
NanoScience and Technology

Peter Gehr
Reinhard Zellner    Editors 

Biological 
Responses 
to Nanoscale 
Particles
Molecular and Cellular Aspects and 
Methodological Approaches



NanoScience and Technology

Series Editors

Phaedon Avouris, IBM Research – Thomas J. Watson Research, Yorktown
Heights, NY, USA
Bharat Bhushan, Mechanical and Aerospace Engineering, The Ohio State
University, Columbus, OH, USA
Dieter Bimberg, Center of NanoPhotonics, Technical University of Berlin,
Berlin, Berlin, Germany
Klaus von Klitzing, Max Planck Institute for Solid State Research, Stuttgart,
Baden-Württemberg, Germany
Cun-Zheng Ning, Electrical, Computer, and Energy Engineering, Arizona State
University, Tempe, AZ, USA
Roland Wiesendanger, Department of Physics, University of Hamburg,
Hamburg, Hamburg, Germany



The series NanoScience and Technology is focused on the fascinating nano-world,
mesoscopic physics, analysis with atomic resolution, nano and quantum-effect
devices, nanomechanics and atomic-scale processes. All the basic aspects and
technology-oriented developments in this emerging discipline are covered by
comprehensive and timely books. The series constitutes a survey of the relevant
special topics, which are presented by leading experts in the field. These books will
appeal to researchers, engineers, and advanced students.

More information about this series at http://www.springer.com/series/3705

http://www.springer.com/series/3705


Peter Gehr • Reinhard Zellner
Editors

Biological Responses
to Nanoscale Particles
Molecular and Cellular Aspects
and Methodological Approaches

123



Editors
Peter Gehr
Institute of Anatomy
University of Bern
Bern, Switzerland

Reinhard Zellner
Institute of Physical Chemistry
University of Duisburg-Essen
Essen, Germany

ISSN 1434-4904 ISSN 2197-7127 (electronic)
NanoScience and Technology
ISBN 978-3-030-12460-1 ISBN 978-3-030-12461-8 (eBook)
https://doi.org/10.1007/978-3-030-12461-8

Library of Congress Control Number: 2018968395

© Springer Nature Switzerland AG 2019
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, expressed or implied, with respect to the material contained
herein or for any errors or omissions that may have been made. The publisher remains neutral with regard
to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://doi.org/10.1007/978-3-030-12461-8


Foreword

Engineered nanoparticles, as one of the principal components of the twenty-first-century
nanomaterials toolbox, have had a transformative impact on research, research transla-
tion, and development of a wide range of applications in physics, optics, electronics, and
medicine. The research interest in nanoparticles is intense as a result of the emergence and
use of newly acquired size-dependent properties, including quantum confinement in
semiconductor particles, photoactivation in TiO2 and ZnO, surface plasmon resonance in
metals and metal oxides, super-hydrophobicity from surface coatings with organic
molecules, super-paramagnetism ofmagnetic materials, a dynamic range of surface redox
active properties, oxidative/reductive surface dissolution with the release of reactive ionic
groups, or controllable colloidal behaviors (aggregation, dispersion, diffusion, sorption).
These nanoscale properties can be introduced into new nanoparticles by bottom-up
synthetic techniques, including hydrothermal synthesis, pyrolysis, chemical precipitation,
ion implantation, gas condensation, supramolecular assembly, etc. Moreover, it is also
possible to use top-down methods for the size reduction of macroscale or microscale
particles through techniques such as ball milling. While pristine nanoparticles may be
used as such in the form of powders or suspensions, these materials are often embedded,
conjugated, or incorporated into more complex matrices such as polymers, clothes,
building materials, cosmetics, foods, polymers, electronic circuits, etc.

From the perspective of material properties and functions, nanoparticles can be
thought of as a link between bulk materials and atomic or molecular structures. A key
consideration for the use of nanoparticles in a wide range of industrial and biomedical
applications is the interfacial properties of the particle surface in relation to the
surrounding medium. While the interfacial layer characteristically consists of metallic
surfaces, ions, and organic and inorganic molecules, inorganic particle surfaces are
frequently coated by organic molecules, which serve as capping agents, stabilizers,
surface ligands, or passivating agents. In order to fully understand the use and
interfacial behavior of nanoparticles, it is necessary to characterize newly emerging
materials by an array of physicochemical techniques such as microscopy (e.g., optical
microscopy, transmission electron microscopy, scanning probe microscopy), ele-
mental analysis, spectroscopy (e.g., X-ray, UV-Vis, infrared and nuclear magnetic
resonance spectroscopy, mass spectroscopy), light scattering methods (e.g., laser,
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X-ray or neutron scattering), electrophoresis (e.g., zeta potential and charge), the
Brunauer–Emmett–Teller method (to assess surface area), and X-ray diffraction
analysis (to assess crystal structure).

In this challenging book project by Gehr and Zellner, the Biological Responses to
Nanoscale Particles, a number of leading scientists have combined expertise to delineate
the behavior of nanoparticles on a wide range of nano/bio-interfaces, which ranges from
the effects on biomolecules (e.g., the protein corona) to interactions with cells, tissue
barriers, and organs. The authors delineate the importance of a variety of intrinsic
nanomaterial properties (such as chemical composition, size, shape, dimensions,
zeta potential), which are dynamically altered in the presence of biological
media to acquire an additional set of extrinsic material properties
(e.g., a protein corona, colloidal stability, hydrodynamic diameter, charge, dissolution
properties) to shape the outcome at the nano/bio-interface. The various chapters lead us
through the cellular uptake mechanisms for nanoparticles, subcellular localization and
processing, as well as interactions with cell biology and signaling pathways. The spec-
trum of interactions includes the catalysis of biological advantageous outcomes as well as
the generation of adverse cellular effects through the generation of oxidative stress and
genotoxicity. Interestingly, while the generation of danger signals in the immune system
could result in adverse outcomes, it is equally possible to use these danger signals
gainfully to improve vaccination responses, in addition to the use of nanoparticles to
improve antigen delivery. There is also a delineation of the use of nanoscale properties to
study cellular structure and function, including to develop novel advanced cellular
imaging techniques such as optical microscopy, Raman microscopy, optical
near-field microscopy, X-ray microscopy, and spectral microscopy. We also obtain
new insight into the use of nanoparticle physicochemical properties to control fate
and transport in the gastrointestinal tract, with applications in the food industry and
food processing. There is also a description of the nanoparticle interactions with the
skin, including the ability to penetrate into the stratum corneum and the follicular
ducts, but not into the deeper layers. Turning to the use of nanoparticles for thera-
peutic purposes, we learn about the versatility of the design, synthesis, and charac-
terization of polymeric nanocarriers for drug delivery applications, including the use
of nanoscale design features for stimulus–response coupling leading to drug release.

I appreciate the hard work of the editors, who spared no effort in the develop-
ment and successful conclusion of an exciting book project. The readers will
receive an excellent overview of new ideas, findings, and applications of
nanoparticle physicochemical properties in shaping biological outcomes and
possible effects on human health.

Andre Nel
Distinguished Professor of Medicine
and Director of Research, California

NanoSystems Institute (CNSI),
School of Medicine, University of
California, Los Angeles (UCLA)
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Preface

The topics of nano-science and nanotechnology and the associated fields of research
applications like nano-biology, nano-toxicology, and nano-medicine have evolved
quickly in recent years. In all these fields, the nature and outcome of the interaction
of nanoparticles with the biological system is of key interest. With all the exciting
applications of nanomaterials in chemistry, physics, electronics, optics, material
science, biology, medicine, and many other fields in mind, one should also carefully
investigate the potential risk, i.e., the adverse health impact of nanomaterials upon
interaction with the organism. There is, therefore, an urgent need for a detailed
understanding of the mechanisms and outcomes of the interaction of nanoparticles
with the biological system including the cellular and even molecular level.

The rapid development of nanotechnology has resulted in increased technical
applications of a variety of nanoparticles, which may be released into the envi-
ronment and to which humans may be exposed accidentally, either at the workplace
or in the ambient environment. A special situation becomes apparent when
nanoparticle is being used in medicine. In this special field of nanotechnology,
called nano-medicine, nanoparticles are designed for diagnostic as well as for
therapeutic applications. Moreover, this field has lately also advanced in a com-
bination of a specific and targeted therapy with specific targeted diagnostic tests,
called theranostics. With these advances, it became imperative to obtain a better
understanding of how and on which sites nanoparticles interact with organs and the
organism. It is expected that with an improved and elementary understanding of this
interaction the risk and the impact of nanomaterials on human health will be better
understood. The present book serves this purpose. It covers our current knowledge
on the interaction of nanoparticles with our organism, nanoparticles which may be
toxic or pathogenic in nature as well as the promising beneficial aspects of
nanoparticles applied in diagnostics or therapeutics or in a combination of the two.

Nanoparticles can enter the body primarily via three different pathways:
inhalation, ingestion, and uptake via the skin. While the intact skin seems to effi-
ciently prevent nanoparticles from entering our organism, the gastrointestinal tract
and probably even more the lungs allow nanoparticles to access the inside of our
organism. After deposition on the inner surface of the gastrointestinal tract and the
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lung, they penetrate through liquid layers, cells, and tissues and eventually enter the
capillary network in the sub-epithelial regions. With the blood, these minuscule
particles will translocate into the other organs and may be distributed throughout
the whole organism.

It is our intention to present with this book to the reader the events that
nanoparticles encounter when interacting with our organism, when moving from the
internal surfaces where they had been deposited through tissue into the blood-
stream. In order to understand these pathways, we first need to know the physical,
chemical, and biological properties of individual types of nanomaterials and how
these are manufactured in a reproducible way. In the first part of the book, therefore,
the synthesis and characterization of nanoparticles are presented including their
physical behavior in biologically relevant environments. In the second part, the
mechanisms of interaction with our organism on a cellular and molecular level
including the methodology of investigation are described. In the third part, the
cellular responses and possible health effects are discussed.

We invited experts for each of these topics to cover these sequences of events,
and we were very pleased that many of the scientists we had contacted accepted our
invitation. The different chapters had been thoroughly reviewed by the editors as
well as by external reviewers to ensure the quality of each chapter with the most
updated and comprehensive knowledge.

Finally, we are indebted to the people who were responsible for producing this
book. Foremost we are grateful to the chapter authors for their passionate and very
valuable contributions to this book. We would also like to thank the external
reviewers. Finally, we would like to express our appreciation to the staff of Springer
Nature for their patient and invaluable professional assistance in producing this
book.

Bern, Switzerland Peter Gehr
Essen, Germany Reinhard Zellner
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Chapter 1
Synthesis of Metallic and Metal Oxide
Particles

Kateryna Loza and Matthias Epple

Abstract The diversity of applications in catalysis, energy storage and medical
diagnostics utilizes unique and fascinating properties of metal and metal oxide
nanostructures. Confined to the nanometer scale, materials may display properties
that are different from the equivalent bulk compounds. To meet the requirements
for various applications, numerous production techniques were developed to control
particle size, morphology, aggregation state, crystal structure, surface charge and
composition. This chapter presents an overview of the preparation of metallic and
metal oxide nanoparticles by bottom-up and top-down approaches.We describe basic
synthetic routes for prominent cases of metals (gold, silver, platinum and copper)
and metal oxides (zinc oxide, titania, and silica).

1.1 Introduction

Metal nanostructures attract particular interest because of their unique and fascinating
properties compared to their bulk counterparts. The variety of applications comprises
biological sensing [1, 2], imaging [3–9], medical diagnostics [10–12], cancer therapy
[13, 14], catalysis [15, 16], and energy storage [17, 18]. The observed new chemical,
optical, and thermal properties of metallic nanoparticles occur when the size is con-
fined to the nanometer length scale [19]. Numerous techniques were developed to
producemetal nanoparticles tomeet the requirements for various applications. In gen-
eral, there are two strategies to manufacture materials on the nanoscale: “Top-down”
and “bottom-up” (Fig. 1.1) [20, 21]. The first method is based on breaking down
a system (i.e., the bulk material) into smaller units. Common “top-down” techniques
are lithography, milling, ultrasound treatment, and laser ablation. These processes
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Fig. 1.1 Schematic illustration of synthetic methods for metal nanoparticles. (Adapted with per-
mission from New J. Chem., 1998, 1179–1201. Copyright 1969 The Royal Society of Chemistry)
[22]

are comparatively simple and usually lead to ligand-free (“naked”) nanoparticles.
However, there is a limited control over the manufacturing process, e.g., an exact
size or shape adjustment of resulting particles. The “bottom-up” method relies on
material synthesis from atomic or molecular species via a suitable chemical reaction,
allowing the particles to grow from smaller units. This approach uses the chemical
properties of single molecules or atoms to cause self-organization into the desired
particle shape.

The “bottom-up” approach is commonly associated with wet-chemical methods,
because colloidal metallic particles are commonly produced by chemical reduction
of metal salts dissolved in a suitable solvent in the presence of surfactants or ligands
that cover the surface [23]. A wide range of reducing agents have been used in the
colloid-chemical synthesis of metal nanoparticles [24]. For example, H2, hydrazine,
hydroxylamine, hydrides (e.g.NaBH4 orB2H6), ascorbic acid or ascorbate, citric acid
or citrate, reducing polymers (e.g., PVA) and solvents (like alcohols, diols, aldehydes,
and DMF) have been used to prepare metal nanoparticles [25–29]. Reduction can
take place at room temperature or at elevated temperatures, depending on the relative
reduction potentials of the precursor and the reducing agents [30–33].

In the following, we discuss the cases of gold, silver, copper, and platinum as
representative examples, and also the preparation of alloyed nanoparticles by various
synthetic methods. The described methods can typically be transposed to other kinds
of nanoparticles, typically of noble metals.
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1.2 Metals (Gold, Silver, Platinum and Copper)

1.2.1 Gold

The first systematic synthesis of Au colloids was reported 160 years ago by Michael
Faraday using phosphorus to reduce AuCl4− ions [34]. In the 1950s, an easier
approach was established and standardized by Turkevich [35]. He used the mildly
reducing agent trisodium citrate, added to a boiling aqueous solution of HAuCl4, to
obtain monodisperse gold nanoparticles in the size range from 10 to 40 nm. Due to
its simplicity, this synthesic method was adapted in many variations [36, 37]. For
example, switching to a mixture of reducing agents (e.g. citrate and tannine) allows
to clearly shorten the reaction time and to enhance the stability of the formed colloid
[38, 39].

The reduction of tetrachloroauric acid in an aqueous medium is a versatile syn-
thetic route and possible with many different reducing agents like sodium borohy-
dride (NaBH4), ascorbic acid, and hydroquinone [40–42]. The use of NaBH4 as
reducing agent results in a fast reduction and a gold particle size of 1–5 nm [29,
43, 44]. In general, the choice of the reducing agent has a strong influence on the
resulting particle size, since with increasing reduction potential the number of the
formed nuclei increases and the growth of particles is limited. On the nanometer
scale, metals tend to nucleate and grow into multiply twinned particles with their
surfaces defined by the lowest-energy facets [45]. Anisotropic gold nanoparticles
(rod-, rectangle-, hexagon-, cube-, triangle- and star-like shapes) with less stable
facets were kinetically achieved by adding chemical capping reagents, i.e. agents
that selectively block certain crystal faces, to the reaction mixture [25, 46, 47].

The previously described methods are based on a synthesis from atomic or molec-
ular species by chemical reaction, so called “bottom-up” approach. In liquid media,
dispersedmetallic nanoparticles canbegeneratedby thepulsed laser ablationprocess,
a “top down” technique [48]. This method provides ligand-free nanoparticles [49].
The size of obtained particles can be varied to some extent by the laser parameters
and by subsequent laser fragmentation steps [50, 51]. Furthermore, an in situ conju-
gation of nanoparticles with biomolecules by laser ablation in an aqueous medium
is a highly promising one-step method for the production of functional nanoparticles
[52].

The polydispersity of nanoparticles is a key concern in nanoscience research.
Even though reasonably monodisperse nanoparticles can be produced, usually not
all nanoparticles are fully identical (see Fig. 1.2 for an example). This fact leads to
the ultimate aim for a synthesis of atomically precise nanoparticles [53]. In the case
of gold, this was accomplished for ultrasmall gold nanoparticles (containing 10–300
atoms, often called nanoclusters) [54, 55]. Several groups established synthetic routes
to produce a gold core in the size range of 1–3 nm. Such ultrasmall nanoparticles are
typically formed by metal salt reduction in the presence of phosphanes (PR3) [56,
57] or thiols (HS–R) [44]. Exerting a strict control over the size of a cluster strongly
affects the activity and the selectivity in a catalytic process [58]. Furthermore, a
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Fig. 1.2 Transmission electron micrographs of PVP-stabilized gold nanoparticles, prepared by
the standard citrate method after Turkevich. (Reproduced from the dissertation of D. Mahl, 2011,
University of Duisburg-Essen) [60]

supracolloidal self-assembly of atomically precise nanoparticles is a promising plat-
form for novel 2D and 3D materials with additional plasmonic functionalities, novel
mechanical properties, and inherent flexibility [59].

1.2.2 Silver

Colloidal silver is known since about 120 years [61]. The manufacturing of silver
nanoparticles can be done by physical processes such as ultrasonication, chemical
vapor deposition, or pulsed laser ablation in liquids [62–64]. However, wet-chemical
“bottom-up” syntheses offer more possibilities for the variation of particle size, mor-
phology and functionalization. The most commonly used precursor for preparing
silver nanoparticles in wet-chemical reductions is silver nitrate (AgNO3) because of
its high solubility in many polar solvents and dispersability in less polar solvents,
sometimes after adding surfactants and/or using ultrasonication. The reducing agents
used in the synthesis of nanoparticles from silver(I) ions are comparable to those used
for gold nanoparticle preparation. Already in 1889, M. C. Lea published the syn-
thesis of citrate-stabilized silver nanoparticles [65]. In general, one-pot methods for
the reduction of silver nitrate have evolved, where different reducing agents such
as sodium citrate [66], glucose [67], ascorbate [68], sodium borohydride [69, 70],
polyols [71, 72], and ammonium formiate were used [73]. Typically, the reactions
are performed at elevated temperatures by conventional heating in an oil bath. Alter-
natively, microwave-assisted syntheses can increase the reaction rates and yields as
well as selectivity and reproducibility [30].

The particle properties depend not only on their size but also on their morphol-
ogy. As a result, a shape-controlled synthesis of silver nanoparticles is of special
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Fig. 1.3 Transmission electron micrographs of different kinds of PVP-stabilized silver nanoparti-
cles, prepared by glucose reduction (a) [67], a microwave-assisted reduction (b) [30], a modified
polyol synthesis (c) [79], and a microwave-assisted modified polyol process (d) [80]. (Adapted
with permission from Cryst. Growth Des. 16, 7, 3677–3687. Copyright 2016 American Chemical
Society) [81]

interest. Xia et al. and others described the structural evolution of silver nanoseeds
to nanoparticles with defined shapes like platelets [74], cubes [75], rods [76], rings
[77], and bipyramids [78] (Fig. 1.3).

It is critical to understand not only the growth mechanism of nanostructures, but
the process of seed formation, because the number of twin planes in the initial stage
is the key factor for determining the shape of the final product (single-crystal seeds
form cubes, multiply-twinned decahedral seeds form wires) [82].
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Fig. 1.4 Transmission electronmicrographs of platinum nanoparticles, prepared by solution-phase
synthesis usingmetal carbonyls as reducing agents. This syntheticmethodproduces highlymonodis-
perse Pt octahedral, icosahedra, cubes, truncated cubes, cuboctahedra, spheres, tetrapods, star-
shaped octapods, multipods, and hyper-branched structures. (Reproduced with permission from
ACS Nano 7, 1, 645–653. Copyright 2012 American Chemical Society) [89]

1.2.3 Platinum

Platinum nanostructures are of particular interest for many industrial applications
due to their extraordinary catalytic properties in various industrial syntheses like
petrochemistry or energy conversion [83–86]. Conventional techniques to prepare
platinum nanoparticles are based on wet-chemical methods [87–89]. Typically, the
reaction involves the reduction of a Pt(II) precursor (like K2PtCl4 or Pt(acac)2) or a
Pt(IV) precursor (like K2PtCl6) in the presence of a stabilizing polymer by reducing
agents such as hydrogen [90], carbon monoxide [91], sodium borohydride [92],
lithium borohydride [93], and ethylene glycol [94]. The resulting nanoparticles may
be considered as monodisperse in size, but they are often irregular in shape and
lack well-defined facets [95]. Further modifications may include sonication during
the reaction [96] or microwave-assisted heating [94]. Because the reactivity and the
selectivity of Pt nanoparticles are highly dependent on the exposed facets [97], the
synthesis of uniformly shaped particles is decisive for high catalytic performance
[98]. Their morphological evolution is often controlled by the reduction kinetics
of the platinum precursor [95], the reaction temperature [98], or the use of shape-
directing reagents [99, 100] (Fig. 1.4).

The previously syntheses were based on the “bottom-up” approach. However,
chemical synthesis methods often lead to impurities of the nanoparticle colloids
caused by additives and precursor reaction products [101]. In contrast, Barcikowski
et al. demonstrated the preparation of ligand-free platinum nanoparticles by laser
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ablation in liquids (“top-down” technique) for the surface modification of electrodes
for neural stimulation [102].

1.2.4 Copper

Since the ninth century, copper nanoparticles are known as coloring agents in
Mesopotamia [103]. Nowadays the application range comprises biomedicine [104,
105], sensors [106], conductive inks [107], and organic catalysis [108–110]. Being
inexpensive and rather abundant in nature, copper is utilized in large scale for the
fabrication of plasmonic solar cells [111]. Recently established methods for copper
nanoparticle synthesis include laser ablation [112], thermal decomposition [113],
the polyol process [114, 115], and other chemical reduction methods [116]. Typi-
cal precursors for copper nanoparticle wet-chemical syntheses are CuSO4, copper
acetylacetonate (Cu(acac)2), CuCl2, and Cu(NO3)2 [117]. Reducing agents comprise
ascorbic acid [118], sodium borohydride [119], and hypophosphite [120]. It should
be mentioned that the preparation of Cu nanoparticles is challenging due to its high
sensitivity to air because copper is easily oxidized to copper oxides, being less noble
than silver, gold, or platinum metals [121]. The oxidation of copper nanoparticles
can be avoided if the synthesis is conducted in non-aqueous media (sometimes under
inert gas) and in the presence of CO or H2. Previously described synthetic routes
result in spherical multi-twinned nanoparticles in the size range between 10 and
70 nm. As shown in Fig. 1.5, by variation of the ratio of copper acetylacetonate to
oleylamine, different particle size distributions can be achieved. If a hydrothermal
treatment is applied, anisotropic copper particles such as nanowires or nanorods can
be produced [110].

1.3 Alloyed Nanoparticles

The properties of metallic systems can be significantly extended by mixing ele-
ments to generate intermetallic compounds and alloys. Due to synergetic effects, an
enhancement in desired properties is possible. The diversity of compositions, struc-
tural organizations, and tunable properties of metallic alloys makes them suitable
for a wide range of applications in electronics, engineering, biomedicine, and het-
erogeneous catalysis [123–126]. For example, alloyed silver and gold nanoparticles
utilize the physicochemical properties of both metals, e.g., the optical properties of
gold and the toxicity towards bacteria or cells of silver [127, 128]. Surface structure,
composition, and segregation properties [129] of nanoalloys are of great importance
for the chemical reactivity and the selectivity in catalysis [130, 131]. If confined to
the nanometer scale, they may display properties that are different from the equiv-
alent bulk compounds. For example, iron and silver are immiscible in the bulk, but
can be mixed in nanoparticles [132] (Fig. 1.6).
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Fig. 1.5 Transmission electronmicrographs andUV/VIS spectra of copper nanoparticles, prepared
with different ratios of copper acetylacetonate and oleylamine. Scale bars in a and b are 50 nm,
those in c, d, f , and h are 20 nm, and that in i is 2 nm. (Reproduced with permission from J. Phys.
Chem. C, 2010, 114 (37), pp 15612–15616. Copyright 2010 American Chemical Society) [122]

Due to the heterogeneity of different properties of individual components (e.g.,
crystal system, redox potential, crystal symmetry, or surface charge), the successful
mixture of these materials into a finite nanoparticle is challenging [123, 133]. In
general, the methods for preparation of nanoalloys are the same as for single metal
nanoparticles. Ligand-free manufacturing methods of nanoparticles are based on
laser ablation of solids in liquid environment [134, 135], pulsed arc discharge, and
sputtering techniques [123]. These approaches start with single, bimetallic or ternary
targets or mixed metallic powders. Figure 1.7 shows a typical setup and the obtained
alloyed Ag/Au nanoparticles by laser ablation in liquids.

Bimetallic colloids can be generated by chemical reduction of a suitablemixture of
salts (metal precursor) in the solution, using appropriate reducing agent. To avoid the
formation of core-shell structures due to the difference in redox potentials, different
ligands can be used [137]. Another variation is based on the reduction of doublemetal
complexes [22]. Instead of chemical reduction, an electrochemical process can be
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Fig. 1.6 Transmission electron micrographs of PVP-functionalized Ag/Au alloyed nanoparticles
and the viability of HeLa cells after incubation with alloyed nanoparticles. Note that the cytotox-
icity is not proportional to the relative silver amount, pointing to special effects that occur in the
alloyed nanoparticle beyond a mere additivity of the metal properties. (Adapted from Beilstein J.
Nanotechnol. 2015, 6, 1212–1220; © 2015 Ristig et al.; licensee Beilstein-Institut) [127]

used to create metal atoms from bulk metal. The particle size was be controlled by
the current density [138].

Seeded-growth techniques permit the synthesis of core-shell nanoparticles [139].
As seen from Fig. 1.8, Pd–Au core-shell nanoparticles can be prepared by a water-
based one-pot synthesis, followed by a stabilization with poly(N-vinyl pyrrolidone).
Here, a sequential metal deposition with a distinct boundary between both metals
was achieved [140].
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Fig. 1.7 a Representative AuAg nanoparticles with different molar fractions. b Correlation of the
gold molar fraction with a maximum surface plasmon resonance extinction peak. c TEM-EDX line
scan with an inset, showing a high-angular annular dark field micrograph. d TEM micrograph of
Ag50Au50 nanoparticle dispersion after stabilisation with BSA. e Aluminum batch chamber for
the synthesis of silver and gold-silver alloyed nanoparticles. (Reproduced with permission from
Analyst, 2014, 139, 931–942. Copyright 2014 The Royal Society of Chemistry) [136]
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Fig. 1.8 HAADF-STEM image and corresponding EDX map with an additional line scan (white
arrow) of Pd–Au core-shell nanoparticles. The EDXmaps and line scans clearly show the presence
of a core-shell structure with a palladium core (red) and a gold shell (green). The scale bars are
7 nm. (Reproduced with permission from ChemistrySelect 2018, 3, 4994. Copyright 2018, John
Wiley and Sons)

The synthesis of alloyed nanoparticles with non-spherical morphology can lead to
specific optical properties like plasmonic resonances and surface-enhanced Raman
scattering (SERS) [141, 142].

1.4 Nanoscale Oxide Particles

Due to their intrinsic properties, metal oxide nanoparticles strongly contribute to
a variety of applications in chemistry, physics, and materials science [143, 144].
A large diversity of oxide compounds with many structural geometries and vari-
ous electronic structure (metals, semiconductors, or insulators) is known. They are
widely applicable in the fabrication of sensors [145], microelectronic circuits [146],
piezoelectric devices [147], fuel cells [148, 149], passivation coatings [150], water
treatment agents [151], bactericides [152], sun screen [153], and as heterogeneous
catalysts [154]. Almost all active phases, promoters, or “supports” in industrial cat-
alytic reactions are based on oxides. The entanglement of size, shape, morphology,
crystal structure, and surface chemistry requires a fundamental understanding and
rational design for technologically relevant areas. In the following, we will discuss
the prominent cases of zinc oxide, titanium dioxide (titania), and silicon dioxide
(silica).
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1.4.1 Zinc Oxide Nanoparticles

Zinc oxide (ZnO) is extensively utilized in everyday applications, like transparent
electronics, smart windows, piezoelectric devices, chemical sensors, biosensors and
dye-sensitized solar cells [155, 156]. However, zinc oxide is used at least since 2000
BC as component of therapeutic creams for skin medication [157]. Registered as
safe material by the Food and Drug Administration (FDA) [158], it is used as food
additive and inorganic antimicrobial additive in polymericmatrices for the packaging
material, e.g. the incorporation of ZnO into the coatings of containers for meat,
fish, corn and peas can retain the food color and avoid degradation [159]. Today,
the commercial production of ZnO nanoparticles is realized by mechanochemical
processing and physical vapor synthesis [160]. The first method is based on physical
size reduction in a conventional ball mill with additives that are activated during
grinding. The reaction comprises the mechanical activation of precursors (ZnCl2
and Na2CO3) with a further thermal decomposition to ZnO [161]. The typical size
range of the produced nanoparticles is 20–30 nm. The particle size can be varied by
milling time and the heat treatment temperature. Physical vapor syntheses use the
plasma arc energy intake by a solid precursor to generate a vapor at high temperature.
Being decomposed into atoms, gases can react or condense to form particles when
cooled [162].

Wet-chemical methods include hydrothermal/solvothermal processes, solution-
liquid-solid, and surfactant-assisted synthesis. These methods provide a convenient
and facile platform for a low-temperature fabrication of the desired ZnO nanostruc-
tures [163–165]. Typical precursors for ZnO nanocrystal preparation are zinc nitrate
[166], metallic zinc [167], zinc chloride [168], zinc acetate [169, 170], and zinc sul-
fate [171]. If an anisotropic growth of ZnO nanoparticles is desired, surfactants such
as hexamethylenetetramine [172], ammonia [173], ascorbic acid [174], and sodium
hydroxide [175] can be added.Most reactions are performed at elevated temperatures
up to 180 °C [165]. As shown in Fig. 1.9, different kinds of ZnO nanoparticles are
obtained by adjusting the hydrolysis ratio. The nature of the protective agent added
during ZnO formation and hydrolysis ratio are two major handles for size and shape
control [176].

1.4.2 Titanium Dioxide Nanoparticles

Titanium dioxide nanoparticles are among the most frequently used metal oxide
nanoparticles in industrial products and consumer goods [177]. Due to its very high
refractive index and brightness, TiO2 is extensively utilized as a white pigment with
an annual consumption of almost four million tons worldwide [178]. Typical appli-
cations comprise paints [179, 180], coatings [181], plastics [182], papers [183], inks
[184], pharmaceuticals [185], food products [186], cosmetics [187, 188], sun screens
[189], and toothpaste [190]. Rompelberg et al. estimated the oral intake of TiO2 from
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Fig. 1.9 TEM micrographs of ZnO nanoparticles synthesized in diethylene glycol (DEG) by
variation of the hydrolysis ratio (H): a ZnO without addition of protective agents, b ZnO- tri-
n-octylphosphine oxide, and c ZnO-polyoxyethylene stearyl ether. (Reproduced with permission
from Langmuir 26, 9, 6522–6528. Copyright 2010 American Chemical Society) [176]

food, food supplements and toothpaste by measuring the total titanium concentra-
tions and subsequently calculated the TiO2 concentrations in selected representative
Dutch food products (see Table 1.1) [186].

Several processes have been developed for the preparation of nanostructured TiO2

with distinct characteristics. Commercial powders are typically prepared by the so-
called chloride-process fromTiCl4 using hydrocarbon-assistedflame synthesis [191].
In the sulfate-process, ilmenite (FeTiO3) is treated with concentrated sulfuric acid,
and the titanium oxygen sulfate (TiOSO4) is extracted and converted into titanium
dioxide [192].
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Table 1.1 Average measured total titanium concentrations and subsequently calculated TiO2 con-
centrations in selected representative Dutch food products, raw (cow) milk, and food supplements.
Samples rich in calcium were analyzed by ICP-HRMS, others by ICP-QMS. Limit of quantita-
tion 0.05 mg Ti/kg product. (Reproduced from Rompelberg et al., 2016, Nanotoxicology, 10:10,
1404–1414 © 2016 National Institute for Public Health and the Environment. Published by Informa
UK Limited, trading as Taylor & Francis Group) [187]

Number of
samples

Mean
total-Ti
(mg/kg
product) (±
SD)

Min
total-Ti
(mg/kg
product)

Max
total-Ti
(mg/kg
product)

Mean TiO2
(mg/kg
product)

Samples analysed by ICP-HRMS

Raw (cow) milk 6 (6) 0.31(±0.23) 0.05 0.63 0.51

Regular dairy
products (i.e. milk,
yoghurt)

11 (10) 0.47(±0.46) <LOQ 1.46 0.79

Processed dairy
products

10 (5) 0.12(±0.17) <LOQ 0.57 0.21

Soy milk 2 (2) 0.33(±0.01) 0.32 0.34 0.55

Dutch cake with
icing and cream

1 (1) 0.23 0.23 0.23 0.38

Coffee creamer
(powdered)

1 (1) 1640 1640 1640 2739

Samples analysed by ICP-QMS

Energy drink
(containing caffeine)

1 (1) 0.07 0.07 0.07 0.11

Soft drink 2 (2) 0.06
(±0.00)

0.06 0.07 0.11

Sports drink 2 (2) 0.09
(±0.05)

0.05 0.12 0.14

Syrup 2 (2) 0.17
(±0.00)

0.17 0.17 0.28

Ice (water-based) 1 (1) 0.16 0.16 0.16 0.26

Wine gums 1 (1) 0.25 0.25 0.25 0.42

Salad dressing 1 (1) 0.43 0.43 0.43 0.72

Food supplement
(multivitamin)

2 (2) 744
(±1009)

31 1458 1242
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The wet-chemical fabrication of TiO2 nanoparticles allows to control the stoi-
chiometry, homogeneity, and morphology of the resulting materials. Nevertheless,
the drawbacks are expensive precursors, long processing times, the nanoparticle
isolation/purification after the synthesis, and the presence of impurities. The sol-
gel technique is based on the hydrolysis of the precursors of the metal alkoxides
(Ti(OR)4) with further thermal decomposition [193]. By controlling solution com-
position, pH, and temperature, the particle size can be tuned [194]. The precipitation
process involves the addition of NaOH, NH4OH, or urea to metal precursors (e.g.,
TiCl4), followed by thermal treatment to crystallize the oxide [195]. The hydrother-
malmethod can be started frommetallic Ti, oxidized byH2O2 [196]. Nanocrystalline
TiO2 can be prepared by mechanical alloying from a metastable intermediate phase,
i.e. TiO(OH)2 powder [197]. By in-flight oxidation of titanium nitride powder in an
r.f. thermal plasma reactor, the formation of core-shell structured composites (with
TiN cores and oxide shells) was realized [198].

1.4.3 Silica Nanoparticles

Silicondioxide (SiO2) nanoparticles are extensively used since the 1950s in numerous
applications like additives for rubber (also in tires) and plastics [199–201], strength-
ening filler for concrete [202, 203], abrasives in toothpaste [204], thickeners in foods
[205], and anti-caking agents in foods (E551) [206, 207]. Due its excellent biocom-
patibility, low toxicity, easy surface modification, and facile synthetic routes, silica
nanoparticles are suitable for biological applications as grafting platform for imag-
ing, detecting, drug loading, and site-specific targeting [208–210]. Their particle size,
crystallinity, porosity, and shape can be accurately controlled, enabling a fine-tuning
of silica nanoparticles for the intended application.

The large scale production of silica nanoparticles is performed by flame aerosol
technology [211]. Developed by Kloepfer [212], this fabrication method is based on
the continuous flame pyrolysis of vaporized silicon tetrachloride (SiCl4) [213]. The
produced silica forms branched aggregates, with the primary amorphous particles in
the size range from5 to 50 nm [214]. The particle size and the particle size distribution
can be modified varying the concentration of the reactants, the flame temperature,
and the gas dwell time in the combustion [211].

Established in 1968, the Stöber method is a widely used sol-gel process for silica
nanoparticle synthesis [215]. This reaction permits a controlled evolution of spher-
ical silica particles of uniform size in the size range of 50 nm to 2 µm. Catalyzed
by ammonia, it is based on the hydrolysis of alkyl silicates (e.g., tetraethoxysilane
(TEOS)), and the subsequent condensation of silicic acid in alcoholic solutions. The
control of the ratio of solvent to TEOS permits a fine control of particle size in the
Stöber method [216]. As shown in Fig. 1.10, the diameter of the synthesized particle
decreases as the ratio of solvent to TEOS is increased. The method can be modified
for the incorporation of organic dyes and other nanosized materials [217].
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Fig. 1.10 Silica nanoparticles synthesized by the Stöber method with variable methanol/TEOS
ratios before and after calcination. The MeOH/TEOS synthesis ratios and calcined versus noncal-
cined status are as follows: a 300/noncalcined, b 750/noncalcined, c 1125/noncalcined, d 1500/non-
calcined, e and f 1500/calcined, g 2250/noncalcined, h and i 2250/calcined, j 3000/noncalcined,
and k and l 3000/calcined. As the ratio of methanol/TEOS increases from 300 to 1125, the particle
size increases. However, from 1125 to 6000, the particle size decreased from 1500 to 10 nm in
diameter [216]. (Reproduced with permission from Shimura, N. & Ogawa, M. J Mater Sci (2007)
42:5299 Copyright © 2007, Springer Nature)

Another important technique for silica nanoparticle preparation is the reverse
microemulsion. Established by Arriagada and Osseo-Asare in the early 1990s, this
method utilizes the ammonia-catalyzed polymerization of tetraethoxysilane in a
reverse phase (water-in-oil microemulsion) [218]. The dispersion of nanodroplets
leads to nanoreactors to form nanoparticles. The size of the colloids depends on the
intrinsic properties of a surfactant and themolar ratio ofwater to surfactant [210]. The
variation of the nanoparticle morphology can drastically affect their biodistribution,
bioavailability, and toxicity [219, 220]. For instance, Trewyn et al. demonstrated the
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effect of organic Cn-methylimidazolium (n � 14,16,18) derivatives on the modified
Stöber synthesis [221]. The particles derived from modifications with C18MIM and
C14OCMIM exhibited a rod- or worm-like structure.
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Chapter 2
Quantum Dots and Quantum Rods

Christin Rengers, Nikolai Gaponik and Alexander Eychmüller

Abstract Quantum Dots are tiny nanocrystals of a few nanometers in size. Due to
their unique optical and electronic properties they are one of the core issues in the
field of nanotechnology. This chapter will cover fundamental facts of Quantum Dots
and the state of research of preparationmethods and surface architectures. Section 2.1
will summarize the historical development of the field of nanotechnology and give
a short introduction on Quantum Dots. The electronic structure and resultant optical
properties are discussed in Sect. 2.2. The importance of the surface chemistry on
the Quantum Dots functionality and optical properties will be explained in Sect. 2.3.
Section 2.3.1 outlines the fundamental preparation methods and state of the art tech-
niques in aqueous media and in organic solvents. Nanostructures of other geometries
including their optical and electronic characteristic will be described in Sect. 2.4.

2.1 Introduction

The foundation for the development of the field of nanotechnology was laid by the
speech of Richard Feynman “There is plenty of room at the bottom” in 1959, in
which he spoke about the principles of miniaturization as low as to the atomic level.
The term “nanotechnology” itself was first introduced by Taniguchi 1974, whereas
first attempts towards the synthesis of semiconductor nanomaterials were done by
Ekimov [1], Grätzel [2], Henglein [3] as well as Rosetti and Brus [4] in the early
1980s. In 1982, Efros and Efros [5] developed an idealized model to study the light
absorption in semiconductor spheres. Postulating that the quantum size effect could
be used to control the colour of the crystallites by changing their size or stoichiometry,
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Fig. 2.1 Schematic illustration of the band structure of a semiconductor in comparison to
insulators and conductors. The band gap of a semiconductor, which is the distance between the
electron filled valence band (dark grey) and the empty conduction band (light grey) can be overcome
by an electron upon absorption of a photon. A positively charged hole is left in the valence band,
when the electron is excited to the conduction band. In the case of insulators, the band gap is
unsurmountable high for electrons, whereas the valence band and conduction band of conductors
overlap resulting in permanent electrical conductivity

they laid the foundation for the research on semiconductor quantum dots (QDs). The
field of light-emitting semiconductor nanoparticles has experienced an enormous
development over the past three decades and as a result the extent of the literature
dealing with this topic has become virtually unmanageable.

QDs are colloidal nanocrystals, usually made from semiconductor materials, that
possess particle diameters in the range of typically 1–20 nm. This corresponds to
only some hundreds to a few thousands of atoms per particle, giving rise to the
dominance of quantum mechanical effects in these structures. Generally, QDs are
composed of an inorganic core capped by a surrounding organic surfactant layer,
so-called ligands. The ligands, which are bound to surface atoms coordinatively,
electrostatically or via van der Waals interactions, provide sufficient repulsion in
order to prevent agglomeration of the QDs. Typically, QDs present different phys-
ical properties in comparison with the semiconductor bulk material that they are
made of. One example for this behavior is the melting point depression. Another
more interesting observation is the change of the semiconductor band gap energy,
which is the reason for the unique optical properties of the QDs. In the case of bulk
semiconductors, the band gap is a material specific constant and describes the energy
difference between the electron-filled valence band and the empty conduction band
(see Fig. 2.1). The change of the physical properties in nanometer-sized QDs results
from the confinement of the charge carriers (electrons and holes) in all three spatial
dimensions. Thus, their energies do not exhibit continuous but discrete values. The
electronic and optical properties are strongly dependent on the nanocrystal dimen-
sion, shape and material of which the QDs are made of and can thus be tailored
specifically.



2 Quantum Dots and Quantum Rods 31

2.2 Quantum-Size-Effect (and Optical Properties)

The electronic properties of QDs lie between those of the macroscopic expanded
bulk and discrete molecules and are strongly dependent on the nanocrystal size.
In a bulk semiconductor an electron can be excited from the valence band to the
conduction band upon absorption of a photon with the energy at least as high as the
band gap energy. The elevation of the electron evokes that a hole is left behind in
the valence band. Due to Coulomb attractions the electron and the hole do not move
independently from each other. One can say, they “feel” each other’s charge and form
an electron-hole pair, a so-called “exciton”. However, the effective masses of the
charge carriers are small and the dielectric constant is high so that the exciton’s wave
function ranges over a large region of several lattice spacings and the Bohr exciton
radius is also large, i.e. approximately 3 and 5 nm for CdS and CdSe respectively.
When the particle size is reduced to a few nanometers, such as in semiconductor
QDs, the nanocrystal dimension may be smaller than the Bohr exciton radius. As a
consequence, the exciton is confined in all three spatial dimensions (particle-in-a-
box model) entailing higher kinetic energies of the charge carriers and an increasing
band gap accompanied by quantization of the energy levels to discrete values. A
mathematical description for this phenomenon, which is called the quantum-size-
effect, was formulated in the above mentioned article by Efros and Efros and by
Brus in 1986. He described the mathematical term for the band gap energy EQD as
a function of nanocrystal radius r, today known as the Brus-equation [6]:

EQD � Eg +
h2
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m∗
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)
− 1, 8e2

4πεε0r
(2.1)

Here Eg is the band gap energy of the bulk material, h is the Planck constant,
me is the electron mass, m∗

e and m∗
h are the effective masses of the electron and

the hole, e is the elementary charge, ε is the relative permittivity and ε0 the vacuum
permittivity. The equation allows the calculation ofEQD starting from the band gap of
the bulk semiconductor Eg, considering the repulsive impact of exciton formation in
the quantummechanical term and the attraction of the charge carriers by the coulomb
term.

According to this formulation, the larger the QD, the smaller its band gap energy.
Or conversely, smaller QDs possess a higher band gap energy (see Fig. 2.2). A
photon with a certain energy EP can be absorbed if its energy is exceeding the band
gap energy of theQD, i.e.EP >EQD.Hence, largerQDs are allowed to absorb photons
with lower energy than smaller QDs. An electron that was elevated from the valence
band to the conduction band upon absorption of a photon can relax radiatively to
the ground state by emitting another photon. The energy of the emitted photon is
thereby equal to the difference of the band gap energy of the QD and the Stokes shift
and thus a function of QD size as well. Accordingly, using QDs of one material, it is
possible to redshift the colour of the emitted photons with increasing particle size.
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Fig. 2.2 Scheme of the quantum-size-effect. Due to the quantum confinement the semiconductor
band gap increases and the density of states decreases with decreasing nanocrystal size

Electron-hole recombination in direct band gap colloidal QDs can occur through
radiative band-to-band transition. Owing to their defined and discrete electronic
structure, the emission spectrum of QDs is typically very narrow with full widths
at half-maximum (FWHM) of about 15–40 nm. The observed peak broadening
is mainly the result of the particle size distribution. Furthermore, QDs possess a
high extinction coefficient and, when assuming appropriate surface capping, great
stability against photobleaching and high photoluminescence intensity and life-
time. However, when the surface is not well passivated, dangling bonds may con-
tribute additional electronic states lying within the bandgap of the QDs. These so-
called trap states introduce competitive nonradiative pathways for the electron-hole
recombination and thus undesirably alter the optical properties. Another nonradiative
relaxation pathway is the Auger recombination. This process occurs when an exciton
recombines, but instead of emitting a photon, the electron-hole recombination energy
is transferred to a neighboring charge carrier (electron or hole), which is brought to
a “hot” state. The Auger recombination is typically very fast with recombination
times below 1 ns and quenches the radiative recombination [7]. Appropriate surface
passivation can inhibit the nonradiative processes and is thus very important for the
preservation of the unique optical properties of QDs.

Their superior size-dependent, tailorable optical properties make QDs a promis-
ing class ofmaterials in various fields, where they provide an alternative to traditional
organic luminophores. The latter often lack in photo-stability and have only a nar-
row absorption spectrum hindering efficient simultaneous multi-colour excitation.
Promising application fields for QDs are for example: light emitting devices (LEDs),
optical sensors, photocatalysis and photovoltaics [8–10].
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Fig. 2.3 Scheme of the core/shell architecture of a colloidal QD. In general, a colloidal QD
consists of an inorganic core (frequently covered with an inorganic shell) and an organic ligand
shell. Nature and properties of both parts have substantial influence on the characteristics of the
final material

2.3 Surface Chemistry

Colloidal QDs are core/shell architectures that comprise a small inorganic core of a
few nm in diameter, frequently covered with a wider-bandgap inorganic shell, and a
coating with organic passivating surface ligands, also known as capping molecules,
stabilizers or surfactants [11]. Whereas the optical properties, such as the spectral
position and bandwidth of the first excitonic absorptionmaximum, the emission band,
the fluorescence quantum yield, and fluorescence dynamics are mainly determined
by the core, the surface chemistry has a substantial influence on the functionality
of the QDs as well as the optical properties. The influence of both parts on the QD
characteristics is displayed in Fig. 2.3.

