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Preface

Nanomaterials and nanotechnology have helped to shape what we know as modern
medicine. Unrebuttably, we are living in an era of brilliant medicine with advances
in pretty much every field of medicine ranging from prevention all the way to
artificial organs. However, as our population lives longer, the spectra and abilities
of the therapeutics and diagnoses must be accordingly updated. Nanomaterials have
opened a whole new world of possibilities for developing more advanced and
precise diagnostic tools, drug delivery nanocarriers, and imaging and sensor ele-
ments for diagnostics. The superior physical and chemical properties of nanoma-
terials when compared to their bulk counterpart make the field of nanomaterials and
nanotechnology a unique niche for developing novel therapeutics and diagnostic
tools for translational medicine.

With nanomaterials having become so varied and their utilization in the field of
biomedicine even more so, the current work documents and discusses each of these
in a practical manner for fellow scientists and clinicians alike, as well as interdis-
ciplinary scientists willing to enter the field. The simplicity of the layout is a key
aspect contributing to its usefulness. This effort is to serve as an up-to-date library
to inform readers about current research and the accompanying challenges, as well
as inspire new enquiries.

Authored by nanomaterials researchers, this book covers recent advances in
biomedical applications of nanomaterials. It begins with important fundamental
information on nanomaterial synthesis and characterization and then dives into the
latest advances of nanomaterial applications in the clinic, specifically in organ and
tissue repair and regeneration. Overall, readers will gain an appreciation for current
and relevant methods for synthesizing and characterizing nanomaterials along with
an understanding of computational methods used for nanomaterial design, as well
as an in-depth look into the applications of nanomaterials for organ repair. Last, the
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regulation of nanomaterials is discussed, a topic that is still developing with the
field, trying to incorporate the diversity of the field while not limiting the
innovation.
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Chapter 1
Nanomaterials for Its Use
in Biomedicine: An Overview

Caitlin Lazurko, Erik Jacques, Manuel Ahumada and Emilio I. Alarcon

Abstract The rapid incorporation of nanostructures in regenerative medicine can
be considered one of the biggest leaps in the production of novel materials for repair
and regeneration of damaged tissues. However, despite a large number of articles
published, clinical use of these materials is still in its infancy. The complexity and
interdisciplinary nature of research aimed to repair damaged tissue and failing organs
are the main limiting factors that have halted the progression for developing novel
structures for tissue repair. In the present chapter, we revise fundamental concepts
to be considered when designing technologies that will have to undergo scrutiny by
regulatory agencies prior to being used in humans.

1.1 Introduction

Modern medicine relies on functional materials to provide tools which allow the
partial, or even more desirable, the complete restoration of the functionality of dam-
aged organs and tissues. Paradoxically, the increase in life expectancy and improved
surgical outcomes presents a new challenge for developing novel materials for organ
repair. Thus, what was considered a significant achievement in tissue engineering
in the past, such as the first human donor cornea transplant, has become a routine
procedure. However, cornea transplantation is limited by donor shortage and graft
rejection in chronically inflamed eyes (see Chap. 8). Thus, novel therapeutics in
the field of corneal tissue repair needs to circumvent the worldwide shortage while
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providing implants capable of modulating chronic inflammation. The level of com-
plexity for engineering tissues become more challenging in highly perfused and
contractile organs, as is the case of the heart muscle, where materials must also
incorporate electroconductive moieties (see Chap. 9). Synchronic conductivity and
alignment are also of prime importance in regenerating nerves (Chap. 7). Considering
soft tissues, for example, the skin which is the largest organ in the human body and
the primary target of external insults; nowadays developing functional biomaterials
for skin repair requires pushing the boundaries of materials chemistry for produc-
ing novel biologically compatible templates that allow functional skin regeneration
with minimal scarring (see Chap. 6). This push in materials with improved biological
properties becomes even more challenging for tissues that will be exposed to high
shear forces such as articular cartilage (Chap. 5). Alongside the exponential growth
in knowledge surrounding the underlying mechanisms involved in wound healing
and tissue regeneration during the last two decades, there has been an evident need
for novel strategies and therapeutics for tissue repair. This new body of literature,
however, is not enough for us to fine tune the biophysical properties of the biomate-
rials to make them better “at healing”. Thus, incorporating nanoscale components as
structural building blocks for modulating the biophysical properties of the materials,
which will ultimately allow the manipulation of cell-matrix interactions (Fig. 1.1).

Fig. 1.1 The role of nanomaterials is to fill the unmet needs in the field ofmedicine. Thesematerials
can be used to modify the biophysical properties of biomaterials, control cell-matrix interactions,
and revolutionize the field of tissue engineering and regenerative medicine, especially with the
aging population and increased medical demands
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In the following sections of this chapter, we will briefly revise the history of bioma-
terials alongside with fundamental principles of nanotechnology and regenerative
medicine.

1.2 Brief History of Materials Used in Medicine

The term nanotechnology was first introduced in 1974 by Taniguchi to describe the
engineering of nanoscale materials [1, 2]. However, nanomaterials have been present
in human history since ancient times, when colloidal solutions of gold nanoparticles
were used to dye glass [3, 4]. The Lycurgus Cup, an example from the fourth cen-
tury A.D., used nanoparticulated metal dispersed in glass to give color to the cup,
and the color changed depending on the light incidence angle [3–5]. Nanotechnol-
ogy advances in the last decades have provided scientists with tools to investigate,
engineer, and control assemblies of atoms and molecules less than 100 nm in size
[6, 7]. As nanotechnology has progressed, its nature has exponentially diversified,
becoming an intrinsically interdisciplinary field, where understanding the nanoscale
interactions are essential for developing new technologies and therapies [1, 4]. In
the 1990s, the term nanomedicine started to be used to refer to nanomaterials with
potential medical applications [4, 6–9]. Today, nanomedicine is often subdivided into
either the development of tools for medical diagnosis and therapies or fundamental
research on understanding interactions and interface between chemical, biological,
and physical sciences [1, 9].

Early applications of nanomaterials in medicine were often completed with-
out a deep understanding of the interactions at the nanoscale level. Nanomaterials
were used without the devices and technologies available today, such as electron
microscopy, to be able to identify the importance of the nanoscale size of the materi-
als and the nanoscale interactions that were occurring. For example, in the nineteenth
century, nanoporous ceramic filters were used to separate viruses [4]. Advancements
inmicroscopy led to a better understanding of cell structures and interactions, and fur-
ther microscopy development including the development of atomic forcemicroscopy
and the scanning tunnel microscope resulted in the ability to visualize objects at the
nanometer scale [4]. It was these advancements in technology that allowed the field
of nanotechnology and nanomedicine to boom [4]. During the 1990s, tissue engi-
neering had a boost when it merged with stem cell transplantation to become a
much more influential field also known as regenerative medicine (William Haseltine
would later coin the term in 1999) [10–12]. As products began to be successfully
commercialized, the interest of the private sector also increased, which catalyzed
the development and testing of a large variety of biomaterials [13]. However, the
excitement was rather short-lived, as scientists tried to copy tissue formation rather
than seek to understand the underlying mechanisms for tissue repair [11, 13, 14]. As
a result, products that showed great promise in the lab failed, and coupled with the
Y2K crash, meant that by 2002 the value of the industry was down by 90% [13, 15].
Out of the 20 FDA-approved products during that time, none remain on the market
today [15].
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Presently, the field has recovered from that crash and is now much more diver-
sified [16–18]. There has been a switch in focus to simpler acellular products such
as biomaterials, and a continued search for other avenues of inquiry, such as nan-
otechnology, which are actively being introduced into the field of medicine for a
range of applications including drug delivery, tissue engineering, diagnostics, thera-
pies, and imaging [1, 7, 9, 19–21]. There has also been an increase in nanomaterial
funding worldwide, with over $7 billion per year is being allocated to nanotech-
nology. The United States is leading the way in nanotechnology funding, which has
increased since the signing of the twenty-first century Nanotechnology Research and
Development Act (NRDA) in 2003. Many other countries, including the EU, Japan,
and South Korea, are following suit and prioritizing research and development of
nanotechnologies for various applications [1, 22].

With the increased interest in nanomaterial research, one big question that remains
is the potential impact on human health. There are concerns that the unique properties
of nanomaterials, which are discussed below, may have a negative impact on human
health and the environment [1]. There is a lack of information regarding how nano-
materials interact with the world and their impact on the food chain. Moreover, as
nanoparticles vary significantly in size, shape, and composition, their toxicity varies
as well, with certain particles being known to be biocompatible and non-toxic, while
others showing cell toxicity [23–25]. A collaborative approach should be taken by
researchers when designing and testing nanoparticles to ensure they are designed
to be effective for their application while remaining biocompatible [1]. There are
also ethical questions concerning nanomaterials, including who benefits from and
who controls the use of these technologies. Due to the novelty and diversity of
nanomaterials and their applications in medicine, it is important to get a complete
understanding of the benefits and risks associated with these materials before testing
in vivo to ensure the safety of these technologies.

1.3 Fundamental Concepts on Nanomaterials

Some of the fundamental concepts surrounding nanomaterials that must be con-
sidered when designing nanomaterials, especially those for medical applications,
are discussed here. Nanostructures are typically prepared by either a “top-down” or
“bottom-up” method. The top-downmethod starts with the bulk material and follows
a synthetic route to obtain the nanostructure.On the other hand, the bottom-upmethod
starts with atoms and makes them coalescent to form nanostructures. Nonetheless,
independent of the chosen route, the final product will have the same nanostructure
properties, which will have different physical-chemical properties from those found
in the original bulk material. Moreover, the material(s) that form a nanostructure can
come from a variety of sources, being either biological or chemical in nature. For
instance,metal nanostructures are famous amongbiomedical applications due to their
tunable physical-chemistry, antibacterial, and biocompatibility properties. Popular
choices are gold, silver, titanium, and copper [26–30]. Synthetic polymers are also a
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source of material for nanostructures, where they can be used to form nanoparticles,
mesh-like composites, foams, among others [31]. Common synthetic polymers are
poly-ethylene glycol and its derivates, poly-caprolactone and poly-vinyl alcohol, to
name a few [32]. Similarly, natural polymers such as polypeptide chains, proteins,
and carbohydrates and their derivates have also being used for nanostructure devel-
opment [33]. Usually mentioned are collagen, fibrin, alginate, chitosan, and gelatin
[34]. Nonetheless, proteins by themselves are nanostructures with potential biomed-
ical applications [35]. While they are ubiquitous, their potential as drug nanocarriers
has been widely explored, with remarkable cases, such as the use of serum albumin
(either from human or bovine sources) [36].

The keystone for the explosion in nanomaterial applications, particularly for those
of synthetic nature, lies in the fact that these nanostructures have properties that vary
from those of the bulk material [1, 6]. Most of the properties of macroscopic mate-
rials are described, unequivocally, by classical physics, which is based on empirical
science at the macro-scale. However, nanomaterials, as aforementioned, respond to
a different size scale, which dramatically changes the way the physics works. In the
early 1900s, the term quantum physics started being introduced from the theoretical
field, where later experimental physicists probed the existence of this new branch,
that differs entirely from its classical counterpart. Particularly in the case of nanoma-
terials for biomedical applications, the high surface area along with quantum effects
results in unique optical, magnetic, and electronic properties [1, 5, 6, 20, 21].

First, the available surface area is one of the most relevant properties of nano-
materials, independent of their origin or shape [37]. This allows nanomaterials to
adsorb different particles, especially proteins and drugs, onto their surface. These
molecules bound to the surface can then impact nanoparticle stability, solubility,
biocompatibility, and its interactions with other molecules in their environment [20,
21]. Their surface and composition can also be modified to match the environment
of the tissue they are interacting with, in a process called surface nano-engineering.

The second relevant feature of nanostructures corresponds to the shape, where
virtually any shape can be considered a nanostructure, as long as the structure fulfills
the conditions, vide supra. Thus, a wide range of shapes can be found in the literature,
including spheres, rods, cubes, tubes, flower, cage, foam, flake, ring, mesh, amorphic
[38]. Despite the number of shapes mentioned, the access to those is limited by
several factors such as synthesis method, components, and experimental conditions.
Furthermore, the target application for nanostructure use also plays a fundamental
role in the shape selection; for example, when considering nanoparticles for their
use in the near-infrared section of the spectrum, usually, spherical nanoparticles
would not present a plasmon response (no absorption), however, the elongation into
a rod-like shape for the same nanostructure will increase the longitudinal plasmon
promoting the generation of a signal in the near-infrared region. Therefore, it is
important to consider the applicationof thenanomaterialwhenchoosing the structure.

Next, the specific optical, magnetic, and electrical properties of the nanostructure
stand out, particularly for metal nanostructures, from other materials when designing
new biomedical technologies. Two main characteristics describe these phenomena;
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first, electrons are distributed differently in the system and second, the nanostruc-
tures interact with light in a unique manner. When in a bulk material, electrons can
be described as a continuum; however, in the case of nanostructures, electrons have a
discontinued behavior, which can likely be controlled. Second, since the nanostruc-
tures have smaller sizes, they interact with light, especially wavelengths generally
used for biomedicine (UV-A to NIR), in a different manner than the bulk material.
The propertiesmentioned herewill be further explored and expanded in the following
chapters of this book.

The properties of nanostructures, as mentioned above, can improve the biocom-
patibility of thematerials and alter the interactions of thematerials with the host envi-
ronment [19, 20]. Nanoparticles can also modify the micro-environment in which
they are present, which can influence the cell’s fate. They can be used to enhance
interactions with the host and can be used to engineer biomaterials that more closely
mimic native tissue and endogenous conditions [19]. The versatility of nanomaterials
extends beyond the materials they are synthesized from and the particles used to coat
their surface, as nanomaterials can be applied in a variety of different manners. For
example, they can be used as a thin coating on surfaces, such as in electronics or on
prosthetic implants, they can be embedded in a material, such as a biomatrix, or free
nanoparticles can be used [1].

1.4 Brief Considerations for Regenerative Medicine

Today, tissue loss of function can generally only be solved with organ and tissue
transplantation [10, 11]. However, donor availability is scarce, and the demands of
the aging population and its chronic diseases are ever-growing [10, 11]. In the 1960s,
the limitations of transplantation began to be felt as chronic diseases were on the rise
[14, 17, 39, 40]. Concurrently, scientists such as Alex Carrel began culturing cells
and thus were beginning to grow and keep tissues alive in vitro [12]. The processes of
degeneration and regeneration were now being studied. It was not until the 1980s, in
Boston, Massachusetts, where Dr. Joseph Vacanti and Robert Langer decided to use
this knowledge to create in vitro grown skin grafts (Epicel® and Apligraf®) [12, 14].
Now everyone was working on trying to create skin or cartilage grafts. This is where
regenerative medicine (RM) comes into play (also referred to as tissue engineering
and regenerative medicine, or TERM for short).

Surprisingly, the concept of tissue regeneration began in myths, where a common
example is the Greek myth of Prometheus, a Titan who received a terrible fate from
Zeus after having gifted humanity with fire “He was bound to a rock where an eagle
would feast on his liver every day, and every night said liver would regenerate leading
to an endless loop of torture [41].” The idea of regeneration persisted through the
millennia until the twentieth century, where RM came into fruition. Greenwood et al.
stated:
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Regenerativemedicine is an emerging interdisciplinary field of research and clinical applica-
tions focused on the repair, replacement or regeneration of cells, tissues or organs to restore
impaired function resulting from any cause, including congenital defects, diseases, trauma
and aging. It uses a combination of several technological approaches that moves it beyond
traditional transplantation and replacement therapies. These approaches may include, but are
not limited to, the use of soluble molecules, gene therapy, stem cell transplantation, tissue
engineering and the reprogramming of cell and tissue types. [42]

RM is a branch of biomedical science that uses various strategies to restore func-
tion to damaged or diseased human tissue and tries to regenerate lost tissue and/or
organs. This has led to immense scientific, private (allied market research estimates
that the market for RM will be worth $67.5 billion dollars by 2020), and media
interest, which refers to it as “the most promising healthcare technology ever put
forward” [12, 40]. The regenerative therapies are leading a paradigm shift from
treatment-based to cure-based therapies which will have a profound impact not only
on the quality of healthcare but also on its economics as the financial burden of
chronic diseases would be significantly lifted [17, 40, 43].

As mentioned in Greenwood’s definition, RM’s arsenal is vast, and since 2006,
it has increased to include bioreactors, bioprinting, and nanotechnology [42]. While
RM’s focus since the early 2000s has been on the use of human stem cells, this focus
has shifted significantly to the use of acellular products either concurrently or with-
out cells for tissue regeneration [10, 12, 17]. In particular, this refers to controlled
release matrices and scaffolds; materials where the principles of nanotechnology
are being regularly used. These regenerative therapies can currently be divided into
three categories: allogeneic, autologous, and scaffolds. Allogenic therapies are cell
therapies that use a universal donor cell; autologous therapies utilize donor cells har-
vested from the patient; and scaffolds include the use of decellularized extracellular
matrices (ECMs) or synthesized biomaterials [39, 44, 45]. The authors do recognize
that hybrid models exist and that bioprinting could also be considered a category but
since they are young strategies, they have yet to be included as such.

RMseems theoretically promising, however, the results in clinic have not reflected
this. Currently, all cell therapies remain experimental, except for hematopoietic stem
cell transplants, simultaneously, acellular products have had little success making it
to market; it is also amainstream opinion that cell therapies have shown little efficacy
and that, to date, RM has underperformed [12, 45, 46]. The reasons stem from the
field’s novelty, where it has created many challenges. Pre-clinically, scientists have
yet to fully understand the regenerative mechanisms behind their therapies [10].
Clinically, the tumorigenicity, immunogenicity, and risks of the procedure delivery
are all unsolved obstacles involvedwith cell therapies [46].Additionally, regenerative
therapies are meant to be implanted and remain with the patient for a prolonged
period. Unfortunately, long-term follow-up studies do not exist for clinical trials
which makes it difficult to ensure regulatory agencies and the public of the safety and
efficacy of the therapy [40, 43]. Post-clinic, there is difficulty in identifying the proper
businessmodel for companies hoping to enter theRMmarket [12]. The regulatory and
reimbursement policies for such novel technologies have been difficult for countries
to determine [10]. However, the most significant challenges are the ones related
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to manufacturing. The automation and scale-out strategies of the manufacturing
process to reduce cost, contamination, and human error do not exist for such complex
biological therapies [40, 47]. As well, the industrialization technology simply does
not exist [39]. Despite the turnaround, RM and its growing number of clinical trials
are reaching a critical mass and becoming a major player into the biomedical field
[12, 47].Whether this will prosper, remains to be seen. Nonetheless, nanotechnology
has played a role in the field’s progression.

Thus, there is now also a high degree of optimism for regenerative therapies
and once again a rush to get them through to clinical trials [45]. Governments now
recognize RM as being at the forefront of healthcare and institutions dedicated to
its practice have increased over the past decade [39]. As mentioned above, while
the discoveries made on the bench-side are ever-increasing (such as the discovery
of induced pluripotent stem cells for example), success on the bench-side is still
lacking [18, 48]. Therefore, clinical trials have been increasing but are proceeding
with caution [45].Additionally, in accordancewith thematuration of the field, various
attempts to rectify the challenges already discussed have been made, for example:
companies such asCanada’sCentre forCommercialization ofRegenerativeMedicine
have been created to help researchers (academic or private) facilitate the translation
of their therapies by decreasing risk during the development phase; the Mayo Clinic
has created a theoretical blueprint for the “discovery, translation and application of
regenerative medicine therapies for accelerated adoption into standard of care”; and
legislation in places such as the United States, the EU, and Japan has been passed to
allow accelerated conditional approval of RM technologies so as to be more readily
available to the public [39, 47, 49–51].

1.5 Outlook and Future Perspectives

Nanotechnology allows for the production of efficient markers and extremely pre-
cise diagnostic tools and imaging devices, which allows for early diagnoses, all of
which can improve treatments and quality of life for patients and decrease over-
all morbidity and mortality rates. These devices are also in line with regenerative
medicine in that they help improve our understanding of interactions in the human
body which allows for the development of new therapies [52]. Understanding the
pathophysiological basis of diseases and how nanomaterials interact with cells and
tissues in the body are essential to the design, development, and application of nano-
materials in medicine [20, 21]. There is currently a gap in knowledge surrounding
nanomaterial interactions in the human body, including, toxicity, pharmacokinetics,
and pharmacodynamics, which limits the technologies used and developed today [6].
However, nanomaterials have the potential to improve personalized medicine as well
as the targeting of therapeutics, dose-response, and bioavailability, amongmanyother
aspects of medicine [6]. They show promise in the development of the multifunc-
tional and next generation of biomedical devices that will further improve healthcare
[6, 19]. Moreover, the broad range of nanomedicine to include genetics, molecular
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biology, cellular biology, chemistry, biochemistry, material science, proteomics, and
bioengineering means that advances in this field will have broad applications in field
of science and greatly improve patient care [6]. Overall, nanomaterials hold great
promise for medical applications, and many avenues for nanomaterial application
have yet to be explored.
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Chapter 2
Synthesis and Characterization
of Nanomaterials for Biomedical
Applications

Natalia L. Pacioni, M. Andrea Molina Torres and Rodrigo N. Núñez

Abstract This chapter aims to provide a critical overview of available synthetic
methodologies for engineered nanomaterials for biomedical uses. We cover differ-
ent kinds of nanoparticles with a focus on examples that have proven biocompati-
bility. Also, we included a summary of techniques and procedures for nanoparticle
characterization. Finally, we discuss the remaining challenges in the preparation of
nanomaterials for biomedicine.

2.1 Introduction

The last two decades have seen a growing interest in the medical application of
nanomaterials (NMs) [1–3]. However, moving from synthesis in the laboratory to
clinical use is the most challenging step, with most NMs being developed as proof
of concept [2, 4]. By the end of 2017, the U.S. Food and Drug Administration (FDA)
approved 50 new drugs containing nanoparticles, with only five of those using metal
and metal oxide nanoparticles [5, 6].

It is important to bear in mind that NMs should have a series of characteristics to
be used in biomedical applications [2], being:

• High monodispersity
• Water solubility
• Functionalization/Bioconjugation capability
• Stability under physiological conditions.

In this chapter, we will present the synthetic methodologies organized by the type
of NM and covering only the cases that had led to biomedical uses. Further, we
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exclude from this revision, particles derived from organic materials like proteins,
peptides, liposomes, and polymers, whose synthetic protocols are well described in
the literature [2].

There are different strategies to obtain engineered nanomaterials, using either
Top-down or Bottom-up approaches [7, 8]. The latter method is more versatile, and
most examples in this chapter belong to this classification.

Also, we include a summary of the most common characterization techniques to
evaluate the physical and chemical properties of the NMs. We aim to provide the
readers with key points and guidance to prepare biocompatible NMs.

2.2 Iron Oxide Nanoparticles

Currently, there are a few iron oxide nanoparticle (IONP) formulations approved by
the FDA and the EuropeanMedicines Agency (EMA) for either the treatment of iron
deficiency anemia or imaging applications, as well as some being clinically tested as
therapies for thermal ablation of tumors [3, 5, 6]. Also, IONP and superparamagnetic
IONP (SPIO) are of interest in the field of regenerative therapies for different tissues,
including damaged cardiac [4].

Generally, the reported synthetic methodologies to prepare IONPs for biomedical
applications involve twomain steps, (i) synthesis of hydrophobic IONPs and (ii)mod-
ification of the IONP surface to make them hydrophilic. In this section, we present a
summary of the protocols to prepare monodisperse and water-soluble IONPs. For an
in-depth analysis of the advances on strategies to obtain biocompatible IONPs and
ultra-small IONPs (<5 nm), the reader should further revise reviews [9, 10].

2.2.1 Synthesis of Spherical Fe3O4 Nanocrystals

Monodispersemagnetite nanoparticles (6–30 nm, Fig. 2.1) can be obtained using iron
oxide powder [FeO(OH)] as a precursor, ground to 100–150 mesh and dissolved in
oleic acid and 1-octadecene. In a three-neck flask equipped with a condenser and
magnetic stirrer, the mixture is heated while stirring to 320 °C for a select time in an
argon atmosphere. Pyrolysis of the iron carboxylate salt formed in situ leads to the
formation of iron oxide nanocrystals. The combination of the iron precursor:oleic
acid ratio and the reaction time tune the final nanoparticle size [11].

Another experimental approach uses iron (III) acetylacetonate [Fe(acac)3] as the
iron precursor to produce 6 nmmagnetite nanocrystals [12]. Fe(acac)3 is mixed with
1,2-hexadecanediol, oleic acid, and oleyl amine in a 1:5:3:3 ratio using benzyl ether
(boiling point [b.p.] 298 °C) as the solvent, stirring, and under nitrogen flow. Once
the mixture is heated to 200 °C for 2 h, under a blanket of nitrogen, it is refluxed at
300 °C for 1 h. Then, the reaction vessel is cooled, and ethanol is added to precipitate
the IONPs. Purification involves several centrifugation and dissolution steps [12].
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Fig. 2.1 TEM for Fe3O4 nanocrystals obtained with different average sizes of a 6.4 nm; b 19.9 nm;
c 22.1 nm; and d 28.6 nm. The size was tuned using different FeO(OH):oleic acid ratios. Reprinted
with permission from Ref. [11]. Copyright © 2004 Royal Chemical Society

Using phenyl ether (b.p. 259 °C) or 1-octadecene (b.p. 310 °C) leads to the formation
of IONPs with average sizes of 4 and 12 nm, respectively. Variations in the amount
of oleic acid, oleylamine, and solvent affect the resulting nanoparticle. The synthesis
mechanism seems to involve the replacement of the “acac” ligand by the surfactants.

2.2.2 Synthesis of Iron Oxide Nanocubes

To obtain IONP (nanocubes), Fe(acac)3 is dissolved in benzyl ether containing oleic
acid and 4-phenylcarboxylic acid. The reaction is carried out under argon, heating to
290 °C at a rate of 20 °C/min. This temperature is maintained for 30 min, and then,
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Fig. 2.2 TEM image of iron
oxide nanocubes. Adapted
with permission from Ref.
[13]. Copyright © 2015
American Chemical Society

the solution is allowed to cool to room temperature. The resulting nanoparticles are
precipitated using ethanol or acetone, followed by centrifugation and dispersion in
chloroform. The side length of these nanocubes (Fig. 2.2) is approximately 22 nm
[13].

2.2.3 Surface Modification

As mentioned above, the use of IONPs in biomedical applications requires water-
soluble nanoparticles; however, most synthetic methodologies produce hydrophobic
IONPs. Thus, after obtaining the IONP core, the modification or functionalization
of the metal surface with hydrophilic compounds is needed. The main approaches
to performing this modification are (1) surfactant addition and (2) surface surfactant
exchange, as shown in Scheme 2.1. In (1), the result is a double-layer structure
with the G moiety conferring water solubility; while in (2), the original surfactant
is replaced by an amphiphilic surfactant that is capable of binding both the metal
surface and the G group to provide the particles with a polar character [12].

For example, biocompatible IONPs were obtained by coating the nanoparticles
with amphiphilic polymers [14] using amethod reported previously for quantum dots
[15] and based on the surfactant addition approach (Scheme 2.1). Briefly, a commer-
cial triblock polymer composed of polybutylacrylate, polyethylacrylate, and poly-
methacrylic acid segments was derivatized with octylamine and stored in an ethanol-
chloroform mixture. Then, the nanoparticles were encapsulated by the amphiphilic
triblock polymer. After vacuum drying, themodified IONPswere dispersed in a polar
solvent, and purification was performed by using a magnetic separator [14].

Also, water-soluble IONPs can be prepared by surfactant addition using
the commercially available 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
N-[biotinyl(polyethyleneglycol)2000] (DSPE-PEG(2000)Biotin) [12]; 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000] (DSPE-mPEG), or 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000] (DSPE-PEG-NH2) [13] shown in Fig. 2.3.
In these cases, the non-polar solvent is evaporated, and the IONPs dispersed in
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Scheme 2.1 Representation of the main experimental approaches used for surface functionaliza-
tion. 1 Surfactant addition and 2 surfactant exchange according to Ref. [12]

Fig. 2.3 Chemical structures for a DSPE-mPEG-2000, b DSPE-PEG-NH2, and c DSPE-
PEG(2000)Biotin. ®Avanti Polar Lipids, Inc
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chloroform. Then, the functionalized polyethylene glycol lipid is added into the
nanoparticle dispersion, and the mixture is shaken for 1 h. After the solvent is
evaporated, the sample can be dispersed in water.

2.2.4 Synthesis of Goethite-like Hydrous Ferric Oxide
Nanoparticles

Besidesmagnetite nanoparticles andmaghemite (γ-Fe2O3), some authors are starting
to focus on the development of other iron oxide-based nanoparticles for biomedical
uses, like goethite (α-FeOOH, iron oxyhydroxide) [16, 17].

In the first report [16], goethite nanoparticles were obtained by precipitation from
an aqueous solution of FeSO4 and FeCl3 with excess NaOH, under exhaustive stir-
ring. Then, different procedures are performed to obtain nanoparticle samples with
sizes ranging from 5.1 to 10.7 nm, determined by magneto-granulometry. For exam-
ple, the addition of oleic acid in a similar manner as for magnetite nanoparticles
resulted in a toluene-based fluid, and a powder can be obtained by treatment of the
fluid with acetone after toluene evaporation. Further modifications include the use
of n-decyldimethyl(β-dimethyl-aminoethoxy)-silane methiodide followed by treat-
ment with aqueous ammonium hydroxide to produce water-based nanoparticles for
biological experiments [16].

Recently, another experimental approach was studied to obtain goethite nanopar-
ticles for biomedical uses [17]. In this case, an aqueous solution of FeCl3·6H2O is
mixed with aqueous ammonia (25% w/w), and it is heated to 90 °C for 2 h. After
several steps of centrifugation, water-soluble NPs are obtained. Surface functional-
ization using carboxymethyl dextran sodium salt (CMD) or polyethylene imine (PEI)
is performed by incubating the reactants for 2 h at 90 °C, cooling down overnight in
an autoclave and centrifuging [17].

2.3 Gold and Silver Nanoparticles

Among metallic nanoparticles, gold (AuNPs) and silver (AgNPs) have shown
promising behavior for many biomedical applications [18–22]. For example, AuNPs
have been tested as antineoplastic agents and drug delivery vectors [3, 5, 6], retinal
neovascularization therapies [23], and nerve injuries treatment [24]. Also, AuNPs
are of interest in optical and magnetic resonance imaging [25]. In the case of AgNPs,
their antimicrobial properties are prime for medical uses, with AgNPs used in dermal
wound healing products [26, 27], and in anti-infective corneal replacements [28], for
example.
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In the following section, some protocols to obtain biocompatible AuNPs and
AgNPs are summarized, based on procedures reported as part of their use in biomed-
ical application. However, there is a wide offer of synthetic protocols for AuNPs and
AgNPs, which can be revised in the following references [2, 8, 29, 30].

2.3.1 Synthesis of Biocompatible AuNPs

Various types of AuNPs have been developed for biomedical uses, and exten-
sive studies have been reported in radiotherapy (RT), photothermal therapy (PTT),
and radiofrequency-induced hyperthermia (RFHT) [21]. So far, there is one FDA-
approved nanogold formulation,AuroLase® (NanospectraBiosciences) consisting in
PEGylated silica-gold nanoshells for near-infrared light facilitated thermal ablation,
and has been evaluated for PTT in head, neck, and lung tumors [3, 21].

Besides the synthetic protocol employing the reduction of Au3+ by citrate at boil-
ing temperature [2] to obtain nanospheres, other reported methodologies produced
biocompatible AuNPs, such as nanocages or nanospikes, were obtained by means
of a galvanic replacement reaction [31–33]. Post-synthesis modifications to obtain
surface functionalization are commonly performed and involve polymer-ligands or
other capping agents [18, 29].

AuNPs (Fig. 2.4) used for computed tomography image contrast and radiosen-
sitization [34] are obtained as follows. First, 1.9 nm dodecanethiol-capped AuNP
is obtained according to the Brust–Schiffrin method [35] using a water-toluene
reduction of HAuCl4 by NaBH4 in the presence of the alkanethiol and employing
tetraoctylammonium bromide as the phase transfer agent [34]. Afterward, theAuNPs
dissolved in toluene are combined with a solution of the amphiphilic diblock copoly-
mer polyethylene oxide (4K)-polycaprolactone (3K) (PEG-b-PGL) and added to a
vessel containing water to produce an emulsion. After purification using differential
centrifugation, gold-loaded polymeric micelles of six different sizes (25–150 nm)
are achieved as final product (Fig. 2.4).

Another strategy to obtain AuNPs for RT applications at a reduced dose consists
of the post-synthesis modification of citrate-capped AuNPs at pH 8.5 with a SH-
PEG2k-OCH3 and lipoic acidmixture [36]. ThemodifiedAuNPs (Fig. 2.5) aggregate
within tumors due to the decreased pH in endosomes and lysosomes, becoming NIR-
absorbent and enabling tumor-specific heating upon NIR illumination.

AuNPs approximately 9 nm in sizewith potential for peripheral nerve regeneration
have been synthesized using a green approach [24, 37]. Concisely, a solution of
HAuCl4 is mixed with an ethanolic extract form the matured leaves of Centella
asiatica and constantly stirred at room temperature for 2.5 h until a stable ruby-red
color is observed [37]. The high phenolic content in the extract is responsible for the
reduction of Au3+ to Au0.

Biocompatible gold nanorods (AuNRs) for PTT can also be obtained using a
seed-mediated template-assisted protocol [38, 39]. First, AuNPs seeds are produced
by the reduction of HAuCl4 with ice-cold NaBH4 in the presence of cetyltrimethyl
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Fig. 2.4 Schematic representation (top) and TEM images corresponding to three different sizes
(bottom) of gold-loaded polymeric micelles useful for radiation therapy (scale bars = 100 nm).
Adapted with permission from Ref. [34]. Copyright © 2014 American Chemical Society

Fig. 2.5 Schematic
representation of PEG and
lipoic acid-coated AuNP.
Adapted with permission
from Ref. [36]. Copyright®

2014 Elsevier
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ammonium bromide (CTAB). After, 250μL of the seed solution is added to a growth
solution containing CTAB, AgNO3, HAuCl4, ascorbic acid, and sulfuric acid and
incubated at 30 °C for 20 h. Then, the AuNRs (aspect ratio = 3) are centrifuged and
mixed with a solution of SH-PEG-COOH for 2 h. Finally, arginine-glycine-aspartate
(RGD) peptides are covalently attached to the PEG-AuNRs via amide bonds [38].

2.3.2 Synthesis of Biocompatible AgNPs

The chemical reduction of silver ions by NaBH4 in the presence of citrate anion as
the stabilizing agent is a common methodology to produce AgNPs in aqueous media
[26, 27]. Variations in the protocol can include:

• Different concentration of reactants
• Order of reactant addition
• Reaction time.

For example, AgNPs synthesized using a final ratio of Ag+:NaBH4:citrate (1:5:3)
[40] were successfully employed in wound healing experiments with similar efficacy
compared to a commercial AgNP grafted dressing [27]. In another approach, sodium
borohydride in powder is added to the solution containing Ag+ and citrate to reach a
reactants ratio 2:1:7 in that given order and allowed to react overnight undermagnetic
stirring [26].

An alternative synthetic strategy for biocompatible AgNPs is based on a photo-
chemical methodology using Irgacure-2959® as a photo-initiator [41–43]. Success-
ful preparation and incorporation of AgNPs within collagen hydrogels for corneal
implants were achieved recently [28]. Briefly, AgNPs are synthesized under nitro-
gen by UVA irradiation of silver nitrate in the presence of Irgacure-2959® and citrate
during 30–40 min at room temperature. Decreasing the amount of citrate three times
leads to large spherical particles. Then, the obtainedAgNPs are reshaped at room tem-
perature using LED illumination (590 or 740 nm) for up to 144 h. Post-stabilization
of these nanomaterials is assessed using the LL37-SH peptide, and they can be incor-
porated in collagen hydrogels [28]. The protocol is summarized in Scheme 2.2.

2.4 Graphene Oxide and Carbon Dots

Allotropes of carbon at the nanoscale such as carbon nanotubes, graphene oxide
sheets, and carbon dots are also receiving great attention for biomedical purposes
[2, 4, 44, 45]. They exhibit many unique physical and chemical properties, such as
high conductivity. In the following section, we present some protocols employed to
obtain graphene oxide and carbon dots with potential in medical applications.
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Scheme 2.2 Flow diagram of the protocol proposed to obtain biocompatible AgNP for corneal
implants according to Ref. [28]

2.4.1 Graphene Oxide

Graphene oxide (GO) can be obtained through theHummersmethod [46]. In a typical
procedure, graphite is mixed with concentrated sulfuric acid and vigorously stirred
for half an hour before adding sodium nitrate. The mixture is cooled down to 0 °C
and stirred for 2 h. Then, potassium permanganate is added over a period of 1 h.
After increasing the temperature to 35 °C for 2 h, the reaction is quenched by the
addition of ice water and hydrogen peroxide. Subsequently, the GO is washed and
dried at 40 °C for 24 h [47]. Reduced graphene can be produced by reduction of GO
using ascorbic acid at room temperature. Using this approach, obtained GO sheets
were tested in stem cells differentiation [47] and cardiac repair applications [48, 49].

Aiming to apply theGO for gene delivery therapies, a polyamidoamine (PAMAM)
conjugated GO has been proposed (Fig. 2.6) [50]. The GO is synthesized using the
modified Hummers method through replacing sodium nitrate by phosphoric acid.
Also, the temperature is held at 0 °C for 48 h before quenching. To synthesize
the PAMAM conjugate, a previous step involves functionalizing the GO with azide
groups, and finally, the PAMAM conjugated GO is obtained through a “click” chem-
istry reaction [50].
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Fig. 2.6 Schematic diagram of the main steps involved in the synthesis of a PAMAM, b PAMAM
conjugated GO and gene delivery. Reprinted with permission from Ref. [50]. Copyright © 2015
Royal Society of Chemistry



24 N. L. Pacioni et al.

Fig. 2.7 Synthetic route to obtain CDs from citric acid and ethylene diamine. Reprinted with
permission from Ref. [55]. Copyright© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

3D graphene inks can be produced by using a biocompatible elastomer, the
polylactide-co-glycolide (PLG), in conjunction with graphene flakes (60%). These
inks perform excellently well for fabricating 3D scaffolds for electronic and biomed-
ical applications [51].

2.4.2 Synthesis of Carbon Dots

Carbon dots (CDs) have emerged as candidates for biomedical applications due to
their unique advantages, including facile synthesis, surface functionalization capa-
bility, water solubility, low toxicity, and outstanding photophysical properties [44].
Different synthetic approaches, including hydrothermal, microwave, thermal decom-
position, template, and ultrasound methods, lead to CDs [44, 52–54].

A large variety of precursors can be used to obtain CDs. For example, the
hydrothermal treatment produces CDs in an autoclave, at 200 °C for 5 h with citric
acid and ethylene diamine (EDA) (Fig. 2.7) with good yield (58%) and high flu-
orescent quantum yield (80%) [55]. In a similar approach, using methionine and
EDA as precursors, after a 10 h reaction at 250 °C, sulfur-rich CDs were obtained
[56]. These sulfur-doped CDs show interesting properties to distinguish normal from
bone-related disease cells in imaging diagnosis.

Recently, a green synthetic strategy has been proposed to obtain PEG-passivated
CDs for drug delivery purposes. Briefly, gelatin is diluted in water, and then, PEG is
added under stirring. After 30 min, the mixture is heated for 10 min in a microwave
oven (600 W). Once a color change is observed, the solution is centrifuged to purify
the CDs-PEG (quantum yield: 34%) [57].

2.5 Nanoceria

Cerium oxide nanoparticles (CeO2) have attracted great interest in nanomedicine due
to their anti-inflammatory, antioxidant, and anti-bactericidal activities, aswell as their
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Fig. 2.8 TEMimages of nanoceria of several average sizes obtained through thermal decomposition
of different precursors. a [2.9 nm]; Ce(acac)3, 1,2-hexadecanediol, and oleylamine (1:5:3) at 315 °C
for 2 h. b [3.6 nm]; Ce(NO3)3·6H2O and oleylamine (1:3). c [6.2 nm]; Ce(NO3)3·6H2O and oley-
lamine (10:30). d [9.7 nm]; Ce(NO3)3·6H2O, oleylamine, octadecylamine, and water (1:1.5:1.5:4)
at 260 °C for 2 h. Reprinted with permission from Ref. [59]. Copyright© 2012 American Chemical
Society

potential angiogenic function. Application of this material alone or combination with
others has been reported to heal various tissues (bone, skin, cardiac, and nerve) [58].

Methodologies to obtain nanoceria include chemical and green-based methods.
Co-precipitation, sonochemical, hydrothermal, solvothermal, sol-gel, andmicrowave
are the main chemical synthetic strategies employed, while the “green” methods are
based on the use of plants, nutrients, and biopolymers [58]. In this section, we present
a few protocols for obtaining nanoceria.

Thermal decomposition of cerium precursors (including Ce(acac)3, cerium (III)
oleylamine,Ce(NO3)3, andCe(OH)4) at high temperatures (>200 °C) in 1-octadecene
produces several ceria nanocrystals with tunable sizes and shapes. Transference of
nanoceria from the organic solvent to water can be achieved using amphiphilic poly-
mers and oleic acid [59]. The resulting nanoparticles are 3–10 nm in diameter depend-
ing on the reaction conditions (Fig. 2.8). In a typical procedure, the reaction begins
with the dissolution of the ceriumprecursor in the selected organic solvent. For exam-
ple, Ce(acac)3 is mixed with 1,2-hexadecanediol and oleylamine in 1-octadecene at
room temperature. The mixture is stirred at 80 °C for 30 min and then heated to
315 °C for 2 h [59].

As mentioned above, the synthesis of CeO2 nanoparticles can also be attained
using green approaches. For example, using different plants such as Gloriosa
superba, Acalipha indica, and Aloe vera nanoceria particles of 5, 36, and ≈64 nm
were obtained, respectively. Generally, the plant extract is mixed with CeCl3 at 80 °C
for 2–4 h and then heated up to 400 °C for 2 h [60]. Another strategy uses Rubia
cordifolia leaves extract mixed with Ce(NO3)3·6H2O at 120 °C for 4–6 h before cal-
cinating the formed precipitate at 500 °C for 4 h to obtain 22 nm CeO2 nanoparticles
[61]. Other sustainable methods involve the use of nutrients like honey, egg white
proteins, and biopolymers [60].

Functionalization of nanoceria has also been attempted for biomedical applica-
tions [62–65]. For instance, polyacrylic acid (PAA)-coated cerium oxide nanoparti-
cles were conjugated with folic acid using a “click” chemistry strategy (Fig. 2.9) to
use in combination therapy for lung cancer [62].
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Fig. 2.9 Scheme of the reaction protocol to obtain functionalized nanoceria for treatment of lung
cancer. Reprinted with permission from Ref. [62]. Copyright© 2017 American Chemical Society

2.6 Characterization of Nanomaterials

Routine analysis of nanomaterials for biomedical applications requires an excellent
characterization of physical, chemical, and biological properties. In this section, we
present in Table 2.1, a summary of the main techniques employed to achieve this
goal, grouped by method classification, and included key information obtained. We
also point to some examples of their application that were tested for nanomedicine
uses.

