.69 The CuO
nanoleaves on Cu surface were obtained by simple immersion of Cu sheets into
25 mM of KOH in DI water at 60°C for 20 h. ZnO seed layer was prepared by stepwise
spin-coating a sol–gel precursor on CuO nanoleaf/Cu substrate followed by further
annealing. Finally, ZnO nanorod array was grown on the seeding layer via a hydrothermal reaction in aqueous solution of zinc nitrate and hexamethylenetetramine with a
directional agent polyethyleneimine. The peak current linearly increased with the
increase in the glucose concentration, thus developed nanostructures showed good sensitivity toward glucose in the range from 0.1 to 1 mM with the detection limit of 18 μM.
The greatly enhanced electrochemical catalytic reactivity is mainly attributed to the
lower overpotential and larger electroactive surface area of the CuO nanoleaf structure
and the 1D ZnO nanorods structures. The real sample testing was performed mixing glucose with urea and ascorbic acid (AA). Selectivity of the sensor to glucose was verified.
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2.4.3 Metal Oxide Sensors, Based on EIS
The EIS is a nondestructive analytic method, which investigates electric and dielectric
interactions between an electrode surface and electrolyte. The EIS can provide information about mechanisms on the surface, such as adsorption and charge transfer. As the
operation principle of EIS sensors is similar to ion-selective field-effect transistors, the
EIS sensors are often used as pH meters of liquid media.61, 70
Chen et al. reported on Ta2O5 EIS sensors for pH measurements.70 The developed
sensor showed good sensitivity in 1–10 pH range. The main operating principle was
based on the interaction of surface sites (O2, OH) with hydrogen ions.
Manjakkal et al. demonstrated the comparative analysis equivalent circuit parameters
of EIS pH sensor based on RuO2 and solution resistance in different pH.61 The proposed
RuO2-sensitive electrode is based on an oxide with the rutile structure being a mixed
electronic and ionic conductor. When the electrode is immersed in a solution, the water
molecules saturate the free valence of the RuO2 rutile lattice. Due to the dissociative
adsorption of water, the oxide surface is covered by OH groups. Hence, protonation
or deprotonation of metal oxide surface can take place with the change of solution
pH. In this work, a sensitive layer was placed on the top of the interdigitated conductive
electrode (IDE). When a potential was applied to the electrode, the electric field was distributed around the IDE. On the top of this electrode, a thick-film sensitive layer was
deposited, so any change of the surface of this sensitive oxide will also change electrical
properties of the IDE-based sensor and hence the measured electrical signal. Good sensitivity in a wide pH range was achieved.
Derikvand et al. reported on the novel EIS sensor of salicylic acid (SA) based on iron
oxide/graphene oxide/carbon nanotubes nanocomposite.71 The EIS response was
measured for a wide range of SA concentrations (Fig. 2.12A). After the modeling of
the acceptable equivalent circuit, a sensor calibration curve was plotted (Fig. 2.12B).
The developed sensor showed a good performance in the range of 5–155 μM of SA with
the detection limit of 0.9 μM.
Husairi et al. have fabricated ZnO nanoparticles in porous Si (PSI) matrix.72 Nanocomposites with high active area were achieved. The EIS response of the ZnO/PSI was
tested to ethanol concentrations. Good performance was observed at 0.4 M ethanol.

2.4.4 CV Metal Oxide Electrochemical Sensors
Metal oxide CV sensors are the most wide spread and simple ones. They cover almost a
full range of detected analytes from inorganic to complicated biomolecules. The main
principle of CV is based on the change of characteristic redox peak with the addition
of target molecules.
The most common application of the CV metal oxide sensors is water pollution monitoring. Lee et al. reported on iron oxide/graphene composite sensors for detection of
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Fig. 2.12 Nyquist plots obtained on Ni-PDA/CNTs/GO/Fe3O4/CPE for different concentration of SA in
0.1 M NaOH solution (a–k): 5, 20, 35, 50, 65, 80, 95, 110, 125, 140, and 155 μM, in the frequency range of
10 kHz–0.1 Hz (A); (B) calibration graph of Rct as a function of SA concentration.71

Zn2+, Cd2+, and Pb2+ ions.73 A typical CV sensor response toward different metal ions is
shown in Fig. 2.13A. The sensor demonstrates three different current peaks, corresponding to different metal ions. The sensitivity tests were performed in the range of 1–100 μg/L.
The linear response was achieved for all tested metal ions (Fig. 2.13B). Detection limits
of the simultaneous analyses were 0.11, 0.08, and 0.07 μg/L for Zn2+, Cd2+, and Pb2+,
respectively.73
Nagaraju et al. reported on Ag-ZnO nanocomposite for metal ion detection.74 The
developed sensors detected Pb2+ and Cd2+ ions in the range of 50–350 nM with the
detection limit of 3.5 nM. Karthik et al. developed ZnO/reduced graphene oxide
nanorod sensor for detection of Pb2+ and Cd2+ ions in the range of 10–90 μg/L.75
The detection of phenolic traces in water produced after industrial processes is an
important issue for the environment, food, and health control. The voltammetric metal
oxide sensors provide good performance to different phenolic compounds.76–78
Sha et al. reported on reduced graphene oxide-zinc oxide nanocomposites deposited
on GCE for phenol detection.76 The phenol oxidation peak was found at
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Fig. 2.13 Typical cyclic voltammetry sensor response toward different metal ions (A); calibration of
sensor response to metal ions (B).73

+0.35 V. The developed sensor showed good sensitivity toward phenol in the range of
2–40 μM with the detection limit of 1.94 μM.
Ahmed et al. reported on the novel multicomponent metal oxide for hydroquinone
detection.77 The composited was synthesized by a wet-chemical method through the
mixing of zinc, strontium, and nickel precursors and their further interaction with
ammonia. The developed sensor showed good sensitivity to hydroquinone in the range
of 0.4 nM–0.02 M with the detection limit of 2.3 pM. The same samples were investigated as electrochemical sensors toward bisphenol A. The sensors detected bisphenol
A in the range of 0.8–7.20 μM with the detection limit of 1.2 nM. The principal difference of detection was different oxidation peak, centered at +0.15 and 0.25 V for hydroquinone and bisphenol A, respectively.
Najafi et al. demonstrated a bisphenol A detection using ZnO/carbon nanotube
modified electrode. The bisphenol A oxidation peak was found at +0.47 V.78 The sensor showed good signal toward 0.002–700 μM/L of bisphenol A. The detection limit
was 9 nM/L.
The metal oxide voltammetric electrodes are sensitive to a number of organic compounds involved in human being activities and pharmacology production.79,80
Lavanya et al. reported on the simultaneous determination of AA, uric acid (UA), and
folic acid (FA), based on Mn-doped SnO2 nanoparticles deposited on carbon glass electrode (Fig. 2.14A).79 The preliminary tests showed oxidation peaks related to the organic
acids located at different positions (Fig. 2.14B).
Despite the response of bare carbon glass electrode toward the target acids, a deposition of metal oxide nanoparticles resulted in the increase of the current value. The sensitivity calibration of the sensor to each acid is shown in Fig. 2.15. From Fig. 2.15A–C,
one can see that electrochemical oxidation of different acids does not make a significant
influence on other oxidation peaks.
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Fig. 2.15 Voltammetry results obtained for various concentrations of: ascorbic acid (5–900 μM) (A); uric
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The developed sensor showed good response toward AA, UA, and FA in the concentration ranges of 1–900, 1–860, and 0.5–900 μM respectively, with detection limits
of 56, 36, and 79 nM, accordingly. Similarly, SnO2 samples were applied for simultaneous detection of catecholamine neurotransmitters, epinephrine, and norepinephrine
molecules.79
Liu et al. reported on the simultaneous determination of dopamine, acetaminophen,
and tryptophan by nickel and copper oxides-decorated graphene composites.80 Oxidation peaks were found at +0.12, 0.22, and 0.6 V for dopamine, acetaminophen, and
tryptophan, respectively. Determination of each compound from the mixture was demonstrated. The sensitivity ranges for dopamine, acetaminophen, and tryptophan were
5–20, 4–400, and 0.3–40 μM, respectively.
Shetti et al. reported on Ru-TiO2 nanoparticles for clozapine (an antipsychotic medication) detection.81 The developed sensor showed sensitivity toward target molecules in
the range of 0.9–40 μM with the detection limit of 0.43 nM.
It was previously mentioned that nonenzymatic glucose and peroxide detection has
an impact on diabetes treatment. The voltammetric metal oxide sensors showed significant progress in this field.
Zhang et al. reported on H2O2 detection using the SnO2-graphene oxide nanocomposites (Fig. 2.16).82 Hydrogen peroxide reduction peak was observed at 0.5 to 0.4 V
(Fig. 2.16A). The developed sensor showed sensitivity with the linear response in the
range of 0.5–800 μM of H2O2 with the detection limit of 0.478 μM (Fig. 2.16B).
Kogularasu et al. synthesized novel 3D graphene oxide-cobalt oxide polyhedrons
with high sensitivity toward H2O2.83 The sensitivity range of the sensor was
0.05–1250 μM, with the detection limit of 15 nM.
Zeng et al. reported on Mn3O4-MnO2/graphene nanocomposite nanorods for H2O2
detection.84
The sensor showed a good response in the range of 0–1.4 mM of H2O2 with the
detection limit of 0.16 μM. The glucose nonenzymatic sensing is based on reduction/
oxidation reactions, which involve metal oxide, hydroxyl groups, and electrons.85
The main reaction is as follows85:

Glucose + O
ads ! glucono  δ  lactone + 2e

(2.5)

where O
ads is oxygen, chemisorbed on metal oxide surface.
Tarlani et al. reported on nonenzymatic glucose detection using ZnO/carbon nanotube electrodes.86 The sensor response to glucose is shown in Fig. 2.17. Due to the glucose oxidation on ZnO electrode accompanied with electron release, the oxidation peak
current is increased. The developed sensor showed a linear response in the range of
1–10 mM. The selectivity tests with AA, UA, and fructose showed enhanced signal only
to glucose probes.
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Fig. 2.16 Cyclic voltammograms of SnO2-rGO/GC in N2-saturated 0.1 M PBS buffer solution containing
different concentrations of H2O2 (from 0 to 1000 μM), potential scan rate 100 mV/s (A); dependence of
reduction peak current on the concentration of H2O2 (B); amperometry test toward H2O2 (C);
calibration curve of sensor response toward H2O2 (D).82

Fig. 2.17 Voltammetry plots of changing glucose concentration from 1 to 10 mM in PBS (A); calibration
curve of this biosensor (B); selectivity tests of the sensor (C).86
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Fig. 2.18 Schematic representation of forming ZnO-MIP electrode, selective to dopamine.59

Dayakar et al. have demonstrated an application of ZnO nanoparticles for glucose
sensing.87 Glucose probe was detected in the range of 1–8.6 mM with the detection limit
of 0.043 μM. Su et al. reported on Au/Cu2O nanostructures for glucose sensing.88 The
formed core/shell nanostructures showed sensitivity to glucose at lower concentrations
of 0.05–2.0 mM.
Despite good sensitivity toward the target molecules, a selectivity of electrochemical
sensors often remains a weak point. This selectivity improvement can be achieved by
forming a selective layer based on molecularly imprinted polymers (MIPs).59
A schematic representation of metal oxide-MIP electrode is shown in Fig. 2.18.59 Wang
et al. reported on ZnO-polypyrrole selective detection of dopamine.59 Polypyrrole
(PPy)-selective layer was conformally formed on ZnO nanorods using electro polymerization method. Pyrrole monomer and target molecules (dopamine) were mixed and
exposed to electrochemical cells. CV (0–1.2 V, 15 cycles at a scan rate of 100 mV/s)
was applied for pyrrole polymerization. The dopamine molecules into PPy structure
were removed by additional oxidation. The developed ZnO-MIP sensor showed good
sensitivity toward 0.02–800 μM of dopamine.
Hassanein et al. reported on ZnO-polypyrrole nanostructures for selective detection of
isoxsuprine hydrochloride (a drug used as a vasodilator).89 Ghanbari et al. reported on
selective glucose detection using NiO/CuO/polyaniline nanostructure.90 The Polymeric
layer increased the selectivity and improved sensitivity to glucose (20–2500 μM) with the
detection limit of 2.0 μM compared to other nonenzymatic glucose metal oxide sensors.
Table 2.1 summarizes the main parameters of novel electrochemical sensors. The data
provide information about transducer material, type of detection and sensitivity toward
different molecules.
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Table 2.1 Summary of sensitive properties of electrochemical sensors
Target molecule
Type of sensor
Transducer
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2.5 Biosensors Based on Metal Oxide Nanostructures
2.5.1 Basis of Biosensor
There are different definitions of biosensors. In this chapter, we call biosensors any
metal oxide containing materials developed to selectively bind to the molecules of biological origin and produce a detectable selective response. The biomolecules often
have complicated structures and contain many functional groups that make their selective recognition and binding quite complicated and even challenging. In the best
scenario, a biosensor is expected to detect only one type of biomolecules. A typical
schematic representation of a biosensor is shown in Fig. 2.19. The biosensor contains
two main parts: bioselective layer and transducer. The bioselective layer is an ultrathin
layer on the transducer’s surface which can capture only one type of biomolecules (red
circles in Fig. 2.19). Capturing of biomolecules results in the change of parameters of
bioselective layer (biological signal) that induces changes of physical properties of the
transducer (S + ΔS).
Biosensors can be separated by the type of transducers: electrical, electrochemical,
optical, magnetic, etc. Biosensors form different types due to bioselective layers such
as enzymatic (based on the interaction between enzyme and target molecule), immune
(based on the interaction between specific antigens and antibodies), aptamer (DNA), etc.
Biosensors can detect proteins, glucose, aminoacids, cells, bacteria, etc. Among the different types of biosensors, metal oxide nanostructures work as electrochemical, electric,
magnetic, and optical transducers.91

2.5.2 Forming of Bioselective Layer on Metal Oxide Surface
2.5.2.1 Methods of Verification of Bioselective Layer on Metal Oxide Surface
As selectivity is the main challenge of any biosensor, a control of bioselective layer formation is an extremely important issue.91 The formation of biomolecule layer can be
verified by direct measurements (changes of transducer properties) or indirect measurements. Direct measurements imply Fourier transformed infrared spectroscopy (FTIR),
electrochemical, electrical, structure, and optical methods.91
It is known that biomolecules (normally organic compounds) have FTIR peaks in
wavenumbers, different from those of metal oxides.91 Typical FTIR spectra before

Fig. 2.19 Schematic representation of biosensor operation principle.
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Fig. 2.20 FTIR spectra of CuO/ZnO arrayed p-n heterojunction electrode (a) before and (b) after
immobilization of urease.92

and after the immobilization of urease on ZnO nanocomposite surface are shown
in Fig. 2.20.92 One can see new peaks in the range of 1000–3800 cm1, related to vibrations in the target biomolecule. FTIR peaks of ZnO nanocomposite were located in the
range of 400–800 cm1. Therefore, FTIR provides clear evidence about metal oxide surface and its modification.
Tak et al. reported on DNA immobilization on ZnO nanocomposite surface using
cycling voltammetry93 (Fig. 2.21). It was shown that the redox peak position and peak
currents were changed after immobilization. Viter et al. reported on the formation of
bioselective layer on ZnO nanorod and TiO2 nanoparticle surfaces using PL spectroscopy. It has shown the clear change of intensity and peak positions of metal oxide PL
after formation of the bioselective layer.94
Terracciano et al. applied PL and reflectance to analyze the biofunctionalization of TiO2 nanotubes.95 The changes in TiO2 emission and shifts of reflection
peaks of TiO2 nanotubes revealed bioselective layer formation on the metal oxide
surface.
Rodrigues et al. applied X-ray photoelectron spectroscopy to approve immobilization of glucose oxidase on ZnO surface.96 The formation of additional OH groups and
appearance of nitrogen peak compared to bare ZnO pointed to successful deposition of
the bioselective layer on ZnO surface.
Klaum€
unzer et al. used transmission electron microscopy (TEM) to study bovine
serum albumin (BSA) adsorption on ZnO surface.97 The TEM results showed the amorphous shell of BSA over ZnO nanocrystals with high crystallinity.
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Fig. 2.21 Cyclic voltammetry before and after biofunctionalization: ZnO/ITO (a); Ni-ZnO/ITO (b); ss
th-DNA/Ni-ZnO/ITO (c); ds th-DNA/Ni-ZnO/ITO electrodes (d).93

Indirect measurements require specific biomolecules. Terracciano et al. applied
labeled protein A to verify the biofunctionalization of TiO2 nanotubes.95 The labeled
protein A showed fluorescence in the visible range (emission comes from a dye label).
In Fig. 2.22, one can see the fluorescence image from TiO2 nanotube surface, nonmodified and modified with protein A. The high intense fluorescence from the labeled protein A directly confirms that biomolecules reside on the TiO2 surface.

Fig. 2.22 Fluorescence characterization of the nonmodified TiO2 nanotubes (A) and (B) after the
incubation with the solutions containing labeled protein A. Scale bar, 100 μm.95
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2.5.2.2 Covalent and Noncovalent Binding of Biomolecules to Metal Oxide Surfaces
There are two main protocols for the formation of bioselective layers on metal oxide
surface: noncovalent and covalent binding.91 Noncovalent binding protocol is based
on the deposition of biomolecules on the bare, nonfunctionalized metal oxide surface.91
The bare metal oxide surface contains chemisorbed oxygen, hydroxyl groups, and structural defects, which can act as adsorption sites for biomolecules. On the other hand, biomolecules can interact with metal oxide surface within amine, carboxyl or/and other
polar groups.91 It is known that metal oxides have isoelectric point (IEP) in between
pH 3 and 9.3.91, 94, 98 The metal oxide surface is charged negatively if pH of the media
is higher than IEP and it is charged positively for pH < IEP. Thus, an interaction between
metal oxide surface and biomolecules can occur due to the formation of hydrogen bonds
and Van der Waals interaction when biomolecules and metal oxide surface have different
charges.91 This methodology is applicable to different biomolecules such as proteins,
enzymes, etc.
Zhou et al. reported on the noncovalent binding of glucose oxidase on a surface of
ZnO nanotubes. ZnO nanotubes were immersed in phosphate buffer saline (PBS) solution to form a hydrophilic layer.60 Then the samples were immersed into glucose oxidase
solution overnight. The samples were washed by PBS to remove nonbound glucose oxidase. Shukla et al. immobilized glucose oxidase on ZnO surface via direct incubation.99
Nafion was used to provide better binding of glucose oxidase with ZnO surface. Viter
et al. reported on successful noncovalent immobilization of anti-Salmonella antibodies
on nanostructured surfaces of ZnO and TiO2.94,100
Interaction mechanisms between metal oxide materials and biomolecules were discussed in Ref. [101] Bhogale et al. reported on numerical calculations of binding between
ZnO nanoparticles and BSA molecules101.
He evaluated changes of in entropy (ΔS) and enthalpy (ΔH) of ZnO-BSA interaction: ΔS (242 J/mol K) and ΔH (100.85 kJ/mol). The calculated values are in
good agreement with weak interactions such as hydrogen bonding and the Van der
Waals forces.
The covalent binding protocol is based on incubation of biomolecules on the metal
oxide surface, resulting in their assembly via specific chemical bonds.35 The chemical
bonds induce a preferential orientation of the bioselective layer toward a surface.91
The most common procedure of metal oxide functionalization is called
“silanization.” Aminosilanes are organic compounds that contain amino (-NH2) groups.
The most common reagent for silanization is (3-aminopropyl)-triethoxysilane (APTES).
It was already mentioned (see above) that metal oxides can easily form hydroxyl groups
on their surfaces.91 Due to the condensation reaction between metal oxide surface and
aminosilane, a self-assembled monolayer (SAM) is formed on the metal oxide surface.
The SAM is bound to metal oxide surface via dOdSidOd bonds. As a result, the
amine-terminated molecules form a periodic structure almost perpendicular to the metal
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oxide surface. The orientation of the longer-chain silanes in SAMs can be described
by a characteristic tilt angle of the backbone from the surface normal (typically,
0 < α < 60 degrees depending on the substrate and type of SAM molecule).102
A schematic representation of typical silanization is shown in Fig. 2.23.35
It is worth to say that amine groups could be functionalized to terminate the layer by
desired functionality such as carboxyl or carbonyl groups, etc. required for further immobilization of the biomolecules.35
The covalent binding to metal oxide silanized surface is applicable for different types
of bioselective molecules, based on proteins, enzymes, and single-stranded DNA. Viter
et al. reported on covalent immobilization of anti-Ochratoxin antibodies on ZnO via
silanization.35 Liu reported on covalent immobilizing of anti-CEA antibody and horseradish peroxidase molecules on silanized TiO2 surface.103
Glucose covalent binding requires carbonyl groups.104, 105 A simple treatment of silanized metal oxide surface with glutaraldehyde provides necessary chemical bonds on the
surface. Nor et al. demonstrated a covalent binding of glucose oxidase on the surface of
nanostructured iron oxide.106 The iron oxide surface was pretreated with citric acid to
form a templating layer of functional groups for glucose oxidase binding. Nafion was used
to provide a better binding between iron oxide surface and the glucose oxidase.
The covalent binding of DNA to metal oxide surface requires surface-anchored
carbonyl groups. Zhao et al. reported on DNA immobilization on micropatterned
ZnO/SiO2 core/shell nanosurface.107 The silanization of metal oxide followed by glutaraldehyde treatment was applied for DNA immobilization. Taratula et al. reported on
ZnO surface treatment with carboxylic acids for covalent binding of DNA.108

2.5.3 Electrochemical Metal Oxide Biosensors: Overview
The main principles of electrochemical sensing have been discussed earlier. In this section, sensitivity and selectivity of electrochemical biosensors are discussed.
Selective glucose sensing is an important issue for early stage diagnostics of diabetes.106
The metal oxide nanostructures are effective templates for glucose detection.60,106,109,110
Nor et al. developed iron oxide (Fe2O3) nanoparticles functionalized with glucose
oxidase for glucose detection.106 The glucose oxidase was covalently attached to the
metal oxide surface. The amperometric tests to different glucose concentrations showed
good sensitivity in the range of 0.02–8 mM of glucose. The LOD of the reported glucose
sensor was 7 μM. Zhou et al. reported on ZnO nanotubes for amperometric glucose
detection.60 The sensor signal was linear in the range of 0–6 mM glucose concentrations.
LOD of the developed sensor was 6 μM. Munje et al. reported on ZnO/Au nanostructures deposited on a flexible substrate for selective glucose detection.109 It is worth to say
that a bioselective layer was formed by glucose oxidase, bound to IgG monoclonal antibodies, covalently attached to ZnO/Au surface. The EIS and amperometry methods
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Fig. 2.23 Silanization of ZnO nanorods and covalent immobilization of biomolecules.35
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were used to study the sensitivity of the sensor to glucose. The obtained results showed a
linear sensor response to glucose in the range of 0.01–200 mg/dL with the detection limit
of 0.1 mg/dL. Sanaeifar et al. reported on glucose detection by CV using polyvinyl
alcohol-Fe3O4 nanocomposite. The developed biosensors showed sensitivity to glucose
in the range of 0.005–30 mM with a detection limit of 8 μM.
The UA is a product of the human organism. Control of UA is important for detection of endocrine diseases. Jindal et al. reported on electrochemical biosensor for UA
detection, based on ZnO/CuO nanostructures.92 Urease was deposited on the ZnO/
CuO electrode by drop cast method without biofucntionalization of metal oxide transducer. The CV was used for UA detection. Due to p-n junction between ZnO and CuO,
the biosensor showed lower peak potential for UA oxidation (0.03 V). The biosensor
detected UA in a range of 0.05–1.0 mM with the LOD at 5.45 μM. Rahmanian et al.
have reported on ZnO/TiO2 composite EIS biosensor for urine detection.111 The
ZnO nanostructures were sputtered onto TiO2/polymer matrix then, urease was immobilized over ZnO nanostructures to form a bioselective layer. The EIS biosensor showed
within 5–205 mg/dL of urea concentration with the detection limit of 2 mg/dL.
The common diseases are indicated by the presence of specific molecules, called biomarkers, in the organism. The metal oxide biosensors are powerful tools for the detection
of different biomarkers. Typically, the biomarkers are proteins, which have specific antibodies. The interaction between the protein and the antibody occurs on “key-lock”
principle and has high selectivity.
Detection of cardiovascular biomarkers is one of the most important applications of
electrochemical metal oxide biosensors.112,113 Shanmugam et al. reported on a multichannel electrochemical biosensor based on vertically oriented zinc oxide nanowires
for detection of cardiac troponin-I (cTnI) and cardiac troponin-T (cTnT).112 Immunoassays, based on monoclonal antibodies toward cTnI (anti-cTnI) and cTnT (anti-cTnT),
were formed on the surface of nanowires by direct immobilization. The EIS method was
applied for biosensor testing. Good sensitivity was found in both the compounds in the
range of 1–1000 pg/mL with LOD of 1 pg/mL. Batra et al. reported on ZnO-CuO
nanocomposites for selective cholesterol detection.113 Two types of bioselective layers
were used: cholesterol oxidase and cholesterol esterase, formed on nonfunctionalized
metal oxide surface by drop casting method. The CV was used to study the sensing properties of cholesterol. Linear biosensor response toward cholesterol was observed in the
range of 0.12–12.93 and 0.5–12 mM samples modified with cholesterol oxidase and cholesterol esterase, respectively.
The metal oxide biosensors are effective in the detection of cancer biomarkers and
cancer cells.103,114,115 Paul et al. reported on ZnO electrochemical detection of carcinoma antigen-125 by using ZnO electrospun nanofibers.114 The ZnO surface was modified via silanization. The antibodies toward carcinoma (Anti-CA125) were covalently
attached to the biosensor surface. The voltammetry method was used for biosensor
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testing. The developed system showed good sensitivity in the range of 0.001–1000
Unit/mL of carcinoma antigen-125 with a detection limit of 0.00113 U/mL.
Liu et al. reported on novel TiO2 nanowires, modified with molybdenum and
molybdenum sulfide for amperometric biosensor applications.103 The carcinoembryonic
antigen (CEA) was a target molecule to detect. A bioselective layer was prepared via
covalent immobilizing of anti-CEA antibody and horseradish peroxidase molecules on
the TiO2 surface. The immunosensor showed linear response toward CEA concentration
from 0.001 to 150 ng/mL with the detection limit of 0.5 pg/mL. Zanghelini et al.
reported on TiO2/Au nanocomposites for cancer cells detection.115 The Au layer was
deposited on TiO2 nanostructures. A bioselective layer was formed by covalent binding
of lectin to Au surface. The EIS method was used to analyze the biosensor signal toward
cancer cells. Good sensitivity was achieved in the range of 10–106 cells/mL with the
detection limit of 10 cells/mL. Paul et al. reported on Cu-doped ZnO nanofibers for
Plasmodium falciparum histidine-rich protein-2 (HRP2) detection, which is important
for malaria detection.116 ZnO surface was functionalized with mercaptopropionic acid
to form -COOH groups. The anti-HRP2 antibodies were covalently bound to the
ZnO surface. The EIS was used for biosensor testing toward HRP2. It was found that
sensitivity to a wide range of HRP2 (10 ag/mL-10 μg/mL) with the detection limit of
6 ag/mL. Due to the significant difference in EIS and methods of surface biofunctionalization, a single-stranded DNA could form bioselective layers on metal oxide surfaces for
further detection of DNA/RNA.117,118
Low et al. formed ZnO/graphene nanocomposites with enhanced charge transfer
ratio for EIS biosensor applications.117 The composite surface was modified by
1-pyrenebutyric acid N-hydroxysuccinimide ester. Single-stranded DNA was deposited
on functionalized ZnO/graphene surface to form bioselective layer. Single-stranded
RNA molecules were the target species. The developed sensor showed good sensitivity
toward the target RNA in a wide range of 1011–106 M, with the detection limit of
4.3  1012 M. Tripathy et al. developed an electrochemical sensor, based on Mn2O3
electrospun nanofibers for dengue virus DNA detection.118 Single-stranded DNA was
covalently attached to Mn2O3 surface. The EIS and voltammetry methods were used
to evaluate the biosensor properties. The sensitivity toward dengue virus DNA was found
in the range of 1 aM–1 μM with the detection limit of 120  1021 M.
A summary of electrochemical biosensors is given in Table 2.2.

2.5.4 Metal Oxide Optical Biosensors
The optical techniques allow precise evaluation of the interactions between biomolecules
and solid-state surface. Opposite to electrochemical methods, optical techniques do not
require electrodes. The main measurements used in optical sensing are transmittance,
absorbance, reflectance, and PL. The first three are based on the same principle of

Table 2.2 Summary of sensitive properties of electrochemical metal oxide biosensors
Bioselective
Target molecule
Type of biosensor
Transducer
layer

Glucose

Amperometric

Cancer biomarkers/cancer
cells
Carcinoma antigen-125
Carcinoembryonic antigen
(CEA)
Breast cancer cells MCF-7
and T47D
Cardiac biomarkers
Troponin-I (cTnI) and
cardiac-troponin-T
Cholesterol

DNA/RNA biosensor

Plasmodium falciparum
histidine-rich protein-2

LOD

Reference

0.02–8 mM
0–6 mM
0.01–200 mg/dL
0.005–30 mM

7 μM
6 μM
0.1 mg/dL
8 μM

106

0.05–1.0 mM
5–205 mg/dL

5.45 μM
2 mg/dL

92

0.001–1000
Unit/mL

0.001 Unit/mL

114

0.5 pg/mL

103

Glucose
oxidase

Voltammetry
EIS

Fe2O3
TiO2
ZnO/Au
Polyvinyl
alcohol-Fe3O4
ZnO/CuO
ZnO/TiO2

Voltammetry

ZnO

Antibodies

Amperometric

Antibodies

EIS

TiO2/Mo
TiO2/MoS2
TiO2/Au

Lectin

0.001–150 ng/mL
10–106 cells/mL

10 cells/mL

115

EIS

ZnO

Antibodies

1–1000 pg/mL

1 pg/mL

112

Voltammetry

ZnO-CuO

Cholesterol
oxidase
cholesterol
esterase
ssDNA

0.12–12.93 mM

–

113

0.5–12 mM

–

1011–106 M

4.3  1012 M

117

ssDNA
Antibodies

1 aM–1 μM
10 ag/mL–10 μg/mL

120  1021 M
6 ag/mL

118

Amperometric/EIS
Voltammetry
Uric acid

Sensitivity range

EIS
EIS/voltammetry
EIS

ZnO/graphene
Mn2O3
ZnO:Cu

Urease

60
109
110

111

116

74

Glucose

Reflectance
PL

Rabbit
immunoglobulin G
Meningitidis DNA
Cholesterol
D-sorbitol

Reflectance
Reflectance
Reflectance
Transmittance

Cortisol

Absorbance

Ochratoxin A
Salmonella

PL
PL

Au/ZnO
ZnO
ZnO:Al
TiO2
nanotubes
Au/ZnO
Au/ZnO
Ag/Ta2O5
ZnO/
polypirrole
ZnO
ZnO

Sensitivity
range

LOD

Reference

0–300 mg/dL
10–130 mM
20 μM–10 mM
0.001 mg/mL

20 mM
10 mM
20 μM
–

125

ssDNA
Cholesterol oxidase
Sorbitol
dehydrogenase
MIP

10–180 ng/μL
0.12–10.23 mM
0.1–1.1 μg/mL

5 ng/μL
0.12 mM
3.6 ng/mL

123

0–10 to 6 g/mL

26 fg/mL

127

Antibody
Antibody

0.1–1 ng/mL
1000–106
cells/mL
103–105 cells/
mL
1–8 μg/mL

0.01 ng/mL
100 cells/mL

35

100 cells/mL

94

–

132

Glucose oxidase

Protein A

TiO2
Avidin-HRP

PL

ZnO

Protein A

130
131
119

124
126

100
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Table 2.3 Summary of sensitive properties of optical metal oxide biosensors
Type of
Target molecule
biosensor
Transducer
Bioselective layer
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Fig. 2.24 Reflectance (A) and photoluminescence setup (B) for metal oxide optical biosensors.

comparing incident light intensity and the intensity after interaction with the solid-state
sample. A typical measurement scheme that involves a light source and detector is shown
in Fig. 2.24. The processed data are worked out by computer. The sample is held in a
measurement chamber, equipped with inlet and outlet for liquid probes. PL measurement setup involves a light source of a certain wavelength (a laser of light emitting diode)
for PL excitation (Fig. 2.24B). The detection scheme is similar to reflectance measurements (Fig. 2.24A). In order to develop portable devices, fiber optic technique is used.
For instance, Ocean Optics and Avantes spectrometers showed good compatibility for
optical biosensor applications.
The reflectance measurements require a patterned high surface area. Terracciano et al.
reported on TiO2 nanotubes with the high surface area for optical biosensor applications.95 The SEM images of TiO2 nanotubes are shown in Fig. 2.25. Due to the patterned
surface and hollow tubes, the reflectance spectra of TiO2 nanotubes showed reflection
peaks (Fig. 2.25). In the next step, when TiO2 surface was modified and biomolecules
were attached, the peak position is shifted. The peak shift is related to the change of
refractive index and density of the hollow nanotubes.95
Mun et al. reported on an interferometric biosensor. The anodized porous TiO2 was
used as sensor template in interferometric biosensors of rabbit immunoglobulin
G (IgG).119 A protein A capture probe is used, which is immobilized on the inner pore
walls of the nanotubes by electrostatic adsorption. The control experiments using IgG
from chicken (which does not bind to protein A) confirmed the specificity of the protein
A-modified TiO2 nanotube array sensor.
The surface plasmon resonance (SPR)-based biosensing is a powerful tool to study the
recognition processes between biomolecules in real time without the need for labels.120
In classical SPR approach, the binding of biomolecules to receptors preanchored to gold
surface via AudS bond results in the change of the refractive index that can be monitored
by recording intensity and the angle change of the reflected light. Until recently, thiols
were the only class of compounds that were known to form relatively stable monolayers
on gold surfaces. However, challenges with the stability of thiol-based receptors lead to
low shelf life, poor bilayer film quality, and increased nonspecific adsorption of SPR sensor chips. To overcome this limitation, Crudden et al. proposed the formation of

75

76

TIO2 NTs

TIO2 NTs-APT+BS3

TIO2 NTs-APT-BS3-PrA

0.9

Reflectance (a.u.)

0.8
0.7
0.6

0.5
0.4
0.3
1000

1100

1200

1300

1400

1500

1600

Wavelength (nm)

(A)

(B)

Fig. 2.25 SEM images of the obtained TiO2 nanotubes (A): (a) and (b) surface morphologies of the nanotube arrays with the different resolutions,
(c) and (d) cross-sectional view of the nanotubes with the different resolutions; reflectance spectra of TiO2 nanotubes before and after
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receptor-functionalized N-heterocyclic carbenes (NHCs) on the gold surface.
NHC-based films display unprecedented chemical, pH, oxidative, and electrochemical
stability, making them viable alternatives to thiol-based films on gold suitable for SPR
applications.121 Alternatively, Viter et al. reported on the enhancement of optoelectronic properties in Si substrate/Au/ZnO layered planar nanostructures.122 It was
shown that the changes in local SPR are dependent on Au layer thickness in Au/
ZnO nanostructures. This proves that surface plasmon modes can not only be excited
but fine-tuned at the metal oxide-gold interface thus allowing the nanostructured metal
oxide to work as an immobilization surface for specific physical adsorption. This phenomenon has been successfully applied in biosensing.123–125 As a result, robust metal
oxide—gold interfaces have become a valuable alternative to organic receptors
anchored to gold surface via thiol chemistry. The reflectance measurement schematic
representation of SPR-based biosensors is shown in Fig. 2.26. Total internal reflectance
angle was measured to obtain SPR response.
Kaur et al. reported on SPR Au/ZnO nanostructures for meningitis DNA detection.123 The reflectance spectroscopy was used for sensor testing. The total internal
reflectance angle was measured to obtain SPR response. Single-stranded DNA was
attached to nonfunctionalized ZnO surface via direct immobilization. The biosensor
response toward the target DNA is shown in Fig. 2.27.
The angle shift is related to the adsorption of target DNA molecules on the top of
ZnO surface and therefore, the change of refractive index of the system. The developed
biosensor showed good response toward the target DNA in the range of 10–180 ng/μL
with the detection limit of 5 ng/μL.
Similar to results reported in Ref. [123], Kaur et al. reported on Au/ZnO cholesterol
biosensor.124 The bioselective layer was formed by direct immobilization of cholesterol
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Fig. 2.26 Experimental setup for reflectance measurements in SPR nanostructures.125
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Fig. 2.27 SPR curves for air/ssDNA/ZnO/Au/prism system on hybridization with different concentrations
of complementary DNA. The corresponding SPR curve for probe DNA is also included for comparison.
(Inset: calibration curve for ssDNA/ZnO/Au/prism SPR biosensor.)123

oxidase on ZnO surface. Reflectance measurements were performed before and after
incubation of the biosensor in cholesterol. Good sensitivity to cholesterol was observed
in the range of 0.12–10 mM with the detection limit of 0.12 mM.
Paliwal et al. reported on selective optical glucose detection using Au/ZnO nanostructures.125 The glucose oxidase was noncovalently attached to the ZnO surface. The
biosensor showed sensitivity to glucose in the range of 0–300 mg/dL with the LOD at
20 mM.
Kant et al. reported on Ag/Ta2O5 nanostructured optical biosensor for detection of
d-sorbitol.126 The silver coating was deposited on the side surface of the optical fiber and
then Ta2O5 nanoflowers coating was performed (Fig. 2.28). The transmittance measurements were performed to analyze biosensor properties. The sorbitol dehydrogenase
deposited on Ta2O5 surface was used as bioselective layer toward d-sorbitol. Optical
response to d-sorbitol is shown in Fig. 2.29A. A significant shift of the SPR peak was
observed due to the interaction of the biosensor with target molecules. Sensor calibration
is shown in Fig. 2.29B. Good sensitivity toward d-sorbitol was found in the range of
0.1–1.1 μg/mL with the detection limit of 3.6 ng/mL.
Usha et al. reported on fiber-mode absorbance biosensors for salivary cortisol detection.127 A nanocomposite, based on ZnO and molecularly imprinted polypyrrole was
deposited on optical fiber side similar to the schematic representation shown in
Fig. 2.28. The absorbance spectra were studied in the range of 420–600 nm. Peak shift
toward longer wavelengths and decrease of absorbance were observed after incubation
of salivary cortisol. The developed biosensor showed good sensitivity to cortisol in the
range of 0–106 g/mL with the detection limit of 26 fg/mL.
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Fig. 2.28 Schematic representation of SPR transmittance optical sensor, based on Ag/Ta2O5 (A) and
transmittance measurement scheme (B).126

The metal oxide PL can be used for biosensing applications. The emission mechanisms in metal oxides are summarized in Fig. 2.30. They involve bulk (excitons) and surface (defect levels) emissions. Both of them are influenced by surface potential.128
The main PL metal oxide transducers are ZnO- and TiO2-based nanostructures.129
The ZnO and TiO2 have emission bands in UV (excitons) and Vis (vacancies and
interstitials).100
Viter et al. reported on the selective detection of Ochratoxin A (one of the mostabundant food-contaminating mycotoxins) with PL ZnO nanorods.35 The antiochratoxin

Fig. 2.29 SPR response toward d-sorbitol (A); sensitivity toward d-sorbitol (B).126
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Fig. 2.30 Schematic representation of photoluminescence in metal oxide with optically active sites in
the bandgap: (a) light absorption and generation of free electrons and holes; (b) exciton luminescence
hv1; (c) recombination of free hole with electron, captured on a defect site with emission energy hv2;
(d) donor-acceptor luminescence of photon hv3; (e) recombination of free electron with hole hv4; and
(f) nonradiative recombination of electrons and holes.

antibodies were covalently attached to ZnO surface. The kinetic measurements and
steady-state PL spectra were recorded for a wide range of ochratoxin A (Fig. 2.31). The
developed biosensor showed good sensitivity toward Ochratoxin A in the range of
0.1–1 ng/mL with the detection limit of 10–2 ng/mL. Viter et al. reported on ZnO and
TiO2 nanostructures for optical detection of Salmonella.94 The antisalmonella antibodies
were noncovalently attached to the metal oxide surface. Interactions between metal oxide
surface and salmonella cells resulted in quenching of PL. The developed biosensors showed
good sensitivity toward salmonella in the range of 103–106 cells/mL with the detection
limit of 100 cells/mL.
Sodzel et al. reported on optical sensing of glucose with ZnO nanoparticles.130
Quenching of ZnO PL was observed after adding of glucose probes. The sensitivity
and detection limit to glucose were 10–130 and 10 mM, respectively. Saha et al. reported
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Fig. 2.31 Response of Glass/ZnO-NRs/Protein-A/BSA&Anti-OTA-based immunosensor toward OTA:
(A) PL spectra registered at steady-state conditions after the incubation of Glass/ZnO-NRs/ProteinA/BSA&Anti-OTA-based immunosensor in solution containing different concentrations of OTA;
(B) evolution of PL intensity of ZnO-based biosensor signal at 379 nm maximum toward subsequent
addition of different concentrations of OTA into the experimental cell. All measurements were
performed in solution without drying.35
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on ZnO-Al-doped nanostructures for optical sensing of glucose.131 The sensitivity of
ZnO-based PL biosensor was found in the range of 20 μM–10 mM with the detection limit
of 20 μM. Glucose oxidase was used as bioselective layer in both the reported papers.131
Politi et al. reported on the optical detection of avidin-HRP using ZnO nanowires.132 The protein A, covalently attached to the surface was used as a bioselective layer
toward avidin-HRP. The PL quenching was induced by avidin-HRP adsorption. The
avidin-HRP was detected in the range of 1–8 μg/mL. A summary of optical metal oxide
biosensors is given in Table 2.3.

2.5.5 Metal Oxide Labels and Signal Amplifiers
Metal oxide quantum dots and other nanostructures can be sensor/biosensor labels and
signal amplifiers. Bhanjana et al. reported on ZnO quantum dots-decorated Au electrode
for mercury detection.133 The CV method was used for sensitivity testing. The sensor
showed good sensitivity in the range of 0–50 ppb of Hg ions concentration in water.
It was shown the ZnO role to stimulate charge transfer, sensitivity, and selectivity to
Hg ions. Chen et al. reported on ZnO quantum dots/graphene oxide/carbon nanotubes
composite electrodes for electrochemical detection of dopamine, AA, and UA.134 The
amperometric measurements were performed toward the target molecules. The highest
sensitivity and selectivity were obtained for AA. A model of interaction between biomolecules and the sensor was proposed. Due to the different work functions, ZnO promoted
charge transfer from biomolecules to the working electrode. Yang et al. reported on
ZnO-chicken allergen conjugates as biosensor templates.135 The adsorbed on a working
electrode ZnO quantum dots-chicken allergen conjugates amplified the electrochemical
signal. In addition, ZnO quantum dots have been used to amplify the electrochemical
signal for cancer detection.136
Viter et al. developed a novel portable system for cancer detection, based on ZnO
nanorod bioconjugates.137 The bioconjugates were attached to cancer cells fixed on a
glass slide. The PL signal of attached ZnO bioconjugates was analyzed toward cancer
cells and control probes. The system is compatible with the fiber optic measurement
technique.

2.5.6 Analysis of Sensitivity of Metal Oxide Biosensors
The metal oxide sensing devices are characterized by a calibration curve of the signal vs
analyte concentration. This calibration curve can be linear or nonlinear. Adsorption
kinetics can be described by the following equation35:
dN
(2.6)
¼ ka C ðNs  N Þ  kd N
dt
where N, ka, kd, Ns, and C are a number of adsorbed analyte, association constant, dissociation constant, number of adsorption sites on the metal oxide surface, and concentration
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of the analyte, respectively. At equilibrium or steady-state conditions, Eq. (2.6) can be
simplified as35
dN
¼0
(2.7)
dt
The adsorption isotherm can be described by Langmuir and Langmuir-Freundlich
equations35:
BC
θ¼
(2.8)
KD + C
θ¼

BC n
KDn + C n

(2.9)

where θ ¼ NNs surface coverage, KD ¼ kkda affinity dissociation constant, and n the power
coefficient, pointing to interaction between molecules and surface (n < 1).35 Coefficients
B, KD, and n can be graphically evaluated from isotherm (Fig. 2.32).
The interaction between target analyte and the sensor surface could be evaluated by
changes of the Gibbs free energy ΔG according to138,139
ΔG ¼ RT ln ðKD0 Þ

(2.10)

where T and R are absolute temperature and universal gas constant, respectively. The
value of KD0 should be recalculated as35
KD
(2.11)
C
where C is the analyte concentration, equal to 1 M. The higher ΔG change value is
obtained the higher is interaction between surface and the analyte.
KD0 ¼

Fig. 2.32 Example of isotherm analysis: biosensor signal toward different OTA concentrations (A);
sensitivity of the biosensor toward OTA in semilogarithmic scale (B).35
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In case of enzyme bioselective layer, KD could be equal to Michaelis-Menten
kinetic parameter (Km) of enzymatic reaction.99 The Km provides information about
the affinity of enzymes toward the target analyte. The Km value should be as small as
possible.99

2.6 Novel Prospect Metal Oxide Chemical Sensors and Biosensors
Among the newest metal oxide-sensing elements the main attention could be paid to
photoelectrochemical and surface-enhanced Raman spectroscopy (SERS) sensors.
SERS-based metal oxide sensor contain metal oxide (ZnO)/metal (Au, Ag, Pt, etc.)
nanostructured templates.140–144 Due to the charge transfer between metal oxide/
metal nanocomposite, the Raman peaks of target molecules are significantly amplified.
According to Tereschenko et al.,91 these sensors can detect lower concentrations but
often suffer from insufficient selectivity. So selectivity improvement for SERS metal
oxide biosensor is a remaining challenge.
Optical and electrochemical methods can be combined to give photoelectrochemical
sensing devices.145, 146 The UV excitation indices additional charge that increases charge
transfer between the metal oxide and target molecules. Photoexcitation allows reducing
total resistance of metal oxides with the high surface area (urchin-like, nanorods, etc.). In
addition, it enhances the sensitivity of photoelectrochemical devices.

2.7 Conclusions
Due to their unique electrical, structural, and optical properties, metal oxides can be used
in different sensing devices. One of the promising areas of metal oxide nanostructures
application is gas sensing. While many different approaches to gas detection are available,
the metal oxide gas sensors have enormously advanced in recent years. The processes
involved in gas sensing with metal oxides are extremely complex and require the fundamental understanding of physical-chemical interactions between gas molecules and the
surface. There is no doubt that nanostructured metal oxides will play a significant role in
the development of semiconducting gas sensors with improved gas-sensing properties.
The metal oxide electrochemical and optical sensing devices have a significant
impact on environmental and health monitoring. The metal oxide surfaces provide good
platforms for functionalization and biofunctionalization. They show stability, high
sensitivity, and selectivity to a variety of target molecules. Due to the nanoscaled dimensions, high surface areas of metal oxide nanostructures can be achieved. The electronic,
optical, and sensitive properties of metal oxides can be tuned by doping and formation of
nanocomposites. The future industrial and mass applications of metal oxide electrochemical and optical sensing devices are foreseen.
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3.1 Introduction to Radio-Frequency Identification (RFID) Systems:
Current Materials and Technological Issues
In Chapter 1, a sensor was defined as a device that transforms information about a chemical or physical property of a system into an analytically useful signal. At large, the ability
to read and interpret any kind of information that describes an object can define sensors in
a more general way. From this point of view, radio-frequency identification (RFID) systems can be considered as a technology that allows sensing and identifying an object
(including goods, animals, or even persons). RFID tags have been regarded as a low-cost
item-level tracking system complementing or replacing bar codes for the last 50 years.1–3
Indeed, RFID systems possess plenty of advantage over traditional bar codes4:
• Manual scanning performed by optical detection is not needed. Consequently, tracking and inventory procedures are speeded up. Furthermore, RFID-based scanning
does not require the tag to be in the line of sight of the reader. In addition, tag’s
information can be collected up to 100 m.
• Information stored in the tags can be updated. For instance, product maintenance,
shipping and storage conditions history, and expiry date information can be continuously reprogrammed on the tag.
• Theft and counterfeiting are discouraged. Indeed, RFID tags are characterized by a
high degree of security. For example, their accessibility can be password protected,
or they can be equipped with features to erase the information permanently.
Nonetheless, the high-production cost traditionally associated with RFID technologies,
when compared with bar codes, limits their use to shipping containers, pallets, high-value
items, and supplying chains where security and safety are crucial (i.e., pharmaceuticals).
Generally, a standard RFID system is comprised of a reader (or interrogator), the tag
itself that is usually referred as the transponder, and a computer that supervises (see
Fig. 3.1). RFID components are usually integrated with and monitored by a computer.
A RFID tag is composed of an “antenna” and an integrated circuit (IC) chip (see
Fig. 3.2) containing the digital logic necessary for data processing such as energy harvester circuits, asynchronous demodulators to receive enquiries from the reader, a
Nanomaterials Design for Sensing Applications
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transponder
Computer
Fig. 3.1 Schematics of a standard RFID system. (Reproduced from https://www.elprocus.com.)

Fig. 3.2 Schematics of an RFID tag. The copper spiral (etched and/or printed) serves as the antenna
of the device. The “chip” at the center of the tag is used to power the device (passive RFID) by exploiting
the RF signal from the reader and to generate a clock for the tag’s digital logic. (Reproduced from
http://rob.sh.)

microcontroller to process reader’s enquiries and set up the response, and a memory
containing item-specific information.
Because of the countless types of technologies currently available in the market, several parameters are taken into account to achieve a rational classification of RFID system.
Thus, RFID tags can be categorized accordingly to their power supply mode, operating
frequency, and range with respect to the reader position, encoding capability, the presence (i.e., chipped) or the absence (i.e., chipless) of an electronic circuit, etc. For instance,
one of the distinguishing features that is routinely used to classify RFID configurations is
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the tag’s powering mode. Hence, RFID tags are considered passive when the RF carrier
signal from the reader is employed to power the tag, signal the tag with a clock or a code,
and detect the tag. Semiactive devices rely on the reader’s carrier signal to feed an electronic switching circuit that generates a modulated response to transmit back to the
reader. On the other hand, all the other chip’s components (e.g., microcontroller and
memory) are fed by a battery. Finally, all the elements of an active tag draw energy from
a battery. The kind of IC employed to implement the digital data acquisition, storage and
transmission and the type of antenna employed for the reader-tag communication
depends on the tag’s operation frequency. Three carrier frequency bands are currently
used for RFID tags:
1. Low frequency (LF) < 135 kHz band. The near field of an electromagnetic wave
occurs at distances less than λ/2π. The far field occurs at larger distances. Therefore,
the antenna for an RFID tag operating in this band does not function as a conventional radio antenna, communicating with the reader via a propagating electromagnetic wave. Instead, the antenna is a coil that provides magnetic coupling to a coil in
the reader, like the coupling between primary and secondary windings of a transformer. Wound wire coils with many turns are typically used to achieve high inductance with low resistance (high Q-factor). These coils are expensive, and this type of
tag is not considered for low-cost, item-level tags. Nevertheless, LF, low-cost RFID
tags can be produced by using organic thin-film transistor (OTFT)-based digital
logic in conjunction with capacitive coupling rather than a silicon application-specific
integrated circuit (ASIC) and inductive coupling system. In fact, a capacitive
coupling antenna can be printed1 at low cost and it is easy to integrate with flexible,
1

Usually, in electronic engineering, the term “printed” is prone to misleading. Often, the definitions of
“printed electronics” refer to devices assembled by using printed circuit boards (PCBs) manufacturing
techniques. However, PCB technology relies on conductive copper traces obtained by etching (i.e., with
FeCl3, CuCl2, or an alkaline ammonia solution) copper sheets laminated onto an insulating substrate.
Hence, the process is intrinsically subtractive. The copper traces interconnect different devices
(capacitors, inductors, resistors, silicon integrated circuits, etc.) that are surface mounted on the board.
The metal pattern to be etched is defined by using photolithography. Hence, printing is not instrumental
to PCB fabrication. Nevertheless, in the early days of modern electronics (at the end of the 1950s), the
copper traces would be etched by using a negative screen-printed pattern made out of an etchantresistant ink. This is the origin of the adjective printed in the acronym PCB. Since screen printing is still
used today (together with ink-jet, spray, and curtain coating) to deposit the photo-imageable etch resist
and the photo-imageable solder mask, the expression PCBs remains in the electronic engineering
parlance to indicate the interconnection of electronic components by exploiting copper etched tracks on
the insulating board. However, nowadays, printed electronics means also the technology involving
dielectrics, conductive, and semiconductive inks to create electronics components on different substrates
(usually flexible) without employing neither photolithography nor etching. Thus, the process is
completely additive. To avoid confusion, we will use the word printed referring only to the deposition
of electronic components (i.e., conductive traces or transistors) by using an ink and a suitable printing
technique (ink-jet, flexo, screen, etc.).
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organic-based electronics. Carbon or conductive polymer inks can be used to fabricate
such a device exploiting low-cost printing techniques (i.e., flexography, screen printing, ink-jet printing, etc.) to produce the capacitive antenna, the conductive traces, and
the OTFTs. However, there are significant disadvantages to capacitive coupling.
Nearby conductive objects disrupt the electric field. Furthermore, RFID tags typically
use an inductor and a capacitor in parallel at the input to form an LC tank circuit with
resonance at or near the carrier frequency, in order to boost the voltage generated by the
carrier to a level that can drive the tag electronics. But since the goal of the capacitive
coupling approach is to eliminate the expensive coil, an on-tag resonant circuit is not
practical, and the tag’s read range is limited by low induced voltages.
2. High frequency (HF): 13.56 MHz band. Tags in this band also operate in the near
field of the reader, since the near field is found at distances closer than λ/2π or 3.5 m.
The higher operating frequency permits a planar inductor rather than a wound wire
coil to be used for magnetic coupling to the reader, significantly reducing the cost. The
planar inductor is typically fabricated by copper or aluminum etching, copper plating,
or silver ink printing and possesses a reduced number of coils. Although attractive
because of their low costs and applicability to flexible substrates 13.56 MHz RFID tags
challenge the reliability of electronics components fabricated using the OTFT technology, because of the relatively high operation frequency.
3. Ultrahigh-frequency (UHF): 860–960 MHz. Within this range, only certain frequencies are assigned for RFID applications. The operative RFID tags frequencies in
the UHF range vary from one country to another (i.e., 865–868 MHz in Europe,
917–922 MHz in China, and 902–928 in North America). It should be noted that
microwave RFID tags operating in the 2.45–5.8 and 3.10–10.00 GHz microwave
bands are usually grouped together with UHF tags. In fact, transponders operating
in the UHF and microwaves bands share common features differentiating them from
LF and HF tags, namely:
• The tag’s antenna is coupled to the reader neither inductively nor capacitively but
radiatively (backscattered, see Fig. 3.3). The backscattered coupling is instrumental
to the RFID tag operation in the far field of the reader. Typically, an etched or
printed (by ink-jet or screen printing) dipole or microstrip antenna5 is used to
receive the signal transmitted by the reader and to reflect back a modulated wave.
The backscattered communication mode between the reader and the transponder
allows for an operating range of 1–100 m.
• A silicon ASIC is the only electronic device capable of performing data storage and
processing in the UHF and microwaves frequency range.
• The reading performance of UHF and microwave tags is severely dependent on the
working environment. At these frequencies, electromagnetic signals are incapable
of penetrating materials such metals and liquids.
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Fig. 3.3 Inductive (left) and backscattered (right) antenna coupling between an RFID tag and its
reader. Inductive (and capacitive) coupling can be used in the reader’s near field. Backscattered
coupling is meant for far-field communication between the transponder and the interrogator
(reader). (Reproduced from Curti, J. S.; Declerq, M.; Dehollain, J.; Joehl, N. Design and Optimization of
Passive UHF Systems, 1st ed.; Springer, 2007.)

Moreover, RFID tag’s antennas operating in the UHF or microwave bands should
be capable of functioning at a particular resonant frequency and have a large bandwidth.
This last statement requires some further clarification. When dealing with “HF” transmission lines, it is useful to refer to electrical signals as propagating waves instead of using
lumped parameters (voltage, current, etc.). The term “high frequency” means that the
alternating current (AC) voltage frequency feeding the transmission line corresponds
to a wavelength comparable to the physical dimensions of the circuit. Thereby, the return
loss (RL) of an UHF or microwave device is defined as
RL ðdBÞ ¼ 10log 10

Pr
Pi

(3.1)

where Pi and Pr are the power of the wave impinging on the device and reflected by the
device, respectively. Hence, the more negative is the RL at the resonant frequency, the
more power is available to an antenna for being radiated through space. RL is related to
the concept of impedance mismatching. Any kind of power generator, also in the microwaves, is characterized by an internal impedance ZG. Any device (or load) is characterized
by an impedance ZL. If the microwaves power source is connected to an antenna (or any
other device operating in the microwaves), the maximum power transfer from the generator to the radiating device occurs when ZG ¼ Z ∗ L , where the second term is the complex conjugated of ZL. Thus, RL can be rewritten as
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RL ðdBÞ ¼ 10 log 10 jΓ j

(3.2)

where Γ is the reflection coefficient, and it is defined as
Γ¼

ZL  ZG VR
¼
ZL + ZG VI

(3.3)

VR and VI are the amplitude of the reflected and incident wave, respectively. Alternatively, the impedance mismatch can be described in terms of a mismatch loss coefficient
(ML) defined as
ML ¼ 1  Γ 2
Thereby, unless the antenna impedance is matched to the one of the generator, part of the
power delivered to the transmitting device is reflected back. Such considerations are valid
also in the case of RFID systems. Therefore, the design of a silicon ASIC devoted to UHF
and microwave tags is further complicated by the addition of a microcircuit to match the
impedance of the antenna to that of the chip.6
From this brief overview concerning RFID tags, it becomes clear how the high costs
of materials (i.e., high-purity silicon, high-κ dielectrics, precious metals, etc.) and
manufacturing (e.g., photolithography patterning, etching, vapor phase deposition,
etc.) associated with the transponder’s chip represent the main obstacle to the item-level
use of RFID tags.7–9 Hence, ASICs’ removal from the transponder, and consequently the
development of fully printed tags on low-cost substrates such as plastic and paper, would
render RFID data capture systems competitive with optical bar codes. Furthermore,
printable RFID tags are a very attractive topic given the fact that printing techniques
are high-throughput processes. Besides, printing technologies are fully additive processes,
solely depositing material on the demanded positions of substrates, offering a potential
pathway to save a large amount of expensive electronic materials during the fabrication.
For example, the lack of etching stages during the fabrication of the tag’s conductive
traces (i.e., for the definition of the antenna pattern) significantly reduces the consumption of expensive metals such as copper, nickel, and aluminum.