As follows from the quantum-size-effect, the optical properties strongly depend
on the nanocrystal size. Other parameters, however, should not be neglected in this
context, such as the semiconductor material, the nanocrystal shape and the particle
size distribution. Another influencing parameter to alter the optical properties is the
elemental composition and element distribution in a nanocrystal in formof core/shell,
alloyed or doped QDs. Furthermore, numerous studies for various materials show
that the occurrence and amount of lattice defects in a QD strongly affect its properties
as well [8, 10].

Nevertheless, the surface chemistry also plays an important role, although it is
often neglected. The large surface-to-volume ratio in QDs implies at the same time
a large number of surface atoms in comparison to the total amount of atoms in
a NC. Therefore, the nature of the surface gains substantially more importance in
nanocrystalline objects. Undercoordinated surface atoms lead to the presence of
dangling bonds. These unsaturated atoms contribute electronic states lying between
the valence and the conduction band of the QD and may, thus, alter its electronic
and optical properties. To give an example, low-energy states may serve as dopants,
whereas deeper band-tail and mid-gap states may act as trap states for charge carriers
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and provide a path for fast electron-hole recombination, mostly non-radiatively [6].
Saturation of undercoordinated surface atoms can be done by the attachment of
surface ligands. By this, energy states between the band gap of the QD are eliminated
as the energy levels of occupied surface states are pushed below the valence band
and the levels of the unoccupied surface states above the conduction band [12, 13].
Consequently, surface capping with a ligand shell provides a sufficient passivation of
the QD surface by influencing the electronic structure resulting in improved optical
properties.

The organic ligand shell is characterized by the type and amount of molecules
on the NC surface, the exact structure of the shell as well as the type of chemical
bonding and the bond strength. The ligands primarily determine the solubility of the
QDs in different solvents and their colloidal stability. Additionally, the possibility of
further functionalization enables various processing strategies. The choice of ligands
is therefore a powerful tool to control design parameters such as the solubility in
different matrices and routes to subsequent (bio)functionalization of QDs.Moreover,
the ligands also play an important role during theQDsynthesis as they provide control
of the nucleation and growth kinetics [14–17].

The control of the surface chemistry is at least as important as the control of the
particle size and dispersity. Although there have been significant improvements in
understanding and the controlling of the interface between the NC and its ligand shell
in the recent years [18], it is not entirely understood so far. Various characterization
techniques have been used in order to investigate the arrangement of surface atoms,
amount of ligands in the surrounding shell and its structure and the influence of the
ligands on the electronic structure of the QDs [19], such as optical and vibrational
spectroscopy [20–22], NMR spectroscopy [21–23], X-ray absorption [21] and UV
photoelectron spectroscopy [24] and high resolution electron microscopy [25]. The
combination of these experimental techniques with theoretical methods, such as DFT
and molecular dynamics, provides more thorough insight into the surface structure
and binding conditions and allows for the development of models to describe the
QD/ligand core/shell structure [26, 27].

A second strategy to passivate the QD surface is the formation of an inorganic,
epitaxial shell. Depending on the bandgaps and relative positions of the electronic
energy levels of the involved semiconductors, the resulting nano-heterostructures
can be classified into three different configurations, i.e. type I, type II (see Fig. 2.4)
and reverse type I [28]. Upon excitation of a core/shell QD, the electron and the hole
are confined in different regions of the core/shell structure according to the QD con-
figuration. In type I heterostructures, the bandgap of the shell material is larger than
that of the core and the valence and conduction band edges of the core lie between
the band edges of the shell resulting in complete confinement of the charge carriers
in the core. In reverse type I core/shell particles, the band gap of the shell material is
smaller than that of the core and the valence and conduction band edges of the shell
lie between the band edges of the core. In this configuration the electrons and the
holes are, depending on the shell thickness, partially or completely confined within
the shell. In type II heterostructures either the valence band edge or the conduction
band edge is located in the band gap of the core. This configuration results in partial
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Fig. 2.4 Scheme of the band alignments for type I and type II core/shell heterostructures. The
conduction and valence band edges correspond to the upper and lower edges of the rectangles

(quasi-type II) or complete (type II) separation of the charge carriers by extension
of one charge carrier into the shell. Whereas the type I core/shell structure is the
most beneficial configuration to passivate the QD surface and achieve high photolu-
minescence quantum yields (PL QYs), type II QDs are advantageous for electrical
devices, such as photovoltaic devices or photodetectors, as they provide effective
spatial separation of the charge carriers and decreased radiative recombination rates.
The good passivation in type I QDs results on the one hand from the confinement of
the charge carriers in the core and on the other hand from the physical separation of
the optically active core from the exterior environment. The optical properties of the
QDs are thus less sensitive to changes in the local environment of the NC’s surface,
such as induced by the presence of oxygen or water molecules. In general the optical
properties of type I core/shell QDs are characterized by enhanced stability against
photodegradation due to the just explained reason and at the same time enhanced
PL QYs as the amount of surface dangling bonds is significantly reduced in this
core/shell structures. After first successful type I prototype systems were introduced
[29] a nicely characterized example was described by Hines and Guyot-Sionnest in
1996 [29]. They presented a CdSe/ZnS core/shell heterostructure, which displayed
dramatically enhanced and long-time stable PL QY of 50%. The ZnS capping was
accompanied by a slight red-shift of approximately 5 nm of the fluorescence peak,
which can be explained by a partial leakage of the exciton into the shell. Further-
more, broad tails at higher wavelengths (700–800 nm) due to surface traps, which
were observable in the fluorescence spectrum of CdSe QDs, were absent in the case
of CdSe/ZnS.

In contrast to small spectral red-shifts in type I heterostructures, type II systems
aim at significant red-shifts. By increasing the shell thickness, the emission colour
can be tuned towards spectral ranges, which cannot be easily attained with other
materials. Therefore, type II QDs such as CdTe/CdSe or CdSe/ZnTe are particularly
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of interest for near-infrared emission. The PL decay is strongly prolonged in type
II structures due to the lower overlap of the electron and the hole wavefunctions,
however the PL QY and photostability is usually poor [29]. In order to enhance
the PL QY and photostability of these heterostructures, an additional shell of an
appropriate material can be added in the same way as in type I structures.

2.3.1 Synthesis Methods

2.3.1.1 Aqueous Synthesis

From a historical point of view, the first successful attempts of colloidal QD prepara-
tion were performed in aqueous media. In these early methods, colloidal NCs were
synthesized from suitable reagents in homogeneous aqueous solution in the presence
of surface-active or polymeric stabilizers [30–32], which bind to the NC surface and
thus provide colloidal stability of the particles by steric inhibition and/or electrostatic
repulsion. Amongst other capping agents, thiol ligands became widely popular in
the beginning of the 1990s. 1993, the Nozik group reported on the controlled synthe-
sis of quantized colloidal CdTe nanocrystals in aqueous solutions with narrow size
distributions achieved by capping the QD particles with 3-mercapto-1,2-propanediol
[33]. Nanocrystals withmean diameters of 20, 25, 35, and 40Åwere produced. Voss-
meyer et al. [34] reported on CdS cluster-like species with low particle dispersity
synthesized in DMF and water in 1994. “Ultrasmall CdS particles” from cadmium
complexes of 2-mercaptoethanol were reported by Nosaka et al. in 1995 [35]. The
relationship between the wavelength of the absorption peak and the size of clusters
was discussed.

Another approach that was developed in parallel is a bi-phase technique, wherein
NCs are grown in the nanoreactors of an inverse emulsion [36]. In these systems,
nanometer-sized water droplets are dispersed in a continuous phase of an organic
solvent. The droplets, commonly called micelles, are stabilized by amphiphilic sur-
factants.

Both methods substantially contributed to the development of QD synthesis pro-
viding low experimental complexity as well as the use of standard reagents and
conditions. Although there have been great advances using other preparation tech-
niques, for some materials such as mercury chalcogenides the aqueous synthe-
sis approach remains the most successful preparation method until today [37–39].
However, nanometer-sized particles (except for magic-sized clusters) prepared from
aqueous approaches generally display a broad size distribution. The size distribu-
tion results in large peak broadening so that individual transitions from quantized
states cannot be observed in the optical spectra. For example, the size distribution of
nanoparticles prepared inside inverse micelles is still 10–25% [40] despite the spatial
limitation of the particle growth in the micellar cavity. In order to optimize this issue,
many efforts have been pursued to develop suitable post-preparative methods, such
as size-selective precipitation, size-selective photo etching [41], exclusion chromato-
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graphy [42] and gel electrophoresis [43]. Probably the most important and nowadays
most frequently used technique amongst them is the size-selective precipitation. This
method, which is not restricted to aqueous-based QDs, was firstly introduced in 1993
by Chemseddine and Weller [44]. The separation according to particles size is based
on the difference in solubility of differently sized particles in the same solvent [44,
45] and can be performed in large scale in contrast to other size-selective separa-
tion techniques like chromatography or electrophoresis [44]. Typically, size-selective
precipitation of nanoparticles from colloidal dispersions is performed as follows:
starting from as-prepared nanoparticle dispersions with broad size-distributions, a
non-solvent is added dropwise until the optically clear solution turns slightly turbid.
The turbidity indicates the beginning destabilization of the nanoparticles. Due to
their higher attractive van-der-Waals forces, the largest nanoparticles tend to aggre-
gate before the smaller particles. The aggregates formed in thismanner can be isolated
from the solution by centrifugation or filtration and then be re-dissolved in a suit-
able solvent. By this, the fraction of the largest particles will be separated from the
original nanoparticle suspension. Repeating this procedure several times allows to
isolate several size-selected fractions from one as-prepared nanoparticle dispersion
resulting in size distributions for each fraction of 5–10% [44, 46].

Besides the efforts in the development of post-preparative methods, remarkable
progress has also been made in the preparation and surface tailoring of thiol-capped
water-soluble QDs during the last two decades. Depending on the semiconductor
material and nanocrystal size, the photoluminescence of these QDs can cover a
broad spectral range from the UV/Vis to the near infrared region. Nowadays, reliable
aqueous synthesis approaches using different short-chained thiol stabilizers exist for
many II–V and IV–VI semiconductor QDs such as CdTe [14, 15, 33, 47, 48], CdS
[31, 34, 49], CdSe [50–52], HgTe [37], PbS [53–57] and ZnSe [58–60] as well as
alloyed particles such as CdHgTe [61–64], CdSeTe [65], ZnSeS [58], ZnCdSe [60,
66–68] ZnHgSe [69] and ZnSeTe [70, 71]. These approaches provide QDs of high
quality with PL QYs of up to 80% [72] and, thus, represent suitable alternatives to
organic based synthesis routes. Thereby, the choice of the thiol ligand is a useful
tool to exert influence on the surface functionality, stability and solubility of the
nanocrystals, the passivation of surface dangling bonds and the kinetic control dur-
ing the QD synthesis. Due to their excellent tuneable photoluminescence and high
extinction coefficients, these nanocrystals provide application potential in the fields
of light emitting diodes [73], colour conversion [74], energy scavenging [75, 76],
fluorescence sensing [77–79], bioimaging [80] and biosensing [81].

The synthesis of water-based QDs from different semiconductor materials gener-
ally follows the same preparative approach, wherein molecules or complexes intro-
ducing species, also referred to as precursors, are decomposed to reactive species, so-
called monomers, followed by nucleation and growth of the final colloidal nanocrys-
tals from the monomers. As compared to organic based syntheses, the aqueous
approach provides several advantages such as the use of water as a widespread, envi-
ronmentally friendly and biocompatible solvent, which allows for an easy fabrication
and processing in solution while avoiding the use of highly toxic organometallic.
Furthermore, the cheap, simple and reproducible approach is not restricted to inert



38 C. Rengers et al.

atmosphere, allows easy up-scaling to industrial requirements, can yield versatile
materials in terms of composition, size and shape, and provides various functional-
ization possibilities due to a large number of appropriate surface capping ligands,
which also may be further manipulated by electrostatic or covalent linking [82].

A scheme of the synthesis of thiol capped semiconductor QDs in aqueousmedia is
shown in Fig. 2.5. In a typical synthesis, a salt of the desired metal ion (Zn2+, Cd2+,
Hg2+) is dissolved in water in the presence of a thiol ligand such as thioglycolic
acid (TGA), 3-mercaptopropionic acid (MPA), 1-thio-glycerol, 2-mercaptoethanol,
L-cysteine, 2-(dimethylamino)ethanethiol or 2-mercaptoethylamine. The list of the
thiol-stabilizers can be easily extended in order to achieve specific functionalities
of the finally resulting QDs, e.g. 2-mercaptopropionic acid (2MPA), L-glutathione
(GSH), dihydrolipoic acid (DHLA), 5-mercaptomethyltetrazole, mPEG-SH, mer-
captosuccinic acid, etc. [82, 83].Upon adjusting the pH,metal ion-thiolate complexes
of various composition form. The adjustment of the pH to an appropriate value is as
important as the proper choice of absolute and relative concentrations of the reaction
components in order to efficiently control the reaction rate and the quality of the
resulting QDs. H2X (X� Te, Se, S) gas is then injected into the well deaerated metal
ion-thiolate solution under inert atmosphere leading to the formation of precursors
containing the metal cation, the chalcogenide anion and thiolates. Nucleation and
growth of the nanocrystals finally proceed upon heating reflux to 100 °C or in the
case of HgTe upon mixing at room temperature. The formation of nanoparticles is
a dynamic process which usually is explained by an Ostwald ripening mechanism,
wherein the growth of larger particles is realized at the expense of smaller ones
present in the reaction solution. The growth of the QDs can be easily monitored by
absorption and PL spectroscopy during the synthesis.

Whereas CdSwas the first semiconductor QD compound synthesized in water [3],
CdTe is the most successful example. Nowadays, CdTe and its optical properties are
very well studied as is reflected by a large number of reviews on this material class
[14, 15, 47, 82, 83]. The PL of CdTe QDs capped with different thiols and diameters
of up to 6 nm can cover most of the visible spectrum up to the NIR region providing
at the same time high PL QYs. Furthermore, by introducing Hg into the compound,
alloyed CdHgTe QDs can be obtained whose photoluminescence is shifted towards
the IR region up to 1600 nm [62]. It should be emphasized that up to now, these
are the only nanocrystal compounds emitting in the NIR and IR region that can be
synthesized in water with high quality using a one-pot reaction.

As outlined above, the aqueous approach for the synthesis of colloidal QDs can
be performed by applying mild preparative conditions with no need for temperatures
higher than 100 °C or environmental critical organometallics. However, the use of
these mild conditions also holds some drawbacks. Since the temperature is not high
enough, the perfect structural localization of atoms in the crystal lattice is disabled.
The degree of crystallinity of QDs synthesized via the aqueous approach is there-
fore usually lower as compared to QDs from organic syntheses, where much higher
temperatures of 200–360 °C are applied. Furthermore, the direct efficient control of
size and shape is limited during the growth due to the relatively low temperature. For
example, CdTe QDs synthesized in water show an isotropic zinc blende cubic crystal
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Fig. 2.5 Scheme of the synthesis of thiol-capped binary semiconductor QDs (ZnSe, CdSe,
CdTe, HgTe) using aluminum chalcogenides (Al2Se3, Al2Te3) as the chalcogen source in aque-
ousmedium. Involved are two reaction steps: (I) the precursor formation and (II) the NC nucleation
and growth upon heating to reflux. Courtesy of A. Dubavik

structure and a mainly spherical or quasi-spherical shape as the applied temperature
of 100 °C is not high enough to overcome the energy barrier of transforming zinc
blende to wurtzite which is thermodynamically the most stable phase [84]. Although
the aqueous approach typically allows the preparation of smaller nanocrystals, much
narrower size-distributions can be achieved with the organic hot-injection technique
owing to the effective separation the nucleation and growth stages. However, a fortu-
nate fact is that the post-preparative size-selective precipitation is more reliable in the
case of aqueous colloidal solutions in terms of preservation of the optical properties.

2.3.1.2 Synthesis in Organic Solvents

An important step towards the synthesis of CdE (E � S, Se, Te) QDs with low
size dispersity (“monodisperse particles”) was achieved in 1993 by Murray, Norris
and Bawendi who reported on a high temperature preparation method using organic
solvents [45]. Nowadays, among the so-called “bottom-up” colloidal approaches, the
hot-injection method is a well-established procedure for the preparation of highly
monodisperse spherical semiconductor nanocrystals. It earned its name from the
typical synthetic procedure, wherein a chalcogenide precursor is injected into a hot
solution of metal precursor in a high-boiling solvent. The precursors are decomposed
due to the high temperature to highly reactive species leading to the formationofmetal
chalcogenide semiconductor NCs. According to LaMer and Dinegar, the degree of
monodispersity of the resulting NCs originates from the homogeneous nucleation
process, wherein nucleation and growth are separated [85].
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(a) (b)

Fig. 2.6 a Plot of the Gibbs free energy for homogeneous nucleation and b LaMer plot for the
change of supersaturation

The homogeneous nuclei formation has a high energy barrier, because of the
higher surface energy of small NPs compared to the bulk. This energy barrier can
be explained by regarding the Gibbs free energy change �G for the formation of a
spherical nucleus with radius r. It is composed of the energy which is needed to form
the new interface and the lattice energy that is released upon solid formation [17]:

�G � 4πr2γ +
4

3
πr3�Gν (2.2)

where γ is the surface free energy per unit area and�Gν is the free energy change per
unit volume. Because the surface energy term is always positive and�Gν is negative
as long as the solution is supersaturated, the plot of�G versus r has a maximum at rc
(see Fig. 2.6a). The critical radius rc is the minimum radius of a nucleus which can
be formed spontaneously. If nuclei with r < r c are formed,�G is mainly determined
by the surface energy. In this case, nucleation is thermodynamically unfavourable
and the nuclei will dissolve. In the case of r > rc, the released lattice energy makes
the nucleation more favorable and the stable nuclei formed will begin to grow. The
critical free energy �Gc, which is needed to form a stable nucleus can be regarded
as the activation energy.

In order to overcome this energy barrier and allow a spontaneous, homogeneous
nucleation, a high supersaturation is needed. The supersaturation is induced by the
rapid injection of the precursor into the hot solution. As demonstrated in Fig. 2.6b,
the monomer concentration strongly increases during period I upon the thermal
decomposition of the precursors until the critical supersaturation level Sc is reached.
Exceeding Sc in period II, the energy barrier for homogeneous nucleation can be
overcome. Thus, numerous nuclei are formed simultaneously, which consequently
leads to a decrease of the monomer supersaturation. When the supersaturation is
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decreased below Sc, further nucleation does not occur. In period III, the systems
enters the growth stage and the particles keep growing as long as the solution is
supersaturated. However, once the supersaturation is sufficiently depleted, further
growth canproceedbyOstwald ripening,whereby larger particles growat the expense
of smaller ones. The smaller particles dissolve due to their higher surface energy
resulting in a reduction of the total amount of particles in the system.

The original work of Bawendi and coworkers [45] described the hot-injection
preparation of CdE (E � S, Se, Te) QDs with an emphasis on CdSe. The publication
attracted much attention although this is rarely the case for new synthesis methods of
already existing compounds. The widespread success of this preparation technique
can be ascribed to its versatility, its reproducibility and the well-developed crys-
tallinity and uniformity of the resulting high quality nanocrystals. Many adaptions
of the synthesis were done including the variation of the temperature of injection
and growth [86–88], the substitution of TOP and TOPO with other organic ligands
[86, 89, 90], the growth of inorganic shells around the CdE core [29, 91–93] and the
preparation of nanocrystals with non-spherical shape [94, 95]. Nowadays, also other
compounds such as ZnE (E � S, Se, Te) materials can be prepared with good optical
properties (ZnS [96], ZnSe [97], ZnTe [98]) using similar high temperature synthe-
ses such as those employed for the CdE QDs. Furthermore, it became apparent that
the preparation procedure using organometallic precursors and high temperatures is
appropriate for the synthesis of semiconductor materials beyond II–VI compounds
namely III–V (e.g. InAs, InP, GaP) and IV–VI (e.g. PbS, PbSe, PbTe) semiconductor
compounds as well as metal nanocrystals.

A major disadvantage of the initially reported synthesis methods was the usage
of pyrophoric organometallic precursors, which required special experimental pre-
cautions and limited the batch size to laboratory scale due to their extremely high
reactivity. These hazardous organometallic precursors were gradually replaced by
less hazardous compounds, which are much easier to handle. The preparation of
CdE QDs for example is nowadays usually based on CdO [99, 100] or Cd salts of
weak acids such as Cd-acetate [101, 102] instead of the former used extremely toxic
dimethyl cadmium. Further modification of the high temperature method has been
achieved by an appropriate selection of coordinating and non-coordinating ligands. It
was demonstrated that coordinating ligands are not necessarily needed, since size and
shape control of the QDs can also be achieved when high-boiling non-coordinating
solvents such as octadecene are used in the presence of small amounts of coordinat-
ing agents in the reaction mixture, e.g. carboxylic acids, phosphonic acids or amines
[103]. Owing to these modifications, the preparation of QDs has become cheaper,
easier and less hazardous and enabled the possibility for large-scale syntheses, such
as a multigram scale synthesis of CdSe/CdS [91].

Usually, a shell coating is required as the PL QY of core-only CdE QDs is com-
paratively low since the optical properties are strongly dependent on the nanocrystal
surface and, thus, are easily affected by surface defects and poor surface passivation
through organic molecules. As emphasized above, a type I heterostructure by coating
with a larger bandgap semiconductor is a suitable measure to improve the PL QY
and simultaneously protect the core from influences of the surrounding media. To
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give an example, CdS and ZnS are isostructural materials for CdSe and have been
applied to form shells and heterostructures with alloyed or graded composition [29,
104–106]. The PL QY of the resulting QDs was several times reported to be near
100%. A further undesired characteristic of many semiconductor core-only QDs is
the on-off blinking behavior of their photoluminescence. The blinking is generally
considered to arise from charging processes of the QD in which an electron (or
hole) is temporarily lost to the surrounding matrix, e.g. by Auger ejection or charge
tunneling, or captured to surface-related trap states [106]. When the QD is charged
the emission is turned “off” and turns “on” again once the particle regains neutral-
ity. The charged QD is susceptible to non-radiative Auger recombination, whereby
the energy of an exciton is transferred to the extra carrier (electron in the case of
a negatively charged QD, hole in the case of a positively charged QD), rather than
recombining radiatively. Blinking is very unfavorable for many applications, such as
single-photon light sources or biolabels for real-time monitoring of biomolecules.
With respect to blinking suppression, type I core-shell structures have also been
proven to be very promising as a decreased Auger recombination was reported in
these heterostructures [107–109].

Several approaches have been developed for the synthesis of core-shell QDs,
such as continuous or layer-by-layer shell growth [91, 100]. Amongst these, the
most widespread technique is the layer-by-layer approach SILAR (successive ion
layer adsorption and reaction process), which allows for stepwise tuning of the shell
thickness. In this procedure, which was originally developed for the growth of high-
quality thin films, the cation and anion precursor of the desired shell are alternately
injected to a colloidal solution ofQDcores allowing for controlled growth of a desired
amount of monolayers of the shell material. In this way, the preparation of so-called
giant CdSe/CdS QDs with more than 10 monolayers of CdS has been reported [106].
However, the SILAR method is quite time-consuming and complex, as it requires
different growth temperatures and annealing times for the anion and cation precursor
species, respectively, as well as different precursor amounts depending on the core
size and/or number of coated layer. A recently reported alternative method to SILAR
for the preparation of CdSe/CdS core-shell QDs is the “flash” synthesis, which is
a seeded growth at relatively high temperatures of approximately 330 °C [110].
The temperatures during SILAR coating usually do not exceed 250 °C. The “flash”
synthesis, which was adapted from the literature for the synthesis of anisotropic
heterostructures, was reported to be a very fast and efficient method for the controlled
growth of CdS on CdSe. CdS shells with up to 7 nm thickness were grown in only
3 min while preserving state-of-the-art optical properties.

As already stated above, the hot-injection preparation technique has been success-
fully adapted to other semiconductor compounds, such as the IV–VI compounds of
lead chalcogenide. Lead chalcogenide QDs offer attractive optical properties due
to their strong confinement and their narrow direct band gap (PbS 0.41 eV, PbSe
0.28 eV) [111]. Their high dielectric constants and small effective electron and hole
masses result in large exciton Bohr radii, e.g. 20 nm for PbS and 46 nm for PbSe,
which is about 4 respectively 9 times larger than that of CdSe [112]. Consequently,
size quantization effects aremore pronounced in lead chalcogenideQDs as compared
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to cadmium chalcogenides QDs. Furthermore, the narrow band gap allows them to
absorb and emit photons in the near-infrared and mid-infrared region. Combined
with the large exciton Bohr radius this means that their size-dependent bandgaps can
be tuned between 500 and 3000 nm [112, 113]. Potential applications of lead chalco-
genide QDs can be found as optically active components in a wide range of devices,
such as solar cells, IR lasers, IR detectors and fluorophores in the telecommunication
field [114, 115]. With respect to photovoltaic applications, another beneficial prop-
erty of lead chalcogenides is the possibility of multiple exciton generation (MEG)
[116, 117].

Murray et al. firstly reported the synthesis of high quality PbSe nanocrystals
using the hot-injection method in 2001. The QDs were obtained by rapidly injecting
lead oleate and trioctylphosphine selenide into diphenylether at 90–220 °C [118].
Depending on the temperature, different QD sizes ranging from 3.5 nm to 15 nm
with size distributions ~10%were obtained, whereby higher temperatures were used
to prepare larger crystal sizes. The size distribution was further narrowed to 5%
or better by size-selective precipitation. The resulting PbSe QDs had a pronounced
first absorption maximum from ~1200 nm for 3 nm particles to 2200 nm for 9 nm
particles. Later on, the study of the optical properties and the interband and intraband
transitions in PbSe revealed high PL QYs of up to 85% [119, 120]. Similar to II–VI
compounds, the synthetic protocol was later modified by the replacement of the
coordinating solvent with the non-coordinating solvent octadecene.

Based on the hot-injection synthesis of PbSe, the first published and most com-
monly cited method for the preparation of PbS QDs was published by Hines and
Scholes in 2003 [115]. They applied lead (II) oxide and bis(trimethylsilyl)sulfide as
lead and sulfur sources and chose the non-coordinating solvent octadecene in combi-
nation with the stabilizer oleic acid as reaction medium. The synthesis reliably yields
PbSQDswith pronounced absorption ranging from800 to 1800 nmand narrow emis-
sion with small Stokes shifts. Numerous adaptions of the synthetic protocols have
been made since then, including the variation of precursors, stabilizers and solvent.
The procedures developed for PbSe and PbS have also been successfully adapted for
the preparation of PbTe with narrow size distributions of ~5% [116, 121]. PbTe is
particularly of interest for thermolelectric applications.

II–VI semiconductor QDs based on Cd have been the most investigated QDmate-
rial for years due to their excellent optical properties referring to high PL QYs near
unity [122], photostability and tunability of the emission wavelength over the entire
visible spectrum. But besides these various favourable properties, one of the main
disadvantages of these materials is the heavy metal compound cadmium. Due to the
harmful impact and the cytotoxic potential of heavy metals, their use in household
goods or consumer goods has been restricted in many regions of the world. The
European Commission for example has therefore implemented several directives
(EG) including the restriction of cadmium in accumulators 2006/66/EG or heavy
metals in food 2001/466/EG and lighting equipment 2011/65/EU. Therefore, the
usage of Cd-based QDs may not have a promising future. Detailed investigations
in aqueous and biological media have revealed that oxidation through a variety of
pathways leads to the formation of Cd2+ on the nanocrystal surface which can be
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released to the surrounding media. The concentration of released Cd2+ was found
to be directly correlated to the cytotoxic effect. Although appropriate shell coat-
ings, such as ZnS, additional organic ligand shells or inorganic silica or polymer
shells [123–125] significantly reduced the heavy metal ion release in some cases, a
complete inhibition cannot be guaranteed.

The development of appropriate Cd-free alternatives is therefore essential. The
new materials must meet the standards of their Cd-based references. NCs, such
as ZnO, carbon dots or indirect band gap semiconductors imposed with non-toxic
behaviour and wide abundance, but they do not represent an alternative for Cd-based
QDs due to their low PLQY [126]. The following classes are therefore considered as
suitable alternatives: III–V (e.g. InP), I–III–VI2 compounds (e.g. CuInS2, CuInSe2)
or doped II–VI semiconductor NCs (e.g. Mn2+ doped ZnS or ZnSe). Setting the stage
for this class of materials, a number of difficulties require further research and devel-
opment. Synthetic procedures, such as nanocrystal preparation, ligand exchanges or
incorporation techniques, and processing techniques optimized for Cd-based QDs
have to be adapted, due to the different surface chemistry and bonding strengths.
Thus, changes with respect to altered solubility, impact of surface ligands and sta-
bility require for modified or new approaches. For example, the bonding of III–V
semiconductors and their precursors is more covalent compared to the rather ionic
bonding of their II–VI analogues [127]. Therefore, the separation of nucleation and
growth is more difficult and requires higher reaction temperatures and prolonged
reaction times. In fact, these conditions propagate Ostwald ripening, leading to a
broader particle size distribution and FWHM. Consequently, modified synthetic pro-
cedures or highly reactive precursors have to be found.

So far, progresses in the synthesis ofCd-freeQDs [128, 129]withQYs comparable
to Cd-based QDs have been made and practical application in light conversion [130]
or biological media [131] has been demonstrated.

A promising material for the replacement of Cd-based QDs is the low-toxic III–V
semiconductor InP. By now, InP QDs have been under investigation for almost three
decades. First reports were the publications of Uchida in 1990 and Mićić in 1994
on the synthesis of InP nanostructures in tectosilicates such as zeolites [132] and
the synthesis of InP NPs respectively [133]. Based on the knowledge collected for
CdSe QD synthesis, air-stable InP QDs were prepared using TOP/TOPO as the
stabilizer. However, long reaction times of several days resulted in broad particle
size distributions and very low PL QYs of only a few percent. With reference to their
former work, Mićić et al. demonstrated the significant improvement of the PL QY
of InP QDs up to 30% by etching the particle surface with hydrofluoric acid or
ammonium fluoride in order to reduce surface defects in 1996 [134]. Nevertheless,
long reaction times still had to be taken into account until Yu and Peng [103] proposed
the usage of non-coordinating solvents in 2002, such as octadecene (ODE).

Subsequent studies were mainly focused on the improvement of surface passiva-
tion by encapsulation with appropriate shells in order to increase the PL QY of the
InP QDs. Organic ligand shells, e.g. aliphatic acids [135], were found to improve the
optical properties of the QDs as well as their stability. The same trend was encoun-
tered for inorganic shell coatings, such as ZnS [136], ZnSe [137] or ZnSSe [138],



2 Quantum Dots and Quantum Rods 45

resulting in core-shell QDs. However, high PL QYs comparable to Cd-based QDs
were not accessible. The large lattice mismatch between the QD core and the shell
material was considered as the most obvious reason for this. Hereof, a great progress
was achieved by Kim et al. in 2012 [128]. Using GaP as a lattice adapter between the
InP core and a ZnS shell, they were able to synthesize very bright and stable type-I
structured InP-based core/shell/shell QDs with PL QYs up to 85%.

While possessing comparable optical properties by now, the in vitro and in vivo
toxicity of InP-based QDs is much lower as compared to Cd-containing QDs. This
was carefully investigated by Brunetti et al. in 2013 by a direct comparison of the
toxicity of InP/ZnS and CdSe/ZnS particles in cells and animals [139]. Both QD
species were adjusted to have similar properties known to affect cellular responses,
i.e. size and size distributions, inorganic shell and surface chemistry in terms of
ligand shell and surface charge. It was found that comparable ion leaching and cell
uptake take place in in vitro cultures. However, the damage caused by InP QDs
was greatly reduced to about 30% of the toxicity of CdSe QDs in in vivo necrosis
tests. InP-based QDs as an environmentally friendly alternative to Cd-based QDs are
therefore a relevant material for further research.

2.4 Nanostructures of Other Geometries

QDs are a special case of quantum particles, where all three spatial dimensions
are in the size range of 1–100 nm. Quantum particles in general exhibit at least
one dimension in the mentioned order, where quantum confinement effects may
occur and lead to unique size-dependent optical, electronic, mechanical and chemical
properties. Quantum particles can be classified into 0, 1 and 2 dimensional (D)
particles, depending on the number of spatial dimensions in which charge carriers
are confined. 0D particles represent QDs, where confinement occurs in three spatial
dimensions, whereas 2D and 1D confinement is found in nanorods/-wires/-tubes
and quantum wells, respectively. The electronic and opto-electronic properties of
a quantum particle are primarily determined by its dimensionality and length of
confinement as these parameters prevail the density of states for charge carriers.
The density of electron and hole states changes from discrete levels for 0D quantum
particles, to a saw-like quasicontinuum for 1D quantum particles and finally to a step-
like quasicontinuum for 2D quantum particles. Furthermore, the quantum particle
shape influences the Coulomb coupling between the electron and the hole resulting in
higher exciton binding energies in 1D and 2D nanostructures. In the case of 0D QDs
this results in their typical properties, such as the spectral width of the absorption
band, the size-tunability of the PL emission, the symmetry of the emission bands
and high PL intensity. An exceptional property that can be found in 1D nanorods/-
wires/-tubes is anisotropic (or polarized) absorption and emission. Several potential
application fields arise from this behavior, e.g. the usage for polarization sensitive
devices such as optical switches and interconnects, integrated circuits and high-
resolution detectors.
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Quantum rods (QRs) are elongated 1D nanostructures that display confinement
in two spatial dimensions. Unlike spherical QDs, which emit plane-polarized light,
light emitted perpendicular to the long axis of QRs is linearly polarized due to their
intrinsic anisotropy [140]. Moreover, the degree of polarization can be tuned by the
aspect ratio of the QR [141]. On the contrary, light emitted parallel to the long axis of
QRs is plane-polarized just like in the case of QDs. QRs are desirable building blocks
for nanoscale materials and devices based on their linearly polarized absorption and
emission but also other properties such as a large absorption cross section, low lasing
threshold, improved charge separation and transport as compared to theirQDcounter-
parts and novel assembly opportunities for elongated nanoparticles originating from
their intrinsic geometry [142]. With respect to their application potential reliable
synthetic strategies for the preparation of monodisperse QRs with controlled aspect
ratios are required. The development of such strategies is therefore highly important.
Pioneeringworks on the preparation of colloidal semiconductorQRs by nucleation of
precursors and selective monomer attachment [16, 94] were subsequently modified
by the dot in rod seeded-growth approach [143, 144] and other approaches such as ori-
ented attachment of spherical particles [145–147], catalyst-assisted nanorod growth
[148, 149] and a recently developed thermodynamically driven material diffusion
ripening process [150, 151]. These strategies already demonstrated great advances
in terms of precise control of length, diameter and aspect ratio of the resulting QRs,
however none of the mentioned strategies is versatile for the synthesis of all types
of semiconductor QRs. Currently existing synthetic approaches for the synthesis of
QRs from a certain semiconductor material are not necessarily applicable to other
semiconductor materials. As the growth habit and influencing parameters are not
sufficiently understood yet, further research needs to focus on the intrinsic proper-
ties of the semiconductor materials in combination with the control of the synthetic
conditions, such as the type and amount of ligands, the monomer concentration, the
growth temperature and the kinetic and thermodynamic of the chemical reaction.

A representative of 2D quantum particles are nanoplatelets, which are colloidal
analogues to quantum well films known from lasing and light-harvesting layers in
optoelectronic devices. Nanoplatelets can be synthesizedwith atomic layer precision.
For CdS, CdSe or CdTe precise thickness control of 4–11 monolayers and a widely
tunable lateral dimension ranging from ~10 nm to more than 100 nm are reported
[152, 153]. Due to the large number of atoms in these quantum particles and the
atomic homogeneity in the dimension of confinement, exceptionally narrow exci-
tation and emission bands can be found in nanoplatelets, which offers them a high
application potential e.g. for multiplexed bioimaging of several spectrally distinct
signals. Similar to carbon-based graphene sheets, thin nanoplatelets with a large lat-
eral dimension tend to roll themselves into helical tubes [154]. Thicker nanoplatelets
with a smaller lateral dimension usually possess larger quantum yields and are thus
currently preferred for physical studies.
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ACS Nano 8(6), 5863–5872 (2014)
25. Panthani, M.G., Hessel, C.M., Reid, D., Casillas, G., José-Yacamán, M., Korgel, B.A.: J.

Phys. Chem. C 116(42), 22463–22468 (2012)
26. Zherebetskyy, D., Scheele, M., Zhang, Y., Bronstein, N., Thompson, C., Britt, D., Salmeron,

M., Alivisatos, P., Wang, L.-W.: Science 344(6190), 1380–1384 (2014)
27. Schapotschnikow, P., Hommersom,B., Vlugt, T.J.H.: J. Phys. Chem.C 113(29), 12690–12698

(2009)
28. (a) Dorfs, D., Eychmüller, A., Z. Phys. Chem. 220(12), 1539–1552 (2006); (b) Reiss, P.,

Protière, M., Li, L.: Small 5(2), 154–168 (2009)
29. (a) Hässelbarth, A., Eychmüller, A., Eichberger, R., Giersig, M., Mews, A., Weller, H.: J.

Phys. Chem. 97(20), 5333–5340 (1993); (b) Hines, M.A., Guyot-Sionnest, P.: J. Phys. Chem.
100(2), 468–471 (1996); (c) Dorfs, D., Franzl, T., Osovsky, R., Brumer, M., Lifshitz, E., Klar,
T.A., Eychmüller, A.: Small 4(8), 1148–1152 (2008)

30. Fojtik, A., Weller, H., Koch, U., Henglein, A.: Ber. Bunsenges. Phys. Chem. 88(10), 969–977
(1984)



48 C. Rengers et al.

31. Spanhel, L., Haase, M., Weller, H., Henglein, A.: J. Am. Chem. Soc. 109(19), 5649–5655
(1987)

32. Rossetti, R., Nakahara, S., Brus, L.E.: J. Chem. Phys. 79(2), 1086–1088 (1983)
33. Rajh, T., Micic, O.I., Nozik, A.J.: J. Phys. Chem. 97(46), 11999–12003 (1993)
34. Vossmeyer, T., Katsikas, L., Giersig, M., Popovic, I.G., Diesner, K., Chemseddine, A., Eych-

mueller, A., Weller, H.: J. Phys. Chem. 98(31), 7665–7673 (1994)
35. Nosaka, Y., Shigeno, H., Ikeuchi, T.: J. Phys. Chem. 99(20), 8317–8322 (1995)
36. Lianos, P., Thomas, J.K.: Chem. Phys. Lett. 125(3), 299–302 (1986)
37. Rogach, A., Kershaw, S.V., Burt, M., Harrison, M.T., Kornowski, A., Eychmüller, A., Weller,

H.: Adv. Mater. 11(7), 552–555 (1999)
38. Kuno, M., Higginson, K.A., Qadri, S.B., Yousuf, M., Lee, S.H., Davis, B.L., Mattoussi, H.:

J. Phys. Chem. B 107(24), 5758–5767 (2003)
39. Shen, G., Guyot-Sionnest, P.: J. Phys. Chem. C 120(21), 11744–11753 (2016)
40. Steigerwald, M.L., Alivisatos, A.P., Gibson, J.M., Harris, T.D., Kortan, R., Muller, A.J.,

Thayer, A.M., Duncan, T.M., Douglass, D.C., Brus, L.E.: J. Am. Chem. Soc. 110(10),
3046–3050 (1988)

41. vanDijken,A., Janssen,A.H., Smitsmans,M.H.P., Vanmaekelbergh,D.,Meijerink, A.: Chem.
Mater. 10(11), 3513–3522 (1998)

42. Fischer, C.H., Weller, H., Katsikas, L., Henglein, A.: Langmuir 5(2), 429–432 (1989)
43. Eychmueller, A., Katsikas, L., Weller, H.: Langmuir 6(10), 1605–1608 (1990)
44. Chemseddine, A., Weller, H.: Ber. Bunsenges. Phys. Chem. 97(4), 636–638 (1993)
45. Murray, C.B., Norris, D.J., Bawendi, M.G.: J. Am. Chem. Soc. 115(19), 8706–8715 (1993)
46. Norris, D.J., Bawendi, M.G.: Phys. Rev. B 53(24), 16338–16346 (1996)
47. Li, Y., Jing, L., Qiao, R., Gao, M.: Chem. Commun. 47(33), 9293–9311 (2011)
48. Rogach,A.L.,Katsikas,L.,Kornowski,A., Su,D., Eychmüller,A.,Weller,H.:Ber.Bunsenges.

Phys. Chem. 100(11), 1772–1778 (1996)
49. Weller, H.: Angew. Chem. Int. Ed. Engl. 32(1), 41–53 (1993)
50. Rogach, A.L., Kornowski, A., Gao,M., Eychmüller, A.,Weller, H.: J. Phys. Chem. B 103(16),

3065–3069 (1999)
51. Bäumle, M., Stamou, D., Segura, J.-M., Hovius, R., Vogel, H.: Langmuir 20(10), 3828–3831

(2004)
52. Kalasad, M.N., Rabinal, M.K., Mulimani, B.G.: Langmuir 25(21), 12729–12735 (2009)
53. Gallardo, S., Gutiérrez, M., Henglein, A., Janata, E.: Ber. Bunsenges. Phys. Chem. 93(10),

1080–1090 (1989)
54. Zhao, X., Gorelikov, I., Musikhin, S., Cauchi, S., Sukhovatkin, V., Sargent, E.H., Kumacheva,

E.: Langmuir 21(3), 1086–1090 (2005)
55. Bakueva, L., Gorelikov, I., Musikhin, S., Zhao, X.S., Sargent, E.H., Kumacheva, E.: Adv.

Mater. 16(11), 926–929 (2004)
56. Deng, D., Zhang, W., Chen, X., Liu, F., Zhang, J., Gu, Y., Hong, J.: Eur. J. Inorg. Chem.

2009(23), 3440–3446 (2009)
57. Levina, L., Sukhovatkin, V.,Musikhin, S., Cauchi, S., Nisman, R., Bazett-Jones, D.P., Sargent,

E.H.: Adv. Mater. 17(15), 1854–1857 (2005)
58. Shavel, A., Gaponik, N., Eychmüller, A.: J. Phys. Chem. B 108(19), 5905–5908 (2004)
59. Li, C.L., Nishikawa, K., Ando, M., Enomoto, H., Murase, N.: Colloids Surf. A: Physicochem.

Eng. Aspects 294(1–3), 33–39 (2007)
60. Zheng, Y., Yang, Z., Ying, J.Y.: Adv. Mater. 19(11), 1475–1479 (2007)
61. Harrison, M.T., Kershaw, S.V., Burt, M.G., Eychmüller, A., Weller, H., Rogach, A.L.: Mater.

Sci. Eng.: B 69–70, 355–360 (2000)
62. Lesnyak, V., Lutich, A., Gaponik, N., Grabolle, M., Plotnikov, A., Resch-Genger, U., Eych-

müller, A.: J. Mater. Chem. 19(48), 9147–9152 (2009)
63. Rogach, A.L., Harrison, M.T., Kershaw, S.V., Kornowski, A., Burt, M.G., Eychmüller, A.,

Weller, H.: Phys. Status Solidi (B) 224(1), 153–158 (2001)
64. Sun, H., Zhang, H., Ju, J., Zhang, J., Qian, G., Wang, C., Yang, B., Wang, Z.Y.: Chem. Mater.

20(21), 6764–6769 (2008)



2 Quantum Dots and Quantum Rods 49

65. Piven, N., Susha, A.S., Döblinger,M., Rogach, A.L.: J. Phys. Chem. C 112(39), 15253–15259
(2008)

66. Liu, F.-C., Cheng, T.-L., Shen, C.-C., Tseng, W.-L., Chiang, M.Y.: Langmuir 24(5),
2162–2167 (2008)

67. Lesnyak, V., Plotnikov, A., Gaponik, N., Eychmüller, A.: J. Mater. Chem. 18(42), 5142–5146
(2008)

68. Deng, Z., Lie, F.L., Shen, S., Ghosh, I., Mansuripur, M., Muscat, A.J.: Langmuir 25(1),
434–442 (2009)

69. Liu, F.-C., Chen, Y.-M., Lin, J.-H., Tseng, W.-L.: J. Colloid Interface Sci. 337(2), 414–419
(2009)

70. Li, C., Nishikawa, K., Ando, M., Enomoto, H., Murase, N.: J. Colloid Interface Sci. 321(2),
468–476 (2008)

71. Lesnyak,V.,Dubavik,A., Plotnikov,A.,Gaponik,N., Eychmüller, A.: Chem.Commun. 46(6),
886–888 (2010)

72. He, Y., Sai, L.-M., Lu, H.-T., Hu, M., Lai, W.-Y., Fan, Q.-L., Wang, L.-H., Huang, W.: Chem.
Mater. 19(3), 359–365 (2007)

73. Rogach, A L., Gaponik, N., Lupton, J.M., Bertoni, C., Gallardo, D.E., Dunn, S., Li Pira, N.,
Paderi, M., Repetto, P., Romanov, S.G., O’Dwyer, C., Sotomayor Torres, C.M., Eychmüller,
A.: Angew. Chem. Int. Ed. 47(35), 6538–6549 (2008)

74. Cicek, N., Nizamoglu, S., Ozel, T., Mutlugun, E., Karatay, D.U., Lesnyak, V., Otto, T.,
Gaponik, N., Eychmüller, A., Demir, H.V.: Appl. Phys. Lett. 94(6), 061105 (2009)

75. Franzl, T., Klar, T.A., Schietinger, S., Rogach, A.L., Feldmann, J.: Nano Lett. 4(9), 1599–1603
(2004)

76. Rakovich, A., Sukhanova, A., Bouchonville, N., Lukashev, E., Oleinikov, V., Artemyev, M.,
Lesnyak, V., Gaponik, N., Molinari, M., Troyon, M., Rakovich, Y.P., Donegan, J.F., Nabiev,
I.: Nano Lett. 10(7), 2640–2648 (2010)

77. Mohamed Ali, E., Zheng, Y., Yu, H.-H., Ying, J.Y.: Anal. Chem. 79(24), 9452–9458 (2007)
78. Susha, A.S., Javier, A.M., Parak, W.J., Rogach, A.L.: Colloids Surf. A: Physicochem. Eng.