Analytical techniques for nanomaterial characterization can be viewed as a battery
of tools necessary to assure reproducibility or robustnesswhen replicating to the same
material in another assay. Briefly,microscopy techniques include those based on elec-
tron beams as the “illumination” source (transmission electron microscopy (TEM)
and scanning electron microscopy (SEM)) and those more traditionally employed
in biology, such as confocal microscopy. TEM and SEM can be coupled to spec-
troscopical methods such as energy-dispersive X-ray spectroscopy (EDX, EDAX or
EDS) or X-ray diffraction (SAED).

Those techniques classified as spectroscopical contain the common ones used in
organic chemistry such as UV-visible and near-infrared (NIR) absorption, Fourier-
transform infrared spectroscopy (FT-IR), nuclear magnetic resonance (NMR), fluo-
rescence, and others more specific like Raman, atomic absorption (AAS) or induc-
tively coupled atomic spectroscopy (ICP-OES), and X-ray photoelectron spec-
troscopy (XPS).
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Table 2.1 Summary of analytical techniques commonly used for characterizations of nanomaterials
in biomedical literature

Method
classification

Technique Information Application
examples for
NPs in
nanomedicine

References

Microscopy TEM/high
resolution-TEM
(HR-TEM)

Size,
polydispersity, and
morphology

AuNPs,
SPION,
nanoceria,
GO, and CD

[31–34, 36,
38, 47, 48, 50,
57, 61, 63, 65,
68–74]

Bio-TEM Fluorophore
labeling

AuNPs [31]

SEM/field
emission-SEM
(FE-SEM)

Size, morphology AuNPs,
nanoceria, and
GO

[36, 47, 61,
73]

Atomic force
microscopy (AFM)

Height, topography GO [48, 50]

Confocal laser
scanning
microscopy
(CLSM)

Cell viability AuNPs [31]

Spectroscopy Energy-dispersive
X-ray spectroscopy
(EDX or EDAX)

Chemical
composition

Nanoceria [61]

UV-visible-(NIR)
spectroscopy

Surface plasmon AuNPs, IONP,
CDs, and
nanoceria

[31–34, 36,
38, 57, 61, 72,
74]

Fourier-transform
infrared
spectroscopy
(FT-IR)
Attenuated total
reflectance
(ATR-IR)

Surface coating
characterization
and chemical
composition

AuNPs, IONP,
nanoceria,
GO, and CDs

[31, 47, 48, 50,
57, 61, 69, 72]

Nuclear magnetic
resonance (1H
NMR and 13C
NMR)

Surface coating
characterization
and chemical
composition

GO [50]

Raman
spectroscopy

Surface coating
characterization
and chemical
composition

GO [48, 50]

(continued)
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Table 2.1 (continued)

Method
classification

Technique Information Application
examples for
NPs in
nanomedicine

References

Microwave
plasma-atomic
emission
spectrometry
(MP-AES)

Quantification IONP [69]

Inductively
coupled
plasma-optical
emission
spectroscopy
(ICP-OES)

Quantification SPION and
nanoceria

[68, 73]

Atomic absorption
spectroscopy
(AAS)

Quantification AuNPs [31]

Fluorescence
spectroscopy

Fluorophores
labeling and
photoluminescence

AuNPs, IONP,
and CDs

[31, 57, 72]

X-ray
photoelectron
spectroscopy
(XPS)

Surface coated
characterization
and chemical
composition

AuNPs,
SPION,
nanoceria, and
GO

[31, 61, 65,
68]

Cells assays MTT assay Cytotoxicity and
cell viability

AuNPs,
SPION,
nanoceria,
GO, and CD

[31, 32, 50,
57, 61, 63, 65,
68, 70, 72]

WST-1 assay Cell proliferation
and cytotoxicity

IONP and
nanoceria

[69, 73]

WST-8 or CCK-8 Cell proliferation
and cytotoxicity

IONP and GO [48, 71]

Quant-iTTM

PicoGreen®

dsDNA assay

Cell proliferation Nanoceria [73]

Hemolytic assay Hemocompatibility IONP [71]

Annexin V-FITC Apoptosis and
cytotoxicity

IONP [72]

ApoTox-GloTM

triplex assay
Apoptosis,
cytotoxicity, and
cell viability

Nanoceria [65]

(continued)
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Table 2.1 (continued)

Method
classification

Technique Information Application
examples for
NPs in
nanomedicine

References

Other methods Selected area
electron diffraction
(SAED)

Crystallinity Nanoceria and
GO

[48, 61]

ICP-mass
spectrometry
(ICP-MS)

Quantification AuNPs,
nanoceria, and
GO

[33, 48, 63]

X-ray diffraction
(XRD)

Crystallinity and
chemical
composition

IONP,
nanoceria, and
GO

[57, 61, 65,
68]

Thermogravimetric
analysis (TGA)

Surface coating
quantification

IONP,
nanoceria, and
GO

[47, 65, 71]

Superconducting
quantum
interference device
(SQUID)
magnetometry

Magnetic
properties

SPION [68, 70]

Relaxometry Relaxation
variables

IONP [71, 72]

Dynamics light
scattering (DLS)

Hydrodynamic
size and
polydispersity

AuNPs, IONP,
nanoceria,
GO, and CD

[31, 33, 34,
36, 50, 57, 63,
65, 68–73]

Zeta potential Surface charge and
flocculation
tendency

AuNPs,
SPION,
nanoceria,
GO, and CD

[31, 34, 50,
57, 63, 65, 68,
69, 72–74]

Total antioxidant
capacity assay

Anti-oxidant
substances
concentration and
efficacy

Nanoceria [73]

Besides, there are assays commonly performed in cells studies to determine
cytotoxicity and other aspects related to biocompatibility. These assays con-
tain the colorimetric ones using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zoliumbromide (MTT), [2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium] (WST-1), or another tetrazolium salt (WST-8 or CCK-8). Also,
assays based on fluorescence are performed such as the use of annexins proteins
conjugated with a fluorophore, for instance, annexin V-fluorescein isothiocyanate
(FITC).

Other techniques commonly used for nanomaterials characterization are included
in Table 2.1.
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2.7 Concluding Remarks

Numerous nanomaterials have been extensively studied in recent years for diverse
biomedical applications, ranging from drug delivery to imaging techniques. There
are several reports that demonstrate that these materials were successfully used in
both “in vitro” and “in vivo” assays.

Although NM can be obtained by either a Top-down or Bottom-up methodology,
throughout this chapter, we have reviewed those synthesized using the Bottom-up
method. These strategies are more versatile and permit the production of a wide
variety of nanomaterials starting from simple reactants, such as inorganic salts.

Synthetic approaches must be consistent with the intended application of the
material so, for biomedical purposes, “biocompatibility” is mainly sought. The main
limitations of these synthetic methodologies, usually, are due to the fact that the
nanomaterial is obtained in a non-polar organic solvent; and formedical uses, it needs
to be transferred to water or transformed in a water-soluble compound. This can be
achieved by post-synthesis surface modification of the NMs. Also, the selection of
an appropriate synthetic route will depend on the desired nanomaterial features (e.g.,
size, shape, biological activity, etc.). Moreover, batch-to-batch reproducibility is a
key factor, and in our opinion, the optimization of synthetic procedures using design
of experiment methods can be a good solution to this problem [66].

Regarding the characterization tools used for NMs, they have to be selected
according to the information requested (Table 2.1), and it is always required to
analyze the nanomaterial using a set of analytical techniques, so the nanomaterial
product is accompanied by a prospect with different parameters specifications. This
essential requisite hasmade the characterization stage time-consuming and expensive
[67].

Weexpect this chapter provides the readerswith a helpful overviewof the synthetic
procedures available for different nanomaterials with biomedical potential.
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Chapter 3
Advanced Surface Characterization
Techniques in Nano- and Biomaterials

Ricardo A. Zamora, Cristián Gutiérrez-Cerón, Jesum Alves Fernandes
and Gabriel Abarca

Abstract Although metallic nanoparticles have been applied in various fields of
biomedical engineering research for quite some time, generating new biomaterials
with improved regenerative capabilities remains the cornerstone in tissue engineer-
ing and regenerative medicine. These materials, once implanted in patients, will ulti-
mately be invaded by endogenous cells, which emphasizes the relevance of surface
composition as a critical factor in determining the regenerative potency of a given
material. In this chapter, we present a brief revision on fundamental concepts and an
up-to-date overview for surface characterization of nano-engineered structures.

3.1 Introduction

Metal nanoparticles and functionalized metal nanoparticles, bimetallic nanoparti-
cles containing metals such as copper, nickel, silver, and gold, and non-metallic
nanomaterials have been widely used in diagnosis and therapeutics [1, 2]. The use
of nanomaterials in biomedical applications explodes the nanometric sizes of such
materials that confer unique physical and chemical properties. There are several
ways to determine the average size of a particle in solution [3, 4]. When a light
beam reaches a solution or colloidal dispersion, part of the incident radiation may be
absorbed, a part is scattered, and the rest is transmitted through the solution [5]. The
intensity, polarization, and angular distribution of the light scattered by a colloidal
dispersion depend on the size and shape of the particles, the interactions among them,
and the difference between the refractive indexes of the particles and the medium
[6, 7]. Light scattering measurements have gained relevance in determining the size,
shape, and interactions between the particles [8, 9].
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Dynamic light scattering (DLS), small angle X-ray scattering (SAXS), and small
angle neutron scattering (SANS) are the most used analytical techniques based on
scattering at small angles of the incident radiation [10, 11]. Such dispersion, regard-
less of their nature, produces a dispersion pattern, which contains structural infor-
mation of the sample [9, 12]. Whether we talk about visible light scattering (DLS) or
X-ray/neutrons (SAXS and SANS, respectively), we must consider that these types
of radiation have twomain ways of interacting with matter: absorption and scattering
[13, 14]. The dispersion can occur with or without the loss of energy, which leads to
the generation of scattering waves with different wavelength (i.e., Compton scatter-
ing, inelastic scattering) when there is energy transfer or equal wavelength (Rayleigh
scattering and Thomson scattering, elastic scattering) than the incident beam when
there is no energy transfer [15].

Rayleigh scattering (visible light) and Thomson scattering (X-ray and neutrons)
are generated when the incident radiation collides with the electrons without trans-
ferring energy [16]. This interaction produces coherent waves and an interference
phenomenon, which allows these to be recorded by a detector. The diffraction pattern
obtained allows the obtaining of structural information of the material from these
waves.

3.2 Small-Angle X-ray Scattering (SAXS) and Small-Angle
Neutron Scattering (SANS)

The SAXS and SANS are analytical techniques based on Thomson scattering that
allows the structural characterization of nanomaterials in the range of 1–100 nm
(nano to mesoscale) [17]. There are other scattering techniques for materials less
than 1 nm (ultra-small-angle X-ray scattering, USAXS) and greater than 100 nm
(wide-angle X-ray scattering, WAXS) [12, 18].

SAXS uses X-ray with wavelengths of 0.1–0.2 nm and allows characterizing the
size, shape, and morphology of synthetic and natural polymers, nanoparticles, and
biomaterials, while SANS technique uses neutrons with a wavelength of 0.5 nm
approximately and is widely used to study the size and structural dynamics of nano-
materials [12, 17]. Figure 3.1 top shows the fundamental setup of a SAXS and SANS
experiment.

When theSAXSandSANSexperiments are performed, the data that is recordedby
a detector. The detector records a scattering vector (q),which is defined by subtraction
of the scattering wave vector (k1) and scattering wave incident (k0). The q vector
presents elastic scattering, and the modulus of the scattered wave k1 is equal to k0.
The q vector is represented mathematically by the expression:

q(λ, θ) = (4π/λ)sin(θ) (3.1)
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k0 = 2π/λ 2θ
Beamstop k0 

q = k1-k0 

k1 = 2π/λ

Sample 

qX-ray /
Neutron 
beam 

Detector 

Fig. 3.1 (Top) SAXS and SANS standard setup. (Bottom) PS-grafted Fe3O4 nanoparticles mea-
surements profiles, a SAXS b SANS bottom plots. Reproduced with permission from [19]

The intensity of scattering I(q) is expressed as a function of the scattered vector,
which depends on the wavelength (λ) of the incident beam and scattering angle (2θ ).
The intensity of scattering also is given by (3.2).

I (q) = N P(q)S(q) = ��p2V P(q)S(q) (3.2)

Here, N is the number of particles that scatter the incident beam and the terms
P(q) and S(q) represent the form factor and the structure factor, respectively [20].
The form factor is related to the size and shape of the object, and the structure factor
is related to the distribution of distances between a particle and its neighbors, being
this term an index of the state of aggregation of the sample.

P(q) = |
∫

(ρ(r) − ρS)exp(iqr)dr |2 (3.3)

For a monodisperse system containing spherical particles, the form factor P(q)
can be described by (3.4):

P(q) = (ρ − ρS)
2V 2

(
3J1(qR)

qR

)
(3.4)
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If we consider spherical particle having core–shell structure,

P(q) =
[
(ρ1 − ρ2)V 1

3J1(qR1)

qR1
+ (ρ2 − ρS)V (3J1qRqR)

]2

(3.5)

For an isotropic system, the structure factor S(q) can be described by (3.6),

S(q) = 1 + 4πn
∫

(g(r) − 1)(sin qR)/qRr2dr (3.6)

where g(r) is the radial distribution function; the above expression depends on the
relative position of the particles. For a diluted system, S(q) ~ 1.

In practice, the scattering spectrums of SAXS or SANS obtained of the irradiation
of samples diluted and monodisperses can be divided into three parts: low-q region,
intermediary-q region, and high-q region. The low-q region (the so-called Guinier
region) is the region to minimal scattering angles. The analysis of this region allows
obtaining for diluted and monodisperse solutions parameters such as radius of gyra-
tion (Rg) and the molecular weight (Mw).Mw of the nanoparticles can be obtained by
extrapolation of absolute data to I(0), while the Rg is obtained from the expression,

I (q) = I (0)exp
(
R2
gq

2/3
)

(3.7)

where the Rg is obtained from the slope (−R2
g/3) from plot Ln I(q) v/s q2. The above

expression is valid for any particle shapes [18].When it is known that the shape of the
nanoparticles is too elongated or flattened, similar expressions can be used to obtain
the corresponding radius [18]. In the intermediary-q region (the so-called Fourier
region), the pair distance distribution function can be determined. This phenomenon
is possible by an indirect Fourier transformation of the experimental form factor. The
calculation of this parameter gives us relevant information about the general shape
of the nanoparticle [21].

p(r) = 1/2πr2
∞∫

0

qP(q)sin(qr)dr (3.8)

The high-q region (the so-called Porod region) is the region at large scattering
angles. The data from this region is used to establish characteristics of the surface of
the nanoparticle, such as the surface-to-volume ratio and specific surface estimation
for small particles [21]. For this, it is necessary to obtain the so-called invariant Q.
The invariant Q is obtained by integrating the expression I(q)q2.

Q =
∞∫

0

I (q)q2 (3.9)
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The integration gives the value of invariant Q, which only depends on the volume
of the nanoparticle and not on its shape [17]. Additionally, with the invariant Q, it
is possible to obtain the Porod volume, which is generally 1.5 or 2 times the Mw

of the nanoparticle [22]. Along with this, if the Guinier approximation is used to
extrapolate the value of I(0), it is possible to calculate, along with the invariant Q,
theMw of the nanoparticle according to the expression Mw = I(0)/Q.

In addition to the Guinier and Porod approximations, there are other methods
to analyze samples of monodisperse and diluted nanoparticles. Among the simplest
practices described to perform parameter analysis from SAXS and SANS exper-
iments, we can mention the average size determination method (ADM) [23]. This
method is exclusively used for the determination of the size distribution and the shape
of particles in monodisperse systems and can be used with a model-free approxi-
mation or considering the use of one. In more complex cases, in which the particle
system is polydispersed, we can mention as methods of analysis the parametric dis-
tribution models (PDM), integral transform methods (ITM), and numerical methods
(NM) [23].

The parametric distribution models are the most straightforward methods used to
determine the size distribution in polydispersed nanoparticle systems. This method
assumes a parametric distribution of the size distribution, while the integral transform
methods and numerical methods assume a specific original form. Because the SAXS
and SANS techniques are highly specific in determining the distribution of sizes and
shapes of different types of nanoparticles, their use as characterization techniques
has increased sharply in recent years in scientific journals that have as scope the
application of nanoparticles in the biomedical area [24, 25].

3.3 SAXS, SANS, and Its Application in Biomedicine

3.3.1 Tailored Nanoparticles with Antiviral and Antibacterial
Activities

The use of nanoparticles as therapeutic agents for the control of various viruses and
pathogenic bacteria has taken high relevance in recent years due to thewide variety of
materials that can be used for their synthesis [26, 27]. Besides, most nanoparticles are
easy to synthesize and present a high ductility in the modification of surface physic-
ochemical properties, along with not being cytotoxic against normal mammalian
cells [28]. Currently, many reports show the use of functionalized nanoparticles as
antiviral and antibacterial properties [29, 30]. Nanostructures with antiviral activity
must have a specific size to be able to reversibly interfere with the virus–cell receptor
interaction (virustatic nanoparticles) [31]. Another type of antiviral nanoparticles is
the so-called virucidal nanoparticles, which acts irreversibly deactivating the action
of the virus [31]. One of the nanoparticles used for this purpose is the mesoporous
silica nanoparticles (mSiO2). Silva et al. established for the first time that the mSiO2
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nanoparticles have virucidal antiviral activity [32]. In their work, they synthesized
and characterized mSiO2 nanoparticles by SAXS, which functionalized with diverse
chemical groups on the surface to generate virucidal nanoparticles [33]. The use of
SAXS allowed establishing that the modification of the surface with different types
of substituents did not alter the uniformity of shape of the functionalized mSiO2

nanoparticles compared to non-functionalized ones (both presented a spherical shape
with a similar size distribution). Similarly, Sokolowski et al, complementing mea-
sures of SAXS and SANS, characterized anionic and cationic SiO2 nanoparticles
[33]. Yi et al. through time-resolved SAXS could establish the mechanism of growth
and the kinetics of formation of this mSiO2 nanoparticles, showing how the use of
this technique allowed characterizing structural changes during an increase in this
type of nanoparticles at the nanometer scale [34].

Other nanoparticles that have shownefficient antiviral activity are silver nanoparti-
cles (AgNPs).Wuithschick et al. using in situ SAXS could synthesize silver nanopar-
ticles and characterize the average radius of these. The use of SAXS allowed them to
standardize a method of synthesis of AgNPs with control of the size of these without
the use of stabilizers [35].

In the case of nanoparticles with antibacterial activity, the most accepted mecha-
nism of action of how nanoparticles inhibit bacterial proliferation is by their union to
the negatively charged cell surface, thus satisfying the denaturation of proteins and
causing cell death [36]. AgNPs are recognized for their antibacterial activity [37]. In
another work and using SAXS as a characterization technique of size distribution,
Wuithschick et al. developed the first selective post-synthesis method of fraction-
ation by the size of AgNPs synthesized in the same batch [35]. The evaluation of
the antibacterial activity of the fractions obtained showed that a smaller size of the
AgNPs enhances the antibacterial activity.

3.3.2 Nanoparticles and Cancer Therapies

Another biomedical application of nanoparticles has been their use in the detec-
tion, diagnosis, and targeted drug delivery of cancer cells [38, 39]. The use of gold
nanoparticles (AuNPs) in this field has expanded duemainly to its relatively easy sur-
face functionalization and its high specificity and permeability toward tumor cells
[40]. The high specificity and preferential accumulation in tumor cells present in
AuNPs and other metallic nanoparticles are strongly dependent on their size [41].
The above is due to the different permeabilization presented by healthy and tumoral
tissues [40]. By passive targeting, nanoparticles can enter into tumor cells due to the
enhanced permeability and retention (EPR) phenomenon that they present [42]. Le
Goas et al. synthesized and characterized AuNPs functionalized with various poly-
mers and copolymers to study their potential use as radiosensitizers in cancer therapy
[43]. The AuNPs and functionalized AuNPs were irradiated with multiple doses of
gamma rays to evaluate their capacity to generate reactive species against tumor cells.
Complementing measures of SAXS and SANS, they were able to fully characterize
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the effect of gamma irradiation on the structures of these nanoparticles [43]. SAXS
measurements showed that the metal core of the AuNPs did not undergo structural
modifications and SANSmeasurements showed that only the polymer crown of these
AuNPswas affected by radiation doses. Other nanoparticles used as cancer treatment
and characterized by SAXS and SANS have been the copper nanoparticles (CuNPs)
[44, 45] and AgNPs [46].

3.3.3 Proenzyme-like Nanoparticle

A proenzyme is an enzyme temporary inactivated physically or chemically, which
upon adequate external stimulus recovers its catalytic activity [47]. One of the few
examples of materials with this property for a future biomedical application in bio-
logical systems with high oxidative stress is the nanoparticles of Ce(OH)3. Bohn
et al. synthesized these nanoparticles and evaluated their catalytic activity against
the dismutation reaction of superoxide (O2

−) tomolecular oxygen (O2) and hydrogen
peroxide (H2O2) [48]. These nanoparticles acquire superoxide dismutase activity in
the presence of H2O2. Upon contact with H2O2, the content of Ce(III) decreases, the
nanoparticles of Ce(OH)3 becoming nanoparticles of the type CeO(2−X) type, which
present superoxide dismutase activity. To obtain this type of nanoparticles and that
these were stable at physiological pH, an innovative strategy of synthesis was used,
which consisted of using phytantriol, amyotrophic liquid crystal [48]. The charac-
terization by SAXS allowed determining the phase structure of the systems. The
SAXS curves displayed diffraction peaks, which confirmed that the samples were
assembled as a lyotropic liquid crystalline structure. The SAXS results suggested
that the nanoparticles were in the aqueous domains of the liquid crystalline systems.

3.4 X-ray Photoelectron Spectroscopy (XPS) and X-ray
Absorption Spectroscopy (XAS)

X-ray photoelectron spectroscopy (XPS) is one of the main techniques used in the
characterization of the biomaterial surface because of its responsibility for the suc-
cess or failure of a biomaterial device [49]. In addition to providing a composition,
it is possible to verify the chemical environment of the atoms of the sample surface
[50]. XPS technique is considered a relatively non-destructive, quite mature method,
increasingly used in different areas of biology, including cell, bacteria, and tissue
analysis, as well as bioengineering [51]. This susceptible surface technique is fre-
quently being used in the field of biomolecule characterization for application with
proteins, peptides, lipids, mucins, enzymes, and DNA [52, 53].

XPS is a technique based on the photoelectric effect, in which the surface to
be analyzed is irradiated with soft X-ray photons (conventional sources of Mg Kα
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(1253.6 eV) and Al Kα (1486.6 eV), or synchrotron radiation is used whose energy
can be chosen within specific intervals) [54]. When a photon of energy hν interacts
with an electron at a level with binding energy (BE), the energy of the photon is
entirely transferred to the electron, with the result of the emission of a photoelectron
withKE (kinetic energy). Figure 3.2 illustrates the photoelectric effect for an isolated
atom, where a photoelectron of the electronic layer K is emitted [55]. In this context,
when the Fermi levels of the sample and the analyzer are leveled, the sample work
function (ϕ) is replaced by the analyzer’swork function (ϕ). An additionalwork (ϕ) is
required to altogether remove the electron from the material to the so-called vacuum
level. In addition, (3.10) indicates that any change in the BEs will be reflected in
the KEs, which means that changes in the chemical environment of an atom can be
studied with changes in photoelectronic energies, supplying chemical information.
XPS can analyze all the elements of the periodic table except for hydrogen and
helium.

The kinetic energy of the photoelectron emitted can be written as:

K E = hν − BE − ϕ (3.10)

where KE kinetic energy of the photoelectron; hν: incident photon energy; BE:
binding energy; ϕ: sample work function.

For the analysis of the photoelectrons, hemispherical analyzers are used, which
are made up of two metal half-spheres, among which there is a potential difference.
The sample should be kept in an ultrahigh vacuum chamber to keep the sample
surface unchanged during data collection and to minimize the inelastic scattering
[56]. An electric field is generated between the half-beads of the analyzer due to
the potential difference applied. This electric field is responsible for selecting the
electrons that arrive at the analyzer with specific kinetic energy. At the input of the
analyzer, there are electrostatic lenses that have the function of focusing and delaying
the photoelectrons up to selected energy, called passing energy because they have
kinetic energy values too high to be deflected in the path inside the analyzer. At the
end of the electron trajectory, there is a multichannel detector, where each channel is

Fig. 3.2 Representation of the photoelectron emission process and Auger effect. Reproduced with
permission from [55]



3 Advanced Surface Characterization Techniques … 43

responsible for a range of energy. Thus, each electron detected in a specific energy
interval adds a count in the channel. Hence, the photoemission spectrum is obtained
as a function of kinetic energy (Fig. 3.2).

The primary information obtained in XPS measurements is the composition and
the chemical state of the atoms on the surface of the samples [56]. The intensity of
a given peak in the photoemission spectrum is proportional to the concentration of
corresponding atoms in the sample [57]. The XPS spectrum is formed by a series
of peaks, on a background, produced by the inelastic collisions of the electrons
that lose most of their energy before leaving the sample. The energy of the X-rays
used limits the electronic levels of each element that can undergo photoionization,
so they only photoemit the levels with the highest useful absorption section of the
incident photons. For each chemical element, a set of peaks is always observed at
characteristic energies that allow it to be identified, usually using the most intense
photoelectronic peak or central peak, to perform the quantitative and chemical state
analysis. In addition to this type of peaks, others may appear due to other processes
(Auger peaks), making the XPS spectrum sometimes complicated (Fig. 3.3).

The XPS chemical shift can be described as (3.11):

Ei
b = kqi +

∑
j

q j

ri j
+ E ref

b (3.11)

where Ei
b determine the XPS binding energy, k proportionality constant, qi charge of

the atom,
∑

j q j/ri j sum of Coulomb contributions from the neighbors at distance
ri j , E ref

b reference energy (e.g., metal). The inelastic mean free path corresponds to
the average distance that an electron with specific energy can traverse in a sample
before it undergoes an inelastic collision [56]. Figure 3.4 shows the dependence of
the inelastic mean free path with the kinetic energy of the electrons; this curve is also

Fig. 3.3 XPS spectrum of a
standard copper powder
sample acquired by Al Kα

and Mg Kα sources to
distinguish between XPS and
Auger peaks. Reproduced
with permission from [55]
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Fig. 3.4 Mean inelastic free
path (λ) as a function of the
kinetic energy of the
electrons for different
materials. The continuous
curve represents the
theoretical prediction, while
the points are experimental
data for some elements.
Reproduced with permission
from [58]

known as the universal mean free path curve [55, 56]. The XPS technique is widely
used in the characterization of nanometric materials because it has a high sensitivity
to the surface of the sample due to the short inelastic free path of the electrons inside
the solid.

3.5 XPS for Biomaterial Characterization
with Bio-pharm-med Applications

3.5.1 Biomaterial Biocompatibility and Their Use as Drug
Delivery

The scientific and technological development in the field of biomedicine seeks to
increase the effectiveness ofmedicines through new designs in their supply or admin-
istration systems of active substances. Challenges in drug delivery systems involve
the effective localization of therapeutic substances in preselected locations, and in
concentrations that maximize their effectiveness [59, 60]. Encapsulation of active
materials is widely used today in the medical, pharmaceutical, and cosmetic indus-
tries for the development of controlled release delivery systems [59].Many therapeu-
tically active molecules must be encapsulated in a system that prevents their degrada-
tion and guarantees their effective delivery in the corresponding biological medium.
Silk fibroin biomaterial-functionalized carbon nanotubes for high water dispersibil-
ity were presented by Sun et al. [61]. Multiwalled carbon nanotubes (MWCNTs)
functionalized with water-soluble silk fibroin (SF) were prepared via chemical mod-
ification, showing low in toxicity. Additionally, a methyl thiazolyl tetrazolium assay
was performed to assess biocompatibility, and the results indicated the desirable bio-
compatible properties of MWCNTs due to SF functionalization (amino-terminated
groups). XPS results determine the chemical species introduced by the modification,
especially C=O, COOH groups, that help to improve their water dispersibility, trans-
formingMWCNTs in suitablematerials for applications in biological and biomedical
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systems and devices. In this field, Pawlik et al. reported the use of amorphous TiO2

(am) layers modified with 3-aminopropyltriethoxysilane (APTES), as drug delivery
systems and scaffolds for cell culture [62]. However, the use of NaOH enhanced the
ibuprofen release from TiO2 am layers, improving the metabolic activity of adhered
cells compared with the non-modified and NaOH-modified TiO2 layers (Nam). XPS
showed a substantial difference before (TiO2-am, and Nam) against APTES modi-
fication (ANam). The presence of Si 2p and N 1s peaks and a slight increase in the
intensity of the C1s peak for the sample modified with APTES, confirming that the
two-step modification (NaOH and APTES) procedure was applied effectively [62].

Urothelial diseases (UD) were studied using bilayer swellable drug-eluting
ureteric stent (BSDEUS) [63]. This new drug delivery platform technology was
applied for the treatment of UD, such as strictures and carcinomas. BSDEUS con-
sists of a stent spray-coated with a polymeric drug containing polylactic acid-co-
caprolactone (PLC) layer which is overlaid by a swellable polyethylene glycol
diacrylate (PEGDA)-based hydrogel. XPS measurements were performed on the
drug-and-PLC-coated stents to evaluate the effect of plasma treatment times on the
surface oxidation, indicating an increase in oxygen content at longer plasma duration.

3.5.2 Biomaterials Applied as Antimicrobials and Cancer
Agents

Different studies have evaluated the antimicrobial effect of various materials of bio-
logical origin; among these, chitosan, a natural polymer, biodegradable, non-toxic
in moderate concentrations, and bearer of some antimicrobial activity stands out as
one of the most recurrently used materials [64]. The antimicrobial effect of chitosan
is attributed to the chelating capacity and the presence of a positively charged amino
group that can interact with the compounds of opposite charge and which are present
on the surface of the microorganisms [60, 64].

Adjnik et al. examined the physicochemical properties of functionalized silicone
materials with antimicrobial coatings and chitosan over the surface [65]. The authors
found a strong influence of the use of silicones by drug-embedded chitosan nanopar-
ticles. Furthermore, in vitro drug release testing was used to follow the desorption
kinetics and antimicrobial properties were tested by a bacterial cell count reduction
assay using the standard gram-positive bacteria Staphylococcus aureus. XPS analysis
shows that the presence of nitrogen indicates that the chitosan nanoparticles with the
incorporated drug were attached to the silicone material, which confirms that they
are suitable materials to being studied as an antimicrobial agent. Antimicrobial pep-
tides (AMPs) were analyzed and presented by He et al, using a novel antimicrobial
surface by AMPs with improved stability [66]. The authors reported that antimicro-
bial peptide HHC36 with L-propargylglycine (PraAMP) to improve its salt-tolerant
activity and integrate this PraAMP onto the spacer molecule by click chemistry. XPS
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confirmed the success of the immobilization, observing that structural changes occur-
ring during the two synthetic processes, which improved the stability, particularly
an enhanced enzymolysis tolerance.

Duta et al. studied and demonstrated that the post-deposition thermal treatment
of new bioactives, antimicrobial and adherent coatings of nanostructured carbon
double-reinforced with silver promotes a higher amorphization and an increase of
the sp2/sp3 C species ratio [67]. Moreover, no contaminants were detected inside
deposited structures. XPS was also applied to determine the structural composition
of combinatorial maps fabricated from chitosan and biomimetic apatite powders for
orthopedic applications, validating the chemical composition of the C-MAPLE thin
films [67]. Accordingly, the survey spectra acquired on the surface of CHT-BmAp
samples exhibit: C 1s, O 1s, N 1s, Ca 2s, Ca 2p, P 2s, and P 2p photoelectron peaks.
The atomic ratio (N 1s/N 1s+Ca 2p) is decreasing from CHT to BmAp compounds,
indicating the composition gradient of combinatorial layers. On the other hand, the
Ca 2p/P 2p ratio for CHT-BmAp compounds varied between 0.9 and 1.03 along the
sample length [67].

Recently, Fojtu et al. report the synthesis of black phosphorus nanoparticles
(BPNPs) and exploration of their applicability in targeted drug delivery [68]. BPNPs
are loaded with platinum agents—cisplatin and oxaliplatin and explored the applica-
bility of BP loaded with two commercial platinum anticancer agents, cisplatin (CP)
and oxaliplatin (OP). The binding abilities of cisplatin and oxaliplatin to the FLBP
surface were examined by wide scan XPS. The peaks from 72.5 to 76.5 eV con-
firmed the presence of Pt–P bonds in CP- and OP-bound BP. The binding between
OP and BP was much stronger than that between CP and BP because of the presence
of 1,2-diaminocyclohexane and a new oxalate group in OP. Thus, BP–OP presented
higher cytotoxicity when assessed in the human ovarian cancer cell line A2780 after
treatment for 24 h. Todea et al. investigated the used XPS to analyze new solid forms
of antineoplastic agent 5-fluorouracil (5-FA) with anthelmintic piperazine [69]. The
authors emphasized that XPS allows to elucidated information on the atomic envi-
ronments of 5-FA, where the deconvolution of N 1s core level allows to determine
undoubtedly that the protonated (salt) from hydrogen-bonded (co-crystal) nitrogen
species [69].

3.6 X-ray Absorption Spectroscopy (XAS)

The X-ray absorption spectroscopy technique allows studying the local atomic struc-
ture around an individual atom [70]. This technique has been used in the character-
ization of nanometric materials to provide electronic information (oxidation state
and density of unoccupied states) and structural (interatomic distances, coordina-
tion number, and structural disorder) around a specific atom [71]. An essential point
in the use of the XAS technique is the possibility of in situ measurements, that is,
measurements performed during reactions at different temperatures and with varying
atmospheres of gas interacting with the sample.
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The use of theXAS technique requires the use of high-brightness, monochromatic
radiationwith enough energy for each element that is analyzed (chosen by varying the
angle of incidence of the polychromatic radiation in a monochromator crystal) [71].
Hence, the synchrotron radiation emitted when charged relativistic particles (usual
electrons with energy between 100 MeV and 10 GeV) are deflected by magnetic
fields is essential for performing XAS measurements. This radiation covers a wide
range of the electromagnetic spectrum, from infrared to hard X-rays. Synchrotron
radiation has a brightness thousands of times higher than the radiation produced by
conventional X-ray tubes. The XAS technique consists of measuring the absorption
coefficient of X-rays as a function of the energy of the incidentmonochromatic beam.
The X-ray absorption coefficient measured in the XAS experiment can be described
by the Beer–Lambert Law (3.12):

I = I0e − μx (3.12)

where I—transmitted beam intensity; I0—incident beam intensity; μ—material
absorption coefficient; x—sample thickness. When a beam of X-rays of intensity
I0 passes through a material of thickness x, the transmitted beam has its intensity
reduced due to various phenomena of X-ray interaction with matter. However, for
this energy range of incident radiation, the most important aspect is the absorption of
photons through the photoelectric effect. The absorption coefficient presents direct
dependence on the energy of the incident X-rays, decreasing with the increase in
the energy of the incident photons. It can be observed that in specific energies there
is a rapid increase in the coefficient of absorption. The region in energy where this
increase occurs is called the absorption edge and is characteristic of each element.

Considering an isolated absorber atom, that is, without any near neighbor atom,
the theoretical absorption spectrum after the edge must be a smooth-type drop with-
out oscillations [72]. However, when the absorber atom has several close neighbors
(Fig. 3.5), oscillations are observed after the absorption edge.These oscillations occur
due to the scattering of the photoelectrons by the atoms neighboring the absorber
atom, creating interferences between the backscattered wave function by the neigh-
boring atoms with the wave function emitted by the absorber. The interferences
may be constructive or destructive and produce the oscillations observed after the
absorption edge.

Fig. 3.5 Schematic of the EXAFS effect: The photoelectron ejected from the X-ray absorbing atom
is scattered by different configurations of neighbors. Adapted with permission from [72]
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The absorption of a photon occurs when the energy of the incident beam (hν) is
greater than or equal to the bonding energy of the electrons (Eb), that is, hν ≥ Eb.
When the incident beam has energy hν smaller than the bonding energy (Eb) of an
electron, or, i.e., hν < Eb, the emission of photoelectrons of this layer does not occur
[72, 73]. However, when the energy of the incident beam is higher than the Eb of the
electrons (hν > Eb), the photoelectron has kinetic energy (Ek) and is scattered by the
potential of the neighboring atoms. The photoelectron emitted can be considered as
a spherical wave of wavelength (3.13):

λ = 2πk (3.13)

where k is the photoelectron wave vector (3.14)

k = 2π

h

√
2meEk = 2π

h

√
2me(hv − Eb) (3.14)

χ(k) =
∑
j

A j (k) sin
(
2kr j + �j (k)

)
(3.15)

m is the mass of the electron and � = h/2π (h is the Planck constant) [72]. The
absorption spectrum is divided into two distinct energy regions, as shown in Fig. 3.6
as follows:

X-ray absorption near edge structure (XANES) involves a range of energy near
the absorption edge and up to 50 eV after the edge [72, 74]. In the XANES region,
the wavelength of the photoelectron is of the order of the interatomic distances, so
the free inelastic mean free path is broad, and multiple scattering occurs before it

Fig. 3.6 Transmission
spectrum at the Co K-edge as
a function of the photon
energy; d is the thickness of
the metal foil; μ(E) is the
absorption coefficient.
Reproduced with permission
from [74]
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returns to the absorptive atom (Fig. 3.6). In addition to the multiple scattering, the
XANES region allows transitions to unoccupied levels, so this technique will enable
us to obtain information about the oxidation state and the density of empty states of
the absorber atom.

The observed oscillations in the EXAFS region depend on the photoelectron
wavelength, the number of neighbors, atomic number, and position of the neighboring
atoms [75]. These oscillations of the EXAFS χ (k) region can be described as the
sum of the contribution from the scattering of the photoelectron in different layers j:

A j (k) = N j
e−2r j /λ(k)

kr2j
S20 (k)Fj (k)e

−2k2σ 2
j (3.16)

where, Nj—number of atoms present in layer j (coordination numbers); S20—ampli-
tude reduction factor; k—photoelectron wave vector; Fj(k)—backscatter amplitude
of the photoelectron with wave vector k (chemical sensitivity); σ j—Debye–Waller
factor; rj—distance between the scattering atom j and the absorber atom; �j k—
phase shift due to scattering, and λ(k) inelastic mean free path of the photoelectron
[75].

The term e−2r j /λ(k) has a dependence on the inelastic mean free path and repre-
sents the attenuation of the wave associated with the photoelectron when it travels
through a solid. The exponential e−2k2σ 2

j provides the sample disorder through the
Debye–Waller factor, σ j, which includes contributions of thermal and structural dis-
order. Factor 2 in the exponentials and in the sine indicates that the photoelectron
traverses a closed path between the scattering atom and the absorber. The term 1/r2

reflects the fact that the photoelectron ejected from the atom behaves like a spherical
wave, where the intensity decreases with the square of the distance. The argument of
the sine function depends on k, R, and�jk; the value of�jk is simulated. The energy
loss processes are considered by the amplitude reduction factor S20. The scattering
amplitude Fj(k) is the probability of the wave function of the photoelectron with
wave vector k being scattered at a given angle by the neighboring atoms. Thus, the
analysis of EXAFS oscillations allows the obtaining of structural parameters such as
the number of neighboring atoms, Debye–Waller factor, and interatomic distances
[72, 75].

3.6.1 XAS for Biomaterial Characterization
with Bio-pharm-med Applications

A vast number of reports have been used X-ray absorption spectroscopy to charac-
terize and obtain information about the chemical state and neighborhood of the NPs
with strong bio-pharm-med applications [76, 77]. Recently, Rubina et al. reported the
use of AgNPs to understand the multifunctional interaction of the system collagen—
chitosan material containing silver nanoparticles and non-steroid anti-inflammatory
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Fig. 3.7 Fourier transforms
of EXAFS spectra for
CLH/IBU/AgNPs:
experimental (line) and
best-fit theoretical (open
circles) curves. Reproduced
with permission from [78]

drug ibuprofen [78]. In this work, they proposed the in vitro release of ibuprofen in
phosphate buffer, where the drug release to the solution is governed by Fickian diffu-
sion. The use of AgNPs does not affect the diffusion mechanism, showing that these
materials have no specific interactions of AgNPs with a collagen-chitosan scaffold
and ibuprofen detected (Fig. 3.7).

Ma et al. examined the atomically dispersed Fe–N4 sites anchored on N-doped
porous carbon materials (Fe-SAs/NC) [78]. These materials can mimic two antiox-
idative enzymes of catalase and superoxide dismutase and therefore serve as a bifunc-
tional single-atom-based enzyme for scavenging reactive oxygen species (ROS) to
remove excess ROS generated during oxidative stress in cells. Using XANES and
EXAFS, it was possible to investigate the local structure of Fe-SAs/NC at the atomic
level, suggesting that the valence state of Fe in Fe-SAs/NC was between+2 and+3.
Also, the obtained coordination number of Fe in the Fe-SAs/CNwas about 4, and the
bond length between Fe atoms and surrounding coordination atoms (N) was 2.01 Å,
corresponding to the first coordination shell of Fe–N.

XANES was also used to describe a multifunctional magnetic drug delivery sys-
tem made up of iron oxide nanoparticles (IONPs) and a Pluronic F127 shell, to
carry doxorubicin (DOX) for neuroblastoma treatment. Mdlovu et al. analyzed to
characterize the components of this system, where XANES was performed to under-
stand the fine structure arrangement, electronic configuration, stereochemistry, and
oxidation states in terms of bond distance and coordination number of Fe, demon-
strated an absorbance feature (Fe = 7112 eV) of a 1s to 3d transition. The 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) results proved that the
prepared nanocarriers were non-toxic when tested on BE–2–M17 cells [79].

During the last decade, several studies have reported the development of calcium
phosphate varieties, scaffolds with random or ordered porosity for anticancer and
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antibacterial treatment.Within this family, a newgeneration of biomaterialswithmul-
tifunctional europium(III)-dopedHap scaffolds has shown remarkable developments
[79]. The luminescent multifunctional biomaterials show potential for use in various
biomedical applications such as smart drug delivery, bioimaging, and photothermal
therapy [80]. XANES and EXAFS showed that Eu+3 ions were incorporated pref-
erentially at the Ca site with local charge compensating via oxygen interstitial ion
for samples calcined under air at 450 °C/4 h °C. This effect was due to two possible
phenomena: (i) reduction in the average coordination number of Eu(III) ions on the
samples produced in the presence of CTAB, or (ii) increase in the Debye–Waller
factor that can be associated with an increase in local intrinsic disorder induced by
CTAB interaction with cationic Ca2+ or PO4

3− ions [81].