3.1.1 Nanomaterials for RFID
Nano-sized materials are nowadays involved in countless industrial processes dedicated to
the development of lighter, stronger, or more conductive commercial products. Nanomaterials (and nanotechnology)-based items for everyday usage include: computer hard
drives, bumpers on cars, solid-state compasses, protective and glare reducing coatings for
eyeglasses and windows, automobile catalytic converters, metal cutting tools, dental
bonding agents, longer lasting tennis balls, etc. Hence, it is not surprising that nanostructured materials play an important role also in RFID tags’ cost reduction. For instance,
printing of nanocomposites predicated on conductive polymers (e.g., polyaniline,

Nanostructured Materials for RFID Sensors

polypyrrole, and polyacetylene), carbon nanostructures (e.g., graphene and carbon nanotubes (CNTs)) embedded into an insulating polymer (e.g., thermoplastic or thermoset
resin) or ceramic matrix (e.g., transition metal oxides) constitute the base for the fabrication of organic and polymeric thin-film transistors intended for the replacement of the
ASIC in the HF-RFID tags.10 In addition, metallic and/or carbon materials nanoparticles
(or low-dimensional structures) allow for the implementation of conductive inks needed
for the deposition of printed antennas (both capacitively or inductively coupled). Moreover, printed structures permit to get rid of the ASIC in UHF and microwaves RFID
tags. In fact, deposition by printing of dia-, para-, or ferromagnetic metals, insulators,
and semiconductors can be employed to produce either chipless chemical RFID transponders or sensor-enabled RFID tags.11 Chipless tags possess longer communication
range since they do not necessitate the use of transistors as silicon-based tags that require
a threshold voltage to power up IC circuits.12 Among the countless types of chipless
RFID tags, a prominent role is occupied by chemical transponders.13 Their operation
principle is based on the use of printing inks comprised of nanomaterials exhibiting different degree of magnetism,14,15 and when electromagnetic waves impinge on them they
resonate with distinct frequencies, which are picked up by the reader. Hence, the different frequency features stemming from the magnetic materials can be used for data encoding: each particular resonant frequency represents a bit. Sensor-enabled RFID tags allow
for two options:
• Chipless sensing. This approach aims at integrating printed sensing nanomaterials
capable of changing their conduction, dielectric, or magnetic properties according
to specific chemical or physical conditions (i.e., temperature, strain, light irradiance,
humidity, pH, the presence of gasses, etc.) directly into a microwave resonator. The
change of sensor electrical impedance as a consequence of the environmental stimulation produces a change in the scattering properties of the antenna. The change in the
scattering properties of the antenna appears as a modulation in the backscattered signal
amplitude. The reader uses a continuous signal for the interrogation of the tag and
detects the change in the backscattered signal amplitude.16
• Chipped sensing. In this case, sensing does not necessarily require a variation of sensor’s electrical impedance in the RF and microwaves range as long as the measured
physical parameter involved in the detection mechanism can be converted into an
electrical current. Then, the IC on the tag processes the signal which is finally transmitted to the reader through the antenna.
Although conceptually simple, chipless sensor-enabled RFID tag is a quite complicated
multicomponent system. In fact, at least five components are required: one printed or
etched receiving antenna and one printed or etched transmitting antenna; an etched
(or printed) microstrip line connecting the two antennas; a microwave resonator circuit
(printed or etched) and a printed film of a “smart” material. The purpose of the antennas
and microstrip line is quite straightforward: the antennas allow for communication with
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Fig. 3.4 Example of microwave resonant circuit used for chipless RFID sensing. (A) ELC resonator and
its equivalent circuit. The geometrical parameters of the copper-etched traces (i.e., g, b, d) determine
the capacitance of the middle planar capacitor and the inductance of the two parallel loops.
(B) Cascade of resonators. The single resonator can be an ELC or another structure. Resonators are
“gap coupled” to the microstrip line that connects the RFID tag receiving and the transmitting
antennas. (From Karmakar, C. C. Handbook of Smart Antennas for RFID Systems, 1st ed. Wiley, 2010.)

the reader and the microstrip line permits the communication between the receiving and
the transmitting ends of the tag. Numerous geometries have been developed for the
microwave resonator to be integrated onto the RFID tag. They span from slot ring resonators, to spiral shaped, to stepped impedance resonators (SIRs) to ELC (electric field
inductor couple capacitor) resonators, coplanar waveguide (CPW resonator), SIR, etc.
(see Fig. 3.4).
Regardless of their particular shape, microwave resonant circuits are always comprised of gaps between the etched (or printed) copper traces and resonate at a frequency
determined by their inductance (L) and capacitance (C) equivalents components. One of
the most common methods used to integrate the resonators onto the RFID tag is to build
a cascade of etched resonator coupled through a gap to the microstrip line connecting the
receiving and the transmitting tag’s antennas (Fig. 3.4B). The multiresonator circuit is
designed to resonate at specific frequencies given by the inductive and capacitive components of the single resonator (e.g., ELC, SIR, split ring, U-shaped, etc.). At these frequencies, the stop band effect (i.e., a filter effect that does not allow signals to pass within a
certain frequency range), is created on the interrogation signal. The stop band effect is
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predicated on different current distribution at different frequencies. Current distribution
is greatest in the resonator at its resonant frequency.16 At resonance, the resonator creates
a low impedance path to ground which absorbs the majority of the current propagating
from port 1 to port 2 of Fig. 3.4B. When not at resonance, the resonator couples almost
none of the surface current propagating from port 1 to port 2. Therefore, at the output of
port 2, the interrogation signal becomes modified by magnitude attenuations at different
frequencies determined by the resonance frequencies of the resonators. Hence, if the
transmitting antenna is connected to port 2 (and the receiving antenna to port 1), the
tag’s response signal to the reader will contain magnitude attenuations at fixed frequencies
due to the multiresonator circuit on the tag, which creates a unique spectral signature.

3.1.2 Smart Materials and Systems
When a “smart” material is incorporated in the resonator (i.e., a sensing dielectric material in the capacitive gap in Fig. 3.4B or a resistive material at the end one of a SIR structure), the response signal will have an amplitude attenuation, which can shift in frequency
and is not fixed. A smart or functional nanostructured material is capable of changing its
electrical properties upon a chemical or physical environmental change in the RFID tag’s
surroundings. Example of such materials is CdS (because of its photoconductivity), phenanthrene (because of its dielectric constant discontinuity at the sublimation temperature),
PEDOT (pH-sensitive electrical conductivity), Nitinol alloys (because of their shape
memory effect) CNTs and transition metal oxides (because of their gas-sensitive resistivity), just to mention a few. For instance, if a film of CdS nanoparticles is placed into a SIR,
an attenuation of the signal sent back to the reader is observed at different light intensity.
In fact, CdS nanoparticles act as a photoresistor in the RF range (although their light
sensitivity is lower compared to the DC operation mode). Hence, the CdS nanoparticles
resistivity change produces an impedance variation in the SIR that reflects into a reader
signal attenuation.14 Another example of smart materials applied to chipless sensorenabled RFID tags is the phenanthrene: a substance from the polycyclic aromatic hydrocarbons group. A film of phenanthrene sublimates at 72°C17 generating a drastic increase
in the substrate dielectric constant. Such a change becomes permanent unless the vapor
redeposits on the substrate.17 Therefore, when phenanthrene is used as a superstrate for a
microwave resonator, a temperature change produces a resonance frequency shift, of the
signal transmitted back to the reader. Thus, a variation of the real part of the dielectric
permittivity (i.e., the relative dielectric constant) of the smart material is associated with a
change in the reactive component of resonator impedance. Thus, a change in resonator’s
capacitance produces a corresponding resonant frequency shift. This effect (which results
in a frequency shift of the signal sent back to the reader) can be exploited in temperature
threshold sensors for sensor-enabled chipless RFID tags. Utilizing physical sublimation of
certain chemicals is the simplest way for the development of this type of temperature
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threshold sensors. However, temperature sensors based on molecules chemically bound
to the surface of the tag that can, depending on the temperature, trap and release molecules from the gas phase thus changing the dielectric permittivity can be developed too.
Other smart materials used for chipless RFID sensing respond by varying multiple electrical properties upon a single environmental stimulus. For instance, polyvinyl alcohol
(PVA) shows both a resonant frequency shift and magnitude attenuation in the presence
of moisture (i.e., when trapping/releasing water molecules from the air). In fact, the PVA
dielectric constant and loss tangent2 shows opposite trends18 between 2 and 20 GHz
(εr0 increases and εr00 peaks above 5 GHz) with increasing water content caused by the
breaking and reforming of hydrogen bonds of water molecules with -OH groups present
in PVA chain. Hence, a change in εrn causes a resonant frequency shift, whereas a variation of εr00 results in a resonance power drift at a particular frequency. Furthermore,
PVA composite films conductivity show a linear dependence on relative humidity.19,20
Thus, the reader will receive back a magnitude attenuated and frequency-shifted signal.
Although attractive because of their low manufacture cost, chipless sensor-enabled
RFID tags present numerous technological challenges on both the fabrication and testing
sides. Practically, all smart materials are semiconductors or dielectrics, or conductors (i.e.,
CNTs or graphene) exhibiting a resistivity higher than pure conductors. Hence, they are
deposited on a small area of the resonator rather than being used as the main component
of the circuit. Furthermore, a fully printed system (smart material, resonators, conductive
traces, receiving, and transmitted antenna) is impractical especially for what concerns the
two antennas. Indeed, silver or copper conductive inks, regardless of the printing technology employed, never match the conductivity values of etched metals traces preventing suitable antennas resonance (i.e., RL close to zero throughout the frequency
spectrum) and bringing about low radiation efficiency.3 The problem is aggravated in
polymer thick film (PTF) antennas where the conductive metal is deposited by screen
2

3

Dielectric dissipation factor (Df) is usually expressed as loss tangent, tan δ, which is defined as:
Df ¼ tanδ ¼ εr0 /εr00 ; where εr0 and εr00 are the real and imaginary component of the dielectric constant
(permittivity), respectively. Being tanδ the ratio between the dielectric capability to dissipate (εr00 ) and
store energy (εr0 ), it is deeply connected to the equivalent (lumped) circuit model used to represent
dielectric materials. In fact, any dielectric material can be visualized, in terms of equivalent circuit, as a
capacitor connected in series to a resistor. Thus, the equivalent capacitance gives an estimation of the
ability of the system to store energy through different dielectric polarization mechanisms (electronic,
molecular dipoles, atomic, and ionic), whereas the equivalent series resistance (ESR) represents the
energy losses comprised of both conductivity and dielectric relaxation losses. The latter occurs when an
AC electric field oscillates at a frequency too high for the particular polarization mechanism to
contribute to the dielectric constant and it “relaxes” by generating heat.
The radiation efficiency of an antenna is defined as the ratio of the radiated power to the total power
delivered to the antenna. The radiation efficiency is an indication of how much incident power is
dissipated as heat in the antenna. Thereby, high ohmic losses stemming from excessive resistance of the
antenna’s conductors result in low radiation efficiency.
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printing.21 Therefore, after the deposition, the thermoset or thermoplastic binder
remains as a matrix for the Cu or Ag nanoparticles. Thus, particles interconnection relies
only on solvent evaporation, for the thermoplastic binders, or on thermal (or UV) curing
for the thermoset PTFs. The second issue related to chipless sensor-enabled RFID tags
regards discrepancies between field application and lab tests. Indeed, the “real-life” complete system requires the reader and the tag equipped with the aforementioned five components. Readers architectures are quite complicated to implement because they require:
a digital section (microprocessor, analog-to-digital converters, memory block, etc.), an
RF section (local oscillators, directional couplers, demodulator, modulator, etc.), and the
antenna. On the other hand, lab test methodologies for sensor-enabled chipless RFID do
not involve the direct testing of the whole wireless system. In fact, only the microwave
resonator, functionalized with the smart material, or the antenna connected to the smart
material are usually tested with a network analyzer. Basically, the RL or the insertion loss4
of the resonator is measured by connecting it to one port (or two ports for the insertion
loss) of a network analyzer. Then, return (or insertion) loss attenuation or frequency
shift upon the change of the smart material electrical impedance in response to the environmental stimulus is monitored through the network analyzer. The same principle
is exploited when the smart material is connected to an antenna. When a chemical
(or physical) sensor is not incorporated into the microwave resonator (or directly into
the antenna), electrical (and HF) characteristics of the sensing printed film do not play a
key role in transmitting the signal back to the reader. Thus, chipped sensor-enabled
RFID tags allow to exploit any kind of environmental-dependent physical property
of the material used as a sensor. The electronic circuitry of the film sensor on the tag
controls the measurements and the communication to the reader by transmitting data
through the antenna.
Among suitable detection systems, color change (i.e., light absorption measurements)
represents a low cost, simply implementable (i.e., through colorimetric pH indicators)
sensing tool for a wide range of chemical analytes. Furthermore, colorimetric sensors
are relatively easy to be integrated into an RFID tag. “Gas-chromic” sensors have been
developed and integrated on RFID tags fabricated on FR-4 printed circuit boards (PCBs)
(see Fig. 3.5) at the Fraunhofer Institute for Physical Measurement (IPM) Techniques
(Germany) by Pannek et al.22
The principle of the sensor is based on a color change of the gas-sensitive layer
when it comes into contact with the target gas. The IPM group has developed different
color dyes for CO, NO2, and NH3. Granulated dyes (a di-nuclear aromatic rhodium
complex for CO, a quinone derivative for NO2, and bromophenol blue pH indicator
for NH3) have been mixed with suitable polymer matrixes such as polyvinylchloride
4

Similarly to the return loss that is a measure of the power reflected in a single-port system, the insertion loss
is a measure of the power transmitted in a two ports system.
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Fig. 3.5 Gas-chromic sensor developed at the IPM-Fraunhofer Institute in Freiburg, Germany.
(A) Sketch of the gas-chromic sensor consisting of a microscope slide with the lower half covered
with the color changing material film. The light of an LED is coupled into one end of the
waveguide and travels through it by total internal reflection before being focused onto a
photodetector. Depending on the specific gas adsorbed of the sensor different colors (i.e., different
light absorption levels) are generated. (B) The actual gas-chromic device. (C) The sensor integrated
on a 13.56 MHz RFID transponder. The tag is an active one (the battery is clearly visible in the
center of the transponder). The device’s electronics is comprised of different surface-mounted IC
on a standard FR-4 PCB (the green color of the substrate is due to the solder mask). The inductively
coupled antenna to communicate with the reader is placed on the rear side of the tag and is not
visible. (Reproduced from Amin, E.; Bhuiyan, S.; Karmakar, C. B.; Winther-Jensen, B.; The Humidity
Dependence of the Electrical Conductivity of a Soluble Polyanilines-Poly(Vinyl-Alcohol) Composite.
J. Mater. Chem. 1997, 7, 2363–2366.)

(PVC), ethyl cellulose (EC), polymethylmethacrylate (PMMA), and deposited on a
half of a microscope glass slide by spin coating or by other low-cost techniques.
The authors suggest that screen printing represents the most suitable deposition technique for the “lab on a chip”-like production of RFID tags. In that case, a single glass
substrate (i.e., a thin flexible glass sheet) acts as a support for the sensing material, for the
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conductive traces, for the printed organic digital logic and as the planar waveguide.
The color change material-coated glass slide has been placed on the surface of a planar
waveguide.23,24 Light from a light-emitting diode (LED), coupled into the front of
the waveguide, passes by total internal reflection and is focused on a photodetector
at the opposite side. A change in color of the gas-sensitive material corresponds directly
to the change in absorption of the light. The particular color change is associated with
the specific reaction between the gas and the analyte-sensitive dye. For instance, the
oxidation of the quinone derivative by NO2 produces the Wurster’s blue compound
(i.e., N,N,N 0 ,N 0 -tetramethyl-p-phenylenediamine) generating a sensor’s color change
from brown to blue. The color change detected by the photodetector is processed by
the RFID microcontroller (by also using an electrically erasable programmable readonly memory (EEPROM)). Finally, an output electromagnetic signal is forwarded to
the reader by using a printed inductively coupled antenna placed on the RFID tag’s
back and meant for the 13.56-MHz band operation.
The following sections will focus on the specific applications of nanomaterials to the
fabrication of RFID transponders and their application to the sensing of physical or
chemical environmental parameters. In particular, nanostructures related to the preparation of nano-inks and pastes for the printing of RFID tag’s antennas, and features for data
encoding through chipless chemical RFID transponders will be discussed. Besides, materials and deposition techniques for the fabrication of OTFT and polymeric TFT as an
alternative to conventional ASICs will be described in detail. Finally, we will discuss
the implications of using nano-sized smart materials for physical–chemical sensing by
chipless sensor-enabled RFID tags.

3.2 Nano-Inks for RFID Tags
3.2.1 Introduction
The market for RFID systems has been growing continuously for the last 15 years.
A comprehensive report recently conducted by the IDTechex Corporation25 estimates
that the total RFID market is expected to be worth $11.2 billion in 2017 and forecasts a
global $14.9 billion turn over in 2022. Most of the growth is expected to occur in the
UHF (passive) disposable tags sector. Since UHF transponders benefit from their highrate data transfer capability, they are the most suitable for a broad range of applications
spanning from apparel and footwear inventory to air baggage checking. In fact, fast data
reading is instrumental in identifying many items at once, such as boxes of goods as they
pass through a dock door into a warehouse. Furthermore, the longer read range of UHF
tags allows extending their application to other areas such as electronic toll collection and
parking access control. Thus, in some applications, RFID tags need to be mounted on the
surface of metallic objects (e.g., car’s license plates, or steel containers’ walls). However,
when a printed monopole or dipole-like antenna (like the devices used in the UHF tags)
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Fig. 3.6 Schematics representation of a microstrip patch antenna. The patch width W (or its length)
define (along with substrate’s dielectric constant) the resonant frequency. The insulating substrate’s
dielectric constant (εr) and loss tangent together with the geometrical parameters (w50,l50, wqw, lqw) of
the copper traces determine the speed (in digital applications) and the attenuation (in analog
applications) of the electromagnetic signal used to feed the microstrip. (Reproduced from www.
emtalk.com.)

is placed on a metallic surface, it suffers severe performance degradations due to shifts in
operating frequencies, distorted radiation pattern and impedance mismatch that quickly
reduce, or even cancel, its reading range.26,27 In order to mitigate this problem, microstrip antennas can be used.28,29 A microstrip is a type of electrical transmission line, which
can be fabricated using PCB technology, and is used to convey microwave-frequency
signals. The core of any microstrip antenna is a “strip” feeding line fabricated by etching one side of an FR-4 board coated with copper on both sides and connected to the
radiating element (e.g., a metal patch like the one shown in Fig. 3.6). The intact copper plate provides a ground plane, thus shielding the device from electromagnetic
interference (EMI).
Nevertheless, such an approach precludes the possibility of fabricating compact, fully
printed devices employing flexible substrates. Therefore, even if it is possible (at least at a
lab scale research level16,30,31) to implement UHF tag electronics on plastic substrates
through metal oxides and CNTs thin-film transistors or through pentacene Schottky
diodes, a separated PCB is required to accommodate the copper-etched antenna.32
Worldwide consumer electronic corporations such as Agfa-Gevaert N.V.33 and
TDK34 have been developing flexible electronics not only for LF and HF RFID but
also for UHF tags. Furthermore, a large variety of metallic, conducting fibers printing
inks for EMI shielding of RFID tags operating in the 915 MHz, 2.45 GHz, and 5.5 GHz
has been investigated and commercialized,35–37 while metal, carbon, or magnetic
materials-based EMI shielding inks have found application also in LF and HF RFID tags.
Since such devices are the cornerstones of electronic passports and smart cards, lightweight and easy to integrate within electromagnetic shielding systems, they represent
a convenient solution to prevent identity thefts.38–40 However, printing inks (or pastes)
are not limited to shielding applications but extend to all the components of RFIDs systems, with the goal of achieving fully printed devices. For instance, RFID-related nanomaterials that have been or can be printed are:
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• Metal nanoparticles (e.g., Ag and Cu) or low-dimensional carbon structures (multiwalled CNTs, graphene) for components electrical interconnections, inductive,
capacitive, and backscattered antennas.37
• Fillers for inks devoted to data encoding in chipless RFID tags. Magnetic fillers (e.g.,
iron group metals, hematite, rare earth alloys, etc.); ferroelectric and piezoelectric
ceramics (BaTiO3, PbZrTiO3, NaKNbO3, etc.) to encode data bits through the spatial arrangement’s analysis of electromagnetic waves reflected by dielectric bars printed
on the tag.10
• Nanoparticles-polymer hybrids fillers for the fabrication of printed components aiming at substituting different silicon-based ASICs. Such a class of fillers covers a wide
range of materials: semiconductors (e.g., ZnO, SnO2, In2O3, and Ga2O3) and oxygen
vacancies-resistant insulating oxides (e.g., HfO2, Al2O3, Y2O3, and Ta2O5) that constitute the channel and gate materials for the transition metal oxide (TMO) thin-film
transistors, respectively; small semiconductor molecules (e.g., pentacene), conductive
(see previous section) and high dielectric constant insulating polymers (e.g., polystyrene, polyimide, benzocyclobutene-based macromolecules, etc.) for OTFTs and
capacitors; fullerenes, single-walled CNTs, carbon black, and amorphous silicon for
vertically aligned organic diodes, inorganic TFT, and other circuitry required to fully
replace a traditional ASIC.4
• Layers of smart materials for sensor-enabled chipless RFID.18
While the last three items represent just a niche in the overall RFID’s ink sells, conductive
inks (or pastes) occupy a large share of the market. Such a predominance mainly stems
from the large use of conductive inks for traditional PCBs based on FR-4, “HF,”5 or
low-temperature co-fired ceramic (LTCC)6 substrates. Hence, conductive inks formulation and deposition techniques will be extensively discussed in the following section,
5

6

Teflon-ceramic composites, hydrocarbon thermoset resins-aramyde fibers, cyanate esters-woven fiber glass,
etc. composites are characterized by loss tangents at least one of order of magnitude lower than FR-4-based
laminates. Hence, their low electromagnetic energy dissipation has made their use a standard in the highfrequency electronics.
LTCC technology is predicated on stacks of ceramic tapes (usually Al2O3) amalgamated with organic
adhesive, glass frits (based on SiO2-B2O3-CaO systems) and screen printable pastes of dielectrics,
resistive and conductive materials for printing of resistors capacitors and inductors. When the circuit
pattern and components have been defined by printing, the tape is fired at 800–900°C, producing
sintering of both ceramic tape and circuit components embedding into the ceramic substrate. HTCC is
a similar technology but meant for higher processing temperatures (from 1600°C to 1800°C). The
main difference between HTCC and LTCC technologies lies in the passive components and metal
traces to be integrated on the ceramic substrate. Indeed, materials with relative dielectric constant
higher than 100 require, such as perovskites (i.e., BaTiO3), sintering temperature above 1200°C for
their densification and can be applied only to HTCCs. On the other hand, LTCCs circuit’s capacitors
rely on HfO2, TiO2, ZnO, etc. that are compatible with “low-temperature” sintering. Similar
considerations stand for the conductive traces: Ag, Pd, and Au are employed in LTCCs whereas
W, Mo, or Ta is used for HTCCs.
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with special attention paid to the PTF technology. Furthermore, a brief overview of
nanomaterials and assembly techniques employed in the manufacture of chipless RFID
tags is provided in Section 3.2.2. Flexible electronic components and fabrication methods
(printing included) for RFID tags are described in Section 3.3. Finally, nanomaterials for
chipless sensing are presented in Section 3.4.

3.2.2 Conductive Inks
RFID conductive tag’s antennas have been traditionally fabricated by etching copper
conductors. However, such a technique possesses several drawbacks:
• Large amounts of environmentally hazardous chemical byproducts (e.g., copper and
iron halogenated derivatives) are generated.
• Copper-etched antenna and conductive traces need to be protected from tarnishing
(i.e., oxidation).
On the other hand, printing is an additive process and virtually no chemical waste is produced. Furthermore, silver, whose electrical performance is not affected by tarnishing,
can be used instead of copper if the tag’s antenna is deposited by printing. Finally, fabrication of antennas and conductive traces by printing can be carried out in a single step
instead of the many ones required by the etching procedure (see Fig. 3.7).
RFID tags are usually manufactured by four printing techniques that currently seem
to be the most promising methodologies for the metallization of flexible substrates: gravure (or rotogravure) printing, ink-jet printing, flexography, and screen printing.41 The latter is the most widespread deposition technique for RFID antennas
throughout the whole frequency spectrum (LF, HF, UHF, and microwave).41–44 In fact,
the use of very viscous inks like the screen printing ones allows to deposit thick (several
micrometers) conductive traces characterized by a relatively low sheet resistance.
For the sake of simplicity, the following discussion will focus only on screen printing
deposition. However, most of the considerations standing for screen printing pastes are
applicable to other inks. Indeed, the main screen printing pastes’ distinguishing feature is
represented by the presence of higher relative amounts of binders and rheological modifiers compared to flexo-, ink-jet, or gravure inks. The reason for such a special kind of
formulation is the necessity of achieving the high viscosity,7 which in turn is required for
transferring the paste on the substrate through the screen mesh and for the thixotropic
behavior (see further discussion). Because of these features, screen printing inks are often
called pastes.
Screen printing (or serigraphy) is a deposition technique in which an ink is forced
through a screen mesh where a pattern has been previously defined by using a photoimageable emulsion. Thus, openings in the cross-linked emulsion are present in the areas
7

Reference values for inks viscosity are: η ¼ 500–5000 mPa s for screen printing; 50–200 gravure mPa s,
η ¼ 50–500 mPa s for flexography; and η ¼ 1–30 mPa s for ink-jet [37].
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Fig. 3.7 Comparison between standard etching process (left) and printing for metals deposition on
dielectric substrates products. Conventional PCBs’ metallization techniques require the bonding
and lamination of the conductive layers to the insulating support. Conductive pattern is then
defined in a multistep procedure relying on photolithography. Moreover, fabrication of multilayered
structures such as high-density interconnected PCB is furtherly complicated by extra step involving
the electroless and electroplating (plating through holes) of the layer-to-layer connecting vias.
Conversely, printing allows for the deposition of the all metallization pattern at once. In addition, vias
can be also filled with special conducting pastes, then avoiding the PTH procedure. (Reproduced from
www.dic-global.com.)

not exposed to the UV light, allowing the ink to pass through when it is subjected to a
mechanical stress by a squeegee (see Fig. 3.8). Numerous parameters impact on the
printed deposit characteristics 45:
• substrate’s properties (e.g., chemical interaction with the paste’s components),
• screen mesh parameters (e.g., emulsion thickness, mesh opening, and woven threads’
diameter),
• substrate-screen distance, and
• paste composition.
The last item is the most related (and challenging) to the nanomaterials’ science and technology and will be discussed in detail. Actually, ink’s composition affects its surface tension (wettability with respect to the substrate, spreading, and film’s surface leveling) and
most importantly its thixotropic behavior. Thixotropy is a kind of viscoelastic property
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Fig. 3.8 Schematics of the screen printing deposition method. (Reproduced from Faddoul, R.; ReverdyBruas, N.; Blayo, A. Formulation and Screen Printing of Water Based Conductive Flake Silver Pastes onto
Green Ceramic Tapes for Electronic Applications. Mater. Sci. Eng. B, 2012, 177, 1053–1066.)

specific of certain non-Newtonian fluids that results into a time-dependent viscosity.
Hence, screen printing paste should first become thinner under the shear stress applied
by means of the squeegee, and should recover its viscosity when the stress is released.
Finally, a further thinning is needed for the film to “relax” (i.e., spread uniformly on
the substrate, removal of surface irregularities, etc.).
Preparation of screen printing pastes to manufacture RFID tags is predicated on the
uniform dispersion of conductive fillers into an organic vehicle comprised of at least a
polymeric binder and a solvent. Most of the binders routinely used in screen printing
also act as dispersants and thickeners for viscosity’s regulation. Binders are usually classified in thermoset or thermoplastic according to the curing mechanism that is responsible for the interconnection of the dispersed conductive particles. Thermoset
binders’ (e.g., epoxy, phenolic, thermoset alkyds resins, etc.) curing relies on oligomers
cross-linking. Conversely, curing in thermoplastic binders occurs by polymer chains reorganization in the proximity of their glass transition temperature (Tg). Solvent evaporation is
generally required for thermoplastic binders that are dissolved into the pastes’ solvent or
presolubilized into a low-boiling point solvent (e.g., ethanol, isopropanol, or toluene).
On the other hand, thermoset prepolymer ingredients (monomers, oligomers, and
polymerization initiators) are usually liquid and do not require dissolution in a solvent.
Solvent-free UV-curable inks (chiefly based on unsaturated carbon bonds such as
acrylic groups) are extensively employed for the deposition of dielectrics, but are rarely
used for conductive traces. The main reason lies into the UV light reflection (e.g., silver) or absorption (e.g., carbon) by conductive nanoparticles filler. These light-filler
interactions interfere with the cross-linking of the UV-resin and impede a complete
curing of the binder.
Common thermoplastic binders include:
• polysaccharides such as starches and alginates,
• gums (e.g., Xantham, Guar, Locust bean, Arabic, etc.),
• proteins (e.g., casein, gelatin, albumin, etc.),
• cellulose derivatives such as EC, methylcellulose, carboxymethylcellulose, hydroxyethyl-cellulose, etc.,
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• synthetic polymers like PVA, polyvinyl pyrrolidone (PVP), polyvinylbutyral (PVB),
polysulfone (PS), polystyrene sulfonate (PSS), polycarbonate (PC), polyacrylic
acid (PAA), polyvinylidene fluoride (PVDF), block copolymers comprised of
polypropylene oxide (PPO), and polyethylene oxide (PEO) units.
Although there is a large availability of solvents and thermoplastic binders for screen
printing, there exists only a small number of functioning solvent/binder nonproprietary
combinations. Indeed, designing proper solvent/binder couples are complicated by two
indispensable requirements. First, the binder must be soluble into the liquid medium.
Second, the boiling point of the solvent must lie between 130°C and 300°C. The former
condition assures that the paste will not dry on the screen clogging the mesh openings.
The latter condition guarantees fast film’s drying for multilayered structures and easy solvent removal during the deposit’s heat treatment. Unfortunately, such requirements preclude the use of aqueous vehicles in the ink’s formulation, unless water is mixed with
higher boiling point solvents such as ethylene glycol, propylene glycol, glycerol, or
water-soluble glycol ethers.45
Notable examples of widespread solvent-(thermoplastic) binder pairs are: α(terpineol)-EC, glycol ethers and/or esters-PVB, propylene glycol/glycerol-PVP, propylene
glycol/glycerol/water-PVA, dimethylacetammide-PS, N-methyl-2-pirrolydone-PVDF,
1,2,4 trimethylbenzene-PC.46,47
Two kinds of thermosetting binder formulation dominate the screen printing pastes’
market: acrylic melamine and epoxy resin. However, their exact composition is hardly
known because of the presence of diluents (e.g., 2-heptanone for the acrylic melamine formulation and xylene and/or methyl isobutyl ketone for the epoxy resin, respectively). In addition, plasticizers (e.g., phthalates, glycidyl ethers of aliphatic, aryl-aliphatic
glycols or polyols, di- and poly-carboxylic acids, etc.) and proprietary wetting agents
can be also found.
Regardless of the specific paste’s composition, dispersion by milling (either wet ball
milling or three roll milling, see Fig. 3.9) is the most widespread technique employed in
the screen printing inks’ preparation. The fundamental steps involved in the overall procedure are:
1. powders’ wetting,
2. comminution and de-agglomeration of particles (i.e., real dispersion step), and
3. particles’ stabilization.
The first step (i.e., bringing the contact angle at the liquid-solid interface close to
0 degrees) requires the use of surfactants belonging to the group of the wetting agents
(compounds with a hydrophilic-to-lipophilic balance in between HLB 7 and 98).
8

Hydrophilic-to-lipophilic balance (HLB) number calculation is carried out by taking into account the
polarity (i.e., the degree of hydro- or lipophilicity) of a surfactant. The HLB defines the tensio-active
properties of the surfactant: 1–3, antifoaming agents; 3–8, water in oil emulsifiers; 7–9, wetting agents;
8–18, oil in water emulsifier; 11–15, detergents; and 15–18, solubilizers.

111

112

Nanomaterials Design for Sensing Applications

Fig. 3.9 Pictorial representation of ball milling (A) and three roll milling employed for the preparation
of screen printing inks. Ball mill can operate in two modes: dry (just for powder grinding, (A) on the left)
or wet (for real paste homogenization, (A) on the right). Wet ball milling, in turn, can be either used
for fine dispersion of the conductive filler aided by wetting agents, grinding agent, deflocculants, or
dispersants, or for the preparation of the final paste. The former requires a low-viscosity, low-boiling
point solvent (e.g., water or ethanol) as a grinding medium to transfer energy from the rotating balls
to the powder to comminute and disperse. The latter involves the addition of the organic vehicle
(binder + solvent). Common milling balls are made out of agate, alumina, steel, or stabilized
zirconia, depending on the hardness and density of the material to be dispersed. Three roll
milling is comprised of three rolls (namely from left to right in (B) feed, center, and apron)
rotating at different speed and in the opposite directions. The shear force created by the rotation
makes the device ideal for the mixing, dispersion, and refining of thick inks. Also, a combination
of ball milling (on the raw powders) and three roll milling for the amalgamation of the paste’s
components is routinely used for the manufacture of screen printing inks. ((A) Reproduced from
http://www.pauloabbe.com/. (B) Reproduced from Mahendra, R. S.; Muchtar, A.; Daud, W. R. W.;
Brandon, B. Screen-Printing Inks for the Fabrication of Solid Oxide Fuel Cell Films: A Review. Renew.
Sust. Energ. Rev. 2017, 75, 426–439.)

Wetting agents are employed in concentrations close to their critical micellar concentration (CMC),9 for example, 0.2 wt% for sodium dodecyl sulfate (SDS). Furthermore,
some wetting agent (mostly polyelectrolytes when water is used as dispersion and grinding medium) can act also as deflocculants. Indeed, the comminution effect brought about
the grinding is contradicted by the higher surface free energy caused by the smaller particles size. Thus, deflocculants (see further in the text) must be added to prevent particles
from re-agglomerating. Besides, grinding agents such as polyacrylates, acrylamides,
polystyrenesulfonates, or abietic acid derivatives should be added in the case of crystalline materials. Most deflocculants are charged surfactants that when exposed on the particles’ surface cause electrostatic repulsion and avoid re-agglomeration phenomena.
Both anionic (e.g., sulfonate, sulfonate esters, phosphate esters, sulfosuccinnic acid
9

The CMC is the minimum concentration of surfactant needed for its dissolution through the creation of
micelles. Nevertheless, the CMC is not the only condition bringing about the formation of micelles.
Indeed, reaching a critical temperature (namely the Kraftt point) characteristic of every surfactant is
needed to prevent surfactant’s flocculation.
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derivatives, ether carboxylates, etc.), cationic (dodecyl-trimethyl-ammonium bromide, cetyl-trimethyl-ammonium bromide, etc.), and nonionic (castor oil, nonyl phenol, tributyl phenol, fatty amines, alkylolamides, trysteryl-phenol, fatty acid
ethoxylates, etc.) deflocculants are routinely used. Polyelectrolytes such as the condensation product of naphthalene-sulfonic acid and formaldehyde, sodium dinaphthyl
methane disulfonate, and lignin can act as wetting agents, deflocculants, and dispersants
(i.e., stabilizers). Then, after grinding, the dispersion must be stabilized. A “stable
dispersion” is one in which the total number and size of the particles in the dispersion
do not change over time.48,49 Dispersants are used to stabilize dispersions. Usually, a
dispersant is meant for electrostatic stabilization, steric stabilization, or both. Briefly,
electrostatic repulsion can be effectively exploited in water-based inks formulations
where the high dielectric constant of the continuous phase allows for a great extension
of the diffuse double layer (DLVO theory).49 Conversely, dispersion stabilization in
organic media mainly relies on steric repulsion. A large number of dispersants are available for stabilization of aqueous dispersions.49 Most of them possess multiple charges
(polyelectrolytes) and a long hydrophobic chain that preferentially adsorbs at the solid
surface in aqueous suspensions. Hence, the general rules for the design of a dispersant in
water-borne systems predict the necessity of “several ionic groups (multiple charges),
which are distributed over the entire molecule, and hydrophobic groups with polarizable structures such as aromatic rings and ether groups instead of hydrocarbon chains.”49
This is the reason why relatively small molecular weight surfactants (alkali metal or
ammonium salts of stearic, palmitic, oleic, and other fatty acids (aka soaps), alkylolamides of fatty acids, sorbitan mono esters of fatty acids, succinate esters, etc.) are effective
as wetting agents and deflocculants but ineffective as dispersants. Furthermore, the usual
surfactants are not suitable for stabilization of electrically charged particles. Thereby, if
the particles and the surfactants have opposing charges, flocculation occurs.49
In nonaqueous dispersions like for most of the solvent-based inks, the low dielectric
constant of the medium makes the Coulombic repulsion ineffective for stabilization
and a layer of steric protection is needed. Furthermore, in organic media dispersions, particles size directly affects the dispersion stability, whereas it is only of minor importance in
aqueous dispersions. In nonpolar media, stabilization of larger particles (i.e., micrometric)
principally occurs by electrostatic repulsion while for submicrometric or nanometric particles steric stabilization is more effective than the electrostatic one. Most dispersants for
nonpolar media are specific to a particular system. There are no generally effective dispersants suitable for stabilization of a wide variety of solids in organic media like lignin sulfonates or dinaphthyl methane disulfonates in aqueous systems. Nonetheless, some general
guidelines concerning the requirements of a dispersant for organic media can be drawn:
• Strong interaction with both the particles to be dispersed and the dispersion media.
These conditions result in the presence of both anchoring and easy-to-solvate groups
in the dispersant’s structure.
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• The presence of charge transfer mechanism, for instance, stemming from electronic
delocalization, between the dispersant and the particle surface to combine steric repulsion, with electrostatic repulsion.
A wide variety of surfactants and polymers are suitable for use as dispersants for dispersions
in organic media, depending on the solid (polycaprolactones, polyureas, block copolymers such as polystyrene-polybutylstyrene, polystyrene-polyacrylonitrile, etc.). For
instance, when it is necessary to prepare colloidal dispersions of conductive metal oxides
(e.g., indium tin oxide, indium gallium zinc oxide, antimony tin oxide, aluminum zinc
oxide, etc.) alkyl-modified PVPs, block copolymers of propylene oxide and ethylene
oxide (Pluronics) and a class of “hyperdispersants” going under the name of Disperbyks
(from the Byk Corporation) come into consideration. Disperbyks (but also Solsperse by
Lubrizol) are called hyperdispersants because they provide multiple anchor groups to
bind on particles surface.50,51 Such a property is crucial for harboring defective sites like
the dopant atoms (e.g., Sn for the indium tin oxide and Al for the aluminum zinc oxide)
or oxygen vacancies of the conductive oxide. This mechanism allows for the formation of
dispersions possessing a lower average particle size (and narrower size distribution).
Simultaneously, the interparticle attraction is reduced and flocculation and agglomeration triggered by the smaller particles size are hindered.
Further dispersion is provided also by the polymeric binders (especially thermoplastics) employed to maintain the conductive particles on the substrates after printing and
before the thermal sintering. Indeed, binders act also as thickening agents to prevent caking (i.e., the formation of a hard sediment that cannot be re-dispersed by simple agitation).52 Mathematical description of caking is given by the Stokes’ equation:
Vs ¼

d2 ðρ1  ρ2 Þg
18η

(3.4)

where Vs is the particles sedimentation velocity; ρ1 and ρ2 are the density of the particles
and dispersing medium, respectively; d is the particles diameter; η is the medium viscosity;
and g is the gravitational acceleration. Therefore, caking can be avoided or at least slowed
down, either by decreasing the density difference between the dispersed particles and the
medium or by increasing the viscosity of the dispersion. Since it is difficult to match the
two density terms in Eq. (3.4), dispersion’s viscosity modification is the usual method
used to deal with caking. The previously mentioned screen printing binders function impedes caking by “hydrodynamic thickening” (e.g., cellulose derivatives, xanthan gum, etc.)
or by “associative thickening”10 (e.g., hydrophobically modified polyethers and
10

Despite of the name, the hydrodynamic thickening mechanism also applies to nonaqueous dispersions. When
the polymer is dissolved into the solvent, the polymer chains entrap large amounts of liquid (hydrodynamic
volume occupation) by coiling carbon back-bone groups. Needless to say, the effectiveness of hydrodynamic
thickening depends very much on the length of macromolecules used. Conversely, associative thickening is
predicated on micelles formation like in nonionic surfactants.
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polyurethanes). Among hydrodynamic thickeners, guar gum (a polysaccharide made out
of galactose and mannose) and long-chain castor oil ethoxylates are particularly interesting. Both of them render (in concentrations above 1%) the ink thixotropic. Moreover,
guar gum shows plenty of viscosity synergistic (i.e., gelling) effects when used in conjunction with alginates, xanthan gum, or locust bean gum. Another special category
of thickeners is represented by colloidal dispersions of clays. Montmorillonite, bentonite,
and attapulgite clays are also effective in inhibiting sedimentation. Nevertheless, viscosity increase stems from the formation of a three-dimensional (3D) gel network upon
pH or ionic strength change rather than from the entanglement of soluble, highmolecular weight polymer chains. Finally, alkali swellable emulsions (ASEs) are a
particular kind of rheological modifiers relying on a thickening mechanism similar
to the hydrodynamic one and are mainly suited for water-borne systems. Usually,
ASEs are dispersions of acid-functional acrylic polymers in water. They are supplied
at low pH and the acid groups on the polymer chains need to be neutralized to allow
the polymer to swell and thicken.53 Under acidic conditions, the polymer has a tight,
coil-like structure and after the addition of alkali to the system, the pH increases and
the acid functional groups on the thickener begin to dissociate. As a result, the thickener becomes more water soluble and starts to uncoil. As the pH increases further,
the polymer takes on a more open long-chain structure, leading to the entanglement
of thickener molecules with each other.
Besides the conductive filler, the organic vehicle (binder + solvent + thickening
agents) and the other additives necessary for the paste preparation (wetting agents,
deflocculants, and dispersants), other components can be added to the ink. For instance,
de-foaming agents, plasticizers, proprietary leveling agents, and rheology modifiers, just
to mention a few. Glass frits (mixture of low-melting point glass oxides such as B2O3,
PbO, BaO, Bi2O3, ZnO, Al2O3, and carbonates such as Na2CO3 and CaCO3) can be
added to improve adherence to the substrate or the electrical connectivity of the metal
or carbon particles. However, such an approach relies on glass frit melting and on the
formation of metal silicides (mainly Ni, W, Ti, and Co) that ensure the creation of
ohmic contacts. Since both processes occur at high-temperature (e.g., at least 350°C)
glass frits’ use is limited to Si, glass, Al2O3, or other ceramic substrates and does not apply
to flexible supports.
Conductive inks’ industry uses the DC volume resistivity (ρvdc) of inks in Ω/□ /mil11
to link the printed film conduction properties to the ink’s formulation and the sheet resistance (i.e., thickness dependent) to determine if a printed conductor is meeting a performance spec. ρvdc depends on multiple factors. The intrinsic bulk resistivity ρ of the
conductive powders and their weight percentage (wt%) used for inks formulation
are the first parameters to be considered. In fact, ρ varies from 1  2  108 Ωm for
11

Mil is a thickness unit commonly employed in the electronics industry to specify films thickness, etched
copper profile, and dielectric substrate height. 1 mil is 1/1000 of an inch and corresponds to 25.4 μm.
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Ag, Cu, and graphene (i.e., ρAg ¼ 1.58  108 Ωm, ρGraphene ¼ 1.17  108 Ωm [41]) to
3  60  105 Ωm for graphite, to the 1.6  105 Ωm ballistic limit for a single CNT [4].
Obviously, the higher the wt% of conductive filler in the screen printing paste the lower
ρvdc. However, filler’s content limits are set by the dispersants, binders, and inks
manufacturing techniques capability to disperse uniformly, prevent re-agglomeration
and avoid settling of filler’s particles or low-dimensional structures. Usually, the conductive filler wt% are: 60–90 for silver and copper particles (50% for flakes), 0.1–40 for graphene flakes and CNTs, and 30–40 for graphite and carbon black. The percentages are
predicated on the dispersions stability for three roll mill-processed pastes, the printing
rheology 21 and on the application-dependent required sheet resistance and
adherence to the substrate. A prominent role in determining inks volume resistivity is
played by film’s post-deposition thermal treatment.12 As a matter of fact, different processes occur during the film curing. Provided that printing on FR-4, HF and flexible
substrates precludes binder’s removal, heat treatment is carried out in the 70–300°C.
Besides conventional diffusion-based particles sintering, a new family of metallo-organic
reactive (MOR) pastes based on, for example, Ag (I) and Cu (II) organic
precursors instead of metal nanoparticles has been developed. However, copper-based
MORs pastes are far away from their commercial application because an N2 or 3%
H2 atmosphere heat treatment is needed for precursor’s conversion and to avoid copper
particles oxidation.
Commercial “standards” volume resistivity of silver inks, for instance, for the UHF
printed antennas, is 0.006  0.05 Ω/mil (which corresponds to a 6  50 mΩ sheet resistance for a 25 μm thick film). The sheet resistance of 1.4 mil thick (36 μm, corresponding
to a standard 1-oz copper clad laminate) etched copper traces is 0.5 mΩ. Furthermore,
copper etching does not involve any thermal treatment and the resulting metal pattern
can be easily protected from oxidation by organic solderability preservative (OSP), hot air
solder leveling (HASL) for LF and HF application, or by immersion silver or electroless
nickel immersion gold (ENIG) finishes for UHF and microwave devices.54 Since Ag2O
retains a sufficient conductivity with respect to bare Ag, silver inks do not suffer from
ohmic losses stemming from oxidation. Nonetheless, silver can leach into the solder joint
causing the removal of large amounts of Ag from the conductor if the solder temperature
is too hot or the process takes too long. Silver dissolution into the solder can be mitigated
by using Bi-free solders belonging to the group of the Sn-Ag-Cu (SAC) alloys. Copper
PTF antennas and traces’ protection from atmospheric oxidation and preservation of solderability is also complicated. Such an issue is dealt with on the nanoscale level. Indeed,
there are two main approaches to prevent copper nanoparticles oxidation: silver plating
and N-aromatic complexing.

12

Solvent-free UV curable inks have been excluded from this discussion.
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Although graphene, CNTs, graphite, and carbon black high conductivity pastes for
DC applications would be attractive for UHF antennas because they do not suffer from
oxidation problems, their minimum achievable ρvdc is 10 Ω/mil (graphene), 30 Ω/mil
(CNTs), 25 Ω/mil (graphite), and 20 Ω/mil (carbon black). Even though it is possible
to decrease the printed film sheet resistance by increasing the number of depositions, carbon materials pastes cannot match the conductivity of either silver pastes or etched copper traces. In addition, increasing the number of prints without raising the heat-treatment
period does not result in any significant sheet resistance drops. Moreover, DC sheet resistance, or ρvdc does not consider the effect of the film’s skin depth that further increases the
effective resistance at the UHF and microwaves frequency.
The consequences stemming from the lower conductivity of PTF antennas compared
to structures based on bulk metals depends on the operating frequency and consequently
on the antenna coil operation mode (capacitive, inductive, or backscattered). For
instance, inductive coupling based on loop printed antennas leads to a significant decrease
in the antenna Q-factor compared to wounded Al or Cu coils lowering the amount of
power (i.e., from the reader) absorbed by the tag.
Capacitively coupled RFID tags have been created to eliminate the cost of the solid
metal coil used for inductive coupling. Furthermore, capacitively coupled antennas are
less affected by the high resistivity of conductive traces. Such a statement is predicated on
the antenna’s large cross section. Hence, it is possible to fabricate very low-cost capacitively coupled antennas by using carbon inks. However, the short reading distance
imposed by the high impedance of the voltage divider circuit constitutes the main drawback of capacitively coupled RFID antennas.
Inadequate conductivity of PTFs for UHF and microwaves RFID antennas leads to:
• low RLs at the resonant frequency and
• low antenna efficiencies (εA).
The first condition defines the suitable resonance (and thus the antenna’s operative wavelength) frequency to be used for signal transmission or reception. An accepted rule of
thumb sets the “benchmark” minimum j RLj to 10 dB for a resonant frequency to be
useful. Furthermore, theoretical and experimental studies carried out on PTF antennas
have proved that 40 Ω/□ is the sheet resistance limit value to appreciate a resonance.55
When the film’s sheet resistance exceeds 40 Ω/□, no power is absorbed by the antenna
because of the impedance mismatch (ML  0, RL  0 at the resonant frequency, all power
delivered to the antenna is reflected back). On the other hand, when the film’s sheet resistance is <3 Ω/□, the dielectric constant mismatch between the substrate and the air
becomes the main source of impedance mismatch (low ML values). Thus, the higher
sheet resistance (at least one order of magnitude) of printed films compared to
copper-etched antennas leads to impedance mismatch and consequently decreases the
absolute value of the RL for RFID’s antennas operating in the UHF or in the microwave
S (2.45 GHz) or C (5.4 GHz) bands.
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The antenna efficiency, εA, is defined as the ratio of the power irradiated
by the

antenna with respect to the power delivered (available) to the antenna εA ¼ PPrad
by
in
the feeding source. Thus, εA can be conveniently expressed as
εA ¼ ML εrad

(3.5)

where εrad is the antenna radiation efficiency, which is the power radiated by the antenna


rad
relative to the feeding line power accepted by the antenna εrad ¼ PPacc
. The RL and consequently ML are the ties between the power delivered to and accepted by the antenna.
Thus, all the power accepted by the antenna (not reflected because of impedance mismatch) which is not radiated is dissipated into heat. Hence, dielectric and resistive losses
result into εrad < 1. To simplify the discussion, a radiation efficiency εradα (which considers only the resistive losses) is often used:
εradα ¼

Rrad
Rrad + Rohm

(3.6)

where Rohm is the ohmic resistance (i.e., the sheet resistance) of the antenna conductors
and Rrad is the self-induced resistance created by the antenna’s own dynamic electric
field.56–58 When an AC electric field is impressed on the antenna, electrons will radiate
electromagnetic waves. These waves carry energy that is taken away from the electrons.
Therefore, the electrons’ loss of energy appears as an effective resistance to their movement. This is the meaning of Rrad. Thereby, εradα evaluates how much power is
“dissipated” as radiated power (useful to transmit signals) and how much is dissipated
as heat. For instance, the relatively high ρvdc of carbon materials based conductive inks
is the main factor responsible for the low values of εradα for fully printed antennas. In
addition, Eq. (3.6) does not take into account dielectric losses. For thick films printed
antennas, power heat dissipation is aggravated by the binder component of the film.
Indeed, common polymer resins employed as binders are characterized by dielectric
losses (in terms of loss tangent) comparable to FR-4 or flexible substrates.13 Thus, even
if their contribution to power dissipation through heating is small compared to the one
brought about by the substrate, dielectric losses caused by the film’s binder still generate
εrad drops. Finally, for the specific case of carbon materials, large amounts of fillers embedded in polymeric matrices cause the loss tangent of the composite material to rise.59–61

3.2.3 Inks for Chipless RFID Tags
As previously mentioned, ASICs are regarded as the main culprits for the high cost of
RFID tags compared to bar codes. Since silicon wafer cost is independent of the specific
13

Tanδ is 0.008–0.01 at 3 GHz for an ordinary FR-4 substrate, 0.012 for PC, 0.004 for PI; for the binders:
0.01–0.05 for phenolic-formaldehyde resins, and 0.02–0.09 for cellulose derivatives depending on the
polarity of groups substituting one of the OH positions in the glucose units.

Nanostructured Materials for RFID Sensors

IC design, fixed costs such as wafer cutting, die handling, and mounting on the label negatively impact on the final tag’s cost. Moreover, the size of dies for RFID-dedicated
ASICs is smaller than electronic industry standards. Thus, RFID chips’ handling cost
is further increased. Therefore, chipless transponders are actively being considered as a
suitable option for item-level RFID. However, data encoding without the presence
of an ASIC represents a major challenge for the commercialization of chipless tags.
Due to the endless number of codification methods, a practical classification of chipless
devices based on their functioning principles is mandatory. Usually, chipless RFID tags
can be divided in two categories: time-domain reflectometry (TDR) based and spectral
(i.e., frequency) signatures based. The former relies on a train of pulses (i.e., echoes) produced by the transponder as a response to the reader signal; the latter carries out the data
encoding by exploiting the presence or the absence of resonances at specific frequencies
of the radio-frequency spectrum.62 While TDR-based tags are usually not fully
printable,63 and are comprised of discontinuities in standard microstrips, spectral
signatures-based tags are very intriguing from the nanomaterials standpoint. Hence, five
classes of fully printable have been or are being developed:
• Planar circuit chipless RFID transponders. Planar (printed) microstrips or
waveguide arranged in resonant structures such as antennas and/or filters. Dipole
capacitively coupled dipole antennas are definitively the most employed type of resonant systems.64 Thus, the chipless tag is comprised of multiple dipole antennas, resonating at different frequencies. Therefore, when a sweeping signal from the
interrogator impinges on the tag, an electromagnetic wave containing RL maxima
and minima corresponding to the tag’s dipoles is transmitted back. Hence, each
printed dipole is associated with a bit of data. Unfortunately, interference issues
brought about by capacitive dipoles’ coupling limit the application of such a technology. In addition, because of the relationship between dipole antenna’s size and
operating wavelength, relatively large (and consequently more expensive) antennas
are required.
• LC resonant chipless tags. Such devices are effectively one-bit tags suitable for electronic article surveillance (e.g., antishoplifting tags). Their operating principle is the
magnetic (inductive) coupling between the reader’s antenna and a single printed coil
resonating at a particular frequency.65 Thus, the transponder produces a voltage dip in
its frequency response upon receiving a signal from the reader tuned at the resonant
frequency. Needless to say, tags’ simplicity and low-production cost are achieved at
expense of the operating range and information storage capability (1 bit).
• Space-filling curves. Still under development, these tags are equipped with printed
antennas shaped as Peano and Hilbert curves (see Fig. 3.10) with resonances centered
around 900 MHz.66 Their main purpose is to overcome the size-wavelength limitation of planar circuit transponders. Indeed, space-filling curves represent a compact
resonator from the electromagnetic point of view, that is, their linear dimensions
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Fig. 3.10 First three orders of Peano and Hilbert space filling curves.

(or foot prints) are sensitively smaller than their resonance wavelength. Therefore,
space-filling curve geometries can be exploited to create “ultra-passive” type of RFID
in which an array of space-filling curve elements, designed to resonate at different and
particular frequencies, are used to provide a backscattered signal, in which information
can be embedded.
• Chemical transponders. Together with the ink-tattoo (see below), these transponders represent the “real” material-based chipless RFID technology. Chemical (and
ink-tattoo) transponders are still in the experimental phase. They are designed from
a deposition of resonating fibers, for instance, by chemical vapor deposition, or special
electronic ink. Two companies from Israel use nanometric materials to design chipless
tags. These tags consist of tiny particles of chemicals, which exhibit varying degrees of
magnetism. Hence, electromagnetic waves striking on the tag trigger particles resonances at different frequencies. CrossID, an Israeli paper company, claims to possess
70 distinct chemicals, assigned to specific positions in a 70-digit binary number. Tapemark also claims to have “nanometric” resonant fibers, which are 5 mm in diameter and
1 mm in length. These tags are potentially low cost and can work on low-grade paper
and plastic packing material. Unfortunately, they only operate at frequencies up to a
few kHz, although this gives them very good tolerances to metal and water. Furthermore, no information concerning working prototypes (e.g., chemical composition of
the nanoparticles, encoding capacitance, cost, etc.) has been released since their introduction in 2004.
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• Ink-tattoo chipless tags. Analogously to chemical transponders, special inks characterized by particular magnetic properties are exploited. However, a unique bar code
pattern, different for each item is printed directly on the surface of the object to be
tagged. Thus, data encoding is performed by the reflection of a HF signal from the
reader by the unique pattern attained through the magnetic ink. Somark Innovations
has developed a biocompatible ink to be tattooed on animals for cattle monitoring or
even on military personnel for tracking and rescuing.67

3.3 Flexible Electronics for RFID Tags
CNTs are considered remarkable materials owing to their unique structural and mechanical properties such as high electrochemical stability, low resistivity, and high surface-tovolume ratio.68–70 CNTs are regarded as one of most promising electronic materials for
manufacturing flexible electronic circuits in order to implement RFID tags’ electronics.
Indeed CNTs film has been under investigation as suitable materials for flexible thin-film
transistors since the beginning of the 1990s.4 In general, CNTs can be divided into two
categories: single-wall carbon nanotubes (SWCNTs) and multiwall carbon nanotubes
(MWCNTs). SWNTs generally have fewer defects and a higher degree of crystallinity
than MWNTs, giving rise to superior performance in most applications. Depending
on the folding angle and the diameter, SWCNTs may be metallic, insulating, or
semiconducting.71,72
MWCNTs are constituted from a random alternation of semiconducting and metallic
layers and are conductive on average. An alternative way to control photoanode electronic properties at once by CNTs introduction is the use of chirality-selected SWCNTs.
In fact, bundles of same chirality semiconducting tubes are expected to show less
intertube resistance than mixed-chirality SWCNTs networks.4,73,74 Furthermore, cutting down the quantity of metallic tubes diminishes the probability of creating metallicto-semiconducting tube junctions possessing a high-energy barrier. Needless to say,
such an electronic properties selection would be ideal for the formation of
“tunable” Schottky barrier-based diodes, and controlling the carrier mobility in the
channel and subthreshold swing of metal-oxide-semiconductor field-effect transistor
(MOSFET) devices (see Section 3.1.2).
Different techniques have been developed over the years to separate by chirality
batches of synthesized tubes.75 They span from density gradient ultracentrifugation
(DGU),76 to electrophoresis.77 All these methods rely on noncovalent functionalization
of SWCNTs with synthetic78 or biopolymers (i.e., DNA),79 or low-molecular weight
surfactants80 for both tubes dispersion and chirality selection. Indeed, different chirality
tubes possess different electronic density that results into different Van der Waals interactions with the same polymer for instance. Then, electronic specific SWCNTs batches
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can be obtained by exploiting particular physical properties stemming from the polymeric
or surfactant functionalization. For instance, sorting CNTs by electronic structure can be
performed using density differentiation in a density gradient medium (i.e., iodixanol) in
DGU,81 charge density deriving from deprotonated backbone phosphate groups on the
DNA wrapped around the tubes in ion-exchange chromatography82,83 or electrophoretic mobility84,85 coming from cationic or anionic surfactants functionalization.
Size exclusion gel chromatography (SEGC) is an effective chirality separation technique that can be used to separate metallic from semiconducting tubes, single chiralities of
semiconducting tubes, and enantiomers of single chirality metallic tubes.86,87 It takes
advantage of two principles involved into the formation of SWCNTs/surfactant
micelles: size exclusion and chemical affinity for a biopolymer-based gel. The most used
gel for SEGEC is Sephacryl, which is composed of allyl dextran chains cross-linked by
N,N 0 -methylene bis-(acrylamide), with dextran being a biopolymer and chiral compound (it is α-D-glucan, i.e., a D-glucose polysaccharide with the glycosidic bond in
the α form). When SWCNTs are dispersed into an aqueous solution of a surfactant such
as SDS or sodium cholate (SC) above the CMC at a temperature higher than the surfactant Kraft point,14 micelles of surfactant forms around the tubes. The size of the micelles
and consequently the level of tubes penetration depends on the SWCNTs diameter.
Besides, a further diameter/chirality-dependent discrimination occurs because of the different SWCNTs charge density. In fact, different chiralities mean different tubes’ radii of
curvature that, together with nonidentical distributions of π electrons causes the charge
density on the SWCNTs to be different for each chirality with the consequence of
diverse interaction strength between the gel and the tubes. One of the proofs that a real
interaction between SWCNTs and the gels exists and that the chirality selection is not
merely based on the size exclusion principle is provided by the separation of enantiomers
within the same chirality that is possible only because of the interaction with the chiral
dextran moieties of the gel.87

3.4 Future Work: Perspective Smart Materials for RFID Sensors
RFID tags represent a unique class of “unconventional” sensors. Primarily intended for
item-level data encoding to supplement or replace bar codes, RFID tags have been
emerging as environmental monitoring systems. In fact, sensor-enabled RFID tags permit to detect environmental changes by integrating directly on the tag’s antenna (mainly
for chipless tags), or in conjunction with tag’s digital electronics, materials sensitive to
chemicals, humidity, pressure, temperature, light exposure, etc.
14

At low temperatures, the solubility of a substance might change little initially, but as the temperature rises
to a point characteristic for that substance, the Kraft point, the solubility increases sharply as a result of
micelle formation.
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Furthermore, the “smart” properties of materials manifesting color change upon variation of chemical analytes concentration could be exploited also for RFID sensors similarly to the “gas-chromic” devices by the IPM group illustrated in Section 3.1.2. For
example, a TiO2-based screen-printed material suitable for selective Fe2+ detection in
aqueous solutions via colorimetric sensing was developed by the Zenkina group 88 at
the UOIT. The colorimetric sensor relies on the large affinity of phosphonic acidmodified terpyridine, namely 2,20 :60 ,200 -terpyridin-40 -ylphosphonic acid or (L), for oxide
surfaces and on the specific metal-to-ligand charge transfer (MLCT) transition occurring
upon the formation of the Fe(II)L2 complex. A “spin-off” of the original research on
colorimetric sensors resulted in the development of (L)-functionalized indium-tin oxide
(ITO) thick films for electrochromic devices.15,89,90
The electrochromic effect was verified also for scaffold possessing a low specific surface area (i.e., 10 m2). Investigations on the reversibility of the color change triggered by
the electrochemical conversion of Fe(II)(L)2 to Fe(III)L2 demonstrate unprecedentedly
long switching stability.91,92 On the other hand, rather than exploiting the color change
due to ionic conversion, one could make use of the paramagnetic properties. Indeed,
transition-metal complexes exhibit wide range of colors but also exhibit other important
properties in their magnetism, structures, stability, and reactivity.93
For example, antennas structures were modified with the ITO films developed for
colorimetric sensors, as indicated above. The antenna was characterized in the microwave frequencies by measuring the reflection coefficient (RL) at the feed port using
(S11 is the scattering parameter measured) a vector network analyzer (Agilent
E8361A). RL plots for the antenna sensitized only with the ligand (L) and with the
Fe(III)(L)2 complex are reported in Fig. 3.11. Fe3+ adsorption causes a resonant frequency of 710 MHz with respect to the antenna possessing only the ligand chemisorbed on the ITO film surface. Such a shift is presumably due to the paramagnetic
properties of the Fe(III)L2 complex. Further investigation is currently being conducted to verify the dependence of resonant frequency on the magnetism of the
metal-terpy complex.