Aspects 281(1–3), 40–43 (2006)
79. Xu, S., Wang, C., Zhang, H., Sun, Q., Wang, Z., Cui, Y.: J. Mater. Chem. 22(18), 9216–9221

(2012)
80. Nabiev, I., Mitchell, S., Davies, A., Williams, Y., Kelleher, D., Moore, R., Gun’ko, Y.K.,

Byrne, S., Rakovich, Y.P., Donegan, J.F., Sukhanova, A., Conroy, J., Cottell, D., Gaponik, N.,
Rogach, A., Volkov, Y.: Nano Lett. 7(11), 3452–3461 (2007)

81. Yuan, J., Gaponik, N., Eychmüller, A.: Anal. Chem. 84(11), 5047–5052 (2012)
82. Gaponik, N., Rogach, A.L.: Phys. Chem. Chem. Phys. 12(31), 8685–8693 (2010)
83. Lesnyak, V., Gaponik, N., Eychmüller, A.: Chem. Soc. Rev. 42(7), 2905–2929 (2013)
84. Smith, A.M., Nie, S.: Acc. Chem. Res. 43(2), 190–200 (2010)
85. LaMer, V.K., Dinegar, R.H.: J. Am. Chem. Soc. 72(11), 4847–4854 (1950)
86. Talapin, D.V., Rogach, A.L., Kornowski, A., Haase, M., Weller, H.: Nano Lett. 1(4), 207–211

(2001)
87. deMello Donegá, C., Hickey, S.G.,Wuister, S.F., Vanmaekelbergh, D., Meijerink, A.: J. Phys.

Chem. B 107(2), 489–496 (2003)
88. Katari, J.E.B., Colvin, V.L., Alivisatos, A.P.: J. Phys. Chem. 98(15), 4109–4117 (1994)
89. Qu, L., Peng, X.: J. Am. Chem. Soc. 124(9), 2049–2055 (2002)
90. Bullen, C.R., Mulvaney, P.: Nano Lett. 4(12), 2303–2307 (2004)
91. Li, J.J., Wang, Y.A., Guo, W., Keay, J.C., Mishima, T.D., Johnson, M.B., Peng, X.: J. Am.

Chem. Soc. 125(41), 12567–12575 (2003)
92. Dabbousi, B.O., Rodriguez-Viejo, J., Mikulec, F.V., Heine, J.R., Mattoussi, H., Ober, R.,

Jensen, K.F., Bawendi, M.G.: J. Phys. Chem. B 101(46), 9463–9475 (1997)
93. Talapin, D.V., Mekis, I., Götzinger, S., Kornowski, A., Benson, O., Weller, H.: J. Phys. Chem.

B 108(49), 18826–18831 (2004)
94. Manna, L., Scher, E.C., Alivisatos, A.P.: J. Am. Chem. Soc.s 122(51), 12700–12706 (2000)
95. Peng, X.: Adv. Mater. 15(5), 459–463 (2003)



50 C. Rengers et al.

96. Li, Y., Li, X., Yang, C., Li, Y.: J. Phys. Chem. B 108(41), 16002–16011 (2004)
97. Hines, M.A., Guyot-Sionnest, P.: J. Phys. Chem. B 102(19), 3655–3657 (1998)
98. Xie, R., Zhong, X., Basché, T.: Adv. Mater. 17(22), 2741–2745 (2005)
99. Peng, Z.A., Peng, X.: J. Am. Chem. Soc. 123(1), 183–184 (2001)
100. Mekis, I., Talapin, D.V., Kornowski, A., Haase, M., Weller, H.: J. Phys. Chem. B 107(30),

7454–7462 (2003)
101. Liu, H., Owen, J.S., Alivisatos, A.P.: J. Am. Chem. Soc. 129(2), 305–312 (2007)
102. Qu, L., Peng, Z.A., Peng, X.: Nano Lett. 1(6), 333–337 (2001)
103. Yu, W.W., Peng, X.: Angew. Chem. Int. Ed. 41(13), 2368–2371 (2002)
104. Peng, X., Schlamp, M.C., Kadavanich, A.V., Alivisatos, A.P.: J. Am. Chem. Soc. 119(30),

7019–7029 (1997)
105. Xie, R., Kolb, U., Li, J., Basché, T., Mews, A.: J. Am. Chem. Soc. 127(20), 7480–7488 (2005)
106. Chen, Y., Vela, J., Htoon, H., Casson, J.L., Werder, D.J., Bussian, D.A., Klimov, V.I.,

Hollingsworth, J.A.: J. Am. Chem. Soc. 130(15), 5026–5027 (2008)
107. Hollingsworth, J.A.: Chem. Mater. 25(8), 1318–1331 (2013)
108. Wang, X., Ren, X., Kahen, K., Hahn, M.A., Rajeswaran, M., Maccagnano-Zacher, S., Silcox,

J., Cragg, G.E., Efros, A.L., Krauss, T.D.: Nature 459(7247), 686–689 (2009)
109. Mahler, B., Spinicelli, P., Buil, S., Quelin, X., Hermier, J.-P., Dubertret, B.: Nat. Mater. 7(8),

659–664 (2008)
110. Cirillo, M., Aubert, T., Gomes, R., Van Deun, R., Emplit, P., Biermann, A., Lange, H., Thom-

sen, C., Brainis, E., Hens, Z.: Chem. Mater. 26(2), 1154–1160 (2014)
111. Brumer, M., Kigel, A., Amirav, L., Sashchiuk, A., Solomesch, O., Tessler, N., Lifshitz, E.:

Adv. Func. Mater. 15(7), 1111–1116 (2005)
112. Wise, F.W.: Acc. Chem. Res. 33(11), 773–780 (2000)
113. Hickey, S.G., Gaponik, N., Eychmüller, A.: Photonics Nanostruct. Fundam. Appl. 5(2–3),

113–118 (2007)
114. Nagel, M., Hickey, S.G., Frömsdorf, A., Kornowski, A., Weller, H.: Z. Phys. Chem. 221(3),

427–437 (2007)
115. Hines, M.A., Scholes, G.D.: Adv. Mater. 15(21), 1844–1849 (2003)
116. Murphy, J.E., Beard, M.C., Norman, A.G., Ahrenkiel, S.P., Johnson, J.C., Yu, P., Micic, O.I.,

Ellingson, R.J., Nozik, A.J.: J. Am. Chem. Soc. 128(10), 3241–3247 (2006)
117. Ellingson, R.J., Beard, M.C., Johnson, J.C., Yu, P., Micic, O.I., Nozik, A.J., Shabaev, A.,

Efros, A.L.: Nano Lett. 5(5), 865–871 (2005)
118. Murray, C.B., Sun, S., Gaschler, W., Doyle, H., Betley, T.A., Kagan, C.R.: IBM J. Res. Dev.

45(1), 47–56 (2001)
119. Du, H., Chen, C., Krishnan, R., Krauss, T.D., Harbold, J.M., Wise, F.W., Thomas, M.G.,

Silcox, J.: Nano Lett. 2(11), 1321–1324 (2002)
120. Wehrenberg, B.L., Wang, C., Guyot-Sionnest, P.: J. Phys. Chem. B 106(41), 10634–10640

(2002)
121. Lu, W., Fang, J., Stokes, K.L., Lin, J.: J. Am. Chem. Soc. 126(38), 11798–11799 (2004)
122. Greytak, A.B., Allen, P.M., Liu, W., Zhao, J., Young, E.R., Popovic, Z., Walker, B.J., Nocera,

D.G., Bawendi, M.G.: Chem. Sci. 3(6), 2028–2034 (2012)
123. Derfus, A.M., Chan, W.C.W., Bhatia, S.N.: Nano Lett. 4(1), 11–18 (2004)
124. Kirchner, C., Liedl, T., Kudera, S., Pellegrino, T., Muñoz Javier, A., Gaub, H.E., Stölzle, S.,

Fertig, N., Parak, W.J.: Nano Lett. 5(2), 331–338 (2005)
125. Selvan, S.T., Tan, T.T., Ying, J.Y.: Adv. Mater. 17(13), 1620–1625 (2005)
126. Anc, M.J., Pickett, N.L., Gresty, N.C., Harris, J.A., Mishra, K.C.: ECS J. Solid State Sci.

Technol. 2(2), R3071–R3082 (2013)
127. Bharali, D.J., Lucey, D.W., Jayakumar, H., Pudavar, H.E., Prasad, P.N.: J. Am. Chem. Soc.

127(32), 11364–11371 (2005)
128. Kim, S., Kim, T., Kang, M., Kwak, S.K., Yoo, T.W., Park, L.S., Yang, I., Hwang, S., Lee, J.E.,

Kim, S.K., Kim, S.-W.: J. Am. Chem. Soc. 134(8), 3804–3809 (2012)
129. De Trizio, L., Prato, M., Genovese, A., Casu, A., Povia, M., Simonutti, R., Alcocer, M.J.P.,

D’Andrea, C., Tassone, F., Manna, L.: Chem. Mater. 24(12), 2400–2406 (2012)



2 Quantum Dots and Quantum Rods 51

130. Lim, J., Park, M., Bae, W.K., Lee, D., Lee, S., Lee, C., Char, K.: ACS Nano 7(10), 9019–9026
(2013)

131. Akkerman, Q.A., Genovese, A., George, C., Prato, M., Moreels, I., Casu, A., Marras, S.,
Curcio, A., Scarpellini, A., Pellegrino, T., Manna, L., Lesnyak, V.: ACS Nano 9(1), 521–531
(2015)

132. Uchida, H., Ogata, T., Yoneyama, H.: Chem. Phys. Lett. 173(1), 103–106 (1990)
133. Micic, O.I., Curtis, C.J., Jones, K.M., Sprague, J.R., Nozik, A.J.: J. Phys. Chem. 98(19),

4966–4969 (1994)
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Chapter 3
Polymeric Nanocarriers

Banu Iyisan and Katharina Landfester

Abstract Control over the nanoscopic scale opens nearly endless opportunities for
many scientific areas. In particular, polymeric nanoparticles offer the versatility to
cover awide range ofmesoscopic properties for sophisticated applications. However,
making and applying smart nanoparticles is inevitably linked to a deep understanding
of the overall physico-chemical principle of their formation and their interaction with
their surroundings.

3.1 Introduction

Control over the nanoscopic scale opens nearly endless opportunities for many sci-
entific areas. In particular, polymeric nanoparticles offer the versatility to cover a
wide range of mesoscopic properties for sophisticated applications. However, mak-
ing and applying smart nanoparticles is inevitably linked to a deep understanding of
the overall physico-chemical principle of their formation and their interaction with
their surroundings.

The ideal nanocarrier for biomedical application would be biodegradable and
shall circulate freely in the blood until it reaches selectively its place of action, is
incorporated and selectively releases the drug or allows diagnostics only at this point
with finally being cleared from the body without any trace. To reach this ideal case,
key characteristics of the nanocarriers including composition, size, biocompatibility,
colloidal stability, targeting ability and control over the diffusion mechanism of the
loaded drugs should be precisely engineered.

In this context, the aim of this chapter is to discuss various types of polymeric
nanocarriers from the perspective of their formation, design, and characterization
for drug delivery applications. Therefore, the chapter starts with the classification of
the nanocarriers, which is then followed by the description of advanced preparation
techniques. Furthermore, the requirement and possible ways of encapsulation and
release methods for drugs and reporter molecules in terms of stimuli-responsivity
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Fig. 3.1 Schematic illustration of various polymeric nanocarriers

and multifunctionality are described in detail before finalizing the chapter with the
focus of widely used characterization tools for nanocarriers.

3.1.1 Classification and Types of Polymeric Nanocarriers

The International Union of Pure and Applied Chemistry (IUPAC) defines nanopar-
ticles as particles of any shape in the nanometer size range [1]. By keeping this
definition as a base for the nomenclature of this chapter, the term polymeric nanocar-
riers covers various types of colloidal particles, which differ by their size, structure
and morphology. Figure 3.1 outlines these nanoparticles that are classified as (i)
nanospheres, (ii) nanocapsules, (iii) polymersomes, (iv) micelles, and (v) dendrimers
including their diameter scale ranging from 1 nm to 1000 nm. They all have different
advantages depending on their physicochemical characteristics that leads to varied
applications in drug delivery field.
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3.1.1.1 Nanospheres

Nanospheres are solid particles in spherical shape that are composed of a polymer
matrix having one single phase. The drugs can be incorporated to the matrix by
embedding them either physically or covalently and can be then released depending
on the polymer nature as being biodegradable or stimuli-responsive.

3.1.1.2 Nanocapsules

Nanocapsules are defined by IUPAC as a “hollow nanoparticle composed of a solid
shell that surrounds a core-forming space available to entrap substances [1].” They
can be described as container systemswhere the hydrophobic or hydrophilic drugs are
placed in the core covered by a polymer shell layer. Nanocapsules enable optimized
drug encapsulation with the aid of a large selection of the core material whereas the
polymeric shell enhances the lifetime of the drugs by protection from the factors
such as pH value and tissue irritation. Besides, the polymeric shell also prevents the
side effects of the drugs or marker molecules that is the case most of the time in
nanomedicine. For example, to investigate individual organs with nuclear magnetic
resonance tomography, a contrast medium is injected into the patient that consists
in many cases of magnetite nanoparticles containing iron oxide. The disadvantage
of pure magnetite nanoparticles is that they do not remain stable in water and there-
fore not in blood either, and can even dissolve; this can lead in turn to iron shock.
To avoid this, these substances need a protective shell. In comparison to commer-
cially available particles thus far, it was possible to envelop these marker particles in
miniemulsions to be hydrophobic first, rather than hydrophilic [2–4]. In addition, the
dense hydrophobic polymer shell prevents the encapsulated substance from chemi-
cally reacting with the dispersion medium, i.e. first with the water and then with the
blood, thus protecting it. This underlines the importance and benefits of container
like structures as nanocapsules in nanomedicine.

3.1.1.3 Polymersomes

Polymersomes can be classified in the nanocapsule group, as they are also container
like systems having an aqueous core surrounded by a polymeric bilayer. In con-
trary to bulk nanocapsule structures, the formation is triggered by the self assembly
of amphiphilic block copolymers designed with a suitable hydrophilic/hydrophobic
balance. They are analogous to liposomes that are self-assembled natural phospho-
lipids. However, many promising properties including higher mechanical strength,
enhanced stability as well wide range of chemical versatility make polymer-
somes advantageous over their lipid counterparts. Besides, encapsulation of both
hydrophilic and hydrophobic drugs simultaneously to the core and membrane of the
polymersomes is another promising property that increase the drug delivery appli-
cations of these particles over the past decades.
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3.1.1.4 Micelles

Polymericmicelles are typically spherical nanosized particles with a core-shell struc-
ture formed by the self-assembled amphiphilic block copolymers. They are formed
in aqueous solution when the concentration of the amphiphilic block copolymers
is above the critical micelle concentration (CMC) in which thermodynamic stabi-
lization against disassembly is provided. By this, the hydrophobic regions of the
amphiphiles are accumulated in the core that serves a space for lipophilic drugs
whereas the hydrophilic parts of the block copolymers tend to place towards thewater
as a brush like corona. Although polymeric micelles have a better stability in com-
parison to micelles of small surfactants, they are relatively instable in bloodstream
leading to rapid disassembly and drug release [5]. In order to avoid this obstacle, the
corona of the micelles are usually formed by poly (ethylene oxide) (PEO) polymers
that provides a steric stabilization to the core. Additionally, the thermal- or photo-
crosslinking of the core helps to keep them intact as shown in cross-linked PEO-PLA
based micelles by Kataoka et al. [6, 7].

3.1.1.5 Dendrimers

Dendrimers are perfectly branched macromolecules that are grown from a functional
core through subsequent branching units. These tree-like structures are spherical
particles having a diameter range of about 1–20 nm. The size and molecular weight
varies depending on the generation number which is a term to define the amount
of dendritic arms from the core towards to the particle periphery. The potential
of dendrimers are lying down in their multivalent surface where the high amount
of functional groups exist. By this way, various drugs or marker molecules like
dyes can be covalently bound to use them in delivery and diagnostic applications.
In addition, the drugs can also be placed into their core and cavity through non-
covalent interactions, which enables the loading of many drugs simultaneously. One
obstacle of these particles can be their smaller size that can lead to a relatively fast
clearance from the bloodstream. Apart from that, they have gained an increased
interest with their uniform size distribution and ease of multifunctionalization since
their discovery by Vögtle et al. [8]. Some of the common dendritic particles are
poly(propylene) imine (PPI) [9] and poly(amido) amine (PAMAM) [10] dendrimers
as studied by various research groups.



3 Polymeric Nanocarriers 57

3.2 Preparation Methods

3.2.1 Nanocapsules and Nanospheres

3.2.1.1 Emulsion Polymerization

Emulsion polymerization is a type of heterogeneous polymerization process that
is divided into three groups: (macro)emulsion, microemulsion, and miniemulsion
polymerizations [11]. The first two types are described in the following whereas
miniemulsion polymerization will be discussed in detail in the next part.

In (macro)emulsion polymerization, the micron-sized monomer droplets
(1–10 μm in diameter) are dispersed in a continuous phase and are stabilized

by surfactant molecules. At first, the emulsion comprises the surfactant micelles
and the large monomer droplets. The polymerization starts with the initiation step
where the water soluble initiator forms oligoradicals from slightly water soluble
monomer units.Afterwards, the obtainedoligoradicals enter to the surfactantmicelles
to form the particles. The particle growth continues along with the diffusion of the
monomer from the large droplets to themicelles through thewater phase. Commonly,
particles larger than 100 nm are formed by using this type of conventional Emulsion
Polymerization.Monomers such as vinyl acetate, vinyl chloride, acrylamine acrylates
and methacrylates can be polymerized by this way.

In microemulsion polymerization, thermodynamically stable dispersions are
spontaneously formed from mixtures of water and an organic phase. The precon-
dition for microemulsions is to use large amount of surfactant molecules that results
with the complete coverage of the particles. This is the reason why interfacial tension
between organic and water phases are close to zero in microemulsions. In addition
to the surfactant molecule often cosurfactants such as hexanol or pentanol are used
to obtain the low interfacial tension. The polymerization starts when the thermody-
namic equilibrium is reached. Then polymer chain growth proceeds solely in some
of the droplets because the initiation does not take place simultaneously at all micro-
droplets. This type of microemulsion polymerization leads to the particles having a
size range of 10–100 nm.

3.2.1.2 Miniemulsion polymerization

Bymeans of theminiemulsion process, it is possible to design custom-made nanopar-
ticles and nanocapsules for nearly any purpose. This is facilitated by the enormous
versatility of the miniemulsion process that has been developed and conceptually
understood. The concept of the miniemulsion process was first described in 1973
by Ugelstad, ElAasser and Vanderhoff [12]. The accumulation of understanding the
formation process has led to successful and precise control of important nanoparticle
parameters such as size, shape, morphology, degradation, release kinetics and sur-
face functionalization [11, 13–15]. This degree of control is unique and allows one to
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tune specific properties tailored to particular applications; the successful up-scaling
of the process is of technical relevance. Furthermore, the encapsulation and release of
a great variety of payloads, ranging from hydrophobic to hydrophilic substances has
been successfully achieved in a highly controlled manner and with unmatched high
encapsulation efficiency. The continuous progress in understanding the detailed prop-
erties of nanosized objects and their interactions in materials as well as in biomedical
applications or with electromagnetic radiation opens new opportunities.

The Miniemulsion Process
A child hardly sees the light of this world before becoming acquainted with a vital
emulsion: milk. Later on, most people come into contact with emulsions and dis-
persion systems often on a given day, whether in the bathroom in the form of liquid
soaps, skin creams, and toothpastes, in the kitchen as dairy cream, margarine or
mayonnaise, or working with paint (from water-based to latex paint) and adhesives.
Using a special form of emulsion, known as the miniemulsion, nanoparticles and
nanocontainers can be formed, and supply them with a broad palette of functions
which can not be obtained in this perfection by other means: tunable size, high homo-
geneity of the particle size and structure, high stability in a liquid environment, high
solid content, high loading capacity for many materials, adjustable interactions to
synthetic and biological materials, upscalable to ton scale.

How to Understand Stability of Emulsions
By emulsions, we mean systems of two immiscible liquids, where one liquid—we
refer to this as a phase—is distributed in the formof droplets into a second liquid that is
called a continuous phase. Formilk, liquid soaps, skin creams, andmayonnaise, small
droplets of fat are suspended in water. Solid particles distributed in a liquid is called
a suspension. In paints, the pigments and polymer particles are finely distributed in
water; in adhesives, they are sticky polymer particles. Emulsions, considered as liquid
droplets in a liquid, and suspensions, considered as solid particles in a liquid, are
also labelled dispersions, and droplets or particles dispersed within them as colloids.
As a rule, surfactants maintain the droplets and particles in their form within the
continuous phase. For the miniemulsions, the oil droplets were only stable when
very specific conditionsweremaintained. Therefore, it was first needed to understand
what prevents two liquids such as oil and water from exsolving or unmixing.

Anyone who cooks knows how difficult it can be to make a stable emulsion.
Vinegar and oil separate immediately and again even when you thoroughly shake
them. Two processes are involved here. One is coalescence: droplets merge when
you disturb them. This process can be suppressed quite well by using surfactants.

In the other process, Ostwald ripening destabilizes emulsions. This process is
based upon the curvature strain in a droplet, which strongly depends on its size. The
more tightly the surface of the droplet is curved, the higher the pressure inside the
droplet. Since in practice the droplets of an emulsion are not all exactly the same
size, the curvature strain in them also varies: it is higher in the smaller droplets
than in the larger ones. Since the high pressure within small drops is energetically
less favourable, larger ones grow at the expense of the smaller ones. This ripening
process can begin if molecules from the smaller drop are able to diffuse through the
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continuous phase into the larger drops. The process is called Ostwald ripening and
continues until the liquids have totally separated.

Both processes are effectively suppressed in miniemulsions so they remain stable.
Therefore, it is now possible to manufacture nanospheres and nanocapsules from the
droplets and thus design vehicles for diverse applications.

The Importance of the Third Component
For obtaining a stability ofminiemulsion, a third component, known as a co-stabilizer
or osmotic agent, can be used to suppress the diffusion in simple one-component
miniemulsions. The co-stabilizer accomplishes this by building up an osmotic pres-
sure in opposition to the curvature strain. In the case of oil-in-water miniemulsion,
the osmotic agent is an (ultra)hydrophobic agent and needs to be even less soluble in
water than the oil droplets so that itself cannot diffuse. In themixing process, droplets
develop having the identical concentration as the (ultra)hydrophobic reagent. If the
larger oil droplets begin to grow due to the Ostwald ripening, the concentration of
the ultrahydrophobic reagent rises in the shrinking droplets, while it decreases in the
expanding droplets. Such a difference in concentration leads to differential osmotic
pressures and is thermodynamically very unfavourable, particularly as the osmotic
pressures were previously equal. Therefore, the oil molecules diffuse from the large
droplets back into the smaller ones. Hence, effectively no diffusion takes place, since
the mechanisms of Ostwald ripening and the osmotic pressure equalization at equi-
librium exactly equal one another. Thus, the droplets remain stable. To reach this
equilibrium, the droplets may not be too different in size from one another at the
beginning, however. It was found that the size of the droplets can be easily adjusted,
using for instance a high-pressure homogenizer or ultrasound device, to diameters
of between 30 and 500 nm.

On the one hand, fundamental physical knowledge with this setup have been
obtained about these kinds of complex mixtures, and on the other hand, the sta-
bilized droplets in the miniemulsions have facilitated many modern applications in
various areas of research and technology, since they are very small and permit diverse
materials to be combined inside them. Effectively transporting drugs to desired loca-
tions in the body is one of the most prominent applications of such nanoparticles,
which significantly reduces the side effects.

Platform for Particle Formation
By suppressing theOstwald ripening, is it possible to obtain stableminiemulsions and
to make use of them in synthesising diverse nanoparticles. Miniemulsion technology
thus represents a versatile platform for producing (polymer) nanoparticles. It is based
on the ability to distribute the chemical components of the desired colloidal mixtures
into individual emulsion droplets actually prior to polymerization. This allows one to
carry outmany different reactions in spatially and chemically isolated compartments,
i.e. the droplets, without the components diffusing. In this way, every drop represents
an independent “nanoreactor” with the identical size and identical composition.

It has not only be possible to transform smaller organic and inorganic molecules
and substances in numerous reactions within the nanoreactors, it has also been pos-
sible over the past years to transfer the conceptual design of the miniemulsion to
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Fig. 3.2 Summary of used polymerization techniques in direct (a) or (b) inverse miniemulsions to
fabricate nanoparticles and nanocapsules

polymer chemistry. In this way, a broad range of different nanoparticles, depend-
ing on how the process is carried out and the monomers used, by our polymeriz-
ing monomers within the droplets has been very successfully produced. Prior to
2000, only radical polymerization was possible in emulsions and miniemulsions.
After having comprehensively investigated and understood the stabilization process,
it was possible to carry out for the first time all types of polymerization and create
nanoparticles for numerous applications via condensation polymerization, step poly-
merization, polyaddition, as well as radical, oxidative, and anionic polymerization
methods as shown in Fig. 3.2. Depending on the hydrophilicity of the monomer,
particles either in direct (oil-in-water) or inverse (water-in-oil) miniemulsion can be
performed. Therefore, user-friendly dispersions of the colloids were obtained that
enabled them to be easily processed further for coatings, for instance.

A wide range of application areas in technology and the sciences is therefore
available for dispersed nanoparticles. This is because the particles can consist of
numerous functional materials, while dispersions possess properties that make them
particularly interesting for applications. These colloidal systems can be very com-
plex, depending on the combination of the particle material and architecture.

For industrial applications, aqueous dispersions of functional polymers in partic-
ular are of great importance since they can be processed with very small amounts
of organic solvents or entirely without these expensive and often toxic substances.
Thus, dispersions of nanoparticles are suited to obtain particularly soft polymers like
polybutadiene or polyisoprene for coatings and adhesives. They can be applied as
an aqueous dispersion system to a surface and subsequently simply fused together
with one another by heating, for example, so that they form a non-porous film. How-
ever, mechanically extra-hard polymers also play a large role in engineering and
industry. Nanoparticles could be produced in miniemulsions from polymer resins,
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polyurethanes [16], or polyesters [17] that are already found today in applications like
automobile coatings. Previously, polyurethanes dispersions could only be made with
organic solvent; with miniemulsion processes by contrast, only water is used—an
environmentally friendly solvent. Polybenzoxazine particles in an aqueous medium
with the help of a miniemulsion were synthesized [18]. The process allows to use
such materials in fibre-reinforced composites for very high mechanical loading, for
instance in aircraft and in rotor blades for wind turbines.

Furthermore, the miniemulsion technology offers the means of producing
nanoparticles from polymers that are already present. In this instance, a solution
of the polymer in the continuous phase could be employed, and after evaporating
the solvent, a secondary dispersion system of the polymer particles was obtained.
In this way, it was possible to successfully create particles of conductive polymers
in an aqueous suspension, from which organic light-emitting diodes (OLEDs) and
solar cells with excellent optical properties using a conventional inkjet printer could
be fabricated [19].

From Nanoparticles to the Construction of Nanocontainers
The great potential of the miniemulsion approach is evident from the ability to pro-
duce not just solid nanoparticles with it, but nanocapsules as well having a polymeric
jacket and a liquid core. These kinds of nanocapsules are suitable for enclosing func-
tional molecules such as drugs, for example. The first nanocapsules in miniemul-
sions containing a hydrophobic liquid were obtained in 2001 by the Landfester and
coworkers [20]; the monomers for the capsule wall were present in the droplets of the
substance to be encapsulated and then polymerized. Because the growing polymer
chains are no longer soluble in the non-polar solvent, the polymer separates at the
interface and forms a shell around the drop. The advantage of this process in com-
parison to conventional methods is that a much broader palette of polymers becomes
available and additionally, the capsule surface can be designed to carry out virtually
limitless reactions.

Even greater possibilities are offered by miniemulsion technology since solid
particles in inverse (i.e. a water-in-oil) miniemulsion were created [21]. Later, also
nanocapsules in inverse miniemulsions could be created [20]. These nanocapsules
have remained unique and can only be fabricated in a miniemulsion. It first became
possible to encapsulate hydrophilic substances like salts, biological molecules like
DNA, RNA, enzymes, and proteins or active agents like doxorubicin in this manner.
Polymerization reactions were used at the droplet’s surface. Here, a monomer is
in solution within the aqueous droplets, while the continuous hydrophobic phase
contains a second monomer or reactive agent. When the components diffuse to the
surface of the droplets and encounter one another there, reactions take place and
the polymeric shell of the capsules forms. The capsule walls could also be formed
by nanoprecipitation [22]. In this case, a polymer insoluble in water is dissolved
in the dispersed hydrophobic phase consisting of two solvents, one in which the
polymer readily dissolves and in the other hardly at all. When we now evaporate
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the effective solvent, the polymer selectively precipitates onto the nanodroplet and
forms the capsules.

Tuning the Transport Properties of the Wall: Dense Capsules, Permanent Sieve Cap-
sules, and Capsules with Gateways
After it was possible to package many active substances in a polymer matrix or shell
using the nanoreactors of a miniemulsion, the spectrum of potential and already-
realized applications has broadened immensely. The identical structure of all the
droplets prior to polymerization guarantees that the captive substance is also equally
distributed in the nanoparticles or nanocapsules. If the matrix or the shell is produced
from an inert polymer, this can serve for instance as a permanent protective shell for
sensitive substances, facilitate their processing, or combine their properties with the
advantages of dispersed systems.

Packaging substances using miniemulsion polymerization is simple: during the
subsequent polymerization, the functional substances are self-sheathing if the mate-
rial to be encapsulated is at least as hydrophobic as the shell. The first material
that was successfully encapsulated was titanium dioxide [23–25] and carbon black
[26]. This process is already in large-scale industrial usage to package not just car-
bon black, but other colour pigments [27] as well. Indeed, this enveloping prevents
the pigments from clumping during the manufacture of printing inks, which in turn
increases resolution and prevents smearing.

Whereas solid pigments do not tend to escape from their containers, small
molecules, liquids and highly volatile molecules use any cavity to escape from their
prison. However, a toxic drug should only be released at its final destination and not
harm cells during the transport through the body and a highly volatile perfume in
detergents should only be released in the washing process and not during storage.
Therefore, the first requirement is to construct nanocapsules which keep their con-
tent trapped. In polymer-based microcapsules, high shell thicknesses greater than
one micrometer are the obvious origin for high diffusion barrier. At the nanoscale,
high barrier performance is much more difficult to achieve, which is related to ultra-
thin shells. Especially small molecules tend to diffuse quickly through nanocapsule
walls. Therefore, the shell has to be tightened by decreasing the mesh size in the thin
shell. High barrier nanocapsules have been constructed containing highly volatile
substances like perfumes or drugs in miniemulsion [28]. The polymeric shell mate-
rial includes functions that strongly interact with each other and therefore form a thin,
but very dense net which hinders the small molecules from escaping. For very small
molecules like oxygen, an even tighter nanoshell had to be constructed. Inspired by
leaves in nature, we used cellulose as impermeable nanopaper for the nanocapsule
formation. Such nanocapsules can be used to protect oxygen-sensitive food (like fish
oil) or in nanomedicine.

For some applications, it is of interest to construct capsules with a sieve shell
where some components can freely pass the barrier, but others are captured. For the
realization for nanocapsules with a gadolium-basedmagnetic resonance tomography
(MRT) contrast agent, nanocapsules with a wall can be formed selectively allowing
a fast passage of water molecules which is important so that the imaging in the MRT
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scanner works, but which entraps the contrast agent [29]. That way, the nanocapsules
with the contrast agent can be localized in the body [30, 31].

Nanocapsules are not always meant to permanently protect or shield an encap-
sulated substance from external influences though, because other applications must
be able to selectively release a stored substance again. When this happens due to an
external stimulus, we speak of smart or stimuli-sensitive transporters. In this way,
cytotoxic substances for example can be introduced into cells with these materials,
released there, and activated. The protective polymer shell prevents toxic effects
in other types of cells and areas of the body that are not exposed to the activation
stimulus. This is how chemotherapy side effects in particular are suppressed. For the
construction of nanocapsules, valves or gates have to be integrated in the nanocap-
sule wall. The shell resembles a patchy leopard skin where the patches represent the
gatewayswhich can be opened and closed by different stimuli. As themost promising
internal cell stimulus, we have shown that cell-own substances open nanocapsules
selectively, like the enzyme hepsin in prostate cancers cells [32].

Tuning the Interactions
The miniemulsion technology also allows one to design the surface of the nanocar-
riers so that interactions between the nanocarriers themselves (flow can be switched
on and off) and between nanocarriers and a surface (adhesion can be switched on and
off) can be switched. It was shown that the interaction between nanocarriers can be
tuned so that well-defined nanofibers or a homogenous network of particles thereby
decreasing or stopping the flow of the dispersion were obtained. As a new interaction
concept between particles, the tuning of hydrophobic associations was used to obtain
stimuli-responsive aqueous adhesives, e.g. to label wet and cold beer bottles at high
speed, with low coating weights, high accuracy—and additionally to obtain stronger
ice water resistance after drying due to the hydrophobic modification [33].

Today almost no nanoparticular medicine is in clinical use in spite of the high
potential for the use of nanocarriers for the development of personalized smart
medicine, namely drugs, imaging, diagnostic or therapeutic agents. Amajor obstacle
to their medical application and translation to the clinic is the fact of unknown or
unspecific blood interactions of the nanocarriers in vivo leading to aggregation or
scavenging by the mononuclear phagocyte system. Therefore, the scope of today’s
research is to understand step by step the different interactions of the nanocarriers
encounter during their journey through the body.

To lead a nanocontainer to a specific type of target cell, a capsulemust first interact
as little as possible with cells generally; it has to disguise itself. If the capsules are
injected into blood, first of all they must not be recognized there by any cell and
taken up. We have recently been successful in producing nanocapsules based on
hydroxyethyl starch that are not recognized by any cell. Immediately after coming
in contact with blood, proteins from the blood will be adsorbed and therefore dress
the surface of the nanocarriers. Mass spectrometry was used for the identification
of the adsorbed proteins and for the first time for the determination of the change
of the dress with time. Light-scattering based methods were developed to be able
of performing multi-angle light scattering on concentrated human blood serum to
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monitor aggregation events between nanocapsules and proteins in blood [34]. In a
next step, the nanocarriers can be functionalized specifically so that can be taken up
receptor specifically in cells.

Overall, the miniemulsion process permits highly stable dispersions with uniform
particle size (from 50 to 500 nm) and structure to be fabricated. The dispersions can
be stored without difficulty. While working in the lab with small volumes (in the
millilitre realm), it has been possible to transfer the process to industrial scales.
The advantageous continuous processing technique has already been implemented
in tubular reactors, for which the heat of the reaction can be led off without difficulty.
Besides dispersions having high solid content, dry powder can also be produced for
immersion in water when in use and thereby avoid expensive transport of the water.

3.2.1.3 Preparation from Pre-formed Polymers

The combination ofminiemulsionswith solvent evaporation is anothermethod for the
nanocapsule and nanoparticle preparation. The necessity of this technique arises if (i)
the polymer synthesis can not be done easily, e.g. requirement of special catalysts, (ii)
the encapsulated cargos are interacted with the active reagents, e.g. initiation species
formed during the polymerization, (iii) the purification of the particles is difficult
[15]. The handling of this technique is easy and fast, therefore it is used in various
particle and capsule formation using different polymers such as polystyrene (PS),
poly(L-lactide) (PLLA), poly(ε-caprolactone) (PCL), poly(methyl acrylate) (PMA)
and poly(methyl methacrylate) (PMMA) [22, 35, 36]. However, the main drawback
of the technique is that particles with a lesser solid content and the broader size
distribution are obtained. Nevertheless, it is very handy for preparation of the upcon-
version nanocapsules that can take part in triplet triplet annihilation upconversion
(TTA-UC) phenomenon. Wohnhaas et al. [37] showed that the use of miniemulsion
polymerizations to prepare PMMA based upconversion (UC) nanocapsules leads to
a decrease in the efficiency of the UC dye couples since they were reacted with
the formed radicals during polymerization. Similarly, Liu et al. [38] also used the
miniemulsion/solvent evaporation technique to develop biocompatible bovine serum
albumin based upconversion nanocapsules for triggering TTA-UC processes.

3.2.1.4 Layer by Layer Assembly

Layer by layer assembly (LBL) has gained high interest over the past decades for
the fabrication of polymeric hollow capsules through templating method. Herein,
inorganic or organic particles are used as a template in which the polymers are either
adsorbed or grown by surface initiated polymerization (SIP) on the surface of the
particle support [39, 40]. Various silica, gold, carbonate based particles [41] are used
for such purpose as the core of the capsules which can be further removed through
etching processes like dissolution in acids to form the hollow capsules made of a
polymer shell. The use of particle templates enables to control the size easily that is
one advantage of LBL assembly. In addition, different stimuli-responsive and func-
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tional polymers can be deposited onto the support surface to apply these capsules
in various biomedical applications [42]. For instance, recently, pH and tempera-
ture responsive, photo-crosslinked hollow capsules with a multilayer shell consist
of poly(N-isopropyl acrylamine)-b-poly(methacrylate) and polyallylamine polymers
made by silica-templated LBL assembly has been reported by Voit and coworkers
[43, 44]. These capsules are used for studying glycopolymer or enzymeuptake to con-
struct cellular mimics. Apart from that, SIP methods are also widely applied to form
functional hollow capsules with the aid of the developments in polymer chemistry.
Various controlled polymerization techniques such as atom transfer radical polymer-
ization (ATRP) [45], revesible addition-fragmentation chain-transfer (RAFT) [46]
and nitroxide mediated radical polymerization (NMRP) [47] are favored to grow the
polymers on the surface of the supporting particles to form various kinds of hollow
capsules.

3.2.2 Polymersomes

The starting point of a polymersome formation is to produce amphiphilic block
copolymers that consist of hydrophobic and hydrophilic segments. Depending on
the ratio of these two blocks, the amphiphilic copolymers can self-assemble into
variety of structures such as spherical micelles, rods and vesicles. Thus, a precise
polymer structure is required to obtain the desired morphology that can be provided
by applying controlled polymerization techniques in which common approaches are
the anionic polymerization and the atom transfer radical polymerization (ATRP).

Synthesis of amphiphilic block copolymers
Anionic polymerization exemplifies the first polymersome forming block copolymer
synthesis that is based on the poly(ethylene oxide)-b-poly-ethyl ethylene (PEO-b-
PEE) structure [48–50] whereas ATRP is very efficient to design multifunctional and
nanostructured materials in the scope of biomedical applications [51]. This widely
usage is simply based on various advantages such as commercially available initiators
and precise control over macromolecular structure. In addition, several monomers
including styrene, methacrylate and acrylate can be polymerized in a controlled
manner with this technique [52]. Since the controlled polymerization techniques are
not in the scope of this chapter, detailed synthetic descriptions will not be given as
they were extensively discussed in many polymer chemistry books. In this context,
self-assembly principles as well as the polymersome formation techniques from the
pre-formed polymers will be highlighted in the following parts.

Self-assembly Principles of amphiphilic block copolymers
The self-assembly of amphiphilic block copolymers may result in different mor-
phologies including planar bilayers, micelles and vesicles depending on the relative
size of hydrophilic to hydrophobic segments. The curvature of the hydrophobic-
hydrophilic interface is described by its mean (H) and Gaussian (K) curvature as
shown in Fig. 3.3 [53].
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Table 3.1 Packing parameter and hydrophilic fraction of different self-assemblies [56–58]

Shape of the assemblies Packing parameter (p) aHydrophilic fraction (ƒ)

Spherical micelle p < 1/3 f � 0.55−0.70

Cylindrical micelle 1/3 < p < 1/2 f � 0.45−0.55

Vesicle 1/2 < p < 1 f � 0.10−0.40

aHydrophilic fraction of the block copolymers either mass or volume ratios

In this regard, a model developed by Israelachvili et al. is used to define the shape
of the self-assembled structures by linking the curvature with the molecular packing
parameter (p) (2.1) where v denotes the hydrophobic volume, a is the interfacial area
and l represents the hydrophobic chain length [54]. By calculating the p values, the
resulting shape of the self-assembled structures can be predicted as seen in Table 3.1
[55].

p � v

al
� 1 − Hl +

Kl2

3
(3.1)

However, it should be noted that the packing parameter is defined by means of
geometrical aspects and therefore it is not adequate to fully explain the self-assembly
of amphiphilic block copolymers. The free energy of the system, which is the com-
bination of the interfacial energy of the hydrophobic-hydrophilic interface and the
entropy loss of the polymer chains during vesicle formation, have a considerable
effect on the resulting morphologies. In this manner, Disher and Eisenberg reported
another parameter known as mass or volume fraction of hydrophilic part of the block
copolymer (ƒ) to predict the morphology of the self-assembled structures (Table 3.1)
[56–58].

Apart from the above-mentioned parameters, several other factors can also influ-
ence the shape of the self-assembled block copolymers. For instance, the nature of
the solvent, temperature, amount of water in the medium and the presence of salts,

Fig. 3.3 Description of
amphiphile shape in terms of
molecular packing parameter
(p) and its relation to the to
the interfacial mean
curvature (H) and Gaussian
curvature (K) [53]
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acids or bases may also have an effect on the final morphologies [59]. It has been
reported that PS-PAA copolymer self-assembled into spheres when dimethylfor-
mamid (DMF) was used as the dissolution solvent, whereas vesicles can be obtained
in the case of tetrahydrofuran (THF) usage [60]. Another example is that the addition
of hydrochloric acid (HCl) to PS-PAA spheres led to a decrease in the volume of the
corona which resulted in a morphological change into rods and vesicles [61]. Thus,
self-assembly of the block copolymers should be always investigated by taking into
account all these factors in combination with the preparation method.

Formation Techniques
Numerous techniques exist for preparing polymersomes from the self-assembly of
amphiphilic block copolymers. These can be classified into five groups includ-
ing solvent-switch, film rehydration, electroformation, microfluidic technology and
direct dissolution like the pH switch method. The selection of the convenient method
is highly dependent on the copolymer structure and the application needs. It should
be also noted that the resulting polymersome size can be varied significantly from
nanometer to micrometer scale by using different techniques. Therefore, this is also
an essential criterion for choosing the most suitable preparation method.

The solvent-switch method, also termed as co-solvent method, is a common poly-
mersomepreparation technique for the block copolymers that are not soluble inwater.
The procedure requires an organic solvent such asTHF, chloroform, dichloromethane
or ethanol for dissolving all block copolymers which are then gradually mixed with
water under vigorous stirring. Subsequently, the organic phase is separated from the
mixture by using dialysis against water or ultrafiltration. During this procedure, the
hydrophobic blocks of the copolymer are assembled together in the aqueous solution
that form the membrane whereas the solvated hydrophilic blocks create the poly-
mersome corona [59, 62]. Although this technique is a simple way of polymersome
preparation, the use of organic solvent includes some drawbacks. For instance, the
variation of the solvent behavior during the prolonged dialysis period may affect the
morphology of the resulting self-assembled structures [63, 64]. In addition, using
fully water miscible solvents like acetone and THF led to smaller polymersomes
in comparison to the chloroform/water systems when biodegradable PEG-PDLLA
polymersomes were formed. A broad size distribution of the resulting polymersomes
within the range of 70 nm–50 μm was also reported which points out another draw-
back of this technique [65].

The film rehydration method starts with the dissolution of the block copolymers
in an organic solvent such as chloroform and ethanol. Then the solvent is evap-
orated under reduced pressure to form the polymeric film on a solid surface like
glass or roughened Teflon. Afterwards, the addition of the aqueous buffer solution
enables the hydration of the copolymer film and thus, the polymersomes are formed.
To support this process, gentle methods such as stirring, sonication or mechani-
cal agitation may be utilized [62]. This method is generally combined with an
extrusion step to obtain polymersomes with a narrow size distribution like it was
applied for poly(dimethylsiloxane)-block-poly(2-methyloxazoline) based polymer-
somes reported by Meier et al. [66].
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Electroformation is similar to the film hydration method which results in
micrometer-sized giant polymersomes. Therein, the copolymers are spread onto an
electrode surface followed by the addition of a buffer solution and finally the rehydra-
tion process is facilitated by applying the electric current [59]. The used electrodes
can be made of indium-tin oxide (ITO) coated glass plates [67], platinum wires [68]
or gold wires [69] which have been already applied to form liposomes or polymer-
somes.

The microfluidic technology is utilized recently to prepare polymersomes in a
controllable and reproducible way. This technique is based on two approaches
including the formation of a double emulsion template in microchannels [70, 71] or
the hydrodynamic flow-focusing in microfluidics [72, 73]. In the former approach,
the amphiphilic block copolymers are carried in an organic solvent which is then
removed in the case of double emulsion formation at the microchannels to pro-
duce the polymersomes. This way of production enables larger polymersomes in
the range of micrometer size. An example for the latter approach is the preparation
of poly-2-vinylpyridine-b-poly(ethylene oxide) based polymersomes in which the
block copolymers were dissolved in ethanol and flowed through the main chan-
nel of the microfluidic device. The side channel of the microfluidic device was
also filled with Millipore water that was flowing in the perpendicular direction
to the block copolymer side. Eventually, these two solutions mixed through dif-
fusion that led to the polymersomes with a controllable size range of 40 nm–2 μm
[72]. This result showed that the hydrodynamic-flow based microfluidic produc-
tion is a feasible preparation technique for nanometer-sized polymersomes as well.
However, Braun et al. have shown that there was no difference in the size distribu-
tion of pH sensitive poly(2-(methacryloyloxy) ethyl phosphorylcholine)-b-poly(2-
(diisopropylamino) ethyl methacrylate) based polymersomes formed either using
microfluidics or direct bulk production [73].

