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Preface

With the advent of 2D graphene in 2004, two-dimensional carbon-based
materials became a reality, and currently represent one of the most studied
topics in science involving many other elements of the Periodic Table. How-
ever, the seminal discovery that started the revolution of carbon nanoforms
was the discovery of 0D fullerenes in 1985, which was followed by a variety
of other new forms of carbon, namely 1D carbon nanotubes (single and
multi-walled), endohedral fullerenes (having a chemical species in the inner
cavity), carbon nanohorns, carbon nanoonions and other less-common, and
now emerging nanocarbons which, altogether, drew a new scenario of car-
bon nanostructures that has strongly attracted the interest of the scientific
community.

The aforementioned carbon nanoforms have played a central role in the
development of groundbreaking advanced materials for application in a
variety of fields such as optoelectronic devices, spintronics and solar cells,
just to name a few. Actually, around these carbon-based materials a huge
synthetic work has been developed by the chemical community in order to
efficiently optimize the search for potential applications, namely in the mul-
tidisciplinary field of nanotechnology. In contrast, carbon nanostructures
have been significantly less used for bio-medical applications. A plausible
reason for this could be due to their scarcity or total lack of solubility in the
biological aqueous media. However, as nicely shown in this book, solubil-
ity of carbon nanostructures in water has been fully achieved by means of
the many successful chemical strategies developed for chemical functional-
ization. Remarkable examples can be found in the following chapters with
amazingly huge carbon nanostructures soluble in water.
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viii Preface

The great effort devoted to employ chemically modified fullerenes for bio-
logical applications has allowed one to address the wide variety of emergent
nanoforms of carbon. The resulting innovative materials have been judi-
ciously used for a variety of applications in the fields of biology and medi-
cine. Carbon nanomaterials are quite unique biocompatible platforms for
the development of multifunctional systems for a wide variety of applica-
tions whose potential is shown in the different chapters collected in this
book, ranging from drug delivery systems to cell growth bioactive substrates.

The origin of this book is based on the previous great experience of the
three editors of this book of editing a special issue in the Journal of Materials
Chemistry B entitled “Carbon nanostructures in biology and medicine” in
2017. The success of this special issue (J. Mater. Chem. B, 2017, 5, 6425) con-
taining 25 original works (and some authors of which have now participated
in this book), encouraged us to embark on this new and pleasant venture.

As the editors of this book, we are fully convinced that it should be of inter-
est for the specialists in the field as well as an encouraging updated reference
for those non-specialists. The variety of topics contained in these chapters
written by specialists represents a useful source of information on a top sci-
entific field. We also strongly believe that this book will stimulate the imag-
ination and inspiration of those scientists engaged in the fields of carbon
nanostructures and biomedical applications.

We would like to thank all the contributors to this book, which gather two
apparently orthogonal fields, who enthusiastically accepted to participate in
this appealing venture. We would also like to extend our gratitude to all those
colleagues cited in the book for their inspiring works. This gratitude is also
for the Royal Society of Chemistry and, in particular, for the staff of the RSC
involved in this venture. Their continuous support, dedication and enthusi-
asm have been essential in making this book a wonderful reality.

Nazario Martin
Tatiana Da Ros
Jean-Francois Nierengarten
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CHAPTER 1

Carbon Nanostructures:
Drug Delivery and Beyond

AGNIESZKA GAJEWSKA?, AKCAN ISTIF?, JASRA GUL*?,
MICHELE CHIRONI?, ANDREA FAIDIGA?, MARCO ROCCO?,
KETTY SLAVEC?, TERESA GIANFERRARA® AND

TATTANA DA ROS*?

“Department of Chemical and Pharmaceutical Sciences, University of
Trieste, Trieste, Italy; "International Center for Chemical and Biological
Sciences (ICCBS), University of Karachi, Karachi, Pakistan

*E-mail: daros@units.it

1.1 Introduction

Since the discovery of fullerenes in 1985, the family of carbon nanostructures
has widened a lot and nowadays it includes nanotubes, nanodiamonds, nanoo-
nions, nanoribbons, nanocones, nanohorns, graphene and its direct deriva-
tives, as graphene quantum dots, and carbon dots. Despite the fact that they
all present interesting characteristics, in the last few years the most studied,
from a biological point of view, are carbon nanotubes (CNTs), graphene oxide
(GO), graphene quantum dots (GQDs), carbon quantum dots (CQDs) and carbon
nanodiamonds (NDs). In fact, lately the interest for fullerenes has dramatically
decreased, affecting the number of studies on their properties, but there are still
brilliant examples of their biological potential as reported by various authors."
One of the most explored bio-applications of carbon nanostructures is
related to their capability to load different payloads and to cross the cellular
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2 Chapter 1

membrane, allowing the intracellular delivery of drugs into cells. Here we
will discuss some of the most recent developments in this field, except for
fullerenes, which have been recently widely reviewed.

1.2 Carbon Nanotubes

CNTs consist of one or several concentric graphene sheets rolled up in a
cylindrical shape with a range in diameter from 0.4 nm up to 100 nm. They
have been studied from many different aspects.

The biological applications of CNTs are strongly dependent on all of the
health hazards that this new material can cause. For several years, the effects
of CNTs in cells and tissues have been explored by in vivo and toxicological
studies. However, it turned out that many parameters of CNTs, (as contam-
inants, surface chemistry, processing methods, agglomerate states, length,
diameter and more) can have various toxic effects.

As was reported, the toxic effect of CNTs can arise not directly from them,
but from the residues produced during the synthetic process as nickel, cobalt
or iron nanoparticles, which can remain in the CNTs and generate reactive
oxygen species (ROS) in a biological environment. It turns out that ROS
cause inflammatory symptoms and induce mitochondrial membrane deg-
radation, depletion of antioxidant agents, rise in inflammatory biomark-
ers, and decreases cell viability. It has been demonstrated that 30% of iron
in SWCNTs is able to generate free radicals within 15 min of exposure to
epidermal keratinocytes in the presence of DMPO (5,5-dimethyl-1-pyrroli-
ne-1-oxide).? In a later study it was shown that higher amounts of catalyst
generate higher concentrations of free radicals and increase inflammatory
responses.” Additionally, nickel alters the expression of the gene encoding the
protein HIF1A, a factor of transcript involved in the regulation of inflamma-
tory genes and apoptosis.® All studies on the toxicity of CNTs must than take
into account the nature of the metallic catalyst and its percentage/quantity. It
is difficult to obtain pure CNTs by removing all traces of catalysts and several
methods can be employed to decrease residual catalysts including centrifu-
gation, high-temperature annealing® and oxidation treatment by acid reflux.”

Toxicity can be also influenced by the modification on the CNTs' surface.
Only with acid-treatment on the CNTs' surface is it possible to introduce a num-
ber of defect sites along the CNTs' surface (as mentioned earlier). Muller et al.
changed the number of defect sites on MWCNTSs by mechanical grinding and
annealing at high temperature and demonstrated that acute pulmonary toxic-
ity and genotoxicity increased after intratracheal administration of MWCNTs
with a larger number of defect sites.® However, another study by Kagan et al.
showed that oxidized SWCNTSs can be biodegraded more easily by myeloperox-
idase enzyme, found in neutrophils and macrophages. The enzyme interacts
with carboxylic sites on the nanotubes' surface’ and oxidized CNTs may be
more biocompatible than pristine CNTs from this point of view. Following this
pathway, Sayes and co-workers examined cell viability in the presence of oxi-
dized and phenylated tubes. They discovered that the phenylated tubes exhibit
lower toxicity, and this can be due to the hindering of the defect sides of the
tubes.'® Dumortier at al. have examined the toxicity of CNTs functionalized by



Carbon Nanostructures: Drug Delivery and Beyond 3

1,3-dipolar cycloaddition. They concluded that CNTs, fully soluble in aqueous
culture media, did not modify primary immune cells viability in vitro.'* Also,
the CNTs' surface area and their hydrophobic nature have an impact on the
toxicity. The tubes, in fact, can potentially interact with several molecules like
proteins, RNA, DNA and enzymes with toxic effects on the biological environ-
ment."” Dutta and co-workers found that the bovine or human serum albumin
adsorption onto the CNT surface resulted in inflammatory responses after
uptake by macrophage cells. Normally that effect occurs only when albumin
adopts structural changes or becomes damaged."® The effect of functionaliza-
tion of the tubes highlights the importance of assessing the toxicity profile for
every type of new CNT modification.

Finally, the CNTs' length cannot be ignored. CNT sizes have an important
effect on clearance. The length can range from nanometers up to millime-
ters. The exposure to long fiber-like material can induce dangerous dam-
ages in DNA and genetic mutations over a period of exposure, causing an
extremely malignant form of cancer, mesothelioma. Symptoms of these bio-
persistent fibers are the granulomas, which are the signs of oxidative stress,
causing excessive fibrous tissue.™

Macrophage are the cells responsible for the removal of foreign material
like CNTs from living organisms. Fibers with a length exceeding 20 um are
extremely resistant to phagocytosis' and Poland et al. have shown that CNTs
as spherical or stellate shaped agglomerates with less than 20 um have no
significant damaging reactions compared to samples with individualized
MWCNTs, agglomerates, and ropes of MWCNTs with lengths exceeding
20 um.'" CNTs can be toxic, but many solutions exist, to moderate or elim-
inate adverse effects arising from the mentioned problems. In conclusion,
CNTs should be used without the presence of metal catalysts, have an appro-
priate functionalization for the planned purpose with low surface oxidation,
present a covered surface to effectively escape bio-interactions and be short
to avoid long retention times.

To approach their potential application and effect on humans, pharmaco-
kinetics and biodistribution in animal models have been and are currently
being explored, and they depend on numerous factors such as chemical-
physical characteristics, solubility, surface functionalization, aggregation of
the derivatives themselves,'® while CNT excretion is mainly renal.'”

The possible biomedical applications of CNTs span many fields. One exam-
ple is regenerative medicines due to their biocompatibility, resistance, and
possible functionalization of their surface with biomolecules as collagen fibers
to form a nanomaterial capable of acting as a scaffold in tissue regeneration,
as already reported many years ago.'® Another potentiality, not properly unrav-
eled up to now, is their supposed antioxidant activity. If this function could
be confirmed, they could also be used in the prevention of aging and pres-
ervation of food." However, the most promising and studied application for
CNTs is delivery systems. In fact, they can be loaded with different pharma-
ceutical ingredients and be delivered at specific sites, with prolonged accumu-
lation into targeted tissues and reduced prospective systemic toxic effects.>
The latter aspect is of particular importance in the case of anticancer drugs,
the mechanism of action of which is mainly related to their toxic effects
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(ie. alkylation, DNA intercalation, tubulin aggregation/disaggregation equilib-
rium unbalance among others). In this context, CNTs propose an opportunity
to capsulate anticancer drugs, thus reducing their toxicity for an organism and
enhancing local accumulation in the targeted site.”’ Moreover, it is important
to remember that, with the proper modification, it is possible to stimulate the
drug release from the drug-CNT complex only in a tumor environment, for
example, by lowering the pH under the physiological value (Figure 1.1).>*

Their capability to act as efficient vehicles for the transport of many mol-
ecules is related to their ability to enter into cells, mainly with two mecha-
nisms,* one of which-the so-called nano-needle process-is not invasive for
biological membranes, considering that the tubes pierce through the phos-
pholipidic double layer without disrupting the surface.?*” This internaliza-
tion method could also play a role in the application of CNTs in vaccines.*
The uptake mechanism, however, depends on various factors such as length,
size, nature of functional groups and hydrophobicity (Figure 1.2).*
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Figure 1.1 Top: Preparation of Fe,O, magnetic nanoparticles decorated poly(acrylic
acid)-grafted MWCNTs, covalently linked to folic acid and fluorescein
(steps 1-3) and embedding doxorubicin by non-covalent interactions.
Bottom: doxorubicin release profile at acid and neutral pH at 37 °C.
Adapted from ref. 22 with permission from Elsevier, Copyright 2012.
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15 min

30 min

60 min

120 min

Figure 1.2 Distribution of functionalized MWCNTSs into A549 cells at different
time of incubation. Scale bars: 1 mm in a, c and e; 200 nm in b, d, f, g,
h and i. Cyt, cytoplasm; N, nucleus; GC, Golgi complex; V, vesicle; Mit,
mitochondria; Lys, lysosome. Reproduced from ref. 25 with permission
from Elsevier, Copyright 2012.



6 Chapter 1
1.2.1 CNTs as Cellular Substrates

One of the very promising and important implementations of CNTs is con-
nected with their topological and chemical structure. It is well established
that topographies and patterns can influence cellular behaviors. By con-
trolling the nanoscale topography of cellular substrates, the implantation of
medical devices facilitates new biological processes, including embryogene-
sis, angiogenesis and pathological conditions.

CNTs as nanoparticles are inherently appropriate for surface modifica-
tions by simple incorporation or deposition on their surface. They have a
fibrillar shape and versatile optical, electrical and mechanical characteristics
for applications as a cellular substrate. Many groups have successfully uti-
lized CNTs for cellular growth surfaces to provide structural support or pres-
ent novel properties.”® For instance, a range of cell phenotypes have shown
high binding affinities for CNT surfaces, demonstrating that CNTs may be
used for a variety of tissue implantation devices or novel substrates.*”

Several papers have presented CNTs as conducive to neuronal adhesion
and safe for neural processes outgrowth, suggesting that CNTs are biocom-
patible with neurons. Cellot et al. reported that CNTs provide a shortcut for
the electrical signaling connecting tight junctions adhered onto the nano-
tube surface at proximal and distal portions of the neuron.”® Mature neu-
ronal cells have also been derived directly from human embryonic stem
cells (hESCs) using polymer-grafted CNT thin film scaffolds.*® Malarkey and
co-workers, by modulating the thickness and the conductivity of a CNT film,
were able to change neuron morphology, neurite outgrowth and the num-
ber of growth cones.*® Even if, until now, neuronal interfacing has no direct
clinical benefits, research developments in this area may help to explain bio-
logical mechanisms and neural interactions relevant to injury and disease.
Preferential interactions of neural cells and CNTs permit the study of axonal
outgrowth and connection between neural clusters and patterned CNTs.
Also, the directed growth and migration along CNT surface architectures
allowed the study of their role to prevent and repair nerve injuries, such as
spinal cord injury or stroke.*!

Lee et al. pretreated rats with amine-modified SWCNTs, and they found
a protection effect on neurons as well as an improvement in the recovery of
behavioral functions in rats with induced stroke. Authors suggest that CNTs
with positive charges may have contributed to a favorable environment for
neurons.’> Roman et al. investigated the administration of PEGylated SWCNTSs
after traumatic neural cord injury, which could promote regeneration of
axons into the lesion cavity and functional recovery of the hindlimbs.** They
found that, after a spinal cord injury (SPI), neurofilament-positive fibers of
SWCNT-PEG induced a modest improvement in hindlimb locomotor recov-
ery without causing hyperalgesia. These data suggest that SWCNT-PEG may
be an effective material to promote axonal repair and regeneration after SPI.

By functionalization, CNTs can be conjugated with imaging agents, such
as metallic nanoparticles, quantum dots, or isotopes to make imaging pos-
sible via conventional techniques. Chen et al. studied the conjugation of
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CNTs with super paramagnetic iron oxide nanoparticles (SPIO) and NIR
fluorescent quantum dots CdTe.** The CNTs-SPIO-CdTe nanohybrids
exhibited the superparamagnetic behavior of SPIO with a saturation magne-
tization of about 65 emug ™' at room temperature and strong emission band
located at a near-infrared wavelength of 734 nm. Different authors used
magnetic resonance imaging (MRI) for visualizing CNTs in cells® or living
organisms®® taking advantage of the presence of iron oxide impurities.
Recent studies on the application of CNTs for radiotherapy reported sev-
eral examples of CNTs as a radioisotope carrier. In the case of encapsula-
tion of the radionuclides, Hong et al. presented single-walled CNTs filled
with sodium iodide-125 (Auger and y-emitter) for in vitro and in vivo study.”
The material had a specific tissue accumulation (lung) and the leakage of
the radionuclide was not observed. More recent studies proposed the use of
nanocapsules bearing radioactive samarium salt, that can be used both in
diagnostics and in therapy, as a new tool for theranostic applications.*

1.2.2 CNTs as Drug Delivery Systems

As already mentioned, CNTs can be internalized by cells and, by presenting
a high surface area, they are ideal to transport a number of compounds on
their surface. Their potentiality as drug delivery systems have been explored
in depth,* with special attention paid to vehiculation for anticancer drugs, a
case in which selectivity is a major necessity.

Internalization selectivity can be achieved by exploiting different specific
transporters and receptors. A successful approach has been reported by
using CNTs decorated with fructose, exploiting glucose transporter (GLUT)
receptor-mediated pathways, in particular GLUT5, which is a membrane
protein transporting fructose into the cytoplasm.*® The authors reported a
functionalization of CNTs using block copolymer, in which doxorubicin was
also introduced. Both covalent and supramolecular approaches were used
to decorate the tubes and in the same case also folic acid was introduced
to exploit FA receptors for cellular internalization in breast cancer. Tumor
breast cancers, in fact, overexpress FA receptors and GLUTS5.

The combination of nanotubes, functionalized with folic acid and doxo-
rubicin, with silk protein leads to an injectable hybrid silk hydrogel with
enhanced strength resistance due to the presence of carbon nanomaterials.
This construct was also able to selectively target the cells overexpressing FA
receptors and deliver anthracycline due to the degradation of the silk, with
enhancement of the release using NIR pulsed irradiation to trigger the local
increase of temperature that helps the detachment of the drug.*!

In drug delivery studies with CNTs, anthracyclines, such as doxorubi-
cin, are probably the most used drugs®® because they have very attractive
anticancer compounds but they present important cardiotoxic side-effects.
Consequently, the idea of decreasing this toxicity by means of a proper
vehiculation is very appealing. Moreover, these compounds present aro-
matic structures, permitting an efficient loading on the tubes also with
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strategies that are not covalent, and their fluorescence allowed one to fol-
low directly the fate of the drugs. These studies have been recently summa-
rized in a review.*

Pemetrexed, a folic acid analog anti-metabolite anticancer, and/or quer-
cetin, endowed also with proapoptotic activity, were allowed to interact
with MWCNTs to obtain three different complexes, bearing one of the two
compounds or both at the same time, respectively. The release of peme-
trexed and quercetin was investigated at acidic and neutral pH, with better
results at pH 7.4, as well as the antitumoral activity on human breast adeno-
carcinoma cells (MDA-MB-231) and pancreatic cells (PANC-1), demonstrat-
ing that there is a synergic effect of pemetrexed and quercetin in PANC-1
cells.” With an analogous supramolecular approach, also a complex with
tamoxifen was prepared. In this case, however, the drug was entrapped on
the nanotubes' surface by a subsequent wrapping of the MWCNTs with
lentinan, a biocompatible polysaccharide, that confers water solubility
to the complex. This complex was efficiently taken up into cells, induc-
ing enhanced cytotoxicity in human breast adenocarcinoma MCF-7 cells,
when combined with the hyperthermia obtained by photoirradiation of
the tubes.*

Theoretical calculation of the interaction of 5-Fluorouracil (5-FU) with car-
bon nanotubes was performed finding a good stability.”> Analogously, the
interactions between gemcitabine and pyrrolidine functionalized SWCNTs
were explored finding a favorable binding of the drug to the tubes also due to
the presence of H bonds with the pyrrolidine nitrogen.*®

PEGylated MWCNTSs were loaded also with another anti-metabolite com-
pound, gemcitabine, and hyaluronic acid, to test the in vitro drug release of
the anticancer drug, with a good profile. The complex showed a lower hemo-
lytic effect than the drug itself and in vivo experiments demonstrated a sig-
nificative reduction of the tumor and an ameliorated survival with respect
to the free drug treatment.”” Gemcitabine was also combined with MWCNTSs
and lentinan, a polysaccharide derived from mushrooms, with the aim of
associating the chemotherapeutic approach with photothermal treatment,
due to the presence of the tubes. These can be irradiated in the NIR and
release energy as heat, with local increase of temperature that can kill the
cells. The ternary complex CNT-gemcitabine-lentinan was demonstrated to
be more effective than the CNTs, the free drug or the CNT-drug construct.
Moreover, combination with the local irradiation allows one to obtain a spe-
cific enhanced effect only into tumor cells.*®

Another classical anticancer drug, paclitaxel, was linked to SWCNTs
through the interposition of a pH sensitive linker, with the ability to release
paclitaxel in the tumor environment. Selective targeting was possible due to
the presence of a specific antibody, CD44. The in vitro and in vivo studies
were conducted also in combination with salinomycin, that is known to
eradicate cancer stem cells, conjugated to the nanotubes with a PEG chain
as well. The results showed an increased efficacy in suppressing the tumor
when both the constructs were simultaneously used (Figure 1.3).*
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Panel a: Preparation of MWCNTs decorated with paclitaxel using a pH
sensitive bond (hydrazone) and CD44 antibodies, as selective targeting
agent. Panel b, top: bioluminescence intensity in in vivo experiment in
MDA-MB-231 tumor-bearing mice. Panel b, bottom: radiance efficiency,
corresponding to the tumor volume, at different times. The arrows
indicate the injections of the materials. The evaluated mice groups
are non-treated mice (Non-treated); treated with salinomycin (SAL);
treated with paclitaxel (PTX); treated with a combination of salinomy-
cin and paclitaxel (SAL + PTX); treated with salinomycin-conjugated
SWCNTs (SWCNT-SAL); treated with paclitaxel-conjugated SWCNTs
(SWCNT-PTX); treated with a combination of salinomycin-conjugated
and paclitaxel-conjugated SWCNTs (SWCNT-SAL + SWCNT-PTX). Data
expressed as mean + SD, n = 3 per group. Adapted from ref. 49 with
permission from Elsevier, Copyright 2016.
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With the same aim of killing cancer stem cells, Berber et al. explored the
synergistic effect of polybenzimidazole-decorated MWCNTSs in combination
with Pt nanoparticles. The latter release cytotoxic Pt ions in acidic condi-
tions and the proposed scaffold was demonstrated to be very efficient as
anticancer.*

Another antitumor platinum-based drug, oxaliplatin, was used to design
a double functionalized MWCNTs-based drug delivery system, in which also
the trans-activating transcriptional activator (TAT) was introduced, obtaining
a copolymeric structure using polyethylenimine. The presence of the TAT
was finalized to the enhancement of the permeability of brain endothelial
cells, ameliorating the blood-brain barrier (BBB) penetration, and the con-
struct was able to induce a higher production of ROS, with consequent high
efficacy in killing tumor cells in in vivo glioma models.>!

As mentioned, BBB is an important obstacle in delivering drugs to
CNS, and the studies to overcome it are of the utmost interest. Recently a
nanotube-based construct has been proposed, conjugating on the carbon
surface ribavirin, as an antiviral compound, and an opportunely selected
nanobody against nervous necrosis virus. The experiments on cells demon-
strated that there is a much higher cellular uptake when the nanobody is
present with respect to the control system without it and in vivo experi-
ments on zebrafish highlighted that the antibody portion allowed concen-
tration of the preparation into the brain (Figure 1.4), with a decrease of
infected larvae mortality.*>

In another study, three different bisphosphonates were covalently conju-
gated to oxidized MWCNTSs to obtain an efficient vehiculation of the antitu-
mor compounds, the use of which usually requires high dosages to reach an
efficient effect, but these doses, at the same time, trigger toxic mechanisms.
With the aim of finding a better delivery system, drug release from the deco-
rated CNTs was studied at three pH (1.2, 5.5, 7.4) obtaining different kinetics
profiles. However, the activities of the CNT-bisphosphonates conjugates on
MCF7 cells were not conclusive, in fact the behaviors of the three derivatives
were very different from each other (from an increase to a dramatic loss of
activity).>

As mentioned, studies in the field of drug delivery have been very active*
for many years. After exploring the combination of CNTs with the most clas-
sical anticancer drugs, a lot of work has been done recently on alternative or
novel molecules with potentiality in tumor therapy.

Mangiferin, a polyphenolic C-glycoside, is a new anticancer drug with
a poor bioavailability that limits its use. In order to improve this aspect,
MWCNTSs were used to conjugate this compound through the interposition
of PEG chains. The proposed system demonstrated better bioavailability and
at the same time an ameliorated cytotoxic effect versus U-87 glioma cells.*

As recently reviewed,” formononetin, a chromen-4-one richly present
in legumes, clovers and herbs, shows a significant cytotoxicity potentially
useful for the treatment of cancers because it induces apoptosis triggering
the loss of the mitochondrial membrane potential. This molecule has been
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Figure 1.4 Panel a: Zebrafish confocal microscopy figures: control; after incubation
with FITC as mock treatment; after incubation with ribavirin-MWCNTs
complex; after incubation with ribavirin-Antibody-MWCNTSs. Panel b:
confocal microscopy figures of tissues samples from different groups
(control; after incubation with FITC as mock treatment; after incuba-
tion with ribavirin-MWCNTSs complex; after incubation with ribavirin-
Antibody-MWCNTSs). Red channel corresponds to indocarbocyanine
dye (Dil) fluorescence while the green channel is the FITC fluorescence.
Scale bars: 500 um. Reproduced from ref. 52 with permission from
American Chemical Society, Copyright 2019.

loaded, with a supramolecular approach, on oxidized CNTs. The formonone-
tin release gave good results and its effect was evaluated on murine fibro-
blasts 3T3 and cervical carcinoma HeLa cells as healthy and tumor lines,
respectively. While no strong effect was evident in 3T3 treated cells, a cell
viability decrease to 40% was reported in the case of HeLa both in the case
of the free drug and the formononetin-loaded CNTs. However, the CNT con-
struct was more active in increasing ROS intracellular concentration and in
decreasing the mitochondrial membrane potential.>®
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Combretastatin A4 is a compound able to destabilize the tubulin equi-
librium, hampering its polymerization and inducing apoptosis but the
drawbacks of its use are its aspecificity and low solubility in a biological envi-
ronment. The conjugation with SWCNTs, through the interposition of glycol
chains, allowed a good dispersibility of the construct, that releases 90% of
the loaded drug in 50 h. The activity was then evaluated demonstrating much
better performances than the free drug.””

Metformin is emerging as a new candidate for anticancer drugs, but one
of the already clear limitations of its use is the high dosage necessary to
exert the activity. With the aim to decrease the quantity of metformin to be
administrated, the use of CNTs as a delivery system was explored, employing
oxidized CNTs forming salts with the metformin itself. The oxidized CNTs
showed a dose-dependent cytotoxicity on HT29R and MCF7. In the case of
PC3 the vector showed no toxicity at all. Moreover, due to the presence of
the CNTs, the vehiculation of metformin at a concentration of 2.4 pg mL™
induced a reduction of cell viability comparable to that obtained with 64.5
pg mL ™" of the free drug, with a very significant increment of activity. Pecu-
liarly, these constructs are scarcely internalized into cells, probably because
of the presence of the guanidine unit, which acts as a possible inhibitor of
micropinocytosis.>®

Curcumin as model of an anticancer drug was used to explore the capabil-
ity of microemulsions of MWCNTSs in polymethacrylate to act as drug deliv-
ery systems. The authors reported a high content of entrapped curcumin as
well as a sustained and prolonged release of the drug at pH 7.4.%°

To the best of our knowledge, the first report on an oral preparation, spe-
cifically tablets, to administrate carbon nanotubes with a drug targeted to
the colon was reported in 2019. Oral drug delivery systems targeted to the
colon can use different approaches to obtain a selective responsive system,
one of those is the enzymatic responsive release adopted in this case. Using
wet granulation, the tablets were prepared using MWCNTSs and pectin at dif-
ferent percentages. The idea is that peptidase in the colon environment trig-
gers the degradation of pectin with the subsequent release of the entrapped
drug. Celecoxib was used as chemoprevention therapy for colorectal can-
cer. The CNTs presence increased the friability of the tablets but the overall
resistance of the preparation was quite good, and the swelling experiments
demonstrated that no MWCNTSs were released in the solution. The in vitro
experiments in the presence of peptidases result in a proper degradation of
the tablets and the release studies showed a low concentration of the drug in
a solution at acidic pH with a substantial release at neutral pH, mimicking
the colon.®

The delivery of RNA, DNA and their derivatives is also a potential applica-
tion of MWCNTSs.®! For example, MWCNTSs were functionalized with small
interfering RNA (siRNA), which is a promising gene silencing compound
for directed immunogenetic cancer therapy, in order to stabilize siRNA and
deliver it to the targeted cell more efficiently. As in vivo delivery of siRNAs
to the target cell is limited by the scarce stability, low uptake efficiency and
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pharmacokinetics of siRNA, this approach could facilitate the release of the
drug or gene into the cell and thus the loaded compound reaches the tar-
geted tissue, escaping lysosomal degradation, enzymatic cleavage and inter-
ference of proteins. The result is a greater biostability of nucleic acids with
an increase in the ability to reach the target by DNA compared to free DNA.
Moreover, Kateb et al. suggested that MWCNTSs could be used as non-toxic
and biodegradable nanocarriers for targeted therapy in brain cancer, a chal-
lenging tissue to be reached.®

1.3 Nanodiamonds

NDs were first produced by a research group from the USSR in July 1963
through the detonation of a 40/60 blend of 2-methyl-1,3,5-trinitrobenzene
(TNT) and 1,3,5-trinitroperhydro-1,3,5-triazine (RDX).®* The first public
disclosure of NDs took place with the discovery of 50 A sized diamonds in
meteorites in 1987,% and, one year later, the detonation-based production
of NDs was reported.®® Despite the fact that NDs can be produced by differ-
ent approaches, the most common method is still detonation, being one of
the more suitable techniques for large-scale production. In this case, the so-
called detonation nanodiamonds present a small primary particle size and a
feasible surface functionalization. Another important method of production
is milling of diamonds obtained with the high-pressure high temperature
process (HPHT),*® in which presses are used to obtain shock compression of
graphite in the presence of metal catalysts. Depending on the chosen cata-
lyst, pressure and temperature vary, usually ranging between 5 and 7 GPa and
from 1300 to 1800 °C, respectively. With this process it is possible to obtain
particles of irregular shape with a diameter of 10-20 nm, and with a high
nitrogen content (100-300 ppm), which confers a very important character-
istic to this type of ND. The typical diameter of NDs is in the range of 2 to 100
nm and they are the most stable carbon derivatives with such small dimen-
sions,*” based on which it is possible to classify NDs into three main groups:
nanocrystalline diamond particulates (10-100 nm), ultra-nanocrystalline
diamond particulates (0-10 nm, a range that includes detonation nanodia-
monds), and diamondoids (~1 to ~2 nm).*®

NDs are characterized by a core of sp* carbon atoms and the possible sur-
face groups are ketone, aldehyde, carboxylic acid, ester, anhydride, cyclic
ketone, lactone, amine, epoxide, etc.;* but in some cases the core can be
coated with a graphitic shell composed of sp* carbon whose amount is
strongly dependent on synthetic methods and purification procedure.®

NDs present stability and chemical inertia of the core, high hardness, rigid-
ity, high surface area (20% of the carbon atoms are at the surface),”® thermal
resistivity and conductivity,”" optical transparency in a wide range of the
electromagnetic spectrum, and tendency to aggregate. The optical proper-
ties are of particular interest, in particular fluorescence, which was observed
especially for HPHT diamonds.”” This property is due to the presence of
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impurities and defects in the lattice, such as vacant nitrogen centers. The
centers are able to absorb strongly around 500 nm and to emit at 700 nm.
Other advantages are the continuous emission and the photostability.®”?
Furthermore, since the emission derives from defects inside the reticle, it
is not inhibited by surface functionalizations, thus providing an additional
advantage in the chemical modifications of this material.

Since cellular uptake can occur through pinocytosis or clathrin-mediated
endocytosis, the mode of internalization of the nanoparticles in the cells
does not cause any damage to the integrity of the membranes (Figure 1.5).”
Several factors can play a role in the uptake processes such as the cell type,”
incubation time, surface characteristics, size, shape and aggregation of the
nanodiamonds.”®

NDs seem to be excellent candidates for biomedical applications, gener-
ally showing less cytotoxicity than other nanocarbonaceous materials, such
as graphite, graphene and carbon nanotubes.”” They appear to be well tol-
erated and show no serious toxic effects in vivo.”® The biocompatibility of
NDs has been studied by evaluating both cell death, morphological changes,
changes in metabolic activity, alterations in the proliferation and expression
of genes and proteins and oxidative stress.”’ The effects of both short-term
and long-term nanodiamond treatment have been assessed in vitro on dif-
ferent cell cultures, such as macrophages, and several cancer and healthy
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Figure 1.5 Differential interference contrast (DIC) images of NDs treated HeLa
cells at (a) 37 °C; (b) 4 °C; (c) 37 °C in the presence of NaN;; (d) 37 °C in
the presence of sucrose; (€) 37 °C in the presence of filipin as potential
inhibitors of the NDs' cellular uptake. (f) Histogram of mean photo-
luminescence intensity per cell. Reproduced from ref. 74 with permis-
sion, from American Chemical Society, Copyright 2009.
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cells. These studies pointed out that NDs are highly biocompatible and
highly absorbed inside the cells. Furthermore, these materials do not cause
any morphological and metabolic alteration in the cells, they do not affect
cell vitality and do not stimulate changes in inflammatory marker levels.”
Invivo tests allowed one to understand that NDs tend to accumulate in lungs,
liver, spleen, kidneys and bladder without however altering organ functions.
Slight morphological changes in the liver can be observed, but without mod-
ification of metabolic activity so as to be considered reversible damage, while
some evidence of oxidative stress was found at the lung level.*” The adminis-
tration was carried out through different pathways (sub-cutaneous, intrave-
nous, inhalation and oral) and a good tolerability in organisms emerged with
no changes in the systemic inflammatory response.®

The evaluation of the possible pro-coagulant effect is important for a pos-
sible intravenous administration and the NDs do not seem to alter the pro-
thrombin time, the fibrinogen levels or the platelet count.’* In vivo studies
on primates, treated with 15 mg Kg* or 25 mg Kg ' of NDs, were performed
for six months and the results showed no metabolic alterations, cytotoxicity,
inflammatory response or alteration in organ function. Only few alterations
of cardiomyocytes, capillaries of the hepatic parenchyma (less pronounced
alterations in the group treated with lower dosages) and pulmonary alveoli
were detected (Figure 1.6).%!

Control Standard ND Standard ND Elevated ND Elevated ND
071691 (M) 080118 (F) 071079 (M) 070696 (F) 071425 (M)

e
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Figure 1.6 Tissue samples from monkeys treated with different kinds of NDs at 15
or 25 mg kg™, six months after administration. Reproduced from ref.
81 with permission from American Chemical Society, Copyright 2016.
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Figure 1.7 Panel (A). Hemolysis tests at different times and different concentra-
tions of variously functionalized NDs (namely presenting carboxylic or
amine groups on the surface). Panel (B). Histogram of the absorbance
related to the release of hemoglobin from red blood cells after the ND
treatment. Reproduced from ref. 83 with permission from Elsevier,
Copyright 2020.

Tsai and collaborators demonstrated the absence of an immune response
when NDs were administered by intravenous injection in mice, due to the
non-activation of the proinflammatory cytokine TNF-a* and recently the
absence of hemolytic effect was confirmed (Figure 1.7).* In the latter work,
the effect of oxidized and amine functionalized nanodiamonds was explored,
finding a different behavior of the two materials on the peripheral blood
mononuclear cells, with an impact stronger for the one oxidized. Other stud-
ies pointed out that oxidized NDs can cause malformations in embryonic
cells with a correlation with the concentration and with the presence of car-
boxylic groups.”

1.3.1 NDs as Drug Delivery Systems

The application of NDs in drug delivery is one of the most interesting and
studied biological applications of these nanoparticles. In fact, they are excel-
lent candidates for drug delivery due to their biocompatibility, dimensional
homogeneity and chemical inertia of the core together with a wide variety
of functional groups on the surface and large surface area, which allows
the adsorption of a considerable amount of molecules. To date, most of the
efforts have been devoted to the functionalization of NDs with anticancer
drugs using a non-covalent method, in order to leave the drug molecules
unaltered.”” Unfortunately, this approach does not allow one to control the
drug release in a proper way. As in the case of CNTs, one of the most studied
drugs are anthracyclines.®” Both in the presence of covalent and non-covalent
bonds, these derivatives show an increase in half-life, and decrease in side
effects and in drug efflux when delivered using NDs. The chemoresistance
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inhibition seems to be related to the cell efflux pumps (ABC, ATP-Binding
Cassette) being overcome, with a consequent accumulation of the molecules
into the cells.”” For example, treatment with doxorubicin functionalized nan-
odiamonds ensured longer retention in 4T1 tumors than the free drug and
markedly reduced tumor sizes.*** Analogous behavior has been reported in
canine kidney cells MDCK, liver cancer LT2-MYC and Huh?7 cells and breast
cancer cells MDA-MB-231.% Wang et al. in fact studied the mechanism of
action of the NDs-epirubicin complexes, observing that epirubicin is released
at acid/neutral pH and, therefore, the release at the blood level is minimal
while it is maximized for tumor cells, with a consequent decrease in mye-
losuppression. This mechanism seems to be related to the internalization
into cells by macropinocytosis, considering that macropinosomes merge
with lysosomes presenting an acid pH. Once again it has been demonstrated
that the retention of the drug into hepatoblastoma LT2-MYC is prolonged
compared to the free drug. The efficacy of NDs-Daunorubicin complexes on
human erythroleukemia cell line (K562 cells) was also studied, evidencing a
constant release of the drug into the cells at pH 4 and the prevention of the
drug outflow, with an increase of the drug presence into the cytoplasm.®

1.3.2 Other Applications of NDs

The so-called nitrogen vacancies (NVs) are defects of the NDs core created
within the NDs grid by high energy irradiation (with electrons, protons or
helium ions) that induces interruptions in the lattice, while the annealing
process (600-800 °C) allows these defects to be filled with nitrogen atoms.*”
These materials emit a red luminescence with a wavelength of about 700
nm if radiated at 560 nm, thus allowing one to trace cellular processes by
fluorescence microscopy. NDs containing NV could replace commonly used
bioimaging agents due to their longer emission capacity, not being photo-
bleached.®® HPHT NDs are the most studied as bioimaging agents due to the
higher presence of nitrogen in the lattice (300 ppm) in comparison to other
kinds of NDs. However, this synthetic method does not produce particles with
sizes below 20 nm and this could be an obstacle for biomedical applications.
Anyhow, Fu et al. used these materials to treat HeLa cells and they observed
the translocation of NDs into the cells, with the presence of both aggregates
and single particles in the cytoplasm. Since, as already mentioned, the NDs
photoluminescence is not influenced by surface modifications, their func-
tionalization is possible without hampering this characteristic as demon-
strated with the covalent functionalization of NDs using poly-lysine, which
allowed the complexation with DNA by means of electrostatic interactions.*
This characteristic is very peculiar for these materials and the absence of
photobleaching allows the use of NDs in theranostics.

Among the heterogeneous studies of NDs, in one of the early-stage reports,
it was demonstrated that the stabilization of protein antigens on the surface
of the NDs led to a prolonged and intense immune response, offering the
possibility to use NDs in disease prevention.”®
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The incorporation of NDs into polymers, through covalent or non-covalent
bonding, can also find application in the biomedical field; for example, NDs
functionalized with octadecylamine dispersed in L-polylactic acid allowed an
increase in resistance, hardness and Young's modulus of the final material,
applicable as a biocompatible and biodegradable/resorbable implantable
device in the case of bone damage.’’ NDs are also promising materials in tis-
sue engineering and regenerative medicine. It was shown that they can be an
effective neuronal growth platform similar to protein-coated materials when
assembled as monolayers.*

Wehling et al. reported the potential antibacterial activity of NDs and, in partic-
ular, of the oxidized ones, able to decrease the viability of E. coli, a Gram-negative
bacterium,ataconcentrationof 5mgL . NDspresentingaless oxygenated surface
did notexert the same effect, suggesting that the mechanism of action isrelated to
the reactivity of these oxygen-containing groups. However, there is a strong influ-
ence of the presence of proteins in the environment: the higher the content, the
lesser the antibacterial effect (Figure 1.8).” This characteristic can be exploited
with the use of NDs as excipients in different pharmaceutical formulations. In
fact, thanks to their antibacterial properties, they could be used to avoid bacterial
contamination.’* Moreover, thanks to their ability to partially shield UV rays they
could be used for the preparation of sun creams and as protective agents with
photosensitive drugs® and, lastly, they also have a certain antioxidant activity
that could be exploited biologically.®?
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Figure 1.8 Activity of different NDs vs. bacteria in function of the protein concen-
tration (ranging from 2.5% to 10%) in the used media. Reproduced
from ref. 93 with permission from American Chemical Society,
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1.4 Graphene and Carbon Quantum Dots
1.4.1 GQDs

Graphene quantum dots (GQDs) basically combine the structure of graphene
with the quantum confinement and edge effects of CDs and possess unique
properties, which are important for the applications in medicine, electronic,
photoluminescence, electrochemical and electrochemiluminescence.”

GQDs mostly consist of 1-3 layers of graphene flakes with a diameter of
less than 20 nm.”” The surface groups of GQDs may vary due to the synthetic
methodology and the photoluminescence peak may shift depending on the
surface functionalization.’®

Due to the edge effects,” the quantum confinement'” and the unique bulk
properties of graphene and the possible functionalization,'* GQDs have very
advantageous properties for a wide range of applications. The synthesis of
GQDs may already add different functional groups on the graphene-like sur-
face depending on the chosen preparation. GQDs can be functionalized to
adjust biocompatibility, photoluminescence, electronic properties, or opti-
cal properties. The intended modifications can be performed with GDQ
production using pre-treated starting materials or proper conditions, or as
post-production modifications.

The synthesis of nitrogen-doped graphene quantum dots was performed
by cutting nitrogen-doped graphene with a hydrothermal method.'** The so-
obtained N-doped GQDs have a N/C atomic ratio of ca. 5.6% and diameter of
1-7 nm and show strong blue photoluminescence and upconversion photo-
luminescence properties. Analogously, fluorinated GQDs, with a F/C atomic
ratio of ca. 23.7% and diameter of 1-7 nm, can be produced from fluorinated
graphene as a modified starting material by using a hydrothermal cutting
method.'” It was shown that fluorination changes the optoelectronic prop-
erties of GQDs, upconverts photoluminescence and alters electronic proper-
ties similar to the effect of GQD nitrogen doping. The optical properties of
solvothermally synthesized GQDs are tunable by the degree of surface oxida-
tion, which brings fine solubility, high stability and upconversion photolu-
minescence,’® and photoluminescence quantum yields can increase from
4.1% to 12.2% with the increase of surface oxidation.

With a simple electrochemical approach, it is possible to produce lumines-
cent and electrocatalytically active nitrogen-doped GQDs with oxygen-rich
functional groups from reduced graphene oxide by using tetrabutyl ammo-
nium perchlorate (TBAP) in acetonitrile as electrolyte to introduce N atoms
on the surface of GQDs.”®* The so-produced GQDs present a N/C atomic ratio
of ca. 4.3%, have blue luminescence and possess electrocatalytic activity.

After the production of GQDs, the usual functionalization is performed
through the generation of an amide bond via covalent conjugation of amines
to the carboxyl groups of graphene quantum dots.'™ Wolk et al. activated
the carboxylic function with oxalyl chloride treatment, followed by the addi-
tion of dodecyl amine. These modified GQDs showed excellent solubility
in various organic solvents. Li et al. synthesized folic acid functionalized
graphene quantum dots loaded with IR780, a lipophilic NIR fluorescent
cyanine dye.'” The preparation took place by mixing folic acid, EDC, NHS
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and GQDs in aqueous solution saturated with NaHCO;. Thus, folic acid was
covalently attached to the surface of the GQD. The next step was the mixture
with IR780 at different concentrations and the latter was linked via strong
n-n stacking interactions. The obtained complex presented improved pho-
tostability, enhanced tumor targeting ability and very high photothermal
conversion efficiency (87.9%) (Figure 1.9).
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Figure 1.9 Top: panel (a). Photothermal profiles of water, free IR780, GQDs-FA and
IR780/GQDs-FA laser irradiated at 808 nm at 1 W em . Panel (b). Effect
of the irradiation time of IR780 and IR780/GQDs-FA on IR780 concen-
tration in aqueous solution. Bottom: panel (a) NIR fluorescence inten-
sities of free IR780 and IR780/GQDs-FA in the tumor region. Panel (b).
Ex vivo evaluation of the dissected organs at 24 h post injection. Panel
(¢). Fluorescence intensity of the excised organs after treatment with
IR780 and IR780/GQDs-FA. Reproduced from ref. 105 with permission
from American Chemical Society, Copyright 2017.
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1.4.1.1 GQD Applications

GQDs have potential applications in biomedical, optoelectronic, and energy-
related fields mainly due to properties such as water solubility and lumi-
nescence, which make them excellent candidates for bioimaging and drug
delivery.

Kuo et al. synthesized GQDs with sizes of approximately 7.1 nm to use them
in two-photon photodynamic therapy and simultaneous three-dimensional
two-photon bioimaging, especially on multidrug-resistant bacteria. The
GQDs were demonstrated to be photosensitizing, with high two-photon
absorption in the near IR region, a large absolute cross section of two-photon
excitation, strong two-photon luminescence, and impressive two-photon
stability. They were coated with two different antibodies, Ab; ps and Ab,,;gein a5
in order to enhance the specificity and efficiency against Gram-negative
E. coli and Gram-positive MRSA, respectively. The relative maximum at 800
nm was chosen to obtain maximum bactericidal activity. It was shown that
GQDs have highly effective photodynamic activity both against Gram-positive
and Gram-negative bacteria, due to their capacity to generate reactive oxygen
species, which occur with two-photon excitation with ultra-low energy in
short photoexcitation time (Figure 1.10).*°

With the aim of producing novel agents for cancer cell imaging and optical
detection of Hg*', Li et al. were able to synthesized GQDs with a size range
of 2-8 nm from the pyrolysis of maleic acid and folic acid.'”” The resulting
folic acid functionalized GQDs display a strong and tunable fluorescence
emission under visible light excitation. The authors could tune the fluores-
cence properties by changing the folic acid ratio in the pyrolysis process. Due

i

02 um

Figure 1.10 TEM images showing: no treated (a) E. coli and (b) MRSA; the effect
of the treatment with GQD-Ab;ps and GQDs-Abyoein o ON E. coli and
MRSA after (¢, d) 3 h and (e, f) 5 days of incubation, respectively.
(g) Photoexcited GQDs-Ab,ps treated E. coli and (h) GQDS-Abpygcein a
treated MRSA, respectively, after 3 h of incubation (2.64 mW of TPE
for 15 s, excitation at 800 nm, delivered dose ODg, ~ 0.05 of bacteria
and 0.5 pg mL™" GQDs). Adapted from ref. 106 with permission from
American Chemical Society, Copyright 2016.
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to the high number of folic acid units, their good lipid-solubility and their
red fluorescence emission, these GQDs as turn-on fluorescent probes are
more suitable for cancer cell imaging compared with the previously reported
graphene quantum dots. The resolution of cell imaging was considerably
improved since the red light has better biological tissue penetration and less
back spectrum interference compared with blue light. Folic acid function-
alized GQDs could be easily internalized by the human cervical epithelioid
carcinoma cells (HepG2), with an over-expressing folate receptor on the cell
membranes. The same study showed that the graphene quantum dots can
react with Hg>" and therefore a sensitive fluorescence quenching occurs, pro-
viding sensitivity and selectivity among all tested metal and nonmetallic ions
(Figure 1.11).

1.4.2 Carbon Dots

Carbon dots (known as carbon nanodots, C-dots, CDs), one of the newest
members of fluorescent carbon nanomaterials,'*® were first reported in 2006
by Sun et al.'® Their shape is described as quasi-spherical, with a diame-
ter below 10 nm. Generally, they have a sp>-conjugated core and present
several oxygen-containing species such as carboxyl, hydroxyl and aldehyde
groups.’® In some rare cases, they can contain a diamond-like structure
with sp® carbons.™! They possess excellent water-solubility and the presence
of carboxylic functions enable their functionalization with a wide range of
organic, polymeric, inorganic, or biological species. The production of car-
bon dots is achieved by a large variety of simple, fast and cheap synthetic
routes. Their photoluminescence, high photostability, and low toxicity make
them potential candidates to replace toxic metal-based quantum dots, which
pose health concerns and well known environmental and biological hazards.

The structural and physicochemical properties of CDs may remarkably
depend on the synthetic routes, which may add various defects, heteroatoms
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Figure 1.11 Left: Schematic structure of FA-GQDs. Right: Bright field (A) and con-
focal fluorescence microscopy image of HepG2 cells treated with
FA-GQDs (B) and GQDs (insert) at 37 °C for 10 min. Reproduced from
ref. 107 with permission from Royal Society of Chemistry.
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and functional groups to their structure. Their surface groups contribute to
their optical properties and make them water dispersible."'? Depending on
production and purification methodologies, the chemical composition of
carbon dots may vary widely. It has been reported that the carbon dots from
purified candle soot contain 36.8% carbon, 5.9% hydrogen, 9.6% nitrogen
and 44.7% oxygen, and that of raw candle soot contains 91.7% carbon, 1.8%
hydrogen, 1.8% nitrogen and 4.4% oxygen.'"” In the same study, solid-state
3C NMR measurements showed that carbon dots do not have saturated sp®
carbon atoms and they contain three types of carbon signals: external C=C
bonds, internal C=C bonds and C=0 bonds.

As GQDs, carbon nanodots also possess tunable photoluminescence prop-
erties arising from quantum confinement effects. Their photoluminescence
quantum yield is usually lower than GQDs due to the emissive traps on the
surface. Therefore, a surface passivation layer is necessary to improve their
brightness.

Synthesis and functionalization of carbon dots cannot be separated since
most of the surface decorations occur during their production depending
on the starting material or solvent. The synthesis of carbon dots can be gen-
erally classified into “top-down” and “bottom-up” methods. The process
includes cleaving or breaking down of carbonaceous materials via chemical,
electrochemical, or physical approaches. A variety of small organic mole-
cules can be pyrolyzed or carbonized to obtain carbon nanodots. Top-down
approaches are focused on breaking off the bulk carbon material through
laser ablation, arc-discharge and electrochemical soaking. In 2006, Sun et al.
prepared CDs of around 5 nm in diameter via laser ablation of a carbon target
in the presence of water vapor with argon as the carrier gas.'® The carbon tar-
get was prepared by hot-pressing a mixture of graphite powder and cement,
and followed by stepwise baking, curing and annealing in argon flow. The
as-produced carbon dots and acid-treated sample have no detectable pho-
toluminescence. However, after surface passivation by attaching PEG;;qoy
to the acid-treated carbon structures, bright luminescence emissions were
observed. After excitation at 400 nm, the photoluminescence quantum yields
ranged from 4% to 10%, supposedly depending on the degree of surface
passivation.'” Hu et al. synthesized carbon dots in a one-step procedure, by
laser irradiation of a suspension of graphite powders dispersed in organic
solvents, achieving at the same time the surface modifications with PEG,y.
The luminescence was attributed to carboxylate ligands on the surface of car-
bon dots and the measured quantum yields of the three samples ranged from
3% to 8%. From HR-TEM images it seemed that carbon dots mostly contain
defects and the lattice spacing was between 0.20 and 0.23 nm, while the size
distribution was 1-8 nm.""" As already mentioned, in 2007 Liu et al. devel-
oped a new methodology to synthesize carbon dots from candle soot'"* and
the same methodology was studied by Bottini et al.'** The resulting products
were purified using polyacrylamide gel electrophoresis (PAGE) to remove rel-
atively big particles, attributed to an incomplete combustion. Oxidative acid
treatment was performed to break down inherent interactions and to obtain
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well-dispersed carbon dots, which become negatively charged and hydro-
philic, due to the introduction of -OH and ~-COOH groups on their surface.
Their diameter was approximately 1 nm and their quantum yields were quite
low (<1%), in comparison with those produced through laser ablation.

Sahu et al. prepared highly photoluminescent carbon dots in one step
from hydrothermal treatment of a renewable bioprecursor, orange juice
(Citrus nobilis deliciosa). The mechanism for the formation of carbon dots
is described as the hydrothermal carbonization of the main constituents of
orange juice such as sucrose, glucose, fructose, citric acid and ascorbic acid,
at relatively low temperature (120 °C). XPS and FTIR data indicate that the
carbon dots are functionalized with hydroxyl, epoxy, carbonyl and carbox-
ylic acid groups and their calculated photoluminescence quantum yield is
26%."'%" In another study, carbon dots with an average diameter 3.4 + 0.8 nm
were synthesized by Hsu et al. from used green tea through grinding, calcina-
tion and centrifugation. The obtained carbon dots were highly water-soluble,
biocompatible, with photoluminescence at 420 nm when excited at 345 nm
(quantum yield 4.3%)."" In the last few years, a more engineered approach
has been proposed, using amino acids and amines as sources for the produc-
tion of CDs by means of microwaves.''®

The photoluminescence and optical properties of carbon dots are an
intriguing research topic from many aspects. The storage and transport of
electrons impacted by light is another attractive research field for carbon
dots. Since their discovery, their potential applications in bioimaging, sens-
ing, catalysis, optoelectronics and energy conversion have widely been stud-
ied. Cao et al.'"” synthesized carbon dots following the procedure reported by
Sun et al.'® and passivated their surface with poly-(propionylethylenimine-
co-ethylenimine) (PPEI-EI, with EI fraction ~20%). The prepared carbon dots
were investigated in MCF-7 cells as a bioimaging agent with two-photon flu-
orescence microscopy by exciting at 800 nm. It was reported that after 2 h of
incubation at 37 °C they emitted strong photoluminescence both on the cell
membrane and in the cytoplasm and their internalization was found to be
temperature dependent as at 4 °C no cellular uptake was observed.

1.4.2.1 CD Applications

Carbon dots are frequently studied in biological areas because of their low
toxicity, good biocompatibility and water solubility. These properties make
them good candidates as bioimaging agents and drug nanocarriers.!>!18
Their in vitro cytotoxicity was evaluated by MTT assay on murine fibroblasts
L929 and no significant toxicity was reported, indeed they showed to be tol-
erable at high dose (200 mg mL™).!"% Yang et al. evaluated the in vitro and
in vivo toxicity on MCF-7 and HT-29 cell lines of PEG-functionalized carbon
dots. They obtained comparable data for PEG-CDs and oligomeric PEG mole-
cules, thus suggesting that these fluorescent dots do not show any toxic effect,
like the biocompatible oligomer. Moreover, they do not cause any significant
toxic effects on mice at dosages beyond those commonly used for in vivo
optical imaging.'" Hsu et al. studied the cells growth inhibition of MCF-7,
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MDA-MB-231, and HeLa cells, and their bioimaging with carbon dots pre-
pared from calcination of green tea. These materials are effective cell growth
inhibitors for MCF-7, MDA-MB-231 and HeLa cells, and cause low toxicity to
normal cells such as MCF-10A and LLC-PK1 lines.'"?

Salinas-Castillo et al. developed a fluorescent carbon dot nanosensor for
selective and sensitive detection of Cu®"."*° The particles had an average size
of 12 nm and they were synthesized with a one-step method by pyrolysis of
citric acid in the presence of polyethylenimine (PEI) in a microwave oven. The
photoluminescence quantum yield was calculated as 30%. The selectivity of
the carbon dots for Cu** was studied through the variation of CD fluores-
cence intensities in the presence of different metal cations. It was observed
that fluorescent carbon dots were highly selective for Cu** detection, and Fe**
ions caused a quenching effect only when excited at 850 nm, due to the shift-
ing of the maximum emission.

Like the other carbon nanostructures, carbon dots have great potential for
bioapplications, especially in drug delivery as they can be tailored to target
different tissues, both by using different preparation methods and different
surface decorations.

Zhou et al. combined and compared three different materials, the so-called
black CDs, the gel-like and the yellow carbon dots (respectively, B-CDs, G-CDs
and Y-CDs), studying the differences in doxorubicin loading and obtaining
a huge increase (>50%) in loading using a combination of CDs. Moreover,
these new materials demonstrated their ability to cross the BBB and their
affinity for bones in Zebrafish, as in the in vivo model."*! CDs showed efficient
uptake in microglial cells as demonstrated by fluorescence measurements of
the intrinsic luminescence of QDs. The most interesting findings reported
by these authors is the capability of the construct to reduce the secretion
of nitric oxide induced by lipopolysaccharide treatment,'** which can be of
utmost interest in neuroprotective approaches.

Another approach to obtain selective affinity for specific tissues, in partic-
ular tumor tissues, implied the presence of carboxylic and amino groups on
the CDs surface, that allowed the interactions with amino acid transporter 1,
with a consequent preferential uptake in human tumor xenografts in mice
and in glioma in vivo models.'**

The preparation of the dots using tryptophan as a carbon source has been
reported. The choice of the starting material was related to its capability to
cross the BBB via transporter-mediated endocytosis. In principle, the even-
tual presence of tryptophan on the CDs' surface after the preparation could
allow this material to overcome the BBB, as demonstrated by the presence of
dots in the central nervous system in experiments on zebrafish, thus confirm-
ing the efficacy of these structures to cross the barrier."* A more traditional
approach for the selective delivering of molecules into cells by exploiting the
overexpression of folate receptors followed decorating CDs with folic acid.'*
In order to obtain structures endowed with selective mitochondrial target-
ing, some authors proposed triphenylphosphine derivatives in a quite com-
plex construct presenting TPP-D-a-tocopheryl polyethylene glycol succinate
derivative linked to the CDs, to form micelle-like structures.'?®
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Moreover, the intracellular selectivity was obtained by exploiting a specific
decoration of the CDs' surface, as recently reviewed.'*” For example, the Golgi
apparatus can be selectively targeted by decorating the CDs’ surface with cys-
teine, thus obtaining the in situ image of the apparatus.'”® The introduction
of the ricin A-chain also allowed delivery of the latter into the cells escaping
the lysosome degradation, due to the presence of CDs (Figure 1.12)."*° Exper-
iments on carcinoma HEp-2 cells enabled the following of different steps of
internalizations by colocalizations first with lysosomes, then with Golgi and
later on with the endoplasmic reticulum (ER) (Figure 1.12).

A plethora of CDs were prepared starting from different sources, from
milk™° to a combination of citric acid and PEL"" but the proper preparation
of CDs using chitosan, ethylenediamine and mercaptosuccinic acid leads to
materials able to target mitochondria without any further specific function-
alization and to be used as markers for these organelles considering their
photostability."** Analogously, CDs were prepared by hydrothermal treat-
ment of D-glucosamine and p-styrenesulfonate to mimic the sulfonate glu-
cosaminoglycane. The so-obtained nanoparticles demonstrated uptake and
diffusion into the cellular cytoplasm of rat bone mesenchymal stem cells and
promotion of cellular osteogenic and chondrogenic differentiation without
influencing the pluripotency of stem cells."*

In order to target bone tissue, CDs were prepared using alendronate. The
presence of bisphosphonate units on the surface of the dots allowed good
interactions with hydroxyapatite when the content of amines on the surface
was low. The presence of the CDs was immediately detectable due to their
intrinsic fluorescence in in vivo experiments on zebrafish.** This tropism per-
mits one to envision a future in the treatment of bone diseases for CDs and it
was corroborated also by another research in which the dots were decorated
with specific peptide sequences able to induce osteoblast adhesion, prolifer-
ation and differentiation, and combined with hyperbranched polyurethane.
These complexes enhanced osteoconductivity and bone differentiation.'*

In the frame of drug delivery, antitumor applications are always the major
covered topic and CDs are no exception, with a rich literature corpus focused
on anthracycline delivery. So far, CDs from many different sources and in
varied constructs have been explored. Complex systems have been prepared,
as doxorubicin bearing CDs embedded into liposomes,'*® or CDs prepared
directly in the presence of amino-functionalized mesoporous silica nanopar-
ticles."®” The free drug capability to enter into and to kill the cells of three-
dimensional multicellular spheroids, used as a tumor model, was outclassed
by micelles of CDs loaded with doxorubicin, which proved to be effective also
for MCF-7 anthracycline resistant cells.'*’

In order to exploit also the formation of electrostatic bonds between the
polyamine units and doxorubicin, carbon dots were coupled to polyamine-
containing organosilane derivatives. This construct presented very high
drug loading. The cellular uptake in MCF-7 was followed by fluorescence,
confirming the presence of the CDs into the cytoplasm. The in vivo experi-
ments showed that the efficacy of doxorubicin was higher when associated
with CDs than when administered as a free drug."*®
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Figure 1.12 Left: Delivery route of the ricin A-chain by Golgi targeting CDs. Right: Flu-
orescence colocalization assay of CDs-RTA conjugates with (A) lysosome,
(B) Golgi apparatus and (C) ER after 6 h and 12 h of incubation. Colocal-
ization rate between CDs and RTA with lysosome (D), Golgi apparatus (E)
and ER (F), treated with CDs-RTA conjugates at 2, 3, 4, 6, 8, 10 and 12
h. (G) Intracellular transport pathways of CDs-RTA conjugates. Adapted
from ref. 129 with permission from Royal Society of Chemistry.
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Acid-triggered release of doxorubicin was also achieved using hydrazone
linkers™ or imine-based conjugation of the drug on CDs, with 50% of the
release at acidic pH while only 7% was undesirably removed from the vehi-
cle at neutral pH."® Also, the carbon dots-mesoporous silica structures
loaded with doxorubicin present a pH-sensitive release of the drug but in
this case also a thermo-responsive release of the drug upon NIR irradiation
was observed."*® With the same aim, heparin and doxorubicin functionalized
carbon dots were prepared obtaining a system responding to acid pH and
a better effect than the free drug on cells, while the heparin presence ame-
liorates hemocompatibility.""! Good hemocompatibility was also reported
for hyaluronic modified CDs used to release doxorubicin.*> Doxorubicin-
conjugated CDs were also able to enter the cellular nuclei and to exert their
cytotoxic activity also on cancer stem cells.'*

CDs decorated with PEG and biotin units at the extremity of the glycolic
chains were able to incorporate irinotecan and to release the latter if irradi-
ated in the NIR. The consequent temperature rise not only helps the detach-
ment of the drug but also leads to local hyperthermia, that increases the cell
death also in a spheroid tumor model.**3

Blue- and green-emitting cationic carbon dots were complexed, by means
of electrostatic interactions, with 17p-estradiol hemisuccinate, able to interact
with and be selectively taken up by estrogen receptor-rich cancer cells. In such
a way it was possible to stain the responsive cells and to deliver doxorubicin,
inducing apoptosis more efficiently than in estrogen receptor negative cells.'**

The delivery of epirubicin and temozolomide conjugated to CDs on vari-
ous glioblastoma brain tumor cell lines was achieved by linking transferrin
to the CDs at the same time. The complex bearing the targeting agent and the
two drugs proved to be very effective also due to the synergistic effect of the
two drugs together.'*

Decoration of carbon dots with a derivatized polyethylenimine provided an
amphiphilic construct able to transfer gene and drugs into cells, as demon-
strated by Wang et al. This material forms micelle structures endowed with
a transfection capability higher than Lipofectamine 2000. The encapsula-
tion of apoptosis-inducing siRNA resulted in cell death and the use of the
construct in tumor spheroid models corroborates the results.'*® Analogous
results of efficient gene knockdown by siRNA delivered by CDs were reported
in vitro and in vivo.'"

The delivery of inhibitors of miRNAs encoded by various oncogenic viruses
is a strategy to avoid the insurgence of related cancers such as Kaposi's sar-
coma. Among the silencing agents, locked nucleic acids (LNAs) are very effec-
tive antisense molecules and their intracellular delivery by means of CDs
leads to the decrease of cell proliferation of KSHV-positive lymphoma cells
and to a significant reduction of the tumor size in a primary effusion
lymphoma mice model.**®

These materials were studied also to deliver other drugs. Antibacterial
activity of an amoxicillin-CDs preparation was shown and good results were
achieved in inhibiting both Gram-positive and Gram-negative bacteria, S.
aureus and E. coli, respectively.'” Also, the combination with metronidazole
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was evaluated against Porphyromonas gingivalis, with an efficacy increase of
72% with respect to the free drug." Poly(lactic-co-glycolic acid) combined
with CDs provided a good platform for antibiotic release upon irradiation,
with a sustained delivery of azithromycin and tobramycin, macrolide and
aminoglycoside antibiotics, respectively, with good performances against
bacterial biofilm."”" The combination of bacterial cellulose with titanium
dioxide and CDs was demonstrated to be active against S. aureus, being at the
same time well tolerated by human 1929 fibroblast cells, with wound healing
effects. These findings suggest the possibility of using such a system for spe-
cific bandages, with enhanced cure capability.'>

Carbon dots deposited on B-cyclodextrin grafted with poly(N-vinyl capro-
lactam) diethylene glycol dimethacrylate copolymer were studied on NIH
3T3 fibroblast cell lines as a thermoresponsive film and no cytotoxicity was
found. The local anesthetic lidocaine was loaded on to the film and the in
vitro and ex vivo drug release profiles at body temperatures resulted in a very
effective system for transdermal drug administration.">

1.5 Conclusions

Growing interest in the family of carbon nanostructures has led to the explo-
ration of their potential application in a variety of fields, including which the
biomedical area is the most attractive. Currently, the most explored topic is
the use of carbon nanostructures as delivery systems, due to features such
as their biocompatibility, versatility, capability to load a large number of dif-
ferent chemical structures, and to cross the cell membrane. They seem to
be attractive tools for intracellular delivery of drugs, especially anticancer
ones, whose toxic effect is non-selective toward cancer cells. Anthracyclines
can be mentioned as an example. The selective internalization of carbon
nanostructures into tumor cells can be achieved by decorating their surface
with molecules recognized by specific transporters or receptors, such as
fructose or folic acid and, moreover, the enhanced permeability and reten-
tion effect can play an important role in their increased accumulation into
cancer tissues.

Certainly, beside conventional anticancer drugs, these materials can be
functionalized with nucleic acid derivatives, such as siRNA, and can be used
in immunogenic cancer therapy, and many other kinds of molecules, among
which we can mention biomolecules with a specific role in tissue regener-
ation. The previously mentioned decorations, together with the structural
consistency of the carbon nanostructures and some other characteristics
such as their conductivity, render these materials very attractive in the regen-
erative medicine.

Nowadays, the peculiar luminescence properties of the newer carbon
nanoforms is shifting the focus from CNTs toward NDs, GQDs and CDs. In
fact, their intrinsic fluorescence is an excellent base for their use as thera-
nostic agents, thus combining both therapeutic and diagnostic effects in a
single nanoconstruct, without the necessity to introduce fluorescent dyes.
Moreover, a number of carbon-based nanostructures proved to efficiently
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cross the blood-brain barrier, which is one of the most challenging obsta-
cles in delivering drugs to the central nervous system. In this sense, GQDs
and CDs, representing the newest frontier in nanocarbon research, widen
the potential application fields. Several properties of these materials, such as
biocompatibility, photoluminescence or electronic properties, can be tuned
with synthetic or post-synthetic procedures. However, also in this case one of
the most explored applications is on their capability to deliver drugs in the
treatment of cancer, with the advantage that they allow the application of
unconventional therapeutic approaches, such as two-photon photodynamic
therapy, affording at the same time cell bioimaging. Promising results con-
cerning the application of fluorescent CDs as theranostic agents have been
obtained by several research groups, and many different decorations have
been proposed, thus confirming the synthetic and functional versatility of
this material that needs to be further explored in the future, especially con-
sidering that preparation can start from many different sources (e.g. orange
juice, tea leaves, tryptophan) and the standardization of their production is
still challenging.
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2.1 Introduction

Nanotechnology has found broad applications in different areas of science
ranging from electronics and biomaterials to energy production, and it has
emerged as a highly attractive and promising field especially in biomedicine.
A variety of drug nanocarriers has been extensively investigated, including
polymeric nanoparticles,’ liposomes,> hydrogels,®> magnetic nanoparticles®
and carbon nanomaterials.” The use of a delivery system allows the main
limitations of most drugs such as poor solubility and limited biodistribution
to be overcome, thus enhancing their pharmacokinetics and bioavailability.
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Carbon nanohorns Multi-walled carbon nanotubes Graphene oxide

Figure 2.1 Different types of carbon nanomaterials.

Carbon nanomaterials are a class of low-dimensional carbonaceous materi-
als that have engaged a great deal of interest in the past 35 years since the
discovery of fullerene in 1985 (Figure 2.1).°

The most famous fullerene form of carbon is the Cg molecule (also
called buckyball or buckminsterfullerene), which contains 60 carbon atoms
arranged in 20 hexagonal and 12 pentagonal rings. The enthusiasm for
another type of carbon nanomaterial, namely carbon nanotubes (CNTs), was
initiated with the landmark publication of S. Tijima in 1991.” CNTs can be
defined as hollow cylindrical structures made of rolled-up sheets constituted
of hexagonally ordered carbon atoms. Depending on the number of layers,
CNTs can be classified as single-walled CNTs (SWCNTs) or multi-walled
CNTs (MWCNTs) with a diameter ranging from ~1 nm to tens of nanometers,
and a length of several micrometers. The discovery of CNTs was followed
by graphene, which is composed of a single atomic layer of sp>*hybridized
carbon atoms in the form of a two-dimensional hexagonal lattice, or its oxi-
dized form graphene oxide (GO).*® Other carbon nanomaterials have also
been isolated such as carbon nanohorns (CNHs) composed of SWCNTs with
long cone-shaped tips of 2-4 nm diameter and a length of 40-50 nm.® Great
achievements have been made recently toward the use of carbon nanomate-
rials in nanomedicine,'" especially for cancer therapy through their use as
drug delivery systems, biosensors and photothermal agents.'>'* Although
they have been widely investigated for drug delivery in the treatment of can-
cer diseases, only few studies have reported their use to tackle inflamma-
tory diseases. In this context, this book chapter will review how the different
types of carbon nanomaterials have been applied as carriers for the delivery
of anti-inflammatory drugs for the treatment of inflammation-associated
pathologies.
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2.2 Fullerenes

Fullerenes have been widely used as carriers of anti-inflammatory drugs.
This section focuses on the most relevant studies reported on this topic since
2008. Dexamethasone (DEX) is a corticosteroid having anti-inflammatory and
immunosuppressant effects. This drug is widely used in clinics; however, it
generates severe side effects, which may be due to the generation of reactive
oxygen species (ROS) likely leading to apoptosis. As Cg, is a good ROS scav-
enger,' it was hypothesized that the conjugation of DEX to C4, would reduce
the ROS-induced side effects. For this purpose, DEX was covalently linked to
methanofullerene carboxylic acid by esterification.' The anti-inflammatory
properties of DEX were preserved after conjugation to Cg,, while the cytotox-
icity of DEX-Cg4, on mouse thymocytes was lower compared to free DEX. It is
known that the binding of DEX to the glucocorticoid receptor (GR), a cyto-
plasmic receptor, is involved in DEX-induced apoptosis. Indeed, after trans-
location of the DEX-GR complex to the nucleus, it binds to a glucocorticoid
response element and modulates the expression of target genes, including
interleukin (IL)-6 and nuclear factor-kB (NF-kB). Enzyme-linked immunosor-
bent assay (ELISA) revealed that the binding between DEX and GR was inhib-
ited due to steric hindrance of the fullerene resulting in reduced binding
to GR and therefore lower cytotoxicity because of downregulation of several
apoptosis-related genes (Figure 2.2). This result was confirmed by immu-
nostaining experiments showing that there was no GR in the nucleus due to
the absence of nuclear translocation. The reduction in thymocyte apoptosis
was not associated to the ROS scavenging capacity of Cg,, contrary to the
initial hypothesis. Overall, the conjugation of DEX to Cg, preserved the anti-
inflammatory properties of the drug while reducing its side effects.
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Figure 2.2 Proposed mechanism involving steric effects of Cg, in the DEX-Cg, con-
jugate on DEX-GR binding and GR activity. Reproduced from ref. 15
with permission from American Chemical Society, Copyright 2013.
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In another example, Cg, conjugated to conventional anti-inflammatory
drugs augmented their anti-inflammatory effects via inhibition of intracellu-
lar enzymes such as cyclic 3',5-adenosine monophosphate phosphodiester-
ase (CAMP-PDE), therefore decreasing the production of pro-inflammatory
substances. Xanthine derivatives are a group of alkaloids commonly used
as mild stimulants and as bronchodilators in the treatment of asthma. They
are also characterized by anti-inflammatory properties. The synergistic
inhibitory effect of a xanthine derivative on the pro-inflammatory cytokine
TNF-a and nitric oxide (NO) was evaluated during inflammation on a murine
model.'® Pentoxifylline (PTX), a xanthine analog, was conjugated to the nitro-
gen atom of a Cg, fulleropyrrolidine through a triethylene glycol linker. One
or two additional polar ethylene glycol chains were present on the pyrro-
lidine ring to improve the solubility in water, resulting in two compounds
named 1a and 1b (Figure 2.3). A murine reticulum sarcoma cell line stimu-
lated with lipopolysaccharide (LPS) was used for the biological experiments.
Cytotoxicity based on the MTT assay revealed that Cy,-PTX 1a and 1b pre-
served cell viability. ELISA was used to determine the amount of TNF-o, while
NO was quantified by the measurement of nitrite concentration. Both conju-
gates had the ability to simultaneously inhibit the release of TNF-a and NO
production by the cells, and it was found that 1b was more efficient than 1a.
The suppression of TNF-a produced by the macrophages occurred through
the inhibition of cAMP-PDE activity induced by the xanthine derivatives,
which are known to increase the intracellular concentration of cAMP and
thus suppress the production of pro-inflammatory cytokine TNF-a. Control
in vitro experiments revealed that Cg, alone slightly reduced NO production
but could not inhibit TNF-o. Therefore, C4, functionalized with biologically
active xanthine derivatives proved to be potent anti-inflammatory agents.

The same research group also evaluated the anti-inflammatory effects of
a hybrid system based on thalidomide conjugated to Cg, and studied the

1a 1b

Figure 2.3  Structures of C¢-PTX 1a and 1b.