3.7 Conclusions and Outlook

In this chapter, a short outline of the theory of SAXS, SANS, XPS, XANES, and
EXAFS, with some examples of state-of-the-art experiments and applications were
presented. In brief, neutron scattering determines the structure with unique pos-
sibilities to understand the atomic distribution at microscopic level and adsorbed
molecules in different biomedical applications. XPS offers the possibility to study
the surface sense with elemental composition and distribution of oxidation states,
with an analytical potential for synthesis and characterization of new biomaterials.
Synchrotron-based speciation with XAS offers unique features for the analysis of
chemical element species in biological samples. The use of synchrotron radiation
measures (XANES, EXAFS) highlighted the importance of the advanced techniques
to characterize these new biomaterials, especially under reaction conditions. It is
possible to explore the properties of atoms located at the surface or isolated with the
aim to understand the behavior under biological conditions.
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Chapter 4
Computational Methodologies
for Exploring Nano-engineered Materials

Ariela Vergara-Jaque, Matías Zúñiga and Horacio Poblete

Abstract Biomimetic nano-engineered materials have emerged as new potential
additives for biomedical therapies. However, one of the most critical challenges that
remain is the ability to produce responsive nanostructures that respond to exter-
nal stimuli, enhance existing properties, and introduce new functionalities. In this
regard, the use of computational methodologies to design, simulate, and visualize
the interaction between biological substrates and nanostructures provides a pow-
erful tool for better understanding structure/function. This chapter focuses on the
use of molecular modeling and molecular dynamics (MD) methods to assist the
design of bio-nanomaterials and characterize the structural aspects of the interaction
between nanostructures and biological molecules. Computational simulations allow
the analysis of the behavior of atoms and molecules for a period of time employing
integrated mathematical and physical equations. Here, we describe how these the-
oretical methods are used to design and model nanomaterials in a rational way, as
well as to evaluate its functionalization and association with drug-like compounds.
Methodologies used in the field of computational nanotechnology include de novo
modeling, parametrization, molecular dynamics simulations under functional con-
ditions, binding free energy calculations, as well as future perspectives oriented to
use reactive force field techniques.
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4.1 Computer-Aided Design of Nanomaterials
for Biomedical Applications

Advances in the design and controlled synthesis of nanomaterials have had a signifi-
cant impact in the development of new therapeutics. Nanostructure-based technolo-
gies are used in modern medicine for drug and gene delivery [1], medical imaging [2,
3], cancer therapies [4], treatments for neurodegenerative diseases [5], tissue engi-
neering [6], and regenerative medicine [7]. Identification of nanostructures with high
biocompatibility and versatility that can be applied to the biomedical field, therefore,
remains one of the main challenges of material engineering. In this regard, “compu-
tational nanotechnology” has become an important tool for understanding the design
principles of systems at the nanoscale. The term “computational nanotechnology”
was coined byMerkle in 1991 [8], emphasizing the benefits of using computer-aided
design tools for the development of molecular manufacturing systems. An extensive
variety of computational tools allows for behavior prediction and/or characterization
of the properties of structures relevant to nanotechnology. Specialized software for
modeling and simulation of nanomaterials are listed in Table 4.1. These varieties

Table 4.1 Computational tools for modeling and simulation of materials

Software Purpose Link

Materials studio Simulation and modeling of
materials

www.3dsbiovia.com

Atomistix ToolKit Atomic-scale modeling and
simulation of nanosystems

www.synopsys.com

Materials and Process
Simulation (MAPS)

Building, simulation, and
analysis of realistic models of
all types of materials

www.scienomics.com

Material Exploration and
Design Analysis (MedeA)

Atomistic simulation of
materials

www.materialsdesign.com

MBN explorer and MBN studio Computational modeling of
molecular structure and
dynamics of Meso-Bio-Nano
(MBN) systems

www.mbnresearch.com

Software for Adaptive
Modeling and Simulation Of
Nanosystems (SAMSON)

Platform for computational
nanoscience

www.samson-connect.net

SCIGRESS Integrated platform for
computational chemistry to
support the development of
materials

www.fqs.pl

Amsterdam Density Functional
(ADF) suite

Computational chemistry
platform for understanding and
predicting structure and
reactivity in chemistry and
material science

www.scm.com

http://www.3dsbiovia.com
http://www.synopsys.com
http://www.scienomics.com
http://www.materialsdesign.com
http://www.mbnresearch.com
http://www.samson-connect.net
http://www.fqs.pl
http://www.scm.com
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of software constitute powerful tools that can be used to design, simulate, and ana-
lyze nanostructures, either alone or interacting with external chemical or biological
compounds.

Many issues surrounding the health risk of nanomaterials can be examined, prior
to their synthesis and biological testing, using computational models [9, 10]. Struc-
tural and physiochemical properties such as size, shape, packing, chemical reactivity,
and toxicity can be well described using computational algorithms [11–13]. In addi-
tion, in silico studies have shown tremendous potential for designing nanostructure-
based therapies, reducing costs, and accelerating various steps in the development
of biomaterials. Early efforts to design nanoparticles were focused on engineering
materials with specific physical or chemical properties, but did not consider how
the size, shape, and surface chemistry can affect the delivery and binding of nanos-
tructures to target receptors. Polymer–drug conjugates and liposomes constitute the
first generation of nanoparticles designed for nanoscale drug delivery purposes [14].
The first FDA-approved nanodrug, Doxil, was in fact formulated as a liposomal drug
carrier to treat some types of cancer [15]. Molecular dynamics simulations and free
energy calculations have been used to describe the specific interactions modulating
the association of doxorubicin with different lipid membranes [16, 17]. Several other
computational studies have rationalized the stability and effectivity of liposomal for-
mulations [16, 18], highlighting the need to optimize the nanoparticle surfaces with
functionalized groups in order to improve their stability and targeting in biological
systems.

The second generation of nanomaterials is represented by functionalized struc-
tures with improved biocompatibility and pharmacokinetics. For this purpose,
nanoparticle surfaces have been coated with a plethora of biomolecules, including
lipids, peptides, carbohydrates, folic acid, DNA, antibodies, etc. However, polyethy-
lene glycol (PEG) seems to be the most widely used strategy [19] (Fig. 4.1).
Through coarse-grained molecular dynamics simulations, it was recently found

Fig. 4.1 Schematic representation of surface functionalization of nanoparticles. A wide variety of
biomolecules are currently used to functionalize nanoparticles providing specific attributes for drug
delivery, cancer therapy, imaging of cell and tissues, diagnostics, and sensing of target receptors
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that a core–polyethylene glycol–lipid shell nanoparticle is able to carry hydrophilic
molecules such as therapeutic compounds or imaging agents [20].Molecular dynam-
ics simulations have also allowed the characterization of PEG-conjugated gold
nanoparticles designed for photothermal therapy [21, 22].Metal nanoparticles exhibit
beneficial properties for the treatment of malignant tumors by acting as radiosensi-
tizers. In this regard, PEG functionalization is used to avoid clearance and increase
half-life of these nanomaterials in the blood stream. PEGmolecules can increase sta-
bility, reduce immunogenicity, and prolong circulation time of nanoparticles; how-
ever, its effectiveness depends on both the density of the PEG coating and length of
the chains. As mentioned above, computational modeling has become an invaluable
approach to model nanoparticles which allows the determination of many factors
important in nanomaterial manufacturing, for instance, the optimal molecule size for
coating nanomaterials and its concentration prior to the manufacturing process.

Nowadays, principles of nanoparticle design are focused on generating “intelli-
gent” or “smart” nanomaterials able to response to external stimuli, be those phys-
ical, chemical, or biological. Particular differences between normal and damaged
cells have led to the design of bio-nanomaterials stimulated by thermal gradients,
pH variations, redox potentials, enzymatic activation, and magnetic fields among
others [23]. These materials constitute the third generation of nanoparticles, which
may be responsive to two or more combinations of different stimuli. Computational
modeling and simulation methods, beyond allowing the study of structural and phys-
iochemical properties of nanomaterials, provide tools to mimic physiological condi-
tions and evaluate nanoparticles stability under variations of temperature, pressure,
ion concentrations, pH, and electric fields. Atomistic models of the complexation
of dexamethasone 21-phosphate with amine- and acetyl-terminated PAMAM den-
drimer nanoparticles at different pH conditions were generated by MD simulations.
These studies showed an increased affinity of the drug for acetyl-terminated PAMAM
at low pH [24]. Temperature effects have been evaluated on carbon nanotube cap
nucleation with different hydrocarbon species unraveling their growth mechanisms
through combined reactive molecular dynamics and time-stamped force-bias Monte
Carlo simulations [25]. Permeation of cationic gold nanoparticles across a phos-
pholipid bilayer has been also been simulated under several intensities of external
electric fields. Coarse-grained molecular dynamics simulation revealed that suitable
ranges of electric fields allow the delivery of nanoparticles into the cell without dis-
rupting the membrane after the permeation [26]. These examples denote the power
of computational simulations to provide an atomic-level description of nanoparticle
behavior under conditions that cannot easily be observed experimentally.

Table 4.2 summarizes the evolution of the three generations of nanoparticles
designed for biomedical purposes. Conventional experimental techniques are gen-
erally used to design and explore the potential of these nanomaterials; however,
simulation methods allow for guided experimentation and describe the behavior of
bio-nanosystems more rapidly. Recently, the concept of “communicating nanopar-
ticles” has also emerged [30, 31] (Fig. 4.2), which could be considered as a fourth
generation of nanoparticles. Molecular modeling and MD simulation strategies, as
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Table 4.2 Evolution of the design of nanomaterials, highlighting the properties of each of the three
nanoparticle generations and the computational studies that have been carried out to characterize
their functions.

Generation Properties Computational studies

– Passive nanostructures
– Simple design
– Vectors for drug
solubilization

– Biocompatibility
– Liposomes, polymers,
metals, etc

– Size 1–100 nm

– Molecular modeling and
parametrization

– Structural characterization
(size, shape, packing, etc)
– Nanoparticle-ligand binding
(free energy calculations)

– Active nanostructures
– Functionalization
– Stability and interaction
with biological systems

– Selective or specific target
recognition

– Improved biocompatibility
and pharmacokinetics

– Funcional groups: PEG,
polymers, peptides, lipids,
DNA/RRA, etc

– Molecular modeling of
functional groups

– Evaluation of
density/concentration of
coating molecules

– Nanoparticle-capping
agents interactions

– Functionalized
nanoparticle-ligand
affinities (free energy
methods)

– All-atom and coarse-grained
simulations

– Smart nanostructures
– Responsive to external
stimuli

– Pharmacologically active
– Dynamic and multiple
functions

– Formation of nanostructure
aggregates

– Molecular dynamic
simulations under different
conditions of temperature,
pressure, ion concentrations,
pH, and force fields

– Application of reactive
force fields

– Surface adsorption energy
of nanomaterials

– Analysis of
nanoparticle-protein corona
complexes

Figures were generated with Micelle Maker [27] and adapted from Chu et al. [28] and Ding et al.
[29]

well as those mentioned in Table 4.2 to describe classical nanoparticles, could also
be used to investigate nanoparticle–nanoparticle interactions.

Overall, progresses in nanotechnology, material engineering, and computer simu-
lation methods offer an unprecedented opportunity to study the molecular structure,
targeting and delivery mechanisms, response to stimuli, and multiple functions of
nanomaterials. Excellent agreements between experimental and computational data
support the use of in silicomodels to assist in the design of nanostructured complexes
for biomedical applications. Consequently, molecular computer-aided design soft-
ware and MD simulation packages, based on semi-empirical and ab initio methods,
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Fig. 4.2 Representation of the interactive communication process between two nanoparticles.
Recently, Llopis-Lorente et al. [31] revealed chemical communication between Janus Au-
mesoporous silica nanoparticles conjugated with the enzymes β-galactosidase (β-Gal) and glucose
oxidase (GOx). A signaling cascade was observed when (1) entering lactose, which is hydrolyzed
by β-Gal into galactose and glucose. (2) Glucose is then hydrolyzed into gluconic acid by Gox,
(3) provoking a local drop in pH and activating S2gox. (4) S2gox activation results in the delivery
of entrapped N-acetyl-L-cysteine, which (5) subsequently actives S1gal and induces the rupture of
disulfide linkages with (Ru(bpy)3)2+. Remarkably, (6) the (Ru(bpy)3)2+ delivery only occurs when
the two nanoparticles communicate. This phenomenon opens a number of opportunities to develop
complex nanoscale systems capable of sharing information and cooperating. Figure adapted from
Llopis-Lorente et al. [31]

constitute power and effective strategies to identify biocompatible materials that can
be used in detection and treatment of diseases.

4.2 De novoModeling of Nanostructures

Nanomaterials today are based on a wide range of carbon allotropes, metals, ceram-
ics, and synthetic polymers which may be surface-modified with a wide variety of
functional groups. As previously discussed, the design of new and improved nanos-
tructures for biomedical uses has become an important challenge. Several studies
based on computational techniques report that designing nanostructures with these
computational techniques saves time and resources, and the best candidates can then
subsequently be tested in biological environments [8, 9, 32]. In computational studies,
molecular modeling techniques, force field parameters, initial setups, and systems
composition are important factors influencing the outcome of in silico simulations
used to characterize nanostructure complexes. Thus, to reach reliable predictions,
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realistic models that exhibit optimal agreements between experimental observations
and theoretical simulations are required.

The use of metal-based nanomaterials for biomedical applications has been exten-
sively studied by computational approaches. Particularly, graphene has become an
auspicious nanoplatform for uncountable biomedical applications, encompassing
areas such as biosensors, absorption of enzymes, drug/gene delivery, cell and tumor
imaging, and cancer photothermal therapy [33]. Applications such as these have
increased the interest in the manufacturing of graphene and its derivatives, espe-
cially graphene nanosheets, ribbons, oxide, and reduced graphene oxide. Recently,
graphene (in different oxidations states) has emerged as a promising biocompatible
element, due to its ability to interact with a “corona” of adsorbed biomolecules on
its surface [34] (Fig. 4.3). The interactions of the graphene protein corona condition
the rate and pathway of cellular uptake, physiological distribution, potential routes
of excretion, and toxicology of this type of nanoformulation. It has been shown that
surface interactions of graphene oxide, as well as the hydration patterns on the sur-
face may generate stabilization/destabilization of several protein structural elements,
hauling changes in its biological activity [34, 35]. Thus, materials such as graphene
are the central focus in leading of research of potential biomedical applications in
nanotechnology.

Molecular dynamics simulations using atomistic models and explicit solvents
have been employed to characterize interactions between several nanomaterials and

Fig. 4.3 Hydration patterns of final graphene-based nanomaterials–protein complexes. The
graphene oxide–protein interface is highly hydrated with small areas showing dewetting, whereas
the graphene–protein interface is highly dehydrated. Water molecules are shown in surface repre-
sentation, nanomaterials in spherical representation with gray color, and the protein is highlighted
with green color. Figure adapted from Baweja et al. [34]
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biomolecules. As an example, molecular dynamics has provided an understanding
of the peptide adsorption on metals [36–40] and carbon nanotubes [41]. Carrying
agents for drugs and nucleic acids such as dendrimers [24, 42–44] and polymer-based
nanoparticles [45, 46] have also been studied throughMD simulations. Thus, the use
of nanomaterials for biomedical applications has generated the need for designing
realistic computational models to study the behavior of nanoparticles at the molecu-
lar level. Large carbon nanotubes represent a particularly simple case of study given
their chemical structure and well-known surface topography. Classical models of
carbon nanotubes and their derivatives have been used as adsorbate on MD simu-
lations and have shown good correlation with experimental data [35]. Additionally,
functionalized graphene surfaces have been developed to efficiently reproduce the
adsorption free energy, aswell as the organization of adsorbates on different graphene
surface models. Recently, Singam et al. used molecular dynamics simulations, sup-
plemented by analytical chemistry to explore the adsorption thermodynamics of a
diverse set of aromatic compounds on graphene materials, elucidating the effects of
the solvent, surface coverage, surface curvature, defects, and functionalization by
hydroxy groups [47].

Figure 4.4 shows an example of atomistic models of graphene nanotubes and
curved surfaces. Interestingly, the concave curvature has been associated with an

Fig. 4.4 Graphene models at the atomic level. a Model of a graphene nanotube having a diameter
of 0.7 nm. b Graphene surfaces models for different curvatures having diameters of 2.0, 4.0, 8.0,
and −4.0 nm. c Solute adsorbed organization on hydroxylated graphene models. Adapted from
Singam et al. [47]
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increase in the adsorption affinity, more favorable enthalpy, and greater contact area
for external molecules, whereas convex curvature reduces both adsorption enthalpy
and contact area [47]. Comer et al. showed a method to decompose the adsorption
free energies into entropic and enthalpic components and found that different classes
of compounds—such as phenols, benzoates, and alkylbenzenes—can easily be dis-
tinguished by the relative contributions of entropy and enthalpy to their adsorption
free energies [47].

The need to producemore reliable computational approaches to reach better agree-
ment with experimental data has driven the development of new and more realistic
models ofmetal nanoparticles. Polarizablemodels of graphene and carbon nanotubes
have been implemented in the force field GRAPPA, which is derived from extensive
plane-wave DFT calculations [48]. Polarizable graphene surface models have shown
to properly capture the relevant physics and chemistry of complex bio-interfaces,
allowing interoperability with known biological force fields.

The use of reactive force fields to model graphene surfaces containing some
defects and irregularities has recently been demonstrated. To model these defects,
Singam et al. heated and cooled a graphene pristine model using ReaxFF simula-
tions. Figure 4.5 shows the resulting surfaces; rather than being composed of only
six-member rings, the defective graphene patch shows 10five-member rings, 8 seven-
member rings, and 1 eight-member ring. This structure agrees with graphene sur-
faces experimentally observed by electronmicroscopy [49]. Free energy calculations
using defective graphene models showed that the concave curvature topography (see
Fig. 4.4) might have higher affinity for adsorbates than convex curvature regions
[47].

Fig. 4.5 Effect of graphene defects on adsorption thermodynamics of 4-nitrotoluene. a Topology
and topography of the defective graphene structure. Surface height is indicated by the darkness of
the bonds, with depressions shown in black. b Surface height as a function of lateral position over
the surface. The height was measured along the z axis from the center of mass of the graphene
atoms using a probe atom of radius 3 Å. cMinimum free energy for 4-nitrotoluene adsorption over
this surface determined from a three-dimensional free energy calculation. Adapted from Singam
et al. [47]
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Another example of nanomaterials used for biomedical applications is gold.
Because of its ease of synthesis, functionalization, shape control, biocompatibil-
ity, and tunable optical properties, gold has become a nanoparticle widely used in
biomedical science. Potential clinical applications of gold include wound treatment
[50], drug delivery [51, 52], diagnostic images [53], and various others therapeutic
nanotechnologies [53]. Computational methods, such as coarse-grainedMonte Carlo
simulations, density functional theory (DFT) calculations, andMD simulations, have
been extensively employed to reveal the atomistic basis of protein–Au interactions
[54]. All-atom simulations have shown the best compromise between accuracy and
computational feasibility, emerging as the strongest tool for describing the interac-
tion between gold and organic molecules [55], amino acids [56–58], peptides [59],
polymers [60], and proteins [56].

The newest models of gold nanoparticles have been oriented to the development
of polarizable surfaces able to better represent the distinctive properties of metal
structures and enhance the description of gold–biomolecules interactions. In 2013,
Hughes et al. introduced the polarizable force fieldGolP [56],which is focused purely
on describing gold interfaces. This force field captures polarization via the rigid-rod
dipole approach [61] and uses virtual interaction sites to ensure a top-site adsorption
[62]. In the rigid-rod model, the gold atoms are displayed as dipoles spheres, bound
directly with a fixed length distance [56, 61]. These dipoles can freely rotate and
generate the polarization effect of the metal. GolP [56] is compatible with the OPLS-
AA force field [63], which allows to reproduce interactions between proteins and
gold surfaces. However, GolP has shown to predict incorrect adsorption geometries
of water molecules on explicit solvent simulations; in particular, hydrogen atoms are
oriented toward the nanoparticle surface, which disagrees with quantum mechanical
calculations [64]. ACHARMM[65] compatible GolP-CHARMMforce field version
[66, 67] solved the adsorption geometry of water, and added corrections associated
with the adoption of small organic molecules to Au(111) and Au(100) surfaces.
Recently, Perfilieva et al. [68] reported two polarizable gold models of 6 and 14 nm
in the form of truncated octahedron nanoparticles. Themodels contain both Au (111)
and Au (100) surfaces and reproduce the polarization effects based on the previously
described GolP-CHARMM force field [66, 67]. Figure 4.6a shows the core basis
of an octahedral polarizable gold model, which was replicated to build the final
6 and 14 nm nanoparticles. The adsorption of the classical capping agent citrate
was evaluated against these models, revealing the formation of a stable “corona” of
citrates after ≈20 ns of MD simulation (see Fig. 4.6b). Additionally, a non-equal
distribution of citrate molecules between the Au (111) and Au (100) surfaces was
observed (see Fig. 4.6c), supporting the preference of citrate for Au (111) as it was
previously proposed by Park and coauthors [55].

A replica of GolP-CHARMM was constructed for silver surfaces, namely—the
AgP-CHARMM force field [69]. This force field was designed for the simulation
of biomolecules in aqueous environments on Ag (111) and Ag (100) surfaces. The
two metal surfaces are quite similar changing only the atomic weight, the lattice
distance between the center of mass of each metal atom and the atomic charge. In
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Fig. 4.6 a Geometry of a gold nanoparticle obtained from a cube crystal (thin black lines). Cutting
planes {111} (thick black lines) form an octahedron in the center of the cube. b Final models of the
octahedron gold nanoparticle in (left) vacuum and (right) coated by citrate molecules, surrounded
by explicit water environment. c Unit cell of the face-centered cubic lattice (FCC) with additional
virtual sites for {100} and {111} planes (four sites shown). Real atoms of the lattice are represented
by orange balls.Virtual sites are shownas red and blue stars for {100} and {111} planes, respectively.
Examples of {100} and {111} planes are yellow. Figure adapted from Perfilieva et al. [68]

this case, water overlay stability was observed, comparing the arrangement (spatial
and orientational) of water molecules adsorbed to the surface, which agrees with
physicochemical properties previously described.

The application of silver nanoparticles for medical purposes has significantly
increased, therefore, the use of computational tools based on polarizable silver
nanoparticles has helped to rationalize the design of novel and functional nano-
materials. Several articles have established that the incorporation of sub-nanomolar
concentrations of nanoparticles mixed with biometric matrices is sufficient to mod-
ulate properties such as elasticity, enzymatic degradation resistance, antimicrobial
effects, and electroconductivity [37, 70–77]. Poblete et al. [37] proposed that the
combination of the thiol groups in cysteine residues and amines in lysine/arginine
residues is critical to provide stable protection for the polarizable silver surface along
its synthesis. This study denotes the use of the Cys-Leu-Lys sequence as an anchor
motif for the adsorption and stabilization of small peptides to Ag nanoparticles [37].
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(a) (b) (c)

Fig. 4.7 Adsorption of lipoic acid and citrate molecules on octahedral 6-nm silver nanoparticles.
a Representative conformation for the adsorption of 500 citrate molecules. b Number of molecules
as function of the radial distance from the nanoparticle, for 500 lipoic acids (red), and lipoic acid:
citrate ratios 1:1 (black), 2:1 (blue), 4:1 (orange), 6:1 (green). c Representative conformation for
the adsorption of lipoic acid (van der Waals spheres) and citrate in a ratio of 6:1. This figure was
extracted from Goel et al. [78]

Additionally,Ahumada et al. [75] revealed that the stabilizationgenerated by collagen
mimetic peptides containing theCLKmotif as anchoring arms on silver nanoparticles
increases as a function of the length of the peptide, as well as in the biological per-
formance of the composite [75]. On the other hand, Jacques et al. demonstrated that
the peptide length is not the only critical factor for the stabilization of the nanocom-
posite, but, more crucially, is the supramolecular organization and packing of the
peptide once is bound to the nanosurface [76]. Recently, Goel et al. [78] showed that
it is possible to estimate the surface area occupied by thiol-containing molecules as
function of the nanoparticle concentration. These analyses were obtained by combin-
ing experimental approaches (isothermal titration calorimetry, ITC) and computa-
tional techniques [73, 78]. The total silver surface coated with small thiol-containing
molecules (e.g., lipoic acid), as well as the rationally engineered cysteine-containing
peptides (CLK-GP-Hyp-GP-Hyp-GP (peptide 1) and CLK-K(-KLC)-GP-Hyp-GP-
Hyp-GP (peptide 2)) was estimated (see Fig. 4.7a and c, respectively). These data
propose an approximation of the total surface area available for binding and the dif-
ferences in the concentration of external molecules as function of the distance to the
surface (see Fig. 4.5b). It was also demonstrated that supramolecular arrangements of
molecules in the near proximity of the nanosilver surface strongly affects the affinity
of thiol-containing molecules [78].

Overall, the de novo design of metal nanosurfaces employing polarizable force
fields hasmade the study of largemolecular systems possible, which can be simulated
by fairly reachable periods of time (up to microseconds). These types of polarizable
metal force fields allow the exploration of the adsorption of external molecules in
order to design and develop different nanomaterials for biomedical applications. As a
future challenge, the effect of polarization should also be explored on biomolecules.
In this regard, polarization effects for biomolecules have been introduced through the
Drude force field [79], in which a dummy electron is added to a positively charged
core, generating a dipolewith two opposite charges bound by a harmonic bond. These
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types of models can be combined with standard force fields to simulate biological
molecules and nanoparticles on classicalMD software without the need of additional
parameters.

4.3 Biomolecules Associated with Nanostructures

Nanomaterials are similar in size when compared to internal cellular components,
offering diverse opportunities to influence signaling pathways and biological pro-
cesses. Nano-engineering materials have promoted the development of numerous
systems with multiple applications on nano-biotechnology and nanomedicine [80].
Structural and physicochemical properties such as atomic composition, shape, sur-
face, hydrophobicity, and charge make each nanostructure unique. These proper-
ties are keys for achieving the expected function of the nanomaterial; however, size
mainly determines the interactionwith different biomolecules such as proteins, lipids,
sugars, DNA/RNA, and others.

Physicochemical aspects describing the properties of nanostructures in biological
environments have been studied through experimental and theoretical approaches.
While experimental methods can have limitations when studying themolecular inter-
actions at the nanoscale, theoretical/computational studies have gained attention due
to the massive development of molecular models and methods to describe biolog-
ical nanocomplexes. Computational methods used include electronic-based calcu-
lations, quantum mechanics/molecular mechanics approaches (QM/MM), all-atom
molecular dynamics (MD),Monte Carlo (MC) simulations, and coarse-grained (CG)
methods. Such methods are used to better understand the non-bonding interactions
comprising the complexation of nanomaterials and biomolecules and gain informa-
tion about physical processes occurring in timescales of nano- and microseconds.

Electronic-based methods are highly accurate for calculating binding energies
and estimating chemical barriers in reactions. However, these methods are limited to
small systems (~100 atoms) and simulation timescales in order of picoseconds,which
makes the simulation of nanomaterials in contact with biological molecules difficult,
especially considering that the number of atoms per complex reaches the millions
[81]. In this regard, the most used techniques for studying the structure–activity
relationships and dynamical processes in biological systems are the classical MD
approaches.All-atomMDsimulations are based inNewton’smotion equations for the
description of atomic interactions, incorporating forces frommany-body interatomic
potentials obtained by mathematical approximations in combination with empirical
parameters known as force fields. Each force field describes internal bond stretching
between atoms, bending and rotation angles, and non-bonded connections such as
coulombic and van der Waals interactions. Although there are multiple force fields
for a wide range of organic/inorganic nanostructures and biological molecules, their
use is limited by the available parameters for each system.
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Several studies based on MD simulations have described the interaction of differ-
ent nanostructures and biomolecules, showing mostly interactions of nanomaterials
with proteins, peptides, biological membranes, and DNA/RNA. In general, simula-
tions of these complexes have achieved reasonable descriptions of the mechanisms
implicated on the adsorption of biomolecules, physicochemical properties underly-
ing biological processes, binding free energy estimations, and multiple structural
descriptions. The effects of nanomaterials under different biological conditions have
been also evaluated. Yarovsky et al. [82] used all-atomMDandMCsimulations to get
perspectives about the interactions between peptides and a SiO2 surface, providing
important insights into the underlying principles of peptide folding and peptide—
surface interactions. Noon et al. [83] studied the interaction between antibodies and
fullerene nanoparticles through MD simulations, revealing that π -stacking interac-
tions between the side chains of aromatic residues and carbon rings are fundamental
for the stabilization of the complex. The insertion of a DNA molecule into a carbon
nanotube in awater solute environment was also studied byGao et al. [84], where van
der Waals and hydrophobic forces were found to be essential in the insertion process
(Fig. 4.8). These results suggest potential applications of carbon nanotubes in molec-
ular sensors, electronic DNA sequencing, and gene delivery systems. Raffaini and
Ganazzoli evaluated the adsorption of fibronectin type 1 module into a hydropho-
bic graphite surface by atomistic simulations. At initial stages, they detected local
adsorption rearrangements of the protein on the surface, whereas at the end of the
simulations, an increase in the number of residues in contact with the surface was
observed, which means a higher binding energy [85]. Similar computational works
have included simulations of nanoparticles with nucleic acids [84, 86, 87], lipids
[88–90], amino acids, peptides, and proteins [91, 92]. Large-size complexes have
been also described by Ngo et al., where supercrystals of DNA-functionalized gold
nanoparticles containing 2.77 and 5.05 million atoms were analyzed by MD simu-
lations [93].

Fig. 4.8 Simulation snapshots of a DNA oligonucleotide (8 adenine bases) interacting with a
(10,10) carbon nanotube at 0, 30, 100, and 500 ps of MD simulation. This image was extracted
from Gao et al. [84]
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Because of limitations in computational resources, early MD simulations were
reduced to small molecular models of biomolecule/nanomaterial interfaces and were
restricted to timescales of a few nanoseconds with a limited number of atoms. Cur-
rently, the incorporation of GPU video cards and the optimization of MD packages
have made the structural characterizations of diverse nanomaterials combined with
complex biological structures, such as large proteins, feasible. Recent studies of
nanomaterials associated with biomolecules have included oxides, minerals in dif-
ferent forms (titanium dioxides, silicon dioxides, etc.), organic polymers, nanotubes,
and others. Among the most favorable inorganic nanomaterials for medical use
highlight metallic nanostructures [7] such as surface-engineered silver nanoparticles
(AgNPs) and gold nanoparticles (AuNPs). These have been analyzed through MD
simulations contemplating from small models (surfaces) to large-scale models with
different shapes (spherical, pseudospherical, cubic) and sizes. In 2015, Ramezani
et al. reported new insights about the interaction between homotripeptides and gold
nanoparticles, showing the effects of flexibility, size, and stability of the peptides on
the surface [94]. On the other hand, functionalized AgNPs have shown to improve
the stability and biocompatibility of nanoparticles, enhancing their application as
small-molecule delivery systems and antimicrobial agents [37, 75]. In addition, spe-
cific domains of peptides have been reported for capping/stabilizing AgNPs, which
has been demonstrated by MD simulations and biological assessments.

To explore the binding affinity of biomolecules on nanostructures, a replica
exchange MD (REMD) method has been developed by Sugita et al. [95], which
is based on multiple and independent MD simulations under different conditions
(temperatures or Hamiltonians). Using this method, it is possible to overcome high
energy barriers and sample a large set of configurations for nanoparticle: biomolecule
complexes. Temperature-based REMD (T-REMD) has been used to improve the
sampling of peptide–surface interactions in several studies [96–99], whereas a vari-
ation of REMD known as replica exchange with solute tempering (REST) [100] was
developed for enhancing poor scaling in large-size systems [101]. Hosseinzadeh et al.
studied the structural changes of the insulin protein interacting with ZnO nanopar-
ticles (Fig. 4.9) by REMD simulations, showing that the polar and charged amino
acids of insulin are keys for its association with the nanoparticle [99].

While sampling inMD is important to get information about the structural arrange-
ments and to explore different configurations of the systems, free energy calculations
are used for determining binding affinities of biomolecules and surfaces. In this
regard, kinetics and transition free energies in adsorption processes are critical for
linking theoretical and experimental results. Multiple methods are currently avail-
able for estimating binding free energy, which varies in accuracy and complexity.
Most of these approaches combinemolecular dynamics andMonte Carlo simulations
for sampling. The molecular mechanics generalized Born surface area (MM-GBSA)
and Poisson–Boltzmann surface area (MM-PBSA) methods are defined as end-point
approaches, where only the reference unbound and the final bound states are sampled
to obtain the free energydifference. Thesemethods are commonly used for protein–li-
gand interactions; however, recent studies have incorporated MM-GBSA/PBSA for
evaluating peptide-nanostructure interactions [102, 103]. Others alternatives include
pathway methods, which are more sophisticated and involve high computational
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Fig. 4.9 Interaction site of
insulin with ZnO
nanoparticles by REMD
simulations. This figure was
extracted from Hosseinzadeh
et al. [99]

effort to calculate binding free energies using different routes such as: (a) proba-
bility density, (b) free energy perturbation, (c) thermodynamic integration, and (d)
nonequilibrium work approaches [104]. Among the most used methods in the study
of the interaction between biomolecules and nanomaterials have been described:
umbrella sampling [105, 106], metadynamics [107], steered molecular dynamics
(SMD) [108], and adaptive biasing force (ABF) [109]. These methods have been
employed inmultiple studies including nanoparticle adsorption into lipidmembranes
[110–112], peptide–surface interactions [37, 76, 113–118], and adsorption of small
molecules into organic/inorganic surfaces [35, 47].

More complex nanosystems have been recently studied by atomistic MD simula-
tions. Lai et al. modeled a 5–6-nm silver nanoparticle functionalized with lipopro-
teins (HDL) to evaluate its function as a powerful therapeutic agent for removing
excess of cholesterol from arterial plaques. These studies included coarse-grained
and all-atom MD simulations supported by X-ray photoelectron spectroscopy and
lecithin/cholesterol acyltransferase activation experiments [119]. Likewise, Perfil-
ieva et al. developed a polarizable model for AuNPs (6 and 14 nm of diameter)
interacting with sodium citrate. They found that polarization effects in the metal
determine the mechanisms of interaction of the gold nanoparticle and citrate ions
[68].

4.4 Concluding Remarks

In conclusion, computational tools have helped to characterize several nanostruc-
tured systems; however, due to the multiple physical and chemical contributions
that regulate the association of biomolecules with inorganic/organics nanomaterials,
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the development of more sophisticated computational models and software is
required for studying nanostructures. Future perspectives in this field include the
improvement of the force fields and MD simulation programs, which will capture
more realistic properties currently not included in conventional MD platforms, such
as chemical-bond formation, charge distribution during time, among other effects
[120–122]. Moreover, the improvement of highly precise computational methodolo-
gies, plus the constant growth in the computational power available, will advance
the modeling of nanoparticles that can be used in a wide range of applications. With
the same spirit, the improvement in the computational methods complemented with
experimentswill lead the development of new technologieswith powerful biomedical
applications.
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Chapter 5
Nanomaterials Applications in Cartilage
Tissue Engineering

Janani Mahendran and Jean-Philippe St-Pierre

Abstract Articular cartilage is the smooth layer of soft tissue that covers our bones
and allows for the painless movement of our joints. Because of joint pathologies such
as arthritis, cartilage can degrade over time in some individuals, causing them to live
with considerable pain and reduced mobility. The high prevalence of arthritis and
the absence of a cure for osteoarthritis, its most common form, have fueled sustained
efforts to develop tissue engineering and regenerative medicine strategies aimed at
regenerating cartilage. Despite a number of clinical advances that elicit cartilage
repair, true regeneration remains elusive. Recent years have seen an increased use of
nanoscale materials in the development of therapies for joint pathologies. Nanomate-
rials are comparable in scale to the principal building blocks of cartilage extracellular
matrix, namely collagen and proteoglycan aggregates. Similarly, nanoparticles are
sufficiently small to allow diffusion through the pores of the dense cartilage extra-
cellular matrix and cell targeting. In this chapter, the organization of cartilage’s main
building blocks will be reviewed from the nano- to macroscale, and sub-micron
particles that participate in cell-cell communication will be highlighted. Efforts to
design scaffolds incorporating cell-instructive nanoscale features and to tailor the
mechanical properties, or even engineer spatial organization, in scaffolds for carti-
lage repair using nanomaterials will also be discussed. Finally, key design criteria in
nanoparticle synthesis to enable targeted therapeutic delivery will be examined.

5.1 Introduction

Articular cartilage is a load-bearing connective tissue that covers the articulating sur-
faces of bones in synovial joints. It is characterized by a dense and highly hydrated
extracellular matrix (ECM) mainly comprising a collagen type II fibrillar network
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interspersed with proteoglycans, as well as other collagens and non-collagenous pro-
teins [1]. The interplay between factors such as composition, orientation and cross-
linking of these biomolecules dictates the hydration of the tissue and its mechanical
properties [2]. This complex organization allows the tissue to resist shear and ten-
sile forces applied to the joint during articulation while facilitating the absorption
and distribution of compression forces transmitted through the joint [3]. Chondro-
cytes—the resident cells in articular cartilage—are sparsely distributed throughout
the tissue, where they remodel the ECM in response to the changing biomechanical
environment and help maintain tissue integrity [4].

Under physiological conditions, articular cartilage homeostasis can bemaintained
throughout life despite age-related changes and the high cyclic loading the tissue sus-
tains. Nevertheless, a large number of factors can cause joint diseases and associated
progressive articular cartilage degeneration. These include abnormal loading of a
joint due to altered biomechanics (e.g., due to trauma or obesity), as well as degener-
ation due to genetic, environmental and dietetic factors, among other causes, which
may also arise under normal loading conditions [5, 6]. The most common form of
joint disease is osteoarthritis (OA),which is estimated to affect approximately 15%of
the Canadian population 18 years of age or older [7].While OA is often characterized
in terms of its degenerative effects on articular cartilage, its pathophysiology also
involves the other tissues of the affected joint, including the subchondral bone and
the synovium [8]. The interplay between these tissues is important in the develop-
ment and progression of the disease, such that an effective treatment strategy would
need to consider and target changes in the joint as a system rather than articular
cartilage alone [9, 10]. For example, inflammation of the synovial membrane has
been linked with the release of cytokines, such as interleukin 1β (IL-1β) and tumor
necrosis factor α, which contribute to the loss of balance between the expression of
catabolic enzymes and anabolism in chondrocytes and consequent tissue loss [11].

William Hunter observed more than 250 years ago “when destroyed, [cartilage]
is never recovered” [12]. Despite substantial efforts to overcome the limited ability
of this tissue to regenerate itself, this early observation holds true today, as there
is still no cure available in clinics to interrupt or reverse the progression of OA.
As such, treatment modalities aim to either manage the symptoms of the disease
or to repair or replace the damaged tissue. Tissue repair is distinct from regenera-
tion: regeneration leads to neo-tissue with similar composition and organization to
the native articular cartilage, whereas repair creates tissue with different, typically
inferior, properties. Management of symptoms that include swelling, stiffness of
the joints and pain is achieved via lifestyle changes through physical exercise and
weight loss programs, often combined with the administration of acetaminophen and
non-steroidal anti-inflammatory drugs (NSAIDs) [13]. Another non-surgical inter-
vention used to manage the symptoms of cartilage damage is viscosupplementation,
the injection of a hyaluronic acid solution into the joint capsule to ease pain and
facilitate movement [14]. While disease-modifying OA drugs (DMOAD) remain
an unmet need in clinical settings, a number of pharmacological agents targeting
OA progression have undergone phase II/III clinical trials in recent years. These
include the inducible nitric oxide synthase inhibitor Cindunistat, the IL-1β inhibitor
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diacerein, oral salmon calcitonin, and strontium ranelate [15–18]. The clinical data
from viscosupplementation intra-articular treatments using hyaluronan is also being
analyzed to demonstrate chondroprotective effects [19].

A range of surgical procedures is also available to repair cartilage defects when
non-invasive approaches are no longer effective for managing symptoms. The gold
standard treatment for patients with advanced OA remains the partial or total replace-
ment of the diseased joint with prosthesis. Total joint arthroplasty is typically very
successful for reducing pain and improving quality of life [20]. Nevertheless, fail-
ure of orthopaedic implants due to infection, fatigue failure or implant loosening
caused by wear debris-induced osteolysis requires technically challenging revision
surgeries, rendering this approach less suitable for the treatment of younger patients
[20, 21]. These limitations of orthopaedic implants have fueled the development
of tissue and cell-based interventions. Mosaicplasty, a surgical procedure that con-
sists of harvesting small cylindrical osteochondral samples from low weight-bearing
locations of the joint (autologous) or a deceased donor (allogenic) and transplanting
these into the defect has shown encouraging clinical results; however, issues related
to donor site morbidity, poor integration of the grafts to surrounding tissues, disease
transmission and limited treatable defect size have restrained its use [22–24]. The
most common surgical approaches are marrow stimulation techniques (e.g., drilling,
abrasion and microfracture) [25]. These comprise methodologies to access the bone
marrow by breaching the integrity of the subchondral bone and form a fibrin clot
within a debrided cartilage defect. Blood-borne progenitor cells can subsequently
infiltrate this fibrin “scaffold” and deposit repair tissue. While these involve a single
simple intervention, the resulting fibrocartilage repair tissue is typically mechani-
cally inferior to native articular cartilage and is prone to deterioration within a few
years [26]. Another approach is autologous chondrocyte implantation (ACI), which
involves the excision of autologous cartilage from non-loading areas of the affected
joint in a first surgical intervention, followed by the enzymatic release of chondro-
cytes from their ECM and their amplification in vitro [27]. The chondrocytes are
then implanted back into the debrided cartilage defect under a periosteal graft in a
second surgery. The long-term clinical outcome for ACI has been positive [28, 29].
A variety of 3D scaffolds and hydrogels have since been developed as cell delivery
constructs and/or templates that instruct tissue formation to improve on the results of
microfracture and ACI procedures, some of which have been translated into clinical
use [30]. The field of cartilage tissue engineering is rapidly evolving and the tech-
nologies being developed are increasingly representative of the complexity of the
native tissue they aim to regenerate.

Efforts to identifyDMOADs and to develop improved scaffolds for cartilage tissue
engineering have paralleled increased incorporation of nanomaterials into cartilage
repair strategies. According to the definition provided by the ISO/TS 80004-1:2015,
nanomaterials are characterized as having at least one of their external dimensions
ranging between 1 and 100 nm, or having internal or surface structures in the same
range; however, the term is often applied more loosely to sub-micron scale mate-
rials in the literature of many fields including tissue engineering (see Chap. 1). At
nanoscale (1–100 nm), materials exhibit unique size-dependent properties that arise
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due to a high surface area-to-volume ratio, resulting in a greater relative contribution
from surfacemolecules compared to those in the bulk. These properties provide inter-
esting opportunities to devise novel strategies for biomedical applications, ranging
frombiomarker detection and in situ imaging to therapeutic delivery and tissue regen-
eration. Our understanding of the importance of the nanoscale organization level in
tissues also offers inspiration for the development of bioinspired nanomaterials that
could deliver improved therapeutic efficacy.