The direct dissolution method is carried out without the need of an
organic solvent. The block copolymers are directly self-assembled in water
or aqueous buffer solutions under vigorous stirring. For instance, the
poly(ε-caprolactone)-b-poly(2-aminoethyl-methacrylate) and poly(ε-caprolactone)-
b-poly[2-(methacryloyloxy)ethyl phosphorylcholine] based polymeromes have been
successfully prepared in pure water within this technique [74, 75]. In addition, the
self-assembly of pH-responsive block copolymers can be easily performed by adjust-
ing the pH of the corresponding polymer solution. The pH-sensitive groups such as
2-(diisopropylamino)ethyl methacrylate enables the direct dissolution of the copoly-
mer in an acidic water by means of protonation. This is followed by adding a base
to deprotonate the amino groups that triggers the self-assembly process for the poly-
mersome formation. Nano-sized polymersomes can be obtained using this technique
which is advantageous by being practical, clean and fast. Recently, this technique has
been widely used by Voit and coworkers to fabricate various photo-crosslinked and
functionalized polymersomes for applications in drug delivery [76, 77], biosensing
[78] and synthetic biology [79, 80].
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3.2.3 Dendrimers and Micelles

Dendrimers are prepared by two common routes known as divergent and convergent
methods. In the divergent method, the dendritic molecule is synthesized starting from
the core and is growth in a stepwise approach. PAMAM dendrimers reported by
Tomalia et al. [10] are a common example prepared by this method. Herein, ethylene
diamine (EDA) is used as a core which is followed by alkylation with methyl acry-
late through Michael addition and subsequent amidation of the created esters with
EDA to end up with the dendritic structures for the applications in gene therapy,
controlled drug delivery and in coating technology. In addition, another commer-
cially useful dendrimer as PPI dendrimers were also synthesized divergently by the
group of Mülhaupt [9] taking Vögtle’s work [8] as a basis. The second preparation
way of dendrimers, namely the convergent method is firstly shown by Frechet and
coworkers [81] to produce aromatic polyether dendrimers in which the formation is
established by synthesizing firstly the branches, which are later connected together
to the core focal point. Recently, more complex globular structures with an enhanced
biocompatibility and biodegradability are formed by making use of these base den-
drimers to form their sugar-decorated versions called glycodendrimers. Introduction
of oligosaccharide shells to the PAMAM, PPI, polyester, etc. dendrimers make these
particles efficient to be used as drug carriers and to take part in the fabrication of
diagnostic devices [82].

Micelle formation is directed by the design of block copolymer structures as
likely the polymersomes that is described in the previous section. When the required
hydrophilic-hydrophobic balance (Table 3.1) is achieved, the self-assembly process
ends up with the spherical micelles. Their formation is possible if the concentra-
tion of the amphiphilic block copolymers is above the critical micelle concentration
(CMC). Indeed, the preparation of polymeric micelles have common approaches
with the polymersomes that can be listed as film rehydration, direct dissolution and
solvent switch methods [5] in which the relevant technique is highly dependent on
the hydrophilicity of the self-assembling block copolymers.

3.3 Functional Nanocarriers for Applications
in Nanomedicine

Employment of nanocarriers inmedicine undoubtedly requires the design of nanopar-
ticle surface and the hosting cage with a controlled manner. It is very important how
nanoparticles interact with the biological medium surrounding them. The nature of
the particle surface is especially of primary importance that can be engineered by
the needs of the carrier system. In this context, a good nanocarrier for nanomedicine
must have various properties including (i) longevity in the bloodstream, (ii) specific
targeting to solely diseased regions of the patient, and (iii) controlled release of the
encapsulated payloads. The longevity in the bloodstream can be usually imparted by
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selection of the suitable size range (100–300 nm), colloidal stabilizations (surfactant
chemistry and/or crosslinking possibilities) to avoid the premature degradation as
well as minimizing the tissue irritation by PEGylation of the particle surface. To
achieve specific targeting, a common way is to functionalize the nanoparticle sur-
facewith recognitive ligands such as antibodies, peptides, folic acid, oligo (mannose)
molecules that are active only for certain cells [83]. On the other hand, the way for a
controlled release of the loaded payloads is to fabricate stimuli-responsive particles
[84, 85] that are sensitive to the variations in biological environments. This leads to
the physical or chemical structural changes of the nanoparticle such asmorphological
transitions, degradation and porous shell formation. By this, release of the payloads
can be performed when the target of interest is reached. Various external or internal
stimuli like pH, temperature, redox, light, and enzyme can be utilized for designing
such systems.

3.3.1 Stimuli-Responsive Nanocarriers

First of all, the payload should stay within the nanocapsules up to the point where
a release is desired. The release can be triggered by different stimuli which will be
discussed in the following:

pH-Responsive Stimulus
A change of the pH value can be used to trigger opening of the capsules due to
hydrophilicity changes or to cleavage. In the case of polyelectrolytes, the polymers
are charged at neutral pH value and by lowering the pH value, e.g. within cells
protonation, takes place. The charges vanish and therefore, the electrostatic repulsion
disappears leading to an opening of the gates with subsequent release of the cargo
[86, 87]. In a polypseudorotaxane–based gating system the cargo is released upon
protonation of a poly(ethylene-imine) at pH 5.5 [88]. For a release at pH values >7,
the ion-dipole interaction between bisammonium and cucurbit [6] uril can be used.
Whereas at pH 7 a supramolecular cap is formed, at pH 10, the bisammonium groups
become deprotonated and the cap is released together with the cargo [89].

Acid-labile linkers, such as esters [90], acetal groups [91, 92], or boronate esters
[93], can also be used as gating systems. Upon acidication, the chemical bonds break
up, the gates open and the payload can be released. Inorganic materials such as ZnO
are stable at pH 7.4, but dissolve under acid conditions (pH < 5.5) [94].

Temperature-Responsive
By increasing the temperature, chemical bonds such as azogroups [95], peroxides
[96], or loosely arranged complexes [97] can be used as degradable units. Another
possibility is to use the melting of the material, e.g. as reported in the case of paraffin
caps [98]. Some polymers exhibit a lower critical solution temperature and become
insoluble under heating, releasing their embedded cargo [99]. However even more
interesting is the use of the upper critical solution temperature, since at elevated tem-
peratures, the solubility of the polymer increases and allows a release of the payload.
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Very recently, a vesicle-forming polyphosphorester-based copolymer is reportedwith
an upper critical solution temperature [100].

For bioapplications, the temperature for the trigger should be in the physiological
range.Onlyvery locally, higher temperatures canbe inducedusingmagnetic nanopar-
ticles. Magnetic nanocrystals react to magnetic actuation and can heat up their local
environment. The magnetic nanoparticles can be accumulated in the region of inter-
est e.g., a tumor preferentially bymagnetic directing the nanoparticles to the tissue of
interest [95, 97, 99]. The heat leads to apoptosis of the surrounding cells. In a similar
way, the photothermal effect of metallic nanoparticles of e.g. gold nanoparticles can
also be used to locally generate heat and kill cells [93].

Light-Responsive
Photo-irradiation can lead to a switching of trans to cis conformation in molecules
and vice versa [101]. The induction of local heating by irradiation of metallic
nanoparticles (plasmons) converts irradiation into heat [93]. Mal et al. reported
photo-responsive coumarin derivatives grafted onto pores. A reversible intermolec-
ular dimerization of the coumarin derivatives took place upon irradiation; the pho-
tocleavage of the dimers leads to a release of the payload [102].

Redox-Responsive
Disulfide groups can be used as redox-responsive units. Disulfide bonds can be found
in proteins, defining their supramolecular structure [103–105]. These disulfide bonds
or tetrasulfide groups can also be incorporated in the shell of nanocapsules allowing
the opening of the gates and releasing the payload. Poly(vinlyferrocene)-based block
copolymers [106] or polyaniline as shell material [107] can also be applied for a
redox-responsive release of payloads from capsules. Another example is the use
of pseudorotaxanes formed of 1,5-dioxynaphthalene derivatives as gateposts and
cyclobis(paraquat-p-phenylene), a tetracation, as gate. On reduction of the gate to
bisradical di-cations the gates open and the content is released [108].

Enzyme-Responsive
Enzymes are able to disrupt disulfide bonds. Proteins can also be digested by
enzymes. In gating systems based on protein caps [109] or whole nanocontain-
ers based on proteins [110], the release is achieved by enzymatic degradation. As
degrading enzyme, trypsin is often described as a model system [109, 110]. Other
enzymes presented in literature are, for instance, amidase and urease [111].

Apart from that, enzyme responsive nanocarriers were developed. They are dye-
containing peptide-based capsules that are cleaved by the enzyme hepsin [32, 112],
which occurs exclusively in prostate cancer cells, and then release the dye. This
enables the prostate cancer to be easily diagnosed. In addition, it is possible to employ
enzyme responsive capsules to fight against bacteria in bandages. For instance, cap-
sules based on hyaluronic acid can be designed that are broken by an enzyme pro-
duced by many bacteria called hyaluronidase [113]. The capsules not only release a
warning stain, but simultaneously an active agent that combats the bacteria as soon
as they appear.
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3.3.2 Functionalization of Nanocarriers

Nanocarrier functionalization is useful to develop active targeting via specific
receptor-ligand interaction for enhanced therapeutic efficiency as well as a diag-
nostic ability for especially drug delivery purposes. Although the functionalization
methods can differ depending on the nanocarrier structure, the common approach
for all carriers is to add some biologically useful reactive groups through covalent or
noncovalentways. Common linker groups for further functionalizationwith targeting
ligands are amine moieties, azido groups or alkyne groups to favor esterification and
click chemistries. Besides, non-covalent conjugations including biotin-streptavidin
binding [114, 115], and adamantane-cyclodextrin binding [76, 116] are also another
way of further modification steps.

For instance, Voit and coworkers showed azido and adamantane functionalized pH
sensitive polymersomes [76] that can be linked to the cleavable photoactive species
and/or onto cyclodextrin modified solid surfaces [78] as well as to the glycoden-
drimers [116] by use of click chemistry and non-covalent conjugations.

Landfester and coworkers also showed various examples of nanoparticle function-
alization. One example is the amino and carboxyl decorated polystyrene nanoparti-
cles fabricated through miniemulsion polymerizations of styrene with 2-aminoethyl
methacrylate hydrochloride (AEMH) or acrylic acid (AA) [117]. The amino groups
onpolystyreneparticleswere also utilized tomodify the surface bymaleimidebearing
polymers to understand the correlation between hydrophilicity and stealth properties
of polyphosphoester-coated nanocarriers [118] Additionally, folic acid [119] and
mannose [120] functionalized HES nanocapsules for targeted cell uptake has been
also reported.

Another interesting way of particle functionalization is to make use of surfac-
tants that are utilized for colloidal stabilization. By this, it is possible to add reactive
groups or physical functions to stabilizers first then to the particle surface. surfac-
tantswith polymerizable groups, bioactive surfactants comprising polysaccharides or
amino acids, and stimuli-responsive surfactants that are sensitive to triggers like pH,
temperature, or redox are considered as ‘functional surfactants’ favored in particle
modification [121].

3.4 Characterization of Nanocarriers

The important parameters that define the characteristics of nanocarriers are their size,
shape, surface charge, stability and the mechanical strength. Besides, the encapsu-
lation and release behavior of the loaded cargos needs to be tracked to apply these
colloidal dispersions as nanocarriers. In this context, several characterization tools
including light scattering methods, imaging techniques and spectroscopic methods
are available to monitor such parameters. The selection of the relevant characteriza-
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tion tool is highly dependent on the physicochemical properties of the particles that
are highlighted in below.

Light Scattering Methods
Light scattering methods are mainly used to gain information about the average
size and structural information of the nanocarriers in colloid science. Among the
available methods, dynamic light scattering (DLS) and static light scattering (SLS)
are the commonly applied techniques that utilizes the laser illumination of a sample.

Dynamic light scattering (DLS) is relying on the measurement of translational
diffusion coefficient which is then related to the size by using relevant theoretical
relations. In brief, the nanoparticles dispersed in a liquid are illuminated by a laser
source and use of photodetector enables to detect the fluctuations of the scattered
light at a fixed angle which reflects the Brownian motion of the particles. In order to
obtain a meaningful information from the collected signal, the correlation function
is computed by using an autocorrelator which is shown in below along with the
exponential fitting expression (3.2). To have a more comprehensive information on
size distribution of particles, multi-angle measurements can also be performed.

G(τ ) �< I (t) · I (t + τ ) >� A[1 + B exp(−2Dq2τ )] (3.2)

In the above equation, I is the scattering intensity, t is the initial time, τ represents
the delay time, A is the intercept and B is the baseline of the correlation function.
Additionally,D represents the diffusion coefficient, an important parameter to define
the size. The scattering vector (q) is also included in this equation and it is defined
by the following relation where n is the refractive index of the medium, � is the
scattering angle and λ0 is the wavelength of the laser (3.3).

q � (4πη/λ0) sin (θ/2) (3.3)

By following this, a common theoretical approach named as Cumulants analysis
is used to determine the mean size and polydispersity index of the particles. The
principle of this analysis is basically fitting a single exponential to the correlation
function to compute the diffusion coefficient (D) from (3.2) which is then related
to the radius of diffusing particles by Stokes Einstein equation where RH is the z-
average hydrodynamic radius, T is temperature, kB is the Boltzmann constant and η

is the viscosity of the solvent [122–124].

D � kBT

6πηRH
(3.4)

Static light scattering (SLS) measures the absolute intensity of the scattered light
from the particles as a function of the scattering angle when a laser beam illuminates
them. By this technique, it is possible to determine weight averaged molar mass,
aggregationnumber, radius of gyrationnumber, shape andparticle interactionswithin
each other andwith the liquid phase that are dispersed in. Themolecular weight (Mw)
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is related to light scattering through the following Rayleigh equation (3.5) where c
is the sample concentration, 8 is the scattering angle, Rθ is the Rayleigh ratio, K
is an optical constant (3.6) and A2 is the second virial coefficient that defines the
interactions between particles. In addition, the Pθ term relates the radius of gyration
(Rg) to the fundamental Rayleigh theory (3.7)

Kc

Rθ

� (
1

Mw
+ 2A2c)

1

Pθ

(3.5)

K � 4π2

λ4NA
(n
dn

dc
)2 (3.6)

1
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16π2n2R2

g

3λ2
sin2(

θ

2
) (3.7)

where λ � laser wavelength, NA � Avagadro’s constant, n � refractive index of the
solvent and dn/dc � refractive index increment of the sample.

Once themeasured data obtained fromSLS system, the desired information can be
calculated by simplifying the above mentioned equations through special analysis
such as Zimm plot or Guinier plot. For instance, plot of Kc/R8 to sin2(8/2) is the
widely used Guinier plot where the slope and intercept helps to calculate the radius
of gyration (Rg) and the molecular weight respectively. This also enables to define
the shape of the particles in which the Rg can be related with the hydrodynamic
radius (Rh) obtained from DLS and the ratio of these two values (Rg/Rh) describes
the ρ-ratio that shows the geometry of the particles. For example, the ρ—ratio is 1
for a hollow sphere whereas 1.505 for a random polymer coil [125].
Imaging Techniques
Imaging techniques such as electron microscopy, atomic force microscopy and opti-
calmicroscopy arewidely used to determinemorphology, shape, size andmechanical
properties of the investigated nanocarriers. The selection of the appropriate method
depends highly on the technical constraints. For instance, optical microscopes that
employs light to magnify small objects have a lesser resolution than the electron
microscopes, which differs the applicability a lot. To explain this more in detail, one
should recall the mathematical expression called Abbe’s equation (3.8)

d � 0.6λ

sin α
(3.8)

that describes the resolution of a microscope in a perfect optical system. Herein, d
is the resolution, λ is the wavelength and α is the aperture angle. For optical micro-
scopes containing ideal lenses, the resolution (d) can be 200 nm whereas for an
electron microscope it is possible to decrease the wavelength several orders of mag-
nitude leading to a decreased resolution of about 0.3 nm [126]. Thus, standard optical
microscopes are more convenient for the particles in micron size range although the
recently developed advanced methods like super-resolved fluorescence microscopy
[127] enables the nano-scale visualization. In addition, use of conventional fluo-
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rescent microcopy or confocal laser scanning microscopy that are in the family of
optical microscopes are very useful in imaging fluorescently tagged nanocarriers. By
this way, cell uptake behavior of the nanoparticles can be easily tracked.

Electronmicroscopy techniques include twomajormethods: transmission electron
microscopy (TEM) and scanning electron microscopy (SEM). As already described
above, the resolution of this type of microscopy technique fits very well with the
nano-scaled nanocarriers. Both of them enables the direct observation of size, size
distribution, morphology and shape of the nanocarriers. The main principle is the
illumination of the sample by electron beams that are transmitted or scattered through
the sample in TEM and SEM operation respectively. Both techniques are comple-
mentary to each other, but also include some differences for the nanoparticle char-
acterization. TEM provides 2D projection of the nanoparticle image whereas SEM
gives 3D images that is practical when surface characteristics of the nanoparticles
needs to be lightened. In this context, SEM is stronger in topographic visualization
of the nanocarriers. On the other hand, the resolution and magnification level of
TEM (down to 0.2 nm) is much higher than the SEM which is advantageous for
tracking smaller nanoparticles in the atomic level. TEM is also more powerful when
the internal structure needs to be characterized which can give information about the
crystallinity or amorphous properties as well as the magnetic domains of the parti-
cles. It is also noteworthy to point that electron microscopy visualization requires
the nanoparticles spread on a thin solid layer under vacuum. This can be achieved by
different specimen preparation methods but all needs simply drying of the nanoparti-
cles that leads to artifacts. In addition, electron beams and observation under vacuum
can damage sensitive polymers during the operation. Therefore, special care has to
be done for the specimen preparation and data interpretation although both ways of
electron microscopy are very convenient tools for nanoparticle imaging.

Atomic force microscopy (AFM) is another tool for characterizing the topogra-
phy of the nanoparticles. However, more importantly, AFM can provide informa-
tion about the mechanical properties of the colloidal systems as differently than
the other microscopy techniques. Various types of nanoparticles including polymer-
somes [78, 128], liposomes [129], micelles [130], and polyelectroclyte multilayer
capsules [131], are monitored by AFM to understand their mechanical properties.

The precondition forAFManalysis is to fix the nanoparticles onto convenient solid
substrate. Basically, this technique allows to measure the interactions between the
sample and the sharp tip attached to the cantilever in which the surface is scanned
by moving either the tip or the sample. Figure 3.4 shows the components of an
AFM when the sample is stationary and the tip is moved over the surface with the
aid of a connected piezo scanner. The topography of the sample surface leads to a
deflection of the cantilever which is detected through the reflected laser light onto a
split photodiode. The converted electrical signal is evaluated by a feedback control
system through a given set point. The tapping and non-contact mode of AFM enables
a constant cantilever vibration amplitude whereas in contact mode, the cantilever
deflection is maintained by moving the piezo scanner at the vertical position. The
data at each (x, y) position for any chosen modes of AFM are then stored by the
computer software to obtain a three-dimensional surface topography. This operation
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Fig. 3.4 Scheme of the atomic force microscopy setup (a) and ideal force-distance curves (b) of
AFM. Adapted from Leggett et al. [133] and Averett et al. [138]

can take place in both ambient and liquid environments. For the latter case, special
cantilever holders are available which is very advantageous to image the nanocarriers
under liquid phase to avoid the artifacts caused by drying [132, 133].

Among the different AFM modes, tapping mode or more advanced technologies
such as peak force tapping mode are widely used for relatively soft nanoparticles
due to the lower applied forces on the sample. By this way, possible deformation
during the tip interaction is kept to a minimum. As mentioned earlier, the mechan-
ical properties can be also probed within AFM through individual force curves by
monitoring approaching, contacting and withdrawal of tip from the sample surface.
In this regard, the measured cantilever deflection versus piezo scanner extension is
converted into the force versus tip-sample separation curves [134, 135]. A basic idea
of this operation can be seen in Fig. 3.4 in which different analytical models such as
Hertz [136] or Reissner Thin Shell Theory [137] are used to evaluate the measured
data for acquiring elastic modulus values.
Other Methods
In addition to the characterizations about size, shape, morphology and mechanical
strength of the nanoparticles, various methods exist to determine other colloidal
and structural characteristics of nanocarriers. Here, the most widely used ones are
highlighted.

One essential information about nanocarriers is undoubtedly monitoring the
charge of the particles that gives insight both stability and potential interactions
with the surroundings. In this regards, zeta potential is a common method for ana-
lyzing the particle’s charge and colloidal stability. The theoretical background of this
technique is based on the particle’s interactions with the surrounding liquid phase.
The net charge of the particle surface in liquid leads to a change in the distribution of
ions covering it. Firstly, the counter ions from the solution is adsorbed on the particle
surface to form the “Stern layer”. Then “diffusive layer” is formed by covering the
Stern layer that consists of the loosely associated ions. Due to an applied electrical
field, some ions in diffusive layer move with the particles in the direction of the oppo-
sitely charged electrode. However, some ions keep their stationary condition and do
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not move at a certain distance from the particle. This boundary layer is known as the
slipping plane in which the electrical potential in this region is described as “zeta
potential”. The determination of the zeta potential is performed by measuring the
electrophoretic mobility of the particles in a capillary cell containing two electrodes.
In brief, an electrical field is applied to the electrodes and the charged particles move
towards the oppositely charged electrodewith a velocity known as the electrophoretic
mobility (UE) which is then related to the zeta potential (ζ ) by the Henry equation
shown in below. Herein, the parameters like viscosity (η) and dielectric constant
(ε) is already known whereas the Henry’s function, f (κa), is assumed as 1.5 for
the aqueous solutions of moderate electrolyte concentration. This is known as the
Smoluchowski approximation which is commonly used for nanoparticles [139]. As
can be inferred, information about zeta potential is also important for pH responsive
nanocarriers where charge of the particles is highly dependent on the working pH
value.

UE � 2 ε ζ f (κa)

3η
(3.9)

Spectroscopic methods such as ultraviolet visible spectroscopy (UV-Vis) and flu-
orescence spectroscopy are other efficient tools for monitoring the encapsulation
and release behavior of the nanocarriers when they are tagged with fluorescent or
light absorbing compounds. For instance, the encapsulation and further release of a
light absorbing cargo such as doxorubicin molecules [140] or enzymatic reactions
within the polymersomes [80] can be monitored easily by using these techniques.
Indeed, they are also useful naturally for light-responsive particles which can be
simply tracked through the chromophore or fluorophore in their structure.

It is also worth tomentioning that the conventional polymer characterization tech-
niques such as nuclear magnetic resonance (NMR), infrared spectroscopy (IR) and
size exclusion chromotagrophy (SEC) are also commonly used in the nanoparticle
field to perform structural analysis. By this way, it is possible to define the poly-
meric characteristics like the molecular weight, polydispersity as well as the func-
tional groups placed on the polymer backbone. In addition, thermoanalyticalmethods
including thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) are also favored for defining the temperature-dependent decay or the crys-
tallinity of the polymer that forms the nanoparticles.
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Chapter 4
Stability of Nanoparticle Dispersions
and Particle Agglomeration

Kateryna Loza, Matthias Epple and Michael Maskos

Abstract The stability of colloids is an important issue of colloid-based processes
and formulations. Due to the large specific surface area, particles have a low thermo-
dynamic stability and tend to agglomerate over time. Furthermore, the physicochem-
ical properties of nanomaterials depend on the size, morphology, and surface state of
the system, therefore in-depth characterization techniques are essential to predict the
degree of variation in properties. In this chapter, the colloidal stability of nanoparticle
dispersions as well as the basic stabilization mechanisms will be discussed both at
the theoretical and at the experimental level. Relevant characterization methods will
be presented and illustrated with suitable examples, including their limitations.

4.1 Introduction

The term “colloid” was introduced by Graham, “the founder of colloid chemistry”,
in 1861, from Greek meaning glue-like [1]. The word “colloidal” refers to disperse
systems of distributed molecules or particles in a continuous medium. Thus, on
the physical-chemical level colloids are between the molecular dimensions of real
solutions and macroscopic dimensions of heterogeneous mixtures [2]. The basics of
colloid science were established by Francesco Selmi in 1845. He studied the aggre-
gation of pseudo-solutions of silver iodide and sulphur in water [3]. In 1857,Michael
Faraday reported the experimental relationship of gold colloid and light (today known
as surface plasmon resonance) [4]. Current definitions of colloids describe the par-
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Table 4.1 Examples of colloidal systems [7]

Dispersed phase Continuous phase Common name Examples

Liquid Gas Liquid aerosol Fog

Solid Gas Solid aerosol Smoke

Gas Liquid Foam Whipped cream

Liquid Liquid Emulsion Mayonnaise

Solid Liquid Sol Paint

Gas Solid Solid foam Marshmallow

Liquid Solid Solid emulsion Opal

Solid Solid Solid sol Some alloys

ticles in the dispersed phase in the range of 1 nm–1 μm or 1 nm–500 nm [5]. The
International Union of Pure and Applied Chemistry (IUPAC) defines nanoparticles
as “microscopic particle whose size is measured in nanometers, often restricted to
so-called nanosized particles (<100 nm in aerodynamic diameter), also called ultra-
fine particles” [6]. Colloids are combinations of two ormore components. In biphasic
systems, the dispersed phase and the dispersionmedium (continuous phase) can exist
in numerous combinations. The particles of the dispersed phase can occur as droplets
or bubbles (spheres) (diameter d). Solid particles can also be present as rods, cubes,
plates. Some examples are listed in Table 4.1.

In real cases, the system may be considerably more complex because all phases
(dispersed or continuous) may be multi-component.

This chapter discusses the colloidal stability of nanoparticle dispersions at the
theoretical and at the experimental level. The relevant characterization methods will
be presented and illustrated with suitable examples, including their limitations.

4.2 Stability of Colloids

In many practical cases, the stability of colloids is an important issue of colloid-
based processes and formulations. Due to the large specific surface area, particles
have a lower thermodynamic stability and tend to agglomerate over time because the
free surface energy is higher in comparison to a system with larger particles. This
results in a separation of the dispersed phase from the continuous phase. Figure 4.1
shows models that are able to describe the evolution and transport processes of
nanoparticles (“particokinetics”) [8]. In terms of biological response for the fields of
pharmacology and toxicology, particle sedimentation, diffusion and agglomeration as
related to their size, density, and surface properties strongly affect the dose-response
concept [9].

In the case of a diluted system, i.e. with particles acting as individual objects,
the particles are subject to different forces. The Earth’s gravitation field forces the
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Fig. 4.1 Schematic representation of the various processes nanoparticles are subject to in the
aquatic environment (Reproduced from Markus et al. [8] © 2014 Elsevier B.V.) [8]

particles to sediment if the dispersingmedium has a lower density. The sedimentation
velocity can be estimated with the equation of Stokes drag with gravitational force:

vs � 2

9

�ρga2

η0
(1.1)

where vs is the sedimentation velocity, �ρ is the difference of densities, g is the
gravitational constant, a is the particle radius, and η0 is the medium viscosity. There-
fore, larger particles have a greater tendency for sedimentation [10]. It was shown
that barium sulphate microparticles (1.3 μm) fully sediment during 8 min, sub-
microparticles (420 nm) need about 100 min, and nanoparticles (70 nm) need more
than 60 h. Aggregates will of course sediment faster [11, 12].

Brownian motion (inertial forces from the solvent molecules) can be described in
terms of the diffusion coefficient (D) of the particles:

D � kT

6πηa
(1.2)

where k is the Boltzmann constant, T is the absolute temperature, η is the solvent
viscosity and a is the particle radius [11]. This means that particokinetics for non-
interacting spherical particles depend on the media viscosity and the particle dimen-
sion [12]. For definition of the nanoparticle dose in an in vitro system, the dynamics
in liquids can be approached by describing both diffusion and gravitational settling
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[13]. The transport of particles smaller than about 10 nm is principally controlled by
diffusion.

A deviation of the colloid properties can be caused by shear forces. However, it
is usually not visible for the particles themselves, but by the macroscopic properties
of the whole system. For dilute dispersions of spherical particles, the shear viscosity
(η) depends on the particle volume fraction (ϕ):

η � η0(1 + 2.5ϕ) (1.3)

Due to fluidic stimulation, the shear stress can affect an intracellular uptake of
nanoparticles during drug delivery. Thus, a dynamic physical environment exerting
forces on cells in vivo can cause a difference between the in vitro and in vivo cellular
distribution of drugs and nanoparticles [14, 15].

The colloidal stability in terms of inter-particle forces (van der Waals attraction,
double-layer repulsion and steric interaction) was described on the fundamental level
by Deryaguin and Landau [16], and Verwey and Overbeek [17] (DLVO theory).
This model of the stability of charge-stabilized particulate dispersions considers the
balance of forces acting between interfaces and explains the particle deposition to
planar substrates. It assumes that the surface charge can originate from contact with
the electrolyte. Van derWaals forces are the attractive forces, and electrostatic forces
act as repulsive forces. The van der Waals energy of attraction (GA) between two
equal particles, each of radius R, at a distance h is given by

GA � − A11

6

[
2

s2 − 4
+

2

s2
+ ln

(
s2 − 4

s2

)]
(1.4)

where s � (2R + h)/R and A11 the Hamaker constant (function of electronic polariz-
ability and the density of the material).

Neutral particles can become charged in contact with an electrolyte. Helmholtz’s
model describes a rigid layer of solvated ions that carry a counter charge to its surface
[18]. Stern, Gouy, andChapman suggested a bilayer of counter ions adsorbed directly
on the particle surface, as well as a diffuse layer of solvated ions that extends beyond
the rigid layer over several molecular layers [19, 20]. Due to thermal movements of
the ions and solvent molecules in the dispersion medium, the diffuse layer creates a
charge balance between the dispersion medium and the rigid layer (Fig. 4.2).

The Stern layer is formed by counter ions attracted to the particle surface and
attached by the electrostatic force. A diffuse layer appears as a film of the dispersion
medium next to the particle. The diffuse layer contains free ions with a higher con-
centration of counter ions. The electrical potential within the electric double layer
has its maximum on the particle surface (Stern layer). The dimension of the double
layer (thickness) depends on the electrolyte concentration and valency of the ions. It
can be described by the reciprocal Debye-Hückel parameter:

1

k
�

(
ε0εrkT

2n0Z2e2

)1/ 2
(1.5)
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Fig. 4.2 Schematic
representation of electrical
double layer

where εr is the relative permittivity, ε0 is the permittivity of free space, k is the
Boltzmann constant, T is the absolute temperature, n0 is the number of ions of each
type present in the bulk phase, Z is the valency of the ions and e is the electronic
charge. Repulsion occurs if two particles with an extended double layer approach a
separation distance (double-layer overlap). The electrostatic energy of repulsion Gel

with the potential ψd can be expressed as:

Gel � 4πε0εr R2ψ2
d exp(−kh)

2R + h
(1.6)

Equation 1.6 shows that the electrostatic energy of repulsion decays exponentially
when the distance between the particles increases. The rate of decrease is affected
by the electrolyte concentration and the valence of the ions [21].

The DLVO theory describes the total energy of interaction GT between two par-
ticles by the sum of Gel and GA at each distance value.

Figure 4.3 shows the energy–distance curve for electrostatically stabilized sys-
tems. The stability of the dispersion can be estimated from the energy of the local
maximum. From the energetic point of view, reversible agglomeration may occur
in the secondary minimum. If the energy barrier is exceeded (domination of the
attractive van der Waals forces), the particles coagulate irreversibly into the primary
energy minimum. An increase of charge density on the particle surface leads to a
potential increase of the energy barrier and favours a reversible flocculation over the
irreversible aggregation in the secondary energy minimum [22].
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Fig. 4.3 Energy–distance curve for electrostatically stabilized systems according to the DLVO
theory

Another aspect of colloidal stability is associated with the imbalance of the inter-
molecular forces near an interface [11]. In 1896, Ostwald described the dissolution of
small particles and the reorganization of the dissolved species on the surfaces of larger
particles [23]. This phenomenon is explained by decrease of the chemical potential
of the molecules constituting the particles with increasing size. Therefore, particles
tend to grow at the expense of smaller particles, if some solubility of these molecules
is provided [24]. Figure 4.4 shows electron microscopic studies of a nanoparticle
system. The fraction of small sacrificial nanocrystals decreases slowly, leading to
the development of octahedral nanoparticles [25].

4.3 Stabilization Effects

Many attempts were devoted to access a rational manufacturing of particles at the
nanoscale with desired electronic, catalytic, optical, and biological properties. How-
ever, after the preparation, nanoparticles are often exposed to a liquid phase before
processing into a final formulation or device. Therefore, a long-term stability of
colloids must be ensured. To prevent colloidal systems from changing, they can be
improved by steric stabilization or electrosteric stabilization.
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Fig. 4.4 TEM images of palladium octahedra obtained after ripening for different periods of time:
a 6 h, b 24 h, c 48 h, and d 72 h (Reproduced with permission from (Z. Zhang, Z. Wang, S. He, C.
Wang, M. Jin and Y. Yin, Chem. Sci., 2015, 6, 5197 Published by The Royal Society of Chemistry)

4.3.1 Electrostatic Stabilization

Electrostatic (or charge-induced) stabilization can be controlled by variation of the
chemical environment (e.g. pH, salt concentration, ion type) or by introducing a
surface charge from adsorbing molecules or ions. The basic mechanisms are ion
adsorption, ionization of surface groups, ion dissolution, and ion substitution. Parti-
cles can be functionalized with appropriate chemical compounds that carry a positive
or negative charge. In the case of the reduction of tetrachloroauric acid in an aqueous
medium, the reducing agent (e.g. citrate or tannine) simultaneously serves as elec-
trostatic stabilizers, providing a negative charge by citrate and tannine molecules
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Fig. 4.5 Effect of different electrolytes (NaCl, Na2SO4, MgCl2, and MgSO4) on a average aggre-
gate size, DH and b zeta potential, ZP, of fullerene C60 NPs as a function of pH (Reproduced
with permission from B. Mukherjee; J. W. Weaver; Environ. Sci. Technol. 2010, 44, 3332–3338
Copyright © 2010 American Chemical Society) [28]

[26]. Furthermore, the ionization in aqueous solutions can be controlled by the pH.
For example, metal oxides may become charged because of the protonation or the
deprotonation of surface groups [27, 28]. When a material cannot be ionized, ionic
surfactants may be added to produce charge stabilized suspensions. For example,
fullerenes can be colloidally stabilized by introduction of an anionic surfactant [28].
Mukherjee et al. showed that multivalent counter-ions can strongly influence the
surface charge properties of C60 NPs at higher pH, and even at low concentration
can cause charge inversion (Fig. 4.5).

An uneven dissolution of ionic solids can also lead to an electrostatic stabilization
and formation of charged colloids. Silver halides are a prominent example from
photochemistry. Sparingly soluble silver iodide becomes charged in the presence of
an excess of either iodine or silver ions. This phenomenon is used for the titration
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of silver and halide ions with organic dyes [29]. Another electrostatic stabilization
effect is based on isomorphous substitution. This is possible due to the replacement of
one atom by another of similar size in a crystal lattice. For example, clays (naturally
occurring colloidal particles) become charged as result of the substitution of Si4+ by
Al3+ in the tetrahedral layers [11, 30].

4.3.2 Steric and Electrosteric Stabilization

The stability of colloids in terms of the electrostatic stabilization was discussed in
Sect. 4.3.1. However, electrostatic stabilization is not always successful or robust
due to some limitations like the use of a polar solvent or an increased electrolyte
concentration (ion strength). The situation can be improved by introducing a steric
stabilization. A steric stabilization can be realized by surfactant (polymer) adsorption
or attachment onto the particle surface. If two particles covered with a polymer layer
approach each other, the polymer chains are forced to overlap or to undergo some
compression [21]. A strong repulsion will be caused by local increase in segment
density due to change in the osmotic pressure and the configurational entropy of the
chains in the interaction zone.Anon-adsorbing (unanchored) polymer can be used for
depletion stabilization of colloids, creating repulsive forces between the approach-

Fig. 4.6 Schematic representation of depletion stabilization of colloids
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ing particles [2, 11]. However, depletion phenomenon is also used for flocculation
of colloidal particles (i.e., the suspension forms flocs or flakes) by polymers in the
dispersion [31]. Increasing concentration of the depletant (e.g., polymers, polyelec-
trolytes, small or non-spherical particles) causes higher order structural interactions
between the particles [32, 33]. Figure 4.6 shows schematic representation of steric
stabilization (upper particles) and depletion (lower particles).

Strong repulsions can be realized when stability criteria for steric stabilization
(high surface coverage, strong adsorption, rational use of solvent, and low free poly-
mer concentration with polymers) are met.

If polyelectrolytes (carrying a charge) are used, a synergetic effect of electrostatic
and steric stabilization can be achieved. Due to their pH sensitivity (charge by pro-
tonation or deprotonation), the charge contribution to particle stabilization becomes
highly dependent on the solution environment [11, 34].

4.4 Possibilities and Limitations of Analytical Methods
to Analyze Nanoparticle Dispersions

As defined previously, colloids are larger than small molecules, but too small to be
seen with a conventional optical microscope. Typical dimensions range from 1 nm to
1 μm. The high specific surface area and surface-to-volume ratio lead to an increas-
ing demand for different applications like energy storage, pharmaceuticals, life sci-
ence applications, optoelectronics, sensing, and heterogeneous catalysis. Because the
physicochemical properties of nanomaterials depend on size, morphology, and sur-
face state of the system, in-depth characterization techniques are essential to predict
the degree of variation in properties.

A classical example of a colloidal dispersion is milk. Its white turbid appearance
results from the ability of colloids to scatter light. Scattering techniques have been
used for over 150 years to determine particle sizes. In the dispersion medium, par-
ticles move randomly in accordance with the Brownian motion. Upon irradiation,
light will be scattered by the colloidal particles. Depending on the position of the
individual scatterer, constructive and destructive interference will occur. This leads
to time-dependent fluctuations in the scattered light intensity which can be measured
by a detector. From the correlation of time and light intensity, an auto-correlation
function can be determined [35]. By functional analysis, the diffusion coefficient of
the particles can be investigated. If temperature and solvent viscosity are known, the
hydrodynamic diameter can be estimated from the Stokes-Einstein equation:

Dt � T kB
3πηd

(1.7)

whereDt is the particle diffusion coefficient, T is the temperature, kB is Boltzmann’s
constant, η is the solvent viscosity, and d is the hydrodynamic diameter [31]. Further
details can be found in [36].
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Fig. 4.7 Nanoparticle tracking analysis results of AgCl nanoparticles, formed after the addition
of 10 μg mL−1 Ag+ (10 ppm) to RPMI/10% FCS. Left: NTA image of diffusing AgCl particles;
right: particle size distribution (by number) from NTA (Reproduced from K. Loza, C. Sengstock, S.
Chernousova, M. Köller and M. Epple, RSC Adv., 2014, 4, 35290, Published by The Royal Society
of Chemistry)

Particles in liquids can be visualized and analysed by nanoparticle tracking anal-
ysis (NTA) [37]. This system is based on the relationship of Brownian motion to
particle size as well. Using a microscope, particles moving under Brownian motion
can be detected. By image analysis, the average distance travelled by each parti-
cle can be determined [38]. The hydrodynamic radius can be calculated with the
Stokes–Einstein equation as well. Figure 4.7 shows a nanoparticle tracking analysis
of nanoparticles in cell culture medium [39].

Not only diffusion, but also the sedimentation of particles in a fluid can be uti-
lized to determine the particle size distribution of dispersed systems. Differential
centrifugal sedimentation (DCS) measures the time that particles with unknown size
but known density need to travel a known distance by given viscosity and density.
The sedimentation typically occurs during centrifugation [40]. Since the sedimenta-
tion time is proportional to the square of the particle diameter, DCS has a very high
resolution. This also allows the detection of very small or polydisperse particles [41,
42].

Typical colloids are not suitable for characterization by conventional optical
microscopes due to their small size because the resolution limit in light microscopy
is about 200 nm (diffraction limit by Abbé). In contrast, modern advanced electron
microscopy allows spatial resolution down to 50 pm (5 · 10−11 m) [43]. Electrons and
not photons are used for imaging and spectroscopy. A scanning electron microscope
(SEM) produces images of a sample by scanning it with a focused beam of electrons.
The topography of the sample surface (edges are bright, recesses are dark) results
from secondary electron signal. Backscattered electrons consist of high-energy elec-
trons that are back-scattered by elastic interactions with sample atoms. This signal
is typically used to detect a contrast between areas with different chemical com-
positions, because heavy elements backscatter electrons more strongly than light
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Fig. 4.8 Scanning electron micrograph of closely packed latex nanoparticles

Fig. 4.9 Transmission electron micrograph of PVP-stabilized silver-gold nanoparticles (Repro-
duced from the dissertation of S. Ristig, University of Duisburg-Essen, 2014)
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elements [44]. Figure 4.8 shows scanning electron micrographs (secondary electron
signal) of closely packed latex nanoparticles.

Transmission electron microscopy (TEM) is a microscopic technique in which a
beam of electrons is transmitted through an ultra-thin specimen, interacting with the
specimen as it passes through. An image is obtained by interaction (absorption and
diffraction) of electrons transmitted through the specimen [45]. Figure 4.9 shows a
transmission electron microscopy image of PVP-stabilized silver-gold nanoparticles
[46]. Suspensions of small particles can be dried directly onto grids for examination
in the SEM and TEM. By analyzing statically relevant number of objects, particle
size distributions can be computed.

The characterization of nanoparticles that are still in dispersion is not as trivial as
it may appear. There is a variety of methods that detects a nanoparticle typically as
core–shell complex with adsorbed molecules and the hydration layer [47]. Ligand-
decorated nanoparticles analysed by hydrodynamic techniques (DLS, NTA) will
always show the hydrodynamic radius [47–49]. Nevertheless, the scattering power

Table 4.2 Summary of the results obtained by the different methods for silver nanoparticles (70
nm), gold nanoparticles (15 nm), and the 1:1 mixture of both (Reproduced with the permission
from D. Mahl et al., Colloids and Surfaces A: Physicochem. Eng. Aspects 377 (2011) 386–392,
Copyright © 2011 Elsevier B.V.)

Method Diameter Ag nanopar-
ticles

Au nanopar-
ticles

1:1 mixture of Ag and Au
nanoparticles

SEM By number 70 ± 19 nm 13 nm 72–97 nm (Ag; 5% by number);
12 nm (Au; 95% by number)

TEM By number 18–72 nm 15 ± 1.5 nm 43–112 nm (Ag; 7% by number);
13 nm (Au; 93% by number)

DLS By number 63 ± 21 nm 22 ± 7 nm 55 ± 20 nm

By intensity 124 ±
50 nm

52 ± 23 nm 121 ± 48 nm

By volume 94 ± 47 nm 30 ± 13 nm 86 ± 41 nm

z-average 102 nm 42 nm 121 nm

Zeta
potential

−36 ±
2 mV

−57 ±
7 mV

−34 ± 1 mV

Polydispersity
index (PDI)

0.173 0.207 0.171

Nanoparticle
tracking
analysis

By number 95 ± 36 nm 57 ± 28 nm 87 ± 45 nm (average)

Analytical
disc cen-
trifugation

By number 40 ± 19 nm 11 ± 3 nm

By weight 48 ± 23 nm 13 ± 3 nm 34 ± 16 nm (Ag; 66% by
volume); 13 ± 3 nm (Au; 34% by
volume)

By surface 43 ± 20 nm 12 ± 3 nm

Theoretical
data

By number 15 nm 70 nm Ag: 1.8%; Au: 98.2%

By volume 15 nm 70 nm Ag: 65%; Au: 35%
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of dispersed particles increases with the 6th power of the particle diameter. In case
of a heterogeneous sample (e.g. when agglomerates are present) this will cause an
underestimation of the fraction of small particles and sometimes renders the analysis
impossible [49].

Mahl et al. studied the limitations of the detection systems by analysing a known
mixture of silver and gold nanoparticles with different methods. The results are
summarized in Table 4.2. Dynamic light scattering and nanoparticle tracking analysis
were not able to discriminate between large silver particles and small gold particles.
Disc centrifugation consistently gave the smallest particle diameter but was able to
detect the bimodal particle size distribution in the Au/Ag mixture [49].

Electron microscopic techniques provides a detailed analysis of sample morphol-
ogy. However, a serious disadvantage is the introduction of drying artefacts during
sample preparation. The particle diameters estimated by these methods should be
considered as the lower limits of particle size [50]. For heterogeneous samples, the
size distribution analysis may deliver poor results due to low number of particles
in the observed area. Electron microscopy allows the determination of the fractal
dimension during kinetic aggregation of colloids [51, 52].

Additional techniques to analyse nanoparticle dispersions include e.g. field-flow
fractionation-based techniques [53, 54]. It is generally recommended to apply several
different methods for the characterization of colloidal systems and of nanoparticles
to provide adequate conclusions and correlations of suspension state and measured
chemical, physical, or biological response.
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Nanoparticle Behaviour in Complex
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Abstract The transformation of nanoparticles (NPs) in physiological milieu is a
dynamic phenomenon that is the subject of intense investigation. When introduced
into the body, NPs can undergo a variety of changes, such as, protein adsorption, dis-
solution, agglomeration/aggregation, structural deformities and redox reactions. It is
these changes that subsequently determine the uptake, bioavailability, translocation
and fate of NPs, which ultimately determine their therapeutic efficiency, diagnos-
tic efficacy or toxicity. This chapter will consider the colloidal interactions at the
interface of NPs with the contents of biological milieu, the practical and theoretical
considerations required to modify analytical and imaging techniques to detect and, if
possible, quantify NPs in this complex environment, and the requirement for a highly
interdisciplinary approach to understand the behaviour at the bio-nano interface.
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Abbreviations

AFFF Asymmetric flow field-flow fractionation
AFM Atomic force microscopy
AUC Analytical ultracentrifuge
BSA Bovine serum albumin
BSE Backscattered electrons
CD Circular dichroism
CCM Cell culture media
DC Disc centrifuge analysis
DDLS Depolarized dynamic light scattering
DLS Dynamic light scattering
DLS-zeta potential Laser-Doppler velocimetry
EELS Electron energy loss spectroscopy
ESEM Environmental scanning electron microscope
EXAFS Extended X-ray absorption fine structure
FBS Foetal bovine serum
FCS Fluorescence correlation spectroscopy
FRET Förster resonance energy transfer
LIT Lock in thermography LM: light microscopy
NPs Nanoparticles
SANS Small-angle neutron scattering
SAXS Small-angle X-ray scattering
SE Secondary electrons
SERS Surface-enhanced Raman spectroscopy
SLS Static light scattering
SPIONs Superparamagnetic iron nanoparticles
sSAXS Synchrotron small angle X-ray scattering
STEM Scanning transmission electron microscope
STXM Scanning transmission X-ray microscopy
TDA Taylor dispersion analysis
TEM Transmission electron microscopy
TiO2 Titanium dioxide
TRPS Tuneable resistive pulse sensing
UV-Vis Optical extinction spectroscopy in the UV-Visible range
XAS X-ray absorption spectroscopy
XANES X-ray absorption near edge structure
XRD X-ray diffraction
XRM X-ray microscopy
ZnO Zinc oxide
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5.1 Introduction

The unique properties of nanoparticles (NPs) have provided the opportunity for
the creation of materials with properties that far surpass the bulk material. These
materials, in turn, can influence and interact with biological systems on the colloidal
(sub-micron) level. The successful application of nanotechnology has can be found
in both industrial and biomedical settings, for instance, in the case of nanomedicine
the safety and efficacy of the drug is determined by the properties of the NP, not the
encapsulated drug [1, 2].