15

Electrochromic (EC) materials are a class of “smart” materials that are designed to change their optical
properties under an applied voltage. The ability of these materials to switch between two colors,
usually to bleach and to revive the color, has resulted in their widespread applications in smart
windows/mirrors, reflective-type displays, battery charge sensors, and electro-optic modulators.89 EC
materials are represented mostly by the products that incorporate EC redox molecules or transition
metal oxides that have a mixed redox state at the metallic center, in conductive polymers. The
properties of these composites drastically depend on the overall composition and fine distribution of
the EC species in the polymer 90.
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Fig. 3.11 Return loss (S11 scattering parameter) for a microstrip patch antenna comprised of etched
copper traces and ITO screen printed film loaded either with (L) or with Fe(III)(L)2. The latter obtained
by adsorption of Fe3+ on the ITO film sensitized with (L). (Reproduced from Quaranta, S. Nanostructured
Materials for Photovoltaics and Microwave Electronics: Methods and Applications (Doctoral thesis);
UOIT, 2017.)

3.5 Conclusions
Low-cost nanostructured materials possessing special properties suitable for applications
for microwave sensors for sensor-enabled RFID have become a topical area of research as
these materials introduce a wide range of possible variation on the original applications of
these devices. For example, the resonant frequency shift of a microwave resonator due to
a change in paramagnetic (or diamagnetic) characteristics can be used to detect ions based
on the frequency shift associated with the paramagnetic or diamagnetic properties of the
ions. Also, chirality-selected SWCNTs could be used for the tuning of microwave
devices, like in the graphene and MWCNTs loaded antennas.
A recent development related to nanostructured materials is that of the so-called
“smart” materials. These nano-materials are able to change their properties reversibly
in a controlled fashion by applying an external stimulus. Applications are varied, however, their properties can be extremely effective in the development of novel, advanced
RFID antennas.
In particular, the exploitation of “microwave-sensitive” nanostructures is one of the
more promising areas of research for future RFID development. These materials are
capable of changing their radio-frequency (and microwaves) electrical properties under
an external stimulus. Thus, if such materials are inserted into a microwave resonator or
antenna positioned on a RFID tag, a reader’s signal frequency shift and attenuation
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related to their electrical impedance change can be produced. Microscopic level variation
of chemical and physical properties such as electronic and dipole polarizability (i.e.,
dielectric constant and loss tangent), number of unpaired electrons (i.e., paramagnetism
and diamagnetism), and electron mobility (i.e., resistivity), generate resonator’s (or
antenna’s) impedance changes by modifying capacitance, and/or inductance and/or
resistance characteristics.
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Organically Tailored Mesoporous
Silicates Designed for Heavy Metal
Sensing
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Cape Breton University, Sydney, NS, Canada

4.1 Introduction to Mesoporous Silica
Mesoporous materials are those exhibiting porosity with pore sizes in the range of
2–50 nm. Materials with smaller or larger pores are labeled micro- and macroporous,
respectively. Mesoporous materials have many uses related to their very large internal
surface areas and pore volumes, which can be exploited in catalytic and sensing applications. Of the mesoporous materials, mesoporous silicas are the most widely studied and
are commercially available or can be easily prepared in the laboratory. Mesoporous silicas
are generated through sol-gel processes from simple starting materials, such as tetramethylorthosilicate (TMOS) and tetraethylsilicate (TEOS). Their pore structures and
sizes are determined through the influence of the structure directing agents, which most
commonly consist of neutral, anionic, or cationic surfactants, or liquid crystals. Because
the structure directing agents form self-assembled structures in solution, for example,
micelles, the silica precursors are forced to condense around these three-dimensional
(3D) structures as shown in Fig. 4.1.1 The actual walls of mesoporous silicas are often
amorphous, but their bulk morphology can be highly regular through the action of
the structure directing agents. The structure directing agents must be removed from
the pore spaces of the nascent mesoporous silicas, generally through solvent extraction
or calcination, for the materials to be of use. Mesoporous silica is commonly generated
in powder form, but can also be prepared as regularly sized nanoparticles, monoliths, or
thin films on other materials. Mesoporous silica can also be used as a hard template for the
synthesis of other nanostructures because it can be dissolved by hydrofluoric acid or
strong bases and easily removed from the nanomaterial.

4.2 Controlling Pore Size and Morphology
Silica is found in many forms, including solid quartz crystals; however, to be an effective
sensing material or catalyst support, the silica needs to have a large and accessible surface
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Fig. 4.1 Nanostructured porous oxides via structure directing agents. (Reproduced from Mai, Y.;
Zhang, F.; Feng, X. Polymer-Directed Synthesis of Metal Oxide-Containing Nanomaterials for
Electrochemical Energy Storage. Nanoscale 2014, 6 (1), 106–121 with permission.)

area for the binding of analytes or reagents. Silica gel and fumed silica are both products
with high surface areas, but their amorphous natures lead to problems with sensitivity,
selectivity, reversibility, and batchwise reproducibility of sensing platforms based on these
materials. Thus, homogeneous and regularly oriented silicas with accessible high surface
areas are highly desirable, these are of course mesoporous silicas and their structures are
dictated by the conditions under which they are produced. Mesoporous silicas are produced through the hydrolysis and condensation of organosiloxane precursors, but without specific agents directing their structure, the resultant silica would be amorphous and
have low surface area. The structure directing agents work by self-assembling 3D nanostructures in solution. Examples are ionic and nonionic surfactants, for example, block
copolymers, which can form cylindrical micelles in solution around which organosiloxanes can hydrolyze and condense. Additionally, liquid crystals can form lamellar structures in solution, which can also act as templates. Postsynthesis, the pores of the
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nascent mesoporous silica are blocked by the structure directing agents, which must then
be removed. All of these processes and parameters can affect the final pore size, morphology, and form of the resultant mesoporous silica material, and therefore its applications.
One of the earliest reports of regular mesoporous silica formation comes from Kresge
et al. who calcined aluminosilicate gels in the presence of alkyltrimethylammonium surfactants.2 They identified liquid crystalline structures and templating effects as the likely
causative agent in the regularity of the obtained material. Bagshaw et al. used nonionic
polyethylene oxide as a surfactant for the formation of mesoporous silica, but also incorporated other metal species and made pure alumina structures demonstrating that the
technique could be applied to the formation of many mesostructured oxides.3 Zhao
et al. used a series of oligomeric ethylene oxide and block copolymers to form a variety
of mesoporous silica structures.4 These included cubic, 3D and two-dimensional (2D)
hexagonal, and lamellar structures. Kim et al. used mixtures of di- and tri-block copolymers to generate mesoporous silica from sodium silicate.5 They modified the ethylene
oxide volume of the surfactant mixture to control both the morphology and pore sizes of
the obtained materials. Huo et al. compared the structural relationship between surfactants and mesophase formation in a variety of mesostructured silicas.6 Che et al. exploited
the interaction of anionic surfactants with aminosiloxanes to generate a unique mesoporous silica.7 The aminosiloxanes were attracted to the exterior of the anionic surfactant
micelle through electrostatic interactions and templated the formation of mesoporous silica with periodic modulations caused by fluctuations in micelle size. This work resulted
in the formation of new materials while also revealing information regarding the structures of anionic surfactant micelles in solution. Lin and Mou reviewed the physical chemistry of the interactions between silica precursors and cationic surfactants in the formation
of mesoporous materials with fine control of pore size and morphology.8 Groenewolt
et al. were able to generate a mesoporous silica with a bimodal pore-size distribution
by using a mixed micelle system formed from nonmiscible surfactants.9
The two main methods for removal of the structure directing agent are (1) calcination
at a high temperature in air and (2) solvent extraction. Calcination has the advantage of
being relatively quick and efficient as all of the organic components in the mesoporous
solid are combusted and removed as carbon dioxide. However, calcination is limited if
organic functionality has already been incorporated into the material as high temperatures
will likely result in loss of the tailored groups. The calcination temperature must also be
controlled to prevent pore collapse as a result of the silica framework softening. Solvent
extraction is a much gentler solution; however, it can be time consuming, and a solvent
must be selected that can efficiently remove the surfactant molecules from the pore
spaces. If a continuous extraction system is used, for example, a Soxhlet extractor, the
surfactant can accumulate in the solvent and cause foaming. After solvent extraction is
complete, the resultant material must be tested to ensure complete removal of the structure directing agent. This is typically accomplished by measuring the surface area of the
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material using nitrogen physisorption analysis, a time-consuming process; particularly for
materials with very high surface areas, as mesoporous silicas generally have.
The overall form of the mesoporous silica is another consideration. It is generally most
easy to prepare the material as a powder of irregular particle size. However, it is often
desirable to obtain the material as regularly sized nanoparticles, as large monoliths, or
as thin films. These structures can be achieved by careful control of the reaction conditions. For example, Bruinsma et al. were able to generate mesoporous silica fibers (by
incorporating a fiber forming polymer (poly(ethylene oxide)) into the reaction mixture),
particles, and hollow spheres through rapid solvent evaporation during formation of the
mesophase.10 Yang et al. were able to grow thin mesoporous films on mica11 and at the
air-water interface.12 Feng et al. were able to prepare mesoporous silica monoliths
through the formation of a microemulsion of liquid crystal phases produced from block
copolymers.13 Zhou et al. were able to form mesoporous silica monoliths with wormlike pores by exploiting hydrogen bonding between condensing silanols and a liquid crystal phase composed of a room temperature ionic liquid.14

4.3 Introducing Functional Groups
Remarkable progress has been seen in the development of ordered mesoporous silicates
for many applications, including metal sensing.15 Yet, most as-prepared mesoporous silicas demonstrate limited, nonselective, and even easily reversible adsorption capacity.16
Functionalized organic-inorganic hybrid mesoporous materials show major increases in
adsorption capacity and selectivity. Despite the increased initial cost associated with generation of organic-functionalized materials compared to their amorphous analogs, most
generate a considerable value per unit cost because they are more easily regenerated and
reused.17 There are three main techniques that have been developed for the preparation
of inorganic-organic hybrid mesoporous silicates: (Fig. 4.2B) the co-condensation
method (Fig. 4.2A) the grafting method, and (Fig. 4.2D) periodic mesoporous organosilicas generated using bridged silsesquioxanes.18
Mesoporous silicas are prepared from molecular precursors using the hydrolytic solgel process implementing a neutral or charged surfactant or liquid crystal in aqueous solution, which introduces order and porosity. Organically functionalized mesoporous
silicates can be prepared by the co-condensation of a siloxane with functionalized organosiloxanes in the presence of the structure directing agents, resulting in covalently
linked, ordered, mesoporous hybrid materials that are composed of inorganic-organic
networks. In these materials, the organic group is covalently linked through a nonhydrolysable SidC bond to the predominant siloxane species (typically TEOS), which
forms the backbone of the silica framework. The hydrolysis and condensation that
occur are kinetically controlled and therefore, the characteristics of the resulting
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Fig. 4.2 Functionalization of mesoporous silica. Grafting (A), co-condensation (B), semidirect synthesis
(C), and functionalization generated using bridged silsesquioxanes (D). (Reproduced from Yoshitake, H.
Design of Functionalization and Structural Analysis of Organically-Modified Siliceous Oxides with Periodic
Structures for the Development of Sorbents for Hazardous Substances. J. Mater. Chem. 2010, 20 (22),
4537–4550 with permission.)

materials, that is, the pore size, surface area, particle size, and morphology, are dependent on the particular experimental conditions, that is, the pH, reagents, concentrations, and temperature. If uniform surface coverage with organic functionality is
desired in a single synthetic step, co-condensation is the preferred method because
it provides more control over the number of organic groups incorporated within
the overall structure. For example, Sierra et al. have recently generated such
organic-inorganic hybrid mesoporous silicas using TEOS as the primary silica source
and either 2-mercaptopyrimidine or 2-mercaptothiazoline-based silicate as the functionalized organosilica co-condensation partner.19 Cetyltrimethylammonium bromide
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and pluronic P123 block copolymer surfactants were used as the structure directing
agents and the resultant materials were able to adsorb Hg2+ ions with capacities at
0.11 and 1.03 mmol g1 for 2-mercaptopyrimidine and 2-mercaptothiazoline,
respectively.
Because mesoporous materials generated through co-condensation tend to evenly
distribute the organic functional groups throughout the structure, there is little danger
of pores becoming plugged by surfaces highly congested with organic residues, which
can occur during post-synthetic grafting where the exterior surfaces and pore oculi tend
to react first because they are easily accessible. There are, however, disadvantages regarding the maximum amount of functionalization that can be achieved in this way, because
increasing the amount of organosilicate in the co-condensation mixture can result in the
reduction of order of the mesopores, and thus result in irregular materials, which do not
benefit from the reproducible responses observed in highly ordered mesoporous silicas.
There are also limitations in which compounds can be used in co-condensation syntheses, as those that are too hydrophobic or which undergo hydrolysis very slowly will distribute preferentially into the hydrophobic region of the surfactant micelles, resulting in
perturbation of the structure directing agent and generation of amorphous materials. The
organic functionality is incorporated into the structure during its synthesis, therefore the
only option for removing the structure directing agent and freeing the pore space is to use
solvent extraction, that is, calcination would result in the destruction of the organic
functionality.
Periodic mesoporous organosilicas are formed via hydrolytic polycondensation of
bridged polysilsesquioxanes (RO)3Si-R0 -Si(OR)3 in the presence of a surfactant-based
structure directing agent. Periodic mesoporous silicas place the organic functionality
within the framework of the mesoporous silica, that is, the pore walls and not the pore
spaces, and variation of the organic groups, for example, ethylene, phenylene, and thiophene, impacts the properties of the materials generated as shown in Fig. 4.3.20 These
materials were first discovered in 199921,22 and show great promise for obtaining a tailored framework with a consistent composition of the organic groups, which facilitates
the generation of desired chemical and mechanical properties.
The first example of periodic mesoporous silica used in metal sensing was reported by
Hossain and Mercier. Their ethylenediamine periodic mesoporous silica had high adsorption capacity for Cu2+, 34 μmol g1, with modest capacities for Ni2+ and Zn2+, 1.5 and
0.9 μmol g1, respectively, using a 1,4-bis((3-trimethoxysilyl)propyl)ethylenediamine
bridging group, because of good accessibility of the metal ions toward the chelating groups.23
Periodic mesoporous silicas permit high accessibility to the chelating ligands because of the
incorporation of the chelating groups into the walls of the silica and the regularly ordered
structure introduced through templating. Zhang et al. were able to adsorb 13.5 mmol g1
of Hg2+ ions using 1,4-bis(triethoxysilyl)propane tetrasulfide,24 whereas Olkhovyk and
Jaroniec were able to adsorb 8.97 mmol g1 using tris((3-trimethoxysilyl)propyl)
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Fig. 4.3 Periodic mesoporous organosilica from various multifunctionalized silica sources. (Reproduced
from Vinu, A.; Mori, T.; Ariga, K. New Families of Mesoporous Materials. Sci. Technol. Adv. Mater. 2006, 7
(8), 753–771 with permission.)

isocyanurate bridging groups.25 Lee et al. were able to adsorb up to 7.9 mg g1 of Co2+ onto a
periodic mesoporous silica containing sulfonic acid functionalized N,N 0 -diureylenepyridine-bis((3-propyl)triethoxysilane) bridging groups.26
Some disadvantages of using periodic mesoporous silicas based on bridging functional
groups are that the optimal synthesis conditions are difficult to predict because the relative
hydrophobicity and hydrophilicity of the bridging organic functionality can impact the
choice in the structure directing agent and reaction solvent system. Thus, obtaining
a well-ordered mesoporous material with a desirable particle size and morphology can
be challenging. Additionally, although there is increasing interest in this field, most
bridging silsesquioxanes are not commercially available and require multistep syntheses.27
However, bifunctionalized periodic mesoporous silicas can be attractive targets where
the co-condensed bridging organosiloxanes generate an organsilica-based mesoporous framework and terminal surface organic functional groups can be installed
postsynthetically.

4.3.1 Grafting
Introducing organic functionality by the attachment of organic groups via reactive surface silanol Si-O-H groups on ordered silicates to form Si-O-R is referred to as grafting.
Grafting is often referred to as a postsynthetic procedure for modification of mesoporous silicas. Silanol groups at the surfaces of mesoporous silicas can be grafted with
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organosilanes, common examples of which include 3-aminopropyltrimethoxysilane
(APTMS), 3-mercaptopropyl-trimethoxysilane (MPTMS), and hexamethyldisilazane
(HMDS). Simple ligands, for example, chloroorganosilanes, alkoxyorganosilanes, and
silazanes, can be purchased from chemical suppliers; however, more complicated graftable ligands require installation of a condensable siloxane unit. Grafting requires that the
surface silanol groups on the already prepared mesoporous silica are available to react with
the organic ligands either through single or multiple attachments. Self-assembled monolayers on mesoporous supports (SAMMS) are created by the addition of just enough
water to allow for the self-assembly of a continuous organosilane layer grafted onto
the internal surface of the mesoporous silica.
A major advantage of post-synthetic grafting is that the silica structure is already established, so interactions between the grafting moieties and the structure directing agents or
solvents cannot affect the overall pore structure of the material. Therefore, under typical
reaction conditions, the mesostructure of the original material is retained. There are,
however, disadvantages of post-synthetic grafting. These include difficulty in controlling
the degree and distribution of grafting throughout the material and grafting is controlled
by the accessibility of reactive surface silanol groups and the diffusion of the grafting
reagents throughout the material, which can easily be impacted by steric effects. For
example, large bulky ligands preferentially react on the exterior surface or near pore oculi
at the early stages of the reaction, thus blocking further diffusion of ligands into the pore
spaces. This results in pore blocking, which both limits the amount of introduced functionality and can impact the effectiveness of the resulting material in its task by limiting
diffusion of reactive species or analytes into the pores. Grafting is also a multistep process
and is, therefore, more time consuming and less intrinsically green than comparable
co-condensation methods.
However, grafting remains a popular method for introducing organic functional
groups onto presynthesized mesoporous silicas. For example, Heidari et al. grafted
APTMS onto the surface of MCM-41 mesoporous silica for the adsorption of Ni2+,
Cd2+, and Pb2+ from aqueous solution.28 Perez-Quintanilla et al. were able to adsorb
Hg2+ using 2-mercaptopyridine and 2-mercaptothiazoline grafted onto MCM-41 and
SBA-15.29, 30 Esmaeili Bidhendi et al. used trithiane grafted onto SBA-15 for the adsorption of Hg2+.31 Lashgari et al. grafted fluorene, bis(2-aminoethyl)-2-(9-fluorenyl)malonamide, and 8-hydroxyquinoline-5-sulfonic acid onto SBA-15 as fluorescent
chemosensors for a variety of metal sensing applications.32 Jamali et al. and Yousefi
et al. grafted thiophene 2-carbaldehyde and 5-nitro-2-furaldehyde onto MCM-41 for
the solid-phase extraction of Pd2+.33 and U6+ and Th4+.34 respectively, before determination using inductively coupled plasma mass spectrometry. Finally, Yantasee et al. used
glycinylurea grafted onto MCM-41 as part of the electrode material for determining Pb2+,
Hg2+, and Cu2+ using adsorptive stripping voltammetry.35
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4.4 Advantages of Mesoporous Silica Sensors
Mesoporous silicas have large internal surface areas, that is, 1000 m2 g1, that can be
readily functionalized. Depending on the actual analysis technique being performed, this
allows for preconcentration of the analyte species through adsorption processes, much
like solid-phase extraction, or can be used for the preadsorption of signal generating molecules. In either case, this results in much greater local concentrations than would be feasible when directly measuring the analyte in solution. In cases where the signal generating
probe is also adsorbed, such as the case with colorimetric or fluorimetric probes, the concentrations of both the signal generating molecule and the analyte are amplified, resulting
in even greater signal enhancement. Because mesoporous silicas are rigid structures, there
is no observable swelling, as is often the case when using polymeric substrates for the same
purposes. Silicas also tend to be physically robust and resist abrasive wear during use.
Mesopores (2–50 nm) are sufficiently large to allow for small molecules and ions to
pass through unhindered, but completely exclude large molecules. This greatly simplifies
the analysis of complex sample matrices, such as those present in biological samples, for
example, blood plasma, by removing the bulk of interferences. This also allows for the
differentiation of free vs protein-bound metal ions as only free metal ions, and not those
bound to proteins or other macromolecules, will be detected.
Metal-binding reactions are always reversible in principle, although the practical
reversibility is highly dependent on the enthalpy of binding and the kinetics of these processes. However, because most adsorbent sites or probe molecules are covalently bound
to the surface or are sufficiently encapsulated during synthesis to preclude escape, mesoporous silica sensors often display reversibility, which allows for their reuse over several
cycles. Conditions that would be used to remove the analyte from the sensing moieties
are often insufficient for stripping the sensing moieties from the mesoporous silica support. Often metal ions must be stripped from the support with either acids or chelating
agents, such as ethylenediaminetetraacetic acid (EDTA). This also carries the implication
that the pH of the analyte solution can have drastic effects on signal response that must be
tuned based on the sensor moieties and/or binding motifs being used. Because there are a
limited number of binding sites available for analyte ions, there is always an upper limit of
detection beyond which no signal increases are observed because the sensing material is
fully saturated. Thus, some degree of calibration is required to determine both the lower
and upper limits of detection when using these materials as sensing platforms. An example
of a reversible mesoporous silica sensor was reported by Ros-Lis et al. who used mesoporous silica as the basis of a hybrid Hg2+ removal and detection material.36 The sensing
moiety was a squaraine dye, which became colorless upon binding to the mesoporous
silica surface through appended thiol functionality. Addition of Hg2+ ions to the material
resulted in displacement of the squaraine dye and concurrent color generation and diffusion out of the pores. Addition of concentrated hydrochloric acid quantitatively
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removed Hg2+ from the surface, allowing for the material to be recharged with the squaraine dye and reused.
Because mesoporous silicas can be generated reproducibly after their syntheses
are optimized and functionality can be introduced either through co-condensation
or a reliable grafting procedure, the overall sensing materials can be generated in a
reproducible fashion. This is important because these materials do not have to be recalibrated in-between each batch or if reversible, between each use, so long as no degradation of the material is observed. This facilitates the use of mesoporous-silica-based
sensors in the form of testing strips, for example, when a colorimetric response is
observed. Many strips can be produced and compared to the same color intensity chart
to give accurate estimations of metal ion concentrations with the naked eye by
unskilled users who lack the time and experience to recalibrate every time they need
to take a measurement.
The vast porosity and channel size of mesoporous materials allow for rapid diffusion of
analytes, so response and recovery times, that is, the time for the signal to appear after the
introduction of the analyte solution and the recovery time after the analyte is removed
from the probe, are short. This is in some cases dictated by the geometry and orientation
of the pores in the material. For instance, thin films with 3D pores allow for more rapid
diffusion of the analyte than materials with 2D pores that are oriented parallel to the plane
of the film. Highly ordered mesostructured materials are also much less likely to obstruct
sensing sites with blocked pores than disordered materials are. Thus, the type of mesoporous structure and orientation of the material can be important considerations when
developing a sensing platform using these materials.

4.5 Optical Sensing
Optical sensing is a commonly used modality for the detection of metal ions in solution
because detection can be performed using commonly available laboratory equipment,
that is, a spectrophotometer or fluorimeter, or in some cases by the naked eye as is the
case with testing strips. Optical sensors rely on the use of chromophores or fluorophores,
which undergo some change in signal upon chelation of metal ions and are usually
selected to be selective for the ion of interest. Even when incorporated into materials,
the selectivity and response of the sensor are determined principally by the chromophore or fluorophore selected. However, whether the metal ion analyte of interest is
freely dissolved in solution or bound to a large molecule, such as a protein, can be distinguished by encapsulating the chromophore or fluorophore within a pore of limited
diameter, where bound metal ions cannot diffuse and generate a response. This has
important applications when the sample matrix is complex, such as the case for blood
plasma and other biological fluids.
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4.5.1 Naked-Eye Colorimetric Sensors
Embedding ion-selective chromophores or fluorophores within the internal pore spaces
of mesoporous silica has many other advantages. The fairly large pores of mesoporous
materials facilitate mass transport of analyte species into and out of the material, resulting in short response and recovery times for analysis. Simultaneously, these materials
have very large internal surface areas, increasing the number of bound reporter molecules available for detection. This can also have implications in fluorimetric detection
where the relative proximity and orientation of fluorophores can affect their signal
response through either enhancement or fluorescence quenching. Additionally, the
selective reporter molecules are localized within a narrow space, increasing their effective concentration and signal sensitivity, whereas reporter dyes dissolved in solution can
be quite dilute, reducing signal sensitivity. Additionally, the mesoporous materials are
generally designed to preconcentrate the analyte species within the same narrow pore
space as the bound chromophores, thus increasing signal response time, sensitivity, and
detection limit.
Low detection limits and high signal sensitivities coupled with colorimetric response
in the visible light region facilitate the formation of naked-eye sensors that undergo dramatic color changes upon immersion in solutions containing even very dilute analyte species. This has been exploited by Balaji et al., who developed highly sensitive naked-eye
detection sensors for the toxic ions Pb2+, Cd2+, Sb3+, and Hg2+, with detection at the
nanomolar range through postsynthetic grafting of ion-selective chromophores into the
interior pores of cubic Fm3m mesoporous silica monoliths.37 Ismail used a similar hexagonal mesoporous silica, in powder and monolith forms, as scaffolds for the detection of
Sb3+.38 In this system, the high adsorption capacity and efficient mass transport of analyte
into accessible probe sites resulted in naked-eye detection with a linear range of
1–2000 ppb. The detection system was also reusable over several cycles. El-Safty et al.
developed reversible naked-eye detection systems for Cd2+ by immobilizing commercially available chromophores within spherical nanopores and surfaces of 3D cubic
Fm3m mesoporous silica.39 Such chromophores included, tetrakis(1-methylpyridinium-4-yl)porphine tosylate and diphenylcarbazide, which were immobilized through
post-grafting techniques, and 4-n-dodecyl-6-(2-thiazolylazo)resorcinol and 4-n-dodecyl6-(2-pyridylazo)phenol, which were directly grafted on the surface. The same research
group also generated sensor materials through a “pool-on-surface” designed where the initial physisorption of sensor molecules allowed for subsequent adsorption of successive
probes at concentrations that would exceed those expected through grafting.40 These sensors were used for the sub-pM detection of Cr6+, Pb2+, Co2+, and Pd2+, and although the
chromophores were only retained through noncovalent forces, the sensor could be reused
up to six times. El-Safty et al. studied the effects of pore size, morphology, and shape in the
adsorption of pyrogallol red and its subsequent use in the naked-eye detection of Sb3+ at nM
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concentrations.41 Kim et al. prepared azobenzene-based “naked-eye” mesoporous silica
sensors that exhibited selective colorimetric detection of Hg2+ in the presence of K+,
Ca2+, Sr2+, Co2+, Cd2+, Pb2+, Zn2+, Fe3+, and Cu2+ and a variety of anions.42 Kim
et al. used mesoporous silica functionalized with an azobenzene receptor for the
naked-eye detection of Hg2+ (from maroon to red) among other ions.43 Zhang et al.
successfully immobilized rhodamine B in hexagonal mesoporous silica to generate a
selective “naked-eye” sensor for Hg2+.44 Liu et al. constructed a low-cost heavy metal
ion sensor by immobilizing 4-(2-pyridylazo)resorcinol in hexagonal mesoporous silica
through N-trimethoxypropyl-N,N,N-trimethylammonium chloride.45 This sensor
could detect Fe3+, Cd2+, Ni2+, Zn2+, Pb2+, Co2+, Hg2+, and Cu2+. At high pH,
the sensor can be used to detect Cu2+ at concentrations as low as 40 ppb with the naked
eye. The sensor was easily regenerated through the application of EDTA. Awual et al.
functionalized mesoporous silica monoliths with 6-((2-(2-hydroxy-1-naphthoyl)
hydrazono)methyl)benzoic acid for the detection of Cu2+ and Pd2+ in aqueous solution
by the naked eye (colorless to yellow).46 The same group used 3-(((5-ethoxybenzenethiol)imino)methyl)salicylic acid immobilized on mesoporous silica monoliths for
the detection and removal of Pd2+ (from pale yellow to dark brown).47 The Pd2+ could
be removed from the substrate by rinsing with a mixture of HCl and thiourea, and the
same ligand could also be used to detect Cu2+.48 The same group used Schiff bases
grafted onto mesoporous silica as naked-eye detectors and scavengers of Cu2+ with
sub-ppb detection limits (yellow to dark green).49 The Cu2+ could be desorbed in dilute
HCl and the sensor reused. Dashtian and Zare-Dorabei absorbed Pb2+ into SBA-15 and
then treated the dispersion with dithizone for the simultaneous adsorption and detection of Pb2+ using diffuse reflectance spectroscopy with a detection limit of 70 ppb,
although Pb2+ could also be detected by the naked eye. They further examined the
kinetics and isotherm models for binding.50 El-Safty used a two-molecule grafting technique to initially enhance the polarity of the interior of mesoporous silica pores and then
electrostatically trap a tetraphenylporphine tetrasulfonic acid chromophore probe for
the sensitive detection of Hg2+.51 El-Safty et al. directly functionalized 3D cubic
Ia3d mesocage aluminosilica with tetrakis(1-methylpyridinium-4-yl)porphine tosylate
for the detection of subnanomolar quantities of Cd2+.52 The material visibly changes
from yellow to bright green upon Cd2+ uptake. El-Safty and Shenashen removed
and detected Fe3+ and Hg2+ from water and physiological fluids through the use of
diphenylcarbazide encased in mesoporous aluminosilica at levels as low as 1 ppb.53
The material yielded a distinct color change from pale pink to dark red (for Fe3+) or
violet (for Hg2+), but did not respond to other ions examined. Shenashen et al.
exploited the selectivity of diphenylcarbazide for Cr6+ to design a sensor and scavenger
for these ions in solution through encapsulation in mesoporous aluminosilica.54 The
material changed from off-white to magenta upon exposure to Cr6+, which could
be visually detected at subnanomolar concentrations. Awual et al. used sulfur donors
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in mesoporous silica to simultaneously remove and selectively detect Hg2+ with subppb detection limits through a transition colorless to yellow.55 Dilute HCl could be used
to desorb the trapped Hg2+ and the sensor could be reused. Awual and Hasan adsorbed
4-dodecyl-6-((4-(hexyloxy)phenyl)diazenyl)benzene-1,3-diol onto mesoporous silica
for the detection of Pb2+ although charge transfer interactions with the ligand, resulting
in a color change from yellow to dark red, with sub-ppb detection limits.56 Although
Pb2+ could be desorbed with dilute acid, the sensor lost its some of its effectiveness after
several cycles. El-Safty et al. exploited both 2D and 3D supermicroporous aluminosilicate monoliths for the selective removal and detection of Cu2+ from aqueous solution,
which changed from gray to red upon binding Cu2+.57 In particular, the 3D cubic
Fd3m sensor exhibited fast ion transport and receptor affinities that resulted in short
response times (s) and low detection limits (nanomolar). These monoliths could
be regenerated using perchlorate solutions. El-Safty et al. were able to simultaneously
remove and detect Cu2+ and Pd2+ using N,N 0 -disalicylidene-4,5-diamino-6-hydroxy2-mercaptopyrimidine chelators immobilized onto the surface of hexagonal mesoporous aluminosilica, whose acidic sites encouraged hydrogen bonding with the
chromophore; thus, preventing leaching, even in the presence of the target analytes.58
These materials changed from yellow to either green or brown upon binding Cu2+ or
Pd2+, respectively. El-Safty et al. were able to monitor Cu2+ and Zn2+ using 3D mesoporous aluminosilica to preconcentrate the analytes and resist chromophore leaching
(4,5-diamino-6-6-hydroxy-2-mercaptopyrimidine for Cu2+, which changed from
yellow to green, and diphenylthiocarbazone for Zn2+, which changed from colorless
to pink) through the establishment of hydrogen bonding with acidic surface sites.59 They
achieved detection limits on the nanomolar scale and were able to selectively adsorb and
desorb the analytes of interest. El-Safty immobilized azo dye chromophores in hexagonal
mesoporous silica monoliths for the selective detection of Co2+ at concentrations on the
nM scale in the presence of competing cations with the concomitant color change from
yellow to violet.60 The addition of Co2+ did not displace the chromophores from the
mesoporous silica support. Elshehy et al. were able to detect and recover Au3+ from urban
mine aquatic samples using 6-hydroxy-5-(4-sulfonatophenylazo)-2-naphthalene sulfonic
acid disodium salt within 3D cubic mesoporous silica.61

4.5.2 Fluorimetric Sensors
Fluorescent probes can operate in either “turn on” or “turn off” modes depending on
whether the heavy metal binding event results in fluorescence enhancement or quenching, respectively. Fluorimetric sensors exhibit the same benefits when encapsulated
within the pore of mesoporous silica, but also additionally benefit from proximity effects
between fluorophores, which can lead to either further enhancement of fluorescence or
avoid quenching by holding fluorophore apart from each other.
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Fayed et al. made fluorescent nanosensors by anchoring chalcone isothiocyanates to
the pores of the 3D mesoporous silica, KIT-6, through aminopropyl groups.62 Detection
of Pb2+, Cu2+, and Pd2+ from 5 to 1000 ppb was observed near instantaneously through
both color change and increased fluorescence intensity. The same research group also
studied the detection of Cd2+, Co2+, and Sb3+ in a similar system.63 Lee et al. immobilized rhodamine in mesoporous silica and investigated metal ion binding through fluorophotometry.64 Hg2+ was shown to have selectivity because it induced ring opening of
the rhodamine fluorophore. Metivier et al. grafted a calixarene comprising dansyl
fluorophores into large-pore mesoporous silica for the detection of Hg2+ resulting
in a sensor with excellent selectivity and a sub-μM detection limit.65 Hosseini et al.
constructed a nanochemosensor for Cr2 O7 2 by condensing a fluorescent aluminum
8-hydroxyquinoline complex within modified SBA-15.66 This is a “turn off” sensor
such that the fluorescence is quenched by the addition of Cr2 O7 2 , and showed great
selectivity for this anion with sub-μM detection limits. Zarabadi-Poor et al. modified
the surface of SBA-15 with an H-acid dye which showed high selectivity for Hg2+
through fluorimetric detection.67 Wang et al. covalently attached a bis-Schiff base chromophore within SBA-15 for the detection of Pb2+.68 By using flexible chloropropyl
units for covalent linking, self-quenching of the fluorescent chromophore was avoided.
The detection limit for Pb2+ was 0.1 ppb. Meng et al. functionalized mesoporous silica
with a 1,8-naphthalimide dye, which selectively detected Hg2+ among other ions.69
The fluorescence quenching was reversible through the application of EDTA. The
same group produced a similar material using coumarin as the fluorophore with similar
results.70 Wang et al. functionalized SBA-15 with 1-(40 -hydroxyphenyl)-4pyrenyl-2,3-diaza-1,3-butadiene by coupling using triethyoxysilylpropylisocyanate.71
The resulting material had high selectivity in fluorescence enhancement through binding Hg2+ with a detection limit of 170 ppb. Chen et al. immobilized Schiff bases onto
mesoporous silica that was coated into the pores of an anodic alumina membrane.72
Although nonfluorescent in solution, the aggregation of the Schiff bases within the
mesopores resulted in intense fluorescence that was exploited for the detection of
Cu2+. Li et al. generated a multianalyte fluorescent chemosensor through the postsynthetic functionalization of SBA-15 with 5-methoxy-2-thiazole that quantified pH
from 1 to 5.7, and selectively detected Cu2+.73 Meng et al. immobilized a 1,8naphthalimide-based fluorophore in SBA-15, which exhibited Cu2+ selective induction
of fluorescence with a detection limit of 0.65 ppb.74 Lee et al. functionalized mesoporous
silica (along with silica nanotubes and nanoparticles) with phenanthroline-based fluorophores in order to detect Cu2+ among Co2+, Cd2+, Hg2+, Ni2+, Fe3+, Ag+, Pb2+, and
Zn2+ through its selective binding through chelation by phenanthroline nitrogens.75
Cui et al. attached aminomaleimide moieties to the interior of amine-functionalized
mesoporous silica nanoparticles for Cu2+ detection.76 The fluorescence of the surfacebound maleimide was quenched although interactions with dissolved Cu2+, resulting
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in a sub-μM detection limit. Lu et al. appended 2-(3-(triethoxysilyl)proylamino)-N(9-antrylmethyl)acetamide in mesoporous silica nanospheres, which then displayed
selective response to dissolved Cu2+ through fluorescence quenching.77 Su et al. immobilized fluorescein-desferroxamine, which is a fluoro-siderophore conjugate that specifically binds Fe3+, into mesoporous silica either through encapsulation in the
surfactant structure directing agent or postsynthetic impregnation through covalent
attachment via aminopropyl groups.78 The covalently bound fluorophore resisted
leaching and acted as a “turn off ” sensor through fluorescence quenching upon binding
Fe3+. Yadavi and Badiei incorporated bis(2-aminoethyl)-2-(9-fluorenyl)malonamide
fluorophores into SBA-15.79 This material exhibited strong fluorescence quenching
by Fe3+ in the presence of a variety of metal ions. The same group grafted fluorene onto
SBA-15 by covalently linking fluorene to the surface using either mono-, di-, or triammonium ions.80 The resulting material experienced fluorescence quenching in
the presence of Fe3+, but not other commonly encounter ions. Karimi et al. grafted
8-hydroxy-5-quinoline sulfonic acid onto LUS-1 surfaces and the resulting material
gave selective fluorescence responses to Fe3+ over a broad pH range.81 Hosseini
et al. developed a selective (detection limit of 40 nM) Lu3+ sensor based on fluorimetric
detection of 8-hydroxyquinoline-functionalized hexagonal mesoporous silica.82,83
Other ions displayed low or negligible response because of their much lower binding
efficiencies to the fluorophore. Wang et al. embedded rhodamine B in a mesoporous
silica shell that was deposited onto a magnetite nanoparticle.84 These particles showed
selective and sensitive response to Hg2+ (detection limit 10 ppb) through activation of
the embedded fluorophore, and the microspheres could be recovered from solution
through the application of an external magnetic field. Zhou et al. covalently bound rhodamine 6G in SBA-15, which was used as a fluorometric Hg2+ sensor.85 The same
group condensed tubular mesoporous silica into an anodic alumina membrane containing a hydrophobic-hydrophilic receptor for Co2+ ions for their simultaneous detection,
from yellow to green, and recovery.86 Shahid et al. immobilized a bischromophoric
dyad onto beads of mesoporous silica for the selective fluorimetric detection of
Zn2+.87 This sensor could be regenerated by complexing bound Zn2+ with EDTA.

4.6 Electrochemical Sensors
Anodic stripping voltammetry is a popular method for sensitively measuring dissolved
metal ions by first depositing them onto an electrode surface using an applied potential,
then desorbing (stripping) the electrode at a well-defined potential and measuring the
current to determine the metal ion quantity selectively. This analytical method is already
very sensitive, often achieving detection limits on the subnanomolar level. Thin films of
mesoporous silica on electrode surfaces facilitate the selectivity and enhance the sensitivity of this process by preconcentrating the analyte ions, much like they do in optical
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sensors. If the metal chelator grafted into the mesoporous silica is very selective in its
binding behavior, the electrode can be moved into a clean solution after adsorption is
complete to remove potentially interfering ions from the analysis.

4.6.1 Anodic Stripping Voltammetry
Anodic stripping voltammetry is an electrochemical technique for the sensitive detection
and quantitation of dissolved metal ions. The general procedure involves the electroplating of the dissolved ions of interest onto an electrode followed by a stripping step where
the metals are oxidized and returned to the solution. The electrochemical measurement is
performed during the stripping step where the electrical current correlates to the oxidation of the analyte. In this technique, the conventional working electrodes are composed
of mercury or bismuth films appended to a glassy carbon or carbon paste electrode. This
technique is very sensitive, affording detection limits at the sub-nM level; however, the
sensitivity and selectivity can be improved by incorporating mesoporous silica within the
working electrode. The advantages of doing so parallel those observed in optical sensors.
Mesoporous silica modified electrodes can preconcentrate the analytes of interest through
adsorption processes. Even unmodified mesoporous silica has an affinity for metal ions
through interactions with its surface silanol groups, but functionalized mesoporous silica
has enhanced and, depending on the grafted functionality, selective adsorptive properties.
Mesoporous silica is not oxidized under typical working conditions, so even analytes with
redox potentials exceeding mercury (or bismuth) can be directly analyzed without resorting to platinum or gold electrodes.
Etienne et al. modified a carbon paste electrode with aminopropyl-functionalized
mesoporous silica for the sensitive detection of copper.88 This electrode was allowed
to adsorb the dissolved copper through complexation with the grafted amine functionality before being desorbed via acidification and plated onto the electrode surface in the
accumulation step. Anodic stripping achieved a detection limit of 3 nM. Sayen et al.
incorporated carnosine functionality, a dipeptide with known divalent metal ion complexation ability into mesoporous silica through co-condensation of a carnosine-siloxane
derivative with TEOS.89 This material was incorporated into a carbon paste electrode
and used for the detection of copper. Although this electrode would adsorb copper analyte from solution, it also required desorption before the copper ions could be reduced
onto the electrode surface. The obtained detection limit was on the order of 4 nM.
Goubert-Renaudin et al. grafted cyclam via 1, 2, or 4 tethers to a mesoporous silica surface before incorporation into a carbon paste electrode.90 The macrocycle was used to
preconcentrate Cu2+ from solution through complexation before detection. The linear
detection range of this sensor was 2–100,000 nM after optimization. Popa et al. used
acetylacetone-functionalized hexagonal mesoporous silica in carbon paste electrodes
to preconcentrate and detect Cu2+ and Pb2+.91, 92 The linear ranges for the quantification
of Cu2+ and Pb2+ were 0.4–80 and 0.24–8.2 μM, respectively. Mureşeanu et al. grafted a
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tripeptide (Gly-Gly-His) into mesoporous silica and incorporated the material into a carbon paste electrode for the determination of Cu2+ achieving a linear response range of
0.5–10 μM.93 Yantasee et al. coated a thin film of mesoporous silica onto a gold electrode
and then grafted thiol functionality on its surface for the preconcentration and detection
of Pb2+.94 It was found that the linear detection range changed from 250–5000 to
25–100 ppb after 5 and 30 min of preconcentration time, respectively. Morante-Zarcero
et al. used anodic stripping voltammetry for the simultaneous determination of lead, cadmium, and copper using a 5-mercapto-1-methyltetrazole-functionalized hexagonal
mesoporous silica embedded in a carbon paste electrode.95 The linear range for Pb2+
detection was 1–100 ppb. Xia et al. constructed a carbon paste electrode incorporating
quercetin-functionalized hexagonal mesoporous silica and compared its effectiveness to
quercetin and quercetin-based ionic liquids embedded in carbon paste electrode in the
simultaneous detection of copper, lead, and cadmium.96 The authors discovered that the
electrode incorporating hexagonal mesoporous silica was superior to the others, with
detection limits for Cu2+, Pb2+, and Cd2+ of 5, 0.8, and 1 nM, respectively. Sanchez
and Walcarius deposited a mesoporous silica film onto a glassy carbon electrode by
co-condensing triethoxysilylpropyl-5-mercapto-1-methyltetrazole with TEOS in the
presence of cetyltrimethylammonium bromide.97 The resultant material was used to
preconcentrate Hg2+ before desorption into acidic solution and detection using anodic
stripping voltammetry. The linear response range of the electrode was sub-μM with a
detection limit on the order of 1 nM. Goubert-Renaudin et al. grafted 2-(4,8,11-triscarbamoylmethyl-1,4,8,11-tetraazacyclotetradec-1-yl)acetamide onto the surface of
mesoporous silica using 1, 2, or 4 tethers before incorporating the material into a carbon
paste electrode for the detection of Pb2+.98 The linear response range was 0.2–10 μM
and 10–100 nM using 2 and 15 min preconcentration times, respectively, with a detection limit of 2.7 nM after 15 min of preconcentration. Sánchez et al. reported several
mesoporous silica materials functionalized with 5-mercapto-1-methyltetrazole and
incorporated them into carbon paste electrodes for the determination of Pb2+.99 The
optimal material was composed of pseudospherical silica particles with 37 Å mesopores,
which achieved a linear response range from 1 to 30 ppb and a detection limit of 0.8 ppb.
Walcarius et al. demonstrated that mesoporous silica films can be grown perpendicular
to an electrode surface using electro-assisted self-assembly,100 and the process also works
when incorporating (3-aminopropyl)triethoxysilane (APTES) into the sol during the
growth process;101 however, the mesostructure was reduced with increasing functionalization. Thus, a compromise between functionalization and mesostructure (mass transport) was required when attempting to use the material for the detection of Cu2+.
Herzog et al. then identified optimal conditions for the construction of such mesoporous silica electrode sensors on a wide variety of substrates,102, 103 and were able to
achieve linear responses for the measurement of Hg2+ in the 20–80 nM range, although
the authors indicate that deviations from optimized conditions could lower the sensitivity by two orders of magnitude. Ganesan and Walcarius prepared a mesoporous
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silica-based ion exchange material through co-condensation of MPTMS and TEOS,
followed by oxidation of the thiols to form surface-grafted sulfonic acids.104 The cation
exchange properties of the resulting material were determined and its electrochemical
properties with respect to ion exchange voltammetry were measured through incorporation in a carbon paste electrode using Cu2+ and Rh(NH3)3+
6 as electroactive cations.
The effects of functional group incorporation on the structure and analyte preconcentration ability of the material were investigated.

4.6.2 Miscellaneous Mesoporous Silica Sensors
4.6.2.1 Gated-Mesoporous Silica Sensor
In some cases, mesoporous silica can be used to encapsulate a reporter molecule within the
pores using a capping agent, which can be disrupted upon binding of an analyte species. In
this way, signal amplification can be achieved. Such gates can also be used to prevent the
diffusion of other dissolved species within the pores where they can be detected. This
technique is highlighted through the example of Saadaoui et al. who reported an electrochemical sensor based on ascorbate and Cu2+-sensitive DNAzyme capped mesoporous
silica channels on a gold electrode that could be switched on to allow the diffusion of
a ferri/ferrocyanide redox couple for sensitive indirect detection of Cu2+ and
ascorbate.105
4.6.2.2 Quartz Crystal Microbalance
An unusual mesoporous silica sensor exploits the reproducible vibrational frequency of
quartz crystals, which is dependent on crystal size, shape, and weight, and exploited in
quartz clocks. By growing a thin film of mesoporous silica on a quartz substrate and functionalizing the pore spaces, a sensor can be made by exploiting the change in vibrational
frequency of the crystal as its mass changes through the adsorption of analyte species.
These are called quartz crystal microbalances. They are often used in the gas phase,
but vibrational dampening in solution can be compensated for and they can also be used
in solution. Lou et al. used thiol-functionalized SBA-15 as quartz crystal microbalances
for the sensing of Hg2+.106

4.7 Conclusions
Ordered mesoporous materials, in particular silicas and aluminosilicates, offer robust
microenvironments for the preconcentration and detection of heavy metal analytes.
The detection mechanisms vary from naked-eye optical detectors compared to a standard
colorimetric chart to electrochemical sensors that require more sophisticated equipment,
but all feature low detection limits and few interferences from sample matrices. These
nanosensors will find increased use in both field and laboratory analyses because of the
versatility, sensitivity, and often selectivity of their responses.
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91. Popa, D. E.; Bulenandră, M.; Mureşeanu, M.; Ionică, M.; Tănase, I. G. Carbon Paste Electrode Modified with Organofunctionalized Mesoporous Silica for Electrochemical Detection and Determination
of Copper(II) Using Cyclic Voltammetry and Anodic Stripping Voltammetry. Rev. Roum. Chim.
2010, 55 (2), 123–130.
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5.1 Introduction
5.1.1 Inception and Technology Evolution of Solid-Phase Microextraction
Technology
The foundation of analytical chemistry is an accurate and reproducible analysis of chemical entities in many fields including among others, food, pharmaceutical, forensic, environmental, and clinical applications. Analytes of importance are situated among complex
matrix constituents, which hinder detection. One major bottleneck both in cost and time
demand in chemical analysis is the multistep processes necessary for sample preparation,
to alleviate matrices, before instrumental detection. The fundamental aspect and arguably the first critical step of the chemical analysis is a separation of matrices from analytes
of interest or alternatively use of selective methods of analysis. Conventional methods of
separation including liquid-liquid extraction and solid-phase extraction (SPE) carried
offline contribute to the bottleneck in high-throughput analysis. Furthermore, these
methods demand usage of large amounts of solvents creating waste, an environmental
concern. Over the last 20 years, the focus for analytes separation from matrices has
increasingly been toward the development of green extraction methods that demand
usage of minimal amounts of sample and solvents, and that can be easily coupled to
detection systems to reduce the time of analysis. There is interest in fast tracking chemical analysis by developing platforms that can simultaneously integrate sampling, preconcentration, matrix removal, derivatizations, cost and time effectiveness, reduced
sample/solvent consumption, sample introduction, and in some cases detection.1,2
Some of the latest developed methods of micro- and nanoextraction that attempt to
multiplex chemical analysis steps include slug-flow microextraction (SFME), single-drop
microextraction (SDME), liquid-phase microextraction (LPME), membrane extraction,
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and various geometries of solid-phase microextraction (SPME). These extraction
methods have been coupled to different analytical techniques such gas chromatography
(GC), liquid chromatography (LC), quartz crystal microbalance (QCM), surface plasmon
resonance, and stand-alone electrochemical and colorimetric sensors.1–5
Developed by Arthur and Pawliszyn in 1990,2 SPME is now a well-accepted sampling integration technology, and one of the successful green extraction method that has
gained prominence in analytical chemistry, especially when coupled to GC. Commercial SPME fibers involve a stainless steel wire coated with various thicknesses of different
polymer materials. The most common of the polymer coating materials include the carbowax, polydimethylsiloxane, divinylbenzene/carboxen/polydimethylsiloxane (DVB/
CAR/PDMS) and octadecyl/benzenesulfonic acid/polyacrylonitrile (C18/SCX/PAN),
among other stationary phase coatings.2–5 While a great technology, the gaps in the
traditional SPME coupled to GC have triggered evolutionary impetus for further developments. Some limitations include fragility, cost, and desire to couple SPME to other
instrumental methods beyond GC. It is also desirable to extend the versatility of the
SPME by integration of more selective and reactive polymer materials, (e.g., responsive
nanostructured materials, hybrid high-performance inorganic-organic composite polymers). Also, it is the trend toward further miniaturization to afford detection of chemical
species in various in situ/in vivo and ex situ environments. These attributes have caused
the development of nanofibers that incorporate SPME as a fully stand-alone device,
which can not only perform extraction but also fulfill detection, for example, by integration in electrochemical/colorimetric devices. The microextraction technology has
also been extended to many different fields expanding the frontier of applications to
detection of the wide spectrum of organic and inorganic chemical entities relevant in
medical, environmental, food industry, and forensics. In this review, we will highlight
selected examples of some of the new technologies that continue to revolutionize
micro(nano)extraction technology. This chapter submission will explore the development and design of different geometries of nanoextraction platforms, and the novel
interfacial chemistry of nanomaterials (silica, bulk and responsive polymers, composite
hybrid based) being employed to impart sensitivity and accelerate detection of target species, using different transduction approaches. The chapter will demonstrate the selective
(smart) molecular interactions of the nanostructures materials, with integrated molecular
receptors such as molecularly imprinted polymers (MIPs), aptamers, and enzymes. The
applications of these nanomaterials for analyte separations, electrochemical, and optical
nanosensors will be reviewed.

5.1.2 Evolution of Dynamic Platforms, Configurations and Chemistry
of Microextraction and Nanoextraction Technology
The microextraction technology has seen evolution based on geometric configurations,
wide range of materials chemistry of the stationary phase, polymer types, and target
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applications. A particular trend is to decrease the thickness and porosity of polymer
microfilms to the nanoscale, due to the desired increase of surface area to volume ratio
in nanoscale. The design of new nanostructured polymer platforms has also been driven
by other applications that demand stable materials in harsh conditions such as catalytic
materials, energy storage and conversion materials, photonic crystals, membranes, and
analytical separations (e.g., GC columns and microextractions platforms, the focus of
this review). Two excellent reviews that explore the design and preparation of these
porous materials for multiple applications including nanoextraction have recently been
published.6,7
In particular, Stephen G. Rudisill, 2012 feature article,7 highlights the new
advances in three-dimensionally ordered nanoporous (3DOM) materials for use in
reactive and high-temperature conditions, in which the material structural integrity
is maintained. Formed via thermal or UV-initiated radical-initiated polymerization,
polymer monoliths have a continuous porous structure. Due to their versatility, tailorable porosity, different chemistries, and monomer systems, applications of these
materials continue to evolve to include analytical separations, microfluidic separations, SPME, catalytic supports, nanoelectrospray tips, flow through synthesis, etc.
As shown in Fig. 5.1, Mugo et al.1,8a,b have demonstrated microextraction platforms
based on porous polymer monolith microextraction (PPME), which maintains the
convenience and ease of extraction provided by SPME while avoiding the troublesome fragility of SPME fibers. PPME devices typically involve PPMs synthesized
within the confines of a fused silica capillary, which impedes optimal analyte mass
transfer kinetics.
Porous layer open tubular (PLOT) platforms, on the other hand, leave a polymer-free
channel at the center of the capillary, therefore, affording faster mass transfer of the analyte adsorption and desorption processes on the thin polymer film. PLOT platforms offer
advantages, particularly in good mass transfer and sample capacity, not paralleled by full
monolithic and wall-coated open tubular (WCOT) platforms, the two mainstream configurations. Several configurations with different polymers have been demonstrated in
the literature on the process of fabrication of these PLOT platforms using surfacemediated effects and covalent attachment of the 4,40 -azobis(4-cyanopentanoyl chloride)
(radical initiator) on the capillary wall surface.8a,b,9 These robust and inexpensive PPME
and PLOT microextraction platforms have been found effective for facile extraction of
polyaromatic hydrocarbons (PAHs), hormones with GC/mass spectrometry (MS) analysis, and can be extended to other sample matrices.
The original configuration of SPME was statically shaped as a needle for insertion into
the GC injector port. To ensure applicability and hyphenation with other analytical systems, there has been growth in the development of more innovative microextraction
platforms. Just highlighting a few, Belka et al.10 used a composite material (LAYFOMM 60) for fused deposition modeling (FDM) three-dimensional (3D) printing to
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Fig. 5.1 (A) Schematic representation of the in-house fabricated PPME device with an inset of SEM
images of poly(acrylamide-co-EDMA) and poly (styrene-co-divinylbenzene) porous layer open
tubular (PLOT) platforms and (B) PPME device with PLOT microstructured fibers exposed to analyte
solution for adsorption. (Reproduced with permission from Mugo, S. M.; Huybregts, L.; Mazurok, J.
A Porous Layer Open Tubular Monolith on Microstructured Optical Fibre for Microextraction and Online
GC-MS Applications. Anal. Methods 2014, 6, 1291–1295; Mugo, S. M.; Huybregts, L.; Mazurok, J.
Adjustable Methacrylate Porous Monolith Polymer Layer Open Tubular Silica Capillary Microextraction
(PLOT-ME) Device and Application to PAHs Analysis. Anal. Lett. 2016, 49, 1824–1834.)

achieve low-cost tube-shaped sorbent illustrated in Fig. 5.2. Authors demonstrated the
use of the platform in LC-MS analysis of small molecules such as glimepiride in water,
with an impressive analyte recovery of 82.24%, and precision of <5%. The 3D printing
approach opens future fabrication possibilities for fashioning SPME sorbents in different
configurations, fibers, stir bars, disks, and tubes, etc., in a highly facile way.
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Fig. 5.2 (A) Photograph of the 3D-printed tube-shaped sorbents. The sorbent placed in an Eppendorf
tube (c); (B) procedure for glimepiride extraction using the LAY-FOMM 60 3D-printed tube-shaped
sorbent. (Reproduced with permission from Belka, M.; Ulenberg, S.; Bączek, T. Fused Deposition
Modeling Enables the Low-Cost Fabrication of Porous, Customized-Shape Sorbents for Small-Molecule
Extraction. Anal. Chem. 2017, 89, 4373–4376.)

The development of in-tube based SPME has attracted particular attention due to the
inherent ability of the in-tube devices to be joined with other analytical instrumentation
for automated integrated flow-through sample preparation and simultaneous detection.
Examples of notable in-tube platforms include one reported by Mei et al.11 This work
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proposes magnetism-enhanced monolith-based in-tube SPME. To utilize the advantage
of magnetic microfluidic principles in monolith-based in-tube SPME, silica capillary column (180 mm, i.d. 320 μm), were premodified with 3-(trimethoxysilyl) propyl methacrylate (γ-MAPS), filled with a mixture of 4-vinylpyridine, ethylene dimethacrylate, PEG
4000, azobisisobutyronitrile (AIBN), and Fe3O4@SiO2@γ-MAPS nanoparticles (NPs)
in dimethylformamide (DMF), and thermo-polymerized to obtain a magnetic monolith
extraction phase. After that, the monolithic capillary column was placed inside a magnetic coil that allowed the exertion of a variable magnetic field. The effects of intensity
of the magnetic field, adsorption and desorption flow rate, the volume of sample, and
desorption solvent on the performance of magnetism enhanced- monolith based/
in-tube (ME-MB/IT) SPME were investigated in detail. Their device is illustrated in
Fig. 5.3. The magnetic monolithic capillary column was tested for extraction efficiency
under the influence of a variable magnetic field induced by a magnetic coil. Extraction
efficiency (ranging from 70% to 100%) of six steroid hormones in water samples was
achieved under the varied magnetic field, flow rate, the sample volume, and desorption
solvent using high-performance liquid chromatography with diode array detection
(HPLC-DAD).
Piri-Moghadam et al.12 also demonstrated an in-tube SPME, based on a porous thin
layer of electrochemically deposited nanostructured polypyrrole (PPy) inside a medical
grade spinal needle (Fig. 5.4). The platform was rapidly fabricated by electrochemical
deposition of polymerizing pyrrol inside a spinal needle acted as anode at 1.2 V applied
for only 15 min. Their device was tested for direct microsampling and static microextraction, with an equilibrium time of 2 min) and allowed analysis of a suite of compounds
including riboflavin, caffeine, dexamethasone, pindolol, carbamazepine, diazepam, thiabendazole, and testosterone spiked in 2 μL samples of whole blood and urine with
LC-MS/MS detection. This in-tube nanoextraction platform afforded a very easy to fabricate SPME device ideal for a suite of applications, such as forensic, drug monitoring, and
point-of-care diagnosis.

5.1.3 Silica Nanomaterials and In-Tube SPMEs
While most of the platforms highlighted above involve polymeric platforms, silica-based
nanomaterials are equally innovative nanoextraction platforms, strong contenders that
have seen inordinate advancement over the last few years. Indeed, silica materials by
far preceded the polymer platforms in chromatography, and they still remain the gold
standard in many chromatographic operations. The ease of chemical modifications of
low-cost silica particles using inexpensive and easily available silylating reagents to create
different platforms of varied polarities is one of the key reasons for the silicate backbones
being a core chromatography monopoly.
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Fig. 5.3 (A) Preparation sketch of monolithic capillary columns (MCCs)/magnetic nanoparticles (MNPs)
and (B) schematic summary of the operation of the magnetism-enhanced monolith-based in-tube
solid-phase microextraction. (Reproduced with permission from Mei, M.; Huang, X.; Luo, Q.; Yuan, D.
Magnetism-Enhanced Monolith-Based In-Tube Solid Phase Microextraction. Anal. Chem. 2016, 88,
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Fig. 5.4 PPy-coated spinal needle usable for extraction of selected drugs in 2 μL of whole blood
sample. (Reproduced with permission from Piri-Moghadam, H.; Lendor, S.; Pawliszyn, J. Development of
a Biocompatible In-Tube Solid Phase Microextraction Device: A Sensitive Approach for Direct Analysis of
Single Drops of Complex Matrixes. Anal. Chem. 2016, 88, 12188–12195.)