In this chapter, we will briefly review the organization of articular cartilage and
its main building blocks from the macroscale down to the nanoscale and discuss sub-
micron particles that participate in cell-cell communication. Efforts to design scaf-
folds incorporating cell-instructive nanoscale features and to exploit unique nanopar-
ticle properties to design scaffolds and hydrogels with unique properties for cartilage
tissue engineering applications will be discussed at some length, e.g, approaches to
tailor mechanical properties and to engineer spatial organization in biomaterials with
nanomaterials. Finally, key findings for the design of nanoparticles to enable targeted
therapeutic delivery will be examined.

5.2 Articular Cartilage from Macro- to Nanoscale

Despite having been portrayed as a rather simple tissue from the point of view of
its organization due to the absence of vasculature, lymphatic vessels, and nerves,
articular cartilage has multiscale structural complexity. Macroscopically, it appears
as a smooth, whitish layer of tissue on the articulating surfaces of long bones, where
it reaches thicknesses ranging from less than 1–6 mm depending on anatomical
position, age, and exercise level [31, 32].

Articular cartilage exhibits depth-dependent anisotropy as pertains to ECM com-
position, biomacromolecule organization and cross-linking, as well as resulting
mechanical properties [33]. This anisotropy is often discussed in the literature as
a “zonal” organization, whereby articular cartilage is divided into four zones; from
superior to inferior of the joint surface: the superficial (or tangential) zone, themiddle
(or transitional) zone, the deep (or radial) zone and the zone of calcified cartilage
that interfaces with the subchondral bone [3]. Of note, the collagen fibers are aligned
parallel to the tissue surface in the superficial zone, transition to a more random
orientation in the middle zone, and are perpendicular to the tissue surface in the deep
zone [34] (Fig. 5.1a). A number of studies have proposed the existence of additional
distinct structural regions in the most superficial zone of articular cartilage, suggest-
ing a higher level of organizational complexity than is generally appreciated [35, 36].
Owing to the avascular nature of articular cartilage, chondrocytes are supplied with
nutrients and signaling molecules by diffusion from the synovial fluid, establish-
ing biomolecular gradients that may contribute to generating and maintaining this
anisotropic organization [37, 38]. Zonal differences in the phenotypic specification of
chondrocytes also exist, with superficial, middle and deep zone chondrocytes having
been characterized [39]. These phenotypic differences result in distinct expression
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Fig. 5.1 a Schematic representation of the zonal organization in articular cartilage. b, cHelium ion
microscope images of the fibrillar extracellular matrix in the pericellular matrix directly interfaced
with chondrocytes. Adapted from Vander Berg-Foels et al. [40] Copyright (2012), with permission
from John Wiley and Sons

profiles that dictate the compositional and organizational differences between zones
and contribute to the mechanical and tribological functions of articular cartilage.

The articular cartilage ECM is also organized differentially with respect to its
distance from chondrocytes. The pericellular matrix (PCM) is the thin layer of ECM
that directly interfaces each chondrocyte and provides a niche microenvironment
for the cells [41]. It has a distinct composition from the remaining cartilage ECM
that comprises high proteoglycan content (e.g., perlecan, aggrecan, hyaluronan, and
biglycan) and a network of type VI collagen fibrils, a protein that is concentrated in
the PCM in cartilage [42]. The chondron, which consists of the chondrocyte and its
PCM, has been recognized as the primary biomechanical unit of articular cartilage
[43]. Studies suggest that it plays a role in protecting the cell against mechanical
loading, as well as in matrix turnover and homeostasis. Important changes have
been observed in the mechanical properties and composition of the PCM during OA
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pathogenesis [44]. Distal from chondrocytes compared to the PCM, the territorial
matrix is composed mainly of thin type II collagen fibrils also arranged around
chondrocytes and interspersed with proteoglycan to resist loading and deformation,
whereas the interterritorial matrix constitutes the bulk of the tissue with larger type II
collagen fibrils oriented with respect to the joint surface rather than around individual
cells and interspersed with proteoglycan [41].

These ECM components are self-assembled into nanoscale structures. For exam-
ple, the collagen fibrils exhibit a broad distribution of diameters, with fibrils as small
as 10 and upward of 200 nm having been reported [40, 45]. Fibril dimensions are
highly dependent on anatomical site, age, depth from the surface, and disease state.
For example, their diameter tends to increase with age but can be reduced in early
OA, and large fibrils (upward of 450 nm in diameter) have also been observed in
later stages of OA [46]. Multiple groups have also reported a trend towards increased
collagen fibril diameter from the superficial zone to the deep zone of the tissue [1, 40,
47]. The interfibrillar spaces in cartilage ECM contain proteoglycan aggregates with
hydrodynamic radii ranging from 1000 to 1600 nm [48]. A closer look at cellular
interactions with the surrounding PCM highlights the fact that these occur at the
nanoscale. Indeed, the PCM collagen network in direct contact with chondrocytes is
composed of a majority of fibrils with diameters below 100 nm (Fig. 5.1b, c) [40].
This dense arrangement of ECM components represents a considerable resistance to
the diffusion of macromolecules within articular cartilage.

The nature of the cartilage ECM combined with its avascular nature and the fact
that chondrocytes are relatively isolated and sparse within the tissue, representing
only approximately 2% of tissue volume in adults, have implications for cell-to-cell
communication mechanisms. Any signaling molecules carrier passing through the
ECM must be of nanometer or at most sub-micron size, as the spacing between
collagen fibrils in articular cartilage has been reported to range from 60 to 200 nm
[45], while the packing of polyanionic glycosaminoglycan subunits in proteoglycan
aggregates is even denser with only a few nanometers between branches [48]. The
presence of cellular projections connecting chondrocytes within the ECM has been
reported, suggesting a potential pathway for direct cell-to-cell communication [49].
An additional proposed means of communication identified in cartilage is the release
of extracellular vesicles (EVs) to shuttle cargos of signaling molecules between cells
within a tissue and from one tissue to another. EVs consist of three classes of cell-
derived particles: exosomes produced by multivesicular endosomes and ranging in
size between 30 and 150 nm, microvesicles formed by cell membrane budding with
typically larger sizes ranging between 50 and 1000 nm [50] and apoptotic bodies that
have been associated with OA [51]. EVs found in cartilage have been studied exten-
sively in the context of ECM calcification [52]. They have also been associated with
inter-tissue signaling within the joint [53]. Given the ability of these nanoparticles
to diffuse through the dense ECM of articular cartilage and act as delivery vehicles
for bioactive molecules to chondrocytes, continued efforts to understand the mecha-
nisms by which EVs are transported through cartilage, including the importance of
size and surface properties, may offer a roadmap for achieving delivery and retention
of therapeutic cargo within the tissue.
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5.3 Nanomaterials in Cartilage Tissue Engineering
Scaffolds

One of the fundamental tenets of the tissue engineering approach, when it was first
proposed in the 1980s, was the idea that a micro- or macro-porous biocompatible and
resorbable material could be used as a scaffold to guide tissue regeneration [54]. A
growing appreciation of the importance of carefully tailoring the microenvironment
in a scaffold (or template material [55]) to appropriately modulate the phenotype
and fate decisions of cells has driven continued innovation in scaffold/template fab-
rication. Nanotechnology has taken a position at the leading edge of these efforts
to design biomimetic and modulatory biomaterials. Nanomaterial fabrication tech-
niques have been exploited to generate structures analogous to ECMat the nanoscale,
a critical dimension in cellular sensing. Nanomaterials have enabled tailoring of the
mechanical environment via reinforcement, while high conductivity nanoparticles
have been used to facilitate the electrical stimulation of cells. These nanoparticles
have also been exploited for controlled delivery of biomolecular signals. Advances
in each of these categories for applications in cartilage tissue engineering will be
discussed in this section.

5.3.1 Nanoscale Structures in Scaffolds

5.3.1.1 Electrospun Scaffolds

Textile fabrication techniques have been explored extensively for the production of
fiber-based scaffolds for tissue engineering, affording the opportunity to mimic some
aspects of the fibrous nature of the ECM in tissues. One such technique, termed elec-
trospinning, relies on the generation of an electric field between a polymer solution
(typically delivered through a needle) and a collector to draw the solution into a fiber.
This drawn solution solidifies on its way to the collector as the solvent evaporates to
form a membrane of nonwoven material [56]. Through the careful optimization of
process parameters that include polymer concentration, solvent selection, polymer
solution flow rate, humidity, voltage differential, needle dimensions, as well as the
distance between the needle and the collector, one can produce membranes with
average fiber diameters ranging from a few micrometers down to the low nanome-
ter range and fairly narrow distributions. Studies have demonstrated the benefits of
these materials for cartilage tissue engineering. For example, chondrocytes seeded
onto nanofibrous poly(lactic-co-glycolic acid) (PLGA) membranes with an average
fiber diameter of 550 nm exhibited increased proliferation and ECM accumulation
compared to those cultured onto flat membranes of the same material [57]. Oth-
ers showed that mesenchymal stem cells (MSC) seeded onto nanofibrous materials
made of poly(caprolactone) (PCL)with an averagefiber diameter of 700 nmexhibited
enhanced chondrogenesis compared to the cell pellet culture model [58].
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A number of groups have exploited the control afforded by electrospinning over
fibrous material structures to study the effect of fiber diameter on chondrogenic
cell responses, with mixed results. Li et al., reported on the interaction of passaged
bovine chondrocytes with electrospun poly(L-lactic acid) (PLLA) scaffolds made
of nanoscale (500–900 nm) and microscale (15–20 μm) fibers [59]. They showed
increased proliferation and sulfated glycosaminoglycan (sGAG) accumulation, as
well as decreased dedifferentiation, on the material made of nanofibers, concomi-
tant with more spherical cell morphology. Others who compared PCL membranes
with aligned fibers characterized by average dimensions of 500 and 3000 nm also
demonstrated a benefit of sub-micron fibers to the gene expression profile of differ-
entiating MSC [60]; however, the opposite trend was also reported in another study
that used nonwoven materials made of 440 and 4300 nm fibers [61]. A detailed study
comparing a range of different fiber diameters from 300 nm to 9 μm reported that
the larger fiber diameter materials elicited increased chondrogenic differentiation in
MSC [62]. The authors suggested that this effect might have to do with the increased
pore dimensions in scaffolds characterized by micrometer-scale fibers rather than
with the smaller fibers. In support of the suggestion that pore size may play an impor-
tant role in the cellular responses observed between nanofibrous and microfibrous
scaffolds, another group found that the generation ofmultiphasic scaffolds composed
of both nanoscale andmicroscale fibers held benefits (asmeasured by increased ECM
accumulation) comparedwith scaffolds that only incorporatemicrofibers [63]. Taken
together, these studies highlight the need for additional work to clarify the effects of
electrospun fiber dimensions over the full range of sub-micrometer fibers that can be
fabricated and the contribution of pore size on the modulation of cell phenotype. Of
particular interest is the study of fiber dimensions comparable to those of the fibrous
network in articular cartilage. Controlling the diameter of fibers in electrospun scaf-
folds has also been shown to provide the opportunity to tune mechanical properties
of single fibers [64]. This study, based on atomic force microscopy measurements,
highlights the fact that the careful selection of the material-dimension combination is
critical for presenting cells with a microenvironment that incorporates native biome-
chanical cues.

The effect of fiber orientation on the phenotype of chondrogenic cells has also
been investigated. Aligned electrospun fibers are typically obtained by using a rotat-
ing cylindrical mandrel as a collector and adjusting its rotational speed, whereby a
faster rotation will result in increased fiber alignment [65]. One study investigated
the effect of aligned or randomly oriented sub-micron fibers on the chondrogenic dif-
ferentiation of human nasal septum-derived progenitor cells cultured on PLLA/PCL
blend electrospun membranes [66]. The authors observed that chondrogenic dif-
ferentiation was enhanced on aligned fibrous materials, whereas cells on randomly
oriented membranes showed increased proliferation. Others have explored the use
of aligned nanofibers as an approach to specifically engineer the superficial zone
of articular cartilage, demonstrating that aligned fibrous structures drive specifica-
tion into distinct cellular phenotypes compared to other scaffold structures [60, 67,
68]. Other electrospinning techniques have also been developed to achieve nanofiber
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alignment. For example, a collector consisting of two conducting supports sepa-
rated by a gap was shown to result in fibers bridging the gap in a highly aligned
manner [69]. Others have modified the instrumental setup to stabilize the polymer
solution fiber emerging from the Taylor cone at the tip of the dispenser [70]. This
setup, combined with a digitally controlled moving collector, allowed the production
of spatially-defined electrospun mats exhibiting fiber alignment. Another group has
proposed a modified rotating collector presenting a circular surface, which was used
to generate electrospun materials with circumferential fiber orientation [71]. The
resulting material structure mimicked aspects of the meniscus cartilaginous tissue
organization and encouraged alignment of MSC along the changing orientation of
the nanofibers.

One important setback in the development of electrospun scaffolds for cartilage
tissue engineering applications is the fact that the structures generated are essentially
organized on a 2D plane, while the fibrous components of articular cartilage ECM
exhibit a complex 3Dorganizationwith depth-dependent anisotropy. It should also be
emphasized that the relatively small pore size characterizing these scaffolds impedes
cell migration through the 3D structure, impacting their potential for applications
in the repair/regeneration of full-thickness articular cartilage. This is a particularly
important problem for materials made with nanofibers with proportionally smaller
pores. This situation has led to a number of innovations in the fabrication procedure
and cell seeding protocols. As an example, a modified electrospinning setup was
used to deposit nanofibers onto the surface of a microfiber, which was subsequently
pressed into the desired scaffold shape and density using a piston [72]. Others have
developed an approach that involves co-electrospinning the nanofibrous material
and sacrificial fibers that can be dissolved to open up the porous structure [73].
Yet another strategy employed the electrospinning apparatus under conditions that
enabled “direct writing” to produce a scaffold consisting of struts oriented in such
a way as to recreate the general depth-dependent collagen fiber directionality of
native articular cartilage tissue, and subsequently electrospinning a fibrous network
onto this open scaffold structure [74]. This approach produces full depth anisotropic
articular cartilage scaffolds; however, these represent relatively thin (~200μm) slices
of tissue. Stacking and bonding of multiple slices allowed the generation of large
constructs. While micrometer fibers were produced in this study, the approach would
be amenable to the application of nanofibers onto the scaffold produced by direct
writing.

5.3.1.2 Scaffolds Produced by Phase Separation

Other scaffold fabrication techniques have also been used to produce nanofibrous
scaffolds for cartilage tissue engineering, albeit not as extensively as electrospin-
ning. Phase separation is one such fabrication technique that exploits the fact that
a homogenous polymer solution will separate into polymer-rich and polymer-poor
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phases in thermodynamically unstable conditions, including during temperature-
induced solidification. Once the solution is frozen, the resulting material can be sub-
limed to remove the solvent and reveal a porous structure in place of the polymer-poor
regions, whereby polymer-rich regions form the scaffold walls. This methodology
has beenmodified to include a gelation step prior to freezing, which results in nanofi-
brous structures with fiber diameters ranging from 50 to 500 nm [75]. Furthermore,
this method offers the opportunity to produce fiber networks in 3D, in contrast with
the planar arrangement of electrospun membranes. This fabrication technique has
been applied to produce scaffolds for cartilage tissue engineering. For example, Ma
and colleagues combined thermally-induced phase separation (TIPS) with solvent
casting porogen leaching to generate scaffolds with controllable micron-scale pores
and nanofibrous walls [76, 77] (Fig. 5.2). In these studies, sacrificial spherical sugar
particles were sintered prior to solvent casting, gelation and freeze-drying to form
interconnected pores. A similar approach was used to compare the effect of nanofi-
brous versus dense scaffold walls on chondrocytes, demonstrating more rounded cell
morphology, improved chondrogenic phenotype and increased ECM accumulation
on the nanofibrous scaffolds [78]. Another study combined TIPS with 3D printing
to yield scaffolds with both macroscopic architecture and nanoscale features [79].
This multiscale scaffold resulted in substantially increased cell adhesion and accu-
mulation of key ECM components (sGAG and collagen). Another group proposed
a different strategy to generate nanofibrous scaffolds, employing TIPS with mixture
of PLLA and camphene that forms an interpenetrating network [80]. Because of its
physical properties, camphene can be removed during the sublimation step to reveal
the nanofibrous structure. In this study, chondrocytic phenotype was reduced for

Fig. 5.2 Scanning electron micrographs of scaffolds fabricated by thermally-induced phase sep-
aration combined with solvent casting porogen leaching to generate nanofibrous scaffolds walls.
Reprinted from Gupte et al. [77] Copyright (2018), with permission from Elsevier



5 Nanomaterials Applications in Cartilage Tissue Engineering 91

cells in the nanofibrous scaffold compared to cells cultured in scaffolds produced
in absence of camphene and characterized by dense, non-fibrous walls. The authors
proposed that these results were due to increased cell-material interaction in the
nanofibrous scaffold.

5.3.1.3 Self-assembled Supramolecular Structures

The spontaneous self-assembly of molecular building blocks into nanoscale struc-
tures, including nanofibers, has also been exploited as a promising strategy for bio-
materials fabrication [81]. Through the careful design of these molecular building
blocks, often inspired by self-assembly processes occurring in nature, control over
intermolecular interactions can be achieved such that supramolecular architectures
can be generated. A range of biomolecules that includes peptides, DNAand lipids has
been self-assembled and stabilized through non-covalent forces including hydrogen
bonds, ionic interactions, and Van derWaals forces. Typically, the fibers produced by
self-assembly have diameters of 10 nm or less, representing the lower end of those
found in articular cartilage ECM [81, 82]. This also represents a length scale that is
more difficult to achieve with electrospinning and phase separation.

The concept of self-assembly has found applications in the design of novel scaf-
fold and hydrogel structures for cartilage tissue engineering applications. Stupp
and colleagues have produced self-assembled nanofiber gels from tailored peptide
amphiphiles functionalized with transforming growth factor β-1 (TGFβ-1) bind-
ing peptide [83]. This gel allowed for a slower release of the growth factor than
was observed with non-functionalized materials. The constructs were tested in full-
thickness chondral defects treated with microfracture in rabbits to encourage bone
marrow stromal cells into the defect. The authors observed that the functionalized gels
enhanced articular cartilage regeneration compared to control groups that received
an injection of TGFβ-1 or a non-functionalized gel loaded with the growth factor.
Others have combined decellularized cartilage matrices (DCM) with nanofibrous
gels of self-assembled peptide. Improved cartilage regeneration was demonstrated
following implantation of the combined gel/DCM scaffold in rabbit full-thickness
defects treated with microfracture compared to microfracture alone, as well as when
compared with the microfracture plus the decellularized cartilage matrix scaffold
absent the self-assembled nanofibrous gel [84]. Other building blocks have also been
used to create constructs incorporating self-assembly. For example, self-assembled
DNA-based rosette nanotubes functionalized with the integrin-binding peptide motif
RGDSK have been used to produce nanofibrous scaffolds. These scaffolds were
shown to support the chondrogenic differentiation of human MSC [85]. These stud-
ies highlight the potential of self-assembled nanofibrous scaffolds and hydrogels for
cartilage tissue engineering. These highly tunable materials offer the opportunity to
tailor the complexity of themicroenvironments presented to resident cells and further
instruct their responses.
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5.3.1.4 Scaffold Surface Nanoroughness

Recognizing the importance of biomimetic surface roughness for controlling cell
responses, many groups have proposed surface modification treatments to incorpo-
rate topographical features on biomaterials. These techniques have been explored in
greater detail for metallic orthopedic implants interfaced with bone; nevertheless, a
few studies have investigated the effects of nanoroughness on chondrocyte response.
For example, Webster and colleagues used a short NaOH immersion treatment to
modify the surface roughness of PLGA scaffolds produced by porogen leaching
[86]. The resulting surface topography led to increased chondrocyte attachment,
growth and ECM accumulation compared to untreated surfaces. The same group also
developed a method to generate nanoroughness on the surface of polyurethane and
PCL films by casting the polymer solution onto plasma modified titanium [87]. This
surface modification also led to increased chondrocyte attachment and intracellu-
lar collagen content. Both of these surface modification protocols caused concurrent
production of micro- and nanoscale surface modifications; the extent to which nanor-
oughness contributed to the observed effects, therefore, remains unclear. In a more
fundamental study on the topic, nanotopographical features (nano-pillar, nano-hole,
and nano-groove arrays) were produced on PCL surfaces by thermal nanoimprint-
ing [88]. The effects of these surfaces on MSC response were investigated against
non-modified surfaces. Nano-pillar and nano-hole arrays exhibited decreased cell
proliferation and increased chondrogenic differentiation compared to cells cultured
on control surfaces, while nano-grooves led to cell elongation and encouraged pheno-
typic changes reminiscent of superficial zone chondrocytes. These studies highlight
the need for additional work in this area, in order to assess in greater detail how
nanoscale topography and roughness can be incorporated with cartilage repair scaf-
folds to direct cellular responses, as well as responses to microscale versus nanoscale
surface modifications.

5.4 Nanoparticle Composites to Tailor Mechanical
Microenvironment

5.4.1 Tuning Mechanical Properties

Asdescribed previously, articular cartilage is a load-bearing tissue that fulfills primar-
ily biomechanical functions in the body. As such, it displays relatively high mechan-
ical properties compared to other soft tissues and behaves as a viscoelastic material
with creep and stress relaxation responses [89]. Efforts to design scaffolds that mimic
key aspects of native tissue’s mechanical properties have typically involved trade-
offs with scaffold porosity. In the same way, biocompatible hydrogel systems often
exhibit mechanical properties that are orders of magnitude lower than those of the
native tissue. To address this limitation, nanoparticles have been added to scaffolds
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and hydrogels to generate mechanically reinforced composites. A number of dif-
ferent nanoparticles have been used for this purpose in cartilage tissue engineering
thus far, including carbon nanotubes [90], Laponite clay particles [91], poly(styrene-
acrylic acid) core-shell particles [92], and cellulose nanocrystals [93], to name a few.
The reinforcement effect of nanoparticles has been associated with their ability to
interact with polymer molecules and form additional cross-links within the resulting
structure. An increased surface area leads to greater interaction with the surrounding
hydrogel, and nanoscale particles offer the advantage that they exhibit a substantially
increased surface area to weight ratio compared to larger particles [94].

5.4.2 Enabling Mechanical Stimulation

The average person takes approximately 2 million steps per year; that is to say that
the joints in our leg each typically undergo 1 million loading cycles annually [95].
The importance of mechanical loading in articular cartilage remodeling is well estab-
lished. Indeed, vigorous physical activity in healthy individuals has been associated
with increased cartilage volume and a decreased risk of developing cartilage defects
[96]. Biomechanical factors including obesity and injuries leading to joint insta-
bilities, on the other hand, have been associated with increased risks of cartilage
pathologies [97]. In vitro studies on chondrocyte and cartilage response to mechan-
ical loading have revealed ranges of stimulation parameters that result in increased
tissue formation, while deviation from appropriate loading frequency, strain rate,
and amplitude, as well as the loading history have been associated with increased
catabolic responses [98]. Substantial efforts in the field have therefore focused on
the development of bioreactors to facilitate the application of biologically relevant
biomechanical stimulation regimens to induce increased tissue formation in engi-
neered constructs.

Magnetic nanoparticles have been used to stimulate constructs mechanically.
These can be incorporated into cells or materials and exposed to a magnetic field
to induce strain. For example, magnetic nanoparticles synthesized by Magnetospir-
illum sp. AMB-1 can be efficiently endocytosed by MSC. Exposing the treated to
MSC to magnetic fields leads to the application of forces to the cells [99]. Here,
the authors showed significantly increased ECM (sGAG and collagen) accumulation
and chondrogenic gene expression, in cell pellets subjected to short term physical
stimulation (1 h per day for 5 consecutive days) compared to controls at 3 weeks
post-stimulation. Although the nanoparticles were not found to be cytotoxic at con-
centrations below 30 μg/ml, three times above the levels required to achieve cellular
magnetization, the long-term safety and clearance of these nanoparticles remains
to be clarified. Other groups have incorporated magnetic nanoparticles into hydro-
gel materials [100, 101]. Ethier and colleagues produced trilayered hydrogels with
each zone characterized by a specific agarose concentration and nanoparticle loading
[101].With this approach, the authorswere able to produce differential strains in each
zone of the construct, mimicking the anisotropic response of native articular cartilage
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tomechanical loading. In an interesting study, magnetic nanoparticles were function-
alized with an antibody against Frizzled, a receptor for the Wnt signaling pathway,
which is of importance in chondrogenesis [102]. These functionalized nanoparticles
were incubated with human MSC and shown to bind the Frizzled receptors on their
surface. An oscillating magnetic bioreactor was then used to mechanically stimulate
the receptor and activate the Wnt pathway. Such an approach could prove powerful
for cartilage tissue engineering applications, whereby specific mechanosensitive sig-
naling pathways may be activated without relying on chemicals or drugs. A similar
approach had previously been used to activate the potassium channel TREK-1 on
the surface of human MSC both in vitro and in vivo, resulting in the upregulation
of genes associated with both osteogenesis and chondrogenesis, as well as increased
synthesis of ECM components [103]. It should also bementioned that the application
of magnetic fields to chondrocyte cultures, even in the absence of magnetic nanopar-
ticles, can cause cellular responses such as increased proliferation and increased
sGAG accumulation [104, 105].

Park and colleagues have proposed an alternative application ofmagnetic nanopar-
ticles for cartilage tissue engineering [106]. In this study, the authors produced
porous microbead-shaped PLGA scaffolds. They used water-in-oil-in-water emul-
sion templating to achieve microbead structures containing gelatin particles and
subsequently leached the gelatin to achieve porosity (Fig. 5.3). The surfaces of the
resultingmicroscaffolds were further functionalized with Fe3O4 magnetic nanoparti-
cles, enabling their actuation and deployment to a site of injury under the influence of
amagnetic field. These scaffoldswere shown to support attachment and chondrogenic
differentiation of MSC. Such an approach has the potential for minimally-invasive
surgical treatment of joint ailments.

5.4.3 Enabling Electrical Stimulation

Chondrocytes are not considered excitable cells in the same way that neurons and
myocytes are; however, these cells are particular in that they exist in a higher osmo-
larity microenvironment than many other cell types [107]. Furthermore, increasing
evidence points to the importance of calcium, sodium, and potassium signaling in
chondrocyte and cartilage homeostasis through a complex channelome [108]. Given
the importance of chargedmetal cations in chondrocyte signaling and the presence of
voltage-gated ion channels on chondrocytemembrane, electrical stimulation has been
investigated extensively for the treatment of cartilage ailments [109]. The responsive-
ness of chondrocytes to electrical signals was exploited by Webster and colleagues,
whodemonstrated that loading of conductive carbon nanotubes into polyurethane and
subsequent electrical stimulation through the polymer enhanced both chondrocyte
adhesion and proliferation compared to neat (unloaded) polymer [110]. The authors
further demonstrated that the effect was not only caused by the electrical stimulation
and was also due in part to the increased surface nanoroughness resulting from the
incorporation of the nanoparticles within the polymer sheets.
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Fig. 5.3 Schematic diagram of a micro-scaffold fabrication process that incorporates magnetic
nanoparticles to enable actuation and deployment into cartilage defects. Reprinted from Go et al.
[106] Copyright (2017), with permission from John Wiley and Sons
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5.4.4 Tailoring the Chemical Microenvironment

While tailoring the physical properties of cellular microenvironments represents an
important design consideration for the formation of engineered cartilage, the spatio-
temporal availability of biochemical signals has also proven to be equally important
in stimulating tissue synthesis and organization. Nanomaterials have been instru-
mental in achieving increased control over the presentation of biomolecular signals,
such as growth factors and small therapeutic molecules, to cells with chondrogenic
potential within scaffolds and hydrogels. Park and colleagues took advantage of the
specific affinity of heparin for growth factors to develop nanoparticles that deliver
TGF-β3 within fibrin hydrogels seeded with MSC [111]. This construct led to sig-
nificant improvements in chondrogenesis compared to controls, as well as when
compared with hydrogels incorporating nanoparticles or the growth factor alone.
Other groups have developed systems comprising multiple nanoparticles with dis-
tinct growth factor release profiles to integrate a temporal dimension to the release
of a suite of growth factors. Nanoparticles have also served to deliver growth factor-
rich platelet lysate [112], plasmid DNA-encoding chondrogenic growth factor [113]
and bioactive ions [114]. These strategies are typically tailored to achieve sustained
delivery of important factors in chondrogenesis and cartilage tissue formation. Fur-
thermore, the uniform distribution of nanoparticles within scaffolds and hydrogels
allows to overcome biomacromolecule diffusion limitations within 3D engineered
tissues. Diffusion limitations are a major problem in tissue engineering when soluble
factors are administered via the culture media, as these limitations can lead to tissue
deposition inhomogeneity and significantly altered cellular phenotypes [115, 116].
Nanoparticles have also been used to present ECM signals to resident cells within
engineered constructs. This is illustrated by Gibson et al, who produced decellular-
ized ECM nanoparticles originating from a number of tissues, including cartilage.
They then introduced the ECM nanoparticles into PCL electrospun scaffolds and
investigated the effects on osteogenesis of human adipose-derived stem cells [117].

Biomolecular gradients are important signalingmechanisms thatmodulate a broad
range of cellular responses from proliferation and migration to differentiation. These
gradients play crucial roles in development, maintenance and repair of tissues and
organs, while also being implicated in many pathological processes. As was previ-
ously discussed, biomolecular gradients are hypothesized to play important signaling
roles in articular cartilage, owing to fact that nutrients and signaling molecules gain
access to the tissue primarily via its superficial aspect (i.e, its surface; see Fig. 5.1a).
Generating biologically relevant biomolecular gradients within scaffolds and hydro-
gels to direct anisotropic tissue organization represents a long-standing challenge in
tissue engineering. This is an area where nanoparticles have had an important impact.
For example, hydroxyapatite nanoparticles stimulate the osteogenic differentiation
of MSC [118]. A number of groups have exploited this effect to generate MSC-
containing scaffolds and hydrogels with spatially constrained nanoscale hydroxya-
patite particles, and thus drive osteogenesis locally, while encouraging chondroge-
nesis in areas devoid of nanoparticles [119, 120]. In this way, biphasic constructs
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Fig. 5.4 Schematic diagram of procedure to generate biochemical gradients across the depth
of hydrogels with heparin-functionalized, growth factor-loaded superparamagnetic nanoparticles.
Reprinted from Li et al. [122] Copyright (2018), according to a Creative Commons Attribution
License (CC BY)

containing both cartilage and bone, reminiscent of the osteochondral organization
present in joints, can be achieved. Radhakrishnan et al. recently proposed a biphasic
construct generated by spatially localizing hydroxyapatite and chondroitin sulfate
nanoparticles within an alginate poly(vinyl alcohol) hydrogel. The zone loaded with
hydroxyapatite nanoparticles generated subchondral bone tissue, while the chon-
droitin sulfate particles induced cartilage) tissue formation, leading to production of
an integrated osteochondral construct [121]. Stevens and colleagues proposed vari-
ous approaches to generate biomolecular gradients that can be exploited to produce
osteochondral hydrogel constructs. In a first study, superparamagnetic nanoparti-
cles were surface-functionalized with heparin, which acted as a reservoir for bone
morphogenetic protein 2 [122]. These loaded nanoparticles were incorporated with
hydrogel precursors, and the resulting solution was subjected to a magnetic field dur-
ing the hydrogel cross-linking step. The process generated biomolecular gradients
within the hydrogel (Fig. 5.4). In a second study, buoyancy was used to drive the
formation of gradients with different types of nanoparticles in a range of hydrogel
base materials [123].

5.5 Nanoparticles for Drug Delivery

Many patients with cartilage and joint ailments exhibit advanced signs of articular
cartilage degeneration, or substantial injuries to their articular surface that are deemed
to be at high risk of degeneration. The recommended course of action is in these cases
is typically a surgical intervention. Other patients present early signs of degeneration
for which a more conservative approach is favored. For these patients, a number of
non-pharmaceutical and pharmaceutical options are available; however, as detailed
previously, these therapeutics are aimed at managing symptoms and DMOAD are
still an unmet need. Issues with the bioavailability of drugs within the joint space
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are increasingly recognized as an important factor in explaining the absence of safe
and efficacious DMOAD despite intense efforts in the field. Because of the avascular
nature of articular cartilage, the target tissue for many DMOAD candidates, local
administration of drugs has been favoured over systemic delivery strategies. Indeed,
intra-articular injection provides the opportunity to bypass barriers to drug transport
across vascular walls, as well as the ECM of the synovial membrane, and into the
synovial fluid. As such, intra-articular injections have been associated with increased
local bioavailability for a given administered drug dosage, reduced systemic exposure
and thus decreased off-target effects. However, these require administration by prac-
titioners, making this drug delivery strategy costlier and logistically more complex
than self-administration strategies, especially for chronic conditions such as arthritis,
which require sustained treatment over a period of years to decades. Furthermore,
synovial fluid turnover is rapid and injected molecules are typically removed from
the intra-articular space via lymphatic drainage in a manner of hours, such that
maintaining drug levels within their therapeutic window in the joint is often imprac-
tical in clinical settings. Efforts have consequently centered on the development of
strategies to increase the retention time of therapeutics within the synovial capsule
following intra-articular injection, notably with injectable hydrogels, microcarriers,
and nanoparticles. Nanoparticles offer a unique opportunity for drug delivery in the
joint as demonstrated by Hubbell and colleagues, who proposed using the articular
cartilage matrix as a reservoir for therapeutic molecules and developed nanoparti-
cles that were small enough to penetrate the small pores of articular cartilage and
accumulate in its ECM, as well as intracellularly [124]. The authors functionalized
the nanoparticles with a short type II collagen-binding peptide that had been iden-
tified via phage display to achieve prolonged retention in the cartilage. Since this
early effort, a broad range of nanocarriers have been proposed, including cationic
and polyelectrolyte nanoparticles, which have exploited the polyanionic nature of
the proteoglycan compartments of cartilage to achieve important penetration depths
[125].

5.6 Concluding Remarks

Nanomaterials exhibit a host of unique properties due to the increased relative con-
tribution of surface molecules in relation to those composing the bulk material.
Furthermore, there is an increased appreciation of the importance of tissue organi-
zation at the nanometer scale for cell and tissue functions. These factors have found
many applications in tissue engineering and efforts to repair or regenerate articu-
lar cartilage are no exception. However, the incorporation of nanomaterials for the
regeneration of articular cartilage remains an emerging strategy. A number of tech-
niques that have been thoroughly investigated in other tissue systems have yet to be
explored in-depth for articular cartilage. Some of these areas have been highlighted
in this chapter. As this field continues to mature, nanomaterial cartilage tissue engi-
neering will undoubtedly help deliver a range of therapeutic solutions to address



5 Nanomaterials Applications in Cartilage Tissue Engineering 99

joint ailments for a broad spectrum of patients and conditions, from improved early
interventions to slow the progress of the disease to the development of implantable
materials to resurface damaged and diseased joints.
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Chapter 6
Nanomaterials for Engineering
the Treatment of Skin Wounds

Manuel Ahumada, Ying Wang and Walfre Franco

Abstract The skin is the largest organ in the human body; however, it is only a few
millimeters thick. Among the main functions of the skin are to serve as a barrier for
protection against physical and biological insults, as a thermal regulator to control
internal temperatures, and as a sensor of physical stimulus that could lead to pleasant
or harmful experiences. This highly-integrated sensory and regulatory armor is also
capable of self-repair in response to injury, albeit the quality and extent of healing
are determined by the skin condition and the type and size of the wound. In general,
the wound healing process of skin comprehends four stages, which are hemostasis,
inflammation, proliferation, and remodeling. These stages can be affected by inter-
nal physiological conditions and external environmental factors compromising the
healing of the wound, for example, chronic wounds and bacterial infections. This
chapter opens with an overview of the physiology of skin and skin wound healing.
This overview is followed by a review of nanomaterial technologies and methods
that have been investigated for the treatment of skin wounds. The chapter ends with
an outlook of nanotechnology strategies for improving the treatment of skin wounds.

6.1 Introduction

Skin is the largest organ in the human body. The biology of the skin involves amyriad
of cell types and structures that work together to enable key organ functions [1, 2].
We interact with our environment through the skin, which also protects us from
the environment. Our skin plays an essential role in how we present ourselves to
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society—from tanning and tattoos to scars and wrinkles. When the skin is breached
or wounded, the immediate organ response is to initiate a repair process to close the
gap, and while many traditional and modern standard approaches to promote wound
healing have proven effective in saving countless lives, novel approaches enabling
healing of complex wounds and healing by remodeling—without scarring—are still
missing.

6.2 The Basic Biology of Human Skin

The skin consists of two main layers: the top layer is called the epidermis, which
constitutes an epithelium (tissue that covers an inner or outer surface), and the lower
layer is called the dermis, which constitutes a connective tissue (Fig. 6.1).

The epidermis is comprised mainly by a multilayered epithelium, the interfol-
licular epidermis, and adnexal structures. The adnexal structures, like hair follicles,
sebaceous glands, and sweat glands, provide function to the skin [1]. The thickness
of the epidermis and the distribution of adnexal structures vary across body sites. The
main cell type in the epidermis is the keratinocyte. Among the key functions of the

Fig. 6.1 Back skin of mouse illustrating the epidermal and dermal layers; the type and location of
different stem cell populations (LGR6 and LRIG1 are expressed in the follicle isthmus and LGR5
and CD34 in the bulge); and, the specialized mesenchymal cells of the dermal papilla and arrector
pili muscle. Adapted from Watt [1]
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epidermis are the formation of a shielding interface with the outside environment,
corporeal thermal regulation by hairs and sweat, sensory perception of heat, pain,
pressure by nerves, and lubrication of the skin with lipids. Most of these functions
stem from nondividing and terminally differentiated keratinocyte cells, which are in
constant turn over. Keratinocyte cells are replenished through a variety of stem cell
populations that are located in different skin sites, such as hair follicles (Fig. 6.1)
[3]. Under normal physiological conditions, each stem cell cluster produces a subset
of differentiated epidermal cells; however, most stem cells are able to contribute to
the entire variety of differentiated epidermal lineages when the cells are relocated,
or the skin is wounded.

The dermis consists of three layers: the upper layer in contact with the epidermis
is the papillary dermis, the middle layer is the reticular dermis, and the deepest layer
is termed the hypodermis. A basement membrane separates the dermis from the
epidermis. This membrane is extracellular matrix characterized by an abundance of
type IV collagen and laminin. The main cell type in the dermis is the fibroblast, and
its density is higher in the papillary dermis. The reticular dermis is rich in fibrillar
collagen, and the hypodermis is characterized by the presence of white adipocytes.
Two mesenchymal structures important for function in the dermis are the dermal
papilla—a population of cells that regulates the hair cycle and is located at the
base of the follicle—and the arrector pili muscle, which a smooth muscle that upon
contraction straights the hair follicles [1].

In addition to keratinocytes and fibroblasts, other important cell types, which
either reside in the skin or circulate through the skin, are melanocytes, innate and
adaptive immune system cells, peripheral nervous system cells, and cells of blood
vessels [4–6].

6.3 When the Skin Is Wounded

The capacity of the skin to heal after an injury is vital for our survival, and this
capacity is often limited, compromised, and disrupted in a spectrum of conditions
and disorders. The process of skin wound healing is complex, it requires a highly
coordinated response by a multitude of cells, like, immune cells, hematopoietic cells
(immature cells that can differentiate into all types of blood cells), and resident cells of
the skin (keratinocytes, fibroblasts). Skin wound healing is typically divided into four
stages that overlap: hemostasis, inflammation, proliferation, and remodeling. In each
stage, multiple key molecular, cellular, and physiologic events take place, and these
events are coordinated primarily by signaling between immunologic, hematopoietic
and resident skin cells. These stages are schematically represented in Fig. 6.2 and
have been reviewed in detail in [7].
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Fig. 6.2 Overlapping stages of skin wound healing: a hemostasis, b inflammation, c proliferation,
d remodeling. Amultitude of fundamentalmolecular and cellular processes coordinated by amyriad
of secreted factors occur at each stage. The schematic illustrates representative factors from each
stage. Reproduced with permission from Sun et al. [2]

6.3.1 Skin Wound Healing

In humans, immediately after the skin is wounded, hemostasis begins. Multiple
responses are activated to stop blood loss: local vascular smoothmuscle cells constrict
vessels, reducing the blood flow; platelets and coagulation cascade factors produce
fibrin, forming a hemostatic clot and a scaffold for the infiltration of leukocytes, ker-
atinocytes, fibroblasts, and other cells into the wound [8]. The inflammatory stage
begins within hours from the time of injury. Inflammation is driven by mediators
derived from platelets, by-products from bacteria, and chemoattractants secreted in
the wound. The first cell type that infiltrates the wound site is the neutrophil in
order to kill bacteria and degrade matrix proteins that are damaged [9]. Within 24 h,
monocytes cells infiltrate the wound and differentiate into macrophages, which kill
microbes, remove tissue debris, eliminate neutrophils, and enable angiogenesis and
tissue granulation [10].

During the proliferation stage, new cells populate the wound and a multitude of
growth factors and chemokines that induce cell migration and proliferation, and
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matrix formation are released: platelet-derived growth factor (PDGF), fibroblast
growth factors (FGFs), vascular endothelial growth factor (VEGF), and transforming
growth factor -α and -β (TGF-α and TGF-β), among others. In addition, keratinocyte
cells are released from the wound edges and stem cell reservoirs located in the
bulge and isthmus of hair follicles and the interfollicular epidermis. Keratinocytes
proliferate and migrate to close the wound by coverage. Upon contact inhibition,
keratinocytes undergo vertical stratification and differentiation to reinstate all the
layers of the epidermal barrier [11, 12]. Angiogenesis, in synchrony with epidermal
repair, is activated by multiple growth factors, for example, VEGF and FGF. The
combination of new blood vessels, fibroblast and macrophage cells, and matrix pro-
teins forms granulation tissue, which is the soft and pink tissue that forms at the
bottom of a healing skin wound. At the end of the proliferative stage, fibroblast cells
differentiate into contractile myofibroblast cells that pull together the wound edges
[13].

During the remodeling stage, cells from previous stages are removed and colla-
gen deposition in the dermis transitions from type III to type I collagen. Collagen
remodeling involves matrix metalloproteinases, and its synthesis increases the ten-
sile strength of the wounded skin, which recovers approximately 40% of its original
strength in 4weeks and about 70% in1year in normal healing conditions [14].Altered
collagen synthesis during this stage leads to scar formation [15]. Furthermore, poor
or pathologic wound healing originates from failure to initiate, terminate, or regulate
any particular wound healing stage. Examples of poor and pathologic wound heal-
ing outcomes are pyogenic granulomas (excessive formation of granulation tissue),
hypertrophic scars and keloids (accumulation of excess fibrotic components), and
chronic ulcers (prolonged inflammation, poor vascularization, and inability to form
a new epithelium).