Although the promise and potential of NPs to significantly improve the quality of
life is immense, the limited success of NPs from the plethora of academic literature is
staggering. Whilst we are able to understand the behaviour of these engineered NPs
in ideal conditions, it is more difficult to “observe” NPs behaviour in physiological
media. This begs the question, how do we observe and quantify how the NPs are
behaving in actuality?

Upon exposure to physiological fluids, NPs undergo a variety of colloidal interac-
tionswith different components, specifically, salts, sugars and proteins. This interface
between the ‘bio-nano’ comprises the dynamic physicochemical interactions, kinet-
ics and thermodynamic exchanges between nanomaterial surfaces and biological
components. These interactions can have a devastating effect on the stability of the
NPs in vivo. Fundamental physical chemical studies are generally performed in ideal
conditions in order to maintain the integrity of the particle design and conjugation,

Fig. 5.1 Nanoparticles in complex fluids undergo multiple interactions when they encounter phys-
iological fluids. These interactions can be illuminated and investigated by multiple techniques
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however it is the alterations to the particle when exposed to physiological fluids that
ultimately determine the biocompatibility and biodistribution of these particles [3].

The purpose of this chapter is to promote interdisciplinary communication
between the physical chemistry and the biology communities concerning the devel-
opment of NPs for bio-applications. In the first instance, the physiological challenges
to NP stability will be briefly explored. Then, this chapter will explore the life of NPs
in complex media that mimic in vivo environments. Thus, the following topics will
be explored: physiological milieu as complex, crowded fluids; the potential influence
of complex environments upon NP; current and emerging methods that are available
to assess NP stability; and how to translate this data to help develop NPs from bench
top to the clinic. Discussion surrounding methods is split into four foci: scattering,
spectroscopy and separation, microscopy and dynamic methods (Fig. 5.1).

5.2 Biological Fluids: Composition as Colloids

In a biomedical context, NPs will enter a number of “complex” environments
when administered in vitro or in vivo. In vitro, the most common solution NPs will
encounter is cell culture media (CCM), which usually contains foetal calf or bovine
serum required for optimal cell growth. Depending on the biomedical application of
the particle system, it may be necessary to test their performance and behaviour in
simulated physiological solutions. Finally, for particles that are introduced into the

Fig. 5.2 Biological media are comprised of cell culture media, physiological fluids (i.e. human
blood or plasma), as well as various synthetic/artificial fluids. These solutions can vary significantly
in their composition and thus impact their effects on NP. a Estimated based on the inorganic salt
concentrations in the media composition assuming no protein interactions in supplemented media;
b assuming a 5–20× dilution of standard foetal bovine serum into cell culture medium; c estimated
from the ion concentrations provided by [4]



5 Nanoparticle Behaviour in Complex Media: Methods … 105

human circulatory system, understanding what NPs may encounter in whole blood
or plasma is critical to inform the rational design of particle systems. The human
body comprises many dynamic solutions where biomacromolecules, ionic strength,
changes in pH, and active biological processes can act to (de)stabilise, dissolve, and
transform particles. In order to assess the effect of biological and physiological fluids
on particles, it is therefore important to understand the composition of these fluids,
where some of the differences are summarised in Fig. 5.2.

5.2.1 Cell Culture Media

There are a wide range of CCM, where Yao and Asayama have provided an excel-
lent review of their history and use [5]. Synthetic CCM are comprised of a mixture
of inorganic salts, amino acids, vitamins, and sugars. Media was initially derived
from natural physiological solutions (e.g. blood plasma). The findings that cell pro-
liferation could be improved by exchanging the CCM [6] or adding extracts from
physiologically relevant fluids to the growth media [7] instigated a search to under-
stand what biological components led to successful cell culture. Fischer first pio-
neered a method to understand the necessary components of CCM for cell viability
and growth by using a dialysed serum that controlled the amount of low molecular
weight components (amino acids, vitamins) added [8].

Initial attempts at CCM were comprised of balanced salt solutions, primarily
inorganic salts thatwere possibly supplementedwith glucose [5]. Research in the past
century has resulted in the development of numerous “basal” media, that is, CCM
containing the minimum essential components to promote cell growth, including
proliferation and differentiation. Thus, these balanced salt solutions and basal media
are high ionic strength solutions that can have an adverse effect on particle stability.
In the presence of high ionic strength solutions, the electrical double layer of NPs
can be compressed, resulting in particle colloidal destabilisation and aggregation [3].
If only accounting for the contribution of inorganic salts and not factoring potential
interactions of salt ions with biomacromolecules, the ionic strength of basal media
can vary between 140 and 170 mM.1 Thus, NPs need to have mechanisms to prevent
aggregation due to high salt content.

These basal media are commercially available, and for conventional cell culture
they are traditionally supplemented with protein-rich serum such as foetal bovine
serum (FBS) or pooled human serum, generally at a rate of 5–20%. This equates to
a protein concentration of approximately 0.15–1.00 g/dL [9].

Generally, basal medias are also buffered to maintain pH of 7.4, but optimal cell
growth pH can vary between 7.0 and 7.7 [10]. Changing pH can have dramatic
ramifications on particle colloidal stability. Usually, the isoelectric point of the NP
material will in part dictate particle surface charge, and changing pH can alter the
particle surface charge, which can in turn stabilise or destabilise NPs.
1Based on inorganic salt concentrations of several common basal media formulations, such as
DMEM, MEM, RPMI-1640, DMEM/F-12, Medium 199 with Earle’s salts.
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5.2.2 Model Physiological Fluids

In some cases, model physiological fluids are employed in order tomimic certain bio-
logical environments. In the context of NPs for biomedical applications, by studying
NPbehaviour in these fluids, realistic particle behaviour can be examined, such as dis-
solution/degradation, aggregation, release of active pharmaceutical ingredients, and
targeting efficiency. These include artificial lysosomal fluid (ALF), artificial alveolar
fluid, artificial synovial fluid, artificial interstitial fluid, and artificial gastric juices.
The composition of these artificial biological fluids vary based on pH, inorganic salt
concentrations, and presence of other biopolymers [11]. For example, ALF, meant
to mimic the endo-lysosomal compartments of cells through which most NPs will
be trafficked upon internalization, has a pH from 4.5 to 5.0. Artificial gastric juices,
which mimic stomach acid, have a pH even lower at 1.5. These low pH values can
severely degrade or dissolve NPs, thereby destabilising them. Moreover, varying salt
concentrations can act to destabilise particle solutions.

5.2.3 Human Blood and Plasma

When considering NPs entering the body, blood is the primary tissue with which
these particles will first come into contact. Blood comprises of approximately 7%
of a person’s body weight (~5 L) [4], which is in turn comprised of 60% plasma
(water, proteins, glucose, clotting factors, and electrolytes) and 40% red blood cells
(RBCs). Plasma contains high concentrations of sodium and chloride ions (142 and
108 mOsm/L, respectively), as well as a mixture of proteins (6.4–8.3 g/dL) [12] that
are mostly comprised of serum albumin, immunoglobulins, receptor ligands, and tis-
sue leakage proteins [13]. Blood also contains assorted phospholipids (0.28 g/dL) and
cholesterol (0.15 g/dL), macromolecules with the potential to adsorb onto NPs and
in part mediate their biological fate [14]. Human blood has a tightly regulated at pH
7.4, however certain pathological conditions can result in acidosis or alkalosis [15].

The cellular component of blood could also factor into particle interactions
within this biological space. RBCs vastly outnumber leukocytes, the immune cells
responsible for defending against foreign pathogens, at approximately 700–1. How-
ever, leukocytes play a major role in mediating NPs fate in the body. The cellular
components of blood (e.g. RBCs and leukocytes), may interact with particles that
are introduced into intravascular flow. Upon introduction to blood, opsonin proteins
can adsorb onto the particle surface—these proteins act as ‘flags’ for leukocytes to
sequester particles from circulation and tissues [16]. Some have even exploited the
potential of naturally circulating cells to transport NPs to physiological targets [17,
18].
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5.3 Fate of NPs in Electrolyte and Protein Crowded
Environments

NPs are similar in size to intra- and extracellular biological species, which can result
in interactions with biological components such as cells and proteins, thereby affect-
ing cellular processes. This has two major consequences: firstly, it makes them very
attractive candidates for medical applications; secondly, the increasing use of engi-
neered NPs has raised serious concerns about their safety for human health and the
environment. Both nanomedicine and nanotoxicology are complementary disciplines
aimed at the prevention and treatment of diseases, which require the development
and/or study NPs in physiological environments.

The behaviour of the NPs and their potential physiological impact are determined
by the physicochemical properties of the particles (such as size, surface, crystallinity,
shape etc.) and the interaction with their environment. Due to the complexity of the
environment, it is almost impossible to predict particle behaviour in a particular cell
or physiological medium [19]. Thus, it is crucial to first discuss the most prominent
possible consequences arising from NP incubation in complex biomimetic and/or
physiological fluids (Fig. 5.3).

Particle aggregation
Once the NPs are incubated in complex physiological fluids, their surfaces are

exposed to significant amounts of salts, proteins, vitamins etc. This encounter can
induce NP aggregation (see previous chapter), which is a common phenomenon and
has important consequences with for the particles and the cellular dose [3]. In a study
comparing carbon nanotube aggregates with bundles of the same carbon nanotubes,
Wick et al. has correlated the dispersion state to the cytotoxicity of the material [19].
Teeguarden et al. showed that 15 nm silver NPs appear ca. 4000 times more potent
than amicron sized particle on a cm2/mLmedia basis [20]. Albanese et al. studied the
impact of NP aggregation on particle uptake and cytotoxic behaviour. They could not
show unique toxic responses but were able to correlate uptake patterns with particle
aggregation [21].

Nanoparticle dissolution
As the size of a material decreases, its surface area and volume decrease. How-

ever, the surface area to volume ratio will develop by a ratio of 3/r, with r being
the radius. Consequently, an increased number of all atoms that constitute the par-
ticle will be surface atoms. NP size and surface area to volume ratio, respectively,
influence particle dissolution kinetics. Typically, a decrease in particle size correlates
with an increase in particle dissolution [22]. Although the underlying mechanisms
responsible for this inverse correlation are not yet fully understood, it is widely
accepted that (a) aggregation decreases dissolution and (b) metal NPs can undergo
oxidative dissolution [23]. However, several parameters play an important role and
are often hard to separate. For example, particle dissolution and consequently ion
release was shown to correlate not only with particle size, but also with its shape,
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Fig. 5.3 Schematic illustration of possible consequences arising from nanoparticle incubation
in physiological fluids. a Formation of protein corona which can both shield targeting
moieties or antibodies as well as denature proteins; b nanoparticle aggregation; c nanoparticle
dissolution; d removal or exchange of surface ligands

surface coating, in addition to environmental factors such as temperature, pH, ionic
strength, dissolved oxygen, and the presence of proteins [24].

Removal or exchange of surface ligands
In many cases, anchoring ligands are not firmly chemically bound to the par-

ticle surfaces but ligand grafting relies on relatively weak interactions with the
surface atoms of the particles. Consequently, it is imaginable that the presence of
biomolecules (or high affinity ligands) could remove surface grated ligands. For
example, physiological concentrations of thiol-containing molecules such as cys-
teine have been shown to displace thiolated polyethylene-glycol from the surface of
gold NPs [25]. The partial loss of the ligand, however, has far-reaching consequences
as it impacts colloidal stability of the NPs, modifies the adsorbed protein profile, and
ultimately results in the complete loss of biochemical or analytical function such as
targeting ligands (e.g. antibodies), or fluorescent dyes [26]. Kreyling et al. attributed
the degradation of a NP grafted polymer coating in vitro and in vivo, on proteolytic
enzymes of endosomal and lysosomal cellular compartments [27].
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5.4 Interaction with Biomolecules: The Corona of Proteins
and More

5.4.1 The “Protein Corona”

The consequent fate ofNPs is determined by how they react to biological components
they encounter in physiological systems. Upon interaction with biological media (i.e.
human blood/plasma, cell culture media, etc.), the surface of a particle will become
rapidly opsonised, that is coated with biomacromolecules, in preparation for their
removal by immune cells [28]. This forms the “protein corona,” a layer of tightly
bound and immobile biomacromolecules (e.g. proteins) comprising the hard corona
and a weakly associated mobile layer known as the soft corona [29]. The interac-
tion of particles with biological systems is widely attributed to the physicochemical
characteristics of the NP; that is, the size, surface charge, surface functionalisation,
shape, and material. However, because the protein corona forms a biological layer
around particles, it is fair to state that physicochemical characteristics drive nano-bio
interactions through the protein corona. In fact, work done by the group of Warren
Chan has shown that the protein “fingerprint” (i.e. characteristic NP protein corona)
is the optimal indicator for predicting particle-cell interaction [30, 31].

5.4.2 Factors Affecting Protein Corona Formation

The formation of the protein corona is driven by particle physicochemical charac-
teristics at the particle surface [32]. When particles are introduced into a biological
fluid, proteins will adsorb rapidly onto their surface due to van der Waals interac-
tions, Columbic forces, hydrophobic interactions, and hydrogen bonding. Protein
adsorption can result in changes to the protein conformation or alter protein sol-
ubility, which can have major consequences on protein function by altering their
secondary and tertiary structures [33–35]. Significant research has been pursued in
order to understand how particle physicochemical characteristics influence protein
corona formation, and several excellent reviews on the particle protein corona exist
[36, 37].

The formation of the corona is not only driven by physicochemical factors, but
also experimental conditions such as experimental temperature, exposure time, par-
ticle concentration, and method of isolating particles for analysis [37–39]. However,
in the most basic sense, the formation of the protein corona is a study of protein
interactions with a (nano)surface. An early study by Lück et al. [40] showed that
latex particles with different surface charge densities altered protein adsorption, and
Gessner et al. [41] likewise investigated the effect of different surface chemistries
on corona formation around latex particles. They showed that Columbic interactions
between the particle surface functional groups and proteins were a critical in deter-
mining protein corona formation. Tenzer et al. [42] investigated the effect of particle
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size, surface charge, and incubation time on the formation of protein corona on sil-
ica and polystyrene NPs in human plasma. They observed that the protein corona
forms rapidly (~30 min) and remains rather consistent over time. Isolating particles
at time points earlier than 30 min, where there may be protein exchanging between
abundant proteins and higher affinity proteins (i.e. the Vroman effect) [43, 44] is
a non-trivial challenge. A study investigating polystyrene particles with different
functional groups (carboxy, amino, sulfonate, and phosphonate) showed that amino
and sulfonate groups enriched the adsorption of apolipoproteins; proteins that can
reduce the uptake by phagocytic cells and so prolong circulation time [45]. Thus,
Coloumbic andhydrophobic interactions, dictated by the particlematerial and surface
functionalisation, seem to be the key drivers mediating protein corona formation.

Often, polymers are chemically coupled or adsorbed to particle surfaces to enable
a so-called “stealth” effect [46]. Poly(ethylene glycol) (PEG) is the gold standard for
particle shielding, reducing particle clearance and prolonging blood circulation time
while reducing the adsorption of opsonins (which facilitate particle clearance). Inter-
estingly, it seems that the protein corona, and not merely reducing protein adsorption
due to polymer shielding, is responsible in the stealth effect observed with polymers
such as PEG or poly(ethyl ethylene phosphate) [47]. It has been shown that PEG
conformation on a particle surface in part mediates particle circulation time in vivo
[48], and other evidence shows that this could be due to variations on the protein
corona based on PEG conformation [49]. Furthermore, PEG chain length and surface
coverage dictate protein corona formation (and subsequent biological interactions) in
part [50]. The use of other stabilising molecules (e.g. surfactants, which can adsorb
onto particles via hydrophobic interactions, electrostatic or van der Waals forces)
has also been shown to mediate protein corona formation [51, 52].

Particle size has been investigated for its role in mediating protein corona forma-
tion; however, results vary as to what effect size has. Cedervall et al. [29] showed
that the total amount of protein adsorption onto polymeric particles was determined
by size (scaling with the amount of particle surface available), however the pattern
of proteins adsorbed remained consistent. A study on different sized gold NPs (5,
15, 80 nm) showed that protein corona composition changed across the different
size regimes [53]. Thus, it appears that particle size (largely due to the amount of
surface area and also the material) can play a role in corona formation but the effect
is not consistent. Similarly, particle shape may influence protein corona formation.
Miclăus et al. [54] showed that protein adsorbed preferentially to silver nanocube
faces as opposed to edges at early time points (<1 h), though it is unclear if this dif-
ference is due to the particle geometry or due to displacement of particle-stabilising
polyvinylpyrrolidone which has a different affinity to the particle surface depending
on the crystal plane to which it is adsorbed. However, another study showed via 2D
gel electrophoresis that there was a difference in protein adsorption onto titanium
dioxide nanoparticles, nanorods, and nanotubes, i.e. due to particle shape [55].

It is difficult to draw any type of universal guiding rule for protein corona for-
mation; rather particles are currently investigated on a case-by-case basis noting the
particle material, surface functionalisation/properties, shape, size, etc. However, it



5 Nanoparticle Behaviour in Complex Media: Methods … 111

is possible to make some predictions for particle interaction with biological systems
based on the bimolecular corona.

5.4.3 Beyond Proteins: Other Components of the Corona

Lipids, sugars, vitamins and other small organic molecules can or may also adsorb
on the NP surfaces, thereby affecting immunogenicity and potentially hampering
targeting abilities of administrated NPs, and in part mediating nano-bio interactions
[51, 56]. For example,Müller et al. [51] showed that the lipid-domains of lipoproteins
were also responsible for adsorption processes, indicating that lipid-like molecules
can comprise the protein corona. These data are supported by the fact that surfactants
and hydrocarbons are often used to adsorb stabilising macromolecules, ligands, and
polymers onto particle surfaces [52, 57]. Studies on lipoprotein binding onto hydrogel
particles revealed that high-density lipoproteins and, cholesterol, and triglycerides
are present in the bimolecular corona, and are speculated to govern particle interaction
with, for example, lipid transport pathways [14]. Investigations into the glycosylation
of proteins, the natural and frequent modification of proteins with sugar molecules,
showed that protein coronas that were deglycosylated (i.e. sugar molecules removed
from corona proteins) were less stable and increased the adhesion of particles to
cells [58]. It is therefore evident that biomolecules beyond proteins may yet play an
important role in our understanding of fundamental bio-nano interactions.

5.4.4 Biological Effects of the Protein Corona

Even after extensive characterisation ex vivo, the eventual biodistribution of the
NP plus biomacromolecule corona can result in unexpected in vivo behaviour. This
rearrangement has been shown to affect their pharmacological activities, interaction
with their environment (i.e. other proteins) and other biological responses [59, 60].

When the NP reach their target, it is the corona that the cells actually ‘see’. The
corona may contain opsonins, which can enhance the uptake of the NP-corona-
complex by cells of the reticuloendothelial system (RES) [61, 62]. This “molecular
signature” is recognised by immune cells and so determines the route of particle
internalisation, its pharmacokinetics, namely, volume of distribution, organ dispo-
sition, and rate of clearance from the blood and body [63, 64]. Recent studies have
also demonstrated that surface adsorbed biomolecules can shield NP functionality,
reduce cell selectivity [65] and impact cellular uptake kinetics [45]. Thus, the type
and number of proteins that the NP attracts determines its biodistribution. It follows
that there have been and continues to be a plethora of studies and reviews into under-
stand exactly what physicochemical properties of different kinds of NPs determines
the composition of their protein corona [3, 66].
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In terms of biocompatibility, the formation of the corona can be advantageous
or disadvantageous [67]. Attached biomacromolecules that are not recognized by
any receptors make the particle less attractive to the cell. For example, Salvati et al.
demonstrated that proteins can shield NP derivatised transferrin from binding to its
receptors on cells end entirely lose its targeting specificity [68]. On the other hand,
if a developed corona contains the right biomarkers, they can activate the endocytic
pathway of the target cell, where it consequently effects haemolysis, thrombocyte
activation, nanoparticle uptake and endothelial cell death [42]. Several studies have
demonstrated enhanced biocompatibility of protein coated NPs compared to the
originally protein-free synthesised NPs [69]. For instance, the pre-coating of blood
proteins on the surface of carbon nanotubes greatly alter their cellular interaction
pathways and result in much reduced cytotoxicity [70]. In a landmark study, Wang
et al. deliberately manipulated the corona of positively charged polystyrene NPs in
order to traffic them into the lysosomal compartments of target cells [71]. In addi-
tion to the surface character of the single particles, aggregation also determines their
biodistribution. This is elaborated upon in Sect. 6.5. As can be seen, it is insufficient
to characterise NP designed for in vivo use solely in pristine conditions as the bio-
logical identity conferred onto the surface of the NP by the components of the corona
determines their fate. Thus, in the following sections, methods to characterise the
protein corona and their changing colloidal identities will be discussed.

5.4.5 Characterising the Protein Corona

Given the importance of the corona surrounding the NP, the investigation of its com-
position is key to understand the biological impact of nanomaterials. In general, the
following processes are taken in order to characterise the NP-corona. Firstly, the NPs
are incubated with the representative complex media of choice for a defined period.
The complexes then have to be separated from the unbound proteins in the matrix.
Different protocols achieve this by initially washing and centrifuging the sample,
followed by further processing such as magnetic separation (limited to magnetic NP
[72]), microfiltration, ultracentrifugation, chromatography and/or electrophoresis,
where the latter two techniques allows for the exquisite and more gentle separation
and isolation of NP-biomacromolecule-complexes from unbound components. Pro-
tein corona separation and characterisation is summarised below and in Table 5.1,
and is reviewed in more detail in these informative references [37, 73–76].

5.4.5.1 Separation

Chromatography separates components based on the differences in their interactions
with stationary phase of the column through which they are travelling. The main
method to separate unbound biomacromolecules from the NP-corona is size exclu-
sion chromatography (SEC), and to a lesser extent ion exchange chromatography
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(IEC) and reverse phase liquid chromatography (RPLC). SEC separates components
based on size. Larger molecules are unable to interact with the stationary phase and
thus move rapidly through the column, whereas smaller molecules such as unbound
proteins are able to fall into the pores in the mobile phase and thus move slower
through the column [29]. IEC separates components based on their affinity to the ion
exchanger, where the elution of components can be easily manipulated by changing
the ionic strength of the mobile phase [77]. RPLC separates components based on
their polarity through their interaction with the hydrophobic stationary phase [78].

Recent studies have utilised flow field-flow fractionation to separate NP from pro-
tein solutions. Field-flow fractionation is a chromatography-like method that sepa-
rates components in a fluid suspension or solution by applying a field (e.g. temper-
ature, gravity, centrifugal) perpendicular to the direction of flow of the sample in a
long and narrow channel. This causes separation of the components present in the
fluid depending on their differing mobility under the force exerted by the field. This
method allowed for the differentiation of the corona proteins on SPIONS based on
their relative dissociation rates from the NPs [79]. A more advanced version of this
technique, asymmetric flow field-flow fractionation (AFFF), is described in more
detail in the Sect. 5.6.5. This method has a lower shear force on the sample and thus,
remarkably, was able to keep the soft protein corona on a polystyrene NP intact for
further analysis [39].

Electrophoresis separates proteins by their migration in an electric field depend-
ing on their electrophoretic mobility, size or charge. Most commonly, capillary elec-
trophoresis (CE), 1D and 2D gel electrophoresis is used. CE separates components
based on charge and friction and is performed in submillimetre diameter capillaries.
It has been used to separate polymeric [80–83] and metallic NPs [80, 84] from the
different components of plasma. 1D and 2D gel electrophoresis differ in complexity
and sensitivity. 1D separation is simpler and faster to run and separates components
through a polyacrylamide gel based on molecular weight, 1D gels can be used to
detect between 1 and 50 ng for a single protein band. Whereas 2D provides higher
separation of components as it separates components in a polyacrylamide gel based
on molecular weight and isoelectric point. 2D gel electrophoresis is nominally used
when protein mixtures are more complex. Gel electrophoresis has been wildly used
in order to separate a wide variety of particles from metallic NP [85, 86], liposomes
[87], carbon nanotubes [88, 89] and polymeric particles [90, 91]. Images of the 2D
gels can then be analysed via readily available software that compares the image to a
2D master map of human plasma proteins [76, 92] and/or linked with spectroscopic
techniques described below.

5.4.5.2 Protein Quantification

Separation techniques are subsequently coupled with mainly spectroscopic methods
in order to identify the composition and/or conformation of protein in the corona.
Protein identification is achieved by mass spectroscopy (MS) and proteomics. MS
ionizes chemical species and then sorts the ions based on their mass-to-charge ratio.



5 Nanoparticle Behaviour in Complex Media: Methods … 115

The MS spectra is then analysed and proteins identified via a database search [93].
Following the separation of the NP-corona-complex from free protein, the corona
thenneeds to be separated from theNP.This is achievedby either the use of surfactants
and subsequent separation using gel electrophoresis and then MS analysis of the
fractions [29, 90, 94]; or by “shotgun proteomics” which is the in situ digestion
of the NP-corona-complex by a protease (trypsin) followed by separation of the
individual proteins and peptides by liquid chromatography MS [95]. Thus far, MS
is the only method that can provide single protein identifications.

5.4.5.3 Protein Conformation

NP bound proteins can change their 3D structure when compared to the native pro-
teins in solution, thusmany techniques are used to investigate conformational change
as an indication of binding to the NP.

Fourier transform infrared spectroscopy (FTIR) measures the wavelength and
intensity of the absorption of infrared (IR) radiation by a sample. The absorption of
IR radiation excites vibrational transitions in molecular bonds, where the vibrational
frequency depends on the strength and polarity of the vibrating bonds, they are influ-
enced by intramolecular and intermolecular effects. Protein molecules exhibit many
vibrational frequencies and it is through identifying these vibrations that proteins con-
formation can be elucidated [96, 97]. In a similar manner, Raman spectroscopy (RS)
identifies protein secondary structure by probing molecular vibrations to provide a
molecular fingerprint of biomolecules at the surface of NPs [98]. When these pro-
teins are adsorbed on plasmonic NPs, a surface-enhanced RS (SERS) effect occurs,
enhancing the Raman signal, thereby allowing the study of the NP-protein complex
at low concentrations. However, Raman and FTIR spectroscopy differ in some key
fundamental ways. RS investigates changes in polarisability of a molecule, whereas
IR spectroscopy looks at changes in the dipole moment. RS measures relative fre-
quencies at which a sample scatters radiation, whereas FTIR measures absolute
frequencies at which a sample absorbs radiation. FTIR spectroscopy is particularly
sensitive to heteronuclear functional group vibrations and polar bonds, especially
OH stretching in water. Raman on the other hand is sensitive to homonuclear (e.g.
C–C, C=C and C≡C) molecular bonds.

Fluorescence spectroscopy is used to look at protein conformation as fluorescent
signals are exquisitely sensitive to the immediate environment of the probe, have a
high signal to noise ratio, and the time scale of emission is in the nanosecond range
[99, 100]. This technique has been used to probe the kinetics of protein attachment
[101].

Circular dichroism (CD) occurs as a consequence of the interaction of polarised
lightwith chiralmolecules.Asproteins are chiralmolecules, changes in the secondary
structure of proteins can be identified via CD spectroscopy [102]. It is thus utilised
for the rapid evaluation of structural and stability changes when the proteins form
stable, noncovalent, complexes with NPs [103, 104].
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Nuclear magnetic resonance spectroscopy (NMR) observes local magnetic fields
around atomic nuclei. The intramolecular magnetic field around an atom in a
molecule changes the resonance frequency, thus giving access to details of the elec-
tronic structure of a molecule and its individual functional groups, allowing for the
observation of not only chemical identity, but also structure, dynamics, reaction state,
and chemical environment of molecules. Thus, it has been used to observe the corona
of liposomes [105], lipids in the corona surrounding polymeric particles [14], as well
as hydroxyapatite surfaces [106]. On the flip side, a recent study has utilised 19F dif-
fusion NMR to look at changes in the hydrodynamic radii of gold NP upon exposure
to complex media as opposed to changes in proteins attached to the NP [107].

The kinetics of protein attachment to NPs can be identified by isothermal titration
calorimetry (ITC). ITC identifies the thermodynamic parameters (binding affinity,
enthalpy changes and binding stoichiometry) of interactions in solution by measur-
ing a change in heat upon the addition of a component to another one in solution.
Consequently, it has been used to study the binding of proteins to particles [108,
109].

The protein corona is recognised as a critical factor in understanding fundamen-
tal interactions between nanomaterials and biological systems. Whether exposing
particles to cells, injecting particles into a living organism, or evaluating the effect
of particles on an ecosystem, the biomolecular or protein corona will serve as the
interface between nanomaterial and biology. Within this chapter we focus on the
characterisation of particles in complex biological media, and there is simply not
enough space to cover the complex and nuanced depth of the protein corona topic.
For that the readers are directed to several excellent reviews mentioned in the begin-
ning of this section. However, it is important to understand that the protein corona
will drive the interaction of particles with a biological system, and so mediate parti-
cle colloidal behaviour (i.e. colloidal stability/aggregation, cellular interaction, etc.).
One crucial aspect of corona formation is its impact on colloidal stability, where the
presence of proteins can either enhance or reduce colloidal stability, the following
sections of this chapter will discuss the colloidal behaviour of NP in more detail and
how it is analysed.

5.5 Theoretical Considerations with Regards to Colloidal
Stability in Physiological Media

5.5.1 Fundamentals of Nanoparticle Aggregation

Given that the behaviour of a NP cannot be decoupled from its surroundings, describ-
ing NPs in the context of their actual environment is crucial. For example, while par-
ticles may quickly aggregate in water, they may become completely stable in CCM,
due to the high excess of proteins that alters particle interactions and stabilises the
dispersion [114]. The opposite of this is also frequent, and NP aggregation is immi-
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nent as soon as particles dispersed in CCM [115]. In both cases, the resulting protein
covered NPs have completely differently physical properties from individual NP.
Consequently, experimental characterisation must give an accurate account of sev-
eral fundamental properties regarding the chemical and physical behaviour of the
NPs, as it is these properties that influence their efficacy [116], specifically:

• chemical composition of the core and surface
• surface charge
• density and conformation of functional groups
• phases found in/on the particle (amorphous vs. crystalline phases)
• porosity, structure of porosity (fractal vs. ordered)
• size and its distribution
• shape and its uniformity/heterogeneity
• colloidal stability in terms of aggregation
• physical stability and chemical integrity (dissolution, ligand exchange)
• optical and magnetic properties.

Therefore, characterisation should be performed in both in ‘ideal’ conditions and
in complex CCM. Interested readers are directed to several reviews introducing the
available techniques briefly introduced below for the physicochemical characterisa-
tion of NPs in complex biological media [117, 118].

5.5.2 Consequences of Nanoparticle Aggregation on Cell
Studies: Dosimetry of Single Particles Versus
Aggregates

The influence of NPs internalized by cells is frequently studied by using in vitro
models. In these models, establishing dose–response relationships are of paramount
importance, where the metrics of the administered dose are NP number, mass, vol-
ume, and surface area. Due to the nature of cell culture experiments, the dosimetry
metrics must be ascertained at three different sites: the dose administered to the cell
culture, the dose delivered to the cell surface, and the dose internalised by the cell,
whereas the two latter are the most relevant for the subsequent cellular interaction
and induction of responses [119, 120]. The measurement of NP properties at these
three sites is increasingly difficult, and the achievable accuracy and precision fall
quickly with polydispersity, typical for aggregates and agglomerates.

Mathematical models are used to estimate these parameters, assuming that in
in vitro models, particle delivery is driven by diffusion and sedimentation [121],
regardless of whether the particle is stable or not [122]. The rate of diffusion and
sedimentation of a particle are determined by the hydrodynamic radius and effective
mass density, where the adsorption of proteins will alter both metrics. The rate of
transport, and thus, the rate of particle delivery can be estimated via modelling,
provided that these hydrodynamic properties are known [123–127].
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The delivery profile of NPs is also determined by the ability of the cell to inter-
nalise the particles. From the point of view of the NP, uptake is dependent on size,
shape, elasticity, and surface chemistry [126, 128–133]. Thus, the physicochemical
characteristics of NPs in CCM strongly impacts their deposition and interactions on
the outer cellmembrane, aswell as the potential induction of cellular responses [134].
From the point of view of the cell, the principal mechanisms whereby NPs interact
and impact upon target cells occurs through their interaction with cell membranes,
endo-lysosomal vesicles, nucleus and organelles [135–137]. Cell types also differ-
ent in lipid and receptor composition of the membrane, where modifications have
been shown to alter the membrane fluidity and cellular functions and consequently
NP uptake [138–140]. Additionally, NPs adhering to the outer cell membrane also
can induce adverse responses [141], for instance, a pro-inflammatory response via
oxidative means [142], the fibre paradigm [143] and genotoxicity [144]. The use of
reliable methods and realistic test conditions to study possible effects of NPs on cells
have recently been reviewed in several publications [145, 146] and are covered in the
Chapter titled, “Molecular and Cellular Aspects and Methodological Approaches”.

The intracellular fate ofNPs upon interactionwith cells (uptake, retention, release,
intracellular degradation, transfer to other cells, and/or translocation across tissue
barriers) is still poorly understood but there seems to be an agreement that solubility,
size and surface charge are the most important determinants of a material’s fate
in vitro aswell as in vivo [147]. Therefore, it is imperative that the characterisation and
understanding of NP in complex media is performed as accurately and realistically
as possible in order to understand the physicochemical phenomena driving their
interaction with cells.

5.6 Measuring NP in Complex Cell Culture Media:
Different Methods, Pitfalls and New Developments

In this section, available methods for the characterisation of NP in complex media
will be discussed. It is divided into four parts: scattering, separation, imaging and
dynamic methods.

5.6.1 Scattering and Spectroscopic Methods

Light scattering instruments are well-established techniques for the characterisation
of NP and consequently are the most frequently used to obtain information about the
behaviour of NPs in complex media.

The average size (hydrodynamic diameter) of NPs can be characterised by
dynamic light scattering (DLS), depolarized dynamic light scattering (DDLS), flu-
orescence correlation spectroscopy (FCS), small-angle neutron scattering (SANS),
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small-angle X-ray scattering (SAXS), static light scattering (SLS), X-ray diffraction
(XRD) and UV-Vis spectroscopy in case of plasmonic NPs. Characterizing polydis-
persity and size distribution is not as straightforward with FCS, XRD, and UV-Vis.
DDLS is especially well-suited to studies in CCM when the NPs exhibit optical
anisotropy, such as gold, silver, ZnO, TiO2. In this case, the experimental accuracy
benefits from the fact that the scattering of depolarized light from the CCMs is weak,
and thus, an excellent ‘contrast’ in favour of the NPs can be obtained [115, 148].
Information about stability, protein adsorption, aggregation, integrity, such as disso-
lution and loss of ligands, can be obtained with techniques that are used to measure
particle size.

Information about particle shape can be obtained via DLS, DDLS, SANS, SAXS,
and SLS. Additionally, plasmonic and anisotropic NPs, such as metallic nanorods
and nanostars, have unique signatures in the UV-Vis spectrum. For metallic NPs, the
red shift of the plasmon resonance peak in the UV-Vis spectrum can either signal
aggregation or the formation of a thick protein or polymer shell around the particle.
In the case of particle agglomerates, the “fractal dimension” is a measure of the
density of packing of the primary particles that could be redefined as the porosity
of the aggregates. This information can be obtained with SLS, SAXS and SANS.
Structural information about the protein corona beyond its thickness, (e.g. density
as a function of distance from the particle surface), can also be obtained via SANS
[148–151].

Another important aspect is that these techniques give a holistic representation of
the sample; consequently, the protein-rich background signal must be very carefully
and justly addressed. Figure 5.4 compares the dynamic light scattering analysis of
silica particles in water to its scattering in complex CCM. While the particles are
relatively large (100 nm in diameter) the CCM scatter nearly as much as the particles
themselves, and therefore, strongly interfere with the signal (called the correlation
function) to be analysed in order to characterise the NPs.

Fig. 5.4 a The intensity of light scattering from silica particles in water, from the CCM, and from
the particles in CCM. (SiO2 NPs, 100 nm, 20 μg/ml, scattering angle: 90°, CCM: RPMI suppl.
with 10% foetal calf serum). b The corresponding signals to be analysed (correlation function). c
Due to the strong scattering from proteins, the NPs in CCM appear to be smaller than in water



120 W.-K. Fong et al.

5.6.2 Zeta Potential—Describing the Surface Charge of NP

The surface charge of a particle is usually described by measuring the zeta potential,
which is the electrokinetic potential at the slipping plane, not the true potential found
at the particle surface itself (Fig. 5.5). Consider a negatively charged NP immersed
into a complex media. Due to its charge, ions and molecules with the opposite charge
form a strongly adhered layer (Stern layer) around the particle. Beyond the Stern
layer, a loosely bound and mobile layer develops, comprised of both negative and
positive charges. The edge of this layer is known as the slipping plane. When the
particle moves, ions and molecules within this plane move along with the NP, but
ions and molecules beyond the slipping plane do not, thus, it is at this point the zeta
potential is measured. When NPs enter CCM, different proteins and other organic
molecules can adhere to their surfaces. The properties of the corona highly depend
on the surface characteristics and on the type of the CCM [90]. As can be seen, the
zeta potential is exemplary case demonstrating that this physicochemical property
of the NP cannot be decoupled from the context of its actual environment.

5.6.3 Measuring the Effect of Proteins on Zeta Potential

The understanding of the zeta potential of a particle is an important tool for under-
standing their long term colloidal stability and efficiency on surface functionalisation
[152]. However, the zeta potential obtained for NP in CCM can be easily misinter-

Fig. 5.5 The arrangement of ions surrounding a negatively charged particle. The important parts
of the electrical double layer are highlighted. Adapted from [3]
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preted. The ideal NP sample for zeta potential analysis using electrophoresis is as
follows: (1) monodisperse in size and with high light scattering properties; (2) dis-
persed at low salt concentration (conductivities (�) < 1 mS/cm); and (3) dispersed
in a particulate-free, polar dispersant (e.g. high purity water). Particles delivered in
CCM clearly do not meet all of these criteria and thus, may not give high quality
zeta potential data. Common challenges with this type of sample are:

• CCM contain high salt concentrations and as a consequence high sample con-
ductivity (� is 1.5 S/cm) [153], which raises the likelihood of Joule heating (the
process where the energy of an electric current is converted into heat as it flows
through a resistance) and consequently lead to electrode polarisation and degra-
dation due to the movement of the conductive ions.

• In many cases, NPs selected for biological applications usually have a diameter
of <20 nm, which have a high mobility in suspension due to the applied field and
Brownian motion [154] and so have very low light scattering properties [155].
Therefore, the electrical field needs to be applied for long integration times to
increase the signal-to-noise ratio. Consequently, Joule heating of the sample may
also occur. Since the mobility is calculated directly from the sample viscosity,
this temperature increase creates a substantial systematic uncertainty in the elec-
trophoretic mobility measurement.

• Proteins can aggregate immediately at the electrodes even at extremely low volt-
ages and due to the integration times required for weakly scattering NPs. These
protein aggregates can migrate into the optical detection region of the cell, leading
to measurement of the electrophoretic mobility of the aggregates, rather than that
of the NPs [156].

• Zeta potential is only obtained by using mathematical models to extract it from
the electrophoretic mobility of the particle. In general, a proportionality between
electrophoretic mobility and zeta potential is assumed. While this proportionality
is dependent on ionic strength, for high values of zeta potential, electrophoretic
mobility can either be independent of zeta potential, or non-monotonic behaviours
can occur, which limit the accuracy of the obtained zeta potential value.

Due to the aforementioned challenges, it is important to understand the strengths
and limitations of zeta potential measurements of NPs in CCM when interpreting
results. For this, a “special” sample preparation is recommended in order to improve
data quality in terms of accuracy and reproducibility:

• The CCM should be filtered before adding to remove the possible protein aggre-
gates and any visible particulates.

• The dilution of CCM to decrease the conductivity is a way to protect the electrode
and typically improves data quality. It is important to re-measure the pH after
dilution.

• The characterisation of hydrodynamic size of the NPs before and after measuring
zeta potential can reveal any interaction between the sample and the electrode
material (e.g. protein and formation of NP aggregates).
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• Centrifuging the sample and reconstituting in “clean media” is a method of “wash-
ing” theNPs and reducing conductivity. It isworth noting that this procedure should
not have an effect on the original colloidal stability and the original pH.

5.6.4 Choosing Scattering Methods for Nanoparticles
in Complex Media

Nanoscience is intrinsically an interdisciplinary approach, therefore the range of
skills and expertise within a research group are becoming more and more multidisci-
plinary. Probably the best thing that the typical researcher engaged in nanomedicine
and nanotoxicology can do is to collaborate closely with instrument scientists hav-
ing the necessary theoretical and experimental expertise in the techniques of choice.
Basic guidelines that outline the function and utility of scattering techniques are
summarised in Table 5.2.

5.6.5 Characterisation Methods Based on Separation

A different approach to extract information about NP is to separate them via external
fields and use their response to the field to gain information about their size and size
distribution. Three fields are commonly used for this purpose: centrifugal force, flow
fields and electrical fields.

5.6.5.1 Analytical Centrifugation

Centrifugal force is used in analytical ultracentrifuge (AUC) and disc centrifuge (DC)
analysis [176–180]. The principle of analytical ultracentrifugation is to expose NP to
a very strong acceleration (up to a million times that of gravity). Under these condi-
tions, particles and macromolecules experience an enhanced sedimentation velocity,
which is proportional to their mass minus their buoyancy, and inversely proportional
to their hydrodynamic radius. Therefore, any difference in either their mass or their
hydrodynamic radius is enormously amplified in an ultracentrifuge. This permits the
separation of particles with differences in mass, in density, or simply in their hydro-
dynamic radius. In its basic configuration, an analytical ultracentrifuge is coupled to
a UV-Vis detector operating at single wavelength, or to a refractive index detector,
which allows one the determination concentration of all particles passing through a
detection window. Determining the concentration clearly requires the knowledge of
the object shape, which defines the amount of light scattered and adsorbed by it. The
most advanced versions of the analytical ultracentrifuge canmeasure full UV-spectra
at multiple wavelengths all along the sample tube, thus providing sedimentation pro-
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files with full UV-Vis characterisation of the centrifugate [177, 179]. This method
has been used to characterise gold NP undergoing aggregation, as well as mixtures
of quantum dots.

Disc centrifugation is a cheaper and simpler variation of ultracentrifuge, operating
at a much lower number of revolutions per minute, where particles are injected in
proximity to the centre of a spinning disk, and a single wavelength detector is used
to measure their concentrations at a given passage point [180]. While unable to
provide the same amount of information as ultracentrifuge, this technique is highly
versatile, and suitable for separation and characterisation of NP covering a broad
range of sizes, especially high density inorganic NP. One particularly interesting
feature of centrifugation-based characterisationmethods is the possibility to separate
NP from clusters with two, three, four particles, thus allowing a much more precise
assessment of the cluster mass distribution in the case of aggregation. This is one of
major advantages compared to scattering techniques, which probe solutions without
any separation of the different components.

The disadvantages of centrifugation techniques are that: (1) they usually require
dilution of the sample, which could change the quantity and composition of proteins
and ions adsorbed on their surface, and (2) quantitative interpretation of the data is
only possiblewhen the shape of the particles and clusters is known, which determines
their hydrodynamic radius. Except for very simple shapes, the determination of
hydrodynamic radius is usually a complicated problem, and irregular particles are
characterised by sedimentation velocity that are a function of their orientation.

5.6.5.2 Taylor Dispersion Analysis (TDA)

Taylor dispersion analysis is another method that can be used to determine the size
and size distribution of particles [173, 174]. The principle is based on the injection
of concentration pulse of particles in an empty capillary, where a parabolic flow
profile leads to a dispersion of the particles. Because particles close to the middle
of the channel travel faster than those close to the walls, a concentration gradient
in the radial direction is created. This concentration gradient is compensated by
particles diffusion, which tends to create a uniform concentrations profile in the radial
direction. Therefore, a measurement of concentration at two different positions along
the channel allow one the determination of the particle diffusion coefficient and its
distribution, from which size is extracted. While the technique has been widely used
to determine the molecular weight of biological macromolecules, the application to
particles is only recent. Some configurations exist, where Taylor dispersion has been
used in combinationwith capillary electrophoresis, which can be used to speed up the
analysis. The method represents a reliable alternative to DLS in the determination of
particles diffusion coefficient, because it requires a much simpler setup, but suffers
from the usual limitations of how to relate the diffusion coefficient to particle shape. In
addition, since particles are exposed to a shear rate, adsorption of molecules on their
surface could be affected be the flow field. Furthermore, compared to the analytical
centrifugation method, TDA cannot fractionate the samples, thus is less accurate in
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determining the particle size distribution, even though a recently introducedmoment-
based method to obtain more accurate size information has been proposed [173, 185,
186].

