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Quantum dots and bioimaging

Christos Veros and Maria Gazouli
Laboratory of Biology, School of Medicine, National and Kapodistrian University of
Athens, Athens, Greece

1.1 Introduction

Nanotechnology is an ever-growing subfield of materials science, with a lot of great
applications already. It is about the manipulation of matter on the nanometer scale
(nanomaterials). Within this rather newly emerged technology, semiconductor nano-
crystals with significant potential in biomedicine, known as quantum dots (QDs),
have been created. QDs consist of groups II—VI and III—-V elements and exhibit
unique optical, physicochemical, and electronic properties due to their size and
tightly packed structure. In specific, QDs can be fluorescent under light sources of
specific wavelengths and, together with their advantages compared to organic dyes,
offer a great new technique for bioimaging [1].

The word “quantum” stands for the minimum and discrete unit of a physical
property. This means that QDs are tiny particles, sized from 1 to 10 nm, and each
one has unique characteristics according to their compound. They all have a
“core—shell” conformation that offers them better optical features and less toxicity.
Both core and shell of a QD consist of compounds with semiconductor characteris-
tics, with core being more reactive and shell providing the QD structure with stabil-
ity and other features that make it useful for applications. QDs that belong to the
III—V groups show less cytotoxicity and greater stability, because of their covalent
bonds compared to the ionic bonds of II-VI elements. As is described later, QDs
have some incomparable advantages, such as bright and clear luminescence with
high extinction coefficient (absorption of light) and narrow emission spectrum,
together with the possibility to image and target different types of cells at the same
time. It is noteworthy that the energy of light absorption is directly associated with
the configuration of electrons of the material; thus how is photoluminescence
achieved in QDs [1—3]?

Electrons are considered to move at specific radii and energy levels around the
nucleus. Energy is transmitted to semiconductor electrons in the form of photons
and forces them to reach temporarily a higher energy state (excitation) when trans-
mitted energy exceeds the energy difference between excited and initial (ground)
states. The created energy difference is called bandgap. Subsequently, excited elec-
trons move back to the initial radius to secure higher stability. The relaxation of
energy can emit radiation (photons). The energy of the photons determines the color

Quantum Materials, Devices, and Applications. DOI: https://doi.org/10.1016/B978-0-12-820566-2.00007-7
© 2023 Elsevier Inc. All rights reserved.
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of light that is emitted and depends on the bandgap. The larger the bandgap is, the
more energy is demanded for electron excitation and the more the photon energy is.
As energy increases, the color of the light differentiates from red to violet [1—3].

Interestingly, the size and the shape of semiconductor crystals can be altered to
achieve different conductive properties. In specific, a smaller size of a QD is equiv-
alent to a larger bandgap. As a result, more energy is released after light exposure
when crystal returns to ground state. This is called quantum confinement: manipu-
lating the size of QDs changes the color of the light they emit after excitation. By
decreasing the size of QDs the emitted light color shifts from red to violet. Within
these realms, QDs have narrow emission peaks, depending on the given energy and
the size and composition of the core. Emission spectra do not rely on the excitation
energy, as long as it surpasses the bandgap energy. The importance of quantum
confinement lies in the fact that by using QDs of various shapes and sizes, we get a
distinct light emission from each QD under the same light exposure. This offers the
opportunity to image multiple targets simultaneously, making QDs highly advanta-
geous for bioimaging [1,4,5].

It becomes evident that core characteristics are critical for the properties
observed in QDs. However, shells are necessary in QD configuration, especially for
biological applications. The reason is that the core shows high reactivity—and tox-
icity—and its crystalline form results in blinking (intermittent luminescence despite
continuous light exposure). QDs are created by a method of epitaxy in organic or,
preferably, aqueous colloidal solutions. The most commonly used QDs contain cad-
mium in their core (CdSe, CdTe), while shell often consists of CdS or ZnS, which
are characterized by high quantum yield (QY). Hence, their surface is usually cov-
ered with hydrophobic ligands, which makes them insoluble in water. Various strat-
egies are used to overcome this and increase their functionality in aqueous media,
such as replacing initial ligands with hydrophilic ones, capping with silica shells, or
combining the initial hydrophobic cap with amphiphilic ligands [3,6,7].

QDs find applications in a broad spectrum of technological fields, from nonbio-
logical (quantum transistors, detectors, data analysis techniques, and QD LEDs) to
biological, such as bioimaging, biolabeling, drug delivery, biosensing, and theranos-
tics (which stands for simultaneous therapy and diagnostics in cancer). Their signif-
icant technological use in biomedicine is based on their ability to be easily
conjugated with small molecules or substances—for example, peptides, oligonu-
cleotides, or antibodies—that attach to targets (cells or tissues) and detect them eas-
ily and efficiently. QDs offer a large outer surface to which biomolecules can be
attached and shape their functionalization, depending on the target tissue or cell.
Numerous research articles have proposed a wide variety of QD conjugates that can
be used with high specificity, such as antibodies for antigens of cancer cells or
ligands to receptors [1,3,6].

Even though QDs have already been used in optics and electronics, their use in
biomedicine is still limited in animal research. Despite their evident benefits in bioi-
maging and other biological applications, most QDs have been associated with high
degree of cytotoxicity, given that most QD cores include cadmium. Cadmium is
widely accused of the cytotoxic effects that are met in the use of QDs in cells.
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Their pharmacological and toxic features depend on the environmental conditions
together with the core and shell composition and their physicochemical properties.
Recent studies have explored and proposed new materials that show lower degree
or no signs of toxicity; in fact, such QDs that are made of silicon or carbon/gra-
phene or those that do not contain cadmium (Cd-free) look very promising in bio-
medical technology. Research regarding the toxicity of QDs is ever-increasing to
circumvent their drawbacks and take advantage of their unique properties and great
translational potentials in the future [1,6,8—11].

1.2 Applications of quantum dots in bioimaging

QDs exhibit beneficial physicochemical properties compared to conventional
organic dyes that have been widely used until today (Table 1.1). First, QDs show
greater resistance to degradation, allowing them to be detected for longer time peri-
ods. Second, their inorganic nature and light intensity provide them with better
photostability. Third, QDs have broad excitation and narrow emission spectra, con-
trary to the narrow excitation and broad emission spectra of organic agents. In addi-
tion, QDs have a greater difference between the absorption and the emission peak
(Stokes shift). Their fluorescent capacity lasts longer, has a higher signal-to-noise
ratio, and gives 10—20 brighter results than organic fluorophores. QDs are also tun-
able in size and can be easily attached to biomaterials. Last, organic dyes are more
susceptible to environmental conditions [1].

In addition, QDs have unique optical, electronic, and luminescence features,
owing to their efficiency as FRET (fluorescence resonance energy transfer) donors.
This means that QDs show wide light absorption spectra, narrow light emission
spectra, lower photobleaching, and high QY—which stands for the frequency of the
occurrence of an event per photon absorbed by the medium. Together with quantum
confinement, these features allow a tracking of multiple targets at the same time
[1,2,6].

Table 1.1 Quantum dot properties, compared to organic dyes.

Properties of quantum dots

Resistance to degradation

Better photostability

Broad excitation spectrum and narrow emission spectrum
Larger Stokes shift

Higher S/N

Higher brightness

Size-tunable (quantum confinement)

High QY

QY, Quantum yield.
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In light of these, QDs have great potentials in bioimaging. Literature regarding
their use for in vitro and in vivo bioimaging has expanded over the past two dec-
ades. In vitro techniques in research are crucial, because the behavior of molecules
or substances can be tested under secure and highly controlled conditions. Thus
they act as a stepping-stone before a new technology can be safely applied to living
organisms.

In vitro studies have used QDs for biomolecular tracking, cellular imaging, drug
delivery, and gene technology. They have offered a great deal of useful information
about QDs regarding their functionality, credibility, but also their cytotoxicity. In
addition, QDs have already managed to illuminate cellular pathways and give hope
for potential use in cancer imaging and treatment [6,8].

In regard to in vivo research, QDs have been applied to living organisms, espe-
cially rodents. Newer modifications on structure and conjugation of QDs with other
molecules have made their use feasible with lower cytotoxicity and high specificity.
Examples in literature include the use of QDs for tracking their biodistribution,
labeling cells, lymph node/vasculature/tumor imaging, even for whole-body imag-
ing. An emergence of new QD-complexes enlarges their utility in various fields.
Nevertheless, their application in human medicine and imaging is not feasible yet;
toxicity issues have to diminish to a greater extent before QDs could be used in
humans without concerns [6,8].

QDs can be an important tool in multimodal imaging as well. Multimodal imag-
ing refers to the simultaneous use of different imaging modalities, to make a good
use of their advantages while at the same time overcome their disadvantages. Both
in vitro and in vivo experiments show good prospects after combining QD with
magnetic resonance imaging (MRI), positron—emission tomography (PET), and
computed tomography (CT). Resulting images are of better temporal and/or spatial
resolution and accuracy [8].

1.3 Quantum dots and in vitro bioimaging

As mentioned in the previous section, QDs have been widely used in vitro bioima-
ging to enhance cellular imaging, delivery of drugs, and gene technology among
others (Fig. 1.1). More specifically, examples include the illustration of cells mov-
ing to other body regions to create metastases or the revelation of the fate of a stem
cell after its differentiation. QDs can also provide important information about the
endocytosis mechanism and their distribution in their targets intracellularly.
Furthermore, QDs offer the possibility of multiple targeting, an extremely useful
feature in bioimaging [8].

1.3.1 Cell imaging

To detect biomolecules inside the cell, QD complex needs to enter the cell. The
most common way is through the process of endocytosis. Endocytosis involves
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Figure 1.1 In vitro applications of quantum dots.

intracellular access of a substance, while the latter is surrounded by a part of cell
membrane.

QDs can penetrate the cell via passive or active transportation. Passive transpor-
tation of QDs inside the cell occurs via electrostatic reaction with the cell mem-
brane. When QDs are not conjugated with biomolecules and do not have a specific
target, their absorption from the cell and their intracellular aggregation is defined
by their physical properties and capping of their shell, together with environmental
conditions—such as temperature and type of the cell and the medium of incubation.
For these reasons, positively charged QDs, often capped with carboxylic groups, of
a small size at 37°C favor the endocytic pathway. In fact, positive charge in appro-
priately capped and small-sized QDs can promote a penetration of the nucleus. Yet,
cell penetration is not secured under these circumstances, and QDs may need to be
encapsulated with carbohydrates, vesicles, or nanogels. On the contrary, the active
internalization of QDs requires interactions between ligands and cell membrane
receptors. Transferrin and antibodies have been used as ligands in the past; how-
ever, cell-penetrating peptides have appeared to be more useful for triggering their
uptake from the cell. These peptides are used to contain the HIV translational
activator Tat protein, which has been replaced by newer peptides that are charac-
terized by strong positive charge in their N-terminal and, consequently, enhance
endocytosis [8].

Major issue in the process of endocytosis is that QD-complexes may stay encap-
sulated in lysosomes or endosomes and cannot be released in the cytoplasm to reach
their targets. To deal with this possible scenario, various methods have been pro-
posed, including applying osmotic pressure, using biodegradable polymeric nano-
spheres (which are pH-dependent and can be particularly useful in solid tumors that
are characterized by acidic microenvironment), and photoinduced rupture of endo-
somal membrane. In addition, QDs can be conjugated with peptides that are rich in
histidine or arginine or with cholera toxin B, which offer a direct internalization of
the complex into the cell.

Apart from active and passive internalization of QDs, direct administration into
the cell (via electroporation and microinjection) has been proposed too. These
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methods risk to induce cell death or nonspecific accumulation of QDs in the intra-
cellular fluid. Nanoneedles and newer technologies have been explored to overcome
these issues with more viable results. Last, biomolecular tracking does not always
involve a penetration of QDs into the cell, for example, when the research aims to
detect receptors on the surface of plasma membrane [8].

When QDs are released in the cytoplasm, they can easily detect and track their
target. Depending on their conjugates, QD-complexes have been used as sensors of
specific molecules or ions (oxygen, calcium, and chloride), temperature, or pH con-
ditions. They have also been reported to track cell differentiation and metabolic
pathways, and, importantly, to detect cancer cells. Studies that used QDs in early-
stage undifferentiated cells (stem cells) did not badly impact viability, proliferation,
or fate of these cells. It is noteworthy that in all experiments, QDs showed high
specificity in marking their targets. Time of retention inside the cell should be taken
into account though, when QDs remain intracellularly, are beneficial for imaging
reasons but can raise toxicity issues [9].

1.3.2 Molecular targeting

Nanoparticles such as QDs have been used to detect and track specific molecules.
This is feasible due to the conjugation of QDs with antibodies and other ligands of
high specificity for desired targets. Experiments on living cells attempt to trace
molecular motility, and accumulation inside the cell or on the surface of cell mem-
brane. Furthermore, other studies focused on perinuclear and intranuclear accumula-
tion of QDs, which was realized through electroporation. QDs can optimize
fluorescent in situ hybridization (FISH) techniques and reveal possible alterations
in human chromosomes, provided they can access the interion of the cell through
receptors on the cell membrane. Discovery of more techniques to ameliorate trans-
portation and halftime of QDs decrease cytotoxicity and contribute to the emer-
gence of new functionalities is necessary, so that they reveal physiological and
pathophysiological pathways in the cells. For example, the use of multiple QDs
emitted luminescence for enough time to track the movement of kinesins in live
cells [1,6,8].

1.3.3 Drug delivery

Structural features of QDs make them advantageous in the regulation of drug deliv-
ery to specific cell or tissue targets. QDs, especially when capped with polyethylene
glycol (PEG), are characterized by long retention in blood circulation, while their
large surface offers space for binding both with drugs and ligands for detecting the
desired cell or substance. At the same time, according to their capping and functio-
nalization, QDs may indicate high EPR (enhanced permeability and retention)
effect that allows them to detect and remain longer bound to their target. High spec-
ificity of target detection has increased QD use in drug transportation. Normal drug
delivery often leads its temporally and spatially uncontrolled distribution. Most of
the side effects observed after drug administration can be attributed to the uptake of
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the substance by cells other than the targeted ones. Hence, QDs may be able to
decrease side effects of drugs and, respectively, increase their efficacy [8].

Drug delivery with QDs has been reported in inflammation, pulmonary diseases,
and, most importantly, in cancer research. Anticancer medication has been accused
for the development of usual and hazardous side effects, mostly due to triggering
cell apoptotic mechanisms. QDs are often conjugated with PEG (to increase circula-
tion time) and are encapsulated in liposomes or micelles. Thanks to other function-
alities, they are able to detect proteins that are expressed in tumor cells or antigens
on their surface. However, their release from these liposomes to cytoplasm may be
limited; consequently, biodegradable micelles have been introduced. Furthermore,
QDs inside HPC-PAA (hydroxypropylcellulose-polyacrylic acid) nanogels, which
are sensitive to temperature and pH changes, offer simultaneous tumor cell imaging
(because of their acidic microenvironment) and regulated drug delivery [8].

It has been common in drug development to face various levels of efficiency of
the same substance in different people with the same disease. This variance has
been mainly attributed to polymorphisms in their genetic code, known as single-
nucleotide polymorphisms (SNPs). SNPs may affect the expression of proteins that
are crucial for susceptibility in a specific drug, including those that participate in
the metabolism or transportation of the drug. In light of these, QDs conjugated with
oligonucleotides can detect such polymorphisms, contribute in assessing drug effi-
ciency and linking specific SNPs to phenotypes of the disease [6].

It is evident that controlled drug delivery with the use of QDs is crucial not only
for imaging, but also for therapy of tumors. This has led to the emergence of a new
field, known as theranostics. Theranostics are described further in Section 1.5.
Apart from theranostics, QDs can be used for structural and pharmacological analy-
sis and screening of drugs. QDs can be attached to drugs, of which the content and
pharmacological characteristics (biodistribution, metabolism, and excretion) are not
known and reveal useful information about them [6].

1.3.4 Gene technology

Gene technology refers to delivery of oligonucleotides of DNA or RNA up to whole
genes into cells to regulate gene expression. Viral vectors and liposomes have been
used for gene delivery until today. Nevertheless, these carriers exhibited limited
efficiency together with a high risk of oncogenesis. To this end, QDs conjugated
with DNA or RNA sequences have been proposed as an alternative in the field [8].
Gene silencing, by the process of RNAi (RNA interference), has been applied
widely in research. In this technique, small-interfering RNA (si-RNA) is delivered
to the cell to knock down a particular protein. si-RNA transduction to the nucleus is
not feasible because of the negative charge of both si-RNA and nucleic DNA. To
overcome this, viral and nonviral transporters have been in use. However, the first
ones increased the possibility of inducing inflammation, while the latter (such as
liposomes) were characterized by low efficiency. As a result, complexes of
polymer-capped QDs are used more and more nowadays. In addition, since success-
ful knockdown may last long, QDs may be more useful compared to organic dyes



8 Quantum Materials, Devices, and Applications

and fluorescent proteins, as they luminesce for longer periods of time. RNAi com-
bined with QDs could be a part of cancer treatment, as it can inhibit the expression
of oncogenes.

Suicide gene therapy is another field of gene technology where QDs could be
helpful. This procedure requires the transfection of cancer cells with a gene that can
activate the expression of an enzyme. The role of the enzyme often involves the
activation of a particular drug. In other words, drug could be active only in target
cells and induce their apoptosis/necrosis. QDs can deliver the gene selectively to
tumor cells by identifying their antigens or other molecules and microenvironmental
conditions. After their administration, QDs were easy to track and ensure the time
that they transfected the cell, so that the drug could be given [8].

1.3.5 Multimodal imaging

Multimodal imaging refers to the combination of different imaging techniques at
the same time and conditions. To achieve that, a single QD with various simulta-
neous functional roles should be created.

Simultaneous MRI and fluorescent imaging has been attempted and would be
highly beneficial in bioimaging. A combination of these techniques could circum-
vent the low temporal resolution of MRI and ameliorate its spatial resolution. To
this end, QDs conjugated with gadolinium (Gd)-complexes have been produced. Gd
has been used as a contrast agent in MRI both in research and clinical practices. In
addition, magnetic and paramagnetic materials can be used as coating to QDs to
make their handling easy through magnetic fields. Since these materials can impact
the photophysical features of QDs, new nanoparticles need to be generated.
Consequently, silicon coating of such nanomaterials has been useful due to the
observation that these new QD-complexes maintained the original characteristics of
all compounds and offered sufficient biocompatibility and potentials for further
functionalization. Such silicon-capped QDs were used in imaging of apoptotic cells
after myocardial infarction [8].

1.4 Quantum dots and in vivo bioimaging

Recently, QDs have intruded in in vivo bioimaging (Fig. 1.2). Because of their
aforementioned physicochemical properties, their use has expanded over the
years. Nevertheless, it is still limited to animal research because of the low level
of light depth and the consequent inability to image deep tissues, as well as their
potential cytotoxicity and unspecified compatibility for living organisms. This is
not the case for QDs only; the same limitations stand for organic dyes too. As a
result, QDs have been used for labeling cells, imaging of the whole body, the vas-
cular system or tumor tissues, theranostics, and multimodal imaging, among
others [8].
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Figure 1.2 In vivo applications of quantum dots.

Techniques that have been in use for human bioimaging are characterized by
specific properties:

spatial and temporal resolution,

ionizing or nonionizing excitation energy,
ability of deep-tissue imaging,
biocompatibility,

defined detection threshold.

NR WD

We have already discussed about the advantageous features of QDs, together with the
possibility to define them with various functionalities and detect multiple targets with
one-light source. Fluorescent imaging with the use of QDs offers high temporal and, in
particular, spatial resolution. Its excitation energy is nonradiative and less harmful than
ionizing technologies, such as CT. Deep-tissue penetration can be achieved by creating
QDs of which the structure allows emission at near-infrared (NIR) wavelengths, from
650 to 900 nm. Two-photon imaging is mainly used in imaging in vivo as it enables
excitation at these wavelengths. An NIR window is preferred because the extinction
coefficients of water and hemoglobin are rather low as well as are autofluorescence of
the tissue. Last, fluorescent imaging is noninvasive and safe for skin exposure [8].

One method to enable the excitation of QD electrons in deeper tissues is biolumi-
nescence resonance energy transfer (BRET) that is an alternative method to FRET.
Excitation at visible light range can be problematic due to scattering and high absorp-
tion from the skin and other tissues. In BRET, energy is transferred from self-exciting
proteins to adjacent similar proteins. Protein luciferase (luc) has been used as a BRET
donor when conjugated with QDs. When oxidized, it releases nonionizing energy to
QDs. In particular, it was found that when QDs emit light in the NIR window, scatter-
ing is decreased and allows multiple-target imaging. Interestingly, QD-luc complex
can be excited directly via FRET as well, although, in this case, the complex showed a
level of instability. BRET imaging can be useful in whole-body imaging as well,
although it has limitations. QD BRET-based probes have been used in the detection of
DNA and illumination of interactions between cellular proteins [5,8].
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Synthesis of QDs plays a crucial role in their activity and utility. To be able to
detect their targets efficiently, QDs need to be properly capped with specific func-
tionalities, including binding to ligands, enabling electrostatic interactions, or being
encapsulated in liposomes or micelles. This coating might be necessary because
conditions of the microenvironment (pH, oxidation) may disturb specific binding to
targets. It is already mentioned that PEGylated QDs appear to have longer half-life
and, resultingly, blood circulation and more efficient aggregation in target tissue.
Recent findings indicate the importance of PEG coating, due to the fact that QDs
encapsulated in PEG-micelles achieved fast accumulation and required only half of
the usual concentration. Another example of the significance of QD composition is
the use of CdTeSe-CdS core—shell configuration, which facilitates NIR imaging
and, resultingly, deeper tissue penetration. This configuration showed a low level of
toxicity in rodents, and its nonspecific accumulation in reticuloendothelial system
(RES) decreased relatively soon [7,8].

Biocompatibility needs to be optimized in order for QDs to be used in human
bioimaging and medicine. To this end, biodistribution, cytotoxicity, half-life time,
and the specificity of target detection are the factor that should be improved.

1.4.1 Cell labeling

As was reported in the previous paragraphs, QDs have been used in vitro for mark-
ing cells with specific components. Recent studies have used QD-complexes
in vivo to tag the cellulose in plant cells, ganglion cells in birds, even Escherichia
coli bacteria. to label whole cells, multifunctional QDs that can attach to specific
biomolecules intra- or extracellularly are necessary. Such biomolecules can be pro-
teins, oligonucleotides, and ions inside the cells, or receptors located on plasma
membrane. In this way, we can identify the type of a group of cells and distinguish
normal from cancer cells. More specific applications of cell tagging are described
next [1].

1.4.2 Tumor imaging

One of the main aims of cell labeling is to enable cancer cells tagging, for imaging,
and therapeutic reasons. QDs, functionalized with fluorophores and ligands that are
specific to the target, have been a research topic in tumor imaging. This can provide
information about antigens of cancer cells, their motility, and generation of metasta-
ses. QDs can be administered subcutaneously and be attached to antibodies that are
specific to tumor cells. This specific labeling can facilitate a surgical removal of
the tumor or delivery of anticancer drugs [6,8].

QDs that are PEG-capped and conjugated with peptides or antibodies can cir-
cumvent and reduce their nonspecific uptake from RES and specifically detect their
target. Indeed, antibodies against alpha-fetoprotein have been used for hepatocellu-
lar carcinoma or, against prostate-specific membrane antigen for prostate cancer,
have been described. In some cases, QDs were also conjugated to anticancer medi-
cation molecules, including doxorubicin, paclitaxel, or pseudopolyrotaxanes. In this
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way, specific drug delivery is possible and side effects are reduced. For instance,
QDs conjugated with bevacizumab selectively attached to vascular endothelial
growth factor expressing cancer cells and delivered the drug efficiently both in vivo
and in vitro. These experiments that involved drug delivery were crucial compared
to corresponding experiments in vitro, since they allow researchers to examine their
effect in living organisms [8,12].

Imaging of cancer cell motility in blood circulation and lymph flow are better
described in the following paragraphs. Drug delivery and other techniques, where
QDs act as theranostic agents, are discussed Section 1.5.

1.4.3 Lymph node imaging

One of the main criteria for a tumor to be malignant is the movement of undifferen-
tiated cells to other body regions. The first stop in this movement is lymphatic sys-
tem. Lymph is the liquid that clears tissues and organs by removing useless
products and toxins. Cancer cells enter lymphatic system and migrate to lymph
nodes, a phenomenon that is called lymph node metastasis. Studies proposed that
NIR QDs, which can produce images of deeper tissues, would be a good alternative
in imaging lymph nodes for potential metastases (lymph node mapping—LNM),
having said that little is known about their toxicity. Within these realms, more
researchers tested novel types of QDs that did not contain cadmium. These types
exhibited low toxicity and good compatibility with blood. NIR-QD complexes were
also used for tracking discreet lymphatic flows in vivo and their flux to separate
nodes. Overall, QDs, in particular, more recent types that were heavy metal-free
and circumvented signs of toxicity offered an efficient solution in imaging of LNM
[6,8].

1.4.4 Vasculature imaging

Imaging of blood vessels and circulation is another biomedical field where QDs
could be applicable. For vasculature imaging, two-photon excitation and emission
in NIR window are required. CdSe-ZnS QDs were used in hundreds of micrometers
and did not indicate any signs of intermittency in luminescence (blinking), while
CdMnTe-Hg QDs managed to image efficiently tissues as deep as 1.5—2 mm.
CdTe-CdSe QDs have been proposed to be practical in coronary vasculature in
rodents. Furthermore, PEGylated coating was described as a method to increase
spatial resolution in depicting generation of new tiny blood vessels in tumor. In
fact, PEGylated QDs kept on emitting light of high brightness for a long period of
time (> 9 h), making surgical operations feasible. Regarding vasculature imaging
in tumors, another study traced integrins and VCAM-1. These became visible due
to changes in intensity and colors of fluorescent QDs. Even more promising results
were acquired by recent findings, which indicated that QDs could remain in blood
circulation for days, with no signs of toxicity or autofluorescence. These suggested
that QDs can be biocompatible and useful in deep-tissue imaging [6,8].
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1.4.5 Whole-body imaging

Whole-body imaging with fluorescence is still in an early stage. Results obtained
till now come from superficial tissues, because of several difficulties that lead to
low penetration in deep tissues, such as scattering. Modeling studies have proposed
two emission windows. Their wavelengths are around 700—900 nm for the NIR-I
window and 1200—1600 nm for the NIR-II window. Another issue to be resolved is
the nonspecific liver, spleen, and lung uptake. QDs should be characterized by long
half-life time and circulation in blood, to increase their penetration in desired tis-
sues. QDs can be functionalized with a fluorescent molecule and a targeting moiety
(e.g., antibody) [6].

QD paradigms of whole-body imaging include tagging endothelial cells in
rodents, which signal angiogenesis that occurs in tumors, as well as tracking cell
motility in blood or lymph vessels. Recent studies have generated nanoparticles
embedded with metals, such as silver, copper, and iron. Their findings showed that
silver has more pronounced fluorescence ability and could be more promising in
biological research [6].

1.4.6 Stem cell imaging

Stem cells are undifferentiated cells that play a major role in regenerative medi-
cines. Their imaging can provide useful information about their function, differenti-
ation, as well as efficiency and safety when they are transplanted in vivo, providing
a useful tool to assess their significance in stem cell therapy. QDs have many
advantages due to low scattering, absorption, and autofluorescence, which are typi-
cally observed in classic fluorescent agents. QDs used in stem cell imaging are
mostly conjugated with octa-arginine (R8), because it is not toxic, has easy synthe-
sis, and displays short transduction time. Recent in vivo studies of QDs emitting at
the NIR-I window observed the motility of transplanted human mesenchymal stem
cells in the area of a wound, with some of them showing aggregation in lungs,
while studies of NIR-II QDs showed better imaging of deeper tissues than with
NIR-I-emitting QDs. In any case, more appropriate QDs need to be created to opti-
mize the imaging of transplanted stem cells [9].

1.4.7 Multimodal imaging

Attempts to achieve multimodal imaging in vivo have been described as well.
Apart from combining the advantages and accuracy of each technique, it is practi-
cally significant in living organisms to avoid multiple administrations. In multifunc-
tional imaging the overall spatial and temporal resolution, sensitivity, and
specificity are better than that of each separate technique. Resultingly, it can pro-
vide information about cellular and subcellular interactions and biodistribution. For
instance, PET combined with NIR-QD complexes have been used in tumor imaging
with good results. To achieve simultaneous MR and QD fluorescent imaging, vari-
ous methods have been reported. First, manganese was conjugated to QDs to
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provide them with paramagnetic properties. Second, Gd was bound to QD com-
plexes to add contrast in MRI and the results were checked with two-photon imag-
ing. Last, QDs encapsulated in liposomes together with CT contrast agents made a
combination of CT and fluorescent imaging possible in animal paradigms [6].

1.5 Quantum dots and theranostics

Theranostics is a combination term of the words therapy and diagnostics and refers
to the simultaneous therapy and diagnosis that can be achieved with the use of
QDs. As was mentioned already, one form of theranostics can be accomplished
through the specific drug delivery that can be realized in vivo with QDs. Long cir-
culation time and the possibility for various functionalities are required to conduct
targeted drug delivery. It has already been used in cancer and other diseases
research as a method for therapy. In addition to this, other established techniques
have attempted to combine the benefits of QDs [6].

Photodynamic therapy (PDT): PDT is a method for cancer therapy. It is based
on the light-induced damage of cancer cells. In specific a substance that acts as a
light sensor (photosensitizer) is delivered to the target group of cells. A photosen-
sitizer often is a porphyrin-type pigment and is able to absorb the light of particu-
lar wavelength and energy. Next, the photosensitizer makes a use of absorbed
energy to trigger oxygen activation and conversion into reactive oxygen species
(ROS) and, in particular, singlet oxygen (O ). Singlet oxygen stimulates apoptotic
or necrotic pathways in the target cells, leading to cell death. It can also affect
DNA and proteins, induce peroxidation of lipids, and cause damage to the tumor
microenvironment. Although this technique induces damage to restricted groups
of cells (cells that contain the photosensitizer and a few of their neighbor cells
only), some degree of retention of singlet oxygen molecules exists for days after
PDT. These molecules aggregate in skin and eyes, resulting in increased sensitivity
to daylight [6].

To avoid these effects the photosensitizer was encapsulated in porous nanoparti-
cles. In this way the ability to induce oxygen reactions remained intact, while the
1-nm size of holes prevented the outflow of reactive oxygen. Furthermore, it was
found that QDs could also play the role of the photosensitizer. It has already been
discussed that QDs get activated by the light absorption of specific wavelengths.
After exposure to ultraviolet light, QDs absorb energy that is high enough to stimu-
late nearby oxygen molecules and convert them to ROS. Again, QDs show a great
extent of specificity, because they can result in light-induced cytotoxicity that
occurs only to cells that are adjacent to them [6].

Photothermal therapy (PTT): The idea behind this technique is very similar to
the principles of PDT. In PTT, instead of a photosensitizer, a substance that con-
verts energy acquired from light absorption to heat is used. This material localizes
near tumor cells and gets triggered under NIR light. Under these conditions,
it destroys cancer cells. It becomes evident that QDs that get stimulated in
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wavelengths of NIR light can act as such materials and induce specific cell death of
cancer cells [6].

1.6 Other applications of quantum dots

It becomes evident that QDs have a lot to offer in bioimaging. However, due to
their great specificity and unique properties, QDs can be used for biosensing; that is
to say, qualitative or quantitative identification of biomolecules in a group of cells
or a tissue.

Tissue samples can be extracted and be tested for the presence of a disease
through biopsy methods. Appropriate reagents are added to the sample so that
abnormalities can be identified. QDs can be very practical in diagnosis, mainly
thanks to their selective binding to a great variety of biomolecules and the possibil-
ity to detect multiple targets within one sample. Studies have tested multiple target-
ing by using different QDs conjugated with each one of distinct antibodies; these
could successfully detect target molecules. Furthermore, when combined with two-
photon or electron microscopy, spatial resolution was improved and results could
be even visualized in three dimensions. QDs have been applied for biosensing
reasons in tumors, microbial infections, and allergies. In the last two cases,
QD-antibody complexes exhibited high selectivity and specificity compared to
common techniques, such as ELISA, as for the detection of bacterial/viral
antigens or allergens [6,8].

Regarding tumor detection, QDs could be useful in decoding the molecular and
cellular profile of cancer tissues. This could be proved extremely useful in cancer
diagnosis and therapy, since there is a vast heterogeneity in this disease, even
among tumors that affect the same organ and complicates their treatment.
Identification of each distinct cancer type can contribute to the development of
more personalized treatment and improved prognosis of the disease. QDs could also
optimize the efficiency of diagnostic assays, such as FISH, in which they can trace
mRNA or protein markers with high sensitivity and selectivity. In addition, QDs
could be practical in tissue microarrays (TMA), a technique for biomarker screen-
ing. Thanks to these nanoparticles, we may be able to build appropriate software
that identifies specific tumor types, according to their antigens found on TMA.
Nevertheless, this scenario requires an optimized affinity of antibodies for specific
antigens, an improved degree of QD penetration in deep tissues, and a standardiza-
tion of biomarkers for diseases, to be realized [8].

Other examples of biosensing applications include biochips/microarrays and neu-
roscience. Biochips refer to techniques of quantitative measurements of protein
expression or the presence of completely structured, functional proteins, as well as
the level of their functionality. Studies reported a concomitant measurement of fluo-
rescence and electrochemical signals, for the presence and functionality of proteins,
while others indicated that when used for cancer biomarkers, including CEA and
CA125, QD gave more rapid and reliable results than ELISA. As for their use in
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neuroscientific field, QDs have depicted synaptic function and interactions between
neurons and glial cells (e.g., astrocytes and microglia) successfully [6].

Tissue engineering is another field where QDs can be applied. This field aims to
test and develop new connective tissues that can be used eventually as fully func-
tional organs, which can be implanted back to the donor of a transplant. In particu-
lar, bones feature nanosized particles on their surface. As a result, the implant can
be rejected if its surface is smooth. Since QDs show higher biocompatibility than
other nanoparticles, they could be attached to the surface of the bone prosthetic and
improve the chance of rejection [1].

Last, QDs have been widely used in nonbiological systems as well. In fact, these
applications started before their use in biomedical field, due to the lack of toxicity con-
cerns. QDs already play a significant role in technologies, such as quantum transistors,
oscillators, filters, detectors, data analysis techniques, and QD light—emitting devices
LEDs, providing each one with great benefits thanks to their unique properties [1].

1.7 Toxicity issues

Before describing the toxicity issues that arise from the usage of QDs, it would be
useful to mention their pharmacological properties. These properties that include
absorption, distribution, metabolism, and excretion correspond to their physico-
chemical features as well as to environmental conditions.

QDs are delivered via the parenteral route, although dermal and respiratory adminis-
trations have also been reported. There is no sufficient information about the interaction
between QDs and blood, even though it is hypothesized that they interact with serum
proteins. When delivered to a living organism, QDs tend to accumulate to specific tar-
gets, as well as to RES in a nonspecific manner. RES involves the liver, the spleen,
and the lymph system. Furthermore, QDs can be also found in the kidney and the
lungs. Their uptake from target cells is mainly mediated by the process of endocytosis.
Their metabolism depends on their size and composition and may occur hours to weeks
after their administration. QD cores are not metabolized, while the rest of the configu-
ration degrades under oxidative conditions. Remaining cadmium originated from the
core is toxic for kidneys; having said that, QDs that are smaller than 5 nm can undergo
renal filtration and prevent kidney toxicity [1,2,8].

Regarding toxicity, it is found that it depends on the size and charge of QDs, the
concentration used in imaging, the biochemical valence of their coating and their
consistency against destabilizing conditions of oxidation, photolysis, and mechani-
cal forces. Core composition is crucial for toxicity, due to the existence of cytotoxic
Cd™. In fact the vast aggregation of QDs in spleen could be attributed to the protec-
tive role of ZnS shell, which prevents the efflux of Cd from the core. Systemic
toxic effects of QD use involve edema (ocular, pericardial, and in yolk sac), spinal
curvature, and tail malformation [1].

The first step of cytotoxicity mechanism that leads to cell death involves the dis-
solution of the core—shell configuration. Under oxidative or UV light conditions,



16 Quantum Materials, Devices, and Applications

the shell degrades and cadmium cations are released. These cations get reduced
(they gain electrons) and activate a cascade of reactions that end up to cell death. In
particular, QDs, of which the core consists of CdSe, are assumed to induce apopto-
sis. Another possible mechanism for cytotoxicity can be attributed to the generation
of ROS. These products, including singlet oxygen and free radicals, are formed by
energy that is transferred from QDs to adjacent oxygen molecules. Subsequently,
ROS can destroy genetic materials. Furthermore, inflammation has been observed
in some cases due to the retention of organic molecules after QD metabolism and
excretion. In some cases, instability was caused from intracellular pH changes, due
to QDs interacting with macromolecules or ions. Last, increased autophagy was
reported to occur in cells that interacted with QDs. Even though autophagy leads to
cell apoptosis, its role is protective in favor of its neighboring cells. It is noteworthy
that organic dyes have similar toxic effects in biological systems, and that is why
they are not used in living organisms either [6,8].

These mechanisms were observed in vitro. In vivo ones offer the opportunity to
study side effects on the larger scale of whole organisms instead of individual cells.
These effects are highly related to distribution and other pharmacological features
of QDs. QDs are usually injected into the animal, mainly via IV administration.
Thus they enter the bloodstream and most probably interact with serum proteins. In
this way, proteins may engulf the whole core—shell configuration of QDs and their
coating and result in the reduction of their functionality and disturbed biodistribu-
tion. Next, QDs are metabolized and excreted through urine and/or feces. Rapid
excretion is crucial to avoid toxic effects that occur due to prolonged retention
inside the cells and tissues. In particular, effects on kidney function, on lungs (pul-
monary vascular thrombosis), and, interestingly, on CNS (hippocampal impairments
of synaptic plasticity with observable impact on spatial memory) have been
described in literature [8].

Toxicity issues highlighted the importance of structural stability of QDs
(Fig. 1.3). The covalent bond in III—-V QDs is preferred to the ionic one in II—VI
QDs due to its greater stability. In addition, high dosages of QDs are not recom-
mended; low dosages that have been used in vivo did not cause long-term effects in
animals. Research has also turned to the generation of novel materials that can be
used safely in QD synthesis, with optimized preparation techniques [1].

1.8 Novel types of quantum dots

1.8.1 Cadmium-free quantum dots

Since cadmium appears to be the prevalent cause of cytotoxicity, there have been sig-
nificant attempts to generate QDs that do not contain cadmium. Such types of QDs
have been manufactured and are extensively offered on the market. Most recent types
of Cd-free QDs include I-III—VI QDs, for instance, AgInS,, CulnS,, and CulnSe,,
which exhibit similar properties with classic QDs and a very low level of toxicity.
They can also emit light at NIR wavelengths, making them advantageous for in vivo
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Figure 1.3 Cytotoxic mechanisms proposed for Cd" quantum dots.

applications. Their use has already been reported in stem cells imaging, without
affecting their viability and proliferation [6].

1.8.2 Silicon quantum dots

Another novel type of biocompatible QDs is silicon dot. Silicon dots are also character-
ized by size-dependent physicochemical and optical properties that resemble the ones
observed in metal QDs. Their functionality depends on their superficial coating and
conjugation with other molecules. Their difference compared to classic QDs lies upon
the fact that their degradation produces silicic acid, with no signs of toxicity. Si-QDs
are excreted rapidly via urine and they also appear to accumulate in the liver. In vitro
applications indicated enhanced uptake by cancer cells and a great imaging potential of
cancer cells and of their interior organelles, especially when they were capped with
PEG. In vivo studies pointed out their safety even at high dosage, compared to Cd-
QDs. They were applied successfully in tumor, vasculature, and lymph node imaging,
where they achieved multiple-target detection and NIR emission. Newer types of
Si-QDs, which have increased QY, photo- and pH-stability, biocompatibility, are
constantly generated and can be suggested for prolonged cellular labeling.

1.8.3 Carbon/graphene quantum dots

Nanotechnological progress has achieved to create carbon-based QDs (CQDs).
Because of their organic nature, CQDs (or graphene QDs) are less expensive and
nontoxic for cells. They also exhibit similar features to aforementioned QDs, and
relevant studies have acclaimed them to be very promising in biomedicine. They
are nonspecifically distributed to heart, liver, kidneys, and spleen as well as to their
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target tissues. Studies have showed that they are fully excreted after 24 h.
Applications of CQDs in vivo have described great benefits in bioimaging, due to
their NIR emission. They have been used for molecular detection, cellular labeling
(stem cells, cancer cells), drug delivery, and PDT [11].

1.9 Conclusion

It becomes evident that QDs possess unique qualities and advantages over classic
fluorescent organic dyes. Literature regarding their applications in biomedicine,
particularly in bioimaging, is ever-growing, and the results can be acclaimed as
highly promising. Nevertheless, concerns about their toxicity in living organisms
still exist, and it is crucial to confirm their safety before we can take the advantage
of the significant benefits they could offer.
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2.1 Introduction

Quantum materials are newly developed materials that were born to address the
growing needs of quantum information. The myriad of quantum materials includes
graphene, two-dimensional (2D) nanomaterials, multifunctional oxides, supercon-
ductors, and heavy-fermion systems. As a key feature, such materials exhibit quan-
tum mechanical effects at macroscopic length scales, leading novel ordered phases
and unique attributes for sensing devices, LED, photodetectors, and sensors [1—3].
The first distinct feature is the quantum confinement effect that occurs when the
physical dimension of the particles—materials is similar or even smaller than
quantum particles, thus leading to novel properties not found in the bulk materials.
One representative example of materials exhibiting quantum confinement effects
are quantum dots or exfoliated 2D nanomaterials. The second characteristic, related
with the low dimensionality, is the possibility for multiple body interactions such
as electron—electron and spin—valley; typical of magnetic materials; and super-
conductors. The third property is the contribution of its topology and the Berry
phase to exotic properties such as the quantum spin Hall effect in insulators. The
fourth feature is the utilization of noncharged degrees of freedom of charge
carriers (spin, valley, and pseudospin) in low-energy electronics and quantum
computations. Quantum materials normally display one or all the previously
mentioned features [2,4—6].

In the field of analytical chemistry, quantum materials have been exploited for
the preparation of novel sensors for gas detection, optical detection, biosensing,
electrochemical detection, and bioimaging [7—9]. Graphene was the first discovered
quantum material used for analytical applications with unusual and unpreceded
properties arising from the quantum confinement effect of the electrons. Indeed,
graphene displays extremely high room-temperature mobility, optical transparency,
and excellent electrical conductivities that have been exploited since 2004 in insula-
tors and sensors [10—13]. New 2D nanomaterials beyond graphene have revealed
themselves as new rising stars in the field of quantum materials and sensor devices.
Fig. 2.1 illustrates an overview of the number of publications, during the last 10
years, on the development of sensing devices based on 2D nanomaterials. As can
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Figure 2.1 Graph bar showing the number of publications (last 10 years) of 2D quantum
materials for sensing. 2D, Two dimensional.
Source: Scopus; keywords: 2D nanomaterials; sensors.

be seen, the trend of publications increases exponentially with a great increase in
the last 2 years.

The most widely explored 2D nanomaterials for sensor devices are transition
metal dichalcogenides (TMDs) and oxides (TMOs), MXenes, metal-organic fra-
meworks (MOFs) and covalent-organic frameworks (COFs), black phosphorous
(BP), boron nitride (h-BN), germanene and its composites with graphene, and
other materials. Such materials are similar to graphene in terms of quantum
properties but still surpass it in some aspects, including ultralow thickness,
strong quantum confinement, and reduced Coulomb screening. These enhanced
properties allow for the integration of 2D nanomaterials on biological tissues
and skin with minimal mechanical damage, holding considerable promise for
wearable sensors and biosensors [9]. The presence of new emerging phases in
2D nanomaterials along with the strong quantum confinement effect results in a
high conductivity and remarkable high charge mobility (even superior to gra-
phene) ideal to improve the properties of strain, flexible sensors, and for electro-
chemical detection [5,14—16].

In this chapter, we will describe cutting-edge advances (last 3 years) of sensor
based on quantum materials. The focus will be targeted to new 2D nanomaterials,
as graphene itself can be the topic of a complete chapter and even a whole book.
On the first section, we will describe the types and properties of 2D quantum mate-
rials used in sensing devices. On the second section, we will give a recent overview
on the use of such materials for gas sensing, electrochemical (bio)-sensing, optical
sensing, and photodetectors. A brief overview and future trends of such rapidly
developing field will be given in the conclusion.
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2.2 Types of quantum materials for sensing applications

2.2.1 2D nanomaterials

2D materials are an emerging class of sheetlike nanomaterials with a high ratio of
lateral size (nanometers to micrometers) to thickness (angstroms to nanometers).
The quantum properties of such materials arise from the ultralow thickness after
exfoliation, which is lower than 5 nm (equivalent to few atoms). The resulting prop-
erties such as ultrahigh room-temperature carrier mobility, tunable bandgaps, and
high specific surface area are particularly attractive for sensors development and in
applications in semiconductors and biosensors. We will give a brief overview here
on the main properties and preparation methods with a special emphasis on the role
in the design in quantum materials—based sensors [17,18]. Fig. 2.2 illustrates an
overview of the materials and related structures, which will be described here.

The following section is rearranged by mentioning the main characteristics of
each 2D nanomaterials from the left to right order established in Fig. 2.2.

2.2.1.1 Transition metal dichalcogenides

TMDs are compounds with the general chemical formula of MX,, where M is a
transition metal (Mo, W, and Nb) and X represents a chalcogen (S, Se, Te, or com-
binations). TMDs display a layered crystal structure (see Fig. 2.2), with van der
Waals forces across the adjacent layers and each individual 2D sheet held together
through strong covalent bonds [19]. The different directions of the bonds and/or
stacking from the result in different crystal structures include anisotropic 1T, 1T
(trigonal), 2H (hexagonal), or 3R (rhombohedral). For example, the 2H structure
has an atomic stacking sequence, whereas a 1H structure indicates a single-layer
structure of a 2H phase [20].

Quantum
materials for

sensing

Figure 2.2 Summary of quantum nanomaterials used in sensor devices and related
structures.
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Among the most salient properties of TMDs the quantum confinement in such mate-
rials results in an indirect bandgap that shifts from 1 to almost 2 V (in the bulk material
in the exfoliated monolayer, respectively), which have been exploited to design differ-
ent field-effect transistors (FET) for gas and other biomarkers sensing [21,22]. The sec-
ond feature lies in the different phases, which promotes electron transfer and migration
for the preparation of semiconductors and optical sensors [20]. On the third aspect the
high surface areas, interfacial contact areas, and the presence of reactive functional
groups for further functionalization result in rapid charge transfer to design electro-
chemical biosensors and enzyme-linked immunoassays [23].

2.2.1.2 Transition metal oxides

Compared with the progress in TMDs, few developments have been achieved so far
with 2D TMOs due to the difficulties during its fabrication and exfoliation. The
general formula of TMOs is MOs5, where M is a transition metal (Mo, Ta, and V)
[24]. A schematic of the typical crystal structure is depicted in Fig. 2.2. As can be
seen, the layered structure is composed of individual polyhedrals and octahedrals
that share the edges with the surrounding units and create the 2D layers. Different
layers can be stacked by van der Waals forces to form the bulk material [25,26].

With regard to the quantum properties the presence of the oxygen ion and the
hybridization of the orbitals create a shift in the Fermi levels that allow them to act
as semiconductors and active parts in electrochemical (bio)-sensors [27]. In addi-
tion, TMOs possess tunable bandgaps and strong d—d transitions for its use in FET
and optical sensors based on Forster resonance energy transfer when conjugated
with fluorophores and other probes in optical detection schemes [28,29].

2.2.1.3 MXenes

MXenes are compounds synthetized by a direct exfoliation of the corresponding MAX
phases with the general formula M, ;AX,(n=1, 2, or 3), where M is a transition
metal (Sc, Ti, Zr, V, Cr, Mn, Nb, Hf, Ta, and Mo), A is an element from group 12 to
16 of the periodic table (Cd, Al, Si, P, S, Ga, Ge, As, In, Sn, Tl, and Pb), and X is
either carbon or nitrogen. Greater n values indicate more stability on the MXene struc-
ture [30—32]. MAX phases have a hexagon-layered structure, in which the M layers
are packed together with the X atoms filling the octahedral sites (see Fig. 2.2). The ele-
ment A is the key for the tailored exfoliation of different MXenes, as is intercalated
into the M,,;1X,, layers. As such, the A layer can be exfoliated with strong etching
solutions hydrogen fluoride (HF) forming MXenes with different structures, including
M,X, M3X,, or MyX3. More importantly, the exfoliation process imparts the MXene
surfaces with multiple functional groups (OH , F ) that improve the electronic con-
ductivity. Such rich chemistry holds considerable promise to develop a myriad of gas
sensors, electrochemical sensors, or optical-based sensing strategies. In addition, as will
be fully described, the increased surface area of MXenes and the biocompatibility allow
for the immobilization of a high loading of (bio)-receptors to improve the overall ana-
lytical properties of a myriad of (bio)-sensors [33,34].
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2.2.1.4 Metal-organic and covalent-organic frameworks

MOFs are crystalline porous materials in which metal ions (Fe, Co, and Zn) are
linked to organic ligands and imidazole rings to form a coordinated layered struc-
ture (see Fig. 2.2). Different coordination modes hold considerable promise to tune
MOFs structure. In addition, such materials are highly porous with a high surface
area. There is no general formula for MOF crystals and such compounds are classi-
fied according to their shape/asymmetry (IRMOF-1—IRMOF-16, and isoreticular
MOFs), their discovery place (UiO, MIL, and LIC), or the zeolite topology (ZIF,
zeolitic imidazolate framework) [35,36]. COFs are similar to MOFs but in this case
covalent bonds are responsible for the binding of “light” elements (B, C, and N) to
the organic ligands. The resulting crystalline individual layered structures stack
together via van der Waals bonds [37]. Due to its tunability, MOFs and COFs are
very promising for fabricating fluorescent sensors with built-in fluorescence or
combined with other receptors, the high surface area and rich functional groups
also facilitate modification for electrochemical biosensors development, and the
unpreceded electron mobility and availability of free sites (in other words, the
extremely high surface to ratio area) are ideal for gas biosensors development.

2.2.1.5 Black phosphorous and hexagonal boron nitride

BP, also known as phosphorene, displays a single element—layered structure with a
basic unit of six phosphorous atoms held together by van der Waals. Each P atom
is bonded to three other atoms resulting an orthorhombic-pleated honeycomb struc-
ture. The individual layers stack together through van der Waals forces either in a
zigzag or armchair conformations (see Fig. 2.2) that result in outstanding anisotro-
pic properties [38]. BP has excellent carrier mobility [1000 cm? (V s)”'] and is
very sensitive to electrical perturbation, being thus particularly attractive to detect
the sorption and desorption of gases in gas sensors or immunosensors coupled to
electric resistance sensors. In addition, BP has a direct bandgap of ~2 eV, making
it a suitable material for optoelectronics; whereas the relatively high surface area
and functional groups allow to develop fluorescence biosensors [39].

h-BN also has a hexagonal structure packed into crystal layers structure similar
to that of graphite. The hexagonal structure is composed by boron and nitrogen
atoms bonded by covalent bonds and the layers stacked together by van der Waals
forces (see Fig. 2.2). This configuration results in a high Young’s modulus of
780 GPa with a very high surface area and electronic mobility for the design of bio-
sensors as described for BP [40].

2.2.2 Heterostructures and nanocomposites

In heterostructures and nanocomposites, two dissimilar quantum materials together
or mixed with other nanomaterials are combined, resulting in a new material system
with novel properties arising at the interface of both materials [1]. Indeed, as will
be further described, most sensors based on quantum materials are assembled from
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heterostructures and nanocomposites with complementary Fermi velocities, elec-
tronic bands, and magnetic ordering to further improve the overall performance.
One excellent example is the combination of semiconductors with different band-
gaps. This leads to the generation of quantum well or holes at the interface of the
semiconductor heterostructures, increasing the conductivity, or imparting new prop-
erties for gas sensing [41].

Another important emerging property, when combining quantum materials into
heterostructures and nanocomposites, is the proximity effect or the appearance of
new properties into a material by the proximity of a second material. For example,
a bandgap can be introduced into gapless pristine graphene by combining it with
h-BN due to the symmetry of the lattice get inverted [42].

As a third relevant new property, the creation of heterostructures can change the
twist angle between two atomic layers to tailor the electronic and other properties.
A good example is graphene, which can be combined with TMDs and other materi-
als, resulting in the break of the twisted bilayer and imparting the resulting material
with superconductivity for sensors development [43]. As a conclusion, by judicious
choice of the material and its combinations is crucial to further explore the potential
of quantum materials for sensor devices.

2.2.3 Synthesis of 2D quantum materials for sensing

As the properties of 2D materials are directly influenced by the thickness and sur-
face properties, it is important to choose the best procedure to tailor the material
behavior in further quantum-sensing development. Top-down approaches compro-
mise different procedures to break bulk quantum material crystals into individual
layers. Bottom-up approach involves the assembly/deposition of precursors into
substrates or in solution [44].

Top-down methods include mechanical cleavage, mechanical force—assisted lig-
uid exfoliation, ion intercalation—assisted liquid exfoliation, ion exchange—assisted
liquid exfoliation, oxidation-assisted liquid exfoliation, and selective etch-
ing—assisted liquid exfoliation. The abovementioned methods are only applicable
for layered bulk crystals. Bottom-up approaches include wet-chemical processes,
physical or chemical vapor deposition (CVD), and ion intercalation or nanocrystal
self-assembly [9,45,46]. Fig. 2.3 illustrates a summary of the most prominent syn-
thetic routes.

Mechanical cleavage is a well-known technique used by Geim and Novoselov
for graphene synthesis. The procedure consists of the mechanical removal of layers
of bulk crystals by using adhesive tapes. It can be applied to synthetize TMDs, BP,
and h-BN. The procedure yet cannot be applied to mass scale production and lacks
on precision. Liquid-phase exfoliation is a convenient alternative that consisted of
applying ultrasound or mechanical forces to the materials in solution. Surfactants
can be added to aid the exfoliation. Ion intercalation—assisted liquid exfoliation
relies in the intercalation of cations into the interspacing of layered bulk crystals to
form ion-intercalated compounds, which can be next easily exfoliated into single-
or few-layer nanosheets under mild sonication treatment in a specific solvent.
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Figure 2.3 Summary of top-down and bottom-up approaches for the synthesis of quantum
(2D) nanomaterials for sensing. 2D, Two dimensional.

Source: Reprinted with permission from C. Murugan, V. Sharma, R.K. Murugan, G.
Malaimegu, A. Sundaramurthy, Two-dimensional cancer theranostic nanomaterials:
Synthesis, surface functionalization and applications in photothermal therapy, J. Control.
Release 299 (2019) 1-20, Copyright 2019, Elsevier.

Chemical syntheses involve chemical reactions between different precursors in
solution. The final layered materials are highly soluble in water and other organic
solvents. Chemical and physical vapor depositions are the most commonly used
bottom-up approaches to obtain quantum materials with high purity and precise
control over the number of layers, crystallinity, and thus on the subsequent perfor-
mance of the material in sensing. Substrates are placed in a pressure chamber and
irradiated with vapors of the precursor materials/chemicals, which deposit then onto
the substrate.

2.3 Sensors based on quantum materials

Table 2.1 summarizes different sensors based on quantum materials from gas sen-
sors to photodetectors and on-body sensors. More details will be given in the fol-
lowing sections.

2.3.1 G@Gas sensors

High-performance gas sensors for air and breath monitoring are crucial for detect-
ing hazardous gases to monitor air quality on big cities or for diagnosis monitoring-
purposes, which can impact both the environment and public health [33]. The main



Table 2.1 Summary of quantum materials—based sensors.