Carbon Nanomaterials as Carriers of Anti-inflammatory Drugs 43

inhibition of TNF-a and NO produced by activated macrophages.'” Thalid-
omide, a drug with anti-inflammatory properties, was covalently linked to
Cqo fulleropyrrolidine (CLT) through a similar approach (Figure 2.4). The
cell viability was evaluated using the MTT assay on RAW 264.7 macrophages
in the presence of LPS and found to be high for both CLT and Cg, fullero-
pyrrolidine devoid of thalidomide (CL) (Figure 2.4). The evaluation of the
anti-inflammatory effect of CL, CLT and free thalidomide on LPS-activated
macrophages revealed a dose-dependent inhibitory effect on NO production
and TNF-a. However, CLT exhibited higher values compared to the controls
and it was 10 times more efficient in inhibiting TNF-o. On the other hand,
biological tests conducted with confocal microscopy and flow cytometry
showed a decrease in the ROS produced by the LPS-activated macrophages.
Since inducible nitric oxide synthase (iNOS) is an enzyme that catalyzes the
production of NO, the influence of the different compounds on iNOS expres-
sion was investigated. A weak expression of the protein and the suppression of
intracellular ROS production were observed when macrophages were treated
with CLT. Extracellular signal-regulated kinase (ERK) is a protein kinase
involved in the activation of TNF-a expression in activated macrophages.
The inhibition of ERK phosphorylation prevents the translocation of TNF-o
mRNA from the nucleus to the cytoplasm. For this reason, the influence of
CLT, CL and free thalidomide on ERK phosphorylation was studied. Cells
treated with CLT had the lowest pERK1/2 expression in LPS-activated mac-
rophages. The CLT inhibition of NO and TNF-a production was attributed to
the ability to both scavenge intracellular ROS and suppress iNOS expression,
and to inhibit ERK phosphorylation, respectively. This study demonstrated
that the use of a hybrid system based on Cg, fulleropyrrolidine and thalid-
omide to reduce NO and TNF-a secretion by activated macrophages during
inflammation could ameliorate the delivery of the drug conferring a syner-
gistic anti-inflammatory effect, which is promising for the development of a
new generation of potent anti-inflammatory agents.

Figure 2.4 Structures of CLT (left) and CL (right).
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2.3 Carbon Nanotubes

The cavity of CNTs can be exploited for encapsulation of drugs. In this con-
text, MWCNTs were used as nanoreservoirs for drug loading and electrically-
controlled release of dexamethasone.'® DEX was incorporated into the inner
cavity of oxidized MWCNTs. The controlled release of anti-inflammatory
drugs or neurotropic factors allows for a stable chronic neural interface. To
prevent the unwanted release of DEX, the open ends of the MWCNTs were
sealed using polypyrrole (PPy), a conducting polymer forming a film by
electropolymerization. Electrochemical impedance spectroscopy revealed
that coating the electrode with PPy decreased the impedance and that the
use of CNTs lowered the impedance even more, which is preferred for neural
recording and stimulation (Figure 2.5). Electrically-controlled release of DEX
loaded inside the nanotubes was studied in phosphate-buffered saline (PBS)
upon electrical stimulation. The PPy films containing CNTs released more
DEX compared to PPy films without CNTs, with a linear and sustainable drug
release profile. The bioactivity of the released drug was tested using highly
aggressively proliferating immortalized (HAPI) cells, which are microglia
cells releasing pro-inflammatory cytokines and other inflammatory prod-
ucts such as NO when activated by a pro-inflammatory molecule (e.g. LPS).
The DEX-free film and the released DEX from the CNT-PPy film both showed
similar effective reduction of cell activation and NO production compared to
the LPS control group.

Triamcinolone (TA) is a corticosteroid used to treat rheumatoid arthritis
(RA). This drug can be injected directly into the inflamed joints, thus reducing
inflammation. However, repetitive and long-term administrations at high
doses can cause serious side effects. To overcome this problem, functionalized
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Figure 2.5 Electrochemical impedance spectroscopy of different electrodes. GC:
glassy carbon electrode. CNTa: outer diameter 110-170 nm, inner diam-
eter 3-8 nm, length 5-9 um. CNTb: outer diameter 20-30 nm, inner
diameter 5-10 nm, length 10-30 um. Reproduced from ref. 18 with per-
mission from Elsevier, Copyright 2011.
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CNTs were used as drug carriers to improve RA treatment.'® For this purpose,
MWCNTs previously oxidized in acidic conditions were coated with polyeth-
ylene glycol (PEG) and complexed with TA. The resulting CNT-PEG-TA conju-
gate was then labeled with Alexa Fluor 488 to study the intracellular uptake
of the drug in fibroblast-like synoviocyte (FLS) cells involved in the pathogen-
esis of chronic inflammatory diseases such as RA. The drug release from the
PEGylated CNTs was performed at pH 7 and 5 and with lysozyme, as the pH
is slightly acidic (pH 6) in synovial fluid from arthritis joints.*® At neutral pH
only 10% of TA was released, while 30% of the drug was liberated at acidic
pH. Maximal release of the therapeutic agent was observed in the presence of
lysozyme. The latter was found to improve the intracellular delivery of TA from
the PEGylated CNTs in the FLS without drug loss in the extracellular environ-
ment. The study also suggested that the uptake mechanism of CNT-PEG-TA
involved a clathrin- and macropinocytosis-mediated endocytosis. A 10 times
lower dose of the CNT-PEG-TA (compared to free TA) had the same suppres-
sive effect on the expression of pro-inflammatory cytokines (TNF-a, IL-6 and
IL-1B) and matrix metalloproteinases (MMPs) MMP-1 and MMP-3, which are
enzymes that induce bone erosion and cartilage destruction. In addition, a
low dose of the CNT-PEG-TA also inhibited the activation of the serine/thre-
onine kinase Akt, NF-kB, and mitogen activated protein kinases (MAPKs),
signaling substances that increase the production of pro-inflammatory cyto-
kines and MMPs in the FLS (Figure 2.6). Overall, this work demonstrated that
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Figure 2.6 Mechanism of CNT-PEG-TA internalized by a clathrin- and
macropinocytosis-mediated endocytosis leading to a significant sup-
pression of NF-kB translocation through the inhibition of the phosphor-
ylation of MAPKs and Akt in TNF-a-activated arthritis FLS. Reproduced
from ref. 19 with permission from the Royal Society of Chemistry.
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the immobilization of TA onto the CNTs enhanced the intracellular delivery
of the drug via clathrin- and macropinocytosis-mediated endocytosis and
reduced inflammation in FLS. As an increase in lysosomal content induced
by CNT-PEG-TA was observed in this study, the lysosomal pathway could
therefore be crucial as it operates under such low pH conditions.

Similarly, another study from the same group demonstrated that the con-
jugation of DEX to PEGylated MWCNTs enhanced the intracellular drug
delivery and showed a highly suppressive effect of pro-inflammatory cyto-
kines and MMPs in TNF-o-stimulated FLS even at a low dose, compared to
free DEX.*' PEG-coated MWCNTSs were non-covalently functionalized with
DEX and labeled with streptavidin-conjugated Alexa 488 to investigate the
intracellular uptake of the MWCNT-PEG-DEX in FLS from patients with RA.
The drug release was performed in two different physiological conditions.
At neutral pH about 10% of the drug was released. In acidic media a release
of nearly 40% was observed, whereas a higher percentage was reported after
the addition of lysozyme, as observed also in the previous study. This result
suggested an enhanced intracellular transport of DEX without dissociation
since it was stable in the extracellular conditions (hypoxic synovial fluid) and
could reach the intracellular compartments without drug loss, following a
caveolin-dependent endocytosis mechanism in activated FLS. A low dose of
DEX immobilized onto the MWCNTSs induced a suppressive effect of pro-
inflammatory cytokines and MMPs. In addition, the conjugate inhibited
ROS production and rescued mitochondrial membrane damage. These two
studies suggest that the use of CNTs for the delivery of corticosteroids can be
used as a strategy to overcome the limitations of conventional RA treatments
and reduce side effects.

A novel delivery system based on budesonide (BUD), a glucocorticoid used
to treat inflammatory diseases, was designed by adsorption of the drug onto
MWCNTs. The internalization of the conjugate into macrophages and the
suppression of pro-inflammatory cytokine production were investigated.*
For this purpose, a budesonide-based amphiphile was synthesized and
complexed to MWCNTSs. The interactions between the resulting CNT-BUD
conjugate and murine macrophages were studied, as these cells are a major
component of the mononuclear phagocytic system. They also play a criti-
cal anti-inflammatory role and can decrease immune reactions through the
release of pro-inflammatory cytokines. As evidenced by transmission elec-
tron microscopy, individualized CNTs were localized in the cytoplasm and
in the cell nucleus. It was hypothesized that CNT-BUD could escape phago-
somes and reach the glucocorticoid receptor of the cells, and hence trans-
locate to the nucleus. In addition, CNT-BUD was able to strongly inhibit the
release of pro-inflammatory cytokine IL-6 by macrophages and therefore dis-
played high anti-inflammatory properties. The use of MWCNTs did not alter
the anti-inflammatory effect of the drug and enhanced its solubility in water,
which could allow the administration of lower doses of BUD and guarantee
better local bioavailability.
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In another study, folic acid (FA), a targeting ligand of cancer cells, was
immobilized onto amino-MWCNTSs.* FA binds with a high affinity to folate
receptors, overexpressed on activated macrophages in arthritis patients.
Methotrexate (MTX), an anti-inflammatory drug, was adsorbed onto the
functionalized CNTs at a high percentage of drug loading (91.2%). A sig-
nificant sustained release of MTX (65.8%) from the CNT-FA at pH 7.4 was
measured, while it was not the case with pristine CNTs. To study the effect
of CNT-FA-MTX on inflammation in vivo, a carrageenan-induced arthritis
rat model was used and the conjugate was administered through an intra-
venous route by tail vein injection. Joint inflammation was determined by
measuring the change in the volume of the inflamed knee joint 24 h after
injection. In addition, the concentration of the drug in the plasma and tis-
sue was measured by high-performance liquid chromatography. Pharma-
codynamic and pharmacokinetic studies revealed that the percentage of
arthritis inhibition after the treatment with CNT-FA-MTX was significantly
higher compared to the treatment with pristine CNTs or the free drug. This
result is probably due to a sustained release of the drug, thus increasing
its biological half-life. The biodistribution of the free drug, the function-
alized and pristine CNTs to different major organs, was investigated after
intravenous administration. CNT-FA-MTX accumulated less in the liver, the
kidney, the lung and the spleen compared to the pristine CNTs and the free
drug. A higher amount of the drug was found in arthritic joints of the rats
treated with CNT-FA-MTX. This suggests that CNTs functionalized with FA
could be used as potential carriers for targeted sustained delivery of anti-
inflammatory drugs.

Colitis is an inflammation of the inner lining of the colon that can be
associated with diarrhea, abdominal pain, bloating, and blood in the stool.
The release of inflammatory mediators may lead to mucosal ulceration and
disruption. The cannabinoid 2-arachidonoylglycerol (2-AG) is a therapeu-
tic agent that has beneficial effects on colitis. However, its poor solubility
and fast hydrolysis limit its efficiency. In this context, 2-AG was immobilized
onto amine-functionalized MWCNTs and the conjugate was tested for its
ability to enhance the stability and the delivery of the drug.** In vitro exper-
iments revealed a significant decrease of the drug toxicity using CNT-2-AG
compared to free 2-AG. To evaluate the effects of the drug in vivo, colitis was
induced in a rat model, which altered the colon mucosal layer, increased
pro-inflammatory cytokine production and myeloperoxidase activity (as an
indicator of neutrophil accumulation), as well as malondialdehyde (MDA)
content (peroxidation marker). When treated by intrarectal administration
of CNT-2-AG 2 days before and 8 days after the induction of colitis, inflam-
matory mediators such as TNF-o, IL-13, myeloperoxidase activity and MDA
content were found to be decreased. An amelioration of the colon mucosa
injuries was also observed (Figure 2.7). CNT-2-AG led to a longer-lasting ther-
apeutic effect and inhibited the release of pro-inflammatory cytokines, thus
providing promising protective effects against colitis.
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Macroscopic damage score

Figure 2.7 Appearance of the colon and damage score in colitic rats. (A) normal
colon; (B) colitic rat treated with the vehicle; (C) treatment with 6 mg
kg™ of CNT-2-AG; (D) treatment with 2-AG solution; (E) treatment with
CNT-COOH; (F) treatment with amine-functionalized CNTs; (G) macro-
scopic damage score. Reproduced from ref. 24 with permission from
Elsevier, Copyright 2017.

2.4 Carbon Nanohorns

Prednisolone (PSL) is an anti-inflammatory glucocorticoid used in the treat-
ment of allergies and many inflammatory diseases such as RA, lupus, or ulcer-
ative colitis. Glucocorticoids are widely used to treat inflammation; however,
they present many side effects. The unique physical and chemical properties
of single-walled nanohorns (SWCNHs), in particular their large surface area,
have been exploited as carriers for drug delivery.* In this context, the release
of PSL adsorbed onto oxidized SWCNHs (0-SWCNHSs) was investigated in vitro
and the anti-inflammatory effect of the PSL-oSWCNH conjugate was studied
in collagen-induced arthritis rats.?® The SWCNHs were oxidized following a
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slow combustion method at temperatures between 500 and 570 °C allow-
ing the opening of holes on the walls.”” PSL was non-covalently immobilized
onto o-SWCNHSs through a nano-extraction method. This strategy consists
in incorporating various molecules inside nanomaterials in a liquid phase at
room temperature using an appropriate solvent. Guest molecules must have
a poor affinity for the solvent, but a strong affinity for the nanomaterials,
while the solvent must have a poor affinity for the nanomaterials. PSL was
adsorbed both outside and inside o-SWCNHSs. The PSL loading was 3.2 times
higher on 0-SWCNHs compared to the pristine SWCNHs. The release was
slow in PBS and faster in cell culture media, reaching about 9% and 40%,
respectively. A burst release was noticed in the first few hours, which was due
to PSL adsorbed on o-SWCNHs, followed by a slow release of PSL encapsu-
lated inside the nanohorns. The quantity of PSL released from o-SWCNHs
in cell culture media increased in a dose-dependent manner, indicating that
PSL kept an equilibrium between the adsorption and the release of the drug
present on or inside o-SWCNHs. PSL-oSWCNHs were locally injected into
tarsal joints of female DA/Sic rats with collagen-induced arthritis. A mod-
erate slowdown in arthritis progression was measured compared to rats
treated with PSL alone and the control group (PBS). Moreover, the amount of
leukocytes and C-reactive protein level (CRP) (inflammatory indicators) was
lower in rats treated with PSL-oSWCNHs when compared with both control
groups. Histological analysis of ankle joints evidenced that synovitis, bone
destruction and inflammatory cell infiltration were observed in both control
groups, while lower arthritis scores were noticed in the PSL-oSWCNH-treated
rats (Figure 2.8). Immunohistological analysis using anti-CD68 antibody
(marker of osteoclasts) showed accumulation of osteoclasts in the bone area
of the ankle joints in the PBS control group, whereas a decreased number
of osteoclasts were observed in the ankle joints of the PSL-oSWCNH-treated
rats. All these results support the anti-inflammatory effect of PSL-oSWCNHs
and prove that carbon nanohorns are potential drug delivery candidates that
could limit the side effects of PSL.

2.5 Graphene-based Nanomaterials

Graphene oxide (GO) is an ideal carrier for the delivery of small molecules
such as drugs, peptides and nucleotides for disease treatments due to its
large surface area and abundance of oxygen-containing functional groups
endowing GO with a good loading capacity and high biocompatibility.> The
oxygenated groups can prevent drug aggregation through hydrogen bonding.
Thus, the use of GO as a drug carrier allows one to improve the therapeutic
efficacy of drugs and mitigate the side effects during treatment. For instance,
bone morphogenetic protein 2 (BMP-2) was adsorbed onto the surface of GO
with a high loading efficiency.”® BMP-2 is important for maintaining articu-
lar cartilage and repairing damaged cartilage. A prolonged release of BMP-2
from the GO surface was observed for at least 40 days, which is crucial for
osteoarthritis treatment because high doses of BMP-2 often cause serious
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Figure 2.8 Histological analysis of ankle joints after the development of arthri-
tis (day 28) with hematoxylin and eosin staining (a and b) and CD68
staining (a-1, a-2, b-1, b-2, b-3 and b-4). The arthritic rats were treated
with PBS (a) and PSL-oSWCNHs (b). S: synovial proliferation; B: bone
destruction; I: inflammatory cell infiltration. Reproduced from ref. 26
with the permission of IOP Publishing, Copyright 2011.

side effects including induction of an immune response and ectopic bone
formation (Figure 2.9). GO loaded with BMP-2 significantly enhanced the
therapeutic effect of the protein compared to BMP-2 alone in osteoarthritic
rats. The extended release of BMP-2 avoided the activation of inflammatory
factors as no inflammatory cytokines were detected in the articular cartilage
after treatment with GO loaded with BMP-2.

GO has been also exploited as a gene carrier for the modulation of the
immune environment in myocardial infarction (MI) for cardiac repair (Figure
2.10).** GO was modified with polyethylene imine (PEI) and folic acid-PEG (FA-
PEG) to impart a high affinity toward inflammatory macrophages compared
to other cells abundant in the region of the infarction. The functionalized GO
served as an antioxidant, especially reducing hydroxyl radical species (one of
the major ROS) that induce inflammatory progress and invoke heart failure.
It was found that GO could attenuate inflammation and inflammatory polar-
ization of macrophages (M1). M1 phase macrophages can remove necrotic
cells and debris and initiate inflammatory reactions, whereas M2 phase mac-
rophages can produce anti-inflammatory cytokines such as IL-4 during the
inflammation resolution stage. The macrophage-targeting/polarizing GO
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Figure 2.9 Release profiles of BMP-2 with or without immobilization on GO (for
this release study, GO was resuspended in a hydrogel). Reproduced
from ref. 28 with permission from Dove Medical Press, Copyright 2017.
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Figure 2.10 Proposed therapeutic mechanisms of MGC/IL-4 pDNA in cardiac
repair. Reproduced from ref. 29 with permission from American
Chemical Society, Copyright 2018.

complex (MGC) was exploited as a carrier of IL-4 plasmid DNA (IL-4 pDNA)
that propagates M2 macrophages. The MGC/IL-4 pDNA induced an early
shift from the inflammatory M1 phase macrophages to reparative M2 mac-
rophages that could actively participate in cardiac repair both in vitro and
in vivo. The complex could significantly reduce inflammation at infarcted
regions and alleviate cardiac remodeling in MI mouse models resulting in an
improved recovery of cardiac function.
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The modification of GO with inorganic material can impart novel prop-
erties and extend the field of applications, in particular for drug delivery.*
A hybrid system based on gold-GO (Au@GO) sheets incorporated with zwitte-
rionic chitosan (ZC) was prepared using an aerosol-based method.*" Zwitter-
ionic polymers have recently been used as drug delivery systems due to their
unique suppression of inflammatory responses. Au@GO-ZC was exposed to
visible light to induce modification of ZC chemical properties by the photo-
catalytic activity of Au@GO flakes. Au@GO-ZC with or without visible light
exposure was biocompatible and exhibited anti-inflammatory properties.
The Au@GO-ZC incorporation with nystatin, a clinically used antibiotic
agent, led to a significant reduction of the production of inflammatory pro-
teins in macrophages challenged with LPS. It was hypothesized that ZC could
bind to cell surface receptors, thus regulating the production of macrophage
inflammatory proteins by nystatin via modification of cell signaling path-
ways. This study offers interesting perspectives for further investigation of
ZC-functionalized GO in drug delivery.

Graphene nanostars (GNSs) are constituted of clusters of conical rolls of
graphene sheets with cone-shaped tips named nanohorns.** Single-walled
carbon graphene nanohorns have a typical diameter of 2 to 5 nm and a length
in the range of 40-50 nm. Thousands of graphene nanohorns form spheri-
cal aggregates (nanostars) with a diameter of ~100 nm. The GNSs were cova-
lently functionalized with a fifth-generation poly(amidoamine) (PAMAM-G5)
dendrimer.*® An anti-inflammatory plasmid (plasmid expressing the collage-
nase metalloproteinase 9, pMMP9) was adsorbed on the positively charged
dendrimer-functionalized GNS (DGNSs) through electrostatic interactions.
The expression of MMP-9 in inflamed macrophages treated with the pMMP9-
DGNS complex was increased. MMP-9 can downregulate other genes related
to M1 macrophages and thus promote their transition into M2 macrophages.
When applied to hepatic fibrosis in vitro and in vivo, the DGNSs were able to
deliver pMMP-9 to inflammatory macrophages located in the fibrotic tracts
of cirrhotic livers. This induced the synthesis of MMP-9 causing collagen
degradation. The pMMP9-DGNS conjugate did not cause hepatic damage as
in the case for standard anti-inflammatory and anti-fibrotic drugs. In con-
trast, it improved the hepatic function, promoted fibrosis regression, and
showed higher regeneration of the injured organ. Fibrosis contributes to
~45% of all deaths in industrialized countries. However, up to now there is
no direct antifibrotic therapy. Therefore, in this context, DGNSs are promis-
ing for the treatment of diseases associated with fibrosis and inflammatory
macrophage accumulation.

2.6 Conclusion and Perspectives

Due to their large surface area and the possibility of multifunctionalization,
carbon nanomaterials can be functionalized covalently or non-covalently
with drugs and can be used as carriers for drug delivery and gene delivery.>""
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In this context, they have been exploited as carriers of anti-inflammatory
drugs achieving better therapeutic efficacy. They are able to enhance the sta-
bility and water solubility of the drugs, and to prolong their release, thus
increasing their biological half-time and avoiding side effects caused by drug
overdose. In addition, the functionalization of carbon nanomaterials with
targeting ligands can improve the biodistribution of drugs. Overall, these
applications illustrate the extensive potential of carbon nanomaterials for
the treatment of inflammatory-related diseases. Although there are still some
concerns for their toxicity and environmental impact, their applications in
nanomedicine are very promising.**® The type, size, functionalization and
purity of the nanomaterials are crucial to increase their biocompatibility.*”**
Their biodegradability by human enzymes or through different pathways in
vivo offers perspectives for their real potential in the biomedical field.***
Well-designed carbon nanomaterials are required for further research into
the treatment of inflammatory diseases, while the elucidation of the mech-
anisms of interactions between the carbon nanomaterials and the immune
system is also necessary.
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3.1 Introduction to Emergent Viruses

The infection of humans by lethal pathogens such as emergent viruses,
namely Ebola, Dengue, Zika and other related viruses, has not been prop-
erly addressed so far. Thus, Ebola virus (EBOV) is among the most lethal
pathogens for humans. Since its initial description in 1976 in Zaire (now
DRC), several outbreaks have been reported mainly in Central Africa." EBOV
belongs to the Zaire Ebolavirus species within the Ebolavirus family where
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three additional varieties of highly pathogenic agents: Sudan, Tai forest and
Bundibugyo viruses, have also been described.? There is a fifth variety known
as Reston virus, which is endemic in certain areas in Asia, that apparently is
not pathogenic for humans.’ Although some fruit bats have been identified
to be carriers of EBOV genetic sequences, still the natural reservoirs of EBOV
are not clear and this is crucial information for surveillance and prevention
of future outbreaks.*®

The recent Ebola outbreak in West Africa (2013-2016) was caused by EBOV
and has been unprecedented in the number of infected cases. Over 28000
cases and a toll of more than 11000 fatalities have been officially reported’
in the main affected area of Guinea, Sierra Leona and Liberia and also some
cases in neighboring countries such as Nigeria, Mali and Senegal. Apart from
the devastation in West Africa, this outbreak fueled a health emergency of
international concern since Ebola-infected patients traveling from or evacu-
ated out of Africa were treated in the USA, UK, Spain, France, Germany, Italy,
Switzerland and Norway.?

There is no specific treatment for EBOV and supportive therapy based in
the treatment of complications and active fluids and electrolytes replace-
ment remained as the basis for patient's management during this out-
break.*® A variety of experimental compounds, such as EBOV specific
monoclonal antibodies (ZMapp), interference RNA (TKM) or inhibitors of
the viral RNA polymerase (Brincidofovir, Favipiravir (T-505) and GS-5734)
(Figure 3.1) have shown therapeutic potential in experimental animal
models of infection, rodents and non-human primates (NHP). Recently,
an inhibitor of viral RNA polymerase has been developed. This nucleoside
analog (BCX4430) has shown protection against Ebola as well as Marburg
viral infection in a rodent model. Moreover, it has been demonstrated that
this compound also protects non-human primates even 48 h administra-
tion after exposure to Marburg virus infection.'® Phase 1 clinical studies
with these new promising compounds are ongoing.''* However, thus far,
none of them have demonstrated clinical efficacy since they have only been
anecdotally used in selected patients or in relatively small non-controlled
clinical trials."°

At the beginning of the aforementioned last outbreak, there were also two
prototypes of vaccines to prevent EBOV infection that had been tested in NHP
with encouraging results but never used in human beings. In an accelerated
process to fulfill the safety and immunogenicity requirements in humans,
the two vaccines, both virally vectored in chimpanzee adenovirus (ChAD)
and in vesicular stomatitis virus (VSV), respectively, were ready to be admin-
istered in the affected area in early 2015, at a time where the epidemic was
waning and new cases started to be significantly reduced. Only results of effi-
cacy from the VSV-based vaccine are available at this moment and, although
involving a relatively small group of individuals, the vaccine showed 100%
protection against EBOV when immediately administered to contacts of
infected patients as compared with a control group that was vaccinated with
a delay of 3 weeks.!” Despite these promising results, questions remain on
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Figure 3.1 Chemical structures of Brincidofovir, Clomiphene, Toremiphene, GS-
5734, Miglustat and Favipiravir.

the duration of protection and the potential coverage against other members
of the ebolavirus family such as Sudan or Bundibugyo viruses.

In the search for molecules against Ebola virus infection, a variety of
approaches have been addressed and promising compounds are again in the
pipeline waiting for evaluation.'® A new approach consists of the use of some
small molecules that were previously FDA-approved as drugs for different
indications, which have now been tested as potential Ebola virus inhibitors.
These small molecules present very different chemical structures and mode
of actions with different targets in the viral infection cycle. Clomiphene
and Toremiphene (Figure 3.1) are FDA-approved drugs with a similar struc-
ture but different indications. Clomiphene is used to treat infertility while
Toremiphene is approved to treat advanced breast cancer. Both are estrogen
receptor ligands and are capable of inhibiting the EBOV entry and internal-
ization in vitro. Recently, the capacity of these molecules to inhibit Ebola
infection in a murine Ebola infection model has been shown.'*

Another example is the n-butyl-deoxynojirimycin (Miglustat), an amino-
sugar derived of the D-glucose approved by the FDA to treat type I Gauche
disease (GD1) (Figure 3.1). This is a well-known inhibitor of the enzyme
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a-glycosidase and its antiviral activity by the modification of the N-glycan
composition of the viral envelope glycoproteins has been proved.'> However,
a recent study using these iminosugars as inhibitors of Ebola infection in a
guinea pig model showed very limited protection.*' >

The lack of information on the mechanism of infection, the need to use
BSL4 laboratories to manipulate the wild virus — with the implications in
terms of cost and accessibility that this means - as well as the scarce oppor-
tunities to carry out clinical studies on the ground with infected patients -
usually concentrated in remote areas in Central Africa — are the main reasons
preventing progress in this field.

The current situation on related emergent viruses is not more optimis-
tic. Actually, there are no approved vaccines or specific treatment for Zika
virus (ZIKV) infection and, as the evidence of the teratogenic effects of Zika
increases, it has become even more necessary to investigate antiviral and
preventive strategies to counteract its devastating potential. The social and
economic cost of the recent spread of the Zika virus in Latin America and the
Caribbean will total an estimated US$7-18 billion between 2015 and 2017
(United Nations Development Programme).**?°

ZIKV is a positive single-strand RNA virus transmitted by mosquitoes of
the Aedes genus during epidemic spread and from human to human by ver-
tical transmission (pregnant women to fetuses) and also through sexual con-
tact since ZIKV is present at high concentrations in semen and genital fluids
during and after symptomatic infection.** Amazingly, the infective process of
ZIKV is largely unknown. However, in experiments with human skin cells, it
appears that ZIKV uses C-type lectin receptor DC-SIGN (Dendritic Cell -
Specific Intercellular adhesion molecule 3 Grabbing Nonintegrin) among
other receptors on a host cell surface to enter the cytoplasm by receptor-
mediated endocytosis.”” DC-SIGN has been shown to be a significant recep-
tor in the infection and pathogenesis of another flaviviruses such as Dengue
virus (DENV).?®

In this context, a question arises: what can chemistry do in the search for
new strategies and approaches to solve this emergent and urgent problem?
Although a variety of known chemical compounds - for other different pur-
poses — have been disappointingly tested against virus infections, more spe-
cific molecules are dramatically required to be prepared.*

3.2 Supramolecular Carbohydrate-Protein
Interaction

3.2.1 DC-SIGN as Target Molecule

Carbohydrates are a family of complex biomolecules involved in several rele-
vant biological processes (physiological as well as pathological ones) such as
fertilization, cell differentiation, inflammation, pathogen infection, tumor
progression and metastasis, among others.*® In fact, most mammalian cells
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are covered by a dense coat of complex carbohydrates (glycolipids and glyco-
proteins embedded in the cell membrane) known as the glycocalix. This gly-
cocalix is responsible for facilitating the interaction of a cell with other cells,
the extracellular matrix, pathogens, etc. or in other words, to mediate the
communication of the cell with the environment. This communication is the
base of the social behavior of the cells, which means a transfer of information
that takes place through the interaction between the carbohydrates of the
glycocalix and the corresponding receptors. These receptors are mainly lec-
tins, proteins that have at least one carbohydrate recognition domain (CRD).

In 1992, looking for proteins capable of interacting with gp120, a lectin
(CD209) was discovered by serendipity.’’ This protein remained in the dark
until the group of van Kooyk and Figdor showed that this lectin, renamed
Dendritic Cell - Specific Intercellular adhesion molecule 3 Grabbing Non-
integrin (DC-SIGN) was able to recognize self-glycoproteins as intercellular
adhesion molecule 3 (ICAM3).*> Moreover, the groups of van Kooyk and Lit-
tman demonstrated that DC-SIGN played a main role in the trans-infection
of T-cells by HIV.* DC-SIGN, at the surface of dendritic cells, interacts with
the gp120 envelope glycoprotein of HIV to be internalized into the dendritic
cells. Then, these cells mature and migrate to the lymph nodes where they
present the intact HIV to T-cells, producing the infection of these cells. This
discovery encouraged the interest of many groups in this lectin. Moreover,
many pathogens including not only viruses such as HIV, Ebola, Dengue,
SARS and others but bacteria, fungi and parasites also use DC-SIGN in their
infection processes.** For this reason, DC-SIGN has been considered as a uni-
versal pathogen receptor and a very interesting target for the design of new
anti-pathogen drugs.

In the last few decades, several contributions and a lot of information
concerning DC-SIGN has been provided and is nowadays available. The first
crystal structure between a pentasaccharide and the CRD of DC-SIGN was
published in 2001.%® Later, other structures of complexes between different
carbohydrates and DC-SIGN have been solved, providing an overview of the
binding mode of carbohydrates at the solid state.’*** To complement this
information, NMR has been an ideal technique to obtain valuable infor-
mation of carbohydrate-lectin complexes in solution,’™*' and it has been
applied to DC-SIGN to obtain binding modes, the main epitope, etc.*****> All
this information together has provided a picture of how these carbohydrates
are recognized by DC-SIGN, being the base for the design of new ligands with
higher affinity and selectivity for this receptor.

DC-SIGN is found as microdomains present in patches with a diameter
around 200 nm at the cell membrane of immature dendritic cells. These lec-
tin clusters facilitate the capture of pathogens and their subsequent internal-
ization. In this presentation, several CRDs are exposed in the cell surface to
mediate multivalent interactions with pathogen surface carbohydrates lead-
ing to effective recognition processes.***® So, this lectin presentation should
be the real target for the design of compounds capable of competing effi-
ciently with pathogens inhibiting their entrance into the cells.
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3.2.2 Multivalency as a Concept for Efficient Inhibitors of
Virus Infection

The interaction between carbohydrates and lectins presents particular fea-
tures, the interaction is highly selective, in most of the cases depends on
divalent metals (calcium) and presents a weak affinity (typically in the mM to
UM range). Nature uses the multivalent effect to overcome the weak affinity
limitation. Several copies of the carbohydrate ligands and the correspond-
ing carbohydrate recognition domains of the receptors allow establishing
simultaneous multiple interactions to increase, not only the affinity of the
process (avidity) but also the selectivity. This fact, known as the cluster effect,
is fundamental to the relevant carbohydrate-protein interactions.***° Under-
standing multivalency is a hot topic in the carbohydrate field. However, this
process is so complex from the molecular point of view that the explanation
to justify the increment of affinity in multivalency is not clear. Several effects
can contribute simultaneously to the multivalent interaction: clustering,
rebinding, chelation, etc. It is assumed that more than one effect contributes
to the outcome of the multivalent interaction simultaneously but it is not
possible to evaluate the weight of each of these contributions separately.

Pathogens, including viruses, use a multivalent strategy to achieve a good
docking on cell surfaces facilitating the internalization into targeting cells
during the first stages of the infection process. Highly glycosylated envelope
glycoproteins and the highly expressed cell surface DC-SIGN in the micro-
domains are the main partners to create these multivalent contacts.*>™®
Then, effective multivalent carbohydrate-protein interactions are estab-
lished to facilitate the infection. Therefore, this can be considered as a target
point to inhibit the infection process and to develop antiviral agents.

As mentioned above, the design of new carbohydrate glycomimetic ligands
for DC-SIGN is an option to improve the development of a new antagonist of
this lectin. However, this improvement, in quantitative terms, means nor-
mally dissociation constants in the uM range. To have an adequate antivi-
ral drug, at least dissociation constants in the nanomolar range should be
considered. Taking into account that achieving this value is an extraordinary
challenge using monovalent ligands for DC-SIGN, carbohydrate multivalent
tools are required to compete efficiently with this multivalent interaction.>' "

3.3 Synthesis of Suitable Functionalized
Saccharides: Monomers, Trimers and
Disaccharides

The search for compounds targeting the lectin DC-SIGN requires the selec-
tion of appropriate carbohydrate ligands. DC-SIGN recognizes mannosylated
oligosaccharides such as high mannose, mannan, as well as fucosylated gly-
cans, the blood type antigens Lewis a (Le?), Lewis b (Le), Lewis Y (Le’) and
Lewis X (Le¥).”* Besides these natural ligands, for which accessibility and
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availability are limited, synthetic mimetics have been considered as a good
alternative. In fact, the natural branched oligosaccharides are not trivial to
be synthetized in the laboratory, being of high cost and time consuming. For
this reason, simple monosaccharides or small oligosaccharides that contain
the main epitopes of the natural ligands have been considered as potential
candidates to be used as ligands for DC-SIGN.

Mannose is the smallest carbohydrate unit capable of interacting with DC-
SIGN and other lectins that recognize these kinds of sugars, although the
natural ligand for this lectin is the complex high mannose structure (Man,
GlcNAc,) (Figure 3.2A). A middle situation between a very simple and not
good ligand on one hand (mannose) and a very complex oligosaccharide
on the other hand (the natural ligand high mannose) is the mannobioside
disaccharide Manal-2Man.

Although the synthesis of oligosaccharides is complex with several tedious
protection and deprotection steps, the preparation of this disaccharide has
been recently improved using a double strategy.’>*® One of these strategies
is based on a consecutive synthesis of the carbohydrate donor (the reducing
end of the disaccharide) and its autoglycosylation.” In few steps with high
yields and few purification steps, the disaccharide can be easily prepared on
a large scale with a good overall yield in less than 3 days. The second strategy
is a direct acetolysis of dried baker's yeast (Saccharomyces cerevisiae) that can
be obtained in the supermarket at a very low cost. This acetolysis provides
a mixture of peracetylated linear mannosyl oligosaccharides. The exper-
imental conditions of this reaction can be optimized to produce mainly a
mixture of peracetylated mannobioside and mannotrioside, easily separated

A)

Mana1-2Man 0 B) j Conjugation sites

HO 0

HO X

HO/EQ‘ High Mannose HO 6 OH/
O

Figure 3.2 (A) Chemical structure of High Mannose (ManyGlcNAc,). (B) Mannose
coordination sites to calcium and anomeric or 1 and 6 positions for
conjugation.
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chromatographically.’® Therefore, in one step, from a very cheap starting
material, it is possible to prepare, on a multigram scale, the disaccharide
(Figure 3.3). This synthetic approach facilitates the accessibility of this rele-
vant ligand on a large scale to create the corresponding carbohydrate multi-
valent systems.

It is well known, as discussed in section 2, that multivalent interactions
are mandatory in carbohydrate-lectin interactions to have a biological rel-
evance in terms of avidity. For this reason, the multivalent presentation
of these carbohydrate ligands is required to establish multivalent inter-
actions. There are plenty of examples describing many different multiva-
lent scaffolds such as polymers, proteins, carbon nanoforms, dendrimers,
nanoparticles, etc., used to present carbohydrates in a multivalent way.>’
Due to space limitation and the scope of this book chapter, we are not going
to discuss and analyze this plethora of multivalent scaffolds. However, it is
important to discuss here how the carbohydrate ligands can be conjugated
to these multivalent scaffolds without interferences with the binding mode
to achieve an ideal multivalent presentation of the sugars that is critical to
obtain good affinities.

C-type lectins recognize carbohydrate units by using a calcium atom pres-
ent in the carbohydrate recognition domain. The sugar coordinates this Ca
through the hydroxyl groups in positions 3 and 4 (Figure 3.2B).*® Although
the rest of the OH groups can be available to interact though hydrogen bond-
ing to other residues of the binding site, in principle, these hydroxyl groups
could be available to be functionalized facilitating the conjugation of these
carbohydrates to the scaffolds for amultivalent presentation. For instance, the
hydroxyl group in position 6 of mannose has been used to introduce a spacer
with an azido terminal group to conjugate this sugar to a surface. Interaction
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B20 0 B2,0, EN, B20 0 a)NaOMe,  AcO ) BF OBt Aco 0
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Figure 3.3 Schematic synthetic approaches to Mana1-2Man.
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studies using SPR have demonstrated that the conjugation through this posi-
tion does not have any negative effect on the binding capacity of this ligand
to interact with DC-SIGN.”® However, most of the glycoconjugates use the
anomeric position (OH at position 1) at the reducing end of the glycan to con-
jugate the sugar to a scaffold (Figure 3.2B). The main reason for that, besides
the non-relevant role of this position to the interaction, is the different reac-
tivity of this hydroxyl group that facilitates its chemical manipulation. Using
a selective glycosylation reaction, it is possible to introduce in this position
any spacer conveniently functionalized for a subsequent conjugation.

Concerning the conjugation reaction, the simultaneous attachment of sev-
eral carbohydrate units on a single scaffold requires very efficient chemis-
tries. Full functionalization of the scaffold is fundamental, avoiding complex
mixtures of compounds with similar characteristics, which makes the isola-
tion of pure compounds leading to polydisperse materials complicated. One
of the most popular approaches is the use of the well-known click chemistry,
in particular the Copper (1)-Catalyzed Alkyne-Azide Cycloaddition (CuAAC).
This reaction requires an azido group in one component of the reaction and
a terminal alkyne group in the other.”**! These functional groups are com-
patible with many other functional groups (for instance, the OH of the depro-
tected carbohydrates) and can be easily incorporated in the partners to be
conjugated. The reaction occurs under mild conditions in several solvents
and with excellent yields. Although the introduction of these functional
groups (azide or alkyne) at one end of the spacer at the anomeric position
of the sugar is easy, most examples use the azido group in the glycan moi-
ety because only one copy is required. Instead, introduction of several azido
groups in the multivalent scaffold produce species that should be carefully
handled due to the high concentration of nitrogen atoms leading to com-
pounds with the potential capacity to be explosive.

An alternative to the CuAAC is a similar reaction without the intervention
of metal atoms, the Strain Promoted Alkyne-Azide Cycloaddition (SPAAC).®*
In this case, the alkyne is embedded in a tensioned cycle, which provides the
required reactivity driving the cyclization without the presence of a metal
catalyst such as copper. This fact is of remarkable relevance in the case of bio-
logical applications of the constructed multivalent systems. Copper is a toxic
residue for living cells and sometimes, the removal of the catalyst from the
CuAAC reaction is not trivial - remaining traces of the toxic metal can inter-
fere in the biological assays. For this reason, and although the introduction
of the constrained cyclooctyne in one of the partners of the click reaction is
synthetically more complicated than the incorporation of a simple alkyne,
this SPAAC reaction can be found in many applications nowadays, in partic-
ular, in those reactions that implicate living cells.®®

To improve the valency of the final system, on the one hand it is possible
to increase the number of functional points of the scaffold introducing mon-
ovalent ligands in each point. In this case, the number of covalent bonds
simultaneously created demands a very efficient conjugation strategy that is
not always evident. On the other hand, higher valency can be achieved intro-
ducing multivalency in each functionalization point of the scaffold. This
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Figure 3.4 Synthesis of a trivalent glycodendron.

second approach is more interesting because the number of covalent bonds
to be created simultaneously is reduced in this convergent strategy. There-
fore, the approach needs the creation of a small multivalent carbohydrate
system to be conjugated on the multivalent scaffold. A small glycodendron
can be an easy way to achieve this goal. We have designed a trivalent glyco-
dendron conveniently functionalized at the focal position to be conjugated
using the CuAAC or the SPAAC reactions on alkynylated scaffolds.®* Follow-
ing the synthetic route depicted in Figure 3.4, a dendron with three carbohy-
drates (mannose or Manal-2Man) was easily prepared in large scale with an
azido group at the focal position to be conjugated with different scaffolds.
In this way, the valency can be increased in a factor of three with the same
number of covalent bonds created in the conjugation process.

With these tools on hand, it is possible to create, using a very efficient con-
vergent strategy, complex carbohydrate multivalent systems as described in
the next section.

3.4 Carbon Nanoform-based Glycoconjugates

3.4.1 Synthetic Approaches on Fullerenes. Chemical and
Structural Characterization

One strategy to obtain antiviral agents against emergent virus infection is the
design of glycoconjugates that mimic the surface of the virus and interfere
with the infectious process blocking the corresponding cell-surface receptor.

In this sense, and particularly in the search for innovative scaffolds, we
have focused on unexplored 3D fullerene Cg, since it has a unique virus-like
symmetrical and globular structure (~1 nm of diameter), which makes it an
interesting biocompatible carbon platform for the multivalent presentation
of carbohydrates.®

[60]Fullerene post-functionalizable hexakis-adducts with T, symmetry con-
stitute an attractive class of compounds that allow the globular disposition of
substituents around the C,, core.®® Post-functionalizable hexakis-adducts are
generally easily obtained by the Bingel-Hirsch addition of malonates to Cg,.%”
In particular, our research group have developed a straightforward strategy
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based on the CuAAC reaction to click sugar residues to alkyne-substituted
hexakis-adducts of [60]fullerene (Figure 3.5).°*°° This strategy allows the
introduction of 12 functional groups simultaneously in a regioselective and
efficient way in few steps with good yields.

By employing this convergent strategy, we carried out for the first time the
preparation of globular glycodendrofullerenes as antiviral agents against
Ebola infection.”® To study the effect of the steric congestion of these gly-
cofullerenes on antiviral properties, two different glycodendrons were used
to obtain final products with different spacers between the central fullerene
core and the peripheral carbohydrate-substituted dendron appendage (Fig-
ure 3.6).

For the preparation of glycodendrofullerenes 3 and 4, the conjugation of
the hexakis adduct 1 with the corresponding glycodendron was performed
using CuBr-S(CHj;), as the catalyst in the presence of a piece of metallic Cu in
DMSO affording glycodendrofullerenes with 36 mannoses in good yields.”
Owing to the high cytotoxicity of copper, which can induce high cellular tox-
icity in biological assays, it was necessary to remove all traces of this metal.
In this sense, a commercially available resin (QuadraSil Mercaptopropyl) was
used. ICP analysis allowed the determination of the amount of copper pres-
ent in the samples (copper concentration below 0.1%).

These compounds were completely characterized by using standard spec-
troscopic and analytical techniques (FTIR, 'H and ?C NMR spectroscopies
and mass spectrometry). A simple FTIR analysis evidenced the absence
of the typical bands for alkyne and azide groups (at ~2117 and 2092 cm*,
respectively) present in the starting materials, indicating the efficiency of the
cycloaddition step.

SN,

'CuAAC’
click chemistry

Figure 3.5 General scheme of a CuAAC reaction to click sugar moieties to an
alkyne-substituted hexakis-adduct.
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Figure 3.6 General structures of glycodendrofullerenes 3 and 4.

Due to the success of this synthetic strategy, the preparation of trideca-
fullerenes in order to dramatically increase the valency and the size of the
fullerene derivatives was addressed. These new tridecafullerenes, so-called
‘superballs’, are decorated with 120 peripheral carbohydrate ligands. They
are formed by a central Cg, scaffold in which the 12 alkyne moieties have
been clicked to 12 sugar-containing [60]fullerene units (Figure 3.7).”

We carried out the synthesis of two different mannosylated superballs
(5 and 7) employing the same methodology. Compound 7 contains a larger
spacer between the peripheral carbohydrate-functionalized fullerenes and
the fullerene central core. The aim of this ethylenglycol based linker is the
increment of the flexibility of the carbohydrate moieties around the cen-
tral fullerene allowing a better accessibility and availability of the sugars to
interact with the cellular receptor, which could have an important influence
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Figure 3.7 General structures of superballs 5-7.

on the biological properties. Also, a tridecafullerene with 120 copies of
galactose (6) was prepared as a negative control for the biological assays
involving DC-SIGN as the target receptor, since this lectin is not able to
recognize galactose.

As a typical example, the synthesis of compound 5 is depicted in
Figure 3.8. The synthesis relies on the grafting of a clickable asymmetric A;(B
macromonomer onto a compact [60]fullerene hexa-adduct core bearing
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Figure 3.8 Synthetic scheme for tridecafullerene 5. Reagents and conditions. (i)
CBr,, DBU, 20 °C, Tol, 72 h (49%); (ii) CuBr-S(CHj,),, sodium ascorbate,
Cu’, DMSO, 72 h (86%); (iii) NaN,, 70 °C (MW), DMSO, 3 h (84%); (iv) 1,
CuBr-S(CH;,),, sodium ascorbate, Cu’, DMSO, 25 °C, 48 h (73%).

12 terminal alkyne moieties. We first prepared an asymmetric A,,B macro-
monomer [60]fullerene derivative 10 bearing 10 alkynes and a bromine
atom at the focal point. To obtain the [5:1]-hexaadduct 10, a tenfold excess
of di(pent-4-yn-1-yl) malonate (9) and a ~50-fold excess of CBr, were added
in the presence of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) as the base and
the methanefullerene 8, which results from the Bingel nucleophilic cyclo-
propanation of Cg, with 6-bromohexyl ethyl malonate.”® This asymmetric
compound 10 was submitted to the CuAAC reaction with 2-azidoethyl
a-D-mannopyranoside (11) using CuBr-S(CH,), as the catalyst and sodium
ascorbate as the reducing agent in the presence of a piece of metallic Cu,
to give derivative 12 in good yield. This derivative, after replacement of the
bromine by an azide group, was then clicked to the symmetric hexa-adduct
1 under CuAAC conditions, leading to giant tridecafullerene 5 with ~70%
yield. After the removal of copper, compound 5 was precipitated in the reac-
tion medium and a pure sample was obtained. Thus, glycofullerenes con-
taining 120 sugar moieties were obtained very efficiently in four synthetic
steps by using a convergent strategy.

Despite the high molecular weights, the new compounds were character-
ized by standard spectroscopic techniques (FTIR, "H NMR and **C NMR spec-
troscopy) as well as by dynamic light scattering (DLS), transmission electron
microscopy (TEM) and X-ray photoelectron spectroscopy (XPS).

13C NMR characterization of fullerene derivatives is particularly relevant
for demonstrating both the full functionalization of the alkyne residues and
the octahedral symmetry of the structure (Figure 3.9). The absence of the
typical signals corresponding to the alkyne groups (at ~69.0 and 83.0 ppm)
and the signal of the CH, bound to the azido group at ~50 ppm indicated that
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Figure 3.9 '>C NMR spectrum of tridecafullerene 5 in DMSO-d,. Assignment of the
most representative signals is depicted. Adapted from ref. 72 with per-
mission from Macmillan Publishers Ltd, Copyright 2015.

the cycloaddition step and the subsequent purification have been adequately
carried out, respectively. Also, only two signals appear for the sp* carbons of
the Cg, cage (at ~141 and 145 ppm), together with the signal at § ~69 for the
two sp® carbons of the Cg, core, thus providing evidence of the high T; sym-
metry of the compound. The C atoms of the triazole rings are observed at
0 ~147 and 123 ppm for the carbons of the outer triazole rings and at J ~146
and 122 ppm for the carbons of the inner triazole rings. In addition, only
one signal is detected for all the carbonyl groups (6 ~164) and the anomeric
carbons of the sugar moieties (6 ~100), whereas the malonate bridgehead
carbons present in the structure are observed at 6 ~45 ppm. Owing to the
tendency of these glycofullerenes to form aggregates in water, NMR spectra
were recorded in DMSO-d,.

TEM experiments reveal the presence of small spherical particles, corre-
sponding to a few or even just one molecule (~4 nm), in good agreement with
the experimental DLS analyses (Figure 3.10a and b).

XPS analysis provided us with the nature and relative abundance of the
atoms present in the tridecafullerene. In this case, the spectrum for 5 shows
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Figure 3.10 (a) TEM images of compound 5 on deposition of a 0.01 mg mL™
solution in H,O. These images show small spherical particles with a
diameter of around 4 nm, which corresponds to a single molecule,
together with some aggregates containing several molecules. (b) Rep-
resentative DLS for 5 in H,O, at a concentration of 0.01 M. Intensity
vs. particle size. (¢) XPS survey spectrum of compound 5 with the N
1s deconvoluted components (inset right). Adapted from ref. 72 with
permission from Macmillan Publishers Ltd Copyright 2015.

the C 1s, O 1s, and N 1s features, with no additional spectroscopy signatures
of possible impurities. The high-resolution N 1s core-level spectrum shows
two components in a 1:2 ratio, attributed to one nitrogen atom of the tri-
azole ring (N-N-N) and two nitrogen atoms attached to carbon atoms (C-N)
(Figure 3.10c).

This successful methodology based on CuAAC reaction allowed us to
obtain new sugarballs containing 12 to 120 sugar units. However, the use of
copper (1) as the catalyst is a serious drawback, which involves a subsequent
purification step for the removal of copper after the click reaction, owing to
its high cytotoxicity. In addition, further increasing the multivalency of the
glycoconjugates is difficult in the presence of this cytotoxic copper due to the
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chelation ability of both the carbohydrate units and the triazole rings, which
could affect the click reaction, lowering the yields and even, in some cases,
inhibiting the reaction.” This is more noticeable in the particular case of the
use of 1,2-mannobiosides as ligands on account of their ability for chelating
copper between the two monosaccharide moieties.

To overcome these drawbacks, we proposed the synthesis of new post-
functionalizable highly symmetric hexakis-adducts of [60]fullerene via metal-
free click chemistry.”>”® In particular, we employed a hexakis-adduct of Cg,
decorated with twelve cyclooctyne moieties to further carry out a SPAAC reac-
tion (Figure 3.11, compound 14).”° The versatility of this new derivative has been
tested with the addition of a variety of different natural products, including
biotin, amino acids such as phenylalanine and peptide nucleic acid (PNAs)
monomers such as thymine.

This new cyclooctyne-based platform allowed the addition of a variety of
azides very efficiently and without the need of copper as a catalyst. Thus, the
complete functionalization of the cyclooctyne moieties could be observed by
3C NMR experiments, where the signals of the alkyne Csp carbons (at 110.1
and 92.8 ppm) disappeared after the click SPAAC reaction. Instead, roughly
equal proportions of the two possible regioisomers was obtained at each
cyclooctyne, with a slight excess of the less hindered isomer A (Figure 3.12).

Glycofullerenes based on this cyclooctyne central scaffold have also been
synthesized by the addition of sugar functionalized azides very efficiently
by heating the reaction mixture at 50 °C under microwave irradiation for 30
min (Figure 3.13), in contrast with the 48 h of reaction needed for a com-
plete functionalization and lower yields obtained by employing the CuUAAC
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(regioisomeric mixture)

0
HN)(N i
H M i
H H
s '“/\/\[ro\/\o’\/c\/\/
c 0
[ H

vy

[}

0
©/\)%/\,o\/\0/\/\ Kfﬂ 0
NH, aocun’\/"\)*o’\/"\/\o’\)‘
d e

Figure 3.11 Synthetic scheme for compounds 16a-e. Reagents and conditions. (i)
DMSO, 50 °C under MW, 30 min (93-99%).
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Figure 3.13  Synthesis of cyclooctyne based glycofullerenes.
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strategy. Compounds 17-20 were purified by size-exclusion chromatography
using Sephadex. The yields obtained were excellent in all cases.”’

In order to increase the multivalency of the mannobiosylated gly-
cofullerenes, we have carried out the synthesis of groundbreaking nanoballs
decorated with 120 (21) and 360 (22) sugar functionalities. This last deriv-
ative, containing 360 disaccharides, has 41.370 atoms (C, H, O, N) and is
obtained in a synthetic step which represents the fastest dendritic growth
reported (Figure 3.14).

wo&o, '
no;& _ '\90% OOy,
e T
e

HO,
W e
"ﬂo'g\o o L

Figure 3.14 Schematic cartoon showing the chemical structure of tridecafullerene
22 appended with 360 1,2-mannobioside units synthesized by using
the SPAAC click reaction.
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To obtain these new tridecafullerenes 21-22, a [5:1]-hexa-adduct deriv-
ative bearing 10 cyclooctyne moieties and a chlorine atom at the focal
position was prepared according to the procedure depicted in Figure 3.15.
The synthesis of this A;,B macromonomer 29 starts from monoadduct 24,
which results from the Bingel-Hirsch nucleophilic addition of malonate
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Figure 3.15 Reagents and conditions: (i) Cgy, DBU, I, dry toluene, 0 °C, 4 h (71%);
(ii) DBU, CBry, 0-DCB, r.t., 72 h (48%); (iii) H,, Pd/C, DCM/MeOH (3/1),
r.t., overnight (quant.); (iv) DMAP, DCC, dry DCM/DMF (10/1), r.t., over-
night (quant.); (v) DMSO, MW 50 °C, 30 min (quant.); (vi) NaN,;, DMF,
60 °C, 3 days (quant.); (vii) DMSO, MW 50 °C, 30 min (21: 98%, 22:
94%).
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23 to [60]fullerene. The reaction between methanefullerene 24 and an
excess of malonate 25 (10 equiv.) in the presence of CBr, and DBU as
the base gave the asymmetric hexakis-adduct 26 in moderate yield. After
deprotection of the hydroxyl groups and esterification with cyclooctyne
derivative 28, compound 29 was quantitatively obtained. This clickable
compound 29 was submitted to the SPAAC reaction under MW irradia-
tion with azide substituted sugar ManMan and glycodendron ManMan;,
affording the corresponding glycoderivatives 30-31 endowed with either
ten or thirty disaccharides, respectively. The nucleophilic substitution of
the chlorine atom by an azide group was carried out using sodium azide,
which led to the clickable building blocks 32-33. The azide-containing
macromonomers 32-33 were then clicked to the symmetric cyclooctyne
derivative 14 under SPAAC conditions to obtain nanoballs 21-22, in which
a central [60]fullerene scaffold is covalently bound to twelve Cg, units,
completely surrounded by mannobioside moieties. Purification of the
obtained giant tridecafullerenes 21 and 22 was carried out by ultrafiltra-
tion (Amicon® Ultra-15) of a water solution.

3.4.2 Synthetic Approaches on Other Carbon Nanoforms.
Chemical and Structural Characterization

Carbon nanostructures appear to be ideal candidates for the development
of materials of the future. A wide variety of new carbon nanoforms (CNFs),
such as single and multi-walled carbon nanotubes (SWCNTs/MWCNTs),
endohedral fullerenes, carbon nanohorns (CNHs), carbon nanoonions, pea-
pods, carbon nanotori, carbon nanobuds and more recently 2D graphene,
graphene quantum dots (GQDs) and carbon quantum dots (CQDs) have given
rise to a new set of carbon nanostructures which have attracted the attention
of scientists (Figure 3.16).”® Regarding biological applications, the chemical
modification of these nanoforms enables an increase in their biocompatibil-
ity, providing new biological properties and preventing from toxicity by the
asbestos-like behavior typically shown by them.

As not only multivalency, but also the size and shape of the platform
employed for the multivalent presentation of carbohydrates seem to be very
important for the interaction with cellular receptors, we decided to use differ-
ent carbon nanoforms as scaffolds to generate multivalent nanosized glyco-
conjugates. Interestingly, these glycoconjugates mimic the shape or surface
of the virus. In this sense, SWCNTs and MWCNTs with their elongated shape
resemble the filamentous structure of Ebola virus, characteristic of a thread
virus. For its part, HIV virus shows a roughly spherical form with a diame-
ter of ~120 nm, comparable to the shape and size of SWCNHSs. Therefore,
SWCNTs, MWCNTs and SWCNHs can be considered as appropriate biocom-
patible platforms for the presentation of carbohydrates to interact with DC-
SIGN in a multivalent way upon chemical modification.”®
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Figure 3.16 Different carbon nanostructures, all of them known allotropes of
carbon.

The synthetic procedure followed for obtaining the final glycoconju-
gates has been carried out in an analogous manner for all the carbon
nanomaterials. In a first step, the chemical modification of the carbon
nanostructures to introduce protected alkyne functionalities was carried
out. Later, in a second step, one pot deprotection of the terminal alkynes
and CuAAC click reaction was accomplished. The introduction of the
alkyne groups on the surface of the carbon nanoforms was performed by
a Tour reaction by the in situ generation of aryl diazonium compounds
from 4-[(trimethylsilyl)ethynyl]aniline and isoamyl nitrite as reactives
(Figure 3.17).%%%! This Tour reaction was performed overnight using NMP,
H,O or (1:1) mixtures of both solvents. Then, the reaction mixture was
filtered on a 0.1 um pore size membrane and washed with different sol-
vents until the filtrated solution remained uncolored. Three cycles of this
chemical process were necessary in order to increase the number of func-
tional groups present on the carbon nanoform surface, followed by the
same filtration methodology. Afterwards, the desired TMS-functionalized
compounds were isolated.
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NMP or H,0 or NMP/H,0 (1:1)

MWCNTs ) MWCNTs-TMS

SWCNHs SWCNHs-TMS

Figure 3.17 General synthetic procedure for the preparation of compounds
SWCNT-TMS, MWCNT-TMS and SWCNH-TMS.

Afterwards, the alkyne-TMS derivatives SWCNT-TMS, MWCNT-TMS and
SWCNH-TMS were submitted to a second step where the connection with the
asymmetric azide-substituted hexakis-adducts of [60]fullerene conveniently
functionalized with mannose residues was performed. For this purpose,
an in situ desylilation based on the use of tetrabutylammonium fluoride
(nBu,NF) and subsequent reaction with the corresponding azide glycofuller-
ene by means of a click chemistry methodology (CuAAC) followed by ultra-
sound bath sonication-filtration through a 0.1 pm membrane cycle yielded
the functionalized glycoconjugates SWCNT-CgMan, MWCNT-Cg,Man and
SWCNH-C¢,Man (Figure 3.18). The click chemistry procedure was based
on the use of CuBr-S(CHj;), as copper catalyst, sodium ascorbate as reduc-
ing agent and some metallic copper wires, ensuring the presence of Cu’
in the reaction media. Consecutively, the reaction mixture was filtered off
and washed over a membrane several times with NMP, MeCN, 0-DCB and
MeOH. In a second washing step, the obtained solid was washed with water
and acidic water (2% HNO;), trying to make it free of copper materials.
A galactose derivative SWCNH-Cg,Gal was synthesized and used as a negative
control in the biological assays.

To study if the presence of the [60]fullerene could have an effect on the
biological activity of these hybrid glycoderivatives, the same CNFs were
covalently modified with a glycodendron containing nine mannose units by
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Figure 3.18 General synthetic procedure for the preparation of compounds
SWCNT-C,,Man, MWCNT-C,,Man, SWCNH-C,,Man and SWCNH-
CgGal. Conditions: (i) TBAF, NMP, 2 h; (ii) CuBr-S(CH;),, sodium
ascorbate, Cu’, 60 °C, 6-7 days.

following the same procedure described above for the glycofullerenes. Thus,
a new set of glycoconjugates was obtained, SWCNT-glyMan, MWCNT-glyMan
and SWCNH-glyMan (Figure 3.19).

For the characterization of these hybrid materials, different techniques
such as thermogravimetric analysis (TGA), Raman spectroscopy, Fourier
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SWCNH-glyMan

MWCNT-TMS

HOHO,

MWCNT-glyMan
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Figure 3.19 General synthetic procedure for the preparation of compounds
SWCNT-glyMan, MWCNT-glyMan and SWCNH-glyMan. Conditions:
(i) TBAF, NMP, 2 h; (ii) CuBr-S(CHj,),, sodium ascorbate, Cu®, 60 °C,
6-7 days.

transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy
(XPS) and transmission electron microscopy (TEM) were employed.

TGA, for instance, provides a quantitative estimation of the degree of cova-
lent functionalization on all carbon nanoforms, therefore giving evidence of
the sidewall functionalization. Pristine carbon nanoforms are stable up to 800
°C under a nitrogen atmosphere. Considering SWCNTs and its derivatives,



Multivalent Glycosylated Carbon Nanostructures: Efficient Inhibitors 81

for example, and taking into account that SWCNTs were submitted to a previ-
ous oxidation process, the weight loss observed for this material of 26.85% at
around 300 °C can be due to the oxygenated groups attached to the material
surface, mainly carboxylic acid units (Figure 3.20). The weight loss associ-
ated with the decomposition of the organic phenylacetylene groups formed
after the Tour reaction is measured between 100 and 600 °C. As an example,
conjugate SWCNT-TMS shows a weight loss of 32.37% at this range of tem-
perature. It reflects a 5.52% increase of the degree of surface functionaliza-
tion from SWCNT-COOH. Glycofullerenes and glycodendrons decompose in
a range of temperatures around 550 °C where the thermograms of SWCNT-
Ce¢oMan and SWCNT-glyMan show an additional weight loss of 50.08 and
45.69%, respectively. It is important to highlight that the surface reactivity of
the different CNFs varies depending on the curvature of the tubes, giving rise
to different functionalization degree of the walls. This different functional-
ization is corroborated by the decreasing weight losses observed when going
from SWCNTs to SWCNHs and MWCTNSs, the latter being less functionalized
in agreement with their smaller curvature.

Raman spectra were recorded using a 785 nm laser wavelength for SWCNTs
and MWCNTs and 532 nm for SWCNHs. These spectra show two bands with
approximately equal scattering strengths related to the ‘G band’ and ‘D band’
at ~1590 and ~1300 cm ', respectively. The increase of the D-band intensity
and the enlargement of the bandwidth for the tangential mode (G-band) are
considered as proofs of the functionalization of the tubes' wall.’?*® The I,,/I,
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Figure 3.20 TGA under inert conditions of pristine SWCNTs (black), SWCNT-
COOH (brown), SWCNT-TMS (blue) and the nanoconjugates SWCNT-
CgMan (red) and SWCNT-glyMan (purple). Reproduced from ref. 79
with permission from American Chemical Society, Copyright 2018.
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Figure 3.21 Raman spectra of pristine MWCNT (black)) MWCNT-TMS (blue),
MWCNT-C¢Man (red) and MWCNT-glyMan (pink) under 785 nm laser
excitation wavelength. Reproduced from ref. 79 with permission from
Amercian Chemical Society, Copyright 2018.

ratio is used to calculate the amount of covalent functionalities anchored on
the CNF surface and suggests a substantial rehybridization from sp* carbon
atoms to sp® going from pristine to derivatized CNFs. In the case of the nano-
structures object of this study, an increase of the I)/I; ratio is observed when
passing from the pristine material to the TMS-functionalized one, while this
ratio is kept almost constant for the second functionalization step that is the
CuAAC reaction (Figure 3.21). This is reasonable, as in this step no additional
modification of the surface of the nanotubes is taking place.

XPS spectra are useful to analyze the elemental composition of the CNF
surface. These spectra exhibit the electrons collected from C 1s, O 1s, N 1s
and Si 2p core levels for all new hybrid derivatives. Other elements, which are
present in very low concentration (<1%) related to solvent or surface impuri-
ties, are not considered for atomic concentration (%) calculations. As for the
Raman characterization, comparison between the different derivatives gives
an idea of the progress in the corresponding synthetic step.

Firstly, for derivatives SWCNT-TMS, MWCNT-TMS and SWCNH-TMS the
absence of the N1s peak in the spectra — with the presence of the Si 2p signal
related to the alkyne protecting groups — indicates correct functionalization
in the Tour reaction. An increase in the oxygen peak intensity in the covalent
conjugates after click chemistry reaction is due to the glycofullerene or glyco-
dendron units, as expected. As an example, the semiquantitative analysis of
MWCNT-C¢,Man and MWCNT-glyMan reveals an oxygen content of 9.3 and
14.6%, respectively, which indicates functionalization when compared to the
4.8% measured for MWCNT-TMS. The N peak was observed just for sugar-
functionalized derivatives formed after CuAAC (Figure 3.22).
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Figure 3.22 XPS spectra of MWCNT-IMS (blue), MWCNT-C4Man (red) and
MWCNT-glyMan (pink). Reproduced from ref. 79 with permission
from Amercian Chemical Society, Copyright 2018.

When high-resolution spectra were performed, a C 1s signal was fitted
to five components (sp> C=C, sp* C-C, C-0, C=0 and COO units) for all the
CNFs.** N 1s fitting shows two contributions, a major one at low binding
energies due to N atoms directly bound to C atoms and a minor one assigned
to the central N in the triazole ring.** No peak related to the azido group was
observed.

TEM microscopy helps one to study the morphology of the new hybrid
materials. In the case of the glycofullerene-appended derivatives SWCNT-
CgoMan, MWCNT-C¢,Man and SWCNH-Cg Man, small Cg-like round-shaped
molecules attached to the CNTs' side wall surface or the SWCNHs' tips could
be observed. The width profile for these spherical appendages is around 1
nm, in agreement with the [60]fullerene diameter. As an example, a MWCNT-
C¢oMan TEM image is shown in Figure 3.23.

Regarding micrographs of the glycodendron-functionalized conjugates
SWCNT-glyMan, MWCNT-glyMan and SWCNH-glyMan, densely covered
walls compared with the pristine materials were detected for all different
CNFs. This can be assigned to the organic dendron functionalization cover-
ing the surface of the materials (Figure 3.24).

From the images obtained by this technique, it can be proved that SWCNTs
present a high tendency to interact among them by attractive interactions
such as n—n stacking and London forces, generating large bundles, even after
oxidation and covalent functionalization. MWCNTs exhibit the same mor-
phology but with fewer aggregation limitations. Finally, SWCNHs present a
conical structure and a ‘dahlia-like’ spherical aggregation that is preserved
after the different chemical steps they endure (Figure 3.24 (right panel)).
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Figure 3.23 TEM image of the functionalized MWCNTS: (a) MWCNT-Cg,Man with
a scale bar of 10 nm. (b) Representative image of the width profile of
the glycofullerene attached to the aggregate MWCNT-C¢,Man. Repro-
duced from ref. 79 with permission from American Chemical Society,
Copyright 2018.

Figure 3.24 TEM image of the functionalized MWCNTs and SWCNHSs: (Left)
MWCNT-glyMan with scale bars of 20 nm. (Right) SWCNH-glyMan
with a scale bar of 200 nm. Herein, aggregation of the nanoform is
preserved, maintaining a ‘dahlia-like’ shape. Reproduced from ref. 79
with permission from American Chemical Society, Copyright 2018.

3.5 Biological Assays: Efficient Inhibition of
Emergent Viruses Infection

3.5.1 Multivalent Glycosylated Carbon Nanostructures to
Inhibit Ebola Virus Infection

As has been mentioned previously, this research is focused on the develop-
ment of strategies to block a C-type lectin, DC-SIGN, which recognizes gly-
coconjugates present on the surfaces of several pathogens including viruses
(HIV, Ebola, Cytomegalovirus, Dengue, SARS), bacteria (M. tuberculosis,
S. pneumoniae) fungi (C. albicans, A. fumigatus) and parasites (Leishmania,
S. mansoni).**® It has been proven that this lectin plays a key role in the early
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stages of the infection processes caused by some of these pathogens. There-
fore, DC-SIGN can be selected as a new therapeutic target for the design of
antiviral drugs.®” A number of molecules, including DC-SIGN, have been pro-
posed as receptors for Ebola virus (EBOV). Although DC-SIGN is not the main
receptor in the case of the EBOV, it is thought to play a significant role in
the cell entrance of this infectious agent in significant cell populations, such
as dendritic cells and thus facilitates early viral dissemination. DC-SIGN is
known to preferentially recognize high-mannose glycans that are N-linked to
viral glycoproteins such the EBOV GP,*® which contains 17 N-linked glycosyla-
tion sites.®® Therefore, DC-SIGN can function as a good model for studying
the first steps of pathogenesis of EBOV and screening the antiviral strate-
gies based on DC-SIGN-targeting compounds for prevention and treatment
purposes. DC-SIGN recognizes mannosylated and fucosylated oligosaccha-
rides presented in a multivalent manner on the surface of several pathogen
envelope GPs. Thus, the preparation of multivalent carbohydrate systems is
necessary for an efficient interaction with this receptor as well as for effective
competition with the natural ligands.

The DC-SIGN lectin receptor enhances cell-binding and infectivity of
EBOV in dendritic cells and macrophages, the primary cell subsets infected
during the initial stages of the disease.®*®' To explore the role of DC-SIGN
in EBOV infection, a CD4+ Jurkat T cell line modified by retroviral transduc-
tion to express DC-SIGN (Jurkat-DC-SIGN) has been used and validated.”
T-lymphocytes such as Jurkat cells are naturally non-susceptible to EBOV
infection,’®% nonetheless, DC-SIGN cell expression is sufficient to allow cell
entry and infection by pseudotyped lentiviruses bearing EBOV GP. Recombi-
nant viruses are produced by co-transfection in producer cells of the viral GP,
along with the retroviral backbone expressing firefly luciferase as the reporter
gene. The assay based on GP-pseudotyped viral particles has been extensively
used for pathogenesis and antiviral screening by our group and others for
different purposes, and it has been compared with live virus assays, showing
strong correlation.”®™®

In this system, cell infection with an EBOV GP-pseudotyped viral particle is
completely dependent on DC-SIGN, since T-lymphocytes lack any other attach-
ment receptors to facilitate EBOV cell entry. On one hand, this model is very
appropriate to have clean experiments and to demonstrate that inhibition by
the tested molecules is based exclusively on blocking the receptor DC-SIGN.
On the other hand, this model permits the use of BSL2-3 laboratories, more
accessible and available all around, to obtain results concerning the activity
of the new candidates to inhibit Ebola infection at a reasonable cost and in
a short time. As a control of the infection, viral particles pseudotyped with
the envelope glycoprotein (GP) of the vesicular stomatitis virus (VSV) that does
infect T-lymphocytes in a DC-SIGN-independent manner were used.

In one pioneering study, the inhibitory effect of giant globular multivalent
glycofullerenes 5-7 was explored in an experiment with the direct infection of
Jurkat cells that express the surface receptor DC-SIGN (Jurkat-DC-SIGN) with
pseudotyped viral particles that present EBOV-GP.”* These globular multivalent
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systems are water soluble and show no cytotoxicity in cell lines, which allows
the study of their potential biological function in preventing viral infection.
All the multivalent compounds were checked for the possibility of blocking
the DC-SIGN receptor in six independent experiments. The results of blocking
the DC-SIGN receptor by different compounds are reported as a function of
concentration (Figure 3.25). A 50% inhibition of the infection was calculated
with a 95% confidence interval (CI). As a control, infection with DC-SIGN-
independent vesicular stomatitis virus envelope GP (VSV-GP)-pseudotyped
lentiviral particles was performed under the same conditions.

The results obtained in the infection experiment revealed the depen-
dence of the inhibition effect on mannoses. Compound 6, which displayed
120 galactoses, as expected, was not able to inhibit the infection process
mediated by DC-SIGN. Compounds with 120 mannose-based residues
(5 and 7) showed very strong antiviral activity at picomolar to nanomolar
concentrations. Compound 5 could effectively block EBOV infection at
low nanomolar concentrations, with an IC;, of 20.37 nM (95% CI = 14.63-
28.37 nM). Compound 7 was almost one order of magnitude more potent
at inhibiting the infection process, with an IC;, of 667 pM (95% CI = 411
pM-1.08 nM).

Previous inhibition studies using the same infection model and fullerenes
that displayed up to 36 mannoses showed relative inhibitory potency (RIP)
values at least two orders of magnitude smaller.”” Moreover, huge virus-like
particles (VLPs) with a radius of 16 nm and up to 1640 mannoses® were 18-
fold less potent compared with compound 7 (see Table 3.1).7>
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Figure 3.25 Inhibition of infection with EBOV or VSV GP-pseudotyped lentiviral
particles of Jurkat DC-SIGN" cells using 5 (blue), 6 (green) and 7 (red).
In the cis-infection experiments 2.5 x 10°Jurkat DC-SIGN* were chal-
lenged with 5000 TCID of recombinant lentiviral particles. Results
represent the mean of 6 independent experiments +/— SEM. Adapted
from ref. 72 with permission from Macmillan Publishers Limited,
Copyright 2015.
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Table 3.1 Comparison of IC;, and RIP values of different mannosylated multiva-
lent compounds. Data obtained from inhibition studies using pseudo-
typed EBOV particles for the new compounds 5 and 7 in comparison
with other carbohydrate multivalent systems previously reported by us.
Adapted from ref. 72 with permission from Macmillan Publishers Lim-
ited, Copyright 2015.