Just as polymer platforms, similar types of configurations have been fashioned with silica
NPs, monoliths, and aerogels fashioned into SPME configurations including fibers and
in-tube coatings. While monoliths prepared by the sol-gel method have become more
mainstream, there is a trend toward the use of aerogels. Silica aerogels have fascinating properties such as ultrahigh porosity, low density, and high specific surface.13 Aerogels are typically prepared by removing solvents in the gel and replacing the interstitial volumes with air
using techniques such as freeze drying, supercritical fluid drying, etc.14 The silanol groups of
the silica aerogel can further undergo chemical derivatizations to form versatile platforms of
different polarities. Since in general the silica aerogels have poorer mechanical stability,
chemical derivatizations (cross-linking) with amine and with vinyl, ester, and amine functional groups has been demonstrated to mitigate the structural stability limitations. Different
silica-based materials such as stable basalt fibers have also been used following silylation
derivatization process for microextraction such as the in-tube SPME discussed by Bu et al.13
Tuan Anuar et al.15a,b and Mugo et al.15c have also demonstrated several in-tube
silica-based monolithic and microstructured platforms (illustrated in Fig. 5.5) that
can be used for selective flow through derivatization processes coupled to HPLC or
GC systems.
Another interesting and innovative silica-based extraction platform is the silica-based
ionogels. Ionogels are fairly new materials obtained by confinement of ionic liquids (ILs)
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Fig. 5.5 Schematic representation of flow through silica monolith-based microreactor. (Reproduced
with permission from Anuar, S. T.; Zhao, Y.-Y.; Mugo, S. M.; Curtis, J. M. The Development of a Capillary
Microreactor for Transesterification Reactions Using Lipase Immobilized onto a Silica Monolith. J. Mol.
Catal. B Enzym. 2013, 92, 62–70.)

within a silica-based network. Different water-soluble and non-water-soluble ILs (which
have varied inherent physicochemical properties and are generally salts of an organic cation (ammonium, phosphonium, imidazolium, pyridinium, etc.)) could be employed,
thus offering substantial versatility and tunability for analytes nanoextractions. ILs have
been used for a long time by electrochemists as electrolytes in fuel cells, solar cells,
and lithium batteries due to their high ionic conductivity and wide electrochemical
potential window.16 Imidazolium salts are currently widely used as alternative solvents,
because of their negligible vapor pressure, thermal stability, and nonflammability. PenaPereira et al.16 demonstrated a methyl-3-butylimidazolium bis(trifluoromethylsulfonyl)
imide ([C4MIM][TFSI]) ionogel via sol-gel technology as an effective SPME fiber coating for extraction (recovery was 88.7%–113.9%) of aromatic volatile compounds.
A central composite design was used for assessing the effect of experimental parameters
on the extraction process. Using this technology coupled to a GC, limits of detection
(LODs) ranging 0.03–1.27 μg L1 and fiber-to-fiber reproducibility of 5.6%–12.0% were
achieved. This platform works in truly nanometric levels of the confined IL.
The limitations of in-tube SPME include the requirements for pumping, backpressure
effects, and in some cases poor mass transfer and longer equilibration times. A trend to
solve this is the development of thin membranes coated on the surface of a support, usable
as SPME passive samplers. Many technologies involving passive sampling have been
reported hitherto. With the growth in materials chemistry, especially nanotechnology,
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there is increased effort to develop materials with a high surface area and increased selectivity to target molecules capture and extraction efficiency. For example, Ahmadi et al.17
demonstrated a time-weighted average (TWA) passive sampling with thin film
(200  10 μm) SPME (TF-SPME). The coatings for TF-SPME were based on a solution
of PAN in N,N-DMF used as a glue for the immobilization of two kinds of functional
particles: Oasis hydrophilic lipophilic balanced (HLB) polymeric reversed-phase particles
(30 μm in diameter made of styrenedivinylbenzene and poly(divinylbenzene-co-N-vinylpyrrolidone) copolymers) and C18 octadecyl silica-based particles (C18 hydrocarbon
chains chemically bonded to 5 μm in diameter silica particles) to form corresponding coatings. Indeed, HLB coating was found to have a higher affinity for the polar compounds,
while C18 coating demonstrated better efficiency toward nonpolar chemicals. Coupling
developed sampling-microextraction systems to LC-MS/MS for long- and short-term
on-field wastewater analysis was found suitable for the determination of polar and nonpolar contaminants such as UV blockers and biocide compounds.
The Pawliszyn research group18 evaluated several other polymer materials,
branded “new generation SPME coatings” (illustrated in Fig. 5.6), mainly based on
dip coating of stainless steel with polytetrafluoroethylene amorphous fluoroplastics
mixed with 5 μm of Oasis HLB particles (1:1, w/w) suspension. Their coating
(90 μm) was found to be effective in thermal and solvent-assisted desorption and
thus compatible with both gas- and liquid-chromatographic platforms. The incorporation of HLB adsorptive particles provided optimal extraction coverage for chemically diverse analytes of a broad range of hydrophobicities and molecular weights.
Comparing these newly developed SPME probes with thermally/solvent stable commercial SPME coatings for the determination of banned doping substances, limits of
quantitation below the minimum required performance limits (MRPLs) set by the
World Anti-Doping Agency (WADA) were achieved for most compounds, thus
offering promise in metabolomics applications.
As mentioned earlier, commercial SPME fibers fragility and insufficient flexibility are
key problems. During their use for in vivo direct tissue sampling and bioanalysis, the
operation involves a sheathing needle pre-puncturing the sample matrix and then the
fragile microextraction fiber is introduced. Poole et al.19a demonstrated a new SPME
device that incorporates an extraction phase recessed into the body of a solid needle, thus
requiring no shielding during puncture events through protective tissue. The recessed
SPME device was fabricated using a stainless steel needle (i.d. 570 μm), pre-etched by
sonication in 37 wt% hydrochloric acid, and then coated with HLB or C18 coating
on the recessed needle portion. They demonstrated that the device can be used for biosampling by puncturing through salmon fish for polyunsaturated fatty acids analysis. The
microneedle also ensures minimal invasiveness to the animal during in bioanalysis. Mugo
et al.8a demonstrated a similar platform where an open tubular capillary was coated with a
methacrylate porous monolith polymer film, and the capillary incorporated into a 1-mL
disposable plastic syringe. A schematic representation of their assembly is shown in
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Fig. 5.6 Polytetrafluoroethylene amorphous fluoropolymers/HLB coating on stainless steel.
(Reproduced with permission from Gionfriddo, E.; Boyacı, E.; Pawliszyn, J. New Generation of Solid
Phase Microextraction Coatings for Complementary Separation Approaches: A Step Toward
Comprehensive Metabolomics and Multiresidue Analyses in Complex Matrices. Anal. Chem. 2017,
89, 4046–4054.)

Fig. 5.1A. The platform described afforded the use of the hypodermic needle as the
sheath, with the capillary bearing the microextraction phase being adjustable and
renewable.
5.1.3.1 Integration of SPME for On-Fiber Derivatization and New Coupling
Configurations
A key motivation for the SPME development was its inherent ability to integrate sample preparation steps (analyte isolation) with detection, initially by coupling to GC. GC
can only be used for analysis of volatile and semivolatile, thermally stable compounds.
To extend the applicability of the GC to less volatile compounds, a common strategy is
a chemical derivatization. For example, compounds such as hormones, sterols, etc. are
conventionally analyzed by derivatization using silylating reagents such as N,O-bis
(trimethylsilyl)trifluoroacetamide (BSTFA) or heptaflurobutyric anhydride (HFBA).
Similarly, nonvolatile fatty acids can be methylated and the resulting volatile esters
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(known as biodiesel, see Chapter 6) could be analyzed by GC. When derivatization is
conventionally done offline, the additional steps add to cost, usage of solvents, and in
general significant bottleneck to chemical analysis. SPME inherently affords solid-phase
derivatization on the surface of the fiber, very substantially improving analytics efficiency. The range of applicability of the on-fiber derivatization remains research work
in progress.
A few interesting, recent examples include the work of Poole et al.19b who demonstrated SPME on-fiber derivatization method, where a pentafluorophenyl hydrazine
(PFPH) gas generating vial enabled reproducible and simple loading of the derivatizing
agent to the SPME fiber (illustrated in Fig. 5.7). This on-fiber derivatization method
was effective in the analysis of C4–C9 linear aldehyde standards, with 2% RSD,
(n ¼ 4) intra-batch vial reproducibility and further was applied for the development
of a technique for analysis of volatile aldehydes from spoiling meat based on GC/
MS detection.
Together with growth in the development of the nanomaterials that afford new
nanoextraction platforms, there has been rapid growth in the coupling of these platforms
to new analytical devices beyond the inceptive GC system. This coupling has extended
the applicability of these platforms to nearly all aspects of in field, in vivo, in vitro, chemical analysis of environmental, clinical, food, forensic samples, etc. For example, Poole
et al.19b demonstrated SPME-transmission mode (SPME-TM) consisting of a mesh
coated with polymeric particles (the microextraction chamber), which equally acts as
analyte thermal desorption/ionization and as transmission mode for direct analysis in real

Fig. 5.7 Schematic representation of on-fiber derivatization using pentafluorophenyl hydrazine
(PFPH) producing vial, with: (A) PFPH loading of SPME fiber and (B) PFPH-loaded fiber adsorbing
aldehydes. (Reproduced with permission from Poole, J. J.; Grandy, J. J.; Gómez-Ríos, G. A.;
Gionfriddo, E.; Pawliszyn, J. Solid Phase Microextraction On-Fiber Derivatization Using a Stable,
Portable, and Reusable Pentafluorophenyl Hydrazine Standard Gas Generating Vial. Anal. Chem. 2016,
88, 6859–6866.)
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Fig. 5.8 Experimental setup for Bio-SPME extraction and coupling to nano-ESI-MS/MS. (Reproduced
with permission from Gómez-Ríos, G. A.; Gionfriddo, E.; Poole, J.; Pawliszyn, J. Ultrafast Screening and
Quantitation of Pesticides in Food and Environmental Matrices by Solid Phase Microextraction–
Transmission Mode (SPME-TM) and Direct Analysis in Real Time (DART). Anal. Chem. 2017, 89,
7240–7248.)

time (DART)-MS. This technology was demonstrated to be useful for ultrafast enrichment of pesticides present in food and environmental matrices and their quantitative
determination by DART-MS, with LOD of ng mL1 range was attained. The same
group also demonstrated coupling of a biocompatible SPME (Bio-SPME) fibers to
nanoelectrospray ionization (nano-ESI) MS through an electrospray emitter for analysis
of biofluids, for example, urine and whole blood, as illustrated in Fig. 5.8.19c This resulted
in a highly sample economical platform (10–1500 μL), that favorably differs from the classical devices by rapid sample preparation time (2 min) and was found to block matrices
from clogging the emitter. They proposed platform could be beneficial in therapeutic
drug monitoring, doping in sports, and other bioanalytical applications. The ease of integration of these microextraction platforms to already well-automated systems is also a
desirable selling point.
Another interesting growth in microextraction methods utilization is for new areas
such as precision agriculture and food analysis. For example, Trapp et al.20 demonstrated
the use of SPME and stir bar sorptive extraction for detection of volatilomes from basidiomycete Pleurotus sapidus. Volatilomes are volatile metabolites and other volatile organic
and inorganic compounds that originate from an organism. This study was focused on
detection of arylic compounds (e.g., p-anisaldehyde), various unsaturated carbonyls,
and cyclic monoterpenoids. While the authors used commercial SPME platforms
(SPME fibers coated with the following sorbent materials: PDMS/DVB and DVB/
CAR/PDMS), their research showcases interesting application areas of microextraction
technologies. Moreover, stir bars with 0.5 mm PDMS coatings were alternatively used
for the extraction of analytes, which were then released in special desorption unit and
were injected to the GC column. Garwoli
nska et al.21 also demonstrated the profiling
of lipidome in human milk using SPME-LC-MS. Chen et al.,22 on the other hand,
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demonstrated the use of freeze thaw trapping method of volatiles compounds emanating
from fire ants, a research of relevance in probing insect pheromones.
5.1.3.2 Composite Hybrid-Based Nanomaterials Adsorbents
Nanocomposite materials-based adsorbents (NCMAs) have attracted increasing attention
due to their nanoscale and hybrid components. The nanoscale of NCMAs allows their
large surface area, which reduces equilibrium time of adsorption processes. Meanwhile,
the properties of NCMAs can be controlled by adjusting the content of hybrid components. Generally, NCMAs are comprised of an organic solid matrix and inorganic nanofillers or vice versa. In this part, we focus on NCMAs with polymers as the solid matrixes
and nanofillers. Various approaches are used to prepare NCMAs such as in situ
polymerization,23 melt compounding,24 solution blending,25 electrospinning,26 etc.
The method of in situ polymerization has been intensely investigated by chemists because
it results in uniform distribution of nanofillers in polymers. In the process, nanofillers are
uniformly dispersed in a solution with monomers with the reaction triggered using temperature or light initiators.
Carbon nanotubes are considered as one of the nanofiller candidates that exhibit strong
physical adsorption to hydrophobic pollutants in water.27 Carbon nanotubes are incorporated into polysiloxane to extract polybrominated diphenyl ethers (PBDEs) that are used as
additives in plastics and furniture.28 PBDEs are environmental contaminants relevant as
they cause health risks, such as endocrine disruption, adverse neurobehavioral effects,
are reproductive toxicants, and are probable carcinogens. As reported in Ref. 28, carbon
nanotubes were modified using hydroxyl-terminated silicone oil. Subsequently, the carbon nanotubes were covalently immobilized in polysiloxane during the polymerization of
tetraethoxysilane. The composite system was used as a fiber coating to adsorb PBDEs from
the water. The new coated fiber exhibited higher extraction efficiency to PBDEs and better thermal stability over commercial microextraction fibers. These phenomena are due to
the fact that the carbon nanotubes in coating have high affinity to PBDEs due to the strong
π-π interaction and large surface contact area with samples.
Description of work referenced as in Ref. 29 and visualized in Fig. 5.9 is missing.
Besides carbon nanotubes, graphene or graphene oxide (GO) also have sp2hybridized carbon atoms structure, which leads to high affinity to hydrophobic chemicals
via π-π interaction. In one case, a poly(3-methylthiophene-carbazole)/GO composite
coating was deposited on a stainless steel wire surface through electrochemical polymerization, which was used for SPME of fragrances.30 The composite coating exhibited high
extraction efficiency, thermal stability, and durability. While the composite coating was
coupled with GC to quantitatively detect fragrances, such as octanal, nonanal, decanal,
undecanol, and dodecanol, their GC signals were linear to the concentrations in the range
of 0.05–100 μg L1, and the detection limits ranged from 22.6 to 40.5 ng L1. Variation of
similar platforms could be fashioned from electropolymerization of other monomers such

Nano-Sized Platforms for Facile Nanoextraction and (Bio)Chemical Analysis

O
SWNTs

CH3

C O Si O
CH3

CH3

CH3
Si O

Si O
CH3

x

CH3

O

CH3

Si O

Si O

CH3

CH3

n

CH3

CH3

Si O

Si O

Si O

Si

y

CH3

OH

Si O

Si

CH3

OH

CH3

OH

Si O

Si

O

O

O

Si O

CH3

O
SWNTs

CH3

C O Si O
CH3

CH3

CH3

Si O
CH3

Si O
x

CH3

CH3

CH3

y

CH3

OH
Fused-silica fiber

(A)
16
PDMS/DVB
PDMS

14

SWNTs–TSO–OH
Peak area (∗1E + 04)

12
10
8
6
4
2
0

1#

2#

3#

4#

5#

6#

7#

(B)
Fig. 5.9 (A) The structure of the sol-gel carbon nanotubes hydroxyl-terminated silicone oil (SWNTsTSO-OH) coating and (B) comparison of the extraction efficiency of the sol-gel SWNTs-TSO-OH
coated fiber and two commercial fibers for PBDEs. (Reproduced with permission from Zhang, W.;
Sun, Y.; Wu, C.; Xing, J.; Li, J. Polymer-Functionalized Single-Walled Carbon Nanotubes as a Novel
Sol-Gel Solid-Phase Micro-Extraction Coated Fiber for Determination of Polybrominated Diphenyl Ethers
in Water Samples With Gas Chromatography-Electrron Capture Detection. Anal. Chem. 2009, 81,
2912–2920.)

as aniline or pyrrole. In another case, GO was fixed on the surface of polyether ether
ketone (PEEK), illustrated in Fig. 5.10, which was used for online SPME of quaternary
alkaloids prior to their quantitation by HPLC-MS/MS.31 The preparation procedure is
shown in Fig. 5.10. The authors used PEEK as the substrate rather than conventional silica
fibers because of its high strength and good flexibility. The system coupled with HPLCMS/MS was used to analyze alkaloids (jatrorrhizine, palmatine, and berberine), and the
results were shown in Fig. 5.10B. Good linearity with the R2 > 0.9955 was observed in
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Fig. 5.10 (A) Schematic representation of assemblies of graphene oxide on the etched PEEK tube and
(B) analytical performance of the graphene oxide polydopamine modified etched PEEK tube (GO-PD-EPEEK)-based online SPME method. (Reproduced with permission from Wang, C.; Zhou, W.; Liao, X.;
Zhang, W.; Chen, Z. An Etched Polyether Ether Ketone Tube Covered With Immobilized Graphene Oxide
for Online Solid Phase Microextraction of Quaternary Alkaloids Prior to Their Quantitation by HPLC-MS/
MS. Microchim. Acta 2017, 184, 2715–2721.)

the range of 0.001–40 ng mL1 for all of these three alkaloids. The LODs of three compounds were as low as 0.1 pg mL1.
As alluded in examples above, undoubtedly these carbon-based allotropes, carbon
nanotubes, and graphenes are revolutionizing micro(nano)extraction analytical platforms. Emboldened by unique thermochemical properties, the π-π electrostatic interaction with the analytes and very high surface area, these materials will continue to be
employed independently and often as key ingredients for nanocomposites materials
for enhanced microextraction. For example, Basheer et al.32 demonstrated a very cost
effective and simple, multiwalled carbon nanotube (MWCNT)-supported SPME, by
packing 6 mg of MWCNTs inside a (2 cm  1.5 cm) sheet of porous polypropylene
membrane. They demonstrated the applicability of their device toward extraction of
organophosphorous pesticides from sewage sludge coupled with GC/MS analysis.
The simplicity of the device fabrication afforded good reproducibility (RSD 2%–8%,
n ¼ 4), good linearity in the range of 0.1–50 μg L1, and low LODs (1–7 pg g1). Notably, the device can be reused for up to 30 extractions, without major stability problems.
This is important, as one current limitation of the commercial SPME systems is fragility
that adds to the operational costs.
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Inorganic NPs hybrid polymers are another research area as microextraction adsorbents. Inorganic NPs act as stabilizers to fix the surface morphology of polymers, meanwhile increasing contact surface area with analytes. Generally, inorganic NPs are
immobilized into polymers through two methods: ex situ or in situ. In the former
approach, the previously prepared inorganic NPs are added to the polymer solution or
melt.33 During this procedure, the inorganic NPs are physically entrapped in the polymer
matrix. In the latter approach, the inorganic NPs are synthesized in the polymer matrix
from NP precursors.34 The in situ approach avoids aggregation of NPs in the polymer
matrix in comparison with ex situ approach. A nanocomposite based on silver NPs/
polyaniline (Ag-NPs/PANI) was exploited as microextraction adsorbents, which was synthesized by interfacial polymerization.35 The hybrid material was packed in a syringe that
was used to extract loop diuretic furosemide (FUR) in urine. The FUR was extracted and
analyzed to yield a linearity in the concentration range of 15–750 μg L1, with LODs of
7 μg L1. Polybutylene terephthalate (PBT)-nickel oxide nanocomposite coating was
reported as the microextraction sorbents of volatile aromatic chemicals (toluene, ethylene benzene, orthoxylene, and metaxylene).36 The coating was synthesized by
electro-spinning technique, as shown in Fig. 5.11A. The authors proposed that the high
capacity of extraction of aromatic chemicals results from its conjugated π structure.
The extraction efficiency increased with the NiO content increasing in the range of
0–14 wt%. The phenomenon is due to the fact that NiO NPs increase surface area
and porosity of the composite coating. The extraction results are shown in Fig. 5.11B.
On a similar vein, Zhang et al.37 demonstrated a hybrid material of zinc organic network with GO as an SPME coated on a stainless steel wire. They demonstrated their
platform for extraction of triazole fungicides from fruit and vegetable samples with
GC-electron capture detection, with LOD of 0.05–1.58 ng g1, linearity of
0.17–100 ng g1, and extraction recoveries of 85.6%–105.8%. Importantly, authors indicated their fiber was stable for 120 extraction cycles.
Another interesting application for a SPME prepared from emerging nanocomposite
materials is highlighted by Qiu et al.38 Illustrated in a schematic way in Fig. 5.12, their
technology involved fabrication of an SPME fiber by adhesive attachment of
poly(diallyldimethylammonium chloride) (PDDA) mixed with GO, C18 composite particles coated on a PANI-modified quartz fiber. This SPME fiber was used for extraction
of polynorepinephrine and detection by HPLC-MS/MS. The fiber had the capacity for
in vivo sampling, for example, in living fish muscle, and impressive LODs ranged from
0.13 to 7.56 ng g1 were achieved.
Devasurendra et al.39 also demonstrated a conductive electro-copolymerized PPy
with 1-methyl and 1-benzylimidazolium ILs doped with single-walled carbon nanotubes
(poly[pyrrole-C6MIm]+/SWNT) on 125 μm platinum wires. The poly[pyrrole-C6MIm]
+/SWNT films thickness was 42 μm thick. This sorbent was employed as a microextraction
platform, affording excellent extraction efficiencies and selectivity for aromatic analytes.
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Fig. 5.11 (A) Schematic representation of (a) the setup used to synthesize NiO-PBT nanocomposite and (b) the structure of PBT and (B) the figure
of merits obtained from HS-SPME of selected VOCs using the NiO-PBT nanocomposite fiber and GC-MS. (Reproduced with permission from
Bagheri, H.; Roostaie, A. Polybutylene Terephthalate-Nickel Oxide Nanocomposite as a Fiber Coating. Anal. Chim. Acta 2015, 863, 20–28.)
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Fig. 5.12 Schematic representation of coating poly(diallyldimethylammonium chloride) (PDDA)
graphene oxide (GO)-coated C18 composite particles (C18@GO@PDDA) onto a quartz fiber with
polyaniline (PANI) and application for the SPME for in vivo sampling in fish. (A) Preparation of
the nanocomposite particles (a. C18, b. C18@GO, and c. C18@GO@PDDA). (B) Preparation of the
PANI based fiber. (C) Modification of the fiber by norepinephrine oxidation polymerization.
(D) Use of fiber for in vivo sampling in dorsal-epaxial fish muscle. (Reproduced with permission
from Qiu, J.; Chen, G.; Liu, S.; Zhang, T.; Wu, J.; Wang, F.; Xu, J.; Liu, Y.; Zhu, F.; Ouyang, G. Ioinspired
Polyelectrolyte-Assembled Graphene-Oxide-Coated C18 Composite Solid Phase Microextraction
Fibers for In Vivo Monitoring of Acidic Pharmaceuticals in Fish. Anal. Chem. 2016, 88, 5841–5848.)

5.1.3.3 Bulk Polymer Nanomaterials and New Biodegradable Materials
Driven by the need for reduced costs and environmentally friendliness of microextraction
devices, there has been an increased trend toward going back to the basics. Indeed, it is a
case of science coming full circle. The beginning of chromatography and thin-layer chromatography specifically considered the use of paper (cellulose) as a platform for extraction
and separation. Lately, the interest in nanoscale cellulose is back; researchers working
hard to exploit this material among other applications, for separation science. This interest is due to nanocellulose multifunctional character, cost effectiveness, flexibility, printability, low density, high porosity, as well as extraordinary mechanical, thermal, optical,
and physicochemical properties, and the ability for chemical modifications. Nanocellulose is also being integrated into various polymer composites alongside carbon allotropes
such as carbon nanotubes and GO, toward fabrication of high-performance materials for
many applications.40a–c It is expected that many new platforms for microextraction, based
on single use and dispose, and other myriads of (bio)chemosensing applications will continue to unfold in the future.41
5.1.3.4 MIP Nanomaterials
As previously alluded, the key goal for chemical analysis is the selective isolation of the
analyte of interest from the jumble of sample matrices. The more selective the platform is,
the more reduced cost is associated with chromatography and device’s amenability to
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miniaturization and suitability for on-field applications is better. Selectivity coefficient is,
therefore, one key figure of merit in chemical sensors. The future of chemical analysis is
to make very inexpensive devices that are highly selective to analytes of interest and that
are amenable for multianalyte detections. For most biosensors hitherto, the key selectivity
impacting components have been enzymes (e.g., glucose sensors), antibodies, ion selective electrodes based on wide range of ionophores impregnated membranes with high
selectivity toward specific analytes, and lately, there has been a rapid growth in the
use of aptamers impregnated membranes.42a–d Peptide molecules that bind to a specific
target molecule are called aptamers. They are often more stable that enzymes and since
they can be synthesized using systematic evolution of ligands by exponential enrichment
(SELEX) processes, they are more versatile and can be tuned to diverse analytes of interest. The future will see more growth in aptamer-based sensors or aptasensors, although
their cost yet remains a hindrance.42e In general, the thermal stability of these molecular
receptors (i.e., enzymes, aptamers, antibodies, etc.) still limits their applicability especially
for microextraction devices for hyphenating to GC.
Synthetic molecular receptors called MIPs are more robust. The MIPs are prepared by
polymerization of functional monomers and cross-linkers in the presence of a template
(analyte), followed by template extraction. The resulting polymer would, therefore, be
home to cavities that bear shape, size, and structural chemical functionalities similar to the
removed analyte. In the presence of the analytes, these polymers will have an increased
affinity to the analyte, thus selectively affording its extraction. With their high thermal
stability and versatility, numerous MIPs fashioned from different monomers and crosslinkers have so far been intensely studied, as micro(nano)extraction sorbents, due to their
molecular selectivity. The chemistry of the different methods of imprinting has been well
described by Holthoff et al.43,44
The scheme of MIPs synthesis and recognition is shown in Fig. 5.13. Moreover, their
compatibility for chromatographic separations allows their online use in packed columns.
MIPs are used as sorbents in various ways such as fiber coating,45 fillers in separation
tube,46 membranes,47 etc. Shahna and coworkers reported a MIP for extraction and
detection of muconic acid.48 The MIP was synthesized by polymerization of ethyleneglycol dimethacrylate in the presence of muconic acid initiated with 2,20 -AIBN, which
was packed into a syringe. When samples percolated through the MIP, muconic acid was
selectively absorbed in the MIP due to the existence of muconic acid cavities within the
polymer network. Then, the absorbed muconic acid was eluted using ethanol-acetic acid
followed by quantification in samples.
A molecularly imprinted polymer-sol-gel tablet was prepared and used to extract
amphetamine from urine.49 To prepare the MIP tablet, a polyethylene tablet substrate
was soaked in a solution of amphetamine template. Subsequently, polymerization of
these monomers occurred through an acid-catalyzed sol-gel process, as shown in
Fig. 5.14. The resultant MIP tablets were applied to extract amphetamine from human
urine samples followed by HPLC-MS/MS analysis. Validation test showed that accuracy

Nano-Sized Platforms for Facile Nanoextraction and (Bio)Chemical Analysis

+

Template
molecule

Functional
monomers

Template-monomers
complex

Polymerization
process

Template
extraction

Polymer matrix

Fig. 5.13 Scheme of molecular imprinting. (Reproduced with permission from Vasapollo, G.; Del Sole, R.;
Mergola, L.; Lazzoi, M. R.; Scardino, A.; Scorrano, S.; Mele, G. Molecularly Imprinted Polymers: Present and
Future Prospective. Int. J. Mol. Sci. 2011, 12, 5908–5945.)

of the method was 91.0%–104.0% with interassay precision of 4.8%–8.5%. The MIPtablets could be reused and the same tablet could be employed for >20 extractions. In
another case, MIP extraction combines with subcritical water extraction to extract
triazine-derived herbicides from soil followed by determination of these herbicides using
HPLC-MS/MS.50 The MIP as a selective solid phase extraction (SPE) sorbent improved
the enrichment capability. This method displayed a good linearity (R2 > 0.99) and precision (2.7%–9.8%), and low enough detection limits (0.4–3.3 μg kg1).
Gao et al.51 also demonstrated an MIP-SPME platform (prepared as shown in
Fig. 5.15) coupled with LC-quadrupole time-of-flight tandem mass spectrometry
(QTOF-MS/MS) for in vivo detection of luteolin and its metabolites in rat’s livers. Their
luteolin MIPs-coated fibers were prepared from bulk polymerization of acrylamide-coglycol dimethacrylate. High adsorption capacity and selectivity to luteolin were key attributes of their device.
Most of the reported MIPs have been fashioned using bulk polymerization, resulting
into MIP monoliths (useful for in-tube extraction) and also into beads that are equally
packed in tubes for flow through extraction processes. These platforms, however, have
limitations of poorer analyte mass transfer due to reduced access of cavities within the
polymer network. A mitigating strategy has been applied to develop surface imprinted
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Fig. 5.14 Preparation of MIP-tablets. (Reproduced with permission from El-Beqqali, A.; Andersson, L. I.;
Jeppsso, A. D.; Abdel-Rehim, M. Molecularly Imprinted Polymer-Sol-Gel Tablet Toward Micro-Solid Phase
Extraction: II. Determination of Amphetamine in Human Urine Samples by Liquid Chromatography
Tandem Mass Spectrometry. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2017, 1063, 130–135.)

MIPs, in this case, thin layers of MIPs can be coated on the surface of supporting materials
such as carbon, silica, stainless steel, etc. There are numerous approaches of surfaceimprinted polymerization process in the literature including the reversible addition fragmentation chain-transfer (RAFT), atom transfer radical polymerization (ATRP), and
also simply MIP polymerization in the presence of the supporting material, resulting
in a physical coating. These approaches have been used to make microextraction platforms for GC analysis and for electrochemical detection.50, 52–55
5.1.3.5 Highly Integrated MIP Systems: SPME-Based Photonic Sensors
While surface imprinting of MIPs results in significant improvement of selectivity toward
specific analytes, there is continued interest in developing smarter platforms with integrated MIPs. Traditionally, most of the SPME-based devices perform extraction and preconcentration, while detection requires hyphenation of the SPME-based device with
expensive platforms such as GC or HPLC. The development of selective platforms that
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are “self-reporting” is of high interest. One way to reach this goal is the integration of
MIPs and colloidal nanostructures, resulting in selective capture and subsequent induced
change in the colorimetric properties of the photonic structures. In general, most of this
MIP-based photonic structures are prepared by 3D or two-dimensional (2D) selfassembly of silica or polystyrene (PS) particles followed by infusion of MIP prepolymer.
Further polymerization results in a thin MIP layer around the 3D backbone structure.
The core backbone is then removed by dissolution, leaving the highly ordered hierarchical structure, sometimes called colloidal photonic crystals. These photonic materials
are comprised of periodic spatial structural assembly with intermittent variation in refractive indices, which creates a photonic stop band.56 The photonic materials exhibit structural colors resulting from reflection of certain light wavelengths in the visible range. The
observed coloration is due to the light interference due to the photonic band gaps within
the crystal, resulting in destructive interferences of some light wavelengths, sometimes
known as Braggs diffraction. The structural colors and wavelength of interference light
depend on their ordered lattice structure and therefore, photonic stop band. The interference light can be described using the well-known Bragg equation, modified for the
photonic materials, as shown in Eq. (5.1)57:
mλ ¼ 2nd sin θ

(5.1)

where m is the diffraction order, λ is the wavelength of the reflected light, n is the mean refractive index of the periodic structure, d is the lattice period of the crystalline direction of propagation of light, and θ is the angle between the incident light and diffraction crystal planes.
There are numerous architectural configurations of the photonic crystal structures
including close-packed, nonclose-packed, inverse opal, biphasic or multiphasic Janus
structured, and core-shell structured geometries, as detailed by Zhao et al.58
An ethanol sensor was prepared using opal silica films with a 3D nanoporous structure, which was used to visually detect ethanol in gasoline.59 The film exhibits a green
color. When ethanol was added to gasoline, the film loses its color. This phenomenon is
due to the fact that ethanol has a similar refractive index with the matrix. This indicator is
capable of detecting 0.4% of ethanol content in the fuel mixture. MIPs are also used as the
matrix of photonic materials. MIPs act as artificial antibodies, which specifically extract
analytes from solutions. These analytes cause changes in the refractive index or other
physical properties, resulting in changes in photonic properties and colors. For example,
atrazine-imprinted photonic materials are used as an atrazine sensor, which was prepared
through three steps: the preparation of a colloidal-crystal template, the polymerization
of the preordered complex of atrazine with functional monomers in the interspaces of
the colloidal crystal, and the removal of the used templates (colloid particles and atrazine
molecules), as shown in Fig. 5.16.60a Atrazine is one of the most widely used herbicides
for combating weeds in agriculture and lawn care. The atrazine nanocavities distributed
in hydrogels make the sensor recognize and extract atrazine with high specificity.
The atrazine extraction process generates an optical signal through a change in the
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Fig. 5.16 Schematic illustration of the procedure used for the preparation of the molecularly imprinted
colloidal photonic polymer nanostructures. (Reproduced with permission from Yang, J. C.; Park, J. Y.
Polymeric Colloidal Nanostructures Fabricated Via Highly Controlled Convective Assembly and Their
Use for Molecular Imprinting. ACS Appl. Mater. Interfaces 2016, 8, 7381–7389.)

Bragg diffraction and thereby induces visible color changes. Ultrasensitive (as low as
108 ng mL1) and rapid (<30 s) detection of atrazine in aqueous media is achieved
using this sensory system. Yang et al. 60b also demonstrated similar photonic crystals
for detection of atrazine. In their case, a PS colloidal highly ordered structures on which
surface polymer imprinting of atrazine based on three hemispherical poly(methacrylic
acid-ethylene glycol dimethacrylate) (poly(MAA-EGDMA)) MIP films, resulting in a
highly close-packed, zigzag, and linear colloidal aggregates are observed. Using PDMS
replicas, three hemispherical poly(MAA-EGDMA) MIP films, including planar MIP
and nonimprinted polymer (NIP) films, were photopolymerized on gold-coated quartz
crystals for detection of trace atrazine in an aqueous solution via gravimetric QCM
technique.
In another case, MIPs-based photonic sensors were used to colorimetrically detect
tetracycline.61a It was prepared by infiltrating a precursor solution in the space of opal
dots assembled by monodispersed colloidal spheres. Subsequently, polymerization of
the precursor solution was initiated using a UV lamp (100 W). After polymerization,
template tetracycline molecules and the colloidal spheres were removed. The tetracycline
cavities in MIP could selectively bond tetracycline molecules, which results in changes in
colors and optical properties. The colors of sensor dots changed from cyan to dark red as
tetracycline concentration from 0  109 to 60  109 M with maximum peak shift of
208 nm, which can be recognized with naked eyes. Fig. 5.17A and B shows a schematic
for the fabrication process of MIP inverse opal photonic hydrogel particles for pesticide
detection, and the resulting reflection spectra when the periodic colloidal arrays when
exposed to methanephosphonic acid.61b
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Fig. 5.17 (A) Schematic of the formation of the MIP inverse opal photonic hydrogel particles for
pesticide detection. (B) The reflection spectra of the inverse opal periodic crystal colloidal arrays
when exposed to methanephosphonic acid. (Reproduced with permission from Huang, C.; Cheng, Y.;
Gao, Z.; Zhang, H.; Wei, J. Portable Label-Free Inverse Opal Photonic Hydrogel Particles Serve as Facile
Pesticides Colorimetric Monitoring. Sensor Actuat. B: Chem. 2018, 273, 1705–1712.)

As illustrated in Fig. 5.18, Griffete et al.62 demonstrated the fabrication of inverse opal
films MIPs hydrogels (MIPH) using perfectly controlled silica (280 nm particles) as the colloidal crystal template using the Langmuir-Blodgett technique. Their fabrication process is
illustrated in Fig. 5.18. The interstitial spaces of the silica structures were polymerized with
methacrylic acid-co-ethylene glycol dimethacrylate in the presence of bisphenol A (BPA)
followed by the dissolution of silica and the removal of BPA template forming an inverse
opal hydrogel. These opal structures had a preferential response to BPA due to the nanocavities that resulted following template imprinting. The response of the opal structures to
BPA was marked by the Bragg diffraction peak shifts proportional to BPA concentration.
Similar colloidal crystal MIP colorimetric platforms have been developed for selective
and rapid (<30 s) detection of atropine at LODs as low as 1 pgmL1, and a broad linear
range (1pg mL1–1 μg mL1).63a Other examples include colorimetric sensors for
vanillin,63b progesterone,63c and cholesterol,63d detections. The response of the MIPH film
to cholesterol in aqueous solution can be detected through a readable Bragg diffraction blue
shift, <2 min upon binding cholesterol. Remarkably, a detection level of 1013 g mL1
was achieved.
Another interesting example was the inverse opals L-tryptophan (L-Trp) imprinted
polyacrylamide photonic hydrogels (PAM-MIPHs) in the presence of cyclodextrin fabricated by Yang et al.64 Their photonic opal structure device exhibited a good sensing
property for enantioselective detection of L-Trp with significant (126 nm) red shift of
the Bragg diffraction peak, with a visually perceptible color change, as illustrated in
Fig. 5.19.64
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Fig. 5.18 Schematic representation for preparation of a molecularly imprinted inverse opal hydrogel (IOH) film for detection of BPA. (Reproduced
with permission from Griffete, N.; Frederich, H.; Maı̂tre, A.; Ravaine, S.; Chehimi, M. M.; Mangeney, C. Inverse Opals of Molecularly Imprinted Hydrogels
for the Detection of Bisphenol A and pH Sensing. Langmuir 2012, 28, 1005–1012.)
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Fig. 5.19 (A) Optical response of cyclodextrin-MIPHs with different concentrations of L-Trp at different
concentrations. (B) Depiction of the color change of cyclodextrin-MIPHs induced by L-Trp binding at
different concentrations. (Reproduced with permission from Yang, Z.; Shi, D.; Chen, M.; Liu, S. FreeStanding Molecularly Imprinted Photonic Hydrogels Based on β-Cyclodextrin for the Visual Detection of
L-Tryptophan. Anal. Methods 2015, 7, 8352–8359.)

To extend the applications of opal molecular imprinted structures for detection of
more complex compounds with higher molecular weight, such as glycoproteins, Wang
et al.65 have reported an interesting boronate affinity molecular imprinted inverse opal
particles, composed of polyethylene glycol diacrylate, 4-vinylphenylboronic acid, and
imprinted target molecules, usable for multiplexed label-free bioassays. Further, an
authoritative and critical review on molecularly imprinted membranes has been published by Yoshikawa et al.66 that presents this growing field and its myriad applications,
present and future.
5.1.3.6 Responsive Polymers Nanomaterials as SPME Platforms
To enhance selective molecular capture, nature is often observed for inspiration as the
master of the recognition art. With utmost ingenuity and precision, proteins noncovalently bind specific molecules for specific biological functional processes. As a consequence, researchers have explored new materials that use (see Chapter 7) or mimic
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proteins and in some cases incorporate these proteins among other materials configurations for the purpose of selective molecular capture. To this end, responsive polymer
hydrogels, which respond to among other stimuli, redox, pH, light, small molecules,
ionic strength, and temperature, have been explored. These stimuli cause the swelling/syneresis responses due to polymer assembly or disassembly, which can be linearly
proportional to the causal analyte. There are numerous excellent articles and review
papers on the subject in the literature.67a–c In this discussion, we will only casually highlight the ingenuity in integrating this concept toward extending the capacity for microextraction and detection systems. In particular, the integration of molecularly imprinted
polymers and responsive polymer hydrogels will be highlighted herewith, as a potential
integratory approach, which enhances selectivity and extends the applicability of these
technologies to many molecules.
An interesting technology incorporating selective capture with responsive polymers is
the work by Honda et al.67c The group developed a colorimetric, nonenzymatic glucosesensing system. Their technology was based on silica colloidal structures infused with PS
polymer films and then etching out of silica. This created an inverse opal polymer membrane, which was coated with 3-acrylamidophenylboronic acid (AAPBA)-coN-isopropylacrylamide (NIPA) polymer. The phenylboronic acid is known to bind glucose reversibly depending on basicity of aqueous solutions, as illustrated in Fig. 5.20.
The above-mentioned system by Honda et al.67 exhibits structural color on the basis
of the Bragg diffraction arising from the 3D-ordered structure with periodicity on the
order of the wavelength of visible light. The volume of the hydrogel particles reversibly
changes as the glucose concentration varies in the separated pores of the inverse opal
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Fig. 5.20 Equilibria involving interaction of phenylboronic acid derivatize with glucose. (Reproduced
with permission from Elshaarani, T.; Yu, H. J.; Wang, L.; Zain-ul-Abdin; Ullah, R. S.; Haroon, M.; Khan, R. U.;
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3831–3854; Peppas, N. A.; Van Blarcom, D. S. Hydrogel-Based Biosensors and Sensing Devices for Drug
Delivery. J. Control. Release 2016, 240, 142–150; Honda, M.; Kataoka, K.; Seki, T.; Takeoka, Y. Confined
Stimuli-Responsive Polymer Gel in Inverse Opal Polymer Membrane for Colorimetric Glucose Sensor.
Langmuir 2009, 25, 8349–8356.)
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polymer membrane; this system reveals a reversible change in the color appearance and
the peak intensity of the reflection spectra with the variation in the glucose concentration. An excellent review detailing different configurations of photonic hydrogel materials and their application for label-free sensors fabricated through different methods
including self-assembly, microfabrication, or laser writing has been published by Yetisen
et al.68
5.1.3.7 Nanomaterials Integrated in Electrochemical Sensors
There is tremendous growth in the integration of nanoextraction polymer platforms with
electrochemistry. Electrochemical sensors are probably the most adept and inherently
amenable to miniaturization in the device and sample consumption and thus amenable
to field analysis and in vivo studies, in all areas of analytical applications, food, environment, clinical, and all major “omics” fields, as well as in the cutting edge field of wearable
analytics. There are numerous latest examples of innovative ways of modifying electrodes
to enhance selectivity and sensitivity for target analysis. Different types of molecular
receptors (enzymes, antibodies, aptamers, imprinted polymers, etc.) have been integrated into different types of electrodes, including gold, platinum, and carbon-based
electrodes. The latter type of electrodes is growing in prominence due to unique surface
area features, cost, and amenability for modifications. Notably, molecular imprinted and
responsive polymers synthetic molecular receptors coupled with carbon-based electrodes are probably the most ideal marriage, due to their versatility for tailored and
enhanced extraction, preconcentration, and detection of specific analytes. There will
continue to be rapid growth in the development of platforms that exploit the synergy
of these materials. As a representative example, the work of Yola et al.69 could be mentioned. There it were demonstrated the advantages of an electrochemical sensor based
on atrazine imprinting polymer (MIP) on glassy carbon electrode based on platinum
NPs (Pt NPs)/carbon nitride nanotubes for atrazine detection. The sensor afforded very
low LODs in pM range. Manickam et al.70 demonstrated reusable electrochemical sensors based on cortisol-imprinted PPy polymer electropolymerized on an electrode surface. Using cyclic voltammetry (CV), cortisol could be detected in pM range. Other
similar but notable technologies include the work of Lopes et al.71 who developed a
CNT naloxone (opioid antagonist) imprinted (NLX) electropolymerized
4-aminobenzoic acid polymer on a screen-printed carbon electrode modified with
MWCNTs. Operated in differential pulse mode, naloxone could be detected in the
μM range with precisions lower than 5%. The sensor could be used successfully in urine
and human serum. Arvand et al.72 showcased a MIP on carbon nanotube electrodes for
recognition of sunset yellow (synthetic colorants) in food samples using CV. Similar
electrochemical platforms have been fabricated for histamine detection,73 patulin
detection,74 imidacloprid,75 dinotefuran insecticide residue in cucumbers and soils,76
chlorpyrifos detection,77 testosterone detection,78 among others. Several other studies
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have been done on MIP-modified electrodes for electrochemiluminiscence. An excellent review by Ansari et al.79 and Aragay et al.80 has outlined the combination of MIPs
with carbon nanomaterials for biosensing applications.

5.2 Other Notable Microextraction Platforms Integrated in
Nonconventional Analytical Platforms
Numerous other interesting applications of microextraction integration with various
analytical methods have been demonstrated. For example, the integration of MIP for
selective extraction of metolcarb in foods with QCM detection, with LOD of
2.309 μg L1 (S/N ¼ 3), has been detailed by Fang et al.81 The microfluidic paper-based
colorimetric sensor for selective detection of BPA recently reported by Kong et al.82 is
another interesting example of an inexpensive stand-alone detection platform. In this
study, authors inserted BPA (as a template) and ZnFe2O4 (as peroxidase mimetics) into
a solution of acrylamide (functional monomer), ethyleneglycol dimethacrylate (crosslinker), and benzoin ethyl ether (free radical initiator) in dimethyl sulfoxide (DMSO),
drop casted the solution on a hydrophilic parts of wax-screen-printed paper, and polymerized the mixture. As a result, cellulose fibers of paper become covered by ZnFe2O4
NPs, which, in turn, are covered with the MIP membrane. If BPA is present in the analytic solution, it occupies the MIP pockets blocking the access to ZnFe2O4 NPs. The
addition of colorless 3,3,5,5-tetramethylbenzidine (TMB) to this system results in no
color change, which remains stable in the presence of H2O2. In contrast, when there
is no BPA in the solution, MIP pockets remain open and ZnFe2O4 NPs are easily accessible by H2O2. Reacting with ZnFe2O4 NPs, H2O2 molecules form OH% radicals that,
in turn, oxidize TMB to form a blue color product thus increasing the coloration intensity of the sensor. The coloration intensity was found to be proportional to the BPA concentrations in the range of 10–1000 nM with a detection limit of 6.18 nM.
Further integration of microextraction to surface-enhanced Raman scattering
(SERS) especially toward the field of detection of volatile organic compounds
(VOCs) is another ground breaking field, which demonstrates consistent growth. The
potential of these novel devices is especially promising for noninvasive clinical diagnostics. Through the use of hydrazine vapor adsorbed on gold NPs and GO film nanocomposite SERS sensor, Chen et al.83 detected various VOC biomarkers in breath. Timely
analysis of these signature compounds could help early diagnosis of gastric cancer (EGC)
and stomach cancer in general. Their data were compared to conventional SPME-based
GC/MS detection systems. The schematic representation of their device is shown in
Fig. 5.21.
Ashley et al.84 have also demonstrated the detection of cloxacillin in foods using magnetic MIP as a microextraction chamber with SERS detection, offering a rapid, sensitive,
cost-effective analytical method with a detection limit of 7.8 pmol.
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Fig. 5.21 Schematic diagram of breath analysis based on a SERS sensor. (Reproduced with permission
from Chen, Y.; Zhang, Y.; Pan, F.; Liu, J.; Wang, K.; Zhang, C.; Cheng, S.; Lu, L.; Zhang, W.; Zhang, Z.; Zhi, X.;
Zhang, Q.; Alfranca, G.; de la Fuente, J. M.; Chen, D.; Cui, D. Breath Analysis Based on Surface-Enhanced
Raman Scattering Sensors Distinguishes Early and Advanced Gastric Cancer Patients From Healthy
Persons. ACS Nano 2016, 10, 8169–8179.)

Further, Duncan et al.85 demonstrated a highly efficient sensor for bacteria detection
that provides an olfactory output, allowing detection without the use of instrumentation.
The sensor platform uses NPs to reversibly complex and inhibits lipase. These complexes
are disrupted in the presence of bacteria, restoring enzyme activity and generating scent
from odorless pro-fragrance substrate molecules (Fig. 5.22). This system provides rapid
(15 min) sensing and very high-sensitivity (102 cfu mL1) detection of bacteria using the
human sense of smell as an output.
Shahar et al.86 proposed SERS detection of Sudan IV using AuNPs doped molecularly imprinted nano-spherical polymers. Indeed, doping of MIP particles with the
AuNPs leads to significant SERS signal enhancement.

5.2.1 Biobased (Aptamer, Enzymes, and Whole Cells) Integrated Polymer
Nanomaterials
Besides MIP technology, more complex biological interactions are also utilized to
increase the extraction selectivity of sorbents. In these cases, biological molecules such
as aptamers, proteins, etc. are immobilized on substrates. When extractive presents in
the system, it will specifically complex with these biomolecules of sorbents. In one case,
aptamer was immobilized on metal-organic frameworks (MOFs), which was electrodeposited on a stainless steel stir bar.87 The aptamer could recognize 2,30 ,5,50 tetrachlorobiphenyl (PCB72) and 20 ,30 ,40 ,5,50 -pentachlorobiphenyl (PCB106), which
allows the capability of the aptamer-functionalized stir bar to selectively enrich these
toxic compounds from the fish meat. Besides these macroscopic substrates, magnetic
NPs (MNPs) are also used as substrates to separate the extractives from the original
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Fig. 5.22 Schematic diagram showing nanoparticle-enzyme olfactory sensor for bacteria detection.
(Reproduced with permission from Duncan, B.; Le, N. D. B.; Alexander, C.; Gupta, A.; Tonga, G. Y.;
Yazdani, M.; Landis, R. F.; Wang, L.-S.; Yan, B.; Burmaoglu, S.; Li, X.; Rotello, V. M. Sensing by Smell:
Nanoparticle–Enzyme Sensors for Rapid and Sensitive Detection of Bacteria With Olfactory Output.
ACS Nano 2017, 11, 5339–5343.)

solution. An extraction adsorbent was prepared by immobilizing the aptamer with highly
specific recognition to berberine onto the surface of Fe3O4 MNPs, which was used for
determination of berberine from Cortex phellodendri.88 The recovery of these particles was
easily conducted using an external magnetic field. A 98.7% purity of berberine in elution
was obtained, which was extracted from C. phellodendri sample with 4.8% berberine. An
adsorbent can selectively extract multiple targets from complicated sample matrices containing background compounds. It was prepared by immobilizing aptamers on the surface of Fe3O4 MNPs with TiO2 shell, as shown in Fig. 5.23.89 The TiO2 layer can adsorb
phosphate due to the coordination reaction between titanium ions and PO4 3 . Three
aptamers were used in this work that can recognize and bind Hg2+, BPA, and Staphylococcus aureus (S. aureus). Therefore, the sorbent can be used to specifically extract Hg2+,
BPA, and S. aureus (Fig. 5.24). The separation efficiencies of these three targets were as
high as 99.39%, 99.92%, and 99.8%, respectively.
Enzymes are other candidates being used to selectively bind extract compounds.
For example, α-glucosidase was immobilized on MNPs (αG-MNPs), which were
used as a SPE absorbent.90 It is known that α-glucosidase inhibitors could bind
α-glucosidase of αG-MNPs, and it was isolated from Dioscorea opposita Thunb. peel
extract using a magnetic field. In combination with HPLC-MS, the αG-MNPs selectively extracted and identified two α-glucosidase inhibitors batatasin I and 2,4dimethoxy-6,7-dihydroxyphenanthrene. Horseradish peroxidase (HRP) was encapsulated in phosphatidylserine (DOPS) liposomes, which could specifically complex
with DOPS-functionalized Fe3O4@SiO2 NPs in the presence of Cu2+, as shown
in Fig. 5.25.91
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Fig. 5.23 Characterization of adsorbents. (A) Schematic preparation of aptamer-based adsorbents.
TEM (B), HAADF-STEM (C), and elemental mapping (D) images of adsorbents. (E) Aqueous dispersion
of adsorbents and the separation test using a permanent magnet. (F) Magnetization field
dependence plot of the adsorbents. (G) Zeta potentials of MNPs, amino-functionalized MNPs,
Apt-Hg-MNPs, Apt-BPA-MNPs, and Apt-SA-MNPs. (Reproduced with permission from Wang, J.;
Shen, H.; Huang, C.; Ma, Q.; Tan, Y.; Jiang, F.; Ma, C.; Yuan, Q. Highly Efficient and Multidimensional
Extraction of Targets From Complex Matrices Using Aptamer-Driven Recognition. Nano Res. 2017,
10, 145–156.)

Like the aforementioned cases, the complex was separated from the solution by applying a magnetic field. When 3,30 ,5,50 -tetramethylbenzidine sulfate (TMBS)-H2O2 was
added to the complex solution, HRP was released from the complex and the released
HRP catalyzes the oxidation of TMBs similarly to the mechanism we have previously
discussed when talking about the work by Kong et al.82 The oxidation of TMB generates
color changes from colorless to blue and a new absorption band at 652 nm (Fig. 5.26).
This method was used to sensitively, specifically, and colorimetrically detect Cu2+.
The detection limit is as low as 0.1–0.5 mM of Cu2+ in river water using naked-eye
observation and 0.05 mM of Cu2+ in river water using UV-visible spectrophotometry.
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Fig. 5.24 Removal of targets using composite adsorbents. Images of color reactions for Hg2+, BPA, and
PO4 3 samples before and after separation. Dithizone, ferric chloride, and molybdate were used to
form colored complexes with Hg2+, BPA, and PO4 3 , respectively. (Reproduced with permission from
Wang, J.; Shen, H.; Huang, C.; Ma, Q.; Tan, Y.; Jiang, F.; Ma, C.; Yuan, Q. Highly Efficient and
Multidimensional Extraction of Targets From Complex Matrices Using Aptamer-Driven Recognition.
Nano Res. 2017, 10, 145–156.)

5.2.2 Trends and Perspectives
This Chapter highlights a few examples of the monumental growth in the solid-phase
micro- and nanoextraction platforms over the last few years. From the traditional SPME
developed in 1990, there has been the tremendous development in new configurations
that improve the SPME robustness. There has also been extreme growth in the chemical
diversity of nanomaterials that have been explored toward widening the range of analytes
that can be analyzed, and thus fields of applications from environmental (soil, water, and
air) analysis to food, medical, forensic analysis, etc.
While initially SPME systems were developed as just preconcentration devices
coupled to GC, nowadays, SPME devices become very useful sensing tools that can
be coupled with a range of analytical platforms such as LC, MS, QCM, Raman, and even
can be used as stand-alone integrated electrochemical and photonic sensors. The future of
analytical chemistry is in miniaturization of analytical tools and devices to make them
amenable for field and in vivo analysis. As such, there is bound to be a rapid pace of
growth to integrate a variety of molecular receptors on different variations of nanomaterials (such as different types of polymers in composite with or without GO,
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Fig. 5.25 Schematic illustration of the detection principle based on DOPS-functionalized Fe3O4@SiO2 NPs and HRP-encapsulated DOPS
liposomes. (Reproduced with permission from He, Y.; Li, M.; Jiang, W.; Yang, W.; Lin, L.; Xu, L.; Fu, F. Phosphatidylserine-Functionalized
Fe3O4@SiO2 Nanoparticles Combined With Enzyme-Encapsulated Liposomes for the Visual Detection of Cu2+. J. Mater. Chem. B 2016, 4, 752–759.)
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Fig. 5.26 Photographs and UV absorption curves of Cu2+ detection samples. (Reproduced with
permission from He, Y.; Li, M.; Jiang, W.; Yang, W.; Lin, L.; Xu, L.; Fu, F. PhosphatidylserineFunctionalized Fe3O4@SiO2 Nanoparticles Combined With Enzyme-Encapsulated Liposomes for the
Visual Detection of Cu2+. J. Mater. Chem. B 2016, 4, 752–759.)

nanocellulose, carbon nanotubes, and ILs) as molecular receptors for building standalone chemical sensors. Some of the molecular receptors that have a great potential
for utilization and integration include aptamers, enzymes, different types of synthetic
ionophores and reactive moieties, MIPs, and responsive polymers. These platforms
are expected to revolutionize chemical analysis in traditional areas, environment, medical food, etc., but also open new possibilities of applications as wearable and in vivo
detection sensors for in cutting-edge fields including rapid detection of metabolites
and volatile biomarkers.
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CHAPTER 6

Nanomaterial-Based Electrochemical
Sensors for Environmental and Energy
Applications
 L. Squissato, Diego P. Rocha, Rafael M. Cardoso, Thiago F. Tormin,
Andre
Rodrigo A.A. Munoz
Institute of Chemistry, Federal University of Uberl^andia, Uberl^andia, Brazil

6.1 Fuels and Environmental Pollution
The consumption of fossil fuels mainly started from the Industrial Revolution in the mid18th century with the use of mineral coal. Petroleum, natural gas, and coal are main fossil
fuels used worldwide and environmental pollution caused by the emissions of fossil fuels
is a constant concern of the modern society. Petroleum contains metals as metallic porphyrin complexes of V, Ni, and Fe; however, other elements at trace levels were found in
petroleum too, including Ba, Be, Cd, Co, Cr, Cu, Fe, Hg, Pt, Rh, Se, Si, Sn, Tl, and
Zn.1–4 The metal concentration in petroleum may give relevant geological (origin and
migration) and environmental information. Mercury is one of the metals that bring the
highest alarm to the petroleum industry as workers are exposed to the emission of this
metal,5 which is the third most toxic element to humans according to the Agency for
Toxic Substances and Diseases Registry (ATSDR) that belongs to US Department of
Health and Human Services.6 High-temperature processes of petroleum refining results
in inorganic mercury reaction with the equipment and further may result in emission
affecting workers health and safety. Moreover, mercury can bioaccumulate into the
aquatic environment, where it is converted into more toxic organometallic mercury species (including methyl-mercury) and then can be easily introduced to humans via food
consumption. Exposure to toxic metals due to emissions from coal and petroleum-based
fuels, especially to lead, was considered a health public problem. The use of lead-based
additives in gasoline, such as tetra-alkyl and tetra-methyl lead compounds, in Europe and
the United States, was banned due to the high levels of the metal found in diverse environments worldwide and due to its toxic effects to humans and fauna. These lead-based
additives were replaced by a manganese additive (methyl-cyclopentadienyl manganese
tricarboxylic, known as MMT) initially in Canada and later in Europe7–9 and by ethanol
in Brazil. These actions resulted in a significant reduction of lead emission.10 The production of ethanol in Brazil started in the 1970s by government motivation to reduce the
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dependence on exported petroleum and to stimulate the local sugar-ethanol economy.
Advantages of using ethanol include the high-octane number and reduced emission
pollutants,11–17 however, the adaptation of vehicle engines was necessary due to the corrosive character of ethanol in the mixture with gasoline (around 25% v/v). Later in 2000,
the technology of flex-fuel engines (working with both gasoline and ethanol in any ratio)
was improved in Brazil, and for this reason, this type of vehicles became very popular in
the country.
Till the end of the 1970s, when Mercedes-Benz produced the first passenger car
equipped with a turbo-diesel engine in 1978, not too much interest was paid to diesel
fuel. However, from the 1980s, the use of diesel engines in tracks and cars increases.
In this context, the production and use of an alternative to diesel oil biofuels become very
popular. Biodiesel is produced through the transesterification reaction of triglycerides and
short-chain alcohols that are catalyzed by acid or base. The most common reactants to
produce biodiesel are plant oils, methanol, and potassium hydroxide, while the final
products are a mixture of esters of fatty acids (which is biodiesel) and glycerol (byproduct). The ester phase is easily separated from the glycerol phase if methanol is used
in the reaction, and the ester phase is washed with hot water to reduce residues of
unreacted fatty acids, alkalis, and alcohol. Different oil sources are available for biodiesel
production, from vegetable oils to animal fat and recycled oil, and the final ester mixture
product may contain contaminants presented in the oil’s source.18 Ironically, the process
of transesterification was developed in the early 1940s19 to recover glycerol needed that
war time for production of explosives, while the short-chain fatty-acid alcohol esters
were considered as a by-product.
Nowadays, regulatory agencies establish upper limits of some contaminants in biodiesel and other physical-chemical parameters.20 One of the most relevant parameters in the
control of biodiesel is its oxidation stability, which is the parameter related to its tendency
to oxidation commonly accessed by the Rancimat method. A certain amount of biodiesel
placed in a glass vessel is submitted to constant heating in the presence of oxygen that
forces the oxidative degradation of the biofuel leading to the formation of volatile organic
acids, which are transferred to a second flask containing deionized water by the constant
gas flow. The sudden increase in the conductivity of water due to the dissociation of such
acids in water contained in the second flask indicates the induction period.21, 22 The
United States and European norms established the minimum induction period of 3
and 8 h, respectively, for biodiesel within an acceptable oxidation stability value.22, 23 Oxidation of biodiesel is accelerated by the action of external factors, including moisture, heat,
light, and trace metals.24–27 The effect of different metals on the oxidation stability of biodiesel obtained from different sources has been investigated and most studies showed that
copper demonstrates the strongest catalyst activity on the degradation of biodiesels.28–31 In
order to simulate storage conditions, static corrosion immersion tests of metallic coupons in
biodiesel have demonstrated the metal lixiviation to biodiesel and its consequent catalytic
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action on the degradation of the biofuel.32–39 Therefore, trace metals originating from oil
source for biodiesel production and especially metal species introduced due to corrosion of
metallic parts of engines and tanks need to be monitored due to the catalytic action of these
species on the degradation of biodiesel.40, 41 Similarly, copper and iron are required to be
monitored in fuel ethanol due to a negative effect on the oxidation of gasoline, similar to
the one occurred to biodiesels, because ethanol can be mixed with gasoline either as an
antiknock additive or just as a fuel for flex-fuel engines.42, 43 In this context, Table 6.1 lists
the metals controlled by regulatory agencies in gasoline, aviation gasolines, fuel ethanol,
and biodiesel, respective upper limits, and recommended analytical method. Typically,
atomic absorption or emission spectrometric methods are recommended for metal determination in the different fuels, in some cases, with a previous sample preparation that can
involve acid digestion.
The metals, which are controlled in liquid fuels by different regulatory agencies are
associated with technical problems that may occur in engines or tanks especially due to
the formation of gums and sediments. However, the emission of metals to the
environment, mainly as particulate matter, could not be underestimated and the negative
effects of vehicular pollution to human health and aquatic ecosystems are a constant concern to the modern society.44–46 This brief introduction pointing the importance of
monitoring trace metals in the environment and liquid fuels, which are the main source
Table 6.1 Metal content controlled by regulatory agencies in different countries in liquid fuels,
respective upper limits and methods
Method
(ASTM/EN/
Regulatory
NBR)
countries
Fuel
Metal
Unit
Limit

Gasoline

Mn
Pb

mg L1

0.25–40
2.5–25

Aviation
gasolines

Pb

g L1

0.28–1.12

Ethanol
(anhydrous
and hytrated)

Cu
Fe
Na

μg L1, max
mg L1, max
mg L1, max

70
5.0
2.0

Biodiesel

Na and K
Ca and Mg

mg L1, max
mg L1, max

5.0
5.0

ASTM
D3831
ASTM
D3237
ASTM
D3341
ASTM
D5059
NBR
11331
NBR
11331
NBR
10422
EN 14538
EN 14538

United States

United
States, EN
and Brazil
Brazil

United
States, EN
and Brazil
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of energy by population, justifies the development of analytical methods for this purpose.
Electroanalytical methods often bear relevant advantages when considering the development of an analytical method, including high sensitivity, selectivity, speed, sample
throughput, and ease of miniaturization that together with portable instrumentation
enables the invention of portable analytical systems and disposable electrochemical sensors. Next, the application of nanomaterials in the production of high-performance electrochemical sensors for metal determination is reviewed considering works published in
the last 5 years, in order to illustrate the benefits of nanotechnology for the development
of electrochemical sensors.