6.4 Nanomaterials for Engineering Skin Wound Healing

The skin endures and heals injuries throughout our lives. And healing is influenced
by a wide variety of factors that affect skin wounding and the speed and quality of
healing. These factors include a number of common conditions, diseases, and treat-
ments, underscoring the far-reaching relevance of skin wound healing to medicine,
public health, and the global burden of disease. Surgical incisions, thermal burns, and
chronic ulcers are among the conditions that significantly burden (or delay) wound
healing [2]. Current clinical approaches to promotewound healing have proven effec-
tive in saving lives; however, novel approaches enabling healing of complex wounds
and healing by remodeling—without scarring—are still missing. Nanomedicine has
demonstrated its potential to advance healthcare by developing nanoscale meth-
ods and technology to address a broad range of clinical limitations in drug deliv-
ery, biosensing, imaging, tissue regeneration, diagnostics, cancer, and other diseases
treatments [16–18]. Nanomaterials have been extensively investigated for improved
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skin wound-healing and have demonstrated, mostly in animal models, their ability
in regulating skin wound healing at different stages.

Next, we present an illustrative summary of the type of nanomaterials that have
been tested in animal models of skin wounds, leaving out cell studies for succinct-
ness and including only a few human studies because there are not many. A variety
of nanomaterial frameworks—polymer nanoparticles, dendrimers, liposomes, met-
als, ceramics, fullerenes, nanotubes, nanoemulsions, nanopores, quantum dots—
have been utilized to address specific healing limitations [19]. The unique prop-
erties of nanomaterials and their potential applications for the treatment of tissues
other than skin—bone, bladder, cartilage, neural, vascular, etc.—are reviewed in [16,
20–22]. Excellent reviews about nanomaterials in skin wound healing can be found
in [23–25].

6.4.1 Carbon

Carbon nanomaterials have been used for imaging, drug delivery, and gene delivery,
among other applications [26, 27]. This type of nanomaterials includes fullerenes,
carbon nanohorns, carbon nanotubes, and graphene. Fullerene is a powerful antioxi-
dant capable of scavenging ROS and reactive nitrogen species and, consequently, of
modulating inflammatory and proliferative processes [28]. In combinationwith light,
fullerene has also been used to rescue mice with wounds infected with pathogenic
gram-negative bacteria [28]. The biocompatibility of carbon nanomaterials remains
controversial [26], and most studies in the literature are limited to in vitro cell studies
[29–31].

6.4.2 Ceramics

Ceramic nanomaterials based on silica, calcium salts and hydroxyapatite have
been investigated as nanoparticles for applications in wound healing. Intravenously
administered calcium-based nanoparticles, synthesized using CaCl2 with β-glycerol-
phosphate, were used to modulate local calcium levels and calcium homeostasis
in open wounds in mice. These nanoparticles decreased the size of the wound by
contraction, which was attributed to the release of ionized calcium into the wound
bed as the pH-sensitive nanoparticles dissolved in the acidic wound microenviron-
ment [32]. Variations in local pH levels in the wound bed are known to promote or
inhibit bacteria growth, regulate enzyme prevalence, and change oxygen supply [33].
A similar approach utilized nitric NO-releasing nanoparticles, which were synthe-
sized by means of combining chitosan, glucose, tetramethyl orthosilicate, sodium
nitrite, and polyethylene glycol. In clean and infected wounds in mice, the wounds
treatedwithNO-NPs presented reduced inflammation, increased collagen deposition,
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and increased blood vessel formation. NO stimulated migration and proliferation of
fibroblasts and synthesis of collagen type III [34, 35].

6.4.3 Lipids

Nanoparticle treatment approaches for accelerating wound closure have been devel-
oped using liposomes [36, 37], and tested in porcine models. Lipids obtained from
the cell membranes of rabbit red blood cells were combined with α-gal epitopes
to make submicroscopic liposomes (Gll-Phl-Chol-α-gal). Anti-Gal is an antibody
that interacts specifically with a carbohydrate antigen, the α-gal epitope (Galα1-
3Galβ1-4GlcNAc-R), on glycolipids and glycoproteins in a wound and activates the
complement system. Among the products generated from this complement activa-
tion, there are complement cleavage chemotactic factors, such as C5a and C3a. The
increment in local concentrations of chemotactic factors within thewound stimulated
rapid recruitment and migration of macrophages to the wound site [36, 37]. α-Gal
nanoparticles binding to the membrane receptors of macrophages were able to acti-
vate the production of cytokines and accelerate healing and wound closure, which
was demonstrated in pig wounds treated topically with nanoparticles deposited as a
thin film [36].

A different approach incorporated plant-derived compounds quercetin and cur-
cumin in liposomes. The drug and carrier efficacy were evaluated by in vitro skin
distribution and in vivo ability to reduce oxidative inflammation and neutrophil infil-
tration in mice subjected to 12-O-tetradecanoylphorbol-13-acetate (TPA, a potent
tumor promoter). These plant-based drugs present antioxidant and anti-inflammatory
properties and were able to inhibit the onset of skin wounds during the application
of TP [38]. A different study utilized phospholipid bilayer vesicles loaded with
hemoglobin and coated with polyethylene glycol (HbVs) to improve the oxygena-
tion of ischemic skin wounds in mice models [39]. Relative to controls, tissue sur-
vival improved by 24% and the wound-healing rate increased twofold. Immunohis-
tochemical analysis showed a higher density of capillaries and a higher expression of
endothelial NO synthase 3 in the wounds treated with HbVs. A different study inves-
tigated liposome-encapsulated hemoglobin with high O2 affinity for the treatment of
full-thickness dorsal wounds in mice [40]. The treatment significantly accelerated
granulation, increased epithelial thickness, suppressed early granulocyte infiltration,
and increased Ki67 expression.

Another approach synthesized adenosine triphosphate (ATP)-vesicles and tested
them as a topical nonionic cream for improved wound healing. ATP-vesicles con-
structed using phospholipids, trehalose, and a liposomal transfection reagent, were
combined with a nonionic commercial cream moisturizer. For both non-ischemic
and ischemic wounds, the ATP-vesicle provided a source of energy for survival of
cells and improved granulation and re-epithelialization in diabetic wounds in rabbits
[41].
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Solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) are two
major types of lipid-based nanoparticles. SLNs advantages are good release profiles
and targeted drug delivery with excellent physical stability and, consequently, have
overcome the limitations of other colloidal carriers, like emulsions, liposomes, and
polymeric nanoparticles. Topical administration of SLNPs and NLCs loaded with
rhEGF improved re-epithelialization and restoration of the inflammatory process in
diabetic wounds in mice [42]. A different approach developed silica (SiO2) nanopar-
ticles as an alternative to conventional wound closure methods, such as sutures and
adhesives like Dermabond (2-octyl cyano-acrylate). SiO2 nanoparticles synthesized
by the Stöber method were applied to full-thickness dorsal skin wounds. The wound
edgesweremaintained in contactmanually for less than oneminute, which is the time
that took to close thewound.Macroscopic analysis shows the absence of pathological
inflammation or necrosis [43]. A class of biomaterials that have been successfully
implanted in millions of patients worldwide to repair bone and dental defects are
bioactive glasses, primarily 45S5 glass compositions [44]. Many other bioactive
glass compositions have been proposed for applications like soft tissue repair and
drug delivery. A bioactive glass-based nanoformulation was applied to full-thickness
wounds in a diabetic rat model. This nanoformulation promoted the proliferation of
fibroblasts and deposition of granulation tissue while stimulating the production of
growth factors such as VEGF and FGF2 [45].

6.4.4 Metal

Avariety ofmetal nanoparticles has been investigated and developed for wound heal-
ing applications. Colloidal solutions of silver (Ag) nanoparticles possess a remark-
ably wide spectrum of antimicrobial properties, effectively reducing or preventing
wound infections caused by a broad range of microbes [46, 47]. AgNPs are also
effective against fungi, yeast, and viruses [48]. The origin and antimicrobial activity
of these particles, including the actual contribution of ionic silver to the antimicrobial
activity, is an ongoing discussion [49, 50]. However, it is well established that ade-
quate surfaces are required for producing biologically active nanoparticles [51–58].
As a function of size and concentration, AgNPs have shown anti-inflammatory prop-
erties and the ability to minimize ROS production and improve the tensile strength of
skin by modulating collagen alignment [59–61]. The production of stable and non-
toxic nanosilver under physiological conditions constitutes a development approach
for the translation of silver nanocomposites to the clinic. Cumulative data to date
highlights the fundamental role of bio-inspired protecting agents to produce stable
nanosilver structures that do not have toxic side effects on primary human cells and
mice, i.e., protective agents like collagen and the thiol-modified LL37 antimicrobial
peptide [62]. In situ preparation of fibers with AgNPs utilizing electrospinning was
developed for use as a wound dressing. Nanofibrous membranes enabled the con-
tinuous release of Ag ions, which resulted in broad-spectrum antimicrobial activity
against Staphylococcus aureus and Escherichia coli. These antibacterial nanofibrous
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membranes were able to reduce the inflammatory response and accelerate wound
healing in Wistar rats [63].

In addition to silver, iron oxide, copper, and gold have been investigated forwound
healing applications. Thrombin-conjugated γ-Fe2O3 nanoparticles accelerated the
closure of incisional wounds in rats, improving skin tensile strength and reducing
stitch-induced scarring [64]. Copper nanoparticles within a methylcellulose-based
ointment were shown to induce pro-inflammatory mediators that increased blood
vessel formation in full-thickness wounds in mice skin [65]. Small-sized gold nano-
materials are stable and nontoxic, whichmakes them an attractive platform for devel-
opment of biofunctional nanomaterials. Photoluminescent gold nanodots were con-
structed using etching and codeposition of hybridized ligands, an antimicrobial pep-
tide (surfactant), and 1-dodecanethiol, on gold nanoparticles. In rats, wounds infected
with Methicillin-Resistant S. aureus showed faster healing, improved epithelializa-
tion, and higher collagen deposition when photoluminescent gold nanodots are used
as a dressing material [66].

Metals of the lanthanide group have also been investigated in wound healing
[67]. Nanoceria (cerium oxide nanoparticles) is an ROS scavenger material that
stabilizes HIF-1α expression stimulating angiogenesis via upregulation of VEGF
andmodulating oxygen levels in the wound [24, 68]. Nanoceria/PU/cellulose acetate
fibers applied to wounds exhibited anti-bacterial properties due to the release of free
cerium ions [69].

6.4.5 Polymers

Polymeric nanomaterials have been used for drug delivery, imaging and sensing
applications [70]. In wound healing, polymeric nanomaterials are often combined
with wound dressings [71, 72]. Poly (lactide-co-glycolide) (PLGA), polycaprolac-
tone (PCL) and polyethylene glycol (PEG) have been used to develop nanomateri-
als for improving wound closure outcomes in normal and infected wounds. PLGA
nanoparticles loaded with curcumin reduced the inflammatory response, acceler-
ated re-epithelialization and improved the formation of granulation tissue in mice
wounds [73]. Curcumin, an organic molecule found in the spice turmeric, exhibits
anti-inflammatory, antioxidant and bactericidal properties [74, 75]. PLGA nanopar-
ticles loaded with recombinant human epidermal growth factor (rhEGF) increased
the healing rate of full-thickness wounds in diabetic rats [76]. The release of rhEGH
was sustained for 24 h enhancing fibroblast proliferation. The application of PCL-
PEG nanoparticles loaded with hypericin (Hy) to wounds infected with methicillin-
resistant S. aureus resulted in reduced expression of TNF—tumor necrosis factor, a
cytokine involved in systemic inflammation—improved epithelialization and colla-
gen synthesis in a rat model [77].

Biodegradable poly(b-amino esters) (PBAEs) and copolymers ofmaleic acid have
been exploited to develop gene delivery and drug release systems for wound-healing
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applications [78, 79]. PBAEs nanoparticles carrying the sonic hedgehog gene pro-
moted angiogenesis and tissue regeneration by activating angiogenic signaling path-
ways in mice wound model [80]. Chitosan, an organic polysaccharide exhibiting
biocompatibility, biodegradability, mucoadhesivity and anti-infection activity, has
been extensively investigated for biomedical applications [81]. Chitosan nanoparti-
cles have shown significant bactericidal effects on different types of bacteria without
cell toxicity on mouse fibroblast cells [82]. The N-acetyl glucosamine in chitosan is
also present in the dermal connective tissue in elastin, which is a highly-elastic struc-
tural and cell-signaling protein [83]. Synthesized chimeric nanoparticles, formed via
spontaneous self-assembling of elastin-like peptides (ELP) and loaded with ker-
atinocytes growth factors, improved re-epithelialization and granulation in diabetic
mice wounds [84].

Dendrimers, like polyamidoamine (PAMAM), have been used for cellular delivery
of plasmid DNA by forming a stable complex with limited degradation. An arginine-
grafted cationic dendrimer (PAM) was used to deliver minicircle plasmid DNA
encoding VEGF into diabetic wounds in mice. This polycomplex PAM-RG4) con-
sists of a highly ordered PAMAM dendrimer backbone. Relative to control wounds,
PAM-RG4 improved the proliferation of basal cells and the deposition of collagen,
and it also reduced the formation of immature blood vessels. Diabetic skin wounds
healed within 6 days displaying a well-ordered dermal structure [85]. The structure
of dendrimers exhibits internal cavities and surface channels, making them suitable
to accommodate small molecules and carry high drug loads that can be used for the
treatment of complex wounds. Dendrimers have also been used in the development
of nanotechnology for delivering short RNAmolecules to wounds. RNA interference
(RNAi) is a biological process in which small interfering RNAs (siRNAs) silence
gene expression by degrading targeted mRNA molecules. Sirnaomics Inc., is devel-
oping nanoparticle formulations containing siRNA for reducing the expression of
TGFβ1 and Cox-2 (cyclooxygenase-2), which are implicated in many tissue inflam-
mation and fibrosis processes. Among other applications, Sirnaomics Inc., is testing
formulations for the treatment of hypertrophic scars in phase II clinical trials.

6.5 Emerging Technologies

As illustrated in the previous section, the vast majority of the nanomaterial applica-
tions investigated for skin wound healing consist in utilizing them either to modulate
different wound healing processes by direct interaction with the wound microenvi-
ronment or to deliver cargo that modulates the wound healing process. Alternative
emerging technologies utilize nanomaterials in synergy with novel technologies in
other fields [86].

Photosensitized crosslinking of proteins is being developed for medical treat-
ments and many potential benefits have already been demonstrated in preclinical
and clinical studies. Applications include sealing wounds, reattaching severed tis-
sues, stiffening and strengthening tissues, decreasing inflammatory responses, and
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bioengineering tissues [87–90]. These treatments rely on light-initiated formation
of covalent crosslinks between proteins on the surfaces of two tissues or between
proteins within a tissue. Two dyes, rose Bengal (RB2−) and riboflavin-5-phosphate
(R5P2−), has been used almost exclusively for medical applications of photosen-
sitized protein crosslinking. The treatment procedure for photo-crosslinking tissue
proteins is simple. In fact, the simplicity of this technique is one of its clinical advan-
tages. An aqueous solution of the dye typically is applied to the tissue, which is then
exposed for a few minutes to light wavelengths absorbed by the dye. Crosslinking
occurs during the irradiation and is followed by healing processes. The light-induced
effects appear to result largely from crosslinks in collagen, the major connective
tissue protein, with possible crosslinking to the proteoglycans that surround colla-
gen fibrils and to other proteins. This technique has been regarded as an effective
alternative to stapling or traditional suturing. Absorption and scattering of light in
tissue results from fundamental light–matter interactions and have enabled a vari-
ety of powerful optical techniques for therapy and imaging [91]. However, these
interactions are also problematic as they limit the penetration of light in tissues.
A poly(allylamine) (PAAm)-modified upconversion nanoparticle/hyaluronate–rose
bengal (UCNP/PAAm/HA-RB) conjugate complex was developed for photochemi-
cal bonding of deep tissue with near-infrared (NIR) light illumination [92]. In a mice
study, the UCNP/PAAm/HA-RB conjugate complex was efficiently delivered into
deep tissue and accelerated tissue bonding upon NIR light illumination. HA in the
outer layer of the complex facilitated the penetration of RB into the collagen layer
of the dermis.

Skin grafting requires removing a layer of skin tissue from a donor site to transfer
it to the wounded site. Skin grafts can be classified as split-thickness skin grafts
(STSGs), consisting of the epidermis and the upper part of the dermis, or full-
thickness skin grafts (FTSGs), consisting of the epidermis and the full-thickness
dermis. A major limitation of this procedure is scarring at the donor site and, in
STSGs, the absence of the deep dermal adnexal structures that give function to skin,
such as hair follicles, sweat glands, and sebaceous glands. FTSGs require to cre-
ate a full-thickness wound at the donor site and a good vascular bed for survival at
the wounded site. Therefore, standard clinical outcomes are scarring at the donor
and wounded site, and lack of skin function at the wounded site. Innovations in
surgical grafting techniques have advanced skin grafting, but grafting methods are
still limited [2, 93]. In mice and porcine models, a new approach that grafts thou-
sands of full-thickness skin micrografts have been shown to eliminate scarring at the
donor site while transferring the deep adnexal structure to the wound site [94, 95].
Again, the simplicity of this technique is one of its clinical advantages [96, 97]. This
fractional grafting approach places the micrografts randomly in the wounded site,
that is, micrografts are not oriented. Current development efforts are geared toward
developing nanomaterials that could serve as functional scaffolds to “copy skin” by
enabling controlling the spacing and orientation of micrografts, which presumably
would result in faster healing and functional skin resembling the original skin, and
manipulation of this hybrid construct (autologous tissue in a synthetic biomaterial)
by clinicians. The concept is illustrated in Fig. 6.3. The flexibility and broad reach
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Fig. 6.3 Full-thickness microscopic skin tissue columns (MSTCs) are harvested from the healthy
donor site and placed into a scaffold matrix to assemble a hybrid skin construct for wound repair.
Nanomaterials enable functionalization of the matrix for different wound environments and mod-
ifying the wound to establish favorable conditions, for example, the combination with a silver
nanoparticles spray for infected wounds



6 Nanomaterials for Engineering the Treatment of Skin Wounds 119

of nanomaterials in wound healing could enable a fractional skin grafting platform
with the capability of customizing scaffolds for different wound environments; for
example, in infected wounds by functionalizing the scaffold to kill bacteria while
preserving the micrografts.

6.6 Summary and Conclusions

Wound healing interventions aim to repair or promote the repair of the structure
and function of organs, tissues, and cells. When the skin is wounded, repair implies
restoration of all functional components, including hair follicles, sweat glands, and
nerves in clean and impaired healing conditions. Although there is no perfect repair
method currently available for complex wounds, rapid developments in understand-
ing skin development and wound repair, together with advances in related fields like
stem cell, tissue bioengineering, and nanomedicine, provide hope that such meth-
ods represent a tractable goal in the future. Nanomaterials have a high surface area
to mass ratio that enables favorable interactions with wound environment and con-
stituents. Cells naturally interact with the extracellular matrix which can be better
modulated by nanoscale materials. Nanomaterials will have a critical role to play in
the engineering of novel clinical strategies that enable healing of large and complex
wounds by remodeling without scarring.
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Chapter 7
Nano-engineering Nanoparticles
for Clinical Use in the Central Nervous
System: Clinically Applicable
Nanoparticles and Their Potential Uses
in the Diagnosis and Treatment of CNS
Aliments
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Abstract Nano-engineering materials-based diagnosis and treatment of central ner-
vous systems (CNS) ailments has significantly advanced with our deepened knowl-
edge of the pathophysiology of the blood–brain barrier. Unlike other nanoparticle-
based tissue engineering strategies, the use of nanoparticles in the CNS must be
specifically engineered to circumvent or penetrate the blood–brain barrier, which
selectively inhibits drugs and nanoparticles from infiltrating. Current research in
the field of CNS nanoparticles has future applications in the fields of diagnostic
imaging, drug delivery, specific drug targeting, and tissue regeneration. This chapter
highlights some of the nano-engineering of these promising nanoparticle-based bio-
materials and their applications in the diagnosis and treatment of brain and spinal
cord disease.
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7.1 Introduction

While significant advances in our understanding of the pathophysiology of the central
nervous system (CNS) have occurred, our diagnosis and treatment strategies of CNS
ailments remain limited. Diagnosis is still challenging as small lesions in an eloquent
region of the brain, or spinal cord can lead to significant deficits and large lesions that
do not affect eloquent regions of the brain may not result in any clinically noticeable
deficits or symptoms. Our ability to visualize these small lesions remains limitedwith
current clinical imaging technology. While we have also made significant strides in
our ability to offer therapeutic strategies, many of these agents cannot be applied
systemically as they are inactivated with systemic administration, cannot cross the
blood–brain barrier (BBB) [1, 2], are rapidly degraded in the circulatory system [3],
or cause unacceptable systemic side effects [4]. Accordingly, CNS-targeted nanopar-
ticles may be the answer to these barriers, improving the diagnosis and treatment of
CNS disorders.

7.1.1 The Blood–Brain Barrier: A Physiological Barrier
to Treatment

The blood–brain barrier (Fig. 7.1) is a physical and chemical barrier which protects
the CNS and offers homeostasis. Formed from capillary endothelium, astrocytes,
pericytes, and extracellular matrix, the BBB allows for highly controlled diffusion
of essential compounds from the bloodstream into the CNS, such as water, lipid-
soluble molecules, and gasses while restricting the entry of pathogenic organisms
and other potentially harmful substances, including hydrophilic molecules >1 kDa
and exogenous molecules. These functions are largely dependent on the presence of
a variety of components, such as tight junctions which are highly selective in order

Fig. 7.1 Schematic of blood–brain barrier Adapted with permission from Zhou et al. [7]



7 Nano-engineering Nanoparticles for Clinical Use in the Central … 127

to limit the passage of solutes, ATP-binding cassette transporters (ABC transporters)
which actively pump xenobiotics out of the CNS [5], and endothelial cytochromes
and enzymes, which degrade small-sized molecules [6].

Circumventing the BBB presents a standing challenge for the diagnosis and treat-
ment of many CNS-related ailments. Over 95% of pharmaceuticals which could
diagnose or treat CNS-related diseases cannot cross the BBB, and while many of
these treatments have been successful in animal models of disease, they cannot be
translated for human use due to failure of drug delivery [8, 9]. This is particularly
challenging when repeated administration is required for sustaining a therapeutic
dose [10].

Current delivery of CNS-specific therapeutics across the BBB can be catego-
rized as physical, chemical, or biological and can be used for CNS-specific diseases.
Physical delivery can be achieved by using transcranial drug deliverymethods to pass
drugs directly into the brain, physically trespassing the BBB. These methods involve
neurosurgical procedures which can be accomplished via intracerebral implantation
(Fig. 7.2a), intracerebral infusion (Fig. 7.2b), and convection-enhanced diffusion
(Fig. 7.2c). Intracerebral infusion and intracerebral implantation are both able to
bypass the BBB with physical penetration. However, studies have indicated that as
the drug penetrates the brain tissue, the concentration of bioavailable drugs decreases
significantly with eachmillimeter of tissue away from the site of injection or implant.
By their definition, these methods are invasive and require the patient to undergo a
surgical procedure [11].

Chemical-based drug delivery is based on causing a break in the BBB which
allows drugs to penetrate through the tight junctions. This BBB disruption can occur
by utilizing:

• Osmotic disruptors such as bradykinins
• Use of high-intensity ultrasound
• Introducing osmotic pressure or microbubbles.

Thesemethods,while novel, are potentially harmful to patients as theymayperma-
nently damage the integrity of theBBB, allowingnot only the targetedpharmaceutical
but other potentially harmful substances to cross [7]. Biological-based drug delivery
utilizes the targeting of a drug to a ligand which can bind to an endocytic receptor
or lipophilic analog to improve BBB penetration or diffusion [12]. However, studies
have shown that all these methods suffer from a range of limitations, including but
not limited to lack of specificity, resulting in adverse effects on healthy tissues, and
loss of bioavailable concentration, necessitating repeated exposure, which results in
further adverse effects [10].

7.1.2 Nanoparticle-Based Delivery

Nanoparticles are small structures on the nanoscale (1–100 nm, see Chap. 1). They
can be utilized to carry and deliver therapeutic agents in complex biological systems
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Fig. 7.2 Physical delivery methods through the BBB. a Intracerebral implantation: involves place-
ment of the target drug or delivery system directly on the brain’s surface. bCannula for intracerebral
infusion. This cannula would require surgical insertion through the skull bone to enter the brain.
c Convection-enhanced diffusion: Using a pump, target drug is infused through a cannula inserted
into the target with the addition of continuous positive pressure

as therapeutic nano-carriers. These carriers have been fabricated frommany different
materials and are highly customizable in regard to size, charge, and molecular prop-
erties [10]. Nanoparticles are the ideal molecules for CNS-specific drug delivery.
Recent studies have focused on the creation of biodegradable nanoparticles which
are able to increase therapeutic bioavailability, retention, and solubility of diagnostic
and therapeutic agents. These agents can be encapsulated by or embedded within
the surface of nanoparticles, which protects the drug from degradation and allows
for extended release. Payload-carrying nanoparticles can be further modified with
receptor-targeting ligands, which results in targeting of the whole system to specific
tissues. Due to their versatility, nanoparticle-based delivery systems are currently
being studied for CNS-related clinical applications in cancers, acquired immunode-
ficiency syndrome (AIDS), as well as non-CNS-related clinical applications such as
non-CNS cancers, diabetes, malaria, and tuberculosis [10].



7 Nano-engineering Nanoparticles for Clinical Use in the Central … 129

Fig. 7.3 Routes for movement of nanoparticles across the brain endothelium reproduced with
permission from Male et al. [10]

Table 7.1 Summary of active and passive transport of nanoparticle-based CNS drug delivery

Active transport Passive transport

Mechanism Receptor-
mediated

Adsorptive Carrier-mediated
transport

Transmembrane

Targets Ligands for
receptors

Cationic
nanoparticles

Ligands for
transport proteins

Small lipophilic
molecules <
400-500 Da

Examples PBCA
PLGA/PLA
Transferrin-
conjugated
nanoparticles
Liposomes

Liposomes PLGA/PLA
carbon quantum
dots

Gold
nanoparticles
Sliver
nanoparticles

Nanoparticle-based delivery of pharmaceuticals to the CNS offers many benefits
when compared to traditional physical, chemical, and biological methods of cross-
BBB delivery. Nanoparticles can offer a noninvasive, low-cost, and highly controlled
method to load and release these targeted drugs across the BBB [10].

Transport across theBBBcanboth bepassive or active. Passive transport is energy-
independent and utilizes the process of passive diffusion. This is particularly useful
for tumor cells due to the enhanced permeability and retention effect. In contrast,
active transport requires the use of carriers at the expense of adenosine triphosphate
(ATP) via a receptor and adsorption-mediated routes (Fig. 7.3). These differences,
with examples of nanoparticleswhichwill be further discussed below, are highlighted
in Table 7.1.

7.2 Polymeric Nanoparticles

Polymeric nanoparticles (Fig. 7.4) are composed of natural or synthetic poly-
mers and can be fabricated into nanoparticles that are suitable for CNS delivery.
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Fig. 7.4 Schematic of a functionalized polymeric nanoparticle. Reproduced with permission from
Patel et al. [13]

These nanoparticles have been based on polysaccharides, proteins, amino acids,
poly(ethylenimines), poly(alkylcyanoacrylates), poly(-methylidene malonates), and
polyesters [13]. There are currently two polymeric-based nanoparticle drug delivery
systems which are Food and Drug Administration (FDA) approved for clinical use:

1. Abdoscan®: An iron oxide and dextran-based nanoparticle used for diagnostic
imaging of the liver and spleen [14].

2. Abraxane®: An albumin-based nanoparticle loaded with paclitaxel used in the
treatment for breast cancer [15].

The basic structure of a polymeric nanoparticle is illustrated in Fig. 7.4. The
drug, which could be a synthetic molecule, a peptide, or a nucleic acid in nature,
is embedded within the walls of the polymer, while the surface is modified with
a ligand, which is intended to deliver the nanoparticle to the area of interest. In
the context of treatments of CNS ailments, the ligand would specifically target a
component within the BBB. Systemic delivery of these nanoparticles across the BBB
is possible because their surface can be so readilymodified, relying on ligand surface-
modification for receptor-mediated transcytosis or surface charge-modification for
adsorptive-mediated transcytosis [13]. Unfortunately, these favorable characteristics
are still restricted by potential toxicity, including both chemical toxicity determined
by the purity and concentration of these nanoparticles, along with nano-toxicity
resulting from particle size, shape, surface, and charge [16].

7.2.1 Poly(Butyl cyanoacrylate) Nanoparticles

First synthesized in 1995, poly(butyl cyanoacrylate) (PBCA, see Fig. 7.5) nanopar-
ticles were the first polymer-based nanoparticle system studied to deliver drugs to
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Fig. 7.5 Chemical structure
of poly(butyl cyanoacrylate)

the CNS through the BBB [17]. PBCA nanoparticles were loaded with dalargin, an
opioid peptide Leu-enkephalin with analgesic properties, coated with polysorbate
80, and delivered intravenously and orally. The results showed that these nanopar-
ticles are able to achieve analgesia in the CNS of a mouse model [18]. Follow-up
studies, using radiolabeled particles, demonstrated that in the absence of polysorbate-
80 coating, there was a significant decrease in the number of PBCA nanoparticles
that crossed the BBB [19]. PBCA nanoparticles coated by polysorbate-80 can also
be loaded with fluorophores, antibodies, or magnetic contrast agents, with possible
clinical applications in diagnostic imaging of the CNS [20]. However, non-specific
permeabilization of the BBB, probably related to the toxicity of the carrier, caused
mortality in mice, questioning the clinical application of this nanoparticle [16].

7.2.2 Poly(Lactic-Co-glycolic Acid)/Poly(Lactic Acid)
Nanoparticles

Poly(lactic-co-glycolic acid)/poly(lactic acid) (PLGA/PGA)-based nanoparticles,
like PBCA, have been in development since the 1990s, due to their promising bio-
compatibility and biodegradability [21]. Their chemical structures can be seen in
Fig. 7.6. PLGA/PLA can be hydrolyzed by the body into lactic acid or glycolic acid,
respectively, and metabolized by the Kreb’s cycle [22]. PLGA has many current
clinical uses such as suture material. PLGA/PGA nanoparticles of different sizes,
size distribution, morphology, and ζ potential can be synthesized by controlling the
parameters specific to the synthesis method employed [23]. PLGA/PLA nanoparti-
cles can also undergo surface-modification with surfactants or polymers, or covalent
conjugation with targeting ligands which can improve BBB penetration. This high
degree of customization makes PLGA/PGA nanoparticles applicable to a wide range
of treatments within the CNS [22].

Fig. 7.6 a Chemical structure of poly(lactic-co-glycolic acid); x and y denote the number of unit
repeats. b Chemical structure of poly(lactic acid): z denotes the number of unit repeats
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Recent research has shown that PLGA nanoparticles conjugated with cyclopep-
tides can deliver zinc ions via endocytosis [24]. Curcumin-loaded PLGA nanoparti-
cles conjugated with Tet-1 peptide have shown promising ability to cross the BBB
in vitro and can potentially be applied for treating Alzheimer’s dementia [25].
Paclitaxel-loaded PLGA nanoparticles have recently been produced by Lei et al.
demonstrating excellent reproducibility and uptake in the mouse model [26].

7.2.2.1 PBCA/PLGA/PLA Nanoparticles as Drug Carriers
for Alzheimer’s Disease

Alzheimer’s disease (AD) is a common and devastating type of dementia which is
characterized by learning and memory impairment. There are about 4 million people
living with dementia worldwide, and AD accounts for an estimated 60–80% of these
cases [27].

Curcumin is a diarylheptanoid, which is a plant-based compound with biological
activity against β-amyloid (Aβ) aggregate, shown in Fig. 7.7, which is the main com-
ponent of neuronal amyloid plaques causing AD [28]. Unfortunately, curcumin has
poor aqueous solubility and stability and is prone to oxidation and photodegradation.
These properties make it a poor candidate for oral, systematic administration. PBCA
nanoparticles embedded with curcumin have shown to improve the drug’s photosta-
bility in a SH-SY5Y cell culture model [29]. The most promising of the nanoparticle
curcumin carriers had sustained stability, with long-term (6 months) storage, while
remaining bioactive [30]. In vitro experiments demonstrated that this system has
the ability to destroy amyloid plaques [25], while in a mouse model, it was able to
improve cue memory and lower amyloid plaque activity [31].

Fig. 7.7 Amyloid plaque,
scale bar represents 50 μm
Adapted from Mathur et al.
[32]
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7.2.3 Carbon Quantum Dots

Carbon quantum dots have been discovered in 2004 and are the newest member of
the polymeric nanoparticle family discussed in this chapter [33]. Carbon quantum
dots are a promising type of nanoparticle due to their low toxicity, small relative
size, polymeric core, and the available surface functional groups [33]. These surface
functional groups are particularly useful for conjugation with therapeutics for the
purposes of drug delivery across the BBB [34, 35]. Quantum dots also have excellent
photoluminescence, allowing for real-time tracking of BBB penetration shown in
animal models [36].

Carbon quantum dots are nano-fabricated by either “top-down” or “bottom-up”
synthesis. The top-down approach involves oxidizing double bonds from macro-
molecular starting materials such as raw carbon powder [37], while the bottom-up
approach involves building carbon quantum dots from small monomeric units such
as citric acid and amines using covalent hydrogen bonds [37]. Top-down carbon
quantum dots are synthesized using raw carbon powder, which are then conjugated
to transferrin and doxorubicin, making them a promising treatment agent for pedi-
atric CNS neoplasms. Doxorubicin is a chemotherapeutic agent which is effective
against many different cancers including breast, bladder, lymphoma, and sarcoma
[38]. However, doxorubicin, like many chemotherapeutics, has side effects such as
hair loss and bone marrow suppression, and may even cause congestive heart failure
in the pediatric population [38]. Carbon quantum dots conjugated with doxorubicin
and transferrin were produced in a step-wise process. First, raw carbon dots were
synthesized and purified, which was followed by conjugation of transferrin and sub-
sequent conjugation of doxorubicin, utilizing the available surface functional groups
[38]. Transferrin was chosen due to the overexpression of the transferrin receptor
on the BBB and tumor cells of interest. Successful uptake of these nanoparticles
by the pediatric tumor cell line, SJGMB, has been seen in vitro when compared to
doxorubicin alone [38].

Bottom-up carbon quantum dots synthesized using L-aspartic acid and D-glucose
via pyrolysis have the ability to act as a targeted imaging and diagnostic agent for
gliomas when injected intravenously in a mouse model [37]. This is due to the
carbon quantum dot’s excitation-dependent photoluminescence behavior [37]. It is
hypothesized that these carbon quantum dots are transported across the BBBwith the
assistance of transport proteins, such as GLUT1 and ACST2, using the glucose and
aspartic acid ligands [39]. This hypothesis can be supported by the known abundance
of these transporters, specifically found on the surface of the BBB and gliomas [40].

7.2.4 Liposomes

Liposomes are spherical vesicles that consist of one or more lipid bilayers, which
form an internal aqueous compartment. Liposomes have relatively impermeable
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lipophilic outer shells and are often composed of phospholipids. They have been
among the most investigated structures for drug delivery in recent history because of
their excellent biocompatibility, biodegradability, low toxicity properties and ability
to incorporate both hydrophilic and hydrophobic drugs. Liposome-based drug deliv-
ery systems are based on the aqueous core, which provides an environment in which
therapeutic drugs can be sequestered and have been widely used to improve drug
efficacy or to eliminate drug-related toxicity [41].

Adsorptive-mediated transcytosis of liposome-based drug delivery systems uti-
lizes the negatively charged property of endothelial cells. By creating positively
charged or “cationized” liposomes, these liposomes are able to target and bind to the
BBB, mediating the incorporation of their contents across the BBB. Studies have
shown that liposomes conjugated with cationized bovine serum albumin are able to
adsorb onto the BBB in in vivo rat models, while liposomes conjugated with naive
bovine serum albumin did not achieve similar levels of adsorption [42].

7.2.4.1 Targeted Delivery of Liposomes to CNS

Theprocess of delivery of liposomes to a target is generally complex andnon-specific.
An approach referred to as “Molecular Trojan Horse” has proven to be effective
in delivering molecules through the blood–brain barrier to the brain by exploiting
receptor-mediated transcytosis. This method consists of surface-modifying the exte-
rior liposomes to include ligands specific to receptors present on the target of interest.
Different ligands have been researched and include peptides, monoclonal antibod-
ies and aptamers. As mentioned above, one common receptor that is present on
the surface of the brain capillary endothelium is transferrin receptor (TfR). TfR is
responsible for the transport of holo-transferrin from blood to the brain, at the same
time asmediating reverse transcytosis of apo-transferrin from the brain to blood [43].
Recognition elements, such as transferrin or antitransferrin receptor antibody, and a
transferrin receptor-specific aptamer have been used to effectively and specifically
deliver the liposomal payload, such as anticancer drugs, in order to improve the
specificity of cellular uptake while lowering overall toxicity [44].

7.2.4.2 Liposomes for Treatment of CNS Infection

One promising CNS application of liposome-mediated drug delivery is based on
increasing the bioavailability of antiretroviral pharmaceuticals for the treatment of
CNS infection. Generally, loading efficiency of anti-HIV drugs has been reported
to be low, while the portion that is successfully loaded suffers from a high amount
of leakage. In a study performed by Li and colleagues, liposomes were filled with
a zidovudine (AZT) prodrug and zidovudine myristate (AZT-M), in order to avoid
leakage, and were subsequently injected intravenously into the rat model. Although
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higher concentrations of AZT were found in the brain post-AZT-M liposomal injec-
tion when compared to the free AZT injection, the greatest increase of the drug was
found in the liver and spleen. This is important for this type of treatment, because
drug accumulation in the reticuloendothelial system is favorable, as it improves the
therapeutic index of antiretroviral pharmaceuticals [45].

7.2.4.3 Liposomes for Treatment of CNS Neoplasia

One of the shortcomings of many anticancer drugs is that they suffer from a lack
of specificity, which ultimately results in cytotoxicity towards not only the tumor
cells but also towards the healthy cells. In order to reduce the severe systemic toxic
side effects, these anticancer drugs can be incorporated into a targeted payload-
carrying system, which will ultimately reduce non-specific toxicity and improve the
efficacy of the treatment [46]. Transferrin can once again be used as a target in CNS
neoplasia treatments, as it is highly expressed on the surface of tumor cells. For
example, antitransferrin receptor antibody RI7217 can be conjugated to the surface
of liposomes, which would not only allow for targeted delivery of the payload-
carrying liposomes to BBB, resulting in their subsequent fusion and release of the
payload, but also for targeting transferrin presented on the surface of tumor cells
[47]. One example of the use of liposomal formulation in the treatment of neoplastic
meningitis was examined by Dominguez et al., when the liposomes were loaded with
cytarabine, a cell-specific antimetabolite that is used to kill tumor cells, while they
are in their S-phase of the cell cycle. Cytarabine was encapsulated in the aqueous
compartments of the liposomal wall, made up of phospholipids, triglycerides and
cholesterol. Therapeutic efficacy of cytarabine is largely dependent on the presence of
a large dose of the drug during a specific phase of cell development, whichmeans that
the concentration of the drug and the length of treatment must be carefully tailored.
Liposomal cytarabine showed sustained release of the drug, helping to maintain
the proper concentration, which spanned the cell cycle, allowing specific S-phase
targeting [48].

7.2.4.4 Liposomes for Treatment of Ischemic Stroke

Stroke has a worldwide incidence of 15 million new cases each year and a mortality
rate of approximately 30% [49]. Ischemic stroke accounts for approximately 80%
of all stroke events. Liposome-based therapeutic strategies that are discussed below
differ from the ones above as they are specifically targeted to the vasculature of the
brain and do not require the penetration of the BBB.

Liposomes prepared from dipalmitoylphosphatidylcholine
(DPPC)/dioleoylphosphatidylcholine (DOPC)/cholesterol (Chol) have shown
promise in the acute neuroprotection during ischemic stroke. These liposomes allow
for a controlled release of nitric oxide (NO), a regulator of cerebral artery tone
and a neuroprotector. NO is usually applied to a patient systematically and can be
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scavenged by hemoglobin. These liposomes are able to deliver NO specifically to
the area of injury and achieve a high local concentration, allowing for increased
benefit and neuroprotection [50].

Another group, led by Hwang, was able to create a liposome composed of a mix-
ture of phosphatidylcholine (PC), Chol and phosphatidylethanolamine. This lipo-
some can be used to deliver angiogenic peptides derived from the vascular endothe-
lial growth factor to an ischemic brain in a rat model [51]. This liposome can be
administered intra-arterially and is able to target the ischemic hemisphere of the
brain. The application of these liposomes resulted in the attenuation of the perfusion
defect and increased expression of a gene involved in angiogenesis (angiopoietin-2),
with the consequent increase of glucose consumption and vascular density, without
promoting inflammation [51].

7.2.4.5 Liposomes for Treatment of Cognitive Deficits

Another payload/targeting liposome system was developed by McConnell and col-
leagues, where a transferrin-targeting aptamer (TRA) was used to surface-modify
a liposome, which was loaded with a dopamine aptamer (DAL). This dual-aptamer
system (DAL-TRAM), with one aptamer acting as the mediator and the other as
the payload, allowed for specific targeting and take-up of the liposome through the
BBB and subsequent safe delivery of the nucleic acid agent. Other advantages of this
system include the ability to modify the composition of liposome walls to include
fluorescent elements that can be used in real-time imaging of the distribution, and
the delivery of a high local concentration of the payload at the target of interest. This
particular study confirmed the ability of an acute systemic administration of DAL-
TRAM to attenuate hyperlocomotion in cocaine-treated mice. This was achieved by
the TRA-driven specific delivery of a dopamine aptamer to the brain [44].

7.2.4.6 Nanoparticle for Improved Neural Axis Imaging

Magnetic resonance imaging (MRI) has revolutionalized the diagnosis and manage-
ment of CNS disease, and contrast agents (CA) have been heavily used over the past
several decades to enhance the diagnostic value of the obtained images. Improving
the efficacy of contrast agents can be facilitated by allowing both the optimization of
the magnetic properties of the CA and the optimization of the pharmacokinetics and
distribution of the CA in the patient. Contrast agents consisting of DNA aptamer-
gadolinium(III) conjugates have been shown to provide a single system in which
these factors can be addressed simultaneously.We have shown that a 15mer thrombin
aptamer could be conjugated to diethylenetriaminepentaacetic (DTPA) dianhydride
to form a monoamide derivative of the linear open-chain chelate present in the com-
monly used contrast agent Magnevist(®) [52]. The stability of the conjugated DNA
aptamer-DTPA-Gd(III) chelate in a transmetallation study using Zn(II) was found
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to be similar to that reported for DTPA-Gd(III). Relaxivity enhancements of 35 ±
4 and 20 ± 1% were observed in the presence of thrombin compared to a control
protein at fields of 9.4 and 1.5 T, respectively.