Compound IC;, (nM) nMannoses  RIP? Reference
7 (120 Man) 0.667 120 1.6x10° 96
VLP® (1620Man) 0.91 1620 8.6x10> 64
5 (120 Man) 20375 120 52x10° 96
VLP" (540Man) 9.62 540 2.4x10° 64
4 (36 Man) 300 36 1.2 x 10> 97
3 (36 Man) 68000 36 0.5 97
2 (12Man) 2000 12 53 97
a-Methyl Man® 1.27 x 10° 1 1 98

“RIP, calculated as (IC5,)mono/IC;,*valency ((IC5,)mono, IC, of the monovalent compound;
IC;p*valency, IC;, of the multivalent compound multiplied by the number of ligands present
in the multivalent compound); ?virus like particles; “alfa-methyl-D-mannopyranoside.

Table 3.2 IC, values obtained for new glycoconjugates and mannose quantifica-
tion. Adapted from ref. 79 with permission from American Chemical
Society, Copyright 2018.

Glycoconjugate ICs, (pg mL™Y) Quantity of man (pug mg™)*
2 19.01 225.92
SWCNT-C4Man 15.15 30.53
SWCNT-glyMan 2.20 32.54
MWCNT-C¢Man 0.37 26.39
MWCNT-glyMan 1.90 21.84
SWCNH-C4,Man 33 13.88
SWCNH-glyMan 202 10.57

“Mannose quantification following the anthrone method.'®

These results confirmed the efficiency of these systems both to interact
with DC-SIGN and to compete with EBOV-GP-pseudotyped particles during
their entry into target cells. These tridecafullerenes were found to block the
EBOV infection efficiently in the subnanomolar concentration range. These
values surpass by three orders of magnitude (two if the number of man-
noses is considered) those exhibited by hexakis adducts endowed with 12
mannoses.

The antiviral activity of nanoglycocomposites decorated with mannose
moieties SWCNT-CgMan, SWCNT-glyMan, MWCNT-C;,,Man, MWCNT-
glyMan, SWCNH-C¢;,Man and SWCNH-glyMan was tested using the same
system of pseudotyped viral particles presenting at the surface EBOV-GP.”®
The results are shown in Table 3.2.

The nanoglycocomposite SWCNH-Cg,Gal displaying galactose moieties was
used as a negative control and, as expected, was not able to inhibit the infec-
tion process mediated by DC-SIGN. The glycosylated carbon nanoforms had
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a different performance facing DC-SIGN. Both SWCNTs (SWCNT-Cg,Man and
SWCNT-glyMan), with their rod-like shape, show antiviral activity, blocking
the DC-SIGN receptor with IC;, values of 15.15 and 2.20 ug mL ™", respectively.
In contrast, MWCNTs conjugated with glycofullerenes (MWCNT-Cg,Man)
block the receptor in a more efficient manner than MWCNT-glyMan, with IC;,
values of 0.37 and 1.90 pg mL™", respectively. However, the antiviral activity
of MWCNT-glyMan is similar to the SWCNT analogous (SWCNT-glyMan). On
the other hand, SWCNHSs conjugated with glycofullerenes (SWCNH-CgMan),
with their globular structure, are able to inhibit Ebola virus infection more
efficiently than glycodendron derivatives (SWCNH-glyMan), blocking the DC-
SIGN receptor with an ICs, of 33 and 202 pg mL™, respectively (Table 3.2).
After carrying out spectrophotometric measurements of the sugar content
in each type of glycoconjugate following the anthrone method,’ it was con-
cluded that for each type of CNF, the most active derivative was that with a
higher mannose content. On the other hand, the low activity of SWCNHs in
comparison with SWCNTs and MWCNTSs must be related, not only with the
lower presence of mannose in these carbon nanoforms, but also with the size
and shape of these carbon nanoforms. Comparing these results with those
previously obtained for the hexakis-adduct of [60]fullerene substituted with
12 mannose units 2, an increase of the antiviral activity in the case of glyco-
conjugates based on SWCNTs and MWCNTs was observed, while mannose
derivatives of SWCNHs are less active than the glycofullerene itself. MWCNTs
possess an ideal natural structure inhibiting viral entry, and attaching a
proper glycosylated fragment, they can act as mimetics of a highly glyco-
sylated viral capsid. On the other hand, the glycodendrimer glyMan itself
does not show any antiviral activity DC-SIGN mediated at a concentration of
500 ug mL". This finding demonstrates the importance of the multivalent
presentation of the carbohydrate ligands provided by the CNF scaffold. In
previous studies carried out with other glycodendrons in the same infection
model, it was found that at least 24 copies of the ligand were needed to have
a potent inhibition activity.””*®

3.5.2 Multivalent Glycosylated Carbon Nanostructures to
Inhibit Zika and Dengue Viruses

Multiple host cell receptors have been identified to facilitate Flaviviruses
entry, including DC-SIGN, which interact with Flavivirus envelope proteins
(M and E) through their N-glycosylated envelope proteins.’”'? N-glycosylation
of viral proteins was shown to affect infection of different viruses, facilitating
viral interaction with cellular receptors, or modifying protein immunogenic-
ity and thus changing recognition of the virus by the host immune system.
Available data indicate that glycosylation of envelope E glycoprotein is asso-
ciated with increased infectivity and proper release of mature viral particles and
plays an important role in the assembly of infective particles, cellular attach-
ment, tropism, transmission and pathogenesis.'*'** Although the number of
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N-glycosylation sites of the envelope of Zika and Dengue viruses is lower than
in the glycoprotein of HIV or Ebola virus, only 4 in comparison to 18-20, the
role of these N-glycosylation residues seems to be important for infectivity.'*

Therefore, DC-SIGN can function as a good model for studying the first
steps of pathogenesis of Flaviviruses and screening the antiviral strategies
based on DC-SIGN targeting compounds for vaccination and treatment
purposes.

In our study the inhibitory effect of multivalent disaccharide/fullerene
nanoballs was evaluated in the experiment of direct infection of Jurkat DC-
SIGN"® with pseudotyped viral particles presenting Zika or Dengue virus
glycoproteins.”” The efficiency of these multivalent compounds to inhibit
DC-SIGN mediated infection of ZIKV and DENV through blocking of DC-
SIGN is shown in Figure 3.26.

Compound 17 displaying 12 galactoses, as expected, was not able to inhibit
the infection process mediated by DC-SIGN (data not shown). However, com-
pounds 20, 21 and 22, designed to present 36, 120 or 360 mannobioside
residues, respectively, showed very strong antiviral activity at picomolar to
nanomolar concentrations. Compound 20 could effectively block Zika and
Dengue virus infection at low nanomolar concentrations with the IC;, of 8.35
nM (95% CI = 4.8-14.5 nM) for ZIKV and IC;, of 7.71 nM (95% CI = 4.85-
12.24 nM) for DENV pseudotypes, respectively. Compound 21 was almost
one order of magnitude more potent at inhibiting infection showing the IC;,
of 520 pM (95% CI = 230 pM-1.150 nM) for ZIKV and IC;, of 98 pM (95%
CI = 45 pM-213 nM) for DENV. Finally, compound 22, containing a greater
number of mannose residues (360), shows the greatest inhibitory activity
with the IC;, of 67 pM (95% CI = 39-116 pM) for ZIKV and IC;, of 35 pM
(95% CI = 18-68 pM) for DENV. These results have confirmed the efficiency
of these systems to interact with DC-SIGN and to compete with Flavivirus
glycoprotein-pseudotyped particles during their entry into target cells and
highlight a potent mechanism for antiviral design to specific receptors based
on recognition of carbohydrates.
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Figure 3.26 Sensitivity of (A) Zika-Paraiba and (B) DENV-1 virus transduction to
the DC-SIGN inhibitors 20, 21 and 22. Adapted from ref. 77 with per-
mission from Amercian Chemical Society, Copyright 2019.
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3.6 Conclusions and Future Perspectives

Emergent pathogenic viruses represent nowadays one of the most danger-
ous causes for diseases in human beings. In the search for new pathways for
addressing emergent virus infections, in the last decade we have focused on
the well-known carbohydrate-protein interactions since they govern a wide
variety of biological processes. Importantly, carbohydrate-protein interac-
tions usually occur by means of the multivalent effect. Within the develop-
ment of our project, we have synthesized mannosylated fullerenes containing
several copies of carbohydrates in a globular presentation. These multiva-
lent systems have a good solubility in aqueous media and a low cytotoxicity
against several cell lines. Preliminary binding studies using the model lectin
Concanavalin A demonstrated the potency of these glycodendrofullerenes to
interact with lectins in a multivalent manner.®® In this regard, a variety of car-
bohydrate multivalent systems based on dendrimers have been synthesized
for the development of molecules capable of blocking DC-SIGN. In order to
get a 3D globular scaffold thus resembling the most usual virus geometry, we
synthesized, for the first time, new glycodendrofullerenes as antiviral agents.
The antiviral activity of these compounds in an Ebola pseudotyped infection
model was in the low micromolar range for fullerenes. One important factor
to achieve high affinity in binding processes is not only the spatial presen-
tation of the ligands but also the adequate accessibility of these ligands to
interact with the corresponding receptor. Furthermore, the valency of the
compound is an important factor to obtain good affinities in a carbohydrate-
lectin interaction but, as we have shown in our studies, it is not the only fac-
tor to be taken into account.

Giant globular glycofullerenes decorated with mannoses (sugar superballs)
have been synthesized and characterized by a variety of techniques. Interest-
ingly, the so-called tridecafullerenes decorated with 120 mannoses have also
shown antiviral activity with IC;, in the subnanomolar range. These experi-
mental findings make these sugar superballs the most active molecules to
inhibit the Ebola virus infection reported so far.

Very recently, by using a copper-free strategy based on the SPAAC click-
chemistry procedure, unprecedented tridecafullerenes bearing up to 360
disaccharide residues have been synthesized and characterized in our labora-
tories. It is important to note that the presence of disaccharides significantly
increases the biological activity when compared with previously published
monosaccharides. Such compounds could not have been obtained by fol-
lowing a CuAAC methodology owing to the chelating ability of the manno-
biosides, making the complete functionalization of the alkyne appended
fullerene scaffold difficult. Although some aggregation is observed by DLS,
the new hexakis-adducts, including the groundbreaking ‘giant’ molecule 22,
having 41.370 atoms (C, H, O, N), are totally soluble in water, thus allowing
their use for biomedical purposes.

Based on the aforementioned results, fullerenes should be considered
as very attractive and compatible 3D scaffolds for a globular multivalent
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presentation of sugars. These promising results prompt us to search for new
approaches for the design and preparation of glycodendritic key building
blocks to conjugate on fullerenes. An important concept is, however, a fine
control of the congestion between carbohydrates to prevent unfavorable ste-
ric hindrances in the search for better antiviral activities.

Needless to say that currently there are a great variety of known carbon
nanoforms, which could also be used as potential scaffolds for the multiva-
lent presentation of carbohydrates,'**'*” namely single and multiwall carbon
nanotubes, graphene or graphene quantum dots, where the control of the
carbohydrate functionalization and distribution still represents a future sci-
entific challenge. This is also applicable to the variety of potential carbohy-
drates, both in terms of their own nature (monosaccharides, disaccharides,
polysaccharides, etc.) and number of units (monomer, dimer, trimer, etc.).
A combination of more efficient ligands and more adequate presentation on
different scaffolds should eventually afford a variety of lead hybrid molecules
with higher specificity and efficiency on Ebola virus infection.

A final consideration is that, although some vaccines are currently under
study for the Ebola virus, the availability of chemical compounds able to fight
againstit at different stages of the infective process are scarce and preliminary
results of clinical efficacy have been limited. The multivalent presentation of
specific carbohydrates by using 3D fullerenes as controlled biocompatible
carbon scaffolds represents a real advance, which, however, requires more
studies to determine the optimized leads for practical purposes.
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4.1 Introduction

4.1.1 Carbon Nanostructures, A Brief History in Biomedical
Applications: Past and Present

The term ‘carbon nanostructures’ covers a wide variety of carbon nanoma-
terials such as carbon nanotubes (CNTs), fullerenes, graphene, graphene
oxide (GO), reduced graphene oxide (rGO), nanodiamonds, carbon dots, or
graphene quantum dots, with at least one dimension within the nanoscale,
varying in shape, size, structure and chemical surface.'® The origin of all these
nanostructures was the discovery in 1985 by H. Kroto, R. Smalley and R. Curl
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of a new allotrope of carbon called fullerene.! The best-known member of the
fullerenes is the Cg, a zero-dimensional closed spherical nanostructure with
60 carbon atoms at the vertices of a regular truncated icosahedron forming
a closed spherical structure similar to a soccer ball. However, fullerenes with
sizes ranging from 20 to hundreds of carbon atoms also exist. The authors of
this finding received the Nobel Prize in 1996 and opened a new amazing area
of research at the nanoscale in the field of carbon nanomaterials. In 1991,
S. Iijima observed one-dimensional carbon nanostructures (CNTs) under an
electronic microscope,” which can be considered as elongated fullerenes or
rolled-up seamless graphene cylinders. Depending on the number of layers,
nanotubes are classified as single-walled carbon nanotubes (SWCNTs) or
multi-walled carbon nanotubes (MCWNTs). Very recently, in 2004, scientists
from Manchester University, A. Geim and K. Novoselov, successfully isolated
graphene,’ a monolayer two-dimensional sheet of graphite, and contrary to
the old common belief, they demonstrated that graphene is stable.” They
were also awarded the Nobel Prize in 2010 for their discovery.

Carbon nanostructures are not only interesting from a structural point
of view, but they have unique and fascinating physical, chemical, electrical,
mechanical, thermal and optical properties,®'* which makes them prom-
ising materials for the development of endless technological applications.
Fullerenes have shown superior performance in solar cells."'™* CNTs and
graphene derivatives have been used in composites,'*?° catalysis,*" " sen-
sors,”*? field emission devices,”>* transparent conducting electrodes,*
optoelectronic devices,”””® energy storage,**™** solar cells,”*® and memory
devices,"”*® among others. Also, in the field of biomedicine, there has been
a significant number of publications reporting the use of carbon nanostruc-
tures as biosensors,** detection of biomarkers,*” tissue engineering,’*>’
drug delivery’®* or actuators.®®® In most of these examples, the molecular
basis underlying the enormous interest is the similarity of the size of carbon
nanostructures with the size of biological molecules, such as enzymes mem-
brane receptors, antibodies or DNA plasmids. In fact, due to their nanomet-
ric size, carbon nanostructures can interact with biomolecules both outside
and inside the cells, thus providing valuable tools for disease diagnosis and
treatment.® Additionally, of special interest for their application in biology
and medicine, is the possibility of modulating the surface of the carbon
nanostructures, improving their solubility in water, and, above all, allowing
functionalization for enhancing detection response or for improving their in
vivo stability and circulation time.** CNTs and pristine graphene are hydro-
phobic materials, with suitable properties for membrane barrier penetration
systems, but they require surface modifications or stabilization agents to be
water-dispersible for satisfactory biocompatibility, physiological solubility
and stability.>*>® For this reason, oxidized CNTs, GO and rGO (with a partial
reduction degree) are preferentially used for most biological applications.
Thus, these chemical derivatives are promising materials for biological
applications exhibiting amphiphilicity, i.e. both hydrophobicity (which plays
an important role in cell growth and differentiation) and high hydrophilic
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character (due to their oxygen-rich chemical surface), which enables further
chemical functionalization. Furthermore, the intrinsic optical, electrical
and biological properties of carbon nanostructures offer unique opportuni-
ties to study and regulate complex biological processes for applications in
biomedicine. However, parallel to a large number of investigations on the
development and application of carbon nanomaterials in biomedicine, con-
cerns about their toxicity and biocompatibility also emerged.®”*® Currently,
the evidence is insufficient to reach a global conclusion about the potential
toxicity of carbon nanostructures, as more toxicological and pharmacologi-
cal studies need to be thoroughly performed to obtain a biosafety guide for
their correct use in biomedicine. Many challenges need to be addressed for
implementation in diagnosis and therapy applications. Nevertheless, carbon
nanostructures are fascinating materials, offering numerous and unique
advantages for biomedical applications, which will bloom once a pathway
is unravelled to further promote their bio-application. For the aforemen-
tioned reasons, in the following, we analyse the potential of polysaccharides
as a forefront strategy to process and complement carbon nanostructures
towards a reliable horizon for them to eventually be used in biomedicine.

4.1.2 Polysaccharides in Biomaterials Science

Polymeric carbohydrates, so called polysaccharides, are composed of repeat-
ing monomeric units of monosaccharides that are covalently linked to each
other through glucosidic bonds with a defined stereochemistry. Together
with being abundant in nature, polysaccharides are one of the most import-
ant biological macromolecules, among others such as proteins, nucleic acids,
lipids, etc. They can exist in a linear form with a straight chain of monosac-
charides or a branched form with a monosaccharide chain with arms and
turns.®® Natural polymers, compared to synthetic ones, are biodegradable,
biocompatible and able to mimic the natural extracellular matrix microen-
vironment. In addition, since they possess a variety of functional and reac-
tive groups, polysaccharides can be functionalized via chemical (i.e. covalent
bonds, complexation)’ or enzymatic’ routes with other biomolecules mak-
ing them ideal biomaterials for the formulation of targeted drug systems or
in tissue engineering applications.”>”? Their extraction or isolation from nat-
ural sources (plants, algae, animals or microbial organisms) are, nowadays,
well described and optimized. The following figure summarizes the origins
and names of the most common natural polysaccharides (Figure 4.1).

In this chapter, we will focus on four natural polysaccharides: cellulose, chi-
tin, its derivative chitosan, and alginate, respectively. These biopolymers will be
described in this section in terms of chemical composition, structure and prop-
erties. And, in subsequent sections, their potential for interfacing with carbon
nanostructures will be reviewed and discussed in the biomedicine context.
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From higher plants:
? starch, amylose, amylopectin, cellulose, guar gum, gum arabic, locust
bean gum

Q From algal:
'~ alginate, galactans, carrageenan
K) " .
- }‘{ From animal origin:

t“ chitin, glycosaminoglycans (GAGs), hyaluronic acid

{

From microbial origin:
dextran, gellan gum, pullulan, xanthan gum

Figure 4.1 Origins and names of the natural polysaccharides.

4.1.2.1 Cellulose

Cellulose, the most abundant polysaccharide on the Earth, is the main
structural material of plant cells’ walls. It is a linear homopolymer of
B-(1—4)-linked-D-glucopyranosyl units in which every unit is corkscrewed
180° with respect to its neighbours and with a degree of polymerization
(DP) ranging from several hundred to over ten thousand monomers. The
repeating unit is a dimer of glucose known as cellobiose (Figure 4.2). For
industrial use, cellulose is mainly obtained from wood pulp and cotton.
From the wood pulp fibres, it is possible to isolate it as microfibrillated cel-
lulose in which van der Waals and intermolecular hydrogen bonds between
hydroxyl groups and oxygens of adjacent molecules promote parallel stack-
ing of multiple polysaccharide chains forming elementary fibrils.”* Indeed,
cellulose is biosynthesized in the form of fibrils with alternating crystal-
line and amorphous domains. In the ordered regions, cellulose chains are
tightly packed together in crystallites, which are stabilized by a strong and
very complex intra- and intermolecular network. The hydrogen-bonding
network and molecular orientation in cellulose can vary widely, which give
rise to cellulose polymorphs or allomorphs.” The amorphous regions are
distributed as chain dislocations on segments along with the fibre where
the cellulosic chains are distorted by internal strain and proceed to tilts
and twists.

On the other hand, nanocellulose is composed of nanosized cellulose
fibrils. Depending on the method with which it is obtained, nanocellulose
can be classified into three main families: cellulose nanocrystals (NCCs) and
nanofibrillated cellulose (NFC), obtained following a top-down approach
from cellulose fibres;”® and bacterial cellulose (BC) synthesized in pure and
highly crystalline microfibrillar form (and nanosized widths) by bacteria in
a bottom-up process.”” These families, even if they have identical composi-
tion, differ on the dimension of the isolated cellulosic material, their func-
tion and their applications, but they all share unique properties such as high
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Figure 4.2 Chemical structures of cellulose, chitin and its derivative chitosan.

aspect ratio, low density, biodegradability, high strength and stiffness. They
are also non-toxic, and they even possess absorbent properties when used as
a basis for aerogels or foams.”® Besides its unique properties, nanocellulose
can be cost-effectively produced in large quantities and can be easily func-
tionalized due to the presence of many hydroxyl groups along the chains.
Common uses for the nanocelluloses include food packaging or additives,
polymer reinforcement additives, cosmetic and skincare products, pharma-
ceutical excipients or even edible coatings.”” One possible limitation in many
fields of application regards the general use of hydrophilic or polar media.
In order to readjust their hydrophilic-hydrophobic balance, and thus enable
the nanocellulose use in other media, many examples of covalent or non-
covalent functionalization have been described in the last few years. Among
these modifications, esterification, etherification, silylation, urethanization,
amidation or polymer grafting are some of the best examples.® All the fam-
ilies of nanocellulose exhibit good mechanical properties, which strongly
depend on the ratio of crystalline/amorphous regions along the fibres. The
stiffness and modulus of NCCs with an intrinsically higher content on crys-
talline regions should be higher than those of NFC and BC fibrils, as the
latter two contain both crystalline and amorphous structures. The Young's
modulus of NCCs may vary from 100-200 GPa when the one of NFC and BC is
around 100 GPa (Table 4.1). These values are similar to Kevlar® (60-125 GPa)
and even in some cases near that of steel (200-220 GPa). The incorporation
of carbon nanostructures into a nanocellulose matrix will strongly influence
these mechanical properties.
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Table 4.1 Characteristics of the nanocellulose family members.

Synthesis width Length Aspect  Young's
Type method Sources (nm) (nm) ratio modulus
NFC “Top-down” Wood, sugar beet, 10-40 Several >1000 100 GPa
chemical and  potato tuber, micro
mechanical hemp or flax
treatment
NCCs “Top-down” Wood, cotton, 10-20 100-600 10-100  100-200
acid hemp, flax, GPa
treatment wheat straw,
rice straw,
mulberry bark,
ramie, MCC,

Avicel, tunicin,
algae, bacteria
BC “Bottom-up” Bacteria 5-6 1000-9000 160-1800 100 GPa

4.1.2.2 Chitin and Chitosan

Chitin is a polymer composed of N-acetylglucosamine units attached to each
other by B-(1—4)-glycosidic bonds (Figure 4.2). This polysaccharide is also
known as the second most abundant after cellulose and is mainly present
in crustacean and insect shells, fungi, other microorganisms such as bac-
teria, mycetes and in minor quantities in squid feathers.*’ From a more
commercial point of view, chitin products are mainly obtained from marine
sources (e.g. shrimp, crab or krill shells). Shells, the raw biomass, are com-
posed of chitin, proteins, minerals, secondary lipids and water.®* Although
all chitin feedstocks share those same components, the proportion of each
component is different. Indeed, in crustacean shells, the mineral content
usually ranges from 30% to 60% whereas chitin from insects contains a lower
amount of calcium carbonate (<6%) and as a consequence, it can be more
easily extracted.®”® Three crystallographic forms of chitin exist, namely a-,
B-and y-chitin, respectively, which possess different crystallographic structures
depending on the orientation of the polymer chain. The a form, where chi-
tin chains are arranged in an antiparallel manner, is present in the major-
ity of crustacean shells and insects and is the most abundant and the most
crystalline chitin form. The extraction process of chitin is generally based
on an acid treatment to remove minerals followed by an alkaline treatment
to remove proteins. Then, a decolorization step could also be performed in
order to eliminate pigments leading to a white product. Depending on the
source and the characterization technique employed, the DP can range from
50 to 200,* but the extraction process may have an impact on this parameter
and as a consequence on the mechanical properties, gelation capability and
flexibility.®® It is also important to stress that one of the main drawbacks of
this hydrophobic biopolymer is the lack of solubility in aqueous and organic
solvents, which significantly limits the range of applications.®
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Chitosan is obtained from chitin by a deacetylation step under strongly
alkaline conditions resulting in partial depolymerization, so lower DP com-
pared to chitin (Figure 4.2). The degree of deacetylation (DD), defined as the
molar fraction of N-glucosamine (GlcN) in the copolymers composed of N-
acetylglucosamine (GlcNAc) and GlcN, together with the molecular weight
are the most important factors in assigning its application in the biomaterial
field. In addition, depending on these two factors, chitosan can be soluble
in acidic media. This biopolymer also possesses excellent biodegradability,
biocompatibility, antimicrobial behavior, non-toxicity and anti-tumour prop-
erties and has the ability to form nanoparticles, microspheres, hydrogels,
films and fibres, which are typically used for biomedical and pharmaceutical
applications.®”

4.1.2.3 Alginates

Alginates, referring to those salts from alginic acid, but also to all deriva-
tives of alginic acid, are derived from brown algae cell walls (i.e. Macrocystis
pyrifera, Laminaria hyperborea, Ascophyllumnodosum), and several bacteria
strains (Azotobacter, Pseudomonas). Alginates are linear biopolymers con-
sisting of 1,4-linked p-p-mannuronic acid (M) and 1,4 o-L-guluronic acid
(G) residues arranged in homogenous or heterogenous block-like poly-
meric patterns (Figure 4.3). The composition (sequence of guluronic and
mannuronic monomers) but also the length of the chain are related to the
initial source.®®

From an industrial point of view, it is possible to find commercially avail-
able alginates in various grades of molecular weight (ranging from 33000
to 400000 g mol ™), diverse composition, and distribution pattern of M and
G blocks. These important criteria critically influence the physicochem-
ical properties of alginates such as viscosity, sol/gel transition conditions,
and water uptake ability; and, as a consequence, on the type of potential

Alginate block types:

m@j

B-D Mannuronate 1 ael Guluronate

Figure 4.3 Chemical structure of alginates, where “M” stands for mannuronic and
“G” for guluronic blocks, respectively.
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applications. The manufacturing of processed food, cosmetic creams, card-
board and paper, and the pharmaceutical industry, are some important fields
of application. These commercially available alginates are mainly obtained
from algae sources using a simple multistage process. The procedure starts
with a pre-treatment of the raw material using diluted mineral acid followed
by the conversion of the obtained alginic acid into water-soluble sodium salt
(sodium alginate) in the presence of calcium carbonate, which is one of the
most widely investigated in the pharmaceutical and biomedical fields.* It
is important to underline that alginates can be also produced by microbial
fermentation to provide a kind of alginate with more defined physicochemi-
cal properties.”® Their quality and potential applications strongly depend on
their high degree of physicochemical heterogeneity. It is also important to
highlight that as with cellulose and chitin/chitosan, alginic acid is insoluble
in water and organic solvents. However, alginate monovalent salts and algi-
nate esters are water-soluble, forming stable and viscous solutions of varied
viscosity according to their concentration, solvent pH, temperature and the
presence of divalent ions. In order to improve their physicochemical prop-
erties and/or biological activity, alginates can be easily modified through
chemical or physical cross-linking leading to hydrogels that can be used for
drug delivery systems and biomedical devices.”!

4.1.3 Carbon Nanostructures and Polysaccharide Hybrids:
Physical Interactions, Dispersive Action, Interfacial
Synergies

Carbon nanostructures such as graphene and CNTs are unique nanoscale
objects formed by a monoatomic layer of sp> hybridized carbon atoms
arranged in a honeycomb lattice (Figure 4.4). They constitute an exciting
class of 2D or 1D surface materials whose structural arrangement provides
the basis for a whole bunch of exceptional mechanical, electrical, electronic,
optical and thermal properties.”®* Being lightweight, chemically stable, and
exhibiting record values for elastic moduli, as well as the highest electric
and thermal conductivities, carbon nanostructures contribute to the devel-
opment of novel functional materials and impact on advances in the field
of structural composites,”** flexible electronics,” thermal management,”
energy storage and generation,” catalysis,”® (bio)sensing and biomedical
applications.*'%

To harvest the full potential of their extraordinary properties requires over-
coming the strong agglomeration tendency of the individual carbon nano-
structures, which is a direct consequence of strong attractive van der Waals
interactions established between the hydrophobic surfaces of these nano-
objects. This results in piled-up stacks of graphene sheets and is responsible
for the bundling or entanglement of SWCNTs and MWCNTSs, respectively. The
inherent hydrophobicity is also the origin of the poor dispersion behaviour
in aqueous media. Strategies to separate the agglomerates into stable carbon
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Figure 4.4 Schematic representation of a graphene sheet (left) and a carbon nano-
tube (right).

nanostructures (few or individually suspended) and to achieve stable col-
loidal dispersions typically rely on surface oxidation, covalent attachment
of functional groups or the use of surfactant molecules and wrapping poly-
mers.’>'°"192 While this ensures colloidal stability based on steric hindrance
or electrostatic repulsion effects, it is accompanied by the modification of
the intrinsic properties of the carbon nanostructures. An effective way out
of this situation and of particular interest for biological applications is the
use of water-soluble polysaccharides, such as gum arabic,'**'** chitosan'® or
cellulose derivatives.'” In particular, NFC or NCCs lead to irreversible CNT-
cellulose associations favouring the individualization of the carbon nano-
structures and the formation of stable aqueous dispersions up to very high
concentrations. To understand the particular interactions resulting in the
exceptional dispersion behaviour described in the recent literature, we first
need to have a closer look at the structure of the most used polysaccharide
for this purpose, namely cellulose.

It is worth recalling that cellulose is a linear homopolymer of ringed
glucose molecules. The repeat unit is formed by two anhydroglucose ring
units in the chair b-configuration connected by p-(1—4)-glycosidic linkages
(Figure 4.5). The intrachain hydrogen bonding between hydroxyl groups
and oxygen atoms of the adjoining rings stabilize the linkage resulting in a
flat ribbon-like conformation. Van der Waals interactions and intermolec-
ular hydrogen bonds between hydroxyl groups lead to parallel stacking of
multiple cellulose chains into a crystalline microfibrillar structure of about
5-50 nm in diameter and several micrometres in length exhibiting a high
axial stiffness.'*”'%® The microfibrils are composed of crystalline domains of
highly ordered cellulose chains and amorphous regions of disordered cellu-
lose chains. The crystalline parts can be isolated by sulphuric acid hydroly-
sis leaving intact the crystalline regions thus affording rod-like NCCs with
a square-like cross-section in the range of 5-30 nm and lengths of several
hundreds of nm.
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Figure 4.5 Schematic representation of (a) a single cellulose chain repeat unit,
showing the directionality of the B-(1—4)-linkage, the intrachain hydro-
gen bonding (dotted line), as well as the non-reducing and reducing
end-groups; (b) an idealized cellulose microfibril with crystalline and
amorphous regions; and (c) cellulose nanocrystals after acid hydrolysis
dissolved the disordered regions. Adapted from ref. 108 with permis-
sion from the Royal Society of Chemistry.

The relative position of the B-(1—4)-glycosidic bond in neighbouring
chains, as well as its directionality along the chain axis (parallel up or paral-
lel down) enables distinct possibilities for interchain interactions resulting
in several cellulose polymorphs labelled type I, II, III and IV; types I and II
being the most reported in the literature.’® ' Cellulose type I is the most
common allomorph being dominant in natural cellulose sources and is com-
prised of cellulose chains arranged in a parallel configuration. It consists of
two co-existing forms I, and I that differ in their kind of unit cell. Type I, has
a triclinic unit cell with one cellulose chain, whereas type I has a monoclinic
unit cell with two chains alternately displaced by +c/4 and -c/4 in the chain
direction. They have a squared cross-section with (110),, and (110),, termi-
nating surfaces (Figure 4.6).

I, is metastable and can be transformed into Iy by hydrothermal treat-
ments. The type II allomorph is the most thermodynamically stable struc-
ture and it has provided great technical relevance. However, its presence
in natural cellulose is negligible. It is irreversibly obtained from type I by
chemical modifications involving either regeneration (solubilization and
recrystallization) processes, mercerization (harsh NaOH exposure) or sul-
phuric acid treatments."''** This change from I to II entails the swelling of
cellulose crystals, the break-up of existing hydrogen bonds and subsequent
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Figure 4.6 Schematic representation of the unit cell for cellulose I, (triclinic (t),
dashed) and I (monoclinic (m), solid). (a) Projection along the chain
direction c with lattice spacing of d; = 0.39 nm (= d(110), or d(200),,), d,
=0.53 nm (=d(010), or d(110),,,) and d, = 0.61 nm (d(100), or d(110),,). (b)
Relative configuration of I, and I unit cell. (c) Alternating c/4 displace-
ment of hydrogen bonding sheets for I polymorph. All chains are ori-
ented in the up-configuration along the indicated c-direction. Adapted
from ref. 108 with permission from the Royal Society of Chemistry.

chain intermingling causing a reorganization of neighbouring chains from a
parallel to an antiparallel crystalline stacking arrangement whereby reduc-
ing and non-reducing ends point in opposite chain direction within the
monoclinic unit cell. The highly ordered crystalline structure of the different
polymorphs results in a highly faceted surface chemistry dictating the inter-
actions with other species. As shown by molecular dynamics studies,''* the
square-like cross-sections of NCCs essentially exhibit two well developed sur-
faces defined by the hydrophilic (110),, and (110),, planes for the monoclinic
unit cell with a significant exposure of hydroxymethyl groups. Moreover,
two minor faces are observed as blunt corners in TEM studies. These are
made up by the hydrophilic (010),, plane, exhibiting hydroxymethyl groups,
and the rather smooth and hydrophobic (100),, plane, rich in C-H moieties,
directly attached to the glucosidic rings forming the surface backbone. This
surface is characterized by the lowest surface energy and the attachment is
essentially governed by van der Waals forces. However, it is important to note
that the (200),, plane also possesses residual hydrophilic properties and, in
turn, the dominant hydrophilic surfaces equally reveal a certain hydrophobic
behaviour owing to the presence of C-H groups. Therefore, each of the sur-
faces constitutes an amphiphilic platform on its own with a more or less pro-
nounced hydrophilic character. The detailed surface chemistry of the NCC
depends on the employed nanocrystal isolation process, which may chemi-
cally transform the hydroxyl groups present on the surface of the native cel-
lulose. Here, the employment of sulphuric acid (as the most commonly used
hydrolysis reactant) gives rise to sulphate esters thus providing the surface a
high acid content, while the (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)-
mediated oxidation process enables carboxylic acid groups (Figure 4.7) to
result in highly charged surfaces.'?®'%''> Their presence is the origin of the
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Figure 4.7 Surface functional groups on NCCs. H,SO, and TEMPO-mediated isola-

tion results in (left) sulphate esters and (right) carboxylic acid groups,
respectively.
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v

Figure 4.8 SWCNT-NCC association. (a) TEM image (arrows and stars indicate
SWCNTs and NCCs, respectively) and (b) AFM image taken on a wet
sample. Micrometre long SWCNTSs with a co-aligned NCC can be easily
identified. (c) Monoclinic unit cell and (d) cross-section of NCC with the
hydrophobic (200),, and (200),, surfaces as preferential interaction sites
with SWCNTs. (e) Representation of a SWCNT attached to the hydro-
phobic (200),, plane of NCC. Adapted from ref. 116 with permission
from American Chemical Society, Copyright 2012.

excellent colloidal stability of the nanocrystals in aqueous media. With this
background, we now proceed to the discussion of recent studies describing
the interaction of NCCs with CNTs.

One of the first studies on the formation of associated SWCNT-NCC hybrid
materials was presented by the group of O. Chauvet."'®* A NCC with a sur-
face charge of 0.5 e/nm* was isolated from cotton linters by sulphuric acid
hydrolysis. The rod-like crystals of 200 nm in length and a rectangular cross-
section of 6 nm x 6.1 nm formed stable aqueous dispersions in water at a
concentration of 20 g L™" at pH = 4. SWCNTSs (HiPCo brand) having lengths in
the micrometre scale were added to the NCC suspension applying mild ultra-
sonication conditions to maintain the original length of the SWCNTs. In this
way, NCCs were able to stabilize from 24% to 70% of SWCNTSs. Transmission
electron (TEM) and atomic force (AFM) microscopy studies clearly revealed
that several NCCs align along the length of the SWCNTs (Figure 4.8).



110 Chapter 4

AFM images taken in the wet-state confirmed that this co-alignment is a
result of a self-assembly process occurring in the liquid. The authors suggest
that hydrophobic interactions between the graphitic SWCNT surface and
the hydrophobic (200) faces of the NCC enable the irreversible adsorption
of nanocrystals along the SWCNT tube axis (Figure 4.8), thereby expelling
water and stabilizing the dispersion of the SWCNT-NCC hybrids. It is empha-
sized that the electrostatic repulsion between NCCs may limit the number
of nanocrystals associated with the hybrid structure. The partial coverage
thus ensures the repulsion of the charged SWCNT-NCC complexes and keeps
them dispersed in water without aggregation and further precipitation. In
a follow-up work, it was demonstrated that the dispersion yield scales with
the ratio of NCC concentration and the initial nanotube concentration."”
The authors predicted dispersion yields of 100% for NCC concentrations of
10 g L™". Taking then into account the geometrical and density aspects of
the SWCNTs and NCCs, it was calculated that one nanocrystal of about 120
nm in length could stabilize one SWCNT three to four times its length. This
was experimentally supported by AFM observations counting the numbers
of NCCs along the SWCNT length (Figure 4.9) and thus establishes a kind of
stoichiometric relationship for the SWCNT-NCC hybrid association.

In the same work, it was further shown that MWCNTSs could be also effec-
tively dispersed by NCCs. The dispersion yield obeys an almost identical con-
centration dependency as was observed for SWCNTs whereby a maximum
of 100% could be expected for NCC concentrations of 6.3 g L. However,

200 nm
| ———

Figure 4.9 CNT-NCC hybrids. (a) TEM and (b) AFM images of SWCNT-NCC;
(c) TEM and (d) AFM images of MWCNT-NCC. Adapted from ref. 117
with permission from American Chemical Society, Copyright 2016.
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considerable differences arise concerning the interactions of MWCNTs with
NCCs, where no co-alignment of their surfaces is observed. This is due to the
fact that the MWCNT diameter is about 10 times larger resulting in a lower
surface curvature and thus in reduced hydrophobic attraction towards the
hydrophobic NCC surface. In addition, MWCNTs usually have many oxidative
defects, which further decreases the hydrophobic interaction strength and
requires many more NCCs to stabilize one MWCNT compared to a SWCNT
of equal length. Therefore, the MWCNT-NCC association seems to be best
achieved when interactions are established in a more random way (Figure
4.9). This most likely is assisted by the amphiphilic character of the NCC
as outlined above. The authors further emphasized the importance of suffi-
cient ultrasound exposure times required for achieving increased dispersion
yields by enabling improved interactions of NCC with debundled SWCNTSs or
disentangled MWCNTs.

An important study to elucidate the dispersive action of nanocellulose on
carbon nanomaterials was presented recently by the group of Wagberg.'"® For
their investigation, they used TEMPO-mediated oxidized NFC of micrometre
lengths and diameters of 3.5 nm with three different charge densities (290,
490 and 1400 pequiv g '), whereby the last one was further hydrolysed into
NCCs with lengths of about 200 nm. Ultrasonicating SWCNTs in the NFC or
NCC colloids provided stable dispersions with maximum dispersion yields
of 60 wt% for the highest charged NFC and 75 wt% for a highly charged NCC.
Dynamic light scattering (DLS) measurements revealed that higher-charged
nanocellulose particles are able to disperse higher amounts of CNTs with a
more efficient separation of the SWCNTs from their original bundles, thus
underlining the crucial role of the surface charge of NFC or NCCs. A quanti-
tative analysis of the interaction between nanocellulose and carbon nanoma-
terial surfaces was performed by using a colloidal probe AFM technique, thus
offering direct access to the colloidal forces in aqueous media. Contract and
retract experiments were carried out on a graphene sheet as a universal sp”
model system probed by a NFC-coated spherical probe attached to the AFM
in aqueous media (Figure 4.10).

It was demonstrated that NFC with higher charges adheres more strongly
to the sp” carbon lattice in water. Therefore, it was suggested that upon ultra-
sonication, SWCNTs in the presence of NFC or NCCs are pushed toward the
effective surface charged regions of the nanocellulose and associated with
these highly charged structures that prevent reaggregation through electro-
static repulsion. The expulsion of water molecules in this process provides
a gain in free energy favouring the stabilization of the SWCNT/NFC associ-
ation. It was hypothesized that fluctuations of counterions on the surface
of the nanocellulose induce polarization of the electrons in the sp? carbon
lattice leading to attractive interactions between the two nanomaterials (Fig-
ure 4.10). The possibility of longitudinal polarizability of rod-like systems
probably contributes to enhance the ion fluctuation effect and the induc-
tion of dipoles, thus leading to improved attraction in the case of CNTs. The
described concept of adjusting the surface charges of NCC in order to regulate
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Figure 4.10 (a) Scheme of the colloidal AFM set-up probing a supported sp® layer
(single graphene sheet) as a model surface for carbon nanostructures;
(b) SEM image of the spherical SiO, probe of the cantilever fully cov-
ered with carbon nanofibres as seen in the AFM image; (c) schematic
drawing of a charged nanocellulose rod (surface groups and counteri-
ons in water are indicated) and a SWCNT interaction in water before
interaction; and (d) after induced interaction caused by dipole forma-
tion on a SWCNT. Adapted from ref. 118 with permission from Ameri-
can Chemical Society, Copyright 2017.

the CNT-NCC dispersion behaviour was successfully exploited by Kuzmenko
et al.""® By achieving a moderate decrease of electrostatic repulsion between
the colloidal particles through the addition of NaOH, they were able to influ-
ence the rheological behaviour of the stable dispersion thus achieving inks
with appropriate viscosities for printing applications.

The relevance of hydrogen bonding between hydroxyl and carboxyl groups
on NFC and CNTs as an important mechanism for the interaction between
both was emphasized by Li et al."*° The authors carried out atomistic simu-
lations and revealed that hydrogen bonding between NFC and CNTs indeed
favours a strong co-alignment. They further demonstrated that a higher den-
sity of hydrogen bonds affords larger energy for breaking the NFC-CNT asso-
ciation and thus is responsible for improved mechanical performance.

All of the aforementioned studies show that the dispersive behaviour of
NCCs for CNTs needs to take into account the action or even the joint action
of different mechanisms. This involves mechanical wrapping, the interac-
tion between hydrophobic sites of nanocellulose and CNTs, induced dipoles
on the sp® carbon lattice surface of CNTs by fluctuations of counter ions on
the surface of nanocellulose, but as well, hydrogen bonding formed upon
hydroxyl and carboxyl groups. The relevance of each type may vary from case
to case and needs to take into account the specific surface chemistry of the
employed nanocellulose and its crystallographic arrangements.
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In this context, Gonzalez-Dominguez et al. recently studied for the first time
the influence of the type of NCC polymorphs on the interaction with SWCNTs
and their dispersion behaviour."> NCCs were isolated in a controlled way by
sulphuric acid hydrolysis either of pure type I or of type II. While the NCCs
of type I exhibited a needle-like morphology with lengths between 200-300
nm and widths of 5-10 nm, the type II NCCs revealed a twisted ribbon-like
structure with lengths ranging from 50-100 nm and widths of 15-20 nm,
thus being shorter and wider compared to type I (Figure 4.11).

Adding purified SWCNTs (without oxygen functional groups) under ultra-
sonication to the NCC water colloid resulted in highly stable SWCNT-NCC
dispersions, withstanding ultracentrifugation forces, eventually containing
10 wt% SWCNT, independent of the NCC polymorph being used. Moreover,
for both types I and II, the zeta potential of the overall SWCNT-NCC systems
was higher than that of the individual components, thus indicating the for-
mation of a stable and synergistic association. However, the morphology of
the SWCNT-NCC for type I and type II hybrids appeared to be completely
different. The needle-like structures of type I are observed to align along the
SWCNTs, most likely established through hydrophobic interactions as out-
lined by Chauvet and co-workers.''®''” On the contrary, the twisted and more
flexible ribbon-like structure of type II seems to wrap-up the SWCNTSs entirely
forming an overall entangled network structure (Figure 4.11). The antiparal-
lel stacking of the cellulose chains in type II NCCs most likely opened addi-
tional channels for achieving favourable interactions with SWCNTs. This may
include enhanced electrostatic interactions of the highly charged nanocel-
lulose surface based on induced dipole interactions as described by Hajian
et al.''® However, it should not involve hydrogen bonding as proposed by Li

Figure 4.11 TEM images of (a) NCCs of type I aligned along SWCNTs and (b) type
II NCCs wrapping-up of SWCNTs. The insets show a conceptual repre-
sentation of the SWCNT dispersive interaction with the two different
types of NCCs. Adapted from ref. 113 with permission from American
Chemical Society, Copyright 2019.
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et al.," in this case, owing to the absence of carboxyl groups of the employed
purified SWCNTs, despite the enhanced hydrophilic character of surfaces of
the type II NCCs. Interestingly, the hydrodynamic diameters of the SWCNT-
NCC hybrids were significantly reduced compared to NCC alone, further sug-
gesting the efficient debundling and individualization ability of NCCs.

During the course of this section, it thus should have become clear that
the rich surface chemistry of NCC polymorphs provides a great playground
for establishing favourable interactions with carbon nanomaterials and
the formation of highly stable colloidal dispersions. The basic concepts of
the proposed interaction mechanism also are transferable to other types of
polysaccharides, as shown for example in the case of chitosan with reduced
graphene oxide.””" Independent of the prevailing type of interaction, which
definitely still needs to be elucidated in far more detail, all studies unani-
mously report the extraordinary ability of NCCs to associate with individual
carbon nanostructures and to produce highly stable water-based colloidal
dispersions. They have been successfully exploited as biocompatible and
bioactive materials,'" conductive inks,"® mechanically flexible and conduct-
ing nanopapers, aerogels and extruded microfibres,"'*'** and as printed elec-
trodes for tissue engineering,''® among others, and thus offer great promise
for diverse biomedical applications.

4.2 Biomedical Materials Made of Carbon
Nanostructures and Polysaccharides. Examples
and Applications

4.2.1 Cellulose-based Hybrids

As stated in earlier sections, cellulose is the most abundant biopolymer on
Earth. It is formed by the linear polymerization of glucose monomers in a
B(1—4) bonding type, containing each chain from a few hundred to many
thousand monomers. Cellulose is naturally present in vegetable cell walls
and generated by specific bacteria. The main sources for its industrial utiliza-
tion are commonly wood pulp and cotton, due to their wide availability and
high cellulose purity ratio. If the native crystalline allomorph is the so-called
type I (with a parallel disposition of chains), another three artificial crystal-
line allomorphs are known, among which type II (with an antiparallel chain
arrangement) stands out. The inherent high crystallinity owned by cellulose
confers good mechanical properties, which is the reason why cellulose is
widely employed for textiles, packaging, paper and cardboard manufacturing,
food additives, and as a precursor of a long list of valuable derivatives such
as cellulose acetate, nitrocellulose, cellophane, or rayon. Given the extremely
high biocompatibility and hydrophilicity of cellulose, it has been used for a
long time in medical applications, mostly in textile form (bandages, gauzes,
stitches...); albeit in recent decades new uses of cellulose are starting to
emerge, in consonance with the advance of carbon nanotechnology. The use
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of (nano)cellulose-carbon nanostructure-based hybrids has been excellently
reviewed in recent reports,'**'2* with important results in optoelectronic and
structural applications. There are also reviews with a focus on biomedical
applications of such hybrid materials.'® In this section, representative exam-
ples of this new horizon on such an important biopolymer will be exposed, in
particular taking into account hybrid materials that have arisen by virtue of
the excellent synergy between cellulose (bulk or nanostructured) with other
carbon nanostructures in biomedicine. Hybrid nanomaterials, based on car-
bon nanostructures, with no other component than cellulose (or nanocellu-
lose) are being extensively studied in terms of biocompatibility, and in some
cases regarding their bioactivity in specific biomedical contexts. These stud-
ies are generally performed in aqueous media, provided that (nano)cellulose
enables the efficient dispersion of such carbon nanostructures in water, as
described in an earlier section. In the following, landmark examples will be
outlined according to the carbon nanomaterial employed.

4.2.1.1 Hybrids with Carbon Nanotubes (CNTs)

BC is a material that is being increasingly investigated due to the sustain-
able and ‘green’ procedure for its synthesis (bacteria, renewable feedstocks),
its excellent physical properties (spawned by nanofibrillar morphology and
high crystallinity), and the versatile possibilities to obtain membranes, films
or porous aerogels by tailoring the drying conditions.'*® One of the greatest
advantages of BC is its generation in the form of a hydrogel; the reason why
the subsequent integration of carbon nanostructures can be accomplished
in an aqueous environment. In one of the seminal works in this direction,
Kim and co-workers fabricated hybrid BC materials with MWCNTSs by a sim-
ple filtration procedure.'” Over this hybrid material, glucose oxidase (GOx)
enzyme was easily immobilized, and an electrode could be built. The electro-
chemical determinations showed that the activity of GOx was perfectly reg-
istered, and there was evidence of direct electron transfer. These results set
the basis towards the construction of biosensors with such a sustainable and
renewable hybrid material, to whom biocompatibility is presupposed.

In a more recent work, Kuzmenko et al. created hydrogel inks composed
of NFC, made of carboxymethylated nanocellulose, and oxidized SWCNTs.'"’
After tailoring and optimizing the rheological properties of those inks (made
by the joint dispersion of both components with intense ultrasounds), they
were used in a 3D printing procedure via the manipulation of pH. The printed
structures worked as neural guidelines, tested upon the culturing of human
SH-SHY5Y neuroblastoma cells. An excellent cell attachment and prolifera-
tion was observed, and ascribed to the good conductive properties of the ink,
showing a promising future in the development of novel neuronal engineer-
ing approaches.

Another biomedical target of direct application is haemostasis. In this
sense, an interesting work authored by Cheng and co-workers reported the
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creation of haemostatic gauzes made of regenerated cellulose (recrystallized
type II allomorph) with functionalized MWCNTs with terminal amine or car-
boxylic groups.'® In particular, the direct attachment of amine-terminated
MWCNTs to a gauze composed of oxidized (carboxylated) regenerated cel-
lulose was carried out using glutamic acid as a cross-linker. This example
showed a good water uptake and shorter haemostasis time in vivo (ear artery
and liver injuries in a rabbit model), outperforming the blank gauze even at
low loadings of MWCNTs.

If all these examples so far take advantage, in one way or another, of the
biocompatible features of these (nano)cellulose-nanocarbon hybrids, little is
said on their possible bioactivity. With this aim, it was discovered that SWCNT
dispersions in aqueous colloids of NCCs, both in a non-oxidized form, exhib-
ited not only biocompatibility towards human intestinal (Caco-2) cells, but
also a differential bioactivity towards healthy and cancer cells within this
cell line."*® By tailoring the cell culture conditions, Caco-2 cells may behave
as normal (healthy) or cancer-like, so these NCC-SWCNT hybrids could
be tested in both situations, respectively (Figure 4.12). The in vitro results
showed a critical dependence on the NCC crystalline allomorph used for cre-
ating the hybrids, namely type-I or type-II, the latter being synthesized only
upon acid hydrolysis without any kind of mercerization or recrystallization
steps. NCC-SWCNT hybrids containing type-II NCCs showed unprecedented
bioactivity by selectively killing colon cancer cells, while being non-harmful
to normal cells. On the other hand, type-I NCC-based hybrids displayed a
generally innocuous trait to both kinds of Caco-2 cells (full biocompatibility
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Figure 4.12 Scheme showing the use of NCC types I and II for dispersing SWCNTSs
in water, together with their biocompatibility and bioactivity towards
human colon cancer cells. Adapted from ref. 113 with permission
from American Chemical Society, Copyright 2019.
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but no bioactivity), so the former hybrids could stand as promising tools for
the future development of novel colon cancer therapies.

4.2.1.2 Hybrids with Graphene and Related Derivatives

An early example from Jin et al. showed another strategy to include carbon
nanostructures into a BC matrix. These authors performed the iz situ culture
of BC with co-dispersed GO, resulting in a hybrid nanocomposite with the
simultaneous reduction of GO."* This rGO hybrid was tested as a cell growth
scaffold throughout the in vitro culturing of human mesenchymal stem cells
(hMSCs). A satisfactory cell adhesion growth and proliferation of the hMSCs
was observed, with an apparently unaltered morphology, which was ascribed
to the improved physical properties and hydrophilicity of the hybrid as com-
pared to a bare rGO film, in which the hMSCs did not develop so well. This
work demonstrates the crucial role that the polysaccharide plays in boosting
the biocompatibility of carbon nanostructures.

A subsequent work on hMSCs by other authors (Liu and co-workers
explored not only their growth but also their osteogenic differentiation. The
hybrid of choice was cellulose acetate (CA) mixed with GO in the form of
nanofibrous mats, preceded by the co-dispersion of both in organic solvents
and electrospinning. The authors not only found a clear osteogenic differ-
entiation of hMSCs and an accelerated biomineralization effect, but also a
concentration-dependent relationship with the GO content. The postulated
hypothesis is that GO may act as a nucleation centre for calcium phosphate,
revealing a biomimetic environment generated by the synergy of both com-
ponents. These GO-CA hybrids could be advantageously used in the future
for the development of bone-repairing materials and other possible bone
regeneration applications.

If the previously mentioned examples deal with the use of GO (or rGO)
with different cellulose materials, few works can be found on the use of pris-
tine (non-oxidized) graphene. A particularly appealing work, authored by H.
Luo et al., directly compares the performance of graphene and GO in a BC
matrix, both prepared by an in situ culture of bacteria with the carbon nano-
material present in the culture medium."! Microscopic observation of the
as-prepared hybrid nanocomposites show a homogeneous distribution of
graphene or GO across the BC matrix, and through contact angle measure-
ments. The GO-based hybrids exhibited higher wettability than the graphene
counterparts as could be expected. A thorough biocompatibility study was
carried out in vitro on mice MC3T3-E1 osteoblasts, characterized by a full
set of techniques including morphology observation (preceded by selective
staining), CCK-8 and alkaline phosphatase tests. The authors concluded
that the graphene-based hybrid presented worse biocompatibility than the
bare BC matrix, while the GO-based hybrid showed much better results, out-
performing BC even in terms of bioactivity. Not much is said about these
differences, but the higher hydrophilicity of GO (and thus, the higher hydro-
philicity of the BC hybrid) seems to be the key.

)130
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4.2.1.3 Ternary Hybrids

Up to this point, we have presented several literature examples on hybrid
nanomaterials composed exclusively of carbon nanostructures and a cellu-
lose derivative, in order to show that the synergy between both is sufficiently
strong to provide important breakthroughs in biomedicine. Nevertheless, a
large pool of literature works deal with multicomponent hybrid nanomateri-
als, in which at least a third component is present. For instance, Ionita et al.
studied the joint effect of CNTs and GO as fillers in a CA membrane.'** The
resulting ternary nanocomposite exhibited the best filler distribution and
mechanical properties, as compared with the binary counterparts, as well as
being the most stable against hydrodynamic forces induced by flux tests. The
superior performance of this ternary composite was also noticed in terms
of biocompatibility, on murine 3T3E1 preosteoblasts, displaying excellent
cytocompatibility. A very interesting biomedical application of these ternary
hybrids, namely haemodialysis, was explored, and again the ternary nano-
composites outperformed the binary counterparts as per a +90% protein
rejection (mainly haemoglobin and bovine serum albumin).

However, the most recurrent compatibilizers are synthetic polymers. These
polymers are usually intended as a means to provide structural integrity or
improved integration in the rest of the components. Park and co-workers
used a self-synthesized amphiphilic copolymer, through the copolymeriza-
tion of methyl methacrylate and ethylene glycol, to pre-disperse MWCNTs
thus improving their integration into BC by the in situ culture method (Figure
4.13)."¥ In fact, the difference between the pre-dispersion (or not) of MWCNTSs
was significant in their final dispersion degree within the BC matrix, which was
translated into an exceedingly higher response in the biomedical application
tested. This was the in vivo evaluation of these hybrids as scaffolds for bone
regeneration in mice skulls. The ternary hybrids exhibited excellent osteoin-
ductivity and osteoconductivity leading to a high level of bone regeneration.

The incorporation of polymers with the aim of providing structural consis-
tency was followed by Pal and co-workers. These authors incorporated a hybrid
nanomaterial (composed of rGO and NCCs) into poly(lactic acid) (PLA) films
through solution casting."** The cell viability of these films was confirmed on
NIH-3T3 fibroblasts, through both MTT assay and cell morphology observa-
tions. The biomedical application of choice was the antibacterial potential
of the films, which was tested over E. coli and S. aureus pathogenic bacteria.
The absence of cytotoxicity and their proven antibacterial performance makes
these films potentially interesting candidates for biomedical applications.

4.2.2 Chitin-based Hybrids

Within the most important natural polysaccharides, chitin, poly (B-(1—4)-N-
acetyl-D-glucosamine), has already been found to be the second most abun-
dant polymer in the world after cellulose. This polymer is synthesized by
crustaceans and insects forming structural components in their exoskeleton.
Regarding its structure, it can be found in three different allomorphs: o,  and
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Figure 4.13 Hybridization approach to integrate MWCNTs into BC through a
tailored amphiphilic polymer, and the improvements caused in the
degree of dispersion. Adapted from ref. 133 with permission form
Elsevier, Copyright 2015.

vy chitin, where the o-chitin is the most abundant.'® a-chitin, which is found
in fungi, krill, yeast, shrimp shells and lobster or crab tendons, is formed by
recrystallization from chitin solution or enzymatic polymerization since this
isomorph is thermodynamically more stable. On the other hand, p-chitin
can be found in association with proteins in squid pens and vestimentiferan
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worms. Crystallography analysis of the two chitin isomorphs confirms that
there are two antiparallel molecules per unit cell in o-chitin but just one in a
parallel fashion for B-chitin.®*

Furthermore, chitin contains a high number of intramolecular hydrogen
bonds, which produce a high degree of crystallization and, consequently, very
low solubility in common solvents.'*® As an alternative to harsh chemicals or
ionic liquids to process chitin, Zhang et al. developed an aqueous solution
based on NaOH/urea with the ability to dissolve it, by freezing-thawing cycles
leading to the formation of hydrogels."*” Additional factors such as low tox-
icity, biodegradability, physiological inertness, hydrophilicity, antibacterial
and gel-forming properties have caught the attention of researchers, mak-
ing chitin a promising material for biomedical applications, such as wound
healing acceleration,'*® wound dressings,"* drug release'*’ or adsorption of
industrial pollutants.

Additionally, the combination of chitin with carbon nanomaterials opens
a new field of study in biomedicine, in which several researchers have
obtained noticeable results. The joint occurrence of biocompatibility and
the ability to form hydrogels turns chitin into an interesting candidate for
tissue engineering. Carbon nanomaterials, such as GO, have shown advan-
tages as cross-linkers to enhance the mechanical properties of the hydrogels,
due to its large surface area, hydrophilicity and biocompatibility. The com-
bination of chitin and GO to create a hybrid hydrogel resulted in an increase
of the mechanical properties, due to the better dispersion of GO across the
chitin structure, and most importantly, a high value of cell viability in L02
cells (above 90%) when this material was tested, proving its good biocompat-
ibility as a potential candidate for tissue engineering.'*?

Apart from GO, the combination of chitin with other nanomaterials such
as MWCNTs has shown potential interest in biomedicine, in particular
for their excellent electrical conductivity and high aspect ratio. Hydrogels
formed by these two materials can be used as scaffolds with electrical stimu-
lation, as an alternative to metal-based conductive analogues, which display
a limited lifespan in vivo. Singh et al. developed a scaffold composed of chi-
tin and non-covalently functionalized MWCNTSs with carboxymethyl cellu-
lose (cMWCNTs) to enhance their dispersion in ionic liquids (Figure 4.14), in
order to evaluate the viability and proliferation of mesenchymal stem cells.
After 3 and 14 days of incubation, a LIVE/DEAD viability assay showed a large
proportion of cell attachment to the chitin/cMWCNTSs' scaffold, therefore
confirming a successful cell proliferation.'*

Tissue engineering is of great interest as a tool to repair several injuries
in the human body. In the case of nerve injuries, whose damage is very diffi-
cult to repair,'** the nerve regeneration induced by electrical stimulation can
be promoted by bio-scaffolds based on chitin and carbon nanostructures.
Chitin/MWCNT hybrids formed by the aid of ionic liquids, as mentioned
above, and treated with O, plasma to increase their roughness, hydrophilic-
ity, and cell adhesion, have been proven to enhance tissue regeneration. This
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Figure 4.14 (a) Fabrication of chitin/cMWCNTs composite via ionic liquids dis-
persion. (b) Chitin/cMWCNTs composite membranes, images with
different concentrations of cMWCNTs. Adapted from ref. 143 with
permission from Royal Society of Chemistry.

particular scaffold was tested with neurons, where an extensive cell adhesion
was found, together with a large signalling complex that produces the syn-
apsis, detected by the PSD-95 expression (a protein involved in the synapsis
between neurons).'*® Additionally, chitin/MWCNT scaffolds prepared using
the aforementioned NaOH/urea solution have been used to test the viability
of neuronal (PC12) and Schwann (RSC96) cells (Figure 4.15). These condi-
tions led to migration and proliferation around the axon of injured neurons,
producing neurites with large elongation and facilitating the axonal regrowth
and regeneration of the nerve.'*®

Hybrid nanocomposites made of chitin and carbon nanostructures have
also resulted in potential interest for other biomedical purposes, such as the
healing of liver diseases. One of the most harmful problems is acute liver fail-
ure, which produces a rapid deterioration of liver function, impaired protein
synthesis and hepatic encephalopathy, which derives in a significant increase
of serum bilirubin.'*” Current therapeutic approaches consist of haemoper-
fusion, a blood purification therapy, which uses adsorbent agents to immobi-
lize bilirubin by hydrophobic interactions and electrostatic hydrogen bonds.
Chitin/CNT microspheres with immobilized lysine, a highly specific ligand
to bilirubin, have exhibited an ability to remove large amounts of bilirubin
in blood plasma with low side effects. These microspheres were formed by
using the recurrent NaOH/urea solution, and poured over isooctane for the
emulsion process.'*®
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Figure 4.15 Schematic structure of chitin/CNT hydrogels prepared from aqueous
NaOH/urea solution. Adapted from ref. 146, with permission from
Elsevier, Copyright 2017.

4.2.3 Chitosan-based Hybrids

Owing to its excellent properties (biocompatibility, nontoxicity, biodegrad-
ability, antimicrobial and water solubility), together with its ability to form
two- or three-dimensional scaffolds, chitosan has been extensively used in
the biomedical field. As stated above, chitosan corresponds to partly deacetyl-
ated chitin, be it of natural or synthetic origin, so the quality of chitosan is
directly linked to several factors such as the source of chitin, the extraction
process and the conditions of deacetylation. In addition, depending on the
molecular weight, the DD and the distribution of acetyl groups on the poly-
mer backbone, the biological, physical and solubility properties will vary
greatly. Indeed, several studies have shown that molecular weight has a huge
impact on antibacterial properties. Low molecular weights allow chitosan to
bind with DNA, penetrate into bacterial cells and inhibit mRNA synthesis as
well as DNA transcription whereas, in the case of high molecular weights,
chitosan can bind with negatively charged components of the bacterial cell
walls, forming a resistant layer around them and hampering the transporta-
tion of ions into the cells."*>"** Regardless of the DD and molecular weight,
chitosan showed a stronger bactericidal effect towards Gram-negative rather
than towards Gram-positive bacteria. Moreover, it has also been shown that
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low pH chitosan solutions of low DD present better antibacterial activity.'>!

On the other hand, for antifungal activity, the molecular weight and DD
dependences were linked with the change of fungus."" Antioxidant activity,
defined as a limitation of the oxidation of proteins, lipids, DNA or other mol-
ecules that occurs by blocking the propagation stage in oxidative chain reac-
tions, was also highlighted for low molecular weight chitosan. These are able
to scavenge the active oxygen free radicals in vitro through their stabilization
by amino and carboxyl groups present on the chitosan's structure.'**'* Chi-
tosan is able to adhere to mucosal tissues and the underlying mechanism
has been studied by Sogias et al."** They demonstrated that mucoadhesive
interactions between chitosan and mucin are mainly due to electrostatic
attraction accompanied by contributions from hydrogen bonding and hydro-
phobic effects. Depending on the pH of the solution and the presence of
additional species (sodium chloride, urea, ethanol), the particular contribu-
tion of each physical interaction may vary. Due to its polycationic structure
and its non-specific binding to cell membranes, the haemostatic properties
of chitosan have been also demonstrated. Indeed, chitosan induces blood
coagulation and platelet aggregation, and some studies reported a clotting
time to reduce by 40% compared to whole blood alone.’”>'*® Antitumoral
properties of chitosan and its derivatives have also been evaluated using
both in vitro and in vivo models. Chitosan nanoparticles with positive sur-
face charge exhibited higher antitumor activity on Sarcoma-180 and mouse
hepatoma H22 than other chitosan derivatives. Smaller particle size involves
higher surface-to-volume ratio and specific surface area, and consequently,
a more efficient dissolution arises, together with increased bioavailability of
poor water-soluble molecules. The doses and administration routes also play
an important role.”””'*® It is also important to highlight that chitosan depo-
lymerisation catalysed by bioenzymes in biological organisms may occur,
resulting in non-toxic degradation products namely N-acetyl glucose and
glucosamine.

Due to these excellent biological properties, several pharmacological appli-
cations have been reported in the literature such as wound healing proper-
ties, drug delivery systems, tissue engineering and so forth.'**'*° Therefore,
in the pharmaceutical industry, chitosan is mainly utilized as an excipient for
tablets, gels, absorption and drug dissolution enhancers, in wound healing
products, and in the development of micro/nanoparticles. The ability of chi-
tosan to be easily processed into gels, membranes, nanofibres, nanofibrils,
beads, scaffolds and sponge-like forms paves the way for new development
opportunities by integrating other components, concomitantly resulting in
an improvement of its mechanical properties.'*>'** Inorganic fillers such as
hydroxyapatite, calcium phosphate cements, and clays are generally used
to reinforce chitosan matrices but more recently, the incorporation and the
effect of carbon nanostructures such as CNTs or graphene-based nanoma-
terials have been explored. Besides, chitosan has plenty of surface amino
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groups that enable grafting-driven modifications that can be employed to
strengthen the filler-matrix interactions, something that is not so common
in formerly described polysaccharides.

4.2.3.1 Chitosan/CNT Hybrids

The excellent mechanical, electrical and thermal properties owned by CNTs,
together with their unidimensional character make them one of the most
useful nanostructures for reinforcement of polymeric matrices. However,
the toxicity of CNTs continues to pose a challenge in the field of biomedi-
cine. Surface functionalization with hydrophilic moieties such as chitosan
and its derivatives may enhance their water affinity.'*»'** Even so, very few
articles on the combination of chitosan/CNT have been reported. One of
the first reports oriented towards biomedicine was published by Zhang
et al. in 2004.'% Pristine MWCNTSs were mixed with an aqueous solution of
chitosan to enhance the solubilisation and manipulation. Robust nanocom-
posite films were obtained and used as a biosensor for NADH. Mechanical
properties of chitosan have also been improved by mixing it with oxidized
MWCNTSs. Strong interactions between the carboxylic and hydroxyl groups of
oxidized MWCNTSs and the functional groups of a chitosan matrix have been
highlighted for many years as the cause of the extraordinary synergy between
both elements, resulting in a great improvement of the tensile modulus and
strength of the derived nanocomposites by about 93% and 99%, respectively,
compared to neat chitosan.'®

In a recent paper, the authors described the formation of a novel chitosan/
MWCNT hybrid, suitable as a nanocarrier for the selective delivery of meth-
otrexate (MTX) to H1299 lung cancer cells, with negligible toxicity to healthy
MRC-5 cells.'®® MWCNTS were first oxidized and then non-covalently coated
with chitosan, both interacting mainly via polar interactions. These nano-
hybrids possessed high biocompatibility and affinity for the drug, and com-
pared to the free MTX that penetrated the cell membrane through passive
diffusion, a longer time was required for endocytosis-mediated internaliza-
tion of MTX-loaded nanohybrids.

Li et al. reported another chitosan/CNT hybrid that significantly inhib-
ited tumour growth of A549 cell-bearing nude mice through active tumour-
targeting ability."®” In this study, docetaxel (DTX) was first loaded on oxidized
SWCNTs via n-n stacking followed by the non-covalent conjugation of flu-
orescein- and peptide-labelled chitosan, resulting in a multicomponent
hybrid.

High mechanical strength and mineralization capability are two of the
most important characteristics of the bone tissue; therefore, CNT-based 3D
scaffolds including chitosan matrices can also be found in the literature with
this purpose.'®®'® Several methods such as controlled surface deposition
and cross-linking processes, simple solution evaporation methods, ther-
mally induced phase separation followed by freeze drying, electrodeposition,
spray layer-by-layer technique, electrical actuation and wet spinning have
been described for the formation of such scaffolds. Among these examples,
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Venkatesan et al. reported the formation of a 3D-scaffold using low and
high molecular weight chitosan and different concentrations of functional-
ized MWCNTs (0.0025, 0.005 and 0.01 weight %) by a freeze-drying method
(Figure 4.16)."7° The authors observed that functionalized MWCNTSs were
uniformly dispersed across the chitosan matrix via chemical interactions,

Figure 4.16 Real photographs of chitosan scaffolds reinforced with functionalized
MWCNTs in the dried (top panel) and hydrated (bottom panel) state.
LM = low molecular weight chitosan; HM = high molecular weight chi-
tosan, with different MWCNT contents. Adapted from ref. 170 with
permission from Elsevier. Copyright 2017.
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the water uptake ability and porosity of the scaffolds, directly proportional
to the amount of functionalized MWCNTSs. The cell proliferation and mineral
contents were higher than bare chitosan scaffolds, due to the addition of the
MWCNTs, suggesting that the presence of carbon nanostructures is the key
to make these scaffolds promising for bone tissue engineering.

In another representative example, novel tissue engineering scaf-
folds manufactured with functionalized MWCNTSs, chitosan and
B-glycerophosphate were obtained.’””' The effects of functionalized
MWCNTS on the electrical, biological, mechanical and mineralization
properties have been evaluated and the study concluded that by increasing
the MWCNT content, alkaline phosphatase activity, electrical conductivity
and mechanical strength increased. In addition, B-glycerophosphate used
as a cross-linker showed a significant positive role in increasing alkaline
phosphatase activity, which is a characteristic parameter for osteoblastic
phenotype retention and differentiation.

4.2.3.2 Chitosan Hybrids with Graphene Derivatives

Given the excellent ability of chitosan to derive into water-soluble species
(e.g. sodium salt), the largest number of works in this direction (if not all)
deal with one of the most hydrophilic relatives of graphene, namely GO. Even
if chitosan has been computationally determined to form energetically stable
hybrids with non-oxidized graphene,'*" actual hybrid nanocomposites made
of them are extremely rare. In contrast, scientific literature is full of examples
dealing with GO-based hybrids, in which the concurrence of both materials
enhances the hydrophilic character of the system, and largely spans the pro-
cessability, enabling fibres, hydrogels or aerogels to be obtained,'”* readily
available for biomedical applications. Among the many different possibili-
ties, the chitosan/GO hybrids are mainly directed towards two well-defined
biomedical focuses: controlled drug delivery and bone tissue regeneration.'”
In the following, we highlight some representative works of each of these two
applications.

H. Bao and co-workers claim to have been the first in reporting the use of
a chitosan/GO hybrid for the delivery of a hydrophobic drug (Camptothecin,
CTP) to a very large extent (nearly 20 wt%) and also genetic material.’”* These
hybrids exhibited a particularly useful pH-dependent responsiveness, able to
trigger up to a 17.5 wt% release of CPT at 72 h and 30 °C. This ability entailed
a powerful cancer-killing effect, tested in vitro on HeLa cells and assessed by
an MTT assay. Apart from this drug delivery effect, the complexation of these
chitosan/GO hybrids with plasmid DNA was also feasible, showing successful
genetic transfection on HeLa cells, which endows a tremendous versatility
and multifunctionality to these hybrids.

In another work aimed at drug delivery, reported by Justin and Chen, chi-
tosan/GO hybrids with varying GO content (from 0.25 to 5 wt%) were synthe-
sized in the form of films by a simple solution casting method.'”® The release
of fluorescein was tested as a model, in which both the GO ratio and the
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medium pH were crucial. Besides, another biomedical facet was also evalu-
ated, namely biodegradability, and those GO-based hybrids degraded more
slowly (enzymatically) compared to bare chitosan, ascribed to the strong
filler-matrix interactions and the more tortuous porosity. These films were
postulated as excellent candidates for transdermal drug delivery. The same
authors in the same year published the reduction of GO by chitosan action
at a mild temperature (37 °C) compatible with the human physiology.'’® This
method is, in terms of efficiency, comparable to those more traditional at
much higher temperatures and/or with more harsh chemicals, preserving
the pH responsiveness and paving the way for biomedical applications.

As per the bone tissue regeneration, Depan et al. fabricated covalently
bound chitosan/GO hybrids, forming a scaffold with visibly enhanced
mechanical properties (Figure 4.17)."”” Such a strengthened and cross-linked
network caused an improvement in osteoblasts' attachment, proliferation
and growth, which were ascribed to the joint action of several factors: large
surface area, nanoscale roughness, and the presence of surface functional
groups responsible for high water affinity and retention. In particular, the
surface negative charges provided by GO are postulated to be the key for such
an improved osteoblast attachment and proliferation, so these hybrid scaf-
folds were envisioned as promising materials for bone tissue engineering.

Amorerecentexample, reported by Hermenean and co-workers, goes much
beyond by demonstrating that chitosan/GO scaffolds (prepared by solution
and freeze-drying) are capable of causing osteogenic differentiation in vitro
(3T3-E1 cells) and in vivo using a murine model."”® A particularly optimal
effect, and in the shortest generation time, was found for a 3 wt% content in
GO, much better than lower GO ratios or chitosan alone. These conclusions
were drawn after observing an increase in alkaline phosphatase activity,
linked to increased osteogenesis, also supported by the detection of higher
expression of proteins related to the creation of new bone cells, together
with histopathological and electron microscopy observations. These works
not only confirm that chitosan/GO hybrids are capable of displaying good
cell proliferation and attachment, but also cell differentiation towards the
generation of new bone cells, making these scaffolds very promising tools
to reconstruct large bone injuries in the absence of externally-incorporated
cells and growth factors, along with an invaluable biodegradable character.