5.6.5.3 Asymmetric Flow Field-Flow Fractionation (AFFF)

This technique is able to fractionate a sample by exposing it a laminar flow field
and perpendicular cross-flow in order to determine particle size distribution in
biologically-relevant samples [181].A small sample of particles in solution is injected
in a channel with a laminar parabolic profile. Perpendicularly to the flow direction,
another flow filed is applied. As a result, large particles tend to be driven towards the
bottom part of the channel, while smaller ones, having larger diffusion coefficients,
stay closer to the centre of the channel. Large particles take longer times to flow
through the channel than smaller ones. The perpendicular cross flow is obtained by
removing part of the main flow in the channel through a membrane positioned on
one of the sides of the channel. The cut-off of the membrane determines the min-
imum size of particles of macromolecules that can be detected. AFFF can be used
to separate particles from clusters, to determine the size of particles, including the
presence of a coating on the particles. Quite often, is AFFF coupled to detectors,
such as DLS and multi-angle light scattering, in addition to more common refractive
index detectors, used in chromatographic processes. While in the oldest versions of
the methods a calibration of the elution time was necessary to determine the size
of the eluting particles, similar to what used in gel permeation chromatography, the
use of modern detectors allows one to measure the absolute values of the size of
the particles that elute, and also to obtain information about their shape. The elution
time of the particles can be further controlled by tuning the flowrate and the extent of
crossflow. Therefore, the combination of the fractionation ability of the AFFF with
the presence of these advanced detectors, make this method one of the most versatile
and powerful in the characterisation of particles.

However, the method has also some limitations. The exposure of particles to
shear forces, as well as the intrinsic dilution that the particles are subject to, can
easily lead to desorption of proteins from particles exposed to complex media. This
has been exploited to distinguish between strongly bound proteins versus weakly
bound proteins, which have been both detected separately [79, 178]. In addition, the
interaction of particles with themembrane in the channel is one of themajor concerns
of the AFFF. Depending on the material of the membrane, particles can be repelled,
or can adhere to the membrane, thus resulting in partial loss of analyte, and difficulty
in assessing whether the analysis of the sample is thorough.

5.6.5.4 Tuneable Resistive Pulse Sensing (TRPS)

A completely different approach is the one used by Tuneable Resistive Pulse Sensing
(TRPS) [182]. In this case, particles immersed in an electrolyte solution are exposed



5 Nanoparticle Behaviour in Complex Media: Methods … 129

to an electric field and forced to move through a narrow pore. The measurements
are done at such a low concentration that only one particle at a time passes through
the pore. The presence of electrolytes in the solution leads to a steady passage of
electrical current through the pore. However, as one particle passes through the pore,
a drop in the electrical current ensues, which is proportional to the volume of the
particle.Additionally, the shape of the resistance pulse depends on the electrophoretic
mobility (and zeta potential) of the particles. This technique enables not only a
precise determination of the particle size, provided that the particles are stable under
electrolyte conditions using during the measurement, but also the assessment of the
particle concentration. Interestingly, the size determination is independent of particle
shape and material. Because the method is based on counting individual particles, an
accurate determinationof size distribution, even in the case ofmultimodal distribution
of particles, is possible.

The technique can also create maps of particles based on not only their size, but
their zeta potential too [183, 184]. This opportunity has been used to characterise
particles with a protein corona obtained by exposing them to bovine serum, and the
results have been compared to those obtained by DLS and by analytical centrifuga-
tion. The main drawbacks of TRPS are the following: (1) particles with a size lower
than 30 nm cannot be detected, and, additionally, (2) small sized particles require
high electrolyte concentrations, which might hamper their colloidal stability. Addi-
tionally, pore size must be not much larger than the particles, otherwise the limits of
detection will be hit, and the presence of clusters of particles will result in blocking
of the pore.

5.6.6 Microscopic Methods

5.6.6.1 Advancements in Light Microscopy (LM)

The theoretical resolution limit of light (~200 nm) defines the size limit of objects
that can be resolved by standard light microscopic methods. The resolution limit can
be improved by capturing the absorption/scattering of light by an object in a Fourier
plane by the objective lens and converted into a real plane image by the ocular
lens, thereby providing additional resolution on nanostructures in a technique called
Fourier plane imaging [187]. This requires the use of a rotating grating to obtain
inaccessible high-resolution information that are encoded into the Fourier plane.
Combining these images in the Fourier space yields information that is converted
into a higher resolution of the (real) image [188] and is applicable to a biological
complex setting [189]. Such computational approaches push the 200 nm size limit
of a standard light microscope to somewhere around 50–100 nm.

Besides computational advancements, additional hardware can provide improve-
ment in resolution. The detection of strongly scattering NPs, such as gold NP and
multiwall carbon nanotubes, profits from cardioid condensers provided in enhanced
darkfield microscopic imaging [190]. The oblique illumination reaches a resolution
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around 90 nm and accentuates the effects of strongly scattering particles and reduces
the contribution of themuch less strongly light scattering complex environment [191,
192]. With this method, it is also possible to determine the aggregation state of the
particles.

If the information on the absorbance and/or reflection of the incoming electro-
magnetic wave is insufficient, one must rely on a signal inherent and exclusive to
the NP. In the case of superparamagnetic iron NP (SPIONs), the inherent ability to
convert electromagnetic energy into heat can be exploited for their detection. Hence
the usage of such particles in clinical settings as contrast enhancers in magnetic res-
onance imaging. More recently, lock in thermography (LIT) uses this ability to study
the heating power of clinical applications of SPIONs [193].

The bioimaging of NPs rely on an exclusive light signal originating from the
particles, typically achieved by covalent bonds with fluorescent dyes [194, 195].
Unfortunately, these approaches are of limited interest to natural NP in complex
media since NP in consumer products are seldom tagged with such fluorescent dyes.

5.6.6.2 X-Ray Microscopy

Owing to the smaller wavelength of X-rays, X-ray microscopy (XRM) resolves
objects up to a spatial resolution of about 30 nm without the need for a vacuum (as
in electron microscopy, see below) [196]. Scanning transmission X-ray microscopy
(STXM) has been used, for example, to monitor copper NP in river biofilms [197].

5.6.6.3 Scanning Probe Microscopy

Scanning probe microscopy, especially atomic force microscopy (AFM), is an often-
used method to measure NP. AFM provides a three-dimensional surface profile by
raster-scanning a sharp tip (few nm to 10s of nm) over a surface with a feedback loop
to adjust parameters needed to image a surface. Atomic forces are used to map the
tip-sample interaction and can be used for all types of nanomaterials.

Most AFMs use a laser beam deflection system where a laser beam is focused on
the back of the reflective AFM lever onto a position-sensitive detector. The acquired
height map can provide the height of NP with unprecedented accuracy and precision.
Although AFM can operate both in air and in solution, the former procedure is much
more present in literature owing to an easier procedure [198].

5.6.6.4 Electron Microscopy

The wavelength of electrons in an electron microscope is another 1000 fold smaller
than the wavelength of X-rays in XRM and 10,000 fold smaller than photons in
optical light microscopy. Therefore, electrons can convey much smaller information
providing sub-Ångstrom resolution. Two types of electronmicroscopy are commonly
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utilised: scanning electron microscopy (SEM) and transmission electron microscopy
(TEM).

A scanning electron microscope operates by registering the interaction between
the sample and a focused electron beam that scans over the sample. Dedicated detec-
tors can collect back scattered electrons and secondary electrons. Backscattered elec-
trons (BSE) are electrons provided by the focused electron beam that are slingshot
back under the influence of positively charged atomic nuclei. The BSE yield relates
to the proton density: the heavier the atoms the brighter BSE the signal [199]. This
relationship can be used to differentiate between two components, e.g. a metal NP in
a carbon-based medium. Secondary electrons (SE) are electrons that derive from the
inelastic collision of the electron beam with the electron shell. They originate from
the atoms within the samples and will result in ionisation events. SEs mainly contain
topographic information on the surface of the object. SEM provides a unique view
on the surface of particles and allows for size estimation, surface structural analysis
and surface defects detection for particles of a few nm diameter or higher.

In a TEM, the shadow of the object, as witnessed by the electron beam, is imaged.
TEM provides the highest resolution of all known microscopic methods: around
0.2 nm in conventional instruments and even 0.05 nm in high-end aberration cor-
rected instruments [200]. Darkfield approaches, similar to in light microscopy, such
as scanning transmission electron microscope (STEM) and variants such as high-
angle annular darkfield provide high contrast in function of the atomic number
thereby permitting differentiation between the signal of non-carbon-based NPs and
the typically carbon-based medium in the image [201].

Electrons have a much stronger interaction with matter than the other electro-
magnetic waves described above. Consequently, electron microscopes must operate
under a vacuum as electrons will be scattered by the atmosphere. However, water
will evaporate at room temperature in the vacuum of an EM. This implies that aque-
ous samples require complete dehydration prior to measuring [202]. If removing the
aqueous medium is not an option, for example because it is an integral structural
component as in liposomal preparations, cryo-electron microscopy can be useful.
Water in frozen samples will remain in its solid form at liquid nitrogen temperatures,
even at the low pressures inside the electronmicroscope. Cryo-EM has the additional
advantage that drying-induced aggregation or structural changes are prevented. Such
low temperature approaches are possible both in SEM, TEM and STEM.

Another possibility to image without removing the aqueous solution is to sacrifice
resolution for the presence of water in the sample, a concept which is applied in the
environmental scanning electron microscope (ESEM). Differential pumping permits
to have the electron optics under high vacuum but the sample chamber under a
poorer vacuum: typically around 50–100 mbar, 1/20 of the ambient pressure. A 10-
fold reduction in resolution compared to conventional SEM is the main drawback
(in the range of 50–100 nm), along with a very limited penetration depth of the
beam. Efforts were made to develop sample chambers, WetSEM™ capsules, which
enclose the sample including the liquid environment inside the vacuumof the electron
microscope. These capsules are equippedwith an electron-transparentmembrane that
allows electrons to pass into the sample. More recently, liquid TEM holders have
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been developed, based on a similar principle of shielding the aqueous samples from
the vacuum in the instrument by means of silicon nitride windows [203].

5.6.6.5 Analytical Methods

The microscopic approaches discussed above result in images that reflect the absorp-
tion, reflection and/or scattering of the incoming electromagnetic waves. Most imag-
ing modalities can be complimented with analytical tools, often of spectroscopic
nature. These analytical tools provide ameans to characterise thewavelengths present
in the image-forming waves, i.e. the spectral fingerprint. The analytical microscopy
concept turns the 2D micrographs into 3D data cubes, with the third dimension a
spectrum for each pixel that can be matched with existing libraries.

Light microscopic methods can be complemented with visual and infrared range
spectroscopy (400–1000 nm). Such spectroscopic analyses have been used in com-
bination with dark field microscopy to study the interaction between cells and NP
in the absence of a fluorescent probe [204], where the spectrum can be influenced
by the surrounding matrix [205]. Other spectroscopic possibilities, such as Raman
spectroscopy or Fourier transformed infrared spectroscopy can be used.

The interaction of an electron beam with the inner shell electrons of atoms can
result in the expulsion of X-rays which are characteristic of the atom. The specific
X-ray energy can be detected and quantified by a silicon drift detector, an analytical
method known as electron dispersive X-ray or EDS. EDS provides the chemical
characterisation for each pixel in the image, resulting in elemental maps, and can
be found in SEM and STEM setups. A second spectroscopic method in found TEM
and STEM based on electron interactions with atoms is called electron energy loss
spectroscopy (EELS). Electrons in a high voltage, coherent electron beam hitting
outer shell electrons of atoms will lose energy by inelastically scattering electrons in
a way that is characteristic for the interacting atom. Peaks in the absence of a specific
energy band quantify elements in the sample [206].

5.6.6.6 Advice for Sample Preparation for Imaging Techniques

Unlike scattering methods, microscopy provides results on a per particle basis. This
necessitates the creation of proper sampling schemes: each nano-object must have
the same chance to be sampled, independent of its size or other characteristics.
Omission bias (larger objects are favoured) or convenience sampling (searching for
a convenient example) render data unsuitable for generalisation and hence useless
to represent the entire nanomaterial. The key to overcome such bias is to record data
according to a (computer-) generated randomised scheme [207]. A summary of the
discussed techniques can be found in Table 5.3.
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Table 5.3 Summary of imaging techniques used in the elucidation of colloidal interactions at the
bio-nano interface
Technique Information Pro Cons Pitfalls

Structured illumination
microscopy

Presence of NP Sub 100 nm
resolution

Will not
resolve NP

Processing
time. Artefacts
due poor
grating
position

Darkfield microscopy
imaging

Presence and
localization
(unresolved) of
NP

Light
microscopy
based, easy
sample prep

Only strongly
scattering NP

Interpretation
of the data can
be arduous

Fluorescence
microscopy (including
laser scanning
microscopy and super
resolution microscopy
(STED, PALM,
STORM)

Presence and
localisation
(unresolved) of
NP

Light
microscopy
based, easy
sample prep.
<100 nm
resolution in
super
resolution LM

Necessity for
fluorescent
dyes

Fluorescent
staining of NP
in complex
media can be
difficult

Magnetic resonance
imaging

Presence and
(crude)
localisation of
NP

Non-invasive,
and very
specific

Poor
resolution,
limited to
paramagnetic
NP

Lock in thermography Presence and
thermal
signature of
paramagnetic
and plasmonic
NP

Sensitive,
reliable

Poor
resolution,
limited to
paramagnetic
particles

Atomic force
microscopy

Presence,
localisation,
size

High
resolution, in
aqueous
solutions

Bias in height
values due to
deformation by
the cantilever
tip [138]

User influence
on the data
processing
[139]

XRM XRSM Presence,
aggregation,
size
distribution

No sample
prep needed

Synchrotron or
advanced light
source needed

Scanning electron
microscopy

Presence,
aggregation,
size
distribution,
surface
analysis,
surface defects
detection,
material
contrast
information

Resolves
single
particles, high
resolution,
Bulk samples

Vacuum
needed,
meaning
drying of the
particles, may
induce
aggregation.
Samples may
need
conductive
coating,
destructive
method
(samples
cannot be
reused)

Size estimation
can be
complex for
non-spherical
NPs

Environmental
scanning electron
microscopy

Presence,
aggregation
and size of
(larger) NP

In situ electron
microscopy

Loss of
resolution

Complex
image
interpretation

(continued)
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Table 5.3 (continued)
Technique Information Pro Cons Pitfalls

Transmission electron
microscopy

Presence,
aggregation,
size,
morphology,
3D structure

High
resolution

Sample
preparation:
water must be
removed

Only thin
objects (<200
nm thick)

Scanning transmission
electron microscopy

Presence,
aggregation,
size,
morphology,
3D structure

High
resolution,
thicker
samples (up to
1 μm)

Sample
preparation:
water must be
removed

Radiation
damage of the
sample

wetSEM Presence,
aggregation
state, size,
morphology

Electron
microscopy
without the
need for
dehydration

Loss of
resolution

Sensitivity of
the membrane
to radiation
damage

Liquid holders TEM Presence,
aggregation
state, size,
morphology,
3D structure

Electron
microscopy
without the
need for
dehydration

Dedicated
chips needed
for each
sample

Interaction of
electron beam
on enclosed
water
complicates
interpretation

5.6.7 Dynamic Methods

The interactions of NPs in vivo have been shown to be a dynamic affair, where the
faster moving proteins arrive first, forming the ‘soft corona’, and then are replaced by
less motile proteins that have a higher affinity for the surface and become electrostat-
ically bound, forming the ‘hard corona’, over the course of several hours [208–210].
Full understanding of any dynamic behaviour necessitates its study in space and

Table 5.4 Summary of dynamic techniques

Technique Information Pros Cons Pitfalls

Synchrotron
techniques

NP properties,
chemical
composition and
protein
aggregation

High flux allows
for excellent
resolution in
space and time

Samples are
easily damaged
by synchrotron
radiation
Beamtime is not
easily awarded

Data
deconvolution
can be complex

Microfluidics Interfacial
phenomena

Can be coupled
with scattering
and imaging
techniques
Can overcome
sample
preparation issues
found in bulk

Interdisciplinary
knowledge of
optics, and fluid
mechanics in
addition to your
own expertise are
required

Devices are not
‘plug and play’
units
Resolution is
limited to the
detection method
Detection
methods are
limited by chip
material
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in time. As the interaction of NPs with components in physiological media is a
dynamic phenomenon, scientists are utilising advanced, high energy synchrotron
techniques, coupling microfluidic technologies with scattering or imaging methods,
and/or sophisticated software to analyse images in order to obtain time resolved
data (Table 5.4).

5.6.7.1 Synchrotron radiation

The brilliance of synchrotron radiation has significantly shortened the analysis time
of a multitude of scattering techniques in specialised facilities that can be found
around the world. Synchrotron light is produced by the acceleration of electrons
under the direction of a magnetic field to 99.9% of the speed of light. This results
in the production of radiation that has high flux, a wide energy spectrum, highly
collimated and polarised, which can produce short pulses. Such radiation allows for
the fast illumination of NP at the bio-nano interface, where data deconvolution allows
for the separation of signal between the protein and NP. Because of the advantages
of high spatial resolution, high sensitivity, excellent accuracy, low matrix effects
and non-destructiveness, synchrotron radiation analytical techniques are increasingly
becoming valuable tools for investigating the bio-nano interface.

By selecting and directing specific wavelengths of light to specific instruments,
called ‘beamlines’, one can utilise specific wavelengths of radiation, to analyse the
bio-nano interface within one facility. Of particular utility for the dynamic analysis
of NP in complex media are the following methods.

Synchrotron Small Angle X-Ray Scattering (SAXS)

High brilliance synchrotron sources coupled with advanced detectors has ensued
the adoption of time resolved synchrotron SAXS data to observe a multitude of
dynamic processes, thus helping us to understand the link between nanostructure
and the properties of the materials [211]. Synchrotron SAXS, coupled with SANS,
has been used to observe changes in morphology of gold NP upon interaction with
physiological proteins [150]. This detailed study employed complex data deconvo-
lution in order to elucidate protein dissociation constants, and the stoichiometry of
the NP-protein complex, where the authors developed their custom built software in
order to make this technique accessible to non-experts in small angle scattering. In a
more straightforward manner, highly ordered nanomaterials can particularly benefit
from dynamic study with synchrotron SAXS, where changes in scattering are more
evident. This method has been used in the determination of the kinetics of disorder-
order and order-order phase transitions in lipidic liquid crystalline NP, upon exposure
to lipases [212, 213].



136 W.-K. Fong et al.

Synchrotron X-Ray Absorption Spectroscopy (XAS)

X-ray absorption spectroscopy detects change in the local electronic environment,
coordination geometry and bond distances of absorbed atoms in materials [214].
Because of its unique chemical sensitivity, synchrotron XAS provides precise finger-
print measurements of the NP structure, shedding light on the molecular mechanism
of physicochemical interactions, such as adsorption, dissolution, phase transforma-
tion, and oxidative-reductive reactions, at the interface betweenNP and physiological
milieu [215]. Additionally, synchrotron X-ray sources can be focused to spot sizes
ranging from mm2 down to the nm2 range [216]. XAS reveals specific information
of specific sites in three different energy regions: the pre-edge region, which reflects
electronic structure and oxidation state; the X-ray absorption near edge structure
(XANES) and the extended X-ray absorption fine structure (EXAFS), providing
geometry and coordination of the local structure. An important advantage of XAS is
that samples of all states of matter (gas, liquid, soft matter and solid) can be analysed.

For instance, XANES has been used to differentiate the chemical states of iron
on the surface of two types of Fe2O3 NPs (α-Fe2O3 and γ-Fe2O3) in the presence of
biological reducing agents cysteine and NADPH [217]. Binding sites of BSA upon
gold nanorods have also been identified via XANES in combination with a least
squares linear fitting [218]. XANES experimental data combined with simulations
revealed that the hydrophobic interaction between a streptavidin and the hydrophobic
surface of single-walled carbon nanotubes induced changes in the C=O double bond
of the streptavidinwhich subsequently led to a small, but relevant structural distortion
of the protein [219]. As can be seen, XAS is a powerful tool for characterizing the
chemical states of NP and proteins at the interface between NP and biological milieu.

Synchrotron Circular Dichroism (CD)

The main advantage of synchrotron CD over benchtop instruments is that it has
the capacity to obtain structural information of proteins with only small sample
amounts in a short amount of time. By following the unfolding of different classes of
human plasma proteins upon exposure to gold and silverNP at different temperatures,
Laera et al. demonstrated that albumin, transtyrethrin and lysozyme are significantly
destabilised when interacting with silver NP, whilst its stability is not affected when
interacting with gold NP [110]. Time resolved synchrotron CD has been utilised
to observe rapid changes in the folding of BSA in the corona, attributed to the
transformation of protein disulfide bonds to Au–S coordination [218]. Thus, the
rapid acquisition of CD data can be used to reveal the molecular mechanisms of
interfacial reactions of proteins.
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Advances in Synchrotron Techniques

Recent developments in synchrotron instrumentation have afforded scientists the
ability to visualise NP on a single particle level. Coherent X-ray diffraction is a
powerful method of measuring the three dimensional structure of NP, where 2D or
3D reconstruction of the scattering pattern allows for the elucidation of an image
of nanoscale structures [220]. The most recent advances in this field have been in
X-ray free-electron lasers, where femtosecond flashes of X-ray light have been used
to provide single particle analysis on nanoscale particles, in this case, a crystalline
gold core and a differently shaped palladium shell to a resolution of 7 nm [221].
These advances in synchrotron science will allow for a faster and more focussed
understanding of interaction at the bio-nano interface.

5.6.7.2 Microfluidics

Microfluidics has facilitated the development of nanomaterials through the ability to
accurately manipulate nanolitre volumes in microscale fluidic channels in turbulence
free conditions, resulting in well-defined and well-controlled fluid-fluid interfaces
to be made and manipulated [222]. Without agitation or obstacles within the chan-
nels, interaction between these interfaces at microfluidic length scales results only
in diffusion controlled mixing. Microfluidic devices have thus been used in the cre-
ation of nanoscale materials, as fine control of the interfaces can be achieved through
the directed introduction of valves, mixers and pumps on the chip in order to form
uniform droplets and precipitates, and consequently, the precise control of NP syn-
thesis [223] and separation [224]. In terms of looking at bio-nano interactions, chips
can be designed and created in order to accurately mimic in vivo environments and
processes, where the flexible and modular nature of microfluidic devices provides
opportunities to create increasingly realistic models, including multi-tissue devices,
which have been used to assess NP as drug delivery vehicles [225, 226].

Microfluidic chips can be combined with either scattering or optical techniques
in order to understand how engineered particles behave in complex environments.
Investigating NP dispersions under microfluidic laminar flow conditions coupled
with florescence spectroscopy has previously been established as a technique known
as flow cytometry [227], however the use of MF chips allows for this investigation in
a more complex manner. The integration of sample preparation and delivery with the
analytical mechanism results in the synergistic enhancement of function and perfor-
mance of extremely small detection volumes (femtolitres to nanolitres). In order to
monitor intra- and intermolecular reactions occurring in microfluidic reactors, they
have been coupledwith spectroscopicmethods [228], surface-enhancedRaman spec-
troscopy (SERS) detection [229], Förster resonance energy transfer (FRET) [230],
light scattering [231] and small angle x-ray scattering [232]. Thus, the flexibility
of microfluidic chips allows them to be coupled to a wide range of characterisation
techniques for the dynamic characterisation of NP at the bio-nano interface.
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5.7 Conclusions and Future Directions

This chapter has:

• demonstrated that physiological fluids contain elements that alter the stability of
NPs in in vivo conditions and that complex CCM have been formulated to reflect
these conditions;

• demonstrated that colloidal chemistry phenomena of NPs are altered by elements
in complex CCM;

• highlighted analytical techniques that are particularly useful to look at NPs in com-
plex CCM; uncertainty surrounding colloidal interactions requires investigation
by multiple techniques in order to get the complete picture;

• provided practical advice as to how these techniques need to be modified in order
to take into consideration the effect of naturally occurring salts, surfactants and
proteins upon the colloidal stability of NP in vivo;

• given insight into developing techniques that can be used to characterise the chem-
ical and structural changes of the components at bio-nano interface;

In this way, a solid foundation for the long-term advancement of nanotechnology
into effective new products both in medicine and industry can be established.
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Chapter 6
Nanoparticle-Cell Interactions: Overview
of Uptake, Intracellular Fate
and Induction of Cell Responses

Barbara Rothen-Rutishauser, Joël Bourquin and Alke Petri-Fink

Abstract The range of engineered nanoparticles (NPs) designed as specific carriers
for biomedical applications, e.g. cell targeting and drug delivery, is still on the raise
and the question on how NPs are interacting with single cells and sub-cellular struc-
tures remains important. The delivery to the cell surface as well as the interaction of
NPs with cellular structures with possible subsequent response is highly influenced
by various parameters such as (a) the physico-chemical properties of the NPs, (b) the
cell and tissue type and (c) the intracellular fate of the NPs in the various organelles
including biopersistence, exocytosis and/or transfer to other cells. The aim of this
book chapter is to discuss, on the basis of existing literature, the interaction of NPs
with single cells including the intracellular fate and their interference with signaling
pathways.

6.1 Introduction

Over the past decades the increase in nanoparticle (NP) research has resulted in
an increase of nanotechnology related products [1, 2] for numerous applications,
including medicine, consumer products (such as food additives, cosmetics and sport-
ing equipment), environmental remediation and information technology [2]. In order
to realize these proposed benefits, heightened research has been performed to deter-
mine if the potential benefits of nanotechnology could be utilizedwithout any adverse
effects in human health or the environment.
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The definition for a nanoparticle (NP); a nano-object (a material with one,
two or three external dimensions in the nanoscale (1–100 nm)) with all three
external dimensions in the nanoscale (ISO/TS: 27687:2008 [3]); will be used.

The number of new NPs with e.g. different materials, sizes, shapes, surface coat-
ings (for reviews see [4–6]) is increasing and there is a need to apply reliable, cost and
time effective, rapid and mechanistic based testing strategies enabling to understand
interactions of engineered NPs at a cellular level; this all is imperative for their safe-
by-design strategies and should also increase subsequent regulatory approvals [7]. It
has been widely accepted that in vitro results can be useful for ranking NPs either
by mechanistic studies enabling a deeper insight into mechanisms of NP-induced
(potentially even nano-specific) effects or serving as a foundation for follow-up
in vivo studies [8].

The interaction of NPs with cellular systems depends on the administration route
to the human body and for biomedical applications themost commonly used adminis-
trations include, amongst others, injection, inhalation, oral or dermal administration
(for a review see [9]). Independent of the administration route the NPs will encounter
complex physiological fluids composed of various biomacromolecules such as e.g.
proteins, lipids, and ions which then can result in the formation of a protein layer
around the NPs, NP dissolution or NP aggregation [10, 11]. All these changes can
strongly impact the interaction with cellular structures as well as the subsequent
intracellular fate [12, 13]. The detailed description of the different administration
routes and the behavior of NP in complex physiological fluids is, however, beyond
the scope of this book chapter and have been thoroughly presented elsewhere (e.g.
[14–16]).

Once the NPs have been administered they directly interact with cellular barri-
ers, i.e. the primary barrier itself or, if translocated via the systemic circulation, at
secondary barriers [9]. It is important to understand how NPs interact with cellular
systems and the detection, localisation and quantification of NPs within cells is of
central importance to understand how physico-chemical parameters might influence
the possible interaction with a specific cell types and the cellular responses [17].
Once intracellular NPs are identified, their distribution in different cellular compart-
ments, such as endosomes, lysosomes, mitochondria, the nucleus or cytosol may also
provide some indications as to their potential biological impact [18, 19], as well as
how to specifically design nanocarriers for cell targeting and drug delivery.

6.2 Cellular Barriers in Eukaryotic Cells

Once the NPs have reached their target cells, several other barriers remain, including
the outer cell membrane and, only in eukaryotic cells, the intracellular membranes
surrounding the different compartments to provide optimal microenvironmental con-
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ditions for specializedmetabolic pathways (for a review see [20]). The cellmembrane
consists of a lipid bilayer containing various phospholipids, glycolipids and sterols,
carbohydrates and membrane proteins, which regulate the entry of small and large
molecules into the cell and are held together mainly by non-covalent interactions
[21]. The cell membrane also plays an important role in anchoring the cytoskele-
ton to the outer cell membrane providing the cell shape. Further the cell membrane
enables to form tissues by attaching to other cells as well as to the extracellular matrix
by the adhesion proteins e.g. integrins and cadherins [22]. The lipid molecules in cell
membranes are arranged as a ca. 4–5 nm-thick, continuous double layer. This lipid
bilayer is not rigid but rather dynamic in which lipids and proteins diffuse more or
less easily and it was described as the fluid mosaic model by Singer and Nicolson
([23], for a review see [24]). Because of this fluidity of the phospholipid bilayer the
components of the membranes can be arranged in a non-homogenous distribution
and areas can differ in their lipid composition (for a review see [25]). Especially
the clustering of sphingolipids and cholesterol into so-called lipid rafts has been
associated with specific cellular and/or biological functions (for a review see [26]).

The cellular membrane is only selectively permeable, as it allows water to flow
freely but provides a relatively impermeable barrier to the passage of most water-
soluble molecules. Various routes exist for macromolecules or materials to enter
a cell, such as passive diffusion through the membrane, transport-mediated uptake
via transmembrane proteins serving as pumps or channels, or catalysing membrane-
associated reactions and vesicular uptake mechanisms, including endocytotic pro-
cesses such as pinocytosis and phagocytosis [27, 28]. The detailed mechanisms are
also elaborated in more details in Sect. 6.3.2 Cellular uptake mechanisms and detec-
tion of nanoparticles by advanced imaging methods [29].

6.3 Nanoparticle-Cell Interactions

The principal interaction of NPs with a biological environment occurs at the cellular
level through the interaction with structural and functional cell compartments (e.g.
cell membranes, nucleus, organelles) [18] and the information about the localization
ofNPs is key in the assessment of theNP efficiency to perform a desired action [30]. It
is also important to distinguish betweenNPs adhering to the outer cell membrane and
intracellularly, as well as to quantify the internalized NPs; this is, however, covered
thoroughly elsewhere [31–34]. There is convincing evidence that NPs are taken up
by any cell, with most studies suggesting an endocytotic uptake route. NPs, however,
might also be released, degraded and/or transferred to other cells which will then
influence the efficacy of NPs and cellular reactions (Fig. 6.1) (for reviews see [7, 9,
35]). It also has been shown that NP endocytosis is not only particle but also cell type
dependent [36] and for instance epithelial cells reveal different uptake mechanisms
in comparison to phagocytotic cells, i.e. macrophages [37].
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Fig. 6.1 Schematic representation for the different endocytotic mechanisms of particles. Large
(micron-sized) particles may be actively incorporated via phagocytosis, whereas smaller particles
can be internalized through multiple mechanisms, i.e. micropinocytosis (>1μm), clathrin-mediated
endocytosis (~120 nm), clathrin- and caveolae-independent endocytosis or caveolae-mediated endo-
cytosis (~60 nm). Nanoparticles may also enter the cell passively via diffusion or passive uptake by
van der Waals or steric interactions through the plasma membrane

6.3.1 Endocytotic Mechanisms

The uptake of NPs by eukaryotic cells occurs mainly via endocytotic pathways
(Fig. 6.1) which includes pinocytosis (“cellular drinking”), i.e. the ingestion of
fluid and molecules via small vesicles (<0.15 μm in diameter), and phagocytosis,
i.e. the ingestion of large particles (generally >0.25 μm in diameter) (for reviews
see [28, 38]).

Phagocytosis is mainly carried out by so-called professional phagocytes (i.e.
monocytes/macrophages, neutrophils and dendritic cells), where particle internal-
ization is regulated and initiated by the interaction with specific receptors on the
surface of the cell (Fig. 6.2). This initiation then leads to the polymerization of actin
filaments at the site of ingestion, i.e. membrane ruffling, and after internalization the
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Fig. 6.2 Phagocytotic uptake of fluorescently labelled 1.2μmsilicondioxide particles by a J774.A1
macrophage. The particles (red) were added at time point zero to the cultures and visualized up
to 24 h using a Zeiss confocal microscope. After attachment to the outer cell membrane (0 h) the
macrophage surrounds the particles by protrusion (5 min) and keep them engulfed (4.5 and 24 h)

phagosome matures by a series of fusion events with components of the endocytic
pathway, culminating in the formation of the mature phagolysosome [39, 40].

The term pinocytosis includes macropinocytosis, clathrin- and caveolin-mediated
endocytosis and clathrin- and caveolin-independent endocytosis [28]. Macropinocy-
tosis triggers actin formation which then collapse onto and fuse with the plasma
membrane to generate large endocytic vesicles called macropinosomes. Caveolin-
mediated endocytosis is mostly used for the transport of serum proteins. Caveolae
are static, flask-shaped invaginations of the plasmamembrane that are slow in uptake
and are observed in several cell types, including capillary endothelium, type I alve-
olar epithelial cells, smooth muscle cells and fibroblasts [28]. This mechanism is
generally connected to cholesterol-rich microdomains, called rafts, with a diameter
of 40–50 nm [41, 42]. Clathrin-mediated endocytosis is a form of receptor-mediated
endocytosis, which is in general very fast. It occurs in all mammalian cells and car-
ries out the continuous uptake of essential nutrients, such as the cholesterol-laden
low-density lipoprotein particles that bind to the low-density lipoprotein receptor,
and iron-laden transferrin that binds to transferrin receptors [43, 44].
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After NP endocytosis the internalized particles are ultimately located in a vesicle.
There are, however, studies that have shown not membrane-bound intracellular NPs
[45–47], thus indicating endosomal/lysosomal escape as shown for sharp-shaped
nanomaterials such as nanodiamonds, which could pierce the membranes of the
endosomes and thus escaped to the cytoplasm [48] or alternative pathways such as
passive diffusion through membrane pores and passive uptake by van der Waals
or steric interactions (subsumed as adhesive interactions) [49]. In addition, highly
positively charged particles such as polyethyleneimine coated NPs have been shown
to escape the endo-lysosomal system by the so called proton sponge effect [50].
The localisation of free NPs in the cytosol is, however, only rarely observed and the
majority of particles are found inside vesicular structures [51].

6.3.2 Intracellular Fate

After the cellular uptake the particles are mainly observed in vesicles (Fig. 6.3). As
already stated upon phagocytosis of bigger sized particles (<0.5 mm) the phagosome
matures by a series of fusion events with components of the endocytic pathway, i.e.
the lysosomes, finally forming the mature phagolysosome [39]. The milieu in the
phagolysosomes is acidic and hydrolytic, enabling the degradation of the engulfed
particles [52], this, however, highly depends on the biopersistence (i.e. defined as the
extent to which particles are able to resist chemical, physical, and other physiolog-
ical clearance mechanisms in the body) and biodurability (i.e. defined as the ability
to resist chemical/biochemical alteration and is a significant contributor to bioper-
sistence) of the particles [53]. In addition, phagocytosis activity in human-derived
macrophages and dendritic cells largely depends on particle size, surface charge as
well as the surface coating [54, 55].

Many studies have shown receptor-mediated clathrin- and caveolae-dependent
uptake to internalize nanoscale materials, i.e. NPs [35]. Once the NPs are inside
endocytotic vesicles they fuse together to form early endosomes allowing for approx-
imately 10 min. to fuse with other endocytic vesicles. Early endosomes are described
to be the main sorting station in the endocytotic pathway. During this time the mem-
brane and internal fluids such as transmembrane receptors are constantly recycled,
while the cargo, e.g. NPs, is retained inside [40]. The maturation of early endosomes
into late endosomes vesicles is accompanied with an acidification as well as with an
extensive exchange with the trans-Golgi network sending proteins for the lysosomal
digestion system, such as hydrolases or membrane-attached transport proteins, into
the degradation pathway [56]. Late endosome are bigger than early endosomes, usu-
ally in the size of 250–400 nm, and are closer to the nucleus. Then the late endosomes
mature into lysosome by fusion with pre-existing lysosomes to form the so-called
endolysosomes. Finally the majority of the endosomal components are degraded
with the preservation of the lysosomal parts. The maturation is associated with an
additional drop of the pH which can finally be between 4.5 and 5. In the electron
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Fig. 6.3 Transmission
electron micrograph of
polymer coated gold NPs
inside lysosomes in a
dendritic cell (arrows). N
refers to the nucleus Image
courtesy of Kleanthis
Fytianos

microscope the lysosomes appear as electron dense bodies and highly heterogeneous
in terms of composition, density and morphology [40, 57].

Inside the lysosomal compartment the NPs are not only exposed to an acidic
pH and high ionic strength but also up to 50 different and highly potent proteolytic
enzymes have been described [58]. Such a harsh environment then can result in a
possible degradation of NPs or change in colloidal stability. Enzymes in the lyso-
somes also can dissolve or detach the polymer coatings which stabilize the NPs
and/or are used to add a specific functional surface. Kreyling et al. designed gold
NPs coated with a radiolabelled indium polymer shell. They showed a localisation
of the particles in endosomes and lysosomes in cells in vitro after endocytosis and
a separation between the inorganic gold core and the organic polymer coating. In
vivo the particles were found in liver cells where the polymer shell was exocytosed,
then filtered by the renal system, and finally excreted via the urine [59]. We also
have shown that in the case of fluorescently encoded carboxylated poly(vinyl alco-
hol) (COOH-PVA) gold NPs the intracellular environment (lysosomes) in J774A.1
monocyte/macrophage cells can cause the conformational changes within the poly-
mer grafted on theNP surface, which then as a consequence has led toNP aggregation
and quenching of the fluorescent dye present on the polymer surface [60]. Ma and
colleagues prepared gold NPs with different coatings, i.e. human serum albumin
(HSA), human γ-globulin (HGG) or human serum fibrinogen (HSF) and compared
the cytotoxicity of the particles after exposure to HeLa cells. They showed that the
degradation speed of the protein corona in the lysosomes is dependent on the corona
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composition which then also impacts the aggregation of the NPs and the cellular
cytotoxicity response [61]. In addition, the dissolution of metallic NPs in lysosomes
has to be considered which can reduce the concentration of intracellular NPs as well
as a release of (potentially toxic) ions [62]. The human neutrophil enzymemyeloper-
oxidase also can provoke a biodegradation of carbonaceous nanomaterials such as
single-walled carbon nanotubes in neutrophils [63], again, the cell type is relevant
regarding particle intracellular fate.

Organelle dysfunctions can contribute tomany human diseases because their func-
tions are intimately linked to cell growth, proliferation, differentiation and cell death.
Therefore, the design of NPs for targeting the cellular sub-organelles for various ther-
apies has recently emerged (for a review see [64]). For instance mitochondria which
are pivotal for the production of energy can be used as a target in cancer or neurode-
generative disease therapy and concepts to produce mitochondriotropic particulate
carriers to transport drugs to either rescue the cell or to promote cell death have been
described [65, 66]. Another important target is the cell nucleus. The nuclear pores
are in the size range of around 30 nm, but studies have shown that larger NPs tagged
with specific nuclear localization sequence can enter the nucleus (for a review see
[67]). In addition, larger NPs with a specific surface can access the nuclear content
during mitosis when the nuclear membrane breaks down [68].

6.3.3 Exocytotic Mechanisms

While many studies exist about NP endocytosis, there are only a limited number
of reports showing the exocytosis of particles. Two pathways of exocytosis have
been described, one constitutive and one which is regulated [21, 69]. Constitutive
exocytosis is observed in all cells where proteins are secreted by being packaged
into transport vesicles in the Golgi apparatus and then carried to and incorporated
into the plasma membrane. Then the regulated pathway is only found in cells that
are specialized for secreting their products, such as hormones, neurotransmitters or
digestive enzymes. This process is performed rapidly and on demand, which is often
triggered by an influx of Ca2+.

Endocytosis and exocytosis are coupled and can stimulate or compensate for one
another [70]. Further, endocytotic processes occurmuch faster than exocytotic routes,
where the excretion rate even decreases with increasing particle size as shown for 14,
50 and 74 nm gold NPs in HeLa cells [71]. It is also known that many parameters,
such as the cell type [72], NP properties (i.e. size, surface and shape) as well as
their applied concentration and exposure time can affect exocytosis thoroughly (for
a review see [73]). Since the NP surface might alter during uptake and lysosomal
processing, the exocytosed NPs might also exhibit a different surface and therefore
recognize different targets or receptors on the cellular surface [14, 73]. Also time
is important and it has been reported that only NPs not ended up in lysosomes can
undergo exocytosis which indicates that exocytosis is mainly effective after a short
NP exposure time [62].
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Not only exocytosis of NPs has to be considered but there might be an eventual
decrease of the total NP load per cell as a result of mitotic division, and/or NP
transcytosis to another cell (for reviews see [35, 74, 75]).

6.4 Nanoparticle Induced Cell Responses

Once the NPs are inside the cells, or as already stated earlier attached to the outer
cell membrane, several cellular responses have been described such as cytotoxicity
[76], the generation of reactive oxygen species [77], the enhanced expression of pro-
inflammatory cytokines [78], and genotoxicity [79].However, the precisemechanism
of possible NPs toxicology is still not fully understood [80] and it is also accepted
that each in vitro test system has to be evaluated for each single NP [81].

Currently, the hypothesis for the mode of action of airborne particulate matter is
the induction of oxidative stress, i.e. the oxidative stress paradigm, leading then to
an inflammatory response and/or cytotoxicity [82, 83], this is also used as a basis
for many NPs-based investigations. Other endpoints have been described such as the
fibre paradigm [84] and the theory of genotoxicity [85]. In addition, some important
aspects about the use of reliablemethods and realistic test conditions to study possible
risks of NPs have recently been reviewed in several publications. For instance the
in-depth characterization of the NPs, the use of realistic doses, and the validity of
the selected test methods have been highlighted [7, 86, 87].

6.4.1 Cytotoxicity

Usually one of the first endpoints assessed in NP-cell interaction studies is cyto-
toxicity [62, 76, 88]. Many different techniques to study cytotoxicity have been
described, such as visualisation of cell morphology, the use of assays to determine
the membrane integrity or the alteration of the metabolic activity. In addition, cell
proliferation determination or evaluation of apoptic versus necrotic responses is reg-
ularly reported (for reviews see [7, 89]). It is important to mention that it is crucial
to include interference tests of the NPs with the assays especially for cytotoxicity
assays where usually also high NP concentrations are used [81]. Such interference
tests, however, are not only relevant for cytotoxicity assay but for all assays including
spectroscopic detections.

6.4.2 Oxidative Stress

Oxidative stress is the imbalance of reactive oxygen species (ROS) production and
defense systems against them and the prevailing paradigm in the NP induced effects
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Fig. 6.4 Light microscopy images of J774.A1 macrophages without and treated with carbon nan-
otubes (left images). Intracellular reactive oxygen species were labelled using 2′, 7′ dichlorofluo-
rescin diacetate assay and visualized by laser scanning microscopy (right images). Images represent
3D surface renderings showing the increased reactive oxygen species labels in the presence of the
fibers as well as an unspecific signal from the carbon nanotubes

(Fig. 6.4). Cells generate ROS to maintain their normal homeostasis, however, its
overproduction can provoke a hierarchical response; thus, ROS can interfere with
a variety of signal transduction pathways, i.e. changing to an anti-oxidant defense,
or eliciting oxidative damage to lipids and induction of DNA-strand breaks [90].
The anti-oxidant system consists of different enzyme systems such as the superox-
ide dismutase (SOD), the catalase (CAT) and the glutathione peroxidase (GPx) to
neutralize ROS (for a review see [91]). Further associations between oxidative stress
and various adverse outcomes such as (pro-)inflammation, general cytotoxicity and
genotoxicity are described in the literature [82, 92, 93].

NP-induced oxidative stress can involve the oxidative properties of the NPs them-
selves as well as the oxidant generation upon interaction of NP with cellular com-
ponents and many different NPs such as metals, metal oxides, fullerene or carbon
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nanotubes have been shown to induce oxidative stress (for reviews see [94, 95]). The
hypothesis postulated in 2003 by Donaldson and colleagues [82] that NPs induce
adverse cellular effects via oxidative means (oxidative stress paradigm) is still used
as a basis for many NP investigations.

6.4.3 Pro-inflammation Including Inflammasome Activation

The central role of oxidative stress for subsequent cellular responses such as inflam-
mation was postulated by Nel and colleagues [96]. Indeed, ROS can activate the sig-
nalling pathway of mitogen-activated protein kinases (MAPKs) which then induce
the transcription factors nuclear factor kappa B (NF-κB), activator protein-1 (AP-1)
or Nrf2 followed by the transcription of pro-inflammatory genes (for a review see
[97]). The cellular release of these pro-inflammatory mediators, i.e. cytokines which
are signalling molecules or chemokines which are “chemo-attractant molecules” and
play a key role in the activation of neutrophils and their recruitment to the site of
inflammation, is then responsible for the inflammation.

Various key mediators have been described such as for example Interleukin (IL)
−8, IL-6, IL-1 and tumor-necrosis factor alpha (TNFα), however, this short list is
by far not complete. In addition, most of these mediators are secreted by typical cell
types, i.e. IL-8 is a chemokine mainly produced by macrophages and epithelial cells
[98, 99] and plays a key role in the inflammatory response, whereas the cytokine
TNFα is primarily released from monocytes like dendritic cells or macrophages [98,
100] and functions as a regulator of inflammation reactions. The stimulated release
of pro-inflammatory mediators by many NPs have been described in the literature
and the physico-chemical properties of the NPs dictate the immune response (for a
review see [101]).

The concept of inflammasome activation has been introduced by Tschopp and col-
leagues a decade ago [102] describing an important component of the innate immune
response which is relevant for the clearance of pathogens, e.g. (nano)particles. The
inflammasome complex comprises of a multimeric protein complex consisting of an
inflammasome sensormolecule, the adaptor proteinApoptosis-associated Speck-like
protein containing CARD(ASC) and caspase 1. Several sensor molecules have been
described such as NOD-like receptors (NLR) 1, 3, 7, or 12. Once the protein complex
has formed the enzyme caspase 1 is activated which then proteolytically activates
the release of the pro-inflammatory cytokines, interleukin (IL)-1β and IL-18, which
is leading to the induction of an inflammatory form of cell death called pyroptosis
[103]. NLRP3 is the main sensor protein activated upon exposure to particles and
is mainly expressed in macrophages. It has, however, been shown that the response
cannot be directly triggered by the particles themselves but other mechanisms have
been proposed such as lysosomal membrane damage resulting in lysosomal content
being released, modification of intracellular ionic concentrations, intracellular redox
unbalance and organelle damage (for a review see [104]). In addition to the acti-
vation of the caspase-1 enzyme the inactive pro-IL-1β cytokine has to be produced
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by gene upregulation and this is typically triggered by microbial agents binding to
membrane Toll-like receptors (TLR) receptors, such as the TLR4 agonist bacterial
lipopolysaccharide (LPS) [105].