Multifunctional nanoparticles have also been developed towards applications in
noninvasive magnetic resonance imaging and axonal tracing. We have developed
multifunctional nano-biomaterial by deliberately combining functions of superpara-
magnetism, fluorescence and axonal tracing into one material [53]. Superparam-
agnetic iron oxide nanoparticles were first synthesized and coated with a silica
layer to prevent emission quenching through core–dye interactions; a fluorescent
molecule, fluorescein isothiocyanate, was doped inside second layer of silica shell to
improve photostability and to enable further thiol functionalization. Subsequently,
biotinylated dextran amine, a sensitive axonal tracing reagent, was immobilized on
the thiol-functionalized nanoparticle surfaces. The resulting nanoparticles were then
characterized by transmission electron microscopy, dynamic light scattering, X-ray
diffraction, X-ray photoelectron spectroscopy, UV–Vis spectroscopy, magnetic reso-
nance imaging and fluorescence confocal microscopy. In vitro cell experiments using
both undifferentiated and differentiated Neuro-2a cells showed that the cells were
able to take up the nanoparticles intracellularly and that the nanoparticles showed
good biocompatibility. This new material demonstrated promising performances for
both optical and magnetic resonance imaging modalities, suggesting its promising
potential in applications such as in noninvasive imaging, particularly with respect to
neuronal tracing.

7.3 Inorganic Nanoparticles

7.3.1 Gold Nanoparticles

Gold nanoparticles, shown in Fig. 7.8, (<10 nm) have a long-standing history in
human use, dating to medieval times when they were used to create decorative glass.
Gold nanoparticles possess a “surface plasmon resonance” phenomenon, which is a
non-radiative electromagnetic surface wave that propagates in a direction parallel to
the negative permittivity/dielectric material interface. This allows for the measuring
of the adsorption of the nanoparticle. Ligands can be attached to the nanoparticles
during synthesis via a thiol bond or through an exchange reaction after synthesis with
thiolated ligands. Gold nanoparticles are also easy to prepare and can undergo ver-
satile surface-modifications while being highly biocompatible. Gold nanoparticles
have a number of advantages as both an imaging reagent and a therapeutic delivery
system in the CNS [10].
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Fig. 7.8 Representative
TEM image of a gold
nanoparticle

7.3.1.1 Gold Nanoparticles for Diagnoses of CNS Tumors

Currently used as X-ray contrast agents, gold nanoparticles are advantageous over
iodine as they are less nephrotoxic and produce higher contrast enhancement [54].
Gold nanoparticles can be used to specifically target tumors and are used in the
imaging of kidney carcinomas. However, gold nanoparticles, to date, have shown
a low level of accumulation in the brain. Therefore, more is required to realize the
potential of gold nanoparticles in relation to diagnostics, especially with respect to
CNS tumors [10].

7.3.1.2 Gold Nanoparticles for Treatment of CNS Tumors

Therapeutic agents have been effectively attached to the surface of gold nanoparticles,
which allowed them to be transported into cells. Specifically, gold nanoparticles
surface-modified with chemotherapeutics, such as paclitaxel and doxorubicin, have
been successfully synthesized and tested [55, 56]. Additionally, doxorubicin-coated
gold nanoparticles were able to enter tumor cylindroids [56].

7.3.1.3 Gold Nanoparticles for Treatment of Spinal Cord Injury

Gold nanoparticlesmay also have a role in the treatment of spinal cord injury. In 2016,
Zhang et al. created a gold nanoparticle-based carrier surface-modified with wheat
germ agglutinin horseradish peroxidase (WGA-HRP), which concurrently acted as
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a targeting agent and a visual reporter and either dipropylcyclopentylxanthine or
theophylline, drugs that are used as a selective antagonist for adenosine A1 receptor
for the treatment of respiratory dysfunctions. WGA-HRP demonstrated the ability
to penetrate neurons with adsorptive-mediated endocytosis and to reach neuronal
cell bodies by retrograde transport. Although the drug was injected intramuscularly
into the diaphragm, in vivo drug release was seen in the cervical spinal cord and
medulla nuclei in an experimental rat model [57]. This has potential applications of
drug delivery directly targeted into the cervical spinal cord in the context of spinal
cord injury.

7.3.1.4 Gold Nanoparticles for Treatment of Glioblastoma Multiforme

Glioblastoma multiforme (GBM) is an aggressive form of malignant glioma. One of
the most common adult central nervous system neoplasias, GBM represents nearly
77% of all malignant brain tumors [58]. There are an estimated 25,000 new cases a
year in theUSA. Current treatments include chemotherapy, radiotherapy and surgical
resection [58]. Despite these treatments and advancements in current oncological
treatments, the mean survival for GBM patients is only 11 months [59].

Hainfeld et al. were able to create a radiosensitization strategy using gold nanopar-
ticles for brain tumor treatment [54]. Using a mouse model, 1.9-nm-diameter gold
nanoparticles injected intravenously were able to preferentially localize into brain
gliomas with a 19:1 tumor-to-healthy parenchyma ratio. The relevant accumulation
of gold nanoparticles into the tumor tissue enabled a high resolution for tumor imag-
ing by computed tomography and increased sensitivity of the glioma to radiation,
prolonging the life the experimental animals when compared to radiation alone [54].
Other studies have explored the use of gold nanoparticles that are surface-modified
with polyethylene glycol (PEG) for the treatment of GBM. The BBB can be a hurdle
in the clinical treatment of GBM, and in order to circumvent it, PEGylated gold
nanoparticles were employed. They were shown to have antibiofouling properties,
prolonging systemic circulation half-life and enhancing the efficacy of the treat-
ment. Specifically, these PEGylated gold nanoparticles were tested in conjunction
with radiation therapy in cell culture experiments and an animal model. The combi-
nation of gold nanoparticles and radiation therapy resulted in localized and specific
DNA damage in the GBM tumors [60], demonstrating that gold nanoparticles may
not only be useful in carrying chemotherapeutics but can also be used with respect
to combination therapy.

7.3.2 Silver Nanoparticles

Silver nanoparticles, shown in Fig. 7.9, (1–100 nm) are similar to gold nanoparticles
in the respect that they can also theoretically carry various payloads to specific
targets with the assistance of the appropriate surface-modification. Ultra-fine silver
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Fig. 7.9 Scanning electron
microscopy image of silver
nanoparticles 20 nm in size

nanoparticles can be inhaled and traverse the blood–lung barrier to move to the
circulatory system [61]. However, it has been reported that silver nanoparticles may
interact with cerebral microvasculature to produce a proinflammatory cascade and
induce the BBB inflammation, astrocyte swelling and neuronal degeneration [62].
The mechanism of this reaction remains to be clarified.

7.3.3 Iron Oxide Nanoparticles

When looking at the overall range of inorganic nanoparticles that have been devel-
oped, iron oxide nanoparticles are among the most widely researched. In fact, fer-
umoxytol, the first iron oxide conjugate, has been approved for limited clinical use
by the FDA [63, 64]. Specifically, ultra-small iron oxide nanoparticles are applicable
in imaging procedures and utilize their superparamagnetic properties to increase the
signal intensity of T1-weighted images and decrease signal intensity of T2*-weighted
images in magnetic resonance imaging (MRI) [64]. These properties thereby allow
for iron oxide nanoparticles to be used as effective contrast media in neuroimag-
ing platforms [63]. Since iron oxide can be toxic within the biological system,
these superparamagnetic nanoparticles have been coated with biocompatible poly-
mers, such as dextran or polyglucose sorbitol carboxymethyl ether, which concur-
rently allows them to permeate the BBB. One example of such imaging involves
intravenous administration of ferumoxytol for the purpose of imaging malignant
brain tumors. When compared to conventional gadolinium-based contrast media,
ferumoxytol demonstrated higher signal resolution of brain tumor lesions [65, 66].
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Other studies have shown effective contrast enhancement with the use of transferrin-
conjugated superparamagnetic iron oxide nanoparticles for brain glioma detection
[67]. A plethora of other studies include applications in imaging of neuroinflamma-
tion and stroke diagnosis. It is obvious that the use of iron oxide nanoparticles presents
a promising novel avenue for the diagnosis of a wide variety of CNS disorders.

7.3.3.1 Iron Oxide Nanoparticles in Combination Therapy

Recently, much focus has been directed towards developing nano-agents that can
be used for their combined ability to act as imaging and therapeutic agents. One
such example was developed by Hu et al., producing a porous iron oxide nanopar-
ticle, loaded with doxorubicin [68]. The porous iron oxide nanoparticles (PIONs)
were used as an imaging contrast agent, utilizing the superparamagnetic properties
described above. Contrast enhancement was similar to that achieved by the currently
used gadolinium agents. Simultaneously, PIONs were used as a photothermal ther-
apy agent. Near-infrared irradiation was utilized after the PIONs were combined
with cancer cells, and their ability to convert near-infrared light to heat was assessed.
A synergistic effect was achieved when doxorubicin was slowly released through
the disrupted walls of the PIONs, which was the result of the overall temperature
increase. When comparing the individual effect of the photothermal therapy or dox-
orubicin to the synergistic effect of the DOX-PIONs, it was evident that the latter
formulation was much more effective as a treatment towards these cancer cells [68].
This study demonstrates that nanoparticles can be used to not only carry therapeutic
agents as a surface-modification but in combination therapy as hollow and porous
carriers, with the carrier shell having its own purpose in the treatment. This combi-
nation of properties allows the achievement of an impressive synergistic effect and
can increase the effectiveness of the treatment.

7.4 Concluding Remarks

There are many promising pharmaceuticals that can help in the diagnosis and treat-
ment of CNS diseases. However, the BBB presents a physical barrier which limits the
use of these therapeutics. Only small, lipophilic drugs can pass through theBBB.This
excludes the use of 100% of the large molecule and 98% of small molecule therapeu-
tics [69]. To circumvent this barrier, a variety of physical, chemical, and biological
methods of BBB disruption have been employed. However, these methods are far
from ideal and cause permanent damage to the BBB with devastating consequences.
Nanoparticle-based drug delivery systems present a noninvasive method of drug
delivery into the CNS. Nanoparticles are able to carry both lipophilic and lipophobic
drugs by entrapping the drugs into cavities, adsorption or conjugation. Nanoparti-
cles are also highly customizable with regard to size, charge and surface functional
groups. These advantages should allow for the specific targeting of diseased cells,
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combination therapy with more than one drug and controlled and sustained release
in the CNS. In conclusion, current literature shows that there have been significant
advances in the research of nanoparticles for the next generation of CNS pharma-
ceuticals.
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References

1. Pardridge WM. Drug targeting to the brain. Pharm Res. 2007;24(9):1733–44.
2. Pardridge WM. Molecular biology of the blood-brain barrier. Mol Biotechnol.

2005;30(1):57–70.
3. Popovic N, Brundin P. Therapeutic potential of controlled drug delivery systems in neurode-

generative diseases. Int J Pharm. 2006;314(2):120–6.
4. AloeL,RoccoML,OmarBalzaminoB,MiceraA.Nerve growth factor: a focus onneuroscience

and therapy. Curr Neuropharmacol. 2015;13(3):294–303.
5. Sarkadi B, Homolya L, Szakacs G, Varadi A. Human multidrug resistance ABCB and

ABCG transporters: participation in a chemoimmunity defense system. Physiol Rev.
2006;86(4):1179–236.

6. Marchesi VT. The role of pinocytic vesicles in the transport of materials across the walls of
small blood vessels. Invest. Ophthalmol. 1965;4(6):1111–21.

7. Zhou Y, Peng Z, Seven ES, Leblanc RM. Crossing the blood-brain barrier with nanoparticles.
J Control Release. 2018;270:290–303.

8. Baker D, Gerritsen W, Rundle J, Amor S. Critical appraisal of animal models of multiple
sclerosis. Mult Scler. 2011;17(6):647–57.

9. Sloane E, Ledeboer A, Seibert W, Coats B, van Strien M, Maier SF, Johnson KW, Chavez
R, Watkins LR, Leinwand L and others. Anti-inflammatory cytokine gene therapy decreases
sensory and motor dysfunction in experimental Multiple Sclerosis: MOG-EAE behavioral
and anatomical symptom treatment with cytokine gene therapy. Brain Behav. Immun.
2009;23(1):92–100.

10. Male D, Gromnicova R, McQuaid C. Gold nanoparticles for imaging and drug transport to the
CNS. Int Rev Neurobiol. 2016;130:155–98.

11. Brodell DW, Jain A, Elfar JC, Mesfin A. National trends in the management of central cord
syndrome: an analysis of 16,134 patients. Spine J. 2015;15(3):435–42.

12. Cardoso AM, Guedes JR, Cardoso AL, Morais C, Cunha P, Viegas AT, Costa R, Jurado
A, Pedroso de Lima MC. Recent trends in nanotechnology toward CNS diseases: lipid-
based nanoparticles and exosomes for targeted therapeutic delivery. Int Rev Neurobiol.
2016;130:1–40.

13. Patel T, Zhou J, Piepmeier JM, Saltzman WM. Polymeric nanoparticles for drug delivery to
the central nervous system. Adv Drug Deliv Rev. 2012;64(7):701–5.

14. Lecesne R, Drouillard J, Cisse R, Schiratti M. Contribution of Abdoscan in MRI cholangio-
pancreatography and MRI urography. J Radiol. 1998;79(6):573–5.

15. Zong Y, Wu J, Shen K. Nanoparticle albumin-bound paclitaxel as neoadjuvant chemotherapy
of breast cancer: a systematic review and meta-analysis. Oncotarget. 2017;8(10):17360–72.

16. Olivier JC, Fenart L, Chauvet R, Pariat C, Cecchelli R, Couet W. Indirect evidence that drug
brain targeting using polysorbate 80-coated polybutylcyanoacrylate nanoparticles is related to
toxicity. Pharm Res. 1999;16(12):1836–42.

17. Kreuter J, Alyautdin RN, Kharkevich DA, Ivanov AA. Passage of peptides through the blood-
brain barrier with colloidal polymer particles (nanoparticles). Brain Res. 1995;674(1):171–4.



7 Nano-engineering Nanoparticles for Clinical Use in the Central … 143

18. Schroeder U, Sommerfeld P, Sabel BA. Efficacy of oral dalargin-loaded nanoparticle delivery
across the blood-brain barrier. Peptides. 1998;19(4):777–80.

19. Schroeder U, Schroeder H, Sabel BA. Body distribution of 3H-labelled dalargin
bound to poly(butyl cyanoacrylate) nanoparticles after i.v. injections to mice. Life Sci.
2000;66(6):495–502.

20. Koffie RM, Farrar CT, Saidi LJ, William CM, Hyman BT, Spires-Jones TL. Nanoparticles
enhance brain delivery of blood-brain barrier-impermeable probes for in vivo optical and mag-
netic resonance imaging. PNAS. 2011;108(46):18837–42.

21. Ramot Y, Haim-Zada M, Domb AJ, Nyska A. Biocompatibility and safety of PLA and its
copolymers. Adv Drug Deliv Rev. 2016;107:153–62.

22. Mahapatro A, Singh DK. Biodegradable nanoparticles are excellent vehicle for site directed
in-vivo delivery of drugs and vaccines. J. Nanobiotechnology. 2011;9:55.

23. Lu JM, Wang X, Marin-Muller C, Wang H, Lin PH, Yao Q, Chen C. Current advances in
research and clinical applications of PLGA-based nanotechnology. Expert Rev. Mol. Diagn.
2009;9(4):325–41.

24. Grabrucker AM,Garner CC, Boeckers TM, Bondioli L, Ruozi B, Forni F, Vandelli MA, Tosi G.
Development of novel Zn2+ loaded nanoparticles designed for cell-type targeted drug release
in CNS neurons: in vitro evidences. PLoS ONE. 2011;6(3):e17851.

25. Mathew A, Fukuda T, Nagaoka Y, Hasumura T, Morimoto H, Yoshida Y, Maekawa T, Venu-
gopal K, Kumar DS. Curcumin loaded-PLGA nanoparticles conjugated with Tet-1 peptide for
potential use in Alzheimer’s disease. PLoS ONE. 2012;7(3):e32616.

26. Lei C, Davoodi P, Zhan W, Kah-Hoe Chow P, Wang CH. Development of Nanoparticles for
Drug Delivery to Brain Tumor: The Effect of Surface Materials on Penetration into Brain
Tissue. Sci: J. Pharm; 2018.

27. Nabeshima T, Nitta A.Memory impairment and neuronal dysfunction induced by beta-amyloid
protein in rats. Tohoku J Exp Med. 1994;174(3):241–9.

28. Ringman JM, Frautschy SA, Cole GM, Masterman DL, Cummings JL. A potential role of the
curry spice curcumin in Alzheimer’s disease. Curr Alzheimer Res. 2005;2(2):131–6.

29. MulikRS,Monkkonen J, JuvonenRO,MahadikKR,ParadkarAR.ApoE3mediatedpoly(butyl)
cyanoacrylate nanoparticles containing curcumin: study of enhanced activity of curcumin
against beta amyloid induced cytotoxicity using in vitro cell culture model. Mol Pharm.
2010;7(3):815–25.

30. Doggui S, Sahni JK,ArseneaultM,DaoL,RamassamyC.Neuronal uptake and neuroprotective
effect of curcumin-loaded PLGA nanoparticles on the human SK-N-SH cell line. J Alzheimers
Dis. 2012;30(2):377–92.

31. Cheng KK, Yeung CF, Ho SW, Chow SF, Chow AH, Baum L. Highly stabilized curcumin
nanoparticles tested in an in vitro blood-brain barrier model and in Alzheimer’s disease Tg2576
mice. AAPS J. 2013;15(2):324–36.

32. Mathur R, Ince PG, Minett T, Garwood CJ, Shaw PJ, Matthews FE, Brayne C, Simpson
JE, Wharton SB. A reduced astrocyte response to beta-amyloid plaques in the ageing brain
associates with cognitive impairment. PLoS ONE. 2015;10(2):e0118463.

33. Zhou Y, Sharma S, Peng Z, Leblanc R. Polymers in Carbon Dots: A Review. Polymers.
2017;9(2):67.

34. Li S, Peng Z, Leblanc RM. Method To Determine Protein Concentration in the Protein-
Nanoparticle Conjugates Aqueous Solution Using Circular Dichroism Spectroscopy. Anal
Chem. 2015;87(13):6455–9.

35. Peng Z, Li S, Han X, Al-Youbi AO, Bashammakh AS, El-Shahawi MS, Leblanc RM. Deter-
mination of the composition, encapsulation efficiency and loading capacity in protein drug
delivery systems using circular dichroism spectroscopy. Anal Chim Acta. 2016;937:113–8.

36. Xu G, Mahajan S, Roy I, Yong KT. Theranostic quantum dots for crossing blood-brain barrier
in vitro andproviding therapyofHIV-associated encephalopathy. Front Pharmacol. 2013;4:140.

37. ZhengM,Ruan S, Liu S, Sun T, QuD, ZhaoH,Xie Z, GaoH, JingX, Sun Z. Self-Targeting Flu-
orescent Carbon Dots for Diagnosis of Brain Cancer Cells. ACS Nano. 2015;9(11):11455–61.



144 S. Chen et al.

38. Li S, Amat D, Peng Z, Vanni S, Raskin S, De Angulo G, Othman AM, Graham RM, Leblanc
RM. Transferrin conjugated nontoxic carbon dots for doxorubicin delivery to target pediatric
brain tumor cells. Nanoscale. 2016;8(37):16662–9.

39. Liu Y, LuW. Recent advances in brain tumor-targeted nano-drug delivery systems. Expert Opin
Drug Deliv. 2012;9(6):671–86.

40. Luciani A, Olivier JC, Clement O, Siauve N, Brillet PY, Bessoud B, Gazeau F, Uchegbu IF,
Kahn E, Frija G and others. Glucose-receptor MR imaging of tumors: study in mice with
PEGylated paramagnetic niosomes. Radiology 2004;231(1):135–42.

41. DeMarino C, Schwab A, Pleet M, Mathiesen A, Friedman J, El-Hage N, Kashanchi F.
Biodegradable Nanoparticles for Delivery of Therapeutics in CNS Infection. J. Neuroimmune
Pharmacol. 2017;12(1):31–50.

42. Helm F, Fricker G. Liposomal conjugates for drug delivery to the central nervous system.
Pharmaceutics. 2015;7(2):27–42.

43. Pardridge WM. Molecular Trojan horses for blood-brain barrier drug delivery. Curr Opin
Pharmacol. 2006;6(5):494–500.

44. McConnell EM, Ventura K, Dwyer Z, Hunt V, Koudrina A, Holahan MR, DeRosa MC. In
Vivo Use of a Multi-DNA Aptamer-Based Payload/Targeting System To Study Dopamine
Dysregulation in the Central Nervous System. Neurosci: ACS Chem; 2018.

45. Jin SX, Bi DZ, Wang J, Wang YZ, Hu HG, Deng YH. Pharmacokinetics and tissue distribution
of zidovudine in rats following intravenous administration of zidovudine myristate loaded
liposomes. Pharmazie. 2005;60(11):840–3.

46. Laquintana V, Trapani A, Denora N, Wang F, Gallo JM, Trapani G. New strategies to deliver
anticancer drugs to brain tumors. Expert Opin Drug Deliv. 2009;6(10):1017–32.

47. Salvati E, Re F, Sesana S, Cambianica I, Sancini G, Masserini M, Gregori M. Liposomes func-
tionalized to overcome the blood-brain barrier and to target amyloid-beta peptide: the chemical
design affects the permeability across an in vitromodel. Int. J. Nanomedicine. 2013;8:1749–58.

48. Rueda Dominguez A, Olmos Hidalgo D, Viciana Garrido R, Torres Sanchez E. Liposo-
mal cytarabine (DepoCyte) for the treatment of neoplastic meningitis. Clin Transl Oncol.
2005;7(6):232–8.

49. Khatri P. Evaluation and management of acute ischemic stroke. Continuum (Minneap Minn)
2014;20(2 Cerebrovascular Disease):283–95.

50. Kim H, Britton GL, Peng T, Holland CK, McPherson DD, Huang SL. Nitric oxide-loaded
echogenic liposomes for treatment of vasospasm following subarachnoid hemorrhage. Int. J.
Nanomedicine. 2014;9:155–65.

51. Hwang H, Jeong HS, Oh PS, Na KS, Kwon J, Kim J, Lim S, Sohn MH, Jeong HJ. Improv-
ing Cerebral Blood Flow Through Liposomal Delivery of Angiogenic Peptides: Potential of
(1)(8)F-FDG PET Imaging in Ischemic Stroke Treatment. J Nucl Med. 2015;56(7):1106–11.

52. Bernard ED, Beking MA, Rajamanickam K, Tsai EC, Derosa MC. Target binding improves
relaxivity in aptamer-gadolinium conjugates. J Biol Inorg Chem. 2012;17(8):1159–75.

53. DuY,QinY,LiZ,YangX,Zhang J,WestwickH,TsaiE,CaoX.Development ofmultifunctional
nanoparticles towards applications in non-invasive magnetic resonance imaging and axonal
tracing. J Biol Inorg Chem. 2017;22(8):1305–16.

54. Hainfeld JF, Smilowitz HM, O’Connor MJ, Dilmanian FA, Slatkin DN. Gold nanoparticle
imaging and radiotherapy of brain tumors in mice. Nanomedicine (Lond). 2013;8(10):1601–9.

55. Gibson JD, Khanal BP, Zubarev ER. Paclitaxel-functionalized gold nanoparticles. J Am Chem
Soc. 2007;129(37):11653–61.

56. KimB, Han G, Toley BJ, KimC-k, Rotello VM, Forbes NS. Tuning payload delivery in tumour
cylindroids using gold nanoparticles. Nat. Nanotechnol. 2010;5:465.

57. Zhang Y, Walker JB, Minic Z, Liu F, Goshgarian H, Mao G. Transporter protein and
drug-conjugated gold nanoparticles capable of bypassing the blood-brain barrier. Sci.
Rep. 2016;6:25794.

58. de Robles P, Fiest KM, Frolkis AD, Pringsheim T, Atta C, St. Germaine-Smith C, Day L, Lam
D, Jette N. The worldwide incidence and prevalence of primary brain tumors: a systematic
review and meta-analysis. Neuro-Oncology 2015;17(6):776–783.



7 Nano-engineering Nanoparticles for Clinical Use in the Central … 145

59. Lara-VelazquezM, Al-Kharboosh R, Jeanneret S, Vazquez-Ramos C,Mahato D, Tavanaiepour
D, Rahmathulla G, Quinones-Hinojosa A. Advances in Brain Tumor Surgery for Glioblastoma
in Adults. Brain Sci. 2017;7(12):166.

60. JohDY, Sun L, StanglM, Al Zaki A,Murty S, Santoiemma PP, Davis JJ, BaumannBC,Alonso-
Basanta M, Bhang D and others. Selective targeting of brain tumors with gold nanoparticle-
induced radiosensitization. PLoS One 2013;8(4):e62425.

61. Shilo M, Motiei M, Hana P, Popovtzer R. Transport of nanoparticles through the blood–brain
barrier for imaging and therapeutic applications. Nanoscale. 2014;6(4):2146–52.

62. Trickler WJ, Lantz SM, Murdock RC, Schrand AM, Robinson BL, Newport GD, Schlager
JJ, Oldenburg SJ, Paule MG, Slikker JW and others. Silver Nanoparticle Induced Blood-Brain
Barrier Inflammation and Increased Permeability in PrimaryRat BrainMicrovessel Endothelial
Cells. Toxicol Sci. 2010;118(1):160–170.

63. Ajetunmobi A, Prina-Mello A, Volkov Y, Corvin A, Tropea D. Nanotechnologies for the study
of the central nervous system. Prog Neurobiol. 2014;123:18–36.

64. Provenzale JM,SilvaGA.Uses of nanoparticles for central nervous system imaging and therapy.
AJNR Am J Neuroradiol. 2009;30(7):1293–301.

65. Neuwelt EA,VarallyayCG,Manninger S, SolymosiD,HaluskaM,HuntMA,NesbitG, Stevens
A, Jerosch-Herold M, Jacobs PM and others. The potential of ferumoxytol nanoparticle mag-
netic resonance imaging, perfusion, and angiography in central nervous system malignancy: a
pilot study. Neurosurgery 2007;60(4):601–11; discussion 611-2.

66. Neuwelt EA, Varallyay P, Bago AG, Muldoon LL, Nesbit G, Nixon R. Imaging of iron oxide
nanoparticles by MR and light microscopy in patients with malignant brain tumours. Neu-
ropathol Appl Neurobiol. 2004;30(5):456–71.

67. JiangW,XieH,GhoorahD, ShangY, ShiH,Liu F,YangX,XuH.Conjugation of functionalized
SPIONs with transferrin for targeting and imaging brain glial tumors in rat model. PLoS ONE.
2012;7(5):e37376.

68. Hu Y, Hu H, Yan J, Zhang C, Li Y, Wang M, Tan W, Liu J, Pan Y. Multifunctional Porous Iron
Oxide Nanoagents for MRI and Photothermal/Chemo Synergistic Therapy. Bioconjug Chem.
2018;29(4):1283–90.

69. Pardridge WM. The blood-brain barrier: Bottleneck in brain drug development. NeuroRX.
2005;2(1):3–14.



Chapter 8
Nanoparticles for Cornea Therapeutic
Applications: Treating Herpes Simplex
Viral Infections

Fiona Simpson, François-Xavier Gueriot, Isabelle Brunette and May Griffith

Abstract Herpes Simplex Virus-1 (HSV-1) infections in the eye often originate in
the cornea before assuming a latent state in the trigeminal ganglion. During primary
infection and upon injury or reactivation, HSV-1 can lead to significant corneal
damage. Nanoparticles (NPs) are an emerging strategy for drug delivery to the cornea
because they improve the long-term release of anti-HSV-1 drugs, such as nucleoside
analogues. Acyclovir, ganciclovir, and valacyclovir have been successfully delivered
using both polymer and lipid-based NPs in vitro. Solid silica dioxide NPs have been
used to deliver the cathelicidin, LL-37, which prevented HSV-1 infection in corneal
epithelial cells. Iron oxide nanoparticles have also been adapted to deliver an anti-
HSV-1 DNA vaccine that successfully reduced corneal opacity and HSV-1 markers
in a mouse model. Overall, NPs show promise as a delivery method for anti-HSV-1
strategies.

8.1 Introduction

Effective drug delivery to the cornea requires drug release into the tear fluid on the
surface of the cornea to treat epithelial conditions and penetrance into the cornea
proper to treat deeper tissues [1–3]. Ideally, the drug will accumulate in the aqueous
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humor located in the anterior chamber between the cornea and the lens, which acts
as a reservoir for additional drug release. However, drug delivery to the cornea is
still far from optimal. Although eye drops and other topical medications are com-
monly used, less than five percent of topically applied drugs can reach deeper ocular
targets [4]. Thus, many drugs destined for the cornea, e.g., to treat infections, are
still administered systemically, to allow a small percentage to reach deeper ocular
targets. Nanoparticles (NPs) that can penetrate the tear film or extracellular space
between cells have therefore been developed in an attempt to optimize drug delivery
to the cornea. NPs developed to date include those delivering therapeutic drugs and
growth factors, to those used for diagnostics.

In this chapter, we briefly review the various NP-based therapies that are being
developed to treat corneal pathologies. We focus on the treatment of Herpes Simplex
Virus (HSV) infections as a model disease, as this is a significant problemworldwide
and is the most prevalent cause of infectious corneal blindness in both the developing
and developed world.

8.2 Herpes Simplex Virus and Eye Infections

HSV serotype 1 or HSV-1 is the viral strain that causes eye infections. The global
prevalence of ocular HSV-1 is estimated at 1.5 million individuals, including 40,000
new cases of monocular visual impairment annually [5]. Ocular herpes is one of the
most severe forms of HSV infection. It can lead to a broad panel of ocular damage,
including lid ulceration, conjunctivitis, keratitis, anterior uveitis, and rare but severe
retinal disease.

The primary herpes infection is asymptomatic in approximately 94% of cases [6].
However, after a phase of replication at the primary infection site (cornea, peri-ocular,
or oro-pharyngeal epithelium), the virus enters the corneal nerve endings and gains
access to the trigeminal ganglion by retrograde transport. This is followed by a repli-
cation phase in this ganglion, after which the virus enters a state of latency, despite
the control of the replication by the immune responses [7, 8]. Liedtke et al. found
through examination of the trigeminal ganglia from 109 human cadavers at foren-
sic post-mortems that the age-group specific prevalence of HSV neuronal latency
increases from 18% in 0–20 years to 100% in persons older than 60 [9]. The virus
can then periodically reactivate, particularly after a trigger like immunosuppression
(e.g., medically induced, AIDS), surgery, UV or cold exposure. The risk of reacti-
vation is correlated with the latency viral load in the trigeminal ganglion. The latent
virus produces progeny that is transported to the periphery of the nerve. The virus
then replicates in the cells near the nerve endings. This can lead to asymptomatic
viral shedding or symptomatic recurrent infection.

The cornea is the primary site of HSV-1 infection, known as Herpes Simplex
Keratitis (HSK) (Fig. 8.1).

HSV-1 corneal infection presents in diverse forms (frequency of appearance
reported in the epidemiologic study of Labetoulle et al. [10]): dendritic keratitis
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Fig. 8.1 Schematic for HSV infection and the different sites of herpes ocular infection

(56.3%), geographic keratitis (9.8%), stromal keratitis (29.5%), punctate keratitis
(4%), corneal ulcer (1.8%), limbal lesion (1.1%), and other forms (2.5%) including
endothelitis, central corneal oedema, paralimbal interstitial keratitis, and neuropara-
lytic keratitis. These infections often lead to an irreversible opacification or scarring
of the cornea, with scars that result in severe visual impairment. The only treatment to
recover functional vision in these eyes is corneal transplantation. However, herpetic
recurrences significantly increase the risk of graft failure [5, 11]. In cases of end-stage
disease or when the risk for graft failure is too high, an artificial cornea or kerato-
prosthesis (KPros) becomes an alternative option. This final treatment, however, is
overshadowed by severe and frequent side effects, including glaucoma, retropros-
thetic membrane formation, infection and dehiscence.

Latency and subsequent reactivation in response to a large number of documented
but mechanistically still largely ill-defined triggers make treatment difficult. Nucle-
oside analogues, including acyclovir (ACV), valacyclovir (VAC) and ganciclovir
(GCV), are highly effective at terminating HSV-1 DNA elongation, which inhibits
viral proliferation [12]. However, because they target the viral DNA polymerase,
they can only act when the virus is in its replicative form. Furthermore, their poor
solubility and lack of penetrance across the cornea prevent sufficient accumulation
in the anterior segment to efficiently treat ocular HSV-1 infection, which explains
the use of oral formulations [13]. But oral administration remains a suboptimal
method for treating a local eye infection as a high systemic concentration is needed
to yield sufficient drug concentration in the cornea. However, this increases the risk
of systemic side effects. Oral administration does not result in rapid accumulation
of sufficient levels of nucleoside analogues for the treatment of the local infection.
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Systemic exposure of the virus to nucleoside analogues also potentially induces the
development of resistance to the antiviral drug. Ideally, new ocular formulations of
ACV that address the lack of solubility and corneal penetration would provide amore
direct and effective method of treating herpes keratitis [3].

The eye is a particularly challenging field for pharmacology. Several barriers
restrict the entry of drug molecules: the tear film, the cornea with its different layers,
the conjunctiva, the sclera, as well as the blood-aqueous and blood-retina barriers.
Topical administration (eye-drops) is the primary approach for drug delivery in oph-
thalmology, being used in more than 90% of cases. The topical treatment is released
in the tear film and penetrates through the corneal layers to the deeper tissues [1–3].
Ideally, a drug penetrating the cornea will accumulate in the aqueous humor, which
in turn acts as a reservoir for additional drug release and treatment of the intraocular
tissues. Despite its significant barrier function (less than 5% of the total adminis-
tered doses reaches the aqueous humor [4, 14]), the cornea remains the primary
site of absorption for intraocular drugs. To facilitate release kinetics, nanoparticles
(NPs) must have the capacity to release the drug into aqueous solutions, penetrate
the corneal epithelial, stromal and endothelial layers and sustain drug release once
in the aqueous humor.

We summarize below the development of encapsulated formulations of nucleoside
analogues for ocular administration from the first liposomal formulations developed
in the late 1980s to current developments in nanoparticle formulations designed to
prevent HSV-1 infections.

8.3 History of Encapsulation of Acyclovir in the Eye

8.3.1 Liposomes

Norley et al. developed the first encapsulated form of ACV in 1986 [15, 16]. Using
a liposomal formulation targeted with HSV glycoprotein D (gD), they were able to
demonstrate binding to human corneal epithelial cells (HCECs) infected with HSV-1
and inhibition of replication at a concentration of 10 μg/mL of ACV.

In 1999, Fresta et al. examined the impact of phospholipid type and liposomal
charge on the efficacy of ACV delivery [17]. Their results demonstrated that neg-
atively charged dipalmitoylphosphatidylcholine-cholesterol-dimethyldioctadecyl
glycerol bromide liposomes synthesized by reverse-phase evaporation were the most
effective, with the highest ACV content. In rabbits, this formulation increased the
ACV concentration in the aqueous humor from 2.11 ± 1.80 μg/mL with soluble
ACV to 88.95 ± 12.31 μg/mL. The effect of liposomal charge was re-examined by
Law et al. in 2000 [18]. Liposomes composed of phosphatidylcholine, cholesterol,
stearylamine or dicetylphosphate containing ACV were synthesized with either a
positive or negative charge. In rabbits, the concentration of ACV was highest in
the corneal tissue and aqueous humor after the administration of positively charged
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liposomes. These results indicated that lipid carriers are effective at resolving the
solubility issues associated with nucleoside analogues penetrating the cornea and
paved the way for future lipid nanoparticle formulations.

8.3.2 Chitosan

In 1997, Genta et al. developed the first chitosan microparticle formulation of ACV
[19]. The particles were 25 μm in diameter. In an in vivo test in rabbits, the micro-
sphere (MS) formulation was able to increase the concentration of ACV in the aque-
ous humor in comparison to ACV alone, and it doubled the length of time that ACV
was present in the aqueous humor.

8.4 Ocular Nanoparticles for Nucleoside Analogues

8.4.1 Polymer-Based Nanoparticles

8.4.1.1 Poly-(D,L-Lactic Acid)

Poly-(D,L-Lactic Acid) (PLA) NPs were developed by Giannavola et al. to test the
effect of poly(ethylene glycol) (PEG) coating on ACV release [20]. NPs contain-
ing PLA of three molecular weights (LMW—16,000; MMW—109,000; HMW—
209,00) were synthesized. Drug release assays demonstrated that lower molecular
weight PLA resulted in greater ACV release. The LMW-PLA nanoparticles coated
with PEG resulted in improved drug release over the PLA-only NPs. In normal rab-
bit eyes, the PEG-PLA encapsulated ACV NPs resulted in the highest concentration
of ACV (424 ± 24 μg/mL/min) released into the aqueous humor. This effect was
decreased to the level of PLA-only NPs with the pre-administration of the topical
irritant N-acetylcysteine (221± 40μg/mL/min), which suggests that the formulation
may be less effective in an inflamed eye. All NP formulations had greater aqueous
humor concentration than soluble ACV.

8.4.1.2 Poly-(Lactic-Co-glycolic Acid)

Jwala et al, developed poly-(lactic-co-glycolic acid) (PLGA) NPs based on ACV
prodrugs [21]. PLGA is a US FDA-approved biodegradable polymer that has been
used extensively in micro-capsule formulations [22]. The prodrugs were synthesized
with the addition of L- and D- valine. LL-ACV and LD-ACV showed the highest
degradation rate constants of log[[pro-drug concentration]] versus time in cultured
cells and rabbit ocular tissues, and were used in subsequent experiments. PLGANPs
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with varyingLA:GA ratios (100:0, 75:25, 65:35, 50:50)were tested for encapsulation
of the ACV prodrugs. LL-ACV PLGA 75:25 NPs and LD-ACV PLGA 65:35 NPs
showed the greatest entrapment efficiency (EE) and drug content. In vitro, the LL-
ACV NPs showed a greater controlled release time than the LD-ACV NPs. The
release of both prodrugs was extended after incorporation within PLGA-PEG-PLGA
thermosensitive gels.

Yang et al. applied the methodology of Jwala et al. to PLGA NPs with GCV
prodrugs [23, 24]. They first developed NPs containing LL-GCV, LD-GCV, and DL-
GCVwith sizes ranging from 116 to 143 nm in diameter and EE of 38.7–45.3% [23].
As these formulations showed successful biphasic drug release and did not demon-
strate cytotoxicity, they synthesized a fluorescein isothiocyanate (FITC) PLGA con-
jugate to visualize cellular uptake of the NPs into human corneal epithelial cells
(HCECs) [24]. TheFITC-PLGA-NPs ranged from115 to 145 nmwith zeta-potentials
around −13 mV. Fluorescent microscopy demonstrated the successful uptake of the
NPs by the HCECs indicating that they could successfully penetrate the corneal
epithelium.

8.4.1.3 Chitosan

Calderon et al. compared chitosan microspheres (CMS) and nanoparticle (CNPs) of
ACV encapsulated in chitosan [25]. Chitosan NPs crosslinked with tripolyphosphate
(TPP) were prepared using ionotropic gelation. The CNPs were 240.0 ± 62.4 nm in
diameter, while the CMSwas 6.2± 0.5μm.TheCMShad a higher EE (75.46%) than
the CNPs (15.73%), but both had positive zeta-potentials. Both spheres and particles
released approximately 75% of the encapsulated drug over 25 h in solution for a total
of 430 and 80 μg for CMPs and CNPs, respectively. Due to the comparatively lower
ACV release from the CNP, only the CMS were assayed for slug mucosal irritation,
which is used to simulate ocular irritation, where they showed a moderate level of
irritation.

8.4.1.4 Polycaprolactone

Ramyadevi et al. developed polycaprolactone (PCL) NPs encased in a thermosensi-
tive Pluronic F-127 and Carbopol gel [26]. The NPs were synthesized using solvent
evaporation using varying amounts of PCL and concentrations of surfactant. The
resulting NPs were 172–329 nm in diameter with an EE of 28–58%. Drug release
from the gel varied from 7 to 32% of the encapsulated drug. The formulation PCL3
composed of 100 mg PCL and 0.5% Pluronic F-127 with a size of 201.4 nm and an
EE of 64% was used to develop the thermosensitive gel formulations as it showed
the greatest sustained release and no cytotoxicity. The gel formulation with the best
performance was synthesized using 15% w/v Pluronic F-127 and 0.3% Carbopol
940. The gel showed a linear drug release of 4% for the first hour and 14% at 8 h,
following Korsmeyer-Peppas kinetics.
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8.4.1.5 Solid Prodrug Nanoparticles

Stella et al. created a novel prodrug by conjugating ACV to 1,10,2-trisnorsqualenoic
acid resulting in 40-trisnorsqualenoylacyclovir (SQ-ACV) [27]. The SQ-ACV NPs
were formed by spontaneous precipitation resulting in NPs ranging from 113 to
254 nm in diameter with a polydispersity index <0.1 and a negative zeta-potential.
After topical administration to rabbits, the SQ-ACVNPs had a greater concentration
of total ACV in the tear fluid (11± 2.06 mg/ml min−1 vs. 2.97± 0.34 mg/ml min−1)
than soluble ACV. The ACV concentration was higher for the SQACV NPs at 1 h
(0.294 ± 0.119 μg/mL) than soluble ACV (0.098 ± 0.051 μg/mL).

8.4.2 Lipid Nanoparticles

8.4.2.1 Nanostructured Lipid Carriers

Seyfoddin et al. compared nanostructured lipid carriers (NLC) to solid lipid nanopar-
ticles (SLN) in 2013 [28]. SLNs were synthesized as microemulsions from vary-
ing amounts of Compritol alone, in combination with stearic acid or cithrol GMS
using the hot oil-in-water method in the presence of Tween-20. The Compitrol SLNs
were optimized using different types and concentrations of surfactants, resulting in
a 400 mg Compritol SLN containing 40 mg ACV synthesized using 2% Tween-40
(SLN3). SLN3 was 465.86 ± 7.15 nm in size with a negative zeta-potential and
a polydispersity index (PDI) of 0.530 ± 0.05. The NLCs were synthesized using
400 mg of Comptriol containing Capryol-90 and/or Lauroglycol-90 in the presence
of Tween-40. The resultingNPswere 319–656 nm in sizewith negative zeta-potential
and PDI from 0.265 to 0.752. In vitro drug release using a diffusion chamber was
similar for SLN3, NLC4, and NLC5. The penetration of the NPs was measured using
ex vivo bovine corneas in a Franz-type diffusion chamber. NLC5 showed the great-
est ACV concentration through the cornea, followed by NLC4. Interestingly, SLN3
showed lower corneal penetration than free ACV.