4.2.4 Alginate-based Hybrids

Alginate, a promising biomaterial of marine origin, is a natural polymer
belonging to the carbohydrate family (polysaccharides). It is non-toxic, bio-
compatible and biodegradable. Therefore, it has been largely investigated in
various fields such as the food industry, agriculture, tissue engineering, wound
healing, drug delivery, packaging material and other biological studies.'”*'8
Alginates, which can be extracted from cell walls of brown algae,'®*'®” are
water-soluble linear block copolymers composed of ionic blocks of different
polysaccharide polymers. These blocks consist of successive regions of acid
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Figure 4.17 Shape retention of (a) pure chitosan and chitosan/GO scaffolds as a
function of scaffold immersion time in media of different pH. Digi-
tal photographs of (b) pure chitosan, (c) 1 wt% GO chitosan hybrid,
and (d) 3 wt% GO chitosan hybrid after 28 days immersion in buffer
(pH 7.4). Scale bar 1 mm. Adapted from ref. 177 with permission from
Elsevier, Copyright 2011.

monomers 1,4-linked B-D-mannuronic (M-blocks), regions of o-1-guluronic
acid (G-blocks) and regions of dispersed M and G units (see Figure 4.3).'5%'8
The properties of alginates depend on the ratio of the M/G blocks and the
distribution of these blocks within the chains.®” Sodium alginate (SA) is the
most commonly available salt, readily soluble in water, giving a thick colloi-
dal solution. SA easily jellifies in aqueous media by ionic cross-linking with
divalent (also trivalent) cations forming ionic hydrogels into which other spe-
cies (drugs, proteins, DNA and cells) can be entrapped while maintaining
their activity due to the mild gelation conditions. In the gelation process,
hydrogen bonding between the chains occurs upon cross-linking of the car-
boxyl groups of the G-blocks with the divalent cations. Thus, alginates that
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are rich in G-blocks produce more rigid gels."**"** The interaction of the algi-
nate with divalent cations is a highly selective process and its binding ability
with suitable ions increases in the following order:'** Mn** < Zn**, Ni**, Co**
< Fe® < Ca’ < Sr** < Ba® < Cd*" < Cu*" < Pb*", while establishing no interac-
tions at all with Mg>" cations. All of these alginate characteristics enable the
physicochemical properties of the formed gels to be tailored by modifying
the type of cation and cross-linking, the molecular weight and the chemical
composition (M/G ratio) of the alginate.'®

Unfortunately, as well as for other biopolymers, alginate itself has several
disadvantages, such as poor water resistance, poor mechanical properties
and low thermal stability, which restrict its use in certain applications.™*
Currently, much effort has been made to improve the performance of algi-
nates. One of the most effective strategies has been the formation of nano-
composites. In this regard, the addition of inorganic nanofillers has proven to
be successful to circumvent alginate's main weaknesses.'”>'%® Likewise, the
addition of carbon nanostructures not only improves alginate's mechanical
and thermal properties,'* 2% but also decreases the hydrophilicity (leading
to an enhanced water resistance) and adds new functionalities like antibac-
terial properties***** and electrical conductivity.>**>"’

Aiming to obtain biomaterials that match the biological and mechanical
properties of natural tissues, an important number of carbon nanostruc-
tures/alginate hybrids with improved mechanical properties have been
reported (Table 4.2). Here, the mechanical properties of the hybrids can
be tailored by using different types of carbon nanomaterials, selecting the
adequate filler content, modifying its chemical surface and choosing the
suitable fabrication methodology. In general, increased content of carbon
nanomaterials in the alginate hybrid results in enhanced mechanical prop-
erties up to a certain limit beyond which these get worse, probably due
to the filler aggregation within the matrix. Chemical modification of the
carbon nanomaterial surface favours the establishment of a higher (and
stronger) number of interactions with alginate and therefore, improved
mechanical properties are obtained.?°%?°%20821% Moreover, the addition
of carbon nanomaterials does not essentially alter the alginate chemical
properties resulting in hybrid materials with superior mechanical proper-
ties, able to be custom designed to mimic those of natural tissues. There-
fore, carbon nanomaterials are ideal candidates to prepare alginate hybrid
hydrogels for biomedical purposes.

Electrical conductivity is a priceless asset that carbon nanomaterials
offer when added to hydrogels. Electrically conductive biomaterials have
received considerable attention as essential tools for bioelectronics due
to their application in a broad range of biomedical applications, from
cardiovascular, muscle and nerve tissue engineering to wearable bio-
sensors for human health monitoring and intelligent wound care dress-
ings, with a controlled rate of drug delivery and self-healing.?*'>** For
such applications, alginate-based conductive hydrogels are commonly
filled with polyelectrolytes or conductive polymers. However, they exhibit
important drawbacks such as erosion, swelling, de-swelling or bending
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Table 4.2 Mechanical property values for carbon nanostructure/alginate hybrids.
Mechanical data for some natural tissues are also included.

Tensile stress  Young's Elongation
Material (MPa) modulus (GPa) at break (%) Reference
Arterial wall 0.5-1-72 0.001 — 211
Cortical bone 30-211 16-20 —
Cancellous bone 51-93 4.6-15 —
Hyaline cartilage 1.3-1.8 0.004-0.019 —
Skin 2.5-16 0.006-0.040 —
Articular cartilage 0.8-25 — 60-120 212
Tendon/ligament 30-300 0.065-2.5 —
Alginate film 0.4 1-4 — 213
Alginate fibre 0.32 0.62 —
0.5% CNTs/alginate 11 — —
electrospun fibre
1% SWCNT/alginate film 0.5 1.4 92 214
1.2% SWCNT/alginate 250.0 6.97 13 215
wet-spun fibre
23% SWCNT/alginate 260.3 6.38 14
wet-spun
1% GO/alginate film 69.3 3.80 6 208
3% ammonia functional- 10.6 — 15 200
ized GO/alginate film
4% GO/alginate wet spun 1.9 4.4 — 216
fibre
6% GO/alginate film 113.0 4.2 — 199
8% GO/alginate 167.7 5.5 5 217
67% GO/alginate film 239.6 22.4 — 218
3% GO/(Fe*") alginate 161.8 5.9 4 219
film
1.8% GO/polyacryl- 65.6 — 80 220
amide/alginate film
(compression)

when an electrical field is applied. Also, the eventually reached electrical
conductivity may not be high enough to achieve an effective modulation
of the stimuli-responsive functional properties. Therefore, the addition
of carbon nanomaterials has been proposed as a valuable approach to
address these issues.”” CNTs and graphene derivatives have been shown
to be of particular interest for their excellent electrical properties and
high surface area,?”*??® which facilitates their chemical functionaliza-
tion solving the problem of their water insolubility, and concurrently
enhancing the interaction with the hydrogel matrix.>'****?3° Thus, it is
not surprising that a large number of investigations reporting the use
of carbon nanostructures, in particular CNTs, in the immobilization of
enzymes or proteins,?*®**>>! or accelerating stem cell proliferation and
differentiation??*2** have been published. The addition of CNTs provides
physicochemical properties matching those of soft tissue membranes due
to the similarity in the viscoelastic behaviour of both systems,**>*” the
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resulting biomaterials being extremely favourable for regenerative med-
icine applications. Also, graphene and its derivatives have proven to be
beneficial for successfully preparing hybrid scaffolds.'**'?3 In fact, the
behaviour of stem cells can be tailored by modifying the surface prop-
erties of graphene nanomaterials.??®?***! For instance, using GO in the
proper amount significantly increases the hybrid conductivity upon GO
reduction, and consequently, this enhances the signal propagation for
electrical stimulation processes.”** Nevertheless, it is not always easy to
preserve the electrical conductivity of the carbon nanomaterials when
forming hybrids with hydrogels, and factors such as the inhomogeneous
distribution of the nanofillers hamper their advantageous effects. In this
sense, new promising strategies have been developed such as the assem-
bling of nanomaterials into macroscopically ordered structures within
the hydrogel, especially in the form of fibres. From a biological point of
view, almost all human tissues and organs are deposited in nanofibrous
forms or structures. And, for that, different fabrication techniques such
as wet spinning or electrospinning have been demonstrated as excel-
lent methodologies to generate fine and ordered fibres at the nanosc
ale.207’213'215’243’244

In a typical wet (also named coagulation) spinning process, alginic acid
sodium salt is added to a CNT (or GO) dispersion and the resulting suspen-
sion is injected at room temperature into a rotating coagulation bath con-
taining the coagulation dope (usually an aqueous solution of calcium salts)
where the fibre forms (Figure 4.18). The spun fibres are then collected,
washed, dried and characterized.>” In the case of alginate-based systems,
many examples of fibres with a high loading of CNTs and aligned along the
fibre axis, showing good mechanical and electrical properties, were success-
fully produced by this methodology.>"> Also, the diameter of alginate spun
fibres (even with carbon nanostructures) could be controlled by adjusting
the inner diameter of the needle orifice used to inject the dope into the coag-
ulation bath.?'® The use of different dispersing agents for CNTs influences
the final properties of the spun fibres. Accordingly, we have observed that

CNTs homogeneous
dispersion

C lant bath:
(with or without C:é?zu SESE

dispersants)

Figure 4.18 Wet spinning process represented for an in-house fabrication of coag-
ulated spun CNT-reinforced alginate fibres.



132 Chapter 4

Pluronic® F-68 block copolymer leads to alginate/CNT hybrid fibres with
higher electrical conductivity than other dispersing agents (Table 4.3). As for
the mechanical properties, the CNT concentration also has a direct effect on
the electrical properties of the spun fibres (Figure 4.19).

The electrospinning technique has also been used in many works,
although to a lesser extent, to prepare alginate-based nanofibres with car-
bon nanostructures with enhanced mechanical and electrical properties.?*?
The technique consists of applying a high voltage to a viscoelastic poly-
mer solution usually contained in a syringe to overcome its surface ten-
sion forces. Thus, at a given voltage, fine jets of solution are expelled from
the needle of the syringe towards a grounded collector. As the solution jet
follows the direction of the applied electric field, the solvent evaporates
and the formed fibres are randomly deposited on the grounded collector.

Table 4.3 Effect of different CNT dispersing agents on the conductivity of
coagulation-spun fibres CNT (15 wt%)/alginate (own results).

Dispersing agent” Conductivity (S cm™)
None (6.1 +2.3)x1077
Pluronic® F-68 (2.1 +1.5)x1072
Gum arabic (1.2 £1.0)x10™
Poly(vinyl pyrrolidone) (8.6 £1.2)x107°

“CNT/dispersant ratio (1/5).
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Figure 4.19 Effect of CNT content on the electrical conductivity of alginate nano-
composite fibres. Blank fibres refer to alginate spinning without
CNTs, but with Pluronic® F-68 copolymer in the same concentration
as homologous with CNTs (own results).



Carbon Nanostructures and Polysaccharides for Biomedical Materials 133

The obtained electrospun nanofibres are highly interesting as they can
mimic the nanofibrous structure of the native extracellular matrix. The
produced scaffolds exhibit a high surface area, which favours the cellular
interaction with the material.**®

4.3 Conclusion and Future Outlook

The inclusion of biopolymers, derived from natural resources, into the world
of carbon nanostructures is a revolutionary and sustainable way to facilitate
the achievement of materials and structures suitable for biomedical pur-
poses. This approach avoids the use of organic substances, surfactants and
other chemicals posing health risks and high toxicity when aiming at this goal,
while being based on green and sustainable principles. We have herein shown
how natural polysaccharides, and cellulose in particular, have a high adsorp-
tion affinity for carbon nanostructures (such as nanotubes), leading to stable
hybrids while taking advantage of their excellent physicochemical properties.
This synergistic association entails the adjustment of the hydrophilic charac-
ter of the hybrid, on the one hand enhancing that of carbon nanostructures,
while somewhat lowering the extremely high hydrophilic character of some
polysaccharides that impedes proper processing (such as in the case of algi-
nate derivatives). This synergy also provides optimal mechanical properties
resembling those of soft tissues, being perfect assets to mimic the extracel-
lular matrix environments. All of this ends up in the perfect balance for the
aqueous processing of the hybrids, a prerequisite for their use in biomedicine.
The huge processing versatility that natural polysaccharides provide to car-
bon nanostructures allows the manufacturing of three-dimensional hydrogels
(mainly with cellulose or chitin), from which aerogels may derive, films (mainly
with chitosan or chemical derivatives of cellulose) or even fibres (mainly with
alginates). This diversity confers a perfect way to tailor the materials’ prop-
erties towards any targeted biomedical need, in turn coupled with the high
biocompatibility and possible biodegradability that natural polysaccharides
exert on their hybrids. In general terms, the future of carbon nanostructures
in biomedicine will definitely explore the use of polysaccharides in one way or
another, as far as long-term hazards are eventually unravelled and much more
in vivo studies are performed. The near and mid future points to three well-
defined lines: (i) the use of these hybrids for biosensing applications, mostly
with cellulose derivatives given their excellent mechanical performance, act-
ing as structural support for sensing platforms, and resulting in e.g. glucose
or pathogenic bacteria detection in very sensitive and disposable devices; (ii)
drug delivery applications mainly from hybrid hydrogels in which therapeu-
tic agents can be released in a controlled way (e.g. through pH stimulus), also
enriched by possible degradability; (iii) tissue engineering with aerogels or
fibre-based scaffolds in which specific cells may not only attach and proliferate
well, but also exhibit differentiation and genesis of new-born healthy tissues
from stem cells, as it was shown for the osteogenic effect of chitosan-based
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hybrids. Even if biomedical outcomes are the most complex that nanoscience
and nanotechnology may face, given the large amount of risks and consid-
erations involved, it could be stated that natural polysaccharides are one of
the most, if not the most, key elements pushing carbon nanostructures in big
steps forward to eventual success.

List of Abbreviations

AFM Atomic force microscopy

BC Bacterial cellulose

CA Cellulose acetate

CCK-8 Cell counting kit 8

cMWCNTs Carboxymethyl cellulose-functionalized MWCNTs
CNTs Carbon nanotubes

CPT Camptothecin

DD Degree of deacetylation

DLS Dynamic light scattering

DNA Deoxyribonucleic acid

Dox Doxorubicin

DP Degree of polymerization

DTX Docetaxel

GleN N-glucosamine

GlcNAc N-acetylglucosamine

GO Graphene oxide

GOx Glucose oxidase

hMSCs Human mesenchymal stem cells

mRNA Messenger ribonucleic acid

MTT 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
MTX Methotrexate

MWCNTs Multi-walled carbon nanotubes

NADH Nicotinamide adenine dinucleotide

NCC Nanocrystalline cellulose/cellulose nanocrystal
NFC Nanofibrillated cellulose

rGO Reduced graphene oxide

SA Sodium alginate

SWCNTs Single-walled carbon nanotubes

TEM Transmission electron microscopy

TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
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CHAPTER 5

Biological Applications of
Magnetically Empowered
Carbon Nanotubes

A. STOPIN?® AND D. BONIFAZI*?

“Institute of Organic Chemistry, Faculty of Chemistry, University of Vienna,
Wihringer Strasse 38, Vienna, Austria
*E-mail: davide.bonifazi@univie.ac.at

5.1 Introduction

Carbon nanotubes (CNTs) were first described as “helical microtubules of
graphitic carbons” by Tijima in 1991." Due to their structure, CNTs are the
nanomaterials with the highest aspect ratio having diameters ranging from
0.4 to 100 nm and length of up to the centimetre scale.” Their graphitic
tubular structure gives them large stiffness (1.8 TPa of Young's modulus for
single-wall carbon nanotubes (SWCNTSs)),? tensile strength (up to 63 GPa for
multi-wall carbon nanotubes (MWCNTS)),* and high axial conductivity (up to
6 x10° A cm?).% Also, they possess far-infrared and far-ultraviolet absorption®
and are excellent thermal conductors in their axial direction” while being
thermal insulators in the radial.® In addition to these physical properties,
CNTs possess magnetic properties which will be discussed hereafter.

The magnetisation of a material corresponds to its response to an external
magnetic field. To clarify, this value is the sum of the protons and electrons
magnetic dipole moments of the material. Based on this assumption, one
can calculate the magnetic susceptibility X of a material, which represents
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the variation of magnetisation as a function of an external magnetic field
H using the equation: M =X H. If X < 0, the material is diamagnetic while if
X >0, the material is paramagnetic. For CNTs, their magnetic susceptibility
values are dependent on their helicity and, due to their high aspect ratio,
on the angle between the tube axis and the direction of the magnetic field.
Taking all this into consideration, Fujiwara et al. determined the X anisot-
ropy, due to the shape of the nanotubes, of MWCNTS to be 9 + 5 x 10 ® emu
mol .° While low, this value is significant and similar values were found for
other types of SWCNTs.'®" Thus, CNTs are sensitive to magnetic fields but
of high intensity, in general superior to 10 T."*"* To improve the response
towards low magnetic fields, the use of CNTs requires them to be coupled
with magnetic nanoparticles (MNPs) to lead to the formation of magnetic
carbon nanotubes (mCNTs).

MNPs have been reported in numerous publications for their large num-
ber of applications, such as catalysis,""'*> data recording,'® or wastewater
treatment."”” They have also been used for biological applications, hyperther-
mia and imaging among others.'® > By combining them with CNTs a synergy
appears between the two entities (Figure 5.1).>* The CNTs will thus confer
specific properties to the MNPs. The first is cavity-confinement, protecting
MNPs from the environment and thus preventing an eventual oxidation that
would make them diamagnetic or soluble in the medium.>** The second
is templating that could happen during the synthesis of the MNPs inside
the cavity of CNTs.**?® Finally, using the large graphitic surface of CNTs,
the magnetic nanomaterials can be readily functionalised by non-covalent
or covalent chemistry.”’* On the other hand, the magnetic behaviour of
MNPs will impart new properties to the final mCNTs such as magnetically
directed movement, magnetic fluid hyperthermia and magnetic resonance
contrast. In the subsequent sections of this chapter, we will see the different

SYNERGY
Impact of CNTs onto Impact of MNPs onto
CNTs MNPs CNTs MNPs
- Endohedral cavity - Cavity-confinement - Magnetic manipulation S
- High aspectratio s} - Templating - Magnetic fluid hyperthermia g
- Larger surface for potential - Superparamagnetism

! - Large surface area functionalization - Magnetic resonance contrast |

|
APPLICATIONS

- Magnetic material organization

- Magnetically driven drug delivery
- Magnetic resonance imaging

- Therapeutic hyperthermia

- etc.

Figure 5.1 Synergy between CNTs and MNPs. Reproduced from ref. 23 with per-
mission from John Wiley and Sons, Copyright 2015 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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approaches used to synthesise mCNTs, then we will detail the use of such
materials in biological applications.

5.2 Preparation of Magnetic Carbon Nanotubes

The enhancement of the magnetic properties of CNTs by magnetic nanopar-
ticles can be performed by taking advantage of the internal cavity of the
CNTs, or by using their external graphitic structure (Figure 5.2). Due to the

In-Situ (Endohedral)
~oH etc.
|
[} Organic precursors
<> , Mo, etc.
Organometallic precursors ”""’ffg’,’;‘i’é’,“"‘”
MNPs@CNTs
Closed-tips
Ex-Situ (Endohedral)
4 i o
MNPs (pre-formed) Reduction %°
CNTs gl CNTs
Open-tips Open-tips
ogo Metallic salts (MNPs precursors)
Ex-Situ (Exohedral)
MNPs (pre-formed) Reduction X ogo
&
£CNTs MNPs/CNTs f-CNTs
Closed- or Closed- Closed- or
open-tips or open-tips open-tips
—C Covalent functionality/linker
O,( Supramolecular functionality/linker

Figure 5.2 Syntheses pathways of mCNTs. Reproduced from ref. 23 with permis-
sion from John Wiley and Sons, Copyright 2015 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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number of reviews about the preparation of these mCNTs,*** the descrip-
tion given here will summarise the different techniques available to the sci-
entific community.

5.2.1 Magnetic Filling of the Cavity of the Nanotubes During
the Formation of CNTs

In his seminal publication, Iijima reported the production of CNTs by
arc-discharge.! A couple of years later, it was discovered that metallic Co
nanoparticles can act as catalysts for their synthesis.*® However, the CNTs
produced were shown to possess some Co nanoparticles at their tip, making
the compound ferromagnetic. In subsequent years, a report showed the pro-
duction of CNTs using Ni as a catalyst on a large scale.*® Based on these find-
ings, the development of the chemical vapour deposition (CVD) method was
reported.®® This protocol relies on the pyrolysis of carbon precursors, such
as toluene or acetylene among others, at temperatures greater than 600 °C
while using metallic particles as a catalyst. These particles are, in general,
deposited on a substrate and lead to the formation of nanotubes at their con-
tact. Among all the metal particles used to produce CNTs, Co, Ni and espe-
cially Fe are now commonly used for their synthesis. However, a lot of these
materials possess such a low level of metallic nanoparticles encapsulated
inside their cavity that the magnetic properties of the produced materials are
not greatly modified.

In order to use CNTs for magnetic-based applications using low magnetic
fields, the quantity of metallic nanoparticles inside the cavity of the nano-
tubes should be increased. To do so, additional metallic precursors, like fer-
rocene, are usually employed to increase the loading of Fe inside CNTs.?” In
this case, the metallic precursors generally fulfil two duties, the formation of
the metallic particles that catalyses the formation of the CNTs as well as the
metal source for the additional nanoparticle's encapsulation.®® The quantity
of metal loaded in the CNTs depends on multiple factors, such as the tem-
perature of pyrolysis, the choice and quantity of both organic and metallic
precursors used as well as the CVD time.*® In some cases, one compound can
be used simultaneously as the metallic and carbon precursor. Ferrocene, for
example, was used as the only material in the CVD process that led to the
formation of highly loaded MWCNTSs, with up to 35% Fe loading.*>*' On the
other hand, this technique presents the drawback of leading to the forma-
tion of nanotubes with the presence of Fe at the exterior of the CNTs. The
non-encapsulated metal is thus sensitive to the environment and will lead to
the formation of iron oxide. Acidic washings are used, in general, to remove
this excess of Fe leading to the obtainment of CNTs with only encapsulated
metallic nanoparticles. In a recent report, our group also demonstrated that
the crystallinity of the Fe phases encapsulated in the CNTs can be tailored
using post-synthetic treatments, acidic and thermal, in order to modify the
magnetic properties of the materials obtained.*
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5.2.2 Magnetic Enhancement of CNTs After Their Synthesis
5.2.2.1 Inside the Cavity of CNTs

The addition of magnetic material inside the cavity of CNTs requires, in a
first step, the opening of their tip. This step is generally realised using oxida-
tive conditions. In a second step, the open tubes are placed in contact with
a fluid containing the molecule or material to be encapsulated. For some
applications, the tubes are then closed again to prevent any leaching of the
material. For the encapsulation of MNPs inside the cavity of the tubes, two
approaches can be used: MNPs can be preformed and then inserted into the
cavity or their precursors can be introduced in the cavity of nanotubes and
then transformed within MNPs while already confined.

In 2005, Korneva et al. reported the encapsulation of preformed Fe,O,
nanoparticles.* A ferrofluid containing these MNPs was introduced inside the
cavity of open-tip CNTs immobilised in an alumina support through the attrac-
tion of a permanent magnet. After removal of the solvent, mCNTswere obtained.
In general, this method allows for the insertion of monodisperse MNPs inside
CNTs cavities. Using the other approach described previously, Pham-Huu et al.
filled the cavity of CNTs with precursors Fe(NO;), and Co(NO,);.** Through a
mild thermal treatment, magnetic nanowires of CoFe,O, were formed at the
tips of the CNTs. After these two seminal reports, multiple examples in the
literature used adaptations of these techniques to produce mCNTs.**%

5.2.2.2 On the Graphitic Structure of CNTs

The coating of the graphitic structure of CNTs can also be realised through
the two approaches presented for the endohedral filling: preformed MNPs or
precursor, that will be the seeds of the MNPs, can be grafted onto the surface
of the nanotubes. These two different pathways require the same starting
point, which is the functionalisation of the surface of CNTs by anchoring
points for MNPs, either by covalent or non-covalent grafting. In 2005, Correa-
Duarte et al. prepared mCNTs through a successive coating process.”” In a
first step, they coated their MWCNTs with poly(sodium 4-styrene sulfonate)
(PSS) to enhance the dispersion of the nanotubes in water. Through elec-
trostatic interaction with PSS, CNTs are then coated with poly(dimethyldi-
allylammonium chloride) (PDDA) which led to a homogeneously positively
charged CNT. In the last step, PDDA is used as the anchoring point for
negatively-charged iron oxide MNPs (Figure 5.3).

In 2007, Ji et al. prepared negatively-charged oxidised-MWCNTs to elec-
trostatically attach Fe®* cations.’® Through a reduction of these cations by
addition of polyethylene glycol and heating at 200 °C for 8 to 12 h, iron oxide
MNPs were formed on the surface of the CNTs. These small 5 nm MNPs were
then used as seeds for growing other iron oxide MNPs. Following these first
reports, numerous developments were performed on the preparation of
MNPs' decorated CNTs.>**!
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Figure 5.3 Protocol used for the synthesis of exohedrically grafted MNPs on CNTs
by Correa-Duarte et al. Reproduced from ref. 45 with permission from
American Chemical Society, Copyright 2005.

5.3 Biological Applications of Magnetically
Empowered Carbon Nanotubes

The biological applications of mCNTs can be separated regarding their
response to a continuous or alternating magnetic field. MNPs endohedrally-
confined or exohedrally-grafted on CNTs, will move when in proximity to an
external magnetic field. However, in the presence of an alternating magnetic
fluid, these MNPs will produce heat in a mechanism known as magnetic
fluid hyperthermia (MFH). Another common application of mCNTs is, when
placed in an external magnetic field, their ability to change the relaxation
time of neighbouring protons, leading to a contrast change in magnetic res-
onance imaging (MRI).

5.3.1 Magnetically Induced Movement

Due to their enhanced magnetic properties, mCNTs show a strong response
towards permanent magnets. These induced movements can be of two dif-
ferent types, rotation and translation. When linked to cells, these properties
can lead to cell rotation and/or cell shepherding, while these movements
could also lead to pinpointed delivery.

5.3.1.1 Magnetic Stirring

As seen in the introduction, the high aspect ratio of CNTs, linked to their struc-
ture, provides them with magnetic susceptibility anisotropy making them
responsive to external magnets. The alignment of CNTs inside polymeric
matrixes, gels or in solution was thus reported in the literature. However, the
major drawback of this approach is the intensity of the external magnetic field
required to perform this alignment, ca. 10 T or more, leading to the need of
heavy equipment. Through encapsulation of MNPs inside the cavity of CNTs
or grafting of MNPs on the graphitic structure of CNTs, the hybrid materials
formed are much more responsive to an external magnetic field. The mCNTs
formed can be aligned with an external magnetic field as low as 0.2 T.
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The application of this concept towards biological application was first
reported by Gao et al. who managed to manipulate sheep blood cells.”
Through the assembly of iron oxide nanoparticles on the surface of the
CNTs, leading to the formation of paramagnetic CNTs, the authors were
able to visualise the rotation of bundles of these magnetic CNTs upon
application of a rotating external magnetic field. This rotation could also
be tailored by changing the frequency of the magnetic field. After interac-
tion with sheep blood cells and application of magnetic field of 12.7 kA
m " for a frequency of 0.5 Hz, the magnetic CNTs were able to rotate these
cells at a fast pace, 1 cycle per 3 s (Figure 5.4). Upon bridging two cells with
magnetic CNTs and application of the same magnetic field, the pair of cells
could be rotated at the same speed, opening the door for tailored manipu-
lation of bio-objects.

In 2014, Liu et al. developed mCNTs for a magnetic stirrer of SKOV3 ovar-
ian cancer cells.”® Open-tip CNTs were immersed in a solution of MNPs' pre-
cursor that allowed the formation of MNPs inside the cavity of the CNTs in a
two-step process. During the first one, the authors used precursors allowing
the formation of iron oxide or cobalt-based nanoparticles inside the cavity of
the nanotubes. In a second step, the mCNTs possessing iron oxide particles
were subjected to the same treatment, either with an iron or cobalt precursor,
and a second set of nanoparticles was obtained inside the cavity of the tubes.
Following their functionalisation in order to increase their dispersibility in
water, these nanotubes were incubated with tumour cells for 30 minutes.
Upon applying a rotating magnetic field to these cells, mCNTs can be seen
rotating at the surface of the cells. Contrary to the previous example showing
cell rotation, in this case the cells do not rotate but the rotation of the mCNTs
at their surface could be used as a remote stirrer.

Figure 5.4 (a) Rotational motion of one sheep red blood cell showing mCNTs
attached to the cells. (b) Rotational motion of two sheep red blood cells
bridged by mCNTs. The frequency and intensity of the magnetic field
are 0.5 Hz and 12.7 KA m™". The snapshots correspond to 0th, 0.2nd,
0.4th, 0.6th, 0.8th and 1.0th cycle of the rotational magnetic field.
Reprinted from ref. 47 with permission from American Chemical Soci-
ety, Copyright 2006.
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5.3.1.2 Cell Shepherding

One of the most employed magnetic properties of MNPs-CNTs compared to
bare CNTs is their ability to be attracted by a permanent magnet. This feature
leads these new hybrid materials to be used, after carefully designed external
functionalisation, in new applications such as water purification, to remove
different pollutants such as metallic cations*® or cationic dyes,* or recyclable
catalysts,’"** as examples. Both these applications rely on the ability of these
hybrid materials to be attracted almost quantitatively by a permanent mag-
net. Building on that property, these hybrid materials were used for different
biomedical applications.>

In 2008, Pensabene et al. used MWCNTSs possessing Fe, Co and Ni inside
their cavity to proceed to the translational movement of two types of neuro-
blastoma cells.”* After one-hour incubation of the hybrid mCNTs with the
cells, the authors introduced a Neodymium magnet in one of the dishes
used for the experiment. While the cells are homogeneously spread at the
beginning of the experiment, it is clearly seen that the number of cells with
mCNTs close to the magnet after three days is significantly higher than far
away from the magnet. The control experiment realised in the same condi-
tions with cells that have not been incubated with CNTs showed no preferen-
tial positioning and had the same density throughout the dish. In 2011, the
same group used magnetic CNTs coated by Pluronic F127 to interact with
mesenchymal stem cells (MSCs) from rat bone marrow.”® After five days of
incubating the cells with these hybrids CNTs, cytotoxicity assays were real-
ised and revealed that the CNTs interact with the cells without any noticeable
damages. Thus, the cells interacting with CNTs showed comparable viability
and proliferation rate than cells in the same medium without CNTs. Upon
application of an external magnetic field (1.41 T) close to the wells contain-
ing the cells for 72 h, a clear migration of the cells near the magnet could
be observed when compared with cells in the absence of CNTs. Following
this study in vitro, the authors applied their shepherding method in live rats.
Thus, after incubation of mesenchymal stem cells with the hybrid CNTs for
five days, one million cells were injected in the hepatic portal of rats. The
shepherding of cells was engineered by placing a magnet near the liver of the
rat overnight. After three weeks, the rats were sacrificed. Through treatments
of the organs and colouring of the MSCs cells using Prussian blue, the quan-
tity of MSCs treated with CNTs in three different organs, liver, kidney and
lung, were evaluated and compared to rats treated in the same conditions in
the absence of a magnet. On average of triplicate experiments, the livers of
the rats exposed to the magnet presented three times the quantity of mCNTs
than the liver of rats in the absence of a magnetic field. On the other hand, the
kidneys and lungs of the rats treated with the magnets showed fewer stained
cells than the control ones without a magnet. Park et al. also demonstrated
that SWCNTs purified and functionalized by acidic treatment and contain-
ing traces of Fe, Ni and Co were able to be transfected inside NIH3T3 mouse
fibroblast cells.’® As a result, the cells could be attracted towards an exter-
nal magnet. In 2013, Shen et al. coated the surface of CNTs with magnetic
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iron oxide nanoparticles. The resulting MCNTSs were noncovalently function-
alised with phospholipids-PEG5000 and fluorescein isothiocyanate.”” After
incubation of the functionalised mCNTs with U87 cancer cells for two hours,
fluorescence imaging revealed the presence of mCNTs in the cytoplasm of
the cells. Through application of a NdFeB permanent magnet, the labelled
cells showed rotation and translation. In a first avenue, the cells rotated to
match the North-South poles and then started migrating towards the mag-
net (Figure 5.5). It is noteworthy to indicate that, also in this case, the hybrid
CNT materials do not present any noticeable cytotoxicity.

In 2013, Lamanna et al. also showed that MWCNTs exohedrally func-
tionalised by super-paramagnetic iron oxide nanoparticles (SPIONs), after
incubation, could be internalised by human prostatic cancer cells PC3.7® As
indicated in the previous section, the use of a rotating magnetic field could
enhance the uptake of the mCNTs inside the cells. The resulting cells could
then be shepherded towards an external magnet and only with the presence
of a micromolar concentration of mCNTs. The same year, our group synthe-
sised Fe-filled MWCNTSs and bioconjugated them with Cetuximab®, an anti-
body able to discriminate between EGFR+ cancer cells, such as A431 cells,
from EGFR- cell lines, such as EAhy926 or CHO.” Through this interaction,
the hybrid MCNTs were able to preferentially agglomerate around one of
the three cell lines when mixed together in solution. Upon application of an
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Figure 5.5 Snapshots of bright-field images of U87 cells labelled with mCNTs in
the presence of an external magnetic field. (a) to (c) Rotation of a large
number of cells under the influence of the magnet and (d) to (i) trans-
lation of cells (indicated by the blue arrows). The magnetically induced
cell movement was monitored over 15 s. Reproduced from ref. 57 with
permission from the Royal Society of Chemistry.
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external magnetic field originating from a Neodymium magnet, we were able
to differentiate cell lines in a matter of minutes. By removal of the super-
natant, the magnetically coagulated EGFR+ cancer cells remained mainly in
the original vial while the EGFR— cells were mostly found in the superna-
tant (Figure 5.6). A similar experiment realised by conjugation of the mCNTs
with bovine serum albumin possessing no preferential targeting behaviour
showed that under the same experimental conditions the three cell lines were
found in the supernatant. In 2015, our group also extended this concept to
magnetic cell filtration.**> Upon bioconjugation of mCNTSs with the same anti-
body, we studied the absorbance of the solution with or without the presence
of an external static magnetic field and were able to evaluate the coagulation
effectiveness (CE) of our material. In the presence of the magnet, CE reaches
ca. 90% in 500 s while the control experiment in the absence of a magnet only
shows a CE of ca. 35% in the same time. Following this study, we incubated
the hybrid mCNTs with targeted A431 cells and proceeded to the cell fishing.
After 250 s of magnetic field exposure, up to 95% of the targeted A431 cells
were removed from the solution. However, in the same conditions, EA cells,
not recognised by Cetuximab®, only showed a 35% cell fishing effectiveness.
Interestingly, the efficiency of the fishing effectiveness is also dependent on
the crystallinity of the Fe phase encapsulated in the cavity of the CNTs. It is
noteworthy to indicate that the mCNTs developed by Liu et al, along with
their use for magnetic stirring presented previously, were also able to drive
cell motion towards a permanent magnet.*®

5.3.1.3 Delivery Through Translational Motion

Based on the same principles, it is possible to use the responses of mCNTs
to external magnetic fields to induce delivery of biocompatible materials.
Multiple examples are reported in the literature for the delivery of antican-
cer drugs or peptides, among others, by bare CNTs.®*> By making them
magnetic through the addition of MNPs inside the cavity or on the graphitic
structure of the CNTs, multiple research groups hoped to use the transla-
tional movement described previously to enhance the use of mCNTs as carri-
ers. In 2005, Cai et al. developed a spearing process using magnetic CNTs.*
After the synthesis of CNTs through plasma-enhanced chemical vapour
deposition, the material obtained contained residual amounts of nickel
encapsulated in the cavity of the CNTs, making them slightly magnetic and
thus responsive to an external magnetic field created by a permanent mag-
net. Through application of a rotating magnetic field, these nanotubes can
enter the cell membrane. A following static magnetic field will then lead to
the pulling of the CNTs inside the cells and into the cytoplasm. By previ-
ously coating the magnetic CNTs with a DNA plasmid, encompassing the
sequence for the green fluorescent protein (GFP), the authors were able to
efficiently deliver their load inside specific cells. In addition, this approach of
using magnetic CNTs greatly increased the efficiency of the delivery, so that
femtomolar concentrations are required in the case of magnetic CNTs while
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Figure 5.6 (a) Experimental steps to perform the magnetic sorting of cells and (b)
confocal microscopy images of suspension containing A431 (red), and
EGFR—, CHO (blue) and EAhy926 (green) cells after the magnetic filtra-
tion steps (top: mixing, middle: supernatant and bottom: precipitate)
with different types of mCNTs. Reproduced from ref. 59 with permis-
sion from John Wiley and Sons, Copyright 2013 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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micromolar to nanomolar concentrations are needed for bare CNTs. In 2010,
Gul et al. used magnetic SWCNTs containing Ni and Y at the tip to tag hae-
matopoietic stem/progenitor cells with fluorescein-isothiocyanate (FITC).*
Following the same protocol developed previously by Cai et al., they used a
combination of rotating and static magnetic field to lead to a high cellular
uptake of the hybrid fluorophore carrier. While the cells were ca. 100% FITC
positive, their viability was not affected compared with the control experi-
ments. The same group later reported the uptake of the same labelled mag-
netic CNTs by human monocytic THP-1 leukemic cell lines showing a 100%
of FITC-positive cells after 1 h. However, it is noteworthy to indicate that the
fluorescence of these cells increased until 6 h, indicating that the uptake of
mCNTs in the cells was still occurring. This spearing mechanism was also
used more recently to extract molecules from living cells.®® The authors pre-
pared CNTs with Ni-coated nanoparticles enclosed at their tip and enhanced
their magnetic response by an additional coating of their graphitic structure
with Ni. Additional 1-tyrosine electropolymerisation was realised to increase
the biocompatibility of these mCNTs. Alignment and movement of these
“nanospears” were then studied using an external magnet and the spearing
experiment was realised on human embryonic kidney cancer cells overex-
pressing GFP, able to non-covalently attach to CNTs. Molecular extraction
from intracellular objects was then demonstrated by cultivating the cells on
a polycarbonate filter with 8 um diameter pores (Figure 5.7). The efficiency of
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Figure 5.7 Principle of magnetic extraction using the spearing technique. Repro-
duced from ref. 65 with permission from Proceedings of the National
Academy of Sciences, Copyright 2014.
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the extraction was performed by the appearance of GFP on the mCNTs hav-
ing speared in the cells and speared out through the polycarbonate filter. It is
noteworthy to indicate that the spearing of mCNTs through the cells has only
a negligible effect on cell viability with a drop from 98.2% to 96.4%.

In 2009, Yang et al. used magnetic CNTSs, grafted by iron oxide nanopar-
ticles, as lymphatic targeted drug delivery vehicles.®® After their synthesis
Gemcitabine, an anticancer drug, was loaded on the mCNTs. These materi-
als were then used to deliver the drug into the lymphatic system of rats and
the concentration of drug was evaluated in the left popliteal lymph nodes,
the target of this study. Through multiple experiments, the authors demon-
strated the effects of each of the materials. Thus, in absence of CNTs, the con-
centration of Gemcitabine is almost constant throughout the experiment,
whereas, in the presence of the drug-loaded mCNTs the concentration of the
drug in the targeted organ is ca. six times higher after 24 h. The same exper-
iment realised in the presence of a permanent magnet sutured on the pro-
jection surface of the targeted lymph node leads to an even higher increase
of the concentration of the drug in the targeted organ throughout the dura-
tion of the experiment (Figure 5.8). It is noteworthy to indicate that the same
experiments in which the CNTs are replaced by nano-sized activated carbon,
coated by MNPs, led to a great decrease of the concentration of the drug in
the left lymph node, showing the importance of the CNTs. The efficiency of
the mCNTs as drug carriers was also seen by the great decrease of the concen-
tration of Gemcitabine in the blood plasma when using CNTs compared to
the other experiments. Through this experiment, mCNTs showed their great
appeal as nano-drug carriers.

In 2011, Li et al. developed a hybrid system composed of MWCNTs grafted
by iron oxide nanoparticles for magnetic attraction, folate (FA) as the targeting
unit and Doxorubicin (Dox) as the anticancer drug to kill cancer cells (Figure
5.9).° In a first avenue, the cytotoxicity of FA-MWCNTs@Fe was evaluated and
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Figure 5.8 Gemcitabine concentrations at different times after subcutaneous
administration: (a) in the left popliteal lymph nodes, and (b) in blood
plasma. Reproduced from ref. 66 with permission from the Royal Soci-
ety of Chemistry.
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did not demonstrate any cytotoxicity of these hybrid materials towards HeLa
cells. Cell viability tests were then realised in the presence of Dox. These exper-
iments were performed on five batches: drug alone, drug loaded on oxidised-
MWCNTSs with or without FA and drug loaded on oxidised-MWCNTs@Fe with
or without FA (Figure 5.9). In the absence of magnetic nanoparticles, the best
results were obtained for Dox/FA-MWCNTs showing the affinity of FA towards
cancer cells. As expected, the experiments done in the presence, or not, of an
external magnet do not show any difference as the MWCNTSs are not sensi-
tive enough towards low magnetic field without the presence of MNPs. Upon
addition of iron oxide nanoparticles, the hybrid materials show a cytotox-
icity enhanced two to three times in the presence of a magnet compared to
the same experiment without a magnet. Dox/MWCNTs-FA@Fe in the pres-
ence of a magnet even shows a 6-fold improvement compared to commercial
Dox alone. These results show the efficiency of a “dual-targeted nanocarrier”
in which FA acts as active targeting agent while the MNPs are passive. This
property was also studied by Chen et al. who used Transferrin as a targeting
agent for HeLa cells.®® The authors developed a multimodal system in which
iron oxide nanoparticles are encapsulated inside the cavity of CNTs whose
graphitic structure is covered with PSS to anchor fluorescent SiO,-coated
quantum dots, Transferrin (Trf) as the targeting agent and Dox. Through flu-
orescence microscopy, the uptake of these hybrid materials by HeLa cells was
demonstrated while only slight uptake was recorded for Trf-negative HEK293
cells, demonstrating the active targeting of Trf. In addition, a strong increase
in the uptake of the hybrid material by the cell was observed upon addition
of an external magnet. This was hypothesised to be due to the higher concen-
tration of mCNTs in a given area also showing the passive targeting of these
magnetic materials. These results allowed for the efficient delivery of Dox in
the cells, showing here again a decrease in cell viability due to the drug in the
presence of an external magnet.
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In 2015, Al Faraj et al. also used mCNTs to deliver Dox to tumours.* After
preparing SWCNTs grafted by iron oxide nanoparticles and mouse Endoglin/
CD105 monoclonal antibody as the targeting agent, the authors used the gra-
phitic surface of the SWCNTSs to non-covalently attach the antitumour drug.
After in vitro testing, the hybrid materials were injected into tumour-bearing
mice. Upon injection of mCNTs bearing only the biotargeting agent, and no
Dox, the tumour growth could be followed and showed metastasis after 10 to
14 days. On the other hand, if the same material bearing the anticancer drug
is injected, a clear decrease of the tumour size can be seen after injection
without the presence of metastasis. If a magnet is applied externally at the
location of the tumour, the effect of the hybrid materials is further enhanced
showing, in this example, the efficiency of magnetic targeting induced by
the presence of magnetic nanoparticles grafted on CNTs.* In 2016, the same
group used the same type of hybrid material to deliver Dox to the lungs while
decreasing their uptake in the reticulo-endothelial system.”® To do so, they
used a high-energy multipole flexible magnet to guide the mCNTs towards
the metastatic cancer cells in the lungs of mice injected with breast cancer.
After the injection and proliferation of breast cancer cells in the left inguinal
mammary fat pad of the mice, the tumour led to metastasis in the lungs in
three weeks (Figure 5.10). Without treatment, the tumours keep increasing
in both sites over the next four weeks, which was the end of the study. After
injecting the anticancer drug alone, a decrease in growth of the tumours at
both the primary site and the lungs could be observed. On the other hand,
upon injection of Dox loaded on mCNTs, a clear decrease of the tumour size
could be observed at the primary site while the volume of the tumour in the
lungs remained constant. When the magnets are applied externally to the
lungs of the mice, the mCNTs were found to colocalise with the cancerous
nodules and led to a net decrease of the tumour size in the lungs to reach a
similar volume to the ones seen in the control mice, without tumours. Here
again, mCNTs, due to their attraction to magnets, were demonstrated to be
efficient drug carriers in vivo. Following these studies, other research groups
have used similar hybrid materials to deliver drugs such as aspirin or acet-
aminophen,” Dox’? or Epirubicin.”

5.3.2 Heat Production

In the past few years, different approaches were developed to use CNTs in
hyperthermal therapies. CNTs are known to produce heat through near-IR
light-based hyperthermia due to their high absorption in this regime.”*”
This method is very attractive since biological systems are transparent to
these wavelengths. The use of SWCNTs as hyperthermia agents has been
reported in living cells, but their use in living bodies is limited due to the low
penetration of NIR light, which is only able to pass through a few centime-
tres of tissue. On the other hand, magnetic fields present the advantage of
penetrating biological matter much deeper. However, due to their weak mag-
netic properties, CNT applications in magnetic-fluid hyperthermia (MFH)
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Figure 5.10

Non-invasive bioluminescence imaging assessment of the primary
tumour site and lung metastasis after injection of Dox-loaded mCNTs.
(a) Representative bioluminescence images of tumour-bearing mice
without treatment (at i: —14 days, ii: 0 day, iii: 14 days, and iv: 28 days)
and after injection of either free Dox (at v: 14 days and vi: 28 days), or
Dox-loaded mCNTs without (at vii: 14 days and viii: 28 days) or with
(at ix: 14 days and x: 28 days) positioning magnets over the lungs.
(b) Quantitative assessments of radiance efficiency (p/s/cm?/sr). The
arrows represent the time of injections. The asterisks indicate signif-
icant differences as compared to the non-injected group. (c) Picture
of a mouse showing the position of the small flexible magnets over
the lungs. Reproduced from ref. 70 with permission from Macmillan
Publishers Ltd, Copyright 2015.

treatments, while commonly used for MNPs such as SPIONs,”® require some
modifications of the CNTs. In this regard, the introduction of MNPs inside
the cavity of CNTs, and especially Fe, to allow their use in MFH applications
was first reported by Biichner and co-workers.””””° In these seminal works,
the authors reported the specific absorption rates (SAR) of Fe nanowires
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encapsulated inside the cavities of CNTs. In 2009, the same group expanded
on these results.* They described the synthesis of Fe-filled MWCNTs by
aerosol-assisted CVD techniques for an overall iron concentration of around
3 £ 1 wt% in the materials. Through applying alternating magnetic fields
above 30 kA m™, a notable temperature increase of Fe-MWCNTSs' dispersion
was observed (Figure 5.11a). This heating effect could, in the conditions
described in this report, reach a heating rate of 3 °C min ' when the mag-
netic field applied was 80 kA m™". Similar experiments realised with washed
CNTs, lacking Fe, or CNTs covered with non-magnetic nanoparticles, such
as Cu nanowires, did not yield any temperature increase in the samples
(Figure 5.11b).

Instead of using endohedrally-filled CNTs for hyperthermia application,
Shi et al. functionalised the outer graphitic structure of MWCNTSs with
poly(lactic-co-glycolic acid) to subsequently graft quantum dots and iron
oxide nanoparticles on the CNTs' surface.’* Upon application of an alternat-
ing magnetic field, with a frequency of 956 kHz and a strength of 6.0 mT,
the samples prepared reached a temperature of 45 °C after 30 minutes. Wil-
son et al. demonstrated a few years later that FeCo nanoparticles plated on
MWCNTs could produce mCNTs that could also be used in hyperthermia
applications.® Using a magnetic field of 200.2 A m ™" at a frequency of 282
kHz, a sample of concentration 100 mg mL " reached a temperature of ca.
43 °C after 800 seconds. Reaching this temperature is very important for the
development of hyperthermia treatment as the thermotolerance of human
and rodent cells is reported at 42.5 °C.55

Through bioconjugation of Fe-MWCNTSs with Cetuximab®, an antibody
able to discriminate between EGFR+ cancer cells, such as A431 cells, from
EGFR- cell lines, such as EAhy926, our group demonstrated selective MFH
activity.® A mixture of both cell lines in a thermostated solution was sub-
jected to an alternating magnetic field of 83 kA m™ and 220 kHz for 10 min
and did not show any noticeable cell death. The addition of bioconjugated
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Figure 5.11 (a) Temperature increase of Fe-MWCNT dispersion in different
alternating magnetic fields. (b) Comparison of Fe-MWCNT to non-
magnetic control materials. Reproduced from ref. 80 with permission
from Elsevier, Copyright 2009.
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Fe-CNTs, with a final Fe concentration of ca. 7 + 2 wt%, induced an increase
in cell death for A431 and EAhy926 cell lines, ca. 11% and 3%, respectively.
To this solution, the application of the MFH treatment described previously
led to ca. 20-25% of A431 cell death while only 7-8% of EAhy926 cell death.
We later demonstrated enhanced cytotoxicity effects upon an increase of Fe-
loading of MWCNTs and use of pulsed magnetic fields, 40 seconds per min-
ute for 30 minutes (Figure 5.12).* This pulsed sequence was used to prevent
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Figure 5.12 (a) Timeline of the “pulsed” MFH conditions (40 s of impulse each
minute for 30 minutes). (b) Phase contrast microscopy images of
EGFR+ A431 cells after “pulsed” MFH incubation with different mCNT
batches and with conventional heating at 37 °C (5) and at 70 °C (6).
After the incubation, cells were stained with trypan blue. Scale bar =
50 pm. (c) Cell death as assayed with trypan blue staining. Reproduced
from ref. 42 with permission from the Royal Society of Chemistry.
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any global heating of the whole solution and keep the heating localised in
close proximity to the mCNTs. By pre- and post-modification of Fe-MWCNTs,
the quantity and crystallinity of the Fe phase inside the cavity of the nano-
tubes was tailored. Fe-MWCNTs with a Fe concentration 19 wt% to 36 wt%
presenting different ratios of a-Fe, y-Fe, iron carbide (Fe;C) and y-Fe;O, were
bioconjugated with Cetuximab® and led to up to ca. 70% of targeted A431 cell
death while reference Ea cells only showed 15% of cell death in the same con-
ditions. Following these experiments, the efficiency of the killing was also
proven to be highly dependent on the quantity of the Fe loading of the CNTs
as well as the crystallinity of the Fe phase encapsulated. Thus, an increase in
Fe,C leads to a higher SAR of the hybrid materials and to a better hyperther-
mia efficiency. In 2015, Raniszewski et al. prepared Fe-filled CNTs and used
them in hyperthermia tests showing an increase of temperature of ca. 30 °C
when a 2 mL solution of mCNTs dispersed with DMSA was subjected to an
alternating magnetic field of 11 mT at 532 kHz.*

In 2017, Dalal et al. prepared MWCNTSs exohedrally grafted by Li-Zn-Co-
ferrite Li,;Zn,;Co, Fe,;0, nanoparticles using different temperatures of
annealing.®® These different samples were tested for hyperthermia applica-
tions using a magnetic field of 420 Oe at a frequency of 300 kHz. While at
a concentration of 2 mg mL™" of mCNTSs, the MNPs reached a temperature
of 42 °C in 3 min, mCNTs only reached 41 °C after 10 min. By increasing
the concentration to 10 mg mL ™', mCNTSs reached 42 °C in 5 min under the
same conditions. The following year, Zuo et al. studied Zn, 5,C0, 44Cr, Fe; 40,
nanoparticles grafted on the surface of MWCNTSs under an alternating mag-
netic field of 200 Oe with a frequency of 100 kHz.*” Under these conditions,
which could be adequate for clinical therapy,®®® the sample containing
mCNTs reached a temperature of 42.7 °C. The same year, Sadaphal et al
developed CNTs covered with magnetite/gold nanoparticles.”® These hybrid
mCNTs were studied using an alternating magnetic field of 25 to 80 Oe at 155
kHz at different concentrations and showed an increase of the temperature
of up to 44 K in optimal conditions. It is noteworthy to indicate that these
mCNTs were also used for laser-induced hyperthermia. Combining these two
techniques, the authors studied the death of PC12 cells, which reached up to
ca. 80% after 40 min. As another example, in 2015, Peci et al. synthesized Fe-
filled MWCNTSs and coated them with gadolinium cations, Gd*".°* Through
this dual functionalisation, the authors aimed for two different applications:
magnetic hyperthermia and MRI. Using an alternating magnetic field with a
frequency of 696 kHz and a strength of 8 kA m™, the mCNTs produced pos-
sessed a SAR of 50 W gg. . On the other hand, the presence of gadolinium
cations could also lead to a use of these materials for MRI.

5.3.3 Magnetic Resonance Imaging

Another very important biological application of mCNTs is in magnetic res-
onance imaging (MRI). MRI is a commonly used technique and can acquire
full-body images. This technique is non-invasive and is based on the relax-
ation time of protons de-excitation contained in different parts of the body.
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As the data are highly dependent of the environment of the proton studied,
this allows for the differentiation of the different tissues within the body.**
However, this technique is not always sensitive enough and approximately
30% of the tests require the use of a contrast agent (CA) to enhance the con-
trast.” Thus, gadolinium-based molecules have been developed to be used
as T;, i.e. longitudinal, contrast agents, showing a hypersignal, i.e. a white
zone.” However, it is well known that MNPs, such as iron oxide nanopar-
ticles, can be used as Ty, i.e. transverse, contrast agents by reducing the 7,
relaxation times of nearby protons, leading to hyposignals, i.e. black zones.”
Based on this aspect, the use of CNTs bearing MNPs, either inside their cavity
or on their graphitic structure, make them excellent candidates to be used as
contrast agents for MRI.?*%7

In 2005, Sitharaman et al. reported the loading of ultra-short SWCNTs (US-
SWCNTs)with Gd** cations through their tips or defects.’® The hybrids obtained
were superparamagnetic due to the presence of confined Gd** clusters. The
presence of these clusters in the nanotubes greatly reduced the relaxation rate
of the hybrid materials compared to unloaded US-SWCNTs. Remarkably, these
Gd*"-loaded US-SWCNTSs present a proton relaxivity r; 20 times higher that
[Gd(H,0),]*" at 60 MHz and 40 °C, increasing to 90 times at very low fields,
such as 0.01 MHz, showing great promise for these materials. Since that dis-
covery, multiple reports have expanded on these “gadonanotubes” to use them
as intracellular magnetic probes or smart pH probes for NMR.**'%

In 2008, Richard et al. developed another approach to use mCNTs as T,
CAs." They non-covalently functionalised Gd** chelates, similar to GADTPA,
a clinically used Gd**-based CA, on the graphitic surfaces of MWCNTs. The
material obtained showed high proton relaxivities at 20 MHz for concentra-
tions of Gd**-chelates of 0.1 and 0.05 M with r;, = 34.5 and 50.3 mM " s,
respectively; noticeably higher than the commercial compound measured in
the same conditions (4.7 mM ' s™!). These compounds could also be used as
T,-weighted CAs due to their decrease of the T, values in comparison with
pure water (Figure 5.13).

In 2014, Marangon et al. synthesised MWCNTSs covalently functionalised
by diethylenetriaminepentaacetic dianhydride (DTPA) that can chelate Gd**
cations, providing paramagnetic Gd-CNTs.'*” The proton relaxivities r; val-
ues for this material were two-times higher than commercial Gd-DTPA at low
frequency. The cellular uptake of these nanomaterials was also performed
in vitro using RAW 264.7 mouse macrophages and showed the presence
of mCNTs inside the cells after 20 h of incubation without any noticeable
induced cytotoxicity. Following this study, in vivo imaging was performed on
mice. Gd-CNTs were injected intravenously in mice at two different concen-
trations and the animals were monitored for 5 h. At low concentration, ca.
2.5 mg kg, no significant change could be observed by T;-weighted MRI.
On the other hand, a higher concentration, ca. 12.5 mg kg, led to a clear
signal enhancement in the liver and spleen of the animal, with a strong one
in the bladder of the animal, with an enhancement of +250% (Figure 5.14).
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Figure 5.13 MRI images of the MWCNT-Gd complex at different concentrations
and measured at 300 MHz. (a) Rho-weighted SE TR/TE = 15 s/10 ms
and (b) T;-weighted (SE TR/IR/TE = 15 s/1 s/10 ms) showing a hypersig-
nal, (c) T,-weighted (SE TR/TE = 15 s/33 ms) presenting a hyposignal
due to the hybrid materials. Reprinted from ref. 101 with permission
from American Chemical Society, Copyright 2008.
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Figure 5.14 (a) MRI contrast enhancement in liver, spleen, kidneys and bladder
following intravenous injection of Gd-CNT 5 (5 mg mL™, 100 uL) in
comparison to the signal prior injection. Standard deviations are
deduced from three independent measurements. (b, ¢) Example of
MR slices showing liver (L), spleen (S), kidney (K) or bladder (B) at dif-
ferent times before and after injection of hybrid material. A fast spin
echo RARE T;-weighted sequence was used with TR/TE = 445/12 ms.
Reproduced from ref. 102 with permission from John Wiley and Sons,
Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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This contrast enhancement varies differently over time in different organs,
with a decrease after 2 h in the bladder while it increases in the liver over 6 h.
Here again, it is noteworthy to indicate that no sign of tissue damage could
be observed on the different organs and that the behaviour of the animals
remained normal up to 8 days after injection.

In 2007, Choi et al. reported the development of T,-weighted CA based on
SWCNTSs possessing iron oxide nanoparticles at their tip.'”® These mCNTs
were then wrapped by DNA to improve their solubility and individualisation
and then separated by magnetic separation to lead to three different samples,
initial, Fe-enriched and Fe-depleted. These different hybrid mCNTs were
incubated for 7 h with murine macrophage cells and, after washing, then
transferred to MRI tubes. Upon T,-weighted MR imaging of samples incu-
bated with the Fe-enriched samples, the cells appear clearly as black spots,
which demonstrates the efficiency of mCNTs as CA by reducing T,. A clear
difference can be seen on the cross-section of tubes with cells incubated with
Fe-enriched (dark), initial (grey), and Fe-depleted (white), showing the effi-
ciency of the iron oxide MNPs at the tip of the CNTs to act as CA. In another
report, Wu et al. grafted iron oxide nanoparticles on the surface of MWCNTs
and used them as T, CAs in vivo.'"" After intravenous injection of mCNTs for a
dose of 2.5 mg of Fe per kg of body, a significant darkening of the spleen and
liver was observed (Figure 5.15). Among other noticeable reports, in 2013,

Figure 5.15 In vivo T,-weighted MRI images of (a) liver and (b) kidneys/spleen
taken before (time 0) and after (15, 90, 165, 225 and 300 min) intra-
venous administration of 2.5 mg Fe per kg body weight of MWCNT/
Fe;O,. Reproduced from ref. 104 with permission from Elsevier, Copy-
right 2011.



Biological Applications of Magnetically Empowered Carbon Nanotubes 175

Wang et al. synthesised MWCNTs decorated with super-paramagnetic iron
oxide nanoparticles and used them as dual imaging agent, T, CA for MRI and
single photon emission computed tomography (SPECT) and positron emis-
sion tomography (PET).'” In 2014, Liu et al. used iron oxide nanoparticles
grafted on the surface of MWCNTSs, with a lactose-glycine adduct as targeting
agent, as T, CAs in vitro and in vivo."* After the measurement of the magnetic
properties of the mCNTs, the authors determined the relaxivity value (r,) of
their material. Thus, their hybrid mCNTs present a r, of 186 mM ' s ' while
commercial Feridex, iron oxide CA, hasar, of 148 mM ' s'. After cytotoxicity
tests in mice showed that no acute toxicity was seen after 5 days upon injec-
tion of a 10 mg kg ' dose, the compounds were injected into liver tumour
bearing mice. After injection, a clear contrast change was observed between
the normal tissue and tumour of mice indicating that the hybrid mCNTs had
been internalised and taken up by the liver.

Instead of using iron oxide nanoparticles, Wu et al. used cobalt ferrite
(CoFe,0,) grafted onto CNTSs to be used as T, CA.'”” The efficiency of the
mCNTs in MRI was measured upon different concentrations of Fe, deter-
mined by ICP-AES, showing a higher performance upon increasing Fe con-
centration of the hybrid materials. In addition to their potential use as CAs,
the materials showed low cytotoxicity and were also used to deliver Dox, non-
covalently loaded on the graphitic surface of mCNTs. Through the possibility
to perform imaging and drug delivery, this report clearly shows the multi-
modal behaviour of mCNTs. Over the years, other types of MNPs coated on
CNTs have been used as T, CAs, such as FePt.'%®

In 2011, Ding et al used Fe-filled MWCNTs as T, contrast agents for
MRL.'* The authors synthesised four batches of mCNTSs through CVD using
increasing quantities of ferrocene catalyst in order to gradually increase the
concentration of Fe encapsulated in the materials. After acidic washing of
these different nanomaterials to remove any external iron, the mCNTs were
dispersed in water at different concentrations and their 7, relaxation times
measured, showing a global trend in which T, decreases when the quantity
of encapsulated Fe increases. mCNTs containing the highest quantity of
encapsulated Fe were then injected in mice inoculated with murine renal
carcinoma tumour fragments. 100 pg of Fe@MWCNTs were injected and
their presence was followed by T,-weighted MRI showing a clear black spot
after injection. In comparison, when N-doped MWCNTSs were injected in the
same conditions, no MRI contrast enhancement could be observed, showing
the fundamental role of encapsulated Fe. These materials were also used to
perform laser-induced thermo-therapy due to their graphitic structure, here
again showing the multimodal effect of mCNTs for biological applications.
In 2015, Maciejewska et al. also used Fe-filled MWCNTSs, with only 2% of Fe,
as potential T,-weighted MRI CAs in vitro, showing that even a small load-
ing of Fe is sufficient to obtain a contrast enhancement."’ This efficiency
was also shown by other groups who reported mCNTs as T, CAs with a very
small amount of Fe encapsulated.'"* Baranowska-Korczyc et al. also reported
the use of Fe-filled MWCNTSs using the CVD technique and produced mCNTs
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with different Fe loading.'"* After their coating with PEG, these mCNTSs were
tested in MRI experiments and also showed to be efficient T, CAs upon
good dispersibility in the solution. In 2016, Ding et al. reported that mCNTs
encapsulating Fe-nanowires were showing a 1.5 times improvement com-
pared to similar CNTs without metallic nanoparticles.'** This report clearly
demonstrates the synergistic behaviour of MNPs and CNTs for magnetic res-
onance imaging. By combining their ability to enhance contrast in MRI and
to deliver drugs, these mCNTs appear as perfect materials for multimodal
approaches. Lee et al. thus used SPIONs-covered PEG-mCNTs for Oxaliplatin
delivery while following it by T,-weighted MRI in vivo (Figure 5.16)."'* These
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Figure 5.16 (a) Tumour volume and body weight of tumour-bearing mice after
injection (**p < 0.01 versus the control group) and presence of Oxal-
iplatin or Oxalip in the tumour. (b) T,-weighted MR images of the
tumour before and after the injection of mCNTs bearing Oxaliplatin
(the red lines correspond to the tumour and the yellow dashed cir-
cles to the presence of mCNTs aggregation). Reproduced from ref. 114
with permission from the Royal Society of Chemistry.
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hybrid materials were injected into tumour-bearing mice which led to a net
decrease of the tumour volume while following the presence of the mCNTs
by MRI when compared to the control mice or mice injected with the free
drug called Oxalip.

5.4 Conclusion

By using the synergy between MNPs and CNTs, mCNTs can be used for
numerous biological applications. Magnetically driven movement by appli-
cation of a low power magnet can lead mCNTs to “spear” cells and thus
deliver drugs or extract intracellular compounds. By applying an external
magnet at the location of a biological target, for example a tumour, the deliv-
ery efficiency of mCNTs is also enhanced. The presence of MNPs on the CNTs
has also led to different reports of magnetic fluid hyperthermia. Upon tar-
geting, selective cell killing was demonstrated through hyperthermia treat-
ment. Finally, mCNTs offer great potential as T, contrast agents in magnetic
resonance imaging. The low toxicity of the materials developed combined
with the change in contrast they present make them very attractive for future
developments. However, the synthesis and study of optimised materials is
still ongoing. Through their multimodal aspect, they offer multiple possibili-
ties for combined applications in which they are their own imaging probe to
prove the efficiency of magnetically driven delivery, as one example among
many.
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6.1 Introduction

Over the past few years, converging research between nanotechnology and
neuroscience has potentially emerged,” leading to extensive investigation
in both fields within the scientific community. Nanotechnology covers the
branch of science that deals with materials at the nanoscale level to engineer
new structures, devices, and systems on a near-atomic size scale. The interac-
tion of this field with neuroscience leads to the tailoring of materials, devices
and systems with the primary goal of achieving direct communication with
the central nervous system (CNS).? One of the biggest successes of this con-
vergence has been the development of neuroprostheses. Neuroprostheses
are devices designed to interact with the CNS and restore function that has
been lost.” These devices consist of electrodes that allow either the electrical
recording of extracellular signals or electrical stimulation of neurons.>* To
optimize the neuroprosthesis efficiency and minimize the side effects, an
intimate contact between the electrodes and neural cells is required, which
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will improve the performance of the final device.>® In this sense, the use of
carbon nanomaterials (CNMs) has been at the forefront of the field, allowing
the design of nanoscale-sized systems able to interact with neural cells in a
controlled way, inducing the desired physiological response.*”*

CNMs show unique properties such as a high electrochemically accessible
surface area, high mechanical strength and excellent thermal and electri-
cal conductivity.”'® The high surface area of CNMs is an important factor to
enable the increment of the electrode charge injection capacity and decrease
the interfacial impedance with neurons.''? Furthermore, their intrinsic good
electrical conductivity and biocompatibility make them promising candidates
for the development of neural interfacing materials with high efficiency record-
ing and stimulation of the neuronal activity." It is also important to notice
that their biocompatibility and properties can be modulated through chemical
modification, allowing an optimal design of interface between the conductive
materials and target tissue. Thus, the chemical modification of CNMs can be
used to influence the CNM/neuronal interaction and modify cell behavior."* '®

Three naturally occurring carbon allotropes are known to exist (amor-
phous carbon, diamond and graphite). However, the valency of carbon
allows the arrangement of bonds in multiple forms, yielding different syn-
thetic carbon allotropes such as fullerenes, graphene (GR), carbon nano-
tubes (CNTs), carbon nanohorns (CNHs) and nanodiamonds (Figure 6.1)."°

VO«

Figure 6.1 Different types of existing carbon allotropes. Reprinted from ref. 183,
https://doi.org/10.3390/ma8063068, under the terms of the CC BY 4.0
International License https://creativecommons.org/licenses/by/4.0/.
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Among these allotropes, CNTs and GR have been the most extensively stud-
ied in the field of neuroscience due to their peculiar properties.'” The excel-
lent mechanical strength of GR and CNTs, combined with their very low
dimensions and flexibility, provide an intimate contact with the neural cells,
enabling the design of systems that behave as both support and/or interface
materials.'>"’

The purpose of this chapter is to describe the chronological evolution the
most common CNMs use in the field of neuroscience and to report the most
recent advances.

6.2 Carbon Nanomaterials in Neuroscience (History
and Perspectives)

In this section an overview of the main advances that have been realized in
the development of neural interfacing materials involving different types
of carbon nanostructures is provided. The history and the current journey
towards the design of advanced carbon-based materials aimed at interfacing
with the CNS will be discussed.

6.2.1 Carbon Nanotubes

CNTs were first observed as early as 1952 by the Russian scientists Radush-
kevich and Lukyanovich when they reported the electron microscopy obser-
vation of hollow carbon fibers.'® However, the first breakout in the discovery
of CNTs came in 1991 when Sumio Iijima published a paper in Nature, in
which he reported the discovery of a new type of carbon structure with the
appearance of needle-like tubes.' These structures consisted of concentric
shell structures containing from 2 to 50 layers of graphene, which are now-
adays known as multi-walled carbon nanotubes (MWCNTSs). Two years later,
Tijima® and Donald Bethune?®' independently observed single-walled nano-
tubes (SWCNTs), structures consisting of just one layer of graphene rolled up
in the form of a cylinder with a diameter of around 1 nm.

The first application of CNTs as substrates for neuronal growth was per-
formed nearly two decades ago by Mattson et al.,>* who grew hippocampal
neurons on glass coverslips coated with the permissive substrate polyeth-
yleneimine (PEI) and overcoated with MWNTSs. In the same work, they also
reported the improvement in the growth of neurons by modifying the
MWNT with the bioactive molecule 4-hydroxynonenal, a modification that
was accomplished via physical adsorption. In a later study, in an effort to
investigate whether the chemical modification of CNTs could be used to
affect neurite outgrowth, Hu et al. grew neurons on MWCNTs with differ-
ent charges.'® Thus, negatively charged MWNTSs were prepared by attaching
carboxyl groups to the caps of CNTs. Then, the carboxy-CNTs were further
modified by reacting with oxalyl chloride and either poly-m-aminobenzene
sulfonic acid (PABS) or ethylenediamine (EN), yielding zwitterionic and pos-
itively charged CNTs, respectively. In this work, the functional groups were
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covalently attached to the CNTs, providing a much more permanent modifi-
cation compared to that of physisorption. The authors concluded that posi-
tively charged MWCNTs allowed an increase in the length and branching of
neurites.”” In an attempt to obtain a more permissive CNT-based substrate,
the same group conducted a new study where they functionalized SWCNTs
with PEL.* The results demonstrated that SWNT-PEI exerted modulation of
neurite outgrowth and branching with intermediate effects between that
of PEI and MWNTSs. Lovat et al.** studied the possibility of using CNTSs to
promote an increase in the neural signal transfer. To improve the adhesion
properties of CNTs to the commonly employed glass coverslips and obtain
a homogeneous distribution of CNTs on the surface, MWCNTs were func-
tionalized via 1,3-dipolar cycloaddition of azomethine ylides (Figure 6.2,
left), yielding MWCNTs modified with pyrrolidine groups. Subsequent de-
functionalization of the MWCNTSs was achieved by annealing under N, atmo-
sphere at 350 °C, leaving purified and nonfunctionalized MWNTSs on the
glass (Figure 6.2, right).**

Postnatal hippocampal cells were then cultured on either uncoated glass
coverslips or coverslips coated with nonfunctionalized MWNT films. After
eight days of culturing, single cell patch clamp recording demonstrated a
six-fold greater frequency of spontaneous postsynaptic currents of the neu-
rons grown on MWCNT films (Figure 6.2, right). The authors attributed this
increase in the efficacy of neural signal transmission to the high electrical
conductivity of CNTs.*

The importance of the type of chemical modification was further evi-
denced by the study performed by Liopo et al.*® The authors demonstrated
that the covalent chemical modification of SWCNTs with 4-benzoic acid
or 4-tert-butylphenyl functional groups exerted a negative effect in the via-
bility and cell attachment of neuronal cells, showing them to be less sup-
portive substrates than unmodified SWCNTs. Such a result was attributed
to the hydrophobicity of the groups anchored to the sidewall of the CNTs.
Most importantly, during these studies Liopo and colleagues showed for the
first time electrical stimulation of neurons using the electrical properties
of SWCNTs. The electrical coupling between CNTs and neurons was con-
firmed when electrically stimulated transparent, conductive SWCNT films
elicited a neural response that was monitored by whole-cell current record-
ings.”” However, these studies did not prove the possibility of evoking synap-
tic activity in long-term neural circuits. In this direction, new insights were
obtained by Mazzatenta et al.,” who grew hippocampal cells on glass cov-
erslips coated with SWNT films. Electrophysiological recordings indicated
that neurons grown on SWNT substrates displayed prominent spontaneous
electrical activity. Furthermore, under a current clamp, a strong increase
in the average frequency of spontaneous action potentials was observed in
neurons grown on SWNTs. Finally, effective stimulation of the neural net-
work allowed the emergence of synaptic responses in neurons due to action
potentials elicited by CNTSs' electrical stimulations of the pre-synaptic cells.’
In a later study, Cellot et al.*® demonstrated that the presence of “intimate
contacts” between hippocampal neurons and SWCNTs created a physical
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Figure 6.2 Left: Schematic representation of the chemical modification of
MWCNTs via 1,3-dipolar cycloaddition reaction. Right: (A) Micrographs
taken by scanning electron microscopy showing the retention on glass
of MWNT films after an 8-day testing culturing conditions. (B) Neonatal
hippocampal neuron growing on dispersed MWNT after 8 days in cul-
ture. The surface structure, composed of films of MWNT and peptide-
free glass, allows neuron adhesion. Dendrites and axons extend across
MWNT, glia cells and glass. The relationship between the dendrite and
MWNT is very clear in the image in (C), were a neurite is traveling in
close contact to carbon nanotubes.** Reprinted from ref. 24 with per-
mission from American Chemical Society, Copyright 2005.

channel, which would electrically couple nanotubes to neurons favoring
electrical shortcuts between the proximal and distal compartments of the
neuron. They demonstrated also the presence of an additional somatic
membrane depolarization that occurred indirectly due to dendritic calcium
electrogenesis.?
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Functional stimulation, especially in applications of the nervous sys-
tem, often requires small-size electrodes with high current density. In this
direction, several studies have been reported that incorporate direction-
ally oriented CNTs into the electrodes.?”*® The high packing density and
high degree of alignment in these systems enhance the electrical proper-
ties of the electrodes.” Thus, Galvan-Garcia et al.*’ reported directionally
oriented MWCNTs in the form of sheets or yarns. These nanomaterials
were demonstrated to be viable substrates to promote cell attachment,
differentiation and cell growth. Additionally, the purity of the CNTs also
affected the interaction with the neurons. When highly purified CNTs
were interfaced with neurons, extended processes whose number and
length were comparable to those of neurons grown on a planar permissive
substrate, represented by polyornithine pre-treated glass, were observed.
Wang et al.?® reported the first neural interface consisting of CNT micro-
electrode arrays (MEAs) integrated onto substrates with pre-patterned
micro-circuitry. The MEA was based on vertically aligned MWCNT arrays
and offered a high charge injection ability (1-1.6 mC cm ?). Stimula-
tion of embryonic rat hippocampal neurons with the MEA was demon-
strated and neuronal activity was optically monitored by live calcium
imaging.”® Shein et al®*® reported CNT-based MEAs consisting of metal
electrodes coated by a layer of dense and entangled CNTs that formed
islands. The CNT regions attracted and anchored neurons and glial cells.
Electrical stimulation allowed the detection of neuronal activity over
an extended time period in vitro (up to two months).*® Similarly, Shoval
et al®' reported the application of CNT MEAs as interfaces for retinal
recording and stimulation. Neural spontaneous activity was monitored
minutes after retinas were placed over the electrodes. Most importantly,
a gradual increase in amplitude was recorded over several hours that was
attributed to an improved coupling between the neurons and the CNT
electrodes.? In order to reduce the neural damage and immune response
after implantation, a flexible CNT MEA was developed by Chen and col-
laborators.*? The presence of CNTs improved both the electrode imped-
ance and the charge-transfer capacity by more than six times. To ensure
good electrode adhesion, the CNTs were grown directly on the polyimide
substrate. The as-prepared MEA showed improved signal-to-noise ratio
during the recording of electrocorticograms from the rat cortex in vivo.*
In another study, neurons were grown on CNT modified MEAs and the
onset of the electrical activity was developed as early as four days after
seeding compared to seven days in control cultures.’® The authors con-
cluded that the presence of CNTs increase the surface roughness of the
microelectrodes allowing the adhesion of cells with a larger surface area,
boosting the activation of integrins, and promoting a faster neuronal dif-
ferentiation.*® More recently, an all-carbon-nanotube flexible MEA was
developed by David-Pur et al.** consisting of conducting MWCNT films
embedded in a polymeric support. Recording and stimulation tests with
chick retinas developed neuronal activity at currents as low as 4 pA, simi-
lar to values obtained with TiN commercial devices.
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Another important issue in the development of implantable scaffolds
based on CNT substrates has been the achievement of free-standing struc-
tures, instead of CNT-based materials attached to supportive glass or plas-
tics. The first example of free-standing CNT-based substrates was reported by
Gheith et al.*® and consisted in layer-by-layer (LBL) films of SWCNTs modi-
fied by polyacrylic acid polymer. The SWCNT LBL films were demonstrated to
support the growth, viability, and differentiation of neuronal NG108-15 neu-
roblastoma/glioma hybrid cells. In a later study, the same authors studied
the capability of the LBL-assembled CNT-based substrates to stimulate the
neurophysiological activity of NG108-15 cells.*® The results showed a clear
electrical excitation of neurons when current passed through the SWCNT
films.