6.2 Nanomaterial-Based Electrochemical Sensors
6.2.1 Graphene, Carbon Nanotubes, and Other Carbonaceous Materials
Since the pioneering report of Iijima on carbon nanotubes (CNTs),47 this nanomaterial
has been used for a number of applications (see, for instance, examples of CNTs applications in organic diodes, transistors, flexible electronics, and radio frequency identification tags in Chapter 3). Here we focus on the use of CNTs for the development of
electrochemical sensors. Special characteristics of CNTs, such as large surface area and
fast electron transfer, have contributed to the successful use of this nanomaterial to produce electrochemical sensors for trace metal determinations by electrochemical stripping
analysis. Table 6.2 lists some contributions describing the determination of metals using
different carbon-based materials, including single-walled carbon nanotube (SWCNT),
multiwalled carbon nanotube (MWCNT), and carbon nanofiber (80 nm in width).
These works demonstrate the various ways to produce nanocarbon-based electrodes
and their feasible application to metal determinations with the limit of detection
(LOD) values within the range between ppb (μg L1) and even sub-ppb. It is important
to emphasize that a glassy-carbon electrode (GCE) generally does not provide adequate
sensitivity for metal determination by stripping analysis, especially for the determination
of the metallic species presented in Table 6.2. Mercury-based electrodes were used for
decades for metal determination and electroanalytical methods using such electrodes
can provide wider linear ranges than those obtained by carbon-based electrodes presented
in Table 6.2. Although the linear range for the determination of Cd2+, Cu2+, Pb2+, and
Zn2+ were limited in these examples, modern electroanalytical methods have been
developed seeking for greener procedures and thus the use of mercury has been
dramatically reduced. Bismuth-film electrode has appeared a natural substitute for
mercury-based electrodes for several applications including trace metal determinations
by stripping analysis.53 On the other hand, novel electrochemical sensors based on carbon
nanomaterials do not require surface modification (Bi film electrodeposition) prior
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Table 6.2 Electrochemical sensors based on carbon nanomaterials for metal determination
Electrode
Analyte
Linear range (μg L21) LOD (μg L21)

Metal-catalyst-free
CNT’s

Pb2+, Cd2+, Zn2+

62–1700

SWCNT’s film on
photoresist
polymer
MWCNT’s thread
MWCNT’s thread

Pb2+, Cd2+

33–228

Zn2+
Pb2+, Cd2+, Cu2+, Zn2+

65–920
Pb2+—210–830
Cd2+—170–510
Cu2+—32–220
Zn2+—200–590
10–100

Carbon nanofiber
(80 nm width)

Pb2+

Ref.

Pb2+—2.7
Cd2+—3.6
Zn2+—3.3
Pb2+—0.7
Cd2+—0.8

48

0.092
Pb2+—0.31
Cd2+—0.21
Cu2+—0.017
Zn2+—0.091
0.036

50
51

49

52

Electrodes: CNT, Carbon nanotube; MWCNT, Multi-walled carbon nanotube; SWCNT, Single-walled carbon
nanotube.
In some cases, concentration values were converted to μg L1.

analytical measurement, which can be considered a practical advantage over modified
film electrodes. Carbon-based electrochemical sensors can be produced by different procedures as listed in Table 6.2. However, one major concern when using CNT as electrode modifier is the presence of metallic impurities, especially if the main purpose of
these sensors is trace metal determination. Some reports showed the presence of metallic
impurities on CNTs resulted from the chemical vapor deposition (CVD) method that
employs different metals as catalysts.54 Therefore, metal-catalyst-free CNTs, obtained
by a catalyst-free method, have been proposed for metal determination by stripping analysis as shown in Table 6.2. Alternatively, CNTs obtained by the CVD method can be
acid treated to remove metallic impurities, generally employing concentrated acids under
oxidative conditions. As a result of this treatment, CNTs are functionalized with carboxylic and other oxygenated groups that may contribute to the electrostatic interaction
between CNTs and metallic species. Based on this concept, the functionalization of
CNTs with different chemical groups has been investigated in order to improve the
interaction of CNTs with target ions and thus to develop improved electrochemical sensors. Table 6.3 shows some examples of functionalized CNTs as sensors for the determination of metal ions.
Table 6.3 shows different examples of chemical functionalization of CNTs aiming the
improvement of detectability and sensitivity of electrochemical stripping methods for
trace metal. All reports showed improved LOD values (submicromolar range) except
for the work using a carbon-paste electrode (CPE). Therefore, a film-modified GCE typically presented better LOD values. On the other hand, CPE presents the important

201

202

MWCNT-GCE -NH2

Cd , Zn ,
Reservoir
Cu2+, Hg2+
water

–

2+

2+

MWCNTs/
CTS/
GA-CPE

-COO,
-OH

Pb2+

Natural
water

20.6–415.2

CNTs/nafionGCE

-NH2,
-COO,
-OH

Pb2+, Cd2+

Tap and
ground
water

MWCNTs/BiGCE

-SH, -NH2, Pb2+, Cd2+
COO,
-OH

Pb2+—
2.1–14,500
Cd2+—
11–11,240
2–50

–

2+

Pb —0.03
Zn2+—0.021
Cu2+—
0.014
Hg2+—
0.029
11.8

Deposition
time (s)

Sample
preparation

150

Dilution in
electrolyte

55

120

Filtration
and
dilution in
electrolyte
Dilution in
electrolyte

56

N.R.

58

Pb2+—0.21
Cd2+—0.56

N.R.

Pb2+—0.3
Cd2+—0.4

400

Electrodes: CPE, Carbon paste electrode; CTS, Chitosan; GA, Glutaraldehyde; GCE, Glassy carbon electrode.
In some cases, concentration values were converted to μg L1.

Ref.
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Table 6.3 Electrochemical sensors based on functionalized CNTs for metal determination
Functional
Real
Linear range
LOD (μg L21)
Electrode
groups
Analyte
sample
(μg L21)
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advantage of a renewable surface after simple polishing as the CPE works as a reservoir of
the conductive-modified electrode.
Another strategy to improve the analytical characteristics of CNT-based electrochemical sensors is the introduction of an additional modifier mixed with CNT over
the electrode surface. Table 6.4 presents different electrochemical sensors devoted to
metal determination by stripping analysis in which CNT was mixed with another chemical modifier in order to obtain such improved analytical characteristics. It is also important to emphasize that most sensors were applied to several complex environmental
samples, which required a sample preparation step (also presented in Table 6.3). Therefore, in some cases, the introduction of an additional chemical modifier with CNTs can
provide additional selectivity of the sensors based on the complexity of the analyzed
sample.
One of the most common modifiers introduced to CNT-modified sensors was
Nafion, an anionic sulfonated tetrafluoroethylene-based polymer used as electrode coating with the aim to block anionic species and to enable penetration of cationic species
through the modified substrate. Therefore, a Nafion-modified electrode increases the
sensor selectivity by attracting metallic species through electrostatic interactions and
blocking the entrance of surface-active species on the electrode surface that may interfere
with the electrochemical sensing of trace metals. Other chemical modifiers used to
improve selectivity are chelating agents specific or selective to certain metallic species,
such as Schiff bases, ionophores (ion selective materials such as calixarenes), ionimprinted polymers, and other modifiers, which can be associated with Nafion to
improve the selectivity of the sensor. Additionally, the LOD values were dramatically
improved in some cases reaching values within the ng L1 due to the chelating reagents
employed as chemical modifiers associated with the fast electron transfer promoted by
CNTs. Table 6.4 also shows the application of the proposed sensors to a wide range
of environmental samples, from natural waters, fish, soil, and gasoline. Electroanalytical
methods for the analysis of natural waters only require sample dilution in the electrolyte,
as described in all cases of Table 6.3. Filtration steps may be recommended for natural
waters that contain a high amount of organic matter. Soil samples typically require acid
extraction to release metallic ions to the acidic media. The analysis of fuel ethanol was
performed on a GCE modified with CNTs dispersed in Nafion for the determination
of Fe3+ and Cu2+ after simple dilution in the electrolyte.81 The analysis of complex
organic samples, including food products and gasoline, requires acid digestion under high
temperatures, which can be accelerated by microwave irradiation using specific ovens for
sample preparation. Some microwave ovens work with pressured vessels that enable the
complete sample digestion under mildly acidic conditions and are free from losses of volatile elements (e.g., mercury and arsenic). Efficient sample preparation procedures are
especially important for electroanalysis due to the interference from residual organic matter on electrochemical sensing.82 Therefore, considering the analysis of automotive fuels,

203

MWCNT- Schiff base
CPE

Pb , Hg

MWCNT- Tert-butylGCE
calixarene

Pb2+

MWCNT- Cu2+-imprinted
polymer
CPE

Cu2+

MWCNT- Thiacalixarene
GCE
MWCNT- Cupferron
GCE

Pb2+

MWCNT- Triphenyl
CPE
phosphine

MWCNT- Schiff base
CPE

MWCNT- Schiff base
CPE

Cd2+

2+

Sea water,
tobacco,
shrimp,
human
teeth

Dilution, acid
digestion,
microwave
digestion,
milling and acid
digestion
River and tap Filtration and
water
dilution in
electrolyte
Natural water Filtration and
and human
dilution in
hair
electrolyte
–
N.M.

Natural and
Dilution in
waste
electrolyte
water
Pb2+, Cd2+, Waste water, Dilution, acid
Hg2+
gasoline,
extraction,
and dry fish
microwave acid
digestion, and
conventional
acid digestion
Pb2+, Cd2+ Tap and waste N.M
water,
shrimp,
fish,
human hair
and
tobacco
Ag+
Tap, well and Filtration and
waste
dilution in
water
electrolyte

Deposition
time (s)

Ref.

Pb —0.12
Pb —
0.41–145
Hg2+—0.18
2+
Hg —
0.40–140.4

90

59

0.3–0.5

0.1

300

60

2–20

0.34

360

61

0.04–2.1

0.0083

60

62

0.005–1.8

0.0018

–

63

Pb2+—
0.021–31.1
Cd2+—
0.011–16.9
Hg2+—
0.020–30.1
Pb2+—
0.4–1100
Cd2+—
1–1200

Pb2+—
0.012
Cd2+—
0.010
Hg2+—
0.015
Pb2+—0.25
Cd2+—0.74

75

64

190

65

0.5–235

0.08

20

66

2+

LOD (μg L21)
2+
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Table 6.4 Electrochemical sensors based on CNT and a second modifier for metal determination
Linear range
Electrode
Modifier
Analyte
Sample
Sample preparation (μg L21)

MWCNT- Nafion/benzoGCE
crown-eter
MWCNT- Nafion
GCE
MWCNT- Schiff base
CPE

MWCNT- Phytate
ITO
MWCNT- Nafion
GCE
MWCNT- Hydroxyapatite
CPE

Dilution in
electrolyte
Bovine serum Ultrasound assisted
extraction
Natural
Dilution in
water,
electrolyte, acid
human
digestion,
hair, milk
microwave acid
powder,
digestion, acid
fungi and
digestion
tobacco
River water
Dilution in
electrolyte
–
–

0.21–6.2

0.21

120

67

32.7–457.7

3.47

120

68

0.2–23

0.08

90

69

0.63–63.6

158.9

240

70

0.15–15.2

0.056

480

71

Pb2+

Oil field
water

0.27–2072

0.004

900

72

Pb2+, Cd2+

River water

4–150

Pb2+—2.1
Cd2+—3.2

420

73

Cu2+

River water

0.09–340

0.01

240

74

Pb2+, Cd2+

–

Filtration and
dilution in
electrolyte
Filtration and
dilution in
electrolyte
Dilution in
electrolyte
–

–

0.19

300

75

Cu2+

River water

0.32–19.1

0.064

900

76

Ag+

Natural and
waste
water, tea
leaves

Filtration and
dilution in
electrolyte
Filtration and
dilution in
electrolyte, acid
digestion

0.5–270

0.079

300

77

Zn2+
Cd2+

Cu2+
Eu3+

Tap water

Continued
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MWCNT- Nafion/1,5Pt
diaminonaphthalene
MWCNT- Shiff base
CPE
CNTNafion
GCE
MWCNT- Salicyl-aldehyde
pyrolytic
azine
graphite
MWCNT- ACABP
CPE

Pb2+

205

206

SWCNTAu

Polyaminobenzenesulfonic acid

MWCNT- Iodoquinol
CPE

Hg

2+

Cu2+

MWCNT- β-Cyclodextrin/ Pb2+, Cd2+
GCE
Nafion
MWCNT- Nafion
Fe3+, Cu2+
GCE

Waste water

Oil and tap
water

Soil
Fuel ethanol

Deposition
time (s)

Ref.

Acidification,
filtration and
dilution in
electrolyte
Liquid-liquid
extraction, and
dilution in
electrolyte
N.M.

20–250

12

30

78

0.64-317.8

0.32

900

79

1–100

140

80

Dilution in
electrolyte

56–2800
0.8–8.0

Pb2+—0.13
Cd2+—0.21
Fe3+—40
Cu2+—3.2

270

81

ACABP, N-(4-{4-[(anilinocarbothioyl)amino]benzyl}phenyl)-N-phenylthiourea; ITO, Indium tin oxide; N.M., Not mentioned.
In some cases, concentration values were converted to μg L1.

Nanomaterials Design for Sensing Applications

Table 6.4 Electrochemical sensors based on CNT and a second modifier for metal determination—cont’d
Linear range
Electrode
Modifier
Analyte
Sample
Sample preparation (μg L21)
LOD (μg L21)

Nanomaterial-Based Electrochemical Sensors

the sample preparation step is primordial before electrochemical monitoring of trace
metals due to the high organic content of these samples.83
Another remarkable contribution that impacted significantly the electroanalysis area is
the discovery of graphene.84 This carbon nanomaterial, which can be described as a oneatom-thick two-dimensional sheet of sp2-hybridized carbon atoms, presents unique
properties that have attracted increasing attention of electrochemists due to its high conductivity nature. Reduced graphene oxide (rGO), which can be easily obtained from
graphite by the Hummers method, is the main graphene form applied for electrochemical
sensing. Although being a more recently discovered, a wide range of electrochemical
sensors based on rGO was proposed for trace metal determination by electrochemical
stripping analysis. Table 6.5 shows some examples on the use of graphene, especially
rGO-modified surfaces, for trace metal determination.
Similar strategies adopted to produce CNT-based electrochemical sensors were used to
develop graphene-based electrochemical sensors for trace metal determination. The combination of ion-imprinted polymer, b-cyclodextrin, crown-ether groups, and other chelating reagents with graphene, graphene oxide (GO), chemically and electrochemically
reduced graphene oxide (rGO or ErGO), and nitrogen-doped graphene (N-Gr) was
applied for the determination of Cu2+, Cd2+, Pb2+, Hg2+, Zn2+, Sb3+, and Tl+. Nafion
coating was also employed to increase selectivity by repelling anionic species due to the
negative charge of the polymeric film. Porous surfaces through the formation of composites
using graphene (or rGO and GO) and conductive polymers (e.g., polyaniline, PANI, and
polypyrrole, PPy) or using graphene foams were proposed for metal determination with
LOD values at the ngL1 level. Graphene nanocomposites formed with gold nanoparticles,
metallic oxides, bismuth, selenium, and other elements were also described for the development of highly sensitive sensors for metals also reaching LOD values at the ngL1 level.
Nanocomposite using biomolecules, such as oligonucleotides and double-stranded DNA,
were produced in order to obtain electrochemical biosensors for Hg2+ with remarkable
LOD values.96, 97 Typical substrates were GCE, CPE, screen-printed carbon electrode
(SPCE), and gold electrodes. Applications of these sensors ranged from natural water to
soil and sediments, and several reports so far demonstrated the promising contribution
for metal determination. The different strategies to obtain graphene-based platforms combining a wide range of nanostructured materials open new possibilities for the development
of electrochemical sensors for metals with improved sensitivity and selectivity.

6.2.2 Metals, Metal Oxides, and Other Inorganic Materials
As previously shown, the combination of metals, metal oxides, and other inorganic materials with carbon nanomaterials was exploited in the development of sensors for metals.
The incorporation of inorganic nanostructures on GCE, ITO, or within CPE or SPCE
was reported for metal determination as shown in Table 6.6. MgO nanoflower-shaped
structures on GCE provided LOD values below the ng L1 level for Pb2+ and Cd2+.

207

208

IL/Gr/L/CPE

Tl , Pb ,
Hg2+

Water and soil

–

rGO-Au-GCE
rGO-IIP-GCE

Hg2+
Hg2+

Water
Water

0.20–30
0.07–80

L-cys-rGO-GCE

Cd2+, Pb2+, Industrial effluent,
Cu2+,
pond and lake
Hg2+
water

rGO-AuNPs-GCE
rGO-AuNPs/GCE

Hg2+
Hg2+

PPy-modified 3DErGO
Thymine-AuNPs/
rGO/GCE
SnO2-rGO-GCE

+

2+

+

Tl —0.073
Pb2+—0.093
Hg2+—
0.077
0.120
0.02

Deposition
time (s)

Sample preparation

Ref.

90

N.M.

85

600
830

Dilution in electrolyte
86
Filtration and dilution in 87
electrolyte
N.M.
88

Soil
Water

Cd2+—
45–225
Pb2+—
83–249
Cu2+—
25–127
Hg2+—
80–400
1–169
0.2–30

0.25
0.03

500
300

Hg2+

Waste water

0.02–22

0.03

120

Hg2+

Water

0.01–1.0

0.0015

900

–

Cd2+—0.011 120
Pb2+—0.038
Cu2+—0.014
Hg2+—
0.056

Cd2+, Pb2+, Drinking water
Cu2+,
Hg2+

Cd2+—0.366 450
Pb2+—0.416
Cu2+—0.261
Hg2+—
1.113

N.M.
89
Filtration and dilution in 90
electrolyte
Filtration and acid
91
digestion
N.M.
92
N.M.

93
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Table 6.5 Electrochemical sensors based on graphene for metal determination
Linear range
Electrode
Analyte
Sample
(μg L21)
LOD (μg L21)

NG-GCE

Cd2+, Pb2+, Tap water
Cu2+,
Hg2+

Cd2+—5.62
Pb2+—1.04
Cu2+—0.32
Hg2+—
10.03

300

Acidification

94

Water

Cd2+—
11–1011
Pb2+—2–
1868
Cu2+—0.63–
317
Hg2+—207–
1868
0.02–20

3D-rGO@PANI

Hg2+

0.007

N.M.

95

Hg2+

Water

2.01E10–20

2.01E13

1800

Hg2+

Water

0.005–2006

0.001

N.M.

Hg2+

Water

1.0–22

0.16

N.M.

Hg2+

Water

2–600

0.56

360

Filtration and dilution in
electrolyte
Centrifugation and
filtration
Filtration and dilution in
electrolyte
Filtration and dilution in
electrolyte
Dilution in electrolyte

AuNPs/GrP1/
GCE
Hg2+-dsDNA/Gr/
GCE
GO-AuNPs/
MTU/ITO
PEDOT/GO/
GCE
3D-GF/SDBS HM

Pb2+

Water

0.1–200

0.003

240

NG/GCE
Poly(1,5-DAN)/
rGO/Pt
Gr/L-cys/Au
BiF/N/IL/Gr/
SPCE

Pb2+
Pb2+

Fish powder
Water

1.86–18,600
0.2–700

0.4
0.2

300
240

Water
Cd2+
Zn2+, Cd2+, Water
Pb2+

–
102–104

360
120

N.M.
103
Filtration and dilution in 104
electrolyte

rGO-Au-GCE
AuNPs/IL/Se/
CPE

Pb2+
Cu2+, Sb3+

0.5–100
Cu2+—127–
4448
Sb3+—244–
4870

1.42
Zn2+—90
Cd2+—60
Pb2+—80
0.001
Cu2+—42
Sb3+—52

600
50

N.M.
Filtration, UV digestion
and dilution in
electrolyte

97
98
99

Filtration and dilution in 100
electrolyte
Acid digestion
101
Dilution in electrolyte
102

105
106

Continued
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Water
Water

96

209

210

Water

–

Cd2+
Pb2+

Soil
Water

Pb2+
Pb2+, Cd2+

2+

2+

2+

Deposition
time (s)

Sample preparation

Ref.

210

Dilution in electrolyte

107

5–70
0.5–80

Pb —0.001
Cd2+—
0.0009
3
0.056

120
600

N.M.
N.R.

108
109

Water
Water

0.6–3.0
1.4–20

0.1
1.4

600
N.M

N.M.
N.M

110
111

Pb2+, Cd2+

Water
Rainbow trout
Water

Acid digestion and
dilution in electrolyte
Acid digestion
N.M.

112

Pb2+
Pb2+, Cd2+

β-CD-rGO-GCE

Pb2+

Water

180
Pb2+—3.30
Cd2+—4.43
20.72–14,504 4.52
600
120
Pb2+—0.02– Pb2+—0.02
1.86
Cd2+—0.008
Cd2+—0.06–
1.01
0.2–20.0
0.10
150

Nafion-GP/GCE
PAA-GO/CPE
Gr/ILC/SPCE

Cd2+
Cd2+
Pb2+, Cd2+

Water
Water
Rice

1–100
–
1–80

Gr/β-CD/Nafion/
GCE
MT-g-nano-GO

Cd2+

Soil

Cu2+

Tea and coffee

Gr-Au/GCE

Pb2+

Tap water

1–500
800–2000
6.35–
6.35  106
2.07–31.08

N-GE/nano-CPE

Pb , Cd

GO/IL-SPCE
L-cys/AuNPs/
NG/GCE
ErGO-GRC
rGO/[Ru(NH3)6]3
+
/Nafion/GCE
Gr/PANI/PS/
SPCE
GO-CPE
HP-β-CD-rGO/
Nafion/GCE

10–00

113
114

0.3
–
Pb2+—0.1
Cd2+—0.08
0.3

N.M.
40
120

Filtration and dilution in 115
electrolyte
N.M.
116
N.M.
117
Acid digestion
118

140

N.M.

119

2.54

N.R.

N.M.

120

0.17

N.M.

N.M.

121
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Table 6.5 Electrochemical sensors based on graphene for metal determination—cont’d
Linear range
Electrode
Analyte
Sample
(μg L21)
LOD (μg L21)

Cd2+, Pb2+, Waste water
Cu2+,
Hg2+

Gr/Tf/Ni-C/Si

Cd2+, Pb2+, –
Cu2+

Cys-GO/PPy/
SPCE

Pb2+

Water

rGO/Bi/SPCE

Pb2+

Bi/Nafion/GrCNT/SPCE
Bi-Gr-CPE

Pb2+

Coastal sediment
pore water
–

Cd2+, Pb2+

Ni/a-C/Si
PCV/Gr/GCE

ZnO-rGO/GCE
Gr–SPCE
Self-assembled
GO-C7Me film

Cd2+—2.25–
281
Pb2+—2.07–
518
Cu2+—2.54–
63.5
Hg2+—0.4–
24.0
Cd2+—11.2–
78.7
Pb2+—
207.2–
352.2
Cu2+—6.35–
44.5
1.4–28
28–280
280–14,000
10.4–4144

Cd2+—0.026 120
Pb2+—0.022
Cu2+—0.007
Hg2+—
0.0044

N.M.

122

N.M.

180

N.M

123

0.07

600

N.M

124

1.4

300

N.M

125

–

–

200

N.M

126

Water

0.10–50.0

N.M.

Dilution in electrolyte

127

Pb2+
Pb2+, Cd2+

Water
Water

180
N.M.

N.M.
N.M.

128
129

Pb2+
Pb2+
Cu2+

Water
Soybean Sauces
Water

1.45–249
Pb2+—4–
4040
Cd2+—4.5–
6272.5
0.5–99
104–1036
–

Cd2+—0.04
Pb2+—0.07
1.45
Pb2+—1.24
Cd2+—1.12

600
450
150

N.R.
130
Acid digestion
131
Filtration and dilution in 132
electrolyte

0.1
–
171.6
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Gr/CeO2/GCE

Continued

211

212

Deposition
time (s)

NH2-rGO/β-CD/
GCE
Sn/poly(p-ABSA)/
Gr
Gr/PSS/Bi/SPCE

Cu2+

Water

1.9–6355

0.18

300

Cd2+

Water

1.0–70.0

0.05

120

Cd2+, Pb2+

Water

0.–120

PMB/Gr/GCE

Pb2+, Cd2+

Sea shrimp and
Water

–

Cd2+—0.042 120
Pb2+—0.089
N.M.
Pb2+—2.1
Cd2+—1.35

Hg(II)/GO/GCE
rGO/kryptofix 21capped AuNPsCPE

Pb2+
Cu2+

Water
Water

0.005–0.07
0.5–75

0.00013
0.1

150
180

Sample preparation

Ref.

Filtration and dilution in 133
electrolyte
N.R.
134
N.R.

135

Sea shrimp—acid
digestion
Water-N.R.
Filtration
Filtration

136

137
138

Electrodes: 3D GrF/SDBS HM, three-dimensional graphene foam/sodium dodecyl benzene sulfonate hemimicelle; 3D-rGO@PANI, nanorod-like nanocomposite of
three-dimensional rGO and polyaniline; AuNPs/GrP1/GCE, graphene modified with gold nanoparticles containing a oligonucleotides combination (50 -SH-(CH2)
6-GTGTTTCTCA-3) on GCE; AuNPs/rGO/GCE, rGO decorated with AuNPs nanocomposite coated GCE; AuNPs, gold nanoparticles; Bi/N/IL/Gr/SPCE, bismuth
film/Nafion/ionic liquid/graphene composite modified screen-printed carbon electrode; Bi/Nafion/Gr-CNT/SPE, graphene-carbon nanotube composite-coated screen
printed electrodes modified with Nafion and bismuth deposited; Bi-GrCPE, bismuth-modified graphene-carbon paste electrode; cys-GO/PPy/SPE, cysteine-functionalized
graphene oxide polypyrrole on screen printed electrode; ErGO-GRC, electrochemically rGO on graphite reinforced carbon; GO/IL-SPE, graphene oxide/ionic liquid/
screen-sprinted electrode; Gr/CeO2/GCE, graphene/CeO2 hybrid nanocomposite modified GCE; Gr/IL/Se/CPE, graphene /ionic liquid modified selenium-doped
carbon paste electrode; Gr/ILC/SPE, graphene/ionic liquid composite modified screen printed electrode; Gr/PANI/PS/SPCE, graphene/polyaniline/polystyrene/screenprinted carbon electrode; GR/PSS/Bi/SPE, Bi modified graphene-poly(sodium 4-styrenesulfonate) composite film screen printed electrode; Gr/Tf/Ni-C, graphene thin
films thermally treating with Ni-C in a Si substrate; Gr/β-CD/Nafion/GCE, Graphene-β-cyclodextrin-Nafion Composite; Hg(II)/GO/GCE, Hg(II) modified graphene
oxide on GCE; Hg2 +-dsDNA/GR/ GCE, GCE modified with thymine-mercury(II)-thymine double strand DNA graphene based; HP-β-CD-rGO/Nafion/GCE,
Hydroxypropyl-β-cyclodextrin-rGO hybrid nanosheets; IIP, ion-imprinted polymer; IL/Gr/L/CPE, ionic liquid/graphene/[2,4-Cl2C6H3C(O)CHPPh3]/Carbon paste
electrode; ITO, indium tin oxide; L-cys, L-cysteine; L-cys/AuNPs/NG/GCE, L-cysteine /gold nanoparticles /nitrogen-doped graphene modified GCE; MT/g/NGO,
2-amino-5-mercapto-1,3,4-thiiodiazole grafted onto nanoscale graphene oxide; MTU, 5-methyl-2-thiouracil; Nafion-Gr/GCE, nafion-graphene modified Bismuth Film
GCE; Nafion-Gr, nafion-graphene; NGr/GCE, nitrogen-doped graphene modified GCE; N-Gr/nano-CPE, nitrogen doped graphene modified nano-carbon paste
electrode; NGr, N-doped graphene; NH2-rGO/β-CD/GCE, amino-rGO and β-cyclodextrin modified GCE; Ni/a-C/Si, few-layer graphene ultrathin films coated on Si
substrates covered by a nickel (Ni) layer; PAA-GO/CPE, poly acrylic acid-graphene oxide carbon paste electrode; PCV/Gr/GCE, poly(crystal violet)/graphene-modified
GCE; PEDOT/GO/GCE, poly(3,4-ethylenedioxythio-phene) nanorods/graphene oxide nanocomposite modified GCE; PMB/Gr/GCE, poly(methylene blue)/graphene
modified GCE; Poly(1,5-DAN)/RGO/Pt, Poly (1,5-diaminonaphthalene)/reduced graphene oxide film onto Pt electrode; PPy-modified 3D-ErGO, polypyrrole
functionalized three-dimensional porous electrode of electrochemically rGO; rGO/Bi/SPE, reduced graphene oxide-bismuth on screen printed substrate; rGO/kryptofix
21-capped AuNPs-CPE, Carbon paste electrode modified with aza-crown ether capped gold nanoparticles and rGO; rGO-Au/GCE, graphene-gold nanocomposite film/
glassy carbon electrode; Self-assembled GO-C7Me film, self-assembled multilayer of alkyl graphene oxide; Sn/poly(p-ABSA)/Gr, stannum film/poly(p-aminobenzene sulfonic
acid)/electrochemically reduced graphene composite; ZnO-rGO/GCE, zinc oxide-rGO composite; β-CD-rGO-GCE-β, cyclodextrin and chemically rGO. In some cases,
concentration was converted to μg g1.
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Table 6.5 Electrochemical sensors based on graphene for metal determination—cont’d
Linear range
LOD (μg L21)
Electrode
Analyte
Sample
(μg L21)

Table 6.6 Electrochemical sensors based on metal, metal oxide and other inorganic materials for metal determination
Linear
range
Deposition Sample
(μg L21)
LOD (μg L21) time (s)
preparation
Electrode
Metal oxide
Analyte
Sample
2+

Cd , Pb

2+

Sb2O3

Tap water

GCE

MgO nanoflowers Pb2+, Cd2+

GCE
GCE

AuNPs/TiO2
SnO2 tube-intube

As3+
Tap water
Cd2+, Cu2+,
N.M.
Hg2+, Zn2+,
Pb2+, As3+

7.5–600
N.M.

GCE

Porous Co3O4/
nafion
Octahedral Fe3O4
nanocrystals

Pb2+

10–57

Water

N.M.

10–100
10-100
0.7–4.6
4.5–16

GCE

MnOx/AuNPs

As3+

Reservoir
water
and tap
water

0.5–80

Pb2+—31
Zn2+—20
Cd2+—24
Cu2+—7.6
Hg2+—70
As3+—1
0.057

GE

MnFe2O4/NCs

As3+

Tap water

10–100

2

GCE, SPE

Pb2+, Zn2+,
N.M.
Cd2+, Cu2+,
Hg2+, As3+

2–207 (Pb)
1–30 (As)

Cd —1
Pb2+—0.7
Pb2+—
0.0004
Cd2+—
0.009
3
Cd2+—11
Cu2+—40
Hg2+—134
Zn2+—63
Pb2+—0.3
As3+—0.9
3.7

Ref.

90

Acid digestion

139

100

Filtration and
dilution in
electrolyte

140

100
100 (Cd,
Cu, Hg,
Zn, Pb)
180 (As)

N.M.
N.M.

141
142

180

N.M.

143

120

N.M.

144

200

145

120

Filtration and
dilution and
extraction with
hydrazine and
cysteine
Dilution in
electrolyte

146

Continued

Nanomaterial-Based Electrochemical Sensors

CPE

2+

213

214

2+

GCE

MnFe2O4/NCs

Pb

ITO
ITO

ITO
ITO

Ce4+
Mn2+

GCE

BiOCl-SiO2
KIT-6

Cd2+

River
water
N.M.
Bovine
whole
blood
after
Human
blood
samples

41–228

11

150

43–304
10–40

2.5
N.M.

300
180

0.5–300

0.065

120

Ref.

Dilution in
electrolyte
N.M.
Acid digestion
and dilution in
electrolyte

147

Acid digestion
and dilution in
electrolyte

150

148
149

Electrodes: AuNPs, gold nanoparticles; BiOCl-SiO2 KIT-6, bismuth oxychloride on mesoporous siliceous support; Co3O4, cobalt(II,III) oxide; CPE, carbon paste electrode;
Fe3O4, iron(II,III) oxide; GCE, glassy carbon electrode; GE, gold electrode; ITO, indium tin oxide; MgO, magnesium oxide; MnFe2O
4 , Mn doped mesoporous MnFe2O4;
MnOx, manganese oxides; NCs, nanocrystal clusters; Sb2O3, antimony trioxide-modified; SnO2, tin dioxide; SPE, screen printed electrode; TiO2, titanium dioxide. In some
–1
cases, the concentration was converted to μg g .
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Table 6.6 Electrochemical sensors based on metal, metal oxide and other inorganic materials for metal determination—cont’d
Linear
Deposition Sample
range
LOD (μg L21) time (s)
preparation
Electrode
Metal oxide
Analyte
Sample
(μg L21)
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6.3 Perspective and New Trends
6.3.1 Screen-Printed Electrodes
Considering portable analytical systems using electrochemical detection, screen-printed
electrodes (SPEs) play an important role in the development of analytical systems for
on-site analysis. SPEs can be designed in a wide range of planar and flexible substrates
(ceramic, polymeric, textile-, and paper-based ones) and configurations to handle
micro-volumes of the sample and perform electrochemical sensing in loco, in situ,
and in field. Carbon-, gold-, platinum-based conductive inks are commercially available
to obtain counter and working electrodes as well as silver (or silver chloride) inks to produce pseudo-reference electrodes after the adequate curing step. Trace metal determination by electrochemical stripping analysis was reported using such platforms and
Table 6.7 presents the recent contribution of SPEs for trace metal determination. In
all cases, the carbon-conductive ink was mixed CNT, graphene sheets, and metal nanoparticles to result in bulk-modified highly sensitive devices. Alternatively, a chemical
modification was performed by drop casting over the SPCE in a similar way to modify
GCE. The LOD values were not as impressive as those obtained on GCE or CPE modified with graphene- or CNT-based sensors previously presented. Considering the need
for portable sensing and if LOD values close to the μg L1 level are acceptable, modified
SPEs can be applied for metal determination in environmental samples, such as
natural water.
Nevertheless, scarce applications of such electrochemical sensors were devoted to the
analysis of liquid fuels, or even to other complex samples. CNT-based sensors were
applied for fish, oil, and gasoline, however, the feasibility of graphene-based sensors
was mostly demonstrated for metal determination in water samples. Conventional disk
electrodes (GCE, CPE, Au, Pt, etc.) after adequate chemical modification as shown previously in the text, could be applied for metal determination in fuel samples as illustrated
in a review devoted for the electrochemical determination of inorganic contaminants in
liquid fuels.83 On the other hand, SPEs present a limitation for the analysis of organic
samples, which is related to the ink composition that commonly is not compatible with
such media. Metal determination (Cu2+, Pb2+, Hg2+, and Zn2+) in fuel ethanol using
SPEs was demonstrated using screen-printed gold electrodes160 and screen-printed organofunctionalized graphite-polyurethane composite161; however, after sample dilution in
the electrolyte, which leaded to a final ethanol concentration around 25% v/v. Under
higher concentration of ethanol in the electrolyte, these SPEs did not work properly
for metal determinations because conductive inks used to construct SPEs may be dissolved by ethanol and other organic solvents present in liquid fuels. To circumvent
this drawback, a recent work of Munoz group described the fabrication of an
organic-resistant screen-printed graphite electrode on a polyester substrate that can perform electrochemical sensing in electrolytes containing 99% v/v of ethanol.162 This
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QH2/
MWCNTSPCE
MWCNTsSPCE
MNPs-SPCE

Cr

6+

Sample preparation

Ref.

Natural and
synthetic water

56–1040

15.6

900

Filtration and dilution
in electrolyte

151

Th4+

Waste water

0.11–5.10

0.039

300

Dilution in electrolyte

152

Ce4+,
Gd3+

Water

0.27–5.35
0.73–8.69

180

Dilution in electrolyte

153

AuNPs-SPCE

Ce3+

Natural water

–

Dilution in electrolyte

154

AuNPs-SPCE

Hg2+

120

Dilution in electrolyte

155

GS-Nafion/AuSPCE

Pb2+,
Cd2+

Natural and waste
water
River and pond
water

0.13–14
14–1401
5–20

Ce4+—
0.07
Gd3+—
0.19
0.045
13.3
0.8

240

Filtration and dilution
in electrolyte

156

AuNPs-SPCE

Hg2+

180

157

BiNPs-SPCE

300

Filtration and dilution
in electrolyte
Dilution in electrolyte

158

AuNPsMWCNTSPCE

240

N.R.

159

0.5–60
0.8–50

1.2–8.0

Pb2+,
Cd2+

Unpolluted and
waste water
Tap drinking and
waste water

Hg2+

Tap and river water

0.5–50

5–100
5–100

Pb2+—
0.23
Cd2+—
0.35
0.8
Pb2+—
3.9
Cd2+—
2.1
0.2

AuNPs, gold nanoparticles; BiNPs, bismuth nanoparticles bulk modified; GS-Nafion/Au, graphene sheets-Nafion-gold nanocomposite; MNPs, magnetic nanoparticles;
QH2/MWCNT, quercetin/multi-walled carbon nanotubes.
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Table 6.7 Electrochemical sensors based on nanomaterials within screen-printed electrodes (SPEs)
Linear range
LOD
Deposition
Electrode
Analyte
Sample
(μg L21)
(μg L21)
time (s)
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report demonstrated the determination of a phenolic antioxidant in biodiesel, aviation
gasoline, and jet fuels. Hence, a similar SPE strip in which the working electrode can
be chemically modified to obtain selectivity and sensitivity for metal determination in
fuels can be developed. To the best of our knowledge, any metal determination in biodiesel and aviation liquid fuels were only possible after sample digestion.163–165 These
works employed the batch-injection analysis (BIA) technique associated with anodic
stripping voltammetric (ASV) detection of metals and samples were acid digested using
ultrasound or dry ashing. In such a system (Fig. 6.1), an aliquot of the acidic digestates
resulted from sample treatment is injected over the working electrode of the SPE strip
placed inside a BIA cell (white cell in Fig. 6.1), which consists of a 100-mL container
filled with supporting electrolyte. The injection is controlled by an electronic micropipette (assembled over the BIA cell as shown in Fig. 6.1) in such a way that a microliter
sample volume is injected within 30 s under a controlled injection rate. During injection,
deposition of metals present in the sample plug on the working electrode occurs and after
injection ends, the sample aliquot is diluted in the large volume of electrolyte. The most
relevant advantage of the BIA-ASV system for metal determination in complex samples is
the short contact time of the sample aliquot with the working electrode. Hence, an SPE
strip can work longer time for the continuous monitoring of trace metals and other contaminants in liquid fuels. Fig. 6.1 shows a scheme of this system applied for metal determination in environmental samples, including liquid fuels. It is also important to
emphasize that all instrumentation presented in Fig. 6.1 (mini-potentiostat and laptop)
is battery powered. In the nearest future, an aliquot of the sample fuel will be injected
in such a system for metal determination by ASV, without the need of a time-consuming
digestion procedure to convert the organic liquid samples to an aqueous solution.

Fig. 6.1 Schematic image of a BIA system for voltammetric determination of trace metals using SPEs or
paper-based electrodes using battery-powered devices (mini-potentiostat and laptop). SPE and paperbased electrode are presented beside the system.
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6.3.2 Paper-Based Electrochemical Sensors
Paper-based disposable sensing platforms may play the key role in the future portable analytical systems. Paper-based electrochemical sensors emerged from a pioneering report on
the development of paper-based assays combined with a smart-phone camera for realtime and off-site diagnosis.166 Historically, the most common form of detection with
paper-based analytical devices is optical imaging of colorimetric reactions (See
Chapter 1) that allows simultaneous detection of analytes, including heavy metals.167
There are several types of paper-based sensors that utilize cellulose fibers for a microfluidic delivery of an analyte solution to the detection site, separation, or concentration of an
analyte, and as a support for electrodes. Paper-based electrochemical sensors for metal
determination have been proposed using pyrolyzed paper168 and filter paper after wax
printing to define the hydrophobic barriers to limit the region of the aqueous sample
zone.169 Pseudo-reference electrodes in paper-based sensors are produced using an Ag
ink, a similar strategy used for SPEs. These examples of paper-based sensors were applied
for aqueous solutions and thus such disposable platforms can be extended to the analysis of
natural waters. A design of another paper-based electrochemical sensor included wax
printing followed by melting the printed wax so that it penetrated through the paper
to form the hydrophobic and insulating patterns. Then, the wax-penetrated paper sheet
was ready for screen printing of electrodes on their corresponding paper zones. The electrodes array has consisted of a screen-printed Ag/AgCl reference electrode and carbon
counter electrode on the paper auxiliary zone and a screen-printed carbon working electrode on the paper sample zone, respectively. The porous Au working electrodes were
fabricated through the growth of AuNPs seeding layer on cellulose fibers. The seeding
layer was made by simply pouring citrate-stabilized AuPNs into the corresponding
hydrophilic paper zone, while the growth and interconnection of seeding NPs were
achieved by applying the solution of HAuCl4, cetyltrimethylammonium chloride, and
H2O2. Finally, MnO2 nanowires were anodically electrodeposited onto Au electrodes
to form a three-dimensional (3D) network with large surface areas.170 Importantly,
the flexibility of paper makes it possible to utilize paper folding to fabricate 3D origami
devices, which together with well-developed printing methods and inexpensiveness of
paper makes paper-based electrochemical sensors very promising. The optimization of
the electrochemical properties of paper electrodes, modified by the addition of several
nanomaterials such as carbon nanofibers, GO, and gold nanoparticles have been recently
reported.171 This optimization was aimed to improve the conductivity of the working
electrode and thus enhance the sensitivity of the electrochemical detection of the analytes. However, so far applications of paper-based sensors to the analysis of organic media
and especially liquid fuels remain a challenge and require deep investigation on the way to
obtain reinforced paper-based devices compatible with organic solvents. The BIA system
associated with voltammetric detection presented in Fig. 6.1 for SPEs can also be
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operated with paper-based electrochemical sensors as long improved platforms compatible with organic samples are developed for such applications.
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Richter, E. M.; Muñoz, R. A. A. Storage Stability and Corrosive Character of Stabilised Biodiesel
Exposed to Carbon and Galvanised Steels. Fuel 2013, 107, 609–614.
39. Fazal, M. A.; Suhaila, N. R.; Haseeb, A. S. M. A.; Rubaiee, S.; Al-Zahrani, A. Influence of Copper on
the Instability and Corrosiveness of Palm Biodiesel and Its Blends: An Assessment on Biodiesel Sustainability. J. Clean. Prod. 2017, 171, 1407–1414.
40. Squissato, A. L.; Lima, A. F.; Almeida, E. S.; Pasquini, D.; Richter, E. M.; Munoz, R. A. A. Eucalyptus
Pulp as an Adsorbent for Metal Removal from Biodiesel. Ind. Crop. Prod. 2017, 95 (1–5).
41. Sorate, K. A.; Bhale, P. V. Biodiesel Properties and Automotive System Compatibility Issues. Renew.
Sust. Energ. Rev. 2015, 41, 777–798.
42. Taylor, D. B.; Synovec, R. E. Chromatographic Determination of Copper Speciation in Jet Fuel.
Talanta 1993, 40 (4), 495–501.
43. Teixeira, L. S. G.; Souza, J. C.; dos Santos, H. C.; Pontes, L. A. M.; Guimarães, P. R. B.;
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139. Svobodová, E.; Baldrianová, L.; Hočevar, S. B.; Švancara, I. Electrochemical Stripping Analysis of
Selected Heavy Metals at Antimony Trioxide-Modified Carbon Paste Electrode. Int. J. Electrochem.
Sci. 2012, 7 (1), 197–210.
140. Wei, Y.; Yang, R.; Yu, X.-Y.; Wang, L.; Liu, J.-H.; Huang, X.-J. Stripping Voltammetry Study of
Ultra-Trace Toxic Metal Ions on Highly Selectively Adsorptive Porous Magnesium Oxide Nanoflowers. Analyst 2012, 137 (9), 2183–2191.
141. Wu, J.; Yang, M.; Xiao, J.; Fu, X. C.; Jin, J. C.; Li, L. G.; Chang, W. G.; Xie, C. G. Gold Nanoparticle
Dropped Titania Microsphere Hybrids as an Enhanced Sensitive Material for Stripping Voltammetry
Determination of As (III). J. Electrochem. Soc. 2013, 160 (11), B225–B230.
142. Chen, X.; Liu, Z. G.; Zhao, Z. Q.; Liu, J. H.; Huang, X. J. SnO2 Tube-In-Tube Nanostructures:
Cu@C Nanocable Templated Synthesis and Their Mutual Interferences Between Heavy Metal Ions
Revealed by Stripping Voltammetry. Small 2013, 9 (13), 2233–2239.
143. Liu, Z. G.; Chen, X.; Liu, J. H.; Huang, X. J. Well-Arranged Porous Co3O4 Microsheets for Electrochemistry of Pb(II) Revealed by Stripping Voltammetry. Electrochem. Commun. 2013, 30 (3), 59–62.
144. Yao, X. Z.; Guo, Z.; Yuan, Q. H.; Liu, Z. G.; Liu, J. H.; Huang, X. J. Exploiting Differential Electrochemical Stripping Behaviors of Fe3O4 Nanocrystals toward Heavy Metal Ions by Crystal Cutting.
ACS Appl. Mater. Interfaces 2014, 6 (15), 12203–12213.
145. Wu, S.; Zhao, Q.; Zhou, L.; Zhang, Z. Stripping Analysis of Trace Arsenic Based on the MnOx/
AuNPs Composite Film Modified Electrode in Alkaline Media. Electroanalysis 2014, 26 (8),
1840–1849.
146. Zhou, S.-F.; Han, X.-J.; Fan, H.-L.; Zhang, Q.-X.; Liu, Y.-Q. Electrochemical Detection of As(III)
through Mesoporous MnFe2O4 Nanocrystal Clusters by Square Wave Stripping Voltammetry. Electrochim. Acta 2015, 174, 1160–1166.
147. Han, X. J.; Zhou, S. F.; Fan, H. L.; Zhang, Q. X.; Liu, Y. Q. Mesoporous MnFe2O4 Nanocrystal
Clusters for Electrochemistry Detection of Lead by Stripping Voltammetry. J. Electroanal. Chem.
2015, 755, 203–209.
148. Ojo, K.; Zhao, D.; Rusinek, C. A.; Pixley, S. K.; Heineman, W. R. Cathodic Stripping Voltammetric
Determination of Cerium Using Indium Tin Oxide (ITO). Electroanalysis 2017, 29 (4), 1124–1130.
149. Rusinek, C. A.; Kang, W.; Nahan, K.; Hawkins, M.; Quartermaine, C.; Stastny, A.; Bange, A.;
Papautsky, I.; Heineman, W. R. Determination of Manganese in Whole Blood by Cathodic Stripping
Voltammetry with Indium Tin Oxide. Electroanalysis 2017, 29 (8), 1850–1853.
150. Song, Y.; Xu, Z.; Yu, X.; Shi, X.; Jiang, H.; Li, X.; Kong, Y.; Xu, Q.; Chen, J. Raspberry-Like Bismuth Oxychloride on Mesoporous Siliceous Support for Sensitive Electrochemical Stripping Analysis
of Cadmium. Molecules 2017, 22 (5), 1–10.
151. Sadeghi, S.; Garmroodi, A. A Highly Sensitive and Selective Electrochemical Sensor for Determination of Cr(VI) in the Presence of Cr(III) Using Modified Multi-Walled Carbon Nanotubes/Quercetin
Screen-Printed Electrode. Mater. Sci. Eng. C 2013, 33 (8), 4972–4977.

Nanomaterial-Based Electrochemical Sensors

152. Soltani, N.; Haddadi, H.; Asgari, M.; Rajabzadeh, N. Adsorptive Stripping Voltammetric Detection of
Thorium on the Multi-Walled Carbon Nanotube Modified Screen Printed Electrode. Sensors Actuators
B Chem. 2015, 220 (3), 1212–1216.
153. Prasad, B. B.; Jauhari, D. Double-Ion Imprinted Polymer @Magnetic Nanoparticles Modified Screen
Printed Carbon Electrode for Simultaneous Analysis of Cerium and Gadolinium Ions. Anal. Chim. Acta
2015, 875, 83–91.
154. Ali, T. A.; Mohamed, G. G.; Azzam, E. M. S.; Abd-Elaal, A. A. Thiol Surfactant Assembled on Gold
Nanoparticles Ion Exchanger for Screen-Printed Electrode Fabrication. Potentiometric Determination
of Ce(III) in Environmental Polluted Samples. Sens. Actuators B Chem. 2014, 191, 192–203.
155. Bernalte, E.; Marı́n Sánchez, C.; Pinilla Gil, E. Gold Nanoparticles-Modified Screen-Printed Carbon
Electrodes for Anodic Stripping Voltammetric Determination of Mercury in Ambient Water Samples.
Sens. Actuators B Chem. 2012, 161 (1), 669–674.
156. Feng, W.; Hong-wei, L.; Xin, Y.; Di-zhao, C. GS-Nafion-Au Nanocomposite Film Modified SPCEs
for Simultaneous Determination of Trace Pb2+ and Cd2+ by DPSV. Int. J. Electrochem. Sci. 2013, 8,
7702–7712.
157. Niu, X.; Chen, C.; Teng, Y.; Zhao, H.; Lan, M. Novel Screen-Printed Gold Nano Film Electrode for
Trace Mercury(II) Determination Using Anodic Stripping Voltammetry. Anal. Lett. 2012, 45 (7),
764–773.
158. Niu, P.; Fernández-Sánchez, C.; Gich, M.; Navarro-Hernández, C.; Fanjul-Bolado, P.; Roig, A.
Screen-Printed Electrodes Made of a Bismuth Nanoparticle Porous Carbon Nanocomposite Applied
to the Determination of Heavy Metal Ions. Microchim. Acta 2016, 183 (2), 617–623.
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CHAPTER 7

Proteins as Nanosized Components
of Biosensors
Greta Faccio

Independent Scientist, St. Gallen, Switzerland

7.1 Introduction
Sensors have become important players in many crucial moments of our everyday life.
From diagnosing pregnancies and measuring blood glucose levels at home, to monitoring
our exposure to UV rays in summer,1 sensors have improved our quality of life and found
applications in the biomedical sciences, in environmental monitoring, in cell biology, in
cancer monitoring, and have even been applied to space research.2,3 Sensors are generally
formed by a recognition module and a signaling module that converts the binding of the
analyte into a recordable signal, see Chapter 1 for more details. Sensors that are partly or
completely formed by a biological entity such as a living cell or a biomolecule such as a
protein are called biosensors. The association of proteins with nanosized materials such as
nanotubes, optical fibers, nanofibers, and nanoparticles allows an accurate detection and
the miniaturization of the devices while offering a higher contact area with the analyte.
We name these subgroup nano-biosensors, as both components have nano-dimensions.
Proteins are molecules involved in key processes inside and outside cells. Proteins
have complex three-dimensional (3D) structures (Fig. 7.1) although being formed by
a limited number of building blocks, that is, 20 amino acids, that are genetically encoded,
and their modified versions such as selenocysteine, pyrrolysine, pyroglutamate, and
N-formylmethionine. Single amino acids are connected via their amino or carboxylic
groups in a linear chain to give the primary structure of the protein. Joined by peptide
bonds, the nature and position of the amino acids determine their folding into secondary
structure elements such as alpha helices and beta strands. Secondary structure elements are
combined and form the tertiary structure that can be further stabilized by intramolecular
disulfide bonds between cysteine residues. Proteins vary in size from few amino acids
(peptides) to thousands of amino acids with the biggest protein characterized being titin,
that is found in muscle cells and formed by up to 34,000 residues.4 In Fig. 7.1, the 3D
structure of human serum albumin (PDB ID: 1AO65) is reported as an example of the
tertiary structure and the numerous disulfide bonds are shown in red as sticks. Fully folded
polypeptide chains often assemble in order to perform their biological activity. A classic
example of the quaternary structure is hemoglobin in which cooperativity is an important
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Fig. 7.1 Schematic view of the four levels of protein structure. Amino acids are joined by peptide
bonds to form linear primary structures that fold into helices, beta strands, or coils (secondary
structure elements) to form the tertiary structure of proteins that can be further stabilized by, for
example, in albumin, disulfide bonds, between cysteine residues (in red). The assembly of multiple
folded proteins gives rise to the quaternary structure that can be as small as a dimer or a tetramer
(shown for hemoglobin) up to complex arrangements of variable subunits (in different colors).

aspect of its function and it is shown in Fig. 7.1 with each chain in a different color (PDB
ID: 5X2U6). When in 1958 the first structure of the protein myoglobin was resolved by
X-ray crystallography,7 the molecular complexity behind its oxygen-storing activity was
revealed. A higher degree of complexity was observed when different crystal structures of
hemoglobin were obtained for the same protein, indicating the possible different conformations that the protein can assume and a possible dynamicity of the structure. In contrast
to DNA, the structure-properties relations of proteins are very complicated: proteins
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with similar functions can, in fact, have very different structures, as in the case of the antiicing proteins,8 while proteins with different activities can share identical structural features. More than 120,000 structures of proteins and protein complexes have been
released, and X-ray crystallography is now accompanied by nuclear magnetic resonance
(NMR) and electron microscopy studies.9
Proteins are naturally evolved to work in complex crowded environments such as the
cytosol that can contain 2–4 million proteins per cubic micrometer10 without considering all the small molecules involved in metabolism. To be able to recognize their substrates and complexing proteins, proteins have thus evolved to be highly specific for
their substrate in the catalytic reactions they perform or for the other proteins they interact with. In addition, most of the proteins have sizes ranging from the nano to the
micrometer scale thus offering the perfect dimension for targeting the cellular compartments. Due to the rapid and comprehensive development of protein engineering for over
the past 50 years, nowadays, proteins can be recombinantly produced even at an industrial
scale at affordable costs. Moreover, their structure and function can be modified by protein engineering to a certain extent to achieve desired physicochemical properties or specific activities. Proteins have thus become an essential part of devices that people may use
on the daily basis, such as blood glucose sensors for diabetics, pregnancy tests and HIV
tests, or cancer biomarkers reaching even attomolar (1018) detection levels.11
Biosensors can perform measurements of a particular analyte from complex samples or
matrices such as blood, urine, or polluted water. In biosensors, proteins are often acting as
the component providing the specificity for the analyte or the other words, as a receptor,
while a material component provides the readout, that is, works as a reporter. However,
proteins can sometimes absolve both roles as in the case of biosensors based on fluorescent
proteins. These protein-only biosensors have proved to be very useful especially in cellular studies as they offer the possibility of being directly produced in the cells in a controlled spatiotemporal way and even targeted to specific subcellular compartments. For
example, protein-only biosensors have helped to elucidate the process of protein
secretion,12 of signal transfer at the synaptic junction,13 and of the interaction of fungi
with plants during infection.14
This chapter will introduce you to proteins, their structure, their flexibility, and the
advantages they offer to the development of biosensors at the nanoscale. Examples of biosensors formed by only proteins or in which proteins are associated with nanomaterials
are also described. In the last part, few effective examples for an efficient association of the
proteins to nanomaterials while minimizing the loss of functionality are described.