Materials Analytes Type of detection Analytical characteristics References
Gas sensing
MoS,/Pt H, Electromechanical Fast speed sensing [47]
MoS/h-BN NO, FET LOD: ppt levels [48]
MoS,/GO VOCs FET — [49]
NO,
rGO-SnS, NO, Electromechanical LOD: 5 mg L! [50]
Sn0,/GO H,S Electromechanical LR: 10—100 mg L! [51]
LOD: 0.043 mg L™
ReS, NO, Sweep voltammetry (/—V | LOD: 50 pg L ™" [52]
curves)
TisC,T,-F MXene Ethanol Electromechanical LR: 5—120 mg L™ [53]
TizC,T, MXene/CuO Toluene Electromechanical LOD: 0.32 mg L! [54]
nanoparticles
Ti;C, T, MXene Acetone Electromechanical LOD: 9.27 mg mL™! (acetone) [55]
Ethanol
Methanol
NH,4
V,CT, H, Electromechanical LOD: 25 mg mL ™! [56]
Acetone
Methane
H,S
BP—dyes NH;, HCI UV—Vis — [57]
BP—dyes NO, Electromechanical LOD: 3.3 pgL™! [58]




Tellurene nanoflakes NO, Electromechanical LOD: 0.214 pg L™ [59]

Electrochemical (bio)-sensing

MoS,/polyimide composites Hormones CV Flexible sensor [60]

Competitive
immunoassay
MoS,/carbon black composites Oleuropein CV LR: 0.3—100 pM [61]
Hydroxytyrosol DPV LOD: 0.1 pM
MoS,/carbon black composites Catechins CvV LR: 0.12—25 pM [62]
DPV LOD: 0.2 uM
WS,/carbon black/AuNPs Caffeic acid DPV LOD: 0.1-0.4 uM [63]
hybrid Sinapic acid
p-Coumaric
acid

MX, Flavonoids CV — [64]

MoS, DNA Nanopore sensors — [6]

h-BN

Nb,C MXene/ZnS Dopamine DPV LR: 0.09—-0.82 pM [65]
LOD: 1.39 uM

Ti;C, MXene/MWCNT Pharmaceuticals CV LR: 0.0011-61 puM [66]
LOD: 0.00028 uM

Ti;C, MXene Glucose Chronoamperometry LR: 50 — 27,750 pyM [67]
LOD: 23.0 pM

Ti;C,T, MXene/ink Human motion Electromechanical Flexible sensors [68]

Potential for real-time on-skin
monitoring

(Continued)



Table 2.1 (Continued)

Materials Analytes Type of detection Analytical characteristics References
ZIF MOFs-PB H,0, CV LR: 0.2 — 6.0 mM [69]
Glucose Chronoamperometry (H,0,);1.4 pM—1.5 mM (glucose)
h-BN Myoglobin Electrochemical LR: 0.1—100 mg L™ [70]
aptasensing LOD: 0.035 mg L~

Optical sensing

Ag/PtSe,/WS, - SPR - [71]

Au/ PtSez/W Sz

Tiz;C, MXene-AuNPs CEA SPR LR: 0.2—2 X 10" fM [72]

LOD: 0.07 fM

Ti;C, MXene HPV Fluorescence LOD: 100 pM [73]

Ti3C, MXene QDs Fluorescence [74]

COF F Fluorescence LOD: 5 ppb [75]

BP—dyes Crystal violet SERS — [57]

Photodetectors

7Zn0O QDs—decorated Zn,SnOy, — UV—Vis — [76]
nanowires

BiVO, photoanode/Ti;C,T, Hg Voltammetry (current LR: 1 pM—2 nM [77]
MXene density) LOD: 1 pM

BP, Black phosphorous; CEA, carcinoembryonic antigen; COF, covalent organic framework; CV, cyclic voltammetry; DPV, differential pulse voltammetry; FET, field effect transistor;
GO, graphene oxide; h-BN, boron nitride; HPV, human papillomavirus; LOD, limit of detection; LR, linear range; MOF, metal organic frameworks; MWCNT, multiwalled carbon
nanotube; OD, quantum dot; GO, reduced graphene oxide; SERS, surface enhanced-Raman scattering; SPR, surface Plasmon resonance; VOC, volatile organic compound; ZIF, zeolite

imidazolate framework.
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focus is directed to the detection at part per millions and even part per billions con-
centration of highly reactive gases, including NO,, H,S, and volatile organic com-
pounds (VOCs). As such, the sensors should have a short response time, high
selectivity with a wide linear range (LR), and low detection limits. A convenient
solution to achieve such performance is to use materials with high surface area,
reactive functional groups or sites for the adsorption of gas molecules, and high
electric conductivity to convert the interaction into electrical signal. 2D quantum
materials display the abovementioned requirements and as such, TMDs, TMOs,
MXenes, BP, h-BN, and nanocomposites have been used for this purpose. Table 2.1
summarizes selected examples of such sensors indicating the type of material used,
target gas, and main analytical characteristics and features. Some selected examples
on sensor design and specific applications are illustrated in Fig. 2.4.

MoS, is the most widely used TMD for gas sensing, and different
heterostructure-based sensors have been developed. Kim et al. [47] prepared PtNP-
decorated MoS, hollow spheres for H, sensing by Pickering emulsion. The struc-
tures possess a high free volume and surface area in a densely packed structure,
which is crucial for the enhanced gas sensing. To design the sensor the material
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Figure 2.4 Quantum materials—based gas sensors: (A) hollow structure of a Pt-decorated
MoS, sensor for H, sensing. The top part shows the schematic of the sensing mechanism and
the calculated activation energies (E,.) for H, reaction on the sensors. The bottom part
shows the resistance changes of MoS,, h-MoS,, MoS,/Pt, and h-MoS,/Pt in response to 1% —
4% and 0.4%—0.8% of H,. (B) V,CT, gas sensor: schematic drawing, resistance variation,
and gas response toward 100 ppm of hydrogen, ethanol, acetone, methane, ammonia, and
hydrogen sulfide.

Source: Reprinted with permission from (A) C.H. Park, W.T. Koo, Y.J. Lee, Y.H. Kim, J.
Lee, J.S. Jang, et al., Hydrogen sensors based on MoS, hollow architectures assembled by
Pickering emulsion, ACS Nano 14 (2020) 9652—9661, Copyright 2020, American Chemical
Society; (B) E. Lee, A. Vahid Mohammadi, Y.S. Yoon, M. Beidaghi, D.J. Kim, Two-
dimensional vanadium carbide MXene for gas sensors with ultrahigh sensitivity toward
nonpolar gases, ACS Sens. 4 (2019) 1603—1611, Copyright 2012, American Chemical
Society.
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was dispersed in ethanol (200 pL) and then drop-casted in an Al,O5 sensing pat-
terned with two parallel Au electrodes on the front and a Pt microheater on the
back. The electrodes were introduced in a sealed chamber and exposed to the H,.
The resistances of the sensor were monitored in real time and used as analytical sig-
nal. The sensing mechanism is illustrated in Fig. 2.4A and is based on gas diffusion
inside the sensing layers and surface-active sites in MoS,. Also, the PtNPs dissoci-
ate H, molecules to promote surface reaction with MoS,. Such changes are con-
verted into resistivity and monitored. The combination of both materials results in
the reduction of the activation energies (E,.), which results in shorter sensing times
and improved analytical performance (see Fig. 2.4A). The sensing performance was
compared with other materials (see Fig. 2.4A, bottom), and the results further illus-
trated that h-MoS,/Pt exhibited significant changes in resistance with fast response
and recovery speed, as compared with the negligible changes in resistance of the
control materials. Detection of H, at a low level of 0.05% was achieved with
the sensor. MoS, has been also combined with graphene into a heterostructure
for the development of an FET sensor for VOCs and NO, sensing [49]. The MoS,/
graphene heterostructure is synthesized over gold-sensing electrodes by physical
stacking of single layers of the TMD over graphene, resulting in an electron transfer
to graphene that ultimately changes FET charge neutrality point. MoS, has also
been combined with h-BN to develop an FET sensor that can detect NO, down to
6 ppb levels [48]. Novel TMDs such as SnS, (combined with graphene) and ReS,
have been used for NO, detection at ppb levels [50,52].

TMOs/graphene nanocomposites are also convenient materials for gas sensing
such as H,S. SnO, nanowires have been combined into reduced graphene oxides
(rGOs) nanosheets by colloidal approaches and further spin-coated onto ceramic
substrates to develop a chemiresistive gas sensor [51]. For the sensor construction
the composite materials were assembled into a ceramic substrate that was connected
into a commercial sourcemeter system. The sensor response was set as the ratio of
the baseline resistance in the presence of clean air and in the presence of the target
gas, respectively. The coupling of SnO,/graphene enhanced the overall electron
transfer and reduced the sensing time, improving the overall performance of the
sensor. When exposed to H,S gas, the electron flow across the H,S/SnO, interfaces
to the electrodes is enhanced by favorable electron transfer from SnO, nanowires to
the rGO nanosheets, leading to an excellent performance for the detection of
50 ppm of the gas.

MXenes—based gas sensors offer an excellent sensitivity and a low limit of
detections (LODs) as compared with other 2D nanomaterials [55]. Yet, MXenes are
prone to oxidative degradation; thus several strategies by surface functionalization
or combination with other compounds have been proposed. Stanciu et al. [53] func-
tionalized Tiz;C,T, MXene with fluoroalkylsilane, improving the material stability
and introducing functional groups for a selective and sensitive detection of VOCs
in a gas-based chemosensor. Authors evaluated the sensing behavior to strong-
oxidizing (electron-accepting) NO, and electron-donating VOCs (acetone and etha-
nol). The positive variations of resistance were observed regardless the gas type,
indicating that the charge carrier is hindered when a gas molecule is absorbed. Yet,
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the stronger adsorption energy of ethanol over other gases results in the highest
sensor response. In a similar resistive sensor, CuO/TizC,T, MXene hybrids pre-
pared by self-assembly were used for toluene sensing with nearly five times higher
sensitivity than that of the pristine CuO nanoparticles and the MXene [54]. A
novel MXene carbide was also explored for detecting polar and nonpolar chemical
species, including hydrogen and methane with a LOD down to 2 ppm. As sche-
matically depicted in Fig. 2.4B, the oxygen terminal groups on the surface of
V,CT, flakes contribute significantly to interaction with the target gas, leading to
changes in the resistance. The typical gas responses were calculated to be 0.08,
0.03, 0.012, 0.012, 0.24, and 0.005 for ethanol, acetone, ammonia, methane,
hydrogen, and hydrogen sulfide, respectively, with the highest gas response
obtained for hydrogen [56].

BP is another quantum material that offers interesting capabilities for gas sens-
ing. Thus colorimetric (UV—Vis) gas sensing has been achieved using dye—BP
composites prepared by Langmuir — Blodgett technology. Tetraphenylporphyrin tet-
rasulfonic acid hydrate, a dye that display different aggregation modes (and in turn,
color changes) under different pHs, was evaluated. After exposure to the film to
HCI and NHj; the gas atmosphere affects the molecular structure of the dyes with
changes in corresponding colors that can be used to detect such compounds [57].
Another dye, benzyl viologen, has been combined with BP to design a resistivity
gas sensor to detect NO, at low levels (50 ppb). The dye effectively passivates BP
to prevent high-energy adsorption sites that can prevent the reversibility of the sys-
tem and, in turn, increase the reproducibility of the system [58]. Tellurene nano-
flakes sensors have been used for a highly sensitive detection of NO, (0.2 ppb)
when used in interdigitated electrodes for resistance measurements. Tellurene struc-
ture and quantum properties greatly increase the electrical conductivity for such
enhanced performance [59]. Germanene derivatives also offer considerable promise
for gas sensing [78].

2.3.2 Electrochemical (bio)-sensors

According to the IUPAC, electrochemical sensors are a category of chemical sensors
designed by coupling the receptor part of the device to an electrochemical transducer.
As such, they consist in three essential components: (1) a receptor that binds the sam-
ple, (2) the sample or analyte, and (3) a transducer to convert the reaction into a mea-
surable electrical signal [79]. Quantum materials can be used for electrode modification
to modulate and increase the electron transfer in the electrode or imparting it with addi-
tional properties to enhance the overall performance in electrochemical sensors. We
will explain a brief selection here. On the first example, MoS, was used to fabricate a
flexible platform by direct CVD on a polyimide substrate. Such platform was directly
used as an electrode that can be used as the working electrode in flexible sensors. The
schematic of the fabrication of the sensors and a photograph of the resulting device is
depicted in Fig. 2.5A. The quantum properties of MoS, impart the sensor with enhanced
electrical conductivity for highly sensitive detection of parathyroid hormone (PTH),
triiodothyronine (T3), and thyroxine (T4) by cyclic voltammetry. Enzyme-linked
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Figure 2.5 Quantum materials—based (bio)-electrochemical sensors. (A) Schematic of the
fabrication of MoS, flexible electrodes for hormones sensing. (B) Triangular MoS, and h-BN
nanopore biosensor membranes for DNA translocation sensing: schematic of the device,
HRTEM images on the nanopores, and simulation of DNA translocation through the h-BN
nanopore. (C) Schematic of a pristine TizC, electrochemical biosensor for glucose detection
by chronoamperometry. 4#-BN, Boron nitride.

Source: Reprinted with permission from (A) H.U. Kim, H.Y. Kim, H. Seok, V. Kanade, H.
Yoo, K.Y. Park, et al., Flexible MoS,-polyimide electrode for electrochemical biosensors and
their applications for the highly sensitive quantification of endocrine hormones: PTH, T3,
and T4, Anal. Chem. 92 (2020) 6327—6333, Copyright 2020, American Chemical Society;
(B) K. Liu, M. Lihter, A. Sarathy, S. Caneva, H. Qiu, D. Deiana, et al., Geometrical effect in
2D nanopores, Nano Lett. 17 (2017) 4223—4230, Copyright 2017, American Chemical
Society; (C) H.L. Chia, C.C. Mayorga-Martinez, N. Antonatos, Z. Sofer, J.J. Gonzalez-
Julian, R.D. Webster, et al., MXene titanium carbide-based biosensor: strong dependence of
exfoliation method on performance, Anal. Chem. 92 (2020) 2452—2459, Copyright 2020,
American Chemical Society.

(T3-BSA, T4-BSA, or PTH) antibodies were used to detect the antigen concentra-
tion (T3-BSA, T4-BSA, or PTH) in a competitive enzyme-linked immunoassay.
The method was successfully applied for the detection of the hormones at pg L ™!
levels in serum from real patients [60].

MoS, and WS, have been combined with carbon black into a hybrid material used
for screen-printed electrode modification in the detection of catechins and phenols in
complex samples such as olive oil and cocoa. Compared with the use of each nanoma-
terials alone, the hybrid exhibits improved charge-transfer ability with high electrical
conductivity and enhanced electrocatalysis, also preventing electrode fouling [61—63].
A comprehensive study comparing the electrochemical performance of MX,
nanosheet-based electrodes (where M: Mo or W; X: S or Se) prepared by sonochemical
exfoliation revealed that the best results in terms of electrochemical performance were
obtained for selenides. In addition, antifouling properties extensive to all MX, were
demonstrated and the electrochemical mechanism behind was proposed [64].



2D quantum materials and sensors devices 33

MoS, (and h-BN) also displays nanopores in the structure that can be used to
develop single-molecule nanopore—based (bio)-sensors, as illustrated by Radenovic
et al. for DNA analysis [6]. For the nanopores preparation, authors deposited MoS, and
h-BN over a small opening of SiN, membranes by CVD. This resulted in atomic-scale
defects that were exploited for further sensing based on the ionic blockage induced by
DNA translocation. The device/membrane was assembled between two reservoirs filled
with saline solution connected to a current amplifier to apply bias across the membrane
(see Fig. 2.5B). The geometrical effect of the nanopores (circular for MoS, and triangu-
lar for h-BN) was modeled to study the role in the sensing performance. The simula-
tions and results demonstrate that the devices can be used for DNA sequencing, as
DNA translocation exhibits changes in the resistance of the pore (with can be mea-
sured) both for MoS, and h-BN nanopores [6].

MXenes are also promising materials for electrochemical (bio)-sensor designs,
yet the potential has been started to be explored very recently. Nb,C/ZnS nanocom-
posites have been used for dopamine sensing by differential pulse voltammetry.
The composite was used for the direct modification of a glassy-carbon electrode,
achieving enhanced sensitivity and selectivity in the detection of dopamine when
compared with bare materials, with a low LOD (1.4 pM) and a wide LR [65].
Multiwalled carbon nanotubes (MWCNTSs)/Ti;C, MXene/chitosan nanocomposites
have been employed to modified glassy-carbon electrodes for ifosfamide, acetamin-
ophen, domperidone, and sumatriptan detection by cyclic voltammetry and adsorp-
tive stripping differential pulse voltammetry. The composites display enhanced
electrocatalytic activities toward the oxidation of target analytes for the detection of
the analytes at levels as low as 3 X 10~ pM, with high selectivity in urine and
other complex samples [66]. Pristine Ti;C, has been used as a transducer for elec-
trochemical glucose biosensing by chronoamperometry (see Fig. 2.5C). High sensi-
tivity and selectivity have been achieved, with a LOD of 23.0 uM, lower or
comparable to recent glucose biosensors [67]. In a more sophisticated configuration,
Ti;C,T, MXene/ink composites have been used to construct strain-wearable sen-
sors, which hold considerable promise to monitor real-time human motion or meta-
bolites such as glucose for future on-body biosensing [68].

2D leaflike ZIFs (Co-ZIF and Fe-ZIF) have been combined with Prussian blue,
resulting in a greatly enhanced electron/mass transfer for highly selective and sensitive
glucose and H,0O, biosensing with a high selectivity and very low LOD of 0.02 pM
and 1.08 nM, respectively, in human serum [69]. Gold nanoparticles—decorated h-BN
composites, prepared by a hydrothermal method, were used to modify a tin oxide elec-
trode. The electrode was used as a transducer to immobilize a thiol-functionalized
DNA aptamer for electrochemical detection of myoglobin. A LOD of 35 ng mL™" was
achieved, holding considerable promise for point-of-care diagnosis [70].

2.3.3 Optical sensors

Quantum materials have also been explored in optical sensing. Indeed, the interac-
tion between light and quantum materials can produce changes in the intensity or
spectral shift of compounds that can be monitored as analytical signal by different
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means. The unique properties of quantum materials can be exploited to develop
optical biosensing platforms including fluorescence, photoluminescence, surface
plasmon resonance (SPR), or surface-enhanced Raman scattering (SERS). Some
details and selected references will be discussed in this section.

The synergy between TMDs and graphene has been explored to enhance the
sensitivity of SPR biosensors. Thus Ag/PtSe,/WS, and Au/PtSe,/WS, structures,
respectively, show up to a 1.8 increase in sensitivity when compared with conven-
tional Ag- and Au- based sensors [71]. TizC, MXene-MWCNTs-polydopamine-
AgNPs nanocomposites have been also used as substrates to enhance SPR biosensing
of monoclonal anti-CEA antibody detection. Fig. 2.6 illustrates the preparation of the
biosensor. On a first step the MXene is modified with gold nanoparticles followed by
the immobilization of staphylococcal protein A (SPA) to orient the immobiliza-
tion of CEA antibodies (Ab). For sensing, different concentrations of CEA were
mixed with MWCNTSs-Ag composites modified with Ab,, followed addition with
the MXene-modified composites to generate a sandwich. This result in a signal
change, directly related with the concentration of the analyte, which can be used
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Figure 2.6 (A) Schematic of an MXene-based biosensor for CEA antigen detection and
related contact angle measurements and calibration. (B) COFs for fluorine ion sensing:
schematic of the sensing mechanism and corresponding quenching plot. CEA,
Carcinoembryonic antigen; COF, covalent organic framework; SPR, surface plasmon
resonance.

Source: Reprinted with permission from (A) Q. Wu, N. Li, Y. Wang, Y. Liu, Y. Xu, S. Wei,
et al., A 2D transition metal carbide MXene-based SPR biosensor for ultrasensitive
carcinoembryonic antigen detection, Biosens. Bioelectron. 144 (2019) 111697, Copyright
2019, American Chemical Society; (B) H. Singh, M. Devi, N. Jena, M.M. Igbal, Y. Nailwal,
A. De Sarkar, et al., Proton-triggered fluorescence switching in self-exfoliated ionic covalent
organic nanosheets for applications in selective detection of anions, ACS Appl. Mater.
Interfaces 12 (2020) 13248—13255, Copyright 2020, American Chemical Society.
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for calibration (see Fig. 2.6). A LOD of 0.07 fM was achieved with good method
performance in serum samples [72].

Fluorescence approaches also explore the rich surface chemistry of MXenes for
ON-OFF bioassays. For example, TizC, has been used for the analysis of human
papillomavirus (HPV). The MXene can efficiently quench specific dye-labeled sin-
gle-stranded DNA (ssDNA) along with different affinities for ssDNA and double-
stranded DNA. Under the absence of the analyte the fluorescence of the solution is
quenched. In the presence of HPV a duplex structure is formed with the comple-
mentary target (ssDNA), with a clear enhance in the fluorescence intensity, which
can be related with the concentration of the analyte. A LOD of 100 pM was
achieved with excellent capabilities for direct detection in cervical scrapes samples
[73]. In an attractive approach, chlorine and nitrogen codoped Tiz;C, MXene quan-
tum dots with hydroxyl radical scavenging properties hold considerable promise for
fluorescence-detection approaches [74].

COFs have been used for fluoride ions sensing. A schematic of the sensing
mechanism and corresponding quenching in the presence of several ions and the
target analyte is illustrated in Fig. 2.6B. As can be seen, the method displays a high
selectivity with a low LOD of 5 ppb [75].

The combination of quantum materials such as BP and ZnO with dyes can result
in a great enhancement of the SERS signal for the detection of several analytes. As
such, BP has been modified with the dye tetraphenylporphyrin tetrasulfonic acid
hydrate and used as SERS substrate for highly enhanced crystal violet detection.
The synergetic effect between BP and dye increases electromagnetic and other
chemical effects that are mainly responsible for such behavior [57]. Similarly,
the functionalization of ZnO with probes was tested with positively charged mole-
cules of crystal violet and negatively charged molecules of methyl orange, and
~700-fold improvement in the SERS response was achieved, holding considerable
promise for future live biomolecular detection as illustrated for tryptophan [80].

2.3.4 Photodetectors

Photoelectrochemical sensing is a cutting-edge analytical topic that relies on photo-
active materials excited by external light to produce photocurrent readout signal.
2D quantum materials possess unique structures and outstanding photoelectric prop-
erties that have been explored to achieve such aim [16,81]. We will give a brief
overview of some selected representative examples.

ZnO quantum dots—decorated Zn,SnO,4 nanowires have been used as ultraviolet
photodetectors based on the generation of heterojunctions. The coupling of both
materials results in about 10 times higher photocurrent and, in turn, better detection
performance. The material was integrated into a 10 X 10 device array to develop
flexible ultraviolet photodetectors for ultraviolet image sensors [76]. A TizC,T,
MXene/BiVO, heterojunction electrode was used to develop a highly sensitive
photoelectrochemical platform, which was constructed for Hg>* determination with
a LOD down to 1 pM. The sensing principle relies on the modification of the film
with glutathione. In the presence of Hg®" the photocurrent of the electrode
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decreases significantly due to chelation with the glutathione in a concentration-
dependent manner [77].

2.4 Conclusions

In this chapter, we have presented a comprehensive overview on the use of the
unique properties of quantum materials for the development of a myriad of (bio)-
sensor devices in the analytical chemistry field. Among the myriad of quantum
materials, 2D nanomaterials are the most commonly employed for such purpose, as
revealed by the increasing number of publications and studied in the last 2—3 years.
One important application is the development of gas sensors based on quantum
materials, with many relevant applications in environmental monitoring and health-
care assurance and testing. The most commonly used 2D materials for this purpose
were nanocomposites materials exploring the synergetic effect among TMDs,
TMOs, MXenes, BP, and h-BN, being the most commonly used detection mode
electrochemical resistance. Such sensors hold considerable promise for real-time
gas monitoring with many applications and room at the bottom for more applica-
tions in the near future. Another important aspect is devoted to the design of elec-
trochemical and optical biosensors, where the high conductivity of quantum
materials and increased surface area greatly improve the analytical characteristic
and sensing performance. MXenes are the most commonly used quantum materials
for such purpose. As previously indicated, the combination of different quantum
materials into nanocomposites and heterostructures result in novel phenomena and
improved properties that benefit the sensing events. Still, many challenges lie
ahead, including scalable and cost-effective synthesis (especially in the case of
MXenes), uniformity, or the exploration of toxicology concerns.

Overall, the field of 2D materials is advancing at a rapid pace, with the prelimi-
nary and recent studies presented here further supporting the advantages and
improved sensing performance of different procedure based on 2D nanomaterials.
As such, they hold considerable promise to develop wearable sensors, point-of-care
devices, and gas sensors in a myriad of biomedical, analytical, and environmental
applications.
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3.1 Principles of superconducting quantum magnetic
sensing

3.1.1 Introduction

Thanks to their extraordinary properties, superconductors allow for ultrahigh mag-
netic sensing. In particular, the superconducting quantum interference devices
(SQUIDs) are among the most sensitive detectors of magnetic flux and field known,
with an equivalent energy sensitivity that approaches the quantum limit (Fig. 3.1).
Thanks to their unique properties, SQUID devices are widely used in several appli-
cations [1—4] such as biomagnetism, magnetic microscopy, nondestructive evalua-
tion (NDE), geophysics, astrophysics, quantum information, particle physics, and,
recently, also in nanoscience.

The purpose of this chapter is to give a brief overview of SQUID devices and
their main applications. Before that, we will briefly recall the main characteristics
of superconductors. There are materials that, at temperatures close to absolute zero,
do not offer any resistance to the passage of current. They are superconducting
materials. The temperature at which the transition between normal and supercon-
ducting phases occurs is called the critical temperature (7,.) [5—7]. It is important to
stress that it is a phase transition and that the resistance after the transition is
exactly zero. Superconductivity was discovered in 1911 by physicist Heike
Kamerlingh Onnes, while studying a sample of mercury at temperatures close to
absolute zero (Onnes is most famous for being able to create liquid helium). At
about 4K, the resistivity of mercury to the passage of current suddenly becomes
zero: this means that the electrons are able to move in the material without losing
energy, in a kind of “perpetual motion™ (typically we speak of supercurrent). Another
extraordinary effect presented by superconductors is the Meissner—Ochsenfeld effect,
discovered in 1933 [5—7]. If you cool a superconductor, in a magnetic field, currents are
created on the surface of the superconductor, which induce a magnetic field opposite to
that applied. Basically it means that a superconductor behaves like a perfect diamagnet.
This effect is what allows to obtain a stable magnetic levitation. On the basis of the value
of the T,, we can divide the superconductors into two categories: low critical temperature
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Figure 3.1 (A) Comparison of SQUID magnetic sensitivity with other devices as a function
of the frequency. (B) Amplitudes of the environment magnetic signals and the biomagnetic
signal. The SQUID sensitivity is the lowest among them. SQUID, Superconducting quantum
interference device.

superconductors, typically metals, (7,. < 10K) and superconductors with high critical tem-
perature superconductors (HTSs), typically ceramic compounds (7. < 140K) [6].

Classical physics is not enough to explain the behavior of superconductors, and
it is necessary to use the laws of quantum mechanics. In the 1950s the physicists,
Bardeen, Cooper, and Schrieffer (BCS), developed a theory to describe the phenom-
enon of superconductivity. The BCS theory predicts that in superconductors the
electrons unite to form pairs, called Cooper pairs, and that these pairs (supercurrent)
carry the electric charge instead of the single electrons. However, these pairs no
longer behave as fermions, but as bosons, obeying completely different physical
laws and being able to move more freely in the material.

3.1.2 Josephson effect and flux quantization in a
superconducting ring

The Josephson effect was predicted in 1962 by Brian Josephson [8,9]. He stated
that a supercurrent could tunnel through an insulating barrier separating two super-
conductors. A Josephson junction is schematically represented by two superconduc-
tors separated by a thin insulation barrier (Fig. 3.2). If the junction is biased with a
dc current, the voltage across it remains zero up to a current value called Josephson
critical current I, due to the cooper pair-tunneling through the insulation barrier.
This so-called dc Josephson effect occurs due to the overlap of the macroscopic
wave functions in the barrier region (Fig. 3.2).
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Figure 3.2 Scheme of a Josephson junction. A thin insulator barrier (few nm) separates the
two superconductors (tunnel junction). The overlap of the macroscopic wave functions
allows the tunneling of the Cooper pair.

When the bias current is greater than I, the junction switches in a resistive state
where the tunnel is due to the single electrons.
The fundamental equations of the Josephson effect are as follows:

I=1Iysin ¢ 3.1
0p 2e
i ;V (3.2)

where I, is the critical current and ¢ is the phase difference between the macroscopic
wave functions of the cooper pairs relative to the two superconductors, and V is the
voltage across the junction. If the voltage across the junction is constant, the phase
difference is a linear function of the time ¢ = (2¢/h)V -t + ¢, which, substituted in
the first Josephson equation, gives an oscillating current at nonzero voltage: I = Iysin
2nft + o) where f= 2e/h)V/2m (486.6 MHz prl). This effect, known as the
Josephson ac effect [10], has been successfully employed in metrology and several
other applications [2]. An exhaustive review of the Josephson effect can be found in
Ref. [9]. An overlap of the macroscopic wave functions of the two superconductors,
which implies the Josephson effect, can be also obtained by using different structures
such as Dayem bridges (nanoconstrictions of superconductor) or other structures [9].

From the application point of view, the use of Josephson junctions involves vari-
ous fields, ranging from metrology to radiation detectors and more generally a stim-
ulating new electronics that exploits the characteristics of superconducting devices:
high speed, low dissipation, and low dispersion.
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The magnetic flux quantization states that the magnetic flux treading a supercon-
ducting loop exists only in multiples of the flux quantum (@ = n®,, Y, = h/(2e)) =
207X 1071°T mz, where £ is the Plank constant and e is the electron charge [11].
Physically, it is due to the Meissner effect. In the case of a superconducting ring,
the discrete quantities of flux can be trapped into the ring rather than expelled as in
a continuous superconductor. This magnetic flux is sustained by a persistent circu-
lating current inside the ring, J = &/L, where L is the inductance of the ring and
@ = B- S is the applied magnetic flux.

3.1.3 Working principle of a SQUID

The operation principle of a SQUID is based on the Josephson effect and the flux
quantization in a superconducting ring. Here, we will provide the principle of oper-
ation of a SQUID, while an exhaustive analysis can be found in Refs. [1,2]. A dc-
SQUID sensor is a converter of magnetic flux into a voltage having an extremely
low magnetic flux noise. Basically, it consists of a superconducting ring interrupted
by two Josephson junctions. The voltage across the SQUID is a periodic function of
the external magnetic flux treading the SQUID ring with a period equal to the flux
quantum @,. The typical SQUID configuration is schematically shown in Fig. 3.3.
The two Josephson junctions are in a parallel configuration, so the critical current
of the SQUID is I. =1, + I, or I.=2I,, if the Josephson junctions are identical. In
the presence of an external magnetic field treading the SQUID loop, /. oscillates
with a period of one flux quantum. This is due to the interference of superconduct-
ing wave functions in the two arms of the SQUID and analog to the two slit inter-
ference in optics. It is the basis of the working principle of a SQUID. If the SQUID
is biased with a constant current at a value greater than I. (Fig. 3.4A), the voltage
across it also oscillates (Fig. 3.4B). By measuring the SQUID output voltage, it is
possible to obtain the magnetic flux treading the SQUID.

Why is SQUID so sensitive? The superconductivity is one of the most spectacu-
lar manifestations of the macroscopic quantum physics. Being a macroscopic object
as a superconductor described by a wave function, there are macroscopic physical

Josephson junctions

(A) (B)

J
E |
AN,

Ve

o

Superconducting
ring

Figure 3.3 (A) Scheme of a SQUID: a superconducting ring interrupted by two Josephson
junctions. (B) Equivalent electric circuit of a dc-SQUID in the framework of the resistively
and capacitively shunted model of a Josephson junction [12]. SQUID, Superconducting
quantum interference device.
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Figure 3.4 (A) Current—voltage characteristics at integer and half-integer values of applied
flux. The bias current I sets the operation point. (B) SQUID voltage as a function of the
external magnetic flux in unit of ¢,. The SQUID voltage across the SQUID is a periodically
function of the external magnetic flux through the superconducting ring with a period equal
to the elementary magnetic flux quantum (Po = 2.07 X 10~ "> Wb). SQUID, Superconducting
quantum interference device.

quantities related to quantum physical constant. In the case of the SQUID, the volt-
age across it (few tens of pV) is related to the quantum flux that is a very small
quantity from a macroscopic point of view. Moreover, by using suitable readout
electronics, the SQUID can measure a magnetic flux less than 10~ °®, per band-
width unit, resulting in an ultralow noise sensor.

3.1.4 Main characteristics and magnetic noise of a SQUID

This section provides a more detailed analysis of the main characteristics and mag-
netic noise of a SQUID. Fig. 3.3B reports the equivalent electrical circuit of a
SQUID obtained in the framework of the resistively shunted junction model [12].

In this model, the Josephson junction has a critical current Iy and is in parallel
with a capacitance C and resistance R having a current noise source associated with
it. The R value is related to the hysteresis in the current—voltage (I—V) characteris-
tic of a junction or a SQUID. In particular, if the Stewart—McCumber parameter
B, =2nl,CR*/$y < 1, there is no hysteresis [13].

It can be shown that the flux quantization in the presence of a superconducting
ring, including two Josephson junctions, can be written as [9]

(0] o, +LJ
b1 — ¢ =2m— =2m

By By (3.3)
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where ¢; and ¢, are the phase differences of the superconducting wave functions
across the two junctions. @ = @, + LJ is the total flux threading the SQUID loop
given by the external flux &, and the self-flux produced by the screening current
circulating into the SQUID loop with an inductance L. The circulating current can
be expressed as J = (I} — 1,)/2.

First, we consider the case of zero voltage state. Appling the Kirchhoff laws at
the circuit of Fig. 3.3B, combining Eqgs. (3.1) and (3.3), and supposing that the junc-
tions are identical:

1.(®) =1, + I, = Iy(sin ¢, + sin ¢,) = 21 sin ¢ cos <7r§> (3.4)
0

® — Py _ LJ _ Llp(sin ¢; — sin ¢,)
D D D

= 3, cos ¢ sin <7r qi) (3.5)

where ¢ = (¢ + ©»)/2, while 8; = 2LIy/®, is the inductance parameter. It is one of
the most important parameters, since the SQUID characteristic strongly depends on
the (3, value.

If the SQUID inductance is very small, 3; ~ 0, consequently, &~ @,, the SQUID
critical current has a simple cosinusoidal behavior, and the modulation depth, defined
as Al = 1(P,=0) — I(P, = Dy/2), is equal to 2I,, that is, the SQUID critical current
modulates to zero.

If 3, is not zero, Al decreases by increasing the 3; value as shown in Fig. 3.5,
where 1., as a function of the external magnetic flux, is reported for two different
O values. The curves have been obtained by numerically solving Egs. (3.4) and
(3.5). Note that for § = 0.01, the modulation depth is about 21, as expected.

The voltage state involves the presence of an oscillating current, and voltage as
predicted by the second Josephson effect Eq. (3.2). In this case, the equations
describing the SQUID dynamic are obtained by including the current terms due to
the voltage across the resistance (V/R) and the capacitance (CdV/df) in the
Kirchhoff law. Considering Eq. (3.2) and applying the Kirchhoff law to both
SQUID arms, we obtain the following two equations:

I . D doy | PCd¢,
L +J=1 Sl (k. I bt WY
2 osinort S R dr T om ag T
(3.6)
I . Dy dp, | PCd*¢,
e _j=1 4 2090 D0Ca P |,
2 osin Gyt o T o ae v

The two equations in Eq. (3.6), together with Eq. (3.5), provide a complete
description of the SQUID characteristics. The voltage is given by V=1/2[d
(p1(2) + pa(1))/dt]. The terms Iy, and Iy, are the Nyquist noise associated with the
shunt resistors R. As we said, the voltage across the SQUID is an oscillatory func-
tion of time (see Fig. 3.5B), in the case of I,/I, = 6, the oscillation period is equal
to about half of P¢/(2wlyR) that considering a typical SQUID parameters
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Figure 3.5 (A) Critical current of a SQUID as function of the external magnetic flux
threading the loop for two different 3, values. (B) Voltage across a SQUID as a function of
the time normalized to @¢/(27ly R) for two different current biases. Increasing the bias
current, the voltage frequency increases, while the amplitude decreases. SQUID,
Superconducting quantum interference device.

(Ip=10 pA, R =3 Q) corresponds to a frequency of about 50 GHz. However, dur-
ing the working operation, a voltage average is typically measured.

The average value of V(r) allows us to calculate the current—voltage characteris-
tic (I—V), the voltage—magnetic flux characteristic (V—@), and the voltage respon-
sivity, namely, the slope of the V—@ curve in the magnetic bias point Vg = 0V/0®,.
The power spectral density (PSD) of V(¢) gives the PSD of the voltage noise (Sy)
and of the magnetic flux noise (Sg= SV/VQ;Z). In the simplest case, where
Ini=1Iy2=0and §;, Bc<«1, Egs. (3.5) and (3.6) can be easily solved, providing
the following equation for the SQUID /—V characteristic:

2
V(®,, 1) = g\/ - (210 cos (w%» 3.7)
0

The voltage swing or peak-to-peak modulation defined as AVg= V(Py/2) —
(D) is given by

AV(l) = [RI g \/12—(210)2] (3.8)

The maximum value is obtained for I = 21, that is, AVs = I4R.

In more general case, Egs. (3.5) and (3.6) are numerically solved [14,15], provid-
ing () and ,(#), which allow one to compute all the SQUID characteristics.

Fig. 3.6 reports the /—V characteristics computed for ¢, =0 and ¢, = $/2 and
V—@& characteristics for three different values of Ip/I, ratio and 3, =1, .= 0 for
all curves. As expected, the /—V characteristic does not show hysteresis, while the
V—@& characteristics have a periodic behavior with a period equal to ®,. The V—&
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Figure 3.6 (A) Current—voltage characteristics computed for ¢, = 0 and $y/2. (B)
Voltage—magnetic flux characteristics computed for I/l = 1.5 (lower curve), 2.0 (middle
curve), and 2.5 (upper curve). In both figures, 3, = 1 and 3. = 0.

amplitude (V(0) — V($y/2)) depends on the bias current and (§; value and reaches
its maximum for Iz = 21,.

From Fig. 3.6B, it is evident the periodic dependence of the voltage across the
SQUID on the external magnetic flux treading the SQUID ring. Hence, a nonhys-
teretic SQUID can be considered a magnetic flux—voltage transducer and can be
employed as a magnetic flux detector. In this case, A®, = AV/Vg. Typically, in this
configuration, the SQUID is biased with a constant current close to /. and an exter-
nal magnetic flux @, = $¢/4 to maximize the V.

If the signals to measure are much smaller than the flux quantum, the SQUID
can work in small signal mode. In such a configuration, it is flux biased at a volta-
ge—flux characteristic where the responsivity is the maximum. Since every continu-
ous signal in a suitable small range around a point can be approximated to a linear
signal, the response of the SQUID is linear with the external magnetic flux. If the
signals to detect are greater than the flux quantum, the SQUID response has to be
linearized. To do it, a flux-locked-loop (FLL) configuration is used [16].

In such a scheme the output voltage is converted into a current by a resistor and fed
back into the SQUID as a flux, via a coil coupled to the sensor, nulling the input mag-
netic flux (Fig. 3.7). So the SQUID works as a null detector of magnetic flux. The volt-
age across the feedback resistor is proportional to the magnetic flux input. The FLL
linearizes the SQUID output increasing the linear dynamic range. Due to the SQUID’s
very low output voltage noise, direct voltage readout mode generally leads to a reduction
of intrinsic SQUID sensitivity. To solve this problem, complicated schemes such as ac-
flux modulation in combination with an impedance matching were often used [17]. In
recent years, a second generation of SQUID sensors, with a large flux-to-voltage transfer,
has been proposed to allow a direct-coupled readout scheme without flux modulation [1].
In comparison with the standard electronics, the direct-coupled readout schemes are sim-
pler, more compact, and less expensive. In particular, circuits based on additional positive
feedback (APF) are very effective [18]. Such a circuit consists of a coil (APF coil) con-
nected to a resistor (APF resistor) put in parallel with the SQUID. The APF circuit
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Figure 3.7 Flux-locked-loop configuration used to increase the linear dynamic range of the
SQUID sensors. SQUID, Superconducting quantum interference device.

renders the magnetic flux—voltage characteristics asymmetric inducing an increase of
voltage responsivity on one side of the characteristic. In such a way the contribution to
the flux noise due to the readout electronics is reduced.

One of the most important factors of merit of a SQUID device is the magnetic
flux noise or more precisely the spectral density of magnetic flux noise. The impor-
tance of the noise in Josephson devices has stimulated many theoretical and experi-
mental investigations leading to an exhaustive comprehension of the main
mechanisms responsible for the different noise.

In the case of a shunted dc-SQUID, this noise is essential due to the Nyquist
noise associated with the shunt resistor R with a current spectral density S; = 4kgT/
R, where kg is the Boltzmann constant and 7 the temperature [19].

The SQUID noise is computed by solving numerically Egs. (3.5) and (3.6),
where the Iy and Iy, are the resistor Nyquist noise. An important parameter is
I' =27kpT/(IyP,) that takes into account the spectral density of the Nyquist current
noise relative to the shunt resistors (S;=41"). The spectrum of the voltage noise for
a bias current Iz =2.11; and two different values of I" are reported in Fig. 3.8A.
The spectra have been computed by averaging 60 spectra of time traces V(f)
reported in the inset of Fig. 3.8A and obtained by averaging 40 V().

The voltage responsivity Vg, the PSD of the voltage Sy, and the spectral density
of magnetic flux qul/ 2= Svl/ 2/V¢ as a function of the bias current Iy are, respec-
tively, reported in Fig. 3.8B—D for 5, =1, Bc=0, & =0.25, &,, and I'=0.05.
From the figure, we observe that the minimum of S¢'* corresponds to about 1.61.,
where the values of Sy and Vg are as follows:

0.81 R® R p_ Sy'? ksT
Syx———— =16kg TR; Vo~ — =S/ =" — =4/~ L 3.9
v o B o N T =5 Va R (3.9

To compare SQUID with different inductances, SQUID noise is often presented
as the noise energy for unit bandwidth:

So 8kpTL
~20 0BT 3.10
=21 R (3.10)
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Figure 3.8 (A) Spectrum of the voltage noise for a bias current Iz = 2.1/, and two different
noise parameter values: I'=0.01 and 0.05. The inset shows the time traces V(f), obtained by
averaging 40 V(¢). (B) Voltage responsivity as a function of the bias current. (C) Power
spectral density value in the white region of the voltage noise as a function of the bias
current. (D) Spectral density of the magnetic flux noise as a function of the bias current.

It has been obtained by taking the ratio Sy'*/Vs.

It is expressed in the unit of 2. A SQUID can reach an energy resolution as low
as few 71; in other words, it is limited by quantum mechanics uncertainty principle.
It has been proved that the conditions 3; =1 and @ = 0.25®,, optimize the SQUID
performances [19]. Hence to reduce the flux noise of a SQUID, we have to reduce
the inductance of the loop, increase the shunt resistance value preserving the condi-
tions fo«< 1, '« 1, B, = 1.

3.2 Main SQUID configurations

A SQUID is essentially a magnetic flux detector. However, it can detect with ultra-
high sensitivity of any physical quantities that can be converted in a magnetic flux
trading the SQUID loop. Depending on the quantity to measure, it is needed to
employ a suitable SQUID sensor design. In this section, we report the basic princi-
ple of the main SQUID configurations.
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3.2.1 Magnetometer and gradiometer

In the case of a bare SQUID, the rms magnetic field noise S;'* is simply given by
So'?/A,, where A, is the geometrical area of the superconducting loop. Since the
flux noise increases with the ring inductance (Eq. 3.9), it is not possible to increase
the magnetic field sensitivity by increasing the geometrical area of the SQUID ring.

Therefore, to increase the magnetic field sensitivity, a superconducting flux
transformer is employed. It consists of a superconducting primary coil working as a
magnetic flux pick-up (pick-up coil) connected in series with a superconducting
secondary coil magnetically coupled to the SQUID (input coil) (Fig. 3.9). When a
magnetic flux @, is applied, due to Meissner effect, a screening current flows into
pick-up coil to nullify the total magnetic flux. Such screening current flows also in
the input coil inducing a magnetic flux @y into the SQUID loop [14]:

M; ki/LL;
d,= 2

= = 3.11
Li+Lp " Li+L, " G-11)

Dg

where L; and L, are the inductances of the input coil and the pick-up coil, respec-
tively, k; is a coupling factor, and M, is the mutual inductance between the SQUID
loop and input coil.

By inverting Eq. (3.11) and considering that B, = $,/A, (A, is the pick-up coil
area), it is possible to obtain the spectral density of the magnetic field noise Sz"*(f)
of the SQUID magnetometer [14]:

si/2 L.+ L L,+L;
SYr=C0r 2 THG2 _p gl py= 2 3.12
¥ a, MiA, ® »Se 5 Be= (3.12)

where Bg is the magnetic flux to magnetic field conversion efficiency or SQUID
magnetometer sensitivity. It is a fundamental parameter for a SQUID magnetometer
and assumes the minimum value when L, = L;. Hence, the magnetometer design can
be optimized by minimizing the value of By in Eq. (3.12). If the flux transformer is

il Pick-up coil

'\.Input coil

Figure 3.9 Scheme of a SQUID magnetometer. A superconducting flux transformer is
inductively coupled to the SQUID loop to increase the effective area of the sensor. SQUID,
Superconducting quantum interference device.
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integrated, an excellent coupling to the SQUID is obtained using a Ketchen-type
design [15,20]. The SQUID loop, in a square washer configuration, is coupled to a
multiturn thin-film input coil that is connected to a square single turn pick-up loop
(Fig. 3.10A). In such a configuration, the SQUID inductance does not depend on the
external dimension of the washer but only on the hole dimension. The coupling
between the washer and the input coil is very effective, and the input coil inductance
is proportional to the turn numbers and the hole inductance. Hence, in this configura-
tion, the input coil inductance can be adjusted to match a suitable load by varying the
outer dimension of the washer to accommodate the required number of input coil
turns. The Josephson junctions are located on the outer edge of the square loop, away
from the higher field region at the center square hole. Therefore a slit through the
conductor loop is used, introducing excessive parasitic inductances. Such additional
inductance is only partially coupled to the coil turns, reducing the overall coupling
efficiency. So, it is preferable to avoid very long slit. Besides, the washer structure
does tend to focus flux into the central hole by an amount proportional to the product
of outer dimension / and the hole dimension d increasing the flux capture area by a
factor (A,,4;)" (A,, and A,, are the geometrical area of the washer and of the hole,
respectively) [21]. The flux-focusing effect is largely employed to fabricate SQUID
sensors for several applications.

Typically, a SQUID magnetometer with a square pick-up coil of about 1 cm?
exhibits a magnetic flux noise as low as 1 fT Hz~ 2.

To reduce the equivalent preamplifier flux noise with respect to the SQUID
noise in the case of direct-coupling readout scheme, an APF circuit could be inte-
grated on the same chip. It makes the V—@ characteristic asymmetric, so, if the
SQUID is biased on the steeper side, an effective increase of the SQUID

(A)

feedback coil
pick-up coil

) ’/ sQuib
1 =

input coil

Jescphsonﬂ._iunclions 1.1y  feedback coil

Figure 3.10 (A) Scheme and (B) picture of a fully integrated SQUID magnetometer,
including the flux transformer and the feedback coil: a superconducting pick-up loop is
inductively coupled to the SQUID by a superconductive multiturn coil located under or over
the SQUID washer. An improved feedback coil design allows to reduce cross-talk effect in
large multichannel systems. The magnetic field noise of this SQUID magnetometer is

1.5 fT Hz~ 2. SQUID, Superconducting quantum interference device.
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responsivity (Vg = 0V/0P) is achieved. The integrated APF circuit includes a resis-
tor network to adjust the APF gain for optimum device operations. The bipolar
design of the feedback coil consisting of two multiturn coil allows to reduce cross-
talk among neighboring sensors [22].

Another scheme used to increase the effective area of a SQUID is based on mul-
tiloop design where n loops are connected in parallel (reminiscent of a wheel with
spokes), so that the total SQUID inductance is L =Lp/n2 + Lgoxe/n and the total
effective area is given by Aepr = Ap/n — Agpores Where L, and A, are the inductance
and effective area, respectively, of an equivalent pick-up loop without spokes and
Lgpoke and Agpore are the average parasitic inductance and average parasitic effective
area associated with the pair of “spokes” between neighboring loops that form
coplanar transmission lines [18,23,24].

The multiloop SQUID magnetometer reported in Fig. 3.11 exhibited a field sen-
sitivity Bg = 0.46 nT/®, and rms magnetic field noise S 31/2()‘) =0.9 fT Hz 2 [24].

Another multiloop magnetometer realized with low capacitance cross-type
Josephson junction exhibited an exceptionally low magnetic field noise, as low as
0.3 fT Hz~ "> [25].

To detect a magnetic field gradient a pick-up coil consists, usually, of two coils
wrapped with the opposite direction. To evaluate the magnetic field gradient along
the z direction (0B./0Ox), an axial configuration should be used, while for x- or
y-dependent magnetic field gradient (0B,/0y or 0B,/0x), a planar configuration has

to be employed [1] (Fig. 3.12).

./

L=L/n?+L . /n
Acﬂ:Arylz-Asmku

pick-up coil

e

Figure 3.11 (A) Schematic diagram and picture (B) of a multiloop magnetometer. Here
eight loops are connected in parallel reducing the SQUID inductance, while the effective
loop area is given by the area of the single loop divided by eight minus the area between the
“spokes.” SQUID, Superconducting quantum interference device.

Source: Adapted from D. Drung, S. Knappe, H. Koch, Theory for the multiloop dc
superconducting quantum interference device magnetometer and experimental verification, J.
Appl. Phys. 77 (1995) 4088—4098.
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(B)

Figure 3.12 Scheme of an axial (A) and a planar gradiometer configuration (B). In the axial
case, two coils are wrapped with the opposite direction. In such a way, if a uniform magnetic
field is applied, there is no current flowing into the input coil, and subsequently there is no
magnetic flux treading the SQUID. SQUID, Superconducting quantum interference device.

In both cases, a spatially uniform magnetic field induces in the coils two screen-
ing currents having the same amplitude but opposite direction, so that there is no
current flowing into the input coil, and subsequently, there is no magnetic flux
treading the SQUID. If the magnetic field is nonuniform, the net current circulating
into the input coil is nonzero coupling a magnetic flux into the SQUID via mutual
inductance M;; in the planar case [26],

30
O, =M,J, = _Zd M; %
2L[, + L,’ Ox

where d is the distance between the pick-up coil centers (baseline); thus the noise
gradient is expressed by [26]

oB,| 2L,+L; @,
ox " M,‘ 2d3

where @, is the magnetic flux noise of the SQUID.

In Fig. 3.13, a fully integrated SQUID gradiometer is reported with long baseline
planar (50 mm). The pick-up antenna consists of two integrated rectangular coils
connected in series and magnetically coupled to a dc-SQUID in a double parallel
washer configuration by two series multiturn input coils. Due to their high intrinsic
balance and good performances, planar gradiometers may be the elective sensors
for biomagnetic application in a soft shielded environment [27].

3.2.2 High-sensitivity current sensor (pico-ammeter)

SQUID sensors are also employed to detect very small changes in various physical
quantities such as current or voltage that can be transformed into changes in the
magnetic flux treading the SQUID ring. Among them, particular interest is devoted
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Figure 3.13 (A) Scheme and picture (B) of an integrated planar SQUID gradiometer and its
particulars showing the bipolar feedback coil with relative pick-up coil arrangement and the
SQUID in a washer shape, including the Josephson junctions, shunt, and damping resistors.

The spectral density of the magnetic field noise, referred to one sensing coil, is 3.0 T Hz ™/

resulting in a gradient spectral noise of 0.6 fT cm ™' Hz~ 2. SQUID, Superconducting
quantum interference device.

Source: Adapted from C. Granata, A. Vettoliere, C. Nappi, M. Lisitskiy, M. Russo, Long
baseline planar superconducting gradiometer for biomagnetic imaging, Appl. Phys. Lett. 95
(2009) 042502.

to the SQUID-based current sensors because they can be effectively employed as a
readout of gravitational wave detectors, transition-edge sensors, and for current-
sensing noise thermometry. A suitable way to obtain a practical and reliable
SQUID current noise is the design based on the flux transformer that converts eas-
ily the electrical current into a magnetic flux treading the SQUID loop and allows
to obtain fully integrated sensors (Fig. 3.14). In this case, the magnetic flux coupled
to the SQUID loop is @ = M; and the spectral density of the current noise will be
[1,17] as follows:

12 _ S(lb/z _ 1/2, _ 1
S/ = TleSe s le=q; (3.13)

where M is the mutual inductance between the input coil and the SQUID loop. A
suitable way to obtain a practical and reliable SQUID ammeter is to use a flux
transformer that converts easily the electrical current into a magnetic flux treading
the SQUID loop and allows to obtain fully integrated sensors.

To reject the background magnetic field, which gives an undesirable SQUID signal, it
is possible to employ a gradiometric design. In such a configuration (double-washer par-
allel configuration), two thin-film niobium washers are connected in such a way to form
a first-order planar gradiometer with respect to background fields. The external signal is
coupled to the SQUID loop by a multiturn input coil via the mutual inductance M = k(L;
L) v 2, where L; is the inductance of the input coil, L is the total SQUID inductance, and k
is the coupling constant. Even in this case, excellent coupling to the SQUID is obtained
using a Ketchen-type design [15]. Therefore the input coil inductance can be adjusted to
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SQUID

Input coil

Signal input

Figure 3.14 Scheme of a SQUID current sensor. The current to detect flows through the
input coil that couples a magnetic flux into SQUID loop. By measuring the magnetic flux
coupled to the SQUID, it is possible to obtain the current flowing in the input coil. SQUID,
Superconducting quantum interference device.
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Figure 3.15 (A) Picture of a SQUID current sensor. The big pads are connected to input coil
and allow for superconducting soldering if it is coupled to an external superconducting pick-
up coil. (B) Parallel double washer in gradiometer configuration that accommodates 40 turns
for each washer. (C) Particular of Josephson junctions and shunt resistors, are also visible the
turns under the washers. SQUID, Superconducting quantum interference device.

match a particular load by varying the outer dimension of the washer to accommodate
the required number of input coil turns. In the device reported in Fig. 3.15, the geometry
results in a value of SQUID inductance L = 130 pH. The outer dimension of the washer
(800 pm) accommodates an input coil consisting of 40 turns of a 4-mm wide niobium
strip, giving an inductance value of the input coil of about 650 nH. The high input coil
inductance allows a good matching with external load inductance. Being the flux noise
of the SQUIDs configuration 2;:®, Hz~* measured and an input current sensitivity of
0.2 LA/®,, the resulting spectral density of input current noise is 400 fA Hz™ "2,
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An efficient way to couple the signal coil with the SQUID is also obtained by
using a double transformer coupling consisting of a matching (intermediary) trans-
former inserted between the signal coil and the input terminals of the conventional
configuration [28—31]. In particular, in Fig. 3.16, an ultrahigh SQUID current sen-
sor is reported [31]. The signal current to magnetic flux transfer factor (current sen-
sitivity) is equal to 62 nA/®, measured by using a current-sensing noise
thermometer technique. Despite the circuit complexity, the sensor exhibits a smooth
and free resonance voltage—flux characteristic ensuring a stable working operation.
Considering a SQUID magnetic flux noise Sp'"* = 1.8udyHz "* at T=4.2K, a
current noise as low as 110 fA Hz~"? is obtained. An even lower current noise
(65 fA Hz~ %) has been obtained by using a SQUID design, based on a cloverleaf
structure with four main washers, an input coil inductance of 2860 nH [32].

A SQUID voltmeter can be simply obtained by connecting the signal source in
series with the input coil of the SQUID, via a resistance. The noise is essentially lim-
ited by the Nyquist noise of the resistance that can vary from 10~ to 100  giving a
spectral density of the voltage noise ranging from 10~ to 10~'° V Hz~"* [1—4].

3.2.3 High spatial resolution SQUID (microSQUID)

We have seen that, to increase the magnetic field sensitivity, it is needed to increase
the detection coil or the SQUID loop dimensions. However, in this way, the spatial

() M

eiig.nﬂl input

=200
H

Signal coil
SQUID

Input coil

Figure 3.16 (A) Scheme and picture (B) of a high sensitive SQUID current sensor based on
double transformer coupling. SQUID, Superconducting quantum interference device.
Source: Adapted from A. Vettoliere, C. Granata, B. Ruggiero, M. Russo, An ultra high
sensitive current sensor based on superconducting quantum interference device, in: A.
D’amico, C. Di Natale, L. Mosiello, G. Zappa (Eds.), Sensors and Microsystems, Lecture
Notes in Electrical Engineering, vol. 109, Springer US, 2012, pp. 175—180 (Copyright
Holder: Springer New York) (30° chapter in). https://dx.doi.org/10.1007/978-1-4614-0935-9.
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resolution decreases and so, the capability of the SQUID to distinguish two or more
magnetic sources close together. A SQUID sensor for magnetic microscopy should
have a high spatial resolution, that is, a high capacity to detect magnetic sources as
small and close as possible (a few micrometers). It is clear that this objective is
achievable if SQUID sensors are made with a very small detection coil, generally
with a diameter of the order of 5—10 pm [33,34]. In this case, it is no longer conve-
nient to use a superconducting transformer as in the case of magnetometers or gra-
diometers. The pick-up coil, usually circular in shape, is connected directly to the
superconducting ring via a stripline consisting of two thin superconducting layers
separated by an insulating layer (Fig. 3.17A). In this configuration, the pick-up coil
is a sort of protuberance of the washer. In other words, the sensitive area of the
device is a small part of the washer moved elsewhere to collect the magnetic field
or flux in that specific area. The advantage of this configuration lies in the fact that
the magnetic flux captured by the pick-up coil is entirely read by the sensor (it is as
if the magnetic flux were completely transferred to the SQUID). So in this case, the
defined flow gain Gg, as the ratio between the flow read by the SQUID (®,) and
the flow applied to the pick-up coil (@p), is practically equal to 1 [35].