One of the first studies showing that NPs can activate the inflammasome was
done with nano titanium dioxide [106]. Since then many other publications have
revealed the underlying mechanisms of the inflammasome activation upon expo-
sure to NPs. It is again important to mention that the physicochemical characteris-
tics of the (nano)particles such as size, surface and shape are decisive for particle
internalization, lysosomal alteration, and subsequent inflammasome/IL-1β process-
ing [104]. The smallest and fiber- or needle-like particles are particularly active to
induce inflammasome activation since the interaction of these particles/fibers with
macrophages can led to frustrated phagocytosis and ROS production which then
activates the cascade [107].

6.4.4 Genotoxicity

The potential damage of NPs to the genetic material in a cellular nucleus, i.e. DNA, is
described as genotoxicity and can be classified as primary or secondary genotoxicity
[85]. Primary genotoxicity is defined as genetic damage induced by NPs themselves
via direct or indirect mechanisms. The direct genotoxicity results from physical
interactions of the materials with the genomic DNA which can occur for smaller
NPs capable of reaching the nucleus through the nuclear pore complexes [108], by
penetration of the nuclear membrane as shown for multi-walled carbon nanotubes
[109] and/or by interaction of the materials with the chromosomes/mitotic spindle
during cell division [110]. Indirect, primary genotoxicity can occur via various path-
ways; for instance via formation of ROS by metals and organic constituents but
not inducing inflammation [85]. Secondary genotoxicity implies the involvement of
inflammatory cells resulting in the oxidative damage of DNA by ROS [108, 111].

The probablymost establishedmechanism bywhichNPs can induce genetic dam-
age is via their capacity to induce oxidative stress [112]. The biological mechanisms
through which NPs can induce DNA damage have been thoroughly described in
several recent reviews [113, 114].

6.5 Conclusions

The great potential of NPs for biomedical applications requires a thorough under-
standing on how theseNPs interact with cells, how they are taken up, their subsequent
localization within cells, but also if and how NPs can be cleared from cells. There is
convincing evidence that NPs are taken up by any cell, with most studies suggesting
an endocytotic uptake route determining the intracellular trafficking and fate. NPs
also have been observed free in the cytoplasm resulted either by passive uptake via
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adhesive interactions or endosomal escape, and depending on the NP properties the
particles also can traffic to other cellular organelles, e.g. mitochondria or nucleus.
It is important to consider that NPs can be released, degraded and/or transferred to
other cells which will then influence the efficacy of NPs used for instance for con-
trast agents in imaging, or in drug delivery. The interaction of NPs with cells and
the intracellular fate also determines the possible cellular response such as oxidative
stress, pro-inflammatory responses including the activation of the inflammasome,
and genotoxicity.
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Chapter 7
Cellular and Non-cellular Barriers
to Particle Transport Across the Lungs

Nicole Schneider-Daum, Marius Hittinger, Xabier Murgia
and Claus-Michael Lehr

Abstract Compared to the human body’s other outer epithelia, like e.g. the skin
and the GI tract, the lungs have the largest surface area. Moreover, the so called
“air-blood-barrier” is extremely thin, but also very tight to fulfill its physiological
function. This chapter discusses the lung as a biological barrier in the context of
inhaled particles. This important function is provided by some specific cellular as
well as non-cellular elements. How the lung copes with particles “after landing” is
not only relevant regarding the risks of accidentally inhaled nanomaterials, but also
for designing safe and efficient nanopharmaceuticals to be inhaled on purpose.

7.1 Introduction: What Distinguishes the Lung from Other
Epithelia?

Along the Respiratory Tract the Epithelium Changes

The pulmonary epithelium holds multiple functions not only essential for tissue
homeostasis. Various other requirements such as host defense or controlled transport
are fulfilled by differences in the type and abundance of specialized cells at each
location [1]. In general, similar types of pulmonary epithelial cells are found in all
vertebrate lungs. In human lung, the airways are lined by a so-called pseudo-stratified
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Fig. 7.1 Scheme of the 3 main parts of the respiratory tract, taken from [5]

columnar epithelium. It consists of a single layer of cells that give the appearance
of multiple layers, due to the fact that the nuclei of these epithelial cells are at
different levels leading to the illusion of being stratified. Predominant cell types are
ciliated, basal, goblet and other secretory cells, including club cells (also known as
Clara cells). While goblet cells secrete gel-forming mucins and are found in several
epithelia, e.g. in the GI tract, the club cells produce glycosaminoglycans to protect
the bronchiole lining. The alveolar region contains squamous alveolar type I (ATI)
and cuboidal alveolar type II (ATII) cells (Fig. 7.1). The latter synthesize and secrete
pulmonary surfactant, which lowers the surface tension in the alveoli relevant during
inflation and play an important role as progenitors for ATI cells. These are found
in close proximity to alveolar capillaries to allow for gas exchange. Their ability
to form a thin but still very tight barrier is essential to avoid fluid accumulation in
the alveolar space and to control transport processes of all kinds of substances and
particles. Alveolar macrophages are the largest cell type and only loosely attach to
the epithelium, as they move over the surface and phagocyte foreign materials [2–4].

Pulmonary Defense Mechanisms

An important function of the lungs is to keep itself clean of any foreign material in
order to maintain gas exchange. Therefore, the lungs have developed sophisticated
mechanisms to remove all kinds of particulate matter. This fact is also an ongoing
challenge for inhalation therapies. From the trachea to the terminal air sacs the airway
tubes are branched over 23 generations. The first 15 generations provide conducting
airways, bronchi and bronchioles, whereas the last eight generations become trans-
formed into the gas exchanging modules, the acini [4]. The repeated branching of the
pulmonary tree allows the trapping of inhaled particles via impaction and sedimen-
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tation, while inhaled gases are humidified and warmed to body temperature. Mucus
on top of a ciliated epithelium is able to capture particles and to transport it via the
mucociliary escalator to the oropharynx to be eventually swallowed. Furthermore,
the pulmonary epithelium is a tight barrier accompanied by a variety of cells of the
innate and adaptive immune system [6].

7.2 Barrier Properties and Transport Mechanisms
at the Pulmonary Epithelia

The barrier properties of the pulmonary epithelia are an essential feature of the lungs
and are formed as a consequence to the expression of intercellular tight junctions.

Particles and drugs that escape the pulmonary defense mechanisms reach the
epithelial surface. By crossing such barrier, they then can be removed from the
airspace following cellular internalization and subsequent translocation.

Depending on the substrate, tight polarized epithelia feature different transport
mechanisms and pathways, e.g. (Fig. 7.2).

1. passive transcellular diffusion through the membrane (for small, sufficiently
lipophilic molecules)

2. paracellular diffusion (for hydrophilicmolecules), also depending on the integrity
of intercellular junctions

3. transport-mediated uptake via transmembrane proteins serving as pumps or chan-
nels

4. catalyzing membrane-associated reactions and vesicular uptake mechanisms,
including endocytotic processes

5. efflux systems or metabolism.

Fig. 7.2 Transport pathways for drugs across an epithelial barrier, taken from [6]
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The uptake of nanomaterials by mammalian cells occurs mainly via endocytotic
pathways such as pinocytosis and phagocytosis [7]. Besides, paracellular transport
through cellular junctions cannot entirely be excluded and has already been proposed
to explain the surprisingly high bioavailability of inhaled insulin [8].

However, due to the large diversity of nanomaterials and the limited availability of
appropriate techniques to quantify their internalization in a systematic way, cellular
uptake of nanomaterials is still poorly understood. The physical interaction of the
material with the cell membrane, the material itself, and also the cell type play a sig-
nificant role [7]. Furthermore, several publications point to the fact that alterations in
characteristics of nanomaterials such as the radius of curvature, surface functional-
ization, size, geometry, and charge, can drastically affect uptake mechanisms and the
intracellular fate of nanoparticles [9–13]. Endocytosis however, is not the only possi-
ble mechanism of internalization, as physical interactions of cells and nanoparticles
may allow particle internalization, such as needle-like materials puncturing cellular
membranes for internalization [14]. (See also Chap. 8 Cellular UptakeMechanisms.)

Translocation from the respiratory tract to the body seems not to be limited to the
alveolar part of the lung, but was also described for the upper part at the nasal level.
Thereby, nanoparticles may reach the brain through the olfactory bulb. This pathway
was reported by Oberdörster and co-workers having observed an accumulation of
manganese oxide nanoparticles in the olfactory bulb [15].

The importance of drug transporters in the respiratory tract was underestimated
for a long time, although the lungs express high levels of both efflux and uptake
transporters. It has been reported, that different tissue and cell populations of the
lung have distinct transporter expression patterns [16]. P-glycoprotein (P-gp) and
organic cation transporters are among the most investigated ones, but also multi drug
resistance proteins (MRP), peptide transporters, and several others have been inten-
sively studied. Although, the recognition and trafficking of numerous small molecule
chemotherapeutics or antibiotics by P-gp is nowadays well-described, the protein
interaction with nanoparticulate drug carriers is still poorly understood. Recent find-
ings suggest that nanoscale drug carriers incorporating P-gp substrates may benefit
through minimization of surface presentation or the incorporation of P-gp inhibiting
small molecules [17]. Furthermore, mucoadhesive, drug solubilizing nanoparticles
were reported to enable the oral absorption of paclitaxel via the saturation of the P-
gp pump by high local drug concentrations and by particle uptake and tight junction
opening mechanisms [18]. Recently, Gupta et al. demonstrated that even the function
of bacterial efflux pumps can be blocked by metallic nanoparticles which could help
to increase the bactericidal effect of conventional antibiotics [19]. This could also be
beneficial for the treatment of bacterial lung diseases.

Several cell- and tissue-based in vitro models of epithelial barriers have been
developed to identify the mechanisms involved in cell-particle interaction and trans-
port processes, not only from a toxicological point of view [20, 21], but also for the
efficacy testing of drugs and nanomedicines [22–24]. Several reviews have already
addressed this topic, describing models used either for drug delivery or toxicity of
particulate matter [25, 26]. Independent whether safety or efficacy are the focus of



7 Cellular and Non-cellular Barriers to Particle Transport … 175

an in vitro study, such model systems allow for a better understanding of the aerosol-
lung interactions by focusing on specified factors and endpoints while excluding
others. Thereby, mimicking the human lung in the diseased state is challenging, but
most helpful to identify novel therapeutic modalities and to evaluate not only their
safety, but also efficacy [27]. The final goal would be human cell and tissue models
with a validated in vitro–in vivo correlation (IVIVC) in order to predict the clinical
performance of innovative formulations and novel drugs while replacing preclini-
cal animal experiments, including all the inherent problems of ethical concerns and
species differences. However, due to the complexity of the respiratory tract and the
need to administer aerosols, such models appear not within short term reach, but
their development is a matter of serious research per se.

7.3 Mucus as Non-cellular Barrier to Particle Transport

7.3.1 Role of Mucus in Health and Disease

A layer of mucus coats the conducting airways of the lungs. The main function of
mucus is to condition the inhaled air before it undergoes gas exchange in the alveolar
region. Thus, the mucus layer protects the lung epithelium by capturing away a large
part of potentially harmful particulates contained in each and every breath. Mucus is
synthesized and continuously secreted to the airway lumen by specialized epithelial
secretory cells (goblet cells) and by submucosal glands [28]. The luminal mucus
layer is in turn continuously propelled out of the lungs by the coordinated beating of
the cilia located in the apical side of epithelial cells, featuring an extremely efficient
clearance mechanism also termed mucociliary clearance [29, 30].

During the breathing process, the air-flow is highly turbulent in the trachea and
main bronchi, and reduces its turbulence along the conducting airways, as the airway
caliber is reduced, reaching the alveoli in a rather laminar flow regime [31]. Under the
turbulent flow regime, the air movement occurs in all directions, both perpendicular
and parallel to the airways, forcing the particles contained within the inhaled air to
impact against the mucus-covered walls of the airways. Therefore, inhaled micro-
and nanoparticles are somehow forced to interact with the mucus layer, increasing
their chance to be adsorbed, entrapped and cleared out of the lungs.

Mucus entraps particles mainly by two mechanisms: on the one hand, mucus
forms a complex interconnected 3D macromolecular network with a finite pore size,
which acts as a physical barrier to inhaled particles (size filtering) [32]. On the
other hand, mucus can establish different chemical interactions with foreign particles
due to the wide variety of functional groups occurring in a mucous gel (interaction
filtering) [33]. Both mechanisms are in any case governed by the complex chemical
composition of mucus (Fig. 7.3).
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Fig. 7.3 Mucus can entrap nanoparticles mainly by two mechanisms: on the one hand, those par-
ticles with a bigger size than the mesh-spacing will be sterically hindered by the 3D network, size
filtering (left). On the other hand, mucus can adsorb nanoparticles due to great array of functional
groups contained in a mucus hydrogel, interaction filtering (right). Taken from [33]

Pulmonary mucus is a hydrogel composed mainly of water (95%), mucins (gly-
coproteins), salts, non-mucin proteins, lipids, DNA, and cell debris [34]. Among
the organic constituents of mucus, mucins are the most relevant macromolecules,
which are responsible for the formation of the interconnected molecular network
that confers the mucus its characteristic viscoelastic properties [35]. The mucins are
a class of glycoproteins present in all mucous gels across all human mucosal tissues
(gastrointestinal and vaginal tract, airways and eyes) [33, 36, 37]. In the airways, the
predominant gel-forming mucins areMUC5AC andMUC5B, which are synthesized
and secreted by goblet cells and by submucosal glands, respectively [28, 38, 39].

Mucins are composed of a polypeptide backbone that displays highly glycosy-
lated hydrophilic regions, hydrophobic globular structures, and cysteine rich regions
[40–43]. The glycan component of mucin glycoproteins may account for up to 80%
of the total mass of the macromolecules [44] and often display sialic acid and sul-
fated N-acetylgalactosamine or galactose as terminal residues of the oligosaccharide
chains, conferring to mucus a net negative charge at physiological pH [45]. The
non-glycosylated globular regions of the polypeptide backbone provide interaction
sites for hydrophobic molecules. Both terminal flanks of mucins contain cysteine-
rich regions, which serve to establish intermolecular disulfide bonds [43], creating a
cross-linked macromolecular network that gives the airway mucus its characteristic
viscoelastic trait [34, 46, 47]. A precise regulation of mucus viscoelasticity is of cap-
ital importance for the proper function of the unidirectional mucociliary clearance.

In disease states such as asthma, chronic obstructive pulmonary disease, or cystic
fibrosis (CF), an imbalance of the mucus constituents can significantly compromise
not only the mucus clearance but also the overall pulmonary function [48–50]. The
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case of CF is paradigmatic to illustrate the life-threating consequences associated
to the dysfunction of the mucociliary machinery. CF is a congenital disease derived
from the mutation of the gene encoding for a chloride channel CF transmembrane
conductance regulator (CFTR) [49]. The primary consequence of this mutation is a
water imbalance of the mucus gel, which dramatically increases its viscosity, lead-
ing to the impairment of the mucociliary clearance. In the absence of an efficient
clearance mechanism, mucus can be rapidly colonized by pathogens, which will
in turn elicit the immune response of the host. The overall mucus viscosity is fur-
ther increased (more stiff mucus) as a consequence of mucin hypersecretion [51], the
establishment of additional inter- as well as intra-mucin disulfide bonds due to oxida-
tive stress [52], and by the formation of parallel actin and DNA networks derived
from the accumulation of apoptotic neutrophils [53].

7.3.2 Mucus-Particle Interactions are Primarily Governed
by Particle Size and Surface Chemistry

The first consideration to be made when discussing the inhalation of particles (also
including nanopartciles, NPs), both accidental (toxicology) or on purpose (pharma-
ceutical application), is that a great fraction will unavoidably deposit in the conduct-
ing airways. The fate of these particles will then mostly depend on their interaction
with the mucus, which in turn will be governed by their size, shape, and surface
chemistry.

The 3D network built by the mucins and other mucus components sets a size-
dependent physical barrier tomicro- andNPs.Mucous gels are rather inhomogeneous
and riddledwith pores ranging from few nanometers to larger voids in themicrometer
size range [54]. Electronmicroscopy studies revealed amean pore-size forCF sputum
ranging between 100 and 400 nm [55]. The mesh-spacing of mucus has also been
investigated by dispersing NPs in tracheal mucus and tracking their displacement
over time [56]. Schuster et al. determined the mean squared displacement of 100,
200, and 500 nm stealth particles coated with a dense layer of polyethylene glycol
(PEG) after dispersing them in human tracheal mucus [34]. They found that 500 nm
particles were almost completely immobilized by the mucus mesh. Nevertheless,
PEGylated (“muco-inert”) 100 and 200 nm particles could diffuse through undiluted
human tracheal mucus, indicating that with the appropriate surface coating NPs
with a diameter up to at least 200 nm could diffuse through airway mucus. Our
investigations in this direction have taken into account not only the movement of
NPs within mucus, after their mechanical dispersion, but also their penetration into
mucus after aerosol deposition [54, 57, 58]. In this regard, we have observed a size-
limited penetration into mucus of NPs deposited at the air-mucus interface after
aerosol delivery, which is limited to NPs with a diameter below 100 nm, suggesting
that pores at the air-mucus interface are either smaller or absent.
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The small size of NPs alone, however, does not grant their effective diffusion
through mucus. As previously mentioned, mucus also represents an interactive dif-
fusion barrier featured by net negative charge, a wide array of functional groups
(hydroxyl, carboxylic, sulfate, and amide groups, among others), as well as by the
“naked” peptidic globular motifs that provide interaction sites for hydrophobic com-
pounds [33]. For instance, hydrophobic polystyrene NPs with a diameter of 200 nm
are avidly adsorbed and immobilized by mucins [34, 58, 59, 60], whereas the same
NPs, modified with a dense PEG surface-coating that renders them hydrophilic, can
diffuse unimpeded through the pores ofmucus [34]. Bhattacharjee et al. have recently
demonstrated that cationic NPs with a diameter of just 10 nm are almost completely
immobilized by mucus [61], highlighting the fact that even at a relatively small NP
size scales, the interaction with the mucus components will depend on the surface
chemistry of the NPs.

7.3.3 Considerations for Drug Delivery to the Airways

Nanomedicine has a great potential to optimize the currently available treatments
of a number of pulmonary diseases affecting the lungs. NP-mediated drug delivery
may, in the near future, enable the efficient pulmonary delivery of poorly soluble
drugs, including anti-infectives and anti-cancer drugs, nucleic acids, and other active
pharmaceutical ingredients [62–64].

Besides the challenges in aerosol technology to efficiently deposit nanopharma-
ceuticals in the airways, it is important to achieve sufficient mucus penetration in
order to elicit the intended therapeutic effect at the bronchial tissue. For instance, if
nucleic acid-delivery is the pursued goal, the nanocarriers will need to overcome the
mucus gel layer first, which has a height ranging between 10 and 100 µm [65–67],
before crossing the cell membrane and reaching certain intracellular targets. On the
other hand, if an antibiotic is encapsulated in a nanocarrier to treat an extracellular
airway infection, a mild penetration of the mucus layer coupled with a controlled and
sustained release mechanism may suffice to achieve the desired therapeutic effect.

Several strategies have been developed to deliver nanopharmaceuticals to mucus-
coated epithelia. To achieve an efficientNPmucopenetration it is necessary to comply
with the strict pore-size of themucin network, yet displaying a stealth NP surface that
will further reduce the chemical interaction between NPs and mucus. PEGylation
was originally designed to increase the systemic circulation time of proteins and
NPs [68], and has been successfully implemented for NP-mediated mucosal drug
delivery [69, 70]. Generally, PEGylated NPs diffuse faster through mucus compared
to their non-PEGylated equivalents. A shortcoming of NP PEGylation, however, is
that it might as well reduce cell-NP interactions precluding their cellular uptake.
Zwitterionic NPs, which alternate positive and negative charges on their surface,
have shown good penetration of gastro-intestinal mucus, yet showing an acceptable
cellular uptake [71].
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Mucolytic agents can also be used to increase the mucus penetration of NP-based
drug delivery systems, in particular in diseases where the viscoelasticity of mucus is
dramatically altered. For instance, N-acetyl cysteine (NAC), which cleaves the inter-
mucin disulfide bonds [72], and rhDNase (cleaves DNA), are routinely prescribed to
CF patients in order to manage the viscous mucus secretions associated to the disease
[73]. Suk et al. have demonstrated the feasibility of delivering highly compactedDNA
NPs in combination with NAC. In this study a significantly higher NP diffusivity
through mucus could be observed if the NPs were delivered in combination with the
mucolytic agent [74]. Alternatively, the surface of the NPs can be decorated with
mucolytic molecules in order to enhance their mucopenetration [75, 76].

The “sticky” nature of mucus has also been exploited for drug delivery purposes.
Mucoadhesion intentionally seeks the chemical interaction between NPs and mucus
in an attempt to prolong the residence time of NPs in themucosa [77].Mucoadhesion
can be achieved by coating the NPs with cationic molecules [78, 79], with reactive
thiol groups (-SH, thiomers) [80], or with polymers that will further enable physical
chain entanglements with mucins [81].

As a last consideration for the therapeutic delivery of particles to the lungs, it is
noteworthy to highlight thatmucociliary clearance is a highly dynamic processwhich
sets a limited time-window for drug delivery. The trachealmucociliary clearance rates
have been reported to range between 2 and 16 mm/min in humans and other animal
species [82–86], which significantly limits the residence time of therapeutic NPs in
the airways to just a few hours.

7.4 Surfactant as Outermost Element of the Pulmonary
Air-Liquid Interface

7.4.1 Role of Surfactant in Health and Disease

The reduction of surface tension at the air-liquid interface by so-called “surfactants”
is found in different species with inflating/deflating organs such as the swim bladder
of gold fishes or the respiratory tract of reptiles and mammalians [87]. This chapter
focuses on the composition and function of human pulmonary surfactant. Pulmonary
surfactant is localized on top of the alveolar lining fluid at the air-liquid phase. In
mammalians it is synthesized by ATII and has two important functions: reducing
surface tension and supporting the immune system [88, 89].

The structure and composition of the pulmonary surfactant is pivotal to comply
with the permanently changing alveolar radius and surface area during inhalation
and exhalation, allowing to maintain near-zero minimal surface tension at the air-
liquid interface [90]. The changing alveolar surface area challenges the surfactant
with three important requirements: (i) a fast re-extension into the interface upon
expansion, (ii) a change froma2D layer to 3D structures during compression, and (iii)
an interfacial adsorption from bilayers [91]. The approximately 90% lipids and 10%
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Fig. 7.4 Schemeof pulmonary surfactant and its organization. Lamellar bodies including surfactant
are secreted by alveolar type II cells. TheLBs forma tubularmyelin networkwhich acts as a reservoir
for the surfactant film at the air-liquid interface. The surfactant needs to expand during inhalation
and be compressed during exhalation. This process is possible due to a complex folding which is
supported by the surfactant proteins (mainly the hydrophobic SP-B and SP-C). SP-A and SP-D are
associated with an immune defense role. The figure was modified and adopted from [98]

proteins address this challenge by a 3D structured interplay of lipids and proteins.
From the four lung associated surfactant proteins (SP) two are hydrophobic (SP-B,
SP-C) and two are hydrophilic (SP-A, SP-D). SP-B and SP-C play an important
role in “folding” and “de-folding” of the surfactant layer during compression and
expansion [92, 93]. SP-A and SP-D are associated with the pulmonary immune
defense and have a regulatory and opsonizing function [94]. All proteins contribute
to alveolar surfactant homeostasis.

Alveolar surfactant homeostasis is of utmost importance as either a lack or an over-
production of surfactant will lead to respiratory distress. New pulmonary surfactant
is synthesized in form of lamellar bodies (LB) which are secreted into the alveolar
space. An intact transport-associated protein, the ATP binding cassette sub-family A
member 3 (ABCA3), is required for this secretion. Once secreted, the LBs form an
organized tubular myelin (TM) network which acts as a surfactant source for cover-
ing the air-liquid interface. SP-B is essential for the formation of LBs and the TM
network [95] as illustrated in Fig. 7.4. The synthesis of new surfactant is relatively
slow and consumes resources and energy, in consequence most of the surfactant
(70–80%) is recycled by ATII cells and/or degraded by macrophages [96, 97].

Diseases caused by a lack or abundance of surfactant are usually associated with
respiratory distress. Surfactant absence can occur, for example, in (preterm) neonates
as consequence of a missing differentiation of ATII cells and is usually treated with
exogenous, animal-derived surfactant [99]. Pulmonary alveolar proteinosis (PAP) is
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a rare disease which is characterized by an abnormal presence of pulmonary sur-
factant (or its composition) and has different forms. These were currently reviewed
by Lopez-Rodriguez et al. and Griese [95, 100]. The disease manifestation is age
dependent and associated with a defect in surfactant synthesis or alveolar homeosta-
sis. Genetic mutations of the gene encoding SP-B, SP-C or ABCA3 occur during the
neonatal period and are life-threatening. Most adult patients with PAP suffer from
an auto-immune response characterized by neutralizing antibodies against granulo-
cyte/macrophage colony stimulating factor (GM-CSF). GM-CSF is required for the
differentiation and function such as phagocytosis of alveolar macrophages. The con-
sequence of this auto-immune disease is an enrichment of surfactant in the alveolar
space [101].

7.4.2 Inhaled Particles—Interactions with Surfactant
as a Defense Mechanisms and Transport Facilitator

Our environment contains airborne particles such as pathogens [102] or solid materi-
als (e.g. dust). The human lung is designed to resist such foreign inhaled compounds.
The interaction of particles and surfactant as “the first contact” in the alveoli depends
on physical-chemical properties of the inhaled particle [103]. Thus, a hydrophilic par-
ticle might first interact with hydrophilic proteins while a hydrophobic particle first
interacts with lipids before a multilayer of proteins and lipids forms the final corona.
Raesch et al. investigated the corona of three different nanoparticles (PEG-, PLGA-
and lipid nanoparticles) after incubating them inporcine alveolar surfactant and found
similarly composed corona even for particles made of different materials (Fig. 7.5)
[104]. The particle corona facilitates the uptake in immune cells such as alveolar
macrophage phagocytosis and supports in consequence lung clearance [105, 106].

However, the surfactant corona may not always suffice to mask the differences
between (nano-) particles, especially in case of diseases such as allergies. Wiemann
et al. compared zirconium oxide (ZrO2) nanoparticles coated with tetraoxidecanoic
acid (TODS) or acrylic acid (Acryl) in rats. They found accumulation of both par-
ticles mainly in macrophages and in a small range in neutrophilic granulocytes,
underscoring the assimilating function of the surfactant corona. Inflammation signs
in rats were dose dependent, and only minor differences of both different coated
particles were found. They further investigated the both mentioned particles and
two additional coatings, polyethyleneglycol (PGA) and aminopropilsilane (APTS)
in albumin-sensitized and non-sensitized mice. Interestingly, they found relevant dif-
ferences for the sensitized allergic mouse model but not for the control group. They
conclude that the surface functionalization has minor effects on the inflammatory
lung response in healthy mice and rats, but the surface modification is relevant for
individuals suffering fromallergies [107]. This highlights the need for considering the
individual biological (cellular) environment and the particle properties. This is get-
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Fig. 7.5 The scheme illustrates the surfactant corona formation of hydrophobic and hydrophilic
particles. Reprinted from [104]

ting even more complex when considering age-dependent changes in surfactant and
alveolar homeostasis [108] or the influence of individual habits such as smoking [89].

Beside the view from the alveolar perspective on the entering particle, less is
known about effects on stability of the pulmonary surfactant corona on (nano-) par-
ticles as the surface properties are crucial to prevent particle agglomeration. The
OECD guideline “dispersion stability of nanomaterials in simulated environmental
media” already addresses the importance of an aqueous environment (OECD 2017),
but currently still neglects the potential role of surfactant. Adding surfactant towards
such biosimilar dispersion media might allow for a more realistic particle character-
ization and thus to better predict their biological effects.

Interestingly enough, the presence of the surfactant proteins SP-A and SP-D is not
limited to the lungs, but theyhavebeen reported also for othermucosal epithelia [109].
This may be particularly important for our immune system to cope with airborne bio-
logical particles such as fungi, bacteria and viruses which are regularly inhaled [102].
As part of the innate and adaptive immune system they opsonize particles/pathogens,
inhibit their growth, facilitate phagocytosis and regulate cytokine levels. Details on
these interactions are reviewed by Nayak et al. and Han et al. [110, 111].

7.5 Implications for Particle-Based Pulmonary Drug
Delivery

Due to the excellent progress in aerosol science and technology, the efficient and
reproducible deposition of oral inhalation drug products is nowadays well feasi-
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ble. Since the introduction of the first pressurized metered dose inhaler (MDI) by
Riker Laboratories, Inc. (now 3MDrug Delivery Systems) in 1956 [112], inhalation
aerosols have surged as an own branch of the pharmaceutical industry.While the clas-
sical three pillars of aerosol generation had been nebulizers, MDI’s and dry powder
inhalers, exciting innovations have been introduced, which span from rather simple
low-cost solutions to advanced high-tech devices, which such as e.g. Boehringers
Respimat® Soft Mist™ Inhaler [113]. As a pocket-size device that allows to generate
a single-breath aerosol by nebulizing a metered dose of an aqueous drug solution,
it may be considered as a hybrid of the classical device concepts. At the same time,
quite some research had been invested in the design and manufacturing of particles
with improved aerodynamic properties. As an example, the concept of large porous
particles [114] may be mentioned here, which allows deep-lung deposition of parti-
cles much larger than 10µm. This has interesting implications both for the biological
(e.g. reduced macrophage clearance) as well as for the technological properties (e.g.
less agglomeration) of such inhalable materials. By incorporating nanoparticles into
microparticles or droplets with adequate aerodynamic properties, which disintegrate
and release their cargo after deposition on the pulmonary lining fluid, effective deliv-
ery of nanocarriers to the alveolar epithelium is essentially well feasible [115].

In the light of this progress, pulmonary drug delivery is actually undergoing some
shift of paradigm:While generating inhalable aerosols is still pivotal, current research
efforts are now more addressing the question of what actually happens to an aerosol
particle after it has landed in the lung. Thismeans that questions of particle clearance,
drug dissolution, epithelial permeability and eventually controlled drug release from
a carrier particle meanwhile come into the picture. Pulmonary drug delivery is no
longer dealing with “naked” molecules, to be aerosolized aqueous solution or as
some rapidly dissolving lactose carrier.

Depending on the therapeutic needs of contemporary aerosol medicines, the fol-
lowing three scenarios may represent the goal of a given pharmaceutical develop-
ment:

1. Rapid dissolution and release of the active compound in order to facilitate fast
absorption and complete bioavailability; this holds for small molecules intended
for local action in the lung such as e.g., betamimetics, corticosteroids

2. Facilitated transport of poorly permeable compounds across the rather tight alve-
olar epithelium. This applies for macromolecular biopharmaceuticals such as
peptides (e.g. insulin), proteins (e.g. antibodies), and all kinds of future gene
therapeutics (siRNA, mRNA, etc.)

3. Pulmonary controlled release systems aim tomaintain higher drug concentrations
in the pulmonary lining fluid over a longer period of time. This could be useful to
reduce the dosing frequency of inhaled drugs for either local or systemic action
which might be particularly attractive for inhaled anti-infectives. Due to the
effective clearance mechanisms of the lungs for particles, however, developing
such systems is challenging, but there are first examples that have reached the
stage of clinical evaluation (e.g. ciprofloxacin: ORBIT-3 NCT01515007; and
ORBIT-4 NCT02104245).
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Like for other routes of drug delivery, the physicochemical and pharmacokinetic
properties of the molecule to be delivered are quite decisive for the formulation.
The typical divide between small organic molecules and macromolecular biophar-
maceutical also applies for their pulmonary delivery. Besides, it is important to dis-
tinguish between local (“air-to-lung”) or systemic (“air-to blood”) delivery. While
macromolecular biopharmaceuticals will probably require some nanotechnology-
based carrier to enable their delivery at all, novel small molecules notoriously tend
to suffer from poor solubility in physiological media. In consequence, there is a pre-
viously somewhat neglected need for adequate dissolution testing of aerosol powders
[116]. In view of several parallels, but also distinct differences to oral drug deliv-
ery, the concept of a pulmonary biopharmaceutical classification system (pBSC) has
emerged and its scope and relevance is subject of interesting ongoing discussions
[6]. Overall, in vitro testing of orally inhaled products is becoming an increasingly
important science-based regulatory issue [117], which must not only address the
aerosol aspects, but also the biological barriers to be overcome in pulmonary drug
delivery.
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Chapter 8
Cellular Uptake Mechanisms
and Detection of Nanoparticle Uptake
by Advanced Imaging Methods

Kleanthis Fytianos, Fabian Blank and Loretta Müller

Abstract The specific mechanism, of uptake of a nanoparticle by a cell and the
subcellular localisation are of great importance regarding the potential effect of the
nanomaterial inside the cell. In order to study health risks and the potential of a
nanoparticle to be used in biomedical applications, cellular internalization has to be
investigated in great detail. This chapter highlights most relevant routes of nanopar-
ticle uptake and includes current approaches for the visualization of particle uptake
at the nano-level.

8.1 Introduction

The number of manufactured goods containing nanomaterials has been growing
consistently over the last fifteen years [1]. The fundamental interactions of nanopar-
ticles (NPs) with biological interfaces remain incompletely understood [2–6]. This
is mainly due to a lack of mechanistic knowledge at the molecular level [2, 7] with
regards to nanoparticle uptake by cells in particular. The mode of internalization of
NPs into cells will determine intracellular fate and potential effects on the whole
organism, including health effects. This is why even for intended therapeutic appli-
cations of NPs, possible health concerns need addressing [8–10]. In particular with
regards to therapeutic applications, the entire field of nanomedicines has been greatly
expanded by the development of a wide range of nanomaterials with a high degree of
control over their physical (e.g., size, surface charge, shape, mechanical strength) and
chemical attributes. Hence, a better understanding of the physiopathological nature
of different diseases and insight into the interaction of nanomaterials with biolog-
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ical systems at various levels (i.e., systemic, organ, tissue, and cell) are of great
importance for further progress towards bench-to-bedside translation [11]. A large
number of studies in recent years has aimed at focusing on the molecular interac-
tions involved in the biological actions of NPs [12]. NPs are of similar size to typical
cellular organelles and are able to very efficiently enter living cells by exploiting the
cellular endocytosis machinery, which may lead to adverse effects and even perma-
nent cell damage [10, 13]. Only specialized cells are capable of phagocytosis, a form
of endocytosis in which the cell engulfs larger particles. The most prominent type
of phagocytes are macrophages, in general termed as professional phagocytes, since
they are themain responsible cell type for clearance of cellular debris and foreign par-
ticles in most organs. Other phagocytic cell types of the innate and adaptive immune
system include monocytes, neutrophils and dendritic cells. On the other hand, NPs
can be internalized by almost all non-phagocytic cells via pinocytosis. It is one of
the aims of this chapter to discuss the most important receptor mediated and receptor
independent cellular uptake mechanisms for NPs which have been described up to
now.

Different uptake mechanisms by cells are determined by the physico-chemical
properties of NPs including size [14, 15], shape [14], surface charge [16–18] and sur-
face chemistry [16, 19, 20], which strongly modulate the cellular uptake efficiency.
Furthermore, by entering the organism, NPs interact with extracellular biomolecules
dissolved in body fluids, including proteins, sugars and lipids forming a specific
corona around the particle. The composition of the protein corona (which is dis-
cussed in detail in another chapter of this book) depends on diverse physical prop-
erties of the NPs like size, shape and surface chemistry and in turn determines the
type of interaction with the cells during uptake. In the last two decades, there have
been substantial activities to better understand the detailed molecular mechanisms
involved in cellular uptake of NPs, often using fluorescence microscopy and other
sophisticated biophysical techniques like flow cytometry. This chapter will discuss
a number of approaches from recent studies, which were aiming to elucidate the
molecular interactions promoting uptake of NPs. There is a number of novel emerg-
ing techniques to accurately visualize, monitor, characterize and quantify the uptake
of NPs by different cell types. Accurate, well characterized and reliable techniques,
to analyse and quantify cellular uptake of NPs is crucial for the design of novel
nanocarriers for biomedical applications. A thorough understanding of the involved
processes at the molecular level is important for example for the engineering of NPs
that do not penetrate cells and evade the phagocytic cells responsible to clear par-
ticulates from the systemic circulation like the reticulo-endothelial system, as is the
case for NP based contrast agents widely used in medical diagnosis. However, the
opposite characteristics are needed for developing NPs designed for selective uptake
by specific cells, for example, for targeted drug delivery [12]. The enhanced cellular
uptake of NPs at the site of disease is of paramount importance, because targets for
many theranostic agents against several disorders (including cancer) are localized in
the subcellular compartments [21]. All these facts not only highlight the importance
of a better understanding of cellular uptake mechanisms but also have fuelled recent
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research into the development of nanocarriers capable of subcellular- and organelle-
level targeting, referred to as a completely novel generation of nanomedicines [22].

8.2 Non-ligand Dependent Endocytic Uptake

There are a variety of different biological mechanisms enabling the active uptake
of particles into cells. Mostly, it is the specific size of the particles, which defines
the mechanisms that are involved. Among the non-ligand dependent endocytosis,
we distinguish between the phagocytosis (also called “cell eating”) and pinocytosis
(also called “cell drinking”) (see also Fig. 8.1).

Phagocytosis occurswith particles larger than0.5μm.Even tough,many cell types
(e.g. epithelial cells, fibroblasts, immune cells) are able to perform phagocytosis, the
uptake efficiency of phagocytic cells (macrophages, dendritic cells, neutrophils) is
a lot higher and phagocytosis is predominately performed by those cells [24, 25].
Phagocytosis is performed to clean the organism from infectious microorganisms,
senescent cells or disabled particles. This process is part of the immune response
[26]. Particles, or more precisely, particular ligands on the particles, are either rec-
ognized by surface receptors of the phagocytes or by opsonins. Opsonins are small,
soluble molecules, such as proteins from the complement system, antibodies, blood
serum proteins (e.g. fibronectin, laminin). They recognize particles, bind to their
surface and are then recognized by phagocytes [27]. Some of the most important
receptors involved in phagocytosis are the following ones: Fc receptors family for
immunoglobulins G, the complement receptors, and the α5β1 integrin [28]. The
interaction of the particle with the cell surface receptors triggers a signal cascade
with the result of particle engulfing: actin assemblies and cell surface extensions are
formed to surround the particle. Once completely engulfed, the particle find itself in
an intracellular vesicle of approximately 0.5–1 μm, so called phagosomes [25, 29].
Once inside of the cells, phagosomes undergo maturation due to several events of

Fig. 8.1 Classification of uptake mechanisms based on size of the up taken particles. Adapted from
[23]
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fission and fusion with endosomes and lysosomes, resulting in so called phagolyso-
somes [23]. Particles in the phagolysosomes are degraded and receptors are recycled
[23, 30].

Pinocytosis occurs in almost all cell types and is characterized by the uptake
of fluid, which may—by coincidence—also contain particles. This process can be
divided into fourmodes:Macropinocytosis, clathrin-mediated endocytosis, caveolae-
mediated endocytosis, and alternative routes (see also Fig. 8.1) [31]. Macropinocy-
tosis is the process of the nonspecific uptake of large amounts of external fluid via
the uptake of large vesicles (0.5–10 μm) known as macropinosomes [32]. As parti-
cles may be localized close to the cell membrane, they may end up in one of those
macropinosomes and thus, are taken up by the cells [23]. This mode of uptake is
typical for the uptake of viruses [33], bacteria [34], and apoptotic cell fragments
[35], and thus contributes to the antigen presentation in the major histocompatibil-
ity complex II [36, 37]. Macropinocytosis is an actin-driven process, which needs
stimulation: growth factors (e.g. epidermal growth factor or platelet derived growth
factor) interact with receptor tyrosine kinase [33], what activates the signal cascade
to initiate actin polymerization to form membrane protrusions [38]. These protru-
sions fuse with the membrane generating uncoated endocytic vesicles of the size of
about 1 μm. The shape of the macropinosomes is irregular. The uptake capacity by
this mode is very high, but rather unspecific [39]. The clathrin-mediated endocytosis
is the “classical” uptake mechanism, as it is known for a long time and very well
characterized [40]. It is a complex pathway, which is initiated at the apical mem-
brane of polarized cells (e.g. endothelial or epithelial cells) [31, 41, 42]. The whole
process starts by the induction of a curvature in the membrane leading to the for-
mation of vesicles [11]. Various proteins are involved in this induction, e.g. epsin
[43], endophilin [44], clathrin assembly lymphoid myeloid leukemia protein [45].
The neck of a newly formed invagination is surrounded by a ring of the GTPase
dynamin. The activity of the GTPase dynamin is responsible for the release of a
vesicle from the plasma membrane [46, 47]. Once the vesicle is released, it can be
targeted tomoremature endosomes, lysosomes or multivesicular bodies, or it is recy-
cled to the plasma membrane surface [23]. Usually, particles of sizes between 120
and 150 nm can be internalized by clathrin-mediated endocytosis [14, 48], however,
also particles of 200 nm have been reported to enter the cells via this pathway [15].
The uptake route for non-targeted NPs depends on the particle characteristics (e.g.
particle size, shape, surface charge) and also on the cell type supposed to take up the
particle [23]. The detailedmechanism of the particle internalization is not completely
understood. However, the efficient uptake of particles of about 100 nm in diameter
via clathrin-mediated endocytosis, speaks for the main uptake route [23]. Particles of
a diameter between 50 and 80 nm are predominantly uptaken via caveolin-mediated
endocytosis. The uptake of particles via this process can be mostly observed on the
basolateral side of endothelial cells [31, 49, 50]. The process starts with the build-
ing of caveolae (small, stable membrane-associated structures with flask-like shape)
[51, 52], which are coated with caveolin-1 [53]. They have been shown to interact
with pathogens, e.g. SV40 virus [54] cholera toxin subunit B or shiga toxin [55].
It is unclear what happens to NPs, once they are inside the caveolae, which have
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been internalized by the cell. For a long time, it was thought that particles are local-
ized inside so-called caveosomes (special type of caveolar endosomes), which are
further transported to the Golgi apparatus. The pH inside the caveosomes is neu-
tral and thus, there is no degradation as in lysosomes [11]. However, more recently,
the caveosomes were shown to be artifacts of caveolin overexpression [23, 56], and
routes of the intracellular trafficking of NPs are controversially discussed again [23].
This route is of importance for small NPs, as NPs between 20 and 40 nm are a lot
faster taken up by this route than NPs of 100 nm [50, 57].

As discussed above, recent studies have highlighted a number of different non-
ligand dependent mechanisms which are of great importance for the internalisation
of NPs by cells. However, there are endocytic routes for NPs which do not fit the so
far described categories. Most of them are clathrin- and caveolin-independent and
are summarized as “alternative routes” [23]. Those routes have first been described
for the entry of cell surface proteins and bacterial toxins. It has also been proposed
to be involved in other cellular mechanisms, such as membrane repair, polarization,
spreading and intracellular signaling [58]. Depending on the subtype of pathways,
various proteins are involved, especially actin and actin-associated proteins [59].
Additionally, NPs can also enter a cell via passive diffusion [60, 61].

8.3 Receptor-Mediated Cellular Internalization
and Nanoparticles for Targeted Uptake

The study and characterization of expression and overexpression of specific receptors
on the surface of target disease cells has proven to be essential for the research and
development of novel nanomedicines. This type of approach helps to improve cel-
lular uptake of biomedical NPs in therapeutic and/or diagnostic procedures, while
side-effects and off-side toxicity can be reduced as much as possible [11]. Well-
characterized examples of receptors known for active disease cell targeting are folate
receptor (FR), transferrin receptor (TfR), epidermal growth factor receptors (EGFR),
G-protein coupled receptor (GPCR), low density lipoprotein receptor (LDLR) and
lectins [62]. Receptor-mediated internalization of biomedical NPs has been investi-
gated for various cargos such as vaccines, drugs, DNA, and RNA. For efficient cell
targeting and internalization, different high affinity ligands have been conjugated
to the surface of NPs. The major types of targeting ligands include peptides, high-
affinity small molecules, aptamers (i.e. oligonucleotides or peptides) and antibodies.
Recent developments using ligand-conjugated NPs for biomedical applications are
described in this subchapter, with specific focus on FR, TfR, EGFR, prostate-specific
membrane antigen (PSMA), integrin and neonatal Fc-receptor (FcRn). For a very
comprehensive overview of targeted uptake, please consult the review written by
Yameen et al. [11]. We have included a synthesis of this work in the following text.
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8.3.1 Folate Receptor (FR) Targeting

FR is a glycoprotein of 38-44kDA molecular weight. There are two isoforms, FR-α
and FR-β. While FR-α is expressed on some normal epithelial cells (e.g. kidney) [63]
and on many epithelial cancer cells (e.g. ovarian, renal, brain) [64], FR-β has been
shown to be present on activated macrophages [65] and on hematopoietic malig-
nancies [66]. As folic acid binds with high affinity to the FR. This allows creating
folate-conjugated nanocarriers which are selectively taken up by cells expressing FR
[67]. This approach involving FR-β could be used to target chronic inflammatory
diseases (e.g. diabetes type 2 or arteriosclerosis). The benefit of folate-conjugated
NPs, liposomes, oligonucleotides, and chemotherapeutics has been shown in many
in vivo and in vitro studies [68]. E.g. chemotherapeutic drugs loaded into folate-
functionalized NPs showed higher antitumor activity compared to non-targeted NP
therapeutics in an in vivo ovarian peritoneal metastasis model [69]. Folic acid is a
small molecule, which has advantages compared to the use of peptides or antibodies
as targeting ligands. It is highly stable in acidic or basic media and at high tem-
peratures, there is no risk of toxicity or immune reaction as it is a vitamin, and the
chemical modification and a potential scaling-up for clinical applications is easily
doable [11].

8.3.2 Transferrin Receptor (TfR) Targeting

TfR is a cell membrane glycoprotein. It is present as a homodimer of two identical
subunits located transmembranely. The main functions are the mediation of the cel-
lular uptake of iron from plasma glycoproteins (e.g. transferrin) and the regulation of
cell growth [70, 71].While TfR ismost probably expressed on all cells, the expression
level varies: it is highly expressed in immature erythroid cells, placental tissue, and
rapidly dividing cells. The fact that it is about 100 times higher expressed on cancer
cells compared to normal cells [72], makes it to one of the most attractive targets for
the cancer therapy with receptor-mediated endocytosis using drug NPs. Transferrin
has been successfully used as ligand for TfR-mediated intracellular delivery of nan-
otherapeutics, as there are TfR-targeted nanomedicines in various stages of clinical
trials [73].