7.2 Proteins as Chemical Multipotentialites
Proteins are key players in the survival of organisms by carrying out cellular and extracellular activities. Totally or partially inserted in the membrane, proteins are involved in
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electron transfer to reduce metallic substrates,15 and in the selective intake transport of
water or sugars,16,17 or in the selective efflux of toxic compounds such as antibiotics.18
The versatility of proteins can be found at different levels, from their composition to their
structure, role, and localization. Evolution led to a wide array of proteins that are responsible for structural, housekeeping, and metabolic functions inside the cell. In this respect,
some proteins are involved in molecular recognition and have acquired the ability of specifically binding inorganic or organic molecules, as in the case of antibodies. In addition,
enzymes are proteins catalyzing chemical reactions, which have developed a high specificity for their substrates and can thus participate in precise metabolic pathways. In addition to being specific by acquiring selective active sites, proteins have also developed
structural motifs to interact with DNA or RNA,19 assemble into higher structures such
as the cytoskeleton,20 and interact with extracellular structures.21
Outside the cell, proteins degrade solid substrates and release nutrients, as in the case
of the complex cellulose-degrading machinery fungi produce.22 To exert their function,
these proteins are often enriched with domains that confer specific and durable binding to
the material substrate. Bacteria and fungi have thus developed various types of cellulosebinding domains. In Fig. 7.2, we see an example from fungi28 where the binding domain
promotes a closer interaction of the 10-fold bigger catalytic domain with the substrates,
that is, a 4 kDa binding domain and a 41 kDa catalytic domain are connected by a
25-amino acid-long linker. Responding to environmental conditions, proteins are also
produced to fight adverse processes such as the formation of ice crystals.29 Ice-binding
proteins, also called antifreeze proteins, are widespread in all biological kingdoms and
are an example of convergent evolution due to the wide range of structures they present.29 With a smaller size, peptides can constitute an alternative to binding proteins
and enzymes in biosensors. Peptides are also secreted by cells to influence the extracellular
redox state, as in the case of glutathione (sequence Glu-Cys-Gly),30 or to bind and promote the absorption of nutrients, as in the case of siderophores.31 The siderophore-like
methanobactin peptide represented in Fig. 7.2 is secreted by bacteria to recruit copper
and, although only 10-amino acid long (sequence Cys-Gly-Ser-Cys-Tyr-Pro-CysSer-Cys-Met), it has a 6–7  1020 M1 affinity for ionic copper Cu(I).23
One advantage that protein-only biosensors offer is the possibility of being genetically
encoded and thus be directly produced by the cell whose physiological status we aim to
monitor. The intracellular expression of the biosensors after, for example, attaching
N-terminal peptides for intracellular trafficking offers the possibility of assessing activities
and concentrations of metabolites within different cellular compartments, for example,
nucleus, cytosol, mitochondria, lysosomes, without interfering and compromising their
functioning. When genetic encoding is not possible, the protein biosensor can be introduced into the cell by using techniques that promote membrane permeability.32 By
applying an external electromagnetic field, electroporation allows the uptake of molecules by both eukaryotic and prokaryotic cells without endocytosis and thus directly into
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Fig. 7.2 Proteins which physiological role depends on their binding ability that, in turn, defines their possible role in biosensors. A copperbinding methanobactin from the bacterium Methylosinus trichosporium (PDB ID: 2XJH23), a bacterial cellulose-binding domain from the
bacterium Clostridium thermocellum (PDB ID: 1NBC24), a single-domain antibody from the nurse shark Ginglymostoma cirratum (PDB ID:
4HGK25), the human calmodulin with its four calcium binding sites (PDB ID: 1CLL26), the human TATA-binding protein in complex with DNA
(PDB ID: 1YTB27), and a calcium-dependent, beta-helical antifreeze protein from the Antarctic bacterium Marinomonas primoryensis (PDB ID:
3P4G8). Proteins are visualized as ribbons with binding residues as sticks and metal ions are shown as dark spheres.
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the cytosol. Using electroporation, a fluorescent protein biosensor formed by the cyan
and yellow fluorescent proteins (ECFP/YPet) for sensing the activity of Src enzymes
was directly delivered into mouse embryonic fibroblast (MEF).32 The activity of Src leads
to the production of a phosphorylated substrate that binds the biosensor and leads to a
conformational change that separates ECFP from YPet. This, in turn, leads to a loss
of fluorescence resonance energy transfer (FRET) and thus results in an increase in
the fluorescence of the sole cyan donor protein at the expense of yellow fluorescence
emission of YPet. This change interpreted as a fluorescent readout,32 allows monitoring
of the activity of Src enzymes at multiple cellular pathways from cell adhesion to cancer
development and metastasis Src enzymes are involved in.33
In addition to the naturally available range of proteins with affinity for their analyte,
protein engineering has expanded these possibilities. In this respect, protein engineering
has proven crucial in developing protein biosensors. Protein engineering has been shown
necessary in introducing affinity for novel molecules, in tuning the specificity of binding
proteins, such as converting the maltose-binding protein into a zinc-binding protein,34 in
altering the substrate specificity of DNA-binding protein35 and the substrate specificity of
enzymes,36 and in increasing the affinity of an antibody for its epitope.35 By modifying
the structure of proteins, biosensors for a wide range of analytes and biological processes
have been developed (Table 7.1). At the amino acid level, single or few residues can naturally constitute whole recognition sites for the analyte (Fig. 7.2), whose binding can be
turned into a measurable signal by the biosensor. This is the case, for example, of the
biosensor developed for trypsin, a protease that specifically recognizes and cleaves proteins at their lysine and arginine residues. A colorimetric biosensor has been prepared by
complexing the protein bovine serum albumin (BSA) with an optically active material
such as gold nanoparticle (AuNP) clusters.46 It has been mentioned in Chapter 1 that
functionalization of AuNPs with an appropriate ligand can be used for detection of a wide
range of analytes including metal ions and proteins.47 Agglomeration of AuNPs due to
interactions with analytes results in a color change of the solution, likely from red to blue
or purple. Moreover, proper fine tuning of electron-rich moieties of the organic molecule (including protein molecules) reacting with AuNPs can effectively enhance the fluorescence of these NPs agglomerates via surface interactions. On the contrary, cleavage of
a protein, for instance, BSA from aggregated AuNPs by trypsin leads to a disaggregation
of the sensor and to a change of its optical properties, for example, decrease in red fluorescence emission.46 Similarly, enzymes can also be engineered to develop protease biosensors. The amino acidic sequence Asp-Glu-Val-Asp is specifically recognized and
cleaved by the protease caspase; it has been inserted into the primary structure of the
enzyme luciferase by protein engineering to develop an apoptosis sensor.48 When the
construct is expressed in cells and the cell enters apoptosis, caspase is expressed, and
the specific cleavage of the biosensor molecule leads to the acquisition of luciferase activity and thus the production of a luminescent signal when the substrate luciferin is

Table 7.1 Examples of protein-based biosensors
Sensing
Biocomponent and material
element
component

Analyte


Yellow FP YFP with single-point
mutations

Halides (Cl )

Few amino
acids

Red FP mKeima

pH

Peptide
Peptide

mCherry FP/QD
Fluorescently labeled lys-rich
peptide

Amino acid
pattern

Engineered GFP with an
endotoxin-binding motif
formed by five alternating basic
and hydrophobic residues
A NO-binding protein fused to a
FP
Engineered firefly luciferase with
inserted cAMP-binding
protein (GloSensor)
E. coli or B. subtilis lyophilized
cells expressing a fluorescent
sensor containing the
recognition sequence (SerTrp-Pro-Leu) and
recognizable by a
R-phycoerythrin-conjugated
antibody

Caspase-3
Negatively charged
NPs (ZnO, Fe3O4,
CeO, and singlewalled carbon
nanotubes)
Endotoxin, lipid A,
and gram-negative
bacteria

Affinity
protein
Enzyme

Whole-cell
biosensor

NO radical (NO•)
Intracellular cyclic
AMP (cAMP)
Elastase from the
parasite Schistosoma
mansoni

Detection

Reference

Single-protein sensor,
KD ¼ 40 mM Cl
KD ¼ 2 mM I
KD ¼ 10 mM NO3 
Single-protein sensor,
pKa of 6.6 with
a > 10-fold dynamic
range and a  0.4 ns
lifetime
FRET sensor
Interaction reduces the
fluorescence;
sensitive to humic
acid

Fluorescence

37

Fluorescence

38

Fluorescence
Fluorescence

39
40

Detection limit:
8.15  108 M

Fluorescence
quenching

41, 42

Detection limit:
1 nM
Detection range:
0.003–100 μM

Fluorescence
quenching
Luminescent
detection

43

0.4 U of model
protease AcTEV

Colorimetric
detection

45
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Abbreviations: FP, fluorescent protein; NO, nitric oxide; NP, nanoparticle; QD, quantum dot; VEGF, vascular endothelial growth factor.
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Few amino
acids

Affinity and features
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present.48 In proteins, amino acids can also recur in patterns forming motives with the
affinity for specific molecules, and even in highly localized regions of a protein. This
is the case of the calcium binding sites of calmodulin (Fig. 7.2) or of various single-protein
fluorescent metal ion sensors.49 By using protein engineering to introduce amino acids
forming minimal binding sites for metals in the structure of the green fluorescent protein
(GFP), the affinity for metal ions such as Cu2+, Ni2+, Co2+, and Zn2+ has been
achieved.49 The binding of the metal ions alters the fluorescent properties of the GFP
protein providing a direct correlation between metal ion concentration and a decrease
in the intensity of the fluorescence.49

7.3 Single-Molecule Protein Biosensors
Many single-molecule biosensors have been developed by the rational engineering of a
single protein that, with its fluorescent properties, provides both analyte recognition and
a measurable readout. In this respect, the most investigated protein is the GFP (Fig. 7.3).
GFP was discovered in the jellyfish Aequorea victoria56 and it is the most used protein for
the design of fluorescent sensors. The GFP is a single 238-amino acid-long protein whose
chromophore spontaneously forms in the presence of oxygen.57 3D structure of the GFP
molecule was resolved in 199657 and its discovery was recognized with the Nobel prize in
2008.56 The maturation process of GFP proved to be highly robust to stand multiple
amino acidic substitutions and even split of the molecule. By site-directed mutagenesis
of the Ser-Tyr-Gly sequence at positions 65–67 that forms the chromophore by cyclization and oxidation, a whole palette of differently colored GFP-like molecules has been
produced and highly exploited for in vivo studies in cells, tissues, and whole animal studies. Additional variations include versions that are brighter, with a faster folding process,
and with a higher tendency to stay monomeric at a high concentration.58 Engineering of
a variant of GFP led to pHuji that is a red fluorescent protein variant sensitive to pH.59
After GFP, other fluorescent proteins have been characterized and engineered. Homologs of GFP from the sea anemone Discosoma striata and its engineered forms have provided a more red-shifted array of fluorescent proteins with emission peaks close to
700 nm.
The rapid yet autocatalytic maturation of GFP and the possibility of splitting the molecule into either two or three parts that, when in proximity, reassemble and thus allow
the chromophore to form, has been used to develop sensors detecting protein interaction.
The separation of the GFP molecule into two to three separate complementary moieties
provides small-sized tags with a low associated chance of interfering with the physiological function of the proteins studied (Fig. 7.3). Divided into two self-assembling components, the bipartite split GFP variant has been used to assess protein solubility in vivo in
Escherichia coli cells and in vitro, as aggregation would prevent the assembly of GFP and the
generation of a fluorescent signal.60 In human HeLa cells, a bipartite GFP with the affinity
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Fig. 7.3 GFP and its variants used for the construction of fluorescent biosensors. Three-dimensional
structure of the GFP from Aequorea victoria (PDB ID: 1EMA50), one of its circularly permutated variant
used in many engineered single-protein biosensors (PDB ID: 3P2851), a bipartite split GFP whose
chromophore matures and the molecule thus acquires fluorescence upon complementation of the
whole barrel structure (PDB ID: 4KF552), a GFP variant carrying an unnatural metal-chelating amino
acid (in pink binding a copper ion is shown as a brown sphere; the molecule is additionally binding
calcium ions visualized as blue spheres also through the hexa-histidine tag in orange, PDB ID:
4GF653), a mercury sensor with one engineered cysteine residues (PDB ID: 2OKY54), and a crosssectional view of a variant of the cerulean fluorescent protein sensitive to both pH and
temperature harboring a chromophore formed by a newly engineered tryptophan (PDB ID: 5DQP55).

for alpha-synuclein was used to monitor the concentration and propensity to aggregation
of this protein. Aggregation of alpha-synuclein leads to the formation of Lewy bodies
inside the neurons that, in turn, leads to problems with thinking, movement, behavior,
and mood of Alzheimer’s patients.61 This split-GFP-based sensor was expressed in HeLa
cancer cells and could be used to distinguish differently soluble variants of alpha-synuclein
at the single-cell level.61 Modified at the gene level to incorporate unnatural amino acids
able to chelate metals, that is, (S)-2-amino-3-[4-hydroxy-3-(1H-pyrazol-1-yl)phenyl]
propanoic acid (PyTyr), in a surface-exposed position, the GFP molecule has been engineered into a metal sensor.53 In this construct, the fluorescence directly correlates with
the concentration of metal ions present in solution with a Kd of 0.9 nM.53 Similarly, both
fluorescence and absorbance of a GFP variant subjected to a single point mutation
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(Ser205Cys) changed sensing the concentration of mercury ions in solution and was able
to detect a concentration of 2 nM HgCl2.54 The Cerulean fluorescent protein was engineered to introduce a tryptophan residue into the chromophore and its deprotonation
results in changes of its emission fluorescence from a cyan (λem ¼ 477 nm) at pH ¼ 6.1
to a green color (λem ¼ 505 nm) at pH ¼ 8.1 and thus acting as a pH indicator.62
In addition to the split GFP variant shown in Fig. 7.3, a tripartite split-GFP version
has been developed to offer a higher versatility in the study of protein-protein interaction
while providing an enhanced solubility and assembly efficiency. The tripartite GFP construct has been used to study the interactions of charged coiled-coils peptides, the heterodimerization of the FK506-binding protein, and the FKBP12-rapamycin binding
domain (FRB), which allows the detection of rapamycin with a half-maximal value
of 13.5 nM in Chinese hamster ovary (CHO) cells.63 The same interacting proteins have
been used to develop an enzymatic split sensor. Cholesterol oxidase from Chromobacterium sp., an already important enzyme for biotechnological processes and steroid drug biosynthesis, has been split into two portions that reassembled when binding to neighboring
proteins and providing a fluorescent signal.64 The advantage offered by enzymatic split
tags is the amplification of the signal offered by the catalytic activity produced upon reassembly. Whereas the reconstitution of the split variants of GFP signals protein-protein
interaction and gives a fluorescent readout, the bipartite split variant of the enzyme firefly
luciferase provides a bioluminescent signal upon reassembly in the presence of the substrate luciferin.65 The split variant of luciferase has been used to sense the intracellular
interaction between proteins Rho GTPase and the GTPase-binding domain (GBD),
as Rho GTPases play an important role in cellular processes and signal transduction pathways.65 Fused to sugar-binding protein domains, the split luciferase construct constituted
a biosensor for glucose (Kd ¼ 3.9 μM) and galactose (Kd ¼ 11 μM).66
A variety of highly specific fluorescent biosensors has been also developed by fusing
fluorescent proteins to protein domains that have an affinity for specific molecules and
that undergo a conformational change upon binding (Fig. 7.4). Calcium sensors have
been engineered with different strategies and, as an example, they can incorporate the
calcium-binding protein calmodulin alone or in combination with the M13 peptide,
whose binding provides a higher change in conformation. Since calmodulin and the
M13 peptide in this genetically encoded calcium indicator (G-CaMP)-like sensor
(Fig. 7.4) interact only when in the presence of calcium, the fluorescent signal produced
can be used to monitor the fluctuation in the intracellular level of calcium.71 G-CaMPlike biosensors have a recorded Kd for Ca2+ of 235 nM and time constants varying
between 2.5 and 230 ms at micromolar calcium concentrations and have been proven
functional in human embryonic kidney (HEK)-293 cells and mouse myotubes.72
The fusion of two fluorescent proteins with specific optical features can be used to
form more complex sensing molecules (Table 7.2). We have touched the phenomenon
of FRET or by the name of the inventor, F€
orster resonance energy transfer when
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Fig. 7.4 GFP-based single-protein fluorescent biosensors. A GFP-based antibody recognizing a toxin
from the human pathogen Vibrio parahaemolyticus (PDB ID: 4XGY67), a maltose biosensor formed by
the fusion at the gene level of a maltose-binding protein and GFP (PDB ID: 3OSQ,68 the maltose binding
protein is in orange and the bound maltose molecule in yellow as sticks), a calcium biosensor formed by
the insertion/fusion of the calcium-binding protein calmodulin into the split GFP molecule (only two
out of the possible four calcium ions are bound, PDB ID: 3O77,69 the bound maltose molecule is shown
in yellow as sticks), the monomeric GCaMP6m calcium biosensor produced by fusing calmodulin and
the calmodulin-binding M13 peptide, that is, from the myosin light chain, to the different termini of a
circularly permuted GFP (PDB ID: 3WLC70).

describing a biosensor formed by the cyan and yellow fluorescent proteins (ECFP/YPet)
for sensing the activity of Src enzymes (see above). In more detail, a FRET pair is formed
by a first fluorescent protein (donor) whose emission spectrum overlaps with the absorption spectrum of the second fluorescent protein (acceptor).85 The distance between the
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Peptide

NE
biosensor

Protease
neutrophil
elastase

Peptide

Epac1-camps

cAMP

Peptide

EAS-3

Kinase pERK2

Peptide

Furin sensor

Protease furin

Protein domain

VSFP2.1

Membrane
voltage

Protein domain

FIRE

Protein domain

Redox sensor

1,4,5trisphosphate
(InsP3)
Redox status

Sensor composition

Detection limit

Reference

Single protein in which the two FP
are connected by a linker peptide
with sequence
Phe  Ile # Arg  Trp
Single protein with a single cAMP
binding site from human Epac1
protein flanked by YFP and CFP
Single protein in which variants of
the cyan and yellow FPs are
connected by a linker peptide
derived from human Elk1 that
can be phosphorylated
Single protein formed by cyan and
yellow FPs linked by the peptide
Ser  Asn  Ser  Arg  Lys 
Lys  Arg # Ser  Thr  Ser 
Ala  Gly  Pro derived from
anthrax protein PA83
Single protein with the voltage
sensor domain from the Kv2.1
potassium channel between cyan
and yellow FPs
Single protein with a InsP3-binding
domain inserted between a cyan
and a yellow FP
Single protein, citrine and cerulean
FPs genetically modified to carry
cysteine residues that oxidized
lead to dimerization

 20 ng/mL
(<1 mU)

73

 0.01 μM

74

50 nM (assay
condition)

75

10 fM

76

25 mV

77

App. Kd ¼ 31.3 nM

78

20 μM

79
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Table 7.2 Examples of FRET-based protein biosensors
Sensing element
Sensor name
Analyte

Protein domains

eCALWY-1

Zn2+

Protein

sstFRET

Protein

TN-XL

Mechanical
forces,
cytoskeletal
stress
Ca2+

Protein

FluBO

Oxygen

Protein

Arginine
sensor

Arginine

Single protein, zinc-binding
domains Atox1 and the fourth
domain of ATP7B located
within the yellow and cyan FPs
Single protein with venus and
cerulean FPS linked by a spectrin
repeat
Single protein combining circularly
permutated FPs and troponin
C for calcium binding
Single protein formed by the FRET
pair made by the oxygensensitive yellow FP and the
hypoxia-tolerant flavin-binding
FP
Single protein with argininebinding protein between cyan
and yellow FPs

Kd ¼ 2 pM

80

5–7 pN

81

Kd ¼ 2.5 μM

82

0.08 mM

83

2 mM

84
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Abbreviations: Epac1, exchange factor directly activated by cAMP 1; FP, fluorescent protein; pERK2, proline-rich extracellular regulated kinase; VEGF, vascular endothelial
growth factor.
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two proteins ranging between 1 and 10 nm, is defined as an optimal distance to monitor
protein-protein interactions and conformational changes of proteins.86 Commonly used
protein FRET pairs are formed by variants of the yellow fluorescent protein (YFP) and
the cyan fluorescent protein (CFP), but also of the green and red fluorescent proteins.87
FRET-based protein biosensors have indeed found applications in a variety of settings,
either encoded at the DNA level, or inserted into the intracellular space. The constructs
produced detect small metabolites, physiological states, or metabolic processes. Fusing
the protein of the FRET pair to calmodulin and the M13 peptide previously mentioned
led to the assembly of the so-called “cameleons”—sensors that can monitor calcium concentrations 60–400 μM in the endoplasmic reticulum.88 FRET biosensors have been, for
example, applied to the detection of the neurotransmitter glutamate directly from brain
slices.89 Fusion of the proteins forming a FRET pair to the extremities of the VHL
(β-domain of the von Hippel-Lindau tumor suppressor protein) domain,90 a 100-amino
acid-long structure that naturally interacts with hydroxylated prolines, led to the development of a biosensor for prolyl hydroxylases and thus hypoxia, as these enzymes are
oxygen dependent.90

7.4 Proteins and Nanomaterials in Biosensors
Nanomaterials play various roles in sensors due to their size, and their unique optical,
magnetic, or surface properties. Certain proteins and nanomaterials are combined in a
variety of biosensors targeting a wide array of molecules and conditions (Table 7.3). This
section presents examples of biosensors in which proteins are combined with selected
nanosized materials such as gold particles or quantum dots (QDs) that are used for their
optical properties, or nanocellulose that provides an inert support for a high loading, or to
be inserted in functional sensing polymeric capsules.
The interaction of proteins with the nanomaterial component is crucial when biosensors are assembled98 as it can compromise the bioactivity. Different approaches have
thus been developed to minimize this risk and to minimally alter the conformation of the
protein. Strategies are based on the spontaneous interaction of proteins with surfaces, on
the chemical modification of specific residues of the protein, or on the tuning of the surface of the nanomaterial. Proteins can be spontaneously driven to the surface of materials
by the hydrophobic and charged residues present on their surface.99 The interaction of
proteins with material surfaces can also have a beneficial effect on the activity of the protein and lead, for example, to an enhancement of catalytic activity and stability to environmental conditions. This has been observed for nano-fibrillated cellulose,100 iron oxide
particles,101 and single-walled carbon nanotubes that is also subject of patenting.102 On
the other hand, a detailed study on the interaction of lysozyme with silica nanoparticles of
different sizes, revealed how the adsorption leads to a loss of secondary structure, that is,
alpha helical component, and to a reduction of catalytic activity.103

Analyte

Detection limit

Detection

Reference

Amino acid

Gold NP clusters

Protease trypsin

2 ng/mL
(equiv. 86 pM)

In solution,
fluorescence

46

Graphene oxide
and gold NPs

Thrombin protease

1 fM

In suspension,
spectroscopic
detection

91

QDs

Matrix
metalloproteinase
MMP-2

2 ng/mL,
equiv. 30 pM

In solution, BRET
between
luciferase and
QD

92

Cellulose
nanocrystals

Human neutrophil
elastase in chronic
wounds

0.05 U/mL

On membrane,
colorimetric
detection

93

Peptide

Peptide

Peptide

Lysine and arginine
residues of bovine
serum albumin
Peptides with the
recognition
sequence of
thrombin
Engineered luciferase
with C-terminal
peptide with a
recognition site for
matrix
metalloproteinase
(MMP)-2 and
binding to QD
(Gly-Gly-Pro-LeuGly-Val-Arg-GlyGly-His6)
Peptide with
neutrophil elastase
recognition sequence
(succinyl-Ala-AlaVal-pNA)

Continued
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Table 7.3 Examples of protein-nanomaterial biosensors
Sensing
element
Biocomponent
Material
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Peptide

Fluorescent
protein

Peptide with
recognition sequence
for PSA (Cys6Gly-Leu-Aib-AlaAla-Gly-Gly-HisSer-Ser-Leu-LysGln-Gly-LysFITC)
C-phycocyanin FP

Detection limit

Detection

Reference

Gold NPs

Prostate-specific
antigen PSA

from 10 pM to
100 nM

In suspension,
spectroscopic
detection of
FRET between
the peptide and
the gold NPs

94

Nanofibrillated
cellulose

Heavy metals in
biological fluids

200  109 M Cu2

95

Intracellular pH,
with a > 12-fold
change between
pH 6 and 8
microelectrode

–

Thin film,
fluorescence
measurement
Fluorescence,
FRET between
the QD and the
FP
3.9 nM

Fluorescent
protein

pH-sensitive FP

QD

Enzyme

Oxidoreductase
cytokinin
dehydrogenase
from Zea mays

Silica gel film on
the surface of a
Pt

Amperometric
detection

97

+

Plant hormone
cytokinin

96

Abbreviations: Aib, α-isobutyric acid; BRET, bioluminescence resonance energy transfer; FITC, Fluorescein isothiocyanate; FP, fluorescent protein; FRET, F€
orster
resonance energy transfer; NP, nanoparticle; PSA, prostate specific antigen; pNA, p-nitro-aniline; QD, quantum dot; VEGF, vascular endothelial growth factor.
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Table 7.3 Examples of protein-nanomaterial biosensors—cont’d
Sensing
element
Biocomponent
Material
Analyte
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QDs are particles of semiconductor material with the size between 2 and 10 nm
whose emission wavelength is affected by their size. Upon absorption of blue light (short
wavelengths), QDs of smaller size emit light of 450 nm or shorter while QDs of bigger
size can emit light at visible up to the infrared region of the spectrum. The emitted light is
usually in a very narrow wavelength range making it optimal as a donor to work with
proteins (acceptor), for example, in FRET biosensors. In a similar fashion to the
protein-protein FRET-based biosensors mentioned earlier, a sensor for the cysteineaspartic acid protease caspase 3 was assembled with a QD (λem ¼ 550 nm) and the
mCherry FP (λex ¼ 587 nm, λem ¼ 610 nm). mCherry had been engineered to express
an N-terminal linker carrying a hexa-histidine tag (His-tag), for interaction with the
material surface, and the peptide with sequence Asp-Glu-Val-Asp that is specifically recognized by caspase 3.39 Upon incubation of the nanosensor with the protease, the cleavage of the linker peptide promotes dissociation of the protein from the QD and thus a
reduction in energy transfer and FRET signal. Similarly, a pH-sensing QD-fluorescent
protein FRET pair was developed to sense changes in intracellular pH by connecting the
particle to the pH-sensing mOrange fluorescence protein (Fig. 7.5) through chemical
cross-linking with the carbodiimide chemistry and resulting in the conjugation of around
16 proteins per QD.96 By replacing the fluorescent protein with the enzyme luciferase, a
protease sensor based on bioluminescence resonance energy transfer (BRET) can be
assembled. Luciferase catalyzes the conversion of the nonluminescent substrate luciferin
into a luminescent product emitting at a wavelength that can be absorbed by the QD, that
emits at a longer wavelength with minimal loss of energy.92 As the luciferase interacts
with the QD with a His-tag and through a linker that keeps the enzyme in proximity
with the surface of the QD and containing the recognition sequence for the protease
MMP-2 that, if cleaved, hampers the BRET.92 In a different approach, QDs can be used
to develop sensors for analytes for which an antibody is available. The antibodies are
immobilized onto the surface of the QDs and preloaded with an analyte-analog that
has a lower affinity than the detectable analyte, is fluorescently labeled and quenches

Fig. 7.5 Protein nanomaterial sensors with quantum dots (QDs). Schematic representation of the
FRET-based QD-mCherry sensor for the protease caspase 3,39 the QD-mOrange sensor for pH
sensing,96 the BRET-based QD-luciferase sensor for MMP-2 protease,92 and the FRET-based
QD-antibody sensor for trinitrotoluene (TNT).104 The engineered proteins and nanomaterials are
schematically represented, and the sequence of the peptides involved in the interaction with the
QD or recognized by the analyte is reported.
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the emission of the QD. When this type of sensors is incubated in the presence of the
high-affinity analyte, the replacement of the analog results in an increased fluorescence
of the QD104 (Fig. 7.5).
Colloidal AuNPs are used in sensors due to their optical and electronic properties.
Characterized by free electrons on the surface producing a surface plasmon resonance
phenomenon, AuNPs around 30 nm absorb blue-green light while reflecting longer
wavelengths (700 nm) giving an intense red color. The wavelength of absorbance of
AuNPs increases with their size, or after aggregation, to reach a situation in which
the red light is absorbed, and the blue reflected. In a polydispersed solution, AuNPs
can appear with a purple color. The changes in the optical properties due to changes
in the aggregation state have been exploited for the development of various protease sensors (Fig. 7.6). Proteins and peptides can directly interact with the gold surface through
thiol groups, for example, via cysteine residues, but affinity-based or chemical approaches
have also been developed and all can provide oriented or site-directed immobilization.105–109 In most of the protease biosensors based on AuNPs, these are joined to form
higher aggregated states by elements that are recognized and cleaved by the target
protease. Examples include 8.5 nm AuNPs that joined by peptides with sequence
Gly-Phe-Cys can detect even a concentration of 90 zg/mL (zettagram/mL, 380 molecules) of thermolysin from Bacillus thermoproteolyticus rokko,95 and AuNPs joined by
BSA can be dispersed by trypsin and thus allow its detection at a 86 pM level.46
For comparison, AuNPs connected to QDs via a peptide containing the sequence
Gly  Gly  Leu #  Gly  Pro  Ala  Gly  Gly  Cys  Gly could detect collagenase
activity at a micromolar (0.2 mg/mL) concentration.110

Fig. 7.6 Schematic representation of the mechanism of many protease sensors based on gold
nanoparticles. Gold nanoparticles are initially forming aggregates connected by peptides or
proteins that once degraded by the target protease are reduced in size and thus absorb at a
shorter wavelength.
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Nanocellulose in the form of fibrils or crystals and of bacterial or plant origin has been
investigated as a carrier of proteins for the development of novel biomaterials.111 To promote interaction with biomolecules and adjust surface properties, cellulose is often modified to confer hydrophobicity or surface charges.112 In sensing, nanocellulose has offered
high loading capacities to develop the bioactive paper. Proteins can be deposited by physical absorption, by inclusion in bioactive ink, by affinity-based attachment or using
chemical cross-linkers to achieve covalent chemical bonding.113 The immobilization
of enzymes such as acetylcholinesterase and one chromogenic substrate was the key step
for the assembly of a lateral flow strip for the detection of organophosphate pesticides.
The lateral flow due to the immersion in beverage and food samples moves the substrate
to the region in which the enzyme is immobilized but the chromogenic reaction is inhibited by the possible presence of pesticides.114 A similar approach was applied to the detection of heavy metals by inkjet printing a sol-gel solution containing β-galactosidase and its
chromogenic substrate chlorophenol red β-galactopyranoside (CPRG). After application
of the sample of environmental contaminated water and of pure water, to carry the chromogenic substrate into the sensing area, the result can be visually evaluated by assessing
the reduction in color intensity due to the inhibition of the enzymatic conversion by the
heavy metal ions.115 In a different approach based on chemical immobilization, 2,2,6,6tetramethylpiperidin-1-yl)oxyl (TEMPO)-oxidized nanocellulose was functionalized
with the red fluorescent protein C-phycocyanin to allow for detection of copper ions
at the nanomolar level in medical and environmental samples via the reduction in fluorescence.95 The functionalization of nanocelluloses can proceed through physisorption,
chemical immobilization, or in combined chemo-enzymatic approaches.100,116–118
With sizes ranging from the nanometer to the micrometer range, the encapsulation of
sensing proteins with various materials can also produce biosensors to be used in solution
and offer high substrate selectivity and enduring activity. Encapsulation can be performed
in liposomes, polymeric vesicles, sol-gel or hydro-gel and shields the proteins from harsh
environmental conditions.119 Their sensing activity might, however, be negatively
affected by the limited diffusion of analytes through the capsule. Single-protein biosensors and enzymes carrying out chromogenic or fluorogenic reactions are good candidates
for this type of biosensors, otherwise, appropriate dyes are so-encapsulated to signal enzymatic activity. As an example, the encapsulation of the enzyme urease with a pH-sensitive
dye lead to microsized biosensors measuring the concentration of urea, that is, in a
106–101 M range, in solution giving a fluorescent signal that can be monitored at
the single-capsule level by microscopy.119 Moreover, an encapsulated enzymatic sensing
system has been applied to the detection of pesticides such as dichlorvos and paraoxon
reaching a detection limit of 0.6 ppm.120 By encapsulating the hydrolase acetylcholinesterase in liposomes, it was shielded from environmental stressors and its distribution was
easy to control and spatially restricted.121 To promote the interaction with the analyte,
the 300-nm-sized liposomes have been made permeable by including the proteins porins
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in the lipid bilayer; and the enzymatic conversion was monitored using a pH-indicating
molecule, that is, pyranine, as the reaction produces acetate.121 No dyes are required
when fluorescent protein-based biosensors are encapsulated. Fluorescent single-protein
FRET biosensors for glucose and maltose have been encapsulated in nanosized silicabased particles while retaining their sensitivity in the millimolar range of analyte.122
Encapsulation is also an approach for the delivery of therapeutic molecules and,
in vivo studies have shown how smaller-sized liposomes are cleared faster from the circulation than bigger ones.123 Under optimized conditions,124 the encapsulation of proteins is a valuable approach to preserve their functionality and sometimes even enhances
their activity, selectivity, and stability.119,125,126

7.5 Conclusions
This chapter has provided an overview of the role of proteins in sensing devices and as
single-molecule biosensors able to monitor even intracellular processes. A wide array of
biosensors has been developed taking advantage of the specificity offered by proteins.
Immobilized on surfaces and involved only in the binding of the analyte, or as complete
single-protein biosensors that perform both binding and signaling, proteins are very versatile molecules in the biosensing field. Proteins recognize and thus allow for the detection of numerous metabolites, inorganic compounds, and biological conditions. Used on
a lab-scale or in a clinical setting for diagnostic purposes, biosensors are valuable tools
subject to the attention of an active research community and of a vibrant industrial sector.
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8.1 Introduction to Carbohydrates
Life is nothing but atoms, molecules, and their chemical reactions. On the sweet side of
life, carbohydrates are the most abundant group of naturally occurring biomolecules, and
are essential constituents of all living things. From the animal to the plant kingdom, they
are essential structural elements in several organisms (Fig. 8.1). For example, the bacteria
cell walls are made of peptidoglycan, a polysaccharide built up with repeating disaccharide backbones of β-(1,4)-linked N-acetylglucosamine (GlcNAc) and N-acetylmuramic
acid (MurNAc) that are cross-linked by short peptide stems.1 On the other hand, the cell
wall of plants is made from the most abundant organic polymer on earth—cellulose, a
polysaccharide consisting of β-(1,4)-linked D-glucose units.2 In the exoskeleton of many
insects, crabs, and other arthropods, we can find chitin, the second most abundant polysaccharide in nature.3 It is composed of GlcNAc monomers linked by β-glycosidic bonds.
Even in the hereditary molecules, there are the pentoses ribose and deoxyribose that are
part of the structural framework of DNA and RNA.
Carbohydrates are also known for their energy storage ability, due to the energy
stored in covalent bonds such as in starch, a polymer constructed by D-glucose moieties
which are coupled by α-glycosidic bonds. In addition, they are also involved in many
important biochemical processes, such as intercellular communication.4 Through lectins,
carbohydrate-binding proteins, which bind to specific carbohydrate structural epitopes,
nature has activated several biological processes within the cell such as, cell adhesion, cell
recognition, and innate immune response.5
As the name implies, carbohydrates consist of hydrated carbon molecules with the empirical formula (CH2O)n. But not all carbohydrates derivatives obey to that formula and
some also contain other elements such as nitrogen, phosphorus, and sulfur. Therefore,
the chemical definition has been modified and broadened to polyhydroxy aldehydes
or ketones and their derivatives and polymers with acetal linkages.
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Fig. 8.1 Carbohydrates typically found in nature: (A) peptidoglycan, (B) cellulose, (C) chitin, and
(D) pentose sugar found in nucleotides DNA and RNA.

Carbohydrates can be placed into two categories: simple carbohydrates, that is, molecules that contain only carbohydrates in their structure, and glycoconjugates, carbohydrates covalently linked to nonsugar moieties such as proteins, peptides, and lipids, by
glycosidic linkages of the sugar moieties at their reducing end.6
Size does matter when it comes to simple carbohydrates and they can be divided
into three groups: monosaccharides, oligosaccharides, and polysaccharides. Monosaccharides are the simplest form, which cannot be hydrolyzed further into smaller
carbohydrates molecules. They are the building blocks of oligosaccharides and polysaccharides. By definition, oligosaccharides contain 2–10 monosaccharide units linked by
glycosidic bonds. They are hydrolyzed to their corresponding monosaccharides and
they can be reducing or nonreducing in nature. Polysaccharides are high molecular
weight polymers with more than 10 monosaccharides and the chain may be branched
or unbranched.
Carbohydrates are characterized by their level of structural diversity, questionably
unparalleled by any other class of biomolecules. This complexity arises due to their polyfunctional nature which promotes the possibility to form glycosidic linkages at several
positions.7 In addition, each monosaccharide can exist in two tautomeric forms (pyranose
and furanose) and the monosaccharide units can be coupled by two stereochemical linkages (α and β). As the linkage points between sugar units are not restricted to constant
positions, the number of all possible linear and branched isomers promotes the formation
of several regioisomers. For example, to build a hexasaccharide from 20 different sugars
will lead to 1.44  1015 total isomers. The same amount of aminoacids in a hexapeptide
will result in 6.4  107 different isomers, eight orders of magnitude lower.7 Therefore, a
high level of information potential can be stored in a single saccharide (Fig. 8.2).
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Fig. 8.2 Combinatorial possibilities of carbohydrates. (A) Three isomers of D-glucose. (B) One of the
73 possible disaccharides that can be formed from two D-glucose moieties.

8.2 Glyconanomaterials
Nanotechnology is the science of building small and permits the manipulation of the matter right down at the level of atoms and molecules.8 Through building a new world with
atomic precision, nanotechnology has influenced every area of technology and science
with implications that extend from medicine to economic development and environmental applications. Nanoscale materials have dimensions ranging from 1 to 100 nm,
scales at which their small size promotes unique phenomena. As biomolecules and nanoparticles have a similar length scale, the incorporation of biomolecules into nanomaterials
provides a unique platform where the nanomaterial may serve as a cell mimic in biological
processes, as well as a tool to manipulate biological components at atomic level.9
Carbohydrates have unique features that make them ideal candidates to improve
nanomaterials performance.10 First, their polyfunctional nature due to the presence of
several functional groups makes them easy for chemical modification, rendering nanomaterials with tailor-made structural and functional properties. In addition, they exhibit
interesting properties such as low toxicity, biocompatibility, stability, and low cost. But
their inherent hydrophilic nature makes carbohydrates more attractive for glyconanomedicine due to their potential use as a biodegradable substitute of polyethylene glycol
(PEG) in view of its stealth properties.10 The carbohydrate polymer chain mobility plus
the possibility to form hydrogen bonds with water creates a water cloud surrounding the
nanoparticle. Therefore, the nanocarriers are protected from opsonization and recognition by the immune system.
An additional benefit is the cryoprotection feature that has been perceived for carbohydrates.11 The freeze-drying process could be highly stressful for nanoparticles but is the
most utilized drying method for nanoparticle suspensions.
One area with great potential is the use of glycopolymers as vehicles for therapeutics
or as therapeutic agents themselves.12 This interest is derived from the complex roles that
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carbohydrates play in vivo, particularly in recognition events with lectins. One important
drawback lies in the extreme low affinity of such interactions. But by mimicking nature,
this can be circumvented through the use of multivalent interactions, which is known as
the “glycocluster effect.”13 For this reason, nanotechnology due to the high surface-tovolume ratio of nanoparticles, offers the possibility to introduce a high number of carbohydrate ligands on a single nanoparticle. Moreover, several additional moieties, such as
biomolecules, small molecule therapeutics, reactive groups, and luminescent probes can
be attached simultaneously. These will render multifunctional glyconanoparticles with
high complexity and responsiveness toward external stimuli. Therefore, glyconanomaterials are an appealing platform for biosensing applications and have demonstrated
potential in imaging, therapeutics, and diagnostics.14
Several types of nanoparticles of organic and/or inorganic origin bearing carbohydrates have emerged in the literature (Fig. 8.3).15 The most discussed glyconanomaterials
are gold nanoparticles, magnetic nanoparticles (MNPs), and silica nanoparticles. Despite
the saccharides may play a role of a stabilizer agent, most applications use them for their
biological and molecular recognition functionalities.

Fig. 8.3 Schematic illustration of typical glyconanoparticles. (A) Liposome, (B) polymeric nanoparticle
(nanosphere), (C) polymeric nanoparticle (nanocapsule), (D) mesoporous silica nanoparticles,
(E) dendrimers, (F) gold nanoparticle, (G) magnetic nanoparticle, and (H) carbon nanotube.
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8.2.1 Preparation of Glyconanomaterials
Glyconanomaterials can be prepared by non-covalent interactions, which rely on physical adsorption of the carbohydrate structure on the nanomaterial surface via typical noncovalent interactions, including hydrogen bonding, Coulombic interactions, and
solvophobic effects.16 One major advantage of this approach is that it often requires minimum chemical derivatization of both substrates: carbohydrate and nanomaterial. However, weak interactions could lead to the premature detachment during the interaction or
to a heterogeneous coverage of the nanomaterial surface. On the other hand, covalent
conjugation holds the advantage of generating stable linkages and reproducible surface
coverage.16 Although, it requires chemical derivatization of the carbohydrates, which
due to their polyfunctionality represents one of the major challenges in the carbohydrate
synthesis. Nevertheless, the coupling reactions are part of standard organic chemistry protocols, with the incorporation of complementary functional groups to afford typical
covalent linkages such as amides, esters, or triazoles.
For covalent attachment of polymer chains, there are two main methods, the
“grafting to” and “grafting from.”17 The “grafting to” approach involves the use of
appropriate end-functionalized polymer chains that reacts with a suitable substrate on
the nanomaterial surface. However, due to steric hindrance imposed by the diffusion
of polymer chains to the nanoparticle surface, the graft density is fairly low. In the
“grafting from” method, also called the surface-initiated polymerization method, the
grafting reaction can proceed by polymerization from initiators anchored on the surface
of the particles. Generally, higher graft densities are achieved because chain radicals are
constantly on the surface of the graft polymers and will not hinder the diffusion of the
small-sized monomers. More recently, literature has emerged that shows contradictory
findings. Asai et al. demonstrated that the “grafting to” mechanism covers more of the
nanoparticle surface and promotes a narrower distribution of the grafted chains.18
The carbohydrate density is an important parameter in the surface characterization of
nanomaterials.16 Unfortunately, this result is frequently missing from the characterization;
perhaps due to the difficulty to analyze glycopolymers attached to nanomaterials. Nevertheless, thermogravimetric analysis (TGA) can be used to determine the total organic components on the glyconanomaterial as well as the elemental analysis technique.
Glyconanomaterials can be built from several carbohydrate moieties or they can have
their molecular scaffold based on glycopolymers, glycodendrimers, and glycolipids.
The advances in the glycopolymer synthesis technology have allowed the preparation
of more complex and well-defined glycopolymers with several molecular architectures.19

8.3 Glycopolymer Synthesis
Several methods have been developed to fabricate glycopolymers.20 One way is to modify naturally occurring polysaccharides or to conjugate carbohydrate moieties as pendant
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groups in synthetic polymer scaffolds (Fig. 8.4). Advantages of naturally derived polymers
over synthetic analogs include their innate biocompatibility and biodegradability. However, extracted polysaccharides from animals are often expensive and have batch-to-batch
variations; and the complex structures of natural biopolymers have often limited their
design versatility for fine-structural modification to tailor specific functions.21 On the
other hand, utilization of carbohydrate derivatives as monomers to develop synthetic glycopolymers offers great versatility in controlling chemical structure, molecular weight,
mechanical strength, and specific functions. This provides an exciting opportunity to
design and tailor macromolecular chemistry and material properties to satisfy specific
applications.
Polysaccharides of natural origin generally contain several derivable groups on their
molecular chains (amino, carboxyl, and/or hydroxyl groups) that can be easily modified,
opening various functionalization pathways.22 Derivatives can be prepared by nucleophilic reactions, esterification, etherification, amidation, and chemical oxidation. The
degree of substitution (DS), that is, the number of substitutions made per monomer unit,
will depend upon steric hindrance and on the selectivity of the reactants. For example,
primary alcohols present at side chain are more susceptible to modification with bulky
reagents. As a friendly alternative, enzymatic bioprocesses have been increasingly
explored to modify the structure of polysaccharides in a chemo-, regio-, and stereoselective way.23
One typical route to glycopolymers consists of the polymerization of glycosylated
monomers with a polymerizable group at the anomeric position of the carbohydrate.24
Another route involves the attaching of glycosyl derivatives to presynthesized polymer
scaffolds.
Several polymerization methods, such as free radical, cationic, anionic, ring-opening,
and controlled radical polymerization (CRP) were used to prepare glycopolymers.25 Particularly, developments in CRP have improved polymer synthesis, resulting in polymers
with precise molecular weight, well-defined architectures and diverse compositions.
Chain-growth polymerization reactions provide sequence control either by a difference
in monomer reactivity or by sequential addition of glycomonomers.26

Fig. 8.4 Schematic representation of carbohydrate-based polymers. (A) Glycopolymer and
(B) polysaccharide derivative.
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8.4 Stimuli-Responsive Glyconanomaterials
Stimuli-responsive systems are designed to undergo a dramatic physical or chemical
change in response to certain stimuli like pH, temperature, redox potential, and
enzymes.27 Such switchable nanosystems will allow a temporal and spatial control of
the response of the glyconanomaterial. Some stimuli are naturally occurring in vivo,
for example, the pH-shift in the cellular compartments and in the gastrointestinal tract;
or they can be applied externally, like temperature. The stimuli-responsive unit could be
attached to the carbohydrate, making it intrinsically stimuli-responsive. Alternatively, the
“smart” behavior could result indirectly by combining a glycopolymer with a responsive
polymer. The physical and chemical changes in response to the applied stimuli are mainly
a result of decomposition, isomerization, solubility, or supramolecular changes from
adjusting the hydrophobic/hydrophilic balance.

8.4.1 pH-Responsive Glyconanomaterials
There are many examples of pH-responsive glyconanomaterials and pH is the most
explored stimuli through the “smart” literature. The response mechanism and morphology change are caused by a hydrophilicity variation. For example, the protonation of
amine units renders them hydrophilic and this effect can be reversible, which is arguably
more useful. Below its pKa, the amine will be protonated and at pH values above the pKa,
the amine functionality will be deprotonated. On the other hand, pH-sensitive materials
with acidic groups such as carboxylic acids or sulfonic acids will swell in basic pH due to
deprotonation.
Among several pH-responsive glyconanoparticles, chitosan-based ones have gained
much attention owing to their mucoadhesive and antibacterial properties, biodegradability, biocompatibility, and pH-responsiveness near physiological pH.28 Chitosan is
obtained by partial deacetylation of chitin under alkaline conditions. The obtained
D-glucosamine (GlcN) monomer has a pKa of 6.5. These properties have prompted
the incorporation of chitosan in polymer matrixes for smart drug delivery systems.
Choochottiros et al. constructed amphiphilic chitosan nanospheres by grafting phthalic anhydride as a hydrophobic group and hydrophilic flexible PEG chains to obtain corecorona structured chitosan.29 First, the amino group on chitosan unit was substituted
with phthalimido group. Then, the carboxyl-terminated PEG was grafted onto the chitosan chain promoted by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) as the
coupling agent. The nanospheres size and shape were tuned by varying the degree of
deacetylation of chitosan and the molecular weight of PEG. Although chitosan is well
known as a cationic polysaccharide, it is important to note that the phthaloylation reaction conferred it an anionic character. Thus, the amphiphilic chitosan nanospheres
showed a negative surface charge and their morphology was pH dependent.
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Nanogels, which are nanosized cross-linked polymeric networks, are promising and
innovative materials that have been called as next generation drug delivery systems.30
Due to their tunable physical properties such as shape, size and swelling, stimuli-responsive
behavior and the ability to encapsulate both hydrophilic and hydrophobic compounds, the
nanogels contribute in the delivery process to attain a controlled and triggered response at
the target site. Moreover, nanogel formulations have been reported to show high loading
payloads than conventional nanotechnology-based carriers. Duan et al. have designed
D-galactose-functionalize pH-responsive nanogels loaded with oridonin (ORI), a potential anticancer agent.31 Chitosan-graft-poly(N-isopropylacrylamide) (CS-g-PNIPAm)
polymers were prepared by free-radical copolymerization of CS and NIPAAm using
ammonium persulfate (APS) as a radical initiator and N,N-methylenebisacrylamide
(MBA) as a cross-linking agent. Lactobionic acid (4-O-β-D-galactopyranosyl-D-gluconic
acid) was conjugated later via carbodiimide chemistry coupling. The conjugation of
D-galactose moieties yielded tumor-targeting nanogels with high affinity to asialoglycoprotein receptors (ASGP-Rs). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) tetrazolium reduction assay revealed that ORI-loaded nanogels exhibited an
enhanced anticancer activity against HepG2 cells under a slightly acidic environment
(pH 6.5). Moreover, the anticancer efficiency enhanced as the degrees of D-galactose substitution increased in the nanogels. In another approach, Durán-Lobato designed mannanmodified pH-responsive nanogels as carriers for oral vaccination.32 The copolymer was
obtained by surfactant-free emulsion polymerization technique of methacrylic acid
(MAA) with 2-hydroxyethyl methacrylate (HEMA). Mannan, a plant polysaccharide
that is a linear polymer of D-mannose, was conjugated on the surface of the nanogels by
an amine-carboxylic acid coupling reaction. This resulted in enhanced internalization
by macrophages. In preliminary tests, the nanogels showed pH-responsive properties
and the cargo was entrapped at low pH values and released after pH switching to intestinal
pH values.
Polyelectrolyte complexes (PECs) produced by electrostatic interactions between
oppositely charged polymer chains have found applications as drug delivery systems.
For example, chitosan-alginate complexes as pH-sensitive hydrogels have attracted
increasing attention for the development of oral delivery of peptide or protein drugs.33
Alginate is a polyanionic polysaccharide made of blocks of β-(1-4)-D-mannuronate and
its C-5 epimer α-L-guluronate. Upon mixing, the PEC is formed through electrostatic
interactions between the carboxyl residues of alginate and the amino groups of chitosan.
This interaction reduces the porosity of alginate beads and decreases the leakage of encapsulated drugs.33 This system was applied by Cuomo et al. for the preparation of
pH-responsive hollow nanocapsules.34 The hollow nanocapsules with an average diameter of 280 nm were obtained by layer-by-layer deposition onto liposomes templates.
The pH-responsiveness were tuned as a function of the polyelectrolyte outer layer, either
chitosan or alginate. This opened the possibility for the encapsulation and release of either
hydrophilic or hydrophobic drugs.
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Mesoporous silica nanoparticles (MSNs) have become apparent as a promising drug
delivery vehicles.35 These are a class of solid silica materials which contain an ordered or
disordered arrangement of empty channels called mesopores (with sizes ca. 2–20 nm),
providing huge accessible specific volumes, in the order of 1 mL/g. MSNs feature unique
physicochemical features, such as high surface areas, high pore volume, uniform and tunable pore sizes, good colloidal stability, and versatile surface functionalization. With the
possibility of incorporating sensor molecules in the structure, adding surface targeting
groups, and loading therapeutic agents into the free pore volume, MSNs are expected
to be a key player in the field of theranostics.36 The methodology, synthesis, and applications of mesoporous silica-based materials for sensing applications are described in
details in Chapter 4. Here we just briefly mention an example of a glyconanomaterial
design that utilizes MSNs. The synthesis of MSNs modified with concanavalin
A (Con A) as gatekeeper molecule was constructed by Wu and coworkers.37 The nanogates were built by using Con A tetramers specifically bound to functionalized
D-mannose epitopes through multivalent carbohydrate-protein interactions to encapsulate the cargo within the MSN pores. The protein nanogates were opened by decreasing
the pH value or by competitive binding of glucose at high concentrations, with concomitant releasing of the cargo from the MSNs pores. Solid-state nuclear magnetic resonance
(NMR) spectroscopy was used to confirm the functionalization of the surface with
D-mannose ligands. Alternatively, solution NMR spectroscopy can be used to track silica
surface modification and quantify functional group coverage.38 This represents a fast,
accurate, and straightforward method for surface characterization of silica nanostructures.

8.4.2 Temperature-Responsive Glyconanomaterials
One stimulus that has been investigated often in the literature is temperature. Thermoresponsive polymers can display a lower critical solution temperature (LCST) and become
insoluble upon heating. The reverse behavior is observed for polymers with an upper critical solution temperature (UCST). Polymers showing LCST are frequently used as smart
materials that have found increasing applications in tissue engineering, chromatography,
and drug delivery.39 Often the LCST cloud point is reported, which is the temperature at
which a macroscopic phase separation occurs at a particular concentration. The thermoresponsive polymer chains in solution can adopt an expanded coil conformation, which
collapses at the phase separation temperature to form compact globules. This disruption
is entropy driven and arises from the arrangement of hydrogen bonds.
Thermoresponsive nanoparticles were prepared by Otsuka et al. from self-assemblies
of nonlinear oligosaccharide-based diblock copolymer systems.40 These hybrid diblock
copolymers were prepared by Cu(I)-catalyzed Huisgen azide-alkyne 1,3-dipolar cycloaddition of propargyl-functionalized β-cyclodextrin (βCyD) and xylo-β-glucooligosaccharide (XGO) with PNIPAM having a terminal azido group. The PNIPAM
were prepared by atom transfer radical polymerization (ATRP). The self-assembled
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diblock copolymers into nanoparticles were controlled by thermal stimulation and were
confirmed by light scattering and microscopy techniques.
Galactose-based thermosensitive nanogels for targeted drug delivery to hepatocellular carcinoma were designed by Quan et al.41 The glycopolymers were synthesized
by reversible addition-fragmentation chain transfer (RAFT) polymerization with a
cross-linked thermoresponsive core and a dense carbohydrate shell. The core of
the nanogels was composed with thermosensitive di(ethylene glycol) methyl ethyl
methacrylate (DEGMA) cross-linked with N,N 0 -methylenebis(acrylamide)
(MBAm) and decorated with 2-lactobionamidoethyl methacrylamide (LAEMA)
and 2-aminoethylmethacrylamide hydrochloride (AEMA) as the outer shell
(Fig. 8.5). The nanogels collapsed in size as the temperature was raised to 37°C and
allowed the encapsulation of the drug within the core and release in hypoxic hepatocellular carcinoma via ASGP-R-mediated uptake.

Fig. 8.5 Synthesis of D-galactose-decorated nanogel with cross-linked core poly(LAEMA)-block-poly
(DEGMA-stat-MBAm) via RAFT polymerization.
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In a different approach, Na and coworkers reported fluorescent carbohydrate nanofibers that undergo reversible thermo-switching between carbohydrate-exposed and hidden states for the capture and release of specific bacterial cells.42 The nanofibers were
prepared through the self-assembly of aromatic rod amphiphiles with a combination
of D-mannose epitopes and thermoresponsive oligoether dendrons. The nanofibers
would reversibly agglutinate bacterial cells upon heating-cooling cycles and, subsequently, control bacterial proliferation. The reversible switching behavior was verified
by fluorescence resonance energy transfer (FRET) experiments using fluorescein-labeled
ConA. At room temperature, the carbohydrate ligands bind ConA through specific
ligand-protein interactions with the appearance of an acceptor emission peak at
520 nm. The intensity of this peak decreases as the solution is heated to 37°C, indicating
that the nanofibers above the transition lose their binding activity. Nanofibers were also
prepared by Wang et al. from thermoresponsive glycopolymers of poly(N-isopropylacrylamide-co-6-O-vinyladipoyl-D-glucose) and poly-(N-isopropylacrylamide-co-6-Ovinylazelaicoyl-D-glucose) by free-radical polymerization method.43 Electrospinning
was used to prepare nanofibers comprising blends of the above polymers with poly(L-lactide-co-ε-caprolactone). The uptake of ConA was temperature dependent and enhanced
due to specific recognition.
Cellulose nanocrystals (CNCs) derived from acid hydrolysis of cellulosic materials, are
rigid, rod-like particles with a width of 3–30 nm and lengths from 100 to 300 nm.44 This
sustainable nanomaterial have gained attention in the design of functional nanomaterials
due to its outstanding properties, such as high surface area, several hydroxyl groups for
functionalization, colloidal stability, low toxicity, chirality, and mechanical strength.
Zubik and coworkers developed thermoresponsive hydrogels containing poly(N-isopropylacrylamide) (PNIPAAm), reinforced both with covalent and noncovalent interactions
with CNCs for wound dressing.45 This hybrid material, which combined the stimuliresponsivity of PNIPAAm with the unmatched physical properties of CNC, exhibited
a volume-phase transition temperature (VPTT) in the range of 36–39°C, which is close
to normal human body temperature. In vitro drug release of metronidazole, an antibiotic
used in wound infections, showed a burst drug release followed by a slow and sustained
release at 37°C.
Stimuli-responsive hydrogels based on polysaccharides incorporated with thermoresponsive polymers have found applications in the fields of drug delivery, tissue engineering, and wound healing.46 These polymers can be used in the design of novel hybrid
nanomaterials with thermoresponsive properties.

8.4.3 Magnetic-Responsive Glyconanomaterials
MNPs have been extensively investigated, basically due to their straightforward preparation methods, easily tunable particle size, excellent biocompatibility, and high magnetic
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relaxivity. These characteristics determined their suitability for several applications such
as drug delivery, hyperthermia, magnetic resonance imaging (MRI), tissue engineering,
biosensing, biochemical separations, and bioanalysis.47 In the biomedical field, the possibility to incorporate drug delivery and imaging on a single carrier, has stimulated the
development of theranostics, in which MNPs represents an important breakthrough.
However, due to poor stability at physiological conditions, a hydrophilic and biocompatible coating is necessary. Therefore, polysaccharides, such as alginate, chitosan, dextran, and pullulan, have been applied as polymeric stabilizers of MNPs.47 In addition,
MNPs have been developed with smart polymers, to combine field and stimuliresponsive mechanisms within a single system.48
Magnetic glyconanoparticles (MGNPs) have been used in sensing applications such as in
the work of El-Boubbou et al., where MGNPs were used for bacterial detection and
removal of the target bacteria from the medium.49 The silica-coated magnetite nanoparticles were conjugated to monovalent α-D-mannosides through a Cu(I)-catalyzed Huisgen
azide-alkyne 1,3-dipolar cycloaddition or by an amide linkage. The silica outer shell promotes stability and protection of the magnetic core, thus avoiding the oxidative stress experienced by the cells. The binding efficiency of the carbohydrates on MGNPs was
determined by a standard fluorescence-based detection assay with fluorescein-labeled
ConA, after magnetic separation. According to these results, the magnetic particles functionalized with the triazole linkage were less efficient. This was probably due to the low
efficiency of the Huisgen reaction with immobilized alkynes, which rendered a lower carbohydrate surface coverage. Escherichia coli strains were detected within 5 min with high capture efficiencies up to 88%. Moreover, along with D-galactose-functionalized MGNPs, it
was possible to distinguish between pathogen strains. In another work, the same amide coupling strategy was used to functionalize MNPs with four different monosaccharides (α-Dmannose, α-D-galactose, α-D-fucose, and sialic acid).50 These MGNP-based nanosensors
were used to decipher the glyco-codes in tumor binding, not only to detect and differentiate
cancer cells but also to quantitatively profile their carbohydrate binding abilities by MRI.
An alternative strategy to prepare MGNPs is through the use of a phosphonate linkage, which is known for their stability toward enzymes. In a pioneer work of Lartigue and
coworkers, a phosphonate linkage was used for the preparation of carbohydrate-coated
MNPs due to the strong binding of phosphonate groups to metals.51 Water-soluble biocompatible rhamnose-coated MGNPs of 4.0 nm were obtained by the organic phase
covalent anchorage of acetate-protected rhamnose on the nanoparticles surface through
the -PO(OSiMe3)2 moiety, following deprotection of the acetate groups. The MGNPs
were able to target lectins on human skin cells. The same strategy was used by Liu et al., in
which iron oxide nanoparticles were treated with phosphate-derivatized perfluorophenylazides (PFPAs), to which unmodified monosaccharides were conjugated by photochemically induced CH insertion reaction.52 These synthesized D-mannose
derivatized MNPs showed high recognition ability toward ConA and E. coli strain
ORN178 that have D-mannose-specific receptor sites.
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Fig. 8.6 Synthetic scheme for the preparation of superparamagnetic silica glyconanoparticles with
Lewis X or sialyl Lewis X as the carbohydrate moieties.