When analyzing the surface of a sample, the body of the SQUID (washer) should
be insensitive to ambient magnetic fields or to those coming from the sample. To
this aim a gradiometric configuration of the SQUID could be very useful. In the
configuration shown in Fig. 3.17B, the pick-up coil is connected to a SQUID in a
gradiometric configuration (double washer in parallel). In this case, the connection

micro pick-up
coil

modulation coil

SQUID
(double-washer)

Figure 3.17 (A) Scheme of a microSQUID in direct-coupling magnetometric configuration.
(B) Inductive coupling configuration and gradiometric SQUID (parallel double washer).
SQUID, Superconducting quantum interference device.
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is inductive, in other words, the pick-up coil is connected through a stripline to a
square-shaped coil with a single turn inductively coupled to a single lobe of the
double washer. In this case the flow gain is given by [35]

VDL, kL,
ULy + L+ L) 2Ly + Ly + L)

& (3.14)
@,

where L, is the inductance of the hole of a single washer, L, is the inductance of
the stripline, L, is the inductance of the pick-up coil, L, is the inductance of the sin-
gle coil coupled to the washer, and k is the coupling constant between the single
coil and the washer. In this configuration the flux gain value is about half compared
to the previous magnetometric configuration.

Note that the stripline structure is insensitive to fields normal to the plane con-
taining the sensor; therefore it does not disturb its response. The distances between
the pick-up coils and the washer are of the order of 1—2 mm. This configuration is
highly insensitive to environmental magnetic fields and to any homogeneous mag-
netic fields used to excite the sample to be analyzed.

In Fig. 3.18, pictures of microSQUID based on the two different configurations
explained previously are reported. In both cases the devices are equipped with a
modulation coil that allows to modulate the SQUID and to tune it at optimal work-
ing point if a small signal mode operation is used.

Figure 3.18 (A) Picture of a microSQUID with a micro tip magnetically coupled to a
parallel double washer. (B) Particular of parallel double washer were the shunt resistors, the
Josephson Junctions, and the modulation coil are visible. (C) Picture of a microSQUID in a
pure magnetometer configuration. (D) Particular of the single washer where shunt resistors
and Josephson junctions are visible. (E) and (F) Picture of microtips having a diameter of 20
and 5 pm respectively. SQUID, Superconducting quantum interference device.



62 Quantum Materials, Devices, and Applications

If the measurement involves an applied magnetic field as in the case of micro-
susceptometers, the measurement process should cancel the sensor’s response to the
applied field itself. To aid this cancelation process, microSQUID could be designed
with two, nominally identical, counterwound pick-up loops [36]. These loops are
separated by about 1 mm on the sensor chip, so that one loop can be located in
close proximity to the sample, while the other loop is far from the sample substrate
to avoid unwanted coupling. The symmetry of the design leads to both a geometric
cancelation of a uniform applied field and a balanced inductance between the two
arms of the SQUID, which leads to improved electrical performance (Fig. 3.19).

As expected, microSQUIDs exhibit poor magnetic field sensitivity. In fact for a
micro-pick-up coil area ranging from 4 to 25 um?, we have By = 1/A,, = 80—500 puT/dy
and so a high value of magnetic field noise spectral density Sz"* 80—500 pT Hz ™
(here a magnetic flux noise of 1u®y Hz~ 12 has been assumed).

Figure 3.19 (A) Picture of a microSQUID, showing the gradiometric design, with two pick-
up loops, modulation coils, and field coils. The chip is polished so that one pick-up loop is
near the edge of the chip. (B) A zoom-in on the sensing point, showing the pick-up loop
surrounded by the field coil. (C) A zoom-in on the modulation coils. SQUID,
Superconducting quantum interference device.

Source: Adapted from Y. Shperber, N. Vardi, E. Persky, S. Wissberg, M.E. Huber, B. Kalisky,
Scanning SQUID microscopy in a cryogen-free cooler, Rev. Sci. Instrum. 90 (2019) 053702.
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3.2.4 Spin sensor (nanoSQUID)

In the last years, one of the most ambitious goals of the high-sensitivity magnetom-
etry is the investigation of the magnetic properties of nanoscale objects such as
nanoparticles, magnet molecules, cold atom clouds, nanowire, single electronic spin
[37,38]. Nano-sized SQUID or nanoSQUID [39—42] is one of the most promising
sensors for nanoscale applications because it exhibits ultrahigh magnetic moment
sensitivity reaching few Bohr magnetons (electron magnetic moment) or spins per
unit of bandwidth and allows direct magnetization changes detection in small
nano-object systems. In the last decade, great efforts have been focused on the
development of nanoSQUIDs, making such a nanosensor a powerful tool to study
the magnetic properties of the nanoparticles at a microscopic level.

Why a nanoSQUID is able to detect very small magnetic moment? Consider the
sketch reported in Fig. 3.20, where a representation of the magnetic flux lines
related to a magnetic moment oriented in the z direction and SQUID having three
different coil sizes are reported.

In the largest coil case (external coil), we can see that only few field lines con-
tribute to the total flux threading the loop, the others return within the loop and will
give no net contribution to the magnetic flux. By decreasing the detection coil size,
the number of flux lines that return within the loop decreases and the net magnetic
flux increases. In the smallest coil (inner coil), all field lines give a contribution to
the magnetic flux. On the other side, if the size of coil tends to infinite, there is no
net magnetic flux linkage into the loop because all flux lines return within the loop.

Now we will provide for a more formal demonstration of the previous statement for
a simple case and will give the definition of the spin or magnetic moment sensitivity.

(A) (B)

) P 7

o gl

e “>-4 Magnetic Spin

Figure 3.20 (A) Schematic representation of magnetic flux lines of a magnetic moment
located in center of a SQUID flux capture area for three different loop sizes. (B) Scheme of a
square SQUID detection coil, including an elementary magnetic moment (Bohr magneton or
spin) located in a generic position P = (X, y', 7). SQUID, Superconducting quantum
interference device.
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Let us consider the elementary magnetic moment (1) or a single spin positioned
over a square coil with a side length L and oriented along the z-axis (Fig. 3.20B).
We also suppose that the SQUID coil is composed of an idealized filamentary
square loop and that the spin lies in the same plane of the SQUID loop and it is
located in its center, in other words x' =y’ =7 =0. To obtain the magnetic flux
through the SQUID loop, we have to calculate the surface integral on the loop area
of the magnetic field produced by the magnetic moment pp. It is equivalent to cal-
culate the line integral of the vector potential associated to up across the contour
ring. Under the aforementioned assumptions, the Cartesian components of the mag-
netic vector potential A(r) at generic position r(x,y,z), are as follows:

Ho Hp Y Ho Hp X
A=———= =; Ay = = 3.15
47 3 Y 47 3 (3.15)

where i is the magnetic vacuum permeability, and r = [x* + y* + z°]"/2. The mag-
netic flux due to the elementary magnetic moment is as follows:

0, = j{Z-d? (3.16)

where the integral is considered along the closed line of the SQUID loop. The con-
tribution of the four sides of the square loop can be calculated as [43]

@,

= Hol's (5 “L/z dx L/2 Lz L/2 _ 2\/5%%)#3
4 .

-1 {(L/2)2+x2] 2 T 2 J—L/z dy [(L/2)2+y2} 3/2 L
(3.17)

In the case of circular loop, the same calculation leads to the following formula:
D, = 1o ppl2a, where a is the coil radius [43].

A relevant figure of merit of a nanoSQUID is the minimum detectable spin num-
ber per bandwidth unit or spectral density of the spin noise S, It can be obtained
by taking the ratio of the spectral density of the flux noise Sp'"/* and the net mag-
netic flux due to the single spin (Bohr magneton) [42.43]:

§l/2 gy

S}/2 =2 = _"2 "7 (square loop) (3.18)
Dy 23200
g2 g2

S,l/z =2 = La(circular coil) (3.19)
Q;L Hollp

As expected, in both cases, the spin sensitivity increases by decreasing the side
length L or the diameter 2a of the SQUID loop. It is worth stressing that the spin
sensitivity strongly depends on the position of the magnetic moment within the
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SQUID loop and on the distance from the SQUID plane. In particular, the sensitiv-
ity of a nanoSQUID increases (or equivalently S, decreases) when the magnetic
nano-object to investigate is located close to the sides or to the corners of the
nanoSQUID loop [43].

The principle of the magnetization measurement with a nanoSQUID can be sum-
marized as follows: a variation of magnetization of a magnetic object produces a
magnetic flux change, which is proportional to the magnetization by a coupling factor
depending on the geometry of the SQUID pick-up loop and the sample [40,42,44].

We have seen that the capability of a SQUID to measure small magnetic nano-
objects depends on the detection coil size. In particular, if we consider a flux noise
of 0.1-1.0u®d, Hz 2, we can estimate by the formulas (3.18) and (3.19) that a
sensitivity of few Bohr magnetons per bandwidth unit requires a loop side length of
100 nm or a radius of 50 nm in the case of circular loop.

To this purpose, nanoSQUIDs are typically fabricated by using electron-beam
lithography [45] or the focused ion beam [46] sculpting techniques.

SQUIDs, having an effective area much smaller than 1 um? require deep submi-
cron Josephson junctions to maintain the detection size as designed. However, a
typical SQUID employs two Josephson tunnel junctions (JTJ) consisting in a super-
conductor—insulator—superconductor trilayer that are limited by photolithographic
process to about 1 pm.

Good alternatives to tunnel junctions are superconducting nanobridges [47] (or
Dayem nanobridges) that consist of nanoconstrictions in a superconducting film
with a length and a width less than 1 pm. Nanobridge junctions show a much higher
critical current and they can be made by the same superconducting material as the
rest of the SQUID in a single-layer superconducting thin film. Thus the fabrication
of nanoSQUIDs based on nanobridges is relatively simple being obtained by a sin-
gle nanopatterning step, avoiding the alignment of several layers on top of each
other [48—51].

However, in the last years, the researchers also considered possibility to employ
nano-sized JTJ to improve the performance of nanoSQUIDs [52—58] developing
nanoSQUID based on sandwich type nanojunctions. Compared to nanoSQUID
based on the Dayem nanobridges, the main advantages of those based on JTJ are a
better control of the critical current, a high modulation depth (up to 70% of the
maximum critical current), and the nonhysteretic behavior at T = 4.2K. Due to very
low capacitance values, these Josephson nanojunctions are usually nonhysteretic. It
is also worth to mention the other nanoSQUIDs types: the carbon nanotube (CNT)
and nanoSQUID [59] where the Josephson elements are two CNTs, nanoSQUIDs
fabricated on the apex of a sharp quartz tip (SOT—SQUID on a Tip) [60,61] and
HTS nanoSQUIDs based on grain boundary nanojunctions [62—64]. In Fig. 3.21,
scanning electron micrograph (SEM) images of some nanoSQUIDs are shown.

As regards the spin sensitivity exhibited by nanoSQUIDs, it reaches a value as
low as few spin Hz~ "2, However, it is worth noting that it does not mean that actu-
ally we are able to detect the single spin because there are other important factors
to consider such as the environment noise and the preparation of the experimental
state (manipulation of the single spin and the excitation magnetic field).
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Figure 3.21 (A and C) SEM images of a three-dimensional nanoSQUID based on sandwich
nanojunction and of a nanoSQUID on a quartz tip, respectively. (B and D) Spectral density of
magnetic flux noise for both nanosensors. In (D), the four spectra refer to different nanoSQUID tip
sizes. SEM, Scanning electron micrograph; SQUID, superconducting quantum interference device.
Source: Adapted from (A and C) C. Granata, A. Vettoliere, R. Russo, M. Fretto, N. De Leo,
V. Lacquaniti, Three-dimensional spin nanosensor based on reliable tunnel Josephson nano-
junctions for nanomagnetism investigations, Appl. Phys. Lett. 103 (2013) 102602, 1—4 and
A. Finkler, Y. Segev, Y. Myasoedov, M.L. Rappaport, L. Ne’eman, D. Vasyukov, et al.,
Self-aligned nanoscale SQUID on a tip, Nano Lett. 10 (2010) 1046—1049, respectively; (B
and D) M. Schmelz, A. Vettoliere, V. Zakosarenko, N. De Leo, M. Fretto, R. Stolz, et al., 3D
nanoSQUID based on tunnel nano-junctions with an energy sensitivity of 1.3 h at 4.2 K,
Appl. Phys. Lett. 111 (2017) 032604 and D. Vasyukov, Y. Anahory, L. Embon, D. Halbertal,
J. Cuppens, L. Neeman, et al., A scanning superconducting quantum interference device with
single electron spin sensitivity, Nat. Nanotechnol. 8 (2013) 639—644, respectively.

3.3 Main SQUID applications

Due to their ultrahigh sensitivity, SQUIDs are widely employed in many applica-
tions [2—4]. In Fig. 3.22, the sensitivity required by main SQUID applications, as a
function of the frequency, is reported together with the SQUID-magnetometer sen-
sitivity. Here, we will provide a brief overview of the main applications. More
details can be found in Refs. [2—4].
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Figure 3.22 Bandwidth of main SQUID applications. We can see that SQUID magnetometer
based on LTSs is able to cover all applications. LTS, Low critical temperature
superconductor; SQUID, superconducting quantum interference device.

3.3.1 Biomagnetism

Biomagnetism, namely, the study of magnetic field associated with the electric
activity in the human body, is one of the most important applications of SQUIDs
[65]. In the following, we will focus on magnetoencephalography (MEG), which is
the most relevant topic of biomagnetism [66—68]. MEG is a noninvasive neu-
rophysiologic technique that measures the magnetic fields generated by the neuro-
nal activity using ultrahigh sensitivity magnetic sensors (SQUIDs).

The system (Fig. 3.23A) to perform MEG measurements is typically based on an
array of some hundreds of ultrahigh-sensitive SQUID magnetometers arranged in a
helmet shape to cover entirely the subject’s head [68,69]. This geometry requires a
careful wiring and the SQUID sensors have been designed to minimize crosstalk.
The sensorial helmets are immerged in helium bath by employing high-
performance fiberglass Dewar having a magnetic field noise at most comparable to
the SQUID sensors one. The low heat transfer guarantees up to about 7 days of
measurement with one refill of helium. Since the magnetic signals generated by the
human brain are at least eight orders of magnitude smaller than the magnetic distur-
bances, the MEG system is housed in a magnetically-shielded room (MSR), which
drastically reduces environmental noise. The MSR consists of several layers of
high-permeability materials (u-metal) for magnetic shielding in conjunction with
one or more aluminum plates for additional eddy-current shielding (Fig. 3.23B). In
the aluminum layers, a time-varying magnetic field induces electrical currents that
circulating in the aluminum layer generate a magnetic field that tends to cancel the
changes of the applied magnetic field. The shielding efficiency is proportional to
the frequency of the external magnetic field and depends on both the layer thickness
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Multilayers of p-metal
and aluminium

Figure 3.23 (A) Schematic representation of a system for magnetoencephalography. (B)
Sketch of a magnetic shielding room based on concentric layers of p-metal and aluminum.

and the conductivity of the material. At relatively low frequency (below 10 Hz), the
eddy-current shielding is no longer effective and shielding is provided by low hys-
teresis ferromagnetic materials with high magnetic permeability. Usually, an Fe—Ni
alloy with small percentages of elements such as Mo, Cu, Cr, or Al is used allowing
to obtain a j, value as high as 10* Hm™'. All the electric connections are designed
to block any magnetic noise propagating through the connection wires. The shield-
ing factor exhibited by an MRS is typically best of 60 dB at 1 Hz and 100 dB at
50 Hz. The MEG system is also equipped with an integrated nonmagnetic electro-
encephalography (EEG)-channels cap, with ultrathin wires, which is optimal for
usage inside an MEG helmet. This system allows data to be stored digitally and
analyzed using both commercial and open-source programs. Scalp EEGs can be
inspected visually in real time. It is also possible to record electrooculograms and
electrocardiograms (ECGs) using additional electrodes. Moreover, visual and audi-
tory stimuli and seven external triggers can be used.

As example of an MEG system, we report, in Fig. 3.24A and B, a multichannel
system, including 163 SQUID magnetometers arranged in a help shape operating in
a clinical environment. In Fig. 3.24C and D, the topographic distribution over the
head of the power-spectrum in the range of 10—12 Hz, performed with the MEG
system, is reported [69]. The measurements were performed on a subject with open
eyes (Fig. 3.24C) and with closed eyes. As expected, major activation in the occipi-
tal region when the subject was recorded in resting state with closed eyes was
observed (alpha rhythm).

MEG is a purely passive method, that is, a completely noninvasive measure-
ment requiring no contrast agent, magnetic field, or x-ray and allows a direct mea-
surement of neural oscillations [67]. The extremely high temporal resolution of
MEG allows for an assessment of brain activity on a timescale not accessible to
other brain functional imaging methods, that is, single-photon emission computed
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Figure 3.24 (A) MEG system inside the magnetically shielded room operating in a clinic for
neurodegenerative diseases. The Dewar is made of fiberglass. (B) Helmet-shaped array
consisting of 163 fully integrated SQUID magnetometers. (A and D) Topographic
distribution over the head of the power-spectrum in the range of 10—12 Hz after the
application of the noise-reduction algorithm for a subject recorded in resting state with open
eyes (C) and closed eyes (D) (alpha rhythm). MEG, Magnetoencephalography; SQUID,
superconducting quantum interference device.

Source: Adapted from S. Rombetto, C. Granata, A. Vettoliere, M. Russo, Multichannel
system based on a high sensitivity superconductive sensor for magnetoencephalography,
Sensors 14 (2014) 12114—12126.

tomography, positron emission tomography, or functional magnetic resonance
imaging (fMRI). This is particularly important given the evidence that neural oscil-
lations might represent an intrinsic physiological process by which communication
among neurons occurs. Compared to EEG, MEG offers a better source localization,
due to the reduced signal distortion. In fact, MEG measurements are not distorted
or attenuated by the insulating layers such as the skull, tissues, or anatomical open
spaces as in the EEG. The magnetic fields are recorded outside the head and then
analyzed to localize the sources of the activity within the brain. This is an ill-
posed problem, and there are a number of techniques that differ in various regards
(for instance, in the assumptions used to introduce constraints) [67]. The location
of the sources can be superimposed on anatomical images, such as MRI (i.e., either
the native MRI or a template MRI) to provide information about both structure and
function of the brain. MEG possesses both a good spatial and an excellent tempo-
ral resolution, thus allowing the investigation of both physiological and pathologi-
cal processes in neurology. The MEG recording of brain magnetic activity enables
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the investigation of neuronal activity such as cognitive processes, language percep-
tion, memory encoding and retrieval, and higher level tasks.

MERQG is also a useful tool for the identification of early diagnostic biomarker
in numerous diseases, as it allows the study of brain functions and facilitates the
investigation of both spontaneous and evoked activities. Nowadays, MEG is
used in some clinical conditions such as preoperative assessment of brain tumors
and intractable epilepsy (presurgical mapping). Furthermore, MEG is useful to
investigate neurological conditions such as neurodegenerative diseases, multiple
sclerosis, amyotrophic lateral sclerosis (ALS) and migraine, as well as to inves-
tigate the autism spectrum disorders (ASDs) and the functional recovery after
stroke. In the following, we will provide more detail about the clinical applica-
tions of the MEG [66—68].

3.3.1.1 MEG and cognitive disorders

The pathogenesis of neurodegenerative disorders, such as Alzheimer’s disease (AD)
or frontotemporal degeneration, is still poorly understood and the exact correlation
between pathological findings (such as amyloid plaques and neurofibrillary tan-
gles), and the neurodegenerative process is unclear. Moreover, the large heterogene-
ity of the clinical presentations of these diseases has no unambiguous explanation.
In connectomics, AD is described as a “disconnection syndrome,” and the evidence
of a correspondence between hubs and regions most susceptible to amyloid deposi-
tion suggests a greater vulnerability to AD insults by the most active areas, with a
higher basal metabolism. The aim of the current work is to exploit these properties
to improve early classification of patients.

3.3.1.2 MEG and Parkinson’s disease

Parkinson’s disease (PD) is the most common basal ganglia disorders. As of today,
the etiology of PD is still unknown, and the diagnosis remains a clinical one. With
our MEG (based on magnetometers), we aim at the reconstruction of the activity of
the basal ganglia. This is especially interesting, since correlations between
a-synuclein and altered neuronal activity have been described. In this framework,
we explore how different cross-talks among brain areas underlie the symptoms and/
or the therapeutic response.

3.3.1.3 MEG and ALS

ALS is one of the most devastating brain disorders. While classically considered to
be targeting the motor neurons, recently it has become evident that a much more
complex pathophysiological mechanism underlies ALS. Most interestingly, an asso-
ciation between ALS and frontotemporal dementia has been described. We would
like to know better how the whole brain evolves as the disease progresses. Hence,
we perform network analysis on MEG recording of ALS patients at various stages
of the disease.
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3.3.1.4 MEG and migraine

Migraine affects roughly 15% of the world population. We aim at understanding
how the same stimulus is processed differently in the brain of migraine patients as
compared to controls. Indeed, cortical hyperexcitability has been described as one
of the hallmarks of migraine. We used a median nerve stimulation paradigm to try
to quantify this phenomenon.

3.3.1.5 MEG and depression

According to the World Health Organization, depression affects about 350 million
people worldwide. The diagnosis of depression is based on clinical criteria, since
we lack a clear definition of the pathophysiological mechanisms leading to this con-
dition. Furthermore, the clinical responsiveness to treatment is assessed empirically.
Recently, it has been shown that the activity of the prefrontal cortex is altered in
depressive disorders. Furthermore, complexity analysis applied to MEG was shown
to identify patients from controls. By recording MEG before and after treatment,
we hope to identify connectivity markers of responsiveness to treatment.

3.3.1.6 MEG and ASDs

ASDs are defined by restricted/stereotyped behaviors and social impairments and have
a massive impact on both the individuals with ASD and society itself. The biological
bases are unknown, and a fully effective treatment has yet to be realized. Given the
neurodevelopmental basis of ASD, MEG emerges as an important investigatory tool to
explore novel early biomarkers useful not only for diagnostic and prognostic purposes,
but also for stratification and response indices for treatment development.

Another interesting issue of biomagnetism is the magnetocardiography (MCG) which
is a noninvasive electrophysiological mapping technique that provides unprecedented
insight into the generation, localization, and dynamic behavior of electric current in the
heart [62]. The aim of the MCG measurement is to determine the spatiotemporal mag-
netic field distribution produced by the cardiac electric activity in a measurement plane
just above the thorax. MCG signals, unlike ECG, are not attenuated by surrounding ana-
tomical structures, tissues, and body fluids, thereby providing more accurate information.

3.3.2 Nondestructive evaluation

The nondestructive analysis of materials and composites is becoming increas-
ingly important, and various techniques have been developed to meet the differ-
ent needs and demands of the production and business world. Among them,
SQUID has been shown to have the highest sensitivity to the detection of the
weak magnetic anomalies induced by the presence of defects, especially when
these are present deep in the material to be analyzed [70,71]. The results were
obtained in the vast majority of cases from single-SQUID systems that scanned
small areas (of the order of tens of cm in the case of NDEs on “large” areas, and
a few mm in the case of SQUID scanning microscopes).



72 Quantum Materials, Devices, and Applications

Nondestructive analysis based on SQUIDs is a technique for finding defects in
materials by studying the electrical and/or magnetic properties of materials.

In this technique, SQUIDs are used for the detection of very small anomalies in
the magnetic field produced by the sample to be characterized. If the analyzed sample
has homogeneous properties (absence of defects), the intensity of the magnetic field
produced by the sample and detected by the SQUID will also be homogeneous, while
the presence of defects will cause nonuniformities as shown in Fig. 3.25.

To detect the nonuniformities in the magnetic field originating from the presence
of defects, it is necessary to scan in at least one direction, and generally, it is prefer-
able to mount the material under examination on a plane that can be moved in X—Y
by means of computer-controlled motors (Fig. 3.26). The magnetic field detected
by the SQUID is most often generated by currents circulating in the material under
examination: the presence of defects in the material changes the local conductivity
inducing an anomaly in the distribution of the currents and consequently in the

<m

Figure 3.25 Distribution of the magnetic field read by a SQUID in the case of a sample with
a defect produced by the impact of a body with an energy of 5 J on a composite material.
SQUID, Superconducting quantum interference device.
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Figure 3.26 Scheme of a nondestructive analysis measurement based on SQUID sensors.
The magnetic field produced by eddy currents is measured by a SQUID magnetometer or a
gradiometer. SQUID, Superconducting quantum interference device.
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magnetic field generated by them. Unfortunately, even the presence of different
materials inside the piece to be analyzed, such as rivets inside the wings of an air-
plane, generates nonuniformity of currents and therefore of magnetic field. It is
therefore important to use software that, from the measured magnetic field, evalu-
ates the currents that generates it and compares them with the expected currents to
establish the presence of damage, its position (superficial or deep), its nature (frac-
ture, delamination, inclusions, and detachment), and its severity. In fact, the NDE
should not only provide a qualitative indication of the presence of defects, but also
a quantitative one. The thresholds within which the pieces under analysis can be
accepted and beyond which they must be discarded, therefore, must be established.

In general, the sources of the magnetic fields produced by the materials under inves-
tigation can be intrinsic as in the case of the galvanic currents flowing in a corroded
sample or an external source of magnetic field can be used to excite the samples. In
the latter case, the external magnetic field can be generated both electrically and mag-
netically (electric or magnetic excitation). In the case of magnetic excitation, the test
sample is placed in a uniform magnetic field and the residual magnetization variation
is measured. In the electrical case, ac or dc current is introduced into the sample
through the injection current (directly introduced into the sample through a pair of
wires connected to a power generator) or through the induction method in which the
eddy currents are generated inside the area to be investigated using suitable coils
crossed by alternating current (Fig. 3.26). The SQUID is sensitive to weak magnetic
fields even in continuous and therefore the need to use an alternating current is substan-
tially due to the need to induce currents in the material to be analyzed. Furthermore,
the use of an alternating current makes it possible to use a lock-in as an amplifier that
amplifies only the SQUID signal at the frequency equal to the excitation frequency
allowing one to exclude (or in any case significantly reduce) from reading those signals
at different frequencies. Most of the prototypes of single-channel SQUID systems were
based on the eddy-current system. They therefore provide an excitation coil and the
detection of the magnetic field generated by the currents induced in the sample. The
presence of an external coil for excitation implies that the SQUID must be positioned
in an area in which the field generated by the coil is zero in the plane of the SQUID so
that the flux of the magnetic field through the ring of the SQUID is zero. The proce-
dure to nulling the signal read by the SQUID in the presence of the excitation coil only
is essential for correct system operation, and various solutions can be adopted.

The advantages of the SQUID for NDE include high sensitivity (about
10—100 fT Hz~ /%), wide bandwidth (from dc to 10 kHz), and broad dynamic
range (>80 dB). Moreover, the ability of SQUIDs to operate down to zero fre-
quency allows them to sense much deeper flaws than traditional techniques, to
detect and monitor the flow of steady-state corrosion currents, and to image
the static magnetization of paramagnetic materials.

3.3.3 Magnetic microscopy

As mentioned previously, micro-sized SQUIDs have been widely employed for
scanning magnetic microscopy, allowing very interesting application in view of
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fundamental studies such as imaging of magnetic vortices in superconducting struc-
ture, symmetry of the order parameter in the high-7, superconductor, study of mag-
netic materials properties, and susceptibility of micrometric material particles
[2,72]. In a scanning SQUID microscope (SSM) the sample is scanned by a
SQUID, which measures the magnetic field on the sample surface with a high spa-
tial resolution (less than 10 pm). The collected data can be converted into a color
image of the magnetic field coming from the sample. Such images can refer to both
static fields and alternating fields. Compared to other magnetic imaging techniques,
SQUID microscopes are characterized by a wide bandwidth and a high resolution
in terms of magnetic flux and magnetic field, but by a moderate spatial resolution.
SSMs have been employed to produce magnetic images from a huge variety of
sources, ranging from currents generated by an embryo in a chicken egg, to persistent
currents associated with the quantization of magnetic flux in a superconductor. They
have also been successfully applied in nondestructive analyses such as the localization
of defects in single-microchip and multiple-microchip modules of semiconductor.
SQUID microscopes can be made essentially in four different categories (Fig. 3.27).
In the first case (Fig. 3.27A) the sample is at cryogenic temperatures, typically equal to
that of the SQUID. In many of these cryogenic microscopes the sample and the
SQUID are in vacuum so that only the temperature of the sample can be modified (in
particular, increased) thanks to suitable heaters placed in thermal contact with the
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Figure 3.27 Main configurations of a SQUID microscope. In the configuration (A), the
sample is at cryogenic temperature, while in the (B) the samples are placed in the air at room
temperature. The configuration (C) includes a high magnetic permeability needle tha couples
a magnetic flux in the SQUID, the last configuration (D) involves the use of a focused laser
beam to generate currents in the sample, in this way the magnetic field generated by currents
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sample. These types of microscopes were used essentially for basic physics measure-
ments such as the experimental study of the symmetry of the order parameter in super-
conductors at high critical temperatures, very useful for understanding the various still
unknown mechanisms of superconductivity at high temperatures.

The second type of SQUID microscopes (Fig. 3.27B) is specifically designed to
acquire images of samples placed in air at room temperature. Of course, in these
types of microscopes at room temperature, the SQUID must still be at cryogenic
temperatures; therefore special precautions are necessary in making the instrument.
One of the major applications of these types of microscopes is the magnetic imag-
ing of computer microchips aimed at the nondestructive search for defects. Such
microscopes had some commercial success as they have been shown to be able to
successfully detect fabrication problems such as searching for short circuits in mul-
tichip modules. A key factor in the success of these tools has also been the avail-
ability of reliable and efficient techniques for converting magnetic signals into
images of the source currents that generate the magnetic field.

The third type of SQUID microscope (Fig. 3.27C) provides, for the presence of
a needle, with high magnetic permeability coupled inductively to the SQUID pick-
up coil. The local magnetic fields generated by the sample polarize the magnetic
needle that couples a magnetic flux in the SQUID. The major advantage of this
type of approach is obviously the spatial resolution although that is achieved at the
cost of worse sensitivity in terms of field resolution and magnetic flux.

The fourth type of SQUID microscopes (Fig. 3.27D) involves the use of a
focused laser beam to generate currents in the sample. These laser microscopes
were mainly used for the analysis of semiconductor wafers; in this case, the laser
light generates a current that varies with the local density of the carriers.

To cool the SQUID sensor to its operating temperature (typically below 9K), it
is mounted inside (bottom) of a glass fiber cryostat or Dewar (Fig. 3.27) filled with
liquid helium (7 =4.2K). To avoid the heating of liquid helium through thermal
conduction, the helium container and the SQUID are separated from the outer cas-
ing of the Dewar by a cavity where the vacuum is carried out. To reduce radiation
losses, the surfaces of the interspace are coated with sheets of highly reflective
materials (mylar). The control and readout electronics are located on the upper part
of the Dewar at room temperature. Of course, the same fabrication technique is also
used to realize Dewar for MEG or NDE systems. To allow the reading of magnetic
signals coming from samples at room temperature external to the Dewar, just below
the sensor, the external casing of the Dewar has a sapphire window a few tens of
microns thick, which allows the sensor to be approached at a very small distance
from the sample and at the same time preserves the vacuum. The SQUID is cooled
by placing it in contact with a sapphire bar that ensures thermal coupling with lig-
uid helium. The diameter of the sapphire window that separates the SQUID from
the sample at room temperature is usually 5—10 mm. In a SQUID scanning micro-
scope the spatial resolution is limited by the size of the micro-pick-up coil and the
distance from the sample under investigation, typically, of the order of few pm.

The total noise of a scanning microscope is the result of the magnetic flux noise of
the SQUID (typical values are of the order of 1u®,Hz "), and of the ambient noise.



76 Quantum Materials, Devices, and Applications

As we have seen, the magnetic flux noise is proportional to the square root of the super-
conducting ring area; therefore if the area is decreased to obtain a higher spatial resolu-
tion, the SQUID becomes more sensitive to magnetic flux. On the other hand, however,
decreasing the area reduces its sensitivity in the magnetic field that is proportional to the
area of the SQUID. So if you want to increase the spatial resolution, it is necessary to
sacrifice the sensitivity in the magnetic field of the microscope. Typical magnetic field
noise values of a SQUID microscope having a spatial resolution of 70 um are
0.1-1pT Hz 2. Ambient noise can be reduced by placing the instrument in one or
more p-metal shields that are very effective especially for low frequency ambient noise,
or by using SQUID gradiometers that are insensitive to background noise.

In the following, we will report some interesting measurement performed with
SSM. Further insights into the potential of SQUID microscope can be found in
Refs. [2,72].

Frolov et al. [73] used a SQUID microscope based on a microSQUID similar to
one reported in Fig. 3.18 to image the spontaneous zero-field currents in supercon-
ducting networks of temperature-controlled w-junctions with weakly ferromagnetic
barriers (Fig. 3.28). They found an onset of spontaneous supercurrents at the 0 — «
transition temperature of the junctions (7 about 3K). They image the currents in

Figure 3.28 (A) Schematic diagram of a single frustrated array cell. (B) Scheme of cells
with an even and odd number of m-junctions. (C) Optical image of a 6 X 6 frustrated SFS
array (Nb—Cuy;Nis3—Nb). (D) and (E) SSM images of the array, including cells with an
even number of w-junctions in small applied magnetic flux and an odd number of
T-junctions in a zero-applied magnetic field, respectively. SFS, Superconductor-Ferromagnet-
Superconductor; SSM, Scanning SQUID microscope.

Source: Adapted from S.M. Frolov, M.J.A. Stoutimore, T.A. Crane, D.J. Van Harlingen, V.
A. Oboznov, V.V. Ryazanov, et al., Imaging spontaneous currents in superconducting arrays
of m-junctions, Nat. Phys. 4 (2008) 32.
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nonuniformly frustrated arrays consisting of cells with even and odd numbers of
T-junctions. In a cell with an even number of w-junctions, the spontaneous flux is
zero. In a cell with an odd number of w-junctions, spontaneous currents generate a
magnetic flux of order * @y/2.

By using a scanning SQUID microscopy equipped with a microSQUID having a
3 pm X 5 pm pick-up loop, Wells et al. [74] measured for the first time a large-scale
vortex distribution in a 200-nm tick YBCO film grown by pulsed laser deposition. Due
to a strong pinning dominated by out of plane dislocations, the YBCO films enable a
vortex glass state, which differs strongly from the vortex lattice. The measurements
were performed at 7=4.2K in the field cooled state. They applied a magnetic field
(0.1 uT < Bexe < 5.5 pT) perpendicular to the surface of the film. The distance between
the YBCO sample and the microSQUID was about 5 pm, and the angle was of 30
degrees. In Fig. 3.29A, the magnetic map of an YBCO film are reported. The bright-
ness of each point shows magnetic field strength, while the round dark spot represents
the vortices.

Since, in a scanning SQUID magnetic microscope, the spatial resolution depends by
the size of the micro-pick-up coil, the development of nanoSQUIDs fabricated on a

B, [mT]

Figure 3.29 (A) Abrikosov vortex image obtained with a scanning SQUID microscope in an
YBCO film of 200-nm thickness after field cooling down to 4K at about 7 uT. The average
intervortex spacing is 32 pm. (B) Magnetic field distribution generated by ac transport
current flowing in a 3-pm-wide Nb strip measured by Pb-based nanoSQUIDs fabricated on a
quartz tip having a diameter of 117 nm. SQUID, Superconducting quantum interference
device.

Source: Adapted from (A) F.S. Wells, A.V. Pan, X.R. Wang, S.A. Fedoseev, H. Hilgenkamp,
Analysis of low-field isotropic vortex glass containing vortex groups in YBa2Cu307 — x thin
films visualized by scanning SQUID microscopy, Sci. Rep. 5 (2015) 8677 and (B) D.
Vasyukov, Y. Anahory, L. Embon, D. Halbertal, J. Cuppens, L. Neeman, et al., A scanning
superconducting quantum interference device with single electron spin sensitivity, Nat.
Nanotechnol. 8 (2013) 639—644.
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quartz tip [60,61] appreciably increases the spatial resolution of SSMs. Vasyukov et al.
[61] employed the Pb-based nanoSQUID (similar to the one shown in Fig. 3.21C) to
image vortices in an Nb thin film (Fig. 3.29B) achieving a very high spatial resolution.
During the measurement, the nanoSQUID was placed at a constant height of 50 nm
above the sample, and the scanning was performed by an attocube-integrated scanner.
The scan areas were (1 X 1) me2 (Fig. 3.28B); the applied fields were B =28 mT. The
pronounced peaks displayed in the figure correspond to the vortex centers. The mini-
mum distance between the vortices was 330 nm.

3.3.4 Nanomagnetism

The main application of nanoSQUID is in nanomagnetism, which is the study of
small magnetic systems, including magnetic nanoparticles, nanobeads, nanotube, and
nanocluster. Recently, there is a growing interest for magnetic nanoparticle applica-
tions in biology and nanomedicine, as well as for the study of underlying physics. In
particular, the measurements of magnetic relaxation process are very useful for both
basic physics investigations like the experimental study of the quantum tunneling of
magnetization [75] and applications such as drug delivery or immunoassay techniques
[76]. Among the several technique tools employed to investigate the magnetic nano-
objects, those based on nanoSQUIDs allow the most detailed and precise study of
magnetic objects at nanometric scale. In the following, we report some examples of
nanomagnetism measurements performed with nanoSQUIDs.

The magnetic properties of iron oxide nanoparticle having a diameter ranging
from 4 to 8 nm were investigated by Russo et al. [77] and Granata et al. [78] by
using the nanoSQUIDs based on both nanobridges and nano-tunnel Josephson junc-
tions. A solenoid surrounding the chip supplied the excitation field coplanar to the
SQUID. They measured the field dependence of magnetization at 7=4.2K
(Fig. 3.30A) for two different sizes of nanoparticles [78]. The hysteretic loops show
a coercive field H.~290 G for 8-nm nanoparticles diameter and an H.~= 100 G for
4-nm nanoparticles diameter indicating an increase of anisotropy as the particle size
increases.

Relaxation measurements at 7=4.2K for nanoparticles having diameters of 8
and 6 nm were also measured (Fig. 3.30B) [77]. The nanoparticles were cooled in a
magnetic field of 10 mT from 300K to 4.2K, then the magnetic field was switched
off and the remnant magnetic moment was measured for approximately 1000 s. The
data were compared with those obtained by using a commercial system Quantum
Design SQUID Magnetometer (Fig. 3.30B, blue/gray squares), confirming the
effectiveness of the nanoSQUID measurements. In addition, the nanoSQUID was
capable of analyzing the magnetic relaxation behavior in a short-time regime. This
feature, unlike the commercial setup, allows to point out the slower magnetic relax-
ation for short times with respect to that for longer times.

Wernsdorfer et al. [79] studied ferromagnetic nanowires by using microSQUID
based on Josepshon nanobridges. In Fig. 3.31A, an SEM image of a microSQUID
with a single Ni nanowire is shown. The hysteresis loops, measured by a
microSQUID for different angles (0) between the magnetic field and the wire axis,
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Figure 3.30 (A) Magnetic field dependence of magnetization for iron oxide nanoparticles
having a diameter of 4 nm (blue dots) and 8 nm (red dots) measured at 7= 4.2K by using a
niobium nanoSQUID based on nanobridges. (B) Magnetic relaxation measurement at 7= 4.2K
for 8-nm iron oxide nanoparticles diameter (red circle) compared with a measurement performed
by a commercial SQUID instrumentation (blue squares). The inset shows the same
measurements in a linear scale. SQUID, Superconducting quantum interference device.

Source: Adapted from (A) C. Granata, R. Russo, E. Esposito, A. Vettoliere, M. Russo, A.
Musinu, et al., Magnetic properties of iron oxide nanoparticles investigated by nanoSQUIDs,
Eur. Phys. J. B. 86 (2013) 272 and (B) R. Russo, C. Granata, E. Esposito, D. Peddis, C.
Cannas, A. Vettoliere, Nanoparticle magnetization measurements by a high sensitive nano-
superconducting quantum interference device, Appl. Phys. Lett. 101 (2012) 122601.
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Figure 3.31 (A) SEM images of microSQUID with an Ni nanowire having a diameter of

65 nm. (B) Hysteresis loops of the Ni wire at several values of the angle between the applied
field and the wire axis. SEM, Scanning electron micrograph; SQUID, superconducting
quantum interference device.

Source: Adapted from (A) N.L. Adolphi, et al., Characterization of single-core magnetite
nanoparticles for magnetic imaging by SQUID relaxometry, Phys. Med. Biol. 55 (2010)
5985—6003 and (B) W. Wernsdorfer, B. Doudin, D. Mailly, K. Hasselbach, A. Benoit,

J. Meier, et al., Nucleation of magnetization reversal in individual nanosized nickel wires,
Phys. Rev. Lett. 77 (1996) 1873.



80 Quantum Materials, Devices, and Applications

are reported in Fig. 3.31B. These measurements provided very useful information
about the process of magnetization reversal in nanowire. In particular, the measure-
ments revealed a thermal activated switching following the Arrhenius law according
with the Neel—Brown model [80].

Other applications of nanoSQUID are very interesting but there are not yet
enough experimental results supporting them but only feasible studies. Among
them, it is worth to mention the nanoSQUID readout of an nanoelectromechanical
systems resonator [81], the single photon or macromolecule detector [81] and read-
out for quantum computing [82].

3.3.5 Mentions of other SQUID applications

SQUID systems are also employed in determining the magnetic properties of the
earth [2—4]. This concerns both the characterization of specific earth samples (rock
magnetometry) and the mapping of the earth magnetic field and its electromagnetic
impedance. An important application of SQUID is in magnetotellurics, involving
the simultaneously measurements of the fluctuating horizontal components of the
electric and magnetic fields at the earth’s surface originated in the magnetosphere
and ionosphere. From these frequency-dependent fields the impedance tensor of the
ground can be calculated estimating the spatial variation of the resistivity of the
ground. The interesting frequency range is about 10~ to 10* Hz corresponding to a
skin depth between about 50 km and 150 m (assuming a resistivity of 10 {2 m). The
sensitivity required for magnetotellurics is about 20—30 fT Hz"* in the white
noise regime and a 1/f knee of 1 Hz.

SQUIDs also play a key role in Metrology and, in particular, in the development of
quantum electrical standards [3.4]. Moreover, SQUID devices have been successfully
employed in several experiments of basic Physic, including cosmology, astrophysics,
general relativity, particle physics, quantum optic, and quantum computing [40].

3.4 Conclusions and perspectives

In this chapter, we have presented a compendium on superconducting quantum
sensing and, in particular, of SQUIDs, including the fundamental, the different sen-
sor configurations, and the main applications.

Since their realization (the mid-1960s), the SQUIDs have shown great applica-
tion potential, in fact, after a few years they were used to carry out the first MEG
measurement. During the 1980s and 1990s the development of new manufacturing
technologies and, in particular, of niobium technology allowed us to obtain more
performing and reliable devices. This has allowed a wide use of SQUID devices
and sensors in many fields, including biomedicine, NDE, study of magnetic proper-
ties of materials, geophysics, quantum computing, nanomagnetism, and basic physic
experiments. Thanks to their peculiarities and extraordinary sensitivity, they have
allowed applications and experiments that cannot be carried out in another way.
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In conclusion, we would like to stress that these quantum sensors have proven
their effectiveness in many applications, and there are still extraordinary potentials
to be explored.
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4.1 Introduction

One of the main problems of the growing rate of industrialization is the inappropriate
emission of organic and inorganic pollutants into soil and water [1]. A broad range of
contaminants from effluents of various sources may accumulate in water or soil and
persist in the ecosystems due to their lack of metabolism and biodegradation, which
poses serious threats to the environment and human health [2—5]. In general, conven-
tional treatment methods do not effectively remove these contaminants [6—11], there-
fore the treated effluents often do not meet water quality standards [6,12—16]. It is
particularly important in the case of small factories and industries, where the application
of traditional remediation techniques is normally expensive and/or unfeasible [9,17].

In this context, remediation methods based on nano-engineered materials have
gained increasing attention from the scientific community as an alternative to the
traditional decontamination techniques for water and soil pollution remediation
[4,18—24]. These materials are manufactured in the size range from 1 to 100 nm,
which provides them with a highly reactive and large surface area. As a result, they
can be used to remove traces of pollutants and can also be modulated to present not
only high selectivity to a target contaminant but also low toxicity [5,7] (Fig. 4.1).

Several materials have been used in research on new nanocomposites for envi-
ronmental remediation purposes [8,11,25]. Nano-structured carbon nitride (CN) has
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* Nano-engineered materials
o Not effectively removed by for water and soil remediation

conventional treatment methods

Figure 4.1 Nano-engineered nanocomposites have been emerging as one of alternatives for
water and soil remediation. These innovative materials offer potential advantages compared
to conventional treatments due to their multifunctional and enhanced properties.

been considered a promising material in this regard due to its ease of synthesis, low
cost, high structural, and chemical stability, presence of nontoxic elements (carbon,
hydrogen, oxygen, and nitrogen) [10], and photocatalytic (PC) activity [7,26—28].
In its pure form, CN merges high adsorption capacity and remarkable PC activity in
a single material, making it effective in the remediation of different pollutants
[26—29]. The possibility of modifying CN incorporating different nanocompounds
can aggregate new physical and physical—chemical characteristics to the formed
nanocomposite where the properties of CN and nanoguest phase are synergically
combined. This endows the nanocomposites with higher PC activity and more
active and diversified surface sites, which improve their adsorption efficiency and
selectivity for a wide number of compounds, extending the capacity to remediate a
larger range of pollutants [26,30,31].

Despite the adsorption capacity the presence of a host phase on CN can also
improve the remediation performance of the formed nanocomposites in terms of
chemical separation. For example, the decoration of CN with magnetic materials
allows a fast and easy separation of the nanocomposite loaded with the contaminant
by application of an external magnetic field [32]. The magnetically assisted chemi-
cal separation is frequently more efficient and cost-effective compared to traditional
forms of separation such as centrifugation, filtration, and flotation [5,33]. Also, it
minimizes the presence of residual adsorbent in the medium [5,34].
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This chapter focuses on the synthesis and application of nano-engineered CN-
based composites with different materials as a potential tool for water remediation.
Special attention is addressed to the removal of dyes and phenol-based compounds
present in industrial rejects, and residual antibiotics in wastewater using adsorption
and photodegradation.

4.2 Industrial-origin contaminants and antibiotics:
dangerous micropollutants to the environment and
health

The global concern about environmental damage is evident as well as with the met-
abolic diseases and alterations that arise from contact with some contaminants pres-
ent in the aquatic ambient environment. Particularly, the micropollutants, whose
concentrations remaining at trace levels, are bioactive, persistent, and very toxic
even at very low concentrations (i.e., up to the microgram per liter range). Also,
they are not completely biodegradable and cannot be fully eliminated by traditional
wastewater treatment methods. These pollutants are originated from anthropogenic
activities and can be found in healthcare products, industrial wastes, agricultural
pesticides, and medicines [35].

Concerning the micropollutants from the industrial origin, dyes have been con-
sidered major water contaminants [36]. Currently, these materials have been playing
a critical role in textile, cosmetic, paper, leather, rubber, and printing industries,
which implies a high demand for production [37,38]. Moreover, it is estimated that
10%—15% of the volume of dye production is discarded as wastewater [39].
Besides their persistence in the environment, most of the dyes are carcinogenic and
can cause skin and eye irritation and promote biological alterations [38]. For exam-
ple, rose bengal, which was considered a vital dye, may cause significant ocular
irritation after topical ocular instillation [7,40]. Malachite green, a dye highly used
in industry, disinfectant materials, and in aquaculture, presents a negative potential
action in cell metabolism, interfering in mitochondrial activity [41,42]. Aniline, an
ionizable organic compound, is considered toxic and mutagenic and is mainly
released in the effluent of pharmaceutical and petrochemical industries [43,44].

Another class of contaminants also focused in this chapter are the endocrine dis-
ruptors based on phenols and aromatic compounds [9,45]. Present in industrial
waste, their use also ranges from the industrial sector to agricultural and domestic
products used in everyday life, including plastics, packings, and some antiseptic
sprays and lotions [46,47]. These compounds present harmful effects for human
health, acting on the epithelial cells of the skin, eyes, and mucosa [48,49].
Depending on the level of exposure to these compounds, concentrations of phenols
can be detected in urine as well as in other biological fluids [47,50,51]. Tang et al.,
in their research with pregnant women, evaluated different groups of phenols and
found an association between the duration of the gestation with the exposure
to biphenyl A and benzophenone-3 through the analysis of phenols in the urine.
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These authors emphasized that many groups of phenols can cross the placental bar-
rier, thus being able to interfere adversely in fetal growth [47]. Analyzing the pres-
ence of different groups of phenols in the urine of infertile men, in comparison with
the urine of fertile men, Chen et al. found an association between male infertility
and exposure to the following phenols: 4-tert-octylphenol, 4-n-octylphenol, and 4-
n-nonylphenol [52]. At the cell level, McCall et al. verified that phenols affect the
barrier of human epithelial cells cultivated in vitro using disturbing domains in the
plasmatic membrane [46]. Biphenyl polychloride and polybromobiphenyl are phe-
nols that have presented potential as endocrine disruptors, acting as agonists or
antagonists of sexual and thyroid hormones [53]. Special attention is given to
bisphenol A (BPA), a phenol used in different materials in daily life, including
packaging, dental and healthcare products, and toys. The hazard of this compound
is enhanced since it can be released in the environment and dissolved in water
[54—56]. Recent studies have revealed that BPA has estrogenic activity [54],
fertility-disrupting potential [57], and may contribute to obesity and cancer develop-
ment [55]. Moreover, prenatal exposure to BPA has been considered as an environ-
mental risk factor for the development of autism spectrum disorder [45].

The phthalate esters, widely used in industry to improve flexibility and resistance
of plastics [58], are also important contaminants in the group of aromatic com-
pounds. A study carried out by Li et al. evaluated the combined effect of 4-
nonylphenol and di-n-butyl phthalate in cells of the testicle, related to the support,
nutrition and regulation of the germinative cells in the process of spermatozoid pro-
duction (Sertoli cells). In this research the authors found that exposure to these two
compounds can induce the destruction of cell membrane integrity, increasing per-
meability to these chemical compounds [59].

Antibiotics are also found in the environment, mainly in water, due to their wide
use in human and veterinary medicine [25,60]. The presence of antibiotics in water
and wastewater can lead to the selection of resistant bacteria and promote potential
toxicity for aquatic animals [61]. Some antibiotics, such as sulfamethoxazole
(SMX), can persist in the environment due to their low degradability, thus leading
to toxicity for the environment and humans [62]. A recent study analyzed the possi-
ble effects of toxicity and biological alterations in Nile tilapia fish after exposure to
SMX and oxytetracycline [63]. The tests showed that even at low doses or legal
doses used in aquaculture, SMX delays performance in growth and feeding efficien-
cies of the fish. Moreover, low doses of the two antibiotics and legal doses used in
agriculture promoted atrophy of the liver and histopathological alterations in the
intestinal villi. They also reduced the activity of proteases and lipases in the animals
that were exposed. The researchers emphasized that human beings could suffer
from consequences caused by the ingestion of fish exposed to these antibiotics.

The possibility of contact with these and other pollutants raises the chance of
damage to the health and the environment. The capacity of these compounds to
persist, even after conventional treatment, demonstrates the need to develop
techniques and materials with effective action against these pollutants, guaran-
teeing safety in the treatment of water and wastewater. In this context, new
materials and nanomaterials offer an opportunity to develop a new generation of
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environmental remediation tools with high efficiency and capacity [9,21]. In this
regard, nanocomposites based on CN modified with different nanomaterials
have been used as promising materials.

4.3 Carbon nitride

CN is a metal-free organic polymer that has a low production cost through facile
synthesis routes. Besides, it presents high thermal and chemical stability, low toxic-
ity, and high solubility in water [64—70]. The main features of CN in the environ-
mental field, namely, potential capacity to adsorb different pollutants [34,71—74]
and PC activity to degrade them [75—77], are mainly derived from its structure.
Among the several allotropes, the graphitic CN (g-CN) has similar carbon network
and sp” conjugated T structures as a graphene [78] formed by triazine or tri-s-tri-
azine units cross-linked by trigonal nitrogen atoms to form extended networks that
build stacked layers, as shown in Fig. 4.2. The proportion of triazine or tri-s-triazine
units depends on the raw materials used and on the condensation process during the
synthesis. Besides, g-CN can present residual hydrogen in defects and different sur-
face terminations such as Brgnsted and Lewis basic sites, which confers different
chemical properties to the material [79—82].

The strong covalent bonds between carbon and nitrogen atoms provide high
chemical and thermal stability of g-CN, preventing its photocorrosion under visible
light and improving its catalytic activity [71,83,84]. Moreover, the porous body and
large surface constituted by sp? m-conjugative moieties and primary/secondary/ter-
tiary amines improve the adsorbent—adsorbate affinity through m—m electron cou-
pling, covalent, electrostatic, and hydrogen bonds adsorbate/adsorbent interactions,
increasing the g-CN pollutant removal performance (Fig. 4.2). The m-conjugated
structure is also responsible for the optical properties of CN, which is considered a
semiconductor with a bandgap between 1.5 and 2.70 eV, a very desirable character-
istic for applications in photocatalysis processes [80,85—87]. Actually, this property
favors the collection of low-energy visible photons (460—827 nm) [85,88] allowing
the execution of PC procedures in a configuration similar to the natural environ-
ment [89,90].

The photocatalysis using CN catalysts is an important technique that can be
applied in different processes of pollutants degradation [91] through the irradiation
with different types of light: solar [87,92], visible [86,93], or ultraviolet (UV) [91].
In these processes, radiation activates the CN catalyst at the atomic level, promot-
ing the migration of electrons from the valence band (VB) to the conduction band
(CB), with the formation of electronic vacancies holes (h™) [94]. As schematized in
Fig. 4.3, when in aqueous solution, the activation of CN by light can promote the
oxidation of superficial hydroxide ions (OH ) or O,, producing reactive oxygen
species. The main species include hydroxyl radical (*OH), generated by the holes in
the VB, and superoxide radical (O, ), generated by the accumulated rich electrons
in the CB [95]. Typically, degradation of organic pollutants can occur through these
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Tri-s-triazine unit
Triazine unit (heptazine)

Lewis sites

Graphitic carbon nitride
(8-C5N,)

Figure 4.2 g-CN and its unique graphitic w-conjugated stacking 2D structures and terminal
groups. g-CN, graphitic carbon nitride.

radicals, culminating with an initial decomposition into smaller fragments, followed
by the formation of smaller molecules leading to mineralization in nonnoXxious
forms [94,96].

The synthesis of CN is normally achieved by thermal condensation of carbon/
nitrogen-rich raw compounds at temperatures higher than 500°C [97,98]. However,
some other less common methods are also employed, such as hydrothermal polyol-
mediated [99], microwave-assisted [99,100], and chemical vapor deposition [101].
In this chapter the synthesis using thermal condensations is focused. Particularly,
CN has structural properties that can be molded according to the synthesis route
[75]. Thus through different protocols, various carbon/nitrogen-rich raw materials



Nano-engineered composites based on carbon nitride 93

Absorbance

200 300 400 500 600
Wavelength [nm]

degraded

products micropollutants

Figure 4.3 Scheme of g-CN activation by solar, visible, or ultraviolet radiation. The main
reactive oxygen species generated in the photocatalytic process (*OH and *O, ) are
responsible for pollutant degradation. g-CN, graphitic carbon nitride.

have been extensively used, among them melamine, guanidine, cyanamide, dicyan-
diamide, urea, and thiourea are mostly employed [73,86,87,90,102] (Fig. 4.4).
Indeed, there is a correlation between the type of precursor chosen for the synthesis
and the final polymeric structure to favor the PC action of CN [28,68,79]. Lan et al.
synthesized g-CN using urea, cyanamide, or melamine, employing thermal treat-
ment at 550°C for 4 h, and found that urea promoted a high level of polymerization
with a lower number of hydrogen terminations and few structural defects in the
product [28]. Otherwise, cyanamide and melamine promoted the formation of simi-
lar structures, with a large number of infrastructural spaces, inducing the formation
of nitrogen vacancies, which can narrow the band-gap value toward the region of
visible light. Research carried out by Zhao et al. demonstrated that under different
temperatures at controlled times, the use of melamine, guanidine carbonate, and
dicyandiamide promoted the formation of g-CN with different PC activities [80].
The authors found that CN produced by the calcination of melamine at 600°C
showed the greatest PC capacity to degrade methyl orange (MO) under irradiation
with visible light when compared to g-CN produced by guanidine carbonate and
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Figure 4.4 Scheme of carbon nitride synthesis through thermal condensation. The final
polymeric structure of the material can be tuned according to the precursors used in the
synthesis. The use of urea and thiourea as precursors leads to porous structures, which often
improve the adsorption capacity and photocatalytic activity of the nanocomposite.

dicyandiamide at different temperatures of synthesis. According to Zhu et al., cyan-
amide in the presence of NaOH can be converted into g-CN at lower temperatures
(~500°C) and with a greater surface area [68].