Krukiewicz et al>’ prepared self-supporting flexible CNT films from
MWCNT arrays for the design of neural interfaces. The films were fabricated
by spray-coating a dispersion of MWCNTSs onto a Kapton foil. The subsequent
detachment from the substrate and annealing yielded the self-supporting
MWCNT films with a uniform thickness of 10 um that were employed as
neural interfaces. The as-prepared CNT films were found to facilitate neu-
rite outgrowth, as well as decrease the presence of reactive astrocytes in
vitro, observed by the decrease in astrocyte cell area.’” In this framework,
very recent research has demonstrated that self-supporting SWCNTSs films
with high mechanical performance can be designed through the chemical
cross-linking of the SWCNTs.'® Most importantly, the electrical conductiv-
ity of the resulting CNT-films can be tuned just by modifying the degree of
cross-linking, which, in turn, regulates neural circuit outputs. Immunoflu-
orescence studies confirmed that neurons and glial cells were able to grow
and survive on the CNT substrates for at least 9-11 days. Finally, calcium
imaging recording was accomplished revealing that those films with a lower
degree of cross-linking and higher electrical conductivity generated bursts
with higher rate, due to an improved efficiency in axonal signaling and to the
increase in synaptic connections (Figure 6.3)."

Much of our early knowledge about neural interfaces has been acquired
from studies based on 2D structures. However, beyond the development
of 2D constructs, in recent years biologists have focused their attention on
the development of three-dimensional (3D) structures that mimic the 3D
microenvironment in which cells operate in vivo.*® In 2009, Ghibaudo and
co-workers* showed that the topography of the substrates played an import-
ant role in cell shape and migration by modifying cell-to-substrate interac-
tions. Cells that were cultured on 3D structures exhibited a more branched
shape than those cultured on 2D substrates. In a recent study, Alegret et al.*
reported 3D porous and conductive composites consisting of CNTs and poly-
pyrrole (PPy), a conjugated polymer demonstrated to reduce gliosis, improve
adaptability and increase charge-transfer efficiency in brain-machine
interfaces. The authors developed a novel strategy for the construction of
3D porous composites based on the vapor phase polymerization of pyrrole
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Figure 6.3 (A) Top left: Snapshots of representative fields of neuronal cultures
grown on SWCNTSs with low cross-linking degree and high conductivity
(LCD-SWCNTs), stained with the Oregon Green 488-BAPTA-1AM. Scale
bar: 50 pm. Right: Repetitive Ca?*-events spontaneously or bicuculline
induced recorded in hippocampal cultures of 10 DIV for LCD-SWCNTSs.
(B) Bottom left: Snapshots of representative fields of neuronal cultures
grown on SWCNTs with high cross-linking degree and low conductivity
(HCD-SWCNTs), stained with the Oregon Green 488-BAPTA-1AM. Scale
bar: 50 um. (C) Right: Repetitive Ca**-events spontaneously or bicuc-
ulline induced recorded in hippocampal cultures of 10 DIV for HCD-
SWCNTs. Reproduced from ref. 16 with permission from American
Chemical Society, Copyright 2019.
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inside the CNT 3D template. Finally, astrocytic cells were cultured on the
as-prepared scaffolds in order to evaluate its biocompatibility. After 48 h of
incubation, the PPy/CNT scaffolds showed a huge stimulation effect in the
cell growth, regeneration and shape, showing the potential of these scaffolds
for the future development of neural prostheses.*® Gui et al.** reported the
synthesis of sponge-like bulk materials consisting of self-assembled, inter-
connected CNTs reinforced by polymer infiltration. The as-prepared sponges
showed very high porosity, mechanical flexibility and robustness, electri-
cal conductivity, thermal stability and resistance to harsh environments.
Encouraged by the promising properties of these sponge-like materials, Bosi
et al.** developed 3D PDMS porous scaffolds containing CNT carpets stably
entrapped in the PDMS matrix (Figure 6.4). The 3D CNT sponges showed an
increase in neuronal signals and boosted synchronization in vitro. Interest-
ingly, when the 3D scaffolds were implanted in the rat primary visual cortex in
vivo a more limited scar formation was observed in comparison with control
experiments.'”” More recently, the PDMS-CNT 3D scaffolds were interfaced to
spinal organotypic slices conferring increased neuronal activity in the spinal
networks and guiding regrowing axons toward functional reconnection of
separated spinal explants.”* Additionally, the 3D constructs were implanted
into the adult rat visual cortex for 2, 4 and 8 weeks to study the biocompati-
bility. These studies indicated that the scaffolds were largely biocompatible
in vivo and supported their application as neural interfaces.”?

Since biocompatibility studies of CNTs with neuronal tissues have shown
promising results over the years,*** other in vivo studies using CNT-based
neural interfaces have also been reported.”'”*® In vivo recordings have been
reported in the motor cortex of anesthetized rats and in the visual cortex of
monkeys by using conventional metal electrodes coated with CNTs.”” Com-
pared with bare metal electrodes, the CNT coating enhanced both recording
and electrical stimulation of neurons due to the decrease of the electrode
impedance and the increase of charge transfer capacity. Roman et al.*® stud-
ied the neuroregenerative capacity of CNTs in spinal cord injury model rats.
For this purpose, polyethyleneglycol (PEG) functionalized SWCNTs, which
have been shown to increase the length of selected neurites in vitro,** were
administered post-injury in the lesion site resulting in the promotion of axo-
nal survival and repair. Additionally, in delayed administration experiments,
the PEG-SWCNTs were able to achieve a concentration-dependent reduc-
tion in the lesion volume and an increase in the number of neurofilament-
positive fibers in the lesion epicentre. A dose-dependent modest functional
recovery in treated rats was achieved. In a later study, in vivo chronic studies
in Parkinsonian rodents were accomplished by using CNT fiber microelec-
trodes.”® The authors demonstrated that the stimulation of neurons with
these electrodes was as effective as that observed for metal electrodes. These
results were attributed to the active site surface area of the CNT fiber micro-
electrodes that was ten times larger than that of metal electrodes resulting
in a minimization of impedance and significantly reduced inflammatory
response.®
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The future direction and perspective in research for the application of
CNTs in neuroscience is focused in the field of human-machine interfaces
(HMI) that bidirectionally connect humans and machines.’>* Very recent
research suggests a potential breakthrough in the application of SWCNTs
for the development of multifunctional human-machine interfaces of the
future.>* In this work, the authors reported the fabrication of a transparent,
stretchable, and highly sensitive strain sensor consisting of a novel sandwich-
like stacked nanohybrid film of SWCNTs and a conductive elastomeric com-
posite with tuneable electrical and optical properties. The manufactured
patchable strain sensor is demonstrated to be useful for sensing emotions
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Figure 6.4 (a) Left: Sketch of the PDMS-MWCNTs scaffold, and right: confocal
micrographs show hippocampal cultures grown (9 DIV) on 2D-PDMS
and 3D-MWCNTS immune-stained for B-tubulin III (in red), GFAP
(green) and DAPI (blue). Scale bar: 100 um. (b) Repetitive Ca®* activities
spontaneously recorded in 2D- and 3D-MWCNTs. Adapted from ref. 42,
https://doi.org/10.1038/srep09562, under the terms of the CC BY 4.0
International License https://creativecommons.org/licenses/by/4.0/.
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such as laughing and crying or detection of eye movements. The high electri-
cal transport of SWCNTs was crucial to get an effective sensor. These results,
along with the outstanding achievements of CNT-based interfaces described
above, clearly indicate the future potential of CNTs for the development of
smart HMI.

6.2.2 Graphene

In the early 21st century, Geim and Novoselov discovered how to obtain
isolated sheets from graphite, yielding a new allotrope of carbon named
graphene (GR), which overcame the expectations of any other material (Fig-
ure 6.1).°> GR consists of a two-dimensional grid of sp® hybridized carbon
atoms arranged in hexagons. Among the outstanding properties of GR it has
to be highlighted that it is the thinnest compound known to man (a one
atom thick crystal), the world's lightest material, the strongest material ever
measured (between 100 and 300 times stronger than steel and with a tensile
stiffness of 150000000 psi), an excellent heat conductor and also the best
conductor of electricity with reported values in excess of 15000 cm* V' g%
Despite the fact that CNTs are the most studied carbon nanomaterials for
biomedical applications,’””® in the past few years the scientific community has
shown a growing interest in GR-based materials.>** The biological application
of GRis arelatively new area with significant potential. Since the reported use of
graphene oxide (GO) as an efficient nanocarrier for drug delivery by Dai et al.®!
in 2008, the first study on GR for biomedical applications, many efforts have
been made to explore the use of this material for possible biomedical applica-
tions, such as cellular imaging and drug/gene delivery,* biological sensing,*
stem cell research and as a biocompatible scaffold for cell culture.®*®
Interfacing GR with neural cells has been demonstrated to be very advanta-
geous for exploring their electrical behavior or facilitating neuronal regenera-
tion through the controlled elongation of neuronal processes.® Its mechanical
and electronic features make it a strong candidate for replacing current neural
interface devices allowing the design of highly sensitive electrodes for neural
signal recording and GR-based platforms for electrical local stimulation.®”*®
In early studies in the field, GR films were employed for primary cultures
of mouse hippocampal neurons.®® The authors observed an increase in the
number of neurites and the average neurite length during 2-7 days after cell
seeding compared with tissue culture polystyrene substrates. Additionally,
expression of growth-associate protein-43 (GAP-43) was examined on the GR
substrates, as compared to the polystyrene substrates, showing that GAP-43
expression was greatly enhanced on the GR substrates. This protein is con-
sidered as an important component for the effective regenerative response in
nervous systems. The results indicated that using GR substrates for neuronal
growth may effectively boost neurite sprouting and outgrowth.®
Fabbro et al.”® developed GR-based substrates (GBSs) produced by liquid
phase exfoliation (LPE) or ball milling (BM). The authors tested the effects of
GBSs on brain cell cultures by measuring functional and synaptic integrity of



Carbon Nanomaterials for Neuronal Tissue Engineering 195

the emerging neuronal networks. To this end, neurons were investigated by
electron microscopy and immunofluorescence and their density was quanti-
fied by immunofluorescence staining (Figure 6.5¢-f). Similarly, the glial cells
density was also investigated (Figure 6.5g-i). The results showed that GBSs
were inert as neuron-interfacing materials, preserving the basal physiolog-
ical level of neuronal activity as well. Most importantly, they demonstrated
the uncommon ability of GBSs to support neuronal development (in terms
of neuronal passive properties, spontaneous synaptic activity, synaptogen-
esis and short-term synaptic plasticity) without precoating with adhesion-
promoting peptides (e.g., polylysine or polyornithine).”

Very recent studies demonstrated that single-layer GR increases neuronal
firing by altering membrane-associated functions in cultured cells, causing
an increase in neuronal synaptic activity."”” The tuning of the distribution of
extracellular ions at the interface with neurons, a key regulator of neuronal
excitability, was also observed, which was maximized when a single layer GR
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Figure 6.5 AFM images of (a) LPE-GBS and (b) BM-GBS. (c¢) SEM image of disso-
ciated hippocampal neurons grown onto LPE-GBS. Immunofluores-
cence staining of cultures developed on (d) control and (e) LPE-GBS
substrates, marked for neurons (NeuN, green) and nuclei (DAPI, blue).
(f) Plot summaries of neuronal density in the two GBSs culturing con-
ditions. Immunofluorescence staining for glial cells (marked for GFAP,
green; DAPI in blue) on (g) control and (h) LPE-GBS. (i) Plot summaries
of glial cells density in the two GBSs' culturing conditions. Histograms
are mean + standard error. Reprinted from ref. 70 with permission from
American Chemical Society, Copyright 2016.
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was deposited on electrically insulated substrates. These biophysical changes
caused a significant shift in neuronal firing phenotypes and affected network
activity."”

GR microelectrode arrays (GRMEAs) have also been studied as neural
interfaces.”! The first GRMEA was reported by Park et al.”> and consisted of
a transparent graphene-based, carbon-layered device. The authors demon-
strated that the GRMEA was successfully implanted on the brain surface in
rodents and, in addition to direct optogenetic stimulation and fluorescence
imaging at the microelectrode sites, they were able to detect high resolu-
tion neural signals in vivo.”” Furthermore, Kuzum et al.”* combined trans-
parent GRMEAs with calcium imaging. The combination of both techniques
revealed temporal and spatial characteristics of high-frequency bursting
activity and synaptic potentials in hippocampal slices with high precision.”
GR was also used by Kireev et al. for the development of flexible MEAs.”
Extracellular recordings were tested by measuring electrical activities from
acute heart tissue and cardiac muscle cells. GRMEAs fabricated in a dense
array on a flexible polyimide substrate showed excellent robustness and
extracellular recordings with excellent signal-to-noise ratios of up to 65 +
15.7* Using a flexible array of GR field-effect transistors, Hébert et al.”® devel-
oped neural interfaces that were placed on the surface of the cerebral cor-
tex in rats for the recording of neural activity, exhibiting a signal-to-noise
ratio similar to platinum black electrodes in the frequency range below 100
Hz and a recording limit for signals above 1 kHz. Additionally, the implants
successfully detected slow-wave activity, synchronous epileptic activity and
audio-visual responses in rats, showing similar performance to poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) organic elec-
trochemical transistors, which are currently considered the state-of-the art
flexible transistor technology for neural recordings.”” Thunemann et al.”®
reported transparent GR-microelectrode arrays that were employed to enable
crosstalk-free integration of three different modalities, two-photon imaging,
optogenetic stimulation and electrical recording experiments at the same
time. Such technology allowed simultaneous mapping of surface local field
potentials and high-resolution two-photon imaging of neuronal calcium
transients in vivo.”®

Due to its highly reactive surface, single layer GR production is difficult
and challenging. For this reason, graphene oxide (GO) is sometimes pre-
ferred for biological applications. Based on the previous studies on CNTs
about the influence of surface charge on neurite outgrowth and branching,"
and considering that GR-based materials and CNTs have similar properties,
Tu et al.”’ reported the influence of surface charge on GO-based materials. To
this end, carboxylated GO was chemically modified with amino- (-NH,), poly-
m-aminobenzene sulfonic acid- (-NH,/-SO;H), or methoxyl- (-OCHj;) termi-
nated functionalities changing its surface charge. Primary rat hippocampal
neurons were cultured on the resulting GO-based substrates confirming that,
as in CNTs, the outgrowth and branching of neuronal processes can be con-
trolled through this method. Additionally, positively charged GO was found
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to be more beneficial for neurite outgrowth and branching.”” In a later study,
Rauti et al.”® performed a comparative study by exposing primary neuronal
cultures to equal amounts of large GO nanosheets (>200 nm) and small GO
nanosheets (<200 nm). The authors demonstrated that small GO nanosheets
specifically interfered with synapses in cultured neurons, reducing synaptic
activity at glutamatergic synapses without affecting cell viability, while the
larger sheets induced unequivocal hippocampal cell loss, thus hampering
any further evaluation of membrane/flake interactions.”® Following these
studies, recently, Musto et al.”’ investigated the CNS tissue reactivity upon
prolonged exposure to GO nanosheets in 3D organotypic spinal cultures.
The glial responses to small GO nanosheets' exposure were investigated by
immunofluorescence and confocal microscopy, focusing on resident microg-
lia, tested in organotypic spinal slices and in isolated neuroglia cultures. The
authors concluded that long-term accumulation of small GO sheets affected
resident microglia and may induce a subtle, although chronic, reactive state,
potentially trimming down synaptic activity, although in the absence of an
effective activation of inflammatory response and in the absence of neuronal
cell death.”

One of the main goals in neuroscience is focused on the development of
interfacing materials that cause less or no neuroinflammation. As in CNTs,
3D graphene culture systems (3D GR) represent a more physiologically accu-
rate model than traditional 2D cultures (2D GR).**%

The first reported application of a 3D porous GR foam in neuroscience was
reported by Li et al.®" as a novel scaffold for neural stem cell growth in vitro.
The 3D scaffolds not only supported neural stem cell growth, but also kept
cells at a more active proliferation state with upregulation of Ki67 expression
than that of 2D GR films. These findings suggested the great potential of
3D GR scaffolds for their application in neural tissue engineering and neu-
ral prostheses.?’ Song et al.®> conducted a comparative study to investigate
the pro- and anti-inflammatory responses of microglia on 2D GR films or
3D GR foam culturing systems. In the brain, most of the damage caused by
nanomaterials is caused by the microglia, a macrophage-like, phagocytic
cell that is normally inactive unless confronted with potentially damaging
foreign chemicals (xenobiotics). The results indicated that 3D GR elicited
milder neuroinflammation on microglial cells in comparison to 2D GR,
which provided new insights into the effects of the material's topographi-
cal structure in inflammatory behaviors.®” Using dissociated hippocampal
neurons, Severino et al.®* compared the properties of cultures grown on flat
2D substrates with those grown on 3D GR foam scaffolds. After one week of
culture, moderate synchronous activity was observed in 2D networks, while
the spontaneous electrical activity of GR 3D networks was more synchro-
nous. The results showed that dimensionality determines the properties of
neuronal networks. Several properties were identified and two of them were
of particular importance in the study: firstly, the coexistence of segregated
and global electrical activity, and secondly, the existence of neuronal assem-
blies that change their degree of correlated activity both in time and in space,
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generating a variety of rhythms.* In a recent study, 3D scaffolds consisting
of hybrid GR hydrogels were employed to support the growth of living pri-
mary neurons,* demonstrating that GR improves the neuronal biocompati-
bility of 3D scaffolds. Lopez-Dolado et al.®® reported the first work concerning
the study of in vivo tissue responses of GR porous 3D scaffolds. Here, the
3D scaffolds were implanted at an injured rat spinal cord and the generated
subacute tissue response was explored. The results evidenced the capacity
of these scaffolds to regain tissue integrity after injury and to prevent addi-
tional scarring, avoiding the extension of the lesion.*

Beyond the use of 3D GR based scaffolds for in vivo systems, further in
vivo experiments involving the use of GR were reported by Defterali et al.®®
who studied the biocompatibility of thermally reduced GR oxide (rGO) with
neurons and glia, as well as with the generation of new neurons in the adult
brain in vivo. After direct injection into the brain, rGO was demonstrated to
be a permissive substrate for the survival of neurons and astrocytes as well
as for the generation of new neurons.®® In a recent study, Mendonca et al.*’
used an in vivo rat model to explore the effects of PEGylated rGO (rGO-PEG)
on the key components of the blood-brain barrier (BBB), such as astrocytes
and endothelial cells. The results suggested dose- and time-dependent toxic-
ity of rGO-PEG for key components of the BBB. After intravenous injection of
rGO-PEG, a notable long-lasting downregulation of astrocyte markers (GFAP
and connexin-43), endothelial tight (occludin) and adherens (B-catenin)
junctions and basal lamina (laminin) was observed, due to oxidative stress-
mediated damage. The authors concluded that the attachment of PEG to rGO
induced deleterious effects in comparison with the effects caused by non-
PEGylated rGO.”

The studies reported here suggest that GR-based materials are promising
for next generation bioelectronic systems, to be used as neural interfaces for
the CNS. Their ability to integrate with the neural tissue, their flexibility and
uncommon ability to support neural development in terms of growth and
synaptic activity, make them ideal candidates for the future design of electri-
cally functional implants that are promising as neural interfacing materials.

6.2.3 Other Carbon-based Materials

To a lesser extent, other carbon nanomaterials have been also employed as
neural interfaces for the CNS.”'* For example, fullerene, which can be con-
sidered the third allotrope of carbon after graphite and diamond, attracted
great attention during the early years of carbon-based neural interfacing
materials.®® However, the rising concerns regarding fullerenes' toxicity has
contributed to a reduction of interest in clinical neuroscience. In particular,
their ability to induce lipid peroxidation has caused serious concern.*
Fullerenes are zero-dimensional materials that include a broad family of
carbon-based molecules with different symmetries and interesting chem-
ical and physical properties. Among them, the most common fullerene,
buckminsterfullerene, consists of 60 carbon atoms arranged in a series of
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interlocking hexagonal shapes, and was the first and the smallest stable
fullerene isolated.

Fullerenes were pioneering nanomaterials investigated in vivo in the CNS,
and were the first found to distribute in the brain after systemic adminis-
tration.” Intravenous administration of *C-radiolabeled carboxylated-Cq,
derivative in rats revealed that the material was able to cross the BBB despite
its high molecular weight. No toxic effects were observed after intravenous
administration, while toxicity was observed after intraperitoneal injection.
Later results demonstrated that Cg, displays acute toxicity when employed
locally in the CNS at high concentrations, thus, its dilution in the blood-
stream seems to supress the inflammatory response.”*

Basso et al.”® employed a water-soluble adamantyl-oligoethyleneglycol-
fullerene hybrid (ABS-75) attached to an N-methyl-p-aspartate receptor
antagonist, which combines antioxidant and anti-excitotoxic properties to
block axonal degeneration; a process that plays an important role in the pro-
gressive neurological disability in multiple sclerosis. After the disease onset,
in vivo experiments with fullerene ABS-75 treatment reduced the clinical
progression of chronic experimental allergic encephalomyelitis (EAE). This
effect was associated with the reduced axonal loss and demyelination in the
spinal cord.”® Norton et al.®® synthesized a panel of fullerene derivatives to
test their ability to prevent the release of mediators from activated mast cells
thus blocking their effects that can cause allergic diseases. The results evi-
denced that fullerene derivatives are potent reactive oxygen species (ROS)
scavengers that produce oxidative stress mediating mast cells signaling and
multiple sclerosis pathology.”” Their antioxidant ability has been also used
recently to inhibit organophosphate (OP)-induced acetylcholinesterase that
induces toxicity leading to neuronal damage.**

Despite the promising results that have been observed during the past few
years in the application of fullerenes for interfacing the CNS, their accumula-
tion in organs, the difficulties to be excreted from the body, and their toxicity,
are major concerns that nowadays have limited their applications in the bio-
medical field. For this reason, fullerenes are currently considered the “past”
of carbon nanomaterials in the CNS research field.”"

Diamond has been also widely employed for neural interfacing. It is the
hardest known carbon-material, shows the highest bulk modulus and high-
est thermal conductivity, is a wide band gap semiconductor showing there-
fore high electrical resistivity and shows broad optical transparency from
ultraviolet to infrared. Nanodiamonds (NDs) are diamonds with a size below
1 micrometer. One of the most important features of NDs is their chemi-
cal and biochemical inertness, being considered non-cytotoxic biocompat-
ible materials, the reason for which they have been also widely explored
for applications in the biomedical field.*>*° In the field of neural interfaces
the major goal is the development of materials with long-term stability and
high-fidelity connections with neurons; in this direction, diamond's longev-
ity, biocompatibility and biochemical inertness make it a highly promising
material with which to achieve this goal.””
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The chemical functionalization of the ND surface has been widely
employed to modify its conductive properties allowing the fabrication of
biomedical electronic devices.?® Thus, phosphorus-doped diamond-like car-
bon has been demonstrated to direct neuronal growth when primary cortical
neurons are cultured on it.”® Similarly, novel electrode materials consisting
mainly of boron-doped diamond microelectrodes transferred to a flexible
substrate were developed by Bergonzo et al.® The main goal of these studies
was the integration of diamond on flexible substrates, which represents a
major challenge for the retinal implant community. This successful method
has been used to fabricate a range of diamond-based MEA types enabling
the fabrication of flexible implants for retinal stimulation.'® Furthermore,
later studies have demonstrated that despite the toxicity of elemental boron,
when used as a dopant in diamond it has no adverse effect on cell survival,
neurite formation and the apoptosis levels of cells.’®* Thus, boron has been
one of the most widely used dopants employed to change the electrical con-
ductivity of NDs for neuronal studies.'”

Due to their unique electrical, chemical and mechanical properties, NDs
have been also used for the development of biosensors aiming to record
neuronal activity. Thus, Ariano et al.'® reported the design and fabrication
of devices based on hydrogen terminated conductive diamonds that were
useful for the recording of extracellular activity of cultured neurons. GT1-7
cells cultured on the H-terminated diamond surface maintained their func-
tional properties for several days. The recorded extracellular electrical activ-
ity matched that recorded by means of conventional MEAS.'® In a different
study, Chan et al.’™ reported the fabrication of polycrystalline boron-doped
diamond-based microprobes that were used as electrode materials, provid-
ing a chemically stable surface for both chemical and electrical detections
in neural studies. The probes were successfully implanted in the auditory
cortex area of guinea pig brain for in vivo neural studies, showing a recorded
signal amplitude of 30-40 uV with a duration of 1 ms."**

Recently, Guarina et al.'® employed fluorescent NDs (FNDs) to evaluate
their effect on cultured hippocampal neurons, using MEA recordings. The
advantage of FNDs is related to their photostability, that allows their mon-
itoring along neuronal branches with high spatio-temporal resolution. Two
different stages of culture development were evaluated (7 DIV for young cul-
tures and 14 DIV for mature cultures), concluding that the firing frequency
of neurons was differently affected depending on the developmental stage
of incubation. When FNDs were applied at 14 days in vitro they drastically
reduced the neuronal firing frequency.'®

Although the current results provide evidence that diamond is a promis-
ing material for the fabrication of neural interfaces for neuroscience stud-
ies, this material is still of limited use owing to its extreme hardness, lack
of ductility and weldability. Therefore, future work and the development of
new techniques is still needed to improve the performance of diamond as a
substrate material for the construction of better performing diamond-based
interfaces.”
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Carbon nanofibers (CNFs) are defined as cylindrical nanostructures with
graphene layers constructed in the shape of cups, cones, or plates, showing
an average diameter of ca. 100 nm and an average length of 50-200 pm."*
CNFs have emerged in recent years as promising materials for the devel-
opment of neural interfaces due to their superior electrical, chemical, and
physical properties, such as chemical stability and inertness in physiological
environment, biocompatibility for long-term implantation due to their cova-
lent carbon structure, electrical conductivity for signal detection and high
surface-to-volume ratio, which reduces contacting electrical impedance.'®”’
Thus, multiple CNF-based materials have been developed as electrocon-
ductive scaffolds to facilitate communication with the CNS through neural
interfaces.'”’

In early studies, CNFs were proposed as coating materials for neural pros-
thetic devices, as they show good compatibility with neuronal cells and
demonstrate to favor neuronal vs. glial/astrocytic proliferation.'*®

Vertically aligned carbon nanofiber (VACNF) electrode arrays have been
also widely employed for the development of electrodes with small size and
excellent electrical conductivity.'”® Thus, Nguyen-Vu et al.''*'!! fabricated a
VACNF electrode array coated with a thin film of electronic conductive poly-
pyrrole polymers for neural implants. The authors demonstrated that the
nanoelectrode array showed a stronger 3D structure with better electrical
conductivity and allowed an intimate neural-electrical interface between
cells and nanofibers, crucial for the development of neural prosthesis.
Two types of VACNF electrode arrays were also reported by McKnight
et al.'™ to characterize the performance of these arrays for electroanalytical
measurement of several easily oxidizable neurotransmitters. The authors
demonstrated that these VACNF arrays were responsive for the detection of
oxidized species generated by the cultured cells."'* Furthermore, in a later
study, the same authors showed that the recording of spontaneous and
induced neuroelectrical activity in organotypic hippocampal slice cultures
was possible with ultramicroelectrode VACNF arrays.''® Recently, Guo and
collaborators reported a neural probe consisting of a polymer composite
with CNFs aligned during thermal drawing.''* The as-prepared microelec-
trode contributes to a drastic improvement of electrical conductivity by two
orders of magnitude compared to conventional polymer electrodes. Addi-
tionally, it has a miniature footprint with a size-reduced recording size that
matches single neurons yet maintaining impedance value to capture neural
signals. Its capability for both acute and chronic recording, along with bio-
compatibility and minimal tissue response over long implantation periods
in wild-type mice was demonstrated.""*

The above reported results and the promising properties of CNFs suggest
that these materials show a promising future for the development of smart
systems for the diagnosis and treatment of neurological diseases, allowing
the modulation of neural activity by neurostimulation and showing real-
time detection of electrical and chemical information from the nervous
system.
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6.3 Carbon Nanomaterials as Biocompatible
Substrates for Stem Cell Growth and
Differentiation

6.3.1 Stem Cells in Neuronal Tissue Engineering

Over the past few years, both embryonic and adult stem cells have been iden-
tified as ideal cell sources in the field of tissue engineering and regenerative
medicine. Although several tissues are important sources of therapeutically
relevant differentiated cells, an inevitable problem is the difficulty of har-
vesting sufficient cells for implantation. Lineages such as neurons and car-
diac cells, being terminally differentiated and non-regenerative, impose the
biggest challenge. In this light, pluripotent stem cells have attracted much
attention due to their unique capabilities of self-renewal in an undifferen-
tiated state for prolonged time as well as multilineage differentiation after
proper stimuli.

The most explored adult stem cells are mesenchymal stem cells (MSCs),
owing to their wide range of sources, ease of expansion in vitro and multi-
lineage differentiation abilities. They are attractive, being readily isolated
from bone marrow, umbilical cords, umbilical cord blood, lacrimal glands,
glomeruli and other easily accessible sources, such as adipose tissue and
peripheral blood. Advances in stem cell biology have shown that adult
human mesenchymal stem cells (hMSCs) can differentiate into a variety of
connective tissue cells, including osteocytes, chondrocytes, adipocytes, myo-
cytes and even trans-differentiate into other cell types like hepatocytes'™ and
neurons.'® in response to appropriate biological cues in vitro. In addition,
they possess immunoregulation abilities that further expand their clinical
applications, for instance in inflammatory diseases.'’” They have been iden-
tified also as key components of the hematopoietic stem cell (HSC) niche,
i.e., the extracellular microenvironment that surrounds HSCs and ensures
their viability and self-renewal.'*® This kind of cell is easy to access and does
not present ethical issues as is the case for embryonic stem cells, although
it is clear that further stringent definitions of MSCs are required to ensure
progress in the understanding of such a heterogeneous cell population.™’
In recent years, adipose tissue-derived stem cells (ADSCs) have gained great
attention as a SC source. This kind of SC is similar to the MSCs, but the cells
are obtained from the stromal-vascular fraction of the fat tissue. A third kind
of SC used is the hematopoietic stem cell (HSC), which is found in bone
marrow. This kind of blood cell gives rise to all kinds of blood cells. Finally,
another well-known SC is the neuro-stem cell (NSC) that can differentiate
into an amazing array of neurons and neural-support cells such as oligoden-
drocytes and astrocytes.'*

In most native tissues, cells are contained within a specific tissue, three-
dimensional (3D) extracellular matrix (ECM), which comprises a complex
network of nanoscale protein fibers forming hierarchically structured local
microenvironments that play a pivotal role in maintaining tissue homeostasis
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and health."! Cellular communication, transport of oxygen and nutrients,
and removal of cellular metabolism waste require such an environment,
where cellular orientation can be polarized and movement of contents can
be directional. Hence, in tissue engineering, a 3D framework is needed to
organize the cells into a higher ordered assembly so as to achieve the desired
tissue function. In addition, most of the engineered tissues/organs need sup-
port, which could be provided by a “scaffold”, for their correct organization
from cell constituents. Stem cell fate is controlled by a complex set of signals
found in the cellular microenvironment. These signals can exist in the form
of soluble factors, the extracellular matrix (ECM), the biophysical environ-
ment and inter cellular contacts instructing whether the stem cell should
undergo apoptosis, proliferate, differentiate or remain quiescent. It is gener-
ally hypothesized that a close imitation to the natural ECM could provide a
scaffold with a more conducive environment to support the adhesion, migra-
tion, proliferation and differentiation of stem cells.'**

Typically, the classical method to control stem cell differentiation is by
using biochemical factors. However, in recent years there has been growing
evidence that the physical microenvironment where the cell resides (stem
cell niche) is also capable of directing stem cell fate by other means. Inves-
tigation of the mechanotransduced responses of stem cells subjected to
mechanical interaction with nanoscale features has led to the identification
of other key factors of a physical nature, such as the scaffold stiffness, rough-
ness and porosity, playing a pivotal role in directing stem cell fate.'*® It is
noteworthy that cellular response is usually accompanied by alterations in
cellular morphology. In fact, changes in cell shape are often used as an early
indicator of modulated cell functions.

It would be ideal to eliminate the need for chemical and biological agents
to guide stem cell differentiation: they are expensive, their half-lives are
short (in minutes) and the dose that is effective in vitro might not mirror the
in vivo requirements. More importantly, there is no well-recognized way of
controlling the optimal concentrations of the inducers for efficient differen-
tiation with reduced or no side effects in vivo. The majority of studies nowa-
days use static culture where the period of medium changes and diffusion of
growth factors vary between laboratories. Uncertainties in using these bio-
molecule approaches, such as safety issues, still exist.'** In this respect, the
observed commitment of hMSCs guided by nanomaterials in the absence of
additional biochemical inducing agents is a major advancement of stem cell
application for tissue engineering.”>'*® Indeed, working at the nanoscale
offers unprecedented opportunities to tailor the scaffold properties and con-
trol stem cell fate.

Tissue engineering requires complex interactions between the SC, the
growth factors and the ECM. The secret is to develop scaffolds that mimic
the ECM surface, thus providing to the SC the biomaterial instructions to
afford their best adaptation and modify their fate accordingly. In that line,
nanomaterial-based scaffolds have become promising candidates to make
the desired interactions happen, due to their large surface area and easy
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interaction with nano- and micrometric systems. Beyond their biocompat-
ibility, scaffolds are stable once they are implanted, and allow the homing,
proliferation and differentiation of the SC they are carrying. In particular,
based on the composition and structure, the scaffolds would transmit spe-
cific signals to cells that these will decode into biochemical signals. Thus,
surface topography, mechanics, morphology, and electrical properties are
key features for directing cell fate."’

The chemical arrangement of the nanomaterial surface is a key fea-
ture influencing the characteristics of the surface and, accordingly, the
type of stem cell nanomaterial interaction.'”® First of all, considering the
chemical nature of the nanomaterial surface that comes into contact with
stem cells, organic surfaces often appear preferable over inorganic alter-
natives."”® Secondly, the introduction of minimal adhesive motifs (e.g.,
integrin peptide ligands) has to follow precise parameters in terms of
nanoscale density and distance between ligand clusters. Although there is
a consensus on such general requirements in order to achieve the appro-
priate formation of focal adhesion and cell spreading, the exact numbers
(i.e., how many ligand units per cluster, distance amongst clusters, and
geometrical design of clusters surface topography) vary greatly, depend-
ing upon the experimental settings.'** Thirdly, surface roughness of the
nanomaterial scaffolds also plays a crucial role in stem cell substrate
interaction. It was postulated that nanoscale surface roughness resem-
bling the nanoarchitecture of the natural ECM increased the opportunity
for protein adsorption on scaffolds, thus facilitating stem cell survival
and differentiation.

Due to the complexity of the human nervous system and inherent lack of
regenerative capacity, disorders affecting the central nervous system and the
associated loss of function are difficult to treat. Stem cells with the potential
for neural differentiation have long been viewed as a potential therapeutic
avenue for treating many of these disorders. In addition to clinical transplan-
tation, stem cells offer a unique opportunity to study neurological disease in
vitro.””* The molecular mechanisms underlying human disease are incom-
pletely understood, particularly in the nervous system. This is in part due
to the lack of suitable models that recapitulate the complex environment of
human neural tissue. Animal models and ex vivo tissue slices often fail to
fully recapitulate hallmarks of human disease due to fundamental biological
differences between species. Despite the progress made, precisely defined
environments will need to be engineered to induce the specific differentia-
tion of stem cell populations to mature, functional neural cell populations or
the formation of reproducible tissue models.

At least on paper, carbon nanomaterials such as carbon nanotubes and
graphene etc., possess all the features for being ideal substrates for neuro-
nal cells: they are conductive, they confer a certain nanotopography to the
substrate where they are incorporated or deposited and they are biocom-
patible. They have indeed been demonstrated to be such a good terrain for
the survival of these kinds of cells, as illustrated in the previous paragraph.
Furthermore, they can be chemically functionalized to incorporate useful



Carbon Nanomaterials for Neuronal Tissue Engineering 205

domains such as growth or differentiating factors and this can be of para-
mount importance when dealing with the idea of supporting the survival of
stem cells. In the following paragraphs we will explore the most significant
studies involving the main classes of different CNMs and their peculiar
capacity of hosting stem cells.

6.3.2 Carbon Nanotubes

During the last decade, a variety of scaffolds manufactured from nanofibers,
nanotubes and nanoparticles have been investigated to manipulate stem cell
fate. Within the different biocompatible natural or synthetic materials that
have been studied as candidates for stem cell engineering, carbon nanotubes
(CNTs) have stood out as excellent candidates."** Their anisotropic morphol-
ogy and especially their unique physical and chemical properties offer a tre-
mendous opportunity to make a qualitative leap forward in the progress of
innovative therapeutic solutions, although their clinical translation is not
trivial.'*?

Given that CNTs possess a nanostructure similar to neuronal processes
(axons and dendrites), numerous studies have documented the unexpected
and exciting impact of CNTs on neuronal signaling. The molecular mech-
anisms driving these phenomena, however, remain elusive to date. In a
recent study, CNT multilayers fabricated using the layer-by-layer assembly
of negatively charged MWCNTs and positively charged poly(diallyldimeth-
ylammonium chloride) (PDDA) provided a permissive substrate for neuronal
differentiation, neurite outgrowth and electrophysiological maturation of
NSC-derived neurons.'** This study postulated that signal transduction—the
process by which physicochemical stimuli of the CNT-multilayered substrate
were transmitted through a cell as a series of molecular events—most com-
monly involved protein phosphorylation catalyzed by protein kinases, which
were ultimately integrated into the cellular responses.

One of the main characteristics that CNTs confer to scaffolds is the nano-
topological feature of the surface that can be tuned by choosing the appropri-
ate size and chemical functionalization. There are studies that support a key
role of nanomaterial surface roughness for cell adhesion and tissue regen-
eration. For instance, the surface nano-roughness displayed by single-wall
CNT films used as scaffolds for MSC culture was suggested as the responsi-
ble factor for the transient upregulation of neuronal markers, opening the
way for nanomaterial-driven stem cell differentiation without the need for
soluble (bio)chemical inducers."*” Three-dimensional (3D) micropatterned
CNT templates are used to effectively direct human neurite stem cell growth.
By exploiting the mechanical flexibility, electrical conductivity and texture
of the 3D CNT micropillars, a perfect environment is created to achieve spe-
cific guidance of human neurites, which may lead to enhanced therapeutic
effects within the injured spinal cord or peripheral nerves. It is found that
the 3D CNT micropillars grant excellent anchoring for adjacent neurites to
form seamless neuronal networks that can be grown to any arbitrary shape
and size (Figure 6.6)."%°
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Figure 6.6 SEM images of human NSCs on 3D micropillared arrays of CNTs and Si.
(a) Well-ordered squared pattern network of neurites stretching between
the arrayed pillars of CNTs. Scale bar, 5 pm. (b) Neurites anchored at
different locations of the same CNTs pillar. Scale bar, 2 um. (¢) Human
NSCs deforming the mechanically flexible pillars of CNTs. Scale bar, 10
pm. (d) A single tight bundle of microtubules spanning across Si micro-
pillars. Scale bar, 5 um. (e) Tip of a Si pillar wrapped around by the tight
bundle of microtubules. Scale bar, 2 pm. (f) Human NSCs attached to
rigid micropillars of Si. Scale bar, 10 pm. Reproduced from ref. 136 with
permission from Macmillan Publishers Ltd, Copyright 2019.

CNT elongated morphology gives one the option to create anisotropic
materials where the nanostructures can be ordered and aligned direction-
ally. Their incorporation into scaffolds by means of suitable nanomaterial
processing methods, such as electrospinning, allows for the hierarchical
translation of the anisotropic features across several size scales, whilst main-
taining a high level of porosity within the scaffold to ensure good exchange
of nutrients and catabolites."”” This approach appears particularly promising
also for the regeneration of anisotropic tissue, such as cardiac*® or skeletal
myofibers.'*®

CNT/poly-L-lactic (PLLA) composite scaffolds were applied to enhance neu-
ral differentiation of mouse embryonic stem cells (ESCs) even in the absence
of soluble inductive factors.'*® Thin film scaffolds composed of biocompat-
ible polymer poly(acrylic acid) or silk grafted with CNTs were also shown to
promote human ESC-derived embryoid body (EB) differentiation into neural
cells with heightened cell viability."*! In addition to nanofibrous materials
and CNT composite scaffolds with random nanotopological features, well
controlled nanoscale surface patterns such as nanoscale ridge/groove arrays
also improved significantly the differentiation of human ESCs into neural
lineages without any soluble inductive factor.'** Interestingly, human ESCs
cultured on such nanoscale ridge/groove arrays preferentially differentiated
into neurons but not glial cells, such as astrocytes. Such selective suppres-
sion of glial cell formation is desirable for potential applications in therapies
for spinal cord injury, as astrocytes are known to contribute to glial scar for-
mation, creating barriers to axons in the CNS.'*
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In 2018, a conductive polycaprolactone fumarate-carbon nanotube
(PCLF-CNT) scaffold was synthesized using ultraviolet (UV)-induced pho-
to-crosslinking for peripheral nerve regeneration applications. The embedding
of CNT in PCLF appended several appropriate properties to the scaffold includ-
ing improved surface roughness, reduced polymer impedance, decreased ten-
sile modulus, and accelerated biodegradation ability. These properties not
only increased PC12 cell growth and differentiation, but also promoted cellu-
lar migration and intracellular connections.'** Also, Wang et al. observed that
nanofibrous scaffolds composed of PLGA and carboxyl-modified MWCNTs
(MWCNTs-COOH) support the proliferation, differentiation, maturation and
neurite extension of PC12 cells.'*’ More recently, the emerging technique of 3D
printing has been applied to produce innovative CNT based substrates. Lee et
al. designed 3D-printed electroconductive scaffolds made of amine-function-
alized MWCNTSs incorporated in a poly(ethylene glycol) diacrylate (PEGDA)
matrix to evaluate NSC differentiation after applying a 500 pA current.'*® The
result of bioassays indicated that this electroactive scaffold, coupled with elec-
trical stimulation, exhibited significantly higher TUJ1 and glial fibrillary acidic
protein expression relative to the bare PEGDA group without electrical stim-
ulation. In a comprehensive study, Shao et al. prepared a multilayer of CNT
nanocomposites via a layer-by-layer assembly of negatively charged MWCNTs
and positively charged poly(dimethyldiallylammonium chloride). These nano-
structures regulated the interactions between neural cells and nanomaterials
themselves, leading to increased neuronal differentiation, enhanced neurite
outgrowth, and improved electrophysiological maturation of NSC-derived
neurons (Figure 6.7)."**

A relevant question arising from studies on the interactions between CNT-
based nanomaterials and cultured stem cell behavior is which biochemical
pathways are affected, and how. Itwould appear veryreasonable to firstly probe
for adhesion-dependent pathways, for instance those integrin-mediated,'"’
as we can expect that such biochemical cascades will be activated once cells
adhere on the nanomaterial scaffolds. Interestingly, Namgung et al. found
that actin filaments aligned over ordered CNT networks, resulting in high
cytoskeletal tension, and upregulation of a FAK-mediated RhoA/ROCK path-
way.'*® Since RhoA/ROCK and FAK favor the advance of the cell cycle.'*

Being electrically conductive materials, CNTs have been taken into consid-
eration as ideal substrates for neuronal lineage differentiation of stem cells.
Indeed, the excellent electrical conductivity of CNTs not only supports and
directs stem cell differentiation toward neural lineages, but also promotes
the signal transmission among neurons. For example, single-walled CNT
(SWCNT) films were found to be highly biocompatible and supportive of
hMSCs' growth for neural regeneration."** Laminin/SWNT thin films were
found to support NSCs' proliferation and differentiation, as shown by the
synaptic connections on differentiated NSCs." In another study, neural
stem cells have been cultured on a MWNT-based substrate produced by a
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Figure 6.7 Upper part: Schematic diagram of the NSC differentiation on CNT-
multilayered substrates. CNT multilayers were fabricated using the
LBL assembly of negatively charged CNTs and positively charged PDDA.
After being passaged twice, E14.5 NSCs (P2) were cultured on the CNT-
multilayered substrates in the differentiation medium. Lower part: NSC
differentiation on various substrates in vitro. (A) Immunohistochemical
staining of neurons (red, § III tubulin) and astrocytes (green, GFAP).
Cell nuclei were stained using DAPI. Reproduced from ref. 134 with per-
mission from Elsevier, Copyright 2018.

LBL technique. These substrates not only induced differentiation of NSCs,
but also allowed the electrical stimulation of cells that have shown how cells
are able to establish synaptic connections.

Besides electrical conductivity, surface modifications of nanomaterial scaf-
folds are widely used to improve protein attachment and thus enhance stem
cell proliferation and neuronal differentiation. CNTs are always reported to
be modified with polymers: poly(methacrylic acid) grafted CNT films pro-
moted hESCs' differentiation into neural cells, as seen in numerous synaptic
vesicles with strong expression of motor neuron marker synapsin I on this
platform;*** poly(acrylic acid) grafted CNT (PAA-g-CNT) thin films enhanced
neuron differentiation efficiency of hESCs according to the fluorescence
image analysis stained with neuron specific marker tubulin II1."** To evalu-
ate scaffold toxicity, the cell viability analysis of hESCs on PAA-g-CNT films
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after 5 days incubation was investigated. The PAA-g-CNT films did not show
any detrimental effect on hESCs' growth and had no significant difference
in cytotoxic effect with poly-1-ornithine (PLO) surface, a conventionally used
substrate for hESCs to survive and differentiate.

6.3.3 Graphene

In recentyears, graphene has taken over the leading role of carbon nanotubes
in many fields of application. Due to the biocompatibility at low concentra-
tion and to the 2D nature with ultra-large surface area, GR and its oxide (GO)
have recently captured interest as innovative cell culture substrates.

Despite having one of the highest Young's modulus (up to 1 TPa) among
any known material, GR is remarkably not brittle. In addition, GR can be
transferred onto any substrate, be it a flat or irregular surface; if the support
is flexible, it can easily be bent into any required shape without damage to
the graphene coating.'®® As a substrate for stem cell culture, GR has inter-
esting effects on cell differentiation and, as observed for CNTs, it appears
this is not just owing to its high modulus. Combined effects rather play a
role, including graphene's ability to sustain lateral stress, thus providing the
appropriate tension for optimal cytoskeleton anchoring.' This is consistent
with another study that called for activation of integrin-mediated mechano-
transduction pathways as a key factor leading to differentiation of NSCs cul-
tured on a graphene-PCL hybrid nanofiber scaffold.

In recent years, numerous studies have demonstrated that GR and its
derivatives are excellent cell culture platforms for adhesion, growth, prolif-
eration and differentiation of various cells.’>'*° Shah et al. developed a GR-
based nanomaterial for the design of hybrid nanofibrous scaffolds to guide
rat NSCs' differentiation into oligodendrocytes.”” The authors demonstrated
that GO is an effective coating material in combination with electrospun
nanofibers for the selective differentiation of NSCs into oligodendrocytes,
even in the absence of inductive factors in the culture medium. They found
that the GO coating promoted the overexpression of several integrin-related
signaling molecules that are known to induce oligodendrocyte survival, dif-
ferentiation and myelination. The superior electrical conductivity of GR,
which effectively supplies the charge transport required for neuronal stimu-
lation, suggests the strong potential of these carbon nanomaterials for nerve
tissue engineering.

In 2019, Wang et al. modified the surface of Antheraea pernyi silk fibroin
(ApSF)/poly(L-lactic acid-co-caprolactone) (PLCL) composite through an
in situ redox reaction of GO. Results confirmed that rGO coating improved
the electrical and mechanical properties of nanofibrous scaffold without
destroying its nanoscale structure. Likewise, this scaffold created an ideal
interface for SC migration, proliferation, myelination and PC12 cell differ-
entiation under a DC electric field of 100 mV cm™."*® Qing et al. fabricated a
novel heterostructure composite scaffold based on aligned electrospinning
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silk nanofibers coated on reduced GR paper (rGOP) with high conductivity
and good biocompatibility.”®® The experimental results showed that this
scaffold effectively enhanced oriented growth and neural differentiation of
SH-SY5Y cells. SH-SY5Y is a human bone-marrow-derived cell line that is
often utilized for neuronal differentiation in vitro (Figure 6.8)."*°

In another study, the coating of aligned PLLA nanofibrous scaffolds with
GO significantly improved the growth of Schwan cells and induced PC12
cell differentiation and neurite growth.'® In a study conducted by Guo and
co-workers, both gene expression and immunofluorescence staining data
suggested that a porcine acellular dermal matrix (PADM)-rGO hybrid can
direct the neural differentiation of rat bone-marrow-derived mesenchymal
stem cells (BMMSCs)."** As shown by Rotman et al., a conductive nerve guide
channel consisting of the polymer poly(trimethylene carbonate) (PTMC) and
the conductive filler rGO increased the rate of axonal regeneration, resulting
in improved functional recovery of a transected peripheral nerve.'®® Biomol-
ecules such as interferon-y (IFN-y) and platelet-derived growth factor (PDGF)
are utilized for neuronal or oligodendrocyte lineage differentiation of stem

rGOP RS-rGOP AS-rGOP
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Figure 6.8 Viability and proliferation of SH-SY5Y cells on composite materials. (A)
LIVE/DEAD fluorescent images of SH-SY5Y cells cultured on reduced
graphene paper (rGOP), random silk nanofibers-rGOP (RS-rGOP) scaf-
fold, and aligned silk nanofibers-rGOP (AS-rGOP) scaffold. The dead
cells stained with red color are indicated by the white arrows. Repro-
duced from ref. 159 with permission from American Chemical Society,
Copyright 2018.
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cells. Weaver and Cui investigated the behavior of NSCs seeded on the sur-
face poly(3,4-ethylenedioxythiophene) (PEDOT) and GO nanocomposites
conjugated with IFN-y and PDGF. This surface-modified conductive scaffold
supported the higher cell density and improved neuronal differentiation as
compared to unmodified surfaces.'®*

Another intriguing characteristic of GR is its capability to form a functional
neural network. In a study by Tang et al., neurospheres derived from NSCs
were seeded on graphene substrates and after 14 days of culture the process of
network formation was visualized by B-tubulin immunostaining.'®* Also, Li et
al. discovered the great potential of using GR for neural interfacing, as it could
promote neurite sprouting and outgrowth in primary culture of hippocampal
neurons, enhance neural performance in networks differentiated by NSCs,
and be used as an electric field stimulator for effective cerebral blood volume
enhancement.® Novel applications of GR as a neural interface material seem
to be encouraged by a study of Song et al., who established anti-inflammatory
effects of 3D GR foams cultured with murine microglial cells - the macrophages
of the brain and spinal cord that are first activated by damage caused by nano-
materials.®” The pioneering work described here demonstrates the potential of
GR for applications in tissue engineering of the CNS. The rationale provided to
explain such outcomes in cell culture includes not only the inherent mechan-
ical properties of graphene substrates, but also selective protein adsorption
and interaction with the aromatic surface. This is not surprising if we consider
that, in the case of the more-studied CNTs, it is well-known that proteins can
establish a variety of interactions with the graphitic surface, and with differ-
ent results on their function preservation.'*® Similarly, it appears that proteins,
and, generally, differentiation inducers, adsorb and pre-concentrate on both
graphene and graphene oxide (GO), thus accelerating stem cell commitment
to specific lineages.'*”'7°

Similar to cell differentiation effects observed for protein adsorption
on graphene, also cell proliferation can be favored through adsorption of
cell adhesion promoters. For instance, the use of poly-D-lysine-coated sur-
faces with GR micropatterned via laser ablation allows for the formation of
neural networks following specific designs. Polylysine adsorbs all over the
surface, initially leading to random cell attachment; however, the polypep-
tide forms a thicker film on GR that affects neural cell movement, which
over time becomes directional and with a preference towards GR-coated
areas.'”!

Alternatively, even epigenetic reprogramming of fibroblasts to iPSCs can
be promoted on GR substrates, suggesting that graphene can be used as
an excellent nanomaterial for promoting cell fate changes associated with
reprogramming and thus may give rise to various applications in iPSC-based
regenerative medicine.'”?

GR nanomaterial engineering has also advanced towards 3D scaffolds,
which generally perform better in stem cell culture than the 2D counter-
parts. Differentiation into artificial tissues of high complexity in terms of
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different cell types is nowadays a reality. Specifically, culture of embryonic
neural progenitor cells within 3D highly porous GO scaffolds over two weeks
leads to the formation of highly interconnected neural networks from both
neurons and glial cells, and rich on dendrites, axons and synaptic connec-
tions."”? In addition, it has been shown that laminin-coated 3D graphene
foams perform better than the 2D film analogs in NSC culture and differ-
entiation. The foam scaffolds keep cells at a more active proliferation state
as measured through upregulation of specific markers, owing to efficient
exchange of nutrients and removal of cell metabolism products through the
elaborate microtopography. Besides, the 3D scaffolds provide a much stron-
ger charge injection ability than the 2D films for the electrical stimulation
of cells. The conductive properties of graphene derivatives allow for unprec-
edented performance also towards the 3D printing of an artificial heart. 3D
cellularized heart tissues can be prepared with a LBL technique by seeding
alternate layers of cells and adhesive GO-bearing sheets, on a basal plane
of GO-gelatin-acrylate hydrogel, thus forming a stand-alone multilayer car-
diac tissue capable of spontaneous beating and programmable pumping.'”*
Remarkably, 3D GR foams, but not 2D GR films, show anti-inflammatory
properties, as they rescue neuroinflammation, probably through restriction
of microglia morphological changes within the 3D nanotopography.®* This
finding could have resonance to reduce the typical issue of scar formation
around neural implants.

Since stem cell biology is a relatively new field of research, several chal-
lenges must be overcome before pluripotent stem cells can be used in clin-
ical settings. First, although stem cells provide an abundant resource of
pluripotent cells, our present knowledge is limited in how to efficiently push
all stem cells into a particular lineage during differentiation. Present meth-
ods in directed differentiation are laborious and low yield, even when sup-
plemented with known growth factors. To overcome this issue, more studies
are needed in order to elucidate the molecular and cellular mechanisms
of cell differentiation and basic human developmental biology. Second,
although induced pluripotent stem cells provide an attractive in vitro model
for the study of diseases in a patient-specific manner, it is unclear whether
results from these studies accurately predict diseases in vivo. Standard pre-
clinical evaluation of potential drug candidates will still require in vivo test-
ing. Third, since a hallmark characteristic of pluripotent stem cells is the
ability to form teratomas,'’® stem cells must first be terminally differentiated
before using them as cell-based therapies. It is unclear whether introducing
induced pluripotent stem cell-derived cells into matched-patients will cause
abnormal teratoma growth since the frequency of teratoma formation seems
to directly correspond to the degree of immunosupression,'’® as shown in
animal studies. Furthermore, it is unknown how the host environment will
react to the introduced cells, regardless of the cell source, after cell trans-
plantation. It might not be possible to rely on cell-based therapy as a mode
to treat autoimmune diseases since the host immune system may also target
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and destroy these transplanted cells, as they already eradicate endogenous
host cells.

6.3.4 Other Carbon Nanomaterials

Fullerene C60 has been widely studied as a potential carrier in the drug deliv-
ery of a variety of substances. Water-soluble C60 derivatives with different
types of linkages between the fullerene cage and the solubilizing addend
have been synthesized in order to study their efficacy in repairing CNS dam-
age and killing brain tumors.”” In vitro experiments were performed on
NSCs and it has been observed that, with some particular appendages on the
fullerene cage, the derivatives increased the expression of f-tubulin (a neural
precursor marker) and of MAP2 (a mature neuronal marker) than the control
at 7 days, suggesting that they could promote the neuronal differentiation of
NSCs. Furthermore, the same compounds might sustain the self-renewal of
some neuroprogenitors. This activity is ascribed by authors to a direct action
on mitochondrial functions.

Another interesting study demonstrates how highly aligned C60 nanow-
hiskers are able to support the adhesion, the proliferation and the differen-
tiation in neurons of NSCs, proved by a significant upregulation of B-tubulin
and MAP2."7®

Nanodiamonds have been taken into consideration also for neural stem
cells. The interaction of nanodiamond monolayers with hNSCs has been
investigated by Taylor et al. The effect of altering the surface functionaliza-
tion of nanodiamonds on hNSC adhesion and proliferation has shown that
confluent cellular attachment occurs on oxygen terminated nanodiamonds
(O-NDs), but not on hydrogen terminated nanodiamonds (H-NDs). Analysis
of H and O-NDs by atomic force microscopy, contact angle measurements
and protein adsorption suggests that differences in topography, wettability,
surface charge and protein adsorption of these surfaces may underlie the dif-
ference in cellular adhesion of hNSCs reported.'”® The same authors have suc-
cessively confirmed how the topography of ND monolayers is an exceptional
platform for hNSC adhesion, proliferation and differentiation. The observed
preference for neuronal differentiation was confirmed via semiquantitative
polymerase chain reaction (PCR) and immunocytochemistry of spontaneous
differentiated hNSCs, where inducing factors were removed from the culture
medium. This study shows for the first time the spontaneous differentiation
of hNSCs on NDs, with extremely promising results."®

Carbon nanofibers are close relatives of carbon nanotubes and share with
them many interesting properties. From the point of view of the interaction
with stem cells, CNFs have been interfaced with a variety of them in order to
achieve an efficient differentiation process towards neural lineages.

Human endometrial stem cells (hEnSCs) have been cultured on electro-
spun CNFs with random and aligned topographies and it was demonstrated
that hEnSCs could attach, proliferate and differentiate into neural cells on



214 Chapter 6

both random and aligned CNFs.'®" However, the proliferation, differentiation
and morphology of cells were affected by CNF morphology. Under the prolif-
erative condition, hEnSCs showed lower proliferation on aligned CNFs than
on random CNFs and on tissue culture plate (TCP) control. When cultured on
aligned CNFs in neural induction media, hEnSCs showed significant upreg-
ulation of neuronal markers, NF-H and Tuj-1, and downregulation of neural
progenitor marker (nestin) compared to that on random CNFs and on TCP.
In contrast, hEnSCs showed higher expression of nestin and slight upregula-
tion of oligodendrocyte marker (OLIG-2) on random CNFs compared to that
on aligned CNFs and on TCP.

With a very elegant approach, nanostructured microfibers derived from
reduced GO were synthesized by a dimensionally confined hydrothermal
reduction strategy, which presents the possibility for the application of rGO
in neuronal tissue engineering in vitro.'® By assessing the cytocompatibil-
ity and differentiation of NSCs on the nanostructured rGO microfiber, the
adhesion and proliferation of NSCs were studied, and the regulating effects
of the differentiation of NSCs to neurons were proven. With its excellent cyto-
compatibility and protein adsorption ability, the nanostructured rGO micro-
fiber can not only support NSCs' growth but also keep the cells at a more
active differentiation state with Tuj1 expression while inhibiting the expres-
sion of GFAP. The experimental results prove that the nanostructured rGO
microfiber can regulate the NSCs' differentiation into neurons. Furthermore,
the NSCs can form a dense neural network around the nanostructured rGO
microfiber, just like a functional nerve graft.

6.4 Conclusions

The great success achieved by carbon nanomaterials in a multitude of dif-
ferent technological applications is reflected also in the biological and bio-
medical field. The interest initially aroused by these materials as potential
substrates for neuronal tissue regeneration has been materialized by many
promising studies where their applicability has been confirmed. In this chap-
ter a quick journey through the multiple possibilities offered by the most
famous CNMs as CNTs and GR has been taken both for tissue regeneration
and for neuronal stem cell proliferation and differentiation. Many challenges
on the practical implementation of these materials still remain in terms of
long-term applicability, potential toxicity and production costs, but it is clear
that their interesting features will be further studied and exploited in the
future by many research groups.
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7.1 CNTs in Neural Cells: First Studies that Attracted
the Use of CNTs for Cardiac Tissue Engineering
Approaches

Multiple experimental studies suggest that the use of nanoparticles in med-

icine may revolutionize the therapeutic success in numerous diseases, e.g.,
neoplastic, heart and neurodegenerative diseases."” Since their discovery
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in 1991 by I[jima,” CNTs have become integral to advancing multiple nano-
technology strategies due to their unique electrical, mechanical and ther-
mal properties. Their high mechanical strength and low weight combined
with their conductivity and stability make them useful materials for field
emission, energy storage and molecular electronics, and also provides
great potential in biomedical applications.”® More specifically, CNTs are
one of the most promising materials to interface with the central nervous
system (CNS) when being used as growth substrate scaffolds for nerve
tissue engineering, electrode coating, long-term implants, drug delivery
agents and molecular sensors.>” In 2000, Matson et al. reported the first
in vitro study showing the biocompatibility of CNTs for neuronal growth in
hippocampal cells from E18 rat embryos. They found that CNTs promote
the growth of neurons and extension of their axonal processes in all direc-
tions.® Since then, multiple studies have shown how interfacing neurons
with CNTs emerged as an effective tool to modulate neuronal behavior
at either the structural and functional level*'* and even induce neuronal
differentiation.”

The positive influence of CNTs on neuronal networks comes from the
physical interface along the cylindrical aspect of the nanomaterial and the
electrical contact between the conductive nanomaterial and the electroactive
cells.”” Mazzatenta et al. have previously shown that the frequency of spon-
taneous events in networks cultured on CNT substrates was increased when
compared with peptide-free glass surfaces controls.'® They observed that
neuronal membranes establish a tight contact with the CNTs (Figure 7.1),
and hypothesized that CNTs can provide a shortcut between the proximal
and distal compartments of the neuron, promoting axon excitability and
synaptic activity of neuronal networks.'”'® Furthermore, the impact of CNT
substrates on CNS tissue was also demonstrated.'**® Spinal cord and dorsal

b)

10 nm

Figure 7.1 (a) SEM images showing the intimate contacts between CNTs and cul-
tured hippocampal neurons. Scale bar (in E): A, 1 um; B, 200 pm; C,
25 um; D, 10 pm; E, 2 pm; F, 450 nm. (b) TEM micrographs from pla-
nar sections of hippocampal cultures grown on CNTs, showing a single
nanotube ‘pinching’ the neuronal membrane. Reprinted from (a) ref.
15 under the terms of an Open Access license, https://www.jneurosci
.org/content/rights-permissions, Copyright 2007 Society for Neurosci-
enceand (b) ref. 17 with permission from Macmillan Publishers Ltd,
Copyright 2008.
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root ganglia multilayered explants co-cultured on CNT substrates showed a
higher number of longer neuronal processes, and the integration of CNTSs as
their own supports or exoskeletons.>® When sensory afferent pathways were
exogenously activated, the resulting synaptic responses recorded from single
neurons not in direct contact with the CNT layer were strongly increased,
indicating that the boosting effects of CNTs at the interface was transferred
from the layers of neurons directly exposed to the CNTs to those functionally
connected, yet physically far from the interface.*

Scaffolds made of different kinds of biomaterials have been investigated
to favor neuronal growth and axonal regeneration. In order to provide stro-
mal support for lesions at the level of the CNS or peripheral nervous systems
(PNS) and to overcome the inhibitory environment,**** scaffolds selected
for neuronal tissue engineering have to be biocompatible with the host tis-
sue without inducing inflammatory and immune reactions. Furthermore,
they must reduce astrocytic reactions and glial scar formation, allow neu-
ronal adhesion and axonal extension within a tridimensional architecture,
offer proper physical support to cells and axons, provide physical properties
similar to the native environment, and have a tunable rate of degradation
without inflammatory degradation products.?**> CNT scaffolds have been
shown to be excellent materials to address many of these requirements. The
architecture of the scaffold structure is crucial for neuronal regeneration.
For example, the introduction of longitudinal tubular constructs provides
physical guidance for axonal regrowth and cell migration, and thus may
enhance nerve regeneration.>® Moreover, the micro- and nanotopography at
the cellular level are fundamental for successful nerve regeneration. Several
studies have shown that cells behave differently on aligned vs. randomly ori-
ented fibers.”’”*° The main characteristic of these materials is a longitudinal
organization mimicking the natural structure of axonal pathways within the
brain and spinal cord. Finally, it is worth noting that the nature of the mate-
rial used is crucial. Roberts et al. demonstrated how primary embryonic rat
motor neurons grown on thin films of alternating stripes of hyaluronic acid
(HA)/CNTs and silicon oxide (SiO,) selectively migrate toward and adhere to
the CNT-containing substrate.*

Different kinds of polymers (biodegradable, non-biodegradable, synthetic
and natural) have been used as support materials for CNTs, allowing mod-
ulation of the shape, dimensions and stiffness of the final scaffold.’"** We
previously demonstrated that the exceptionally unique capabilities of CNTs
to improve and boost neuronal functionality also work in three dimensions.
Such three-dimensional (3D) cellular organization is able to induce neuro-
nal network outputs that strongly differ from the standard 2D constructs.
Polydimethylsiloxane (PDMS)/CNT porous 3D constructs showed great
potential in neuronal colonization and 3D synaptic network reconstruction
of hippocampal neurons and spinal cord explants (Figure 7.2).>**** Conductive
polymers have been proven to down-regulate glial reaction without affecting
neuronal viability and function.*® Alegret et al. and Dominguez-Alfaro et al.
demonstrated that highly conductive scaffolds, composed of Polypyrrole (PPy)
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Figure 7.2 (a) In vitro LDH assay of C8-D1A astrocytes cultivated for 48 h on
polypyrrole 3D scaffolds in the presence or absence of CNTs. Confo-
cal images after (b) calcein-AM stain of viable cells (green) and (c) the
F-actin cytoskeleton (yellow) staining of PPy/CNT scaffolds after 2 days
of culture. The elongated morphology of the cells indicates a good bio-
compatibility of the material. Scale bar = 50 pm. Reprinted from ref. 37
with permission from American Chemical Society, Copyright 2018.

or Poly(3,4-ethylenedioxythiophene) (PEDOT) in combination with CNTs,
are able to support neuronal growth and regeneration more than non-
conductive matrices.*”*

Due to the beneficial therapeutic uses of CNTs in neuron tissue engineer-
ing, several authors have now explored their use for other electric cells such
as cardiomyocytes. The following sections will provide an overview of recent
developments that have occurred in the design and engineering of various
CNT substrates for cardiac tissue engineering efforts such as injectable
hydrogels, polymeric patches and other biomaterials.

7.2 Epidemiology of Heart Failure

7.2.1 Introduction to Heart Failure

Chronic heart failure (HF) is a life-threatening condition in which cardiac
output fails to meet systemic demands resulting in damage to other organs
and tissues. Chronically, the heart experiences cardiomyocyte (CM) loss,
matrix degradation and fibrosis.**** The most frequent cause of HF is isch-
emic heart disease, in particular myocardial infarction (MI).** During MI, a
blocked coronary artery decreases blood flow to part of the heart, causing
ischemia and eventually necrosis to the infarcted region.** After the initial
damage, the surrounding heart wall becomes thinner, leading to ventricular
dilation and progression towards HFE.****¢

As patients progress through the stages of HF, they can experience an esca-
lating distress, increased disability and reduced quality of life. There are four
stages of HF: A, B, C and D. The stages range from high risk of developing
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HF to advanced HE."”” Treatment at each stage may involve medical manage-
ment, lifestyle behaviors and cardiac devices."® These treatments are aimed
at reducing symptoms, slowing disease progression and reducing mortality;
however, they are not aimed at repairing heart muscle or restoring function.*
Furthermore, even with these treatments, approximately half of patients with
HF will die within five years of their diagnosis.’>*" Cardiac transplantation
remains the only definitive treatment for those affected with end-stage HF,
but the availability of donor hearts remains a major limitation.’>*

The American Heart Association's (AHA) statistical update in 2020 reported
that from 1987 to 2012, over 40253 people waited for heart transplants in
the United States (US).>* According to data from the Organ Procurement and
Transplantation Network, in 2018 there were 3408 heart transplants per-
formed in the US.> There are 256 hospitals in the US with the capabilities to
perform heart transplantations from which 143 heart transplantations were
performed in 2018.>* In the US, the average cost of heart transplantation is
$808 770°° with a mean recovery length of 45 days and an in-hospital mortal-
ity of 7.84%. The overall cost to treat HF continues to rise. In the US, the total
cost for HF was estimated to be $30.7 billion per year in 2012,** from which
more than two-thirds was attributable to direct medical costs. It is predicted
that by 2030, the total cost to treat HF will increase by 127%.°’

7.2.2 Prevalence and Incidence of Heart Failure

HF remains a rising global epidemic affecting at least 23 million people
worldwide.”® According to the AHA statistical update from 2020, about 6.5
million adults in the US are affected by HF and the prevalence of HF con-
tinues to rise.> Projections show that the prevalence of HF in the US will
increase 46% from 2012 to 2030, resulting in more than 8 million adults with
HF.>* Additionally, it is predicted that the total percentage of the population
with HF will increase from 2.42% in 2012 to 2.97% in 2030.%

Based on ARIC Community Surveillance data from 2014, the incidence of
HF in patients over the age of 55 was around 1000000 in the US.® The inci-
dence of HF was slightly higher in women compared to men, 505000 and
495000 people, respectively. There were over 80480 fatalities in 2017 due to
HF from which 43656 (54.2%) were women and 36 824 were men (45.8%).
Regarding hospital discharges (including discharged alive, deceased and sta-
tus unknown), there were 809 000 hospital discharges in the US by 2016 (the
data include patients of all ages from 1997 to 2016) from which 394 000 were
women and 415 000 were men.®° Additionally, it was observed that there is an
increased burden of HF within the Black population followed by Hispanic,
White and Asian populations.®! Table 7.1 shows the prevalence of HF in the
US per population group in adult patients (over the age of 20) from 2013 to
2016.>

According to the National Health and Nutrition Examination Survey,** the
prevalence of HF among US adults from 2013 to 2016 was: 0.2 and 0.3% in
the age range of 20-39 years old in female and male, respectively; 1.7 and
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Table 7.1 Heart failure in the United States by population group.

Population group

Non-hispanic

american
Non-hispanic ~ Non-hispanic Non-hispanic indian or
white black Hispanic asian Alaskan native

Female Male Female Male Female Male Female Male N/A

1.9% 2.2% 3.9% 3.5% 2.1% 2.5% 0.7% 1.7% —

1.2% in the age range of 40-59 years old in female and male, respectively;
4.8 and 6.9% in the age range of 60-79 years old in female and male, respec-
tively; and 12 and 12.8% above the age of 80 years old in female and male,
respectively.’ Finally, the number of deaths due to HF was around 80480 in
2017 (36824 males and 43 656 females). The number of deaths attributable
to HF was 42.3% higher in 2017 (80480 deaths) than it was in 2007 (56 565
deaths).*?

7.2.3 Future Directions for Heart Failure

Although prevention of HF is the most effective way to improve quality of life
and reduce health-care costs,* the incidence and prevalence of HF is still
increasing worldwide.”” Due to the limited supply of donor hearts for heart
transplantation and the poor regenerative ability of the myocardium, inves-
tigators have turned to therapeutic approaches aimed at improving myocar-
dial function.®® As previously mentioned, CNTs have become the leading
edge of nanotechnology due to their unique electrical, mechanical and ther-
mal properties.®® Their beneficial therapeutic uses in electric cells, such as
neurons, have now been expanded to cardiac cells. In the following sections,
we will address the therapeutic effects of CNT for cardiac repair and their use
in cardiac tissue engineering.