Selectins are a small family of carbohydrate-binding molecules that bind to fucosylated,
sialylated, and sulfated carbohydrate ligands.53, 54 Their physiological role is to mediate
leucocyte-endothelial cell interactions during inflammatory processes. One of the first
examples of MRI-visible glyconanoparticles displaying multiple copies of selectin ligand
glycans were developed by van Kasteren and coworkers.55 MRI-active cross-linked iron
oxide amine-functionalized dextran-coated nanoparticles were functionalized with sialyl
Lewis X (105–107 sugars per particle) in a combined chemo-enzymatic synthetic strategy.
The prepared MGNPs were highly sensitive and selective T2 contrast agents for the detection of the endothelial markers E-/P-selectin in in vivo inflammation. A similar work was
developed by Farr et al. in which sialyl Lewis X was immobilized on superparamagnetic
silica nanoparticles.56 The amino-functionalized sialyl Lewis X was prepared by automated
solid-phase synthesis and added to N-hydroxysuccinimide-activated MNPs (Fig. 8.6).
MRI revealed that the targeted nanoparticles accumulated at inflammation-associated
endothelial transmembrane proteins E and P selectin in the ischemic brain. However,
selectin expression is upregulated over the entire brain and not only in the ischemic tissue.
The bare (nonfunctionalized) MNPs also exhibited to target the ischemic vasculature. This
highlighted both the challenges that arise from in vivo work with complex models and the
value of appropriate control experiments.
Borase et al. developed a different strategy to prepare MGNPs by the combination of
the “grafting from” polymerization of peptides and glycosylation by Huisgen click reaction of azide-functionalized D-galactose.57 Due to their small size, the MGNPs
exhibited excellent water dispersibility, not being affected by a magnet, further highlighting the successful synthesis and extensive glycosylation. However, the addition of Ricinus
Communis Agglutinin (RCA120) lectin, caused particle aggregation through selective
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multivalent binding with D-galactose moieties and attraction to the magnet. The specific
binding was confirmed by addition of ConA, which is selective for glucosyl and mannosyl but unable to bind galactosyl residues, as anticipated no aggregation was observed.
Another strategy for detection of bacterial pathogens was developed by Pera and
coworkers, who explored for the first time the use of MGNPs for the detection of
gram-positive pathogen Streptococcus suis.58 This pathogen is known to cause meningitis,
septicemia, and pneumonia in pigs and meningitis in humans. It binds to galabiose, a
disaccharide of D-galactose (α-D-Gal-(1 ! 4)-β-D-Gal). The MGNPs were made by click
coupling of galabiose building block to a polymer backbone bearing a biotin moiety. The
biotinylated carbohydrate sequence was needed due to the use of streptavidinfunctionalized MNPs. After incubation with various amounts of the pathogen, bacterial
levels down to 105 cfu could be detected. In addition, MGNPs with 250 nm diameter
were required, since with larger microparticles the detection did not succeed.
In a different approach, Iconaru et al. prepared polysaccharide-coated MNPs by an
adapted coprecipitation method.59 In order to evaluate the effect of different types of
polysaccharides on the antimicrobial activity, dextran and sucrose were tested. The bacterial sensitivity to each MGNPs was dependent on the bacterial strain. Dextran-based
MGNPs showed higher antibacterial activity than sucrose for Enterococcus faecalis, Candida
krusei, and E. coli. On the other hand, both carbohydrates-functionalized MNPs stimulated the growth of Pseudomonas aeruginosa, being this effect more pronounced for sucrose
than for dextran.
Sialic acid-functionalized MNPs were prepared by Kouyoumdjian and coworkers, to
detect β-amyloid, a pathological hallmark of Alzheimer’s disease.60 GM1, a ganglioside
which contains one sialic acid residue, has been found to bind to β-amyloid peptide (Aβ).
Therefore, sialic acids can potentially be used for Aβ detection and imaging. MNPs were
first coated with dextran, followed by cross-linking with epichlorohydrin. Then, amine
groups were introduced by an ammonia treatment. These were used to react with a sialic
acid derivative through an amidation reaction promoted by EDC as the coupling agent.
The synthesized glyconanoparticles could selectively bind to Aβ and be detected by MRI
both in vitro and ex vivo on mouse brains. In addition, the MGNPs greatly reduced
β-amyloid-induced cytotoxicity to cells.
Most applications of MGNPs are related to the selective detection and removal of
specific bacteria strains. This is due to the broader interaction specificity of carbohydrates,
as compared, for example, with antibodies.61 This resulted in an exceptional combination
of MNPs and carbohydrates, which prompt their application in biosensing.

8.4.4 Enzyme-Responsive Glyconanomaterials
Enzyme-responsive nanomaterials for controlled drug release have achieved significant
development since enzymes are widely distributed in the body and exhibit dysregulation
in many disease-associated microenvironments.62
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Enzymes produced by particular microorganisms can be used as a trigger to release
antibacterial agents by the presence of the bacteria themselves. Baier et al. took advantage
of the secretion of hyaluronidase by Gram-positive staphylococcus bacteria and designed
hyaluronic acid-based nanocapsules to release the antimicrobial agent polyhexanide.63
The biocompatible nanocapsules were prepared by interfacial polyaddition reaction
using the inverse miniemulsion technique. The hyaluronidase triggered a release of polyhexanide through the cleavage of the nanocapsule was monitored using fluorescence and
UV spectroscopy.
Hyaluronic acid can also bind to CD44, a cell surface adhesion receptor that is
highly expressed in many cancers. In addition, high levels of hyaluronidases, specifically
Hyal-1 are found in tumor tissues. The tumor targeting ability along with the enzymeresponsiveness were used together by Choi and coworkers in the design of
PEG-conjugated hyaluronic acid nanoparticles as carriers for anticancer drugs.64 The
conjugates showed tumor cell-specific uptake in vitro and the enzyme-triggered drug
release was induced by the presence of Hyal-1.
The combination of mesoporous silica supports and carbohydrate gating materials
has stimulated the development of gated stimuli-responsive materials.65 For example,
Bernardos et al. showed that lactose derivatives can work as gatekeepers on the surface of
silica mesoporous supports, being the release triggered by uncapping with β-D-galactosidase.
This groundwork done suggested that enzymatic degradation of capped scaffoldings could be
a suitable strategy for delivery of entrapped substances. As a continuation of this previous
work, the authors developed gate-like functional hybrid systems consisted of MSNs functionalized on the pore outlets with lactose or with commercially available hydrolyzed starch
products.66 The introduction of the capping molecules was achieved through reaction with
the corresponding alkoxysilane carbohydrate derivatives. The carbohydrate-functionalized
nanoparticles showed selective cleavage by pancreatin and β-D-galactosidase due to the
enzyme-induced hydrolysis of the glycosidic bonds. The delivery rate was dependent on
the hydrolyzed degree of the starch derivative. In addition, a WST-1 cell proliferation assay
confirmed that these glyconanoparticles have generally good biocompatibility with HeLa
cells and minimum cytotoxicity as well. Another approach using enzyme-responsive
“snap-top” silica nanocontainers was published by Park et al.67 The authors developed
MSNs designed to release guest molecules in response to increased levels of enzymes associated with acute pancreatitis. β-cyclodextrin, a cyclic oligosaccharide containing seven α-Dglucopyranose units, was used as the gatekeeper molecule, which is degraded by α-amylase.
In addition, the cyclodextrins were attached to the surface of the silica particles using a bond
designed to be cleaved by lipase, specifically an ester moiety. In the absence of an enzymatic
stimulus, the guest molecules remained in the pore. However, in the presence of α-amylase
or lipase, an increase in fluorescence intensity due to the release of calcein from the pores
indicated that the release was promoted by enzymatic activity through degradation of the
gatekeepers. These results showed that guest molecules can be released by two mechanisms
associated with acute pancreatitis.
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Exploiting overexpressed enzymes in cancer tissues, or the enzymes produced by particular microorganisms is a promising option for targeted drug delivery, which awaits
successful clinical applications.

8.4.5 Redox-Responsive Glyconanomaterials
Redox-responsive nanoparticles are expected to disassemble and release their cargo into
the cytosol as nanoscale switches. This is caused by the 100–1000-fold higher concentration of reducing glutathione (GSH) in the cytosol than in the extracellular fluids.68
Most redox-sensitive nanoparticles contain disulfide bonds, which are rapidly cleaved
by the reductive environment of GSH. The GSH-sensitive bond can be incorporated
within the polymer backbone or at the connection of two polymer blocks. Disulfide links
can also be introduced either in the shell or in the core of the nanoparticles.68
Lactobionic acid is known to specifically bind to hepatocytes. Starting from this idea,
Chen et al. developed thiolated lactobionic acid nanoparticles for hepatoma-targeting
delivery of doxorubicin (DOX).69 The disulfide-linked glyconanoparticles were
obtained from self-assembly of amphiphilic poly(ε-caprolactone)-graft-SS-lactobionic
acid graft copolymer into micelles with lactobionic acid on the surface. The block copolymers were prepared by the ring-opening copolymerization. The results showed that the
nanoparticles were able to encapsulate DOX and exhibited good colloidal stability under
physiological conditions. However, after treatment with 10 mM dithiothreitol (DTT),
the saccharide shells were cleaved with concomitant drug release. In addition, the
micelles were efficiently taken up by ASGP-R-overexpressing HepG2 cells through a
receptor-mediated endocytosis mechanism.
Caped MSNs have been applied for drug delivery and for sensing procedures, where
the pores are selectively open in the presence of a target analyte.70 In this sense, Zhou
et al. design redox-responsive lectin-gated mesoporous glyconanoparticles.71 Fluorescein
isothiocyanate (FITC)-doped MSNs were photofunctionalized with D-mannose, with
the incorporation of a redox-sensitive disulfide moiety in the linker. The particles were
capped with ConA through biorecognition with the carbohydrate moiety. The pores
were reopened owing to the glutathione-mediated reduction of the disulfide bonds, thus
removing the ConA gatekeeper groups.
Carbohydrate-modified gold nanoparticles are one of the most extensively researched
glycoconjugates for studying and intervening in carbohydrate-protein and carbohydratecarbohydrate interactions.72 In addition, targeted bioimaging and drug delivery have also
attracted considerable research attention. Wu et al. design a multicomponent delivery
system based on carbohydrate-functionalized gold nanoparticles as the targeted vehicle
and a GSH-responsive disulfide linker to release the payload by biological thiols.73 First,
thiol-modified β-D-galactoside was synthesized and conjugated onto citrate-gold nanoparticles with a diameter of 15 nm. The payload was linked to the nanoparticle through a
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reversible cyclic boronate ester between D-galactose and boronic acid. The boronic acid
carried a cleavable disulfide linker, creating a GSH-activatable fluorophore and prodrug.
Flow cytometry and confocal microscopy demonstrated the nanocarrier selectivity for
target HepG2 cells over HeLa and NIH3T3 cells. Moreover, the biocompatibility demonstrated by this carrier indicates its potential for the development of a useful bioimaging
tool, as well as a targeted drug delivery system. The application of boronic acid in the
design can also be considered a smart moiety. Boronic acid forms reversible cyclic esters
with carbohydrates diols and this unique ability has been exploited in the design of
biosensors.74

8.4.6 Multiresponsive Glyconanomaterials
Combinations of two or more of the several stimuli discussed in the previous sections can
be used to further enhance the glyconanomaterials versatility and specificity. In addition,
the microenvironment of particular diseases is highly complex. For example, tumors are
characterized for their low pH, redox, environment, and high enzyme expression. But
the combined responses can also be designed in a sequential manner from nanoparticle
preparation, nanoparticle transporting pathways, to cellular compartments and not to
take place simultaneously at the pathological site.75
Nanomaterials responsive to both pH and temperature are one of the most studied
combinations of stimuli. Ahmed et al. designed pH and temperature-responsive
carbohydrate-based nanogels for intracellular delivery of DNA and proteins.76 The nanogels contained a thermoresponsive hydrophobic core and a D-glucose and D-galactose shell.
The core was cross-linked with an acid degradable bond to allow the burst release of biomolecules and the temperature-sensitive properties aided in the encapsulation of the biomaterials. The nanogels were synthesized in one pot using the RAFT polymerization
technique with the incorporation of glycomonomers, 3-gluconamidopropyl methacrylamide or 2-lactobionamido ethylmethacrylamide, in the core along with methyl ethyl
methacrylate and 2,2-dimethacroyloxy-1-ethoxypropane as the cross-linker. An MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium reduction
assay showed that the toxicity of the nanogels was dependent on the cross-linker feed concentration. The glycopolymer was found to improve the cellular uptake and gene expression of DNA-nanogel complexes. Another pH and thermoresponsive drug delivery system
was developed by Hemmati et al. based on tragacanth (TG) gum polysaccharide.77 TG is a
natural gum extracted from the stems and branches of Astragalus gummifer and found in certain areas of Asia and in the semidesert and mountainous regions of Iran, Syria, Turkey, and
other near eastern countries. It consists mainly of two fractions, water-soluble tragacanthin
and swellable bassorin; and the ratio between the water-soluble and water-insoluble
fraction varies significantly among gums obtained from different Astragalus species. Amphiphilic alkyne-terminated terpolymers consisted of methylated poly(ethyleneglycol),
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polycaprolactone, and poly(dimethylaminoethylmethacrylate) were synthesized by using
ring-opening polymerization and ATRP. These polymers were then grafted onto
azide-functionalized TG molecules by click chemistry. The graft copolymers selfassembled to single micelles in aqueous solution and upon pH changes further assembled
into micellar aggregates. Quercetin, a model drug, was encapsulated into the core of the
nanomicelles and the in vitro release behavior showed pH dependence, and a typical twophase-release profile was observed.
Dual-responsive polysaccharide nanovesicles were developed by Pramod and
coworkers, for the delivery of DOX to breast cancer cells.78 Dextran was suitably modified with 3-pentadecyl phenol hydrophobic unit, which worked as a structure director
for achieving vesicular geometry in the dextran backbone. The pH and enzyme responsiveness were achieved through an acid labile imine linkage and an ester linkage cleavable
by the lysosomal esterase enzyme. These dual-responsive polysaccharide derivatives selfassembled into 200 nm diameter nanovesicles in water. In vitro studies confirmed the
stability of dextran vesicular assemblies under physiological pH conditions, with 70%–
80% of the drug being retained. However, at low pH and in the presence of esterase
enzyme (abundant in lysosomal compartments of cells), both imine and ester linkages
were cleaved instantaneously with the release of 100% of the loaded drugs into intracellular environment.
Curcio et al. developed dual pH and redox-responsive nanogels prepared by precipitation polymerization of methacrylated dextran with 2-aminoethylmethacrylate as
pH-responsive moiety and N,N 0 -bis(acryloyl)cystamine as redox-responsive crosslinker.79 The obtained nanogels were sensitive to the variations of pH and redox environment. The pH/redox-triggered destabilization and in vitro release of methotrexate
(MTX) were performed at pH 7.4 and 5.0 with and without GSH. The cumulative
release of MTX in pH 5.0 medium with 10 mM GSH was fivefold higher than that
recorded at pH 7.4 without GSH.

8.5 Conclusions and Future Perspectives
The synergies between carbohydrates and responsive modalities in a single nanocarrier
are limitless and will secure their future development and versatility. Furthermore,
advances in glycopolymer chemistry have allowed us to take major leaps toward more
tunable architectures with tailored physical and chemical properties. Once again, it’s
worth pointing out that carbohydrates are one of the most abundant molecules on the
earth. Hence, their utilization is very important from the viewpoint of green chemistry
principles, which can be extended to nanotechnology purposes.
Several nanomaterials have attractive physical properties but lack reactive functionality, have poor water solubility and are potentially toxic to cells. However, this can be
overcome by coating the surface with carbohydrates, which improves solubility,
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biocompatibility, and sensing capability. Of course, the design of glyconanomaterials
needs to be accurate, as small structural differences may influence the target binding.
Stimuli-responsive glyconanoparticles is an appealing new interdisciplinary field on
the frontier of nanoscience. The attachment of stimuli-responsive polymers to biomacromolecules confers them with the responsive nature of the polymer. Until now, research
has mainly focused on protein and peptides conjugates. However, there are at present
several synthetic routes that permit the attachment of responsive polymers to biomacromolecules, including polyssacharides.80
Recently, carbon dioxide-responsive polymers have gathered a lot of attention.81
This stimulus is an interesting one due to its biocompatibility, good membrane permeability, and do not accumulate by-products. As far as we know, the incorporation of
CO2-responsive units and carbohydrates are absent from the literature. Possibly, this
research line will be developed in the years to come.
Bacterial resistance to antibiotics is a growing problem around the world. Nanoparticles may be particularly advantageous in treating bacterial infections.82 For example,
they can be utilized in antibiotic delivery systems, bacterial detection systems to generate
microbial diagnostics and antibacterial vaccines to control bacterial infections. Thus, the
detection and quantification of pathogens have drawn much attention. Sensing bacteria
with MGNPs is one of the most explore applications in biosensing. In addition, mannose,
a C-2 epimer of glucose, has been applied to functionalize several types of nanocarriers
and is the most use carbohydrate for specifically target cells. This is due to the importance
of mannose-binding proteins in cell-surface recognition and other communication
events and to their distribution throughout the body.
Today’s nanomedicine has benefited from the innovative design and chemical functionalization of suitable nanocarriers. However, it seems that the “magic bullet,” to use a
favorite expression of Paul Ehrlich, is still challenging. Perhaps, the solution goes
through the application of personalized medicine,83 which is an opportunity for
glyconanomaterials.
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9.1 Introduction
Stimuli-responsive organic and metal-ligand assemblies have been the subject of several
excellent recent reviews1–8; however, this chapter focuses on stimuli-responsive assemblies based on gold(I),9 while heterometallic gold-metal systems are excluded from the
discussion. The purpose is to highlight some of the recent developments in the understanding, as well as, in the design and synthesis of stimuli-responsive gold(I) systems and
their utility in obtaining photofunctional switchable solid-state materials. Moreover, this
chapter highlights how noncovalent interactions play a key role in the formation of particular molecular structures and arrangements to determine the solid-state optical and
stimuli-responsive properties. Therefore, gold(I)-based assemblies that change their optical propert ies, such as absorption and luminescence, in response to thermal, mechanical,
light, and chemical stimuli are the main target of this chapter.
Responding to a stimulus is a natural phenomenon within living organic systems as
most biomolecules, such as proteins and nucleic acids, are able to change their structures
and one or more of their properties in response to external stimuli. Stimuli are commonly
classified by their nature as physical (light, temperature, mechanical, electrical, magnetical), chemical (various “signaling” molecules such as solvents, guests, cations, anions), or
biological (enzymes, receptors). Stimuli-responsive materials undergo dramatic chemical
and physical changes in response to external stimuli. Such changes are reversible and these
materials can revert back to their original state upon application of a counter-trigger.1–10
It is well known that all basic stimuli-responsive components of living organic systems
such as nucleic acids and proteins undergo significant conformational changes in response
to external stimuli.10 Among biomolecules, sensory proteins, such as phytochromes, a
family of red-light-sensing kinases show conformational responses to light activation.11
Sunlight is vital to photosynthesis, however it also regulates the plant growth and initiates flowering.11 The phytochrome fragments can be reversibly switched between
the inactive Pr (red-absorbing) and biologically-active Pfr (far-red-absorbing) states
by red light (655 nm) and far-red light (780 nm) illumination. Takala et al. determined
the crystal structures of the resting and activated states of the photosensory core of the
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bacteriophytochrome from Deinococcus radiodurans.11 Their study shows that light
absorption results in dramatic conformational rearrangement of the two chromophore
structures at the nanometer scale and the overall pattern of noncovalent interactions,
which alter the physiological activity. The amount of active Pfr state in the plants stimulates flowering and triggers vegetative growths according to the seasons.11
In biology, noncovalent interactions play a critical role in formation of larger aggregates, transduction of signals, pairing of nucleotides, protein folding, enzymatic reactions,
selective transport of small molecules across membranes, molecular recognition, etc.12–16
In chemical world, weak and kinetically labile, flexible noncovalent interactions such
as metal-ligand, metalmetal, hydrogen and halogen bonding, ππ stacking interactions, etc. define how the molecules interact specifically with other molecules to form
supramolecular assemblies and determine the physical properties of these nanosized
systems.12–17 Such noncovalent interactions, however, are widely used for the design
and fabrication of functional materials that exhibit detectable response to external physical and chemical stimuli.9, 17–19
Of particular interest are those stimuli-responsive materials whose luminescence can
be repeatedly switched between different emission states (different colors or bright and
dark) by external stimuli. Generally, the luminescence properties of molecular solid
depend on the structure, these properties are influenced by various factors such as conformational flexibility, molecular arrangement, noncovalent interactions, etc.9, 17–20
Among the stimuli-responsive light-emitting materials, nanosized supramolecules
based on d10 transition metal centers, copper(I) and gold(I) are being more extensively
used in the design of advanced photofunctional materials, as they have a high tendency to
form metal metal bonding.21–23 Gold(I) complexes exhibit a prominent tendency
to form aurophilic AuAu bonding, which is attributed to the stabilization of filled
5d10 metal orbitals with empty 6s/6p orbitals, which are close in energy as a result of
the strong relativistic effect of gold.24–26 Theoretical calculations suggested that the aurophilic interaction is caused mainly by electron-correlation effects, and is strengthened by
relativistic effects.27 The terms “aurophilicity” and “aurophilic bonding” are used to
describe intra- and intermolecular AuAu interactions—which operate between two
gold(I) centers at a wide range of distances from 2.70 to 3.50 Å, and their effects on
the properties of the systems.24, 25 In most cases, the aurophilic interactions assemble
the gold(I) centers into dimers, trimers, and oligomers, but chain-like polymers (linear,
zigzag, and helical) are also common.24 The energy of aurophilic interaction is comparable to that of a standard hydrogen bond (5–15 kcal/mol) and provides an extra stabilization to gold(I)-based systems.25 Such aurophilic bonding interactions between the
gold(I) centers are important not only for the conformation and stoichiometry of the
molecules, but also for the mode of molecular self-assembly, and finally for the properties
of the systems.24–26 Thus, in most cases, the intriguing luminescence properties of gold
(I)-based materials are significantly influenced by the presence of aurophilic interactions.

Stimuli-Responsive Nanosized Supramolecular Gold(I) Complexes

In fact, the aurophilic interaction could provide metal-centered (MC) emission often
accompanied by LMCT (ligand-to-metal charge-transfer) or could generate LMMCT
(ligand-to-metal-metal charge-transfer) and MMLCT (metal-metal-to-ligand chargetransfer) excited states. However, ligand-related transitions, such as IL (intra-ligand),
LC (ligand-centered), and LLCT (ligand-to-ligand charge-transfer) can also dominate
the photophysical properties of gold(I) complexes.21–23
Stimuli-responsive switchable luminescent systems has fascinated and inspired the
scientific community because of their potential in various applications including chemical sensors, optical storage and memory, optoelectronic and display devices, security
inks and papers, molecular machines, etc.1–9, 28 This chapter, however, focuses less
on industrial applications but instead elaborates on the main mechanism of the process.
We discuss some key examples of gold-based systems that exhibit stimuli-induced
changes in their luminescent properties with the main focus on the general concepts
behind the design and fine control of stimuli-responsive behavior of luminescent nanoscale gold-based systems.

9.2 Novel Approaches for Fine Tuning of the Solid-State Luminescence
Properties of Stimuli-Responsive Nanosized Supramolecular Gold(I)
Complexes
This section concentrates on the recent developments and new exciting approaches to
develop nanosized supramolecular gold(I) complexes capable of sensing mechanical,
thermal, light, and chemical stimuli. The role of weak and flexible noncovalent interactions, including metal-ligand, metalmetal, hydrogen bonding, ππ stacking, and
metal-solvent in triggering the stimuli-responsive behavior of solid-state materials is also
discussed.
Despite the fact that nature serves as the model for stimuli-responsive materials, there
is still a lot to learn and discover in this area. Nowadays, it remains a significant challenge
to design and to create new nanosized supramolecular materials that exhibit reversible
structural modifications accompanied by significant changes in the optical properties.
As in the case of basic stimuli-responsive components of living organic systems, the conformational change induced by external stimulus often modulates the intermolecular
interactions, whether between molecules itself or between molecules and guests.29–31
Typically, a stimuli-responsive molecular system in response to external stimuli alters
its conformation and/or the pattern of molecular arrangement mediated by noncovalent interactions. In contrast to extensive literature on conformational dynamics of
molecules in solution, the number of reports on conformational dynamics in the solid
state is much more limited to date.29–34 Many metal complexes have the ability to produce dynamic structures if they comprised of structurally flexible ligands and/or coordinatively variable metal centers, rendering the whole system stimuli responsive.35–37
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These dynamic functional materials change their photophysical properties in response
to environmental stimuli and without cleavage of their covalent bonds. As gold(I) ions
are not coordinatively variable, the molecular dynamics of conformationally flexible
gold(I) systems can be the basis of their stimuli-responsive behavior. Conformationally
flexible molecular systems often undergo dynamic structural changes upon application
of external inputs and this can result in significant changes in the emission colors. Thus,
the conformational flexibility could allow the reversible interconversion between multiple conformations, which can stimulate change in the optical properties. One of the
promising approaches to develop stimuli-responsive materials is to create gold(I)-based
flexible molecular structures whose stimuli-induced structural changes could be amplified synergistically in the solid state, leading to dramatic changes in macroscopic material properties.
In addition to molecular conformation dynamics, molecular arrangement is another
important factor in controlling the solid-state optical properties. Functional supramolecular materials are held together by a multitude of weak noncovalent interactions, which
provide avenues for tailoring their optical properties in the solid state.17–19 There are a
number of weak and flexible noncovalent interactions, including metal-ligand, metalsolvent, metallophilic metalmetal, hydrogen and halogen bonding as well as ππ stacking interactions, which are often highly sensitive to physical and chemical changes in the
environment. Typically, the dynamic nature of such noncovalent interactions offers
reversible stimuli-responsive properties for some supramolecular materials. Thus, these
weak interactions can be therefore responsive to external factors, which could reversibly
alter, disrupt, or make new intermolecular association patterns between the components.
In this respect, the most common feature of stimuli-responsive systems is that many, weak
noncovalent interactions acting between the molecules guide the alteration of molecular
conformation and molecular arrangement in the solid state. Fine tuning of stimuliresponsive noncovalent interactions by rational molecular design has emerged as another
widely used promising approach to control the luminescent properties of molecular
solids.31, 34, 38–42

9.2.1 Luminescent Properties Tailored by Polymorph and Solvate
Formation
Although numerous stimuli-responsive luminescent materials have been constructed, the
main challenge is not only to develop such systems but also to understand the underlying
molecular-level mechanism by which these stimuli-responsive materials alter their structures and luminescence in response to external stimuli. Polymorphism of luminescent
compounds has received special attention in the understanding of the molecular-level
mechanism of stimuli-responsive materials.4, 31, 38, 39, 43–45
Polymorphism is the property of a substance to exist in different crystalline phases
resulting from different arrangements of the molecules in the solid state.46 Nevertheless,
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conformationally flexible molecules can also adopt different conformations in different
crystal structures, and these so-called conformational polymorphs can exhibit very different solid-state properties.47 Thus, a chemically identical compound can exist in different solid-state polymorphic forms,48 which can contain different molecular conformers
and/or molecular arrangements leading to significantly different optical properties.38 In
addition to these classic polymorphs, a given compound can crystallize as a solvate (also
called pseudopolymorph) with different amounts or types of solvent molecules included
into the crystalline phase.48
In this context, we briefly review here some exciting studies on polymorphic and
solvated forms of gold(I)-based compounds, which disclose that a strong relationship
can exist between molecular structure and/or arrangement, noncovalent interactions,
and photoluminescent properties. It should be mentioned that these polymorphs and solvates covered in this section often exhibit striking stimuli-responsive luminescence
changes, which are detailed in the later sections.
Ito and coworkers reported a variety of stimuli-responsive aryl gold(I) isocyanide complexes through the years. One of them, the 2-benzothiophenyl(4-methoxyphenyl
isocyanide)gold(I) complex (1; Fig. 9.1A) forms three different, blue (1B), green (1G),
and orange (1O) luminescent polymorphs. The molecular conformation is twisted in
1B and 1G, while molecules with both flat and twisted conformations are present in
1O polymorph. The intermolecular AuAu separation (4.09 Å) in 1O is shorter than
that of 1B (4.55 Å) and 1G (4.44 Å) forms.49
More recently, the authors reported the colorless (2C) and pale yellow (2Y1 and 2Y2)
polymorphs (Fig. 9.1B) that exhibit molecular conformation- and packing-dependent
luminescent properties.50
As mononuclear, dinuclear gold(I) isocyanide complexes also often display striking
stimuli-responsive luminescent behavior associated with intermolecular AuAu distance
variations. As shown in Fig. 9.1C, 3 exists in orange (3O) and yellow (3Y) luminescent
polymorphs, as well as in blue (3B) and green (3G) luminescent solvated forms.51 The
intermolecular AuAu distance is beyond the limit of aurophilic interaction in 3B
(3.54 Å) and 3G (3.57 Å) forms, while the molecules form infinite chains through aurophilic interaction (3.43 Å) in 3Y.
Three luminescent polymorphs of a trinuclear Au3(MeN¼COMe)3 (4) complex
(Fig. 9.2), two of them with blue emission and the other one with long-lived yellow have
been reported by Balch and coworkers.52, 53 The main structural difference among them
found to be in the molecular packing mode, which significantly alters the intermolecular
AuAu interactions, however, there are also some differences in the intramolecular
AuAu contacts.
Examples from Balch’s and our group have shown that conformationally flexible
dinuclear Au2(diphos)2X2 and [Au2(diphos)2](X)2 systems (where diphos is diphenylphosphine ligand, Ph2P–ϕ–PPh2, ϕ: backbone; Ph: phenyl) can form solvates having
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Fig. 9.1 (A–C) Polymorphic mono and dinuclear gold(I) isocyanide complexes showing phasedependent luminescence. (D) Photographs of different forms of 3 under 365 nm UV light illumination
and (E) schematic representation of the molecular arrangement. ((D) and (E) Reproduced from
Seki, T.; Ozaki, T.; Okura, T.; Asakura, K.; Sakon, A.; Uekusa, H.; Ito, H., Interconvertible Multiple
Photoluminescence Color of a Gold(I) Isocyanide Complex in the Solid State: Solvent-Induced BlueShifted and Mechano-Responsive Red-Shifted Photoluminescence. Chem. Sci. 2015, 6 (4), 2187–2195,
with permission from The Royal Society of Chemistry.)
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Fig. 9.2 Balch’s cyclic trinuclear gold(I) imine complex showing unusual solvent-stimulated
luminescence.

distinctly different emission colors and intriguing stimuli-responsive luminescence.54–58
Balch et al. reported various orange and green luminescent solvates of the dinuclear
Au2(dppe)2X2 system (5a, X ¼ Br; 5b, X ¼ I; Fig. 9.3A) of the 1,2-bis(diphenylphosphino)ethane (dppe) ligand.54, 55 In these dimers (Fig. 9.3A), the two gold(I) centers
are bridged by two dppe and terminal halogenide ligands and form a conformationally
flexible, accordion-like structure that displays variable aurophilic contact, which is finely
tuned by the solvent content of the system. In other words, the conformationally flexible Au2(dppe)2X2 dimer functions as a “molecular accordion,” as it can alter its intramolecular AuAu separation (from 3.09 to 3.85 Å) and thereby its dimension in various
solvates of 5a.54 Some of the green- and orange-emitting solvates of 5a exhibit vapoluminescent properties and switch their luminescence when exposed to solvent vapors.
Similarly, various acetone solvates of structurally flexible dinuclear 5b exhibit different
intramolecular AuAu separations such as 3.40 Å (green emissive) and 3.67 Å (orange
emissive), respectively.55

Fig. 9.3 Representative examples of stimuli-responsive conformationally flexible dinuclear gold(I)
complexes based on diphosphine ligands (A, B).
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We exploited the conformational flexibility of the cationic [Au2(xantphos)2]2+ system
(Fig. 9.3B; where xantphos is 9,9-dimethyl-4,5-bis(diphenylphosphino)xanthene) in the
formation of solvated 6a and 6e complexes (Fig. 9.4B).56–58 Green- and yellow-emitting
solvates of 6e,58 as well as, three different solvates of 6a with blue (6aB), bluish-green
(6aG), and yellow (6aY) luminescence and an orange-red-emissive amorphous form
(6aR) were obtained by varying the crystallization conditions.56, 57 As shown in
Fig. 9.4A, the conformational flexibility of the cationic [Au2(xantphos)2]2+ helicate

Fig. 9.4 Stimuli-responsive conformationally flexible dinuclear 6a helicate. (A) Overlaid molecular
structures of [Au2(xantphos)2]2+ helicates derived from the crystal structure of 6aB, 6aG, and 6aY
solvates, respectively. (B) Photographs of these different crystalline and amorphous forms of 6a
under 365 nm UV light illumination. (C) Arrangement of [Au2(xantphos)2]2+ helicates in the crystal
structure of 6aB, 6aG, and 6aY solvates, respectively. (Adapted from Jobbágy, C.; Molnár, M.;
Baranyai, P.; Hamza, A.; Pálinkás, G.; Deák, A., A Stimuli-Responsive Double-Stranded Digold(I) Helicate.
CrystEngComm 2014, 16 (15), 3192–3202, with permission from The Royal Society of Chemistry.)
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allows somewhat different twisted molecular conformations with short intramolecular
aurophilic contact of 2.84 Å (6aB), 2.86 Å (6aG), and 2.84 Å (6aY), respectively. Moreover, the [Au2(xantphos)2]2+ helicates, however, display different molecular arrangements, such as columnar stacks (6aB), dimeric pairs (6aG), or helical chains (6aY)
held together by ππ interactions in these solvates (Fig. 9.4C). Moreover, these diverse
packing arrangements of dinuclear [Au2(xantphos)2]2+ helicates maintained by distinctly
different noncovalent interactions not only tailored the solid-state luminescence but also
controlled the stimuli-responsive luminescent behavior of 6a (see later).56
Remarkably, these exciting studies on gold(I)-based polymorphs and solvates have
shown that a strong correlation can exist between molecular conformation, packing
arrangements, the pattern of noncovalent interactions, and luminescence properties.
Such structure-property relationships obtained from the analysis of luminescent polymorphs can be further utilized in the design of stimuli-responsive systems.

9.2.2 Luminescent Properties Tailored by Anion Exchange
It was observed that in gold(I) salts, the molecular structures, packing arrangements, and
the pattern of noncovalent interactions can also be largely affected by the size and the
shape of the X anion, which may contribute to distinctive luminescence variations.28
Besides solvent molecules, anions (X) are another class of chemical stimulus used extensively to effect subtle structural modifications leading to luminescence alterations. We
have applied conventional and mechanochemical methods for the synthesis of crystalline and amorphous anion-exchanged dinuclear [Au2(xantphos)2](X)2 (6b–6f,
Fig. 9.3B) complexes that show anion- and phase-dependent luminescence properties
(Fig. 9.5).28, 58
As shown in Fig. 9.5, the crystalline 6b–6f systems (Fig. 9.3B) exhibit remarkable aniondependent luminescence, as their emission color varied from blue to orange-red depending
on their anion.28 For example, the fluorinated anions BF4  , PF6  and SbF6  induce slight
modification in the structure of the [Au2(xantphos)2]2+ cations and more significantly
affect the molecular packing, which is primarily governed by C–HF hydrogen bonding interactions between the [Au2(xantphos)2]2+ cations and fluorinated anions.58
Interestingly, nearly all amorphous [Au2(xantphos)2](X)2 complexes (Fig. 9.5)
obtained by water-assisted ball-milling displayed a common orange-red emission centered at ca. 680 nm.28
We have also exploited the conformational flexibility-based approach, combined
with anion exchange in the design and synthesis of a variety of stimuli-responsive dinuclear [Au2(diphos)2](X)2 systems with bridging diphosphine ligands.9, 28, 56–61 The availability of a large set of diphosphine ligands and anions, led to several stimuli-responsive
[Au2(diphos)2](X)2 complexes. Semiflexible (xantphos; nixantphos ¼ 4,6-bis(diphenylphosphino)-phenoxazine) and markedly flexible (dpephos ¼ bis(2-diphenylphosphino)-phenyl ether) bridging diphosphine ligands promoted the formation of
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Fig. 9.5 Dinuclear anion-exchanged crystalline and amorphous forms of [Au2(xantphos)2](X)2
complexes obtained by solvent-drop-assisted mechanochemical synthesis showing anion- and
phase-dependent emission colors under 365 nm UV illumination. (Adapted from Jobbágy, C.; Molnár,
M.; Baranyai, P.; Deák, A., Mechanochemical Synthesis of Crystalline and Amorphous Digold(I) Helicates
Exhibiting Anion- and Phase-Switchable Luminescence Properties. Dalton Trans. 2014, 43 (31),
11807–11810, with permission from The Royal Society of Chemistry.)

conformationally flexible cationic [Au2(diphos)2]2+ units with either shorter (2.8 Å) or
longer AuAu contacts. The [Au2(nixantphos)2](X)2 system (7a, X ¼ NO3; 7b,
X ¼ CF3COO; 7c, X ¼ CF3SO3; 7d, X ¼ [Au(CN)2]; 7e, BF4; Fig. 9.6A) displays yellow
(7c), orange (7d and 7e), and red (7a and 7b) emission colors.60 Interestingly, the more
flexible [Au2(dpephos)2](X)2 structure (8a, X ¼ NO3; 8b, X ¼ CF3SO3; 8c, X ¼ BF4; 8d,
X ¼ PF6; 8e, X ¼ SbF6; Fig. 9.6B) exhibits excitation-energy-dependent emission (see
later) and their anion-dependent emission color varies either from green to yellow
(λexcit ¼ 365 nm) or from orange to red (λexcit ¼ 312 nm).61 These [Au2(diphos)2](X)2
complexes not only display anion-dependent luminescence but also exhibit intriguing
stimuli-responsive luminescence, which is detailed in next sections.
Che et al. have also reported the anion-dependent luminescence of a diphosphinebased dinuclear [Au2(dcpm)2](X)2 system (where dcpm is bis(dicyclohexylphosphine)
methane; Fig. 9.6C).62, 63 Depending on the anion, the emission maximum of these
9a–9f complexes ranges from 368 to 515 nm, while the intramolecular AuAu distances
varies from 2.93 to 3.01 Å.
Osawa and coworkers have altered the solid-state emission of a diphosphine-based
mononuclear [Au(dppbz)2](X) complex (where dppbz is bis(diphenylphosphine)benzene)
by counteranion change (10a, X ¼ ClO4; 10b, X ¼ Cl; 10c, X ¼ I; 10d, X ¼ [Au(CN)2];
10e, X ¼ BF4; 10f, X ¼ CF3SO3; Fig. 9.6D).64, 65 As a consequence of anion-triggered
conformational changes, these 10a–10f compounds display different intramolecular ππ
interactions and stimuli-responsive behavior.
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Fig. 9.6 Representative examples of stimuli-responsive anion-exchanged (A–C) dinuclear and
(D) mononuclear gold(I) diphosphine complexes.

Anion-exchange are not limited to diphosphine-based cationic gold(I) structures as
there are examples where cationic gold(I) carbene, {Au[C(NHMe)2]2}(X) (11a,
X ¼ PF6; 11b, X ¼ BF4; Fig. 9.7A)66, 67 and {Au[C(OMe)NHMe]2}(X) (11a, X ¼ ClO4;
11b, X ¼ PF6; 11c, X ¼ CF3SO3; 11d, X ¼ CF3CO2; 11e, X ¼ I; Fig. 9.7B)68 show
anion-induced luminescence alterations.

Fig. 9.7 Anion-exchanged gold(I) carbene complexes (A, B).
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Fig. 9.8 Polymorphic anion-exchanged gold(I) isocyanide complexes interconnected into infinite
chains through aurophilic interactions.

Balch et al. have also demonstrated that aurophilic interactions play important role in
the luminescence and vapochromic luminescence of [(RNC)2Au](X) polymorphs
(where R ¼ C6H11) with X ¼ hexafluorophosphate (13a, Fig. 9.8) and hexafluoroantimonate (13b, Fig. 9.8) anions.69–71 In blue-emitting colorless form, the [(RNC)2Au]+
cations self-associate through longer intermolecular AuAu contacts (3.20 Å in 13a;
3.18 Å in 13b) into linear chains, whereas helical chains with somewhat shorter
AuAu contacts (2.96–2.98 Å in 13a; 3.01 Å in 13b) are present in green-emitting
yellow polymorphs.70, 71

9.3 Supramolecular Gold(I) Complexes Sensitive to External Physical
and Chemical Stimuli
Stimuli-responsive self-assembled materials based on gold(I) that are sensitive to various
physical and chemical stimuli and show reversible structural transformations, as well
as visual color or luminescence color changes, will be the focus of this section. Exciting
multistimuli-responsive photoluminescence of some self-assembled structures and
aggregation-induced emission (AIE) of nanoaggregates will also be discussed. As it
was detailed in the previous section, the optical properties of gold(I)-based materials
can be adjusted by modifying the “internal” chemical inputs, such as ligands, anions,
and solvates, as well as, by polymorphism-induced structural modifications. Stimuliinduced changes of optical properties of gold(I)-based materials can generally be realized
by applying external physical (temperature, mechanical stress, light) or chemical (various
“signaling” and guest molecules) stimuli. Stimuli-responsive optical changes include
variations in the color and/or emission characteristics (wavelength, intensity, or lifetime). Such stimuli-responsive functional materials with switchable photoluminescence
properties attract considerable attention for a variety of applications, including optical
storage and memories, optoelectronic and display devices, and mechanical and chemical
sensors.
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9.3.1 Thermally Responsive Luminescent Systems
Temperature is one of the most common environmental stimuli, and temperature
switching is a well-known way to induce dynamic changes in molecular structures
and arrangements. Thermochromic luminescence generally involves thermo-induced
emission color change that can be easily observed with naked eyes.72 Thermochromic
luminescent materials reversibly alter their luminescence with temperature and may find
applicability in a wide range of uses covering sensing and optical monitoring of thermal
changes, memory chips, and security inks.60 Due to the inherent thermal responsive
behavior of all molecules,5 this section thus highlights only a few key examples based
on gold(I) complexes.
Eisenberg and coworkers reported the solvent-dependent thermochromic luminescence of dinuclear Au2[S2P(OR)2]2 complexes (14a, R ¼ Me; 14b, R ¼ Et; 14c, X ¼ Pr;
14d, X ¼ Bu; Fig. 9.9).73 Crystalline 14a and 14b display intramolecular aurophilic interaction, and the dinuclear units are interconnected into infinite one-dimensional (1D)
chains through intermolecular AuAu interactions. The luminescence turned on when
the nonemissive solutions of 14 complexes were cooled. For example, the orange emission of 14a displayed in frozen toluene glass changed into yellow and green before disappearing at room temperature. Remarkably, this material exhibits violet emission in
frozen dichloromethane. The emission color alterations observed in different solvents
and different temperatures resulted from the changes in the aggregation degree (n) of
the aurophilically connected dinuclear {Au2[S2P(OR)2]2}n units.73
Strikingly, as shown in Fig. 9.10 the luminescence colors of the acetone solvate of 11a
(Fig. 9.7A) varied in different solvents, and a green-yellow luminescence was observed in
frozen acetonitrile solution, diverse shades of blue in frozen dimethyl sulfoxide and

Fig. 9.9 Thermochromic luminescent dinuclear gold(I) dithiophosphate complexes interconnected
into infinite chains through aurophilic interactions.
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Fig. 9.10 Luminescence colors of the acetone solvate of 11a in frozen acetonitrile, dimethyl sulfoxide,
dimethylformamide, pyridine, and acetone (solvents from left to right). (Reprinted with permission from
White-Morris, R. L.; Olmstead, M. M.; Jiang, F.; Tinti, D. S.; Balch, A. L., Remarkable Variations in the
Luminescence of Frozen Solutions of [Au{C(NHMe)2}2](PF6)0.5(Acetone). Structural and Spectroscopic
Studies of the Effects of Anions and Solvents on Gold(I) Carbene Complexes. J. Am. Chem. Soc. 2002,
124 (10), 2327–2336. Copyright 2002 American Chemical Society.)

pyridine, orange in acetone, but no luminescence was observed in dimethylformamide.67
This suggests that the solvent molecules by hydrogen
bonding
ligand may constrain

 with
+
the aggregation degree (n) of the cationic Au CðNHMeÞ2 2 n units, thus dimers, trimers, and higher oligomers may be formed. The thermochromic luminescence response
is entirely reversible, and the emission is lost upon warming, while the refreezing restores
the colors.67
Recently, Tunik and Grachova reported three solvates of a dinuclear chloro gold(I)
complex, Au2(pnnp)Cl2 (15; pnnp ¼ 1,5-bis(p-tolyl)-3,7-bis(pyridine-2-yl)-1,5-diaza3,7-diphosphacyclooctane; Fig. 9.11) that also exhibit solvent-dependent thermochromic luminescence.74 The emission color of 15 can be tuned from yellow-greenish
(in frozen dichloromethane) to greenish blue (in frozen acetone) at 77 K. The flexible
backbone of the pnnp ligand allows the formation of shorter intramolecular AuAu contact (3.31 Å) in the dichloromethane solvate, while the acetone solvate of 15 displays
much longer (>5 Å) AuAu separation.74
Tsutsumi and coworkers synthesized a series of liquid-crystalline isocyanobenzenebased mononuclear gold(I) complexes (16a–c; n ¼ 5–6; Fig. 9.12), which display intermolecular AuAu contacts of ca. 3.3 Å.75 Compound 16b exhibits thermochromic
luminescence and its emission color switching between bluish-green and blue can
be reversibly controlled by thermal phase transition between crystalline and smectic
phases.75
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Fig. 9.11 Thermochromic luminescent dinuclear gold(I) complex.

Fig. 9.12 Thermochromic luminescent liquid-crystalline mononuclear gold(I) isocyanide complexes.

The cyclic trinuclear pyrazolate-based gold(I) complex, 17a (Fig. 9.13A) complex
with average intratrimer AuAu distance of 3.35 Å reported by Omary and coworkers
exhibits thermochromic luminescent behavior, as its emission color can be fine-tuned
from orange (room temperature) to green (77 K) and then to UV (4 K) by varying the
temperature (Fig. 9.13B).76 There are loosely connected infinite chains of trimers with
shortest intertrimer AuAu distance of ca. 3.99 Å, which is reduced to 3.88 Å upon cooling to 100 K, however, there are no temperature-induced phase changes. The drastic
luminescence variations in response to temperature, namely the appearance of multiple
emissions has been attributed to the interconversion of different phosphorescent excimeric states that exhibit enhanced AuAu bonding relative to the ground state.76
Balch and coworkers have also studied the thermochromic luminescence of a trinuclear [(AuCNR)3(μ3-S)](SbF6) (18, R ¼ C7H13; Fig. 9.14) complex, which occurred as a
reversible single-crystal-to-single-crystal (SCSC) phase transition upon cooling.77 This
temperature-dependent reversible SCSC-phase change affected the pattern of aurophilic
interactions leading to luminescence changes. Thus, the trinuclear [(AuCNR)3(μ3-S)]+
cations are loosely connected at an average AuAu distance of 3.56 Å, and a temperature decrease leads to the formation of two different [(AuCNR)3(μ3-S)]+ cation pairs
with shorter (average 3.39 Å) and longer (average 3.72 Å) intermolecular AuAu contacts. The bright orange-red emission (λmax ¼ 667 nm) of 18 at room temperature was
significantly altered upon cooling, and two emission maxima at 490 and 680 nm were
observed at 77 K.77
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Fig. 9.13 (A) Stimuli-responsive cyclic trinuclear gold(I) pyrazolate complexes. (B) Emission spectrum
(λexcit  290 nm) of 17a measured at different temperatures and photographs of the crystals of 17a
exposed to UV light at room temperature or immediately after removal from a liquid nitrogen bath
(77 K). ((B) Adapted with permission from Omary, M. A.; Rawashdeh-Omary, M. A.; Gonser, M. W. A.;
Elbjeirami, O.; Grimes, T.; Cundari, T. R.; Diyabalanage, H. V. K.; Gamage, C. S. P.; Dias, H. V. R., Metal
Effect on the Supramolecular Structure, Photophysics, and Acid-Base Character of Trinuclear Pyrazolato
Coinage Metal Complexes. Inorg. Chem. 2005, 44 (23), 8200–8210. Copyright 2005 American Chemical
Society.)

Fig. 9.14 Thermochromic luminescent trinuclear sulfido gold(I) isocyanide salt.
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9.3.2 Mechanically Responsive Luminescent and Chromic Systems
A number of smart functional materials can alter their luminescence when subjected to
mechanical stimulation such as crushing, grinding, ball-milling, pressing, or shearing. The
term “mechanochromic luminescence” is used to describe a phenomenon wherein a material
displays a major and reversible change in its luminescence in response to mechanical stimulus.6 In addition to mechanochromic luminescence, mechanical stress can also cause
colorimetric response, termed mechanochromism,78 however, there are only few examples
of mechanochromic Au(I)-based systems. The mechanochromic luminescent systems are
promising candidates for potential applications in mechano- and pressure sensors,
mechanohistory indicators, security papers, luminescent switches, optical data recording,
and data storage.1–4, 6
Mechanical grinding is an anisotropic stimulus, which is incoherent in strength and randomly directional when acts on the crystalline order. Mechanical stimulation can forces the
molecules closer, which modifies the intermolecular interactions acting between them.
The recovery of original color and/or emission color typically requires the effect of other
stimuli, such as exposure to solvent vapors or heating.6 In addition, mechanical stimulus can
also induce mechanochemical transformations, comprising bond breaking and formation,
which can lead to colorimetric and luminescence alterations,79, 80 however, such mechanochemical reactions will be excluded from discussion.
A literature survey of the crystal structure changes of mechanochromic luminescent
gold(I) complexes indicates that crystalline-to-amorphous (CTA) phase transition often
takes places upon mechanical stimulation, while crystalline-to-crystalline (CTC) and distinctive SCSC transformations are rare.51 Approximately 80% of the reported mechanochromic luminescent compounds show CTA phase transition.51 For amorphous
ground forms, it is difficult to disclose the existing intermolecular interaction patterns
which, however, could provide insight into the underlying mechanism of mechanoinduced luminescence alterations. In contrast, the CTC- and SCSC-phase changes
can be characterized by detailed crystal structures both before and after mechanical stimulation, and this analysis of mechano-induced crystal structure alterations is helpful in the
understanding of emission color changes.
Ito et al. have developed a series of mechanochromic luminescent mononuclear and
dinuclear gold(I) isocyanide complexes that exhibit reversible mechano-induced emission color changes accompanied by phase transition from crystalline either to amorphous
or to a novel crystalline phase. Their first pioneering work on a mechanochromic luminescent arylgold(I) diisocyanide, 19a (Fig. 9.15A), was reported in 2008.81 As demonstrated in Fig. 9.15B, crystalline 19a shows a mechanically induced emission color
alteration from blue to yellow. Moreover, addition of dichloromethane to ground material afforded the original blue-emitting crystalline form. Structural and spectroscopic
studies indicate that the yellow emission of the amorphous phase appears to arise from
emerging intermolecular aurophilic interactions between the gold atoms.81
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Fig. 9.15 (A) Mechanochromic luminescent dinuclear gold(I) isocyanide complexes. (B) Photographs
showing 19a on an agate mortar under 365 nm UV light: (a) after grinding the right half with a pestle,
(b) the same sample under ambient light, (c) entirely ground powder of 19a, (d) partial reversion to the
blue luminescence by dropwise treatment using dichloromethane onto the center of the ground
powder, (e) powder after treatment with dichloromethane, and (f ) repetition of the yellow
emission by scratching the powder with a pestle. ((B) Reprinted with permission from Ito, H.;
Saito, T.; Oshima, N.; Kitamura, N.; Ishizaka, S.; Hinatsu, Y.; Wakeshima, M.; Kato, M.; Tsuge, K.;
Sawamura, M., Reversible Mechanochromic Luminescence of [(C6F5Au)2(μ-1,4-Diisocyanobenzene)].
J. Am. Chem. Soc. 2008, 130 (31), 10044–10045. Copyright 2008 American Chemical Society.)

Several years later, the authors synthesized 48 distinct mononuclear gold(I) isocyanide
complexes, where the R1 and R2 functional groups were varied (R1 ¼ OMe, Me, H, Cl,
CF3, CN and R2 ¼ NMe2, OMe, Me, H, Cl, CF3, CN, NO2), and all of them were
exposed to mechanical grinding.82 These various mononuclear gold(I) isocyanides
respond differently to mechanical stress, and 28 displayed emission color change: 26 compounds show CTA-phase change, and only 20a (Fig. 9.16A)83 and 20b (Fig. 9.16A)
exhibit CTC-phase change. The yellow emission obtained upon mechanical stimulation
of green-emitting 20b has been attributed to the formation of intermolecular aurophilic
interactions (AuAu distances are 3.12 and 3.28 Å, respectively).82, 83
More unexpectedly, it has been possible to trigger by mechanical stimulus SCSC
transformation in 20a (Fig. 9.16A).83 A small mechanical stimulation (pricking with a
needle) of a single crystal of 20a (form IB) shown in Fig. 9.17E triggered a SCSC
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Fig. 9.16 Mechanochromic luminescent mononuclear gold(I) isocyanide complexes (A, B) showing
mechano-induced CTC- and SCSC-(20a and 20b) phase transition.

transformation leading to a change from blue (IB) to yellow (IIY) luminescence. This red
shift in the emission maximum is attributed to molecular arrangement alteration leading
to transition from C–Hπ (IB form; Fig. 9.17A and C) into intermolecular aurophilic
(3.18 Å) interactions (IIY form; Fig. 9.17B and D).83
In addition, the intriguing mechano- and thermo-induced SCSC phase transition
leading to luminescence change in a structurally similar mononuclear gold(I) isocyanide,
21 (Fig. 9.16B), where the green emissive form having multiple intermolecular aurophilic interactions (AuAu distances ranging from 3.11 to 3.27 Å) was converted into a
weakly blue-emissive phase comprising multiple C–Hπ interactions have also been
reported.84 More recently, Ito and coworkers have also observed that the emission of
the 2C and 2Y1 polymorphs (Fig. 9.1B) can be switched from the visible to the infrared
region (λmax ¼ 900 nm) upon mechanical stimulation.50
There are other gold(I) systems comprising diphosphine ligand that display luminescence and color changes upon mechanical grinding. An interesting example is Osawa’s
conformationally flexible mononuclear cationic gold(I) complex with diphosphine
(dppbz) ligand and tetrafluoroborate anion, 10b (Fig. 9.6D), which displays mechanochromic luminescence and mechanochromism simultaneously as a consequence of
CTA phase transition.65 This 10b system alters its intense blue emission through a
yellow-emitting state to weak yellow-orange and changes its white color to yellow
in response to mechanical grinding. The transition back to the original crystalline phase
can be achieved by exposure to the vapors of dichloromethane, diethyl ether, acetone,
acetonitrile, or tetrahydrofuran.65
Similarly, a mononuclear gold(I)-diphosphine, Au(nixantphos)(SCN) (22; Fig. 9.18),
also shows intriguing dual-response to mechanical stress and simultaneously exhibits
reversible mechanochromism (from white to yellow; Fig. 9.18A) and mechanochromic
luminescence (from blue to red; Fig. 9.18B).85 The mechano-induced CTA phase transition leading to color and luminescence color changes was attributed to a neutral-toionic transformation, wherein the mononuclear structure transformed into a new dinuclear
cationic [Au2(nixantphos)2]2+ structure having intramolecular aurophilic interaction.
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Fig. 9.17 Photographs (A) under ambient and (B) 365 nm UV light of the polymorphic crystals of
20a. Molecular arrangement of 20a in polymorphs with (C) blue (IB) and (D) yellow (IIY) emission.
(E) Pricking-induced SCSC phase transition of IB into IIY. (Reprinted by permission from Macmillan
Publishers Ltd.: Nature Communications (Ito, H.; Muromoto, M.; Kurenuma, S.; Ishizaka, S.;
Kitamura, N.; Sato, H.; Seki, T., Mechanical Stimulation and Solid Seeding Trigger Single-Crystal-toSingle-Crystal Molecular Domino Transformations. Nat. Commun. 2013, 4, 2009; https://doi.org/
10.1038/ncomms3009), copyright (2013).)
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Fig. 9.18 Mechanochromic and mechanochromic luminescent mononuclear Au(nixantphos)SCN
complex. Photographs of 22 before and upon mechanical grinding and subsequent solvent
treatment under: (A) ambient light and (B) 365 nm UV light; luminescent patterns obtained by
(C) MeOH treatment on the surface of amorphous 22 film and (D) pressing down with a spatula on
the surface of crystalline 22 film. ((A–D) Reproduced from Baranyai, P.; Marsi, G.; Jobbágy, C.;
Domján, A.; Oláh, L.; Deák, A., Mechano-Induced Reversible Colour and Luminescence Switching of a
Gold(I)–Diphosphine Complex. Dalton Trans. 2015, 44 (30), 13455–13459, with permission from The
Royal Society of Chemistry.)

Exposure to solvent vapors induced the reverse ATC transition accompanied by a color
(vapochromism; Fig. 9.18A) and a luminescence color (vapochromic luminescence;
Fig. 9.18B) change. As shown in Fig. 9.18C, the vapor-induced ATC can be applied to
the writing of luminescent patterns with a home-made pen using MeOH as ink onto
the surface of the amorphous film of 22 by using a “mta” mask. Moreover, the reverse
CTA transition was used to record the pattern of “ttk” by handwriting on a “paper” of
crystalline 22 using a spatula (Fig. 9.18D).85
Mechanochromic luminescence is not limited to aurophilic interactions as there are
examples where intermolecular ππ stacking interactions also play a role. The blueemissive 6aB solvate (Fig. 9.3) exhibits mechanochromic luminescence in response to
mechanical grinding and subsequent exposure to dichloromethane vapors, reversibly
altering its luminescence from blue to orange-red.56 The red-shift in the emission maximum upon mechanical grinding might be attributed to the enhancement in the ππ
stacking interactions between the aromatic units of the [Au2(xantphos)2]2+ cations.56
A mechano-rewritable data recording device was constructed by using the blue-emissive
6aB solvate, which was deposited on a filter paper (Fig. 9.19A). The chemical symbol
“Au” was written on the paper by mechanical scratching with a spatula (Fig. 9.19B),
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Fig. 9.19 Luminescent patterns obtained under 365 nm UV irradiation of (A) crystalline 6aB deposited
on a filter paper, (B) chemical symbol “Au” was written by scratching the surface with a spatula,
(C) erasing the pattern with dichloromethane vapors, (D) repetition of the writing by scratching
“1R” on the surface with a spatula. (Reproduced from Jobbágy, C.; Molnár, M.; Baranyai, P.;
Hamza, A.; Pálinkás, G.; Deák, A., A Stimuli-Responsive Double-Stranded Digold(I) Helicate.
CrystEngComm 2014, 16 (15), 3192–3202, with permission from The Royal Society of Chemistry.)

subsequently the pattern was erased by dichloromethane vapors (Fig. 9.19C) and finally,
the pattern of “1R” was recorded by writing with a spatula (Fig. 9.19).
Moreover, the anion-exchanged [Au2(xantphos)2](X)2 systems (Fig. 9.3B) with triflate (6b) and tetrafluoroborate (6c) anions (Fig. 9.5) also show reversible luminescence
change from white (6b) or blue (6c) to orange-red in response to mechanical grinding
and subsequent solvent exposure.28
Further research in our group has demonstrated that almost all dinuclear
[Au2(diphos)2](X)2 helicates comprising two diphosphine ligands and diverse anions
(Section 9.2) show reversible mechanochromic luminescence and alter their emission color
in response to mechanical grinding and subsequent exposure to solvent vapors.56, 60, 61
For example, the dinuclear [Au2(nixantphos)2](X)2 complexes (7a–7e; Fig. 9.6A) comprising the nixantphos ligand with hydrogen donor N–H function exhibits striking
multistimuli-responsive behavior. Two of them responded only to mechanical grinding
and subsequent exposure to solvent vapors, and reversibly switched their orange emission
either into dark (7a) or into red (7e).60 It was also demonstrated that the mechano-induced
luminescence changes of all anion-exchanged [Au2(diphos)2](X)2 systems with xantphos
(Fig. 9.3B), nixantphos (Fig. 9.6A) and dpephos (Fig. 9.6B) ligands involve CTA phase
transition. The conformational flexibility of the [Au2(diphos)2]2+ helicates coupled to a
relatively loose molecular packing, facilitated the pressure-induced deformation of the
crystalline state and formation of the amorphous phase with specific emission properties.
The red-shifted luminescence observed upon mechanical grinding has been attributed to
the formation of enhanced ππ interactions and/or reduction in the intramolecular
AuAu distance. Moreover, the solvent vapor-stimulated increased molecular mobility
of [Au2(diphos)2]2+ helicates in the amorphous state allowed the conformational changes
necessary for the reformation of the crystalline order. In fact, however, these cationic
gold(I) systems are phase change materials, which can be reversibly switched by external
stimuli between crystalline and amorphous phases having distinctly different luminescence
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properties.56 These [Au2(diphos)2](X)2 systems also demonstrate that conformational flexibility can be successfully used to effect a phase change that can also induce dramatic
changes in the solid-state optical properties.
In contrast to anisotropic grinding, which attacks the surface layers nonuniformly,
hydrostatic pressure is isotropic,86 and proceeds uniformly in all directions. Hydrostatic
high pressure, however, was used not as frequently as grinding to induce changes in aurophilic interactions leading to luminescence alterations. Reber, Raithby, and coworkers
systematically investigated the relationship between the solid-state luminescence and
intermolecular AuAu interactions in a series of pyrazolate-based gold(I) trimers,
17b–17d (Fig. 9.13).87 Pressure was applied using a diamond anvil cell and high-pressure
single crystal X-ray diffraction studies from ambient pressure up to 7.80 GPa were performed on the single crystals of these trimers. It was found that a red-shift in the emission
caused by the reduction in the shortest intermolecular AuAu contacts can be triggered
not only by increasing pressure but also by decreasing temperature as well as.87

9.3.3 Light-Responsive Luminescent Systems
Light is specific among the broad variety of external stimuli, such as temperature,
mechanical stress, chemical triggers used to generate changes in specific optical properties
of gold(I) systems. Light is particularly unique as it can be applied in a very precise noncontact manner, whereas suitable wavelengths and intensities can also be selected.
Experimental and theoretical studies revealed that light can trigger shortening of both
intra- and intermolecular aurophilic interactions.61 Tuning aurophilic interactions by light
as an external stimulus is a unique and rare aspect of certain stimuli-responsive gold(I) systems. Our group has observed that the anion-exchanged cationic [Au2(dpephos)2](X)2
(8a–8e) complexes (Fig. 9.6B) display light-responsive properties, as they could be
selectively excited by changing the energy of the excitation.61 Utilization of the bridging dpephos ligand that exhibits enough conformational freedom to be able to significantly modify the AuAu distance renders these [Au2(dpephos)2](X)2 systems sensitive
to light as an external trigger. As shown in Fig. 9.20, the crystals of 8a–8e complexes
exhibit excitation-energy-dependent emission and the variation of the excitation wavelength resulted in a marked change in the luminescence colors. Green (8e), greenishyellow (8b–8d), and yellow (8a) emission was observed upon 365 nm excitation
(Fig. 9.20A), which changed into orange (8d and 8e) or red (8a–8c) upon excitation
with 312 nm (Fig. 9.20B).61 In addition, these materials also exhibit reversible
temperature-dependent photoluminescence, as upon cooling to 77 K show either green
(8a, 8c–8e) or yellow (8b) emission (λexcit ¼ 365 nm; Fig. 9.20C), which upon variation
of the excitation wavelength (λexcit ¼ 312 nm; Fig. 9.20D) turned into bright orange
(8e) or red (8a–8d). Such light-responsive gold(I)-based materials can serve as UV
light-sensing luminescent systems.
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Fig. 9.20 Optical images of the anion-exchanged 8a–8e crystals taken under (A) 365 nm and
(B) 312 nm at 298 K and under (C) 365 nm and (D) 312 nm UV lamp illumination at 77 K. (Adapted
from Jobbágy, C.; Baranyai, P.; Marsi, G.; Rácz, B.; Li, L.; Naumov, P.; Deák, A., Novel Gold(I)
Diphosphine-Based Dimers With Aurophilicity Triggered Multistimuli Light-Emitting Properties. J. Mater.
Chem. C 2016, 4 (43), 10253–10264, with permission from The Royal Society of Chemistry.)