It is worth to mention that some “structural defects,” which occur during the for-
mation of g-CN due to incomplete condensation of its synthesis precursors, are con-
sidered advantageous as they can promote a greater number of superficial bonding
sites or facilitate their modification for the optimization of pollutant adsorption
[28,71]. Vacancy defects, normally related to nitrogen or carbon gaps or minor
defects of nitrogen sp® [28], can also regulate and control the band structure
improving the PC performance [103].

The presence of pores is also an important factor that can improve the CN
adsorptive/catalytic properties. One of the strategies to increase the number of pores
in the final structure of CN, which provides a larger number of reactive sites, is the
use of templates that can be eliminated at the end of synthesis, not causing interfer-
ence in the final structure of CN [68,104]. For instance, Wang et al. studied the PC
performance of g-CN synthesized from the thermal condensation of melamine and
using the pluronic surfactant F68 as the template [7]. They found that the material
synthesized through this route presents type IV N, adsorption and desorption
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isotherms, typical of mesoporous materials. The high efficiency (~90%) in the
degradation of rose bengal under irradiation of UV light at 300 W for 6 h was cor-
related to the presence of larger pores in comparison to CN synthesized without the
use of templates.

The use of raw compounds that produce a large volume of gases during the ther-
mal decomposition is also a tool to obtain high porous structures of CN. For exam-
ple, in the thermal decomposition of urea, the released ammonia (NH3) can be
reused in the process of pyrolysis acting as a supplier of nitrogen for the g-CN
while the released carbon dioxide (CO,) forms bubbles and works as a template,
increasing the number and size of pores (Fig. 4.4). Oh et al. synthesized g-CN sam-
ples by thermal decomposition using dicyandiamide, melamine, or urea to
compare their PC efficiency [75]. The authors found that urea promoted the forma-
tion of g-CN with a higher number of pores and best catalytic activity toward the
pollutant rhodamine B (RhB) than the product obtained with melamine or dicyana-
mide. Wang et al. synthesized g-CN adsorbents by heating different combinations
of cyanamide and urea in an oil bath at 60°C followed by calcination at 550°C for
2 h [86]. The g-CN obtained from mixtures containing the 1:3 mass ratio (cyana-
mide:urea) demonstrated PC potential for triethanolamine degradation, which was
10 times greater than the performance of g-CN produced by pure cyanamide.
According to the authors, urea-based sample presented a surface five times greater
than those produced using cyanamide, indicating that the carbon dioxide formed in
the urea pyrolysis process acted as a template.

Xu et al. developed a methodology for the synthesis of nanoporous graphite-like
CN through calcination in a furnace using different proportions of dicyandiamide
and thiourea. The as-prepared nanomaterials present large surface area and high
pollutant adsorption and photodegradation [87]. They found that the higher the pro-
portion thiourea/dicyandiamide, the greater the porosity of the final structure. The
results of the PC performance demonstrated that the composition containing a
proportion of 80 wt.% of thiourea presented the greatest potential for photodegrada-
tion, under simulated solar light irradiation, toward methylene blue (MB) and phe-
nol, during times of 4 and 8 h, respectively. Song et al. evaluated the PC potential
of g-CN samples, synthesized from urea by thermal treatment under N, flow at
550°C for 4 h and partial N, flow at 300°C [29]. The efficiency of catalysts was
evaluated to the pollutant rhodamine, and it was confirmed that g-CN produced by
the process with interruption of N, at 300°C presented a greater surface area, mor-
phology rich in pores, and degradation of 90% of the pollutant (32% more than the
other sample) under UV —visible light irradiation.

4.4 Improving the efficiency in environmental
remediation applications: the CN nanocomposites

In most decontamination procedures using CN as a photocatalyst, four main steps
take place as shown in Fig. 4.5. First, the pollutant must be quantitatively adsorbed
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Figure 4.5 Main steps of the water decontamination using nano-engineered materials based
on carbon nitride.

onto CN surface. This can be optimized by changing parameters such as pH, ionic
strength, and temperature [17,74]. Afterward, photodegradation of the adsorbed
contaminant is expected by irradiation of light. The time of irradiation and different
light sources are normally controlled in this step to increase the removal efficiency
[7,105]. After separating and washing the catalyst to remove the residual contami-
nant, the CN can be reutilized in several cycles of remediation [106,107].

Although pure CN has been used as a catalyst in pollutant degradation, its band-
gap limitations and electron mobility can be overcome by the incorporation of
nanocompounds into its structure to improve its removal efficiency and optimize its
PC performance in environmental applications [66,68,90,93,108]. Besides the syn-
ergistic combination of CN with some nanocompounds (nanoguests) gives origin to
new functionalities to the formed nanocomposite, including optical and magnetic
stimuli-responsive features [109—111] (Fig. 4.6). Particularly, if the band-gap
energy becomes narrower and the photogenerated e~ and h™ are effectively sepa-
rated, a possibly induced charge-transfer transition between nanocompounds and g-
CN, CB, or VB will result in high performance of the nanocomposite photocatalyst
[112,113].

This chapter emphasizes the application of nanocomposites produced by the
combination of iron, zinc, and titanium compounds (mainly oxides) with CN as
novel and promising materials to remediate water contaminated with two classes of
emerging pollutants: dyes and pharmaceutical waste.

Table 4.1 lists a series of CN-based nanocomposites formed by the incorporation
of different compounds. Details as the form of the graphitic phase, the composition
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Figure 4.6 The decoration of the g-CN with a nanoguest leads to nanocomposites with
multiple functionalities and enhanced properties. It can improve not only the adsorption
capacity and the photocatalytic activity of the nanocomposite but also the efficiency of its
separation from the medium. g-CN, graphitic carbon nitride.

of the material utilized to modify the CN, the removal efficiency, the pollutant stud-
ied, and the light utilized for its photodegradation are provided.

The incorporation of CN with iron oxides offers advantageous properties such as
increased chemical stability [114], surface area [34], and water solubility [91].
Moreover, these materials can be produced through easy synthesis routes using low-
cost and easily acquired raw materials [34,58,91]. Particularly, the incorporation of
magnetic iron-based nanoparticles also confers the possibility of magnetic manipula-
tion, improving the separation and reuse of the adsorbents with minimal or no genera-
tion of residues [111,115,126,127]. Due to these properties, these nanocomposites



Table 4.1 Carbon nitride (CN)-based nanocomposites incorporated with different compounds and their performance in pollutant remediation.

CN form Modifying Pollutants remedied Percentage of Radiation used in References
agents degradation (%) photocatalytic reaction
1 | gCN a-Fe, 05 Rhodamine B ~90 Visible light [71]
2 | g¢CN B-Fe,03 Methyl orange ~90 Visible light and solar light [92]
3 | g-CN a-Fe,05 4-Nitrophenol 90 Visible light [114]
4 | Nanorod-type of g- ~-Fe; 03 Rhodamine B 80 Visible light [115]
CN
5 | Nanospheres of g-CN Fe;0,4 Methyl orange ~100 Visible light [116]
6 | g-CN Fe,O3 Rhodamine B ~ 100 Visible light [117]
BiOI
7 | mpg-CN CoFe,0y4 Malachite green 93.4 UV light [118]
Methylene blue 71.64
Acid orange 7 57.98
Rhodamine B 33.22
8 | mpg-CN ZnO Methyl orange 90.8 Visible light [89]
9 | Few-layer nanosheets Zn0O Methylene blue ~ 80 Visible light [119]
of g-CN Parachlorophenol UV light
10 | g-CN ZnO Rhodamine B 100 UV light and Simulated solar [120]
Phenol light irradiation
11 | g-CN ZnO Phenol 99.5 Simulated solar light irradiation [48]
12 | g-CN Ag-ZnO Tetracycline 80.0 Simulated solar light irradiation [121]
13 | g-CN Znl,S, Tetracycline 99.0 Visible light [60]
14 | g-CN ZnWO, Phenol 30.4 UV light [122]
15 | Membrane with mpg- TiO, Sulfamethoxazole 69.0 Simulated solar light irradiation [123]
CN
16 | g-CN TiO, Phenol 98.4 Simulated solar light irradiation [124]
and UV light
17 | g-CN TiO, Acid orange 82.0 Simulated solar light irradiation [125]

g-CN, graphitic carbon nitride; mpg-CN, mesoporous graphitic carbon nitride; UV, ultraviolet.
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have been extensively applied in environmental remediation for the effective removal
of toxic metals and organic compounds [5,128,129].

Hu et al. evaluated the nanocomposites of g-CN containing a-Fe,O3, at different
proportions (up to 0.5% of a-Fe,0s), to degrade RhB using visible light [71]. The
authors showed that the PC performance of iron oxide-loaded composite was up to
1.3 times higher than that of pure g-CN. This increased PC performance was
ascribed to the synergistic effect of decreased band-gap energy and reduced recom-
bination rate of photogenerated electrons—holes pairs caused by a-Fe,O3 doping.

The PC activity of g-CN, pure and loaded with (3-Fe,O3, a metastable phase during
the formation of a-Fe,O5;, was evaluated under both simulated solar light and pure
visible light irradiation toward the photodegradation of MO, RhB, and phenol [92].
The authors observed an increase of the surface area upon introducing (3-Fe,O5 in the
g-CN, and an improvement of the photoactivity of 3-Fe,Os-loaded hybrid, being the
best performance with 3.5 wt.% of 3-Fe,O3. The enhanced light absorption in the vis-
ible region was attributed to the presence of (3-Fe,Os, which promotes charge transfer
and separation due to the difference in the CB and VB energies. It leads to a higher
PC activity compared to the pure g-CN, coupled with remarkable stability under
working conditions. The authors proposed that photogenerated h™ are the active spe-
cies responsible for the contaminant degradation in the iron oxide-loaded nanocompo-
site, while in the pure g-CN the photoactivity was driven by both h™ and “O, . The
recyclability of doped nanocomposites was evaluated, and the tests resulted in poten-
tiality and stability being maintained for three consecutive cycles.

Two-dimensional nanosheet structures of g-CN with highly dispersed a-Fe,O3
nanoparticles (from 0.1 to 0.8 wt.%) were tested as photocatalysts for 4-nitrophenol
(4-NP) degradation by Lin et al. [114] (Fig. 4.7A and B). The authors showed that
the absorption edges of a-Fe;03-loaded samples expanded remarkably with a rise
in iron oxide loading and that the visible-light responding ability was improved by
coupling g-CN with a-Fe,O3 (Fig. 4.7C and D). The 4-NP degradation increased
significantly with visible-light illumination time and iron oxide content. The best
performance was achieved for 0.5 wt.% of o-Fe,Oj3, in the presence of H,0,, at
pH = 3.5, degrading 90% of the pollutant for 40 min of light exposition, which cor-
responds to up to six times higher compared to the pure g-CN. As shown by
authors, the pH of the reaction medium plays an important role in the degradation
of organic pollutants since it influences the generation of hydroxyl radicals, the dis-
sociation of the reactant(s) in solution, and the surface charge of the photocatalyst.
The authors also found that there were no significant losses in PC activity after
three recycling uses of the nanocomposite.

Wang et al. synthesized a nanorod-type g-CN/Fe,O3; composite and compared its
efficiency in RhB degradation under irradiation of visible light to that of pure
~-Fe,O5 and g-CN [115]. After exposing the pollutant to the nanocomposites in aque-
ous solution containing hydrogen peroxide at 30%, it was observed that Fe,03/g-CN
degraded approximately 80% of the RhB in 5 min and almost 100% in 15 min.
According to the authors, the nanorod composite presented better PC activity when
compared to pure g-CN as a result of the strong absorption in the visible region and
the larger surface area.
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Figure 4.7 TEM images of (A) a single iron oxide nanoparticle incrusted in g-C3N,4 and
(B) the graphitic carbon nitride-supported iron oxide (Fe,O3/g-C3N,4) containing 0.8 wt.% of
a-Fe,05. UV —vis diffuse reflectance spectra (C) and [F' (R)hv]'? versus hv plots (D) of
g-C3N, with increasing amounts of a-Fe,O3: (a) 0.0 wt.%, (b) 0.1 wt.%, (c) 0.3 wt.%, (d)
0.5 wt.%, (e) 0.7 wt.%, and (f) 0.8 wt.% [114]. TEM, transmission electron microscopy; UV,
ultraviolet.

The nanospheres of Fe;0,/g-CN with porous structure were produced by a
hydrothermal method, with varying proportions of Fe;O4 and g-CN, to evaluate
their efficiency in MO photodegradation [116]. The experiments demonstrated bet-
ter PC performance to nanocomposites Fe;04/g-CN against the tested dye, com-
pared to pure g-CN and pure Fe;O,4, under 150 min after visible light irradiation
with total pollutant degradation. The PC activity of the porous Fe;04/g-CN nano-
spheres reached their maximum for a loading of 2% of Fe;O4. The nanocomposites
exhibited excellent reusability in five cycles at a ratio of 98%.

Mousavi et al. synthesized magnetic ternary g-CN/Fe;0,/BiOl nanocomposites
and evaluated their remedial power regarding RhB [117]. Under visible light irradi-
ation the nanocomposite g-CN/Fe;0,4 (50%)/BiOI (20%) degraded almost 100% of
RhB after 180 min of irradiation, while pure g-CN and g-CN/Fe,O; degraded only
32% and 40% of the pollutant, respectively. The authors reported that the nanocom-
posite properties and their PC potential are associated with synthesis conditions and
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that the absorption in the visible light region increased with increasing weight per-
centage of BiOl, resulting in adequate band-gap values for photocatalysis.

Hassani et al. evaluated the effectiveness of a nanocomposite of monodisperse
cobalt ferrite nanoparticles assembled on mesoporous g-CN (CoFe,O4/mpg-CN) in
comparison with pure mpg-CN in the photodegradation of the malachite green,
MB, acid orange 7 (AO7), and RhB [118]. The results demonstrated that both are
effective for the adsorption of the tested pollutants. The pure mpg-CN presented a
PC degradation of 76.38% for MG compared to 93.41% of CoFe,O,/mpg-CN, both
in an environment activated by UV light. In the case of other dyes the PC degrada-
tion of the nanocomposite was 71.64% MB, 57.98% AO7, and 33.22% RhB.
According to the authors, the heterojunctions among semiconductor materials could
provide a great potential driving force to improve the separation between the elec-
tron—hole pair to promote a bandgap with a greater range of absorption. This fea-
ture, associated with the porous structure of mpg-CN, contributed to the
improvement of the PC performance of the composite.

Zinc oxide (ZnO) has featured in many studies because of its nontoxic property,
low cost, stability, high catalytic activity [48,130], high electric conductivity, and
large suitable bandgap [130]. This compound is considered promising in the area of
photocatalysis because of its potential for degrading organic and inorganic pollu-
tants [21,48]. However, isolated ZnO does not absorb visible light, but the incorpo-
ration of a nonmetallic component, such as CN, may reduce the bandgap for
metallic oxides and extend absorption in the visible region [131,132] and improve
its PC efficiency [10].

Le et al. evaluated different composite samples of ZnO particles supported
in mpg-CN (mpg-CN/ZnO) in the PC degradation of MO under visible light irra-
diation [89]. The results showed that the most effective concentration was
mpg-CN/ZnO-50 (50% of each component), which presented a photodegradation
efficiency of 90.8% for 120 min. According to the authors, in the most efficient
nanocomposite (mpg-C3;N4/Zn0O-50), the photogenerated electron—hole pairs
were efficiently transferred at the heterostructure interface, leading to greater
PC activity under visible light irradiation.

Liu et al. synthesized composites based on ZnO nanoflowers decocted with few-
layer g-CN nanosheets (flg-CN/ZnO) as novel photocatalysts to enhance pollutants
removal from water [119]. They reported that the elaborated heterostructures are
favorable to degrade MB under irradiation with visible light, and parachlorophenol
(4-hydroxychlorobenzene) under irradiation with UV light, with a photodegradation
efficiency of almost 80%. All nanocomposites produced showed higher PC activity
than pure ZnO nanoparticles and the optimal decorating amount of the flg-CN was
30 wt.%. According to the authors, the enhancement of PC property is related to the
effective separation and transfer of photogenerated charges stemming from the
well-matched band structure between ZnO and flg-CN.

In a research conducted by Wu et al. [120], microspheres produced by the het-
erojunction of ZnO and g-CN, using solvothermal method and zinc acetate as
precursor, were evaluated as photocatalysts for degradation of the pollutants RhB
and phenol (Fig. 4.8). Comparing the efficiency and the stability of different
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Figure 4.8 (A) Schematic illustration of the synthetic process of hierarchical porous ZnO/g-CN
microspherical heterostructure (the gray spheres are ZnO and the dark yellow sheets are g-CN).
SEM images of (B) pure g-CN prepared by sintering, (C) pure ZnO and (D) ZnO/g-CN [120].
g-CN, graphitic carbon nitride; SEM, scanning electron microscopy.

heterostructure combinations concerning pure ZnO and g-CN, the best PC degrada-
tion rate occurred with the nanocomposite elaborated using a mass ratio of zinc ace-
tate dihydrate to g-C3N4 equals to 1.5 (1.5-ZnO/g-CN). This combination promoted
100% RhB degradation in 30 min under visible UV light irradiation and visible
light. The authors investigated the PC stability of 1.5-ZnO/g-CN under simulated
solar light and the results show that after five cycles, the degradation rate of RhB is
still as high as 95.2%, suggesting a good stability under simulated solar light irradi-
ation. The nanocomposite also presented a high activity of phenol degradation
(almost 100%) in 50 min under visible UV light irradiation. The authors pointed
out that the combination of these electronic heterostructures with spatial hierarchi-
cal structure was an efficient strategy that provided the best performance in the
photodegradation of organic pollutants.

A study to evaluate the degradation of phenols using ZnO/g-CN under simulated
sunlight irradiation was also carried out by Rosli et al. [48]. The authors found that
the optimum amount of g-CN in the composite corresponds to 5 wt.%, which leads
to a PC degradation efficiency of 99.5%, with the possibility of reuse for four times.
The authors proposed the phenol degradation pathway by the ZnO/g-CN compo-
sites, based on the identification of the degradation intermediates. The final pro-
ducts obtained (CO, and H,O) are nontoxic to health or environment.

The combination of g-CN and ZnO was also tested by Panneri et al. adding sil-
ver (Ag) as a third component (g-CN-Ag/ZnO) [121]. In the study, different compo-
sitions were tested to evaluate their PC degradation and adsorption potentialities for
the removal of the antibiotic tetracycline. The g-CN-Ag/ZnO composite exhibited a
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high adsorption capacity of tetracycline (47% in the dark and PC degradation of
80% under irradiation with solar light for 60 min) when compared to other combi-
nations of g-C3N4—Ag, g-C3N4—Zn0O, ZnO—Ag, and g-C3N4. According to the
authors, during sunlight irradiation, nanocomposite excitation creates pairs of elec-
tron/holes that can transiently occupy the empty states of the CB in Ag. Concerning
g-CN and ZnO, sunlight irradiation excites the electrons in CBs with the simulta-
neous generation of holes in the VBs. These electrons in the g-CN CB migrate to
the ZnO CB. ZnO electrons are transferred to Ag and the reaction with the oxygen
from the system takes place, producing the reactive forms of oxygen (e.g., superox-
ide), which act on the contaminants.

Nanocomposites elaborated through the association of Znln,S,; microflowers,
with lamellar g-CN (CN/Znln,S4) with different mass ratios, were investigated as
photocatalysts for tetracycline degradation [60]. The authors found that the compos-
ite with loading 50 wt.% g-CN degraded almost 100% of tetracycline in an aqueous
solution under visible light irradiation after 120 min of contact. According to the
authors, the 50 wt.% proportion of g-CN efficiently promotes the separation of
photogenerated electron pairs, leading to better PC performance, while the excess
g-CN (above 50 wt.%) leads to an agglomerating state on the Znln,S, surface. As a
result, the lower contact area of heterojunction decreases the PC activities [133].

In a research done by Zhan et al., films containing the heterojunction of g-CN/
ZnWO, were produced to evaluate their PC activity toward phenol degradation
under UV light irradiation [122]. The authors found that all the concentrations of
the proposed heterojunction (from 1% to 7% of g-CN) presented greater catalytic
activity than the pure forms of ZnWQO, and g-CN. The best concentration was found
to be 5% of g-CN, leading to 30.4% of phenol degradation. The authors stated that
the photogenerated electrons in the lowest unoccupied molecular orbital of g-CN
were directly transferred to the ZnWOQO, CB while the photogenerated holes in
ZnWO, were directly transferred to g-CN and the electrons on the ZnWQ, surface
could be retained by molecular oxygen to form ‘O, species, contributing to the
efficiency in the PC degradation process.

In its pure form, TiO, presents degradation activity for different organic pollutants
whose efficiency can be highly improved when this compound is associated with g-CN
[128,134]. Yu et al. fabricated a PC membrane for ultrafiltration with a matrix formed
by polysulfone incorporated with mpg-CN/TiO, composites to evaluate its potential in
the photodegradation toward the antibiotic SMX [123]. Different concentrations of
g-CN/TiO, were tested in association with the matrix, being 1 wt.% of composite
loading the most efficient for SMX degradation (69% in 30 h of solar light irradia-
tion). The results are promising to the application in large scale setups concerning
pharmaceuticals degradation in water. Moreover, the proposed membrane revealed
to be a very efficient host material for photocatalysts immobilization.

Nanotubes of TiO, wrapped with g-CN nanoparticles were synthesized by Wang
et al. to evaluate photoelectrocatalytic activity in phenol degradation under stimulated
solar light [124]. The photoelectrodes elaborated with 10 wt.% of g-CN completely
degraded the phenol in 150 min, while the pure TiO, degraded only 50% of the
pollutant in the same time interval. According to the authors, the outstanding



104 Quantum Materials, Devices, and Applications

photoelectric properties and excellent photoelectrocatalytic performance of the pro-
posed nanocomposites are related to the enhanced light-absorption property and
improved charge-separation efficiency. The incorporation of g-CN NPs strongly
decreases the charge transfer resistance and boosts the charge-separation efficiency of
TiO,. Moreover, the authors pointed out that the photoelectrocatalytic process
involved in the phenol degradation over the prepared nanocomposite was much high-
er than the sum of PC and electrocatalytic processes.

The potential of porous g-CN/TiO, nanocomposites with hierarchical hetero-
structure was tested in the photocatalysis improvement toward acid orange degrada-
tion under simulated solar irradiation and at room temperature in comparison to
pure g-CN and TiO, nanoparticles [125] (Fig. 4.9). The results demonstrated that
the nanocomposite g-CN/TiO, degraded approximately 82% of acid orange in
10 min, while the pure TiO, and g-CN did not present a significant efficiency in
degrading this compound. The researchers also confirmed that this heterojunction
exhibited a good separation efficiency of electrons and holes, wide light-absorption
range, and rapid mass transfer, which make the composite a promising material for
PC degradation of pollutants.

100 nm

Figure 4.9 FE-SEM image of (A) g-CN nanosheets with rich carbon vacancies. A highly
corrugated surface with abundant in-plane holes can be observed. (B) FE-SEM images of the
g-CN/TiO, nanocomposite with hierarchical heterojunction, showing small needle-like TiO,
petals. (C) High magnification FE-SEM images of g-CN/TiO, nanocomposite. (D) Energy-
dispersive X-ray spectroscopy mapping analysis of the g-CN/TiO, nanocomposite confirming
that TiO, is uniformly assembled on the g-CN surface [125]. FE-SEM, field emission
scanning electron microscopy; g-CN, graphitic carbon nitride.
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4.5 Final considerations

The presence of micropollutants in water represents a serious threat to human health
and the environment. The main traditional water and wastewater treatment technol-
ogies do not effectively remove these contaminants, as they remain at trace levels,
which make it difficult to meet water quality standards. In this context the develop-
ment and application of nanotechnology-based methods is a promising alternative,
especially using nano-engineered materials based on CN composites, as demon-
strated by several laboratory-scale studies. These materials can be designed with
multiple functionalities and enhanced properties, which endow them with high effi-
ciency to remediate water with micropollutants and low levels of other contami-
nants. Moreover, the application of nano-engineered materials in on-site treatment
facilities may offer potential advantages in terms of efficiency, environmental
friendship, and cost compared to conventional treatments.

In the case of the pilot and full-scale applications, there are still some limita-
tions that must be overcome when using nanotechnology-based methods.
Problems such as agglomeration phenomena, leaching, ecotoxicity, regeneration,
and reusability require appropriate approaches for ensuring the sustainability
and safety of these novel technologies for water treatment. However, these
potential drawbacks should not be seen as a technological barrier for real-life
applications but as a challenge to be faced. Thus nanotechnology-based methods
for environmental remediation and water treatment should be treated as efficient
and innovative alternatives with a high potential for effective benefits rather
than as risky technologies.
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5.1 Introduction

Different scopes or scales of organization or description are used to study the world.
It is customary to schematize this description of the systems in the form of a
sequence that indicates the scale of magnitude of the phenomena under study or
description, as an example atom on the 10~ '%-m scale, living organisms on the
scale from 107° to 10" m, and ecosystems on the 10°-m scale. The properties of
each scope, going from the smallest to the largest, are partially explained by the
features of the previous organization scale that supports it, plus a new set of proper-
ties called emergent properties. These new properties are the result of the interac-
tions of the components of the system. In the previous example, living organisms
and ecosystems depend on atoms for their existence. Still, they have new and spe-
cific properties such as the organization of flows of energy, matter and information,
and the evolution across time that are not predictable from the properties of atoms.

The quantum domain considers the behavior and properties of matter, energy,
and information on the scale of phenomena where the interactions of particles and
their collective excitations intervene. These interactions are manifested in the form
of phenomena such as electromagnetic radiation, magnetism, electricity, sound, and
conduction. Therefore directly, or indirectly, the quantum domain permeates in all
subsequent areas of description: the molecular and supramolecular and the succeed-
ing ones that give rise to phenomena on scales higher than micrometers.

The production of food, energy, and manufactures for a growing human popula-
tion depends on the manipulation of different properties of matter and on various
natural processes that involve transfers of energy and information. Physics and
chemistry are responsible for those, as well as disciplines such as medicine, agron-
omy, ecology, and economics. During the 20th century, a discipline called nano-
technology emerged, which is related to the phenomena and properties found in
materials, called nanomaterials (NMs), whose structures are displayed on scales of
10~° m and whose properties are directly dependent on quantum phenomena.
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Nanotechnological developments are multiple, with applications in practically all
areas of knowledge, including biology and medicine. In agriculture, nanotechnology
applications have substantially increased in recent years. The uses of nanofertilizers,
nanometric soil amendments, nanopesticides, and nanosensors are already present
at the commercial level [1]; other applications, such as the use of NMs for genetic
transformation with DNA and RNA [2,3], improvement of metabolic activity and
photosynthesis [4,5], as well as the use of NMs for biostimulation, and the increase
in stress tolerance in cultivated plants [6], are under intense study.

NMs are considered to be structures or aggregates or agglomerates that present at
least one external dimension (d) 0.4 <d <100 nm [7] or with a volume-specific sur-
face area >60 m>cm > [8]. Some authors point out that structures with at least one
dimension (1D) <1000 nm can be considered NMs [9,10]. The reality is that at this
time, the definitions are somewhat arbitrary, so far without having a functional defini-
tion of what constitutes an NM, as well as the threshold of dimensional magnitude for
the properties that distinguish an NM from a bulk or micrometric materials [7].

When the size of the structures decreases to the nanometric scale, NMs are
obtained that manifest physical, chemical, and optical properties not found in the
bulk material. These new properties are what allow highly specialized modern
applications of materials whose industrial and craft use dates back to antiquity,
such as copper, iron, gold, silver, and silicon. The utilizations of the NMs are multi-
ple and refer to practically all industrial and environmental management areas,
communications, energy production, medicine, food, and agricultural and forestry
production [11].

NMs are classified according to the number of dimensions outside the nanoscale
range. There are all-dimensional or 0D NMs [nanoparticles (NPs); all dimensions
=100nm], 1D NMs (nanotubes, nanowires, nanofibers, and nanorods; 1D
>100 nm), two-dimensional NMs (graphene, nanofilms, nanolayers, and nanocoat-
ings; 2D >100 nm), and three-dimensional NMs (porous materials, zeolites, disper-
sions, and powders; 3D >100 nm) [12].

A particular class of materials, collectively named quantum materials (QMs),
have at least 1D less than the Bohr radius [13], typically from 0.4 to 15 nm,
although depending on the material can be up to d =47 nm [14]. The small size of
the nanostructures of QMs leads to the characteristic of quantum confinement,
which occurs when the dimension of the structure is close to the free path length of
the electrons. Consequently, delocalized or continuous electronic movement is
restricted in one or more dimensions and is confined to certain discrete energy
states. This confinement of the electrons produces emergent properties that result
from the correlated collective behavior of the electrons, such as superparamagnet-
ism, electrical conduction, optical phenomena derived from the absorption and
emission of light, as well as the ability to transform light very efficiently into elec-
tricity or heat [15].

The confinement is observed in the different NMs as follows: in 0D NMs called
quantum dots, it occurs in 3D; that is, there are O free dimensions; in 1D NMs, con-
finement occurs in 2D; in 2D NMs only 1D shows electron confinement. In 3D
porous materials, such as zeolites and nanozeolites, the internal diameters of the
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pores can be =5 nm, with subsequent 1D confinement of electrons [15,16]. The
confinement of the electrons results from a geometric restriction or one or more
dimensions, that is, it is an effect mainly related to the size or shape of the NM,
and it depends to a much lesser extent on the composition. What is primarily vari-
able with the composition of quantum NMs (QNMs) are the specific emergent
properties resulting from particle confinement.

A definition of QM is, “solids with exotic physical properties, arising from the
quantum mechanical properties of their constituent electrons” [17]. QMs are
diverse: superconductors, graphene, topological insulators, Weyl semimetals, quan-
tum spin liquids, spin glasses, and spin ices [15]. However, the attention in this
manuscript will focus on those QMs in the NM category in which the authors visu-
alize applications as agrochemicals, including use as fertilizer, soil improver, pesti-
cide, or biostimulant, that is, 0D materials with d=15nm as quantum dots or
metallic or semimetallic NPs, of metal and organic oxides, 1D and 2D materials of
carbon or silicon, and zeolites and nanozeolites 3D.

Considering the earlier text, the objective of this chapter is to describe the agri-
cultural applications of the class of NMs called QMs or QNMs.

5.2 Nanomaterials and quantum nanomaterials: the
applicable properties for agriculture

The responses of organisms against NMs depend fundamentally on the concentration
and bioavailability of NMs in the growth medium. The phenomenon of hormesis
describes the positive reaction of an organism against a physical, chemical, or biologi-
cal agent, called an inductor, when this inductor is at low concentration. By increasing
the amount, intensity, or concentration of the inducer, the body’s response becomes
negative. These types of reactions, when plotted, form a figure called an “inverted U.”
For NMs, this type of hormetic responses has been described [18]; for this reason, the
concentration of the NM and the characteristics of the medium that can increase or
decrease the bioavailability (such as pH, ionic strength, presence of dissolved organic
matter, or inorganic colloids) determine in a substantial way the impact of the NMs on
organisms and ecosystems [9]. Many studies have been devoted to verifying the effect
of concentration and bioavailability of NMs on living organisms, and plants have been
the subject of much attention in this regard.

But beyond the responses to concentration in the medium and bioavailability,
which fall into the domain of environmental chemistry and ecosystems, there is
another class of properties of the NMs that refer to a physicochemical field of the
materials. These physicochemical properties have been less studied. These proper-
ties are manifested as intrinsic characters, regardless of the concentration or charac-
teristics of the medium in which the NMs are found.

Two types of basic physicochemical properties have been described that modify the
response of organisms in contact with an NM. The first property is the high surface:
volume ratio, which manifests itself as sizeable free surface energy that allows the
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formation of a corona upon contact with biological and natural fluids. The corona is
the interface of the NM with the cells of the organisms. The second property is the
chemical composition of NM, which allows the release of specific ions or monomers
with effects that can range from biostimulation to toXicity on organisms.

We will mention a third and a fourth property of the NMs that have been studied
extensively from the biomedical and industrial point of view but much less
addressed in terms of examining the effects on plants. The third property is the ear-
lier mentioned quantum confinement, resulting from the topological restriction on
the mobility of electrons, which, among other things, causes surface plasmons and
photon emission or photoluminescence. Photon emission is the result of recombina-
tion of electrons and holes, and the subsequent photon emission with the energy
proportional to the band-gap energy. It is not known to what extent quantum con-
finement can affect or act synergistically, with the surface-to-volume ratio and with
the chemical composition to determine cellular responses. The same seems to be
true of the fourth property, superparamagnetism, which is the single-domain magne-
tism shown by NPs <20 nm composed of ferromagnetic or ferrimagnetic materials.
It is not possible to exclude, at this time, that the potential responses of organisms
to quantum confinement and superparamagnetism are added to those observed con-
cerning the surface-to-volume ratio and the chemical composition.

The dimensions of the NMs are determinants of the first, third, and fourth properties:
the surface-to-volume ratio, quantum confinement, and superparamagnetism. The
surface-to-volume ratio increases as the size of the NMs decreases; quantum confinement
and superparamagnetism occur from a critical reduction in the dimensional size of the
NM, that is, it happens once a threshold showing variations in each material is reached.

The second property, the elemental composition of the NM core, is independent of the
magnitude of the dimensions. The different elemental composition of the NM’s core
causes different reactions with the biomolecules present in an organic fluid or natural envi-
ronment, producing the release in the ionic or monomeric form of the core components.

All NMs interact with organisms through their high surface free energy, and the
biological response to this energy depends fundamentally on the size of the NMs,
but also on other characteristics that change the active area of the NMs with respect
to its volume, such as the shape, roughness, aspect ratio, and organic corona com-
position. The first interactions are dependent on surface free energy, and the func-
tional groups of the corona are those that trigger the first cellular responses:
changes in the membrane potential, modifications in the activity of integral proteins
such as channels, signal transducers, and proteins for the transport of electrons.

The initial changes lead to adjustments in the physiological activity, in the metabo-
lome of the cells, as well as in the gene expression and the subsequent change in the
proteome. Under certain conditions of concentration, size, and shape of the NMs, these
initial modifications can turn into cellular responses similar to those of defense against
stress. Therefore the NMs under the appropriate schemes of agricultural application,
that is, avoiding the contamination of soils and water and ensuring safety for consu-
mers, can be used in agricultural practice as biostimulants [6].

The second sequence of cellular responses occurs after interactions between the
NM corona-plant cell interfaces. This second chain of reactions depends on the
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cellular internalization of the NMs and the interaction of the corona and the core
with the proteins and metabolites present in the cytoplasm, in the organelles, and
the internal systems of membranes and cytoskeleton. In addition to interactions
with inner cell surfaces, NMs may react with different cell metabolites and begin to
release core components in ionic or monomeric form. The release of the ions or
monomers causes the second chain of signals and cellular adjustments that once
again modify physiological activity and gene expression [6].

This biphasic response to free energy and the composition of the NMs makes the pre-
diction of the reactions of biological organisms difficult. In addition, although the
responses can be described in a general scope for all organisms, they are highly depen-
dent on the specific organism-environment context. Therefore they present small or full
variants depending on the plant species and the growth environment and its characteris-
tics [19]. Electron confinement and superparamagnetism are additional little-explored
domains in the response of plant organisms to NMs. It is highly likely that they will add
to or interact with cellular reactions to surface energy and the composition of NMs.

Agricultural experimentation directed toward understanding the impact of QNMs
on plants is not abundant. Instead, what is available is a certain amount of informa-
tion on the agricultural use of various NMs with at least ID = 15 nm (which may
place them in the category of QNMs). These NMs with at least one d = 15 nm have
been used as agrochemicals in the areas of fertilizers, pesticides, or biostimulants
[20]. In many cases, the use of these materials was thought to take into account the
reactivity and the composition—the first and second properties described earlier—
but without taking into account the ability to impact plant cells thanks to their quan-
tum or magnetic properties, the third and fourth properties described earlier.

In QNMs, the confinement of the electrons causes them to be present at specific
energy levels, which, in interaction with biomolecules (which are also known to
carry out quantum processes), could alter the responses of organisms to light, mag-
netism, and other environmental factors. It is even possible to consider the modifi-
cation of the functionality and efficiency of the biological nanostructures carrying
out an essential segment of the activity of organisms, that is, membranes, proteins,
DNAs, and RNAs [21].

In some biological processes such as photosynthesis, they occur unexpectedly
long-time quantum coherences in energy transport in the photosynthetic complexes.
The energy transduction of photons into energy stored in biomolecule’s bonds
occurs through the generation of excitons in photosynthetic antennas [22]. NMs
have been shown to increase the efficiency of light-harvesting by capturing or
reflecting higher amounts of photosynthetic active radiation (PAR) within chloro-
plasts or by converting by fluorescence the shortwave (UV, violet, and blue) radia-
tion into longwave (red), decreasing heat generation, fluorescence, and the
production of reactive oxygen species (ROS) in chloroplast photosystems [10,23].

It is not known if QNMs can modify quantum processes of photosynthesis, such
as quantum coherence and electron entanglement, but it is a relevant possibility for
the design of QNMs aimed at increasing the efficiency in the use of PAR in photo-
synthesis. This efficiency, apparently due to fundamental design issues, reaches
values between 2% and 6% [24].
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Quantum tunneling of electrons and protons/hydride/hydrogen under physiologi-
cal conditions has been observed in enzymatic catalysis developed by specific pro-
teins of microorganisms, plants, and animals [25]. In principle, it is likely that in
the processes where the transports of electrons and protons are involved, that is, in
those processes of energy transduction in membranes, chloroplasts and mitochon-
dria, the quantum tunneling is relevant [26,27]. However, the extent of the impor-
tance of the phenomenon on the biological scale is still unexplored and subject to
controversy [28]. It remains to be answered equally if the QNMs somehow modify
the tunneling process that has been described in the proteins.

Likewise, quantum entanglement processes have been described that naturally
increase the efficiency of energy transduction, decreasing losses due to heat and
fluorescence [29]. Some NMs are known to increase the efficiency of photosynthe-
sis [23]. Still, as far as we know, it has not been systematically described whether
QNMs have the general ability to modify biological energy transduction, both in
the photosynthesis as in mitochondrial respiration and in other enzymatic processes
dependent on the transfer of electrons and protons. It is possible that this last capac-
ity, if it occurs in all QNMs, would be a very relevant property for the design and
obtaining of new biostimulants to increase agricultural productivity.

Regarding magnetism, the impact of this phenomenon on biological organisms is
well known [30,31], including plants [32]. Proteins from plants and other organisms
contain transition metal cofactors, which can be magnetic per se [33] or accumulate
in cells as magnetic minerals [34]. Taking into account the earlier text, techniques
called magnetopriming have been proposed that are based on the use of magnetic
fields to induce particular modulation and stress tolerance responses in crops
[35,36]. However, the mechanism of action of magnetism on cells or their compo-
nents is, in many cases, poorly understood [37].

Nanomagnetism occurs in 0D, 2D, and 3D NMs. In the case of NMs, single-
domain superparamagnetism is expected at NPs = 15 nm and has been observed,
for example, in the ferritin protein whose function is iron storage [38]. The NM’s
superparamagnetism allows obtaining materials with characteristics such as hyper-
thermia, magnetic resonance, magnetic inhomogeneities for tissue contrast, which
made them profoundly studied agents in biomedicine, both for the controlled
release of bioactive compounds and for hyperthermic treatment during cancer ther-
apy [39—42]. These same characteristics make superparamagnetic NPs candidate
materials for use in crops or specific processes in the food industry or environmen-
tal engineering [43,44].

Regarding the availability of NMs of different chemical elements with the char-
acteristic of 1D = 15 nm, which could be verified for their potential application as
agrochemicals, Table 5.1 presents a list of them. The examples do not necessarily
indicate that the material is a QNM. Still, in those cases where the character of QM
was not mentioned, the examples were included considering the dimensional crite-
rion d =15 nm.

The examples in Table 5.1 do not include chemical elements that are routinely
used in agriculture, such as in fertilizers, biostimulants, and pesticides; rather, the
selected examples refer to materials whose agricultural use (such as pesticide or
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Table 5.1 Examples of chemical elements or materials for which nanomaterials (NMs) are
reported with at least one dimension less than 15 nm and therefore can be categorized as

quantum NMs.

Elements or NM class Reported use References
materials
Bi Bismuth sulfide nanorods Cancer therapy [45]
with retractable zinc
protoporphyrin molecules
C Carbon quantum dots Detection of food [46]
contaminants
C Carbon quantum dots Visible [47]
light—activated
bactericide
capacity
C Carbon nanotubes Plant biostimulant [48]
C Multiwalled carbon Plant biostimulant [49]
nanotubes
C Multiwalled carbon Plant biostimulant [50]
nanotubes
C Multiwalled carbon Plant biostimulant [51]
nanotubes functionalized
with carboxylic acid
C-Br Halogenated carbon Biological imaging [52]
nanodots
CdSe/ZnS CdSe/ZnS quantum dot- Biological imaging [53]
encapsulated in chitosan
nanospheres
Cellulose Cellulose nanofiber and Delivery of [54]
sodium alginate biomolecules
Chitosan Chitosan quantum dots Biomedical [55]
applications
Chitosan Chitosan—graphene Carrier of plant [56]
nanocomposites nutrients
Co Co sulfide NMs Magnetism, energy [57]
Ga Ga, O3 nanorods Photoelectrochemical [58]
water splitting
Hydroxyapatite Hydroxyapatite nanorods Biomedical [59]
nanorods loaded with parathyroid applications
hormone
I Iodinated graphene Contrast agent for [60]
nanoplatelets imaging
1 Iodine oxide NPs Natural origin [61]
Graphene Graphene nanosheets Plant biostimulant [62]
Graphene Graphene oxide sheets Carrier of plant [63]
micronutrients
Graphene Graphene oxide sheets Plant biostimulant [64]

(Continued)
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Table 5.1 (Continued)

Elements or NM class Reported use References
materials
Graphene Graphene oxide—Fe(III) Carrier of plant [65]
composite with phosphate nutrients
Graphene Graphene quantum dots Electrochemistry, [66]
biological sensing
Graphene Graphene quantum dots Plant biostimulant [67]
Mo Molybdenum disulfide Cell imaging, [68]
quantum dots photoluminescence
Mo Molybdenum disulfide Photocatalysis and [69]
nanosheets antimicrobial use,
wound healing
Mo Molybdenum disulfide Neurological [70]
quantum dots theranostics
Nanofibers Electrospun nanofibers Delivery of [71]
biomolecules
Ni Spin glass nickel oxide NPs Antimicrobial use. [72]
Nontoxicity to
human cells
Ni Ni sulfide NMs Magnetic, energy [57]
production
Ni Bimetallic Ni—Fe NPs Dehalogenation of [73]
TCE
Polymer dots Semiconducting polymer Cellular labeling, [74]
nanoparticles imaging,
biosensing
Polymer dots Semiconducting polymer Cancer therapy [75]
nanoparticles and a
immunostimulant
conjugated
Se Nanocrystals and nanorods Biomedical [76]
applications
Si Silicon nanowires Optical modulation of [77]
cellular responses
Si Silicon nanowires Biomedical [78]
applications
Si Silicon quantum dots Biological imaging, [79]
Nanosensors
Si Silicon quantum dots with Imaging and pH [80]
fluorescein isothiocyanate sensing
Zr Ultrathin ZrS, nanodisks Anodic materials for [81]

odb o .
Li" intercalation

These NMs are not routinely used in agriculture. In almost all cases, tests have not been performed with plants, but
they have the potential to be used as agrochemicals or biostimulants. TCE, Trichloroethylene.
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biostimulant) could become applicable or refers to some cases such as Ni and Mo,
which, although they are considered essential elements for plants, are not used ordi-
narily. The NMs for Ag, Au, Ce, and Ti that have been relatively well studied
regarding their effect on plants are not included in Table 5.1. The potential use of
the materials listed later presupposes the careful study of their impact on food
safety and soil and water contamination.

5.3 Agrochemicals and the niches for quantum materials

In addition to the four properties relevant for agrochemicals and biostimulants men-
tioned in the previous section (high surface ratio: volume, chemical composition, quan-
tum confinement, and superparamagnetism) for NMs and QNMs, there are other series
of properties that they allow characterizing the materials used as agrochemicals, either
in bulk or in nano form. Table 5.2 shows some of the characteristics used to describe
the different materials. Some features are used both in bulk materials, as in NM or
QNM, but others are unique for each scope of the description.

Tables 5.2 and 5.3 allow visualizing various scenarios regarding the use of
QNMs as agrochemicals. The scenarios indicate the niches where the QNMs can
initially be located, considering the different agrochemical class. If it is assumed
that the NMs will behave like QNMs when reaching the threshold d = 15 nm, then
the proposed alternatives for use are as follows:

1. Uses that depend on the composition, for example, a fertilizer with zinc or another essential
or beneficial element. In this case, the use of Zn QNM significantly increases the efficiency
of the material by making it more bioavailable and more stable against environmental inacti-
vation (e.g., by sunlight or by the fixation on the colloids of the soil). The result is that the
nanofertilizers can be applied in less quantity than it should be if it were a bulk material
[11,122]. NMs consisting of the 14 essential elements that are applied as fertilizers in crops
are included in this composition-dependent use category (N, P, K, Ca, Mg, S, Fe, Zn, Mn, B,
Cl, Cu, Mo, and Ni), plus five elements considered beneficial Si, Na, I, Se, and Co.

2. Applications that depend on reactivity, that is, physiological, biochemical responses, or changes
in the gene expression and proteomes of plants or their symbiotic organisms in response to the
surface free energy of a QNM, that is, that depends on size, surface-to-volume ratio, shape,
and aspect ratio of the nanostructure. An example of this alternative is the use of carbon or sili-
con 3D, 2D, 1D, and 0D QNMs, or quantum dots of the 19 elements remarked earlier and add-
ing the elements Au, Ag, Ti, and Ce additionally. The reactivity of the QNMs in all organisms
is higher when d = 15 nm compared to that observed in larger nanostructures [6,10].

3. Uses related to the ability of QNMs to carry or transport high molecular weight biomolecules,
polymers, carbohydrates, and other metabolites and mineral elements to the plant body. In
this case, it takes advantage of the large active surface of the 3D, 2D, 1D, and 0D QNMs,
resulting from porosity, roughness, and high surface-to-volume ratio [10,123]. Examples of
this alternative are the transport to the apoplast of plants or the interior of cells or their orga-
nelles of molecules such as DNA or RNA [3], antioxidants [10], pesticides [124,125], biosti-
mulants [126], and fertilizer elements [127]. This type of application resulting from carrying
capacity is always associated with the previous group of usages dependent on reactivity. In
the biological field, the two effects can be combined or interact synergistically.
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Table 5.2 Characteristics used to describe the materials in the macro and micro (bulk
material) and nano [nanomaterials (NM) and quantum NM (QNM)] domains of
description.

Physical or chemical properties Bulk materials NMs QNMs

Density

Hardness

Melting point

Solubility

Vapor pressure

Boiling point

Composition

Bandgap®

Magnetism®

Superconductivity®

Plant toxicity”

Insecticide, fungicide, or bactericide action”
Impacts on plant microbiome”

Plant biostimulation”

Plant biofortification”

Pore size

Hydrofobicity

Roughness

Size of the structure

Shape of the structure

Aspect ratio

Z potential

Surface area:volume

Surface free energy

Superparamagnetism

Electron confinement

Highly efficient conversion of light to electricity®
Highly efficient conversion of light to heat®

Some of the reported biological impacts on plants are included as functional characteristics.

‘It is evident in all three areas, but it depends on quantum phenomena.

"The toxicity, biostimulation, and the ability to provide essential or beneficial elements for biofortification rely primarily
on the composition, and therefore the materials in their bulk and nano forms are capable of inducing them; however, the
efficiency with which the three processes are achieved increases substantially when using NMs and QNMs. For these
latter cases, the explanation has been found in the increase in reactivity and higher free surface energy, which increases
with decreasing the dimensions of the nanostructures and with changing their shape and aspect ratio.

“These characteristics seem to explain, in part, the higher photosynthetic and metabolic efficiency of the plants
where the QNMs are applied.

4. Applications that depend on the properties derived from the ability of light-harvesting, elec-
tron/proton transfer or transport, fluorescence, and quantum confinement [10]. The use of NMs
as sensors has been studied to some extent due to their characteristics of fluorescence [128], to
magnetism [129], for the capture of ROS [130] or improvement of light-harvesting and elec-
tron transport in photosynthetic membranes [23,131]. In other biological processes where mag-
netism intervenes or in processes that manifest a quantum character (especially tunneling,
quantum superposition, and entanglement), the application of QNMs has been less studied.
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Table 5.3 Different classes of agrochemicals and the different nanomaterials (NMs) or
quantum NMs potentially located or actually located in each category.

Agrochemical class Example References
Fertilizers 3D and 0D N, P, K, Ca, Mg, S, Fe, Zn, Mn, B, [82]
Cl, Cu, Mo, Ni nanometric forms
3D, 2D, 1D, and 0D NMs for ZnO NPs, Ag NPs, nano-CaCos, [83,84]
shelf-life extension nanochitosan, nanosilica
2D and 1D organic soil Carbon NMs [85—88]
amendments
3D and OD inorganic soil Nanozeolites [89]
amendments
Biostimulant metabolites (such as Nanoencapsulated metabolites [90,91]
antioxidants, vitamins,
peptides, and noncoding RNA)
Biostimulant beneficial elements Nanometric forms of Si, Na, I, Se, [92]
and Co
Biostimulant biopolymers Nanochitosan [93]
Biopolymers carrying Nanochitosan-fertilizers or [94,95]
agrochemicals nanochitosan-pesticides
Agrochemical carrier materials Quantum hybrid NMs [96,97]
2D, 1D, and OD materials with Carbon NMs [98,99]
biostimulant potential
2D, 1D, and OD materials with Hybrid carbon NMs [100,101]
biostimulant potential
Biotic elicitors Pathogenic proteins or toxins, [102—104]
fragments of cell walls,
oligosaccharides, small RNA or
peptides nanoencapsulated or
adsorbed on zeolite, nanozeolite
or carbon or silicon materials 2D,
1D, or OD
NMs that function as growth Carbon and silicon NMs 2D, 1D, or [105]
regulators and biostimulants 0D
Growth regulator metabolites Growth regulator biomolecules [106—108]
(e.g., salicylates)
nanoencapsulated or adsorbed on
zeolite, nanozeolite or 2D, 1D, or
0D materials
Nanoinsecticides Nanozeolites and zeolites [109,110]
Insecticides or acaricides Nanoencapsulated or adsorbed [111,112]
insecticides on zeolite,
nanozeolite or 2D, 1D, or 0D
materials
Nanofungicides Ag, Cu, Zn, Se, C quantum dots [101,113]
Fungicides Nanoencapsulated or adsorbed [114,115]
fungicides on zeolite, nanozeolite
or 2D, 1D, or OD materials

(Continued)
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Table 5.3 (Continued)

Agrochemical class Example References
Nanobactericides Ag, Cu, Zn, Se, C quantum dots [47,116,117]
Bactericides Bactericides nanoencapsulated or [118,119]

adsorbed on zeolite, nanozeolite
or 2D, 1D, or OD materials
Viral elicitors Capsid proteins or inactivated [120,121]
virions nanoencapsulated or
adsorbed on a matrix of zeolite,
nanozeolite or 2D, 1D, or 0D
materials

In addition to the applications that the authors of this manuscript have not visual-
ized, new applications will likely emerge shortly since the area of research on
QNMs is very dynamic [132] especially in topics potentially related with agricul-
ture such as quantum hybrid materials [133—135], nanobionics [136,137], and syn-
thetic biology [138—140]. The following section presents examples of applications
of different QNMs as agrochemicals in crop species.

5.4 Use of quantum materials as agrochemicals

Agrochemicals are solid, liquid, or gaseous materials, either of natural or synthetic
origin that are applied exogenously in crop plants, in irrigation water, in the soil or
substrate, or in the volume of atmosphere that surrounds the canopy of the plants.

Agrochemicals are classified in different categories according to their use.
Table 5.3 shows the types of agrochemicals commonly used and examples of the
different nanometric materials located in each group.

In the following sections, some examples of the use of QNMs as agrochemicals
will be presented. In a part of the examples a comparison of the efficiency of the
material in its bulk form and in its nano form is available.

5.4.1 All-dimensional materials as fertilizers, biostimulants,
growth regulators, and pesticides

Some NMs reported in the literature that fall within the category of 0D materials are
shown in Table 5.4. Among the various applications presented in these NMs, the use as
a biostimulant in plants stands out, with 86% of the references included. However, it is
also observed that the use of 0D materials such as fertilizers [141], growth regulators
[143], possible soil improvers [144], as well as antimicrobials. In the latter case, the
evaluation of iron oxide NPs against phytopathogenic fungi was performed in vitro,
presenting excellent results since the growth of the pathogens was inhibited [152]. This
class of materials could be used as potential fungicides for direct application to plants.



Table 5.4 Examples of zero-dimensional quantum nanomaterials used as agrochemicals.

Materials

d (nm)

Application route/plant species

Observed
impact or
function

Results

References

Nano-N
Nano-P
Nano-K

SiO,

ZnS

SiO,

5.78—9.33
4.98—7.66
5.6—9.45

5-15

133

Soil and leaf application/
Solanum tuberosum

Foliar/Saccharum officinarum

Seed priming/Vigna radiate

Nutritive solution/Zea mays

Fertilizer

Biostimulant

Biostimulant

Biostimulant

Improved tuber and starch yield, NPK
nutrient use efficiency, higher
harvest index, and lower nitrate
content

Reduced the adverse effects of chilling
by maintaining the maximum
photochemical efficiency of PSII,
maximum photo-oxidizable PSI
(Pm), and photosynthetic gas
exchange. Also increased the
content of light-harvesting pigments

Increased seed germination,
root—shoot length, pigment content,
and decreased lipid peroxidation.
Increased antioxidant activity

Ameliorated Al toxicity at growth,
physiological, and oxidative damage
levels. Stimulated the antioxidant
defense systems, increased organic
acids accumulation, and metal
detoxification

[141]

[142]

[143]

[144]

(Continued)



Table 5.4 (Continued)

Materials d (nm) Application route/plant species Observed Results References
impact or
function
Ag@CoFe,0, |10 Seed priming/Triticum aestivum Estimulante Seed germination was not affected. [145]
Root and shoot lengths of seedlings
diminished. Increased
photosynthetic pigments and the
antioxidant enzymes
Fe-amino 5—-20 Foliar/Ocimum basilicum Estimulante Increased essential oil yield and [146]
acid nano antioxidant activity
complexes
Fe;0,4 10 Irrigation/Phaseolus vulgaris Estimulante Increase in the contents of total P, [147]
and soil extractable P, total K, extractable K,
amendment Ca, total Mn, total Fe, and cation
exchange capacity and of a decrease
in CI content in soil. Beneficial
effect for plant development and
health
CeO, 6.9 Foliar/P. vulgaris Biostimulant Increased dry weight and MDA [148]
CuO 14.3 Nutritive solution/Oryza sativa Biostimulant Reduced the accumulation of total As [149]
SiO, 10—-20 Nutritive solution/ Biostimulant Maintain epicuticular wax structure, [150]

Fragaria X ananassa

chlorophyll content, and carotenoid
content and accumulated less proline
relative to plants treated only with
salt




Sio,

Fe,05 and
Fe3 04

Ag

Fe304

Ag

Nanoceria

F6203

Ag

TiO,

10-30

6.7

9.4

4.6

<10

12—-15

Soil application/Hordeum
vulgare

In vitro/Trichothecium roseum,
Cladosporium herbarum,
Penicillium chrysogenum,
Alternaria alternata,
Aspergillus niger

Root culture/Brassica rapa

Seed priming and nutritive
solution/Cucumis sativus

Nutritive solution/Dianthus
caryophyllus

Foliar/Arabidopsis thaliana

Seed priming and nutritive
solution/Solanum
lycopersicum

Seed priming/Raphanus sativus

Foliar/V. radiata

Biostimulant

Antimicrobial
agent

Biostimulant

Fertilizer

Biostimulant

Biostimulant

Biostimulant

Biostimulant

Biostimulant

SiO, NPs have a protective role in
barley plants under nano-NiO stress,
and protection against oxidative
stress

Show inhibitory effect on the growth
of fungal pathogens

Increased glucosinolates and total
phenolic and flavonoid
concentrations and their transcripts.
Promotion of bioactive compounds

Significant increase in biomass,
antioxidant enzymes SOD, and POD

Enhanced the ornamental quality and
extending the vase life of cut
“Master” carnation flowers

Reduce leaf ROS levels by 52%,
including hydrogen peroxide,
superoxide anion, and hydroxyl
radicals

Enhanced seed germination, the root,
and shoot lengths. Enhanced growth
parameters

Affect the growth, nutrient content,
and macromolecule conformation

Improvement in shoot length, root
length, root area, root nodule,
chlorophyll content, and total
soluble leaf protein

[151]

[152]

[153]

[154]

[155]

[130]

[156]

[157]

[158]

(Continued)



Table 5.4 (Continued)

Materials d (nm) Application route/plant species Observed Results References
impact or
function
Si0, 12 Seed priming/Lycopersicum Biostimulant Improved percent seed germination, [159]
esculentum mean germination time, seed
germination index, seed vigor index,
seedling fresh weight, and dry
weight
ZnO 10 Soil addition/Pisum sativum Biostimulant Increased root [160]
Elongation. CAT was significantly
reduced in leaves, while APOX was
reduced in both roots and leaves
ZnO 3.8 Foliar/Cyamopsis tetragonoloba Biostimulant Improvement in plant biomass shoot [161]

and root length, root area,
chlorophyll content, total soluble
leaf protein, rhizospheric microbial
population, acid phosphatase,
alkaline phosphatase, and phytase
activity in the rhizosphere. Gum
content in clusterbean seeds was
improved

APOX, Ascorbate Peroxidase; CAT, Catalase; MDA, Malondialdehyde; NP, Nanoparticle; NPK, Nitrogen, Phosphorus, ans Potassium; POD, peroxidase; ROS, reactive oxygen species;
SOD, superoxide dismutase.
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Among the 0D NMs classifiable as QNMs, the most used ones are mainly those of
Fe, Si, Zn, Ag, and Ce, in addition to others that are used to a lesser extent such as N, P,
K, S, and Ti (Table 5.4). Although it is known that NMs based on many chemical ele-
ments exist and that they have been studied in crops and with different uses, most do not
present the criterion of QM used in this manuscript, that is, a smaller diameter at 15 nm.