7.3 CNT Applications in Heart Disease

7.3.1 CNTs in Myocardial Infarction: Atherosclerosis

Atherosclerosis is a progressive multi-factorial disease that affects the vas-
culature. This disease results in gradual accumulation of lipids within the
intima of mostly medium to large sized arteries. Previously thought to be a
disease solely of excess lipids, it is now well-accepted to also be character-
ized by chronic inflammation. In fact, the first step in disease progression
is the secretion of pro-inflammatory cytokines and the subsequent expres-
sion of cell adhesion molecules on endothelial cells.”” These adhesion mol-
ecules provide a contact point for monocytes and leukocytes to migrate into
the intimal layer of the vessel. Once within the intima, monocytes increase
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their uptake of oxidized lipids and continue to mediate the inflammatory
response.®® Over time, these lesions can progress into mature atheroscle-
rotic plaques with thin fibrous caps, internal necrosis and even neovascu-
larization. Not only can these plaques cause narrowing of blood vessels and
decrease in blood flow, but also may rupture causing sudden occlusion of
the artery and complete blockage of downstream blood flow. In the heart,
the rupture of atherosclerotic plaques can lead to MI, whereas in the brain,
rupture of atherosclerotic plaques can lead to ischemic stroke. In addition,
rupture of plaques in other vessels throughout the body can result in kidney
damage, lower limb ischemia and abdominal aortic aneurysms.*’

CNTs may be synthesized and functionalized to possess various chemical
and surface properties making them useful in a wide array of applications.
CNTs can be categorized as either single-walled (SWCNTs) or multi-walled
(MWCNTSs) (double-walled being a subset of this category). CNTs that have
not been functionalized nor purified have previously been investigated in
in vitro studies that have shown that endothelial cells cultured with 0.1 ug/
mL SWCNT suspended in culture media® and HUVEC cells cultured with
MWCNTS suspended in culture media’® produced increased reactive oxygen
species (ROS). These studies indicate that non-functionalized or unpurified
CNTs may encourage the production of ROS and propel oxidative stress and
inflammation thus presenting concern that CNTs could accelerate athero-
sclerosis. In fact, one study by Suzuki et al. showed that non-functionalized
or unpurified SWCNTs and MWCNTs can increase the expression level of
adhesion molecules, which could influence atherosclerotic development
through increased monocyte adhesion.”" On the other hand, another study
demonstrated that catalytically grown and purified SWCNTs and MWCNTs
can trigger a dose-dependent disruption of cell function and intercellular
contact on human aortic endothelial cells.”” However, although the CNTs
used in this study were purified, traces of metal content were identified in the
CNTs after purification. Unfortunately, the authors did not provide specific
information regarding the purification protocol used for their investigation.
As we will further discuss in the toxicity section, metal impurities in CNTs
are the one of the main reasons for their toxicity.

Invivo studies conducted by Cao et al. showed that pulmonary exposure to
non-functionalized or unpurified MWCNTSs in ApoE (—/—) mice had increased
atherosclerotic plaque progression in the aorta with largely unaltered oxi-
dative damage in lunge tissue.” Interestingly, one in vivo study examining
the pulmonary and atherosclerotic effects of pharyngeal aspiration of non-
functionalized or unpurified MWCNT in a mouse model of atherosclerosis,
showed increased pulmonary injury and inflammation but no increase in
atherosclerotic lesions.”* Although these studies show the potential nega-
tive impact of CNTs when used alone without a functionalization method
or purification protocol, the in vivo effects of CNTs are largely dictated by
the delivery or route of exposure as well as the construct of the CNTs them-
selves. For instance, CNTs in the previously discussed studies not only
were non-functionalized or unpurified, but also, they were not conjugated
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or encapsulated within a delivery modality and, thus, were capable of dis-
persing freely. These important factors that influence CNT toxicity are
discussed in more detail in the toxicity section of this chapter. For exam-
ple, one study showed markedly different effects of MWCNTSs with repeated
oral vs. pulmonary exposures.”> Another study showed that specifically pul-
monary exposure to MWCNTSs in mice induced changes in plasma acute phase
response (APR), lipid composition and hepatic gene expression, which could
cause an increase in cardiovascular disease risk.”® Although, it seems that the
delivery route of CNTs may influence the effects on lung tissue and vascula-
ture, certain in vivo studies display varying results despite similar exposure
mechanisms. This may be due to the large variety of CNTs that exist, whether
or not they are purchased commercially or grown in a lab. Furthermore, all
of the above in vivo studies were conducted using non-functionalized and
unpurified CNTs as well as animal models with poor lipoprotein clearance or
accumulation of cholesterol particles in the blood potentially making athero-
sclerotic effects more severe.

As discussed in later sections, several investigators have demonstrated
that using CNTs to functionalize biomaterials or biomolecules has a tre-
mendous potential for cardiac applications. For example, carbon composite
beads with CNTs have been utilized to decrease the amount of LDL in plasma
with the goal of preventing the formation of atherosclerotic plaques. In a
study by Gong et al., porous carbon composite beads with CNTs absorbed
and lowered LDL levels through electrostatic interactions between the CNTs
and electropositive LDLs.”” Owning to the highly diverse nature of CNT
applications, CNTs have also been functionalized with oa-bromoacid and
2-(methacryloloxy) ethyl phosphorylcholine (MPC) to specifically repel oxi-
dized LDLs making them candidates for the treatment of atherosclerosis and
prevention of restenosis following stent placement.”®

The functionalizable and highly versatile nature of CNTs have also made
them useful for diagnostic approaches of both atherosclerosis and MI. Layer-
by-layer assembled CNTs and graphene complexes were used as a novel diag-
nostic approach to detect elevated concentrations of hypoxanthine (Hx) and
uric acid (UA), important biomarkers in human serum following MIL.”° Along
similar lines, other researchers used SWCNTs functionalized with tissue
plasminogen activator (tPA) monoclonal antibodies to detect levels of tPA,
another important biomarker that increases in concentration following MI.%°
Further diagnostic modalities utilized electro-analysis of myoglobin follow-
ing MI and screen-printed electrodes modified with MWCNT.*' Potentially
most in line with clinically used MI diagnostic techniques, carboxylated
MWCNTs embedded nanofibers were used to construct a cardiac Troponin I
(cTnl) sensor reliable enough for point-of-care MI diagnosis.®” CNTs have
also been utilized to improve imaging modalities and characterization of ath-
erosclerosis in vivo. In one study by Wait et al., micro-computed tomography
(micro-CT) imaging using a novel CNT as an X-ray source was used to evaluate
vascular calcifications in living mice.* Similarly, one study took advantage of
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CNT accumulation in atherosclerotic macrophages to demonstrate their uti-
lization as a platform for targeted imaging of macrophage laden plaques and
vascular inflammation.®*

7.3.2 CNT in Arrhythmias

The heart is responsible for pumping blood to the lungs for oxygenation and
to the peripheral tissue for oxygen delivery. The coordinated contraction of
the heart relies on electrical impulses traveling through the myocardium.
In normal, healthy heart tissue these electrical impulses occur in sequen-
tial and regular intervals.® However, abnormalities in the electrical impulses
can cause accelerations, slowing or irregular rates depending on where these
abnormal impulses originate (i.e. atria, AV node, or ventricle). Importantly,
certain alterations in electrical conduction can lead to the development of
lethal arrhythmias, such as ventricular tachycardia or ventricular fibrilla-
tion. Arrhythmias can be caused by a multitude of different mechanisms,
although a significant number of arrhythmias in developed countries result
from ischemic or scarred myocardium as a consequence of ML.® Treatment
of arrhythmias will depend on the type of arrhythmia experienced by the
patient. Medical management typically involves antiarrhythmic drugs that
work by decreasing the myocardial conduction velocity but can have signifi-
cant toxic effects and are only suitable for certain types of arrythmias.®” For
more life-threatening arrhythmias, such as ventricular tachycardia, treat-
ment rests on the implantation of cardioverter defibrillators to deliver an
anti-tachycardic shock in order to restore regular conduction velocity.®* How-
ever, this type of treatment does not prevent the initiation of these deadly
arrhythmias but instead relies solely on reversal once the arrhythmia has
already started. Finally, ablation of aberrant heart tissue can be used to delib-
erately destruct aberrant myocardium, but again this treatment is only useful
for specific types of arrhythmias.

Attempts have been made to restore conduction across ischemic and dam-
aged myocardium to prevent aberrant circuits from occurring in the first
place. Researchers have investigated a number of modalities to accomplish
this including stem cell therapy, biomaterials and gene therapy; however,
CNTs have also been researched as this material can be easily modified and
possesses inherent conduction capabilities.®® In fact, super aligned carbon-
nanotube sheets (SA-SNTs) cultured with cardiomyocytes induced aligned
cell morphology and provided signal-transmission pathways to synchronize
cells and potentially decrease risk of arrhythmias.®® In one in vivo study by
McCauley et al., carbon nanotube fibers (CNTfs) were sewn across epicar-
dial scars in sheep following radiofrequency ablation to create a conduction
delay. CNTfs not only improved conduction across the epicardial scar, but
also maintained conduction for one month post atrioventricular nodal abla-
tion.®® Similarly, CNTs fabricated into nanotube patches have been employed
to improve cardiac conduction across surgically impaired epicardium.®
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Together these studies and others display the promising application of CNTs
for cardiac resynchronization therapy in patients at risk of cardiac arrhyth-
mias following myocardial scarring.

In other applications, CNTs have been used to improve upon current abla-
tion methods for the treatment of arrhythmias. CNTs have been used exten-
sively in oncology to sensitize tumors to radiofrequency (RF) ablation. As
discussed previously, CNTs have high thermal conductivity and a broad spec-
trum of electromagnetic frequency absorbance which includes RF bands.
With this information, researchers have begun to investigate the use of CNTs
to enhance thermal conductivity and RF heating during myocardial ablation
procedures. In one study conducted by Nguyen et al., CNT-treated myocar-
dial tissue showed altered electrical and thermal conductivity following the
application of RF, demonstrating the ability of CNTs to possibly bolster abla-
tive techniques.”

As mentioned previously, CNTs present the potential to be used in car-
diac applications. However, in order to explore their therapeutic properties
in a safe manner, CNTs would be ideally used to functionalize biomaterials
for cardiac tissue engineering. However, a proper purification methodology
is needed prior to their use. The following section shows the advances in
cardiac tissue engineering using CNTs to improve the electrical cues of poly-
meric materials.

7.4 CNTs in Tissue Engineering
7.4.1 Biological Effect of CNTs in Cardiomyocyte

CNT-based biomaterials have been shown to promote cardiomyocyte mat-
uration and improve cardiomyocyte function.””*® The effects of CNTs on
the electrophysiological behavior of cardiomyocytes was first characterized
by Martinelli et al.”” when they cultured neonatal rat ventricular myocytes
(NRVMs) on MWCNT substrates. Using transmission electron microscopy
(TEM), they found that CNTs tightly interact with the cell membrane of
NRVMs (see Figure 7.3). In addition, they found that this close interaction
promoted cardiomyocyte proliferation during the first three days of cul-
ture and enhanced NRVM electrophysiological properties when compared
with NRVMs cultured in traditional gelatin-coated tissue culture dishes.
In another publication, Martinelli et al.®® found that CNTs increased Cx43
expression and promoted a gene expression profile characteristic of terminal
differentiation and physiological growth on NRVMs when compared with the
gelatin controls. These studies attracted the use of CNTs to improve biomate-
rials for cardiac tissue engineering. However, in order to understand the pos-
itive effect that CNTs have on cardiomyocytes, several investigations studied
the biological pathways that lead to the mechanisms underlying this process.

Sun et al.* studied the effect of CNTs on NRVMs using SWCNTs dispersed
into collagen type I. Through immunohistochemical staining and west-
ern blotting, they found that the incorporation of CNTs into the collagen
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Figure 7.3 CNT interaction with cardiac myocyte membranes (arrows). The images
show a tight interaction between the CNTs and the cardiomyocyte cell
membrane. Reprinted from ref. 97 with permission from American
Chemical Society, Copyright 2012.

substrates promoted the assembly and formation of intercalated discs (ID)
within cardiomyocytes. They further explored the effect of CNTs on the integ-
rin pathway, the signaling pathway that is involved in the regulation of inter-
calated disc formation. Through western blot analysis, they found an elevated
expression of f1-integrin in NRVMs cultured in the CNT-collagen substrates
when compared with the collagen substrates without CNTs. They concluded
that f1-integrin is activated on NRVMs due to the presence of CNTs in the col-
lagen substrates. They next investigated the phosphorylation levels of focal
adhesion kinase (FAK) and Src along with the expression level of integrin-
linked kinase (ILK) in NRVMs cultured in the CNT-collagen substrates. These
markers are all involved in the intracellular signaling pathways that can be
activated by B1-integrin'®% and are thus important for the regulation of
electrical and mechanical junction proteins.'”'% They found that a notably
higher expression of p-FAK was observed in the NRVMs cultured in the CNT-
collagen substrates when compared with NRVMs cultured in the collagen
substrates without CNTs. No differences were observed between the groups
for the p-Src and ILK pathways. The phosphorylation of FAK can activate
several downstream signaling kinases,'” such as AKT (protein kinase B)'*
and extracellular signal-regulated kinases (ERK),""" both of which are involved
in the upregulation of ID-related proteins.'** Sun et al. found that expression
of p-ERK in NRVMs cultured in CNT-collagen was increased when compared
to NRVMs cultured in the collagen substrates without CNTs. They did not
observe any apparent change of p-AKT expression between the two groups.
Since Cx43 is the main gap junction protein increased in NRVMs cultured
in CNT substrates, they investigated the mRNA expression of transcription
factors that regulate expression of the connexin gene, such as AP-1, c-fos,
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myocyte enhancer factor-2 (MEF-2¢), NKX2.5 and GATA-binding protein 4
(GATA4).'"''® Through semi-quantitative polymerase chain reaction
(RT-PCR) they determined the expression levels of AP-1, c-fos, MEF-2¢, NKX2.5
and GATA4 in NRVMs cultured in CNT-collagen substrates. They found that
the mRNA levels of GATA4 and MEF-2c were elevated in the NRVMs cultured
in the CNT-collagen substrates when compared with NRVMs cultured in
collagen substrates without CNTs. They did not find changes in the level of
expression of AP-1, c-fos, or NKX2.5 between the two groups. They concluded
that CNTs promote the acceleration of gap junction formation by activating
the p1-integrin-mediated FAK/ERK/GATA4 pathway.

Furthermore, Sun et al.''” cultured NRVMs in SWCNTSs incorporated into
gelatin with methacrylate anhydride (CNT/GelMA) hydrogels and performed
similar studies to those mentioned previously. Using immunohistochemical
staining and western blotting, they found that the incorporation of CNTs in
GelMA hydrogels promotes the assembly and formation of intercalated discs
within cardiomyocytes. Pathways such as wnt and p38 mitogen-activated
protein kinase, have also shown to regulate intercalated disc formation."#'
Thus, the authors further analyzed the expression levels of integrin and
B-catenin in NRVMs cultured in both CNT/GelMa and GelMa hydrogels using
quantitative western blotting. They found again that the p1-integrin was
highly expressed in NRVMs cultured in the CNT/GelMa hydrogel (3 times
more) than in NRVMs cultured in the hydrogel without CNTs. No changes in
B-catenin were observed between the two groups. As previously mentioned,
B1-integrin signaling activates FAK as well as small G proteins, like RhoA,"*'
which play an important role in the formation of cell-cell junctions."* Thus,
the authors further investigated the phosphorylation levels of FAK and the
expression level of RhoA in NRVMs cultured on CNT/GelMa hydrogels. They
found that the expression of p-FAC and RhoA was higher in the NRVMs cul-
tured in the CNTs when compared with NRVMs cultured in hydrogels with-
out CNTs. The authors concluded that through the activation of f1-integrin
signaling, CNTs trigger downstream signaling kinases FAK and Rho, thus
promoting gap and mechanical junction formations within cardiomyocytes.

To further study the integrin pathways activated by CNTs, Lee et al.'* stud-
ied the expression of integrin receptors on NRVMs cultured for three and five
days in GeIMA hydrogels containing dispersed CNTs and reduced-graphene
oxide (rGO). Using quantitative RT-PCR, they analyzed various integrin
subunits (o1, 02, a3, a5, a7 and B1) responsible for mechanotransduction
initiating intracellular signaling. They found that NRVMs cultured on the
CNTs-GelMA hydrogel have higher expressions of a1, a2, a3, and p1 on day
three and five than those cultured on the rGO-GelMA hydrogel. They also
found that NRVMs cultured on the rGO-GelMA hydrogel have higher expres-
sion for a5 and a7 on day three and five than NRVMs cultured on the hydrogel
with CNTs. NRVMs cultured on CNT-GelMA hydrogels display higher expres-
sion levels of distinct integrin receptors such as a1p1 and a2p1. They further
investigated this integrin engagement by assessing gene expression profiles
pertinent to mechanotransduction, cytoplasmic structure, and growth in
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NRVMs cultured in CNT-GelMa and rGO-GelMa hydrogels for three and five
days. Although the panels of transcripts related to cytoplasmic structure and
Rho family expressed higher levels in cells cultured in the CNT-GelMA hydro-
gels on day 3, there were no significant differences detected on day 5 between
the two hydrogels. On the other hand, NRVMs cultured on CNT-GelMA for
five days exhibited a much higher expression level of mechanotransduction
related transcripts (focal adhesion and YAP/TAZ) than NRVMs cultured in the
rGO-GelMA hydrogels. It has been reported that small GTPase Rho indirectly
regulates YAP/TAZ activation by inducing the assembly of actin stress fibers to
encourage the spreading of cells across the extracellular matrix (ECM)."** The
authors concluded that NRVMs cultured in the CNT-GelMA hydrogels had
increased functionality through integrin-mediated mechanotransduction
(via YAP/TAZ) in contrast to NRVMs cultured in the rGO-GelMA hydrogels.

Although there are no current in vivo studies looking at the pathways acti-
vated by CNT-functionalized hydrogels, the discussed in vitro studies suggest
that CNTs promote the formation of gap junctions, improve cardiomyocyte
activity and activate integrin pathways.

7.4.2 Injectable Hydrogel
7.4.2.1 Introduction to Injectable Hydrogels

For patients with end-stage HF, therapeutic options are limited and cardiac
transplantation remains challenging due to a shortage of donor hearts and
high surgical risk.’*'*>'?® In this regard, efforts in cardiac tissue engineering
have sought to overcome these limitations by developing novel biomaterials,
such as injectable hydrogels®®'*” or polymeric patches,'*'* that can mimic
the cardiac tissue and promote cardiac repair.’****° Due to co-morbidities
in patients affected with end-stage HF, ideally, biomaterials should be deliv-
ered with a minimally invasive procedure to prevent any additional dam-
age incurred through surgical implantation.” For this reason, injectable
hydrogels are particularly desirable due to their minimally invasive delivery
approach and their unique modifiable properties.®*'** Injectable hydrogels
can be designed to have specific physical, chemical and electrical proper-
ties to provide structural and electrical support to the damaged cardiac
tissue.” 33131 Additionally, they can also serve as a delivery vehicle for cells
and biomolecules to further promote cardiac repair.®*"***® In fact, inject-
able acellular alginate-based hydrogels have been already tested in clinical
trials in patients with previous MI and HF with favorable tolerability.'**'*
These results support the use of injectable hydrogels for cardiac repair. How-
ever, due to the complexity of cardiac tissue, the ideal injectable hydrogel for
cardiac repair has not yet been developed, particularly a hydrogel that mim-
ics the cardiac electrical cues.”® Native cardiac muscle has unique electro-
physiological behavior that transfers electrical signals through CM coupled
with nonmyocytes cells such as fibroblasts, smooth muscle cells, endothe-
lial cells and macrophages.'*'*! Due to the loss of CMs and the pathogenic
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cardiac remodeling during HF, abnormalities in the electrical signaling of the
injured heart are commonly observed.'** Unfortunately, the majority of poly-
meric materials are electrically insulated.** To this end, investigations have
moved to modify injectable hydrogels by conjugating or dispersing CNTs to
provide electrical cues into hydrogels.'** For the purpose of this section, an
overview of injectable hydrogels functionalized with CNTs for cardiac tissue
engineering will be discussed.

7.4.2.1.1 CNTs in Natural Injectable Hydrogels. Natural hydrogels are
attracting attention for cardiac tissue engineering applications as they pre-
serve the biological properties and biocompatibility of the host tissue.'*
Among them, ECM-derived hydrogels are increasingly used as scaffolds for
cardiac repair.'*® Previous investigations have shown that porcine myocardial
ECM-derived hydrogels improved cardiac function and attenuated patho-
genic left ventricle remodeling in both rat'*” and pig'** MI models. However,
ECM-derived hydrogels lack electrical cues which are needed for efficient
cardiac function. To overcome this limitation, Roshanbinfar et al.'*® pro-
posed the dispersion of carbodihydrazide MWCNTs into sheep decellular-
ized pericardial tissue. They found that culturing HL-1 cardiomyocytes in the
3D CNT-pericardial matrix promoted cell proliferation, increased expression
of connexin 43 (Cx43) (cardiac specific gap junction protein) and improved
synchronous contraction when compared with cells cultured in pericardial
matrix without CNTs. Furthermore, in another study, Roshanbinfar et al.’*
tested the same sheep pericardial matrix with dispersed carbohydrazide
MWCNTs in human-induced pluripotent stem cell derived cardiomyocytes
(hiPSC-CM). They found that the hiPSC-CM cultured in the 3D CNT pericar-
dial sheep matrix present an enhanced Cx43 expression with improved cel-
lular alignment and more organized sarcomeres when compared with cells
growing in Matrigel. In addition, they observed an enhanced calcium han-
dling with better response to external electrical and pharmaceutical stimula-
tion in hiPSC-CM cultured in the 3D CNT pericardial sheep matrix. Although
ECM-derived hydrogels have shown promise in both in vivo and in vitro stud-
ies, a more cost-effective extraction method to reduce the denaturalization of
ECM proteins is still needed."'

To this end, several investigators have developed and studied other natural
injectable hydrogels for cardiac repair. Collagen has attracted great interest
as it is the major protein component in the native cardiac ECM."? Thus, it
naturally exhibits good biocompatibility. However, similar to other ECM-
derived hydrogels, collagen hydrogels are electrically insulated, which leads
to poor functionality of the constructed tissues. In order to improve collagen
hydrogels' conductivity, Sun et al.** suspended SWCNTSs into collagen type 1
solution to produce CNT-collagen hydrogels. They tested this CNT-collagen
hydrogel as a 3D scaffold in vitro using NRVMs and found that the incor-
poration of CNTs into the collagen hydrogels improved cell alignment and
function. Similarly, Yu et al.™* dispersed carboxyl-functionalized MWCNT
into collagen type I solutions and tested its effect on NRVMs. They found
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that NRVMs cultured in the 3D CNT-collagen matrix showed improved car-
diac cell function compared with cells cultured in collagen hydrogels with-
out CNTs. Although collagen hydrogels have shown good biocompatibility,
and the dispersion of CNTs within the hydrogel improves cardiac cell func-
tion, there are still concerns regarding the batch-to-batch variability of colla-
gen hydrogel synthesis and the lack of chemically-bonded CNTs, which can
increase the risk of CNT release and toxicity.

7.4.2.1.2 CNTsin Synthetic Injectable Hydrogels. Although natural inject-
able hydrogels have shown promise to be used in cardiac tissue engineering
applications, high cost purification methods and their variability properties
in batch-to-batch synthesis make them not ideal for clinical applications.®®
Thus, investigations have moved towards synthetic materials.'”>"*® Synthetic
materials can be easily modified to fulfill specific properties, such as chem-
ical functionalization, increased mechanical strength, improved porosity,
controlled degradation and gelation rate. Additionally, synthetic materials
are more easily controlled avoiding batch to batch variability.

Poly(N-isopropylacrylamide) (PNIPAAm)-based hydrogels are common
thermosensitive synthetic materials broadly used in the biomedical field."**'*
PNIPAAm-based hydrogels remain in solution at room temperature and turn
to a physical gel at body temperature.'®'°> Thus, these synthetic hydrogels
can be injected into a specific side of interest and will conform to the irreg-
ularities of the injury site via in situ gelation.'®® Moreover, PNIIPAAm-based
hydrogels can be chemically modified to covalently incorporate CNT into the
polymer backbone. Pena et al.°® developed a reverse thermal gel functional-
ized with carbon nanotubes (CNT): poly(serinol hexamethylene urea)-poly-
(N-isopropylacrylamide)-poly-(lysine)-CNT (PSHU-PNIPAAm-lysine-CNT) or
RTG-CNT. They first synthetized CNT with COOH groups by incorporating
amino benzyl groups to commercial MWCNT via the diazonium salt arylation
reaction route. Then, they chemically conjugated the MWCNT-COOH to the
primary amine groups of the PSHU-PNIPAAm-lysine hydrogel. They further
performed long-term 3D cell cultures using NRVMs for up to 21 days. They
found that NRVMs cultured in the 3D RTG-CNT hydrogel have stronger and
more homogeneous spontaneous calcium transients and an increased and
more organized localization Cx43 when compared with NRVMs cultured in
the 3D hydrogel without CNTs or in their 2D gelatin controls (standard con-
trols for NRVM culture). Moreover, they observed that the culture of NRVMs
in the 3D RTG-CNT promoted cardiomyocyte proliferation during the first
four days of culture. These results demonstrated that conductive CNTs have
the capacity to improve NRVMs' function and promote early cardiomyocyte
proliferation.

CNTs can also be dispersed into PNIPAAm solutions. Li et al.*®** used PNI-
PAAm's unique abilities to inject and localize brown adipose derived stem
cells (BASCs) into the myocardium of a rat myocardial infarction model and
they improved cell engraftment, cardiac repair and function when SWCNTs
were dispersed in the PNIPAAm hydrogel. Thus, the incorporation of CNTs
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not only enhances function in vitro, but also improves cell integration and
therapeutic benefit in vivo.

As previously discussed, injectable hydrogels are ideal systems for patients
with other co-morbidities that put them at risk during invasive surgeries.
However, polymeric patches can be also used for cardiac repair for other
cardiac injuries in which injectable hydrogels are not ideal. The following
section will discuss and describe the use of CNTs in polymeric patches for
cardiac tissue engineering applications.

7.4.3 3D Cardiac Patches

As previously mentioned, the main difficulty in repairing the heart by itself
after infarction is the limited regenerative capacity of the myocardium. The
artificial regeneration of the heart muscle could be an effective therapy, and
the implantation of cell supportive cardiac patches directly into the diseased
myocardium has become a potential solution to achieve such purpose.
Ideally, cardiac patches should be able to mimic the myocardium ECM for a
successful integration with the tissue. More specifically, they should be elec-
trically conductive, as the host tissue, and mechanically robust and elastic,
to support the heart contraction. In most of the reported cardiac patches,
the function of the cardiomyocytes is restricted because of mismatches
in the mechanics, conductivity and submicrometric structure of the matrix."*
The introduction of CNTs has been proven to overcome such restrictions,
providing the patch with enhanced conductive and mechanical properties.
Moreover, CNTs have been shown to increase the cardiac tissue functionality
against other conductive carbon nanomaterials, such as graphene oxide and
reduced graphene oxide.'*?

Several tissue engineering strategies aimed to produce artificial car-
diac tissues through the development of ‘sheets’ or ‘two-dimensional (2D)
patches’ using a wide array of natural and synthetic polymer composites
and blends. Coating substrates containing CNTs have shown to promote
cell adhesion, spreading and growth of stem cells, accelerating the mat-
uration of derived cardiomyocytes.'®® However, conventional methods of
engineering cardiac tissue through sheet engineering approaches have
not been able to recapitulate the extremely complex structure and func-
tionality of the native myocardium. For these, several investigations have
shown that tridimensional (3D) scaffolds have become the most effective
strategy for tissue regeneration as they have large surface areas for cell or
biomaterial attachment, proliferation, sensing, etc.'®® Additionally, cellular
behavior and cellular responses are more similar to the native tissue in 3D
cell cultures which may provide a more realistic biological behavior. Even
though studies in the literature regarding the manufacture of 3D conduc-
tive cardiac patches indicate that it has not been an easy task, tissue engi-
neers have succeeded in the development of implantable patches. In this
section we will review these advances.
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7.4.3.1 Hydrogel Patches

Hydrogels are outstanding biomimetic materials for soft tissue applications
as they can successfully integrate living cells with good viability within their
polymeric matrix.'”**® Their highly hydrated nature, flexibility and softness
can be adjusted to create microenvironments for cells and biomolecules.
Moreover, CNTs can be easily dispersed within their polymeric matrix before
gelation, providing electrical cues to the hydrogel material. Gelatin-based
scaffolds have shown improved performance in vitro and in vivo when used
as engineered cardiac tissue.'® However, gelatin-based scaffolds are not elec-
trically conductive. To provide electrical cues to gelatin hydrogels, Cabiati
et al. dispersed CNTs into gelatin polymeric solutions and the resulting gel-
atin scaffolds provided enhanced cellular electrical excitability with a more
mature cardiac phenotype on myoblast H9c2 rat cells when compared with
hydrogels without CNTs.'*® Gelatin methacrylate (GelMA) hydrogels func-
tionalized with CNTs have also successfully been obtained and further tested
in cardiac cells. Results showed that NRVMs cultured in CNT-GelMA hydro-
gels have higher spontaneous synchronous beating rates and a lower exci-
tation threshold when compared with NRVMs cultured on GelMA hydrogels
without CNTs.'*

The use of aligned CNTs has brought interest for cardiac tissue engineer-
ing as they can be used as electrodes for tissue stimulation. Aligned-CNT
microelectrodes can allow pacing in close contact with cells and lower volt-
ages, thus controlling the electrical pulses between cells and tissue con-
structs and regulating their behavior and function. This kind of platform,
which possesses high similarity to the nanofibrous microstructure of native
ECM, enables localized stimulation and, hence, guidance of cardiac cells.
Although micropatterned hydrogels with aligned CNTs are not easy to manu-
facture at first glance, a few scientists have succeeded in their production. For
example, Shin et al. fabricated first a vertically aligned CNT forest by chemi-
cal vapor deposition (CVD), and then, encapsulated them within CNT-GelMA
and PEG hydrogel layers."”® They then tested these hydrogels with vertically
aligned CNTs using NRVMs. They found that cardiomyocytes cultured in the
CNT-GelMA-PEG hydrogel showed homogeneous cell organization with good
cell-to-cell coupling associated with maturation and continuous beating.
In another study, Ahadian et al. also used GelMA to encapsulate CNTs and
aligned them using dielectrophoresis. They then tested the hydrogel using
mouse embryoid bodies. The authors observed a superior cardiac differenti-
ation of mouse embryoid bodies upon applying electrical stimulation in the
aligned CNT-GalMA hydrogel group when compared with non-conductive
GelMA and randomly dispersed CNT-GelMA hydrogel groups.'”*

Three-dimensional printing techniques have recently emerged as a prom-
ising industrial manufacturing strategy for tissue engineering applications,
and biomedical engineering has become one of the cradles of its develop-
ment. Integrating UV-lighting into a 3D bioprinter provides a new tool to
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draw photo-crosslinkable hydrogels into predefined complex structures,
curing the gel while it is printed. For example, Izadifar et al. generated a
hybrid hydrogel composed of a CNTs-incorporated alginate framework and
human coronary artery endothelial cells’ (HCAECs) laden methacrylated col-
lagen. The nanofilamentous patterned networks were composed of strings
between 25 and 500 nm. They observed that CNTs improved not only the
electrical and mechanical properties of the hydrogel, but also the HCAECs'
cellular attachment and elongation when compared with hydrogels without
CNTs."”? Such low dimensions and complex designed patterns have also
been achieved using photolithography techniques. For example, Wang et al.
developed star-like and stingray-like micropatterns as robotic systems. The
authors used CNT/GelMA hydrogels to engineer cardiac muscle tissue from
NRVM: the hydrogel was previously attached to poly(ethylene glycol) diacry-
late (PEGDA), which provided structural cartilage-like support, and flexible
gold microelectrodes, for electrical stimulation control.'”® They concluded
that including electrically conductive nanoparticles, such as CNTs, not only
improved the electrical coupling of the cardiac tissue, but also induced an
excellent in vitro tissue architecture and arrangement. In summary, an artifi-
cial tissue construct using nanosized-patterned hydrogels is one step closer
to implementing robotic systems that can mimic complex living behaviors
and thus, shows more reliable biological effects for biomedical studies.

7.4.3.2 Solid Fibrous Patches

Nanofibers with diameters of a few hundred nanometers are considered
to be promising materials for 3D cardiomyocyte cultures,’”* as their shape
and distribution can be modified to mimic the ECM more effectively than
other biomaterials.!”> However, due to the non-conductive nature of natu-
ral or synthetic fibers, the challenge remains to introduce conductive addi-
tives without influencing the scaffold's biocompatibility. As previously
mentioned, CNTs are the perfect nanomaterial to provide electrical cues
to non-conductive materials along with enhanced mechanical properties
and reduction in degradability. For example, Wickham et al. demonstrated
that the inclusion of CNTs into 3D poly-caprolactone (PCL) fibrous meshes
increased their mechanical strength without altering their morphology,
resulting in enhanced proliferation of stem/progenitor cells (CPCs) from
murine hearts.”® In the same work, the authors analyzed the effect of the
substrate topology and showed that 3D electrospun meshes supported adhe-
sion, proliferation and differentiation of CPCs, while solvent casted sheets
were not able to support cellular attachment nor spreading.

Most of the conductive fibers are produced by electrospinning a solution
containing a polymer solution and CNTs. This produces a fibrous mesh
with the nanomaterial embedded and trapped within the non-conductive
matrix, ensuring mechanical and conductive stability. However, the synthe-
sis of a polymer solution with a homogeneous distribution of nanomaterial
by electrospinning can sometimes be unattainable. For example, Hou et al.
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developed spider silk fibrous matrices containing CNTs using a dry-coating
and wet collapsing method that showed high flexibility, lightweight prop-
erties, stretching ability, strength and softness.'”” They further tested these
matrices with neonatal cardiac chicken cells and found that the CNT-silk
fibers have an intimate contact with cardiomyocytes and this can direct cell
growth and stimulate cell beating. In materials such as spider silk, coating or
electrospray techniques are needed to attach CNTs on the fibrous surfaces.'”*

Nanofibrous matrices with aligned morphologies have been highlighted to
induce the formation of oriented engineered cardiac tissues with enhanced
functionalities and mature phenotype.'”® Such alignment guides the oriented
organization of cardiac cells, sarcomeres and gap junctions, and favors the
electric propagation and subsequent synchronized contractions. As reported
by Ren et al., super aligned 3D sheets obtained from a spinnable CNT forest
have been proven to induce an elongated and aligned cell morphology of
cultured neonatal rat ventricular cardiomyocytes and provide efficient extra-
cellular signal-transmission pathways, resulting in regular and synchronous
beating. CNTs have also been shown to improve the fibrous alignment of
poly(glycerol sebacate):gelatin (PG) polymeric matrices and, together with
enhanced electrical conductivity and toughness, promote stronger sponta-
neous and synchronous beating of NRVMs."”’

Micropatterns with multiple structures have been also developed. Liu et al.
formed square, rectangle and honeycomb micropatterned fibrous matrices
by deposition of electrospun poly(ethylene glycol)-poly(pi-lactide) (PELA)
containing CNT for the co-culture of primary neonatal rat CMs with cardiac
fibroblasts and endothelial cells. In their work, the authors observed that
the cells cultured in the honeycomb patterned CNT-fibrous matrices showed
higher cell viability, better cell elongation, more ECM synthesis, higher pro-
duction of organized contractile proteins and a pulsation frequency close to
that of the atrium when compared with cells cultured in the fibrous matrices
without CNT."® Furthermore, 3D printing strategies have recently emerged
to manufacture superaligned structures. Conductive inks incorporating
CNTs have been prepared to print 3D cardiac patches.?® For example, Vaithil-
ingam et al. have used 3D printing approaches to fabricate 3D biomimetic
substrates of an acrylate matrix containing CNTs with a linear pattern.'®!
Cardiomyocytes derived from human pluripotent stem cells were cultured in
the patterned substrates, and the authors demonstrated that cellular behav-
ior could be modulated due to the scaffold architecture and electric proper-
ties provided by the CNTs.

Finally, the addition of conductive properties to porous scaffolds has
become key for electric stimulation and providing a new kind of interaction
with biological systems. Several studies demonstrated that local electrical
stimulation favored and accelerated the regeneration and healing processes
of electroactive tissues, enhancing cell-cell and cell-substrate interaction.'®*
Similarly, even though there is no clear observation of the impact of CNTs on
cellular differentiation, the combination of a CNT-based conductive scaffold
with electrical stimulation does promote differentiation of cardioprogenitor
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cells and, therefore, cardiomyogenesis.'® To this end, Mombini et al. pro-
duced 3D nanofiber scaffolds composed on polyvinyl alcohol (PVA), chitosan
(CS) and CNTs for cardiac differentiation of rat mesenchymal stem cells
(MSCs). In their work, they applied electrical stimulation to favor differen-
tiation and showed that the substrates containing 1% CNTs had optimal
conditions for this purpose.'®

7.5 Toxicities Associated with CNTs

Given the increased usage of CNTs in biomedicine, the concern about a
potential toxicity has been raised. Even though strong efforts of one part of
the scientific community have been made to devalue them, relatively little
is known about the biological effects of these materials. Therefore, the bio-
safety of CNTs in biomedical applications is still an important consideration
and one that typically generates controversy. To this end, there are multi-
ple studies supporting the positive effects of CNTs while others defend their
inconvenient usage.'® Due to their small size and intrinsic properties, CNTs
can reach regions of the body that larger particles cannot.'®® This fact can be
beneficial when using them as nanocarriers to cross the blood-brain barrier
(BBB), one of the main obstacles to get therapeutic substances into the brain.
However, this fact can have negative effects when deposited or aggregated
into unwanted organs and tissues.'®” Other concerns arise from the high het-
erogeneity of CNTs used in the experimental studies (i.e. length, size, purity,
number of walls and surface properties). Furthermore, it has also been high-
lighted that the tests commonly used have not been adapted to nanosized
materials.'®® In this section we will try to untangle this topic and clarify the
conditions and considerations that should be taken into account for the bio-
medical use of CNTs, with special attention to the toxicity or non-toxicity to
the heart and the cardiovascular system.

Previous studies demonstrated that CNTs can penetrate cell membranes
by endocytosis or simple passive diffusion and recruited into lysosomes,
as shown in Figure 7.4. This can lead to oxidative stress, inflammation and
cytotoxicity. CNTs are also able to enter organelles and the nucleus. After-
wards, they are excreted by exocytosis or autophagic microvesicles.'®® The
cell uptake of CNTs was higher than other carbon nanomaterials, such as
graphene oxide (GO), while the cytotoxicity observed between them showed
no significant differences.'*”'! The main mechanism of CNT toxicity comes
from its high chemical reactivity that favors the production of reactive oxygen
species (ROS) and free radicals. This can cause oxidative stress, inflamma-
tion, and damage to proteins and DNA."? Similarly, Salehcheh et al. exposed
mitochondria from hearts to a suspension of free CNTs, which resulted in
high mitochondrial toxicity. To solve this, the authors also then tested CNT
functionalized with naringin (a natural sugar extract from citric fruits) and
found that the incorporation of naringin reduced cardiotoxicity.'*?

As an alternative to reduce toxicity and improve biocompatibility, CNTs
have been functionalized by incorporating chemical groups or biomole-
cules."”*' For example, oxidation of CNTs was shown to dramatically reduce
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Figure 7.4 Uptake and cellular fate of f~CNTs in mammalian cells. Reproduced
from ref. 189, https://doi.org/10.1016/j.jconrel.2016.09.033 under the
terms of the CC-BY 4.0 license https://creativecommons.org/licenses/
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their toxic effects, making them biodegradable by enzymatic digestion or
microglia shattering.’*®'%” Chatterjee et al. demonstrated that the sensitiv-
ity order to cause toxicity was oxidation, hydroxylation-oxygenation, ami-
nation and pristine.'”® Cell integration depends on the surface chemistry of
the CNTs. Furthermore, another advantage of CNTs is that they can be func-
tionalized with effective carriers of various molecules, including peptides,
proteins, plasmids, nucleic acids and chemotherapeutics.'® Modified CNTs
with polyethylene-glycol (PEG) and injected into mouse models showed
extended blood circulation times and low uptake by the reticuloendothelial
system (RES). In this study, no toxic evidence was detected and the mice did
not display any damaging effects, such as weight loss and fatigue.'*

The toxicity of CNTs has been mostly associated with its physicochemical
properties, surface chemistry and functionalization. Other factors that can
influence the toxicity are the presence of metal impurities, such as nickel
that can generate asthma and dermatitis,'®*® and mechanisms such as aggre-
gation, cellular processes, biodistribution and degradation kinetics.??**"!
Xu et al. demonstrated that CNT aggregates attenuate the behavior and neu-
rochemical effects of methamphetamine in mice, although no significant
change in the common behavior of mice, e.g., feeding, drinking, or locomo-
tion was detected.”®® In any case, the most important toxicity factor at the
in vivo level is related to the route of CNT delivery into the body (i.e. dermal,
ingestion, intravenous injection and inhalation). Indeed, inhalation of CNTs
may induce a range of harmful effects in laboratory animals, such as inflam-
mation, fibrosis and cancer.'®2% Several data revealed that free CNTs within
the body behave as nano-needles and can have adverse effects comparable
to inhaled pathogenic particles and fibers, such as silica and asbestos.?***%
In particular, inhaled CNTs can interact with the heart, causing muscle
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damage, cardiovascular alterations, cell proliferation and disruption in blood
flow. These effects can result in atherosclerosis (as previously discussed in Sec-
tion 7.3.1), hemolysis and blood clotting.’ Zheng et al. reported a detailed study
of the effects of inhaled MWCNTs on the cardiovascular system and evaluated
the correlation between alterations in heart rate and changes in cardiovascular
function.**® The authors concluded that the cardiovascular alterations where a
consequence of changes in the sympathetic and parasympathetic nervous sys-
tem, and that further studies are required. Currently, few reports study CNT-
exposed human beings and the results are inconclusive. It seems that there
are multiple signaling pathways involved and the mechanisms associated with
heart and vascular toxicity are poorly understood.

Itisworth noting that many of the reports proposing that CNTs are harmful
evaluate only the effects after inhaling CNT powder or injection of CNT dis-
persions, most of them using unpurified CNTs. However, in tissue engineer-
ing and cardiac engineering in particular, CNTs are embedded in polymeric
matrices, making them more stable and localized within the area of interest.
CNTs embedded or conjugated into polymeric matrices behave more like par-
ticulate materials without interacting with the cellular cytoskeleton and do
not act like nanometric materials.'®® All of the CNT-based biomaterials dis-
cussed within this book chapter demonstrated no cytotoxicity, inflammation
or any negative effect when tested in animal models or in in vitro studies for
cardiac applications. In fact, 3D meshes of CNTs have been implanted into
adult rat visual cortex and not only showed excellent biocompatibility and
low tissue reaction after 4 weeks, but also did not induce an inflammatory
response. During this experiment, there were no significant effects of scaf-
fold implantation on general animal behavior and/or well-being.** Similarly,
Pedrotty et al. constructed cardiac patches with CNTs and demonstrated that
they can restore cardiac conduction when passively applied to surgically dis-
rupted epicardial myocardium in canines.’® Ren et al. developed a flexible
superaligned CNT-electrode (SA-CNT) able to synchronously pace ex vivo
three isolated hearts, imitating the application in cardiac resynchronization
therapy, as well as pacing a mouse heart in vivo.* Unfortunately, few in vivo
experiments have been performed using CNT-based biomaterial and thus,
more animal studies are needed to determine the biological effects of CNTs.

7.6 Conclusions and Future Directions

HF is a leading cause of death worldwide.>*” The gold-standard treatment
for end-stage HF is heart transplantation.>® However, cardiac transplanta-
tion remains challenging due to several complications including the limited
availability of donated organs, immune rejection, surgical risk and hospi-
talization costs.’>** Advances in cardiac tissue engineering have sought to
overcome these limitations by developing novel biomaterials engineered
to mimic native cardiac tissue and promote cardiac repair.°*'>>** In this
regard, the incorporation of CNTs has been largely studied to provide elec-
trical cues to non-conductive biomaterials, making them more similar to
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native tissue.’>°® Although there are difficulties in introducing CNTs homo-
geneously within polymeric matrices, multiple works succeeded in devel-
oping hydrogels with homogeneously distributed CNTs and homogeneous
CNT-filamentous porous tridimensional conductive substrates. Moreover,
aligned-CNTs and nanofilamentous patterned networks have been proven to
guide the organization of cardiac cells into a more mature phenotype, mim-
icking the biological oriented cardiac tissue, and favoring the electric propa-
gation and subsequent synchronized contractions.'®%7%178

Regarding the cellular pathways activated by CNT in cardiac cells, CNT-
functionalized hydrogels have been shown to stimulate cardiac cell function
in vitro by activating p1-integrin pathways associated with intercalated disc
formation.””'" In addition, in vivo studies using CNT-functionalized bioma-
terials have shown favorable results in MI animal models, inducing cardiac
repair and improving myocardium function.'®* However, the biological path-
ways relating CNTs with improvement in cardiac function in vivo are still
unknown and require further investigation.

All this being said, concerns have been raised regarding the potential tox-
icity of CNTs and research surrounding this remains controversial.'®®'% Ag
previously discussed, unpurified pristine CNTs, not chemically functional-
ized, integrated nor dispersed within biomaterials, have been associated with
atherosclerosis.®””? These results were mainly observed due to the delivery
route, the animal model assessed and the fact that non-functionalized free
CNTs were used. Furthermore, pristine CNTs without proper purification can
lead to the presence of toxic metal impurities and CNT aggregates can lead
to cellular toxicity.'**2°*2°! We have previously demonstrated the importance
of CNT functionalization to promote their solubility through synthesizing
CNTs with COOH groups by incorporating amino benzyl groups on commer-
cial MWCNT via the diazonium salt arylation reaction route.®® We found that
these functionalized CNTs were well dispersed in organic solvents, whereas
commercial CNT-COOH formed agglomerates. Therefore, CNT functional-
ization and proper purification are key to improve CNT dispersion and bio-
compatibility. However, standard toxicological procedures are still needed
to assess CNTs and CNT-functionalized biomaterials. These procedures may
include conjugation of the proper chemical groups or biomolecules to prop-
erly disperse the CNTs as well targeting delivery methods.

In summary, CNTs have great potential to be used in cardiac tissue engi-
neering applications to not only repair the injured myocardium, but properly
mimic its intended electroconductive function. It is likely that CNTs must be
functionalized and ideally used in conjunction with biomaterials to improve
their efficacy and minimize unwanted effects. However, additional studies
are needed to properly design, optimize and advance this potentially life-
saving technology.
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Nanodiamonds and Their
Biological Applications
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8.1 Introduction

Diamonds are the hardest known naturally occurring mineral on Earth.
Diamonds are made up of purely carbon atoms that are arranged in a
cubic crystal structure. They are naturally formed in the Earth's mantle
at extreme conditions of high temperature and pressure. In addition to
this, diamonds are also found in space,”* in metamorphic rocks as a result
of continental plate collisions,>* and are also formed by the impacts of
meteorites on Earth.” Although ‘bulk’ diamonds are most commonly used
for jewelry purposes, ‘tiny’ diamond particles are used in a wide range of
scientific applications owing to their unique physical properties. These
‘tiny’ diamonds are called nanodiamonds (NDs) and their size is in the
order of few hundreds of nanometers. NDs, similar to bulk diamonds, also
possess a cubic crystal structure and are made up of carbon atoms and
impurities (dopants) to a certain extent in ppm levels due to their different
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preparation schemes. In comparison to other carbon allotropes, NDs are
unique in that they solely consist of sp* hybridized carbon atoms and thus
are optically transparent and biologically inert. NDs have attracted much
attention in biomedical research especially due to their numerous unique
properties such as easy surface functionalization, high thermal conductiv-
ity and photostability, biocompatibility and extended far-red fluorescence
emission, etc.®

This chapter focuses on giving a brief introduction about NDs, their color
centers and biocompatibility studies, and then their various applications in
biology and medicine are finally discussed in detail.

8.2 Production of NDs

The problem that attracted many great scientists 200 years ago was diamond
synthesis. The first credit to diamond synthesis has been given to Henry
Moisson in 1893 when he claimed to have made diamonds by dissolving
sugar charcoal in molten iron and then rapidly cooling the molten mass in
water. Many scientists and workers have failed when attempting to reproduce
the same results. Nevertheless, over the decades many methodologies have
evolved for preparing diamonds among which the widely used methods are
high pressure and high temperature (HPHT), detonation and chemical vapor
deposition (CVD).

It was not until 1955 that the first reproducible nanodiamond synthesis
was reported.” By applying high pressure and high temperature to a car-
bon source, such as graphite, in a belt apparatus at pressures greater than
100000 atm and temperatures above 2000 °C, diamond particles were pro-
duced. Diamond crystals grown by this technique are of high quality and
their sizes range from tens of nanometers to about 1 cm. Later, in 1963, a
group of Soviet Union scientists observed that detonation of carbon con-
taining explosives such as a trinitrotoluene/hexogen mixture produced dia-
mond particles in the soot.® Diamond particles obtained by this method are
called ‘detonation nanodiamonds (DNDs)’. The product of detonation syn-
thesis includes both diamond and graphite like structures along with other
impurities such as metals and oxides that originate from the steel walls of
the explosion chamber. A further purification process of this DND by both
mechanical and chemical means took place to obtain NDs with an average
size of 5 nm. Around the same time in the 1960s, a chemical vapor deposi-
tion (CVD) method was developed to produce NDs.” In contrast to the both
HPHT and DND synthesis where high pressures are needed, low pressures
are used in the CVD technique. Briefly, a mixture of a carbon source such as
methane or acetylene and hydrogen is taken in a gas chamber in a typical
ratio of 1:99 where it is heated to temperatures above 1000 °C. At this tem-
perature all the molecular bonds are broken and plasma is created where
the free atoms in the plasma are deposited on the substrate surface forming
a diamond layer.
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In addition to the most commonly used techniques such as HPHT, deto-
nation and CVD, many other techniques have been developed over the past
decades. For example, ion irradiation of graphite,'® femtosecond laser irra-
diation of graphite,'" electron irradiation of carbon onions,' chlorination of
carbides," ultrasound cavitation,' laser ablation of graphite,'> microplasma-
assisted ND formation are just a few. Since several papers have been pub-
lished explaining the methods of HPHT, detonation and the CVD method,
these are not discussed in detail in here.

8.3 Color Centers

Color centers are crystal defects in the diamond lattice that are created due
to impurities present during the production of diamonds. Although pure dia-
monds are optically transparent due to their wide band gap (5.5 eV), defects
or imperfections within the crystal lattice bring about interesting light-
matter interactions. If both the ground and excited states of defects are located
inside the band gap, then an optical dipole transition is allowed between them.
Then these defects become luminescent under excitation and give a character-
istic color to the crystal, thus these defects are called color centers. Diamonds
host more than 500 different color centers emitting from the deep ultraviolet
(UV) to the far infrared (IR) region. Among the several color centers listed in
nanodiamonds, the negatively charged nitrogen-vacancy and silicon-vacancy
color centers have gained widespread applications.

8.3.1 NV Color Centers

Nitrogen (N) is the most common impurity found in diamonds.'® As a mat-
ter of fact, diamonds are classified based on the concentration of nitrogen
and boron impurities present and the way they are arranged in the lattice."
Diamonds with high concentration of nitrogen such as 200-4000 ppm are
classified as Type I and with low concentration of nitrogen (i.e., less than
100 ppm) classified as Type II. Based on the atomic dispersions of nitrogen
impurities Type I diamonds are further classified as Type la (aggregated ‘N’
impurities) or Type Ib (Isolated single ‘N’ impurities). Whereas based on the
presence or absence of boron (B) impurities, Type II are classified as Type Ila
(No ‘B’ impurities) and Type IIb (‘B’ impurities).

In a Type Ib diamond crystal lattice, nitrogen replaces one carbon atom
and acts as an electron donor. When an N impurity becomes associated with
a neighboring vacant (V) lattice site, it forms an optically active center that
is called the nitrogen-vacancy (N-V) center. A schematic of both the atomic
structure and the energy levels of the NV center is shown in Figure 8.1a and b,
respectively. Upon excitation with green yellow light, the N-V center in NDs
exhibits a wide range of emission wavelengths (550-850 nm) with near unity
quantum yield and a longer lifetime (~25 ns). The N-V center contains two
charge states, namely NV’ and NV~ with a corresponding zero phonon line
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(ZPL) at 575 and 637 nm, respectively*® (Figure 8.1c). Both NV’ and NV~ emit
photoluminescence that extends from their respective ZPL to a higher wave-
length due to vibronic phonon sidebands. The emitted far-red fluorescence
is perfectly stable, showing no sign of photobleaching or photoblinking
even under continuous high-laser power excitation.”® The N-V center with
its unique optical and spin properties is one of the most studied defect cen-
ters in diamonds, particularly the negatively charged NV~ center owing to
its potential for applications in quantum information processing and sens-
ing (spin qubits and spin sensing), optically detected magnetic resonance
(ODMR), fluorescence enabled bioimaging and long-term tracking applica-
tions, etc.

8.3.2 SiV Color Centers

Silicon-vacancy (SiV) color centers have recently gained an increasing amount
of interest in the diamond applications field. These are caused by the impu-
rities of silicon present in the diamond lattice that are either implanted by
the ion implantation method*" or in situ ‘Si’ doping during the growth of the
diamond. The SiV color center consists of a single silicon atom adjacent to
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Figure 8.1 Atomic structure of a NV center (a) and SiV center (d). (b) and (e) show
the energy levels of the NV and SiV center, respectively. (c) and (f) dis-
play the photoluminescence of the NV and SiV center, respectively.
Reproduced from ref. 6 with permission from American Chemical Soci-
ety, Copyright 2016. Reproduced from ref. 21 with permission from
American Physical Society, Copyright 2016. Reproduced from ref. 23
with permission from Elsevier, Copyright 2017 respectively.
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two vacancies in the diamond lattice.*? A schematic illustration of the atomic
structure and energy levels of the SiV center is shown in Figure 8.1d and e,
respectively. SiV centers exist in either a negatively charged state SiV- with ZPL
at 738 nm*’ (Figure 8.1f) or in a neutral charge state SiV’ with ZPL around 947
nm. Most of the emitted fluorescence (>90%) of SiV_ is concentrated in the
ZPL at room temperature making it favorable for single photon source appli-
cations.!” In addition, the center also exhibits a short excited-state lifetime
(~1.2 ns) and a ZPL narrow linewidth of ~1.6 nm, which makes it suitable for
application in quantum technologies."”

8.3.3 Production of Color Centers in NDs

Most of the applications of NDs involve their intrinsic color centers. Color
centers are a result of dopants or impurities involved during the production
of NDs. Diamonds host more than 500 different color centers. Among them
NV centers are most notably studied. Nitrogen-vacancy (N-V) color centers are
formed as a result of nitrogen impurities, silicon-vacancy (Si-V) color centers
are aresultof Siimpurities and boron color centers are a result of boron impuri-
ties during the preparation method of NDs. These various color centers in NDs
can serve in different applications of quantum computing, quantum entan-
glement, quantum memory, biolabeling, fluorescence and super-resolution
imaging of cells, tracking cells and quantum sensing, etc. Due to these various
advantages, growing NDs with color centers has become a recent trend.

The most commonly studied color centers in NDs are involved with vacan-
cies in the crystal lattice. The first step in creating a color center in a diamond
is to form vacancies. Vacancies in a diamond can be created by irradiation
with high-energy electrons, protons, neutrons, helium ions or gamma rays.
The structural defects created at this stage are typically stationary and do not
form any complexes with the impurities present in the diamond crystal yet.
Upon annealing this sample in vacuum at 800 °C for 2 h, the vacancies are
moved in the lattice and captured by the impurities such as nitrogen atoms,
thus forming complexes such as NV, N3, NVN depending on the type of start-
ing material used in the production (Table 8.1). Oxidation in air at 450 °C for
2 h more will result in removal of the graphitic structures that had formed on
the surface of the diamond powder. Further washing of these samples in an

Table 8.1 Vacancy-related color centers in ND and their properties.

Centers Zero phonon line (nm) 7 (ns) Quantum yield Reference
V° (GR1) 741 2.55 0.014 16
NV° 575 — — 16
NV~ 637 11.6 0.99 16
N-V-N (H3) 503 16 0.95 16
N3+V(N3) 415 41 0.29 16

Siv- 738 1.28 0.05 17
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acid mixture such as H,SO,: HNO; at 100 °C will remove metals and any other
impurities. This method is mostly used for creating nitrogen-related color
centers in the diamond. The fluorescent nanodiamonds (FNDs) created by
this method are further reduced in size by ball-milling, high-pressure crush-
ing or sonication. Later, a differential centrifugation technique is applied to
collect the smaller FNDs such as 50 nm or sub-20 nm. The disadvantage of
some of these methods results in FNDs with highly polydisperse sizes, crys-
tal defects due to the extruding pressure applied and increased sp® carbon
due to surface graphitization.

In order to address the aforementioned problems, a controlled syn-
thesis of high-purity diamonds with color centers is required. Y.-K. Tzeng
et al. have developed a method where diamonds were grown in a microwave
plasma CVD (MPCVD) and simultaneously the color centers were introduced
using a vertically oriented stage-substrate geometry.** By this method, the
authors were able to grow very small, high quality single crystal diamonds
in the 10 nm size range. Briefly, a diamondoid seed, [1(2,3)4]-pentamantane
was chemically bonded to oxidized surfaces of silicon wafers via phosphonyl
dichloride. Then this substrate was rotated 90° to a vertical configuration
for MPCVD diamond growth (Figure 8.2a). In this configuration, the sub-
strate and diamond seeds are exposed to systematic variations in plasma
density, local temperature and different growth conditions along the vertical
axis of the substrate. A diamond was grown in a MPCVD with growth condi-
tions of H,, 300 sccm; CH,, 0.5 sccm; stage temperature, 350 °C; microwave
power, 400 W; pressure, 23 Torr. The vertical geometry generates a tempera-
ture and plasma electron density gradient along the substrate, allowing the
seeds to be exposed to different conditions from top to bottom of the wafer.
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Figure 8.2 (a) Schematic illustration of vertical-substrate MPCVD diamond growth.
(b) Different morphology of diamonds along the Si-wafer substrate at
different heights and their Raman spectra in (c). The diamond peak
of sp? carbon is at 1332 em™ and the peak at 1435 cm™ is most likely

trans-polyacetylene. Scale bar: 1 um in (b). Reproduced from ref. 24 with
permission from American Chemical Society, Copyright 2017.
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Representative scanning electron microscope (SEM) images of diamond
growth along the length of the vertical substrate are shown in Figure 8.2b.
Diamond particles, formed at the top of the wafer, displayed polycrystallinity
whereas a well-faceted and single-crystal particle formed near the bottom of
the silicon substrate. This phenomenon is the result of a higher concentra-
tion of hydrogen acting as sp> etchant near the bottom of the surface. The
bottom region of the substrate (at the height of 2 mm) produced around
20-30% of high quality, single crystal diamond. Diamond particles occurred
2-3 mm from the bottom of the wafer and showed a very sharp 1332 cm™ sp®
Raman peak with full width at half-maximum line width of 5.75 cm ™ (Figure
8.2¢). Since silicon or silicon carbide substrates are used in this process, the
resulting diamonds contain Si-V color centers without additional Si sources.
The lifetime of these grown Si-V color centers is about 0.602 + 0.008 ns sim-
ilar to the literature value of 0.7-1.2 ns. This method produced very high-
quality single crystal diamonds in the 10 nm size range and also a Si-V center
containing diamonds in ~75 nm size range.

This synthetic method could also be applicable to growing other color
centers containing diamonds. For example, Tzeng et al.>* applied the same
method to grow chromium color centers by simply depositing a [Cr(H,0)]
(NO;); onto the Si substrate. These diamonds grown under the same con-
ditions of Si-V synthesis showed clear optical signatures of Cr color centers
with photoluminescence peaks at 750 and 758 nm. This synthesis method
did not need an additional second impurity atom (i.e., O, N, or Si), suggesting
that vertical-substrate MPCVD could be a general means of creating a wide
variety of color centers containing diamonds.

8.4 Biocompatibility

The applications of NDs in the biomedical field has expanded significantly.
NDs have shown to be useful in bioimaging and tracking applications,
nanoscale magnetic resonance, drug delivery, temperature sensing in live
cells to cancer therapy. So, in order to validate the application of NDs for
biological studies, it is important to understand the behavior and potential
risks of NDs in both in vitro and in vivo systems. In vitro cytotoxic assessments
of NDs included studying various cellular functions such as enzyme activity,
oxidative stress levels, cell proliferation and differentiation, ATP (adenosine
triphosphate) production and nucleotide uptake activity, etc. Various meth-
ods or assays that are being used to test the biocompatibility of nanomate-
rials are listed in Table 8.2. Several studies have been performed in light of
understanding the biocompatibility of NDs in both cells and animals.

8.4.1 In Vitro Studies

Cellular toxicity of NDs was first reported by Yu et al.®” when they incor-
porated high-density ensembles of NV centers containing NDs in human
embryonic kidney cells. The MTT assay displayed no noticeable toxicity of
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Table 8.2 Summary of various methods to test the biocompatibility of nano-
materials.®

Cell death testing Means of testing Detection/Indicators Reference
Necrosis e Trypan blue 25
e Propidium Plasma membrane integrity 26
iodide
e Ethidium 27
homodimer
Apoptosis e Annexin - Detection of phosphatidylser- 28
V assay ine - a cell death signaling
molecule
e Caspase assay - Detection of caspases-a 29
protein cleaving enzyme
e TUNEL assay - Detection of DNA 30
fragmentation
Cell viability e MTT assay - Reduction of tetrazolium 31
e XTT assay salts to a soluble colored for-
e WST-1 assay mazan salts by metabolically
active cells
Genotoxicity e Comet assay - Measurement of DNA breaks 32
in cells by gel electrophoresis
e Micronucleus - Measurement of chromo- 33
assay some alterations
Hemocompat- e Hemolytic - Disruption of blood cells and 34
ibility activity release of hemoglobin
e Thromboge- - Measurement of thrombin 35
nicity generation by APTT kit
e Cytokine - Measurement of cytokine 36
production levels in blood by ELISA

“Abbreviations: TUNEL- terminal deoxynucleotidyl transferase dUTP nick end labeling, MTT-
3-(4,5-dimethylthiazole-2-yl)-2, 5-diphenyltetrazolium bromide, XTT- 2,3-bis-(2-methoxy-4-nitro-
5-sulfophenyl)-2H-tetrazolium-5-carboxanilide, WST-1- 4-[3-(4-Iodophenyl)-2-(4-nitro-phenyl)-2
H-5-tetrazolio]-1,3-benzene sulfonate, APTT- activated partial thromboplastin time.

FNDs at concentrations as high as 100 pg mL". Later, Schrand et al. studied
the cytotoxicity of NDs using a MTT and ATP production assay. It was shown
that NDs did not induce significant toxicity on a variety of cell lines.*® In
their subsequent study, they compared the toxicity of NDs with other carbon
nano-materials such as carbon black (CB), multi-walled carbon nanotubes
(MWNTs) and single-walled carbon nanotubes (SWNTs) on neuroblastoma
cells and macrophages.* It was observed that SWNTs were found to be more
toxic, followed by MWNTs and CB, respectively. Interestingly NDs displayed
the least toxicity amongst all the carbon materials studied.*

Although cell viability, proliferation and differentiation of cells display
that NDs are least toxic, it is also important to evaluate the potential geno-
toxicity and mutagenic activity of NDs in cells. In order to address this,
Paget at al*® have made a thorough and systematic investigation of NDs on
six human cell lines. Genotoxicity of NDs was assessed by y-H2Ax foci detec-
tion, which is considered the most sensitive technique for studying DNA
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double-strand breaks. Their results indicated that NDs with nominal sizes of
20 and 100 nm could effectively enter cells but did not induce any genotox-
icity with a concentration up to 250 pg mL™". In a separate study, Hemelaar
etal performed an in-depth analysis of the biological impact of FNDs uptake
on HeLa cells by studying their cellular mRNA, protein levels and reactive
oxygen species (ROS) generation.”’ Rounded FNDs of 25 nm and FNDs with
varying sizes of 120 nm, 70 nm and 40 nm were used in this study. A maxi-
mum concentration of 10 pg mL™" and incubation time of 24 h were chosen
as this results in already more than a few diamonds per cell to study their
impact on cells. Hydrogen peroxide was used as a control. Cell viability from
the MTT assay (Figure 8.3a) and total ROS activity (Figure 8.3b) by the HeLa
cells show that FNDs did not affect the cells. Further, analysis of changes
in mRNA (Figure 8.3c) and protein levels (Figure 8.3d) are measured inside
the cells. Most stress-related genes are down-regulated after incubation with
FNDs. A summary of their study indicates that the shape, size and concen-
trations of diamonds did not influence the cell viability or the total free rad-
ical levels inside the cells. Although down-regulated transcription of genes
involved in oxidative stress was observed, there was no change in protein
levels inside the cells.
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Figure 8.3 (a) HeLa cell viability after FND uptake. When the viability compared
to the control is between 0.8 and 1.2, then it is considered that cells are
unaffected. (b) The mean free radical production. ROS production can
be measured by the conversion of 2',7'-dichlorodihydrofluorescein dia-
cetate (DCFDA) to its fluorescent metabolite DCF. (c) and (d) display the
expression levels of oxidative stress-related genes and proteins, respec-
tively. Error bars show the standard deviations. Reproduced from ref. 41,
https://doi.org/10.3390/s18020355 under the terms of the CC-BY 4.0
license, https://creativecommons.org/licenses/by/4.0/.
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Even though NDs were found to be nontoxic to a wider range of cells,
how they influence the cellular functions of the primary cell lines remains
a concern. H. S. Jung et al. compared the toxicity of FNDs and poly(vinylpyr-
rolidone) (PVP)-coated FNDs with quantum dots (QDs).** The authors stud-
ied the cell viability, toxicity and inflammatory immune responses in bone
marrow-derived dendritic cells (BMDCs) and human non-small cell lung car-
cinoma cells (H1299). Both FNDs and FND@PVP particles were not toxic to
BMDCs or H1299 cells over the concentrations (up to 250 nM) or incubation
times (up to 16 h) tested. In contrast, QDs showed significant toxicity with
approximately 50% of the cells dying at the maximum concentration or incu-
bation time. In addition to dendritic cells, Wu et al.*® reported that treating
lung stem/progenitor cells (LSCs) and mouse embryonal primary neurons
with 100 nm FNDs did not eliminate the self-renewal and differentiation abil-
ities. In conclusion, most of the studies reported that NDs displayed the least
cytotoxicity or highest biocompatibility compared to not only other carbon-
based nanomaterials*** but also quantum dots.

8.4.2 In Vivo Studies

The primary requirement for clinical application studies in humans is ani-
mal safety and toxicological studies over an extended period of time. The
validation of NDs for potential therapeutic or clinical applications is incom-
plete without these in vivo studies. Several model organisms including
Caenorhabditis elegans (C. elegans), mice, rats, zebrafish embryos and Xeno-
pus embryos are studied for the in vivo biocompatibility of NDs. Methods of
ND administration to animals included oral, intradermal (i.d), intraperito-
neal (i.p), intravenous (iv) and subcutaneous injections. The effects of NDs
on these tested animals were assessed by several parameters such as survival
rates, metabolic responses, biodistribution, histological analysis and phar-
macokinetics. A proper evaluation of these parameters in animals is essen-
tial before NDs can progress towards a clinical translation.

C. elegans is a small free-living nematode worm with a fully mapped
genome and nervous system. Owing to its short life cycle, ease in han-
dling and high sensitivity to various types of stresses, C. elegans is an ideal
model organism to study the innate immunity and stress responses against
nanoparticles. Mohan et al. performed toxicity assessments of FNDs in
C. elegans.*® In this study, FNDs were either fed orally or microinjected into
C. elegans. Their studies proved that FNDs did not cause any change in lon-
gevity or reproductive potential of the organism. Moreover, FNDs did not
cause any detectable stress to the organism. When FNDs were microin-
jected into gonads of the C. elegans, the particles were subsequently deliv-
ered to their embryos, a second generation of the organism. FNDs did not
cause any abnormality in cell division, differentiation or morphogenesis
during the embryogenesis and especially did not elicit any detectable stress.
These studies prove that FNDs were biologically inert and nontoxic to C.
elegans. Continuing from this work, Chang et al. also microinjected FNDs
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into yolk cells of zebrafish embryos at the one-cell stage.”” Due to the bright
fluorescence of the NDs, they were able to track the FND particles from
dividing cells in the blastomeres to whole fishes without any apparent mor-
phological anomalies during their embryogenesis.*® As an extension of FND
biocompatibility studies, the group of Chang et al. have further studied the
long-term stability and biocompatibility of FNDs in rats over five months.*
Their results indicate that there was no significant difference in water con-
sumption, body weight and organ index between the control and FND-
treated rats. Even after intraperitoneal injection of FNDs up to 75 mg kg™*
body weight of rats, histopathological analysis of various tissues and organs
indicated that FNDs are nontoxic and did not cause any inflammation over
the three-month course of study.

Formation of blood clots are the major cause of heart attacks and strokes.
‘alIbB3’ is a membrane protein receptor on platelets that plays a crucial role
during platelet aggregation,®® and ‘bitistatin’ is a platelet aggregation inhibi-
tory ligand that binds with high affinity to alIbp3 integrin. Diagnosis of vas-
cular clot location is hampered by a lack of proper detection tools. Recently,
Gerstenhaber et al. bioengineered FND particles conjugated with bitistatin.
This bioengineered FND successfully binds to platelet-rich plasma clots
in vitro®* and rats.” Due to near infrared fluorescence of FNDs, their study
demonstrates the potential ability of FNDs for both visualization and identi-
fication of blood clots. So, in order to test the potential preclinical develop-
ment of FNDs as a tool for imaging vascular blood clots, Barone et al.>® have
intravenously administered 800 nm FNDs in rats at a single dose of 60 mg kg™
and studied the safety, tolerability, pharmacokinetics and biodistribution
for two weeks. This pilot study revealed no change in morbidity or mortality
and preserved normal motor and sensory functions in rats.> In this acute/
subacute study, it was observed that FNDs were rapidly cleared from the cir-
culation of blood and majorly accumulated in the liver or spleen. As a follow
up of this study, the same group studied the long-term in vivo biocompat-
ibility of FNDs in rats over three months.”* Their studies also reveal that
there is neither morbidity nor mortality observed over the 12 week period
of study. The FND particles were largely entrapped in liver and to a lesser
amount in spleen, whereas other organs such as heart, kidney and brain had
no identifiable amounts of FND deposits. Despite prolonged entrapments of
FNDs in liver and spleen, neither biochemical biomarkers nor specific his-
topathologic adverse effects were noted in these organs. Finally, there is no
alteration in the central and peripheral nervous system as evidenced by the
several sensory, motor and cognitive tests.’® The same group further studied
the localization of FNDs in the liver specimens that are obtained from the
above-mentioned studies.’® It was observed that FNDs were present in the
hepatic lobules including parenchymal and non-parenchymal cells as well
as in the micro-circulation and their presence was not associated with macro
or micro histopathological signs. Taken together, all their data suggest liver
biocompatibility of FNDs and that FNDs could potentially be well tolerated
by humans when administered through an intravenous route.
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In another recent study by Moore et al.,”® detonation diamonds of size
100 nm were systemically infused to either rats or monkeys. The study was
done in two cohorts that lasted for two weeks in rats and six months in
monkeys including histological, serum and urine analysis. Their results
indicate that NDs are well tolerated at clinically relevant doses of 6.75-13.5
mg kg '. Even after exposures over six months, no adverse effects of parti-
cles to the animals were observed.

To conclude, NDs were biocompatible both in vitro and in vivo and caused
no severe toxicity to cells or the organisms. The in vitro studies suggest that
NDs cause none or low cytotoxicity compared to other carbon nanomaterials
or quantum dots. The in vivo studies suggest that NDs were well tolerated in
the animals over the period of study; although more detailed studies, such as
longer than six months, need to be carried out to better understand toxicity
and safety to animals in the long-term. In addition, for future clinical trans-
lation of NDs, more comprehensive biodistribution and pharmacokinetics
analyses are required.

8.5 Biological Application of NDs

The nanotechnology revolution offers many expectations for the application
of NDs in the biomedical field. After establishing safety and bio-compatibility
in recent studies, NDs have been investigated for their use in the biomedical
field. NDs have a high surface-area-to-volume ratio that allows for very effi-
cient biomolecule loading and delivery. The NV centers provide fluorescence
that is highly photostable without photobleaching or photoblinking, making
NDs a good contrast agent for long-term cell tracking and super-resolution
imaging applications. The unique spin properties of NV~ centers make NDs
useful for ultrasensitive detection of temperatures at the nanoscale. Due to
these properties, the ND has emerged as a novel imaging probe for several
biological applications. Having discussed the physical and chemical proper-
ties and biocompatibility of NDs, a few applications of NDs are now reported
in the following sections.

8.5.1 NDs in Cell Tracking

In recent years, cell-and gene-based therapies (CGTs) offer the promise of
treating and altering the course of diseases that cannot be addressed ade-
quately by existing pharmaceuticals. In CGTs live whole cells or maturation
of a specific cell population are introduced to a patient's body to replace,
repair, reconstruct, or supplement damaged cells/tissues. In light of the tre-
mendous potential of this therapeutic approach, there is an imperative need
to develop general and reliable methods to measure the biodistribution and
pharmacokinetics of these cell products in vivo for preclinical evaluation.
Such information is critical in clinical trials since it is vitally important to
know whether the transplanted CGT cell products completely home to the
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target organs and disease sites instead of unwanted distribution that will
induce inappropriate differentiation leading to cancer development.

A critical step in generating pharmacokinetic models of the CGT cell
product is tracking the fate of cells following transplantation. The cur-
rent available methods for quantitative CGT cell detection are polymerase
chain reaction (PCR), flow cytometry, optical imaging, magnetic resonance
imaging (MRI) and radio isotope labeling. But these methods have lower
detection limits and offer only semi-quantitative information on the biodis-
tribution of the transplanted cells. An ideal quantification technique should
have the following features: single-cell detection sensitivity and specificity,
long-term detection and monitoring, and quantification of cell numbers at
any anatomic location. Recently, FNDs have emerged as an attractive option
for tracking cells. One of the critical issues in tracking cells in vivo is auto-
fluorescence and background noise. Sarkar et al. demonstrated a way of con-
trast enhancement for FNDs in vivo using an external modulated magnetic
field (MMF).”” This MMF method relies on simple subtraction of images with
and without a magnetic field, which results in background-free detection
of FNDs. This background-free imaging technique improves the signal-to-
background ratio for in vivo imaging up to 100-fold. Hui et al. also presented
another approach to achieve background-free fluorescence imaging of FNDs
both in vitro and in vivo by using an intensified charge-coupled device (ICCD)
as the detector.”® Having longer life times for FNDs (~25 ns), ICCD is useful
to suppress short-lifetime autofluorescence backgrounds and provides time-
gated fluorescence images with high contrast. These technologies enabled
FNDs to be useful for cell labeling, imaging and tracking applications in vitro
and in vivo.