8.4.2.2 Solid Lipid Nanoparticles

Valacyclovir (VAC) is a prodrug that is converted into ACVwithin the patient’s body.
SLNs containing VAC were developed by Kumar et al. [29]. The SLNs were gener-
ated using emulsification/evaporation of stearic acid or tristearin, using poloxamer
and sodium taurocholate as surfactants, in different rations of lipid:surfactant. The
SLNs produced had a particle size from 202.5 to 431.7 nm. The PDI was 0.252 ±
0.06 and 0.598 ± 0.03 with all particles other than SLN-2 demonstrating a PDI >
0.5. In vitro drug release assays showed a total release of 60% of the encapsulated
drug. The kinetics showed an initial burst release followed by sustained release.
Ex vivo corneal penetration assays demonstrated that SLN-4 and SLN-6 had the high-
est corneal flux, while SLN-3, -4 and -6 had the highest corneal retention (Fig. 8.2).



154 F. Simpson et al.

Fig. 8.2 Ex vivo corneal permeation of VAC formulations (**P≤ 0.01; statistically very significant
as analyzed by Dunnett multiple comparison test). Reproduced with permission from Kumar et al.
[29]

Irritation assays were conducted for SLN-6 using a Hen’s Egg Test Chorio Allantoic
Membrane (HET-CAM) assay with 0.1 N sodium hydroxide as a positive control.
SLN-6 did not result in lysis, hemorrhage or coagulation, with the same HET-CAM
score as the saline control. Histopathology of SLN-6 in an ex vivo goat corneal model
showed morphology similar to untreated controls.

8.5 Experimental Ocular Nanoparticles for Delivery
of Nucleoside Alternatives

More recently, cationic peptides have been developed as alternatives to nucleosides
for inhibiting HSV infections. Amongst the various peptides examined are the innate
cationic peptides such as cathelicidins and defensins produced by the cornea [30].
Humans produce only one cathelicidin, of which a 37-amino acid sequence was
found to have anti-viral activity against HSV. This peptide, known as LL-37, is
highly cationic and has been shown to have anti-HSV-1 activity. LL-37, its derivatives
and other innate peptides are being proposed as new treatments and therefore also
require optimal delivery to the cornea. Other cationic peptides with anti-HSV activity
include the entry blocker (EB) peptide, which consists of the fibroblast growth factor
4 (FGF4) signal sequence with an additional N-terminal RRKK sequence [31].

Lee et al. used silica dioxide NPs to encapsulate LL-37 and EB for delivery to
corneal epithelial cells, using an immortalized line of human epithelial cell as amodel
line [32]. The LL-37 containing NPs were further encapsulated within a collagen- 2-
methacryloyloxyethyl phosphorylcholine (collagen-MPC) hydrogel. LL-37 released
from the NPs in implants blocked HSV-1 infection of HCECs more effectively than
EB. Controls consisted of free LL-37 within the hydrogels, where the peptides
diffused out rapidly and had little effect. The released LL-37 blocked HSV-1 by
interfering with viral binding (Fig. 8.3a, c). However, in pre-infected HCECs, LL-37
delayed but did not prevent viral spreading nor clear viruses from the infected cells
(Fig. 8.3b, d).
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Fig. 8.3 aThe prophylactic effects of collagen-MPChydrogels that incorporatedLL-37SiNPs, free
LL-37, or nothing in HSV-1 infection (MOI ¼ 0.1). Red immunofluorescence indicated localization
of HSV-1 infected cells; cell nuclei are stained with DAPI (blue). b Effects of LL-37 release on
virus spreading, after inoculation with HSV-1 (MOI ¼ 0.05). c Quantification of HSV-1 titers from
(a). d Quantification of HSV-1 titers corresponding (b). Reproduced with permission from Lee C-J
et al. [32]
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Fig. 8.4 Corneal and conjunctival response to HSV- 1 challenge after vaccination. Adapted from
Figures 5 and 6, Hu et al. [34]

8.6 Ocular Nanoparticles for Herpes Vaccine Delivery

There is currently no available vaccine against HSV infection [33]. A number of stud-
ies published from 1980s to recent times showed that vaccine development attempts
were largely unsuccessful. In 2011, Hu et al. used iron oxide (Fe3O4) NPs to improve
the delivery of a DNA vaccine against HSV-1 [34]. The DNA vaccine consists of a
pRSC vector with cDNA for both HSV glycoprotein D (gD) and interleukin-21 (IL-
21). This vector was co-administered with Fe3O4 NPs coated with glutamic acid in
a mouse HSV-1 challenge model. The mice were immunized with pRSC-gD-IL-21
with andwithoutNPs, pRSC-gD, and pRSC three times at twoweeks intervals. Quan-
tification of the vaccine efficacy was conducted by measuring secreted IgA, serum
neutralizing antibody, IL-4, and IFN-γ. For all measures, DNA + NPs improved the
expression ofmarkers over theDNAvaccine alone. Threeweeks after the final immu-
nization, the mice were infected with HSV-1 and followed for 15 days. Figure 8.4
shows the clinical appearance of the cornea at follow up and histopathology of the
cornea and conjunctiva. The vaccine-containingNP group hadminimal corneal opac-
ity and normal corneal and conjunctival structure, but the vaccine only or vector only
groups showed corneal opacity and structural damage.

8.7 Outlook and Future Perspective

Awide variety of nanoparticles have been used to improve the delivery of nucleoside
analogues to the cornea; however, these investigations are limited to early in vivo drug
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Fig. 8.5 Summary of nucleoside analogue nanoparticle properties. a Nanoparticle size (nm). b Size
(nm) versus polydispersity index (PDI). c Nanoparticle size versus zeta-potential (mV). d Nanopar-
ticle size versus entrapment efficiency (%). Original data obtained from cited literature in this
chapter

delivery and toxicology studies. There is considerable variability in the relationship
between NP size and polydispersity index (PDI), zeta-potential, and entrapment effi-
ciency (EE). While size versus PDI, and size versus EE can be loosely approximated
with a linear relationship, where increased size results in increased polydispersity and
EE, there is no obvious relationship between size and zeta-potential (Fig. 8.5). Chi-
tosan is distinct from the other polymeric NPs in both zeta-potential andmorphology.
Where most polymeric NPs have a negative zeta-potential (Fig. 8.5) and spherical
shape, the CNPs have a positive zeta-potential and red blood cell-like appearance.
The SLNs have a smooth surface that is more reminiscent of a polymeric NPs, while
the NLCs have highly textured surfaces. Like most polymeric NPs, the NLCs have a
negative zeta-potential but their larger size and unique surfaces make their increased
penetration across the cornea (in comparison to SLNs) more likely to be dependent
on their hydrophobic properties than their particle size. This suggests that smaller
NPs are not always superior drug carriers unless they have equally effective particle
design.

It is unfortunate that researchers have used highly variable methodologies and
units to compare NP diffusion across the cornea, making it unclear which NPs are
the most effective drug delivery vehicles. The drug release studies have used a more
consistent methodology, with several formulas showing a high total release, but this
measure is not indicative of overall NP performance in vivo. It is also problematic
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that researchers developing NP formulations assume the efficacy of nucleoside ana-
logues without conducting tests on their antiviral efficacy in vitro or in vivo, i.e.,
NPs are only the delivery vehicle. Resistance to ACV is a rising problem, as strains
with thymidine kinase mutations have been identified that are insensitive to ACV in
immunocompetent clinical patients [35] and hence, problems have arisen for patients
who are prescribed prophylactic systemic doses of ACV or VAC. It is critical that
NP formulations are studied in clinical strains of HSV-1, as well as reference strains,
to ensure their efficacy.

The development of NPs that can deliver high doses directly to the cornea goes
hand-in-hand with the development of effective anti-HSV agents. Alternatives to
nucleosides, such as the innate host defense peptide LL-37, have been studied as
potential anti-HSV-1 agents. NP formulations with alternative mechanisms of action
will be important for treatment, as well as prophylaxis. The vaccine utilizing Fe3O4

NPs as delivery vehicles is probably the most exciting development described in this
article, because they represent a novel approach for the prevention of ocular HSV-1.
This study was also a comprehensive one that included an in vivo HSV-1 challenge
model that demonstrated the efficacy of theDNAvaccine andFe3O4 NP combination.
Overall, NPs developed for the treatment of ocular HSV-1 remain an emerging field
with a great deal of potential for drug development. The standardization of NP
assessment has improved the ability to compare the properties of theNP formulations,
but a standard in vivomodel for corneal diffusion and efficacy would greatly improve
the ability of researchers to determine if new formulations are improvements over
existing NPs.
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Chapter 9
Therapeutic Use of Bioengineered
Materials for Myocardial Infarction

Veronika Sedlakova, Marc Ruel and Erik J. Suuronen

Abstract Cardiovascular disease is a leading cause of worldwide mortality. Despite
the success of current therapies for acute myocardial infarction (MI), many patients
still suffer irreversible damage, and the prevalence of heart failure is growing. After
MI, the extracellular matrix (ECM) of the damaged myocardium is modified to pro-
duce scar tissue. This remodeling reduces the efficacy of therapies and also hinders
endogenous repair mechanisms. Therefore, a strategy to prevent adverse remodel-
ing and provide a suitable ECM environment that supports cells, tissue repair and
functional restoration may lead to a superior therapeutic outcome in MI patients.
Bioengineered materials are an attractive approach for achieving this. Herein, we
review current research on materials that can act as a biomimetic matrix for sup-
porting cellular repair in the post-MI heart. We also examine how nanomaterials
are being used to treat the damaged heart. Finally, we provide an overview of the
breakthroughs and limitations of biomaterial therapies for cardiac repair.

9.1 Introduction

Ischemic heart disease (IHD), accountable for over 9 million deaths in 2016, is a
leading cause of mortality worldwide [1]. It is characterized by a lack of oxygen to
meet the supply requirement of the myocardium [2]. Based on clinical symptoms,
the manifestation ranges from acute forms (angina pectoris, myocardial infarction,
sudden cardiac death) to chronic ones (ischemic cardiomyopathy) [2–4].

Acutemyocardial infarction (MI) affects approximately 7million people annually
[5, 6] and is among the deadliest forms of IHD [2]. Current diagnostic options based
on early recognition of typical symptoms, elevated biomarkers of cardiomyocyte
necrosis and hallmark electrocardiographic changes [3, 6] help to commence the
therapeutic process as early as possible.Despite this, loss of themyocardium is simply
inevitable. In the best-case scenario of early reperfusion, the damage may be limited
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just to the subendocardial layer [3]. However, with prolonged ischemia and increased
size of the affected area, outcomes are more severe and correlate with both early and
late patient survival. The patient is also at risk of additional complications such as
arrhythmias (atrial and ventricular fibrillation, atrioventricular blocks), ruptures of
papillary muscle, septum or free wall, pericarditis, stroke, cardiogenic shock [6] or
heart failure [3]. The risk of progression to heart failure is proportional to the extent
of adverse ventricular remodeling after MI [2, 3].

In the failing heart, the heart´s ability to pump and/or fill with blood is severely
compromised [7]. Initial heart failure therapies rely largely on pharmacological relief
of the symptoms [8], followed by management of comorbidities, physiotherapy or
medical device implantation.Nevertheless, the prognosis is very poorwith an approx-
imately 30% one-year mortality [7, 8]. For the end-stage failing heart, few treatment
options exist [9] and consist of the implantation of mechanical ventricular assist
devices and possibly heart transplantation, although donor organs are in short sup-
ply. Consequently, there is an urgent need to develop strategies that can effectively
limit cardiac remodeling and promote cardiac repair and thus prevent the progression
to heart failure.

9.2 Cardiac Extracellular Matrix

The human heart is composed of endocardium, myocardium and epicardium and
is enclosed within a pericardial sac [10]. The myocardium is comprised of car-
diomyocytes surrounded by cardiac interstitium. The interstitium contains various
other cell types (fibroblasts, endothelial cells, macrophages, lymphocytes and some
adipocytes) and cardiac extracellular matrix (ECM) providing essential support to
the contractile tissue. The cardiac ECM contains key structural proteins (mainly
collagens) surrounded by glycoproteins and proteoglycans [11].

Collagen type I is themost abundant type of collagen in the heart (~80%), followed
by type III (~10%) [12]. Collagen type I provides the bulk of the structural support
to the myocardium, while collagen type III is primarily responsible for conferring its
elasticity [13, 14]. Themyocardium also contains lesser amounts of collagen type IV,
V and VI [14]. Cells interact with specific sequences present on collagen molecules
via integrin receptors [15], which in turn triggers various intracellular signaling
pathways that regulate cell functions including adhesion, migration, proliferation,
differentiation or apoptosis [14, 16].

As for other ECM constituents, elastin is present to provide elasticity to the heart
muscle [12]. Laminin and fibronectin act as linkers between cells and other ECM
components, as they also contain integrin recognition motifs [12, 14–17]. Throm-
bospondin and tenascin also mediate cell–ECM interactions [17], and together with
osteonectin, osteopontin and periostin play important roles in post-MI healing [11,
18].

Proteoglycans found in the cardiac ECM include decorin, perlecan and bigly-
can, along with the glycosaminoglycan hyaluronic acid [11]. These molecules bind
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water, participate in post-MI healing both structurally and functionally (by activa-
tion/inhibition of cells/pathways) and also have roles in development.

ECM turnover is precisely regulated by various proteases and their inhibitors [19].
For example, matrix metalloproteinases (MMPs) are produced both under normal
and pathological conditions and regulate not only ECM degradation, but also cell
growth, survival or angiogenesis [19, 20]. Their role post-MI will be discussed later
in this chapter.

Taken together, the cardiac ECM is a precisely organized, yet highly dynamic
structure,which plays important roles in tissue homeostasis in both health and disease
[11, 18].

9.3 Myocardial Infarction is Healed in Three Phases

Myocardium damaged by an ischemic event needs to be repaired in order to effec-
tively maintain the heart’s function as a pump and thus maintain oxygen supply to
the body. However, the low inherent regenerative potential of the heart significantly
limits post-MI repair [2]. The infarcted area undergoes a series of changes ultimately
resulting in scar formation. The healing process can be divided into three overlapping
phases: the inflammatory, proliferative and maturation phases (Fig. 9.1) [2, 21].

The phases overlap in their duration [2, 22]. It can be approximated that in humans,
the inflammatory phase lasts from the time of the ischemic event up to four days after
MI, the proliferative phase from the event up to three weeks and the maturation phase
from the second to the sixth week post-MI [22].

Fig. 9.1 Phases of healing post-myocardial infarction
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9.3.1 The Inflammatory Phase

Following an ischemic event, necrotic cardiomyocytes and damaged extracellular
matrix (ECM) produce danger-associated molecular patterns (DAMPs) which trig-
ger an inflammatory response [21]. Upregulation of cytokines, chemokines and cell
adhesion molecules together with increased vascular permeability due to hypoxia
result in neutrophil, lymphocyte and monocyte infiltration as well as platelet acti-
vation [2, 21]. Resident mast cells, macrophages and fibroblasts are also stimulated
[21]. This cascade of events creates an inflammatory environment which is essential
for clearing the affected area of its cellular and matrix debris.

Evidence suggests that cardiac ECM is not only a passive player in this pro-
cess [18]. Latent and later newly synthesized MMPs are quickly activated following
MI. They digest the cardiac ECM into low molecular weight matrix fragments with
pro-inflammatory and other signaling properties. Both MMPs and these matrix frag-
ments then actively regulate the inflammatory reaction. MMPs process cytokines,
chemokines and growth factors and interfere with chemokine–glycosaminogly-
can interaction. Matrix fragments induce chemotaxis of neutrophils, monocytes
and fibroblasts and upregulate inflammatory gene expression in macrophages and
endothelial cells. Additionally, platelets and plasma proteins participate in the for-
mation of a fibrin-based provisional matrix, which serves as a temporary scaffold for
cell migration and modulator of cell behavior [2, 18].

9.3.2 The Proliferative Phase

The proliferative phase is characterized by active ECM deposition and angiogene-
sis [18]. The secretion of anti-inflammatory mediators [e.g., interleukin-10 (IL-10),
transforming growth factor-β (TGF-β)]marks the onset of this phase and is crucial for
spatiotemporal confinement of the inflammatory response [2, 21]. The production
of TGF-β has a dual effect. Firstly, it plays an important role in fibroblast trans-
differentiation into myofibroblasts [2, 21]. Secondly, together with IL-10, it induces
the expression of tissue inhibitor of metalloproteinases (TIMP), which is essential
for ECM preservation and deposition [18].

Activated myofibroblasts contain stress fibers and α-smooth muscle actin (α-
SMA) [21], thus helping them to actively contract andmaintain the structural integrity
of the infarcted area [18, 23]. They are also highly mitotically active [2] and regulate
scar formation through the active synthesis of collagen molecules [18].

Collagen type I and III are deposited as the structural reinforcement of the infarcted
region [14, 24] and constitute the predominant components of the scar [25]. Never-
theless, other collagen types are produced as well. Notably, collagen type IV and VI
are synthesized in both the infarcted and non-infarcted area, playing a role in cell
activation, and the organization of fibrillar collagens and scar [14].
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Fibronectin, also present post-MI, helps in fibroblast trans-differentiation into
myofibroblasts. Notably, the proliferative phase also triggers the production of matri-
cellular proteins (thrombospondin, tenascin, osteonectin, osteopontin and periostin).
Although they do not have any structural role, they are important regulators of cel-
lular behavior including cell adhesion, suppression of inflammation, proper healing,
matrix organization and cardiac remodeling [18].

Angiogenesis is stimulated during this phase by vascular endothelial growth factor
(VEGF), leading at first to the formation of highly permeable vessels that further sup-
port inflammatory cell infiltration [21]. These vessels latermature under the influence
of platelet-derived growth factor (PDGF) and thus begin to limit cell extravasation.
At the end of this phase, a new vessel network is formed supplying the healing region
with oxygen and nutrients [18].

9.3.3 The Maturation Phase

With the accumulation of collagen being synthesized by myofibroblasts, the healing
process transitions to the maturation phase. In order to provide sufficient strength
to the infarcted region and prevent perforation, the collagen fibers have to be cross-
linked by lysyl-oxidases [18]. Myofibroblasts are replaced in the tissue by another
differentiated state of fibroblast called the matrifibrocyte, which appears to be more
specialized for the lesser metabolically active scar environment [23]. However, this
process is far from being complete.

9.4 Post-infarct Remodeling

Following scar formation, if healing has not sufficiently restored the heart’s contrac-
tile function, the ventricle will continue to change its shape, wall thickness and its
mechanical properties [2]. These complex transformations result from the ongoing
intraventricular pressure and volume load combined with qualitatively inferior prop-
erties of the scar region when compared to the healthy myocardium. These changes
are called adverse ventricular remodeling and typically comprise the following: the
ventricle becomes more spherical and dilated, and the scar region gets thinner, while
the remaining healthy myocardium becomes hypertrophic. Additionally, the infarct
area usually expands with time independently of any other MI events, thus slowly
worsening the heart condition. Thus, this adverse ventricular remodeling also leads
to systolic dysfunction.

Adverse ventricular remodeling correlates with the risk of heart failure develop-
ment and is associated with chronic inflammation [2, 21]. This suggests possible
new targets for the prevention of adverse ventricular remodeling: proper resolving
of inflammation [21], confined but mechanically adequate scar [2], and MMPs and
matricellular proteins [18].
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9.5 Biomaterials for Treatment of Myocardial Infarction

Regenerative medicine has emerged to address the need for cell, tissue and organ
regeneration. It implements various approaches, including tissue engineering, stem
cell transplantation, small molecules and/or gene therapy [26]. In the past decades,
cardiac regeneration has focused on cell therapy, delivery of growth factors, small
molecular drugs or use of biomaterials [27–30].

Since the ECM provides essential cues that influence cell phenotype, differentia-
tion, survival and overall tissue homeostasis [18, 31], its protection and/or replace-
ment afterMImay simultaneously prevent adverse remodeling and provide a suitable
environment to support cell and tissue repair, aswell as functional restoration.Bioma-
terials are an attractive approach for achieving this goal, and various biomaterials are
being investigated either as stand-alone therapies or as delivery vehicles for cells,
drugs [29, 30] growth factors [32–35], miRNA [36–38], siRNA [39], DNA [40],
TIMP [41], oxygen [42], and others [43].

Biomaterials can be categorized according to various parameters. Concerning the
chemistry, biomaterials can be of natural or synthetic origin, or a combination of
the two [44, 45]. They can be fabricated by various techniques including, but not
limited to, electrospinning, phase separation, decellularization, freeze drying [46]
3D printing [47] or self-assembly [48].

Having the inherent excitability of the cardiac tissue in mind, biomaterials for
cardiac regeneration can be designed to be electrically non-conductive or conduc-
tive [49]. Conductive materials can enhance the functional coupling of healthy and
infarcted area and thus improve the ability to contract efficiently. Different means
of increasing the electroconductivity have been tested, such as gold nanoparti-
cles, nanowires, carbon nanotubes, graphene oxide, aniline, melanin or polypyrrole
[49–61].

There are basically two strategies for delivering biomaterials to the infarcted area:
intramyocardial injection or suturing a patch over the afflicted area (Fig. 9.2) [62–64].
Injection is minimally invasive, however, may fail to immediately provide physical
stability to prevent left ventricle dilation, depending on the application and type of
material used. Patches are more invasive, but can serve as instantaneous mechanical
support [62, 65]. The choice of the injection site (infarct region vs. border zone)
and the biomaterial spread in the interstitium can affect the therapeutic outcome
[66]. Injection into the infarct zone increases cell recruitment to the area as well as
mechanical resilience of the wall. Injection into the border zone may salvage more
cells and prevent expansion of the infarct. The degree of biomaterial integration
within the tissue can affect the electrophysiology of the region.

Both injectable materials and patches can be formulated as hydrogels or non-
hydrogel/solid-like materials [64, 65, 67–69]. Hydrogels are highly hydrated matri-
ces with water content ≥30% measured by weight [70]. They contain hydrophilic
polymers and are able to retain a high water content, yet concurrently they do not
dissolve in water or biological fluids due to the presence of cross-links within their
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Fig. 9.2 Schematic depicting the most common options for biomaterial delivery

structure [71]. In contrast, non-hydrogel/solid-like materials do not meet these cri-
teria, as they cannot sequester significant amounts of water within their structure.

Hydrogels can be prepared from substances of natural or synthetic origin [70–72].
They can be formed under relatively mild conditions [70], through various chemical
and physical methods, which may require external initiation [71–73]. Covalently
cross-linked hydrogels are generally more mechanically resistant than physically
cross-linked ones [73]. However, physically cross-linked ones offer additional ben-
efits. For example, shear forces can disrupt the cross-links, thus allowing hydrogels
that are physically cross-linked to flow easily through narrow spaces (like a syringe),
which is called shear-thinning behavior. Once the shear forces stop, the physical
cross-links autonomously reform. This self-healing mechanism then recreates the
hydrogel. This shear-thinning behavior eliminates the risks associated with prema-
ture gelation of covalently cross-linked or thermo-responsive gels, or with diffusion
from the site in case of in situ cross-linking [73, 74]. Various shear-thinning and
self-healing hydrogels have been designed so far [73, 75–77].

Additionally, novel therapies for MI can be investigated using different in vitro,
ex vivo and in vivo models. Recently, the “Guidelines for experimental models of
myocardial ischemia and infarction” have been published to provide a basic guide
for the scientific community in testing cardiac therapies and to ensure better repro-
ducibility and validity of the published data [78].

The following sections outline the various biomaterial therapy strategies and the
types of materials being tested.
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9.5.1 Naturally Derived Materials

These materials are of animal or plant origin, and they consist of proteins or saccha-
rides naturally occurring in the ECM [44, 45, 79, 80]. They are therefore inherently
bioactive and biocompatible. Cells can also trigger their enzymatic degradation, thus
allowing them to be remodeled naturally. However, their physicochemical properties
and degradation rates are more challenging to control (compared to synthetic mate-
rials), they may display batch-to-batch variability due to more inconsistent manufac-
turing/purification techniques, and they may also be associated with a risk of disease
transmission. Among the most investigated naturally derived materials are collagen,
gelatin, hyaluronic acid, fibrin, chitosan, alginate or decellularized matrices. Their
use for cardiac tissue regeneration will be described in the following paragraphs.

9.5.1.1 Collagen

There are several reasons why collagen has become one of the most studied ECM
proteins in the design of biomaterials forMI therapies. Firstly, it is themain structural
component of the cardiac ECM [12]. Secondly, collagen interaction with cells medi-
ated by integrin receptors can play a significant role in the control of cell behavior
[15, 16]. Thirdly, collagen is rapidly degraded following MI by MMPs into smaller
fragments that can regulate inflammation [18]. As for its production, collagen can be
either extracted from various tissues of animal origin or biomanufactured as recom-
binant human collagen in various organisms including plants [81]. Although recom-
binant collagens offer lesser immunogenic response and reduced risk of disease
transmission, current manufacturing technologies are not yet cost-effective, making
their use very expensive. Moreover, post-translational modifications of collagen can
pose a challenge for biomanufacturing technologies.

To date, the main research focus has been on collagen type I, which has been
used to develop both injectable materials and patches. Studies with intramyocar-
dial injections of a rat tail collagen type I hydrogel into the infarct and border zone
demonstrated the importance of injection timing [82]. Specifically, earlier treatment
post-MI with this material resulted in superior cardiac function and less adverse
remodeling. This highlights that different materials may have different optimal win-
dows of opportunity for repairing the post-MI heart. Rat tail collagen type I was also
used for making cardiac patches [83]. In order to improve its mechanical properties,
dense and mechanically more endurable collagen patches were produced by plastic
compression of collagen hydrogel. Patch implantation resulted in neo-angiogenesis,
less scar formation and overall preserved cardiac function in a mouse MI model. A
commercially available bovine collagen mix of 95% type I and 5% type III improved
contractility and prevented paradoxical bulging in infarcted rats [84]. Electrospun
calf collagen type I scaffolds were shown to promote cardiomyogenic differentiation
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[85], and commercially available collagen constructs enabled the formation of vas-
cularized cardiac patches in vitro [86]. These achievements highlight the potency of
collagen as a stand-alone therapy.

Collagen biomaterials have also been used for cell delivery. For example, the
injection of circulating angiogenic cells (CACs) within a rat tail collagen type I
hydrogel increased CAC engraftment and cardiac function in a mouse MI model
[87], and reduced myocardial hibernation and increased wall movement in a swine
model [88].

Moreover, various growth factors have been incorporated into collagen-based
scaffolds to enhance the healing process. Collagen scaffolds have been designed
with growth factor-containing alginate microparticles that gradually release hepa-
tocyte growth factor (HGF) and insulin-like growth factor-1 (IGF-1), which in turn
promoted cell proliferation in vitro [35]. Collagen patches with immobilized platelet-
derived growth factor (PDGF)were seededwithmesenchymal stem cells and showed
superior in vivo effects on cardiac function and vascularization over control patch
types in rats [34].

Collagen can also be combined with other substances to fine-tune the biomaterial
properties (like stability, electroconductivity or mechanical properties) according to
the desired goal. To tailor the mechanical properties while retaining the bioactivity
of collagen, Xu et al. developed hybrid injectable hydrogels based on thiolated col-
lagen and oligo(acryloyl carbonate)–poly(ethylene glycol)–oligo(acryloyl carbon-
ate) copolymer (abbreviated Col-SH and OAC–PEG–OAC hydrogel) [89]. These
tunable hydrogels were injected either with or without bone-marrow mesenchymal
stem cells, improving cardiac function in a rat MI model. In another study, Xia et al.
combined collagen type I with N-isopropylacrylamide/acrylic acid/2-hydroxyethyl
methacrylate-poly-ε-caprolactone [90]. Injection of this thermosensitive hydrogel
with mesenchymal stem cells improved cell engraftment and functional outcome in
a mouse MI model. Electrospun nanofiber patches based on collagen type I, elastin
and polycaprolactone combined the bioactivity of different natural substances with
the superior mechanical properties of a synthetic polymer [91]. Upon implanta-
tion, these patches showed good outcomes both with and without c-kit+ cells in a
mouseMImodel. Shafiq et al. [92] incorporated bioactive substances, which could be
slowly released, into electrospun patches from collagen type I and polycaprolactone.
Patches containing substance P alone and in combination with insulin-like growth
factor-1C (IGF-1C) peptide promoted cardiac function and angiogenesis in vivo.
In another study, Reis et al. [93] incorporated a pro-survival angiopoietin-1-derived
peptide (QHREDGS) into a chitosan-collagen hydrogel. Treatment of MI rat hearts
using this peptide-modified hydrogel led to improved morphology and function of
the myocardium.

To render the biomaterial electroconductive, the incorporation of nanosilver and
nanogold particles into rat tail collagen type I hydrogels has been investigated [94].
These electroconductive matrices improved proliferation and function of neonatal
rat ventricular cardiomyocytes under electrical stimulation. Similar hybrid cardiac
patches based on a porcine collagen type I hydrogel and nanogold-containing electro-
spun collagen fibers led to increased expression of connexin-43 (Cx43) and improved
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cardiac function in a mouse MI model [50]. The incorporation of single-walled car-
bon nanotubes is another approach for enhancing electrical coupling between cells.
For example, single-walled carbon nanotubes were combined with collagen [52]
or with collagen and chitosan [53] and were able to support cell growth and beat-
ing function. Another option to confer electroconductive properties is to introduce
graphene oxide [49]. In one study, collagen type I scaffolds were fabricated by freeze
drying, then covalently coated with graphene oxide, and reduced to restore graphene
oxide electroconductivity. These scaffolds promoted the expression of cardiac genes,
including the Cx43 gene involved in electrical coupling.

Seeing the potential of collagen, it is not surprising that a collagen type I material
has entered a clinical trial. The MAGNUM trial evaluated the efficacy of a coronary
artery bypass graft combined with the implantation of a collagen type I scaffold
and autologous mononuclear bone-marrow cells [95]. Although cardiac function
was improved, it could not be conclusively attributed to cell-scaffold therapy only.
Additional trials will be needed to unravel the effect of collagen as a stand-alone
treatment.

Although the main research focus has been on collagen type I, to a lesser extent
collagen type III has been investigated as well. Injectable collagen/glycol-chitosan
hybrid hydrogels containing collagen type I, type III, or both type I and III were
prepared from human tropocollagen molecules [96]. Tropocollagen was fibrillated
during the fabrication of the hydrogel. The resulting scaffold was highly porous and
promoted cell adhesion and migration. A commercially available bovine collagen
mix of 95% type I and 5% type III [84] has also been under investigation, as was
already discussed above.

Altogether, collagen biomaterials offer tremendous potential for repairing the
infarcted heart. Although currently expensive, recombinant human collagen would
be a good candidate for future studies in order to overcome the challenges of products
of animal origin. Additional clinical studies are also needed to translate collagen into
a stand-alone therapy.

9.5.1.2 Gelatin

Gelatin is another option for cardiac regeneration. It is derived from collagen, is
biodegradable and has low immunogenicity and also a low cost [97]. It has long
been used in the food, cosmetic and pharmaceutical industries.

Gelatin hydrogels were shown to increase the engraftment of fetal rat cardiomy-
ocytes as well as to enhance angiogenesis and cardiac function in a ratMImodel [98].
Gelatin materials have also been used to deliver growth factors, cytokines, genes or
miRNA to promote MI healing. For example, basic fibroblast growth factor (bFGF,
also known as FGF-2) was incorporated into gelatin hydrogels to enhance angiogen-
esis in a rat [32] and canine model [33], which led to improved cardiac function. Its
use in delivering a secretome product, i.e., a mixture of bioactive factors (cytokines,
growth factors and exosomes) produced by cells was also investigated [43]. The
secretome produced by human adipose-derived stem cells was incorporated into an
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injectable shear-thinning hydrogel made of gelatin and Laponite® (nanoclay). Peri-
infarct delivery resulted in increased angiogenesis and reduced cardiac remodeling
in rats. An injectable gelatin–silicate hydrogel was used to deliver miR-1825 into the
mouse heart post-MI [36], which induced cardiomyocyte proliferation and improved
cardiac function. Polyethylenimine-functionalized graphene oxide nanosheets com-
plexed with vascular endothelial growth factor-165 DNA were incorporated in a
methacrylated gelatin hydrogel to function as a non-viral gene delivery system; its
use led to increased angiogenesis and reduced scar size after injection in rats [40].

Like collagen, gelatin has been combinedwith other substances to increase its elec-
troconductivity [99, 100], or tailor itsmechanical properties [97]. Electrospun gelatin
and poly-ε-caprolactone patches loaded with mesenchymal stem cells enhanced cell
survival and improved cardiac function in a rat MI model [65]. Noshadi et al. [101]
developed gelatinmethacrylate (GelMA) hydrogels that were injected into the infarct
site and then photo-cross-linked in situ using visible light. GelMA hydrogels were
also used with carbon nanotubes [100] or electrically conductive poly(thiophene-
3-acetic acid) [102], which enhanced the electrical coupling of cells. Additionally,
electroconductive nanoparticles based on GelMA and polypyrrole were cross-linked
onto electrospun GelMA-polycaprolactone nanofibrous membranes to form elec-
troconductive cardiac patches [55]. These then promoted cardiac function, reduced
infarct size and increased angiogenesis in vivo. Lastly, single-walled carbon nan-
otubes combined with pure gelatin into an electroconductive hydrogel also improved
cardiac function in rats [99].

In addition to being used as the main component of a given material, gelatin can
also be used for surface modification. Wang et al. used an iron oxide framework and
coated it with gelatin. Thereafter, bone-marrow-derived rat mesenchymal stem cells
were seeded onto the coated framework and allowed to proliferate [103]. Prior to
patch transplantation into rats, cell-seeded frameworks were coated again, this time
with Matrigel. This cell-seeded patch implantation resulted in improved cardiac
function.

In summary, gelatin offers high biocompatibility, can be easily combined with
other substances, and can additionally be used as a coating, making it an attractive
candidate for cardiac regeneration purposes.

9.5.1.3 Hyaluronic Acid

The glycosaminoglycan hyaluronic acid is another natural component of the heart
[11] used in engineering cardiac materials. Hyaluronic acid is a polysaccharide com-
posed of repeating N-acetylglucosamine and glucuronic acid units, which can be
cross-linked into hydrogels and easily modified [45]. However, it lacks mechanical
strength. A simple hyaluronic acid hydrogel loaded with human cord blood mononu-
clear cells showed improved cardiac function in a pig model and was superior to the
injection of cells or hydrogel only [104].

A commercially available hyaluronic acid-based product Extracel-HP™was com-
bined with platelet-rich plasma to deliver growth factors and cytokines involved
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in healing and angiogenesis [105]. Extracel-HP™ consists of thiol-modified
hyaluronate, heparin, gelatin, polyethylene glycol and degassed water. When com-
bined with platelet-rich plasma, ascorbic acid, ibuprofen and allopurinol and then
injected into pigs post-MI, it showed a superior therapeutic effect. Hyaluronic acid-
based shear-thinning and self-healing hydrogels were tested in rats and sheep [74,
106] and have been combined with miR-302 [37], siRNA [107] and extracellular
vesicles [108]. MiR-302 mimics were able to promote cardiomyocyte proliferation
in vivo, thus targeting enhancement of cardiac regeneration. siRNA delivery focused
on adverse remodeling post-MI, as it interfered with mRNA forMMP2 and therefore
specifically attenuated MMP2 expression after MI. Extracellular vesicles are inter-
esting due to their pro-angiogenic, pro-proliferative and anti-apoptotic effects via
paracrine mechanisms [108]. Chen et al. derived extracellular vesicles from endothe-
lial progenitor cells, embedded them into a shear-thinning hydrogel and observed
enhanced angiogenesis and cardiac function in a rat MI model. Delivery of miRNA
was performed also using a commercially available Glycosan HyStem® hyaluronic
acid-based hydrogel [38]. As the miR-29 family targets genes associated with ECM
(collagen, elastin, MMP2, laminin and others), miR-29B delivery to the border zone
was shown to influence ECM remodeling after MI in mice. Direct inhibition of
MMPs was investigated as well in a study in which Purcell et al. delivered recom-
binant TIMP-3 using a hyaluronic acid-based hydrogel [41]. They incorporated a
specific peptide sequence (GGRMSMPV) into the hydrogel to render the matrix
sensitive to intrinsic MMP cleavage, thus tailoring the release kinetics of TIMP-3
from the hydrogel. Injection of this TIMP-3 releasing hydrogel led to attenuation of
adverse remodeling in a pigmodel. Fan et al. [109] targetedMMP-2 andMMP-9, both
upregulated after MI, using the specific peptide inhibitor CTTHWGFTLC. Delivery
of this peptide reduced ECM degradation and led to improved cardiac function in
rats. Wang et al. [110] delivered nanoparticles containing plasmid DNA encoding
endothelial nitric oxide synthase (eNOs) together with adipose-derived stem cells
within an electroconductive hyaluronic acid-based hydrogel. This led to increased
cardiac function, greater vessel density and less scarring.

In a combined approach, hyaluronic acid wasmixed with hydroxyethyl methacry-
late [111]. This hydrogel improved cardiac function and increased infarct thickness
and stiffness in a porcinemodel. All these results confirm the suitability of hyaluronic
acid for MI treatment and the possibility of combining it with various bioactive
molecules.

9.5.1.4 Fibrin

Fibrin is another intuitive choice for cardiac biomaterial therapy, as it is present at
the very beginning and throughout much of the MI healing process, in the form of
a fibrin-based provisional matrix [2, 18]. For example, an easily applicable fibrin
cardiac patch was established using a fibrin gel spraying system capable of in situ
polymerization [112]. The setup efficiency was successfully verified in a mouse
model and holds promise due to its ease of use.
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Like most materials being developed, fibrin patches have also been used to deliver
various cell types in numerous animal models. For example, mouse embryonic
stem cells [113], human ESC-derived endothelial cells and smooth muscle cells
[114], human ESC-derived cardiac progenitors [115], human bone-marrow-derived
mesenchymal stem cell [116], human induced pluripotent stem cell (iPSC)-derived
cardiomyocytes and human pericytes [117], human iPSC-derived cardiomyocyte
spheroids [118] and many others have been tested, as reviewed elsewhere [64, 119,
120]. Of note is that a fibrin scaffold with human ESC-derived cardiac progenitors
has been tested in humans [121]. A 68-year-old patient suffering from severe heart
failure had this cell-seeded scaffold implanted onto the infarct area. An increase
in cardiac function together with abatement of the symptoms was observed three
months after surgery.

To further promote the clinical applicability of fibrin, large fibrin patches contain-
ing human iPSC-derived cardiomyocytes, smooth muscle cells and endothelial cells
were developed [122]. These patches were first cultured under dynamic conditions,
which resulted in spontaneous contraction and patch maturation. They were subse-
quently evaluated in a porcine MI model where they improved cardiac function and
reduced infarct size. These results confirm the feasibility of large patch formation.
However, as oxygen and nutrient delivery to the infarcted area remains a challenge,
microvessel incorporation into the patch could significantly improve the outcomes
after MI. Therefore, Riemenschneider et al. [123] evaluated fibrin patches contain-
ing microvessels in a rat MI model. The authors used their previous observations
that microvessels self-assembled from blood outgrowth endothelial cells and peri-
cytes in a fibrin gel after 5 days of in vitro culture [124]. Fibrin patches implanted
into rats contained either randomly oriented or aligned microvessels, a portion of
which were successfully perfused after implantation. Su et al. [125] developed a
vascularized patch with the use of microfluidic technology. First, microvessels with
human umbilical vein endothelial cells were formed by hydrodynamic focusing in
microfluidic channels followed by photopolymerization. Second, after cultivation,
these microvessels were arranged and together with cardiac stem cells embedded
into a fibrin gel. These constructs were subsequently transplanted into rats post-MI,
leading to increases in cell proliferation and angiogenesis in the peri-infarct area. 3D
printing is another high-tech approach to engineer cardiac tissue in vitro. Wang et al.
mixed primary cardiomyocytes with fibrin-based bio-ink and printed a tissue con-
struct, which upon maturation, contracted and expressed markers typical for cardiac
tissue [126].

Growth factor delivery has also been investigated with promising out-
comes. Polyethylene glycol-fibrinogen hydrogels were used to deliver VEGF and
angiopoietin-1 in a rat model [127]. Bearzi et al. [128] generated iPSC-derived car-
diomyocytes engineered to secrete placental growth factor andMMP9.Mice injected
with these transduced cardiomyocytes embedded within a polyethylene glycol–fib-
rinogen scaffold showed improved cardiac functions and angiogenesis.
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Given that fibrin has shown very good outcomes for MI treatment and that it is
currently already approved for clinical use as hemostat, sealant, and adhesive by the
Food andDrugAdministration (FDA) [129], the path to its transition to a real clinical
therapy for cardiac regeneration seems very promising.

9.5.1.5 Decellularized Matrix

A natural ECM for therapy can be obtained by the decellularization of native tissue
or even of the whole organ [130]. In this process, cells are gently removed yielding
a natural ECM scaffold with preserved architecture. This natural ECM can be sub-
sequently used either as a stand-alone therapy or be secondarily re-cellularized by
cells of interest. Various types of tissues have been decellularized and evaluated in
MI models, altogether highlighting the importance of ECM-mediated signaling.

As a stand-alone therapy, Wassenaar et al. injected decellularized and partially
digested porcine ventricular myocardial matrix into rat hearts post-MI [131]. This
hydrogel matrix injection activated numerous repair responses in the myocardium,
such as enhanced angiogenesis and progenitor cell recruitment, reduced apoptosis,
hypertrophy and fibrotic response, and positive changes in cardiac function. Similar
results were obtained by Sarig et al. who used a decellularized porcine cardiac ECM
patch implanted onto the rat heart either in an acute or chronic MI model [132].

DecellularizedECMfrom the heart has also been used to enhance cell delivery and
retention. Adipose-derived stem cell delivery using a decellularized porcine myocar-
dial ECM patch [133] and hiPSC-derived cardiac cell delivery with decellularized
rat cardiac ECM [134] were both shown to improve function in rat MI models. Mes-
enchymal stem cell-seeded decellularized rabbit pericardial patches [135, 136], or
humanheart valve-derived patches either alone or combinedwith bone-marrowc-kit+

cells [137] also led to improved cardiac function. Decellularized ECM from non-
cardiac tissue types has been tested for heart repair as well. Decellularized umbilical
arteries from humans were used as scaffolds to deliver human mesenchymal stem
cells in a rat MI model [138], and an injectable matrix from decellularized porcine
small intestinal submucosa was investigated with or without circulating angiogenic
cells (CACs) in a mouse MI model [139].