5.4.2 One-dimensional materials such as fertilizers,
biostimulants, growth regulators, and pesticides

Among the QNMs classified as 1D materials, carbon nanotubes, whether single or
multiple walls, are remarkable (Table 5.5). Among the applications that have been
studied, its use as a biostimulant stands out, although its usefulness as a carrier of
nutrients such as Zn has also been reported [162]. Among the types of nanotubes
used, most are multiple-walled (96% of those reported in Table 5.5), although
reports with single-walled nanotubes are also found. The use of nanotubes functio-
nalized with COOH has also been reported [171,172], or with NH, [178].

As a result of the high surface-to-volume ratio and the high reactivity on cells,
carbon nanotubes can be used directly as biostimulants or as ion carriers of fertilizer
elements or biomolecules, whether these are pesticides or growth regulators or
stress tolerance inducers. In all cases, the objective would be to improve the effi-
ciency in the use of the inputs that are combined with the NMs: nutrients, pesti-
cides, or biostimulants. Its use as a biostimulant is the most studied, reporting a
variety of positive effects on plants such as increased yield or biomass production,
antioxidant production, tolerance to various types of stress, and enhanced germina-
tion. Adverse effects associated with its use have also been reported, generally
linked to the synthesis of ROS and oxidative stress, or in some cases, due to the
modification of the balance of nutrients in the plant (Table 5.5).

5.4.3 Two-dimensional materials as fertilizers, biostimulants,
growth regulators, and pesticides

Among the QNMs classified as 2D materials, graphene stands out. Graphene is a
carbon-based material in the form of simple atomic monolayer or multilayer struc-
tures. The structure of graphene has a large surface to volume, so the active area of
the material is extensive. Furthermore, the presence of delocalized electrons makes
graphene capable of conducting electric charge or functioning as a semiconductor.
The confinement of electrons in graphene enables photoluminescence and induction
of nanomagnetism. These last properties are dependent on the functionalization or
doping of graphene [184].

Among the reported applications of graphene in agriculture, it is used as a biosti-
mulant of plants; standing 96% of the references in Table 5.6. Although its use as
an antimicrobial has also been reported [192,201], it can be used as a carrier for
ions of fertilizers, metabolites, and high molecular weight biomolecules, which
could be applied as fertilizers, pesticides, or regulators of growth and stress



Table 5.5 Examples of one-dimensional quantum nanomaterials used as agrochemicals.

Materials d (nm) Application route/plant species Observed impact or function | Results References
MWCNTs—Zn | 8.54 Seed priming/onion Carrier of Zn Increased germination and cell division rate [162]
composite
MWCNTs 5-15 Seed priming/Dodonaea viscosa L. Biostimulant Increased germination and biomass [163]
MWCNTs 6—9 Nutritive solution/Brassica oleracea Biostimulant Growth increase in NaCl stress condition [164]
L. var. italica
MWCNTSs 20—70 External | Seed priming/Glycine max, Phaseolus Biostimulant/toxic agent Increased germination, [165]
5—10 Internal vulgaris, and Zea mays inhibition of root growth
MWCNTSs 10—-20 Seed priming/Triticum aestivum, Z. mays, | Biostimulant Increased growth and biomass [166]
Arachis hypogaea, and Allium sativum
MWCNTs 12.8 External Seeds and seedlings/Medicago sativa and Biostimulant/toxic agent Increased root growth [167]
5.5 Internal T. aestivum
MWCNTs 14-30 Seed priming/Oryza sativa Biostimulant Better yield and productivity of rice [168]
MWCNTs 5—15 External | Seed priming in vitro/Thymus daenensis Biostimulant Increase in biomass and biosynthesis of [169]
3-5 antioxidants
Internal
MWCNTs 20—30 External | Foliar/Salvia verticillata Biostimulant/toxic agent Decreases photosynthetic pigments, increases [170]
5—10 Internal antioxidants
MWCNTs- 8—15 External | Nutritive solution/Vicia faba Toxic agent Nutrient imbalance, oxidative stress, and [171]
COOH 3—5 Internal increased antioxidant enzyme activity
occurred
MWCNTs- 8—15 External | Nutritive solution/V. faba Toxic agent Produces nutrient imbalance, oxidative stress, [172]
COOH 3—5 Internal and leaf damage
MWCNTs 13—-14 Seed priming/T. aestivum Biostimulant Growth and yield induction [48]
MWCNTs 5—15 External | Seed priming/Cucurbita pepo Biostimulant/toxic agent Reduction in germination percentage, root and | [173]
3—5 Internal shoot length, accumulation, and vigor index
ia dose-dependent manner. Increase
oxidative stress
MWCNTs — Nutritive solution/Solanum lycopersicum Biostimulant Modification in the metabolome of the fruit [174]
SWCNTs 1—-3 External Seed priming/Hyoscyamus niger Biostimulant Induction of tolerance to moderate drought [175]
0.9—2 Internal stress. Reduction of oxidative stress and
increase of metabolites
MWCNTSs 6—9 Nutritive solution/B. oleracea Biostimulant Increase in growth, absorption of water, [164]

and net assimilation of CO, under salinity




MWCNTs
MWCNTs

MWCNTs
MWCNT-NH,s
MWCNT-
COOHs
MWCNTs

MWCNTs

MWCNTs

Long MWCNTSs
Short MWCNTS|
MWCNTs

5-15
20-30
11

13
13—18
13—18
<7
13—18

Seed priming/S. lycopersicum

In vitro/leaf segments of Satureja
khuzestanica
Z. mays and G. max

Nutritive solution/Amaranthus tricolor

Nutritive solution/Lactuca sativa, O. sativa,
Cucumis sativus, A. tricolor,
Abelmoschus esculentus, Capsicum
annuum, G. max

Soil/Gossypium hirsutum, Catharanthus
roseus

Seed priming/S. lycopersicum

In vitro/Sorghum bicolor and Panicum
virgatum

Biostimulant
Biostimulant

Biostimulant/toxic agent

Toxic agent

Toxic agent

Biostimulant

Biostimulant

Biostimulant

The germination percentage, and seedling
length and weight were enhanced

Calli growth improved. Induction of antioxidant
activity

Stimulated the growth of maize and inhibited
the growth of soybean. Increase dry biomass
of maize

Growth inhibition and cell death. Adverse
effects on root and leaf morphology. ROS
increased

Root and shoot lengths of red spinach, lettuce,
and cucumber were significantly reduced.
Similar toxic effects occurred regarding cell
death and electrolyte leakage

Increased growth, increased fiber biomass, and
increased number of flowers and leaves

Increased germination and growth

Increased germination and biomass. Reduction
of salinity stress symptoms

[176]
[177]

[178]

[179]

[180]

[181]

[182]

[183]

MWCNTs, Multiwalled carbon nanotubes; ROS, reactive oxygen species; SWCNT, single-walled carbon nanotubes.




Table 5.6 Examples of two-dimensional quantum nanomaterials used as agrochemicals.

Materials d (nm) Application route/plant Observed impact Results References
species or function
Graphene = Soil/Gossypium hirsutum, Biostimulant Increased growth, enhanced fiber biomass, | [181]
Catharanthus roseus improved number of flowers and leaves
Graphene - Seed priming/Solanum Biostimulant Increased germination and growth [182]
lycopersicum
Graphene — In vitro/Sorghum bicolor and | Biostimulant Increase of germination and biomass. [183]
Panicum virgatum Reduction of salinity damage
Graphene oxide 0.8—1 Seed priming/Oryza sativa Biostimulant Increased germination and root growth [185]
Graphene oxide 0.44—0.78 | Nutritive solution/O. sativa Toxic agent Reduction of biomass and growth, increase | [186]
of antioxidant enzymes
Graphene oxide 0.55—1.1 [ Nutritive solution/Triticum Toxic agent Decreased root growth, NO5 absorption, [187]
aestivum and NRTs gene expression
Ag-graphene oxide | 57.5 Seed priming/Medicago Biostimulant Increase shoot growth in radish but [188]
sativa, Raphanus sativus, decrease it in the cucumber. It increases
and Cucumis sativus root growth in radish but decreases it in
the alfalfa. Induces H,O, production
Graphene oxide <1 Soil/Larix olgensis Biostimulant Biomass increase, induces oxidative stress | [189]
Graphene quantum | 1.8—-3.6 Seed priming and nutritive Biostimulant Chlorophyll, H,O,, MDA, glutathione, [190]
dots solution/Vigna radiata, S. proline, and antioxidant enzymes (CAT
lycopersicum and GR) increase. Graphene in high
concentrations decreases growth
Graphene oxide 3—6 Seed priming/T. aestivum Biostimulant Germination and root growth decrease [191]
depending on the concentration.
Oxidative stress occurs
Graphene oxide = Foliar/Daucus carota Biostimulant and Increased growth, photosynthetic pigments, | [192]
antimicrobial and proline. A decrease in the incidence
agent of diseases was observed
Graphene oxide - Nutritive solution/Pisum Toxic agent Photosystem II inhibition. Increased [193]

sativum

oxidative stress




Graphene oxide

Graphene

Sulfonated
graphene

Graphene oxide

Graphene oxide

Graphene quantum
dots

Graphene

Graphene oxide

Graphene oxide

Graphene oxide

Graphene oxide

3.4-7

0.5-3

0.5-0.9

0.794

In vitro/Plantago major

Nutritive solution/7. aestivum

Nutritive solution/Zea mays

Nutritive solution/Brassica
napus
In vitro/Arabidopsis thaliana

Seed priming/Coriandrum
sativum and Allium sativum
Seed priming/S. lycopersicum

Seed priming/Vicia faba

In vitro/Pseudomonas
syringae, Xanthomonas
campestris pv. undulosa,
Fusarium graminearum,
and Fusarium oxysporum

Seed priming/V. faba

Seed priming/Brassica
oleracea var. capitata, S.
lycopersicum, Lactuca
sativa, Amaranthus
tricolor, and Amaranthus
lividus

Biostimulant

Biostimulant

Biostimulant

Biostimulant

Biostimulant

Biostimulant
Biostimulant

Biostimulant

Antimicrobial agent

Biostimulant

Toxic agent

Increased growth of calli cells. However,
high concentrations induce oxidative
stress

Improves root elongation but induces
oxidative stress. Decreases growth,
photosynthesis and causes nutrient
imbalance

Hormetic effect on plant height and ROS
levels

Fresh root weight decreased. Higher ABA
content, but a lower IAA content

No effect on growth. Increase in MDA,
formation of oxidative stress, and altered
activities of antioxidant enzymes

Enhance the growth rate

Lower biomass accumulation, but
exhibited longer stems and roots

Decreases growth parameters and activity
of antioxidant enzymes, increase
oxidative stress

Graphene oxide interacts with the
pathogens by mechanically wrapping
and locally damaging the cell membrane
and finally causing cell lysis

Significant improvements in V. faba health
status

Significantly inhibited plant growth and
biomass. Increase in ROS and cell death
as well as visible symptoms of necrotic
lesions

[194]

[195]

[196]

[197]

[198]

[67]
[199]

[200]

[201]

[202]

[203]

ABA, Abscisic acid; CAT, Catalase; GR, Glutathione reductase; /AA, Indole-3-acetic acid; MDA, Malondialdehyde; NRT's, Nitrate transporter genes; ROS, reactive oxygen species.
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tolerance. As a biostimulant, used in the correct form and concentration, multiple
benefits have been reported, such as increased yield or biomass, increased germina-
tion, or antioxidant production. On the contrary, adverse effects such as the induc-
tion of oxidative stress and damage to photosystems have also been reported, which
has an impact on biomass production, growth decrease, among others (Table 5.6).

5.5 Conclusions

The physicochemical properties of NMs are critical determinants in the response of
organisms to the exposure of these substances. Two of these properties: a high
surface-to-volume ratio and chemical composition are shared by all NMs regardless
of their dimensions. The third and fourth properties, quantum confinement and
superparamagnetism, only manifest in QNMs. The current development of agro-
chemical applications of NMs and QNMs is highly oriented toward the use of the
first two properties. Both quantum confinement and superparamagnetism, about
which little is known about the impact on plant cells, are, however, a potential
source of new possibilities for basic and applied research, and for the development
of new agrochemicals, whose purpose would be to increase the efficiency of the
metabolic processes of crops and their resilience in the face of climate change.
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6.1 Introduction

The optical phenomena and physicochemical processes triggered by the light—matter
interaction enable multiple applications of semiconductor nanomaterials and
optoelectronic devices in the photomedicine field. Remarkably, quantum dot (QD)
materials are considered highly attractive as individual platforms for multimodal
applications, and for the development of wearable optoelectronic devices with med-
ical applications. QDs are semiconductor nanocrystals with a radius below the cor-
responding Bohr radius, exhibiting electronic transitions that resemble an atom’s
behavior. The most remarkable properties of QDs are their size-tunable emission
wavelength, high photoluminescence quantum yield (PL-QY), wide absorption
bandwidth, narrow emission bandwidth linked to narrow particle size distribution,
and photostability. These unique optical properties along with the mature QD-based
technologies have encouraged new applications. Among the most attractive applica-
tions of individual QD platforms is their use as fluorescent probes and efficient
energy donors in photodynamic therapy (PDT). On the other hand, QD light-
emitting diodes (QLEDs) are the QD-based devices attracting most of the attention
for multiple applications in the health-care and photomedicine fields. The recent
results of QLED-based in vitro studies in PDT and photobiomodulation (PBM)
demonstrated the high potential of QLEDs as alternative and cost-effective photo-
medical light sources. Moreover, the QLEDs’ capability for flexible form factors,
with simultaneous high power density (PD) and narrow emission bandwidth at clini-
cally relevant red wavelengths, makes them strong candidates for use as light
sources that would facilitate wider clinical adoption of PDT and PBM treatments.
The photomedical markets include but are not limited to the management of cancer
treatment, periodontal disease, dermatology, and chronic wound and ulcer care.
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The fundamentals of QD materials, QD devices, and phototherapies of high rele-
vance are explained in the first section. This section includes the properties and
synthesis of QDs, the evolution and operating principle of QLEDs, and the basics
and benefits of PDT and PBM treatments. Subsequently, different types of QDs
proposed for light-based theranostic applications are summarized. The next section
is dedicated to the development and photomedical application of QD devices, espe-
cially QLEDs. This starts with the recent advances in red-emitting QLEDs, fol-
lowed by the explanation of the most relevant radiometric parameters for
phototherapy administration and for the evaluation of the QLEDs as efficient photo-
medical light sources. Later, the unique features and advantages of flexible QLEDs
as alternative photomedical light sources and the results of QLED-based in vitro
studies in PDT and PBM are presented. These studies are presented in parallel with
the recent photomedical studies using organic light-emitting diodes (OLEDs) as
light sources. A perspective about the future of QLEDs in and beyond the current
photomedical research areas, along with conceptual designs of QLED-based medi-
cal devices, is also discussed. Ultimately, some examples of QD-based devices pro-
posed for health monitoring and diagnostics are given. The latter applications could
be included in the other branch of photomedicine that uses light for health monitor-
ing and detecting disease.

6.2 Fundamentals

6.2.1 QD materials: properties and synthesis

In semiconductors, the Bohr radius (Rp) is the characteristic size of a photo-
generated exciton (electron—hole pair). QD materials are semiconductor nanocrys-
tals whose size is <2Rp, which leads to three-dimensional (3D) confinement of
electrons and holes, and to the discretization of the energy levels in the electronic
bands. Notably, the electronic and optical properties vary as functions of the degree
of confinement, that is, they vary depending on the nanocrystal size. Specifically,
the energy difference between the valence and conduction band edges, that is, the
band-gap energy (E,), increases as the degree of confinement increases. The Brus
model (1984) [1] derived from the effective masses approach is an equation for the
predictive calculation of the band-gap energy increment (AE,) as a function of the
QD average radius (R):

i 1 1 1.84%
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where the effective masses in the first-term count for the internal force effects,
which affect the acceleration of electrons within the nanocrystalline solid relative to
the electrons in the vacuum. h= 1.0546 X 107> J's (h/27) (reduced Planck con-
stant), m; is the effective mass of electrons in the conduction band, mj is the
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effective mass of holes in the valence band, and ¢, is the dielectric constant. A sig-
nificant dependence between the effective masses and the nanocrystal size under
quantum confinement has also been found. The second term corresponds to the
Columbic attraction of the electron—hole pair or exciton, and 1.8 is a dimensionless
constant obtained by the numerical solution of the Columbic interaction between
neighboring atoms, ignoring the atoms in the distance. It is worth noting that the
nature of a ligand bound to the nanocrystal surface can also affect the band-gap
energy of colloidal QDs [2]. The size-tunable band-gap energy of QDs implies that
the emission wavelength can be tuned by controlling the QD size. Therefore, a
desired emission wavelength ranging from ultraviolet (UV) to the near-infrared
(NIR) can be obtained by controlling either the nanocrystal size or the chemical
composition of the QDs. Fig. 6.1 shows the emission wavelength range of typical
QDs with different compositions [3].

QDs can be grown by molecular beam epitaxy on crystalline substrates or can be
synthesized as colloids in solutions containing complexes of the constituent atoms.
The QDs discussed here are colloidal QDs obtained through the wet route, which
are compatible with simple and low-cost solution processing. The simplest colloidal
QD structure consists of a nanocrystalline semiconductor core and an organic cap-
ping ligand. Such ligand controls the growth during synthesis and stabilizes the
QDs in certain solvents. In addition, core—shell and core—shell—shell structures
can also be formed by coating the core with other inorganic semiconducting materi-
als. A typical core—shell structure for biological and optoelectronic applications is
a type I structure, where the bandgap of the core is smaller than that of the shell
material, and both the conduction and valence band edges of the core lie within the
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Figure 6.1 Reported spectral ranges of emission for different semiconductor QDs. OD,
quantum dot.

Source: Adapted from C. Philippot, P. Reiss, Chapter 3 — Synthesis of inorganic
nanocrystals for biological fluorescence imaging, in: J.M. de la Fuente, V. Grazu (Eds.),
Frontiers of Nanoscience, vol. 4, Elsevier, 2012, pp. 81—114, Copyright (2012), with
permission from Elsevier.
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bandgap of the shell. Proper coating with a material matching the crystal core lat-
tice can improve the confinement of excitons in the core and passivate the core sur-
face defects, which simultaneously increases the PL-QY of QDs. Moreover, the use
of a coating shell can reduce the toxicity and improve the stability of QDs in aque-
ous solution or biological environments. The most common QD cores comprise
elements from groups 12 and 16 (e.g., CdSe, CdTe, CdS, and ZnO); other QD cores
recently attracting more attention are formed by elements from groups 13 and
15 (e.g., InAs, InP, InSb, and GaAs). Typical examples of core—shell and
core—shell—shell QDs are CdSe/CdS and CdSe/ZnS/CdZnS, respectively.

The two main routes for the synthesis of colloidal QDs are the organometallic
synthesis based on thermolysis of the precursors, and the classic aqueous synthesis
that uses polyphosphates or thiols as stabilizing agents. For the organometallic
route, the formation of colloidal QDs can be divided into three main stages: nucle-
ation, growth, and ripening. During nucleation, the concentration of liquid mono-
mers is partially depleted by the formation of nuclei with approximately the same
size. The particles then grow by monomer consumption. Subsequently, as the
monomer depletes, the average size increases by competitive growth or Ostwald
ripening. During this stage, the bigger particles grow, while the smaller particles
shrink and disappear, resulting in the reduction of the net surface energy of the sys-
tem [4]. The Ostwald ripening is characterized by a slow growth rate, scarcity of
the precursor reagents, and, consequently, a broadening of the size distribution.
Importantly, the maximum PL-QY and minimum full width at half maximum
(FWHM) of the emission spectrum are simultaneously reached at the transition
point between the growth and ripening stages. This so-called bright point [5] corre-
sponds to the period when the nanocrystals are practically in equilibrium with the
monomer concentration of the solution [6]. However, this point can be moved for-
ward in time by continuous feeding of the precursors to the reaction volume. Small
aliquots are normally extracted with a syringe at different reaction times, in order to
monitor the QDs growth by measuring the absorption and emission spectra. In the
case of the classic aqueous route, the formation process of QDs is similar except
for the initial stage, since the nucleation occurs at room or low temperature, creat-
ing small nuclei with a broad size distribution and a high density of crystalline
structure defects. Therefore, in the conventional aqueous synthesis, this step is fol-
lowed by heating of the raw solution inside a reflux system to promote the growth
of nanocrystals. As expected, the maximum growth temperature in the reflux sys-
tem is imposed by the boiling temperature of water at atmospheric pressure.
Alternatively, the hydrothermal growth of QDs can be carried out by heating the
raw solution inside a sealed autoclave, in order to increase the temperature of the
aqueous solution above 100°C (under P> P,,). Each wet-chemical route has
advantages, depending on the synthesis conditions, the resulting properties, and
final application of the QDs. QDs obtained by aqueous route and therefore stabi-
lized in water are ideal for direct application in biological systems. The main
advantages of the aqueous route are reproducibility, easy scalability, and lower cost
and time consumption. QDs grown through the hydrothermal route can achieve rel-
atively narrow FWHM (down to 27 nm) [7] and high PL-QY (up to 84%) [8] using
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thiols as stabilizing agents, such as mercaptosuccinic acid [7—9] and mercaptopro-
pionic acid [10]. In addition, QDs emitting in the UV [11], visible [7—10], and NIR
[12] ranges can be synthesized by aqueous synthesis.

On the other hand, the advantages of the organometallic route are the production
of QDs with narrower FWHM (as low as 22 nm), higher PL-QY (~ 100%), and
high monodispersity, with emission wavelengths also covering the UV [13], visible
[14,15], and NIR [16,17] ranges. The high crystallinity of these QDs results from
the high temperatures during synthesis and calcination (200°C—360°C), which
eliminates surface traps responsible for nonradiative exciton recombination.
Accordingly, higher thermal energy promotes a better organization of each atom
under the aggregation state into the crystalline network. Meanwhile, one drawback
for the biological application of QDs obtained in nonpolar organic solvents is the
required postsynthetic surface treatments, in order to replace the native ligand with
a hydrophilic ligand and make the QDs dispersible in water. For instance, ligand
exchange normally results in simultaneous reduction of the PL-QY. Alternatively,
pristine QDs (with native ligands) can be encapsulated with amphiphilic molecules
(e.g., phospholipid micelles), thus preserving the original PL-QY but at the expense
of an increase in the QD hydrodynamic diameter. One concern related to the final
size is that a QD system comparable in size to a large protein could be retained or
lasts for longer time within the body after performing its task. The size of the crys-
talline structure of QDs is usually measured by transmission electron microscopy
(TEM), while the hydrodynamic diameter of the QDs in solution can be measured
by dynamic light scattering. Finally, different nanostructures under quantum con-
finement can be obtained depending on shape, such as spherical, cubic, rod-like,
and tetrapod-like. Herein, we make special emphasis on spherical QDs since they
are the most widely studied and used ones at the present time.

6.2.2 QD devices

QDs are no longer commercially new nanomaterials since pioneering companies
started their commercialization in 2001. Subsequently, QDs were first applied in
display as remote phosphors through the color enhancement film technology, which
has been widely used in wide color gamut liquid crystal displays. Currently, the use
of QDs as self-emissive materials in QLEDs is considered their ultimate application
in the display and lighting markets due to the QLED capability for 100% Rec. 2020
color gamut, high efficiency, and low cost of manufacturing [18]. The Rec. 2020 is
one of the three main color gamut standards, covering the largest area of the visible
color space. It is worth noting that the research for display application has been the
main actor pushing forward the development of QLEDs for more than 20 years.
Nevertheless, there are remaining challenges impeding the full entry of QLEDs into
the display and lighting industries. For instance, tailoring of the QD core—shell
structure and interfacial energy alignment between QDs and neighboring materials
are of utmost importance, in order to improve the charge injection balance and
avoid accelerated degradation of the QLED under operation at high brightness. The
high brightness (=10*cdm™?) and external quantum efficiency (EQE =20%)
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achieved for all red, green, and blue on-glass QLEDs are promising developments
for future lighting applications [19,20]. Green and red Cd-based on-glass QLEDs
have already overcome the commercialization requirement for low- and high-
brightness (outdoors) display [21—23], that is, ~5x10* h for Tso @ 100 cd m ?
and ~2x10° h for Tos @ 1000 cd m 2. However, the Tsq operation lifetime of blue
on-glass QLEDs is still under the corresponding limit (1x10* h) [22]. Tso and Tos
are the periods of time when the luminance has dropped to 50 and 95% of its initial
value, respectively. Although QDs have a high photochemical resistance to decom-
position, the multilayer structure of QLEDs also have oxygen—moisture sensitive
materials such as organic molecules or polymers. However, considering that the
encapsulation of on-glass rigid QLEDs is already a mature technology, the remain-
ing obstacle to increase the lifetime of blue QLEDs is related to the QD interfacial
engineering.

On the other hand, the development of portable and ergonomic systems is push-
ing forward the application limits of optoelectronics. Moreover, research and devel-
opment of wearable optoelectronics are promoting new paradigms in the way health
care and medicine are administered. New pathways stimulated by this development
are a translation of health monitoring and ambulatory therapy to “at home” applica-
tion, an early detection of disease conditions, and a stimulation of more healthy
habits in individuals. For instance, flexible QD-based devices such as QLEDs and
QD photodetectors (QDPDs) in the visible and NIR ranges can be integrated in
wearable medical device systems with the capability for real-time health monitor-
ing, diagnostics, and light-based therapy. These devices based on colloidal QDs
have a multilayer structure and can be made by solution-processing at a low cost.
While QLEDs convert an electrical current into light using QDs as an emissive
layer, QDPDs absorb light and convert it into an electrical current signal using QDs
as the absorber layer. Medical device systems can also take the advantage of the
capability of these QD devices for lightweight, thinness, and flexible form factors.
However, QLEDs are probably the QD-based devices most frequently integrated in
wearable medical systems being produced for research applications to date, since
QLEDs are used either as light sources with large emitting areas, or for display in
an array of small pixels driven by passive or active matrices. Notably, our group
[24—26] recently proposed the use of flexible QLEDs as light sources for light-
based therapy, taking the advantage of the unique optical properties of QLEDs at
clinically relevant light wavelengths. Similarly, flexible QLEDs have been inte-
grated by others [27] for health monitoring of vital signs.

Besides the fundamental function of the medical device systems, there are
important additional challenges for the transition to portable and ergonomic
devices. Importantly, the body surface where the device is to be located, the degree
of exposure to air and water, and whether the device should operate for long or
short times determine other required parameters for the device. Such parameters
correspond to specific form factors (e.g., bendability or stretchability), stability in
ambient conditions, and the minimum operating lifetime of the devices. In general,
the more rigorous or restricted these parameters are, the more complex and expen-
sive is the fabrication process of the devices. For instance, when the device is meant
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to be wearable for real-time health monitoring during a long period (days to
months), the degradation mechanisms of the device under operation need to be miti-
gated in order to obtain a sufficient operating lifetime. Exposure to different ambi-
ent conditions, while the device is permanently attached to the user, requires either
an inert material structure or an effective barrier encapsulation of the device against
oxygen and water. In a normal routine, permanent wearing will subject the device
to a shower environment (max. water 7~ 43°C), and sometimes to very high rela-
tive humidity (RH > 50%), depending on the outdoor environment. In addition, if
the device needs to be attached to a joint of the body (e.g., the wrist),
stable operation under elongation and compression of the device will be required
during joint movement. Therefore, this application will require a waterproof and
stretchable device with long operating lifetime. Meanwhile, if the wearable device
is intended for light-based therapy over a short period of time (i.e., seconds to few
hours), the operating lifetime needed for the device is less stringent. In addition, the
operation of the device under a moderate bending radius (e.g., = small finger cur-
vature) and inside a controlled environment (i.e., indoors) further favor the perfor-
mance and stability of the device over the short treatment period. This application
could then be satisfied by a disposable and bendable device with a short operating
lifetime and moderate stability. Notably, the use of cost-effective disposable devices
for ambulatory and “at home” applications also eliminates the concerns rising
from inappropriate reuse, such as overtreatment, undertreatment, and cross-
contamination.

6.2.3 Evolution and operating principle of QLEDs

QDs play the role of emissive materials in a QD light-emitting device. The display
industry has introduced two types of QD light-emitting devices according to their
excitation mechanism. In the first type, the emission results from the QDs photoex-
citation, and in the second one, the emission originates from the electroexcitation of
QDs by the application of an external electrical field. The photoluminescent devices
are normally used as color-converters or down-converters in the display industry.
Meanwhile, the self-emissive or electroluminescent devices still need further opti-
mization before they can be commercialized for display and lighting applications.
The electroluminescent devices are the key subject of this chapter and correspond
to the QLEDs. Four structure types of the QLEDs are also highlighted in the litera-
ture according to the evolution of the device structure throughout a period of almost
three decades [28]. This QLED’s structure evolution is represented in Fig. 6.2. The
type I structure was based either on a QD-polymer bilayer [29] or a QD-polymer
blend [30] sandwiched between two electrodes, as illustrated in Fig. 6.2A. The per-
formance of these first devices was accordingly low, for instance, the EQE of a
device using CdSe core-only QDs (PL-QY ~ 10% in solution) was less than 0.01%
(at 100 cd m~?) [30]. Subsequently, the use of QDs with a CdS shell increased the
EQE up to 0.22% (at 600 cd m %) [31]. One of the main issues with these first
QLEDs was the poor separation between the charge transport layers (CTLs) and the
electroluminescent QD region. A type II structure was introduced in 2002 [32],



162 Quantum Materials, Devices, and Applications

[A) Type | QLEDs (B) Type Il QLED (€) Type IIQLED (D) Type IV QLED
(1Tt} ™ » f e
@ b e - (T
o L - .
b . . e
¢ sowe . e
™ (11T . -
. Eaae » e
“new - Ll
L e L -
caew . .s
| . * waen » e
® ap Organic layers Inorganic erystalline layers Metal oxide NP

Figure 6.2 Schematic illustration of the QLED’s structure evolution from (A) type I, passing
through type II (B) and III (C), to type IV (D) QLEDs. QLED, quantum dot light-emitting
diodes.

which used a QD monolayer between two organic transport materials (see
Fig. 6.2B) and demonstrated a higher EQE of 0.5%. The CdSe-ZnS core—shell
QDs’ monolayer was self-assembled by spin-casting of a blend solution containing
the QDs and the hole transport material. Later, Anikeeva et al. [33] demonstrated
different color QLEDs by microcontact printing of close-packed QD monolayers,
and a maximum EQE of 2.7% for orange-emitting QLEDs. This printing technique
enabled better interfacial contact between the hole transport layer (HTL) and the
QD monolayer and avoided the exposure of the underlying HTL to solvents, as
these preliminary QLEDs had a forward structure. Overall, the efficiency improve-
ment in type II QLEDs was possible since the QD monolayer sandwiched between
the two organic thin films decoupled the electroluminescence (EL) process from the
charge transport, occurring through the organic layers. In order to address the insta-
bility in air at high current densities which is mainly attributed to the organic trans-
port layers, all-inorganic QLEDs corresponding to type III structure were also
proposed (see Fig. 6.2C). Mueller et al. [34] sandwiched a QD monolayer between
epitaxially grown n- and p-type gallium nitride (GaN), which resulted in
EQE =0.01%. Subsequently, Caruge et al. [35] reported red-emitting QLEDs using
NiO and ZnO:SnO, as p-type and n-type materials, resulting in EQE of nearly
0.1%. Regardless of the improved shelf life (up to 4 A cm™?) of these devices, their
low performance could be attributed to damage of the QDs layer caused by deposi-
tion of the overlying metal oxide by sputtering. Finally, the type IV structure was a
hybrid architecture combining both inorganic and organic CTLs, as illustrated in
Fig. 6.2D. Typically, metal oxides and organic molecules or polymers are used to
make the electron transport layer (ETL) and HTL of the type IV QLEDs, respec-
tively. QD vision reported a hybrid QLED with a record EQE of 18% in 2013 [36].
Type IV devices can also be all-solution processed by using colloidal metal oxide
nanoparticles (NPs) and polymers as the respective transport layers. Qian et al. [37]
reported all-solution processed (excluding the electrodes) QLEDs emitting at differ-
ent colors for the first time. These devices incorporated ZnO NPs as ETL and poly
(4-butylphenyl-diphenyl-amine) (poly-TPD) as the HTL and exhibited a maximum
brightness of 3.1 X 10* cd m~? for red—orange-emitting devices (600 nm).



Quantum dot materials, devices, and their applications in photomedicine 163

Regarding the operating principle, Forster resonance energy transfer (FRET) was
suggested as the dominant QD excitation mechanism in type II QLEDs [28].
According to this mechanism, one-type carriers migrate through the QD monolayer,
followed by the formation of excitons in an adjacent donor material (luminescent
species), and the nonradiative transfer of the excitons’ energy to the QDs by the
dipole—dipole coupling. For both types III and IV QLEDs the accepted dominant
mechanism is direct charge injection, due to the QD film being thicker than one
monolayer. In this case, electrons and holes are injected from the respective CTLs
into the QDs, forming excitons that subsequently recombine to emit photons.
Besides the four structure types mentioned, QLEDs can also be classified according
to the transparency of the electrodes, that is, top- or bottom-emitting devices, and
according to the injection scheme, that is, forward (regular) or inverted structure.
Accordingly, an inverted structure enables a reverse injection scheme in which
holes and electrons are injected from the top anode and bottom cathode, respec-
tively. The introduction of the inverted architecture allowed the deposition of a
wider variety of organic HTL materials by either thermal evaporation or solution-
process techniques on top of the QD layer.

6.2.4 PDTand PBM

PBM, previously known as low-level light therapy, and PDT belong to the branch
of photomedicine that uses the application of light at various wavelengths and treat-
ment parameters to manage or cure diseases or conditions [38]. Both PDT and
PBM have been already proven as effective noninvasive or minimally invasive
phototherapies and their fields of application are of high relevance and growing.
Specifically, PDT has been adopted for the treatment of cancer and other dis-
eases characterized by the presence of unwanted tissues and cells. In addition, anti-
microbial PDT (aPDT) has been proposed as an alternative approach to prevent the
growth of disease-causing microorganisms. In general, the mechanism of action for
PDT requires the combined effect of light, most frequently at a therapeutic window
between 600 and 700 nm, an exogenous chromophore or photosensitizer (PS) (i.e.,
a drug), and molecular oxygen to produce reactive oxygen species (ROS) as a result
of light exposure. Consequently, the ROS kill and destroy the unwanted cells and
tissues being targeted. In the case of molecular PSs, singlet oxygen ('O,) is mainly
generated through the type II pathway after excitation of the PS. This pathway
involves direct energy transfer. A fluence rate between 10 and 200 mW cm ™ > has
been typically used for PDT clinical regimes. Nevertheless, selective tumor cell
killing through apoptosis has been demonstrated by application of metronomic PDT
(mPDT). mPDT involves long treatment times at low fluence rates (i.e.,
0.1—6 mW cm ™ ?) along with continuous and slow administration of the PS.
Meanwhile, PBM treatment is known for induction of beneficial clinical effects
such as reduction of pain, inflammation, and edema [39—41]; promotion of wound
healing and nerve regeneration [42—47]; prevention of tissue damage [45,47]; hair
regrowth [48—50]; and influencing the host response to different disease conditions,
including infection and sepsis [51—53]. The basic mechanism of PBM consists of
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exposure to deep red or NIR light, at specific irradiances and low doses, and conse-
quent absorption by endogenous cytochrome c¢ oxidase, with absorption range of
photomedical relevance at 620—900 nm. This light absorption leads to a cascade of
effects: increased ATP production, modulation of ROS, and induction of transcrip-
tion factors [54]. Photostimulatory effects are generally observed at a fluence range
of 1—10J cm ™2, while photoinhibitory effects are typically observed at a fluence
=207J cm 2 [40,41,46,47,55,56]. Despite the fact that 10 mW cm ™2 is an irradi-
ance floor value commonly mentioned in the PBM literature, in vitro and in vivo
studies using lower irradiances (e.g., 5—8 mW cmfz) [40,44,46,47,56—58] have
produced positive results. Detailed mechanisms of actions for PDT and PBM,
and extended discussion on both phototherapies, can be found elsewhere [26,59]. In
section 6.4 the discussion focuses on the application progress of QLEDs as alterna-
tive and effective light sources for both PDT and PBM.

6.3 QD materials' development and applications

QDs have found a special niche in medicine, either as individual multifunctional
platforms or as components playing a relevant role in medical devices. The versatil-
ity and specificity of individual QDs have clearly demonstrated their potential in
multimodal applications, including but not limited to drug delivery, bioimaging,
phototherapy (mainly PDT and photothermal therapy), and other theranostic appli-
cations for both therapy and diagnostics [60—64]. QDs forming part of multifunc-
tional systems can, for instance, simultaneously play the role of an enhanced
imaging agent, PS nanocarrier, and efficient energy donor for PDT. Herein, we
make special emphasis in the applications of QDs related to photomedicine.
Importantly, QDs can perform as PSs due to their semiconductor nature, which
enable the catalytic generation of ROS under irradiation at certain light wavelength.
Therefore, QDs have been solely used as PSs or as photoactive delivery agents, that
is, for delivery of small PS molecules attached to their surface and simultaneous
enhancement of the photosensitizing capacity for PDT in vitro and in vivo studies.
Generation of either excitons (EgP = hv < E,) or free-charge carriers (hv > E,) takes
place upon irradiation and light absorption of the QDs, depending on the band-gap
energy of the QDs and the wavelength of the incident light. This is followed by dif-
fusion of the excitons or the free charge carriers to the interfacial surface area of
the QDs, with electrons and holes moving through the conduction and valence
bands, respectively. Subsequently, reduction and oxidation reactions take place at
the interphase by electron transfer to or from chemical species of the surrounding
environment. Given the relatively large spatial separation between free charge car-
riers at the QD’s surface, type I reactions (involving electron transfer) are more
likely to occur than in molecular PSs, leading to generation of different ROS. Thus
holes produce highly reactive hydroxyl radicals (¢OH) through oxidation of molecu-
lar water, and electrons produce superoxide anions (oO; ) through reduction of
molecular oxygen; the superoxide anion can also undergo dismutation into
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hydrogen peroxide (H,O,). In addition, QDs with core made of direct band-gap
semiconductors can efficiently emit photons after recombination of electron—hole
pairs, resulting in fluorescence of visible or NIR light. This property has been
exploited for application of QDs as fluorescence probes for bioimaging, bioanalysis
and diagnostics, and as the emissive material in QLEDs. Commonly known semi-
conductors with direct bandgap are CdS, CdSe, CdTe, InP, InAs, and PbSe. In com-
parison with organic fluorophores (small dye molecules), QDs offer remarkable
advantages such as larger extinction coefficients or absorption, broader absorption
bands, higher PL-QY, much longer fluorescence lifetimes, higher photostability,
and higher resistance to photochemical decomposition. On the other hand, a very
high PL-QY is translated into minimal intersystem crossing to triplet state, that is,
minimal generation of singlet oxygen through the type II mechanism. Therefore,
given their strong fluorescence and wider excitation range, QDs are preferred as
fluorescent probes for bioimaging and efficient energy donors for PDT. In systems
using PS molecules attached on the QD’s surface, QDs can transfer energy by
FRET. In this FRET process the photoexcited QDs transfer energy through nonra-
diative dipole—dipole coupling to the PS, which subsequently generates singlet oxy-
gen. QDs can be efficient FRET donors by assuring sufficient spectral overlap of
the QDs PL emission and the excitation spectrum of the PS. This energy transfer,
and therefore the singlet oxygen generation rate, has been found to be highly sensi-
tive to the distance between the QD (donor) and the PS (acceptor). Accordingly, the
QD-based FRET degree can be tailored for simultaneous imaging and PDT, allow-
ing it to monitor intracellular uptake, biodistribution, and clearance by detection of
the QD fluorescence. The biodistribution refers to the accumulation profile in
organs, skin, and muscles. Considering all the mentioned properties, QDs can
potentiate and improve the detection, diagnostics, and therapeutics of cancer com-
pared to other systems. In particular, application of QDs in detection allows for
single-molecule detection and dynamic tracking in live cell imaging (i.e., dynamic
cell imaging), simpler multicolor target detection or multiplexing capability using
one single excitation wavelength, and tumor imaging at NIR and IR regions.
Fig. 6.3 illustrates potential applications of individual QDs as multimodal platforms
in the photomedicine field.

The research and development of these applications to date have revealed several
critical factors to determine the functionality of QDs in different QD-based systems.
The most important factors normally mentioned are biocompatibility, dark toxicity,
phototoxicity, in vitro and in vivo colloidal stability, size control, and surface func-
tionalization capability. The latter determines the selectivity, bio-adhesion, and cel-
lular uptake of the QDs. Importantly, the final application will determine the
molecule type for surface functionalization of the QD. Nucleic acids, proteins, pep-
tides, aptamers, and antibodies are some of the molecules commonly bio-
conjugated to the QD surface via covalent bonding or electrostatic interaction for
targeted delivery. For instance, antibody-conjugated QDs can be used to label can-
cer cells which overexpress the corresponding antigen receptors. Similarly, folic
acid (FA)-conjugated QDs are widely used to target many types of human cancer
cells which overexpress folate receptors (FRs). Minimum expression of FRs in
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Figure 6.3 Illustration of a QD-PS system with PS anchored to a hydrophilic ligand/
biomolecule conjugate. The scheme in the left corresponds to a cross-sectional view of the
QD-PS, describing two important processes: QD’s fluorescence and FRET energy transfer
from the QD to the PS leading to generation of singlet oxygen ('O,) by the type II pathway.
In the right, a 3D scheme of the whole QD-PS system is shown. In addition, the Jablonski
diagram represents the multiphoton excitation process in certain QDs leading to single, two,
and three photon-excited fluorescence: 1PEF, 2PEF, and 3PEF, respectively. 3D, three-
dimensional; F, fluorescence emission; FRET, Forster resonance energy transfer; /C, internal
conversion (heat generation); PS, photosensitizer; @D, quantum dot.

normal tissues allows for selective cellular uptake of FA-conjugated QDs into can-
cer cells. For in vivo treatment, these bio-conjugated QDs are expected to accumu-
late inside tumors via the enhanced permeation and retention (EPR) effect, caused
by poor quality vasculature of the solid tumor. Accumulation of the QDs in the
tumor site can be tracked over time after a systemic circulation period and through
gradual building up of the fluorescence intensity.

Other semiconductor NPs being used in PDT studies, either as PSs or photosen-
sitizing agents, are metal oxides such as titanium oxide (TiO,) nanocrystals, in
which clear observation of the quantum confinement effect requires a subnanometer
range [65]. Metal oxide NPs have been proposed in PDT since they offer a proper
size (0.1—100 nm) for transport in tumor tissues and through endothelial, vascular,
and tumor cell membranes, in addition to favoring the EPR effect. Particularly,
TiO, is an abundant and nontoxic semiconductor material of great interest. TiO,
NPs are normally synthesized by the sol—gel method or the Pechini method [66],
and subsequently subjected to surface modification before being tested in PDT
treatment of cancer cells. Coating of the TiO, NPs’ surface with metals has
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demonstrated highly improved phototoxicity compared to nondoped TiO, NPs. For
instance, TiO, NPs with superficial gold (TiO,—Au NPs) were successfully tested
as PSs under UV irradiation for PDT treatment of cervical cancer cells (HeLa), pro-
ducing 43.2% cell death [67]. Subsequently in 2016 TiO, NPs modified with both
gold and FA increased the cytotoxicity of HeLa cells to 78% and simultaneously
resulted in null cytotoxicity in Chinese hamster ovary cells. This result evidenced
the selectivity of modified TiO, NPs during PDT treatment of HeLa cancer cells
[68]. Camargo and coworkers also patented TiO,-based nanocomposites which are
highly cytotoxic in PDT treatment of cancer cells under UV photoirradiation. These
nanocomposites were comprised of TiO, NPs in anatase phase, with either multi-
walled carbon nanotubes or FA attached to the NPs’ surface. The invention
included a method for the synthesis of the nanocomposites, as well as a method for
the treatment of cancer [69]. Such modified TiO, NPs exhibited high PDT efficacy
and selectivity; specifically, cytotoxicity between 80% and 98% was achieved for
cervical cancer, leukemia, and breast cancer cells under UV irradiation for less than
40 min. It is worth noting that the TiO, NPs in anatase phase have a wide energy
bandgap of ~3.2 eV, therefore their use as PSs for PDT treatment of deeply situ-
ated tumors would require the use of optical fibers due to the short tissue penetra-
tion of UVA-light necessary for excitation. Nevertheless, TiO, NPs hold great
promise for PDT treatment among metal oxides due to their exceptional photocata-
Iytic efficiency.

Ultimately, the potential toxicity of Cd- and Pb-based QDs is a remaining chal-
lenge impeding the full adoption of these QDs for invasive treatment in clinical trials.
Even though the core oxidation (producing CdO, PbO) and leakage of free metallic
Cd*" and Pb*" ions can be mitigated by core—shelling, the instability of protective
layers and ligands, surface cationic charge, and hydrophobicity of functionalized QDs
remain important concerns. Alternatively, research in heavy metal-free QDs is ongo-
ing, and gradual but important progress has been made using the background and
knowledge gained with Cd-based QDs. The main compositions of these alternative
QDs are indium phosphide (InP), carbon (C), silver sulfide (Ag,S), doped zinc chal-
cogenides (ZnS or ZnSe), silicon (Si), and ternary QDs such as silver indium sulfide
(AgInS,) and copper indium sulfide (CulnS,). Overall, these QDs have shown lower
toxicity with in vitro [70—73] and in vivo [73—76] studies when compared to Cd-
based QDs composed of either CdSe or CdTe, enabling higher dosage concentration
for multiple applications. A key finding of the in vivo studies has been that the accu-
mulation and excretion rate are closely related to the surface nature and the hydrody-
namic diameter of the QDs. In addition to low toxicity, these alternative QDs offer
other features probing their specificity and multimodal capabilities. For instance, the
enhanced Stokes shift from doped zinc chalcogenide QDs suggests the elimination of
self-quenching caused by Forster energy transfer or reabsorption [77], which is poten-
tially advantageous for biomedical imaging applications. Mn-doped core—shell
CulnS,—ZnS QDs have the potential to work as multimodal contrast agents, simulta-
neously using the QD emission and the paramagnetic nature of Mn for fluorescence
and magnetic resonance imaging [72], respectively. Remarkably, negligible back-
ground signals and deeper tissue penetration of light in the NIR-II window
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(1000—1700 nm) emitted by Ag,S QDs, make them superior as contrast agents for
in vivo imaging compared to QDs emitting in the NIR-I range (700—950 nm)
[17,61,74]. A sharp contrast between the QD emission and tissue autofluorescence
and/or scattering should allow high tumor-to-background contrast. Moreover, in vivo
imaging by the multiphoton excitation technique is possible using carbon, Si, and
doped zinc chalcogenide QDs, due to their characteristic large multiphoton cross sec-
tions. This results in two-photon-excited fluorescence from carbon QDs [73] and
three-photon-excited fluorescence in the case of Si [76] and doped QDs [78], as illus-
trated in the Jablonski diagram from Fig. 6.3.

Recently, the characteristics of InP-based QDs have been significantly improved.
Samsung Electronics demonstrated core—shell—shell InP/ZnSe/ZnS QDs with
PL-QY ~100%, and FWHM of 35nm at emission wavelength of 630 nm [15],
achieving almost comparable properties to those of Cd-based QDs. However, the use
of precursor tris(trimethylsilyl)phosphine (TMS3P) still poses hazard and instability
issues during the synthesis of InP QDs. A relevant advantage of Cd-based QDs for
high sensitivity multiplex imaging is their much wider emission range (coverage)
compared to that of InP QDs. Overall, there are also important challenges for the
heavy metal-free QDs which need to be overcome before they can fully replace
Cd-based QDs. Other challenges include poor reproducibility, complex synthesis with
no standard procedures, and the need for postsynthetic size refinement to obtain a
narrow particle size distribution (small FWHM). Importantly, the use of the size-
selective precipitation technique to narrow the FWHM discards a certain portion of
the QDs in the raw solution, leading to low production yield of the QD synthesis.

6.4 Development and application of QD devices in
photomedicine

6.4.1 QLEDs for photomedical application
6.4.1.1 Recent advances and records in red-emitting QLEDs

After the breakthrough in EQE was reported for type IV QLEDs in 2013 [36],
many efforts were dedicated to find the possible causes of efficiency decay at high
current densities, also known as “efficiency roll-off.” To date, the main mechanisms
proposed for this roll-off behavior at high current density are: the quantum confined
Stark effect (QCSE), the Auger recombination (AR), and the Joule-heat generation
(J-HG). A study conducted by Shirasaki et al. [79] suggested that an electric-field-
induced decrease in QD luminescence efficiency was responsible for the roll-off
behavior, and the QCSE was used to predict the EQE roll-off of QLEDs. According
to the QCSE, the internal charge accumulation and charge-up at the interfaces form
an electric field that induces exciton dissociation. On the other hand, in the AR pro-
cess the excess energy emitted by an electron—hole recombination is absorbed by a
second electron that loses its additional energy in a series of collisions with the lat-
tice and returns to the edge of the band. Both the QCSE and AR are related to
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unbalanced charge injection and subsequent accumulation of charge carriers.
Therefore, different strategies have been applied to improve the charge injection
balance in QLEDs. In this regard, Bae et al. [80] fabricated QLEDs using
CdSe—CdS—ZnCdS core—shell—shell QDs in order to partially inhibit the electron
injection into the QDs. This strategy led to significant suppression of the roll-off
behavior and simultaneous improvement of the EQE, eightfold the EQE of the
core—shell QD-based LEDs. In order to improve the injection or avoid the excess
of one type of charge carrier, other strategy being used is the addition of injection
or blocking layers, respectively. For instance, Mashford et al. [36] implemented a
thin layer of HAT-CN as a hole injection layer (HIL) to promote better charge
injection balance into the QDs. Dai et al. [81] reported a red forward QLED with a
thin PMMA layer inserted between the QD layer and the ZnO NPs ETL, which
worked as an electron blocking layer. This thin dielectric layer weakened the elec-
tron transfer and improved the charge injection balance in the device, yielding an
EQE of up to 20%. Subsequently, our group (2015) [14] reported a low roll-off
inverted QLED that used a Cs,COj hole blocking layer between the ZnO NPs ETL
and the QD layer. This red-emitting QLED demonstrated a high brightness of
1.65X10°cdm % at 1 Acm 2 and 5.8 V and EQE above 20% without light out-
coupling. Ultimately, the excess J-HG at high current densities resulting from the
nonradiative recombination current and leakage current, leads to the increase of the
device temperature. Sun et al. [82] implemented two strategies to suppress
thethermal-induced emission quenching. First, thermal stability of the QDs was
improved by replacing conventional oleic acid ligands with 1-dodecanethiol. Then,
the Joule heat generated at high current density (=2 A cm™?) was effectively dissi-
pated by using a sapphire-based substrate, which has a much higher thermal con-
ductivity (42-fold) compared with glass. This research resulted in a green forward
QLED with ultrahigh brightness of 1.6 X 10° c¢cd m~2 at high current density
(~3.9 A ecm™?) and EQE of 10%. With this last approach, it can be concluded that
the technical causes of the efficiency roll-off behavior can be diverse based on the
constituent materials, device architecture, and ultimately, the operating range.

In addition to the efforts for further improvement of the efficiency and operating
lifetime, current developments are focused on the design of flexible QLEDs with mul-
tiple form factors, the substitution of Cd-based QDs in the devices, and the reduction
of fabrication costs for commercialization. Recent and important advances have been
achieved in each of these areas, and the recent progress in QLEDs with clinically rele-
vant red emission wavelengths is summarized here. Remarkably, Ding et al. [83]
reported a red inverted flexible QLED with EQE of 24.1%, which is the current record
efficiency among all QLED devices. This bottom-emitting device used solution-
processed silver nanowires (Ag NWs) embedded in a polyimide film as the flexible
substrate, which simultaneously worked as transparent conductive electrode and light
extraction medium. Thus, the improvement of the light outcoupling efficiency with
respect to indium tin oxide (ITO) on-glass substrates enabled a record EQE above the
intrinsic limit. Most recently, Samsung Electronics (2019) [15] reported a red forward
QLED using InP/ZnSe/ZnS core/shell/shell QDs, which exhibited a maximum EQE
of 21.4%, peak brightness of 1X 10°cdm 2 and Tsy of 1X 10°h at an initial
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luminance of 100 cd m~ 2 Therefore this device represents a record in performance
for heavy metal-free QLEDs reported to date. Given the importance of cost-effective
high-volume manufacturing, solution-processed QLEDs are also of great interest. In
this regard, our group reported a QLED with record brightness of 1.46 X 10° cd m™~?
[84] among the red solution-processed QLEDs with inverted structure. Other electrolu-
minescent devices using emerging perovskites as emissive materials have also been
reported. However, the current record for red perovskite QLEDs (EQE up to 21.3%)
still have very low brightness (~ 10> cd m™?) and extremely short lifetime [85.86].
Table 6.1 summarizes the performance and fabrication techniques of current record
QLEDs emitting at red wavelengths relevant for application in photomedicine. The
presented QLEDs hold the record in either luminance, EQE, or operating lifetime
depending on structure and fabrication techniques.

In the following, we discuss the advances achieved by our group in the develop-
ment of red-emitting QLEDs with potential application in the photomedicine field.
To date, all our QLED based in vitro studies in PDT and PBM have been conducted

Table 6.1 Red-emitting quantum dot light-emitting diodes (QLEDs) with record in
luminance, efficiency, or lifetime according to structure and fabrication techniques.

QLEDs Von Apeak/ Lpax EQE,ax Ts0 @ Record
v) FWHM | (cd m?) (%) 100 cdm™> | category
(nm) (h)
Cao 1.7 631/21 ~3x10* 15.1 2.2%10° All rigid red
et al. QLEDs
[23]
Ding 1.95 628/ ~5000 24.1 — All flexible red
et al. ~37 QLEDs
[83]
Chiba 2.8 653/33 500 21.3 0.083 Perovskite red
et al. QLEDs
[85]
Won ~1.9 | 630/35 1X10° 21.4 1x10° Cd-free red
et al. QLEDs
[15]
Shen <2 ~ 602/ 3.56x10° |[21.6 1.6 X 10° All forward red
et al. 27 QLEDs
[19]
Chen 2.0 629/25 1.46 X 10° ~6.0 — Solution-
et al. processed red
[84] QLEDs
(inverted)
Triana 1.9 627/29 4.2 x10* 8.3 - Flexible red
et al. QLEDs with
[87] large pixel
(8 mm?)

The record values are in bolt.
EQE, external quantum efficiency; FWHM, full width at half maximum.
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using rigid devices. In general, the characteristics of the on-glass inverted QLEDs
used for the in vitro studies were narrow FWHM (down to ~22 nm), high PD (up
to 25 mW cmfz), low turn-on voltage (1.7 V), and homogeneous illumination. The
multilayer structure of the QLEDs was as follows: ITO/ZnO NPs:Cs,CO3/
CdSe—ZnS—CdZnS QDs/Spiro-2NPB/HAT-CN/Al, were the core—shell—shell
QDs work as the emissive layer. These devices were fabricated in an inert atmo-
sphere (N, filled glove-box), using both spin-coating and thermal evaporation for
deposition of the lower and upper layers, respectively. Before exposure to ambient
conditions, the devices were encapsulated using a glass cover with UV-curable
epoxy and a getter sheet. The fabrication and full characterization of devices with
similar structure were first reported in 2015 [14], demonstrating a record brightness
of 1.65X10°cdm ™2 at 5.8 V, which corresponded to pixel size of ~ 1 mm>.