In addition to excitation-wavelength-dependent emission, gold(I)-based compounds can also suffer light-induced photoreaction in the solid state that causes luminescence changes. Recently, Ito et al. reported the first photo-induced SCSC-phase
change of a mononuclear gold(I) isocyanide 20c (Fig. 9.16) whose blue emissive
phase transformed into a weakly yellow-emitting phase upon UV light irradiation
(Fig. 9.21B).51 This luminescence switching and red-shift in the emission involves
shortening of the intermolecular AuAu contact from 3.50 to 3.29 Å (Fig. 9.21A). This
photoreaction, however, required intense UV irradiation (367 nm, approx.
100 mW/cm2). The blue-emitting crystals of 20c also exhibit photosalient effect and
jump upon irradiation with strong UV light. 51 Moreover, a similar mechano-induced
CTC-phase change of 20c from the blue-to-yellow luminescent phase was achieved by
ball milling (Fig. 9.21C).88

Stimuli-Responsive Nanosized Supramolecular Gold(I) Complexes

Fig. 9.21 Light-responsive mononuclear gold(I) isocyanide complex. (A) Molecular structure of 20cB
and 20cY complexes, respectively. Photographs of the emission color change of 20cB upon (B) UV
irradiation and (C) ball milling. (Adapted from Sakurada, K.; Seki, T.; Ito, H., Mechanical Path to a
Photogenerated Structure: Ball Milling-Induced Phase Transition of a Gold(I) Complex. CrystEngComm
2016, 18 (38), 7217–7220, with permission from The Royal Society of Chemistry.)

9.3.4 Luminescent Systems Responsive to Chemical Triggers
Vapochromism luminescence is a phenomenon wherein a compound exhibits reversible
emission color changes upon exposure to vapors of volatile organic or inorganic compounds (VOCs and VICs).7 Nevertheless, vapochromism, which refers to reversible
color change in the presence of various VOCs and/or VICs is less frequent among crystalline gold(I) compounds.9 Such systems that show luminescence and/or color change in
response to volatile vapors have also attracted much interest over the years because their
importance in sensing applications.
As discussed in Section 9.3.2, reversibility of mechanochromic luminescence can be
achieved through the exposure of the previously ground material to various VOCs.
However, this transformation of the ground phase, which can be either amorphous or
crystalline, to original crystalline phase is the key process for the appearance of the vapoluminescent response. In general, the metastable amorphous phase can be easily converted to a more stable crystalline phase, whereas CTC-phase transformations induced
by solvent vapors are more unique and special than solvent-induced ATC transformations. As with mechanochromic and mechanochromic luminescent gold(I) systems,
the luminescence alterations induced by VOCs have been proposed to be associated with
structural changes that affect the aurophilic, ππ, and hydrogen bonding interactions.7
Such optical “switches” for the detection of VOCs hold great potential in the development of sensory applications. Due to the potential health hazards posed by exposure to
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certain VOCs, VICs, and gases, their efficient monitoring is a major task in environmental and public safety control.89 Therefore, the design and synthesis of gold(I) compounds
with dynamic behavior that can interact with volatile compounds in a reversible and
switchable way are relevant to the development of a new generation of well-defined
luminescent sensory materials for the detection of vapors or gases.90
9.3.4.1 Materials for VOC Sensing
Several dinuclear gold(I) complexes displaying intramolecular and/or intermolecular
AuAu contacts have been exploited as vapochromic and vapochromic luminescent systems. One example is Eisenberg’s dinuclear gold(I) dithiocarbamate, Au2(R2NCS2)2
with R ¼ C5H11 (23a, Fig. 9.22), which interacts reversibly with VOC vapors that result
in both a dramatic color change and luminescence switch on.89 The solvated bright
orange 23a system exhibits intense deep-red luminescence, while upon drying, the solid
becomes colorless and nonemissive. This nonemissive material exposed to vapors of several VOCs (acetone, MeCN, CH2Cl2, and CHCl3) regains its orange color and luminescence. Crystals of orange, luminescent solvates of 23a are composed of discrete dimers
connected into infinite chain (n ¼ ∞) through short intermolecular AuAu contacts
(2.96 Å in dimethyl sulfoxide solvate; 3.02 Å in acetonitrile solvate). In the colorless,
nonemissive 23a form, the dimers exist as noninteracting units, wherein the shortest
intermolecular AuAu contact is above 8 Å. Even though there is no interaction
between the solvent and Au2(R2NCS2)2 molecules, the formation of intermolecular
AuAu contacts is induced by solvent molecules in these solvates of 23a. These contacts,
however, control the occurrence of vapochromic and vapochromic luminescence in solvates of 23a.89

Fig. 9.22 Vapochromic and vapochromic luminescent dinuclear gold(I) dithiocarbamate complexes
interconnected by intermolecular aurophilic interactions into infinite chain.
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Tzeng and Chao have also exploited the solvatochromic luminescence of a series of
different solvates (MeCN, tert-butylbenzene and H2O, m-xylene) of a dinuclear gold(I)
dithiocarbamate, Au2(RNCS2)2 with R ¼ [18] crown-6 (23b, Fig. 9.22) systems with
short intramolecular AuAu contacts (2.72–2.77 Å).90 In these solvates of 23b, the
dimers form infinite chain (n ¼ ∞) linked through intermolecular aurophilic interactions
(2.83–2.94 Å). Moreover, the emission energies of these solvates increase with the
increasing intermolecular AuAu distance. In contrast to Eisenberg’s solvate systems
of 23a, wherein the solvent-induced intermolecular AuAu contacts played a key role
in the orange color and luminescence, those in solvates of 23b delicately tune the emission energies. These studies illustrate the importance of intermolecular AuAu contacts
in the vapochromic luminescent behavior of gold(I)-based solvate systems, and show that
a strong correlation can exist between AuAu contacts and emission energies.89, 90
Osawa’s conformationally flexible cationic [Au(dppbz)2]+ system with nitrate anion,
10a (Fig. 9.6D), in its powdered form shows vapochromic and vapochromic luminescent
responses to ethanol and methanol vapors, respectively.65 Thus, upon exposure to alcohol vapors, the original blue emission of 10a turns into yellow-orange, and a white to
yellow color change occurred concomitantly. The process is reversible, as upon heating
to 100°C the yellow-orange emission returned to blue, and the yellow color faded to
white.65
Several polymorphs and solvates discussed in Section 9.2 respond to VOCs with
spectacular luminescence change. Exposure to dichloromethane vapor triggered the
conversion of green-emissive polymorphs of 13a and 13b (Fig. 9.8) into the corresponding blue-emissive polymorphs.71 Photographs show the green-emitting crystals
of 13b under ambient light (Fig. 9.23A) and UV irradiation (Fig. 9.23B), as well as, after
blowing dichloromethane vapor across the crystals from the upper left toward the lower
right (Fig. 9.23C) and additional dichloromethane exposure, which entirely converted
the crystals into the blue-emitting polymorph (Fig. 9.23D).71 Interestingly, this vapochromic luminescent response does not involve the uptake of the VOCs; however, the
intermolecular AuAu contacts between the [(RNC)2Au]+ cations were modified
accordingly.
As shown in Fig. 9.24, gentle drying (exposure to air over half an hour) converted the
orange-emitting acetone solvate (5bO) of the conformationally flexible 5b complex
(Fig. 9.3A) into a green-emitting acetone solvate (5bG), which can be converted back
into the 5bO solvate by short exposure to acetone vapor.55 This interconversion
occurred as a vapor-stimulated SCSC phase transition, which involves the modification
of the AuAu distance from 3.39 Å (5bG) to 3.67 Å (5bO).55
Balch’s polymorphic trinuclear cyclic 4 complex (Fig. 9.2) with long-lived yellow
emission exhibits unusual features as its solvent-stimulated luminescence involves bright
burst of light, when the previously irradiated (with long-wavelength ultraviolet light of
366 nm) material comes into contact with an organic solvent.52
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Fig. 9.23 Photographs of crystals of 13b polymorph: (A) under ambient light and (B) under UV
irradiation, (C) after exposure to dichloromethane vapor, and (D) after additional exposure to
dichloromethane vapor under UV irradiation. (Reprinted with permission from Malwitz, M. A.;
Lim, S. H.; White-Morris, R. L.; Pham, D. M.; Olmstead, M. M.; Balch, A. L., Crystallization and
Interconversions of Vapor-Sensitive, Luminescent Polymorphs of [(C6H11NC)2AuI](AsF6) and [(C6H11NC)2
AuI](PF6). J. Am. Chem. Soc. 2012, 134 (26), 10885–10893. Copyright 2012 American Chemical Society.)

9.3.4.2 Materials for Acid/Base Detection
Lee et al. have demonstrated that acid/base vapors can also trigger reversible interconversion between inter- and intramolecular AuAu interactions, which induce luminescence on/off switching in dinuclear Au2(dppp)(BIT)2 (24; Fig. 9.25) having mixed
ligands of dppp (bis(diphenylphosphino)propane) and BIT (2-benzimidazolethiol).91
The blue-emitting 24 displays no intramolecular aurophilic interaction, while forms infinite chain linked through intermolecular aurophilic interaction (AuAu distance is
3.16 Å). Exposure to CF3COOH vapor leads slowly to a loss of luminescence of 24,
which can be reversed by exposure to NEt3 vapor. In contrast to 24, the nonemissive
CF3COOH adduct, Au2(dppp)(BIT)2CF3COOH (24tfa; Fig. 9.25) displays intramolecular AuAu contact (3.13 Å), but lacks significant intermolecular AuAu interaction.
Therefore, dissociation of the intermolecular aurophilic interaction occurred in the presence of bulky VOC molecules. The luminescence on/off switching of this gold(I) system
can be triggered by acid/base vapors and operates via reversible interconversion between
inter- and intramolecular aurophilic interactions.91
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Fig. 9.24 Photographs of crystals of 5bO polymorph under (A) ambient light and (B) under UV
irradiation. The green-emissive 5bG crystals were obtained after the crystals of 5bO are briefly
allowed to stand in air as shown in (D) and (C) exposure of green-emissive 5bG crystals to acetone
vapor restores the orange emission. (Reproduced from Lim, S. H.; Olmstead, M. M.; Balch, A. L.,
Inorganic Topochemistry. Vapor-Induced Solid State Transformations of Luminescent, Three-Coordinate
Gold(I) Complexes. Chem. Sci. 2013, 4 (1), 311–318, with permission from The Royal Society of Chemistry.)

9.3.4.3 Materials for NH3 Sensing
Leznoff and coworkers reported the [PipH]2[Au2(i-mnt)2] (25; i-mnt ¼ (CN)2C¼CS2–
2 ;
PipH ¼ piperidinium, Fig. 9.26) complex that exhibits vapochromic (Fig. 9.26A) and vapochromic luminescent (Fig. 9.26B) response to ammonia.92 The dinuclear [Au2(i-mnt)2]2
units with short intramolecular AuAu distance of 2.78 Å are interconnected into infinite
aurophilic chains through intermolecular AuAu contact of 2.91Å. As shown in
Fig. 9.26A and B, complex 25 exhibits both color and luminescence changes from red
to yellow upon exposure to NH3 vapor, and forms the [PipH]2[Au2(i-mnt)2](NH3)2(H2O)
(25NH3) complex. The luminescence color change from red to yellow in response to NH3
exposure is likely attributable to an increase in the AuAu distance coupled with hydrogen
bonding network modifications.92
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Fig. 9.25 Luminescence on-off switching of 24 through reversible interconversion between inter- and
intramolecular aurophilic interactions triggered by acid/base vapors.

Fig. 9.26 Vapochromic and vapochromic luminescent dinuclear gold(I) dithiolate salt. Powders of 25
(left) and 25NH3 (right) at room temperature in (A) ambient light and (B) illuminated by a long
wavelength UV-lamp. ((A) and (B) Reproduced from Roberts, R. J.; Le, D.; Leznoff, D. B., Controlling
Intermolecular Aurophilicity in Emissive Dinuclear Au(I) Materials and Their Luminescent Response to
Ammonia Vapour. Chem. Commun. 2015, 51 (76), 14299–14302, with permission from The Royal
Society of Chemistry.)
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9.3.4.4 Materials for Metal Ion Sensing
One example from our group illustrates the potential of gold(I) systems in metal ion sensing. The trinuclear [Au3(xantphos0 )2](NO3) (26; xantphos0 ¼ o-C6H4PPh(C15H10O)
PPh2; Fig. 9.27) system not only shows AIE (Fig. 9.27B) but it also changes its luminescence in response to metal ions (Fig. 9.27A).93 As shown in Fig. 9.27A, the sky-blue
emission of 26 was completely quenched with Hg2+, while Co2+ and Cu2+ ions significantly quenched its luminescence. Moreover, in the presence of Ag+ ions, its sky-blue
luminescence changed into a strong greenish-yellow emission. This gold(I) system holds
great potential in the development of sensitive and selective luminescence sensors for
detecting Ag+ ions.93

9.3.5 Multiple-Stimuli Responsive Luminescent Systems
The luminescent systems described in the previous four sections mostly respond to a
single stimulus. Multistimuli-responsive luminescent gold(I) systems are rare since their
design is often difficult and their multistimuli-responsive properties are discovered
serendipitously.
We have demonstrated that the dinuclear [Au2(diphos)2](X)2 complexes (Fig. 9.6A
and B) supported by the structural flexibility of the diphos ligand can be highly sensitive
to multiple external stimuli, such as temperature, mechanical grinding, light or exposure
to solvent vapors.60, 61 The crystals of [Au2(nixantphos)2](X)2 systems (Fig. 9.6A) with
trifluoroacetate (7b) and dicyanoaurate (7d) described in Section 9.2 exhibit reversible
thermochromic luminescence (Fig. 9.28A and B), with strong orange emission at room
temperature, while upon cooling at 77 K they display strong yellow emission. The initial

Fig. 9.27 Cyclic trinuclear gold(I) complex based on a xantphos derivative showing (A) luminescence
switching triggered by metal ions and (B) aggregation-induced emission in methanol-water mixtures
with different water fractions. Photographs were taken under 365 nm UV irradiation. (Adapted
from Jobbágy, C.; Baranyai, P.; Szabó, P.; Holczbauer, T.; Rácz, B.; Li, L.; Naumov, P.; Deák, A.,
Unexpected Formation of a Fused Double Cycle Trinuclear Gold(I) Complex Supported by Ortho-Phenyl
Metallated Aryl-Diphosphine Ligands and Strong Aurophilic Interactions. Dalton Trans. 2016, 45 (31),
12569–12575, with permission from The Royal Society of Chemistry.)
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Fig. 9.28 Multistimuli-responsive luminescence of anion-exchanged dinuclear [Au2(nixantphos)2](X)2
complexes. Thermochromic luminescence of (A) 7b and (B) 7d crystals. Vapochromic luminescence of
(C) 7c and (D) 7d. Mechanochromic luminescence of (E) 7b and (F) 7c. Photographs were taken under
365 nm UV illumination. (Reproduced with permission from Deák, A.; Jobbágy, C.; Marsi, G.; Molnár, M.;
Szakács, Z.; Baranyai, P., Anion-, Solvent-, Temperature-, and Mechano-Responsive Photoluminescence in
Gold(I) Diphosphine-Based Dimers. Chem. Eur. J. 2015, 21 (32), 11495–11508. Copyright 2015 Wiley-VCH.)

orange emission recovered upon warming to room temperature. Crystals of 7c and 7d
show vapochromic luminescence (Fig. 9.28C and D) in response to exposure to several
volatile organic solvents (acetone, dichloromethane, or acetonitrile) and alter their emission color either from yellow to orange (7c) or from orange to yellow (7d). Moreover,
all these above-mentioned complexes also exhibit reversible mechanochromic luminescence, as their emission can be switched from red (7b) to dark (Fig. 9.28E), as well as
between yellow (7c; Fig. 9.28F) or orange (7d) to red by mechanical grinding and subsequent exposure to dichloromethane vapors. The conformational flexibility of the
[Au2(nixantphos)2]2+ core in conjunction with the stimuli responsivity of the N–H
(cation)X (anion) hydrogen bonds led to molecular packing alterations with an apparent luminescence switching. Spectroscopic measurements indicated that the N–HX
interactions acting between [Au2(nixantphos)2]2+ cations and X anions played a key
role in the multistimuli-responsive luminescent behavior of these materials.60
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The anion-exchanged [Au2(dpephos)2](X)2 systems (8a–8e; Fig. 9.6B) having more
flexible, less strained dpephos ligand could incorporate intramolecular AuAu contact
(>2.8 Å) longer than those observed in the xantphos- and nixantphos-based structures.61
Being supported by the structural flexibility of the dinuclear [Au2(dpephos)2]2+ core,
however, the intramolecular AuAu interaction could be more sensitive to specific
external stimuli than those in xantphos- and nixantphos-based structures. As described
in Section 9.3.3, all these anion-exchanged systems show excitation-energy-dependent
luminescence at room temperature (Fig. 9.20).
Moreover, as shown in Fig. 9.29A–D the 8b–8e complexes exhibit reversible
mechanochromic luminescence, as their green (8e) or greenish-yellow (8b–8d) emission
changed to red under the effect of external mechanical stimuli and reverts to the original
emission upon exposure to solvent vapors. Conversely, the red emission obtained after
mechanical grinding of the yellow-emitting crystals of 8aY changed into a novel reddishorange luminescence (8aO) upon subsequent solvent vapor fuming (Fig. 9.29E). As a
consequence of high conformational flexibility, the cationic [Au2(dpephos)2]2+ core displays different intramolecular AuAu distance in 8aY solvate with yellow emission
(3.61 Å; Fig. 9.29F and G) and 8aO solvate with reddish-orange emission (3.24 Å;
Fig. 9.29F and H). Thus, a shortening in the intramolecular AuAu distance by only
0.37 Å, which leads to the formation of aurophilic interaction, is sufficient to induce significant red-shift in the emission maximum of 8a.61
A mononuclear gold(I) isocyanide with carbazole-skeleton (27a, Fig. 9.30) reported
by Liu and coworkers shows dual-responsive heating-induced thermochromic luminescence.94 When melted, it displays yellow emission, which subsequently converted into
green luminescence upon cooling to room temperature. Exposure of green-emitting
material to dichloromethane vapors, however, restored the original white emission.
On exposure to several VOCs including benzene, pyridine, acetone, toluene, acetonitrile, diethyl ether, etc. the bright green luminescence of thin films of amorphous 27a
converted to a yellow emission. Moreover, this system also shows reversible mechanochromic luminescence, and the mechanical grinding triggered a CTA-phase change leading to a white to green emission switching. Fuming with dichloromethane vapors
restored the white-emitting crystalline phase.94
Ito’s blue-emitting dinuclear gold(I) isocyanide (19b, Fig. 9.15) displays intriguing
thermochromic and mechanochromic luminescence.95 It forms an orange-emitting viscous liquid when melted at 80.6°C, which upon cooling to room temperature produces
another yellow-emitting viscous liquid that rapidly crystallizes as a green-emitting solid.
Furthermore, 19b also displays a multistep crystalline-to-amorphous-to-crystalline phase
transition and undergoes a mechano-induced CTC phase transition from blue to green
through the transient, short-lived yellow-emitting amorphous phase. Both blue- and
green-emitting crystalline phases display aurophilic interactions with short AuAu distance of 3.40 and 3.25 Å, respectively.95
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Fig. 9.29 (A–E) Mechanochromic luminescence of anion-exchanged dinuclear [Au2(dpephos)2](X)2
(8a–8e). Crystals of (F) 8aY and (G) 8aO under 365 nm UV irradiation. Molecular structures of (G) 8aY
and (H) 8aO forms. (Adapted from Jobbágy, C.; Baranyai, P.; Marsi, G.; Rácz, B.; Li, L.; Naumov, P.; Deák, A.,
Novel Gold(I) Diphosphine-Based Dimers With Aurophilicity Triggered Multistimuli Light-Emitting Properties.
J. Mater. Chem. C 2016, 4 (43), 10253–10264, with permission from The Royal Society of Chemistry.)

As discussed in Section 9.2.1, the dinuclear gold(I) isocyanide 3 (Fig. 9.1) has several
solvates and polymorphs with different luminescent properties.51 Moreover, these forms
exhibit reversible interconversion in response to temperature, mechanical stress as well as
chemical stimulus. The green emissive solvate (3G) displays stepwise emission color
change to yellow (3Y) and then to orange (3O), and crystalline-to-crystalline-toamorphous phase changes occurred upon ball milling. The mechano-induced 3G to
3Y transformation is a CTC-phase conversion with the solvent release. The emission
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Fig. 9.30 Gold(I) isocyanide complexes showing polymorphism and multistimuli-responsive
luminescence.

color of 3Y and 3O nonsolvated forms rapidly turns blue (3B) upon soaking the powdered samples in acetone. A part of the incorporated acetone molecules was removed
from 3B solvate by air drying, which yielded the 3G solvate.51

9.3.6 Aggregation-Induced Emission-Active Systems
The intriguing phenomenon of AIE was firstly reported and widely investigated by Tang
and coworkers.8 The AIE-active materials are usually nonluminescent or weakly emitting in solution, but become highly emissive in solid state due to AIE. Propeller-shaped
organic molecules typically exhibit AIE activity, as the intramolecular rotation of their
multiple phenyl rotors is restricted in the aggregate state.8, 96 The AIE is opposite to
well-known aggregation-caused quenching (ACQ), when solution-state emissive molecules lost their luminescence due to the aggregation, which behavior significantly
restricted their applications in optical devices. A typical AIE luminogen is nonluminescent when it dissolved in a good solvent, but emits brightly when its molecules are aggregated in a poor solvent.8, 96 In a typical experiment, a non-solvent causing aggregation is
added to dilute nonemissive solution of a luminogen molecule, which in the case of AIE
activity leads to luminescence turn on.8, 96 Moreover, different aggregation morphologies (crystalline and amorphous states) with diverse emission characteristics may form
in mixtures of solvents with various non-solvent contents. It should be mentioned that
many mechanochromic luminescent materials also display AIE.2 Recently, AIE-active
materials based on gold(I) complexes have been discovered, and some of them exhibit
intriguing stimuli-responsive behavior.
Our group has reported the first metallosupramolecular system that can exhibit
diverse AIE colors that cover the whole visible spectral region.56 The dinuclear 6aB
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Fig. 9.31 Aggregation-induced emission of 6aB in dichloromethane-diethylether mixtures with
different diethylether fractions. Photographs were taken under 365 nm UV illumination. (Adapted
from Jobbágy, C.; Molnár, M.; Baranyai, P.; Hamza, A.; Pálinkás, G.; Deák, A., A Stimuli-Responsive
Double-Stranded Digold(I) Helicate. CrystEngComm 2014, 16 (15), 3192–3202, with permission from
The Royal Society of Chemistry.)

(Fig. 9.3B), which is practically nonluminescent in dichloromethane solution due to its
conformational dynamism displays different emission colors in dichloromethanediethyl ether mixtures (Fig. 9.31). A royal blue emission turned on when the diethyl
ether content increased to 60% and this form was uniquely present even at 70% diethyl
ether fraction. Bluish-green-emitting species likewise were obtained in the mixture
with 80% diethyl ether content. Nevertheless, all three crystalline phases with blue,
bluish-green, and yellow emission (Fig. 9.4B) were present at 90% diethyl ether content. Amorphous aggregates with red emission were formed beside a small amount of
royal blue-emitting assemblies when the diethyl ether fraction was increased to 99.5%.
As discussed in Section 9.3.2, this system also exhibits reversible mechanochromic
luminescence.
Liu and coworkers have developed a series of mononuclear and dinuclear
isocyanobenzene-based gold(I) systems that exhibit AIE activity and stimuli-responsive
behavior.97–99 Mononuclear 27b (Fig. 9.30) shows AIE with blue and yellow-green
emission attributed to the formation of different nanoaggregates with different molecular packing and intermolecular aurophilic interactions.97 The strong yellow emission
of fluorene-based 28a–28c systems (Fig. 9.32A) has also been attributed to the formation of nanoaggregates and the generation of intermolecular aurophilic interactions.98
In addition, the emission of 27b can be reversibly switched between blue and yellowgreen by heating-cooling cycles,97 while 28a displays reversible mechanochromic
luminescence altering its emission between green and faint yellow through CTAj ATC
phase transitions.98
A series of U-shaped dinuclear 29a–29c systems (Fig. 9.32B), which differ only in the
ether bridge linking the two identical arms, exhibit AIE and reversible mechanochromic
luminescence.99 Depending on the non-solvent content, yellow and yellowish-greenemitting aggregates were formed. In addition to AIE, the luminescence of 29a–29c
can be reversibly switched between dark and bright green by mechanical stimulus and
subsequent solvent treatment or heating cycles.99
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Fig. 9.32 Gold(I) isocyanide complexes (A, B) showing aggregation-induced emission.

Xie and coworkers demonstrated that nonluminescent conventional gold(I) thiolate
nanoclusters, Aun(SR)m (30), can generate very strong luminescence upon aggregation to
Au(0)@Au(I)-thiolate nanoparticles with color and intensity of the luminescence dependent on the degree of aggregation (Fig. 9.33).100 When the ethanol fraction increased to
75%, the solution of gold(I) thiolate nanoclusters turned cloudy with a very weak red
emission (Fig. 9.33) due to the formation of aggregates. Well-dispersed colloids of denser
and smaller aggregates were formed when the ethanol fraction increased to 95%, and a
very strong yellow emission turned on (Fig. 9.33). Moreover, it was established that a
greater degree of aggregation resulted in stronger intra- and intermolecular AuAu
interactions and this enhanced the luminescence intensity of the aggregates due to the
restrictions on the intramolecular vibrations and rotations.100 Hence, more intense yellow luminescence was generated from denser aggregates because of their stronger aurophilic interactions and more restrained molecular vibrations. It appears, however,
that with the increase in aggregation degree, intermolecular aurophilic interactions predominated over intramolecular ones, and longer intermolecular AuAu contacts led to a
higher emission energy (shorter emission wavelength) of the aggregates. Subsequently,
the controlled aggregation of the gold(I) thiolates on in situ generated Au(0) cores
was used to the development of highly luminescent thiolate-protected gold nanoclusters
with a high quantum yield of 15%.100
Such AIE luminogens have great potential in the development of wide range of practical applications including chemical sensing, biological probes, optoelectronic devices,
and stimuli-responsive systems.8, 96
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Fig. 9.33 Aggregation-induced emission of oligomeric gold(I)-thiolate complexes in water-ethanol
mixtures with different ethanol fractions and synthetic route to highly luminescent Au(0)@Au(I)thiolate nanoclusters exhibiting aggregation-induced emission. (Reprinted with permission from
Luo, Z.; Yuan, X.; Yu, Y.; Zhang, Q.; Leong, D. T.; Lee, J. Y.; Xie, J., From Aggregation-Induced Emission
of Au(I)–Thiolate Complexes to Ultrabright Au(0)@Au(I)–Thiolate Core–Shell Nanoclusters. J. Am.
Chem. Soc. 2012, 134 (40), 16662–16670. Copyright 2012 American Chemical Society.)

9.4 Conclusions and Outlook
This chapter discussed some examples of stimuli-responsive supramolecular gold(I) complexes that exhibit specific optical (color and luminescence) responses to environmental
stimuli. These gold(I) systems shown here, demonstrate that chemists are beginning to
master the design and control of stimuli-responsive behavior. As is evident from these
examples, supramolecular gold(I) complexes are often much more dynamic than
believed, as diverse external physical and chemical stimuli can induce their structural
rearrangement in a well-concerted fashion. Moreover, the stimuli-induced photophysical changes are related to variations in molecular structure and/or molecular arrangements mediated by noncovalent interactions. As discussed in this chapter, phase
transitions are also important in the stimuli-responsive behavior of these systems, since
they can induce dynamic changes in the molecular structures and/or molecular arrangements, which may lead to changes in the photophysical characteristics. The understanding and the ability to control the molecular conformation, molecular packing, and the
consequent intermolecular interactions are still very important for the development of
functional materials. Several design approaches based on conformational flexibility and
molecular arrangements governed by noncovalent interactions to create stimuliresponsive gold(I)-based systems have been described in Section 9.2. However, because
the origin of the stimuli-responsive behavior often varies greatly from one system to
another, it is difficult to establish more general design strategies to create new dynamic
functional materials that specifically change their photophysical properties in response to
external stimuli. Further in-depth understanding of the relationship between molecular
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structure, molecular arrangement, and switchable optical properties will contribute to the
construction of multistimuli-responsive supramolecular gold(I) complexes. Stimuliresponsive functional materials that respond to thermal, mechanical, optical, electrical,
and chemical stimuli have recently attracted considerable interest as smart materials with
potential for various applications including sensors, memories, molecular switches, data
storage, displays, security inks, and separation technologies.
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10.1 Introduction
Self-healing, a survival kit, is found in various aspects of wildlife including vertebrates,1,2
invertebrates3–5 (e.g., mussel and sandcastle worm), and plants.6–8 Interestingly, the
wound-healing ability is also found in other complex forms such as human or animal
sense systems such as nose for odors, tongue for tastes, or skin for pressure, temperature,
and location, etc.9 The benefits of self-healing in biological sensing systems are not only
in maintaining the long-term use of the senses but also contributing to reliability, working continuity and safety, durability, nonrepairable capability, and autonomy, of the
same object.
It is interesting that the first human-made self-healing material was found in the
ancient Roman buildings nearly 2000 years ago.10 This material consists of calciumaluminum-silicate-hydrate cementing binder, stacked str€atlingite crystals, calciumaluminosilicate mineral in the appropriate amount that reinforces interfacial zones, and
a cementitious matrix. The trick herein is the in situ crystallization and intergrowth of
str€atlingite toward crack healing. This process involves the autogenous reaction of dissolved calcite from lime and the alkali-rich natural sources. Following this finding, several
researches had tried to replicate self-healing ability on concretes and their composites using
different approaches such as the formation of mineral products inside the cracks through
hydration11–13 or the reaction between bacterial spores and calcium lactate,14,15 filling the
cracks with polymers released from the capsules,16 etc.17
The concept of healing is also applied to some metallic materials but requires external
stimuli due to a high melting point of metals.18–21 Thus, metallic materials cannot be
defined as self-healing materials. Therefore, one should differentiate between materials
that are healing (triggered by electrical or thermal) and self-healing (trigger free at ambient
conditions without need for external stimuli). Between them, self-healing materials are
more attractive because of the advantages such as automation and avoidance of damage
caused by an external trigger. The polymeric materials benefit greatly from the later
Nanomaterials Design for Sensing Applications
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advantage of self-healing due to their soft and delicate nature compared to inorganic and
metallic materials. Thus self-healing materials are largely dominated by polymers.22,23
They are divided into two groups based on the approaches for self-healing, that is, extrinsic (Section 10.1.1) and intrinsic (Section 10.1.2) self-healing.

10.1.1 Extrinsic Self-Healing Polymers
One of the first self-healing polymers was synthesized 15 years ago by dispersing the catalyst and monomer contained capsules in the polymer matrix, and therefore, so-called
capsule-based self-healing polymers.24–26 On damage, these capsules are ruptured letting
the monomers released and mixed with catalysts toward processing the self-healing of
the polymers through, for instances, ring-opening metathesis or urea-formaldehyde
polymerization. However, this kind of self-healing material, the single-time self-healing
material, suffered a major setback, that is, if the damage happens again at the healed location, the self-healing will fail due to the lack of monomer unit. This lead to the second
development for self-healing materials in which the capsules were replaced by vessels to
store monomers and catalysts. They are called vascular-based self-healing polymers.27
Different from capsule-based self-healing polymers, these materials can heal for multitimes at the same location on damage because of the abundance of self-healing agents
stored in the vessels. A recent advancement in vascular-based polymers could repair a
round puncture of up to 11.2 mm in diameter (98 mm2).28 Both the capsule- and
vascular-based self-healing materials are categorized as extrinsic self-healing materials
because the polymers without capsule/vascular fillers are unhealable.

10.1.2 Intrinsic Self-Healing Polymers
At the same time, the intrinsic self-healing polymers were also developed independently.29
These polymers could heal themselves using the intermolecular interactions between the
functional groups (Fig. 10.1) as well as dynamics of the polymer chains (which often
correlates to the glass transition temperature Tg of polymer) instead of self-healing
agents.30–35 They seem to be more attractive than the extrinsic ones because of diverse
synthetic routes for functionalizing polymers, multitime healing (with the help of reversibility of bonds), and fast healing (due to diffusion factor that applied for self-healing
agents in capsules and vessels is excluded). Photographs in Fig. 10.1 illustrates the high
mechanical performance of an intrinsic self-healing polymer under a severe cut, that is,
the healed polymer recovers >95% stress from the pristine sample.36
It is noteworthy that “self-healing” property is a new technology of bioinspired
devices. These applications in recent years are heading toward flexible and wearable technologies37–41 where polymeric materials are dominated due to their core flexibility,
stretchability, biocompatibility, lightweight, softness, etc. Therefore, their applications
are stretching from healthcare to environmental sciences using different sensing platforms
(electronic skin—e-skin, electronic nose—e-nose, and electronic tongue—e-tongue) or
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Fig. 10.1 Examples of different chemistries used in intrinsic self-healing polymers30–32 and an photographic illustration of a self-healing polymer
based on hydrogen and reversible disulfide bonds at (1) before, (2) during, (3) and after cutting, then (4) reconnect for 2 h, and finally testing at (5)
low and (6) high strain. (Reproduced with permission from Burnworth, M.; Tang, L.; Kumpfer, J. R.; Duncan, A. J.; Beyer, F. L.; Fiore, G. L.; Rowan, S. J.;
Weder, C. Optically Healable Supramolecular Polymers. Nature 2011, 472, 334. Vaiyapuri, R.; Greenland, B. W.; Colquhoun, H. M.; Elliott, J. M.; Hayes, W.
Molecular Recognition Between Functionalized Gold Nanoparticles and Healable, Supramolecular Polymer Blends—A Route to Property Enhancement.
Polym. Chem. 2013, 4, 4902. Rekondo, A.; Martin, R.; Luzuriaga, A. R. d.; Cabanero, G.; Grande, H. J.; Odriozola, I. Catalyst-Free Room-Temperature SelfHealing Elastomers Based on Aromatic Disulfide Metathesis. Mater. Horiz. 2014, 1, 237. Copyright 2013 and 2014 RSC Publishing and 2011 Springer
Nature.)
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a combination of all. This report is the state-of-the-art update focusing on the key chemistry of self-healing polymers and their composites as well as the fabrication methodologies in order to integrate these materials into different sensing platforms (chemiresistors,
field-effect transistors, electrochemical sensors, etc.). Furthermore, strong and weak
points in the development of each platform were sharply highlighted and criticized.
Toward the evaluation, several ideas for improvement of self-healing sensing platforms
were conducted.

10.2 Self-Healing Materials for Analyte Sensing
In the previous section, we had made an overview of different self-healing polymers and
composites, some specific requirements for these materials are however needed for the
application in analyte sensing. First, these materials are capable of recognizing target analytes using their functional groups that can be the same or different from those responsible
for self-healing ability. Second, self-healing materials must well adhere to the surface of
the transducer. This is important for sensors operated under liquid and flow conditions
that cause failure of the active layers.42 The last but not the least is the ability to transduce
recognition converting of chemical signals to physical ones. This requires additional
properties of the self-healing polymers such as color, fluorescence, electric conductivity,
or electrochemical property. Based on the mentioned features, the self-healing materials
for analyte sensing will be divided into two big groups containing (2.1) analyteresponsive polymers and (2.2) analyte-responsive composites.

10.2.1 Analyte-Responsive Polymers
As the simplest use for analyte sensing, self-healing polymers should play triple tasks, that
is, as self-healing and analyte recognition as well as signal transduction. This work often
requires functionalization of the polymer at the nanoscale with the chemical groups being
able to perform these tasks. The commonly used functional groups employed in selfhealing polymers are: pyridyl-dithiadiazoles,43 N-(4-picolyl)-1,8-naphthalimide,44 or
sulfonate group.45
Aromatic rings of the first two groups are attributed to self-healing through π-π
interaction,32,46,47 while pyridine moiety (a good proton acceptor48) demonstrates its
potential as a chemical sensor for detecting acidic analytes—proton donors. The first
two functionalized polymers43,44 could be easily transformed into self-healing organogels
when they are mixed with nonpolar solvents such as decane, cyclohexane, or hexane.
The self-healing is partially contributed by the affinity of the long alkyl chain43 or
cholesterol44 with nonpolar solvents decreasing transition temperature Tg of the organogel. Self-healing of the gels are reversible and fast (<3 min), however, the gels are
soft and break at low strain (<100%). Yet somehow, they exhibit fluorescent emission
in a different wavelength, that is, their fluorescence spectra are tunable; for examples,
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pyridyl-dithiadiazole-functionalized organogels exhibits blue emission,43 while N-(4picolyl)-1,8-naphthalimide organogels are solvent-dependent fluorescent emission, that
is, green emission for cycloalkanes and yellow emission for alkanes.44 Quenching of fluorescence on exposure to volatile acids, for example, trifluoroacetic acid (TFA), HCl, or
2,4,6-trinitrophenol (TNP or picric acid), were used as signal transduction and the mechanism is believed to be the interaction between pyridyl group of organogel and acid
group of the analytes. Advantageously, the organogel-based sensing is reversible, that
is, proton-bounded organogel can be neutralized by triethyl amine back to its highly
fluorescent form. However, its limit of detection (LOD) to analytes is low, for example,
10 μM for TNP. Additionally, the sensor took an hour to respond to acidic gas due to the
gels in bulk.
The hydrophilic sulfonate group of poly(2-acrylamido-2-methyl-1-propanesulfonic
acid) PAMPSA also provided self-healing ability through the coordination with lanthanide (Eu and Tb) ions.45 The resulted hydrogel is self-healing and luminescent
(Fig. 10.2). However, it has a low healing efficiency. Apparently, the elongation at break
of the healed sample could only recover 29% that of the pristine sample as a result of low
reversibility of lanthanide-sulfonate coordination at neutral pH. To be used as a luminescent sensor for HCl detection, the hydrogels require activation with basic NH3 vapor to
build up the coordination complexes between lanthanide ions and sulfonate groups of
PMAPSA so that Eu and Tb complexes would emit red and green luminescence, respectively (Fig. 10.2B). As expected, the luminescence signal quenched once the hydrogels
were exposed to HCl gas. Due to the chemical similarity of self-healing polymers based
on Eu and Tb complexes, they surprisingly demonstrate self-healing to each other
(Fig. 10.2B, bottom image).

Fig. 10.2 (A) Fabrication process and (B) luminescence of the NH3-doped self-healing lanthanidePAMPSA hydrogels at λexcitation ¼ 365 nm. (Reproduced with permission from Yao, Y.; Wang, Y.; Li, Z.;
Li, H. Reversible On Off Luminescence Switching in Self-Healable Hydrogels. Langmuir 2015, 31,
12736. Copyright 2015 ACS Publications.)
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The above gel-based sensors contain several drawbacks including low sensitivity, the
requirement of a fluorescence detector, UV trigger, etc. that together with the high cost
limit their practical applications. Therefore, thin-film and more convenient sensors made
of self-healing polymers would be more demanding. In one example, the self-healing
polymer based on a poly(2-hydroxypropyl methacrylate)/poly(ethyleneimine)
(PHPMA/PEI) blend was used as the dielectric (insulator) layer of a printable and flexible
organic field-effect transistor (OFET).49 This layer requires single-component chemistry
prepared from the solution using the low-cost and environmentally friendly solvent (ethanol). Additionally, the film operates at low-voltage and importantly its high polarity
allowing NH3 diffuse easily to interface between the dielectric layer and the semiconductor poly(3-hexylthiophene) (P3HT), leading to a higher change of drain current. As a
result, the OFET could sense NH3 up to 0.5 ppm. Additionally, hydrogen bonding
between functional groups on the polymer chains of PHPMA and PEI resulted in
self-healing of the polymer blend. PEI polymer additives with PHPMA also reduce
the Tg of the blend, that is, polymer chains become dynamic, which is an efficient
way of inducing hydrogen bond formation at room temperature. The film of
PHPMA/PEI (1:1, w:w) blend had an excellent self-healing ability when tested under
the scratch of 10–11 μm thickness and followed by 10-min heating at 50°C. As a result,
the healed OFET device showed superior transistor behavior at a low gate voltage, while
the mobility and drain current recovered to near the original values after healing at room
temperature in air for 10 h. The limitation of this development is the fact that despite the
dielectric PHPMA/PEI layer is self-healing, the semiconducting P3HT layer is unhealable; therefore this research as a proof-of-concept of a partly self-healing sensor.
Self-healing process could also play as ON-OFF switching in the example of a pair of
glucose-oxidase (GOx) functionalized gelatin and gelatin.50 Self-healing included physical (e.g., triple helix formation) and chemical (e.g., Schiff base formation) bonds between
GOx/gelatin and gelatin; and these bonds break and reform at 37°C and 22°C, respectively. This temperature-dependent process was used to regulate the ON-OFF state of
the glucose biosensor. The ON state is when two electrodes are separated to allow GOx
sensing glucose in solution at LOD of as low as 0.2 mM. There are three benefits of this
approach, that is, the sensor is autonomous, self-healing occurs at low (<22°C) temperatures (high operating temperature is a common limitation of most self-healing materials),
and the self-healing is highly reversible. Additionally, because these gelatin-based materials swelled and de-swelled reversibly, they manifest the potential as volume actuator for
humidity sensing.51,52 Unfortunately, similar to the partially self-healing OFET discussed
above, the active layer GOx/gelatin is unhealable, that is, the biosensor will fail if damage
occurs at GOx/gelatin electrode instead of the healing interface of GOx/gelatin and
gelatin.
The research on the pristine self-healing polymers as the bulky sensing materials
(organogels and hydrogels) or a part of the sensing devices (dielectric layer or electrode
interface) contain several shortcomings including low sensitivity to the analyte or
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unhealable sensing layer. To deal with these drawbacks, self-healing composites made of
self-healing polymers and functional fillers appeared as saviors.

10.2.2 Analyte-Responsive Composites
Toward broadening the use of self-healing materials in sensing devices, structural modification of self-healing polymers with nanostructured materials including carbon-based
nanomaterials, metallic nanoparticles, or even electroactive species was done to attain
new composites with self-healing ability.53–56 They provide diverse possibilities of signal
transductions from their intrinsically electric, electronic, or electrochemical properties.
Therefore, a number of different sensing devices has been developed from appropriate
composites.
An organogel composite was simply prepared by mixing copolymer of
N-isopropylacrylamide and dopamine methacrylate with reduced graphene oxide
(rGO) in dimethylformamide (DMF).57,58 The dopamine contains catechol group providing diverse chemistry including reversible boron-dicatechol complexation.59 This
chemistry, together with hydrogen bonds between amides, is the key of self-healing ability of the organogel and its composite. The rGO herein reinforced (up to one order of
magnitude) stiffness of the organogel in normal humidity condition. From rheology data,
the rGO-organogel composite could sustain up to 300% strain and recovery time is
20 min. Due to the reversibility and pH-responsive catechol chemistry, the complex
formation only appears at pH >7.5. This composite was demonstrated as a primitive
sensor for HCl gas, that is, on exposure to HCl (unreported concentration), the composite was degelated due to the break of boron-dicatechol bonds.
Carbon nanotube (CNT) is a favorite among the materials that chemists utilize by
introducing into polymer composites due to its unique properties, for example, high
electron conductivity,60 well-developed routes of functionalization,61,62 and low percolation threshold of CNT-based composites.63 Like others, the self-healing polymers
could also incorporate CNT to form a conductive composite (60 S cm1) toward
the fabrication of a humidity sensor.64 The composite was constructed by the
bottom-up approach. First, pyrene-modified β-cyclodextrin (β-CD) is attached to the
surface of CNT by π-π stacking65,66 (step 1, Fig. 10.3). Second, a self-healing conductive
composite was built using inclusion (or host-guest) chemistry of 2-hydroxyethyl methacrylate (HEMA) and β-CD (step 2, Fig. 10.3). Inclusion chemistry is a complex formation between a cavity of the “host” compound and molecule of the “guest” compound.67
This host-guest interaction is also effective under water because of its hydrophobicity.
Finally, the self-healing composite was cross-linked through polymerization in the presence of ethylene glycol dimethacrylate (step 3, Fig. 10.3). The main drawback of this
composite is that its percolation threshold (7–11 wt%) is quite high, causing an increase
in Tg of the composite. As a result, the material becomes stiffer, making self-healing inefficient because of restricted movement of the polymer chains.
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Fig. 10.3 Schematic preparation of the conductive self-healing composite, PHEMA-CNT-(β-CD),64
using inclusion chemistry between β-CD and HEMA. (Reproduced with permission from Huynh, T.-P.;
Sonar, P.; Haick, H. Advanced Materials for Use in Soft Self-Healing Devices. Adv. Mater. 2017, https://
doi.org/10.1002/adma.201604973. Copyright 2015 WILEY-VCH.)

Not only dispersing of CNT into polymer matrix but also layer-by-layer (LBL)
method was used to construct self-healing CNT/polymer composites. This approach
includes deposition of a thin film of CNT onto a substrate of self-healing polymer, thus
self-healing of CNT film is “induced” by self-healing polymers.68 When the broken parts
are brought back into contact, hydrogen bonds are formed between the two sections of
the fiber of the self-healing polymer69 to reunite them. Meanwhile, the aligned CNTs
between the two cross sections are brought to each other by van der Waals (vdW)
forces70 during the self-healing process of the fiber. Although vdW forces are weak, their
collective effect within a density range of 1010–1011 cm2 produces a strong adhesive
force. Harnessing this phenomenon, a conductive CNT layer of 150 nm in thickness
and 175 kΩ1 in sheet resistance was successfully deposited onto the self-healing film of
PEI and poly(acrylic acid) (PAA) composite.71 Hydrogen bonding and electrostatic interactions between the carboxylic acid of PAA and amine groups of PEI are the main driving
forces for self-healing ability of the LBL film. However, self-healing is only triggered by
water limiting the applicability of this copolymer by a humid environment only. This
layer is then used as a chemirestive layer on a polyethylene terephthalate (PET) substrate
for selective detection of NH3 gas. The chemiresistor for NH3 gas manifested LOD of a
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Fig. 10.4 (A) Self-healing chemiresistor array (green: circuit board, yellow: electrical wire, cyan: glass
slide, brown: self-healing substrate, pink: self-healing electrode; black: self-healing composite).
(B) Optical images of six conductive self-healing composites; (first row) before and (second row)
after cutting, and (third row) partial and (fourth row) healing of (1 and 2) carbon black/self-healing
polymer and (3) CNT/self-healing polymer composites. Scale bar ¼ 200 μm. Time-scale was recorded
right after making a cut. (C) Time-dependence of resistance of three sensors using the same
composites as (B). (Reproduced with permission from Huynh, T.-P.; Khatib, M.; Srour, R.; Plotkin, M.;
Wu, W.; Vishinkin, R.; Hayek, N.; Jin, H.; Gazit, O. M.; Haick, H. Composites of Polymer and Carbon
Nanostructures for Self-Healing Chemical Sensors. Adv. Mater. Technol. 2016, 1, 1600187. Copyright
2016 WILEY-VCH.)

few ppm range and was highly selective to different vapors, for example, water, ethanol,
acetone, dichloromethane, and toluene. High selectivity of this sensor is due to the
chemical interaction between electron donor NH3 and p-type CNT.72,73
All self-healing sensors mentioned above are selective sensors, which are sensitive to
only one type of analyte. Self-healing abilities apply certain limitations on sensors for the
detection of multianalytes.74–77 This leads to the development of self-healing sensor array
(Fig. 10.4A) toward multifunctional sensing that includes volatile organic compounds
(VOCs), pressure, strain, and temperature sensing.78 The substrate and electrodes of
the device are self-healing whose driving force is the reformation of hydrogen and disulfide bonds between polymer chains of the functional polyurethane (PU) at two sides
of the cut (Fig. 10.4B). Healing time and efficiency of this PU depends on the density
of hydrogen bonds created by the urea groups and on disulfide bonds, and the flexibility
of the polymer chains. This PU and its composite with silver particles (in micron size)
have been used as a self-healing substrate and as self-healing electrodes, respectively,
of a chemiresistor. The sensing layers are made of either organic-capped gold nanoparticles (AuNPs)78,79 or carbon-based self-healing composites80 (Fig. 10.4C) that has an
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electrical resistance in the range of hundreds of kΩ to a few MΩ. Notably, the organiccapped AuNPs demonstrate “induced” self-healing, which makes the sensitivity of their
healed sensors decrease in half toward analyte sensing. The resistance of this layer varies
with changes in the immediate environment (pressure, temperature, the presence of
VOCs, etc.).81–83 To demonstrate the device’s functions, the self-healing chemiresistor
was exposed to various environments of VOCs known to have an important role as a
“primary prevention” strategy for disease(s) through breath or skin sampling.84–87 In
one example, a self-healable platform with five kinds of ligands-functionalized AuNP films
and fast self-healing rate (<3 h) achieved by sense pressure and 11 kinds of VOCs at low
LOD.79 Additionally, by using principal component analysis, promising features were discriminated in the monitoring of both VOCs and pressure variation. These results signify a
new type of smart sensing device that is capable of being used in clinical applications.
The last but not the least is the development of self-healing composites for analyte
sensing in water. In this application, the self-healing sensing film as the working electrode
of a flexible electrochemical sensor was derived from capsule-based approaches.88 In the
electrochemical sensing, the capsule-based sensor used 10 mM ferricyanide in 1 M phosphate buffer (pH 7.0) as the redox probe for voltammetric determination of sodium. On
mechanical damage, the capsules in the polymer film are ruptured, releasing the hexylacetate healing agent in the crack. This agent dissolves the acrylic binder locally, leading
to redistribution of the filler particles and restoration of the conductive pathway. Even
though this approach has been successful in producing self-healing conductive ink,89,90
its main drawback, as also of capsule-based self-healing materials, is single-time selfhealing. Moreover, this technique cannot be applied under flow conditions because
the carrier solution dilutes down the healing agents. This drawback leads to the development of the magnetic self-healing composite.91 The composite is more advanced due
to self-healing assisted by magnetic attraction of the filled Nd2Fe14B microparticles which
provides multitime healing as that of intrinsic self-healing composites. The self-healing
sensors also exhibited appreciable LOD (in μM range) for H2O2 and Cu.

10.3 Conclusion
The research on self-healing materials for analyte sensing is a very fresh direction which is
demonstrated by the first paper appeared in 2013 (Fig. 10.5). However, their trend in
both publications and citations gradually increased through years (Fig. 10.5) demonstrating their great potential. Moreover, the increase had been seen in the diversity of sensing
platforms, that is, different platforms varying (i) from colorimetric and luminescent to
electronic, magnetic, and electrochemical sensors or (ii) from individual sensors to sensor
arrays that were prepared for analyte sensing. The self-healing sensors are the proof-ofconcept at the moment, their future applications, for example, in autonomous, selfrepair, and safety-control devices are very promising.
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Fig. 10.5 Trends in publications and citations of research on self-healing polymers for analyte sensing.
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2-(2-Pyridine)imidazo[4,5,f ]-1,10-phenanthroline,
21f
Pyridyl-dithiadiazoles, 328–329

Q
Quantum dots (QDs), 243–246, 245f
Quartz crystal microbalance, 146

R
Radiation efficiency, of antenna, 102np
Radio-frequency identification (RFID) systems
antenna, 93–94, 94f
chipless sensing, 98–99, 100f, 118–121
chipped sensing, 99
conductive inks, 108–118
current materials, 93–105
flexible electronics for, 121–122
manual scanning, 93
nano-inks for, 105–121
nanomaterials for, 98–101
production cost, 93

smart materials and systems, 101–105,
122–123
technological issues, 93–105
Rancimat method, 198–199
Receptors, 10
Receptor-spacer-reporter (RSR), 5–8, 7f
Recovery time, 43
Red-green-blue (RGB) color space, 12–13, 16
Redox-responsive glyconanomaterials, 272–273
Red shift, 17
Reduced graphene oxide (rGO), 207, 331
Reflectance, 1
Reflectance spectroscopy, 77
Reflection coefficient (RL), 123
Refractive index, 1
Repeatability, 44
Response time, 42
Responsive polymer nanomaterials, 180–182
Return loss (RL), 97–98, 103np
Reversible addition-fragmentation chain transfer
(RAFT) polymerization, 266, 266f
Reversible thermochromic materials, 1–2
RFID systems. See Radio-frequency identification
(RFID) systems
Rotogravure printing, 108

S
Screen-printed electrodes (SPEs), 215–217, 216t,
217f
Screen printing, 9, 108–110, 110f
Selectins, 269
Selectivity, of sensors, 43–44
Self-assembled monolayer (SAM), 68–69
Self-assembled monolayers on mesoporous supports
(SAMMS), 135–136
Self-healing, 325–328
analyte sensing, 328–334, 335f
chemiresistor array, 333f
extrinsic self-healing polymers, 326
fabrication process, 329f
hydrogen bonding, 330
intrinsic self-healing polymers, 326–328, 327f
ON-OFF switching, 330
Semiconductor metal oxides, 41
Sensing arrays
design, 10
immobilization on organic/inorganic
polymers, 9
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Sensing characteristics
detection limit, 44
operating temperature, 43
recovery time, 43
repeatability, 44
response time, 42
selectivity, 43–44
sensor response, 42, 43f
stability, 44
Sensing molecules immobilization, 8
Sensor response, 42, 43f
Serigraphy. See Screen printing
Signal-to-noise approach, 44
Signal transducers, 10
Silanization, 68–69, 70f
Silica aerogels, 160
Silica gel plate, 26, 26f
Silica nanomaterials, 158–183
Single-crystal-to-single-crystal (SCSC) phase
transition, 295
Single-molecule protein biosensors, 236–242
Single-stranded DNA, 72, 77
Single-wall carbon nanotubes (SWCNTs), 121–122
Size exclusion gel chromatography (SEGC), 122
Sodium dodecyl sulfate (SDS), 112–113
Sol–gel methodology, 9–10
Solid-phase microextraction (SPME) technology
biobased integrated polymer nanomaterials,
184–186
biodegradable materials, 171
chemistry, 154–158
composite hybrid-based nanomaterials
adsorbents, 166–170
configurations, 154–158
coupling configurations, 163–166
DOPS-functionalized Fe3O4, 185, 188f
dynamic platforms, 154–158
inception and technology evolution of,
153–154
MIP nanomaterials, 171–174
nanomaterials integrated in electrochemical
sensors, 182–183
nanoparticle-enzyme olfactory sensor, 185f
nonconventional analytical platforms, 183–189
on-fiber derivatization, 163–166
photonic sensors, 174–180
polymer nanomaterials, 171
responsive polymers nanomaterials as, 180–182
silica nanomaterials and, 158–183

3D-printed tube-shaped sorbents, 157f
trends and perspectives, 187–189
Solvate formation, 284–289
Solvent evaporation, 110
Space-filling curves, 119
Spherical mesoporous ceramics, 9
Spin-coating technology, 9
Spin crossover (SCO) materials, 4
SPME technology. See Solid-phase microextraction
(SPME) technology
SPME-transmission mode (SPME-TM), 164–165
SrTiO3, 46–47
Stability, 44
Stable dispersion, 112–113
Stepped impedance resonators (SIRs), 99–100
Stimuli-responsive glyconanomaterials
enzyme-responsive, 270–272
magnetic-responsive, 267–270
multiresponsive, 273–274
pH-responsive, 263–265
redox-responsive, 272–273
temperature-responsive, 265–267
Stimuli-responsive nanosized supramolecular
gold(I) complexes
aggregation-induced emission-active systems,
315–317
anion exchange, 289–292
aurophilic interaction, 282–283
chemical triggers, 305–311
classification, 281
conformational polymorphs, 284–285
light-responsive luminescent systems, 303–304
mechanically responsive luminescent
and chromic systems, 297–303
molecular arrangement, 284
multiple-stimuli responsive luminescent systems,
311–315
physical and chemical stimuli, 292–317
phytochrome fragments, 281–282
polymorph and solvate formation, 284–289
solid-state luminescence properties, 283–292
thermally responsive luminescent systems,
293–296
Stokes’ equation, 114–115
Sulfonate group, 328–329
Surface-enhanced Raman spectroscopy (SERS)
sensors, 83, 183–184, 184f
Surface plasmon resonance (SPR)
biosensing, 75–77
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Au/ZnO nanostructures, 77
d-sorbitol, 79f
reflectance measurements, 77f
transmittance optical sensor, 79f
effect, 3–4, 7–8, 20
Systematic evolution of ligands by exponential
enrichment (SELEX) processes, 171–172

T
Teflon-ceramic composites, 107np
Temperature-responsive glyconanomaterials,
265–267
Terpyridine derivative, 18–19, 19f, 26
Tetraethoxysilane (TEOS), 9–10
Tetramethoxysilane (TMOS), 9–10
3,3,5,5-Tetramethylbenzidine (TMB), 183
Tetrathiafulvalene (TTF)-based compound, 28–29,
28f
Thermochromic luminescence, 293–296, 293f, 295f
Thermochromic materials, reversible, 1–2
Thermochromism, 2, 4–5
Thermogravimetric analysis (TGA), 261
Thermoplastic binders, 101–103, 110–111
Thixotropy, 109–110
Three-dimensionally ordered nanoporous
(3DOM) materials, 155
Time-domain reflectometry (TDR), 118–121
Titanium dioxide screen-printed films, 26
Toxic metal ion detection, 27–34
Transducer, 5–8
Transesterification, 198
Transmission electron microscopy (TEM), 66
Tripartite GFP construct, 238

U
Ultrahigh-frequency (UHF), RFID tag, 96, 116
Unweighted linear regression equations, 14

Upper critical solution temperature (UCST),
265–267
Uric acid (UA), 71
UV-vis spectrophotometers, 18, 26

V
Vanadium oxides, 2–3, 3f
Vapochromic luminescence, 305–306, 306f, 310f
Visual evaluation, 44
Visual output interpretation, 10–16
Volatile inorganic compounds (VICs), 305–311
Volatile organic compounds (VOCs), 50–51,
305–311
Volatilomes, 165–166
Voltammetry, 51–53, 51f
Volume-phase transition temperature
(VPTT), 267

W
Wall-coated open tubular (WCOT)
platforms, 155
Whole cells, 184–186
WO3 nanoporous electrode, 47
World Anti-Doping Agency (WADA), 162
Wurster’s blue compound, 103–105

X
Xantphos, 288–289

Y
Yellow fluorescent protein (YFP), 238–242

Z
Zinc, 18
ZnO nanostructures, 49
Zn (II) sensors, 23, 23f, 30
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