Decellularized ECM loaded with growth factors has also been used successfully
for treating the MI heart. For example, a decellularized porcine pericardium con-
taining HGF led to a reduction of adverse remodeling and improved cardiac func-
tion in vivo [140]. A hydrogel derived from decellularized human placenta contain-
ing ECM components and growth factors also showed a pro-healing effect in rats
[141]. To develop an even more intricate treatment, Wang et al. took advantage of
3D dynamic culture conditions [39]. They mixed bone-marrow mesenchymal stem
cells with RAD16-I peptide hydrogel (PuraMatrix®) and added that onto decellu-
larized porcine pericardium with bound vascular endothelial growth factor (VEGF).
Following cultivation under dynamic conditions in a perfusion system, these cel-
l–ECM sheets were implanted into rats post-MI and showed better improvement
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than both control cell–ECM sheets cultured under static conditions and the decellu-
larized matrix only. Another pre-vascularized stem cell- and VEGF-containing patch
was prepared using 3D printing technology [47]. Two types of bio-ink were printed
in a specific pattern: one contained cardiac progenitor cells, the other mesenchy-
mal stem cells and VEGF. These patches showed high vascularization and enhanced
cardiac function when transplanted into mice.

Two commercially available products have been evaluated in clinical trials. After
showing positive effects in porcine, rat and mouse MI models [142–144], as well
as in calves with chronic ischemic heart failure [145], small intestinal submucosa
CorMatrix® was evaluated in a clinical study for use in humans (NCT02887768)
[143, 146]. Secondly, an injectable hydrogel from decellularized porcine myocardial
ECM [147], and commercially available as VentriGel™, was investigated in rats and
pigs [148, 149], and in a phase I clinical trial (NCT02305602) [150, 151].

In summary, the natural bioactivity and architecture of decellularized ECMmakes
it a very promising candidate for MI treatment.

9.5.1.6 Alginate

Alginate is polysaccharide isolated from seaweed [45]. It has been reported to be
biocompatible, but not degradable in the human body, and it can form gels. For
MI treatment, an alginate hydrogel as a cell delivery vehicle was shown to increase
retention of mesenchymal stem cells injected into the heart in a pig model [152].
Alginate hydrogels have also been tested for the delivery of growth factors and
genes. The combination of alginate with growth hormone in a rat MI model showed
enhanced cardiac function, angiogenesis, activation of myofibroblasts and electrical
conduction [153, 154]. The delivery of 6-bromoindirubin-3-oxime and insulin-like
growth factor 1 (IGF-1) using gelatin nanoparticles and an alginate hydrogel pro-
moted cardiomyocyte proliferation and angiogenesis in rats [155]. VEGF delivery
using alginate microspheres in a chitosan patch was found to promote angiogenesis
in MI rats [156]. As for gene delivery, synthetic modified mRNA termed M3RNA
(microencapsulatedmodifiedmessenger RNA)was embedded into alginate and upon
injection into the pig heart achieved rapid induction of protein expression [157]. This
is a good proof of concept, as gene delivery therapies can be hindered by inadequate
activation of gene expression.

In order to promote electroconductivity, Dvir et al. combined an alginate scaffold
with gold nanowires and showed better contraction and coupling of neonatal rat
cardiomyocytes cultured on the scaffolds in vitro [51].

Regarding clinical translation, Leor et al. developed an injectable alginate-
gluconate-based scaffold that had promising results in a porcine MI model [158].
This scaffold became commercially available under the name IK-5001 andwas tested
in a small clinical trial, where it preserved left ventricular ejection fraction [159].
These results led to a large randomized, double-blind, placebo-controlled trial—the
PRESERVATION I trial [160]. However, the clinical data did not confirm efficacy for
IK-5001 administration [151, 161]. Another commercially available alginate-based
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hydrogel was tested in larger animals and clinical trials for its ability to improve
the outcomes in the failing heart. Specifically, the 2-component alginate self-gel for-
mulation hydrogel (Algisyl-LVR™) was injected into hearts of dogs with chronic
heart failure via open chest surgery, which significantly improved hemodynamic
parameters of the left ventricle [162]. A small human clinical trial then followed
combining Algisyl-LVR™ injection with coronary artery bypass grafting in patients
with failing heart [163]. This study showed improved cardiac function and restoration
of ventricular geometry, thus confirming the promising results from animal studies.
A multicenter randomized controlled clinical trial (AUGMENT-HF) subsequently
compared the efficacy of standard medical therapy versus standard medical therapy
combined with Algisyl-LVR™ injection in patients with severe heart failure [164].
This randomized trial demonstrated a benefit of Algisyl-LVR™ injection in long
term, highlighting the promise of this therapy for implementation in the clinic.

9.5.1.7 Chitosan

Chitosan is a natural polymer composed of d-glucosamine andN-acetyl-glucosamine
[45]. It is prepared by partial deacetylation of chitin, a component of arthropod
exoskeletons. On its own, a chitosan hydrogel showed increased cardiac function
and reduced infarct size when used to treat rats with MI [165]. It was also used to
enhance the retention and therapeutic effect of mesenchymal stem cells in a rat MI
model [166].

However, chitosan has been mainly investigated in combination with other sub-
stances. The synthetic peptide RoY (YPHIDSLGHWRR) was previously shown to
enhance angiogenesis under hypoxic conditions both in vitro and in vivo [167]. There-
fore, its combinationwith a chitosan hydrogel was evaluated in a ratMImodel, where
it improved angiogenesis and cardiac function [168]. Electrospun cardiac patches
from cellulose, chitosan and silk fibroin combined with adipose-derived mesenchy-
mal stem cells [169], and aligned electrospun chitosan/calcium silicate nanofiber
patches seeded with neonatal rat cardiomyocytes [170] have also both been shown to
improve cardiac function in rat MI models. In other work, a conductive hydrogel was
obtained by combining chitosan and polypyrrole [58, 171]. The gels improved the
electrical conduction as well as cardiac function upon injection into the infarcted rat
heart. Another design used chitosan and graphene oxide-gold nanosheets to increase
scaffold electroconductivity [59]. In a completely different approach, an auxetic
conductive cardiac patch was developed by Kapnisi et al. [60] (Fig. 9.3). Unlike the
majority of other materials, auxetic materials can expand simultaneously in multiple
directions when stretched, which offers extraordinary benefits when applied as a car-
diac patch. Briefly, lasermicroablationwas used to introduce a re-entrant honeycomb
(bow-tie) micropattern to chitosan films. These were then coated with polyaniline
and phytic acid, in which the polyaniline provided electroconductivity. This patch
with auxetic design and electroconductive properties integrated well in vivo in a rat
MImodel and led to reduced LVmass (i.e., less hypertrophy) compared to the control
group. Thus, auxetic materials hold promise for future investigation.
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�Fig. 9.3 Auxetic cardiac patch. a Schematic of the bow-tie dimensions. b Schematic illustration
of the alignment of the auxetic cardiac patch (AuxCP) on the heart. c Schematic illustration of
the auxetic behavior of the re-entrant honeycomb (bow-tie) geometry. d Digital optical microscope
images of the AuxCPs during tensile testing at 0.8% strain and 12.6% strain (scale bars: 1 mm).
Taken from Kapnisi et al. [60]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission

9.5.1.8 Self-assembling Hydrogels

Self-assembly is a spontaneous and reversible process based on weak (non-covalent)
interactions [48, 172]. The assembly can be finely modulated by various parameters
such as molecular structure, pH and temperature [173]. Peptides have been recog-
nized as particularly suitable molecules for self-assembly, especially those forming
β-sheets. Peptides are biocompatible and biodegradable and can form hydrogels with
nanoarchitecture resembling the natural ECM [172].

In one example, self-assembling hydrogels based on folic acid and peptides were
combined with iPSCs and showed greater cell retention and cardiac function in
a mouse MI model [174]. A commercially available PuraMatrix® was used with
mesenchymal stromal cells and resulted in enhanced cardiac function and MSC
retention in rats [175].

Moreover, self-assembling peptide hydrogels were also functionalizedwith a pep-
tide mimic of the Notch1 ligand Jagged1 [176]. Notch ligand-containing hydrogels
improved cardiac function and decreased fibrosis in a rat MI model. PuraMatrix®

was also used in a biohybrid patch [177]. A porous poly(ethyl acrylate) scaffold
was filled with adipose-derived stem cells entrapped in the self-assembling peptide
PuraMatrix® gel to produce large patches intended for use in a sheep MI model.
Many other self-assembling peptide-based strategies for the delivery of therapeutics
to treat MI have been developed and have been nicely reviewed [48].

9.5.1.9 Other Naturally Derived Materials

Among the other natural substances tested for cardiac regeneration are, for example,
sericin and albumin. Sericin is a natural protein produced by the silkworm as part of
its cocoon. It is biocompatible and antioxidative, enhances adhesion and prolifera-
tion, and has been investigated for tissue engineering, pharmaceutical and cosmetic
applications [178, 179]. An injectable silk sericin hydrogel was tested in a mouseMI
model and showed pro-angiogenic, anti-inflammatory and anti-apoptotic properties,
leading to improved cardiac function [179]. In another study, electrospun albumin
scaffolds with adsorbed gold nanorods were seeded with cardiac cells to create a
cardiac patch [180]. These patches were attached to the rat heart via a suture-free
approach using laser and gold nanorods, and it nicely integrated with the cardiac
tissue.
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In summary, there are many natural substances that have shown great promise
for the treatment of myocardial infarction, some of which have proceeded to clinical
trials.

9.5.2 Synthetic Materials

These materials are artificially synthesized and can have numerous different com-
ponents and chemical compositions [44, 45, 79, 80]. Synthetic materials have tai-
lorable physicochemical properties and degradation rate, can be manufactured on
a large scale, have minimal batch-to-batch variability, and can be processed into
scaffolds using various techniques. However, although synthetic materials used in
tissue engineering can be made biocompatible, they typically lack inherent bioactiv-
ity. Consequently, these materials are often subjected to various physical or chemical
modifications in order to introduce functional groups for cell recognition and bind-
ing. Polyethylene glycol, polycaprolactone, polyvinyl alcohol and other synthetic
materials have been tested for cardiac tissue regeneration, and they will be briefly
introduced in the following sections.

9.5.2.1 Polyethylene Glycol

Polyethylene glycol (PEG) is synthetic, biocompatible, hydrophilic, water-soluble
and FDA-approved polymer [45, 181]. Injectable PEG hydrogels were tested in rats
in order to evaluate the influence of hydrogel interstitial spreading on electrophysi-
ological properties of the heart [66]. No conduction abnormalities were observed in
hearts with highly spread hydrogels. However, hearts with a minimal spread of the
hydrogel (i.e., bolus injections) were prone to arrhythmias. This work highlights the
importance of considering the delivery site and gel spread properties.

Combined PEG material with cell and growth factor delivery has been inves-
tigated as well. A PEG hydrogel loaded with hiPSC-derived cardiomyocytes and
erythropoietin improved cardiac function and attenuated remodeling in a rat model
[182]. However, to date, PEG has mostly been used in combination with other com-
ponents to produce hybrid materials. Dong et al. [56] developed a self-healing,
conductive injectable hydrogels based on chitosan, aniline and dibenzaldehyde-
terminated polyethylene glycol for cell delivery. In another study, polyethylene
glycol-dimethacrylate hydrogel patches with encapsulated stem cells were glued
usingfibrin glue onto the infarcted area ofmousehearts [183].An injectable polyethy-
lene glycol-hyaluronic acid-based hydrogel withWharton’s jelly mesenchymal stem
cells and insulin-like growth factor-1 promoted the greatest improvement in contrac-
tile function and new vessel formation in a rabbit MI model [184]. Steele et al. [185]
combined a shear-thinning self-healing hydrogel based on peptide and polyethylene
glycol with a dimeric fragment of HGF and observed enhanced cardiac function,
angiogenesis and reduced scar in a rat MI model. Ciuffreda et al. [186] introduced
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heparin into polyethylene glycol (PEG)-based hydrogel with an MMP1 degradable
peptide sequence (GCREGPQGIWGQERCG) and combined the heparin-containing
hydrogel with bone-marrow-derived mesenchymal stromal cells. They observed bet-
ter cell engraftment, increased cardiac function and angiogenesis in a rat MI model.
Lastly, electroconductive polyethylene glycol-based materials were also developed.
Specifically, Bao et al. [57] tested an injectable conductive polyethylene glycol-
melamine-hyaluronic acid-based hydrogel containing graphene oxide. When com-
bined with adipose tissue-derived stromal cells, it improved cardiac function and
enhanced electrical coupling in rats. Zhou et al. [61] investigated conductive hydro-
gels based on polyethylene glycol, fumarate and graphene oxide. These hydrogels
improved electrophysiological and cardiac function also in rats.

Controllable physical properties and the ability to form gels make PEG a good
biomaterial candidate for MI therapies.

9.5.2.2 Polycaprolactone

Poly-ε-caprolactone (PCL) is a synthetic biocompatible polymer with prolonged
degradation time, tailorable mechanical properties and suitability for forming blends
and co-polymers [45, 187]. It is extensively used for tissue engineering and phar-
maceutical applications, and it is FDA-approved [187]. Its major drawback is its
hydrophobicity. As a result, various physical and chemical modifications have been
implemented to render it more bioactive. For cardiac regeneration purposes, it has
been used in combination with other substances.

Soler-Botija et al. [188] developed PCL-methacryloyloxyethyl ester-based scaf-
folds, which were filled with a self-assembling peptide hydrogel (PuraMatrix®).
These scaffolds were seeded with adipose tissue-derived progenitor cells and were
found to enhance cardiac function in a mouse MI model. Chung et al. photochem-
ically grafted silk fibroin-PCL-based patches with hyaluronic acid and GRGD (an
αvβ3 integrin ligand), which promoted greater cardiomyogenic differentiation of
bone-marrow-derived mesenchymal stem cells in vitro [189]. In another study,
a hydrogel based on PCL, 2-hydroxyethyl methacrylate (HEMA) and poly-N-
isopropylacrylamide (PNIPAAm) was used for VEGF growth factor delivery [190].
Injection of this PCL-HEMA/PNIPAAm hydrogel combined with VEGF led to
enhanced angiogenesis and improved cardiac function in a rat MI model. The same
authors also investigated FGF2 delivery using the same PCL-HEMA/PNIPAAm
hydrogel [191]. Results again showed improved angiogenesis and cardiac function
in rats.

Outside of these two highly investigated syntheticmaterials (PEGandPCL),many
other synthetic substances have also been tested for cardiac repair, some of which
are highlighted in the next section.
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9.5.2.3 Other Synthetic Materials

Polyvinyl alcohol (PVA) is a synthetic biocompatible polymer [192]. The injection
of a PVA hydrogel was investigated in a sheep model of chronic ischemic mitral
regurgitation post-MI, where it reduced the severity of mitral regurgitation as well as
ventricular remodeling [192]. Another PVA-based material was developed by Tang
et al. in which the PVAwas first molded into a unique microneedle patch with porous
structure (Fig. 9.4) [193]. Next, cardiac stromal cells were embedded into fibrin gel
and placed on the basal part of themicroneedle patch. The sophisticated porous struc-
ture of the patch then enabled for various factors secreted by cardiac stromal cells
to be delivered through the patch and microneedles into the region of patch implan-
tation. The cell-seeded microneedle patch was tested in a rat and porcine MI model
and resulted in enhanced cardiac function and prevention of adverse remodeling.

Fig. 9.4 Microneedle patch strategy for MI repair. a Schematic showing the overall design used
to test the therapeutic benefits of MN-CSCs on infarcted heart. b SEM image of MN. Scale bar,
500 μm. c Representative fluorescent image indicating that DiO-labeled CSCs (green) were encap-
sulated in fibrin gel and then integrated onto the top surface of MN array (red). Scale bar, 500 μm.
Reprinted with permission of AAAS from Tang et al. [193]. © The Authors, some rights reserved;
exclusive licensee American Association for the Advancement of Science. Distributed under a Cre-
ative Commons Attribution NonCommercial License 4.0 (CCBY-NC) http://creativecommons.org/
licenses/by-nc/4.0/

http://creativecommons.org/licenses/by-nc/4.0/
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Examples of other synthetic polymers tested for treatment of MI are polylactic-
co-glycolic acid [194], poly-l-lactic acid [195], poly-l-lactide-co-caprolactone
andpolyethyloxazoline [68],N-isopropylacrylamide (NIPAAm),N-vinylpyrrolidone
(VP) and methacrylate-polylactide [196, 197], as well as NIPAAm and hydroxyethyl
methacrylate [198].

Two interesting studies on oxygen-releasing scaffolds were published recently. In
one, a hydrogel based on NIPAAm, HEMA and acrylate-oligolactide was combined
with oxygen release microspheres with a core–shell structure [42]. This injectable
system was able to release oxygen, stimulate angiogenesis and improve cardiac
function in rats. In the second study, an oxygen-releasing antioxidant polymeric
cryo-gel scaffold was based on polyurethane and calcium peroxide [199]. Although
tested only in an ischemic flap model, the scaffold may also hold promise for MI
treatment, as it was able to efficiently release oxygen and prevent tissue necrosis.

9.6 Conclusions

Bioengineeredmaterials developed to date offer novel and attractive strategies for the
treatment ofMI. They can provide not only a suitable ECMenvironment that supports
cell survival, growth and tissue repair, but they can also prevent adverse remodeling
post-MI. As both natural and synthetic materials have their inherent advantages
and challenges, the choice of biomaterial has to be done carefully with respect to
desired outcomes. Moreover, natural and synthetic biomaterials may be combined
to create even more advanced and tunable scaffolds. Studies have demonstrated
that biomaterials can be used either as stand-alone therapies, or be combined with
cells, growth factors, small molecules and other therapeutics to further enhance the
therapeutic effect. The evidence from the accumulating research is making clinical
translation seem imminent, but additional large animal studies and clinical trials
will be needed to successfully implement biomaterial therapy in the clinic for the
treatment of MI patients.
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Chapter 10
Regulatory Normative of Nanomaterials
for Their Use in Biomedicine

Caitlin Lazurko, Manuel Ahumada, Emilio I. Alarcon and Erik Jacques

Abstract With nanomedicines increasing inmarket value and disruptive potential, a
rapidly moving field such as this will require engaging in the difficult task of respon-
sible management and the development of appropriate guidelines, which falls into
the jurisdiction of governmental agencies. While each is influenced by the coun-
tries politics and demands of the people, there are shared goals of improving market
success, risk assessment, and safety optimization. In this chapter, we describe the
regulatory landscape with regards to nanomedicines in various countries. We first
start with the world’s nanotechnological leaders in North America, the European
Union, and Asian and then discuss the notable strides taken by emerging countries
where nanomedicines have caught the public eye.

10.1 Nanomedicine’s Market and Disruptive Potential

Engineering materials at the nanoscale a.k.a., nanoengineering has demonstrated to
be able to modify the macroscopic properties of a large number of biomimetic 3D
matrices, tissue scaffolds, and even synthetic polymers. With a US ≈ $336 billion
worth globalmarket value,medical devices, including therapeuticmaterials for tissue
and organ repair, presents an attractive niche where there is a lot of potential and
room for producing intellectual properties (IP) with added value. Further, with the
increasing life expectancies in developed countries; the health sciences are facing
challenges that our society has never met before; meaning the need for therapeutics
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and devices for chronic medical conditions linked to aging. Also, the demand for
novel materials and technologies that repair and regenerate failing tissues and organs
can potentially improve the quality of life of the elderly.

When looking at the relatively low ratio between the blockbuster number of sci-
entific publications and the actual number of materials that have hit the market, there
is evidence of a gap and voids in the regulatory normative for nanomaterials and their
use in biomedicine. In this chapter, we will present and discuss the regulatory aspects
of nanomaterials for biomedical devices and therapeutics. This is an area which is
rapidly evolving, and the reader is encouraged to constantly consult on actualiza-
tions from the agencies cited in the following sections. The selection of the regions
revised in this chapter was performed on the basis of those zones where literature
and normative were readily available.

10.2 Regulatory Normative in North America

Nanotechnology holds great promise, but there are also concerns over the safety and
regulation of these technologies. Nanomaterials interact differently than their bulk
material, which is often an advantage; it makes it difficult to understand and predict
the potential impacts and toxicity of these new materials and technologies. Thus,
regulation is essential, but it is also a difficult task as a result of the diversity of the
field. For example, terms including nanotechnology, nanomaterial, etc., are used for a
variety of different applications [1–3]. Moreover, these materials cannot be regulated
using traditional regulatory frameworks, especially since there is often a lack of
reliable, systematic, and generalizable data regarding the safety of these materials
[1–3]. Due to this lack of information, policymakers are often relying on perceived
safety and risks. This has been done in the past with regulations surrounding stem cell
research and genetically modified organisms, amongst others, where scientists act as
experts in the field to provide information on the potential risks associated with the
technology [2, 3]. Therefore, multiple agencies and experts need to work together to
provide important information for the regulation of nanomaterials in North America
and worldwide [2].

In the United States, the U.S. Food and Drug Administration (FDA) regulates
nanomaterials that fall under existing statutory authority [4]. In 2006, the FDA devel-
oped the FDANanotechnology Task Force to create regulatory normatives that allow
the safe and effective innovation of nanotechnologies in FDA-regulated products.
They aim to address gaps in the knowledge and regulation surrounding nanotech-
nologies to decrease risks and adverse events associated with these technologies [5,
6]. The Task Force does not have a specific definition for nanotechnologies or nano-
materials, as they are attempting to take a “broadly inclusive approach” to nanotech-
nologies [6]. The Task Force states that as more information about the interactions
of nanotechnologies becomes available, they may develop a formal definition [6].
The FDA says that it supports the production and innovation of nanotechnologies
and has developed the FDA Nanotechnology Regulatory Science Research Plan to
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“provide coordinated leadership on regulatory science activities and issues related
to FDA-regulated products that either contain nanomaterial or otherwise involve
the application of nanotechnology” [4, 7]. They use a science-based approach for
assessing the safety of the products but are limited by statutory authority. For exam-
ple, where the FDA has the authority to conduct a premarket assessment of products
that contain nanomaterials they will include the nanomaterials in their evaluation, but
if the product does not require a premarket review, the FDA suggests a consultation
[2, 4]. These products include cosmetics, supplements, and some food products [4].
Due to the uncertainty surrounding the safety of nanomaterials, mostly as a result
of unique properties resulting from the nanoscale and high surface area to volume
ratio, this has the potential to cause harm to the consumers due to the lack of fed-
eral regulation. While the FDA will complete post-market monitoring, much of the
regulation is being placed on the manufacturers who must ensure “products meet all
applicable legal requirements, including safety standards” [4]. This demonstrates
that traditional regulatory frameworks cannot comprehensively regulate nanotech-
nologies [2]. The FDA has also stated that they collaborate with foreign counterparts
to share information and knowledge surrounding the regulation of nanotechnologies
[4]. This is important to ensure global health and help regulate the diverse field of
nanotechnologies.

While there are limitations to the authority of the FDA in regulating nanotechnolo-
gies, they are developing tools to improve research surrounding nanotechnologies.
For example, the FDA aims to strengthen the physio-chemical characterization of
nanotechnologies through methods to analyze the safety, physical, and chemical
properties. They aim to develop improved non-clinical models to assess the tech-
nologies in vitro and in vivo. Last, they aim to evaluate, improve, and standardize
risk characterization, evaluation, and communication [7].

In addition to the FDA, the US Environmental Protection Agency (EPA) is also
researching nanomaterials, and developing methods to better regulate nanotechnolo-
gies [8]. They define nanomaterials as “chemical substances that have structures with
dimensions at the nanoscale” [9]. To ensure the safety of nanomaterials, the EPA is
regulating nanomaterials under the Toxic Substances Control Act (TSCA) which
includes an information gather rule, stating that companies who produce nanoma-
terials must inform the EPA of the chemical composition, production volume, and
manufacturing methods of the materials, amongst others. Moreover, companies must
notify the EPAbeforemanufacturing newmaterials so the EPAcan ensure their safety
[9].

In Canada, Health Canada is responsible for the regulation of products, includ-
ing nanomaterials [10]. Health Canada recognizes its role in providing a regulatory
framework to protect the health of Canadians, minimize potential risks, and real-
ize the benefits of nanotechnology [10]. Similar to the United States and the FDA,
Health Canada is using existing legislation to regulate nanotechnologies; however,
they recognize the possibility that new regulatory approaches may be necessary for
adequate regulation of these technologies.
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Health Canada helps protect and promote health by using existing legislative and regulatory
frameworks to mitigate the potential health risks of nanomaterials and to help realize their
health benefits. However, it is recognized that new approaches may be necessary for the
future to keep pace with advances in this area as there is inadequate information on risks
associated with nanomaterials at this time. [10]

Health Canada states that there are “no regulations specific to nanotechnology-
based health and food products” [10], and that they rely on existing regulationswhich
require a product safety assessment before the sale in Canada [10]. Once again, this
demonstrates a gap in the regulation of nanotechnologies [2]. Similar to the United
States, Canada uses a broad definition when defining nanomaterials and nanotech-
nologies to encompass the diversity of the field. This allows for greater regulation
of a variety of products to ensure the safety of Canadians [10]. Similar to the United
States once again, Canada does not have a specific definition of nanomaterials or
nanotechnologies. They have a working definition of nanomaterial, which textually
states:

Health Canada considers any manufactured substance or product and any component mate-
rial, ingredient, device, or structure to be nanomaterial if:

1 It is at or within the nanoscale in at least one external dimension, or has internal or surface
structure at the nanoscale, or;

2 It is smaller or larger than the nanoscale in all dimensions and exhibits one or more
nanoscale properties/phenomena.

3 For the purposes of this definition:

4 The term “nanoscale” means 1 to 100 nanometres, inclusive;

5 The term “nanoscale properties/phenomena” means properties which are attributable to
size and their effects; these properties are distinguishable from the chemical or physical
properties of individual atoms, individual molecules and bulk material; and,

6 The term “manufactured” includes engineering processes and the control of matter. [10]

Canada is also focused on regulating nanotechnologies applied to the textile indus-
try [11]. These regulations aim to allow global nanotextile commercialization using
internationally accepted standards (International Organization for Standardization)
to enable development and regulation [11]. The diversity of nanotechnologies from
food and cosmetics to textiles and agriculture highlight the diversity of the field and
the importance of proper regulation, which will allow safe and effective use as well
as global commercialization.

Canada and the United States are working to harmonize the regulatory frame-
work for nanotechnologies under the US–Canada Regulatory Cooperation Council
(RCC) Nanotechnology Initiative [12, 13]. The objective of this harmonization is
to share information, regulatory approaches, and risk assessments of nanomaterials
and technologies to reduce risk and promote consistency.

To date, definitions remain broad, and regulations are limited as the development
of nanotechnology continues. The overall goal in North America is to ensure the
safety of consumers while allowing innovation within the industry. Nanotechnology-
specific regulations are still lacking; however, as the field continues to develop,
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there is hope that new regulations will develop alongside to ease control of these
technologies, especially considering the diversity of the field.

10.3 Regulatory Normative in Europe

Moving onto the European continent, if the goal is to properly comprehend the reg-
ulations in place, regarding the management of nanomedicines, it would be helpful
to understand the inner workings of the European Union (EU). The EU is comprised
of 28 countries in an economical and political union that makes decisions, though “a
hybrid system of supranationalism and intergovernmentalism” [14]. The three leg-
islative organizations of the EU are: (1) The European Commission, which proposes
and puts legislation in place, (2) The European Parliament, and (3) The Council of
Ministers. Twenty to thirty years ago, the regulation of medicines and other medical
products was done through each countries corresponding agency with them all cre-
ating a vast network of cooperation (albeit very complicated) [14, 15]. The first step
to harmonization was taken in 2001 when Directive 2001/83/EC was put in place
to consolidate all previous legislation relating to medicines [14]. This is known as
the “mutual recognition procedure”. Applications could now be made to a specific
member state and if authorized, be recognized mutually with other members pro-
vided the original state produced an assessment report [14, 16]. In 2004, the European
Medicines Agency (EMA), previously the European Medicines Evaluation Agency,
was set up to create a unified organization of regulations and protect public health
by “assuming responsibilities for scientific evaluation, supervision, and safety moni-
toring of medicines developed by pharmaceutical companies for use in the EU” [14,
15, 17]. EMA is structured into several divisions including the Human Medicines
Development and Evaluation (HMDE) and the Patient Health Protection (PHP) and
scientific committees including the Committee for Medicinal Products for Human
Use (CHMP) and the Committee for Advanced Therapies (CAT) [14]. Thousands
of experts now make up EMA, guaranteeing multidisciplinary perspectives and the
highest scientific standards [15].More specifically, CHMP even created a specialized
group of nanomedicines experts to provide scientific advice for the safe approval of
products [17]. The EU has been backing nanotechnology since the early 2000s when
it declared it aKeyEnabling Technology that would address unmet needs and provide
economic relief [14, 15, 18]. The EU is unique in that there is an explicit commit-
ment and strategy to support nanomedical innovation [15]. There is, in general, a
very positive and progressive perspective on the field in the EU and it is estimated
that up to one-third of all products under development are now biotechnological in
nature [14, 16].

Besides EMA, there are other agencies to which nanomedicines fall under their
scope: the European Chemicals Agency (ECHA), the European Food Safety Author-
ity, the European Environment Agency (EEA) and the European Agency for Safety
Health at Work (EU-OSHA) [14]. While they each have their role, ECHA is worth
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discussing because of their establishment of the Registration, Evaluation, Authoriza-
tion, and Restriction of Chemical Substances (REACH) legislation in 2006 (Regu-
lation (EC) No 1907/2006) which centralized the regulation of chemicals in the EU
[14]. REACH’s definition of a chemical substance puts nano-compounds under its
umbrella [16, 19] and the agency is charged with assuring high human health and
environmental safety standards; they consequently evaluate chemical substances and
their properties before they are put on the market [20]. For a detailed timeline of all
the relevant events in EU legislation, please see [14].

To date, there are no specific nanomedical legislations in the EU. These tech-
nologies are currently dealt with using legislation on medical products, advanced
therapies, and tissue engineering [16]. Additionally, the framework set by the EMA
is aimed at making these regulations more specific to nanotechnologies. This is a
regulatory approach in which the EMA and its subset agencies issue regulatory rec-
ommendations based on studies conducted on the technology in question [18]. These
assessments aremade publicly available, and the EMAhas so far evaluated numerous
marketing applications for nanomedicines [17]. Even if these “guidance documents”
are not legally binding, they reflect EMA’s interpretation of the legislation about spe-
cific nanotechnologies and the approval criteria required. Therefore, “the instructions
and recommendations explained in the documents can be interpreted as compulsory
in practice,” and EMA’s most active producer of nanomedicine guidance documenta-
tion to date is CHMP [14]. This framework has proven suitable, but there is growing
consensus within the scientific community that something more robust is needed as
the field continues to evolve [15, 21].

Similar to other regions of the world, one of the reasons for the lack of specific
regulations towards bionanomaterials is the absence of a universally accepted defini-
tion [15, 18]. There have been many initiatives taken by the European Commission,
EMA, and other agencies [14]. For instance, the European Commission put together
the following: “Nanomaterial means a natural, incidental or manufactured material
containing particles, in an unbound state or as an aggregate or as an agglomerate
and where, for 50% or more of the particles in the number size distribution, one
or more external dimensions is in the size range 1 nm–100 nm” [22]. Since this
only helps determine whether a material is a nanomaterial or not (we cannot decide
whether or not it is hazardous or safe) it has not been considered for incorpora-
tion into legislation as of yet [18]. Many experts such as Pita et al. believe that a
working definition is needed to “group materials traversing through different fields
(e.g., medical, cosmetics, food, industry) into a defined class to properly account
for their characterization, toxicity, and environmental risk assessment” [15]. For a
more descriptive explanation of the numerous definitions within the EU, please see
[23]. Another source for the impediment of more robust regulations is the distinction
between a medical product and a medical device which both have distinct meth-
ods of regulation. Products will usually act pharmacologically, immunologically,
or metabolically, while devices will act physically [16]. Nonetheless, the distinc-
tion can become quite complex with nanomedicines that are increasingly blurring
the lines and challenging current standards [15–17]. A reflection paper released by
CHMP in 2006 recognized that bionanomaterials could cross-regulatory boundaries
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and insisted that “appropriate expertise and guidelines will be needed for the evalua-
tion of the quality, safety, efficacy and risk-management of nanomedicinal products”
[16]. D’silva et al. [16] offer compelling examples of these regulatory challenges via
a case study approach.

By all means, the agencies of the EU have not stood idle in the face of these
obstacles. EMA, in particular, has been cooperating with international counterparts
to exchange information andpromote global harmonization. In 2010,EMAhosted the
First InternationalWorkshop onNanomedicineswith 200European and International
participants from 27 countries being present [15]. The ideas and allies formed during
these back-and-forths later influenced EMA’s direction in nanomedicine assessment
[14].Member states have also been contributing to the discussion and in 2012, France
took the initiative and brought forward a national decree for the mandatory reporting
of biomaterials “to improve the knowledge of these substances and their uses, to
ensure the traceability of sectors using these substances, to improve the knowledge
of the market and the volumes sold, and to obtain available information on their
toxicological and ecotoxicological characteristics” [14]. Numerous countries such
as Belgium and Norway have now followed suit [14].

10.4 Regulatory Normative in Japan

Japan has an advanced culture based on technology understanding,which also applies
to how they have looked at nanotechnology. Thus, besides historical facts, two sig-
nificant successes, related to nanotechnology, have emerged from this country. Dur-
ing the 1974 International Conference on Production Engineering, Norio Taniguchi
was the first scientist to mint the term nanotechnology [24]; nonetheless, due to his
contributions, Feynman is considered as the father of the field. On the other hand,
another breakthrough came from a group of Japanese scientists led by Sumio Iijima
in 1991 with the discovery of carbon nanotubes [25]. While these are a couple of
historic landmarks, Japan has also had a considerable contribution to the field, with
+3700 articles published only during 2017, and a variety of 407 products on the
market involving electronics, healthcare, energy, food, among others [26]. Actually,
under Japanese law, the definition of nanomaterial is “materials in a solid state,
which are manufactured using elements or other raw materials, and which are either
nano-objects, or nanostructured materials (including objects that have nanoscale
structures inside, as well as aggregations of nano-objects), with at least one of the
three dimensions smaller than 100 nanometers” [27].

Japan has two governmental agencies that have dedicated, part of their function,
to the nanotechnology development: the Ministry of Education, Culture, Sports, Sci-
ence and Technology (MEXT), and the Ministry of International Trade and Industry
(MITI).While these have developed projects in the field since the 80s; it was not until
2000, when the Japanese government became aware of other countries initiative to
enhance and regulate the nanotechnology field and the potential derivate businesses,
that the country began to take bigger strides [28]. Therefore, and almost in parallel
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with the USA at the time, the Japanese Academic Association established the Frame-
work Plan of Nanotechnology Research under the hood of the MITI in 2001 [29].
With their creation, nanotechnology was included as one of the four priority areas of
development and investment in the next five years, as part of the Second Science and
Technology Basic Plan, also known as STBP (2001–2005). Following the success
of this initiative, the nanotechnology field has continued being part of more recent
plans. The STBP is based on the Science and Technology Basic Law (1995), which
“aims to comprehensively and systematically advance science and technology pol-
icy. Thus, the government formulates the basic plan based on anticipating the next
decade, putting into effect science and technology policies over a 5-year period”
[30]. Japan is actually at its 5th STBP (2016–2021), which not only has aggressive
expectations to push numbers further but also goes deep in the development of big
data, artificial intelligence, bio- and nanotechnology, being the final goal; this initia-
tive of the government is to promote a “super smarter society” or “Society 5.0” [31].
In terms of the development sector, Japan has established nanotechnology clusters
composed mainly of universities, research institutes, and companies within the field.
Particularly in the case of universities and research institutions, these allow the coop-
eration with national and international companies, through the access to equipment
and qualified personnel [32]. Currently, five active regulatory bodies are in charge in
themanagement of nanotechnology’s research and development: TheCabinet Office,
New Energy and Industrial Technology Development Organization (NEDO), Japan
External Trade Organization (JETRO), MEXT, and MITI.

While the government made a significant investment in R&D, the same was not
happening with safety regulations related to the manipulation of nanomaterials. It
was not until 2008, when, after studies that demonstrated unfavorable effects in
rodents exposed to nanomaterials, that the Ministry of Health, Labor and Welfare
(MHLW) created and disseminated the Notification on Present Preventive Measures
against Exposure at Workplaces Manufacturing and Handling Nanomaterials after
several meetings with expert panels [27]. In this report, eight main nanomaterials
were identified as relevant for the country: carbon black, silica, titanium oxide, zinc
oxide, single- and multi-walled carbon nanotube, fullerene, and dendrimers. The
actual regulatory notification established several points that must be followed.While
it is not the focus of this chapter to discuss these, the following points summarize
the main characteristics of each notification:

Targeted Nanomaterial: Identifies any material that fulfills the definition of nanoma-
terials initially described in this section.

Targeted Operations: Refers to the manufacturing and handling of either nanoma-
terials or materials containing them, involving processes as disposal or recycling,
and other non-routine operations.

Preventing Measures Against Exposure: This point is composed of several essential
features.

Basic Concepts: Invites to the production sector and in-charge staff to educate their
workforce before exposing them to the nanomaterial handling.
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Investigation on Nanomaterials: The workplaces must ensure the availability of rel-
evant information related to the nanomaterials, such as electron micrographs, size,
etc.

Working Environment Management: This includes the enclosure of manufacturing
and handling equipment, installation of a local exhaust ventilation system, dust
removal measures, and periodic examination of nanomaterial concentration.

Work control: Consisting of preparations for operation rules such as cleaning floors,
contamination prevention, and use of protective equipment.

Healthcare: It is mandatory for the employer to perform regular health examinations
to the workers.

Safety andHealth Education:Workers must be knowledgeable with the nanomaterial
that they manipulate, the safety rules to follow, and protective gear to use.

Other measures: This involves the application of measures to prevent fire and explo-
sions, and response to emergencies.

Dissemination of Information on Nanomaterials: To avoid risk of exposure to nano-
materials, selected workers, must be knowledgeable on the topic. Thus, it will be part
of their function to educate other workers when handling specific nanomaterials.

Besides the regularly published reports that establish potential side effects
prompted by nanomaterials, the Japanese government recognizes that further efforts
must be performed to define any new legislative enforcement measures. Since, in the
case of Japan who has not applied any modification to the MHLW notification since
2009. However, it is expected that the respective authority in the country will soon
post a new regulatory normative.

The aforementioned is derived from an economy that historically has pushed the
boundaries of sciences and technology, and as expected, the field of nanomaterials
has not been left behind. To note that, in terms of demographics, Japan’s people
account for approximately 127 million inhabitants, according to a 2015 census [33],
in a territory of ≈378 km2 [34]. Further, Japan’s gross domestic product (GDP) was
close to 4872 trillion USD on 2017, with around 38,428 USD per capita income,
placing the country as one of the top five most powerful economies worldwide
[35]. Notably, in 2010, the nanotechnology businesses reached a market size of
around 30 billion euros, with an expectations to increases this value sixfold by 2030
(numbers estimated by theMETI) [32].While it is expected that this increment in the
market size could impact positively on the country’s economy, the challenges and
future directions that the Japanese society will face in the upcoming years, related
to the development of nanomaterials, will be numerous. The Center for Research
and Development Strategy (CRDS-Japan), has rigorously investigated and exposed
these challenges, which includes topics of environment, energy, social infrastructure,
life sciences, health care, information, communications, electronics, and design and
control for materials and functions [28] (Table 10.1).
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Table 10.1 Summary of the regulatory landscapes in the major countries discussed in this chapter

Country Definition Main governing
agency

Presence of
specific
legislation
relating to
nanomedicines?

Presence of
guidelines for
nanomedicines?

Canada Manufactured material
at or within the
nanoscale (1–100 nm)
in minimum one
dimension and has
properties unique to
nanomaterials that
differ from the bulk
material and/or atoms
[10]

Health Canada None Yes

United States Materials that have
structural dimensions
at the nanoscale
(1–100 nm) (EPA) [9]

FDA None Yes

EU countries Nanomaterial means a
natural, incidental or
manufactured material
containing particles, in
an unbound state or as
an aggregate or as an
agglomerate and
where, for 50% or
more of the particles
in the number size
distribution, one or
more external
dimensions is in the
size range 1–100 nm
[22]

EMA None Yes

Japan Materials in a solid
state, which are
manufactured using
elements or other raw
materials, and which
are either
nano-objects, or
nanostructured
materials (including
objects that have
nanoscale structures
inside, as well as
aggregations of
nano-objects), with at
least one of the three
dimensions smaller
than 100 nm [27]

MEXT and MITI None Yes
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10.5 Regulatory Normative in Emerging Countries

Following the USA’s National Nanotechnology Initiative in the early 2000s, many
of the emerging countries shadowed their example and are now at the tipping point
between basic discovery, and commercial products and applications [36].

In Africa, South Africa and its government have “made extensive investment
toward creating a critical mass of infrastructure, equipment, and human capital for
nanotechnology research” through the publication of their National Nanotechnology
Strategy (NNS) [37]. Their Department of Science and Technology (DST) also offer
guidelines and is making a push towards nanotechnology-based rapid diagnostic kits
for tuberculosis (TB) and human immunodeficiency virus (HIV) [37].

In South America, Brazil has held numerous workshops which led to the creation
of the Renanosoma network, a consortium of organizations aimed at researching the
potential effects of nanotechnologywhile increasingpublic awareness [38].However,
the push for innovative regulatory initiatives remains a challenge [36].

In Asia, South Korea has arguably produced “the biggest commercial return”
thanks to their nanotechnology infrastructure [36]. As well, Isreal has been able to
create many commercial products [36]. But the two leading countries coming out
of the continent in this category are China and India. China is becoming a mas-
sive global player and is the world leader in nanotechnology literature production;
they are also experts in nanocoatings and anti-corrosive nano-paints, among others
[39]. The number of patents filed has overtaken those submitted by foreign bodies
reflecting their push for commercialization [36, 39]. Similar to REACH, China put
in place the Chemical Registration Centre of the Ministry of Environmental Pro-
tection (CRC-MEP) while nanotechnology standards are overseen by the National
Nanotechnology Standardization Technical Committee and projects are overseen by
the National Steering Committee for Nanoscience and Nanotechnology (NSCNN)
[39]. It remains to be seen whether they will experience commercial success or not.
In India, while there are still no laws governing nanomaterials, many governmental
bodies such as their DST have created, and funded nanomedicine projects (Nanomis-
sion program) and the immense technological potential has been realized, albeit there
are still concerns regarding safety and toxicity [40]. The country’s scientists agree
that there is a lack of a regulatory framework, and some have even gone so far as to
offer proposals [41]. Currently, the Drugs and Cosmetic Act 1940 is what regulates
drugs, devices, and diagnostics (including nanomaterials) with theDST continuously
offering guidelines [40, 42]. Please see [41] for an analysis of the current specific
statutes and guidelines in place that apply to nanomedicine. While India may not be
as far along in a regulatory sense, they have been able to accumulate public invest-
ments for innovative projects and they anticipate more products will reach themarket
within the next decade [36, 40].



206 C. Lazurko et al.

10.6 Concluding Remarks

With the fast-paced nature of nanomedicine, the stress on traditional frameworks is
being made apparent and, as Trisolino et al. mentions, highlights how the law can
lag behind new exciting technologies, making it difficult to “find a balance between
innovation and safety” [20]. But as scientists continue to push the envelop and call
for change, countries are progressively evolving their regulatory standards.
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