Subsequently, our group developed other QLED devices in an effort to obtain
cost-effective, stable, flexible QLEDs in the medium run. First, all-solution
processed QLEDs were made by spin-coating using the structure shown in
Fig. 6.4A: ITO/ZnO NPs:Cs,CO3/CdSe—ZnS—CdZnS QDs/poly-TPD/PEDOT:
PSS/Al. Essentially, the materials of the HTL and the HIL were replaced by
solution-processed polymers in these devices, poly-TPD and poly(ethylenediox-
ythiophene)/ polystyrenesulfonate (PEDOT:PSS), respectively. Enhanced coverage
and uniformity of the hydrophilic PEDOT:PSS-based HIL on hydrophobic poly-
TPD was enabled by doping PEDOT:PSS with nonionic surfactant Triton X-100, as
illustrated in Fig. 6.4B and C. In addition, the mixed ZnO NPs:Cs,CO; layer effi-
ciently improved the electron injection into the QD emissive layer while blocking
holes. The first device of this type reported in 2018 [88] had a peak brightness of
7.54 % 10* cd m~? at 7.7 V and peak EQE of 3.1% (0.8 mm? pixel). Later, the per-
formance of these all-solution processed QLEDs was improved by imprinting of
speckle image holography (SIH) structures on the poly-TPD HTL surface [84]. A
scheme of this method and the resulting pattern on the polymer layers are shown in
Fig. 6.4D and E, respectively. The devices with imprinted random grating structures
reached a luminance of up to 1.46 X 10° cd m™? at 8 V, with peak EQE approxi-
mately twice as high as that of previous devices with planar architecture.
Remarkably, these devices have the current record brightness for red-emitting solu-
tion-processed QLEDs with inverted structure as mentioned before (see Table 6.1);
the corresponding EL spectrum and J—L—V curves are shown in Fig. 6.4F and G,
respectively. It was found that the imprinting method simultaneously helped extracting
the trapped photons via the SIH structure and also improved the device performance
through an imprinting-induced film-compression mechanism. Solution-processed mate-
rials are compatible to cost-effective high-volume manufacturing via roll-to-roll (R2R)
processing, and all-solution processed QLEDs are preferred for a more cost-effective
photomedical application.

Recently, our group developed flexible QLEDs [25,87] with same structure as
that of the on-glass QLEDs previously used for photomedical testing. In the latest
report [87], the performance of the flexible QLEDs was improved following sys-
tematic steps. Briefly, we used ITO on polyethylene naphthalate (PEN) substrates
with low sheet resistance (6—8 Q sq '), optimized conditions for plasma treatment
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Figure 6.4 (A) Cross-sectional scheme of the inverted red-emitting QLEDs fabricated by
all-solution processing. (B) Contact angle image of a PEDOT:PSS: Triton X-100 (500:1)
droplet on a poly-TPD surface. (C) Optical microscopy image of spin-coated PEDOT:PSS:
Triton X-100 (500:1), demonstrating full coverage of the poly-TPD surface. (D) Schematic
illustration of the fabrication process of red-emitting QLEDs with imprinted SIH
nanostructures. In the SIH-QLED fabrication, a PFPE stamp was cast from the SIH sample
and imprinted onto the poly-TPD layer. (E) AFM images of the PFPE mold, the patterned
poly-TPD layer, and the patterned PEDOT:PSS layer on ITO glass substrates. (F) Relative
EL spectra at 3 V. (G) J—L—V characteristic curves of the SIH-QLED versus the planar
QLED (control). AFM, atomic force microscopy; EL, electroluminescence; PEDOT: PSS,
poly(ethylenedioxythiophene)/polystyrenesulfonate; poly-TPD, poly(4-butylphenyl-diphenyl-
amine); PFPE, perfluoropolyether; QLED, quantum dot light-emitting diode; SIH, speckle
image holography.

Source: (A—C) Reproduced by permission from M.A. Triana, H. Chen, D. Zhang, R.J.
Camargo, T. Zhai, S. Duhm, et al., Bright inverted quantum-dot light-emitting diodes by
all-solution processing, J. Mater. Chem., C 6 (28) (2018) 7487—7492 of The Royal Society
of Chemistry. (D—G) Reprinted with permission from H. Chen, Z. He, D. Zhang, C. Zhang,
Y. Ding, L. Tetard, et al., Bright quantum dot light-emitting diodes enabled by imprinted
speckle image holography nanostructures, J. Phys. Chem. Lett. 10 (9) (2019) 2196—2201.
Copyright (2019) American Chemical Society.
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and baking of the substrates before processing, and barrier lamination on the top
and bottom of the QLEDs for full encapsulation. The barrier film used for encapsu-
lation consisted in an organic coating for planarization stacked between two inor-
ganic layers of amorphous hydrogenated SiN, provided by the Holst Centre [89].
These fabrication conditions enabled flexible QLEDs with high peak luminance
of 422x10*cdm™ 2, long shelf life, and high peak EQE of 8.3% (included
in Table 6.1), demonstrated for pixels of 8 mm?. Remarkably, the maximum PD
of ~71 mW cm™? reached at only 5.8 V largely surpasses the range normally used
for low-irradiance PDT and PBM treatments (~2—10 mW cm 2). In addition,
these flexible QLEDs showed low efficiency roll-off over the measured range, and
the low driving voltage could be supplied from a small battery pack. A lamination
sketch, EL spectrum, EQE curve, J—L—V curves, and picture of the flexible QLED
are shown in Fig. 6.5A—D, respectively. In addition, the picture from Fig. 6.5E
shows a bent flexible QLED with a larger emitting area of 4 cm” made with the
same process and structure [18,90]. This QLED was lightweight (~1.4 g) and
showed good luminance uniformity over the emitting area (standard deviation
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Figure 6.5 (A) Sketch of the flexible QLED sandwiched between two laminated barrier
layers and deposited on an ITO-PEN substrate. (B) EL (emission peak at 627 nm) and PL
spectra of the flexible QLEDs and QDs, respectively. (C) EQE curve. (D) J—L—V
characteristic curves of the flexible QLEDs with record brightness. Inset: the corresponding
flexible QLED with 8 mm? pixel driven at 3.5 V in air. (E) Picture of flexible QLED with
large emitting area (2 X 2 cm?) driven at 3 V in air. Overlapping of the (F) absorption spectra
of Photofrin and PpIX and the EL spectrum of 630 nm QLED. (G) Absorption spectra of
temoporfin and MB and the EL spectrum of 650 nm QLED. (H) Cross-sectional TEM image
of a typical QLED showing a QD layer with thickness of approximately 10 nm. EL,
electroluminescence; EQE, external quantum efficiency; /70, indium tin oxide; MB,
methylene blue; PEN, polyethylene naphthalate; PL, photoluminescence, TEM, transmission
electron microscopy; QD, quantum dot; QLED, quantum dot light-emitting diode.

Source: (A—D) M.A. Triana, S. Wu, Y. Dong, P-105: Bright, large pixel, flexible quantum-
dot light-emitting diodes for photomedicine, in: SID Symposium Digest of Technical Papers,
vol. 51, 2020, pp. 1748—1751, John Wiley & Sons. Copyright (2020) Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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of ~17%). Moreover, the maximum PD for safe operation (2.8 mW cm 2 at 4.5 V)
was sufficient for low irradiation phototherapy such as mPDT, regardless of the 50x
increase in emitting area with respect to 8 mm?” pixels. Finally, both flexible devices
showed a good shelf life after being stored in an inert atmosphere (=1 month), how-
ever, their PD exhibited 20% decay after 1 week in ambient conditions. Therefore,
further optimization of the encapsulation is needed before these flexible QLEDs can
be used in photomedical testing.

Although the stability and operating lifetime for photomedical applications of flex-
ible QLEDs are reasonably less demanding, the bottom and top lamination strategy
cannot guarantee enough stability in ambient air, most likely due to lateral perme-
ation. A highly reliable thin film encapsulation (TFE) typically consists in a hybrid
organic—inorganic alternating multilayer barrier, conducted by chemical vapor depo-
sition (CVD) or atomic layer deposition (ALD) of nanoscale inorganic layers alter-
nated with solution deposition of polymer-based layers. When TFE is conducted
immediately after the device fabrication the water and oxygen transmission rates can
reach very low values. A suitable approach for flexible QLEDs can be the integration
of a multilayer barrier between the conductive electrode and the plastic substrate,
instead of using bottom lamination which can lead to lateral permeation. For exam-
ple, multilayer barriers were deposited on plastics by ALD and subsequently used as
bottom substrates and top barriers of flexible OLEDs [91]. This resulted in devices
with low water transmission rate (WVTR ~10"°gm ?day ') and long operating
lifetime in air and water. Importantly, flexible top barrier lamination is compatible
with high-volume manufacturing through R2R processing, and due to the similar
nature of OLEDs and QLEDs, this mature encapsulation strategy could be adopted
with QLEDs. However, TFE by CVD and ALD still has a low production throughput.
The use of solution-processed materials such as reduced graphene oxide for encapsu-
lation [92—94] and hydrophobic polymers for planarization [95,96], could make the
encapsulation simpler and more promising for the development of cost-effective flex-
ible QLEDs as disposable light sources in ambulatory PDT and PBM.

In addition to the previous improvements in fabrication cost, performance, and
form factor of the QLEDs, our group has demonstrated that controlled spectra over-
lapping for targeted phototherapy is possible by simply tuning the peak emission
wavelength of the QDs. QDs with high PL-QY, narrow emission spectra
(FWHM <30 nm), and different peak emission wavelengths were precisely
obtained by tuning the QDs’ size during synthesis. Subsequently, QDs with emis-
sion peaks at 625 and 646 nm were used to fabricate QLEDs. By considering the
~4—5 nm redshift observed between the EL spectrum of QLEDs and the PL spec-
trum of the corresponding QDs solution, the QLEDs obtained had emission wave-
length around 630 and 650 nm, respectively. This redshift is ascribed to the
electric-field-induced Stark effect observed in closely packed QD solid films.
QLEDs with EL peaks at ~630 nm match well with porfimer sodium (Photofrin)
and protoporphyrin IX (PpIX), while QLEDs with EL peak at ~650 nm can be
used for excitation of temoporfin and methylene blue (MB), respectively. Photofrin
(abs. peak @ 630 nm) is approved by the Food & Drug Administration (FDA) and
used for various PDT treatments of cancer, while PpIX (fourth Q band ~ 630 nm)
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is an endogenous PS that accumulates after administration of aminolevulinic acid
(ALA). This PS has been developed for a wide range of applications and it is FDA
approved for PDT treatment of actinic keratosis. Temoporfin (652 nm) is a PS used
for PDT treatment of squamous cell carcinoma of the head and neck, and MB
(max. abs. peak ~655nm) is a PS used for antibacterial and antiviral PDT.
Overlapping of the QLEDs EL spectra and absorption spectra of the PSs is shown
in Fig. 6.5F for Photofrin and PpIX, and Fig. 6.5G for temoporfin and MB.
Importantly, QLEDs with EL peak centered at ~ 650 nm can also be used for PBM
treatment paradigms to promote wound healing, among other applications.
Although the absorption of endogenous cytochrome c oxidase is wide, 650 nm is in
the wavelength range that has been demonstrated to be particularly efficacious.

Finally, an important concern under current debate is the potential toxicity of the
QDs composition, specifically the toxicity effect of Cd-based QDs. In consequence,
the Restriction of Hazardous Substances (RoHS) directive restricted the Cd content
of QD conversion materials in display to <0.2 pg mm™~ of the light emitting area
[97]. Although toxicity might be critical when using individual QDs as theranostic
agents, the use of Cd-based QLEDs for external applications does not pose a critical
risk. Some structural reasons that make Cd absorption or ingestion very unlikely
during QLED irradiation of the body’s skin or the oral cavity are as follows. The
deep position of the QD layer in the QLED stack and the encapsulation can effec-
tively prevent leakage of any toxic Cd*? ions. In addition, noncontact irradiation of
soft tissues inside the oral cavity can be performed by supporting the QLED inside
a transparent plastic holder. To further support this rationale, we also estimated the
Cd content in the emissive area of our QLEDs using transmission electron micros-
copy (TEM). From the cross-sectional images obtained with TEM (Fig. 6.5H), the
thickness of the QD layer in our devices was approximately 10 nm. Assuming that
the spherical QDs were 100% solid Cd, we estimated a mass Cd content per emis-
sive area of 0.0453 pg mm ™2, which is far below the RoHS restriction. Most impor-
tantly, this value was overestimated considering the other elements in the
core—shell—shell structure of the QDs (CdSe—ZnS—CdZnS) and the lower density
of QD layers compared with bulk crystalline layers. Therefore the estimated value
was likely much higher than the actual Cd concentration. On the other hand, assum-
ing the ingestion of the full Cd content in a 25-mm?” pixel QLED (2.16 pg) during
an oral treatment session, the dose corresponding to a 80-kg person [~0.03 pg
(kg day)fl] would also be far below the EPA limit [1 pg (kg day)fl] [98], which
corresponds to the oral minimal risk level. In the near future, positive data collected
after preclinical trials in animals is expected to encourage these claims, although
the transition to Cd-free QLEDs is also feasible as the performance of Cd-free QDs
becomes satisfactory.

6.4.1.2 Radiometric parameters for QLED performance and
phototherapy administration

The parameters and efficiencies for evaluation of the QLED performance depend on
the specific application field. Therefore, in the case of QLEDs intended for
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application in display, widely adopted parameters are brightness or luminance (L) in
terms of cd m ™2, color purity related to the FWHM of the EL spectrum, and the cur-
rent efficiency (CE) with units of candela/ampere (cd Afl). Nits are also commonly
used units for the brightness of displays, with 1 nit =1cd m™ 2 When it comes to
lighting applications, the luminous power efficiency (Im W™') of the QLED is
a more suitable efficiency, for which lumen (Im) is the unit of luminous flux and
watt (W) is the unit for electric power going through the QLED. The equivalent units
for luminance in terms of lumens are Im m ™2 srfl, with 1lmm 2sr '=1cdm ™2
Most importantly, candelas and lumens are photometric units weighed according to
the spectral response of the human eye, with green light at 555 nm having the great-
est weight, as it stimulates the eye more than other visible light of equal radiometric
power. Accordingly, the CE is only applicable to the visible range of light and can
reach high values in optimized green-emitting QLEDs (~40—80 cd A~"). Therefore
this efficiency is particularly relevant for display applications, for which a device out-
put is rated according to the human eye response.

On the other hand, the application of QLEDs as light sources in photomedicine
requires the use of different terminology and parameters, in order to evaluate ideal
and efficient irradiation of tissues and cells using a wider range of light, including
nonvisible light in the NIR range. For example, a narrow emission bandwidth is an
important characteristic of the light source for efficient use of photons and is a
more suitable expression in photomedicine than color purity. In addition, photother-
apy uses radiometric parameters instead of photometric parameters, since light
delivery on a specific target is measured in terms of energy and its quality does not
depend on the eye responsivity to light. Therefore ideal and efficient irradiation
with visible and nonvisible light in phototherapy depends on parameters such as the
excitation energy of the PS (J or eV), irradiance or fluence rate (I or ¢) (W cm 2),
fluence (F) (J cm™2), and exposure time (¢) (s). The last parameters are correlated
as follows:

F=1Ixt (6.2)
or
F=¢xi (6.3)

where F corresponds to total fluence or delivered dose, and ¢ is the irradiation time.
Two equations for the fluence are distinguished here, since either the irradiance I or
the fluence rate ¢ must be used depending on the location of the target.
Specifically, the irradiance corresponds to the incident power on an area at a super-
ficial target, such as the skin and the oral mucosa. Meanwhile, the fluence rate con-
siders the optical power being delivered inside a sphere and crossing the surface
unit area of the sphere in all directions. Therefore, the fluence rate applies to light
sources inside volume targets, such as tumors, where both the absorption and scat-
tering effects are important. A scheme representing light propagation in biological
tissue is shown in Fig. 6.6A. Accordingly, the evaluation of the superficial
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Figure 6.6 (A) Multiple phenomena occurring to photons when they hit biological tissue:
direct and diffuse reflection, direct and diffuse transmission, scattering and absorption.
Elaborated according to [38]. 3D representations of flexible QLEDs with (B) planar and

(C) cylindrical form factor. 3D, Three-dimensional; QLEDs, quantum dot light-emitting diodes.

irradiance and the fluence rate at the target depth are critical to determine the right
amount of energy for treatment. In particular, the light propagation inside biological
tissue is a critical parameter to predict the right fluence for interstitial and intrao-
perative PDT treatments. The finite element method (numerical model) and the
Monte Carlo method (algorithm model) are often used to compute the light propa-
gation in complex tissues and heterogeneous media, respectively. However, there
are analytical expressions that can provide a quick estimation of the fluence rate
distribution in a homogeneous medium depending on the geometry of the light
source. Here we present equations derived from the Boltzmann transport equation
for simple light source geometries, which represent the flexible QLEDs with flat
and cylindrical form factor illustrated in Fig. 6.6B and C. The equations describe
the steady-state diffusion of light from a planar source and a line source using 1D
planar diffusion and 2D cylindrical diffusion, respectively [99].

e—z/é
$(z) =P plm (6.4)
26 e/t
(r) = Peyiy | s (6.5)

where z and r correspond to the distance between the source and the position of the
point where the fluence rate is estimated. Importantly, the application of these equa-
tions from the diffusion theory is appropriate when the distance from the light
source is longer than the MFP (over several mm), and the point is inside the
boundaries of the homogeneous medium. P,; is the power for planar geometry
W cm_z); P, is the power for cylindrical geometry (W cm_l); 6 is the optical
penetration depth (cm),\/D/p,; D is the diffusion coefficient (cm); p, is the
absorption coefficient (cm™'); MFP' is the transport mean free path (cm),
V(g + pg); u;, is the reduced scattering coefficient (cm™ '), (1 —g); ps is the
scattering coefficient (cm ™ '); g is the anisotropy parameter [ ].
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On the other hand, the fluence equation for surface irradiation Eq. (6.2) can be
directly applied when the distance between light source and target is fixed, and
when the PD output of the light source is stable over the treatment time. If the
power of the light source has a gradual or exponential decay over time, the correct
total fluence must be integrated from the calibrated curve: I versus ¢. Here, the PD
output is the total optical power delivered per unit area (W cm 2) by the light
source at certain driving voltage. In the case of collimated lasers, the PD is obtained
as the measured power divided by the measured beam area of the laser. In the case
of large-area flat QLEDs, the PD can be calculated from the measured radiance
R (Wem Zsr™ ') and using the following expression for Lambertian sources with
homogeneous light distribution:

PD=nXR (6.6)

The measured radiance counts for the radiant intensity emitted from a known
unit area of the light source. It is worth noting that the PD thus calculated corre-
sponds to the irradiance “at skin” (max. available) when the light source is in direct
contact with the target. This is important as a reference considering the variation of
the irradiance with the distance between the target and the light source.

Regarding the efficiency of the QLED device, the EQE is not relative to eye sen-
sitivity and is probably the most general efficiency for use in any field. The EQE
counts for the total output of photons across the emission spectrum (visible and
nonvisible range) relative to the total amount of electrons injected into the QLED
device (Np /Ne). A normal experimental setup for the measurement of the EQE
requires complex and expensive components such as integrating spheres and mono-
chromators. Nevertheless, the elementary approach is a widely used and cost-
effective method for calculation of the EQE (with moderate deviation), which can
be applied to LED sources with nearly Lambertian beam distributions. This method
only requires the measurement of the EL spectrum and the characteristic curve R—J
or L—J of the QLED device. The calculation of the output optical power of the light
source will then depend on the characteristic curve obtained, that is, on whether the
radiance or luminance was measured. When the radiance is measured, the total
number of photons emitted (Np) can be obtained by integration over the emission
range as follows:

dX (6.7)

"2 TR(A)A
N, = J :

wl

where mR()) and hc/ )\ are the PD and the energy of a photon at certain wavelength,
respectively. In addition, the total radiance (R,) can be expressed as

w2 w2
R = J RO\ = nJ I(V)dA (6.8)

wl wl
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where I()\) is the relative EL intensity and x is a constant. Then combining
Eqgs. (6.7) and (6.8), N, can be rewritten as

w2
N, = ’;—:J IO (6.9)

wl

The constant « can be directly calculated from Eq. (6.8), after the measurement
of R, at certain current density (/) and the numerical integration of I(\) over the
emission range of the EL spectrum. Finally, the expression for the EQE obtained by
replacing N, and the number of injected electrons N, = JA/q is as follows:

k7Tq w2
EQE= — 1 .1
Q== AJI (M)A (6.10)

w

where J, A, and g are the current density, the emissive area of the device, and the
electron charge, respectively. This equation can also be solved by numerical inte-
gration of the product 7/(A)A using the /() values obtained from the EL spectrum.

An equation for monochromatic light sources to convert brightness or luminance
to radiance is as follows:

L

R= KXV 6.11)

V() = 1.0196—285.4(/\—0559)2

where the units of R and L are (W m 2 sr_l) and (cd m_z), respectively. K is a
constant equal to 683 Im W' and V() is the empirical function of the photopic
response. V() gives the spectral response of the human eye to wavelengths in the
visible range. Thus this function reaches its maximum value (equal to 1) at 555 nm,
the wavelength at which the human eye is most sensitive to light, as mentioned
before.

For nonmonochromatic light sources, conversion from luminance to radiance
requires more rigorous calculation using the EL spectrum data. According to
Eq. (6.11), integration over the emission wavelength range gives the following
expression:

I (" LN
3 le V()\)dA (6.12)

In addition, the absolute luminance measured can be expressed as

L= JWZ L(AN)d\ =« JWZ I)V(N)dA (6.13)

wi wi
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where « is a constant. Then combining Egs. (6.12) and (6.13), R can be
rewritten as

Wy w2
R= —J 1N = J RN (6.14)
1

wi w

The value of « is calculated from Eq. (6.13), replacing the absolute lumi-
nance (L,) measured and by numerical integration of the product I(A)V(A). Then
the equivalent radiance can be directly computed from Eq. (6.14).

However, simple conversion using Eq. (6.11) is also a good approach for a light
source with a narrow emission spectrum and unimodal Gaussian distribution. In this
case, V() is calculated using the corresponding peak wavelength of the EL spec-
trum. For instance, a calculation of the radiance using Eq. (6.11) led to a deviation
of ~16% with respect to Eq. (6.14) for an EL spectrum with FWHM of 29 nm.
When data unavailability and time consumption are limiting factors, a moderate
standard deviation is acceptable.

Ultimately, when the QLED emits only in the visible range and its characteristic
curve is measured as L—J (using a luminance meter), an expression for the N, and
the EQE can be similarly obtained by combination of Eqs. (6.7) and (6.14):

w2

am
N, = mj‘w I(N)AdA (6.15)
_ amg ™
EQE = CS3helA JW] I()AdA (6.16)

6.4.2 QLEDs for PDT and PBM

6.4.2.1 Emergence of QLEDs as alternative photomedical light
sources

Regardless of the remaining challenges for commercial application, the QLED is a
growing technology, and development on new features of QLEDs such as light-
weight, thinness, and flexible form factors have encouraged the application of
QLEDs in other fields. Remarkably, QLEDs can fit the light source profile cur-
rently required for widespread clinical adoption of PDT and PBM. An ideal light
source to enable wider application of phototherapies must have narrow emission
spectrum matching the absorption peaks of PSs, relatively high PD, low heat radia-
tion, and flexible form factors with homogeneous emission. Wider application will
also require a lower cost per treatment for adoption of PDT and PBM by small
clinics and low-resource populations. The rationale of the technical requirements is
as follows. By matching the peak emission of the light source with the absorption
peak of the PS, the phototherapy can take more advantage of photons and be more
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effective for treatment at a specific excitation wavelength. Moreover, a high overlap
of the mentioned spectra can reduce heat generation through thermal loss of
photons, thus avoiding pain and discomfort to patients. A relatively high PD can
guarantee sufficient energy for excitation of the PS. All these positive effects are
improved when each condition is combined with a narrow emission bandwidth. The
flexibility, lightweight, and thinness are all required features for an ergonomic
photomedical light source, which enable practical “at home” and ambulatory treat-
ment of the skin and the oral cavity. Ultimately, a light source with homogeneous
large emission area can guarantee a more uniform irradiation at all points of the
target, eliminating the need for multiple sweeps over a large target area.

There is an urgent need for suitable light sources in the marketplace that can ful-
fill the profile for widespread adoption, considering the quality of life improvement
of patients and the high benefits of phototherapy. At present, commercially avail-
able light sources used for PDT and PBM in clinical settings are lasers and inor-
ganic LEDs. Lasers have been widely used in medicine and offer a broad PD range
(>100 mW cm %) with very narrow FWHM (<5 nm). However, the main draw-
backs for wide adoption of laser-based PDT and PBM are the high cost per treat-
ment (equipment, operation, and trained staff), the need for optical fibers
and diffusive optics, the bulkiness of the laser system, and frequent in-office visits.
On the other hand, inorganic LEDs have highly stable output power
(10—100 mW cmfz), narrow FWHM (15—20 nm), and much lower cost per treat-
ment compared to lasers. Nevertheless, LED arrays are normally rigid and heavy,
and the irradiated area is inhomogeneous due to the point-source nature of LEDs
[100]. Consequently, the limitations of these commercial light sources motivated
the search for alternative devices, and current research is focused on two relevant
candidates: QLEDs and OLEDs.

OLEDs were first proposed as light-emitting bandages for PDT in 2009 by two
companies: Polymertronics and Lumicure [101]. The same year, Samuel’s group
reported an open pilot study of ambulatory PDT using a low-irradiance OLED for
treatment of nonmelanoma skin cancer [102]. ALA-assisted PDT resulted in clear-
ance of 7 out of 12 patients. In addition, the comparison to inorganic LED-based
PDT (~80 mW cm ™ 2) demonstrated that the OLED-based PDT (~5 mW cm 2)
was convenient for “at home” treatment and less painful, eliminating the need for
analgesia or skin cooling. After a long while (5—6 years), two more OLED-based
photomedical studies were reported in 2015. In one work, the Anders group pro-
posed OLED-based PBM for wound healing stimulation for the first time [103].
The authors used in vitro and in vivo models to investigate the effects of OLED
radiation on cellular function and cutaneous wound healing, respectively. The
effects of these devices on enhancing diabetic wound healing were comparable to
those observed with in vivo laser-based experiments (PD=10mW cm ? and
F=5] cmfz). In the other work, Guo et al. [104] reported on OLED-based mPDT
for glioma mouse models. The authors demonstrated a longer survival time in a
mouse model with glioblastoma after a single ALA dose and OLED irradiation at a
low fluence rate (PD: 3mW cm 2 and F: 40 J cm ™ ?) for 3.7 h. Regardless of its
promising debut on the field, the OLEDs used for preliminary and subsequent
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photomedical studies were still rigid (on-glass) and had broad emission spectra
(>30nm) falling out of the desirable range. Importantly, a broad emission spec-
trum can have two main negative effects. One is the sum of simultaneous effects
masking important individual effects at specific wavelengths. The second negative
effect is the resultant lower power delivered at the desired wavelength, leading to
reduced energy for excitation of the PS. Accordingly, the interrupted report of
OLED-based studies during this first stage could be in consonance with the devel-
opment rate of the OLED technology.

In 2017 QLEDs were proposed by our group as alternative light sources for PDT
and PBM for the first time [24]. These and subsequent QLED-based in vitro studies
showed satisfactory results, comparable to those of commercial LED-based experi-
ments. The results included destruction of cancer cells with PDT [18,24,90], cell
metabolism increase [24,105] and cell migration promotion for wound healing
[106] with PBM, and bacteria killing with aPDT [25]. Consequently, our QLED
work stimulated the recent revival of the OLED photomedicine research that dem-
onstrated important technical advances in comparison with the OLED devices used
in early photomedical studies. The current leading groups in the OLED-based
photomedicine research are the Samuel group and the Choi group, a leading flexi-
ble OLED team. For instance, the Choi group developed adhesive transferable
OLEDs with ultrathin thickness (10 pm) resulting in multiple form factors,
narrower emission bandwidth (down to 34 nm), and emission wavelength tunability
[91]. In addition, Samuel’s group implemented a p—i—n (p-doped, intrinsic,
n-doped) structure to enable enhanced conductivity of the transport layers and sub-
sequent higher PD at low driving voltage. This work resulted in a flexible red
OLED with large pixel (4 cm?) and PD up to 9.85 mW cm > at 3.82 V [107]. Both
research groups implemented the microcavity effect by adjusting the thickness of
the HTL to tune the peak emission wavelength of the red flexible OLEDs over a
wide range. Regardless of these advances, the PD peak of OLEDs was in general
below the maximum of red QLEDs with a similar peak emission wavelength.
Conventionally, OLEDs with fluorescent or phosphorescent emitters cannot achieve
high PD in the deep red region due to significant efficiency roll-off at high current
density [108], and the lack of efficient deep red emitters with narrow emission
spectra [109].

On the other hand, the intrinsic characteristics of flexible QLEDs promise full
realization of the ideal light source profile previously described. The satisfactory
results found for QLED-based PDT and PBM studies are also one step toward real
application. Technically, flexible QLEDs can comply not only with the form factors
offered by the mature flexible OLEDs but also can overcome the PD and broad
emission spectrum limitations of OLEDs. It is worth noting that the narrower band-
width and higher PD at red wavelengths of QLEDs might be even more relevant
for actual human trials, in which the light reflectance of the skin, subsurface scatter-
ing, and diffuse scattering inside tissue are important. The recent demonstration
of flexible QLEDs by our group [26,87], with large pixel (8 mm?), high-PD
(~71 mW cm” 2 at 627 nm), narrow FWHM (27 nm), turn-on voltage of 1.9 V, and
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EQE up to 8.3%, promise a competitive performance for efficient photomedical
application. Importantly, a closed-packed array of these pixels can uniformly irradi-
ate over the target surface, similarly as using a single larger pixel. It is also worth
noting to highlight the advantages intrinsic to QDs. These properties are the size-
tunable emission wavelength, stability, and easy processability, which result attrac-
tive for wide emission wavelength coverage and low-cost fabrication of QLEDs,
respectively. The emission wavelength tuning and narrow emission spectrum are
possible simply by controlling the conditions of the QDs’ synthesis, eliminating the
need for additional engineering during the QLED fabrication.

A detailed discussion of the preliminary QLED-based in vitro studies, in parallel
with recent OLED-based studies in photomedicine, is given in the next section.

6.4.2.2 QLED-based in vitro studies

The first QLED-based photomedical studies reported in 2017 presented results on
PDT and PBM in vitro tests [24,105]. The cross-sectional structure, EL spectrum,
and design pattern of the red-emitting QLEDs used for all in vitro testing are shown
in Fig. 6.7A—C, respectively. A typical on-glass QLED had 2 X 2 pixels (16 mm?
each), as shown in inset of Fig. 6.7B and in Fig. 6.7C. Fig. 6.7D shows a setup of
cell cultures for in vitro experiments with bottom QLED illumination.

For the PBM study, three cell lines were cultured: a human epithelial cell line
(Hep-2 cells) and two murine fibroblast cell lines (L929 and 3T3). QLED irradia-
tion of the culture wells was performed to deliver 4Jcm 2 in 10 min at
~8 mW cm 2. For comparison, a parallel PBM experiment was performed with a
commercial inorganic LED (Quantum Devices, Barneveld, WI), and the irradiation
conditions were similar (4 Jcm ™2 in 10 min) except for the peak emission wave-
length of the LED (670 nm). Cell metabolism was assessed by 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, a common colorimetric
assay to evaluate cell metabolic activity at 24 h postirradiation. QLED photoirradia-
tion successfully increased the cell metabolism for the three cell lines HEp-2, 1929,
and 3T3, by 27.9%, 12.5%, and 26.2%, respectively, as compared to nonphotoirra-
diated control cultures. The bar chart in Fig. 6.7G summarizes the results of the
MTT assay and the cell metabolic enhancement, respectively. Importantly, the
results were comparable to those of the parallel LED in vitro experiment despite
the fact that the peak wavelength of the QLED and LED devices differed.

The parallel PDT in vitro experiment induced photosensitization of A431 cells
in 3D cultures with ALA administration, which led to accumulation of PpIX prior
to light activation. A431 cells are a human cell line from an epidermoid carcinoma
of the skin. They are also used in studies of the cell cycle and cancer-associated
cell signalling pathways since they express abnormally high levels of the epidermal
growth factor receptor. Another PDT experiment was performed in parallel using
an inorganic LED with a similar spectral emission but with higher irradiance. In
order to deliver a total light dose of 30 J cm ™2 in both experiments, irradiation with
the QLED and LED lasted 4.75h (~1.8 mW cm™ %) and 4 min (~ 130 mW cm ™ ?),
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Figure 6.7 (A) Cross-sectional structure of the red-emitting QLEDs used for in vitro testing.
(B) Typical EL (solid line) and PL spectra (dashed line) of QLEDs and corresponding QDs
used for in vitro studies, respectively. The inset is a picture of a typical on-glass QLED with
all 4 pixels lighting up simultaneously. (C) Pattern of the QLED with 4 pixels (16 mm? each)
shown in (B). (D) Setup of cell cultures for in vitro PDT and PBM experiments with bottom
QLED illumination. (E) Fluorescent vital-dye labeled 3D cultures 24-h post-PDT treatment.
Calcein labels live cells green, while ethidium bromide labels dead cells red. Cultures are
shown in the following order: control cells without light treatment (left), LED-based PDT
(center), and QLED-based PDT (right). (F) Survival fraction evolution of MRSA under
QLED-based PDT using photofrin as PS. The inset corresponds to the experimental setup
with QLED-pixel powered by a 6-V battery pack. (G) Cell metabolism enhancement of cells
lines HEp-2, 1.929, and 3T3 after irradiation with either QLED or LED, and respect to
control cultures. (H) Cell migration observed with PBM in vitro test based on a 2D scratch
model. (I) CRR of cell lines HEp-2 and 1929, 24 h after irradiation with QLED, LED, and
without irradiation (control systems). The irradiation conditions corresponding to these
results were: 4 J cm ™2 in 10 min at ~8 mW cm 2. 3D, three-dimensional; CRR, closure rate
ratio; EL, electroluminescence; MRSA, methicillin-resistant Staphylococcus aureus; PDT,
photodynamic therapy; PL, photoluminescence; PBM, photobiomodulation; PS,
photosensitizer; OD, quantum dot; QLED, Quantum dot light-emitting diode.
Source: (A and B) Y. Dong, J.-M. Caruge, Z. Zhou, C. Hamilton, Z. Popovic, J. Ho, et al.,
20.2: Ultra-bright, highly efficient, low roll-off inverted quantum-dot light emitting devices
(QLEDs), in: SID Symposium Digest of Technical Papers, vol. 46 (1), 2015, pp. 270—273,
John Wiley & Sons. Copyright (2015) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(D and E) H. Chen, J. He, R. Lanzafame, I. Stadler, H.E. Hamidi, H. Liu, et al., Quantum dot
light emitting devices for photomedical applications, J. Soc. Inf. Disp. 25 (3) (2017)
(Continued)
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respectively. The total fluence per session must be similar when comparing treat-
ments with different light sources, so that the results obtained can be compared.
At 24 h post-PDT treatment, the 3D cultures were labeled using a fluorescent vital-
dye technique. Calcein labeled live cells green while ethidium bromide labeled
dead cells red. Fig. 6.7E shows the images for control cells without light treatment,
cells with LED-based PDT, and cells with QLED-based PDT, from left to right.
Finally, both QLED and LED devices achieved photodestruction of 3D tumor
nodules. Most importantly, the quantitative image processing of multiple replicates
revealed a slightly higher PDT efficacy for the QLED, based on the residual tumor
viabilities: 0.61 = 0.04 and 0.53 = 0.08 for LED and QLED, respectively. Recently,
we also reported an in vitro PDT test on TR146 cells [18,90], a human squamous
cell carcinoma whose primary tumor originated in the buccal mucosa. In this test a
light dose of 66 J cm ™2 was delivered over a period of 150 min using LEDs and
QLEDs. According to the residual cell viabilities, 0.65 * 0.03 and 0.52 %= 0.06
measured for LEDs and QLEDs, respectively, a higher efficacy of the QLED-based
in vitro PDT was once again observed over commercial LEDs, attributed to better
irradiation uniformity of the QLED-based PDT.

Another in vitro study to evaluate the effect of QLED-based PBM in wound
healing was conducted in 2018 using a “2D scratch model” [106]. Cultures of HEp-
2 and L929 cells with a confluent monolayer were scored to leave a scratch of
~0.4—0.5 mm in width. Photoirradiation of the culture wells was performed with a
QLED emitting at 626 nm, in order to deliver either 2 J cm~2in 5 min or 4 J cm ™2
in 10 min at ~8 mW cm ™ 2. A parallel experiment was carried out using a commer-
cial NASA LED array with an emission peak at 670 nm and with the same light
dosages and culture conditions. The scratch width was monitored over time and the
closure rate ratio (CRR) results at 24 h measured the degree of promotion of cell
migration as compared to the control cultures, as shown in Fig. 6.7H and I. The
best CRRs for both QLED and LED treatments resulted from delivering a fluence
of 4Jcm™? in 10 min. In addition, slightly higher CRRs were observed for LEDs.
This discrepancy was attributed to the difference in peak wavelength for irradiation,
since longer red wavelengths are known to be more effective in promoting wound
healing. In conclusion, this study demonstrated for the first time the potential
of QLED-based PBM for impaired wound healing treatments and suggested that
further optimization of cell migration promotion could be achieved at longer
wavelengths.

An in vitro study reported in 2018 further evaluated the QLED efficacy for aPDT
[25]. This study revealed that QLED-based aPDT can effectively kill methicillin-
resistant Staphylococcus aureus (MRSA), an antibiotic-resistant bacterium. MRSA

A
|
177—184, John Wiley & Sons. Copyright (2017) Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (F) H. Chen, T.-H. Yeh, J. He, C. Zhang, R. Abbel, M.R. Hamblin, et al.,
Flexible quantum dot light-emitting devices for targeted photomedical applications, J. Soc.
Inf. Disp. 26 (5) (2018) 296—303, John Wiley & Sons. Copyright (2018) Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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bacterium was treated with 10-pM photofrin and 100-mM potassium iodide, and then
irradiated with a QLED powered by a simple 6 V battery pack. Only one 16 mm?
pixel was turned on as shown in the inset of Fig. 6.7F. Remarkably, the survival frac-
tion of MRSA dropped to less than 107° after 1h irradiation, as observed in
Fig. 6.7F. Then, this result simultaneously demonstrated the high efficacy and sim-
plicity of QLED-based aPDT for infection treatment, and promises inactivation of
pathogens without the risk of inducing resistance.

Subsequently, the introduction of QLEDs in the photomedicine field encour-
aged recent OLED studies in photomedicine after a long gap, as mentioned in the
previous section. The recent photomedical studies from Choi’s and Samuel’s
groups represent the state-of-the-art OLED-based work, dedicated to PBM for
wound healing and aPDT for infection treatment, respectively. In 2018, the Choi
group of KAIST published the in vitro wound healing effects of PBM using flexi-
ble OLEDs for the first time [110]. Notably, irradiation at 5 mW cm~ 2 with a 650
nm patch OLED on cultured normal human fibroblasts effectively stimulated
fibroblast proliferation and migration, 58% and 46% over the control, correspond-
ing to 6Jcm ™2 for 20 min and 3 Jcm ™2 for 10 min, respectively. Later in the
same year, the group conducted a cell migration test to investigate the OLED
PBM effect on epidermal keratinocyte cells 12 h after irradiation with 3 J cm™? at
5mW cm ™2 for 10 min [111]. The study confirmed a better wound-healing pro-
motion at a longer peak emission wavelength of 650 nm by 31.5% over the con-
trol group. In 2019 the same group reported transferable and free form OLEDs as
wearable and disposable light sources for skin wound photomedicine [91].
Briefly, this study showed a 26% and 32% increase in cell proliferation and
migration after irradiation of keratinocytes, respectively; a 39% increase of epi-
dermis thickness for a skin equivalent model; a 14% skin area increase and a 21%
re-epithelialization improvement in an organ culture model. The best conditions
found in terms of the keratinocyte response (5 mW cm™ > at 670 nm for 10 min)
were subsequently used for the two model experiments. Fig. 6.8A and B shows
the in vitro wound healing effect using keratinocytes and the cell migration test
using a scratch-wound healing assay, respectively. The organ culture model con-
sisted in a rat skin cryo-wound model, and corresponding evolution of the refer-
ence and irradiated wounds is shown in Fig. 6.8C.

In parallel with these PBM studies, Samuel’s group revisited the OLED photo-
medicine topic after ~10 years and reported top-emitting flexible OLEDs for
aPDT [107]. The team performed in vitro PDT for killing S. aureus with both on-
glass and flexible OLEDs. In both cases, administration of 5 ug mL~' of MB and
OLED irradiation for 3 h led to more than 99% killing of bacteria at optical density
0.001 (see bar charts in Fig. 6.8D). In 3 h, the on-glass and flexible OLEDs deliv-
ered fluences of 54 and 64.8 Jcm 2 at 5 and 6 mW cm ™2, respectively. Overall,
these preliminary results suggested that flexible OLED devices can be as effective
as on-glass devices, but with important additional features for ergonomic and prac-
tical application. Comparative experiments with the available commercial light
sources (lasers or LEDs) will be needed to further validate the benefits and efficacy
of flexible OLED-based phototherapy.
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Figure 6.8 (A) Bar charts of keratinocyte cell proliferation test 72 h after light irradiation
(upper), and migration test 12 h after light irradiation (lower). Bars correspond to control
sample and samples under OLEDs irradiation with peak wavelengths at 630, 650, 670, and
690 nm. (B) Migrated cell images 12 h after light irradiation for control, 650 and 670 nm
(10 min irradiation). (C) Effect of irradiating rat skin with a 670 nm OLED on organ culture
in the cryo-wound model. Thin lines indicate the length of initial wounds, while thick lines
indicate the length of re-epithelialization. (D) Bar charts of OLED-based aPDT for killing
Staphylococcus aureus, showing the fraction of bacteria alive for a range of illumination
conditions and PS (MB) concentrations. Control corresponds to sample with no light and no
PS. aPDT, antimicrobial photodynamic therapy; MB, methylene blue; PS, photosensitizer;
OLED, organic light emitting diode.

Source: (A—C) Adapted from Y. Jeon, H.-R. Choi, J.H. Kwon, S. Choi, K.M. Nam, K.-C.
Park, et al., Sandwich-structure transferable free-form OLEDs for wearable and disposable
skin wound photomedicine, Light: Sci. Appl. 8 (1) (2019) 114. CC BY 4.0. (D) Reproduced
from C. Lian, M. Piksa, K. Yoshida, S. Persheyev, K.J. Pawlik, K. Matczyszyn, et al.,
Flexible organic light-emitting diodes for antimicrobial photodynamic therapy, NPJ Flexible
Electron. 3 (1) (2019) 18. CC BY 4.0.

6.4.2.3 Perspective of QLEDs in the photomedicine field and
device concepts

The high potential of QLEDs to escalate the adoption of photomedicine promises
wide coverage of multiple health-care markets such as cancer treatment, periodontal
disease, dermatology (especially cosmetic dermatology), and chronic wound and
ulcer care. However, a focused single market targeting the treatments and settings
where QLEDs are currently most needed is necessary for a smooth start and as a first
target for device development. PDT treatment of oral cancer and PBM treatment for
diabetic wound healing were recently proposed [25] as target treatments for initial
photomedical applications of flexible QLEDs. These two treatment market segments
were considered to be the more promising due to the technical feasibility, high social
impacts, and commercialization potential. Accordingly, the high incidence of oral
cancer in low-resource populations (e.g., in India), the high cost and negative side
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effects of current treatments, and the limitations of mainstream light sources for wide
adoption of PDT, are demanding an alternative light source. In addition, the unsatis-
factory results of existing multidisciplinary treatments for impaired wound healing
also merit the introduction of QLEDs for targeted PBM.

A set of basic technical requirements for near-future introduction of flexible
QLEDs in the photomedicine market has been discussed elsewhere [26]. The design
of the QLED-based medical device might vary between different photomedical appli-
cations, depending on the characteristics of the location to be treated. Therefore, the
form factor of the flexible QLED and the QLED holder would need to be modified
when the spatial characteristics of the location change. Accordingly, the main usable
form factors of flexible QLEDs are summarized as being foldability, stretchability,
bendability, and minimum bending radius. On the other hand, the same operating
requirements such as minimum operating lifetime, minimum shelf life, and PD range
can satisfy and cover a wide range of both PDT and PBM applications. Naturally,
treatment of easy-to-access locations are preferred for early application of QLEDs,
for example, the locations for the targeted treatments previously mentioned, that is,
the oral cavity and the skin. Herein, we present preliminary conceptual designs of
QLED devices for ambulatory and “at home” treatment of the skin and oral cavity,
which were designed with SolidWorks.

The first design proposed for treatment of the skin corresponds to a bendable
bandage-type device with a moderate minimum bending radius (<6.5 mm), and for
one-time fit on a curved surface [26]. The average radius of the small finger in chil-
dren between 3 and 10 years of age is 6.5 mm [112]. In Fig. 6.9A and B, we illustrate
the application of the bandage-type device on body limbs (finger and arm), which
could be used by the patient in the comfort of the home, following the dosage instruc-
tions prescribed by the doctor. Such a bandage should be adhesive on the edges and
contain both the flexible QLED and the power source (e.g., coin cell batteries). A
customized design might also be needed for the bandage, for example, in order to
avoid direct contact of the QLED with the skin. While skin cancer, inflammation,
tendinopathies, and arthritic conditions might allow contact, other conditions such as
diabetic wound healing and treating superficial bacterial infections may require a
small space in the bandage to avoid direct contact with the emitting surface of the
QLED for a variety of reasons.

The second conceptual design corresponds to a mouthguard-type device for treat-
ment of the oral cavity. This design is also proposed for both ambulatory and “at
home” treatment, and should be practical for patient self-application after dosage
instructions from the doctor. As illustrated in Fig. 6.9C, the device has a mouthguard-
type plastic holder with a handle in the front. The plastic holder fits the lower teeth
and has a notch matching the inferior labial frenulum (see Fig. 6.9D). The handle is
used to position the device inside the mouth and to contain the coin cell batteries for
operation of the QLEDs. Once the device is in place, the plastic holder should be bit-
ten by the patient to keep it in place. Well positioned flexible QLEDs supported in
this oral plastic device are expected to irradiate different soft tissues, mainly the ton-
gue, hard and soft palate, and the buccal mucosa.

These early-phase designs have not been tested or proven but are proposed as a
basis for the future development of QLED-based medical prototypes.
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Figure 6.9 Conceptual design of bandage-type QLED device for phototherapy of skin diseases
and conditions, applied on the patient’s (A) finger and (B) arm, respectively. (C) Conceptual
design of mouthguard-type QLED device for phototherapy of the oral cavity. It illustrates an
oral plastic device which supports the flexible QLEDs. (D) Lower view of the mouthguard-
type QLED device, where the U-shaped case for the lower teeth and the notch for the inferior
labial frenulum can be observed. QLED, quantum dot light-emitting diode.

The gradual introduction of QLEDs to other applications will require the design
and fabrication of new prototypes, according to the specific needs of the treatment
scenario. Currently, lasers are normally used for internal treatment of organs and
lesions, since coherent light can be easily coupled into flexible optical fibers. Thus
light delivery inside the body can be accomplished via endoscopes or transcutane-
ous insertion of fibers through needles [38]. These laser systems also use different
types of diffusers for light delivery (i.e., frontal, cylindrical, and spherical) and are
most often used in the PDT field, specifically for interstitial and intraoperative PDT
of malignant tumors. For example, when a solid tumor is deep-seated and tumor
resection is impractical or impossible, interstitial PDT is a good approach for vol-
ume irradiation and destruction of the tumor. When tumor resection is achievable,
intraoperative PDT is used as an adjunct to surgery [113], particularly in cases
where the resection cavity surface is the target. The application of flexible QLEDs
in phototherapy could be extended to internal treatment with the development of
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new devices exhibiting multiple form factors, eliminating the need for optical fibers
and diffusers. For instance, the development of ultrathin stretchable QLEDs can be
easily wrapped around the tip of a probe. Fabrication of the QLED by dip-coating
of the functional layers directly onto a cylindrical probe working as electrode is in
principle also possible. Moreover, encapsulated flexible QLEDs could also be
attached or applied to the tissue target inside the body and wirelessly powered for
the application of mPDT. This approach was proposed as an alternative local treat-
ment for tumor in delicate organs [114] and was tested by implantation of a wire-
less sandwiched LED on the inner surface of the dorsal skin of mice.

6.4.3 QD devices for health monitoring and diagnostics

The great potential of QLEDs promises widespread use and integration of QLED-
based displays in all kinds of wearable medical devices, as information input/output
ports. Ultrathin QLED displays are also good competitors to inorganic micro-LEDs,
polymer LEDs, and OLEDs under current research [115]. Importantly, flexible
QLED displays can be integrated with touch interfaces, wearable sensors, memo-
ries, micro-controllers, wireless communication units, power sources, [116], etc. All
of these components can be mounted in a flexible printed circuit board, in order to
show real-time data processed from the wearable sensors. Kim et al. [115] reported
a fully integrated QLED display with a touch user interface that directly showed
sensor data. This device visualized the real-time ambient temperature and step
counts measured by the integrated sensors attached to the wearer’s skin, as shown
in Fig. 6.10B. In addition, the passively driven ultrathin QLED display had suffi-
cient brightness of 674cdm ? at 6 Vpp (max. brightness of iPhone 7 is
625 cd m ) when all 16 X 16 pixels were on (see Fig. 6.10A).

A portable device system may also integrate several QD-based devices which
interact with each other to monitor/perform diagnostic and therapeutic functions.
For instance, QDPDs and QLEDs working either as light sources or displays.
Integration of QD-based devices to make disposable medical sensors for pulse
oximetry is one potential application being explored. Conventional pulse oximeters
can simultaneously measure pulse rate and arterial blood oxygenation, using two
inorganic LEDs with different peak emission wavelengths (in the red and NIR) and
an inorganic photodetector. Meanwhile, the proposed solution-processed organic
optoelectronic sensors are cost-effective but still have some limitations. Lochner
et al. [117] reported an all-organic pulse oximeter composed of two OLEDs (emis-
sion peaks at 532 and 626 nm) and a flexible organic polymer photodiode, shown
in Fig. 6.10D. Besides the heart rate obtained directly from the photoplethysmogra-
phy (PPG) signals, the arterial oxygen saturation was computed from the ratio of
transmitted light at two different wavelengths. The latter takes advantage of the dif-
ference in absorptivity between oxygenated hemoglobin and deoxygenated hemo-
globin at different light wavelengths. A schematic model of the transmitted light
pathway through blood and tissue over several cardiac cycles is shown in
Fig. 6.10C. The PPG signals obtained with both OLEDs preserved similar shapes as
the signal of other oximeter systems, regardless of the evident reduction in the
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Figure 6.10 (A) Ultrathin QLED display (16 X 16 QLED) on deformed skin. The insets
show the RGB QLED displays. (B) Integrated wearable system subjected to external heat
(left) and the running wearer (right). The skin-mounted QLED shows the measured
information. (C) Model for the pulse oximeter’s light transmission path through pulsating
arterial blood, nonpulsating arterial blood, venous blood, and other tissues over several
cardiac cycles. (D) Organic oximeter with red and green OLEDs in one side and OPD placed
on the opposite side of the subject’s finger. The light emitted from the OLEDs and
transmitted through the finger is collected with the OPD. (E) Perspective scanning electron
micrograph of a wavy QLED with a titled angle of 75 degrees formed by a 70% prestrain.
(F) QD-based epidermal PPG sensor with wavy QLEDs operating at 8.4 V and QDPD
wrapped around the forefinger of a subject. (G) Real-time record of PPG signals over several
pulse periods under illumination from the red QLED. (H) Schematic structure of a compact
back detection QLED based PL sensor. (I) Emission spectra of OLED, doped OLED, and
green QDs (solid lines), along with the absorption spectrum of PtOEP:PS sensing film
(dashed line). OLED, organic light-emitting diode; OPD, organic polymer photodiode; PL,
photoluminescence; PPG, photoplethysmography; OD, quantum dot; QLED, quantum dot
light-emitting diode.

Source: (A and B) J. Kim, H.J. Shim, J. Yang, M.K. Choi, D.C. Kim, J. Kim, et al., Ultrathin
quantum dot display integrated with wearable electronics, Adv. Mater. 29 (38) (2017)
1700217, John Wiley & Sons. Copyright (2018) Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (C and D) Reprinted from C.M. Lochner, Y. Khan, A. Pierre, A.C. Arias, All-
organic optoelectronic sensor for pulse oximetry, Nat. Commun. 5 (1) (2014) 1—7. Copyright
(2014), with permission from Springer Nature. (E—G) Reprinted with permission from T.-H.
Kim, C.-S. Lee, S. Kim, J. Hur, S. Lee, K.W. Shin, et al., Fully stretchable optoelectronic
sensors based on colloidal quantum dots for sensing photoplethysmographic signals, ACS
Nano. 11 (6) (2017) 5992—6003. Copyright (2017) American Chemical Society. (H and I)

J. He, H. Chen, S.T. Wu, Y. Dong (Eds.), 27-4: Distinguished student paper: integrated
sensing platform based on quantum dot light emitting diodes, in: SID Symposium Digest of
Technical Papers, Wiley Online Library, 2016, John Wiley & Sons. Copyright (2016) Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.
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signal magnitude. Overall, the low optical power output of red-emitting OLEDs
resulting in low PPG signal intensity, and the lower tissue penetration of green light
suggest further development in specific directions. In addition, the motion induced
errors and the optical energy losses produced by the reduced contact area between
skin and rigid OLEDs need to be addressed. The cost-effective fabrication and flex-
ible form factors, in addition to the characteristic narrower emission bandwidth and
higher optical PD of red and NIR QLEDs could enhance the performance of pulse
oximeter sensors as compared to OLED-based sensors. Kim et al. [27] reported a
fully stretchable QD-based sensor for continuous monitoring of blood waves via
PPG signal recording. The epidermal PPG sensor was integrated by a QLED and a
QDPD, both stretchable and attached onto a 300-pm thick Ecoflex film. The
stretchability and crack-free internal structure of the sensor under elongation was
enabled by coupling the ultrathin devices with a prestrained elastomer (see
Fig. 6.10E). After lamination of the sensor around the forefinger of a subject
(shown in Fig. 6.10F), the PPG signal pulses were measured by QLED illumination
(1000 cd m~ 2 at 618 nm) and detection of the light transmitted by the QDPD (see
the graphic in Fig. 6.10G). CdSe/CdS/ZnS core—shell—shell QDs and PbS QDs
(abs. peak at 1100 nm) were used as emissive and active materials of the red-
emitting QLED and QDPD, respectively. Importantly, tight adhesion of the patch-
type stretchable devices to the skin and nail avoided light leakage and reduced the
parasitic short-circuit current produced by ambient light. Furthermore, this firm
adhesion allowed the measurement of accurate signals regardless of the subject’s
movement or the device’s location on the body, for example, joints and distal
appendages such as fingers and ears.

Finally, our group also proposed the use of QLEDs as the excitation sources in
compact PL-based sensors [118] to overcome OLEDs’ limitations of low bright-
ness, broad emission spectra, and long radiative lifetime. A schematic structure of
the proposed QLED-based PL sensor with back detection is shown in Fig. 6.10H.
The compact sensor consists of a sensing film with PL dependent on the analyte
concentration, the QLED as the excitation source, and a photodetector to measure
the PL of the sensing film. To estimate the improvement in power utilization of
the QLED-based sensor due to narrow and wavelength-fit emission peak, the
emission spectra of OLED and doped OLED devices were compared with a green
QDs spectrum as illustrated in Fig. 6.10I. As a result, by tuning the EL peak
wavelength to better fit the absorption of the sensing film (PtOEP:PS film as
example), the energy efficiency can be improved by over 57%, to as much as
63% with a narrower QD emission band. In addition, QLED-based sensing sys-
tems can be further simplified by removing unnecessary components. For
instance, the band pass filter for excitation light, and therefore the filter pattern-
ing, is not necessary. Moreover, in radiative lifetime (7)-based detection mode the
long pass filter is also possibly removable, considering the negligible QLED EL
decay time, typically ~15ns in contrast to at least ~ 100 ns decay time for
OLED:s. It is then envisioned that simple, low-cost, high-efficiency, and signal-
noise free QLED-based sensing platforms will also be highly competitive for
portable medical sensing applications.
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6.5 Conclusion and outlook

The unique optical properties of colloidal QDs, notably their size-tunable emission
wavelength, high PL—QY, narrow emission bandwidth, and photostability, make
them highly desirable for fluorescence and EL-based applications in the photomedi-
cine field. The capacity of individual QDs to simultaneously perform as a fluores-
cent probe, PS nanocarrier, and efficient energy donor for PDT, are evidence of the
wide multimodal application of QDs. Proper engineering of the core—shelling,
encapsulation, and surface functionalization of the QDs will play a decisive role for
the effective and safe application of QD-systems as theranostic agents in living sys-
tems. In particular, the biodistribution and clearance from living organisms will be
key topics of study in order to reduce the toxicity of QDs. The current research is
pointing out two main approaches for the reduction of QDs toxicity, one of which
is the use of efficient and suitable QDs composed of green or less toxic elements,
and the other is enhancing their fast and safe clearance from the body by controlling
the size and surface chemistry of the QDs.