One of the first studies to show FNDs for tracking cells in vivo was demon-
strated by Wu et al.*® The authors labeled primary cells such as lung stem
cells (LSCs) with 100 nm FNDs through endocytosis. Later, these FND-
labeled LSCs were injected intravenously in mice to determine their tissue-
specific engraftment and regenerative capacity. By combining FNDs with
fluorescence life time imaging (FLIM), fluorescence-activated cell sorting
(FACS) and immunostaining analysis, they were able to identify, unequivo-
cally, transplanted cells in histological lung sections with single-cell resolu-
tion. Inspired by this work, Su et al. demonstrated the quantitative tracking
of FND-labeled human mesenchymal stem cells (MSCs) in miniature pigs.>
Briefly, MSCs were labeled with human serum albumin (HSA)-conjugated
100 nm FNDs at a concentration of 100 pg mL ™. By using the MMF method,
an average weight of ~100 pg for the FNDs in one cell or an average number
of ~5.5 x 10" particles/cell were determined. Later, FND-labeled MSCs were
transplanted into miniature pigs by intravenous administration. After sacri-
ficing the animals at specific time points, five major organs were extracted.
Acid digestion of the organs enabled one to determine the absolute amount
of FNDs and thus the labeled cells in the individual organs with both high
sensitivity and accuracy. Figure 8.4 displays the results of the experiment.
By applying the MMF method, background-free detection of FNDs directly
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Figure 8.4 FND labeled cell tracking and quantification. (a) and (b) biodistribution
of HSA-FND-labeled MSCs and HSA-FNDs in five different organs at two
different points. (c) Distribution of HSA- FND-labeled MSCs in different
sections of the lungs at 48 h after injection. LL-left lobes, RL-right lobes
and AL-accessory lobe. (d) Amounts of HSA-FNDs taken up by three sets
of MSCs (blue) and the corresponding percentages of HSA-FND-labeled
MSCs (red) found in the lungs 24 h after intravenous injection. The
HSA-FND concentration used for the labeling was 100 pg mL™". Experi-
ments (a-c) were repeated in triplicate and the error bars represent one
standard deviation of uncertainty. Reproduced from ref. 59 with per-
mission from Macmillan Publishers Ltd, Copyright 2017.

in the digests without purification is achieved. Engraftment of the stem cells
in tissues was finally identified by time-gated fluorescence imaging with
single-cell resolution.

In conclusion, the combination of the MMF method together with FNDs as
well as the large quantity of the nanoparticles taken up by the cells, has per-
mitted studies of the biodistribution and pharmacokinetics of FND-labeled
cells in a preclinical setting. The technique has excellent compatibility with
time-gated fluorescence imaging, which has been shown to be a powerful
means of acquiring high-contrast fluorescence imaging of FND-labeled cells
in tissues. The ability to find single CGT cells is particularly valuable for
ex vivo histological detection of these cells in clinical trials. This combined
approach represents an appealing alternative to hazardous radioisotope
labeling techniques in cell tracking applications.
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8.5.2 Intracellular Delivery of Functional Proteins with NDs

Biomolecules have been immobilized on nanoparticles through a variety of
techniques including covalent conjugation or by noncovalent interactions
such as hydrophobic interaction, electrostatic binding and specific recog-
nition. The development of nanomaterials carrying biomolecules towards a
translation application may significantly improve efficacy and safety in the
treatment of a spectrum of diseases that have proven challenging to address
through conventional means. However, care must be taken to conserve their
functionalities when loading the macromolecules onto the particles since
the strong interaction between nanoparticles and biomolecules may cause
structural changes of the biomolecules. A spectroscopic study of bovine
serum albumin (BSA) on NDs has suggested that while the adsorbed BSA may
undergo some minor conformational changes due to the protein-surface
interactions, most of the structural features of the protein are preserved.®
A study had similar findings for a-bungarotoxin, which is a neurotoxin from
Bungarus Multicinctus and can maintain its bioactivity after physical adsorp-
tion onto carboxylated nanodiamond surfaces.®" The same conclusion was
reached for rabbit anti-mouse antibodies covalently immobilized on NDs.*
In an intensive and thorough research, Shimkunas et al.®* explored the fea-
sibility of using monodisperse NDs (~5 nm in diameter) for insulin therapy,
where the protein molecules serve as a potential promoting agent for wound
healing and vascularization for severe burns and other possible conditions.
The study demonstrated an efficient method for non-covalent conjugation
of insulin with the nanodiamond surface and, moreover, when immersed
in an alkaline environment, the attached insulin could be readily released
from the complexes. Both cytotoxicity and polymerase chain reaction anal-
ysis revealed that the protein's functionality remains active after desorption
but is inactive when adsorbed onto the nanodiamond surface; a behavior
attributed to the rapid formation of stable insulin aggregates at the inter-
faces.® In addition to insulin, the same research group also investigated the
feasibility of using NDs as a protein delivery vehicle for transforming growth
factor beta antibody (anti-TGF-B), which is a potential anti-scarring agent.®
Enzyme-linked immunosorbent assays (ELISA) verified the preservation of
the protein activity after release. The studies together support the notion
that the ND is a useful delivery vehicle of protein molecules, including pos-
sibly enzymes.

Immobilization of enzymes on a substrate is an important process in bio-
technology for commercial uses. Many disadvantages of using free enzymes,
such as short-term stability and complications in recovery and recycling, can
be eliminated and improved by noncovalent or covalent immobilization of
the protein molecules on the surface. According to previous research, NDs
show high affinity with biomolecules such as proteins,®®®” enzymes,*** and
antibodies,® which indicates that NDs serve as an exceptional platform for
biomolecule adsorption and immobilization. When using NDs as enzyme
carriers, a question arises: can enzyme-linked NDs be used as therapeutic and
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diagnostic agents in medicine? In order to study this, Su et al. have used a FND
as a biocompatible nanocarrier for firefly enzyme-luciferase (Luc) and suc-
cessfully delivered it into MSCs for human stem cell labeling.® First, the FND
surface was physically adsorbed with luciferase and then further covered with
BSA for better dispersion and stabilization of the particles. It was observed
that FND-bound luciferase molecules are intact and retain their catalytic
activities even after being trapped in endosomes of labeled MSCs for hours.
Later these Luc-FND+BSA labeled MSCs were subcutaneously injected into
a mouse. Figure 8.5 shows the experimental results. Both fluorescence and
bioluminescence imaging of these particles allowed the cells to be tracked
invitro as well as in vivo demonstrating that Luc-FNDs are useful as multifunc-
tional labels of human stem cells for diverse theranostic applications. This
platform can be applicable to dual-modality imaging of cancer cells as well.
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Figure 8.5 In vivo imaging of Luc-FND+BSA-labeled MSCs. (a) Merged bright-field
and bioluminescence image of a mouse injected with Luc-FND+BSA-
labeled MSCs at a dose of 1 x 10°, 5 x 10%, 1 x 10° cells (top to bottom).
(b) Merged bright-field/fluorescence image of the same mouse in (a).
(c) Merged bright-field/bioluminescence/fluorescence image of the same
mouse in (a) and (b), showing colocalization of bioluminescence and flu-
orescence signals. (d) Decays of the luminescence intensities of FND and
luciferase for Luc-FND+BSA-labeled MSCs in the mouse. The spectrum
gradient bars in (a) and (b) correspond to the bioluminescence and flu-
orescence intensities in unit of photons/s/cm?/st. Reproduced from ref.
69 with permission from American Chemical Society, Copyright 2019.
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8.5.3 Bioimaging
8.5.3.1 FNDs for Single Particle Tracking

Fluorescence labeling and imaging is one of the most important and pow-
erful methods in molecular biology. A good fluorophore is one that emits a
decent number of photons before it gets photobleached, exhibits high quan-
tum yield, longer fluorescence lifetime, low or no toxicity and is inert to the
environment. Although organic dyes and fluorescent proteins are good com-
patible biolabels for imaging, their photostability is a major concern. The
FND turns out to be an exceptional candidate for bioimaging applications
due to its superlative physical and chemical properties. A few examples are
now discussed to demonstrate both the advantages and applications of FND
as a bioprobe.

The NV~ centers in FNDs, which act as built-in fluorophores, exhibit high
photostability. This enables FNDs to be good contrast agents for both single
particle tracking (SPT) and long-term cell imaging. A number of studies have
shown that FNDs could be easily internalized by the cells in culture through
an energy-dependent, clathrin-mediated endocytosis pathway and are even-
tually trapped inside endosomes.”*”* Fu et al.”* were among the first group to
conduct single particle tracking of FNDs inside live cells. Both 35 and 100 nm
FNDs were spontaneously taken up by the cells and their motions in three
dimensions inside the HeLa cells are tracked at the single particle level. Anal-
ysis of the trajectories for more than 200 seconds indicates a diffusion coef-
ficient of D = 3.1 x 10 pm? s, which is comparable to other nanoparticles
such as quantum dots trapped inside endosomes or lysosomes. This study
laid the foundation for several upcoming bioapplications of FNDs. In addi-
tion to the intracellular tracking of FNDs, the same group demonstrated the
FND as a biomarker to study intercellular dynamics. For this, Epperla et al.”
applied protein-coated FNDs to track the endosomal vesicles inside mem-
brane nanotubes (MNTs) to study intercellular communication. MNTs are
one of the intercellular communication pathways through which the trans-
port of proteins and other cytoplasmic components can occur.”® These MNTSs
are also known to contribute in the pathogenesis of many diseases including
HIV, Parkinson's and Alzheimer's.”” These nanotubes are typically 30 pm in
length and up to 1 pm in diameter. The 100 nm FNDs loaded with either
BSA or green fluorescent protein (GFP) were easily internalized by human
embryonic kidney cells (HEK293T) through endocytosis. SPT accomplished
by fluorescence microscopy revealed the active transport of FNDs and the
dynamics of cargo transport along the nanotubes. Simultaneous imaging of
both GFP and FND indicated the FNDs' ability for protein transport from the
cytoplasm of one cell towards another cell through the MNTSs. Interestingly,
the protein-loaded FNDs were observed to take a molecular motor mediated
motion inside the nanotubes with ‘stop and go’ or ‘to-and-fro’ motions. A
similar behavior of motion was also observed for molecular motors that are
traveling along the actin cytoskeleton.”® The detailed SPT analysis of FND
transport indicated that the particles are moving with a diffusion coefficient
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of D = 0.08 pm? s with an active transport velocity of v = 0.54 pm s™" along
the nanotubes. This study demonstrates the ability of the surface functional-
ized FNDs for the intercellular delivery of various biomolecules at the single
particle level.

The biological cell membrane is a highly complex and dynamic system on
which several important activities occur. Membrane proteins (MPs) in partic-
ular play crucial roles in biological processes by interacting with other intra-
cellular and extracellular components. Real-time monitoring and long-term
visualization are essential to better understand the role and dynamics of
these membrane associated proteins. Commonly used organic dyes or fluo-
rescent protein molecules are comparable in size for labeling of MPs, but this
is limited to short-term imaging due to photobleaching. There is a need for a
bio-label that can withstand continuous imaging for long-term periods with-
out compromising the fluorescence and at the same time providing both high
temporal and spatial resolution. In order to address this, Hsieh et al. developed
a facile method where alkyne-functionalized FNDs were bio-orthogonally
labeled to azide-modified sialoglycoproteins on human fibroblasts (HFW)cells
and continuously tracked them for both short-term and long-term periods.”
Sialoglycoproteins are a group of proteins that span the cell membrane,
which are important determinants in the social behavior of the cell. Both 50
and 100 nm alkyne-FNDs were used to label the sialoglycoproteins, specif-
ically integrin o5 and B1 on the HFW cell membrane. The specific labeling
of the 100 nm alkyne-FND with integrin a5 was carried through an azido-
modified anti-integrin a5 antibody. Epifluorescence imaging of the FND
coupled with an electron multiplying charge-coupled device (EMCCD) for a
relatively short time (5 min) displayed an active and random movement of
integrin a5 on the cell surface. A detailed analysis of the trajectories revealed
that integrins were moving with a diffusion coefficient of 0.041 + 0.032 pm?®
s, which is in agreement (0.01-0.1 pm?* s ') with nanogold-labeled integrins
B1, B3 and a4 moving on the surface of mouse fibroblasts. In order to gain a
better understanding of how these proteins interact or behave, a long-term
tracking of integrin a5 enabled by FNDs was carried out. For this, initially
integrin a5 was labeled with alkyne FNDs and then with Alexa 488-conjugated
wheat term agglutinin. What seemed like a random movement during short-
term imaging, the seemingly aimless transports of integrin a5 actually have
a predefined destination over long-term imaging. The integrin molecules
moved toward the direction of the cell migration, an event that could not
be unveiled by either short-term imaging or the conventional dye labeling of
the integrin molecules. Due to the long-term photostability and no fluores-
cence bleaching or blinking of FNDs, continuous long-term tracking of FNDs
attached to the cell surface antigens was conducted. This method could open
new avenues for specific targeting and tracking of membrane proteins on live
cells for better understanding of their functional role.

Another innovative application of a FND based SPT technique is to probe
the abnormalities in intraneuronal transport induced by brain-disease-
related genetic risk factors. Without going into too much detail, Haziza et al.*
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tracked FNDs inside the branches of dissociated neurons of a transgenic
mouse with a spatial resolution of 12 nm and a temporal resolution of 50 ms.
The transgenic mouse lines mimic the slight changes in protein concentra-
tion (~30%) found in the brains of patients on intraneuronal transport. The
FND tracking assay is sufficiently sensitive enough to detect modifications
of intraneuronal transport parameters such as velocity, run length, molecu-
lar motor stopping duration and frequency between neurons in control and
transgenic mice.

One of the first SPT studies of FNDs was carried out by Chang et al.*® for
studying the cytoplasmic dynamics in zebrafish yolk cells. When 100 nm
BSA-coated FNDs were introduced into the yolk of a zebrafish embryo at the
one-cell stage, it was observed that microinjected FNDs trafficked unidirec-
tionally with a stop-and-go manner within the yolk cell. An analysis of the tra-
jectories revealed that the BSA-FNDs were moving with a velocity of 0.19-0.40
pm s along the axial streaming. Interestingly, these particles traveled into
the dividing cells and dispersed in the fish's body when the embryos devel-
oped into larvae and eventually into adult fish. In another study, Simpson
et al.® studied the embryogenesis of the drosophila melanogaster, a model
organism for genetic studies. BSA-coated FNDs were microinjected into the
embryos and observed to diffuse both freely and in a driven motion in fur-
row periplasm and sub-nuclear periplasms by SPT. The observed differences
of diffusion coefficients and velocity of FND in furrow (D = 0.006 pm?* s*,
v=0.13 pm s ') and sub-nuclear periplasm (D = 0.063 pm?*s ™!, v=0.27 um s )
correspond well to the fact that cytoskeletal networks are much denser in fur-
row periplasm hindering the FND diffusion. Yet in another interesting study,
Igarashi et al.®* studied the real-time background free detection of FNDs in
C. elegans and mice. In order to overcome the autofluorescence generated
from the organisms and thus to improve the effective image contrast, a selec-
tive imaging method based on ODMR was employed. This approach enabled
them to conduct long-term imaging of 200 nm FNDs in both C. elegans and
mice, achieving good image contrast by deleting the strong background aut-
ofluorescence. This selective ODMR based imaging method is expected to be
applicable to a wide range of living systems.

8.5.3.2 FNDs in Super-resolution Imaging

In conventional fluorescence microscopy, the resolution is diffraction lim-
ited (~200 nm) making it difficult to distinguish similar features that are spa-
tially closer. But in the past two decades, super-resolution optical microscopy
has been developed to observe sub-cellular and ultra-fine structures that are
beyond the diffraction limit.** Without going into the technical details of
super-resolution microscopy methods, several applications of FNDs have
been discussed below.

One of the first developed methods for sub-diffraction imaging is the
stimulated emission depletion (STED) microscopy by S. W. Hell.** In STED
microscopy two lasers are used. One is a normal pulsed laser to excite the
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fluorophore under study and the other is a doughnut-shaped STED laser to
deplete the fluorescence signal by stimulated emission. Since high powered
lasers are required to obtain the efficient depletion of fluorescence in this
technique, highly photostable fluorophores are required. The NV~ centers in
FNDs are perfectly photostable without photo-bleaching or blinking, mak-
ing them a well-suited contrasting agent for STED imaging. Most of the FND
applications in super-resolution are centered around this STED microscopy.
Hell and his coworkers first used STED microscopy to image the individual
nitrogen-vacancy centers in a bulk diamond with a nanoscale resolution of
5.8 nm.* This remarkable resolution is up to 6-fold improvement over con-
focal fluorescence microscopy for 35 nm FNDs dispersed on a glass slide.®
In a follow up work, Camejo et al. applied STED microscopy to image indi-
vidual NV centers in FNDs of various sizes (40-250 nm). They were able to
resolve single NV~ centers in nanodiamonds with a resolution of 10 nm and
discern individual NV centers within a nanodiamond to a relative distance of
15 nm.* Their work demonstrated the emerging potential of NV centers as
photostable fluorophore tags in far-field fluorescence nanoscopy.

In order to demonstrate the FND as a fluorescent label for super-resolution
imaging of cells, Tzeng et al. performed the imaging of single 35 nm FNDs
in fixed HeLa cells by STED microscopy.®® In order to avoid the aggregation
of FNDs and to see single particles inside the cell with high precision, BSA
was conjugated to FNDs. These BSA-functionalized FNDs were readily inter-
nalized by HeLa cells and trapped inside endosomes. Upon continuous-wave
mode excitation with a green laser (1., = 532 nm) and doughnut-shaped
depletion laser (4., = 740 nm), a lateral resolution of 40 nm was achieved for
the FND particles by STED microscopy, whereas the conventional confocal
microscopy for the same showed a resolution of 240 nm, which is diffraction-
limited (Figure 8.6a, b and c). In addition to NV centers that emit red color
fluorescence, STED imaging of the NVN centers in the nanodiamond that
exhibit green fluorescence has also been conducted.®® Utilization of green
fluorescent nanodiamonds (gFNDs) opened the door for long-term two-color
STED imaging. In order to compensate for the absorption cross-section of
NVN, which is half of the NV centers, larger size (70 nm) gFNDs are chosen
that contain a large number of NVN color centers (~60 NVN centers/particle).
Using 488 nm pulsed excitation and 590 nm CW depletion (~130 MW c¢m 2),
a resolution of 70 nm was achieved for gFNDs dried on a covered glass slide.
Followed by this, sub-diffraction STED images were obtained for 70 nm
g¢FND internalized HeLa cells. Two-color confocal imaging of cells by con-
focal microscopy Z-sections reveals that gFNDs are inside the cytoplasm.
What seemed to be an aggregated ensemble of gFNDs in confocal imaging,
STED imaging resolves more details of the nanocrystals at the single par-
ticle level. Due to high photostability, gFNDs are promising candidates as
a second color nonbleaching probe for STED microscopy based bioapplica-
tions. Although several studies have explored the possibility of NV centers
for super-resolution work,*>*° very few studies have actually employed FNDs
for super-resolution of cellular features.®*°
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Figure 8.6 (a) Confocal fluorescence image of BSA-conjugated FNDs in HeLa
cells. (b) A STED image of the single FND particles enclosed within the
green box in (a). (c) Confocal and STED fluorescence intensity profiles
of the particle indicated in (b) with a blue line. (d) and (e) show a sin-
gle FND particle localized in 30000 image frames before (d) and after
(e) drift correction. (f) and (g) show images of the activated Jurkat T
cell stained with anti-phosphorylated SLP76 (Y128) antibody and FND
fiducial markers before and after drift correction, respectively. Repro-
duced from ref. 88 with permission from John Wiley & Sons, Copyright
2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim and ref. 91 with
permission from JOVE.

Unlike STED microscopy where super-resolution is achieved based on
optics alone, there are other techniques such as stochastic optical recon-
struction microscopy (STORM) or photoactivation localization microscopy
(PALM) where super-resolution is achieved based on photo-switchable
probes and their single molecule localization accuracy. During the image
acquisition, mechanical movement of the stage hampers the localization
precision of the single molecule and thus compromises the final super-
resolution image. Even nanoscale drifts in the microscope stage is a greater
issue for STORM and PALM techniques since longer acquisition times are
required for obtaining super-resolution images. In order to correct the stage
drift, a bright fluorescence marker with high photostability is required where
the probe acts like an anchor between several images. Since fluorescent dyes
bleach very fast and quantum dots suffer from photoblinking, they cannot
be used. In order to address this, Yi et al. have used FNDs as fiducial markers
for imaging drift correction in the super-resolution imaging of T cells using
multiplexed antibody size-limited direct STORM (madSTORM).’! First, 100
nm FNDs are spin coated on coverslips and later Jurkat T cells are added
and incubated at 37 °C. These T cells covered by coverslips are imaged by
madSTORM. By calculating the centroid position of 100 nm FNDs in each
image and applying this drift correction factor to the entire image stack, a
super-resolved image of the Alexa 647 antibody-labeled Jurkat T cells were
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obtained (Figure 8.6d and e). Figure 8.6f and g shows before and after stage
drift correction using FNDs. This FND-assisted madSTORM method can be
applied to other systems including in vitro molecular complexes, different
cell types and tissue sections.

Similar studies were also carried by other researchers. For example, Pra-
bhakar et al. have used FNDs as intracellular dual contrast markers for STED-
TEM correlative microscopy.”® Hsieh et al. employed lipid encapsulated FNDs
as fiducial markers in correlative light and electron microscopy (CLEM) to
obtain the spatial distribution of CD44 antigens on the HeLa cell surface.”
These are just a couple of studies to mention. The deeply embedded NV
centers in FNDs and their exceptional photostability are unaffected by sur-
face modifications or environmental changes at room temperature, which
makes them a good contrasting agent in both super-resolution and CLEM
microscopy.

8.5.4 Temperature Sensing

Temperature is one of the most critical parameters for the activities of living
organisms atvarious levels. Intracellular thermometry is of great significance
in studying cellular activities such as mitochondrial thermogenesis, disease
diagnosis and tumor therapy. The ability to monitor or sense the tempera-
ture fluctuations at the nanoscale inside the cell is quite challenging. In the
past decade, several nanoparticle-based luminescent thermometers have
been developed to measure temperature and distributions inside the cell.”*
Luminescence thermometry usually suffers from biological environmental
factors such as pH and ionic strength, thus affecting the accuracy and reli-
ability of the measured temperature. FNDs have recently joined this class
of nanothermometers presenting their unique robustness and invariability
to the local chemical environment such as pH, ion concentration, viscosity,
molecular interaction and organic solvent.”® FNDs can be applied over a wide
range of temperatures (200-600 K) making them interesting nanothermome-
ters for the study of nanoscale chemical reactions.

The NV~ center in the FND acts as a robust artificial solid-state system
with optically readable spin states. In order to understand how a FND acts
as a temperature sensor, it is necessary to look at the energy diagram of the
NV center (Figure 8.1b). It has two triplet states, namely *A, and °E, where
each state is further split into three spin sublevels, namely m, = 0 and +1.
The mg = 0 is energetically lower and the two m, = +1 states are energetically
degenerate. The crystal field splitting between the spin sublevels is D = 2.87
GHz for the ground state and D = 1.42 GHz for the excited state, where D is
called the zero-field splitting. The metastable singlet states 'E and 'A play
a pivotal role in the magneto-optical behavior of the NV center. The optical
transitions between *A, and °E are spin-state conserved, whereas occasion-
ally, intersystem crossing (ISC) occurs from the excited state *E (m, = +1) to
the singlet state 'A singlet state. The ISC rate from °E m, = +1 state to the
'A singlet state is higher than the *E m, = 0 to the singlet state. The 'A sin-
glet state then decays into the ground state m, = 0 spin sublevel, selectively
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populating through non-radiative processes. When a resonant microwave
field is applied corresponding to the energy difference between ground state
mg = 0 and =1, the electron spin transition occurs resulting in about 30%
reduction of the fluorescence intensity. This phenomenon of reading the
spin state of electrons by fluorescence is called optically detected magnetic
resonance (ODMR). Interestingly this magnetic resonance frequency corre-
sponding to the ground state spin sublevels is temperature dependent due to
the thermally induced lattice strains and can be observed by ODMR spectra.
Acosta et al. were the first to investigate the temperature dependent shifts in
the magnetic resonance spectra of the NV~ center in bulk diamond samples
using ODMR.® Figure 8.7a shows a typical ODMR spectra of the HPHT ND
obtained at two different temperatures. A thermal shift (AD/AT) of =75 kHz
K ' was determined around 300 K for NV~ centers in NDs.
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Figure 8.7 Nanothermometry of NDs with the ODMR approach. (a) Zero field
ODMR spectra (black line) of NDs with NV concentration of 0.3 ppm
at 283 K and 326 K with fits (solid red line). (b) Confocal scan of a sin-
gle cell under laser excitation at 532 nm. The cross marks the position
of the gold nanoparticle used for heating and the circles represent the
location of the NDs (NV; and NV,) used for thermometry. The dotted
line provides the outlines of the cell membrane. The color bar indicates
the fluorescence in counts per seconds. (c) Measured change in tem-
perature at the positions of NV, and NV, relative to the incident laser
power applied to the gold nanoparticle. Dashed lines are linear fits to
the data. (d) Cell-cycle times for AB and P1 as a function of global ambi-
ent temperature with solid lines as fits to the data. (e) Confocal images
of a GFP-labeled embryo in the two-cell stage with GFP imaging (left)
and ND fluorescence (right). (f) Cell-cycle times of a two-cell embryo
subject to local heating as a function of laser power with AB nucleus
heating (left) and P1 nucleus heating (right). Solid and dashed lines
are theoretical predictions based on the average and nuclei tempera-
tures of individual cells, respectively. Reproduced from ref. 96 with per-
mission from American Physical Society, Copyright 2010. Reproduced
from ref. 97 with permission from Macmillan Publishers Ltd, Copyright
2013. Reproduced from ref. 99 with permission from PNAS.
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Kuckso et al. first demonstrated FNDs as nanoscale thermometers in living
cells.” First, they spin coated both the NDs and gold nanoparticles (GNPs)
with a nominal diameter of 100 nm on covered glass. While locally heating
the GNPs with a continuous green laser, temperatures were measured at
the nanodiamond location using ODMR spectra with a precision of 0.1 K
and a resolution of 100 nm. Later, to demonstrate the nanodiamond ther-
mometry in cells, both FNDs and GNPs were introduced into the human
embryonic fibroblast cells and the local temperature changes — caused by
illuminating the gold nanoparticles — were measured. As shown in Figure
8.7b, while locally heating the gold nanoparticle, the temperatures at two
different diamond locations (NV; and NV,) were measured. The location of
NV, is significantly closer to the heat source than NV, and has a stronger
temperature dependence as a function of the laser power. By measuring the
temperatures at the diamond locations, the temperatures at the gold loca-
tion were estimated. It is observed that a temperature gradient is created
around the GNPs with temperature differences of up to 5 K over a distance of
approximately 7 pm (Figure 8.7c). The authors demonstrated a sensitivity of
44 + 10 mK. Inspired by this work, Tsai et al. developed dual functional gold/
diamond nanohybrids by conjugating gold nanorods (GNRs) directly onto
the FND using polyarginine as the interface.’® These nanohybrids were used
as a combined nanoheater (the GNRs) and nanothermometer (the FNDs) for
highly localized hyperthermia applications in HeLa cells. By using a near-
infrared laser (808 nm) to excite the GNRs, a temperature rise of 10 K is read-
ily achieved in cells. By increasing the laser power, the temperature rise can
be significantly increased, which is good enough for conducting photother-
mal applications in the cells as a means for tumor therapy.

In a separate study, Choi et al. studied the embryogenesis of C. elegans
using nanoscale NV thermometry.” In this study, the authors demonstrated
a method to probe and control the cell-division timing in C. elegans embryos
using a combination of infrared (IR) laser heating and ND nanothermometry.
Embryonic development of C. elegans starts with a single PO cell, which sub-
sequently divides into smaller daughter cells, AB and P1. The daughter cells
exhibit asynchronous division in which AB undergoes mitosis earlier than
P1. Cell-cycle times for AB and P1 change as a function of global ambient
temperature (Figure 8.7d). Making use of this temperature dependence of
division time, cell-cycle durations were manipulated selectively by heating a
cell (either AB or P1) with an IR laser, which created a temperature gradient
across the embryo. NDs are incorporated inside the embryo to measure the
resultant temperature distribution. Figure 8.7e shows the confocal images
of the GFP-labeled embryo (left) in the two-cell stage and the ND fluores-
cence (right). When the IR laser was focused on the nucleus of the P1 cell, the
cell-cycle times for both AB and P1 monotonically decreased with increas-
ing IR power, with a greater decrease in P1, leading to a narrowing of the
division-timing differences between the two cells. In contrast, AB nucleus
heating produced an even larger timing difference between the two cells. The
observed differences in cell-cycle acceleration rates can be attributed to a
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difference in local temperature under cell-selective laser heating. Tempera-
ture distribution measured by the NV thermometers to estimate the expected
cell-cycle times revealed that the cell-cycle time is not solely determined by
the DNA replication occurring in the nucleus of the cell, but is also depen-
dent on the kinetics of cyclins and other proteins throughout the cytoplasm
(Figure 8.7f). Under P1 cell heating, the P1 cell division substantially sped up
relative to the AB cell, and examination of the cell-cycle time differences in
more detail indicated that the P1 cell consistently divided faster than the AB
cell at high laser powers. The data imply that cell-cycle timings are controlled
in a cell-autonomous manner with no significant contribution from cell-cell
communication.

Imaging of cell-division under controlled laser heating accompanied with
temperature distribution mapping inside the embryo with NV centers in
NDs provided insights into the timing-regulation mechanism during early
embryogenesis. These results open multiple future directions of exploration
of cell-cycle timing control at later developmental stages and further investi-
gations of the developmental consequence of perturbing cell-cycle times as
well as additional thermogenetic control.

As illustrated above, probing the thermal shifts of the spin resonances of
the NV~ center shows that FNDs are an effective means of nanoscale tem-
perature sensors providing both high temporal and spatial resolution. How-
ever, the ODMR method is technically demanding as microwave excitation is
delivered through a metal wire for reducing the fluorescence emission. The
requirement of keeping the metal wire in such close proximity to the sample
limits the application of the ODMR method in life sciences research.

Alternatively, there is an all-optical method where shifts in the ZPL line of
the NV~ center (637 nm) are observed with temperature. Davies first observed
the temperature shifts of the visible ZPL energy and provided an accurate
vibronic model for observed thermal shifts of ZPL.' His vibronic model
considered the thermal response of the ZPL to the stress induced by the ther-
mal expansion of the bulk diamond lattice and the electron-phonon inter-
actions at the center. At room temperature, a thermal shift of (A(ZPL)/AT)
= 0.015 nm K ' is observed accompanied by a full width at half-maximum
of ~5 nm for bulk diamonds. Figure 8.8a shows the fluorescence spectra of
FNDs dispersed in water at different temperatures. While the overall feature
of the emission band does not change with temperature over 28-75 °C, the
ZPL is red-shifted as the solution temperature increases. Compared to the
ODMR method, this all-optical method provides a much simpler, straight-
forward approach and is readily implementable by any confocal microscope
equipped with a CCD-based spectrometer.

All-optical based ND thermometry enables researchers to study how local
temperature changes affect the cellular activities and their functions. Using
this approach, Tsai et al.'® studied the membrane stability of cells with
respect to temperature and also performed hyperlocalized hyperthermia on
cells as means for tumor therapy. In this study, the authors developed two-
in-one dual-functional nanohybrids that can heat and sense the temperature
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simultaneously by conjugating GNRs onto the FND surface through the poly-
ethyleneimine (PEI) interface. They were able to put more than 50 such GNRs
onto a single 100 nm FND surface forming a shell-like structure. Figure 8.8b
shows the absorption spectrum of 10 nm x 16 nm (diameter x length) GNRs
and fluorescence emission of FNDs. GNR-FND nanohybrids could be indi-
vidually heated and imaged at the same time with a single laser. In order
to avoid the fluorescence background from the NV° center, which interferes
in the later spectral analysis, and to selectively excite NV~ centers in FNDs,
nanohybrids were irradiated with a 594 nm laser. The technical details of the
method development and the data analysis can be read in other papers.'"'*
These dual-functional GNR-FND hybrids were then successfully introduced
into the human embryonic kidney (HEK293T) cells through an endocytosis
process.'” Fluorescence imaging of the FND revealed that some of these
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Figure 8.8 FND based temperature sensing and hyperlocalized hyperthermia in
HEK293T cells. (a) Area-normalized temperature-dependent fluores-
cence spectra of 100 nm FNDs illuminated by a 594 nm laser in solu-
tion. Inset: Enlarged view of the temperature-induced shift of the ZPLs
for spectra acquired at 28-75 °C. (b) Comparison between the absorp-
tion spectrum of 10 nm X 16 nm GNRs and the emission of 100 nm
GNR-FNDs. The thick green bar denotes the excitation wavelength at
594 nm. Inset: TEM image of a typical GNR-decorated FND. (c) Empir-
ical cumulative distribution plot of the membrane temperatures at
which MNTs are ruptured by local heating and global heating of the
GFP-transduced HEK293T cells. (d) Fluorescence imaging of HEK293T
cells transduced with actin-GFP fusion protein (green) and labeled with
GNR-FNDs (red). The MNT was broken and retracted upon excitation
of the GNR-FND particle (white arrow). (e) Merged bright-field and flu-
orescence images of the HEK293T cell cluster with GNR-FNDs attached
to plasma membrane in the presence of PI dye at different time points.
Intracellular PI was observed almost immediately after laser irradiation
of the GNR-FND particle shown by the white arrow. Reproduced from
ref. 101 with permission from John Wiley and Sons, Copyright 2017
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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GNR-FNDs were inside the membrane nanotubes (MNTs) that were formed
between the HEK293T cells. At first, the MNTs were globally heated using
an on-stage incubator and the temperatures at which these MNTS were rup-
tured were observed. For local heating, single GNR-FND particles inside the
MNTs were irradiated with a 594 nm laser and FND temperatures were mea-
sured at which MNTs were ruptured (Figure 8.8d). Interestingly for MNTs, a
temperature difference of up to 10 °C was found between global heating and
local heating (Figure 8.8c). The authors attributed this difference to the large
temperature gradient (>10 °C pm™' at the MNT membrane) created by the
local heating but not by the global heating.

Further, the authors applied the hyperlocalized hyperthermia on the mem-
brane of HEK293T cells. The hyperlocalized hyperthermia surpasses conven-
tional thermal therapy by reducing the heating zone down to the nanometer
size. When GNR-FNDs were sparsely anchored on the cell membrane, laser
excitation with low power (30 pW) did not damage the cell membrane. But
when the laser power increased by a factor of 10, a severe membrane bleb-
bing was observed as indicated by the penetrated propidium iodide (PI) dye
(Figure 8.8¢). PI is a membrane impermeable dye which is used to label dead
cells and its fluorescence intensity is increased by more than 10-fold once
bound to nucleic acids inside the cytoplasm. The blebbing is a signature of
cell death due to necrosis, as the cell membrane was compromised by heat-
ing of the attached single GNR-FND particle. This is the first demonstra-
tion of a technology that enables the simultaneous heating, measurement
of temperature, and observation of the cellular response to heat spots. The
dual-functional nanohybrids provide a powerful new tool for single cell laser
surgery and precision hyperthermia cancer therapy applications.

8.5.5 Gene Delivery

Gene therapy or delivery is a technique used to treat or prevent diseases by
using genes. By introducing genetic material into the target pathological
cells or tissues, the abnormal or mutated genes in the specimen can be modi-
fied to restore their function. Naked genetic molecules such as DNA, plasmid
DNA, mRNA and siRNA are unstable in a biological environment and cannot
be internalized by cells efficiently. One of the challenging issues in gene ther-
apy is to find better ways of delivering genes and targeting them to particu-
lar cells. Although viral gene delivery is highly effective, concerns regarding
safety have limited its application. Recently, nanosized materials for gene
delivery have attracted wide attention. Successful gene delivery requires both
effective cellular uptake and cytosolic release of the gene. Studies show that
NDs emerged as an efficient tool for gene delivery, by which the efficiency of
gene therapy is much increased.

Zhang et al. have introduced polymer-functionalized NDs as vehicles for
gene delivery.'® Briefly, the ND surface is modified either covalently or non-
covalently with low molecular weight (800 Da) polyethyleneimine (PEIS00).
Later, negatively-charged DNA (luciferase plasmid) was surface immobilized
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onto positively-charged ND-PEI800 via electrostatic interactions. Along with
ND-PEI800, different nanoparticles (unmodified ND and amine terminated
ND) were also tested for comparison. Upon administering these nanoparti-
cles to HeLa cells different transfection efficiencies were shown. The transfec-
tion efficiency followed the trend of ND-PEIS00>PEI800>ND-NH,>ND>naked
DNA. Interestingly, ND-PEI800 is 400 and 800 times more efficient than ND-
NH, and unmodified ND, respectively. In addition, ND-PEI800 particles effi-
ciently deliver and express another plasmid encoding for GFP in HeLa cells.
Strong GFP-expression could be easily visualized in the cytoplasm by confo-
cal microscopy when ND-PEI800 particles were used, whereas only weak GFP
was observed when PEI800 or NDs are used as gene carriers.

Ewing sarcoma (ES) is a genetic disease, causing bone cancer in children.
In most cases of ES (85%) a chromosomal translocation occurs at chromo-
somes t(11,22) producing a fusion gene, EWS-FLi1, which is finally expressed
as a chimeric protein.'® One of the treatments for this cancer is siRNA tar-
geting the EWS-FLi1 junction at the mRNA level. Alhaddad et al. used NDs
for siRNA delivery to ES cells.'® Briefly, cationic NDs (50 nm) were produced
by surface coating with amino rich polymers: poly(allylamine hydrochloride)
(PAH) or PEIL Later, SiRNA targeting the EWS-FLi1 gene are attached to the
PEI or PAH coated NDs. The particles were introduced through endocytosis
into the NIH/3T3 and A673 cells expressing human EWS-FLi1 oncogene. It
was observed by qPCR results that a maximum efficiency of 50% for ND-PEI
in inhibiting the EWS-FLi1 mRNA expression in NIH/3T3 cells and 55% in
A673 cells, whereas ND-PAH appears to be a less efficient transfection agent
and free siRNA do not inhibit EWS-FLi1 expression at all. When lipofectamine
was used to deliver the siRNA, a 65% inhibition is observed in the cells, but
it caused more toxicity than the ND-PAH or ND-PEL This study showed that
NDs induce a larger efficiency in inhabiting the EWS-FLi1 expression, com-
bined with lower toxicity to the cell. Although the applications of NDs for the
treatment of human diseases is promising, the U.S. Food and Drug Admin-
istration (FDA) requirements state that therapeutic agents injected into the
body should not accumulate for long periods of time. In order to test the
ND-mediated gene delivery combined with their distribution and elimi-
nation pathways, Claveau et al. studied the activity of ND-mediated siRNA
delivery in vivo in ES tumor xenografted mice.'’ In this study, hydrogenated
or tritiated (tritium, isotope of hydrogen) DNDs (3-8 nm) were used instead
of polycation-NDs as mentioned in the previous study. Hydrogenation of
DNDs provided a positive zeta potential (+50 mV) on the DND surface. In
order to establish H-DNDs for anticancer gene delivery in mice, siRNA was
bound to cationic H-DND and the inhibition of EWS-FLi1 was first tested in
A673 cells. In the presence of serum, 35% inhibition is obtained for cationic
H-DNDs, whereas only 18% is observed for lipofectamine 2000 under same
conditions (Figure 8.9a). Later, radioisotope tritium-labeled DNDs (T-DNDs)
are used instead of H-DNDs for studies on mice. Radioactivity from T-DNDs
allowed the study of the distribution and elimination pathways of T-DNDs
in mice. T-DNDs complexed with siRNA or without any complexation were
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Figure 8.9 ND-mediated gene delivery and the inhibition efficiencies in vitro
and in vivo. (a) Inhibition of EWS-FLi1 expression in A673 cells by
H-DND:siRNA or Lipofectamine 2000. The indicated mass ratio is
for H-DND:siRNA. siAS: antisense siRNA directed against EWS-FLi1
oncogene; siCt: control irrelevant siRNA sequence. (b) Inhibition of
EWS-FLi1 expression on tumor xenografted on mice (n = 6 to 8 animals
per condition) treated for 24 h by T-DND:siRNA at a mass ratio of 5:1
(T-DND:siRNA). (c) A schematic showing the design of CRISPR-Cas9
constructs to introduce ¢.625C>T mutation into the mouse RS1 gene.
The fragment of RS1 exon 6 sequence containing the cleavage site (red
arrowhead) and PAM sequence (red font) shown at the top. The maps of
Cas9-GFP and RS1-sgRRNA are shown at the bottom. (e) ddPCR analy-
sis of RS1 ¢.625C>T copy number in GFP-sorted population of hiPSCs
treated for 24 h (d) and in mouse retinas treated for two weeks with
control (Cas9 construct only) and RS1 targeting ND-mC-C/C9 nanopar-
ticles (Cas9 + sgRNA). (f) Quantification of thickness of the inner and
outer segment (IS/OS) layers in mouse retinas. The data are expressed
as means * standard deviation error bars. Reproduced from ref. 106,
https://doi.org/10.3390/nan010030553 under the terms of the CC-BY
4.0 license https://creativecommons.org/licenses/by/4.0/. Reproduced
from ref. 107 with permission from Elsevier, Copyright 2020.

injected into the tail vein of mice. After 24 h, the mice were sacrificed and
RNA was extracted from the tumors. RT-qPCR analysis revealed that T-DNDs
complexed with antisense siRNA were able to inhibit the EWS-FLi1 expres-
sion by about 50%, whereas T-DNDs complexed with control irrelevant siRNA
had no effect (Figure 8.9b). These results confirm that H/T-DNDs complexed
with siRNA are able to inhibit the EWS-FLi1 gene expression in an ES tumor
model grafted on mice. The biodistribution and elimination pathways of the
T-DND:siRNA particles were also studied. Radioactivity of tritium enabled
the observation that T-DND:siRNA particles were mainly accumulated in
kidney, spleen, heart and lung with a slow increase from 4 to 24 h and their
transfer to the intestine lumen by bile may be the main way for T-DND elim-
ination from the bodies of the mice. Overall, this study shows a significant
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step towards the use of ultra-small solid nanoparticles for the efficient deliv-
ery of siRNA to tumor cells in animals that are also eliminated subsequently
from their bodies.

In another recent study, Yang et al. studied the ND-mediated CRISPR-
Cas9 delivery of human retinoschisis mutation into human stem cells and
mouse retinas.'” X-linked retinoschisis (XLRS) is a retinal disease caused by
mutations in the RSI gene, which affects males in early life. The most char-
acteristic features of this disease include mild to severe loss in central vision,
splitting of the retinal layers and damage of the photoreceptor cells. In order
to establish the ND as a CRISPR-Cas9 (C/C9) carrier, the authors of this
study introduced a mutation in the RS1 gene that is associated with XLRS in
healthy cells and mouse retinas. For this, carboxylated DNDs with a diameter
of 3 nm are covalently conjugated with fluorescent mCherry protein (mC).
Two linear DNA constructs were then attached to the conjugated mC. One
encoded Cas9 endonucleases and GFP reporter, another one encoded sgRNA
and contained an insert of a HDR template designed to introduce mutation
in the RS1 gene (Figure 8.9c). Initially, the efficiency of these prepared ND-
mC-C/C9 particles were tested to introduce the mutation to the RS1 gene
in human induced pluripotent stem cells (hiPSCs). The prepared ND-mC-C/
C9 particles were diluted in 3% BSA in PBS for better stabilization, which
in turn also increased the efficiency of internalization through endocytosis.
The phosphoryl imidazole covalent bond between mCherry and the DNA
construct was compromised in a lower pH environment such as exists in late
endosomes, thus releasing the DNA into the cytosol. Fluorescence signals
from both mCherry and GFP show that the particles were internalized by hiP-
SCs and the attached DNA was transcribed. Cell viability assessment of these
particles by CCK8 assay shows that in a range of concentrations between 1.5
and 24 ug mL ™', the ND-mC-C/C9 particles did not affect the viability of hiP-
SCs. Two days after the internalization, the GFP expressing cells were sorted
by flow cytometry and the gene mutation in genomic DNA was analyzed by
droplet digital PCR (ddPCR). It was shown that the nucleotide was edited in
19.3% of all alleles (Figure 8.9d). Later these particles (ND-mC-C/C9) were
injected into the eyes of mice. Two weeks after the injection, ddPCR analysis
of retinal lysates showed that four times the percentage of edited alleles than
the background signal were detected in the retina of mice injected with ND
particles carrying Cas-GFP construct only (Figure 8.9¢). Further investigation
by immunofluorescence staining of a retinal tissue section revealed a reduc-
tion of thickness in the outer retinal layer and defects in the organization
of photoreceptor cells (Figure 8.9f). All these results indicate the successful
introduction of mutation to the RSI gene in a mouse retina. Overall, the deliv-
ery of ND based C/C9 showed great potential for establishing in vitro and
in vivo disease models of XLRS.

In conclusion, the ND has been shown to be a good delivery agent.
Although there is a low transfection efficiency compared to conventional
delivery agents such as lipofectamine 2000, the advantage of NDs is based on
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their safety as an inert and low immunogenicity material. The transfection
efficiency can be improved by loading more genetic material onto NDs and
also by increasing the concentration of NDs for genetic delivery applications.

8.6 Conclusions

In the past few years, NDs have emerged in the field of nanomedicine and
nanotechnology with great potential for a broad range of biomedical applica-
tions. Their biocompatibility together with their unique spin-optical proper-
ties of color centers make the ND an outstanding nanoparticle for therapeutic
delivery and bioimaging applications as well as quantum sensing in a biolog-
ical environment. It has become quite easy to modify the ND surface with
biomolecules and probe the functions of a living cell at the molecular level
with single particle detection sensitivity. NDs have shown to be a novel car-
rier of biomolecules for targeted delivery and controlled release in live cells. A
large variety of bioactive molecules have been delivered with NDs and shown
increased therapeutic efficiency and reduced systematic toxicity in vitro and
in vivo. The highly stable near-infrared fluorescence of NV centers in NDs
combined with their magnetic modulation characteristic is essential for the
studies of biodistribution and pharmacokinetics of therapeutic cells in a pre-
clinical setting. These advanced technologies are promising for theranostic
patient-centered care to allow sensitive multimode diagnostics together with
targeted gene therapy within one nanoparticle.

It should also be stressed that many challenges and limitations still
need to be addressed before the translation of these techniques from
the laboratory to the clinic can be made. More detailed studies of cellular
fate, re-aggregation prevention, excretion or accumulation in the human
body, and the long-term effects of ND based treatments are needed. In addi-
tion, sufficiently bright sub-10 nm FND particles can have great impact in
sensing and fluorescence modulation applications. But it is difficult to pro-
duce such smaller and brighter NDs with sizes comparable to conventional
dyes and other fluorescent nanomaterials. Recently, core-shell particles have
gained more interest with ND being core and gold, silver and iron particles
acting as shells. The biocompatibility and cytotoxicity of these nanohybrids
are still yet to be studied along with their other potential uses in the life sci-
ence field. Multicolor FNDs seem to have more applications in clinical use,
where fluorescence imaging guides the surgical resection in vivo.

Furthermore, the interdisciplinary nature of ND based medicine requires
the cooperation of scientists from different fields; chemists are working
on developing different color centers in NDs and physicists are working
on exploring the applications of these prepared color centers. In the near
future, more collaborative research between chemists, physicists, biolo-
gists and even physicians is needed to explore more ND applications in
the life science and clinical research fields for fast and safe development of
nanomedicines.
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CHAPTER 9

Carbon Nanomaterials for the
Development of Biosensors
for Microbe Detection and
Diagnosis

NHAN DAI THIEN TRAM?, XIAO ZHU?, PUI LAI RACHEL EE?*
AND GIORGIA PASTORIN*?

“Pharmacy Department, National University of Singapore, 18 Science Drive 4,
Singapore 117543
*E-mail: phapg@nus.edu.sg

9.1 Introduction

9.1.1 Traditional Methods for the Detection of
Microorganisms

The demand for improvements in diagnostic techniques for infectious diseases
is a medical necessity that has been globally recognized. More accessible tools
with better performance are required to enable more timely medical decisions.
Historically, a few conventional methods have been routinely employed, namely
plate count, polymerase chain reaction (PCR), and enzyme-linked immunosor-
bent assay (ELISA). The specific pros and cons of each technique are described
below, and the state-of-the-affairs indicate that these methods are not sufficiently
robust to meet current diagnostic needs. Advancements in the field of biosensors
may potentially overcome these limitations. Biosensors offer multiple advantages
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over the traditional methods, such as shorter processing time, greater sensitivity
and selectivity. In addition, biosensors designed as lab-on-a-chip devices allow
for rapid and convenient on-site diagnosis of infectious diseases, an area that
traditional methods have failed to address. It has been projected that biosensors
are on track to be adopted as the technique of choice.

Plate count is the oldest method that remains in routine use today. It is
time-consuming to culture microbes, up to days, and requires a considerable
amount of laboratory equipment and consumables.>* Since plate counting
mainly relies on the visual assessment of colony growth, the quality of the
results hinge upon the experience and proficiency of the operator. This base-
line requirement gravely undermines the utility of this method in underde-
veloped areas where trained personnel are scarce.?

PCR is another established method, the principle of which revolves around
the amplification of nucleic acids in the samples. Among the various PCR tech-
niques,* the ability of multiplex PCR to concurrently identify the presence of
several microbes proves to be particularly useful in clinical contexts.” Compared
to the plate counting method, it requires much less time and offers superior
sensitivity.” However, potential sample contamination poses a concern because
the presence of confounding nucleic acids could severely mislead diagnostic
efforts. In addition, PCR requires primers, the design of which depends on the
availability of prior sequence data. This could limit its applicability when deal-
ing with pathogens whose genomic information has yet been established in
the database. Apart from these common limitations, each individual PCR tech-
nique has its own drawbacks which are briefly summarized in Table 9.1.

Table 9.1 Advantages and limitations of traditional pathogen detection tech-
1,8,9

niques.
Detection
method Advantages Limitations
PCR e High sensitivity e DNA purification required to
e High specificity eliminate interference from
e Could be coupled with other detec- PCR inhibitors
tion techniques e Challenge to distinguish
e Less time-consuming between viable and non-
e Does not require post-amplification  viable cells
processing (real-time PCR) e Reverse transcriptase PCR
e Concurrent detection of multiple can overcome this
species (multiplex PCR)
ELISA e High specificity e Low sensitivity
e Less labor- and time-consuming if e Potential cross-reactivity
automated e Pre-enrichment required
e Also capable of detecting bacterial
toxins
e Can handle large numbers of samples
Colony e Standard detection method e Very time-consuming
counting e Well-established e Avariety of selective media
method required

e Could be labor-intensive
(most-probable number
method)
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The remaining standard method, namely ELISA, employs immunological
reactions, whereby antibodies are coupled to an enzyme for the recognition
of microbial antigens. This approach has inspired the development of multi-
ple biosensor applications.!

Despite its high specificity and reproducibility, ELISA exhibits a number of
shortcomings that have limited its clinical utility.'® It necessitates relatively
sophisticated laboratory equipment, sizeable sample volume, intricate pro-
cessing steps and skilled personnel. Besides, the commonly reported limit
of detection (LOD) values of ELISA systems are barely below the nanomolar
range, which greatly limits its performance."

9.1.2 Recent Advances in Biosensor Technologies

To meet the demand for less time-consuming, more affordable, and more
accessible pathogen detection techniques, biosensors have emerged over
the past few decades as a promising option to complement and/or replace
traditional methods. Not only do biosensors shorten the total analysis dura-
tion from days to potentially minutes,’>™ technological advancements
have also endowed biosensors with outstanding levels of sensitivity and
selectivity.'*'*'® In general, biosensors contain bio-recognition elements
that are immobilized onto materials closely associated with a transducing
system, which in turn transmit signals to a detector for signal read-outs.
The recognition component is designed to bind target ligands with a desir-
able level of sensitivity and specificity. A vast array of detection techniques,
ranging from electrochemical to chemiluminescent, have been employed for
biosensor-based detection of either pathogens or pathogen-specific biomol-
ecules. Such a diverse toolbox will undoubtedly empower these diagnostic
systems to better meet current medical requirements.

More recently, the incorporation of nanomaterials has facilitated the
growth of biosensor technologies.” With a very high specific surface area,
these nano-sized scaffolds allow for the conjugation of a greater density of
bio-recognition elements than previously achievable. Among them, carbon
nanomaterials (CNMs) such as graphene, carbon nanotubes (CNTs), and car-
bon dots (CDs) have garnered much attention for their potential applications
in the fields of biomedicine and bioelectronics (Figure 9.1). With exceptional
physical and chemical properties, these materials are emerging as appealing
building blocks of sensitive and selective biosensors for detecting microbes
- namely bacteria, viruses and fungi. One of CNMs' virtues most relevant to
biosensor technologies is the ease of organic functionalizations.' Chemical
functionalizations at the surface of materials have been applied to not only
render the physicochemical properties of CNMs more suitable for biomedi-
cal applications, but also to introduce functional groups to which a variety of
bio-components can be conjugated.>**!

CNTs, including single-walled CNTs (SWCNTs) and multi-walled CNTs
(MWCNTs), offer appealing attributes such as mechanical durability,
vast surface area, exceptional electrical properties and electrochemical
stability.*** Both these CNTs consist of rolled up graphene sheets (single
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Figure 9.1 Common types of CNMs employed in biosensors for pathogen detec-
tion. Reproduced from ref. 27 with permission from the Royal Society
of Chemistry.

sheet for SWCNTs and multiple, concentric ones for MWCNTs) forming
cylindrical nanostructures, with hexagonal lattices of carbon atoms. With
pronounced photostability and negligible auto-fluorescence, CNTs are also
compatible with optical detection techniques.” Besides, functionalization
of CNTs has been reported to improve their biocompatibility and suppress
cytotoxicity.?®

Alongside CNTs, graphene has gained tremendous attention in the field of
bioelectronics by virtue of its large surface area, high electrical conductivity
and adsorption kinetics.?® The structure of graphene consists of a hexago-
nal arrangement of carbon atoms into flat sheets. The extensive network of
n-conjugation gives rise to the material's desirable thermal, mechanical and
electrical properties.* Graphene is usually prepared by subjecting its precur-
sor graphite, a naturally occurring form where carbon atoms are arranged in
a hexagonal lattice, through chemical modifications.** In brief, after being
oxidized into graphite oxide, the material could be subjected to chemical,
thermal, or electrochemical reduction.** The resulting chemical variants of
graphene are structurally distinct from the pristine version. Such differences
could have an impact on their properties and applicability for biosensors
with electrochemical transducers.”®> Among them, graphene oxide (GO),
which can be reduced at high temperature, was found to possess attributes
most ideal for electrochemical performance.

Aside from whole cells, these sensor platforms are capable of detecting
a host of microbe-specific biomarkers, such as proteins, nucleic acids and
antigens. The aim of this chapter is to offer a comprehensive discussion
and evaluation of biosensors employing a variety of bio-recognition ele-
ments, ranging from the more widely reviewed aptamers and antibodies,
to the less explored bacteriophage, DNAzyme and peptides. Through state-
of-the-art examples (Table 9.2), which are grouped into sections based on



Table 9.2 Recent examples of CNM-based biosensors for microbe detection published from 2017.

Target of Type of Detection
detection CNM method Duration LOD Linear range Specificity validation” Test sample’ Reference
Immunosensor
HIV-1gp 1405 GO Electrochemical 12 s 8.3 fM 670 fM to 0.1 uM  Bovine serum albumin ~ Serum Nehra et al.*®
S. cerevisiae GO Amperometric  N/A ~4 CFUmL™" 10'to 10’ CFU Z. fermentati, H. uvarum, Wine Borisova et al.'®
mL™*! T. delbrueckii
Norovirus VLP  Graphene Colorimetric N/A 92.7pgmL " 100 pgmL'to10 Bovine serum albumin, Serum Ahmed et al.V’
pg mL™ influenza virus A
Zika virus Graphene Capacitance 5 min 0.45 nM N/A Japanese, Encephalitis ~ Serum Afsahi et al.*?
antigen NS1 NS1
E. coli GO Conductivity  50s 10° CFUmL™" 10° to 10° CFU S. typhimurium, River water ~ Thakur et al.*®
mL™ S. pneumonia
Aptasensor
S. aureus CNP Impedimetric 30 min 1 CFUmL™ 1.2x10'to 1.2 x  S. aureus, P aeruginosa, ~— Serum Ranjbar et al.*®
108 CFUmL™! E. coli 0157, S. flexneri,
S. typhimurium
M. tuberculosis SWCNT Electrochemical 70 min 100 CFUmL™ 10°to 10’ CFU M. smegmatis, BCG Sputum Zhang et al.*®
H37Rv mL™
M. tuberculosis Graphene Impedimetric 1 min 10 fM 10fM to 0.1 pM  DNA from Leptospira sp., N/A Perumal et al.*
DNA E. coli, V. cholera
HPV rGO Voltammetric ~ N/A 1.75 pM 3.5pMto 35.3 pM N/A Serum, saliva Chekin et al.*
Denguevirus  Graphene Voltammetric — N/A 9.4 fM 10 to10°°M Norovirus, zika, N/A Chowdhury
DNA QD influenza virus DNA etal'®

(continued)



Table 9.2 (continued)
Target of Type of Detection
detection CNM method Duration LOD Linear range Specificity validation” Test sample’ Reference
AMP
E. coli CD Fluorescence  N/A 460 CFUmML™" 3.81x10%to2.44 S. aureus Urine, apple  Chandra et al.*!
x10* CFUmL™ juice, tap
water

S. aureus, SWCNT Piezoelectric 15min  10to 100 CFU N/A N/A Sheep blood  Shi et al.*®

E. coli, mL™?

P aeruginosa,

K. pneumo-

niae,

E. cloacae,

E. faecalis,

C. albicans
Bacteriophage
P aeruginosa Graphene Electrochemi- 30min 56 CFUmML™" 1.4x10°to1.4x E. coli, Salmonella., Urine, milk,  Yue et al.**

luminescent 10° CFU mL™* S. aureus, M. luteus, insulin
B. subtilis injection

S. typhimurium GO Impedimetric 40 min 12 CFUmL™ 10*-10° CFUmL™" E. coli, S. aureus Quiton et al.*?
DNAzyme
E. coli Graphene Fluorescence  N/A 10 CFUmL™ N/A N/A Blood Liu et al.**
Polymer
HIV-1 p24 MWCNT  Electrochemical N/A 0.083 pgmL™" 10*to2ngmL" N/A Serum Ma et al.*”®

“Listed are the interference species tested.
bBiological samples are from humans, unless stated otherwise.
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the bio-recognition element, we hope to foster awareness of recent advance-
ments in the field, thereby catalyzing further progress in the development of
microbe biosensors to meet the increasing demand for more refined diag-
nostic tools of infectious diseases.

9.2 Antibodies as Bio-recognition Elements

There are three major classes of antibodies: polyclonal, monoclonal and
recombinant antibodies. The choice of antibody class primarily depends on
the intended diagnostic purpose, desired sensitivity and specificity of the
system. A rigorous discussion of antibodies and their applications in immu-
nosensors can be found in another review.*

Of the different kinds of microbes, bacteria appear to be the most exten-
sively studied as targets of CNM-based sensors. For sensing E. coli 0157:H7,
antibody-decorated nanodiamonds were anchored to interdigitated elec-
trodes.* The nanodiamond seeds were employed for their electrical con-
ductivity, which allowed for impedance-based detection of the bacteria. In
another instance, GO was employed as the energy acceptor, in conjunction
with antibody-tagged quantum dots (QDs) as energy donors, in a fluores-
cence resonance energy transfer (FRET) detection system.** Antibody-QD
probes were printed onto a glass slide to generate a microarray for testing. In
the absence of the target cells, the GO platelet effectively quenched the fluo-
rescence of QDs. Conversely, the addition of E. coli would disrupt the bind-
ing equilibrium and shift the tide towards microorganism-QD affinity. The
removal of GO from QD proximity would consequently halt its check on QD
fluorescence, hence allowing a detectable fluorescence signal. This descrip-
tion of working principles in general applies to most FRET-based diagnostic
systems. In a disposable immunosensor reported for real-time sensing of E.
coli, gold nanoparticles (AuNPs) served as site of antibody immobilization.*
To enable field-effect transistor (FET) detection, the GO channel was covered
by a nano-sized layer of Al,O; in order to block out interfering signals. The
thickness of the Al,O; layer was identified to be an essential parameter that
required optimization. While its thickness ought to be sufficiently sizeable
to curtail oxidative vulnerability, it was restrained by the Debye length lim-
itation, above which the ensuing FET signals in response to the inclusion
of target bacteria would be too miniscule for practical applications.*® Since
the Debye-Hiickel equation dictates that temperature and ionic strength of
the solvent affect the Debye length,*” these parameters should naturally be
taken into consideration as well. After proper fine-tuning, however, not only
was the sensor able to process 1 uL of sample in merely 50 s, it could also be
promptly regenerated with a simple washing protocol.

Concurrently, signal amplification strategies have been adopted to
enhance sensitivity. Yang et al. encaged hundreds of CDs inside breakable
organosilica nanocapsules, the surface of which was decorated with anti-
bodies specific to Staphylococcus aureus (S. aureus).*® As the CDs were main-
tained in close proximity of one another within the nano-sized enclosure,
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self-quenching took place.”” After target isolation using magnetite NPs, the
reductive rupture of the nanocapsules with NaBH, would liberate the hoard
of antibody-labeled CDs, which would inundate S. aureus cells. The sys-
tem yielded a much improved sensitivity level (approximately 30000 times
lower LOD) as compared to that acquired by the more orthodox approach,
whereby CDs were directly employed as fluorescent probes without being
encapsulated.*®

In conjunction with signal amplification, sample enrichment via magnetic
separation could be tapped for concentrating the targets of interest, often
with the help of antibody-functionalized magnetite NP.***~! The utility of
magnetic enrichment is by no means limited to a single species of bacte-
ria. By tagging multicolored carbon dots with two kinds of antibodies, an
immunosensor was bestowed with the capability to concurrently isolate
methicillin-resistant S. aureus (MRSA) and Salmonella bacteria in spiked
whole blood samples.>® On top of that, pardaxin, an antimicrobial peptide
(AMP), was included in the set-up for bactericidal effect.”> Conjugation to the
NPs was required for bioactivity of pardaxin, which failed to work as free AMP.

In diseases like tuberculosis, where the causative pathogens exhibit a low
rate of growth, whole cells may not be the most clinically practical option
as the target for diagnostic purposes.”® Instead, researchers have experi-
mented with biomolecular predictors such as culture filtrate protein (CFP-
10), a secretory antigen strongly indicative of an active disease state. It can
be detected in the host circulation early on in the course of tuberculosis, and
is unique to tuberculous mycobacteria.® An immunosensor was developed
from AuNPs, QDs and graphene to quantify CFP-10 concentration through
plasmon-induced photoluminescence.” The antibody of choice was selec-
tive enough to permit the differentiation of CFP-10 from antigen 85 (Ag85),
another antigenic predictor of Mycobacterium tuberculosis (M. tuberculosis).>®
With a LOD of 4.5 pg mL, this biosensor was far more sensitive than
many other systems in the literature.”’ Azmi et al. combined functional-
ized graphene and a screen-printed gold electrode to generate a sandwich
assay for sensing CFP-10.®° Whereas practical applicability of the sensor was
demonstrated in sputum samples, its sensitivity was relatively mediocre,
with a LOD of 15 ng mL™".

By virtue of antibodies’ wide-ranging binding affinity, microbes other than
bacteria could also be detected. A disposable carbon SPE decorated with GO
was devised for amperometric sensing of Saccharomyces cerevisiae (S. cerevi-
siae), a yeast species.'® Propionic acid was introduced to the surface of GO
to provide the requisite functional groups for covalently immobilizing anti-
body molecules. Concanavalin A-peroxidase conjugate was employed for rec-
ognizing surface glycoproteins of S. cerevisiae.®" The density of antibodies
encasing the electrode had to be optimized, since an excessive amount could
impair the signal. Specificity of the sensor was validated in the presence of
several other yeast species. In another example, a carbon screen-printed elec-
trode (SPE) with AuNPs-GO nanocomposite was applied for the detection of
Brettanomyces bruxellensis, another yeast species.®
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CNM-based immunosensors have also been implemented for the diagno-
sis of viruses - fowl adenovirus,* influenza virus of different serotypes® and
avian influenza virus subtype H5,% to name a few. To design a point-of-care
(POC) device, Wiriyachaiporn et al. assembled a lateral flow immunoassay
facilitating direct visual interpretation of the results.®® Antibody-tagged car-
bon nanoparticles (CNPs) were packed into the conjugate pad region of the
device. If influenza A viruses were present in the sample, antigen-antibody-
CNP complexes would form when the sample was added to the device. It
would then flow through different compartments for matrix isolation. Upon
reaching the nitrocellulose membrane, stationary antibodies would capture
the incoming complexes in a sandwich-like fashion. As the CNP-containing
complex amassed at the designated test zone, a visually discernible black
spot would emerge, thus facilitating result read-out by the naked eye. Speci-
ficity of the system was illustrated by ruling out cross-talks with other viruses,
including influenza B.

Biosensors capable of multiplexed detection of both bacteria and viruses
have been reported. Fullerene was incorporated into a multi-chamber micro-
fluidic device for chemiluminescent detection of E. coli 0157:H7, Campylo-
bacter jejuni and adenovirus at the same time.*” A poly(methylmethacrylate)
surface was functionalized with antibodies for capturing the flowing patho-
gens. One sample could be analyzed in just 35 min. Although the use of che-
miluminescence agents could prove to be costly, the device would enable
multiplexed detection of up to sixteen different microbes.

Whenever a standardized culture system for growing viruses is not avail-
able, researchers have justifiably turned their attention to virus-like particles
(VLPs), as immunogenic mimics. VLPs are sophisticated protein structures
that display epitopes closely resembling those found on the template virus
of interest. They are capable of inducing the formation of antibodies spe-
cific to the virus itself.”® Moreover, these antigenic surrogates are bereft of
genetic content. This eliminates safety concerns associated with the han-
dling of viruses.® For discerning the presence of novovirus VLPs, immu-
nosensors have been fabricated from a graphene-AuNPs nanocomposite,'’
flexible inkjet-printed graphene sensor,” or as a paper-based device integrat-
ing either GO or MWCNT.”!

Viral diseases can be diagnosed through the detection of their antigens,
either surface-bound or secreted. Afsahi et al. applied a commercially avail-
able graphene chip for detecting nonstructural protein 1 (NS1), a glycopro-
tein found on Zika virus."”? With a response time of merely 5 min, it could
be an exceptional option for real-time diagnosis of the Zika virus. There are
well-founded concerns regarding the potential cross-reactivity with other fla-
viviruses such as dengue, among which the expressed NS1 analogs share a
reasonably high degree of sequence homology.”” Even though a retrospec-
tive study documented zero cases of cross-talks when applying dengue NS1
tests on Zika-infected samples,” cases of NS1 false positives tests have been
reported.”* To address this potential limitation, Afsahi et al. demonstrated
the absence of noticeable response when the biosensor was subjected to
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recombinant NS1 of Japanese encephalitis virus.'” Investigation into the
crystal structure of Zika NS1 had formerly revealed distinctive electrostatic
properties of its C-terminal region, which set it apart from its counterparts
expressed by other flaviviruses.”” Nonetheless, testing against other flavivi-
ruses still needs to be conducted to ascertain the sensor's specificity. This
case study of NS1 detection underlined the need to keep specificity in mind
while deciding on the target viral antigen. Undoubtedly, an antigen unique
to the pathogen of interest without any close homolog is the most desirable.
p24 capsid protein of human immunodeficiency virus (HIV) is another anti-
gen that has garnered much interest as a viral biomarker. Given its much
earlier appearance in circulation, p24 is preferable to anti-HIV antibodies as
the biomolecular indicator of early stage HIV infection.” Immunosensors
constructed from GO and other CNMs have been fabricated for the identifi-
cation of p24 using either electrochemiluminescence,’”” or electrochemical
techniques.”

Aside from circulating proteins in the bloodstream, ribonucleic acid (RNA)
of HIV has also been examined as a potential biomarker. Safavieh et al
designed a flexible paper microchip with a graphene-coated silver electrode
for the impedimetric detection of HIV-1 RNA (Figure 9.2A).”° To enhance
the sensitivity of the system, the loop-mediated isothermal amplification
(LAMP) technique was used. This affordable microchip only consumed a
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Figure 9.2 CNM-based biosensors with antibodies as bio-recognition components.
(A) Paper microchip for POC diagnosis of HIV-1. Reproduced from ref.
79 with permission from The Royal Society of Chemistry (B) Microflu-
idic device drawing inspiration from venous valves for microbial iso-
lation (Li et al.®®). Reproduced from ref. 80, https://doi.org/10.1016/
j-bi0s.2018.09.087 under the terms of the CC-BY 4.0 license https://
creativecommons.org/licenses/by/4.0/.
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total processing time of 60 min, including preparation steps, and an esti-
mated cost of $2 per test. Therefore, it is an ideal candidate for bedside
applications.

Moving beyond traditional antibodies, researchers have explored the use
of hybrid versions in immunosensors as well. Nehra et al. conceptualized an
antibody domain fusion construct for the targeting of gp140,,; envelope glyco-
protein of HIV-1.?® The use of layered GO laminates conferred stability to the
system. With the LOD and response time being 8.3 fM and 12 s, respectively,
the biosensor showed great promise for ultrasensitive real-time diagnosis.
In another unconventional immunosensor design, researchers swapped the
role of antibody and antigen. In response to hepatitis B virus (HBV) infection,
the immune system produces immunoglobulins IgG and IgM, the latter of
which could persist in the circulation for a really long time.*! Thus, 1gG has
been acclaimed as the most suitable marker for identifying prior HBV infec-
tion. Muain et al. utilized the HBV core antigen as the recognition element
for anti-HBV antibodies, using a reduced graphene oxide (rGO) nanocompos-
ite as the sensing surface.®?

Besides the performance of the device, special attention has also been
devoted to include unconventional mechanical features in immunosensors
to ameliorate their utility. Flexible electrodes with outstanding mechanical
and electrical properties can be assembled from graphene nanosheet build-
ing blocks to generate free-standing graphene paper.**> An impedimetric
immunosensor constructed from reduced GO paper and AuNPs was devised
for the detection of E. coli 0157:H7 serotype.®® Biotinylated antibodies were
anchored to the electrode surface through streptavidin-biotin interaction.
The sensor was selective enough to distinguish between the pathogenic
0157:H7 serotype and the non-pathogenic DH5a strain. Apart from flexibility,
the graphene-based paper electrode displayed excellent durability and
performance robustness. Flexible free-standing GO film has been applied for
sensing the virus as well (e.g. rotavirus®”). More recently, Li et al. reported the
fabrication of a graphene-based microfluidic chip for sensing E. coli (Figure
9.2B).* Drawing inspiration from bicuspid valves found inside veins,*® the
authors implemented asymmetric micro-sized gateways to regulate mono-
directional movement of motile E. coli into the assay chamber. This allowed
for the isolation and concentration of the bacteria within the chamber,
thereby enhancing the sensitivity of subsequent detection steps. As a result,
the biosensor achieved a remarkable LOD of 1 colony-forming unit (CFU)
mL ™.

9.3 Aptamers as Bio-recognition Elements

Aptamers are single-stranded oligonucleotides with the ability to recognize
biomolecules with remarkable affinity.?* Exact sequences of aptamers spe-
cific to intended targets could be selected using the systematic evolution of
ligands by exponential enrichment (SELEX) process.”*®!
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Given the prevalence of S. aureus in the environment, there is a substantial
likelihood of host pre-exposure.”> Antibodies generated as a consequence
of immune responses could remain in the bloodstream at the point of testing.”
This might in turn intervene with the operation of immunosensors.”
When it comes to the detection of S. aureus and microorganisms with similar
interference concerns, aptasensors are preferred, since their target biomarkers
do not persist in circulation. For instance, an impedimetric aptasensor was
devised by modifying a glassy carbon electrode (GCE) with rGO-AuNP-single-
stranded DNA (ssDNA) nanocomposite, where the thiolated single-strand
DNA served as a linker between rGO and AuNPs.”> When the AuNP-anchored
DNA capture probes immobilized the targets, a resulting change in imped-
ance signal was magnified by the nanocomposite. The system managed to
yield a LOD of 10 CFU mL™" within 60 min. Another impedimetric system
was reported with an even more impressive performance, yielding a LOD of
1 CFU mL ™" and a wider linear dynamic range of 12-1.2 x 10° CFU mL" in
just 30 min." Besides, the sensor exhibited selective responsiveness towards
live bacteria. Harsh thermal treatment could have damaged the surface epi-
topes, which may account for the reduced affinity between the probes and
target cells. A potentiometric sensor based on CNMs was also capable of
sensing S. aureus at the level of 1 CFU mL™', with the additional advantage
of consuming only a few minutes.’® In two related systems, Hernandez et al.
affixed DNA aptamer either covalently to GO or non-covalently to rGO, both
of which were, in turn, coated onto a GCE. Although the former platform
produced a noisier baseline, its precision was superior. Additionally, the GO-
based sensor displayed greater reproducibility, which was attributed to the
simplification of the graphene preparation steps. The system could be easily
regenerated by immersing the electrodes in 2 M Nacl for 1 h, followed by
washing with distilled water. Under such hypertonic condition, alterations in
the aptamer structure impaired probe-target interaction, hence dislodging
bacteria from the electrode surface.