Although QLEDs and OLEDs are still early in the path to real photomedical appli-
cation, the in vitro and in vivo studies in PDT and PBM have demonstrated exciting
results comparable to those of commercial LEDs and lasers. In addition, their similar-
ity as conformable surface light sources and the knowledge gained with new photo-
medical testing and device development, can contribute to the progress of both
technologies enabling their final translation to human clinical trials. Importantly, the
additional advantages of flexible QLEDs such as high PD and narrow-emission band-
width at red wavelengths promise a competitive future for QLEDs in the photomedi-
cine and health-care fields. We believe that the mature Cd-based QLEDs with record
efficiency and brightness can pave the way for application of emerging Cd-free
QLEDs in the photomedical field, as research advances in the development of new
QD materials. Finally, among the QD devices, QLEDs are probably the devices most
frequently integrated to wearable medical systems currently being developed and
being used in research applications. It is clear that the introduction of QLEDs in the
photomedicine market can be a challenging pathway due to the multidisciplinary
nature of the application. However, a deep understanding and close collaborative
progress on the QLED device development, medical treatments, and regulatory
approval process, will be key factors for the successful realization of QLED devices
and technologies in this growing field of high relevance.
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7.1 Introduction

Carbon-based materials are of paramount importance for a diverse range of technol-
ogies used nowadays [1—5]. Among these materials, carbon dots (C-dots), also
known as carbon nanodots, occupy a prominent position because of their attractive
features, especially as light-emitting materials, as reviewed elsewhere [6—11]. The
physicochemical properties of such materials are a consequence of their nanometric
small sizes (typically in the range of 1—100 nm), but C-dots have typical sizes
down to 10 nm [12]. One major advantage of using C-dots is that these derivatives
commonly display very low cytotoxicity, thus rendering them attractive nanomater-
ials for bioapplication.

Beyond these few characteristics, C-dots exhibit tunable photoluminescence
properties and multicolor emissions that are in turn intimately associated with exci-
tation wavelengths. The C-dot cores are formed from stacking multiple graphene
fragments (w-conjugated domains at the C-dot core), whereas the surface, character-
istically oxidized, may bear functional groups or other organic structures. The pos-
sibility of modulating the size, functional groups at the C-dots surface and
irradiation wavelengths, may aid in the biological application of these carbon-based
nanomaterials. The possibility of functionalizing the C-dots surface may also help
in the prediction of specific biological responses. Another important feature related
to C-dots is that these nanometric carbonaceous derivatives may be synthesized
from several sources and in general they are produced by means of low-cost
materials.

When designing C-dots, it is important to bear in mind some attractive character-
istics aiming at an efficient bioimaging application of the nanomaterial [13].
Initially, narrow nanoparticle size distribution is a desired feature and the photolu-
minescent properties are intimately associated with the size distribution. Currently,
with several synthetic methods available for the synthesis of C-dots [14], great
improvements have been reported, especially using hydrothermal methodologies.
Tunable emissions associated with narrow emissions are also important considering
the production of well-resolved images [15].
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A rational use of the surface chemistry aiming at tuning both the physicochemi-
cal and the photophysical properties of the material [16,17] is vital to a successful
application of the designed C-dot in specific bioimaging [18], or for any other light
technology application of the nanomaterial [19]. The science behind the rationale
for the surface functionalization (or oxidation) to attach small molecules or to con-
trol the organic functional groups noted at the exterior side of the nanoparticles is
known as surface engineering. It is important to remember that chemical functional
groups have a unique role for the C-dots’ interaction with the biological interface,
thus rendering the surface engineering a protagonist during the designing process of
new functionalized C-dots. Finally, when bioimaging is the main goal, it is impor-
tant to work with C-dots down to 10 nm [20]. Carbon nanoparticles of small size
(<10 nm) allow for more precise intracellular targeting and faster internalization.

In this chapter, we will disclose some important contributions to bioimaging
application of C-dots and describe their emission mechanisms to associate the emit-
ting colors and cellular responses with the design process and rationale of the car-
bon nanoparticle derivatives.

7.2 C-dots fluorescent emissive processes

When C-dots are smaller than the exciton Bohr radius, quantum confinement effects
become a viable option. To understand this effect, it is interesting to visualize (Fig. 7.1)
the electronic movement possibilities similar to those distinguished in the studies of
conductor and semiconductor materials. A change in the valence and conduction bands
is observed, that is, continuous energy bands, toward discrete energy levels; thus the
bandgaps also change upon the decrease of the 3D nanomaterial size. The net result is
notorious in the bandgap transitions that are characteristically observed in the ultravio-
let to the visible regions accompanied with improvement to fluorescent quantum yields
[12]. In other words, the effect is basically related to the electronic movement restric-
tion inside a small size nanometric system independently whether it is a 1D, 2D, or 0D
limitation (as seen in Fig. 7.1) [21]. The emission of C-dots may be sometimes
observed in the near-infrared region of the electromagnetic spectrum.

When the C-dots have large conjugated w-domains (basically the C-dot core)
and minimum functional groups at the surface, the fluorescence is basically a result
of the quantum confinement effect. As expected, by adjusting the size of the
w-domains, it is possible to tune the C-dot bandgap. The larger the m-domains, the
smaller is the bandgap and redshift is observed. This is the reason why as the C-
dots size decreases (typically from 8 to 1 nm), a clear energy gap augmentation is
noted as a consequence of a lower extent of the sp® content and therefore the lower
w-conjugation in the C-dot cores. The net result is a blue shifting of the fluores-
cence emission. Several strategies may be used to control the C-dots size, as
reviewed elsewhere [14].

It is important to differentiate two features regarding C-dots structure and emis-
sive processes. First, the core size of the nanomaterial is not straight associated
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Figure 7.1 Electron movement restriction and quantum confinement effect. (A) No electron
movement restriction is imposed and a free movement is allowed in the 3D space. (B) The
electron movement is restricted between two layers, thus in a 2D space. (C) The electron
movement is restricted in a 1D space due to quantum restrictions (nanowire or nanotube).
(D) The electron movement is restricted in all directions (0D space) due to quantum
restrictions (i.e., a dot).

with its surface oxidation degree. The surface effect will be analyzed in due course
in this chapter. These two distinct parts play important and different roles in the
fluorescence emission of the C-dots; thus it is possible to synthesize smaller parti-
cles with redshift effect as a consequence of the functional groups (or molecules)
attached to the carbonaceous nanomaterial surface.

When C-dots are synthesized, although good size control is possible using opti-
mized/developed conditions, these carbon-based nanodots have a size distribution
and, as a consequence, different volumes are noted for the carbonaceous materials.
A broadening is therefore observed when emission spectra are acquired and the
Gaussian distribution may be observed in both the sizes and in the emissions spec-
tra of the C-dots, as better visualized in Fig. 7.2. In this sense, controlled synthesis
affording narrow distributions is most desirable aiming at a better control of the
fluorescence emission due to the C-dots.

Surface engineering is another topic of paramount importance when considering
the emissive properties of C-dots since surface defect states may also play a role in
the C-dots fluorescence emissions. In general, defects are referred to as spherical
shells (boundary regions) that are distinct from the carbon cores domains. Defect
states are known to be complexes and, in the same particle, different defect states
may be noted. As a consequence, excitation-dependent luminescence is a commonly
observed phenomenon for C-dots. The defect states are usually generated from
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Figure 7.2 Density of states in C-dots. (A) Ideal behavior in which the nanoparticles have
the same size/volume (top and left). (B) As a consequence of the Gaussian distribution of the
particles sizes (top and right), a corresponding Gaussian distribution is observed in the
emission frequencies. E. = energy in the bottom in the conduction band-like state,

E; = energy in the fundamental level, E; = energy in the excited state.

surface oxidation processes, and frequently these defects act as traps for excitons,
thus affording a fluorescence emission from defect states. The most commonly
noted behavior is that the more oxidized the surface, the more defects are formed;
thus redshifts in the emissions are the outcome of the process. When irradiated,
photons with the appropriate energy, in relation to the bandgaps, will accumulate in
the adjacent defects and then return to the ground states emitting at different wave-
lengths (usually in the visible to near-infrared regions).

Considering that different functional groups may be found at the C-dot surface,
bearing different degrees of defects, and that these functional groups have their
own energy levels, thereby producing a series of emission traps, as described else-
where [22—24]. In this sense, choosing functional groups at the C-dots surface may
allow for the color emission adjustment, especially because different functional
groups have different abilities to supply electrons [25].

It is important to consider that C-dots may incorporate fluorophores, that is,
molecules like fluorescent dyes, at their structures or associated with different
metals. The presence of such molecules or metals may result in different effects
over the C-dot fluorescent emission. In general, the dyes may help in the light
absorption and in electron transfer processes. For some cases, quenching effects
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Figure 7.3 C-dots possible emissive processes considering a downshifting and both the
possibilities of down- and upconversion.

may also be noted, especially when metals are present in the dyes’ structures or
coordinate with the C-dot structure [13].

Down- and upconversion processes are equally discussed for C-dots. In a general
way, although this topic is largely discussed [26—33], C-dots may undergo down-
shifting, down- and upconversion processes, as seen in Fig. 7.3. Although it is a
controversial issue, upconversion is accepted for C-dots even considering the possi-
bility of multiphoton absorptions processes [34—36].

7.3 C-dots in bioimaging experiments

In this section, we intend to highlight the most recent advances for intracellular
bioimaging using C-dots and modified C-dots, which also contributed to the com-
prehension of the fluorescence emission process associated with the carbonaceous
materials. C-dots are attractive materials for imaging live cells also due to their
small sizes and fast internalization processes. C-dots, in addition to the advantage
of easy surface functionalization, which, where appropriate, allow for the targeting
of specific organelles or components inside the cells. Indeed, as already demon-
strated, the molecule used to functionalize the C-dots surface (e.g., cysteine) may
actually affect the cellular energy metabolism [37].

In a recent work, Liu and coworkers [38] demonstrate the ability of C-dots syn-
thesized from folic acid to target tumor cells. The hydrothermal aqueous synthesis
allowed for the obtention of C-dots with fluorescent quantum yields up to 94%, that
is, bright carbon nanoparticles. The use of folic acid in the synthesis also afforded
C-dots with folate residues in the C-dots surface. Folic acid is known for its target-
ability to cancer cells characteristic, [39,40] being therefore used to differentiate
healthy and tumoral cells.

After the hydrothermal treatment in aqueous media, the folic acid afforded
C-dots bearing the residues of the acid in the surface of the nanoparticles. The aver-
age size was of 5.4 +2.2 nm. One important feature noted in the work [38] was
that the C-dots had no fluorescence dependence of the excitation wavelength. This
behavior, which is indeed unusual and highly dependent on the surface engineering,
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pointed to a few features of the prepared nanoparticles. First, it indicated the single-
energy level of the material surface, which was likely very well passivated by the
folate residues from the hydrothermal synthesis. As a consequence, traps are not
dominating the surface, thus allowing for single-energy level radioactive decays
and favoring a high fluorescent quantum yield of the material.

The bioimaging experiments (Fig. 7.4) indicated the fundamental role of folate
receptors to the C-dots internalization. Overexpressing folate receptor-Hela cells
internalized the fluorescent nanoparticles very fast, whereas those with a regular
quantity of these receptors showed almost no fluorescence, thus indicating that
folate receptors are the essential factor for both the selective cell targeting and the
carbon nanoparticles uptaking. Folate receptor positive SKOV3 cells were also
tested and returned similar results, thus indicating this essential role of the folate
receptors for the selective targeting and internalization.

Wei and coworkers [41] applied the hydrothermal methodology to obtain fluores-
cent and small C-dots from rose-heart radish. The nanoparticles had fluorescent
quantum yields nearly 14% (aqueous solutions) and could be applied in cellular

Blank 0.5h lh 2h 4h FA 2h then CDs 4h
255

Hela

A549

Figure 7.4 Fluorescence images of Hela and A549 incubated with the C-dots synthesized
from folic acid (100 pg mL ") at 37°C for different incubated time, O h (al, d1), 0.5 h (a2, d2),
1 h (a3, d3), 2 h (a4, d4), and 4 h (a5, d5). As another control, Hela and A549 pretreated at
37°C for 2 h with excess folic acid for folate receptor saturation, and then incubated with

CDs (100 pg mL™") at 37°C for 4 h (a6, d6). Bright-field images are shown in (b) and (e).

The overlay images are shown in (c) and (f). Scale bar of 10 pm.

Source: Reproduced with permission. Copyright 2018 Springer Nature.
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bioimaging experiments as will be discussed herein. On average, 3.6-nm nanoparticles
were obtained and, as highlighted, the particles were most observed to be between 1
and 6 nm, that is, down to 10 nm as expected for C-dots. The characterization of the
as-prepared carbonaceous nanoparticles indicated the presence of several functional
organic groups in the surface such as —NH,, —OH, and —CO,H.

The photoproperties of the as-prepared C-dots were also investigated and showed
excitation-dependent emissions, as noted for most of the reported C-dots. By
increasing the excitation wavelengths, redshifts could be observed for the material.
The results pointed that, although there are several functional groups in the material
surface, the presence of traps played a role over the photoluminescence of the
C-dots. The difference in the size and therefore the different number of functional
groups in the surface also contributed to different surface states and, thus, also con-
tributed to the excitation-dependent emission properties of the C-dots. The
excitation-dependent emission effect could, in principle, allow for the visualization
of the emissive particles in different channels when applied in bioimaging experi-
ments. The quenching effect was also observed in the presence of several metals
aiming at sensing a specific metal. Results showed Fe** had a pronounced quench-
ing effect even in the presence of interference ions, thus pointing to the selectivity
of the material to the transition metal ion. It also pointed to the selective detection
of the metal in bioimaging experiments.

SiHa cells were initially tested in the bioimaging experiments of the as-prepared
C-dots. The excitation-dependent emission feature of the nanoparticles has been
used to monitor the C-dots emissions inside the cells after the cellular uptake, that
is, in the blue, green, and red channels (Fig. 7.5). This feature proved to be impor-
tant because it allowed for authors to select in which channel the cellular process
would be monitored. This characteristic, depending on the experiment, may be
advantageous to follow an intracellular event. The internalization process proved to
be fast and the cells could be observed emitting blue, green, and red when, respec-
tively, irradiated at 405, 488, and 543 nm. When incubated with Fe™ ions and fol-
lowed by dynamic fluorescence imaging a quenching process was monitored. The
quenching effect could be dynamically monitored and the fluorescence decreased as
a consequence of the metal ions internalization.

The hydrothermal treatment of citric acid and neutral red dye afforded a solid
that was characterized as red emitting C-dots [42]. The synthetic procedure was
evaluated, and it was shown that the increase in the temperature also resulted in
quantum Yyields increase as well, although some blueshift was also noted. Shorter
reaction times also resulted in redshifts. By optimizing the synthetic conditions,
C-dots of 3.4 nm (on average) could be obtained and characterized.

The photophysical evaluation of the as-synthesized C-dots indicated the
excitation-independent emission property, therefore indicating a nearly uniform sur-
face for the nanoparticles. The designed C-dots proved to be highly stable and the
pH effect indicated optimal emissions between 2 and 8. Above and below these
values, a decrease in the fluorescence could be observed as the net result of proton-
ation or deprotonation of the surface functional groups such as —NH,, —OH, or
—CO,H. The quantum yield of the particles was nearly 12%.
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(A)

(B)

(b)

Figure 7.5 Laser scanning confocal microscopy images of SiHa cells incubated with (A)
0.50 mg mL ™" of the C-dots, (B) 0.50 mg mL ™" of the C-dots and 100-uM Fe** at 37°C for
3 h. The first left panels of the (a) lines show the bright-field images of SiHa cells. The
second, third, and fourth panels of the (a) lines are cell images taken at Ay /Aep, Of

405/450 £ 25, 488/520 = 25, and 543/650 *+ 25 nm, respectively. The first panels of the

(b) lines are the merged images of the first and second panels of the (a) lines. The second
panels of the (b) lines are the merged images of the second and third panels of the (a) lines.
The third panels of the (b) lines are the merged images of the second and fourth panels of the
(a) lines. The fourth panels of the (b) lines are the merged images of the third and fourth
panels of the (a) lines.

Source: Reproduced with permission. Copyright 2017 Elsevier.

Some metals were tested (by titration experiments), and Pt*", Au®", or Pd*"
showed more significant effects over the photoluminescence of the material. The
presence of these metals afforded a quenching over the fluorescence of the C-dots,
and limits of detection of 0.886, 3.03, and 3.29 uM were, respectively, observed.
Pt*" proved to undergo a dynamic quenching, whereas strong inner filter effect was
taking place for the other two metals.

Bioimaging experiments (Fig. 7.6) were performed since no cytotoxicity could
be noted for the C-dots. The application of the as-synthesized C-dots as bioimaging
probes afforded red and intensive emissions using PC12 cells and zebrafish as the
models. After P addition, the intense red emission could be quenched in both
experiments. Similar results could be obtained by an addition of Au®* or Pd*" indi-
cating that the rationally designed carbon nanoparticles could be used to detect
these metals in solution and in biological systems.

We have disclosed [43] the synthesis of small surface—modified C-dots (nearly
4 nm) using cow manure as the carbon source. Reproducible results could be
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Figure 7.6 (Left) Confocal imaging of Pt** in PC12 cells. (al—el) Bright-field images.
(a2—e2) Black field images of the C-dots in PC12 cells with the different concentrations of
Pt>" (0, 25, 50, 150, and 300 pM). (a3—e3). Overlay images. (Right) Fluorescence imaging
of P" in ZF. (al—el) Bright-field images. (a2—e2) Fluorescence images of the CDs in ZF
with the various concentrations of Pt>" (0, 30, 60, 100, and 150 pM).

Source: Reproduced with permission. Copyright 2018 American Chemical Society.

obtained independently whether cow manure or glucose was used to the synthesis
of the C-dots. Cow manure is a rich source of cellulose, which is a glucose-based
polymer. By a simple chemical modification of the as-prepared nanomaterial, that
is, the surface passivation with ethylenediamine, bright green C-dots emitters could
be obtained. The C-dots exhibited a high quantum yield of fluorescence value
(0.65) with an intense fluorescent green emission.

The surface-passivated material proved to be stable after 8 h of constant light
irradiation and no notable decrease of the fluorescence emission was observed, indi-
cating, therefore the high stability of the material. Under different pH values (3—9),
intense and bright emission was also noted. The nanomaterial was also emissive in
temperatures ranging from 5°C to 80°C. The excitation-dependent luminescence of
the C-dots allowed the emission to be tuned in three different channels (blue, green,
and red), although the green emission was considerably more intense.

The carbonaceous nanomaterial had no cellular cytotoxicity, thus prone to be
used in bioimaging experiments. The cellular imaging experiments using MCF-7
cells (Fig. 7.7) showed that the modified C-dots were capable of associating in the
cells’ nuclei selectively with and intense green emission.
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Figure 7.7 Cellular bioimaging experiments for the modified C-dots with the MCF-7 cell
line: parts (A) and (B) show the modified C-dots stain pattern (green) for the fixed cells,
whereas parts (C) and (D) show the staining for live cells. The fluorescent signals are shown
to be mostly associated with the nucleoli of all cells. Parts (B) and (D) also show the nucleus
staining with commercially available DAPI (blue). Note the arrows to indicate voids
(“holes”) in the cytoplasm, thereby showing no association with these organelles. The
cytoplasmic associations (pattern and distribution) are with ribosomal components. Reference
scale bar 10 mm.

Source: Reproduced with permission. Copyright 2014 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.

7.4 Summary and outlook

Although C-dots were discovered more than a decade ago and thousands of findings
are already disclosed, we are just scratching the surface of knowledge regarding the
synthetic control, tuning the photophysical properties and possible application of
these fascinating materials in bioimaging experiments. There is still much room for
improvements, creative application of C-dots, and the surface engineering aimed at
specific intracellular responses. Several groups are applying C-dots with success
and trying to disclose the “secrets” behind the photoluminescence of these nano-
metric materials.

The possibility of accessing these virtually nontoxic nanomaterials using the
most unusual carbon sources is just an additional appeal. Their highly
stable emissions and recent progress toward a more controlled synthesis and fluo-
rescence emission properties are fostering new discoveries and pushing the limits of
light technology applications. Their advantageous photophysical properties along
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with their easy handling and storage are helping in the furthering of the promising
technology of C-dots for bioimaging.

In this chapter, we have described some selected examples of relevant works to
highlight the recent progress toward the comprehension of the emissive properties
of C-dots and their cellular responses in specific imaging experiments. We hope
readers will be challenged by this new and exciting area where we are still taking
baby steps yet will soon be moving with large steps.
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8.1 MEMS and NEMS sensors and sensing in biomedical
applications

8.1.1 Existing MEMS devices

Explosive growth in semiconductor fabrication and nanotechnology, its promise of
a multitude of new applications and products, as well as the continuing reduction in
the scale of microelectronic systems create an opportunity for sensors and diagnos-
tic devices in biomedical applications that operate in an almost noninvasive manner
and are characterized by ultrasmall dimensions and extreme sensitivity.

Several general reviews describe a variety of sensing technologies and their appli-
cation areas in biomedicine [1—6]. Specifically, biomedical sensors in micro/nanoe-
lectromechanical systems (MEMS) and (NEMS) are reviewed in Refs. [1,2,6—10].
Specialist conferences devote a large part of their program to nanosystems and sens-
ing in biomedicine [11].

Wearable sensors, typically accelerometers or gyroscopes, are used to observe
and analyze exoskeleton system [12], human body joints angles [13], cervical range
of motion [14], human motion [15], or Parkinson’s disease [10].

Other wearable sensor applications include monitoring of vital signs [16], imbal-
ance disorders [17], wrist pulse signal acquisition [ 18], measurement of blood flow
variation [19], oxygenation [16], or seismocardiography [20,21]. Wearable sensor
selection is presented in Ref. [22].

Continual progress in reducing sensors’ size, sensitivities, signal transmission,
and analysis and new methods to supply or harvest energy enable a nearly noninva-
sive or minimally invasive application of implantable sensors. Implantable pressure
sensors [23] are used for blood pressure monitoring [24] or intracranial pressure
measurements [25]. Other examples of implantable devices and sensors [26] include
minimally invasive catheters [27], cardiac and bladder catheters [4], MEMS accel-
erometers to detect heart bypass surgery complications [28], retinal implants [29],
electronic contact lenses [30], and sensors for regenerative medicine [31].
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Another class of biomedical sensors are chemical sensors [32] such as microfluidic
pH-sensing MEMS chip [33] or alcohol vapor sensor based on multiwalled carbon
nanotube [34] or oral/salivary monitoring MEMS [35]. Some are used in nanomecha-
nical infra-red (IR) spectroscopy [36] or for intradermal glucose monitoring [16,37].

Newly discovered and perfected materials such as liquid crystal polymers [25],
microbial nanocellulose [38], hydrogels [39], nanocomposites [40], functionalized
nanowires [41], and graphene [42] enable new sensing principles and new sensor
designs.

A number of physical phenomena are used in sensing. Some of these include the
following:

» Piezoresistive devices exploit the relatively strong piezoresistive effect in silicon. Silicon
piezoresistors are placed in the supports of a proof mass, acting as strain gauges as the
proof mass moves in response to acceleration.

* Piezoelectric sensors use a piezoelectric material, such as ZnO, which generates a charge
directly from the displacement of the proof mass. Piezoelectric and piezoresistive nanode-
vices are reviewed in Ref. [43], force sensors in Ref. [44], pressure sensors in Ref. [45],
and piezoresistive sensors for bones stress and characterization are described in Refs.
[46—48].

*  Capacitive: MEMS-based capacitive accelerometers operate by sensing the capacitance
changes between electrodes fixed to a proof mass and electrodes fixed to the accelerome-
ter package. Acceleration causes displacement of the proof mass, and the change in capac-
itance can be measured. Capacitive accelerometers are widely deployed in low-cost,
large-volume automotive applications, but it is also possible to produce higher precision
devices for other more demanding applications, such as inertial navigation or acceler-
ometers for medical diagnosis or therapy use [17]. Capacitive accelerometers can be made
using bulk or surface micromachining, and both lateral and vertical structures are
possible.

*  Optoelectronic sensors are reviewed in Ref. [49] and their use in cardiorespiratory vital
sign measurements are discussed in Ref. [50].

* Resonant magnetic field sensors [7].

8.1.2 Unique advantages of quantum tunneling NEMS devices

Quantum tunneling devices have advantages over devices that utilize the above
transduction mechanisms, for example:

» Piezoelectric transducers require high voltages; the extension range depends on the length
of the piezoelectric element and the applied voltage. The brittle piezo element is an active
part of a sensor and often fails (breaks) in dynamic measurement applications.

» Piezoresistive accelerometers exhibit an uncompensated temperature coefficient of around
0.2°C, which means that temperature compensation is required. This compensation can
involve such process steps as laser-trimming, inevitably adding cost. Piezoresistive accel-
erometers also tend not to be stable over time.

*+ MEMS-based piezoresistive accelerometers are produced using bulk micromachining,
with feature sizes that make integration with microelectronics difficult.

* As discussed above, capacitive accelerometers require the measurement of extremely
small changes in capacitance, which limits resolution.
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Several capacitance sensing MEMS accelerometer designs have been reported
with thermal noise in the order of 1 pg/+/Hz in an air environment. An improve-
ment of 100 times is to be expected when operating in a vacuum. These capacitor-
based designs have not been driven to vacuum-based techniques because of the
difficulties in measuring device output much below these levels. Resolution of
movement down to 10 nm has stretched the capabilities of capacitive sensing and
the associated amplifier techniques. The quantum tunneling measurements should
be capable of providing resolution of movement such that 50 nm represents a full-
scale output.

This capability has no parallel in traditional sensor technology and opens up the
possibility of an entirely new class of biomedical NEMS devices.

Power systems required for prolonged sensors and devices useful for life opera-
tion, especially in case of implantable devices, may be battery-based, thermo-voltaic,
photovoltaic, micro fuel cell, electrostatic, capacitive, electromagnetic, piezoelectric,
and energy-harvesting systems [16,30,43,51—53].

Wiring for minimally invasive implantable sensors with thousands of channels
for in vivo neuronal recording, medical diagnostics, and electrochemical sensing
was presented in Ref. [54].

Communication is often realized through wireless means, such as in MEMS
microphones [55], MEMS for pressure sensing in the gastrointestinal (GI) tract
[56], or MEMS-based accelerometer [57].

Wearable antennas for medical monitoring systems were discussed in Ref. [58].

Data transmission from biomedical sensors [16] and data processing and analysis
are also important topics tackled with modern approaches such as convolutional
neural networks [21], support vector machine [59], artificial intelligence [60], data
fusion for multiple MEMS-based cardiac and respiratory gating [61], and various
calibration methods for accelerometers [15].

Mechanical dynamic NEMS sensors are useful in a range of biomedical applica-
tions such as:

Measurand Sensor

Motion (velocity, acceleration)  Accelerometers

Sound Ultrasensitive microphones
Force (pressure) Pressure meters [44,62]
Flow Flow meters [63]

8.1.3 Further prospects for ultrasmall and sensitive medical
NEMS sensors in biomedicine

» Pressure sensors are used for nearly noninvasive medical monitoring for postoperative
intracardiac and intracranial monitoring.

Current technology requires placement of infection-prone catheters connecting
the target site with external pressure transducers, with an only short term of the
order of three to seven measurements possible. Long-term implantable sensors will
revolutionize postoperative care and will enable placement at multiple sites, for
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example, left atrium, left ventricle, pulmonary artery, superior vena cava, aorta, or
radial artery. These pressure sensors will be able to discern basal versus superior
cranial pressures. They will enable highly accurate diagnosis and allow optimiza-
tion of medical care and will help to detect adverse events earlier.

*  Blood pressure monitoring
Periarterial NEMS devices will provide constant 24/7, long-term, accurate data mea-
surement allowing optimization of medical therapy, instead of sphygmomanometers that
have not changed in over 150 years.

* Other sites where pressure sensing using ultraminiaturized pressure sensors would be used
are glaucoma = intra-ocular pressure, renal artery stenosis, peripheral vascular disease
(carotids, limbs), abdominal aortic aneurysm (where transmural pressure/tension will pre-
dict the timing of rupture), vertebral disc pressure, and bladder.

* Associated flow meters will allow pressure/flow analysis. Nanotech devices will be easily
incorporated into the large variety of stents currently being inserted. Examples of their
use include coronary artery, abdominal aorta, peripheral arteries such as carotid and limbs,
and stents are being developed for bronchi (airways).

» Sensors for motion localization, for example, eyes in sleep, limb in sleep.

*  Flow meters

Vascular flow

Critical blood flow scenarios: coronary, renal, carotid (pre-, peri-, postoperative).

Vascular spasm detection—cerebral: subarachnoid hemorrhages, migraine, neonatal

cardiac malformations

Flow meters: Airflow used for acute cases, such as asthma or sleep apnea, or for

chronic cases such as nasal, chronic obstructive pulmonary disease = COPD or others.

All these applications could be realized as wearable, patient-based network, either
internally placed, or externally worn, or in close proximity such as in mattresses in associ-
ation with a low-power wireless network such as passive radiofrequency technology, to
allow continuous or intermittent computer-based monitoring in a home, step-down facil-
ity, or hospital environment.

» Ultrasensitive microphones

Ultrasensitive microphones and microphone networks can be used for ultrasound
tests, investigation of structure/function of organs, in neonatology where organs can
be observed for normal development, organ transplant monitoring, and for loss of
function, such as in cardiac transplantation of the progress of the left ventricle and
atria. Ordinary organs will be able to be closely observed, such as in cardiac failure,
and more precise treatments tailored as a result.

8.2 Quantum tunneling

Tunneling of particles (electrons, protons, alpha particles [64—66]) is an exclusively
quantum phenomenon arising out of the particle-wave duality. It can only be
explained by the laws of quantum physics. In the quantum realm particles such as
an electron, proton, or alpha particle can penetrate energy barriers higher than the
energy of that particle, and appear on the “other side” in a “ghostlike” manner. The
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history of the earliest studies of tunneling phenomena gives a fascinating insight
into the development of modern quantum physics [67,68].

Several Nobel Prizes in Physics were awarded for contributions related to quan-
tum tunneling effect:

» de Broglie, for conceptualizing particle-wave duality [69];

» Bethe, for explanation of energy production in the Sun and stars [70,71];

» Josephson, for theoretical predictions of the properties of a supercurrent through tunnel
barrier—Josephson effect [72];

» Esaki and Giaever, for experimental discoveries regarding tunneling phenomena in semi-
conductors and superconductors, respectively [73,74];

* Binnig and Robhrer, for the design of the scanning tunneling microscope (STM) [75].

Quantum tunneling explains fundamental processes in nature from astrophysics,
for example, physics of energy production in stars, to life science, for example,
electron transfer in respiratory complexes of mitochondria and enzymes [76—80],
but it is also the essence of a number of modern technologies, devices, and mea-
surement techniques.

Magnetoencephalography is an imaging technique used to measure the magnetic
fields produced by electrical activity in the brain via extremely sensitive magnet-
ometers, typically superconducting quantum interference devices that are built with
superconducting tunneling Josephson junctions.

STM ““is widely regarded as the instrument that opened the door to nanotechnol-
ogy and a wide range of explorations in fields as diverse as electrochemistry, semi-
conductor science, and molecular biology” [81].

Other useful tunneling devices we should mention are funneling diodes or quan-
tum computer designs based on Josephson junctions.

We will not expose here the details of quantum tunneling ideas and formalism
but merely direct the reader to textbooks on quantum mechanics, or specialist
monographs such as [82,83].

8.3 Design and proof of concept for quantum tunneling
NEMS sensors

8.3.1 Different designs of quantum tunneling sensors

The whole class of sensors, such as accelerometers, pedometers, and pressure and
flow meters, can be constructed on the basis of motion measurement in time and
time derivatives. Here we describe a type of NEMS motion sensors based on quan-
tum tunneling between arrays of nanowires. The ideas described below were devel-
oped by one of the authors with coworkers at Quantum Precision Instruments Asia
Private Limited (Quantum-r) in Singapore between 2004 and 2008 [84—90].

The proposed devices were branded dynamic nanoTrek. Their operation is based
on a variable overlap area of the quasi-1D nanowire electrodes placed on two oppos-
ing atomically flat surfaces.
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The intellectual property rights [86] describe a novel technology for ultrasensi-
tive monolithic quantum tunneling NEMS sensors. Arrays of quasi-1D nanowires
are fabricated on two substrates. When a small bias is applied between the two sets
of nanowires that are essentially in a parallel configuration, a tunneling current
flows between them. The substrates are allowed to slide laterally with respect to
each other, with separation between a set of nanowires kept constant. The tunnel
current is an extremely sensitive measure of the overlap area of nanowires on both
the opposing substrates. These NEMS devices unlike their predecessors [91—96]
are not cantilever, beam, or point tip devices.

This new and unique technology has not been implemented yet. Despite the con-
siderable technical challenges, the theoretical and experimental bases of the project
are well substantiated. The first working linear encoder of position based on quan-
tum tunneling has been demonstrated. The sensing element consisted of 12,000
nanowires, each 90-nm wide and 5-mm long (~ 1:55,000 aspect ratio of width-to-
length of nanowires), on a sensing area of 5 X 4.3 mm [90].

Binnig and Rohrer were awarded the Nobel Prize in Physics for constructing and
successful demonstration of the STM [75]. Soon after their feat, several groups
attempted to build cantilever or beam geometry sensors based on quantum tunneling
through a variable interelectrode gap [91—96]. Despite considerable efforts and
some successes, cantilever geometry quantum tunneling dynamic sensors have not
achieved broad commercial success. Here, we propose a different principle of oper-
ation for quantum tunneling devices. nanoTrek devices are not cantilever or beam
devices. They are based on a constant interelectrode separation, but variable tunnel-
ing area between two sets of nanowire arrays deposited on two separate substrates.
These sensors are unlike any previously built or designed MEMS/NEMS devices
[97—-102].

8.3.2 Quantum tunneling NEMS devices based on overlapping
arrays of nanowires

The concept of tunneling between systems of conductors with a variable area has
never been exploited before. In the design of a tunneling sensor proposed here, arrays
of nanowires (quasi-1D conductors) are deposited on two substrates. Nanowires are
made of a suitably chosen metal (TaN, Au/Ti, Ag, selectively doped substrate, or
other) and are from few to 250 nm in width and a few pm to several mm in length.
The nanowires are separated by several to 250-nm wide insulator strips (e.g., sub-
strate in damascene process). An important parameter of the device is the pitch,
defined as a sum of the nanowire width and the adjacent insulator strip width.

The two substrates can be brought into close proximity. Preferred embodiment is
for the substrates to be monolithically integrated and held in place by flexible sup-
port structures. When a small bias (not more than few volts) is applied between
the two sets of nanowires, a tunneling current flows between them. The plates are
allowed to slide laterally with respect to each other, but the intersubstrate normal
separation remains constant. The current is an extremely sensitive, oscillatory
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(not exponential!) measure of the overlap area or shadowing of the nanowires on
the opposing substrates.

In the static mode of operation, nanoTrek is a transducer of position or transla-
tion. It can operate in coarse grain and large translation resolution when one plate is
translated with respect to the other by more than one pitch length. The fine-grain
and small translation resolution will be achieved when translation is less than one
pitch length. In fine-grain resolution mode, nanoTrek will have subnanometer linear
sensitivity. This mode of operation can be thought of as a quantum tunneling linear
encoder of position. Proof of concept for this type of device has been constructed
and demonstrated.

In the dynamic mode of operation, where devices are coupled with integrated
inbuilt timers and nano-spring equilibrium position return mechanisms, nanoTrek
devices will constitute an entire family of new, exceedingly sensitive NEMS sen-
sors. Due to specific geometry and mechanism of operation, a nanoTrek sensor will
not be prone to problems inherent in earlier cantilever tunneling sensors such as tip-
counter electrode crashing and subsequent short-circuiting and tip damage, drift,
low current signal, and an exponential characteristic response.

There are several challenging issues in developing this kind of NEMS devices
posing substantial technical risk, but also offering a high potential reward, listed
here:

» Developing fabrication techniques for 3D monolithic devices with 2D arrays of quasi-1D
nanowires on opposing (internal, hidden) surfaces.

+ Fabrication of nanowires, few-to-100-nm wide with nearly atomically smooth surfaces.

» Developing packages for stand-alone sensors that can be only 50—100 um in size.

» Developing robust digital signal processing (DSP) for the low-level electrical nanosystems.

+ Optimizing the application-specific vibrational response of the nanosensors.

» Integration of sensing, power, and communication facilities on a single chip in a single
package.

+ Controlling the dimensions, compositions, and shapes of fabricated nanowires with suffi-
cient precision.

» In alternative embodiments, we propose the use of two separate chips and soft-matter
spacer (this is the embodiment used in our linear encoder), which leads to very subtle
issues of selection, application, and life-time issues regarding soft-matter spacer.

* Spacer nanotribology, including stiction, adhesion, and frequency response.

+ Device encapsulation and containment of the liquid or soft-matter spacer.

» Electrical connectivity, or nano-micro-macro signal transfer and communication from a
stand-alone or sensor-in-a-network to the macroscopic world.

» Packaging and modularity.

» Thermal and vibrational response, noise, and robustness of the devices.

* Behavior in hostile environments.

*  Micropower and network integration.

Other research groups, using a variety of approaches, have addressed some of
the above challenges in a different context—especially in the multitude of ways for
fabricating nanowires. A good example of such an early work is the molecular
memory research done by Phil Kuekes, James Heath, R. Stanley Williams, and
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others at Caltech, and Hewlett-Packard and few early molecular electronics compa-
nies [103] that were fabricating arrays of nanowires on two substrates forming a
square grid crossbar separated by a layer of multistate memory molecules [104—107].
In contrast to that work, nanoTrek will be an electromechanical system with a mov-
able nanowire substrates (Table 8.1).

The greatest remaining technical challenges are as follows:

Monolithic 3D integration

This is the most challenging aspect of proof-of-concept work. We propose at
least two different alternative approaches to address this challenge:

* 3D monolithic, seven-mask process that uses the creation of several layers and embedded
elements (nanowires, suspension springs, terminal connections, etc.) and elective removal
of gap material using isotropic wet etching described in detail below (including process
flow chart);

+ hybrid process where two complementary parts of the device are fabricated on two wafers
and subsequently joined to form a device—the risk and the great unknown here is that in
MEMS practice, void spaces are of an order of microns and we must reduce it to less than
10 nm.

Fabrication of uniform nanowires with atomically smooth surfaces
2D parallelism and constant separation between plates
Another challenging aspect of this design is the achievement and control of a constant,
predetermined and extremely small of less than 10 nm, intersubstrate separation, as well
as the 2D intersubstrate parallelism. Note that the plates are to be of the order of
100 X 100 pm.
Signal transfer and packaging
The entire fabrication process has to be compatible with existing microelectronics
fabrication processes. Apart from the core nanoTrek sensing element, the sensors will
require on-chip-integrated electronics to provide control and signal conditioning, com-
munication, and micropower (if possible). For various sensor applications where the
device needs to interact with the outside environment, tailored packaging schemes will
need to be designed. A major risk arising from bonding and packaging is the possibil-
ity that the mechanical and thermal stress induced during these processes will cause
damage or impair performance. The risk is that all existing bonding techniques might
affect the device behavior in an unacceptable way, so alternative methods may need to
be developed. For devices that would operate in harsh environments, the packaging
requirements will be considerably more rigorous than conventional microelectronic
components.
Noise relating to low outputs
Noise from the electronics that interfaces the macro world to the sensing elements
is the factor that limits the overall resolution for most accelerometer designs [109].
This is because the outputs of the sensing elements in accelerometers are often
extremely small in both absolute and relative terms. For capacitive accelerometers the
change in capacitance that corresponds to a particular acceleration may be extremely
small. It was shown that for an example set of sensing element characteristics, a 1-mg
acceleration would cause a change in capacitance of only 10 ppm [110]. We expect
similar factors to influence quantum tunneling sensors, especially critical is very small
electrodes area and relatively large interelectrode separation (~ 10 nm).



Table 8.1 Key technical factors.

Key factors Technical Commercial Current practice Associated technical Innovative technical
targets requirements barriers approaches
Production of | <1 nm No “micro-tips” Achievable, for example, Chemical Entire wafer area Sensor area very small
atomically formation Mechanical Planarization (CMP) undulation, —undulations not
smooth process especially 8” visible at this scale
surfaces wafers
Maintenance <1 nm Related to spring | No known applicable current practice Very detailed NEMS Use of soft-matter
of proof variation constant of mechanical spacer or novel
mass to proof mass modeling, MEMS structure
substrate (very stiff in nanometer
spacing the direction dimensions
parallel to tolerances
normal to two
plates)

Low thermal
noise
structure

Nanowire
width and
spacing

10 ng/~/Hz

10 nm/
10 nm

500 ng/~/Hz

90 nm

90 ng/~/Hz [108]

100 nm (mainstream complementary
metal —oxide—semiconductor (CMOS)
process), 10 nm (nanoimprint
lithography and atomic layer epitaxy
(ALE))

Low damping

Nanowires on
internal opposing
surfaces of plates

Structure with low
damping; vacuum
packaging

Novel 3D process,
eeactive ion etching
(RIE), hybrid
process, separate
plates solution

MEMS, Microelectromechanical system; NEMS, nanoelectromechanical system.
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Thermal noise

Accelerometer proof masses are affected by mechanical-thermal noise. Thermal noise is
usually not a restricting factor in the performance of capacitive accelerometers, due to the high-
er noise level related to position sensing. All devices are characterized by inherent 1/f noise,
characteristic of various types of noise in the electronics that limits the overall performance.
Micropower, networking, integration

Each of the key issues mentioned in this paragraph is a topic of intense current
research [111—129]. Individually none would perhaps be considered an extraordi-
nary challenge but combining all into a working, robust quantum tunneling dynamic
NEMS sensor of minute dimensions poses substantial technical issues and risks
(Table 8.2).

Many methods were successfully developed to fabricate arrays of nanowires
[130—163].

The most successful embodiments of proof-of-principle nanoTrek devices, so
far, have been fabricated at Singapore’s A*STAR Institute of Microelectronics
(IME) and tested at Institute of Materials Research and Engineering (IMRE). Test
results have been published in peer-reviewed conference proceedings [87,89,90].
The publications demonstrate the achievement of large arrays of 12,000 nanowires,
each wire of 90-nm width and 5-mm length that displays voltage- and displacement-
dependent current characteristics consistent with the quantum tunneling theory. To
maintain controlled and uniform separation between the opposing arrays of nano-
wires, these devices have used soft-matter spacers (PFPE or Zdol, lubricant used in
hard disk drives) with good results achieved. The two figures below represent
second-generation nanoTrek devices fabricated at IME in Singapore (Fig. 8.1).

Table 8.2 Technical success criteria.

Technical criterion Target Explanation
Atomically smooth <1 nm Required to avoid formation of micro-
substrates tip tunneling electrodes
Tunneling current signal >1nA Required for compact digital signal
level processing (DSP) electronics
Variation in peak quantum 10% Required for uniformity in mass-scale
tunneling current product
between devices
Device noise floor <10ng/+/Hz | Includes thermal noise, quantum
tunneling current noise, and readout
circuit
Shock resistance 20g Required for device robustness
Network of many sensors >20 Depending on application
Distance between each >5m Required for large engineering
sensor in distributed structures monitoring
wireless network
Power for each sensor in 1 year Required for maintenance-free operation
wireless network (ideally energy harvesting power
sustained for at least sources should be used)




Quantum tunneling nanoelectromechanical system devices for biomedical applications 225

NN

(A)

Figure 8.1 (A) Tilted view SEM image of TaN metal line nanowires before planarization.
The fabrication of the nanoTrek devices was done at the IME using an 8”semiconductor
processing line. TaN is the metal of choice for nanowires due to its favorable surface and
other properties. The sub-100-nm lines having a 360-nm pitch were patterned using a Nikon
KrF lithography scanner with an alternating phase shift mask. Dry etching was used to
transfer the resist patterns into the metal layer followed by USG deposition and chemical
mechanical polishing (CMP). (B) A cross-sectional scanning electron microscope image of
TaN nanowires. The width of the nanowires is nominally 90 nm and their pitch is 360 nm.
The specimen was fabricated for Quantum-= at IME, Singapore. (C) STM image of a human
hair. IME, Institute of Microelectronics.

8.3.3 Proof-of-concept tunneling current measurements, NEMS
conceptual designs, and proposed fabrication processes

Quantum-7 has tested a quantum tunneling current-based linear position encoder at
the IMRE facilities in Singapore. With the relative positions of the top and bottom
nanowire arrays held fixed, all tests showed strongly nonohmic current-voltage
characteristics in good agreement with quantum tunneling theory. When the arrays
were laterally displaced, with constant vertical separation and a fixed applied volt-
age, oscillatory current versus position curves were obtained. Fig. 8.2 shows a typi-
cal result. The high tunneling current values observed, compared to other tunneling
devices such as STMs, is due to the very large total area of nanowire electrodes in
the present devices (Figs. 8.3—8.5).

8.4 New quantum tunneling metrology for cantilever-
based devices

Atomic resolution scanning probe microscopy (SPM) [164] includes the original
STM, which was originally developed at the IBM Laboratories in Zurich [165],
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Figure 8.2 The measured quantum tunneling current versus translation in a proof-of-concept

quantum tunneling linear position encoder obtained by Quantum-n at IMRE, Singapore [90].
IMRE, Institute of Materials Research and Engineering.

Figure 8.3 It depicts perspective views of 3D nanoTrek monolithically integrated devices.
The all-important arrays of embedded nanowires on the bottom surface of the top plate and
on the top surface of bottom substrate are not depicted here. See the process flow diagram in
Fig. 8.5 for the nanowire locations and their proposed method of fabrication.

various kinds of atomic force microscopes (AFMs) [166,167], and many derivative
kinds of STM probes. These local atomic resolution probing techniques are consid-
ered to be the basic metrology techniques in nanotechnology and in many modern
biological, materials, and engineering applications [168—170].

Some 4000 AFM-related papers were published by 2005 alone, with several
thousands of them published since the original paper [166]. More than 500 patents
related to various forms of SPM have been filed worldwide. AFMs are critically
important instruments in biology and life science, physics, chemistry, surface sci-
ence, semiconductor manufacturing, materials science, and nanotechnology. AFMs
have been sent to space with the Rosetta European Space Agency mission and
NASA is planning to send AFM in its mission to Mars to analyze particle size dis-
tribution in cometary and Martian material.

SPM-like microcantilever devices have wide range of applications as chemical
sensors. Several devices were built to serve a function an artificial nose [171—173].
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Substrate preparation
Metal deposition
Hard Mask deposition
Photoresist spin

Pattern transfer into hard mask

Photoresist removal
Pattern transfer into metal

USG deposition

i H i | | | || | | | | CMP of USG and hard mask,

stop on metal

Figure 8.4 Process steps for current nanoTrek fabrication. Please note the process is
identical to the first steps 1—4 in a considerably more elaborate process depicted in Fig. 8.5.

Microcantilevers (and microcantilever arrays) were built as prototypes of memory
devices [174,175], atomic force-guided scanning Hall probe microscopy [176], or
force metrology sensors [177,178].

George et al. [179] built a cantilever-based device to measure kinetics on
blood platelet contraction, although in that case, a nickel wire cantilever was in a
quite different embodiment than typical STM or AFM arrangement. Katta and
Sandanalakshmi [180] present a molecular mass biosensor with four cantilevers
with a goal to establish a classification scheme for tropical and subtropical diseases.
Piezoresistive microcantilever-based system for biochemical sensing was demon-
strated by Nag et al. [181]. Wu et al. have demonstrated that microcantilevers of
different geometries were effective to detect two forms of prostate-specific antigen
over a wide range of concentrations in a background of human serum albumin and
human plasminogen [182].

The dominant tip deflection sensing technique is based on an optical laser beam
metrology. However, optical metrology to measure cantilever bending has several
limitations making cantilever-based measurements difficult, time-consuming, or
even impossible in certain situations. There are several pain-points of the optical
cantilever metrology that can be solved with proposed below quantum tunneling
metrology. The need to phase out optical metrology for AFM cantilevers has been
motivating researchers to find alternative metrology solution. Just two notable
examples include tunneling point-contact solution from IBM/Stanford University
team [183] and MOSFET-embedded cantilevers from Northwestern University
team [184]. A new and complimentary cantilever deflection metrology where direct
electrical detection of cantilever deflection using quantum tunneling would be
desirable is described here.

In 2010 Quantum-Pi proposed to develop new AFM cantilevers metrology based
on quantum tunneling. The technology is protected by patents [88].
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Note: to enable the removal of the sacrificial oxide by wet etch,
the top plate nitride may have to be perforated in a separate photolitography step

Substrate preparation
Silicon Oxide(1) deposition
Polysilicon(1) deposition

Photoresist spin
Bottom plate definition photo

Polysilicon(1) etch
Photoresist removal
Silicon Nitride(1) deposition

CMP (stop on Polysilicon)

Silicon Oxide (sacrificial) CVD
Polysilicon(2) CVD
Photoresist spin

Top plate definition photo
Polysilicon(2) etch
Photoresist strip

Silicon Nitride(2) deposition

Photoresist spin
Bonding pads photo

Bonding pads etch
Photoresist removal

Metal deposition
Metallisation photo

Metal etch
Photoresist removal

Photoresist spin
Active area photo

Silicon Nitride(2) etch
Sacrificial oxide dry etch
Photoresist removal

Photoresist spin
Bonding pads masking photo

Sacrificial silicon oxide removal
(by isotropic wet etch)
Photoresist removal

Figure 8.5 Suggested process flow for fabrication of 3D monolithic structures like those in
Fig. 8.3, including the nanowire arrays and electrical connections.
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8.4.1 Quantum tunneling cantilevers: proof-of-concept
description

The quantum tunneling cantilever device concept is illustrated in Fig. 8.6A. It con-
sists of kind of superlattice consisting of alternating layers of few to less than
hundred nanometers thick conducting material, separated by insulating layers. The
tunneling current flows from the cantilever across the narrow gap of at most few tens
of nanometers to opposing layers that are part of the substrate structure (frame). The
entire structure can be monolithically integrated (as shown in Figs. 8.6B and 8.7).
The most innovative step in the proposed proof of concept is to fabricate a
monolithically integrated quantum tunneling effect cantilever device. This includes
the development of a suitable material system comprising a number of alternating
conductive and insulating layers, each of the order of a few to less than hundred

(A)

Cantilever Receiver

Figure 8.6 The quantum tunneling cantilever in cross section (A) and perspective (B). Idea
diagram, the dimensions are not in proportional scale. The circled portion is shown in more
detail in Fig. 8.7. This is a schematic diagram and the dimensions are not to scale.

(A) O"-yl (8) 0\"4

frame frame

cantilever

cantilever

Figure 8.7 Detail of the circled region in the previous figure. Panel (A) illustrates the
cantilever position when conducting nanolayers are aligned with surrounding frame conducting
layers—quantum tunneling current is strong. Panel (B) shows the cantilever deflection,
misalignment of opposing conducting layers leading to minimum of tunneling current.
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nanometers thick with a separate electrical contact to each layer forming a superlat-
tice vertical structure. However, the most challenging fabrication step will be the
creation of a high aspect ratio funneling gap of maximum few tens of nanometers
wide, 2—4 pm deep, and 20—100 pm long, as illustrated in Fig. 8.6 (not to scale).

Another innovative aspect of the device fabrication is the double-sided proces-
sing of the wafer. The cantilever devices could be fabricated on an 8-in silicon on
insulator (SOI) substrate. To produce the required structures, it will be necessary to
carry out double-sided wafer processing, meaning that process steps are to be car-
ried out on both the front and back sides of the wafer. On the wafer front side the
cantilever structure will be defined through the deposition and etching of several
metals and dielectric layers. The wafer backside will be etched selectively to
achieve a very thin silicon membrane (2—4 pm thick) that constitutes the main
mechanical structure of the cantilever. In the last step, one end of the cantilever
will be separated from surrounding area by focused ion beam or other processes to
form the tunneling gap of at most few tens of nanometers.

The technological challenges include achieving the required precision alignment
of the structures created on the front and the back of the substrate and the stopping
of the back side etch on the buried oxide layer to form a cantilever of precisely
the required thickness. The key and novel technological benefit of such a device
is that quantum tunneling current is very sensitive to cantilever deflection, varying
by as much as 100% for small deflections of the order of a few nanometers. In com-
parison the fractional current change in a comparable piezoresistive device is five
orders of magnitude smaller on the order of 10 >% per nanometer. Although optical
metrology employed widely in almost all SPMs provides sufficient resolution in
many applications, it also requires dedicated pieces of optics (laser, detectors) and
very elaborate calibration and environmental control (temperature, humidity, vibra-
tions) not suitable for many in situ sensors required in biomedical applications.

The quantum tunneling effect cantilever conceptual design presented here pro-
vides all electronic means of deflection measurement that is integrated within the
cantilever with the following advantages:

» superior feature resolution and speed performance compared to all other SPM cantilever
technologies;

+ simplicity and reduced cost of SPM systems;

» compact and robust design for applications where access is limited;

+ compatibility with a broad range of submerged, chemical, and ultrahigh vacuum
environments;

+ extremely small size and possibility of using it in situ in biomedical applications.

Cantilevers are replaced almost daily by users of SPMs as the tips get blunted or
crashed and only new replacement cantilevers can ensure accuracy. The quantum
tunneling cantilever sensors are expected to be compatible with existing commer-
cial SPMs while providing superior performance to the existing technologies in
terms of sensitivity, simplicity of use, and cost. The cost of optical metrology com-
ponents in SPMs, including cantilever preparation (i.e., gold layer deposition), will
be shifted into consumables (cantilevers) in a fashion similar to printing cartridges
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in modern printers. Other important advantages of quantum tunneling cantilevers
include smaller footprint (through elimination of optical metrology elements), a
very important feature, especially in ultrahigh vacuum instruments where space is
at premium. In biological AFMs operating in liquid, quantum tunneling cantilevers
solve the currently difficult problem of optical metrology calibration in the presence
of liquids of often unknown refractive index.

8.5 Final word: future prospects for NEMS in biomedical
applications

The wide adoption of quantum tunneling NEMS in biomedical research, diagnos-
tics, patient observation, and treatment is still at a concept stage. Over the last 20
years, there were notable and successful examples of producing proof-of-concept
quantum tunneling sensors and NEMS, but we are still rather far away from mass
production and adoption of such devices in medical field. However, with incredible
advances in semiconductor and material processing at nanoscale driven by micro-
electronics, computer industry, and MEMS/NEMS, we may expect that quantum
tunneling sensors built following designs outlined above or others will become
available sometime. The idea of smart dust [185] dates back to concepts proposed
by Kris Pister at University of California, Berkeley back in the 1990s. Smart dust is
still a subject of research and development and projects are being funded by various
agencies. Quantum tunneling transduction, as outlined in this chapter, is very well
suited to provide sensing mechanism in smart dust sensors. A proof-of-concept
design of nanorobots for exposing cancer cells was presented by Dolev et al. [186].
The authors hope that this contribution provided outline of quantum tunneling trans-
duction mechanism and its application in biomedical NEMS sensors and will lead
to further fruitful explorations, research and technical discussions, and creation of
new quantum tunneling NEMS biomedical sensors.
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9.1 Introduction

Cancer is the second leading cause of death in the world behind cardiovascular disease.
It is considered to be the cause of one out of every six deaths worldwide [1]. While the
overall number of cancer fatalities is rising, this is most likely due to aging and growing
populations. Breast cancer (11.6%), lung cancer (11.4%), colorectal cancer (10%), pros-
tate cancer (7.3%), and stomach cancer (5.6%) are the most common cancers [2]. Cancer
is defined by the American Cancer Society as “A category of diseases characterized by
unregulated development and spread of abnormal cells, which can result in mortality if
the spread is not controlled” [3]. In cancer, some of the body’s cells grow uncontrollably
and spread to other parts of the body. If cancer is diagnosed and treated early, fatality
rates can be lowered. Modern imaging tools and morphological inspection of tissues (his-
topathology) or cells (cytology), which aid in the early detection of malignant growth,
have made it easier to detect and cure cancer.

The potential for cancer diagnosis and treatment using nanotechnology is enor-
mous. Nanotechnology is a fantastic science that can not only improve cancer diag-
nostics but also provide detection strategies with greater reliability, susceptibility,
and specificity. It has resulted in the development of nanomaterials with novel sur-
face architecture and characteristics, thereby opening up new possibilities for
molecular manipulation. The fabrication of biocompatible quantum dot (QD) nano-
materials for the diagnosis and treatment of cancer is an area of enormous interest.
This chapter highlights the QDs as an emerging application of nanotechnology, spe-
cifically for the diagnosis and therapy of cancer.

9.2 Pathophysiology of cancer

Cancer is defined as the abnormal development of a group of cells that defies the
normal cell division rule. These cells are referred to as cancer cells. Cancer is a
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disease in which a normal cell is transformed into a cancer cell through a process
known as carcinogenesis. The transformation of a normal cell into a cancer cell is
induced by a number of causes. Carcinogens are the factors or agents that cause
cancer. Researchers classify cancer causes into two categories: (1) cancer caused by
environmental factors that include lifestyle factors (e.g., tobacco use, nutrition, and
physical activity), Natural occurring exposure to ultraviolet light, infectious agents
and radon gas, and medical treatments (e.g., radiation and medicine); (2) cancer
caused by genetic factors [4]. The damage to the genetic structure of normal cells is
widely acknowledged as the pathogenesis of cancer (e.g., gene expression distur-
bances, mutation, and activation of genes that promote tumor and inactivation of
tumor suppressor genes).

Normal human cells usually grow and divide to produce newer cells; therefore
the older cells are constantly shed and replaced with new cells. This process is ham-
pered, in case of the deadly condition grows inside the body. As a result, the cells
become entirely unusual, as damaged cells coexist with new cells in the body, even
when they are not required. These unwanted cells continue to divide indefinitely,
causing the tumor to spread (Fig. 9.1). The tumor could be benign or cancerous.
Benign tumors are not considered destructive since they grow slowly and do not
damage other body tissues or spread to the other parts of the body. Malignant
tumors, on the other hand, spread uncontrollably, resulting in rapid tumor growth.
These tumors then target other organs of the body via numerous pathways such as
the lymphatic system and blood, eventually forming new cancers.
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Figure 9.1 Cell division in normal and cancer cell.
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9.3 Present diagnostic methods

Early detection is critical to the effective treatment of the disease in cancer control.
As a result, mortality associated with the disease is greatly reduced. In recent years,
modern imaging tools and morphological inspection of cells (cytology) or tissues
(histopathology) aid in early detection of malignant growth and have made it easier
to detect and cure cancer. Imaging techniques such as magnetic resonance imaging
(MRI), X-rays, ultrasound, and endoscopy can potentially distinguish the malignant
tumor when there is a notable change in the tissue [5]. These methods do not differ-
entiate between benign and malignant tumors. There is a risk of damage to normal
tissues or incomplete cancer eradication with all these methods. There are few
screening tests available for various types of cancers and many of them are not
very reliable. In addition, noninvasive screening methods are not accessible for dif-
ferent types of cancer and only a small percentage of patients follow screening cri-
teria. Overdiagnosis and overtreatment are risks with individuals being detected and
treated for cancers that are not life-threatening or causing symptoms. In overdiagno-
sis, patients are exposed to unnecessary physical harm due to invasive diagnostic
tests and treatment as well as the psychological stresses associated with the cancer
diagnosis. In combating cancer, half the battle is won if the cancer is detected in an
early stage. Thus the development of advanced technologies for the identification
of malignant tumor in the initial stages is a challenging task.

9.4 Nanotechnology in cancer

Nanotechnology has achieved major heights in the recent decade. It has revolution-
ized the way cancer is detected and treated [6]. Nanotechnology has the ability to
target cancer biomarkers and cancer cells selectively, diagnose a single small cancer
cell with high sensitivity, deliver the drug to the cancer cell with high specificity
and monitoring the progress of cancer therapy progress, and annihilation of only
cancer cells [7]. A number of nanomaterials are used today in molecular imaging to
diagnose cancer and monitor its progression. Certain advanced nanomaterials used
to detect cancer include supermagnetic nanoparticles, nanoshell, QDs, nanosponge,
dendrimers, nanodiamonds, and nanowires. The design and development of QDs
has advanced considerably in recent due to the increased interest in inorganic parti-
cles and versatile and unique characteristics of QDs.

9.5 Quantum dots

Since the past 20 years, low-dimensional nanosized systems have established a new
field of research in condensed-matter physics [8]. Using modern semiconductor pro-
cessing techniques, it is possible to artificially create quantum confinement of only
a few electrons. These artificial structures, designed and fabricated in the laboratory,



246 Quantum Materials, Devices, and Applications

have much in common with atoms. Usually they are called “QDs”. The term QDs was
coined by an American physicist Mark Arthur Reed [9]. With the discovery of quantum-
size effects in the optical spectra of semiconductor nanocrystals, by Alexei Ekimov in a
glass matrix [10] and Louis E. Brus in colloidal solution [11], sparked the interest in
QDs. QDs are nanosized (typically ranged between 2 and 10 nm), highly crystalline,
semiconductor crystals that demonstrate quantum mechanical behavior. QDs are usually
composed of heavy metals such as indium, cadmium, copper, zinc, selenium, tellurium
or their combinations, and oxides. Earlier QDs were composed of zinc oxides, zinc sul-
fides, cadmium sulfides, copper selenide, and cadmium selenide. In today’s scenario the
new classes of QDs from carbon origin such as grapheme dots and carbon dots are also
found to be a potential candidate for various biomedical applications [12]. QDs are zero-
dimensional nanomaterials and have a higher density of states in comparison to higher
dimensional nano-structures, which result in the unique optical and transport properties of
QDs [13]. The dimensional similarities between the biological macromolecules and QDs
can allow nanotechnology to be integrated with biology, resulting in a variety of benefits
in medical science, molecular biology, and cell biology. When semiconductor crystals
are produced small enough, quantum effects start to exist, limiting the energies at which
electrons and holes (the absence of an electron) can exist in the nanocrystal [14]. Since
energy is proportional to wavelength the particle’s optical properties can be optimized
depending on its size. By regulating the size of crystal, they can be made to emit or
absorb particular wavelengths/color of light. QDs have a semiconductor core that is over-
coated with a shell (e.g., ZnS) to enhance optical properties as well as a cap that allows
for increased solubility in aqueous buffers [15].

9.6 Properties of quantum dots

9.6.1 Optical properties

Because of their small size, QDs have unique optical properties [16]. Special optical
properties of QDs include bandgap, Stokes shift, fluorescence, brightness, and
photostability.

9.6.1.1 Band-gap energy

Electrons (in atoms/molecules) typically occupy distinct energy levels. However, in
solids, these energy levels combine to form bands. Those electrons that are used to
bind the atoms are present in the valence energy band, whereas the leftover elec-
trons are able to move freely around. For many materials, there is an energy gap
between the two bands. The distance between the valence band and the conduction
band of electrons is known as a bandgap [17]. Essentially, the bandgap represents
the minimum energy required to excite an electron up to a conduction band state
leaving behind a hole [18] (Fig. 9.2).

An exciton is formed when an electron and a hole join together. A photon with
longer wavelength will be emitted when this exciton recombines (i.e., the excited
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Figure 9.2 Representation of band-gap energy.

electron returns to its ground state). This phenomenon is known as fluorescence
[19]. Quantum confinement generally results in a widening of the bandgap with a
decrease in the size of the QDs (Fig. 9.3). QDs exhibit size-dependent discrete
levels of energy. As the energy gap increases, the size of QDs decreases, resulting
in a size-dependent rainbow of colors. Small QDs emit light with higher energy
that is bluish in color and larger QDs emit lower energy light that is red in color.
As the emission wavelength depends on the QDs size, their fluorescence can be
readily controlled by changing their size during the QDs synthesis process [20].

9.6.1.2 Stokes shift

Stokes shift is one of most common features of QDs. The photoluminescence red-
shift, relative to absorption (also known as the Stokes shift), is commonly observed
in semiconductor QDs and is one of the important features that determines the opti-
cal properties of QDs. Stokes shift refers to the difference between the wavelength
at which a molecule emits light and the wavelength at which it was excited [21].

The whole emission spectra of QDs can be detected if the excitation and emis-
sion spectra of QDs are separated by a higher distance (Fig. 9.4). This improves the
detection sensitivity of QDs. QDs can be utilized for multicolor detection with a
single wavelength—excitation source because of their extraordinarily large Stokes
shifts (up to 400 nm). Because the excitation and emission spectra of QDs are sepa-
rated by such a great distance, the detection sensitivity of QDs is improved because
the full emission spectrum may be monitored.

9.6.1.3 Fluorescence

The emission of light by a substance that has absorbed light or other electromag-
netic radiation is known as fluorescence. An external light source of a specific
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wavelength excites fluorescent molecules. The molecule absorbs a photon of this
wavelength, causing an electrical transition from a ground to an excited state. The
excited molecule returns to the ground state in a radiative transition after transitory
vibration relaxation to the lowest excited electronic state, generating longer wave-
length photons, which is fluorescence [22]. Fluorescence is widely used in micros-
copy and an important tool for imaging and detection purpose. The fluorescence
phenomenon happens in three steps: (1) excitation of fluorophore by the absorption
of light energy; (2) vibrational relaxation of excited state electrons to the lowest
energy level; and (3) fluorophore returns to its ground state accompanied by the
emission of light [23]. Cell metabolism can be determined from the spontaneous
fluorescence produced in cells and tissues.

The average residence period of fluorescent molecules in the excited state before
they return to the ground state is referred to as fluorescence lifetime (Fig. 9.5).
Fluorescence lifetime imaging microscopy exhibits great performance with high
sensitivity and specificity, allowing for the precise location of the cancer tissue, and
has a strong potential for application in cancer research and clinical diagnosis [22].
QDs have the ability to emit fluorescence with wavelengths that vary depending on
their size.

Excited state levels

Energy
Absorbed excitation light
Emitted fluorescent light

Fluorescence Lifetime (ns)

Ground state level

Figure 9.5 QDs have the ability to absorb light at a specific wavelength and then emit light
of a longer wavelength after a short period of time called fluorescence lifetime. OD,
Quantum dot.
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9.6.1.4 Brightness and photostability

The fluorescence intensity of a fluorescent molecule is referred to as its brightness.
A higher brightness improves the detected signal; hence it is a crucial property of a
fluorophore. To show a signal against the typically autofluorescent background
prevalent in biological systems, sufficient fluorescence brightness is required.
Photobleaching causes conventional organic fluorophores to lose their ability to
fluoresce after repeated exposure to excitation light. Here QDs have emerged as
bright and photostable nanomaterials. Because of their tremendous brightness and
extended photostability, QDs are particularly said to be an excellent probe for mul-
ticolor fluorescence imaging in biological applications [24]. Overlap between total
excitation and emission bands can be minimized by preventing reabsorption of
emitted light into neighboring QDs that improves the brightness and clarity of fluo-
rescing QDs.

9.7 Quantum dots in cancer diagnosis and therapy

Recent advances in QDs technology have already had a significant impact on can-
cer therapy. Following are the applications of QDs in cancer diagnosis and therapy.

9.7.1 Identification of the molecular targets

In the detection and diagnosis of cancer at an early stage, molecular biomarkers are
very crucial. These are the substances/processes in the body that indicate the pres-
ence of cancer. Molecular biomarkers include proteins, gene rearrangements, gene
mutations, proteins, carbohydrates, RNA, and lipids. If a set of biomarkers are capa-
ble to quantify and statistically identify between cancer cells and normal cells, then
the assay of biomarkers becomes very beneficial for the screening and diagnosis of
cancer, risk assessment, monitoring of disease prognosis, and the prediction of can-
cer treatment [25,26]. As a result, cancer biomarkers must go through rigorous ana-
Iytical and clinical validation. But these markers are present at very low
concentrations. So, highly sensitive methods having low detection limits are
required. A novel approach for detecting biomarkers is through the application of
nanotechnology where QDs can be coupled with biomolecules (specific for the tar-
get) to increase the specificity and sensitivity [27]. High molar extinction coeffi-
cients of QDs (0.5—5X 10°M ! em™") make them extremely sensitive probe for
identifying low-abundance targets [28,29].

Recently, Zhang et al. explored the significance of graphene QD (GQD)-based
nanocomposites to diagnose cancer biomarker “APE1 (apurinic/apyrimidinic endo-
nuclease-1)” in living cells [30]. APEI is an essential DNA repair enzyme that is
overexpressed in most cancers and is identified as a crucial biomarker for effective
diagnosis and therapy of cancer. They designed biocompatible nanocomposites by
combining meticulously designed unimolecular DNA and fine-sized GQDs; when
these nanocomposites were used as diagnostic probes, researchers observed that a
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modest amount of cellular APE1 was able to trigger a massive accumulation of
fluorescence signals in living cells. They claimed that these GQD-based nanocom-
posites can detect the APE1 in identical cells under diverse cell conditions and may
be used to detect numerous cancer cells with highly sensitivity and specificity.
Freitas et al. reported first electrochemical immunosensing strategy based on QDs
as electrochemical label for in situ detection of HER2-ECD (Human Epidermal
Growth Factor Receptor-2, a breast cancer biomarker) [31].

Au et al. developed a sensitive and specific molecular probe to assess breast can-
cer margins by using aqueous QDs (AQDs) conjugated with antibodies specific to
breast cancer markers such as Tn-antigen. The AQD-Tn mAb probe was found to
be sensitive and specific in identifying cancer area quantitatively while remaining
unaffected by tissue heterogeneity. The AQD therapy had no effect on the surgical
specimen’s integrity. Furthermore, the AQD-Tn mAb approach was able to deter-
mine margin status within 30 min following tumor removal, showing that it has the
potential to be a reliable intraoperative margin assessment method [32] (Fig. 9.6).

9.7.2 Mapping of a sentinel lymph node

Lymph node metastasis is one of the most important prognostic signs of cancer. A
sentinel lymph node (SLN) is the first lymph node to which cancer cells are most
likely to spread from a primary tumor. Sometimes, there can be more than one
SLN. SLN mapping is done to identify the lymph nodes that are at higher risk of
malignancy to limit complete lymphadenectomy methods and the morbidities that
come with them [33]. SLN mapping is used to detect cancer in various organs
(such as breast, thyroid, colon, skin, head, and neck). A surgical approach, named
SLN biopsy, is used to identify/remove the SLN to determine if the cancer has
spread, and if so, how far. SLN mapping requires higher detection sensitivity and
low false negative rate [34]. Various methods are available for SLN mapping that
include peritumoral injection of radioisotopes (e.g., Technetium Tc99m Albumin
Aggregated), use of isosulfan blue (blue dye), or combination of both [35].
Unfortunately, high background signal and radiation exposure, drainage patterns
unpredictability, skip metastasis, and inability to scan lymphatic tracers limit these
techniques [36]. Because of these limitations, better and more reliable imaging
methods have been developed. Fluorescent semiconductor nanocrystals (QDs) of an
appropriate size and emission wavelength allow SLN biopsy to be done more rap-
idly and effectively with high sensitivity. QDs can be applied to map SLN in breast
[37,38], gastrointestinal tract [36], skin [39], esophageal SLN [40], and ovary [41].
Kim et al. worked on near-infrared (NIR) fluorescent type II QDs for SLN map-
ping and suggested under situations of high fluence rate and prolonged exposure to
biological fluids at core body temperature, type II NIR QDs may perform well in
the mapping of SLN for cancer. They reported that when QDs were injected intra-
dermally into a mouse’s paw, NIR QDs entered the lymphatic system and moved to
an axillary area within minutes, which could be seen in imaging. The analysis of
resected tissue revealed that NIR QDs were entirely trapped in the SLN and limited
to the outermost rim of the SLN. Authors reported that because of their unique
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Figure 9.6 Whole mouse tumor imaging: (A) ventral site where the tumor was exposed; (B)
Dorsal site, tumor was underneath the skin. Other organs had negative signal, indicating
AQTD-Tn mAb prove was specific and sensitive to the tumor [32]. AQTD, Aqueous
quantum dot.

optical characteristics and high sensitivity, type II NIR QDs give direct visual guid-
ance to the surgeon throughout the SLN mapping technique, reducing incision and
dissection errors and allowing real-time confirmation of complete resection [42].

9.7.3 Cancer imaging

Computed tomography scanning, MRI, positron emission tomography, single-
photon emission—computed tomography, ultrasound, and X-ray imaging are some
of the most common imaging techniques utilized for the cancer diagnosis. Signals
that can transmit through dense tissue are used in these approaches and image con-
trast is generated by changes in signal attenuation through different tissue types.
Because there is a difference between structure and anatomy of normal and cancer
tissue, various tumors can be identified using image contrast produced with or with-
out exogenous contrast agents. Despite significant technological advancements in
diagnostic radiology, conventional cancer imaging techniques do not offer sensitiv-
ity, specificity, and high resolution. Organic fluorophores have several limitations
that include instability on exposure to photoirradiation that results in degradation
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and photobleaching. This means that it does not fluoresce constantly over an
extended period of time [43]. Narrow excitation range of conventional organic
fluorophores makes simultaneous excitation of different fluorophores very difficult,
leading to incompatibility for multicolor imaging.

Since their discovery, QDs have emerged as a strong molecular imaging tool.
The excellent properties of QDs such as high brightness, long-term photostability,
narrow and size tunable light emission, and broad excitation for multiplex imaging
make them better candidates in place of dye or other conventional diagnostic meth-
ods. QDs are 20—50 times brighter than the organic dyes. They are less hazardous
than typical organic dyes due to their inorganic characteristics [44]. Higher Stokes
shifts and an NIR (650—900 nm) emission spectrum of QDs allow better separation
and prevent any interference of QTD fluorescence from the background autofluor-
escence emitted by hemoglobin, cells, or by water [45]. For cancer imaging pur-
pose, this becomes very beneficial as higher background autofluorescence are
commonly seen in paraffin-embedded and formalin-fixed tissue specimens.
Furthermore, different colors of QDs can be stimulated simultaneously by a single-
light source with low spectrum overlap and can emit light of different wavelengths.
This results in considerable benefits for multiplexed detection of target molecules.
Multicolor QD probes can be used to view and analyze several molecular targets at
the same time. This causes reduction in the amount of tissue specimen required for
biomarker analysis. Broad excitation range and narrow emission peak of QDs allow
multiplex bioimaging with a single source [46].

Liang et al. used CdSe/ZnS QDs, with a maximum emission wavelength of
590 nm (QD590) linked to alpha-fetoprotein (AFP) monoclonal antibody (Ab), to
detect AFP in cytoplasm of HCCLM6 (human hepatocellular carcinoma cell line).
QD—AFP—Ab probes for targeted imaging of human hepatocellular carcinoma
xenograft developing in nude mice by injecting them into the tail vein of the lung
metastasis model. The whole-body imaging showed that the majority of probes
were found in the lung metastases of the model in comparison to control (Fig. 9.7A
and B). The lung imaging revealed that the lung metastases had high fluorescence
(Fig. 9.7C and D). The specific binding of QD—AFP—Ab probes to metastases was
also confirmed by HE staining (Fig. 9.7E) and CLSFM (Fig. 9.7F) using sections of
lung tissues. The results revealed that QD-based probes have good specificity, sta-
bility, and biocompatibility for selective cancer targeting in the liver cancer model
system [47].

9.7.4 Drug delivery

The process of drug delivery involves administration of drug, release, and transfer of
drug across the biological membranes to the desired site. Many anticancer drugs in clini-
cal trials may have drawbacks such as toxicity, nonselectivity, and poor site targeting
[48]. The use of QDs is a promising approach that has generated a lot of interest in can-
cer drug delivery due to their unique properties such as small size, water solubility, cell
membrane permeability, easy synthesis, high drug-loading capacity, low toxicity, poten-
tial functionalization, fluorescence emission, photochemical, catalytic, electronic, and
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Figure 9.7 In vivo targeting and imaging of lung metastasis model with QD—AFP—Ab probes.
(A and B) As compared with the control group (A), the whole-body imaging showed that the QD
fluorescence was localized in the lung metastases of the model (B). (C and D) As compared with
the control group (C), the lung imaging also showed that there was bright fluorescence in the lung
metastases (D). (E) Microphotography of tumor metastasis to lungs, replacing the normal lung
tissue with massive tumor cells obviously (HE stain, 200 X ). (F) The confocal microscopic
imaging of tumor metastasis to lungs, which showed the specific binding of QD—AFP—Ab probes
to tumor cells. Scale bar: 20 mm. (G and H) The spectra analysis of the test group (G) and the
control group (H) showed that the fluorescence spectra of metastases in the test group were the
same with those of QD—AFP— Ab probes, but there was no characteristic 590 nm peak of the QD
at those in the control group [47]. Ab, Antibody; AFP, alpha-fetoprotein; QD, quantum dot.

optical properties [49]. As an anticancer drug delivery carrier, QDs should have the fol-
lowing properties [50]: (1) compatibility with the anticancer drug; (2) high drug encapsu-
lation efficiency; (3) easy preparation and purification; (4) good strength and stability; (5)
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low toxicity; and (6) prolonged in vivo residence time. One of the main advantages of
the QDs is its ability to deliver drugs directly to cancer cells. Tumor cells possess unique
proteins on their membrane that can be recognized by a specific Ab, ligand, or peptide
binding. The functional QDs have been efficiently used to target tissues that require addi-
tion of molecules (such as antibodies, peptides, or other ligands) to the QDs surface.
Surface modification and conjugation properties of QDs possess certain important charac-
teristics for efficient drug delivery such as high affinity, receptor binding specificity,
improved drugs absorption, distribution, and elimination. The conjugation ability of QDs
along with small size range promotes QDs as an outstanding candidate with the potential
to cross the physiological membrane as well as ability to reach varied tissues (such as
lymphatic vessel or liver or blood) facilitating intracellular internalization and cellular
uptake [51]. Thus QDs enhance maximum uptake by allowing the drug to be targeted to
the desired site. Ruzycka-Ayoush et al. [52] reported that QD— 11-mercaptoundecanoic
acid (MUA)—FA—DOX nanoconjugates can be considered as an efficient drug delivery
system for treating cancer in human alveolar basal—epithelial cells. For this purpose the
QDs were modified with MUA, L-cysteine, and lipoic acid decorated with folic acid and
used to target doxorubicin (DOX) to folate receptors on adenocarcinomic human alveolar
basal-epithelial cells (A549). Results confirmed the cytotoxicity of QD conjugates against
A549 cells. Recently, Qi et al. [53] reported that GQDs suppress the growth of tumor by
selectively damaging cancer cell DNA. Results showed that the functionalized GQDs
adsorb on DNA via the 7—m and electrostatic interactions, which causes the DNA dam-
age, upregulation proteins related to cell apoptosis, and ultimately the suppression of can-
cer cell growth. Vahedi et al. [54] used GQDs as drug carriers and also as an imaging
agent for cancer cells. To optimize drug dose, to reduce side effects in healthy cells, and
to target cancer cells, hyaluronic acid was decorated on the surface of GQDs. Drug-
loading capacity of GQDs were found to be 98.02%. Authors reported that the prepared
QDs were biocompatible and reduced HeLa cell viability.
Table 9.1 presents some research reports on QDs in cancer.

9.8 Toxicity of quantum dots

QDs used for clinical applications must have a low level of toxicity [63].
Discussions of QDs toxicity can be somewhat perplexing because of a variety of
QDs has been synthesized by the researchers. However, there is still a lack of
research on QD toxicity in the literature. QDs used for imaging and therapeutic
applications have been shown to have effects on biological systems at the cellular,
subcellular, and on protein levels [64]. Each type of QD has its own set of physical
and chemical properties, which determine its toxicity potential (or lack thereof)
such as size of QD, charge, surface functionality, concentration, and outer coating.
Zinc oxide (ZnO) is generally regarded as a safe substance by the FDA, but ZnO-
based QDs can be toxic because of their size. The surface area is indirectly propor-
tional to the size of QDs; as the size decreases, larger surface area will be available
and QD will be more reactive. As a result, QDs with small size can be more toxic
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Table 9.1 Recent state-of-the-art: reported research on quantum dots (QDs) in cancer.

Test material

Findings

References

GQDs

InP/ZnS QDs

GQDs

Titanium nitride
MXene QDs

GQD, the new generation members of
graphene-family, have shown promising
applications in anticancer therapy. The
results of biological tests underlined the low
cytotoxicity of the GQD sample and the
cytotoxic activity of the drug delivery
system against the investigated cancer cell
lines with a higher or similar potency to that
exerted by the benzofuran structure alone,
thus opening new possibilities for the use of
this drug or other anticancer agents endowed
of cytotoxicity and serious side effects

InP/ZnS QDs were synthesized and
functionalized with folate (QD-FA), p-

glucosamine (QD-GA), or both (QD-FA-GA).

The bifunctionalized QDs were further
conjugated with doxorubicin (QD-FA-GA-
DOX). The FA-functionalized QDs showed
significantly higher uptake in the FR-positive
OVCAR-3 cells, nonetheless the GA-
functionalized QDs resulted in an
indiscriminate uptake in both cell lines. In
conclusion, our findings indicated that DOX-
conjugated FA-armed QDs can be used as
theranostics for simultaneous imaging and
therapy of cancer

GQDs were found to exhibit a strong blue
photoluminescence with a significantly high
quantum yield. Results showed that the
robust functionality, luminescence stability,
nanosecond lifetime, biocompatibility, and
low toxicity of GQDs could be a promising
probe for cancer therapeutic applications

In vitro and in vivo assessments of Ti,N QDs
demonstrate that they possess excellent
biocompatibility, photoacoustic effect, and
photothermal therapy efficiency. Ti,N QDs
showed obvious aggregation in tumors after
4 h postinjection. Ti,N QDs with appropriate
degradation property also show an applicable
excretion rate from the body in vivo, which
ensures sufficient stability in circulation to
accomplish therapeutics roles and then can be
smoothly discharged from the body after that.
These results indicate the high potential of
biodegradable Ti,N QDs in cancer treatment

[55]

[56]

[57]

[58]

(Continued)
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Table 9.1 (Continued)

Test material

Findings

References

Polydopamine-
functionalized black
phosphorus QDs

Carboxylated GQDs

Zn0O QDs

PEGylated MoS, QDs

Polydopamine-functionalized black phosphorus
QDs were found to have excellent
biodegradability and good biocompatibility
and hold great potential for cancer
theranostics

A drug delivery system was synthesized
through a crosslink reaction of carboxylated
GQDs, NH2-PEG-NH2, and folic acid. Cell
image results indicated that the QDs system
entered into human cervical cancer cells
mainly through macropinocytosis-dependent
pathway. In vivo experiments showed the
outstanding antitumor ability and low
systemic toxicity of this nanodrug delivery
system

pH responsive delivery system based on ZnO
QDs for controlled release of drugs were
prepared. ZnO @P(CBMA-co-DMAEMA)
loaded with Doxorubicin can achieve
lysosomal acid degradation and the release
of DOX after endocytosis by tumor cells,
resulting in synergistic treatment of cancer,
which is attributed to a combination of the
anticancer effect of Zn>" and doxorubicin

A drug delivery system based on MoS, QDs
was successfully developed by covalently
grafting MoS, QDs with diamine-terminated
oligomeric PEG and then loading with a
fluorescent antineoplastic anthracycline drug,
DOX. The MoS,-PEG-DOX nanoassembly
can be effectively taken up by U251 cells,
and an accelerated DOX release is then
triggered by intracellular acid condition,
which in turn diminishing unwanted side
effects derived by the incorporation of DOX
into healthy cells. These findings
demonstrated that MoS,-PEG-DOX could be
promising for high treatment efficacy with
minimal side effects in future therapy

[59]

[60]

[61]

[62]

DOX, Doxorubicin; GOD, graphene quantum dots; PEG, polyethylene glycol.
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than large ones. Furthermore, the shape and charge of QDs are two important fac-
tors affecting their toxicity. The process of membrane warping during endocytosis/
phagocytosis can be influenced by the shape of the QD [64]. Endocytosis of spheri-
cal QDs is easy and quick than that of rod-shaped QDs. As far as the charge of QD
is concerned, cationic surface is considered to be more toxic than anionic surface
[65]. QDs toxicity also depends on environmental conditions such as oxidation,
photolysis, and mechanical stability as after oxidative or photolytic degradation of
the core coating, QDs have been discovered to be cytotoxic [66]. Concerns about
the toxicity of QDs are also related to the chemical composition of QDs, particu-
larly in the case of QDs that contain heavy metal ions such as cadmium (Cd), mer-
cury (Hg), selenium (Se), and tellurium (Te).

With the changes in physicochemical, environmental, and composition of QDs,
the toxicity can be reduced. Surface modification of QDs can influence the in vivo
distribution and clearance and can reduce the decomposition in biological environ-
ment may lead to reduction in toxicity. The cytotoxicity of QDs can also be reduced
by using inorganic coating materials.

9.9 Conclusion and future prospects

With early detection and improved diagnostic cancer imaging the future may hold hope
for the prevention and cure of cancer. In the nanotechnology area, QDs are considered
unique nanopatrticles for their versatility and unique properties that include good resis-
tance to photobleaching, narrow and symmetric emission peak, and higher excitation
coefficient broader absorption range. High brightness and photostability of QDs provides
a realistic means of monitoring the early stages of cancer. Drug delivery system based on
QDs offers greater possibilities for designing and developing multifunctional therapeutic
and diagnostic systems. In spite of their extraordinary features for effective cancer diag-
nosis and treatment, there is still a lot of research to be done ahead of a clinically effec-
tive drug delivery system. Current challenges include synthesizing monodisperse,
stable nanoparticles with no long-term cytotoxic and genotoxic effects. Although QDs
are already used as diagnostic cancer imaging probes, several challenges are still need to
be overcome before this can be realized. It is possible to further improve QD-based tech-
nology for tissue biomarker analysis beyond its current state. The spectral imaging detec-
tion is currently limited to 10 colors. But faster computers and improved software could
analyze hundreds of cancer biomarkers simultaneously in a single-tissue sample. To
leverage the potential of QDs for identifying cancer in its early stages, delivery of cancer
drugs to target site and monitoring treatment results, persistent and coordinated explora-
tion efforts should be pursued.
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10.1 Introduction

Nanotechnology, as a field, is a technology with applications in several areas of
human knowledge. The field was formally defined as a technological area in the
1980s [1,2] and has advanced significantly since then. The improvements were
observed not only in academia, but also across the most different industrial sectors
[3]. The number of research groups worldwide, in addition to the number of scien-
tific publications, is important indicators in this direction. Moreover, several indus-
trial fields have seen the incorporation of nanotechnology in their supply chain [4].

For the cosmetic sector, this process was no different, and the field was probably
the first one that used nanotechnology in huge markets. As an early adopter, the cos-
metic sector released the first nano-products in the 1980s when Dior and L’Oréal
incorporated liposomes in their products [5]. Nowadays, the cosmetic sector is cur-
rently a global leader in the use of nanoparticles, and thousands of companies use dif-
ferent types of nanosystems in their products. The nature of these nanoparticles is
different and includes organic and inorganic particles that have been used to improve
some desirable innovative characteristics for cosmetic products [6].

The maturity and complexity of the field is reflected by the suppliers of nanopar-
ticles that illustrate how the supply chain has become specialized recently. Some
companies specialize only in inorganic and metallic nanoparticles, and others are
dedicated only to organic lipid and polymeric nanosystems. Moreover, some less
mainstream companies specialize in nanoparticle characterization, or are dedicated
to preclinical and clinical evaluations, and these have generated a complex ecosys-
tem in this field. This is important evidence of the field’s maturity, showing how
a division of labor has come to offer innovative materials and solutions for the
cosmetic sector.
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Due to this organization, we can observe nanotechnology being applied at differ-
ent stages in the cosmetic innovation process. The general idea of using nanotech-
nology is to improve effectiveness, reduce potential toxicity, and eventually create
new and desirable properties [6]. In this way, cosmetic ingredients can benefit from
nanotechnology at different points along the cosmetic product journey (Fig. 10.1).
In other words, nowadays, nanotechnologies are used to improve industrial produc-
tion, by reducing the time of active ingredient dispersion; as an active carrier that
works to keep the ingredients stable over time; or in creating long-lasting effects,
sustained release over time, or improving the contact between the active ingredient
and the target skin/hair surface [7].

Depending upon the objective, nanotechnology can be included at different
stages in cosmetic product development, which means that it can be used as a wide
tool to produce different types of innovations. The main idea of this chapter is to
present and discuss how these innovations can affect the quality and performance
of the cosmetic sector. Furthermore, we will introduce potential benefits that can be
incorporated into the field in the next few years.

10.2 Nanocosmetic definitions

Discussions regarding the definition of nanotechnology are not only exclusive to
cosmetic applications but are also present in the general nanoscience literature.
Historically, the definition most used in the scientific literature was provided by the
American National Nanotechnology Initiative, which defines nanoscience as “sci-
ence, engineering, and technology conducted at the nanoscale (1—100 nm), where
unique phenomena enable novel applications in a wide range of fields, from chem-
istry, physics, and biology, to medicine, engineering, and electronics” [1].
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Figure 10.1 Cosmetic ingredients can benefit from nanotechnology at different points along
the cosmetic product journey.
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This definition has two main aspects: the first is the nanoscale, which needs to
be in the range of 1—100 nm, and the second is related to the special properties that
are observed in this nanoscale. Historically, as most of the nanotech groups were
created in the university’s physics and chemistry departments, it is probable that the
special properties were observed in inorganic nanoparticles, especially metallic
ones in this 1- to 100-nm nanoscale range. However, when the research efforts
moved to the biological applications, the researchers also observed that interesting
properties could be observed in organic nanomaterials with larger, submicrometric,
sizes. In other words, for the biomedical field that includes cosmetics applications,
the range of 1—999 nm can also be considered a nanoscale range. Of course, the
second aspect, regarding the special properties, needs to be present to fulfill the
nanotechnology definition.

In addition to this general discussion, the cosmetics sector also presents some par-
ticularities about the definition of nanotechnology. For the European Commission
Regulation (1223/2009), nanoparticles are defined as materials intentionally produced
in the nanoscale (1—100 nm), which are insoluble or bio-persistent. Thus the defini-
tion includes metallic particles, especially the ultraviolet (UV) filters and pigment
particles largely used in cosmetics applications. Moreover, organic biodegradable par-
ticles, such as liposomes, nanoemulsions (NEs), solid lipid nanoparticles (SLNs), and
polymeric systems, are not included in this regulatory definition. Despite this regula-
tory definition presented by the European Commission, the scientific literature still
considers lipid and polymeric nanostructures as nanoparticles used for biomedical
purposes, such as dermatological and cosmetic products.

These definitions tend to follow the low toxicological risk of this type of organic
system. This approach is also interesting in terms of international regulation, since
these organic biodegradable nanosystems could be easily incorporated into cosmetic
products. Furthermore, clearer definitions and legislation are fundamental for regu-
latory predictability that, in turn, facilitates and optimizes the mutation of the entire
innovation ecosystem in nanotechnology and cosmetics [7].

10.3 Inorganic nanoparticles used in cosmetics

With these regulatory definitions in mind, we will consider here that the general
scientific literature includes both organic and inorganic nanostructures as nanoparti-
cles used in cosmetics products. In terms of volume of sales, inorganic particles are
the most common ingredients. These numbers are supported by the use of zinc and
titanium oxides as UV blockers, which are extensively used worldwide, and by sil-
ver nanoparticles used as antibacterial particles, mainly used in cosmetics as
deodorant products. Moreover, gold nanoparticles and silver nanoparticles are pres-
ent as pigment ingredients in cosmetic products [8,9].

Inorganic nanoparticles used as UV filters, such as zinc and titanium oxides,
were also developed in the 1980s and 1990s and nowadays are widely used world-
wide. Some evidence shows that more than 40% of American sunscreens use these
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types of nanoparticles [8]. This percentage increases significantly (17%—41%) if
we compare data from 2007 to 2018 [8]. We do not have data from other markets,
but observing the products available nowadays, it seems that this tendency may
also be true for other markets all over the world.

Some reasonable points can explain this movement. The first is related to the
physical appearance of the product, which is more transparent and can easily be
applied over the skin. Due to the granularity of the products containing these nano-
particles, they are applied smoothly, conferring better sensorial feelings for the end
users. The second point that supports the increasing number of products that use
inorganic nanoparticles is the potential to replace traditional organic UV filters [9].

The use of traditional organic UV filters, mainly represented by oxybenzone and
octinoxate, has become controversial in recent decades. There is some evidence that
correlates these organic compounds with both health and environmental impacts.
Some reports have found that these ingredients can damage coral reefs, which
induced the creation of specific legislation to avoid the use of these kinds of sunsc-
reens. Furthermore, some studies have shown that these chemical compounds can
promote hormonal dysregulation in animal models, a fact that could also impact
human health. Thus this regulatory condition, in addition to the alert about potential
toxic health effects, triggered the development of innovative materials, such as nano-
particle UV filters, which could be used to replace conventional organic filters [8].

Regarding the technical benefits of nanotech sunscreens, we can cite the senso-
rial and the physical aspects of the products. This is a clear example where the
nanotech definition fits very well. The production of metal oxides (zinc or titanium)
in the nanoscale modifies the macroscopic aspect of the product. This happens
because the oxide suspensions will interact differently with the visible light [10]. In
terms of physical behavior, small nanoparticles will interact less with longer wave-
lengths and eventually will interact mostly with the shorter UV wavelengths that
have higher energy. With this profile, smaller particles will have a more translucid
macroscopic appearance under visible light.

As an example, we explain how the UV filter nanoparticles will interact with the
different wavelengths. Due to the size of the nanoparticles, they will interact mostly
with the shorter and more dangerous UV wavelengths, and less with the visible
wavelengths. This effect is very important, because the objective of sun blockers is
exactly to block the high-energy UV wavelengths, which can be absorbed, reflected,
or even scattered, thus protecting the biological skin structures [10].

Furthermore, this pattern also explains how the macroscopic aspect of these nanoparti-
cles will be more translucid, or even having a slightly blue aspect. This model is repre-
sented in Fig. 10.2, where the more clear appearance of the NE is explained by the fact
that almost all light wavelengths can cross the nanodroplets suspensions, while in the
microemulsion, the microdroplets block almost all light wavelengths, creating a more
opaque appearance. We also present some possible physical interactions, such as absorp-
tion, reflection, and diffraction of the UV wavelengths when getting in contact with the
UV filter nanoparticles. This behavior of nanoparticle suspensions can also be observed
in organic nanoparticles, such as liposomes or lipid nanoparticles, and is exploited by the
cosmetic industry as a differential aspect in nano-based cosmetic products.
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Figure 10.2 (A) The macroscopic aspect of an NE and convention emulsion with
microdroplets (ME). (B) The NE and ME interaction with light in different wavelengths. ME,
microemulsion; NE, nanoemulsion.

10.4 Organic nanoparticles used in cosmetics

As commented previously, the first nanoparticle used in the cosmetic industry was
the liposome, included in cosmetic products in the 1980s [5]. For these organic
structures (Fig. 10.3), there are a high number of nanostructured particles that have
been used in cosmetics. The most common, as will be discussed here, are the lipid
and polymeric nanoparticles. Each of these nanosystems is used because they solve
a specific problem or chemical challenge. In other words, they are applied at differ-
ent stages of the cosmetic product journey (Fig. 10.1). Briefly, we will introduce
the different organic nanoparticles, and then we will discuss the most important
problems that these nanotechnologies solve for the cosmetic sector.

10.4.1 Lipid nanopatrticles

Lipid nanoparticles can also be segmented in different nanostructured systems. The
first two are liposomes and the micellar suspension. After these two, literature and
industry start to incorporate different types of NE, which can be produced with oils,
usually named NEs, and systems prepared with solid lipids, such as natural kinds of
butter and waxes. The latter type is usually defined as SLNs.

10.4.1.1 Liposomes

Liposomes are nanosized vesicles formed by a phospholipid bilayer. Due to this
structure, this nanoparticle can carry both hydrophilic and hydrophobic compounds.
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Figure 10.3 Different types of nanoparticles used in cosmetic applications.

The hydrophilic molecules are placed in the central aqueous compartment, and the
hydrophobic molecules are carried in the phospholipid bilayer, among the fatty acid
chains [11]. These characteristics make liposomes versatile nanocarriers, and they
have been extensively used in the cosmetic industry.

Liposome preparation uses the method of phospholipid film hydration, followed
by sonication, and size selection in size-specific filters. Briefly, the phospholipids
are dissolved in an organic solvent and dried to form a lipid film. Due to their
amphiphilic pattern, generated by the presence of fatty acid chains and phosphate
groups, these phospholipids spontaneously form liposomal vesicles when hydrated
with aqueous solutions. Multilamellar vesicles and micellar vesicles can be formed
in this first step in a liposome preparation. Vesicles of different sizes are also
formed in this first step.

To harmonize the vesicles populations formed, the sonication process can nor-
mally be used. With these procedures, liposome suspensions become more homoge-
neous in terms of structural organization. The last step consists of passing the
liposome suspension through an extrusion membrane with nanosized pores. This
last procedure aims to prepare liposome suspension with narrower size distribution,
and it also contributes to sterilizing the samples.

For the encapsulation of the active ingredient, if the compound is lipophilic, it
can be solubilized in the organic solvent phospholipid solution that will be dried
before hydration. If the active compound is hydrophilic, the molecule can be solubi-
lized in the aqueous solution used to hydrate the lipid film. For both situations,
future studies are necessary to establish the encapsulation efficacy of the active
molecule used.
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10.4.1.2 Nanoemulsions and solid lipid nanoparticles

Emulsions are defined as two immiscible materials stabilized in a colloidal suspen-
sion. In terms of definitions, polymeric nanoparticles could also be included in this
concept; however, the emulsion terminology is traditionally used for lipid suspen-
sions. There are two types of lipid emulsion, oil in water, and water in oil emulsion.
In this chapter, we will discuss deeply the oil in water emulsion, due to the wide
use of this type in nanocosmetics. For oil in water NEs, there are two major compo-
nents in a lipid emulsion, the oily dispersed phase, and the aqueous continuous
phase. The stabilization of these two immiscible phases is supported by the pres-
ence of amphiphilic surfactants that are placed between the dispersed and the con-
tinuous phases.

The NE definition is used when we observed the continuous phase with lipid
nanodroplets organized in the nanoscale. Both NEs and SLNs could be included in
this definition. However, traditionally, the literature uses the NE definition for
emulsions prepared with liquid or oily lipids [12]. The SLN terminology is used
when the lipid nanodroplets are composed of solid or semisolid lipids, such as natu-
ral butter or waxes [13]. In terms of structure, both NEs and SLNs are composed of
a lipid core dispersed in a continuous aqueous phase. Due to this structure, these
systems are used to encapsulate different types of lipophilic ingredients. The differ-
ential behavior of the two systems will be related to the capacity to release the car-
ried ingredients, which will be discussed later.

These two nanosystems are prepared with emulsification methods, and the main
difference can be in the amount of energy applied in each protocol. For the NE
preparation, there are also methods that can be performed with low-energy proce-
dures. On the other hand, for SLN preparation, due to the solid pattern of the initial
ingredients, the methods usually use higher temperatures (70°C—80°C). In both
situations the principle of the method is to mix the oil phase (lipids and surfactants)
and add the aqueous phase. The formation of nanodroplets is usually achieved with
stirring procedures that can also include cooling steps to increase the contact
between the surfactants and the lipid molecules [14].

As in other similar systems, the decision to use one or other usually depends on
different aspects. First, the lipid ingredient source is considered, if it is solid or lig-
uid, but there is also the capacity to encapsulate active ingredients. For this latter
aspect, the nano space created by solid lipids is a slightly different from the liquid
one. The presence of a semirigid crystal liquid structure forms more stable and rigid
nanodroplets [15]. This pattern affects the structure’s stability and its capacity for
active ingredient-controlled release, which will be discussed in the next topics of
this chapter.

10.4.2 Polymeric nanoparticles

Polymeric nanoparticles are a subtype of colloidal suspension also used for dermo-
cosmetic applications [16]. There are two main types, and the difference is in the
core composition, which can be an aqueous or oily compartment surrounded by
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a shell layer formed by polymeric constituents. One feature of this kind of nanocar-
rier is the ability to encapsulate both hydrophilic and hydrophobic active ingredi-
ents, when the core composition is aqueous or oily, respectively. In terms of use,
they have similar indications, in comparison to lipid nanoparticles; however, the
polymer’s surface is useful for chemical modifications. This procedure can produce
new, innovative surface alterations that can be used to deliver or target some spe-
cific tissues.

Furthermore, due to the solid characteristics of the capsules, this system can be
used to chemically protect the carried components and to produce different patterns
of controlled release [17,18]. The most common polymers used for nanoparticle
preparation are poly(lactic acid) and poly(lactic-co-glycolic); however, there are
some other examples of polymers, such as methylcellulose, or new ingredients from
biodiversity that have been proposed for polymeric nanoparticle preparation.

In terms of nanoparticle preparation, the most common method used in the litera-
ture is the nanoprecipitation technique. In these protocols the aqueous-insoluble
components (polymer and active ingredient) are dissolved in a polar organic sol-
vent. To form the nanoparticle an aqueous solvent (water or saline buffer) is
injected into the system. This last procedure promotes the precipitation of the insol-
uble polymer, thus forming nanosized dispersed polymeric droplets. With this step
the insoluble active ingredient is also associated, eventually encapsulated in the
nanoparticles just formed [16].

10.5 Nanocarriers used to improve the cosmetic
ingredient

The application of organic nanoparticles described previously can be done at different
stages in the cosmetic ingredient journey (Fig. 10.1). There are some applications
used to reduce industrial production time, to produce more stable formulations, to
chemically protect the active ingredient carried, to increase the effectiveness on the
skin or on the hair fiber, and potentially to reduce the toxicity of some ingredients
carried. For each of these applications the cosmetic ingredient can benefit from the
application of nanotechnologies. And these benefits can impact the cosmetic product
from its conception, through its production, to its application by end users.

10.5.1 Dispersion of insoluble actives—reducing industrial
production time

One important nanotech application for the cosmetic industry is the dispersion of
aqueous-insoluble ingredients. For industry, the use of this kind of insoluble materi-
als is usually time-consuming and can be critical for their use. For example, sal-
icylic acid, a common keratolytic agent, has a low aqueous solubility (0.2 g per
100 mL at 20°C) and is soluble in ethanol; however, the oil solubility can vary
depending upon the oil source [19,20]. As an example, 1 g of salicylic acid has 2%
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solubility in olive oil and 22% in castor oil [21]. This variation in solubility may
pose some difficult challenges during the industrial preparation that includes this
type of aqueous-soluble active ingredient.

Nanotechnology can provide some interesting solutions that improve the disper-
sion of these types of compounds, thus reducing the time for industrial batch produc-
tion. As an example, there is an interesting method called self-nano emulsification,
which has been widely used for this purpose [22]. This strategy was first used for an
oral administration of insoluble molecules [23,24] and recently was also applied for
cosmetic industrial purposes.

The process involves the development of an oily mixture composed of oils, sur-
factants, and cosurfactants, and the active ingredient that can spontaneously form
stable NEs when mixed with an aqueous solution. The principle is similar to NE
preparation; however, in this case, it requires very low energy and uses the hydro-
phobic chemical forces of the oily mixture to spontaneously form the lipid nanocar-
riers containing the active insoluble compound [24]. Coming back to salicylic acid,
it is possible to prepare this kind of nanotech inputs with higher ingredient concen-
trations, typically 20%—30% (unpublished data, provided by Nanoceuticals; http://
www.nanoceuticals.net).

Thus in conclusion, this incremental innovation can be applied in order to reduce
the production time of insoluble active ingredients. It is interesting that this tech-
nique can also be used for new ingredients, such as those obtained from biodiver-
sity, or eventually to bring back old ones that are not being used any more due to
insolubility issues [25]. Moreover, this application can also be applied to increase
formulation stability, due to the encapsulation of insoluble molecules.

10.5.2 Chemical instability

Chemical instability is an important issue in cosmetology. The classical problem of
ascorbic acid oxidation is a well-known example in this context. The reason for
using nanocarriers to reduce chemical instability is to create nanoscopic spaces that
could isolate the carried active molecule from the external environment. In this way
the nanostructured components produce a kind of nanosized package or transitory
shield, which can isolate the materials carried, thus protecting them from external
potential aggressors. As we will explain later, molecular movements from inside to
outside the nanostructure carrier are possible, but, with this chemical protection
strategy, it would be possible to inhibit the movements of some species to chemi-
cally protect the compounds carried. Thus controlling the access of oxidative com-
ponents to the inner parts of the nanostructures is a suitable strategy for preventing
the chemical oxidation of the active ingredient [26—28].

For this application the physical—chemical nature of the active ingredient will
define the type of nanoparticle used. For instance, as an aqueous-soluble molecule,
ascorbic acid has been widely used in association with liposomes, due to the aque-
ous core environment. In this situation the ascorbic acid molecule is encapsulated
in the liposome’s aqueous core. The interesting point is that for the liposome sys-
tem, the phospholipid bilayer is a useful barrier for polar oxygen species that are
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the main chemical aggressors for carried active molecules, such as the ascorbic acid
structure in this example (Fig. 10.4).

The importance of chemical protection provided by liposome vesicles was dem-
onstrated during the development of the COVID-19 mRNA vaccines [29]. These
new-generation vaccines are based on the internalization of the mRNA molecule
and the transcription of an active antigen, which should be expressed in the external
cellular membrane. The main problem of these new technologies was that RNA is
extremely unstable. It has a short lifetime and is easily degraded by enzymes or cel-
lular chemical conditions. To address this drawback the researchers encapsulated
the mRNA sequences in nanosized liposomes to protect the oligonucleotides, thus
allowing immunization [30]. The liposomes used have the same technology that the
cosmetic industry uses for chemical protection in cosmetic products.

This chemical protection ability was presented as an example for ascorbic acid;
however, it has also been used for several other cosmetic active ingredients, includ-
ing the stabilization of biomolecules [31]. As an important trend, the use of small
peptide sequences and new molecules from biodiversity in the use of nanoparticles
as chemical stabilizers will be of great importance for industry and research in cos-
metology [32]. In a prospective analysis the biggest beneficiaries of this process
will be the molecules extracted from biodiversity, because as they are isolated from
their natural environments, chemical instabilities may be also detected. And, as
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Figure 10.4 Schematic representation of the chemical protection provided by the
nanocarriers. The main idea is to create a kind of nanosized package or transitory shield,
which can isolate the materials carried, thus protecting them from external potential
aggressors.
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biodiversity research grows significant over time, it will be an important issue
accessed by nanotechnology.

10.5.3 Controlled release

One of the most interesting features of nanoparticles for cosmetics is the possibility
to control and sustain the release of encapsulated active ingredients (Fig. 10.5A).
This property has been widely used for fragrance [33] and is usually known as the
“long-lasting” property. In other words, it is possible to keep releasing fragrance for
long periods, throughout the day, or occasionally days [34].

The concept is that the nano spaces created inside nanoparticles can facilitate or
hinder the release of active molecules. This characteristic depends upon the materi-
als that compose the nanocarriers and their physical stability. The interesting point
is that it is possible to prepare nanoparticles with different behaviors, in terms of
control release [35]. The first strategies described in the literature used passive
methods for control release, but today some scientific initiatives propose the use of
external signals to trigger the release of these active molecules from nanoparticles
[36,37].

As an example, Fig. 10.5 presents the pattern of controlled release of a hydro-
phobic dye (rthodamine) from two different nanocarriers, an NE (Fig. 10.5B) and an
SLN (Fig. 10.5C). The dye was used as a model to understand the release pattern of
these two nanocarriers. These results confirm that it is possible to control active
release by using different nanotechnologies approaches. Furthermore, as discussed
previously, the main difference between these two nanoparticles is the physical
state of the lipid phase of the core of the particles. The NE is composed mainly of
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lipid nanoparticles (C).
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liquid lipids, and the SLN is composed of solid lipid sources, such as butter and
waxes [38].

In the graph the dye release profile is shown over time. In the Gaussian curve
distribution the release plateau is reached in 1.8 h for the NE and in 12.19 h for the
SLN. This experiment shows that different nanosystems can perform differently in
terms of active ingredient release over time (unpublished data provided by
Nanoceuticals; http://www.nanoceuticals.net). For topical dermal applications, SLN
could be used for longer releases, while NE can be indicated as a carrier to produce
faster releases. Understanding this kind of nanotechnology allows researchers and
innovators to design better products. They can use these differential capabilities to
produce products that can, eventually, keep the active ingredient in contact with the
skin/hair for longer or shorter periods, depending on the purpose of the product.

In terms of technical explanations the more crystallized the lipid phase, the more
stable will be the core of the nanoparticles [39]. In the graph the SLN has a more
crystalline lipid core. In this case the lipid core may slow down the diffusion move-
ment of the active ingredient carried from the lipid nanoparticle core to the external
continuous compartment. As mentioned before, the active movement is governed
by a diffusion process; thus the concentrations inside and outside the particles are
important, as well as the presence of skin compartments that can push the diffusion
forces in one direction. As an example, lipophilic carried molecules are strongly
attracted by the keratinocyte membrane compartments, due to the lipophilic envi-
ronment present in these cellular structures.

10.5.4 Clinical benefits in nanocosmetics—effectiveness

During the use of an active ingredient, nanotechnology can improve different char-
acteristics that have been discussed in the previous sections. Among them, the
increase in the effectiveness of active ingredients is undoubtedly one of the attri-
butes that draw the most attention to nanotechnology applied to cosmetics. These
benefits are partially explained by better chemical stability, controlled release of
the active ingredient on the skin, and more stable and homogeneous products.
Furthermore, some benefits related to the effectiveness of the cosmetic products
will be achieved during the contact between the cosmetic nanocarrier and the bio-
logical structure, which could be skin or hair fiber.

The first explanation for that is the exponential increase in the material surface
area observed when nanostructured cosmetics and conventional cosmetics are com-
pared (Fig. 10.6A). Cosmetics are made of lipid emulsions, and the nanodroplets
formed in nanocosmetics have a larger surface area in comparison to conventional
emulsions. This feature promotes two main properties. The first one is related to the
contact between the active carried and the skin/hair surface, which is much more
intense for the nanocarriers (Fig. 10.6B). In this situation, the nanoparticles can put
the active molecules in close contact with the biological structures, and the control
release property can keep them in contact for longer periods.

The second immediate effect is that the nanoparticles can form a thin film over
the skin/hair surface, creating an occlusion zone (Fig. 10.6B), that protects the
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Figure 10.6 (A) We observe the exponential increase in nanoparticles surface area observed
when nanostructured are produced with the same amount of material. (B) We observe the
occlusion effect produced due to the increased surface area in the nanoparticle’s products.

surface against dehydration. This is one of the most important effects of nanotech-
nology in cosmetology. Since the skin is our largest organ, and the main organ
responsible for controlling fluid loss, the presence of this thin film formed by the
nanoparticles can prevent water loss, acting as a more effective skin/hair moistur-
izer (Fig. 10.6B).

Another important and deeply discussed feature of nanotechnology for cosmetol-
ogy is skin permeation. In the literature, there is no definitive consensus regarding
this property. In this chapter, we will discuss the process and present the arguments
that can explain, or not, this nanoparticle behavior. First, we must go back to the
biological structure of the skin that is composed of connective tissue, mainly
formed by fibroblasts and abundant vascular extracellular matrix, named the der-
mis; and an external layer, mainly composed of keratinocytes with almost no extra-
cellular matrix, named the epidermis.

The epidermis is the first point of contact between the skin and the applied nano-
particles. This layer is composed of several cell layers, with an average thickness of
10—20 pm. The more external cell layers are composed of dead cells that are con-
tinuously produced by the basal epidermis cells, placed in the inner part of the epi-
dermis. In terms of chronology the basal cells duplicate by mitosis and the new
cells are pushed out through the external epidermis layers. As an avascular tissue,
the epidermal cells do not have enough access to nutrients and die during this jour-
ney. Thus, as commented earlier, the external cells are dead cells, composed of
remains of cytoplasm surrounded by hydrophobic phospholipid membranes [40].

In this biological structure, most of the epidermis compartments are hydrophobic
environments, due to the membrane phospholipid bilayers, with a thin extracellular
hydrophilic space among the keratinocytes. Thus the epidermis is more suitable to
be permeable to hydrophobic components, and the hydrophilic structures will be
impaired by these apolar obstacles. For nanoparticle permeation, we can use the
same understanding. If the nanoparticle is composed mainly of hydrophobic compo-
nents, such as lipids, they tend to fuse and be absorbed by the epidermis, and skin
permeation can be faster. One important question raised in the literature is if the
active compound carried is absorbed alone or encapsulated inside the nanocarriers.
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This point is difficult to answer, because it is not easy to image or quantify the
nanocarrier and the carried compound in the same space at the same time. This is
not correct to say that the nanoparticles can improve the permeation of the active
molecules carried, but at least they can be used to keep them for longer periods in
contact with the target skin surface, and then the permeation can be facilitated. For
the hydrophilic compounds the skin permeation may not occur through the keratino-
cyte layer, but they can accumulate close to the hair follicles, which can retain
nanocarriers for longer periods.

Furthermore, there are also some innovative strategies described in the literature
to improve the effectiveness of nanotechnologies for cosmetics. For instance, there
are external trigger systems and nanoparticle surface modifications that can improve
the product performance. The external signal systems can use temperature, pH, or
even light to trigger the release of active components carried by the nanoparticles
[41]. In these systems, physical —chemical local alterations can start the process that
culminates with the release of the active molecules.

For the nanoparticles’ surface modification, the addition of cationic charges can
increase the contact among the particles and the skin/hair surface, thus improving the
effectiveness of the carried active ingredient [42]. Moreover, some innovations, such
as the surface decoration with small sequences of peptides, which can target the parti-
cles to specific cells, have also been proposed and produced by different companies.
For this strategy the peptide sequences can relate to surface cell receptors that can
keep the nanoparticles in close contact with the target skin/hair surface [43].

10.6 Conclusion

As presented in this chapter, nanotechnology can be applied to the development of
cosmetic products. In terms of technological evolution the different nonsolutions
can be used for cosmetic development from product conception, through industrial
production, and reaching the consumers, providing several benefits for the end
users. We believe that in the next few years, new innovative approaches, related to
nanotechnologies, will bring more benefits and improvements to the cosmetology
field.
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