Researchers have previously reported the combination of two different
kinds of CNMs in a single sensor system. A nanocomposite constituted of
rGO and MWCNTs was electrodeposited onto a GCE for the impedimetric
detection of Salmonella enterica serovar typhimurium (S. typhimurium).*® n-n
interaction between rGO and MWCNTs rendered the composite sturdier
than a composite between either one of them and metal NPs. rGO served
as the transducer layer for signal amplification, whereas MWCNTs offered
numerous sites for DNA aptamer immobilization.

Fluorescence is another quantification technique employed for sens-
ing S. typhimurium. GO was employed as an energy acceptor, and
5-Carboxyfluorescein (FAM) as the energy donor in a FRET system.'” The
sensor was selective enough to distinguish among different Salmonella sero-
vars. Notably, not all aptamers described in the literature are capable of rul-
ing out inter-serovar cross-talk. While the ssDNA probe reported by Hasan et
al. displayed species-specific differentiating power, it failed to differentiate
between various Salmonella serovars.'” Depending on the diagnostic aims,
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Figure 9.3 CNM-based biosensors with aptamers as bio-recognition components
(A) Lab-on-a-chip biosensor employing carbon nanowire for rapid
detection of S. typhimurium (Thiha et al.”’). Reproduced from ref. 97
with permission from Elsevier, Copyright 2018 (B) 3D construct consti-
tuted of graphene and AuNPs for anchoring anti-M. tuberculosis probes
(Perumal et al.'). Reproduced from ref. 14 with permission from
Elsevier, Copyright 2018 (C) Dual FRET system using CNPs and mul-
ticolor QDs for simultaneous detection of multiple microbial species
(Duan et al.*®). Reproduced from ref. 98 with permission from Elsevier,
Copyright 2014.

Selective capturing

this level of selectivity may, however, suffice to inform an appropriate thera-
peutic decision. The performance level of fluorescence-based sensors relies
heavily on the choice of fluorescent probes. Metallic QDs have been widely
implemented as the fluorescent probe of choice by virtue of their optical
properties and large Stokes shift.'”* Nevertheless, they have their fair share
of limitations, including challenging preparation procedures and a lack of
biocompatibility. CDs have recently emerged as a promising alternative.'®
DNA aptamer was immobilized onto carboxyl-functionalized CDs for the spe-
cific recognition of S. typhimurium.'** The exceptional optical properties of
CDs ensured that sensitivity of this sensor outperformed that of the FAM-GO
platform mentioned above.'”

By deviating from the one-donor-one-acceptor modus operandi, FRET-based
aptasensors have also been adapted for multiplexed assays. Using CNPs as the
sole energy acceptor, Duan et al. employed two kinds of dual-colored QDs as
energy donors, each attached to a separate aptamer sequence (Figure 9.3C).”
The sensor was able to simultaneously monitor the concentration of Vibrio
parahaemolyticus (V. parahaemolyticus) and S. typhimurium, at a satisfactory
level of sensitivity (25 and 35 CFU mL ", respectively). Another group went a
step further and integrated three dye-aptamer pairs instead of two.'” With
FAM, Cy3, and 6-carboxy-X-rhodamine as the fluorescent probes, the sensor
could concurrently detect V. parahaemolyticus, S. aureus and S. typhimurium.

Despite a host of appealing attributes, CNTs and graphene-derived
nanomaterials suffer from structural and compositional heterogeneity.'*®
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Furthermore, control over shape manipulation of these materials proves
to be intractable. To overcome these hurdles, some groups have resorted
to carbon nanowires. Thiha et al. applied this CNM in a microfluidic chip
for chemiresistive diagnosis of S. typhimurium (Figure 9.3A).°” The carbon
nanowires were generated in suspension by combining electrospinning and
carbon-microelectromechanical system (C-MEMS) techniques. The result-
ing nanofibers, being extremely fine with diameters below 100 nm, served
as the electrode. The sensor required only 5 uL of sample volume and 5 min
of processing time, inclusive of the incubation step, to attain a LOD of 10
CFU mL ™. With respect to chemiresistive and FET-based sensors, aptamers
largely overshadow antibodies as the bio-recognition biomolecule of choice.
The former's comparatively small size benefits the sensitivity of the system
through a reduction in the Debye screening effect.'”’

Aside from the frequently reported GCE, other kinds of electrodes have
been utilized in aptasensors. In one such system, SWCNT-linked ssDNA
aptamer was anchored onto a gold interdigital electrode for the detection
of M. tuberculosis H37Rv strain.*® As mycobacteria dislodged SWCNTSs from
aptamer probes, the change in electrical signals could be picked up. Speci-
ficity of the system was validated against the closely related Mycobacterium
smegmatis (M. smegmatis) and Bacillus Calmette-Guerin strain (BCG).

Similar to immunosensors, aptasensors are capable of detecting not just
whole cells, but also biomolecular markers. Graphene QDs and AuNPs were
used as the donor-acceptor system for FRET-based sensing of S. aureus mecA
gene.'”® mecA is the gene responsible for methicillin resistance and is thus
recruited as a biomarker for MRSA strains.'® 1S6110 of M. tuberculosis is
another bacterial gene that has been considered as an infectious disease indi-
cator. An amperometric sensor employed polyalanine-functionalized tufted
CNTs for the holding signal probe, and functionalized fullerene as a platform
for immobilizing the capture probe.'™ It was able to quantify as low as 0.33
fM of the IS6110 gene. In another IS6110-targeting system, Au nanorods were
sputtered onto 3D graphene, which had been assembled using the chem-
ical vapor deposition (CVD) method (Figure 9.3B)."* The graphene-derived
3D network provided an extensive surface area for probe anchoring. While
the sensor only managed a LOD of 10 fM, its response time of 1 min was
remarkably short.

Asdiscussed in the previous section, secreted antigens are reliable biomark-
ers for virulent M. tuberculosis. CNM-based aptasensors have been designed
for specifically recognizing early secreted antigenic targets (ESAT-6)""!
and Ag85."? Mycolic acid has also been evaluated as a biomarker. It is an
integral cell wall component of mycobacteria, including non-pathogenic spe-
cies such as M. smegmatis.'* It follows that mycolic acid is not unique to the
disease-causing M. tuberculosis, seemingly undercutting its utility as a disease
predictor. Nonetheless, three chemically distinct forms of mycolic acid could
be characterized - o-, methoxy- and keto-mycolic acid.'** Their expression
profiles considerably vary among mycobacterial species, and their surface-
enhanced Raman scattering (SERS) spectra are readily discernible.''>!®
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In principle, the profile of relative occurrence of the three mycolic acid ana-
logs could provide the identification of M. tuberculosis in the presence of
non-tuberculous mycobacteria. As opposed to their secretory counterpart,
surface-expressed antigens may not allow for a clinically satisfactory level of
specificity. Thakur et al. described a graphene-based voltammetric biosen-
sor targeting MPT64, a surface antigen of mycobacteria.'’” Unfortunately,
MPT64 is also expressed by non-tuberculous mycobacteria such as Mycobac-
terium bovis (M. bovis) and particularly BCG strains.'"®

Whenever the rate of false negative needs to be lowered, researchers have
resorted to multiple biomarkers, each of which is indicative of a single micro-
organism. One such system employed separate QDs-aptamer pairs as energy
donors and GO as energy acceptor for the simultaneous detection of hlyA
genes and iap genes, both of which originated from Listeria monocytogenes
(L. monocytogenes) cells in the samples.'”

Besides bacteria, aptasensors have been developed to detect whole viruses.
Chekin et al. reported a voltammetric sensor, where the GCE was decorated
with porous rGO and molybdenum disulfide, for sensing human papilloma
virus (HPV) through the recognition of L1-major capsid protein.*” Porous
rGO offered a larger surface area for anchoring aptamer probes, and permit-
ted the diffusion of analytes across the pores, which in turn facilitated the
detection process.'*

In chronic HBV infection, HBV DNA is the most reliable marker for viral
replication, regardless of the viral load.””" A sensor in which the GCE was
modified with graphene QDs was capable of detecting HBV DNA as low as 1
nM."?? Other sensor systems integrating CNMs have been designed to iden-
tify nucleic acids from Ebola virus,'** HIV,** influenza virus H5N1 subtype,'*®
or H1N1 subtype and norovirus."?® Chowdhury et al. adopted an intriguing
two-pronged approach for dengue virus diagnosis.'® Using a novel class of
graphene QDs nanocomposite, the authors combined the electrochemical
quantification of target DNA with serotype discernment via fluorescence
spectroscopy. The system could successfully distinguish among the four
serotypes of dengue virus.'”’

9.4 Antimicrobial Peptides (AMPs) as
Bio-recognition Elements

Peptides, especially those with antimicrobial activity, have been employed
as bio-recognition elements. This capability chiefly stems from their selec-
tive interactions with microbial membranes.*® Significant variations in
membrane compositions only exist among major groups of organisms (e.g.
Gram-positive bacteria, Gram-negative bacteria, mycobacteria, fungi and
eukaryotes). To the best of our knowledge, no AMP with specific affinity to
one single species or subspecies of microorganism has been discovered or
designed. Exceptions lie in those that act on either biological pathways or
intracellular targets, in neither of which cases their mechanism of action
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could be readily adopted to distinguish between species. Nonetheless, pep-
tides could still be useful as bio-recognition elements where therapeutic
decisions do not hinge upon the precise identification of the causative pathogen.

Andrade et al. encased a gold electrode with CNTs, which were in turn
functionalized with clavanin A as the AMP probe."?® Gram-negative bacteria
such as E. coli and Klebsiella pneumoniae (K. pneumoniae) elicited a distinctly
greater impedimetric signal than the Gram-positive counterparts. There-
fore, clavanin A was functional as a Gram-selective biosensing probe. Not-
withstanding its broad-spectrum activity,"**'*! there exist nuances between
the way clavanin A interacts with the Gram-negative membrane and the
Gram-positive membrane, which were electrochemically perceptible. Unfor-
tunately, the LOD of 100 CFU mL ™" paled in comparison to those of the afore-
mentioned biosensors."*?**8%% In another CNT-based sensor, pleurocidin
was employed as the bio-recognition element." Akin to clavanin A, pleuroci-
din is a broad-spectrum AMP."** While pleurocidin could detect a variety of
pathogenic species in spiked blood samples, it failed to distinguish between
Gram-positive bacteria, Gram-negative bacteria and fungi.

By combining GO nanocomposites and AMP-functionalized magnetite
NPs, Yuan et al. coupled magnetic isolation with diagnosis of infectious
diseases (Figure 9.4A).'* The deficient photothermal stability of metal-
lic NPs was overcome by the inclusion of GO. In addition, GO safeguarded
them against oxidation, hence limiting unwelcome fluctuations in the sig-
nals. Conjugation with 4-mercaptophenylboronic acid (4-MPBA) was imple-
mented to magnify the differentiating prowess of the SERS spectra, which
relied on silver-coated AuNPs as the substrate. Furthermore, 4-MPBA served
as a SERS internal standard to account for any electromagnetic interference.
As the biosensing component, bacitracin A attracted bacteria by forming
hydrogen bonds with pyrophosphate molecules.™** After being immobilized
onto magnetite NPs, the AMP retained its antimicrobial activity. With the
aid of discriminant analysis (DA), the signature Raman bands could be pro-
cessed for differentiating Pseudomonas aeruginosa (P. aeruginosa), S. aureus
and E. coli. Together, SERS and DA helped actualize species-specificity of this
AMP-based sensor.

Vancomycin, a glycopeptide antibiotic, was conjugated to CDs for flu-
orescent detection of Gram-positive bacteria.’® Unlike broad-spectrum
AMPs, vancomycin is preferentially active against Gram-positive bacteria by
strongly interacting with the D-Ala-D-Ala terminus of peptidoglycan, a key
component of the Gram-positive cell wall.'*> As a result, it could distinguish
between Gram-positive (S. aureus, Bacillus subtilis (B. subtilis), and L. mono-
cytogenes) and Gram-negative (Salmonella, P aeruginosa and E. coli) bacteria.
Upon the addition of target pathogens, the fluorescence signal of the system
vastly decreased. Aggregation of the CDs supposedly culminated in their self-
quenching, hence the drop in emission.

Meanwhile, fluorogens, whose emission level heightens in response to
the formation of aggregates, have also found usage in pathogen biosen-
sors.*® The mechanism behind this phenomenon of aggregation-induced
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emission (AIE) has been discussed in detail elsewhere."”” Feng et al. conju-
gated vancomycin to AIEgen for the sensing of Gram-positive bacteria such
as vancomycin-resistant Enterococcus (VRE)."*® To facilitate a visual read-out
of fluorescence results, a substantial concentration of vancomycin-tagged
AIEgen was necessary. The resulting background noise would be too high
were it not for GO quenching. Interestingly, the ATEgen could double as a
photosensitizer for photodynamic killing of pathogens.'*

The same group later combined vancomycin with an aptamer for the
simultaneous sensing of B. subtilis and the chain B of ricin toxin,'*° the con-
stituent responsible for triggering uptake of the toxin into the host cell and
ensuing toxicity.'*! The two biosensing elements were conjugated to differ-
ent kinds of AIEgens, which emitted distinct colors in response to the initi-
ation of aggregation. GO was again included in the system for its quenching
ability, which ceased with the addition of the respective targets. Chandra
et al. reported another system capable of multiplexed detection of both a
pathogen and a chemical species.*’ CDs were functionalized with colistin, a
cyclic peptide antibiotic preferentially interacting with the outer membrane
of Gram-negative bacteria via lipopolysaccharide (LPS)."** It served as the
probe for both E. coli and Fe** ions. Interaction between colisin-CD and the
latter was revealed to be through chelation.'*
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Figure 9.4 CNM-based biosensors with AMPs as bio-recognition components.
(A) Metallic GO nanocomposites and magnetite NPs were combined for
both SERS detection of bacteria and magnetic isolation. Reproduced
from ref. 133 with permission from The Royal Society of Chemistry
(B) Graphene-containing silk film capable of wireless data transfer
was attached to tooth enamel for pathogenic monitoring of saliva and
breath (Manu et al.'”’). Reproduced from ref. 147 with permission from
Elsevier, Copyright 2012 (C) A fiber optic was encased in AgNP-rGO
nanocomposite for detecting E. coli 0157:H7 (Zhou et al.**®). Repro-
duced from ref. 148 with permission from Elsevier, Copyright 2018.
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In spite of a dissimilarity in chemical structure, non-peptide antibiot-
ics have also been investigated as a reporter probe for bacteria sensing.
Chandra et al. conjugated CDs with amikacin, a glycoside antibiotic active
against Gram-negative bacteria,'** for the fluorescent sensing of E. coli.'*
Its bacterial recognition utility primarily stems from its binding affinity
towards ribosomal RNA (rRNA) small subunits.'*® Specificity of the system
was established in the presence of S. aureus. In fact, rRNA binding behav-
ior of amikacin is an attribute shared among aminoglycosides. Therefore,
other members in this class of antibiotics might prove just as useful as
biosensor probes.

LPS presents another viable biomolecular target for the diagnosis of Gram-
negative bacteria. Lim et al. conjugated KC-13, an LPS-binding peptide, to
tetramethylrhodamine fluorescent dye.'*® Together, they were adsorbed
onto GO for fluorescence quenching prior to sample testing. The sequence
of KC-13 was identified using a phage display method."® Despite structural
variations of LPS among different Gram-negative species,"’ the sensor suc-
cessfully responded to the presence of LPS from a variety of Gram-negative
bacteria, namely E. coli, K. pneumoniae, Salmonella thyphosa (S. thyphosa) and
P, aeruginosa."*’

Interfacing of biosensors with biomedical devices has paved the way for
expanding their clinical applications. Graphene-embedded silk film was
bio-transferred onto tooth enamel for pathogenic monitoring of a patient's
saliva and breath (Figure 9.4B)'". Graphene was modified with a hybrid
peptide comprising a graphene-binding domain and odorranin as the AMP
probe'*?. The sensor could detect a diverse range of bacteria, including
Helicobacter pylori*>*. Advanced bioelectronics (i.e. resonant coil) enabled
wireless transfer of electrochemical data to an external reader for real-time
tracking. Incidentally, Zhou et al. overlaid a fiber optic with a nanocompos-
ite of reduced GO and silver NPs (Figure 9.4C)'*%. A layer of gold film was
added on top to enhance the surface plasmon resonance signal. Magainin
1 was utilized as the probe for recognizing E. coli 0157:H7. The sensor was
specific enough to differentiate between pathogenic and non-pathogenic
strains of E. coli.

9.5 Less Explored Bio-recognition Elements
9.5.1 Polymers

Molecularly imprinted polymers (MIPs) are synthetic polymers onto which
target binding sites could be imprinted using a template, either a cell
or a molecule. Various imprinting methods have been reported, namely
covalent, non-covalent and semi-covalent imprinting. A detailed review
on MIPs and their preparation procedures could be found elsewhere.'*
In general, a functional monomer is co-polymerized with a cross-linker in
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the presence of the template. For complexation between the monomers
and template molecules to happen, appropriate functional groups have to
be present on the two components. After the template is removed, pock-
ets whose shape complements the contour of the target are retained on
the material outline.

For the detection of p24 protein of HIV, Ma et al. enlisted acrylamide as
the monomer for producing MIP-functionalized MWCNTSs, which was in
turn conjugated to the GCE.*” This sensor achieved a remarkable sensitiv-
ity. Its LOD of 0.083 pg mL ' was much lower than those of the aforemen-
tioned p24-targeting immunosensors (i.e. 1 pg mL™'” and 0.15 pg mL " 7%). A
MIP-based sensor has also been applied for the detection of whole viruses.
Tancharoen et al. incorporated MIPs for the fabrication of an electrochemi-
cal sensor of the Zika virus.">® A MIP-GO composite was applied onto a gold
electrode, followed by imprinting the Zika virus template under exposure
to ultraviolet (UV) light. Although the LOD in PBS was found to be 2 x 10™*
plaque-forming units (PFU) mL}, it increased 100-fold in media with inter-
fering viruses. In light of this finding, serum samples had to be diluted to
minimize the background noise. The same group had previously employed
MIP for the identification of the dengue virus."® With several target tem-
plates for molding the MIP probe, the authors managed to discern among
the four serotypes of dengue virus. Notably, if the viruses had been exposed
to corresponding antibodies prior to testing, their physical properties were
altered. The resulting signal was sufficiently discernible from the one with-
out antibody pre-exposure. With minor modifications in the operation, the
sensor can double as an antibody detector.

Other than MIPs, ordinary polymers without the imprinted binding sites
could still be exploited as reporter probes for microorganisms. For instance,
a chemiresistive biosensor for the dengue virus was fabricated from heparin-
modified SWCNTs."” Applicability of heparin in dengue sensing stemmed
from its chemical homology to heparan sulfate, a surface receptor for the
dengue virus."® As the negatively charged heparin interacted with the den-
gue envelope, which also exhibited a net negative charge, change in resis-
tance intensity was indicative of a target binding event. On top of that, the
outstanding photothermal stability of heparin warrants a long shelf-life.">®
In another example, nanodiamonds were decorated with saccharides for the
detection and agglutination of uropathogenic E. coli.'®

9.5.2 DNAzyme

Like aptamer, DNAzyme is an oligonucleotide-derived bio-recognition
molecule endowed with inherently good binding affinity and specificity.
What sets it apart is its enzymatic cleaving ability.'®' Similar to SELEX, a
sequence of DNAzyme could be identified through in vitro selection from
a massive pool of single-stranded nucleic acids.'®* Capitalizing on its



312 Chapter 9

unique attributes, Liu et al. employed a 125-nucleotide DNAzyme along-
side graphene for the sensing of E. coli.** The authors designed a DNAzyme
construct, whereby a fluorophore was tethered using a RNA linker which
could be cleaved by the DNAzyme itself. In the absence of target bacteria,
the DNAzyme constructs are immobilized to graphene via n-n stacking
interactions.'® Close proximity of the DNAzyme-attached fluorophore to
graphene permitted the quenching of fluorescence emission. Upon bind-
ing of the target bacteria to the construct, the enzymatic action of the DNA-
zyme became activated. Subsequent release of the fluorophore distanced
itself from the graphene platform, thereby enabling quantifiable fluores-
cence emission.

Aside from whole-cell pathogens, DNAzymes can also be used to recog-
nize molecular biomarkers. For example, a multifunctional DNAzyme was
employed for the fluorescent quantification of hepatitis C virus (HCV)
mRNA."** This rGO-based system was devised to deliver DNAzyme into
human liver cells, where mRNA of non-structural gene 3 (NS3) from HCV
could be detected. The protein encoded by NS3 is essential for a mul-
titude of HCV life functions, including replication in host cells.'®® It is
worth highlighting the intracellular locality of NS3, as opposed to the
usual supernatant occurrence of biomarkers. Unlike the sensor design
by Liu et al,* catalytic activity of the DNAzyme was directed towards
NS3 mRNA. In addition to sensing function, the construct was capable
of silencing the NS3 gene, thereby suppressing the HCV multiplication
process inside human liver cells. By targeting the TcdC transcription fac-
tor, DNAzyme could be selected to capture a specific pathogenic strain
of Clostridium difficile (C. difficile) regardless of other confounding intra-
species strains.'®®

9.5.3 Bacteriophage

Bacteriophages are viruses that specifically infect bacteria. Superb
specificity potentially to an inter-strain level, durability under harsh
conditions (e.g. temperature, solvent, pH), and suitability for live/dead
differentiation render bacteriophages appealing biosensing probes for
bacteria.'®”'®® Quiton et al. anchored a bacteriophage probe onto a SPE
electrode, which was functionalized with GO, for impedimetric detection
of S. typhimurium.*® The phage was prepared from sewage water and sub-
sequently enriched to produce a sufficient titer. Specificity of the sensor
was demonstrated in the presence of E. coli and S. aureus. Yue et al. devised
a phage-based biosensor using graphene-decorated GCE for recognizing
P. aeruginosa.”> PaP1 phage was prepared from hospital sewage using
lambda phage isolation protocol. The electrochemiluminescent detection
technique was employed, with luminol chosen as the substrate. As the
target bacteria interacted with the probes, the luminescence intensity of
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luminol was suppressed, the extent of which allowed for quantification of
the pathogen density. The assay duration totaled 30 min. In another sys-
tem employing graphene SPE, the diagnosis of Staphylococcus arlettae was
achieved within an even shorter response timeframe of only 2 min.'*® The
sensor possessed a clinically relevant level of stability, yielding reproduc-
ible readings after three months of storage. Furthermore, the electrode
could be regenerated through simple washing with phosphate-buffered
saline.

Whereas most groups performed immobilization of bacteriophages
onto the electrode surface via covalent bonds, Zhou et al. opted for a
charge-directed strategy.'’® In brief, polyethylenimine was introduced to
the surface of MWCNTSs to confer positive charges. By applying a posi-
tive electric potential onto the electrode, T2 phages could be anchored
through their negatively charged capsid. Enrichment of T2 phage was
conducted using a soft agar overlay technique. Notwithstanding its out-
standing specificity, which permitted the discernment between E. coli B
from E. coli K strains, lytic cycle of bacteriophage could limit its utility.
To address this, Shin et al. resorted to recombinant C-terminal fiber tail
protein J of bacteriophage lambda.'”! This phage protein component had
previously been shown to exhibit affinity towards LamB, an outer mem-
brane protein of E. coli K-12.*"

9.6 Conclusions and Perspectives

There is a wide array of available options for the bio-recognition element,
and this could generate confusion for new researchers in the field. Arguably,
the specificity of the bio-sensing component is the property most essential to
the selection process. In general, antibodies and aptamers could be selected
using well-established procedures to display very high binding specificity
to target ligands. DNAzyme, which can also be selected using the SELEX
process like aptamers, also displays potential for high specificity. Although
more widely studied than DNAzyme for CNM-based biosensors, specificity
of AMPs as bio-sensing molecules is inferior. In some cases, reported AMP
only allowed for Gram-selective differentiation. Meanwhile, bacteriophage is
less explored despite the superb species-specificity. In reported examples,
the phage had to be isolated from hospital sewage, instead of standardized
preparation protocols in the cases of antibodies and aptamers. This might
have discouraged interest from researchers. Additionally, sensing applicabil-
ity of phage is restricted to whole cells and hence cannot be employed to
detect disease biomarkers.

The bio-recognition elements can be immobilized using different meth-
ods, ranging from chemical (e.g. covalent bonding and cross-linking) to
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physical methods (e.g. non-covalent adsorption and encapsulation).'”® In
the context of CNM-based biosensors, the aforementioned ease of chemi-
cal functionalization facilitates covalent anchoring of the sensor molecule
in most cases. The stable chemical bonds between the CNM scaffold and the
sensor element dispel any concern over leaching problems generally associ-
ated with non-covalent conjugation."”’

With respect to the clinical utility of the system, the type of sensor tar-
get could play a determining role. As mentioned above, detection of whole
cells is not the most ideal option under many circumstances. In the case of
HIV diagnosis, p24 antigen is the biomarker of choice.”® Likewise, CFP-10
antigen is preferred for monitoring the active tuberculosis disease state.*
Meanwhile, influence of the choice of bio-recognition component is largely
constrained to the specificity of the sensor.

To demonstrate applicability of the biosensors in analyzing real samples
whereby a complex assortment of biomolecules and osmolytes in the samples
could interfere, researchers have assessed the systems in relevant human sam-
ples Spiked Wlth the tal‘get Of interest.8,30,33,39,40,42,44,59,72,75,86,90,111,120,125,126,133
In other studies, the tests were conducted on food samples (e.g
milk,>46100:105, 119,195 fryjt juice,*t 018118199 or wine'®). We believe most of
these sensors could be repurposed for human disease diagnosis, given the
appropriate modifications and verifications if need be.

In most cases, selectivity was validated by testing samples in the pres-
ence of other microbes or biomolecules. However, rarely were the criteria
for choosing these confounding species clearly outlined. In order to further
enhance clinical relevance of the systems, it is imperative to ensure the inclu-
sion of microbial species or relevant biomarkers, which have an established
likelihood to affect therapeutic decisions.

The development of CNM-based biosensors, or any kind of biosensor for
that matter, should take into consideration the influence from environmen-
tal cues. For instance, deviation in surrounding temperature has been shown
to instigate transformation in the structural dynamics of dengue viral ico-
sahedral particles."””® Consequential restructuring of surface epitopes, espe-
cially the E-dimer dependent epitopes,’”® could disrupt antibody-antigen
interactions, thereby impairing the efficiency of immunosensors. Even more
astounding is the fact that this transfiguration was only observed in one out
of the four dengue virus serotypes.'”® From a chemistry viewpoint, epitope-
paratope affinity is essentially governed by weak chemical interactions,
whose equilibrium can be swayed by a multitude of factors (e.g. pH, osmolal-
ity, ionic strength)."® It follows that these parameters need to be evaluated to
ensure reproducibility and robustness of the system.

Moving forward, more studies need to incorporate biosensors into
microchips for POC testing,'>’®°”'8! or bio-transferrable films for organ-
specific remote monitoring.'”” More information on POC devices and
their utility for on-site diagnosis of infectious diseases can be found
in a review article we previously published.'®* As of late, bio-inspired
medical devices are on the rise. Wearable sensors have been described
in the literature for various applications (Figure 9.5).'73717>1837187 with
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GV ©)

electrode terminal

PDMS contact lens
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Figure 9.5 Wearable sensor designs that may be adopted for CNM-based detec-
tion of microbes (A) Mouthguard with embedded biosensor and wire-
less transceiver for monitoring of saliva metabolite level (Kim et al.'”?).
Reproduced from ref. 173 with permission from Elsevier, Copyright
2015 (B) Stretchable graphene-based tattoo sensor for monitoring of
multiple physiological factors (Ameri et al.'’*) (C) Soft contact lens
biosensor with flexible electrode for monitoring of tear glucose (Chu
et al.'®). Reproduced from ref. 175 with permission from Elsevier,
Copyright 2011.

the necessary adjustments, we could adopt these innovative design fea-
tures for non-invasive CNM-based monitoring of microbes and relevant
biomarkers.
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10.1 Introduction

Quantum confinement effects can give rise to unusual optical and electronic
properties in low-dimensional carbon materials that are not attainable in
bulk carbons such as diamond or graphite.' These exceptional properties
make nanocarbons (NCs) particularly interesting for a range of applications,
spanning from photonics,*® electronics,”” and sensing,'™'! to energy'>"
and environmental engineering.'* The last ten years have seen an exponen-
tial rise in the use of NCs for biomedical and biotechnological research.'>*
The characteristically small dimensions of NCs (from 1 nm to 1 pm) are very
similar in size to most biomolecules involved in vital physiological func-
tions, enabling an effective geometrical coupling of nano- and bio-materials.
In addition to coupling, NCs can traverse cellular barriers and localize within
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targeted organelles, providing alternative tools for the characterization and
manipulation of important processes at a cellular level. NCs have thus found
further application as molecular scaffolds for facilitating the transport of
genetic material, biomolecules, and drugs across cellular barriers.”>' In
addition, the distinct optical properties of specific NCs make them ideal can-
didates for both bioimaging and biosensing technologies.

NCs typically employed for biological applications include carbon nano-
tubes (CNTs), fullerenes, graphene, graphene oxide (GO), carbon quantum
dots (CDs), carbon nanohorns, and carbon nanofibers. However, owing to
the significant progress in NC synthesis and functionalization procedures,
researchers today have access to an ever-growing set of synthetic nano-probes
that can be used to investigate a range of complex molecular dynamics at the
nanoscale.

Graphitic nanomaterials, including graphene and CNTs, consist of a net-
work of sp*hybridized carbon atoms. The resulting electronic structure
is characterized by strong optical transitions in the near-infrared regions
of the electromagnetic spectrum (between 700 and 1300 nm), where light
absorption by blood, skin, and organ tissues is minimized.*” Hence, due to
low cross-contamination with biological autofluorescence and increased
tissue penetration, these nanostructures are excellent options for in situ
photo-thermal therapy,*** deep-tissue imaging,* and sensing.>**” Within
the family of synthetic sp* carbon allotropes, semiconducting single-walled
carbon nanotubes (SWCNTs) show intrinsic fluorescence emissions in the
second near-infrared window (NIR-II), from 1000 to 1350 nm.?® The optical
transparency of biological tissue to light from this region of the spectrum,
together with the elevated photostability and single-molecule sensitivity
of the SWCNT fluorescence emissions, substantiates their applicability for
in vivo bioimaging,**! intracellular nanoparticle tracking,** and analyte
detection.**?*

In addition to CNTs, CDs have found broad application in several branches
of biomedical and biotechnological research.® Spherical-shaped graphitic
CDs are the most commonly reported form in the literature, although several
other variants exist, possessing different core structures or containing vari-
ous mixtures of sp* and sp®-hybridized carbons.*® An advantage of CDs over
other similar NCs is their high quantum efficiency and the ability to regulate
the wavelength of this bright fluorescence emission, which can be tuned over
the entire visible spectrum. Similarly, nanodiamonds, which consist mostly
of sp® carbon atoms, have recently been identified as more promising candi-
dates for bioimaging and therapy applications due to their elevated photo-
stability and considerably higher quantum efficiency.***” These advantages,
alongside their excellent biocompatibility, make these NCs suitable for use
as in vivo fluorescent markers®® and quantum sensors,* as well as photody-
namic therapy agents.**!

The myriad of potential applications offered by the combination of tun-
able NCs with the numerous biological systems available has given rise to
an expansion of nanobiotechnology applications. For example, the emerging
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field of “plant nanobionics” aims to improve the native performances of pho-
tosynthetic organisms.*” Plant nanobionics involves the incorporation of
synthetic nanomaterials within targeted cellular compartments of plant sys-
tems, where they can carry out a diverse range of functions. By broadening
the limited light-absorption cross-section of plants and algae, NCs that pos-
sess distinct light-harvesting or electron-transfer capabilities have the poten-
tial to boost the natural photosynthetic activities of these organisms.***
Beyond light-harvesting, the agronomic application of NCs can expedite the
development of “smart crops”.'> Synthetic nanoparticles can impart plants
with unprecedented capabilities, such as self-regulation, analyte-monitoring,
or an ability to responsively release agrochemicals, thereby revolutionizing
agronomy. Furthermore, NCs can also serve as efficient alternatives for tar-
geted biomolecule and gene delivery, as they can be used as vectors to deliver
biomolecules into living cells,”™* enabling streamlined genetic modifica-
tion of plant and algal metabolism."

Interfacing synthetic NCs with living organisms poses challenges asso-
ciated with the poor biocompatibility of pristine nanomaterials, as well as
species-dependent cellular responses upon nanoparticle exposure. A thor-
ough characterization of the effects and underlying mechanisms of nanopar-
ticle interaction is therefore needed to take advantage of the multiple
opportunities provided by the synergistic combination of NCs and photo-
synthetic organisms. Despite the growing number of studies elucidating the
impact of NCs on mammalian organisms, the analogous understanding of
NC fate and behavior within plant and algal systems has lagged far behind.
Coupled with the large diversity of plant and algal ecosystems, this uncer-
tainty motivates ongoing research efforts between NCs and photosynthetic
systems. The present chapter focuses on the fundamental principles govern-
ing NC interaction with photosynthetic organisms. In particular, the chapter
focuses on NC uptake mechanisms, as well as localization and functional-
ity post-uptake. The following sections will specifically highlight the major
applications of several NCs and present future possible directions within
this burgeoning research field.

10.2 Traversal of NCs Across Biological Barriers of
Photosynthetic Systems

Because of their highly hydrophobic nature, pristine NCs are practically
insoluble in aqueous solutions and exhibit a very strong tendency to self-
associate, forming thick, toxic aggregates.'® NC surface chemistry therefore
plays a fundamental role in promoting nanoparticle dispersion in physio-
logical environments and improving NC biocompatibility, as demonstrated
by numerous studies, such as those by Lacerda et al. and Wu et al**"! In
addition to imparting solubility, chemical functionalization can give NCs the
ability to bypass most cellular barriers, enabling them to reach specific tar-
gets of interest within the cell.”? Although previous studies have explored the
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importance of factors such as species type, growth conditions, NC physical
and chemical properties, and dosage on nanoparticle interaction with sub-
cellular organelles, cells and organisms,’®>* a fundamental understanding
of the nature of these interactions remains elusive.

The ability of functionalized NCs to cross biological barriers is particu-
larly advantageous in plants and algae, where the additional cell wall acts as
a strong physical barrier against the free passage of exogenous nanostruc-
tures. Several bio-conjugation approaches have already been optimized to
increase NC solubility and facilitate their transport across the cell wall of
different photosynthetic species. The majority of these approaches rely on
noncovalent functionalization of the NCs with biological or synthetic poly-
mers.””> These noncovalent strategies preserve the unique optical behavior
of many NCs, allowing imaging and tracking of NCs across cell boundaries
using the NC fluorescence.

10.2.1 NC Internalization within Isolated Organelles and
Protoplasts

Photosynthetic organelles and protoplasts represent model systems for
studying NC interaction with intact photosynthetic machinery. Protoplasts
are plant cells where the outer wall has been removed, typically through
enzymatic digestion.’® Like protoplasts, isolated organelles such as chloro-
plasts present a photosynthetic system that is surrounded only by a lipid
bilayer membrane. These membrane-bound systems have allowed research-
ers to directly explore internalization effects of NCs without the need to engi-
neer mechanisms for penetrating the thick cell wall. For example, by taking
advantage of the intrinsic fluorescence properties of SWCNTs, Giraldo et al.
and Wong et al. demonstrated rapid transport of these NCs into both iso-
lated plant chloroplasts and subcellular compartments of plant protoplasts
via passive uptake mechanisms.*>** This passive SWCNT internalization was
shown to largely depend on the nanoparticle size and zeta potential. Specif-
ically, nanoparticles that were sufficiently charged, either positively or neg-
atively, induced a potential drop across the lipid bilayer, which led to local
pore formation inside the membrane that, in turn, promoted nanoparticle
entry.

The surface charge of the SWCNT can be modulated by using a variety of
wrappings, such as single- or double-stranded DNA, proteins, or synthetic
polymers.'®34°%573% QWCNTs that are functionalized with highly charged
biopolymers (such as DNA or chitosan with zeta potentials of —44.6 + 1.9 mV
and 48.5 + 1.0 mV, respectively) can rapidly localize inside plant protoplasts
and isolated chloroplasts, while SWCNTSs possessing an almost neutral zeta-
potential (such as those suspended using PVA, zeta potential of —6.4 + 3.4 mV)
are incapable of penetrating the lipid envelopes.*>®® The irreversible adsorp-
tion of lipid molecules onto the surface of the nanotube during penetration
of the membrane, possibly due to this charged coating, is hypothesized to act
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as the driving force for SWCNT translocation in both plant chloroplasts and
protoplasts. This mechanism is believed to prevent nanoparticle escape fol-
lowing internalization. In support of this hypothesis, lipid-coated SWCNTs
are unable to penetrate the chloroplast outer envelope, independent of their
significantly negative zeta potential of —35.2 + 2.6 mV. This inability to tra-
verse the chloroplast membrane was attributed to membrane trapping inhi-
bition due to the lipid coating on the SCWNT.***°

NCs possessing larger aspect ratios, such as multi-walled carbon nano-
tubes (MWCNTS), are also capable of cellular internalization into plant
protoplasts. Serag et al. discovered that MWCNTs labeled with fluorescein
isothiocyanate (FITC) can penetrate the cell membrane of plant protoplasts
via a direct internalization mechanism.®! Furthermore, these functionalized
MWCNTs could target specific cellular substructures, including plastids, vac-
uoles, and the nucleus.®* However, the subcellular distribution of MWCNTs
was found to strongly depend on nanoparticle size, with shorter MWCNTSs
(30-100 nm) more readily able to penetrate into the subcellular organelles.
Similar observations have been reported for SWCNTs, although the larger
radial dimension of the MWCNTS appears to exaggerate this effect.’ In sum-
mary, although SWCNT and MWCNT internalization in protoplasts offer a
model basis for studying NC interactions with photosynthetic systems, deliv-
ery applications motivate the need to develop methods of internalizing NCs
in intact whole cells, where they must additionally penetrate the cell walls.*®

10.2.2 NC Internalization within Plant Cells

The delivery of exogenous NCs into intact plant cells presents many addi-
tional challenges compared to their wall-less counterparts. The cell wall,
which varies in composition amongst different species, typically consists
of a network of cellulose microfibrils cross-linked with hemi-cellulose and
interpenetrated by pectin.®® These thick cellulosic layers provide the cell
with increased rigidity and structural support, thereby largely determining
the shape. In addition, the cell wall offers increased protection, acting as an
additional filtering mechanism and impeding the passage of larger macro-
molecules to the cell interior.®® This limited permeability is partly due to the
small dimensions of the cell wall pores, ranging on average between 5 and
30 nm, which impede the translocation of larger macromolecules and nano-
structures.®* Although a number of reports have documented the traversal of
larger nanoparticles across the thick plant cell wall, the underlying mecha-
nisms of the cell membrane translocation remain largely unclear, with both
energy-dependent (active processes) and passive internalization pathways
reported. Active uptake processes mainly rely on endocytosis, which involves
the formation of membrane invaginations (endosomal vesicles) that enable
the entrapment of exogenous material and its subsequent transport and
release inside the cell.® On the other hand, unassisted uptake mechanisms
of engineered nanomaterials are proposed to involve either the enlargement
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of existing pores or the formation of additional openings within the cell wall
and membranes, both of which can enhance NC penetration. Independent of
the uptake mechanism, these reports show that the extent to which NCs can
penetrate plant tissue are strongly impacted by the size and shape, as well as
the NCs' surface properties. Therefore, for a given NC, appropriate surface
functionalization is crucial for optimizing NC delivery and subsequent sub-
cellular targeting.

The functionalization of the NCs has been shown to significantly affect
their internalization mechanism. One method to facilitate the cellular entry
of NCs across the cell wall is through the formation of local nanopores in
the cellulosic wall. Serag et al. showed that cup-stacked carbon nanotubes
(CS-CNTs) functionalized with cellulase enzyme molecules can localize
inside cells of Arabidopsis thaliana.®® Cellulase enzymes are naturally capable
of catalyzing cellulolysis, whereby cellulose is hydrolyzed into shorter chain
saccharides. In their study, Serag et al. were able to induce local lesions in
the plant walls, referred to as cellulase-induced nanoholes, through incu-
bation with cellulase immobilized on CS-CNTs. The CS-CNTs subsequently
permeated into the internal compartments of the cell following incubation.
Compared to alternative methods of NC protoplast-based transformation,
this strategy circumvents the need for complete cell wall removal. MWCNTs
have also been used to penetrate plant cells by directly piercing the plant
cell walls.®” However, although MWCNTSs were seen traversing the cell wall
and entering the cellular cytoplasm (by up to 4 pm), complete internalization
has not yet been achieved. Despite an increase in the number of MWCNTs
piercing the cell wall over the course of the 28-day experiment, the authors
observed no increase in the maximum depth of penetration. The inability for
the MWCNT to completely internalize in the cell was partially attributed to
the relatively large size of the MWCNTSs.

Aside from direct penetration, active transport processes have also been
reported for translocating NCs through outer cell barriers. For example,
shortened carboxylated SWCNTs have demonstrated the capacity to traverse
both the cell wall and subcellular membranes of Chatharanthus roseus and
tobacum cells.***>%%% Liju et al. monitored SWCNT internalization in intact
cells of Nicotiana tobacu®® using nanotubes that were noncovalently labeled
with FITC, and cell uptake over time was monitored with fluorescence
microscopy.”® This study showed a reduction in SWCNT uptake at low tem-
peratures, indicative of active internalization mechanisms. When the cells
were further pretreated with specific inhibitors of cellular endocytosis, the
authors confirmed a significant decrease in localized fluorescence within the
cell, confirming an uptake mechanism based on fluidic-phase endocytosis.

In another study, Serag et al. examined the uptake of SWCNTs functional-
ized with FITC (SWCNT-FITC) in Catharanthus roseus in the context of vari-
ous subcellular phenomena, including carrier-mediated vacuolar transport
(CMT), vesicle-mediated transport (VMT), and autophagy.®® FITC is known
to enter cells predominantly via passive diffusion and to rapidly transport
across the vacuolar membrane via CMT. In the presence of probenecid, an
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inhibitor of CMT, the authors observed an inhibition of cellular uptake of
SWCNT-FITC. These observations imply an internalization mechanism based
on FITC-controlled subcellular distribution of SWCNTs and accumulation
in the cytoplasm. Moreover, probenecid-treated cells that were washed with
probenecid-free cell medium resulted in the redistribution of SWCNT-FITC
into cell vacuoles. These observations further support a SWCNT internaliza-
tion mechanism based on FITC-based CMT. Serag et al. also discovered that
SWCNT-FITC were expelled from the cell by increasing the washing medium
pH (to pH = 7.2), leading them to propose a dual removal mechanism based
on CMT followed by a VMT. According to this mechanism, the membrane
vesicles traffic the SWCNTs between vacuoles and plasmalemma, releasing
the nanotubes into the extracytoplasmic space. Once the SWCNTs are out-
side the cell, the anionic form of FITC on the surface hampers their reuptake,
resulting in a progressive removal of SWCNT-FITC from the cell. In support
of this mechanism, the authors similarly found that the initial uptake of
SWCNT-FITC could also be inhibited by incubating the cells in slightly alka-
line cell media (pH = 7.2). Furthermore, through raster scan image correla-
tion spectroscopy (RICS), the authors were able to compare the distribution
of diffusion values inside the cell vacuole to cytoplasmic diffusion in places
in the vacuole close to the vacuolar membrane (tonoplast). The observed sim-
ilarity in these values indicates that parts of the cytoplasm are penetrating
into the vacuole through autophagy, with the passage of SWCNTs through
the tonoplast occurring at interrupted and localized zones mediated by pro-
tein carriers. Though such studies exemplify the distinct challenges facing
inter- and intra-cellular transport of intact cells, they highlight the overlap-
ping dependency of both intact cells and their wall-less counterparts on NC
surface functionalization.®®

10.2.3 NC Biodistribution within Plant Tissue

In addition to organelles, protoplasts, and cells, multiple studies have also
explored the effects of NCs on the whole seeds of different plant species.
Plant seeds are surrounded by especially thick coatings that may inhibit NC
penetration. Despite this thick barrier, seed coatings of various plant species
have shown selective permeability to not only heavy metal ions,” but also
certain nanomaterials.”" Different NCs, including fluorescent carbon dots,
fullerenes, carbon nano-horns, CNTs,”"”® and GO nanoparticles, have been
shown to penetrate the seeds of multiple crop species, such as tomato,”*”
wheat,”® rice,” and mung bean.”® One of the earliest studies by Khoda-
kovskaya et al. showed that MWCNTSs could penetrate the thick seed coat and
enhance seed germination and growth.”* The internalization of the MWCNTS
was verified using TEM and Raman microscopy, the latter of which was used
to positively identify the CNT G-band inside seeds exposed to CNTs. Subse-
quent studies have since further explored MWCNT traversal through the thick
seed coatings of additional crop species including tomato, tobacco, barley,
corn, and soybean.”*”?®! Complementary techniques, such as photothermal
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or photoacoustic approaches, which are based on the non-irradiative conver-
sion of absorbed laser energy into heat and acoustic phenomena, showed
the uptake of MWCNTs from the soil by tomato plants and re-distribution
of these NCs in different plant tissues, including fruits.®* Similarly, Zhang et
al. demonstrated that by partially breaking the husk, graphene nanoparticles
could penetrate tomato plant seeds. Penetration was confirmed using Raman
microscopy and TEM. Raman signals from the graphene D- and G-bands
were detected inside graphene-treated seeds. Moreover, TEM images of root
tip cells collected from the graphene-treated seedlings confirmed the pres-
ence of graphene sheets inside the cell wall and vacuoles, indicating that the
graphene was also able to penetrate root tip cells during seedling growth.”

In spite of the consistency in the observed uptake of CNTs in plant seeds
and seedlings, the research community lacks a complete understanding of
the mechanism responsible for NC penetration and bio-distribution. Several
investigations have aimed to shed some light on this aspect and to further
characterize these possible internalization mechanisms for NCs, such as CDs
and fullerenes. For example, work by Lin et al. suggested that C,, nanopar-
ticles suspended with natural organic matter can access plant roots either
through osmotic pressure, capillary force, diffusion through pores in the cell
walls and the intercellular plasmodesmata, or through the highly regulated
symplastic route.”” Once localized in the plant roots and stems, C,, can be
transported through the plant vascular system by transpiration. The surface
properties of the fullerene particles greatly impact cellular penetration and
the plant's cellular response. In support of this observation, Liu et al. showed
that aggregates of carboxy-fullerenes preferentially adsorbed on the surface
of Nicotiana tobacum cells, leading to profound changes in the cell wall integ-
rity and chemical composition.®” In an alternative study based on CD inter-
nalization, Li et al. hypothesized that CDs can penetrate intact seed coats of
mung bean plants via the intercellular spaces in the parenchyma and sub-
sequently move extracellularly from the plant roots to the stems and leaves
through the apoplastic pathway of the vascular system.”” In agreement with
this mechanism, Liu et al. showed that small, fluorescent CDs on the order
of ~5 nm were easily transported from the root to the stem and leaves of rice
plants and that they could subsequently penetrate inside plant cells and sub-
cellular compartments, including the cell nuclei.*’ In addition to uptake via
seed penetration, leaf lamina infiltration has also been reported to offer an
efficient and practical alternative for NC delivery directly into the leaves of
living plants.*>%4-8¢

10.3 Applications of Carbon Nanomaterials with
Photosynthetic Organisms

The application of nanotechnology in the fields of plant science and pho-
tosynthesis research is still in its nascency. However, recent years have wit-
nessed the development of incredibly promising technologies that have the
potential to revolutionize many areas of study, from energy conversion to
genetic engineering.®” NCs hold the promise to enhance and even expand the
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native capabilities of photosynthetic systems, enabling the development of
cost-effective, “green” technologies that are based on abundant living organ-
isms with improved performance.

However, the expanding plant applications of engineered NCs has also
brought with it increasing concerns on the impact of NCs on plant and algal
growth, structure, and function. The field remains faced with seemingly
contradictory results from multiple studies that investigate the possible bio-
hazards and adverse effects associated with the accumulation of synthetic
NCs into plant and algal ecosystems.®” These findings not only point to the
complexity of these systems, but also motivate a systematic exploration of
these systems under a wider range of controlled testing conditions. For this
reason, unraveling the behavior and biocompatibility of NCs with a variety
of different plants and organelles, especially focusing on their impact on
growth and function, remains a crucial target of current research in the field.

The sections below present several recent NC applications with photo-
synthetic organisms that have shown minimal toxicity effects (Figure 10.1).
Major applications have focused on:

(a) improving the native light-harvesting and photosynthetic efficiencies
of photosynthetic systems;

(b) enhancing electricity generation inside photosynthetic bio-
electrochemical devices;
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Figure 10.1 Schematic representation of the major applications based on the
combination of synthetic NCs with photosynthetic organisms. (a) NC
improvement of plant light-harvesting and photosynthetic efficien-
cies. (b) Enhancement of bio-electricity generation in photosynthetic
electrochemical devices. (c) NC-mediated regulation of plant growth
for enhanced plant productivity. (d) NC-mediated transport of genetic
materials or biomolecules inside plant cells. (e) Monitoring of plant
responses and sensing of target analytes.
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(c) augmenting plant growth and productivity to allow for regulation of
cellular metabolism;

(d) promoting effective transport of genetic materials or biomolecules
inside the cell;

(e) imparting photosynthetic systems with sensing capabilities that allow
for monitoring of cellular responses and analyte-detection.

These recent studies point to new promising directions for research within
this growing field.

10.3.1 Light-harvesting and Energy Applications

Photosynthesis is the product of billions of years of optimization of light-
harvesting for plant, algal, and bacterial survival.*®*° Growing efforts over
the last few years have focused on exploiting this biological light-harvesting
capability for solar energy conversion and storage.”” One approach has
focused on the incorporation of naturally abundant photosynthetic com-
plexes as photoactive components inside optoelectronic or electrochemical
devices.”>** Although this approach benefits from direct interaction between
photosynthetic apparatuses and electrodes, which facilitates charge trans-
fer, it faces challenges with protein stability. Alternative approaches focus on
integrating whole living cells of photosynthetic organisms to function as pho-
toactive biomaterials in photovoltaic cells or bioreactors.”*® Despite advan-
tages in prolonged lifetimes, robust environmental tolerance, and material
abundance, whole-cell devices suffer from inefficient energy extraction to
the electrode. In addition, they are limited by the relatively narrow fraction
of light absorption cross-section inherent to most photosynthetic systems,
which is limited to only half of the incident solar radiation.

Due to their unique optical and electronic properties, functional NCs repre-
sent viable options for improving the performance of natural photosynthetic
systems.'>*»% NCs have the potential to enhance the native light-harvesting
capabilities of photosynthetic systems through augmented photosynthe-
sis and enhanced photo-protection by broadening the range of solar light
absorption and scavenging reactive oxygen species (ROS), respectively. In
addition to increased energy extraction, these photosynthetic enhancements
can also contribute to increased crop productivity and improved adaptation
to environmental changes.”®*°

Several studies have demonstrated improvements in photosynthetic per-
formance using NCs such as SWCNTs or CDs. Giraldo et al. demonstrated
that the incorporation of semiconducting SWCNTs inside Arabidopsis leaves
and in isolated chloroplasts contributed to an increase in photosynthetic
electron transport rates.”” The authors hypothesized that photo-generated
excitons from the SWCNTs could be directly transferred to the electron trans-
port chain, resulting in increased reduction of the electron acceptor dye,
dichlorophenolindophenol (DCPIP), over six hours. Scholes et al. further
highlighted the need for improved nanoparticle-chlorophyll systems to aug-
ment photosynthesis over a broader spectral bandwidth.**
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Certain CDs have also been shown to improve photo-absorption in both
extracted chloroplasts and intact leaves, while showing low toxicity and
appreciable biocompatibility in vivo.'” Most reported CDs show strong
absorption in the UV,* and despite the diversity of their emitting states for
luminescence, individual CDs typically only emit a single emission peak
upon excitation. Studies by Zhou et al.'®" and Sun et al.* have shown that
dual-emissive blue/yellow and blue/green CDs can be prepared through co-
doping with nitrogen/sulfur and nitrogen/phosphorous, respectively. Simi-
larly, Li et al. have created dual-emissive CDs using phellodendron chinense
Schneid as the carbon source.'® Such CDs absorb light in the UV region of
the electromagnetic spectrum, where chloroplast absorption is at its mini-
mum, and re-emit the absorbed energy as intense blue and red light that can
be transferred to, and efficiently absorbed by, the photosynthetic apparatus.
These studies represented the first instances of using CDs to enhance light-
capture and augment electron-transfer efficiency within the photosystems
through precise optical matching of the chloroplast absorption. Further-
more, these CDs have also been effective in promoting photosynthesis in the
intact leaves of living plants.

Successful chloroplast electron transfer has also been achieved in the work
of Chandra et al. describing the conjugation of amine-functionalized CDs
to the surface of extracted chloroplasts from mung beans.'’” The increased
energy transfer was hypothesized to promote photosynthesis by acceler-
ating the conversion of light to electrical energy and ultimately to chemi-
cal energy. As a result, the nano-hybridized system leads to improved light
energy conversion, enhanced oxygen evolution, and increased non-cyclic
photophosphorylation and ATP synthesis. Amine-functionalized CDs were
also employed in a study by Sai et al., where the authors reported an 18%
enhancement of photosynthesis in Nicotiana tabacum leaves upon UV irra-
diation.'® Similarly, Wang et al. showed that CDs could penetrate the plant
cells of mung bean sprouts and improve photosynthetic activity by accel-
erating the electron transport rate to photosystem 1.° Moreover, CDs were
found to increase the chlorophyll content and the activity of Rubisco, the
enzyme responsible for catalyzing CO, fixation, by 14.8% and 31%, respec-
tively. These observations suggested that CDs could improve carbohydrate
production, and thereby positively impact plant growth and development.
Beyond plant systems, Zhang et al. showed that pristine CDs could increase
the growth rate of microalgae, like Chlorella vulgaris, by enhancing photosyn-
thesis.”® The CDs additionally acted as an antioxidant, protecting the cells
against UV irradiation damage.

These enhancements suggest that similar combinations of NCs can be
used to improve the electrical current extracted from photosynthetic micro-
organisms in biological photovoltaics (BPVs). Unicellular microalgae and
photoautotrophic cyanobacteria have both been successfully employed for
the development of bio-electrochemical cells that can operate in the absence
of an added carbon feedstock.'* Within a BPV device, the high-energy elec-
trons generated either during the photosynthetic process (under illumina-
tion) or by oxidation of internally stocked carbon (in the dark) are transferred
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from the cells to an external electrode. In cases where the electrode cannot
directly access the internal regions of the insulating cells, their electrical
and surface properties become critical for promoting extracellular electron
transfer.

NCs offer concrete opportunities for optimizing device performance by
improving electron transfer on the electrode surface. Because of their excel-
lent conductivity and elevated electroactive surface area, CNTs are promising
materials for current collectors in BPVs. In addition, they have demonstrated
compatibility with the growth and electrochemical characterization of cya-
nobacteria.’” By combining CNT anodes with a filamentous cyanobacte-
rium, Nostoc sp. (NOS), Sekar et al. successfully produced BPVs with average
power densities of 35 mW m > under light illumination using a laccase/CNT
modified carbon paper as the cathode. They further increased the extracted
power to 100 mW m? following the addition of 1,4-benzoquinone as a medi-
ator.'” The authors showed that chlorophyll-a was the major contributor to
the light capture and resulting photocurrent generation. Further investiga-
tion revealed that the major pathway by which the light-induced electrons
generated a photocurrent was predominantly via a route from photosystem
I1 (PSII) to the CNT through the plastoquinone pool and quinol oxidase. More
recent work by Sawa et al. fabricated thin-film, paper-based BPVs by printing
a layer of cyanobacterial cells on top of substrates coated with a MWCNT-
based conductive ink (Figure 10.2a,b).* In this study, the authors formed
a uniform, solid layer of cells on the electrode surface using a “bio-ink” of
bacterial cells. The cells remained viable after printing, retaining their photo-
synthetic activity. Currents were sustained for more than 100 hours of device
operation.
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Figure 10.2 (a) Schematic representation (semi-exploded view) of the digitally
printed bioelectrode module. 1: Printed photosynthetic organisms in
green. 2: Printed CNT anode. 3: Printed CNT cathode. 4: Paper sub-
strate. (b) Photograph of A4-size arrays with freshly printed cyanobac-
terial cells, compared to the incubated module grown on agar plate
for 3 days. 1-4 are the same as in (a) and 5 is the solid agar. Reprinted
from ref. 94, https://doi.org/10.1038/s41467-017-01084-4, under the
terms of the CC-BY 4.0 license http://creativecommons.org/licenses/
by/4.0/.
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In addition to one-dimensional NCs, such as CNTs, planar two-dimen-
sional NCs, including GO, have also been used to improve charge extraction
from microbial BPVs. For example, sheets of reduced GO have been employed
to fabricate highly porous electrodes that allowed for higher surface area
and, hence, better attachment of a biofilm from Chlorella sp.'*® The pres-
ence of oxygen-containing functional groups on the surface of the reduced
GO sheets was believed to positively impact the interaction of the microal-
gae with the electrode. In addition to the more intimate interaction, the GO
could also promote more efficient electron transfer, leading to increased
power densities compared to conventional setups based on indium-tin oxide
(ITO) electrodes.

10.3.2 Enhancing Plant Growth and Cellular Metabolism

In the face of a growing global population, increased plant productivity and
crop yields become crucial for agricultural and horticultural sustainability.
NCs have recently emerged as crop regulatory tools that can improve agri-
cultural yield.'*'°” A growing number of NCs have already been identified for
their positive impact on plant growth regulation.’®'°”'% Structural charac-
teristics such as length, diameter, shape, morphology, as well as the surface
chemistry of nanomaterials, have all been shown to play a fundamental role
not only for NC internalization, but also for the activation of specific plant
cellular responses.

As discussed in the previous sections, several works have demonstrated the
capacity of SWCNTs and MWCNTs, as well as graphene and CDs, to improve
seed germination and stimulate plant growth, suggesting the possible use of
NCs as soil fertilizers.”>®1711% In fact, many NCs have been shown to pos-
itively affect the expression of multiple genes crucial for a diverse range of
plant cellular functions. However, a deeper knowledge of the mechanism of
this impact is needed to guide the engineering of these nanomaterials and
expedite their incorporation in the development of “smart crops”.

Seed germination represents the first step of plant development whereby
water is absorbed by the plant seed's embryo, activating the metabolic func-
tions responsible for triggering plant growth. This germination stage cul-
minates in root elongation and the emergence of the plant's first shoots.
Consequently, water constitutes one of the most critical factors for plant
seed germination. As mature seeds are relatively dry, a substantial amount
of water is needed in order to activate the cellular metabolism and pro-
mote plant root development and elongation. Many of the favorable effects
observed for most NCs on plant germination have often been attributed to
their role in promoting water uptake inside of seed embryos.”"!!11?

Early studies by Khodakovskaya et al. that examined the impact of CNTs
on seed germination and plant growth reported significantly faster ger-
mination rates for plants exposed to CNTs.”! Having measured elevated
moisture levels inside tomato seeds treated with SWCNTs, the authors
attributed these increased rates to an activated water uptake inside the
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seeds. Thermogravimetric analysis confirmed that seeds exposed to CNTs
showed a significantly higher level of moisture compared to seeds that were
not treated with CNTs. Whereas untreated seeds had only 38.9% of moisture,
those that were exposed to CNTs accumulated about 57.6% of moisture over
the course of the experiment. One hypothesis attributed this increase to new
pores that are created by the CNTs in the seed coat, while another suggested
that the CNTs impacted the existing water channels (aquaporins) in the coat
of the plant seeds, thereby regulating their gating. Both pore formation and
water gating can increase water penetration during the germination period,
significantly accelerating the plant growth and leading to higher biomass
production.

Subsequent studies have confirmed these findings on the enhancing effects
of NCs on plant growth. Alternative investigations using poly-hydroxylated
fullerenes, namely fullerenols, revealed a similar increase in the growth of
bitter melon and wheat.”®'*3 For the latter, *C-fullerenols were shown to also
enhance chlorophyll content, although the authors observed no stimulating
effects on plant biomass. Following studies showed that MWCNTSs induced
changes in the gene expression of the plants, specifically by up-regulating
certain stress-related genes, including several gene families of aquapo-
rins.”>”*# This finding supports the initial hypothesis of Khodakovskaya
et al. that CNTs can regulate the activity of water channels in exposed plant
organelles or cells.®! Subsequent work by Villagarcia et al. further elucidated
that the charge properties of MWCNTs strongly affected the regulation of
these water channel proteins in tomato plants.”

In contrast to poorly dispersed or highly aggregated MWCNTS, negatively-
charged, functionalized MWCNTs led to greater aquaporin expression, lead-
ing to even higher levels of plant growth and increased biomass. In a study
by Lahiani et al., seeds treated with MWCNTSs showed significantly earlier
germination compared to the control seeds, with 46% of the treated seeds
germinating on the first day post-treatment (Figure 10.3a,b).”> In addition,
no negative developmental effects or symptoms of toxicity were reported
for plants originating from treated seeds for any of the crop species tested.”
Similarly, Wang et al. have attributed the improved activity of root dehydro-
genase, which is responsible for water uptake and biomass production, to
the enhanced water availability in MWCNT-treated wheat seedlings.'” Car-
boxylated MWCNTSs were also found to boost the growth of tobacco cell cul-
tures between 55 and 64% compared to the control cells over a wide range
of concentrations.® In this study, the augmented growth was attributed to
the up-regulation of plant genes responsible for cell division and extension.
More recent findings by Joshi et al. further supported previous observations
of accelerated seedling growth for NC-treated bread wheat (Triticum aestivum
L.) seeds, again largely attributing this growth to NC-mediated facilitation of
the plant's water uptake.'' The co-authors carefully examined the vascular
bundles of the stems of MWCNT-treated plants, revealing that the MWCNT-
plants show significantly increased cell sizes in both the water-conducting
(xylem) and nutrient-conducting (phloem) tissues. They also noted that
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Figure 10.3 (a) MWCNTs (concentration: 0, 25, 50 and 100 pg mL™, respectively)
affect the germination time and rate of soybean seeds. (b) Phenotype
of control and MWCNT-coated seeds of soybean are presented on the
second and sixth day after MWCNT treatment. (c¢) Mass loss of rice
seeds incubated with CDs over 4 hours. (d) Seedling lengths of rice
treated with different concentrations of CDs. (e) Main root lengths of
rice treated with different concentrations of CDs. (a) and (b) Reprinted
from ref. 73 with permission from American Chemical Society, Copy-
right 2013 and c-e Reproduced from ref. 83, https://pubs.acs.org/
doi/10.1021/acsabm.8b00345, with permission from American Chem-
ical Society, Copyright 2018. Please direct further permissions request
to the ACS.

treated seeds had a significantly denser network of roots and root hair com-
pared to the control seeds. These conclusions again supported the earlier
findings that CNTs facilitated water uptake, resulting in increased nutrient
transport that could consequently benefit plant germination and growth.
Joshi et al. also applied similar methods to seeds pre-soaking in NC solu-
tions (seed priming) in potted plants, where they demonstrated a significant
growth stimulation for soil-grown Triticum aestivum L., highlighting the prac-
tical applicability of this approach to increase the yields of agricultural crops.

In addition to improving plant cell growth and division, MWCNTs have
also been shown to inhibit the elongation and germination of import-
ant pathogenic fungal spores. Wang et al. found that the spore length of
MWCNT-exposed fungi was one-fifth shorter, and that this length could be
further reduced using nanotubes functionalized with either -COOH, -OH,
or —NH, groups.'”> Owing to the superior antifungal activities and the low-
cost facile production of the nanotubes, these NCs point towards promis-

ing applications for protecting plants from parasitic or competitive growth
conditions.
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Similar to CNTs, other NCs have also been shown to have profound effects
on plant growth. CDs have been shown to accelerate plant growth and
increase seedling and root lengths.*’ Li et al. studied the impact of various
of CDs (of approximately 5 nm in size) with different oxygen contents on rice
plants (Figure 10.3c-¢).* They observed a NC concentration dependency for
improving the water content of CD-treated rice seeds. The authors further
observed that the oxygen content of the CDs can effectively promote rice-
plant growth, reporting an optimum oxygen content of about 29%. The oxy-
gen content is proportional to the number of hydrophilic groups (hydroxyl
and carboxyl groups) on the CDs. As these groups are located on the CD sur-
face, they are readily available to combine with water molecules to facilitate
water uptake into the rice seeds. Lahiani et al. found that carbon nano-horns
could also regulate the expression of multiple tomato genes involved either
in the cellular, stress, or metabolic processes.”* The authors observed ele-
vated expression of expansin proteins, which have important roles in plant
cell growth, fruit softening, and other developmental processes.

In contrast to the NCs mentioned above, graphene and active carbon are
unable to penetrate plant tissue and as a result, have been shown not to sig-
nificantly affect certain plants’ growth, including tomatoes.®' However, in
spite of this lack of penetrability, He et al. have more recently shown that
low doses of GO could significantly promote the germination and growth
of spinach and chives.''® The GO again led to increased water uptake, this
time owing to the water transport properties of GO nanoparticles. This study
indicates that NCs previously deemed unsuitable for improving crop growth
could still be applied through appropriate dosing.

10.3.3 Gene and Biomolecule Delivery Applications

Various technologies are available today for delivering genetic material and
biomolecules to different plant systems, most of which typically rely on
either mechanical, chemical, or biological approaches. However, limited
cargo loading capacity, narrow host specificity, poor efficiency, and possible
adverse tissue damage represent important limitations of many conven-
tional plant transformation techniques, motivating the search for alterna-
tive delivery approaches.'® The potential of nanoparticles to overcome some
of the drawbacks of standard biomolecular delivery techniques, such as
gene-gun, microinjection, or Agrobacterium-mediated transformation,
make them exceptional candidates for developing effective vehicles for plant
genetic engineering.'>'” The ability of NCs to interact with the multilayered
cell wall that surrounds plant cells, together with their elevated surface areas
and consequently increased biomolecule-carrying efficiency, are key proper-
ties needed for effective delivery. Additionally, as NCs offer great flexibility
in nanoparticle design and functionalization, they can be easily targeted to
specific cellular compartments in a manner that preserves cellular integrity
and viability.
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Different nanoparticle conjugation strategies have been developed to
enable efficient biomolecule delivery into plant cells. Liu et al. were among
the first to explore the delivery of DNA and small dye molecules into intact
plant cells using SWCNTs.""® In this study, DNA molecules were adsorbed
on the hydrophobic outer surface of SWCNTSs via the n-stacking interaction
with the aromatic nucleobases. Their results indicated that more than 80%
of the cells incubated with DNA-SWCNT complexes exhibited intracellular
fluorescence as a result of efficient DNA internalization. More recently, Kwak
et al. designed polycationic chitosan-conjugated SWCNTs, which were used
to complex plasmid DNA molecules via electrostatic interactions.'*® The
resulting complexes enabled selective delivery of functional genes to chlo-
roplasts of different plant species, as well as to isolated Arabidopsis thaliana
mesophyll protoplasts. Most recently, a remarkable study by Demirer et al.
employed alternative DNA-CNT conjugates for biomolecule delivery to plants,
which were prepared via electrostatic grafting.’*° In this method, carboxyl-
ated SWCNTs were first covalently functionalized with a cationic polymer,
poly-ethylenimine (PEI). Next, negatively-charged double-stranded DNA vec-
tors were electrostatically adsorbed on the surface of conjugated PEI-SWCNT
particles. DNA-SWCNT conjugates were delivered into mature leaf cells by
infiltration, enabling efficient transport of functional genes and strong pro-
tein expression without transgene integration in a variety of plant species.
A similar approach allowed effective delivery of exogenous genes in the form
of single-stranded RNA into plant cells, resulting in highly efficient gene
silencing.'*'?*In addition to promoting high-efficiency, species-independent
transport of genetic materials into plant cells, SWCNTs scaffolds have also
been shown to protect polynucleotide cargos from plant-nuclease degrada-
tion. These pioneering studies on NC-mediated plant transformation offer
an attractive and customizable alternative for future gene manipulation and
biomolecule delivery methods.

10.3.4 Sensing Applications

The development of novel nanosensors has enabled the study of fundamen-
tal cellular processes including the spatiotemporal detection of biologically-
relevant analytes and biomarkers, as well as the real-time monitoring of
complex molecular dynamics. A rapid increase in the use of NCs in plant sci-
ence and technology has been seen in recent years.'*® These NC-based sen-
sors offer many opportunities to access vital information concerning plant
regulation and plant responses against different environmental stimuli.'**
One example is monitoring the dynamics of stomata, small pores found
on the surfaces of plant leaves that are directly involved in the regulation
of plant transpiration rates under different environmental conditions. The
ability to monitor any changes in the dynamics of these stomata during
drought conditions would allow agriculturists to infer crucial information
surrounding plant health. With this information, the nanosensors would
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allow agriculturists to mitigate the effects of water deficits on plant growth
and development. Several NC-based sensors have already been immobilized
on plant leaves to monitor plant moisture and stomatal behavior. Koman
et al. utilized a NC-based conducting ink to print a highly stable, electrical
conductometric sensor directly onto the leaves of wild-type peace lily plants,
enabling real-time tracking of stomatal dynamics for persistent drought
monitoring (Figure 10.4a-c)."* Their results showed that the sensors, which
could be actuated by the stomata pores themselves, operated repeatedly
and reversibly for over one week, providing information on stomatal open-
ing and closing latencies under different environmental states. In a recent
study, Oren et al. installed tape-based graphene sensors onto maize leaves
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Figure 10.4 (a) Schematics of conductive circuits printing on the leaf surface.

A microfluidic chip is placed on top of the leaf abaxial surface and
clamped between two holders. (b) Microscopy picture of a plant stoma
in the opened and closed states with the stomatal aperture indicated
by red arrows. (c) Temporal resistance of stomatal pore size sensors
on a specimen during days and nights (yellow and grey boxes, respec-
tively). (d) A photograph, an optical microscope image, and character-
istic I-V (inset) of SWCNT-graphite arrays transferred onto the surface
of a live leaf. (e) Real-time sensing properties of a SWCNT-graphite
array at different concentrations of DMMP. (a)-(c) Reproduced from
ref. 125 with permission from the Royal Society of Chemistry and (d)
and (e) Reproduced from Ref. 127 with permission from American
Chemical Society, Copyright 2014.
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to dynamically monitor relative humidity (RH) variations directly at the leaf
surface. Changes in the electrical resistance of the graphene in response to
different moisture environments were shown to enable real-time tracking of
water loss. The authors were further able to use this information to estimate
the time required for water movement within the plant from the roots to the
lower and upper leaves."

The incorporation of synthetic NC-sensors into different plant species can
also enable plant-based chemical detection of target analytes that can be
found in ambient soil or groundwater. For example, Wong et al. implanted
fluorescent SWCNTs into the mesophyll leaves of living spinach plants to
detect nitroaromatics.® The SWCNT sensors, which consisted of conjugated
Bombolitin II peptides, were shown to modulate their near-infrared fluores-
cence emission at 1100 nm in response to nitroaromatics. The nitroaromatic
targets were transported in solution up the roots and stem into the leaf tis-
sues, accumulating in the mesophyll area in the vicinity of the embedded
SWCNT sensors. The total response time of the sensor following the expo-
sure of the plant roots was 5-15 minutes. Analogously, the incorporation
of (GT),s-wrapped-SWCNT has led to a plant-based technology for monitor-
ing groundwater dopamine, which not only plays important roles in plant
growth, development, and metabolism, but also presents an environmen-
tal concern for fish health.®” Since this inaugural study, SWCNTSs have been
successfully incorporated into living plants to also facilitate the detection of
nitric oxide (NO) and H,0,.**** Lee et al. have also shown that toxic gases,
such as dimethyl methylphosphonate (DMMP), can be sensed in real-time by
integrating SWCNT-graphite arrays onto the surface of a live plant leaf (Dra-
caena sanderiana cv. Virens) (Figure 10.4d,e).'*’

10.4 Conclusions and Perspective

Nanomaterials offer a plethora of opportunities for enhancing the natu-
ral abilities of many living systems. Several examples of these augmented
capabilities have been highlighted throughout this chapter, such as boosted
photosynthetic activity or increased plant germination and crop productiv-
ity. However, a vast majority of applications remain to be investigated by the
field. Most work has thus far focused on studying the fate of NCs in plants
and other eukaryotic organisms, leading to a lack of knowledge regarding the
impact of NCs on prokaryotic species. These species, which include bacteria
such as cyanobacteria, are of particular interest to a number of green chem-
istry applications such as biophotovoltaics and biofuel production, as well
as high-value microbial chemical synthesis. In addition, their incorporation
into prokaryotes also present new sensing and imaging applications that are
otherwise intractable using conventional approaches.

Continued development in the field therefore lies with NC design, appli-
cation, and integration, with a focus on improving NC suitability for the
diverse biological environments of both prokaryotic and eukaryotic species.
Furthermore, future studies must also focus on the biocompatibility and
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bioavailability of these materials. To date, the literature contains seemingly
conflicting results on the possible side effects associated with nanoparticle
uptake and distribution in plant and algal ecosystems. The variability in
these findings indicates not only a species-dependent response to NCs, but
also variability that may be strongly dependent on nanoparticle properties
and functionalization, as well as exposure and incubation conditions. A clear
delineation of exposure conditions, NC properties, and NC effects on the
various species is therefore needed to promote and facilitate the implemen-
tation of NC-based technologies on the global scale. Large-scale NC imple-
mentation also requires an assessment of the long-term impact and wider
environmental bioavailability and biodistribution of NCs into the ecosystem.
Although similar assessments have already confirmed the benignity of com-
mercially available nanoparticles found in the food and cosmetic industries,
such rigorous assessments are lacking in the field of photosynthetic NC
applications. Therefore, the potential benefits offered by NCs in photosyn-
thetic applications can only be realized following the social and scientific
acceptance of these nanoparticles in eukaryotic and prokaryotic organisms.
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