8.3.3 Epidermal Growth Factor Receptor (EGFR) Targeting

EGFR is a member of the ErbB tyrosine kinase family and can stimulate tumor
growth, invasion, and metastasis. It is overexpressed in various tumors, e.g. colorec-
tal, brain, breast or ovarian [74–76]. Following the binding of ligands to EGFRs,
the EGFRs homo- or heterodimerize with other members of the ErbB receptor
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family and other cell-surface tyrosine kinases [73]. Monoclonal antibodies as well
as small molecules have been used as EGFR-targeting ligands: epidermal growth
factor, transforming growth factor-α, heparin binding EGF-like growth factor,
epigen, betacelluin, and epiregulin [77]. Nanocarriers for drugs using EGFR to
deliver drugs to specific cells are widely used and already reached clinical trial
phase I [73]. One example for the use of EGFR for targeted anticancer therapy
are cisplatin-encapsulated gelatin NPs with EGF. Those NPs improved the in vitro
targeting ability and anticancer effects in A549 cells (high EGFR expression)
compared to HFL1 cells (low EGFR expression). Additionally, the effect was shown
in a tumor-bearing mouse model (with high EGFR expression) [78].

8.3.4 Prostate-Specific Membrane Antigen (PSMA) Targeting

PSMA is a type 2 integral membrane glycoprotein overexpressed on the surface
of prostate carcinomas and of the neovasculature of many solid tumors [79, 80].
This makes PSMA a valid cancer target for therapies. One example is BIND-014,
which has reached a Phase II clinical trial. It is a docetaxel-loaded, polymer-based
nanomedicine with a small-molecule ligand (S,S-2-[3-[5-amino-1-carboxypentyl]-
ureido]-pentanedioic acid, ACUPA) against PSMA [81].

8.3.5 Integrin Targeting

Integrins modulate interaction between endothelial cells and the extracellular matrix
and are—via this interaction—involved in many vital cellular functions, such as
adhesion, migration, invasion, stress responses, proliferation, differentiation, sur-
vival and apoptosis. They belong to a family of heterodimer transmembrane receptors
[62]. The receptor αvβ3 is overexpressed in tumor-related endothelial cells during
angiogenesis compared to endothelial cells in normal tissues [82–85]. Cyclic-RDG
peptides were identified as promising targeting ligands for this receptor [62, 86, 87].
Recently, Pt(IV) prodrug-loaded PLGA-PEG NPs functionalized with cyclic-RGD
were shown to be more efficacious compared to cisplatin in a non-particulate admin-
istration mode in a orthotopic human breast cancer xenocraft model. Additionally, it
was better tolerated than the cisplatin [88].

8.3.6 Neonatal Fc-Receptor (FcRn) Targeting

FcRn is highly expressed in the neonatal intestine and in the apical region of epithelial
cells in the small intestine of adults [11, 89]. This receptor has been used to test the
uptake of nanomedicine delivered orally by Pridgen et al. [90]. PLA-PEG polymer
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nanoparticle were functionalized on the surface with polyclonal IgG Fc fragments.
ThoseNPswere shown to be transported transepithelially in vitro and in vivo. Inmice,
the particles were found in the lamina propria and also in other organs, showing the
ability to enter the systemic circulation. The adsorption was 11.5 times higher for the
targeted NPs compared to nontargeted ones. As it is a challenge for the nanomedical
application to find ways to overcome the intestinal epithelial cell barrier [91], these
findings using the FcRn receptor are of high interest for the future development. The
oral administration route is of more convenience for patients, especially if frequent
administration is required [92].

Recent studies have highlighted the importance of specific receptors for targeting
by biomedical nanocarriers. A good knowledge of receptor mediated mechanisms
of internalisation offers novel opportunities for treatments which are more efficient
and show less side-effects due to precise targeting, in particular, for the treatment of
cancer.

8.3.7 Methods of 3D Fluorescence Microscopy and Flow
Cytometry to Determine and Characterize Cellular
Uptake of Nanoparticles

Over the last decade, a wide range of different types of NPs have been developed,
especially for the biomedical sector (i.e. nanomedicine and targeted drug delivery).
Biomedical NPs can be suitably designed in order to reach the site of interest (i.e.
lungs, tumours) and interact with specific cell types. Initially, NPs will interact with
the cells of the specific site by either attaching to their membranes or be internal-
ized. Cellular uptake is one of the most important factors to be investigated since
it can determine the overall effect of the particles to the cells. Their effect could be
drug release to a tumour site or immunogenic peptide delivery that can ultimately
lead to effects like tumour size decrease or modulation of immune cells respectively.
Fluorescently labelled NPs are widely used in pre-clinical applications at in vitro,
in vivo and ex vivo settings. Imaging, bio-distribution and clearance can provide
solid information for early development studies and thus dictate the direction of
future experiments and strategies [93]. Alongside novel nanoparticle designs, tech-
nological advancements in the field of biomedical imaging (i.e. Stochastic Optical
Reconstruction Microscopy—STORM) and scientific software (i.e. sophisticated
image processing) can also help in the further development of the field, understand-
ing of uptake mechanisms and ultimately lead to new scientific discoveries. Com-
plementary to that, a portable device that can detect fluorescently labelled NPs as
well as bacteria and viruses [94] has been reported. This device is compatible with
smartphones, since it can be used as an extension that is attached to the camera of
a smartphone. It utilizes an opto-mechanical system that contains a 450 nm diode.
Such a device has potential to be used for quick quality control of NPs as well as
for field applications [94]. The aim of this part of that chapter is to discuss about
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some important nanoparticle types that are used in cellular uptake studies and some
common and novel detection techniques (mainly based on fluorescence) that are used
for their detection and cellular uptake measurements.

8.3.8 Quantum Dots and Inorganic Nanoparticles

Quantum dots have a size of 2–10 nm. Due to their very high surface to volume
ratio, narrow excitation wavelengths (where according to their size they show a
unique color) and electrical properties, they are widely used in semi-conductor and
electronics industry and for fluorescence imaging. For the biomedical field they
can be used for imaging and labelling purposes (i.e. cells or tissues). If used at
concentrations of less than 100 μg/mL they do not interfere with cellular viability
and cytotoxicity [95, 96]. Importantly, it has been shown that streptavidin-conjugated
quantum dots can be used for cancer diagnosis. Since they can be utilized as contrast
agents for biomedical imaging, they have been used inMagnetic Resonance Imaging
(MRI), intra-vital in vivo imaging, flow cytometry and other bio-analytical assays.
It is expected that in the future further developments will be established and their
applications range will increase [97]. Bagalkot et al. [98] and Fontes et al. [99]
highlight the importance of quantum dots in biomedical research, especially in the
field of cancer imaging. They describe how quantum dots can specifically monitor
drug release on target cancer cells, in real time. This ismainly attributed to their highly
modifiable surface, electron density and photo-stability, which allows prolonged
imaging times.

Gold NPs are one of the most studied types of inorganic nanomaterials. Due
to their optical properties and evidence of low cytotoxicity and high affinity with
biomolecules (i.e. peptides and nucleic acids) they are considered to be one of
the most promising agents for imaging, drug delivery and diagnostic applications.
Besides transmission electron microscopy, a novel and effective method to visualize
uptake of gold NPs in cells and tissue is hyper-spectral imaging. The only system cur-
rently available for hyper-spectral imaging is the Cytoviva system (www.cytoviva.
com). This instrument makes use of the unique spectrum of gold NPs, which enables
accurate detection. Images are analyzed pixel-wise and the gold NPs can be mapped
within the tissue or cells, due to their distinct UV-Vis spectrum. A recent example of
the use of hyper-spectral imaging of gold NPs is given by England and colleagues
[100]. However, the standard technique to measure gold and other inorganic NPs in
cells remains transmission electron microscopy [101].

8.3.9 Fluorescently Labelled (Nano)Particles

Polymer based NPs and microparticles are generally regarded as safe for use for
biological studies. Apart for very low records for cell viability and cytotoxicity, they

http://www.cytoviva.com
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possess several competitive advantages compared to other NP types. For example,
due to their chemical properties they can bind with many fluorescent molecules and
thus become easier visible under fluorescent microscopes. Their chemical synthesis
is also a straight-forward procedure. Additively, they are biodegradable and biocom-
patible, thus there are no concerns regarding bio-accumulation [102]. For all the
above mentioned reasons, polymer based NPs have become a standard tool for cellu-
lar uptake, detection and imaging studies,mainly on a research scale [103]. In a recent
review, Wolfbeis gives a very comprehensive overview of the nanomaterials that are
mainly used in fluorescence-based imaging. For example, polymer-based particles,
lipid-based particles and carbon nanomaterials among others. Bio-conjugation tech-
niques like covalent and non-covalent binding of the fluorescent molecules to the
nanomaterial surface are also reviewed.

8.3.10 Laser Scanning Confocal Microscopy and Live Cell
Imaging

Understanding the interactions of internalized particles with endocytic vesicles is
of crucial importance in order to determine mechanism of actions for therapeutic
purposes. This can be done via Live Cell Imaging or Structured Illumination [104].
Widely used cell lines or primary cells can be used as cellular models to study such
interactions with fluorescently labelled particles. These models allow concentration
and time dependent studies in order to examine the uptake and accumulation of
particles in cells [101, 12].

Complementary to that, working with realistic nanoparticle concentrations is
important in terms of biomedical applications like vaccine development. For exam-
ple, gold NPs were exposed to immune cells at concentrations ranging from 10 to
100 μg/mL in vitro, since different concentrations might result in different func-
tional and immunological responses [105]. Especially for cellular internalization
and co-localization studies, confocal microscopy is the most common and suitable
technique to use since it allows: improved resolution compared to wide-field illu-
mination techniques because the confocal aperture can be closed down to eliminate
higher orders of the diffraction pattern. Furthermore, confocal systems allow z-stack
projections with improved z-resolution that can prove if particles are internalized.
Complementary to that, 3D rendering of the acquired images as well as further image
processing (i.e. adjusting the transparency of specific channels) is possible with the
use of scientific software (e.g. Fiji or IMARIS). A vivid example of what is cur-
rently possible in 3D rendering was recently shown by Lehmann et al. [106] who
visualized fluorescent magnetic hybrid NPs after uptake by human blood monocyte
derived macrophages in vitro with sub-cellular localization inside lysosomes and not
entering mitochondria (Fig. 8.2). More specifically, Blom et al. [107] identified that
virosome and liposome uptake by bone marrow derived dendritic cells is done via
clathrin-mediated endocytosis as well as phagocytosis. Confocal microscopy was



8 Cellular Uptake Mechanisms and Detection of Nanoparticle … 201

Fig. 8.2 Visualization of fluorescent magnetic hybrid NPs in macrophages with Laser scanning
microscopy and 3D rendering. a Visualization of NPs (red) inside macrophages (light gray) shown
in a 3D reconstruction. a–d Localization and co-localization (turquoise) of the particles with lyso-
somes (yellow) are shown. c Bymaking the cell-body channel (light gray) transparent as well as the
lysosome channels, the particles colocalized with the lysosomes become visible. d The colocaliza-
tion of particles in lysosomes. e Mitochondria staining (blue) and particles (red) in a macrophage.
Figure adapted from [106] with permission

used to identify that ingested particles co-localize in late endosomes. To further con-
firm the findings, uptake inhibitors were used as controls. In another study, Seydoux
and colleagues [108] have examined the size effect of polystyrene NPs in terms of
accumulation and co-localization in lysosomes. Results indicate that smaller par-
ticles are uptaken at larger numbers compared to their larger counterparts. Again,
confocal microscopy was utilized.

A particular uptake mechanism of NPs in cells will most probably affect intra-
cellular kinetics of NPs. Thus live cell imaging and time lapse experiments pro-
vide investigators with live information about cellular dynamics [109]. Other
fluorescence-based microscopy techniques to monitor kinetics of NPs, which are
used are:

Fluorescence Recovery After Photo-bleaching (FRAP)
Fluorescence Resonance Energy Transfer (FRET)
Fluorescence lifetime imaging microscopy (FLIM).

Those techniques are used to measure cellular dynamics and molecular interac-
tions of living cells and will be briefly described hereunder [110]: For example,
FRAP experiments can show rapidly interactions of the investigated fluorescently
labelled NPs with cellular organelles like mitochondria and other cytoplasmic vesi-
cles (i.e. intracellular fate of the NPs). For example, Hemmerich and von Mikecz
examined the cellular uptake mechanisms as well as the deposition of the fluores-
cently labelled polystyrene NPs at cellular organelles like mitochondria and other
cytoplasmic vesicles [109]. Basuki and colleagues have utilized FLIM to visualize
polymer coated iron oxide NPs that contain doxorubicin. Nanoparticle uptake and
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Fig. 8.3 Schematic representation of the 3Dmulti-resolutionmicroscopy principle. Themovement
(trajectory) of the nano-probe (blue dot) is depicted in red lines. Then the nano-probe crosses
different focal planes until it reaches cell surface (green). Picture adapted from [112]

controlled doxorubicin release was confirmed in cancer cell lines by FLIM [111].
Still, fluorescence microscopy techniques fail to sufficiently measure the early stages
of internalization by cells, which would be a key analysis for drug delivery research.
Welsher and Yang, proposed a method that peptide conjugated NPs can be visualized
with 3D multi-resolution microscopy. Then, imaging software is used to draw the
trajectories of the particles into the cells. Multi-resolution 3D visualization utilizes
high-speed single-point detection of a nano-probe (i.e. fluorescently labelled NPs).
The method allows real-time “target-locking” of the nano-probe, thus “following”
the nano-probe at different focal-planes. The method also combines the principles of
two-photon laser scanning microscopy. As the nano-probe moves to different focal
planes the two-photon laser scanning microscope provides information about the
movement of the nano-probe and thus images are built [112] (Fig. 8.3).

Complementary to that, van der Zwaag et al. (2016) have used Two-color Stochas-
tic Optical Reconstruction Microscopy (STORM) and compared their findings
with confocal microscopy and electron microscopy. The competitive advantage of
STORM is that size and exact location of NPs can be identified inside cells. STORM
is based on the principle that activated molecules emit photons. This allows pre-
cise localization of the specimen prior to photo-bleaching and beyond the optical
resolution limit of 200 nm. Quantitative information can also be extracted via imag-
ing software. The study concludes that STORM can provide additional informa-
tion regarding cellular uptake of NPs that was missing with confocal and electron
microscopy [113].

8.3.11 Super Resolution Microscopy

With the development of super resolutionmicroscopy, imaging at the molecular level
has become possible [114]. However, it remains a technically challenging technique,
since non-proper stability of the instrument can introduce biasness to the analysis.
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Due to their optical properties (i.e. surface plasmon resonance), metal NPs aremainly
used in super resolution microscopy applications. Recently, Peuschel and colleagues
have shown interactions of fluorescently labelled silica NPs with human alveolar
epithelial type-II like cell line (A549). The authors used stimulated emission deple-
tion (STED) super resolution microscopy [115]. The authors exposed in vitro A549
cells to various concentrations of fluorescently labelled polystyrene NPs of different
sizes and used STED in order to quantify uptake. The principle of STED is based
on a very narrow and focused excitation spot. STED uses both an excitation and a
depletion laser, in order to first excite the fluorescent molecules and immediately
after deplete them. Fluorescent molecules are depleted before they can emit light.
This takes place only in the focused spot and thus the microscope can emit the flu-
orescence signals from the surrounding spots. This results in an enhanced signal,
which allows super-resolution imaging. Such techniques can be used for quantitative
approaches as well as to assure whether the NPs have been internalized or remain at
the surface of the cells. Additively, co-localization studies can reveal new insights in
terms of internalized particles and endocytic vesicles interactions.

8.3.12 Flow and Imaging Cytometry

Over the last years, we and others have published several articles highlighting the
use of multi-color flow cytometry to measure cellular uptake in both in vitro and
in vivo settings of various types of NP-related factors like material type, size, sur-
face modification and concentration and associate their uptake with a wide range
of functional cell type specific properties (i.e. apoptosis and surface marker expres-
sion) and immunological properties (immunophenotyping, antigen uptake, antigen
processing and cytokine secretion patterns) [107, 108, 116–118]. Flow cytometry
is a technique, which allows analysis of thousands of events within one second,
thus high-throughput analysis can be designed. Many parameters could be mea-
sured simultaneously and in the data analysis phase, could be tested for correlation
with cellular uptake. Complementary to that, imaging cytometry allows real-time
bright-field images of single cells in suspension, apart from all the aforementioned
capabilities of a conventional flow cytometer. For example, cell monocultures that
are treated with fluorescently labelled NPs and labelled for some surface markers
could be analyzed and thus the effect of particle uptake on cellular properties could
be identified. Additively, extracellular vesicles have gained considerable attention
in the field of diagnostics and imaging cytometry is also considered an appropriate
method for imaging and quantification purposes [119]. Routine flow cytometry based
measurements like cell cycle analysis, quantification of cancer cells, internalization
and phagocytosis experiments, surface and intracellular localization can be further
enhanced, since apart from the flow cytometry data, real time visual confirmation
could be acquired. However, researchers must be cautious since if an experiment
requires high resolution microscopy studies imaging cytometry might not be the
most suitable option due to lack of high-resolution. Furthermore, since it is a rel-
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atively new technique, further investigation and proper training might be needed
[120].

Fluorescently labelled nano- and micro-particles have become a standard tool for
cellular uptake measurements and pre-clinical studies. Established animal models
and advanced in vitro co-culture systems, as well as primary and cell-line mono-
cultures are widely used as model systems to study cellular uptake (i.e. qualita-
tive/quantitative approaches and type of uptake). Laser scanning microscopy, flow
cytometry and imaging flow cytometry combined with a suitable antibody panel
one may provide a large amount of accurate and reliable data to study dynamics
at the level of cell entry and intra-cellular trafficking. This information can be fur-
ther fortified with the use of sophisticated imaging software and statistics. With the
advancement of technology in the field of high-resolution imaging, more capabil-
ities will become possible and accuracy will further increase. Taking together the
large body of knowledge of cellular uptake related information with recent trends
in computer science (i.e. big data management and computational biology) and 3D
biomedical imaging, cellular uptake data can be collected from literature sources
in order to develop electronic databases and precise prediction algorithms for cel-
lular uptake. Such approaches may be beneficial for decision making in the drug
delivery/nanotoxicology/nanomedicine fields as well as for regulatory and legisla-
tive purposes.

8.4 Conclusions and Outlook

With a huge number of new-emerging nanomaterials every year, toxicological risk
assessment and the research for novel biomedical treatment approaches are of equal
importance. Interaction with the biological interface in general and the involved
mechanisms of particle uptake in particular, are of great importance to both fields
and require advanced imaging techniques for improved investigation of potential
risks and opportunities. In order to investigate how NPs are entering the cell and
affect its interior, all of the specific characteristics an NP can show (i.e. size, surface,
shape, charge, material, physico-chemical properties etc.), have to be considered.
Advanced imaging techniques using fluorescently labelled NPs in combination with
laser scanning microscopy have pushed into the super-resolution range already more
than a decade ago and are constantly improved and refined. In combination with the
long-time established techniques in the field of electronmicroscopy, super-resolution
fluorescence imaging is complementing advanced imaging techniques for NPs by
allowing visualization in living samples. Constantly improved imaging techniques at
the nano-level will allow a better characterization of potential risks and opportunities
of NPs by evaluating a larger number of different pathways of interaction with and
uptake by cells and with the possibility to monitor more complex processes. For
example, with the new goals of subcellular organelle-level targeting, the field of
nanomedicine is now moving to a higher level of complexity [11]. Though the task
is challenging, there are promising results highlighting the potential advances that



8 Cellular Uptake Mechanisms and Detection of Nanoparticle … 205

can be expected from organelle-level targeting. However, the concept of subcellular-
targeted NPs is in its infancy, and few strategies have so far been reported organelles
like for ER, mitochondria, and nucleus targeting. More detailed investigations are
needed to assess the impact and relevance of NP uptake and subcellular targeting for
future clinical applications.
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Chapter 9
Imaging Techniques for Probing
Nanoparticles in Cells and Skin

Christina Graf and Eckart Rühl

Abstract Imaging techniques for probing the interactions of nanoparticleswith cells
and skin are essential for a qualitative and quantitative understanding of uptake and
penetration processes. A variety of important visualization techniques is reviewed
for providing an overview on established and recently developed techniques. This
includes optical microscopy, fluorescence microscopy, electron microscopy, Raman
microscopy, optical near-field microscopy, X-ray microscopy, as well as recent and
emerging developments in the field of spectromicroscopy.

9.1 Introduction

Engineered nanomaterials, especially nanoparticles, have gained increasing impor-
tance in the last two decades. Nanoparticles are known to enter human cells and can
penetrate human skin under certain conditions. The interactions between nanoparti-
cles and livingmatter have been extensively studied in the last years particularly with
regard to possible implications regarding biosafety and various biomedical applica-
tions of nanomaterials in diagnostics and therapy [1–6]. Since nanoparticles are in
the same size range as biological molecules and their assemblies, such as proteins or
viruses, they can be taken up by cells via the same endocytotic pathways. Nanoparti-
cles in biological media typically adsorb biomolecules forming the so-called protein
corona, which determines at least their initial encounter with cells [6–9]. Penetration
of nanoparticles into the skin is primarily restricted by the barrier function of the
stratum corneum [10]. Most nanoparticles do not cross this barrier if human skin is
intact; exceptions are some soft nanoparticles, whereas, for other nanoparticles, such
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penetration is only occasionally observed [11]. However, skin appendages, such as
hair follicles, sebaceous glands, or sweat glands may enable such penetration pro-
cesses as well as damage of the skin which might be due to pricking, injuries, or
skin disorders [10]. Once the nanoparticles have overcome the stratum corneum,
they can easily penetrate into deeper layers of the skin, i.e., the viable epidermis
and dermis [12]. Various microscopic techniques have been applied for investigating
the uptake of nanoparticles in skin and cells including electron microscopy [13–17],
soft X-ray spectromicroscopy [18–20], Raman microscopy [21], infrared micro-
scopies [22, 23], fluorescence microscopy [24–29], and single-molecule fluores-
cence microscopy [30–33], as well as optical microscopy including super-resolution
microscopy [32–35]. These techniques vary in sensitivity, specificity, spatial resolu-
tion, the possibility to measure living or only fixed, embedded or frozen biological
matter, and technical requirements [36, 37]. Ideally, an imaging technique has, on
the one hand, high spatial resolution, allowing for imaging of single molecules or
nanoparticles and possible temporal changes while enabling recognition of cellular
structures and labeling of different biomolecules in the cell. On the other hand, it
should be possible to observe cells or tissue in vivo to monitor intracellular processes
of the nanoparticles, and the biological material should not be affected by prepara-
tion and processing for the respective imaging technique. Furthermore, the imaging
method should be easy and fast to use as well as low-cost. None of the available
methods fulfills all these conditions but combining and ideally, correlating different
microscopy approaches with each other can solve many of these requirements. There
are in the literature several reviews putting different emphasis on this subject, which
includes intentionally made nanoparticles [38–40], and cosmetics [41].

In this review, the most important imaging techniques for probing nanoparticles
in cells and skin are presented, and their advantages, challenges, and limitations are
discussed and compared with each other. Also, several approaches combining or
correlating different imaging approaches are discussed.

9.2 Optical Microscopy

Conventional fluorescencemicroscopy and classical bright-field lightmicroscopy are
standard techniques for imaging cells and tissue. They are non-invasive and allow for
live imaging of biological specimens, require relative simple sample preparation, and
yield a large amount of data in a relatively short period of time. However, in standard
optical microscopes, the spatial resolution is limited by diffraction and does not
allow the distinction between objects smaller than ~200 nm. Since nanoparticles
have by definition diameters between 1 and 100 nm [42], they fall within this limit
and consequently cannot be spatially resolved by optical microscopy, which makes
their direct tracking and quantification impossible. Therefore, more sophisticated
approaches in spectromicroscopy are required for this purpose.
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9.3 Fluorescence Microscopy

Conventional fluorescence microscopy is an indispensable tool in biomedical
research. Fluorescence intensities of emission wavelengths usually excited in the
UV or visible spectral range are the observables of such studies [36]. Thereby, flu-
orophores which are endogenous to cells or skin (e.g., porphyrins, collagen, elastin,
etc.), can be excited but usually, this approach requires fluorescent labeling to specif-
ically visualize the cellular structures of interest as well as the nanoparticles under
investigation [38, 43–47]. Labeling nanoparticles with a fluorescent marker, usually
a fluorescent organic dye, can change the diffusive transport behavior as well as the
bioreactivity of a nanoparticle if the dye is not fully embedded in the bulk interior of
the nanoparticle [38, 48]. In addition, from dye-labeling may arise additional issues
of photobleaching or phototoxicity to the cell, which may impede long-term stud-
ies [49]. Some engineered nanoparticles have inherent fluorescent properties, such
as semiconductor nanoparticles (quantum dots) and lanthanoide doped upconver-
sion nanoparticles [50]. Both have also been used for labeling colloidal particles in
biomedical studies [6, 26, 51]. Quantum dots have an excellent photostability and
enable from this point of view long-time studies. However, they consist of mostly
cytotoxic semiconductors.Upconversion is an optical process comprising the sequen-
tial absorption of two or more photons which leads to the emission of light with a
shorter wavelength than the exciting light [50]. Consequently, the emission of upcon-
version nanoparticles in the visible regime can be excited by near-infrared (NIR)
radiation. This is in contrast to organic fluorescent dyes or quantum dots which are
excited by UV radiation or visible light. In contrast to visible or ultraviolet (UV)
light, NIR radiation is less absorbed or scattered by biological matter and, hence, it
penetrates deeper into biological matter and does not induce autofluorescence of the
surrounding tissue [26, 52].Moreover, upconversion nanoparticles are known to have
much lower cytotoxicity than semiconductor quantum dots. Song et al. investigated
the transport of upconversion nanoparticles into excised intact and microneedle-
treated human skin using wide-field epi-luminescence optical microscopy [26]. Due
to the long excitation wavelength (980 nm), they achieved complete suppression of
the background fluorescence and could show that 8 and 32 nmdiameter upconversion
nanoparticles stayed at the stratum corneum of the intact skin, whereas in case of the
microneedle-treated skin, the 8 nm nanoparticles were found confined at the micro-
needle indentations and spread very slowly into the dermis [26]. Fluorescence detec-
tion of nanoparticles is often combined with immunofluorescent labeling of marker
proteins, which allows for spatial co-localization of the nanoparticles and hence, an
identification of the uptaking cell compartment and its activation status [38].
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9.4 Single-Photon Confocal Microscopy

Single-photon confocal microscopy, especially laser scanning confocal microscopy
(LSCM), is often used to image fluorescent nanoparticles in cells [24, 25] within
tissues [53–55] and in vivo [56–58]. In LSCM, the excitation laser source scans
point-by-point across the specimen to form a complete image of the focal plane.
From a series of such sections, a three-dimensional image of the sample can be
generated. LSCM is usually based on single photon processes, i.e. only one pho-
ton is absorbed and one photon of lower photon energy, corresponding to a longer
wavelength than the exciting one, is emitted. Still, mostly fixed cells are investi-
gated, which makes it difficult to investigate dynamic cellular processes. Time-lapse
imaging of live cells is an effective tool for the observation of various cellular pro-
cesses, such as cell proliferation and cell division [27]. Seynhaeve et al. followed
in real-time the intercellular fate of doxorubicin and lipid-based nanoparticles con-
taining doxorubicin in tumor cells [28]. Kang et al. studied the cellular association
and internalization of liposomes as an effect of their surface charges using a laser
scanning confocal microscope (LSCM) equipped with a live cell chamber system
[59]. Wildt et al. combined live cell time-lapse microscopy and image analysis with
fluorescence confocal microscopy detection of a classical dead-cell indicator dye
using an LSCM. In this way, they could simultaneously investigate the kinetics of
the uptake and cytotoxicity of unlabeled, i.e. non-fluorescent, silver nanoparticles in
L-929 fibroblast cells [29].

The point by point laser excitation in LSCM often causes strong photobleaching.
In a spinning disk confocal system, a rotating disk with a pattern of slits or holes
is installed in the microscope plane that is conjugated with the specimen. This
approach allows for faster imaging than LSCM and photobleaching and phototox-
icity are strongly reduced [6, 60]. However, the confocality is slightly diminished.
Spinning confocal disk microscopy is advantageous for studying nanoparticles of
low photostability and for observing nanoparticle uptake processes in real time.
Shan et al. used this technique for the systematic investigation of the time course
of the in situ internalization process of nanoparticles of different materials in the
size range from 3.3 to 100 nm by live cells [6]. In this way, they could show that
quantum dots and gold nanoparticles with diameters <10 nm accumulate on the
plasma membrane before their internalization by the cell, whereas polystyrene
nanoparticles with diameters of ≈100 nm are directly internalized without prior
accumulation, regardless of their surface charge [6].

In most studies applying LSCM to investigate nanoparticle penetration into skin
either excised human [54, 61–63] or animal skin [64–67] is used. In clinical imaging
reflectance confocal microscopy (RCM) is applied to skin, which also belongs to
the group of single photon microscopy techniques. In RCM, low-energy laser light
is focused on a specific area of the skin. Light is reflected from a small tissue spot
at the focal point and enters the detector through a small pinhole so that only light
from the focal point at the tissue is used for producing an image [68, 69]. Thereby,
one exploits the fact that skin components, such as melanin, keratin, and collagen are
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highly reflective. The resolution of reflectance confocal microscopy is lower than in
LSCM (<1.25 μm in the horizontal plane and <5.0 μm in the vertical plane) in vivo.
Lin et al. used RCM for the assessment of a topical nanoparticle penetration profile
of <50 nm diameter silver nanoparticles in human volunteers [56].

9.5 Imaging Flow Cytometry Combined with Confocal
Microscopy

In many cellular uptake studies, it is challenging to distinguish nanoparticle internal-
ized into cells from the non-internalized ones. Vranic et al. used imaging flow cytom-
etry to determine the cellular localization of fluorescently labeled SiO2 nanoparticles,
as well as light diffracting, non-fluorescent TiO2 nanoparticles [70]. In this innova-
tive technique, the inside of the cells is defined in data processing by eroding the
cell borders. Thereby, Vranic et al. could determine the ratio of internalization of the
nanoparticles and hence study nanoparticle uptake on a large number of cells. These
functional studies were completed by LSCM observations also used for colocaliza-
tion studies of nanoparticles with proteins, which are specific for different endocytic
vesicles [71]. In this way, it could be shown that the uptake of SiO2 nanoparticles by
pulmonary epithelial NCI-H292 cells is a time and dose-dependent process which
can be saturated. Based on these LSCM data, they could reveal that this a predomi-
nantly energy dependent internalization process and that 50 nm SiO2 nanoparticles
can also be taken up by passive diffusion [71].

9.6 Multi-photon Microscopy

Similar to confocal microscopy in two-photon or multi-photon microscopy, a laser
is used to induce the emission of fluorescence from a sample, and the emitted light
is detected. In contrast to the lasers used in LSCM, which provide single-photon
excitation, the lasers used in two- or multiphoton photon microscopy excite by using
near simultaneous absorption of two or more long wavelength (NIR) photons. The
advantage is that such long wavelength radiation is less damaging for biological
matter and penetrates more deeply into tissue than UV or visible (VIS) light, as used
in confocal microscopy. Possible tissue damage is further minimized since nearly
simultaneous absorption of two or more photons is only reached near the focal
plane, where the intense radiation, leading to such processes, is mostly concentrated.
Specifically, gold and silver nanoparticles exhibit two-photon photoluminescence,
so that there is no need for secondary labeling of these particles [72–75].

Rane et al. used two-photon microscopy to systematically investigate the effect
of different properties of gold nanoparticles on the penetration depth into three-
dimensional cell spheroids formed from the HCT116 cells, which are a colorectal
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carcinoma cell line [74]. They could demonstrate that two-photon microscopy
enables quantitative localization of gold nanoparticles and that concentration data
can be obtained from the single spheroid level. Labeling of the gold nanoparticles
was not required due to their intrinsic two-photon emission. This study also revealed
significant differences between the uptake profiles of gold nanoparticles in two-
dimensional monolayers of cells as compared to three-dimensional cell spheroids
[74]. In another study, a combinedmultiphoton imaging-UV-VIS spectroscopic anal-
ysis approach was applied to evaluate the uptake process of gold nanoparticles with
diameters below the resolution of optical microscopy (size range: 15–80 nm) inA549
cells [76]. A quantitative analysis of the size effect on the cellular uptake behavior of
gold nanoparticles was obtained from stacks of three-dimensional multiphoton laser
scanning microscopy images. The authors were able to distinguish particles, which
have entered into cells from those only adsorbed on the cell membrane. UV-VIS
spectroscopy was complementarily utilized for determining the concentration and
supported the results from multiphoton laser scanning microscopy [76].

Multiphoton microscopy is also well-suited for noninvasively imaging intact tis-
sue, such as skin. Time-lapse volumetric multiphoton microscopy was successfully
applied for in vivo imaging of immune cell dynamics in skin exposed to zinc oxide
nanoparticles [77].

9.7 Fluorescence Lifetime Imaging Microscopy (FLIM)

In fluorescence lifetime imaging microscopy (FLIM), an image is produced based
on the differences in the excited state decay rate from a fluorescent sample. Thus, in
FLIM the contrast is based on differences in the lifetime of individual fluorophores
rather than their emission spectra like in LSCM. Consequently, FLIM allows for the
discrimination of fluorescent nanoparticles against the autofluorescence tissue or cel-
lular background, since the fluorescence lifetime does not depend on concentration,
sample thickness, absorption by the sample, photo-bleaching, or excitation intensity
[36]. As a result, this technique is more robust than intensity-based methods. The
fluorescence lifetime can be influenced by various environmental parameters, such as
pH, ion or oxygen concentration, or molecular binding and is consequently an attrac-
tive approach for functional imaging in life sciences. This environmental sensitivity
of the fluorescence lifetime also allows gaining insights into the local environment
of the nanoparticle and its interactions with cellular substructures [36]. Basuki et al.
applied FILM to monitor the intracellular controlled release mechanism of doxoru-
bicin reversibly attached to iron oxide nanoparticles in H1299 lung cancer cells [78].
In this study, the authors exploited the fluorescence lifetime difference exhibited by
native doxorubicin (τ ≈ 1 ns) compared to conjugated doxorubicin (τ ≈ 4.6 ns) and
found a significant increase of native doxorubicin with time [78].

Most FLIM setups combine confocal laser scanning microscopy with time-
correlated single photon counting (TCSPC). In this way, the fluorescence lifetime
curves for each pixel are recorded [36, 79]. Besides this, multiphoton FLIM has
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Fig. 9.1 Detection of amino-functionalized fluorescent silica nanoparticles (red color) in a mouse
tissue sections (green color) using FLIM analysis. Reprinted from Ostrowski et al. [66], Copyright
2018, with permission from Elsevier

been employed for non-invasive imaging of skin penetration studies [80] and anal-
ysis of pH gradients in the stratum corneum [81]. FILM was successfully used for
the localization of amino-functionalized fluorescent silica nanoparticles in mouse
tissue sections after topical application, although the nanoparticles show a multiex-
ponential fluorescence decay (see Fig. 9.1) [66]. For this purpose, multivariate data
analysis was applied. Additionally, quantification of nanoparticle uptake was shown
to be feasible. In this study a reference sample containing a defined concentration
of silica nanoparticles allowed for the calibration of the fluorescence intensity to a
defined nanoparticle [66].

To investigate the penetration of silver nanoparticles inside skin, Zhu et al. studied
porcine ears treated with silver nanoparticles by two-photon tomography using the
fluorescence lifetime imaging microscopy (TPT-FLIM) technique [75]. They could
track the penetration depth of silver nanoparticles in porcine skin, which was due
to different fluorescence lifetimes of skin components and silver nanoparticles and
their resulting contribution to the multiexponential fluorescence decay. A maximum
penetration depth of silver nanoparticles at ~14μmwas found, this value agreed well
with results from surface-enhanced Raman scattering (SERS) and confocal Raman
microscopy [75].

9.8 Super-Resolution Fluorescence Microscopy

According to their definition, the size range of nanoparticles (1–100 nm) is below the
classical optical resolution limit [42]. Since the early 1990s, several techniques have
been developed to improve the spatial resolution of optical microscopy. A variety
of super-resolution microscopy techniques providing sub-50 nm spatial resolution
have been developed, such as stimulated emission depletion (STED) [82], stochas-
tic optical reconstruction microscopy (STORM) [83], photoactivation localization
microscopy (PALM) [84], and structured illuminationmicroscopy (SIM) [85]. These
techniques open new opportunities to study nanoparticle-cell interactions and have
already been successfully applied in life sciences to image cellular structures with
sub-diffraction resolution [32].
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In STEDmicroscopy, fluorophores in the outer area of an excited spot are depleted
while a center focal spot is left active to emit fluorescence light: in this way, the focus
is sharpened and, therefore, the resolution in the lateral and/or axial plane is increased
[33]. By the application of STEDmicroscopy, it was shown that fluorescence-labeled
silica nanoparticles with 30 nm diameter penetrated the nucleus of Caco-2 cells [86].

The quantification of absolute numbers of nanoparticles in cells is still a challenge,
especially if the particles are below the classical optical resolution limit. Peuschel
et al. used STED microscopy to produce three-dimensional image stacks to quantify
internalized fluorescently labeled 25 and 85 nm sized silica nanoparticles in alve-
olar type II cells (A549) [33]. In this approach, the quantification of internalized
nanoparticles is not based on a measurement of the mean fluorescence intensity of
single particles or of cell-associated particles but on the analysis of segmented objects
[33]. Van der Zwaag et al. combined STORM with single-molecule data analysis to
investigate the uptake of polystyrene nanoparticles in dendritic cells [32]. They com-
pared 300 nm Cy3-labeled particles with 80 nm Cy5-labeled particles and 300 nm
ovalbumin-loaded particles also labeled with Cy5 and studied their interactions with
the plasma membrane (see Fig. 9.2a). The authors achieved to image individual
nanoparticles and tracked them during membrane binding and internalization (see
Fig. 9.2b, c) and could quantify the number of particles inside dendritic cells. A com-
parison of different imaging techniques shows that transmission electronmicroscopy
(TEM) (Fig. 9.2d) allows identifying small particles but does not yield any informa-
tion on the nanoparticle color and thus their surface-functionalization. In contrast,
STORM (Fig. 9.2e) and LCSM (Fig. 9.2f) can differentiate between nanoparticles
with different labeling, which cannot be individually imaged by LCSM.

9.9 Photothermal Microscopy

Growingbiomedical applications of non-fluorescent nanoparticles require novel tools
for real-time detection of thesematerials in complex biological environmentswithout
additional labeling [87]. Photothermal microscopy (PTM) allows for the detection of
nanometer-sized objects solely based on their absorption and hence, enables their effi-
cient observation in scatteringmedia notably gold nanoparticles in cells [88]. In PTM,
small absorbers with minute luminescence yields convert upon resonant laser exci-
tation all the absorbed energy into heat. This causes a rise in the temperature of their
local environment inducing variations of the local refractive index.With an additional
non-resonant laser beam, this photothermal effect can be efficiently probed [88]. PMT
enables the spectroscopic identification and quantification of various non-fluorescent
nanoparticles inside live cells and tissues without the need to use fluorescent labeling
and with a minimal sensitivity toward the light scattering background [87]. Confocal
PTM also allows three-dimensional (3D) mapping in live cells [87]. Multicolor PTM
can be employed for spectral identification of nanoparticles in complex biological
backgrounds. The spatial resolution of PTM (250–300 nm) is similar to those of
other diffraction-limited optical microscopes. Zharov and coworkers applied confo-
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Fig. 9.2 a Two-color image of membrane-stained dendritic cells (green) and ovalbumin-labeled
300 nm polystyrene particles (red) in wide-field (WF) (right) and STORM (left); b magnified
view of the membrane where individual nanoparticles bound to the plasma membrane and after
internalization can be identified; c colocalization of ovalbumin-nanoparticles (cyan)with endosomal
vesicles labeled by cholera toxin subunit (b); d TEM; e STORM; and f confocal imaging of the
different nanoparticles inside dendritic cells. Bottompanels are enlarged views showing the ability of
the different techniques to image nanoparticles of different size and color. Adapted with permission
from van der Zwaag et al. [32]. Copyright 2018 American Chemical Society

cal PTM integrated with fluorescence microscopy to monitor molecular targeting of
melanoma-associated chondroitin sulfate proteoglycan (MCSP) receptors of human
melanoma cells (SK-mel-1 cell line) [87, 89]. For this purpose, melanoma cells were
labeled with 50 nm anti-MCSP magnetic nanoparticles. An analysis of a stack of
two-dimensional PT images confirmed that the nanoparticulate MCSP markers are
distributed on the cell surface and indicate an intracellular accumulation of melanin
(Fig. 9.3a). These two-dimensional stackswere then used to reconstruct a 3Ddistribu-
tion of cell absorption profiles (Fig. 9.3b). An analysis of nanoparticle-associated PT
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Fig. 9.3 a Sequent
two-dimensional PTM
images of different
cross-sections of a cell
targeted by anti-MCSP
labeled, 50 nm diameter
magnetic nanoparticles and a
corresponding stack of
two-dimensional PTM
images; b Three-dimensional
spatial reconstruction of
surface MCSP receptors
(blue) and intracellular
melanin (yellow)
distribution; c Histogram of
the photothermal signal
amplitudes of single and
clustered magnetic
nanoparticles on the cell
surface Figure (a) was
reprinted with permission
from Nedosekin et al. [87].
www.tandfonline.com
Figure (b) and (c) were
adapted from [89]

signal amplitudes enabled the authors to distinguish single NPs from clustered NPs
around single and clustered markers (Fig. 9.3c). These findings indicate that PTM is
a promising approach for studying nanoparticle aggregation upon cellular uptake.

9.10 Photothermal Raster Image Correlation Spectroscopy

In raster image correlation spectroscopy (RICS) the diffusion of fluorescently labeled
molecules or nanoparticles is obtained from stacks of confocalmicroscopy images by
analyzing correlations within the image. Based on RICS, Nieves et al. implemented
a novel photothermal imaging technique for probing the diffusion dynamics of gold

http://www.tandfonline.com
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nanoparticles, photothermal raster image correlation spectroscopy (PhRICS) [90].
In this approach, single gold nanoparticles are imaged at short pixel dwell times
(60 μs) with a piezo-scanning photothermal heterodyne imaging microscope. The
method was then applied for diffusion measurements of gold nanoparticle-labeled
FGF2 protein in a live cell [90].

9.11 Electron Microscopy

The tremendous progress of nanoparticle development and their applications in
biomedicine would not have been possible without the rapid advancement of elec-
tron microscopy techniques. With high-resolution transmission electron microscopy
(HRTEM) and scanning transmission microscopy (STEM), a spatial resolution
<0.05 nm can be reached [91]. Transmission electron microscopy (TEM) and scan-
ning electron microscopy (SEM) are standard methods for the characterization of
size, morphology, and crystalline structure of nanoparticles. In combination with
spectroscopic techniques, such as energy dispersive X-ray spectroscopy (EDX) and
electron energy loss spectroscopy (EELS), SEM, and TEM yield spatially resolved
information on the elemental composition of nanomaterials. Due to the high spatial
resolution TEM and SEM are highly suited for tracking nanoparticles in skin and tis-
sue. TEM provides detailed information on subcellular structures so that potentially
toxicological changes due to interactions with nanoparticles become visible [92].
TEM usually operates in high vacuum to increase the mean free path of the electron
gas—interactions, which requires a specific sample preparation. Current nanoscale
methods for the investigation of cells mostly involve TEM of thin polymer embed-
ded sections [93], frozen sections [93–96], edges of frozen cells [97], or fractures
[98] of cellular samples [17]. Usually, the cells are stained by heavy metal salts for
obtaining sufficient contrast. For tomographic information, cells are sectioned and
imaged in a serial process [17, 99]. In Fig. 9.4 TEM images from resin-embedded,
stained sections of HaCaT cells (immortalized human keratinocytes) after the uptake
of silver nanoprisms (Fig. 9.4a–c) and silver nanospheres (Fig. 9.4d–f) are shown.
The silver particles partially dissolve during this uptake process, which can be well
observed when the particles before and after cellular uptake are compared to each
other (Fig. 9.4c, f) [13].

However, TEM imaging has the disadvantage that the sample preparation is more
laborious and prone to artifacts compared to other microscopy techniques [92, 100].
Furthermore, only a tiny volume of 1–10 μm3 is usually analyzed [100–104]. The
volume of cells and tissue strongly shrinks during the standard preparation of elec-
tron microscopy samples, mostly as a consequence of chemical fixation [105, 106].
Dehydration effects can also change the ultrastructure of tissues [107].

In cryogenic approaches, chemical fixation is avoided, and the normal hydration
state of cells and tissue is maintained [108]. The state-of-the-art approach for TEM
sample preparation for whole cells comprises high-pressure freezing and cryosec-
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Fig. 9.4 Uptake of HaCaT
cells observed by TEM after
(a–c) 24 h of incubation with
silver nanoprisms and
(d–f) 24 h of incubation with
silver nanospheres. The
insets show particles of the
same batches before their
incubation with cells at the
same magnification.
Reprinted with permission
from Graf et al. [13].
Copyright 2018 American
Chemical Society
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tioning [96, 109, 110]. Cryo-TEM has also been applied for the investigation of skin
samples on the ultrastructural level [111].

9.12 Scanning Electron Microscopy (SEM)

In scanning electron microscopy (SEM), an electron beam is raster-scanned over the
surface of a sample. The image is produced by the detection of the emitted electrons,
known as secondary electrons (with energies smaller than 50 eV) and backscattered
electrons (with energies above 50 eV) [39]. In modern SEM based on the use of field
emission guns at low voltages, a spatial resolution of around 1 nm is achieved, which
satisfies for many applications the spatial resolution requirements for investigating
nanoparticle-cell systems [38, 112]. Conventional SEM operates as TEM in high
vacuum. As for TEM; cryo-techniques can be applied to study biological systems in
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Fig. 9.5 Cryo-SEM images of HaCat cells after 19 h incubation with silica particles (170 nm
diameter); a overview image; b incised cell B, the nuclear membrane is labeled by a dashed line;
c enlarged view of partially aggregated silica particles on the cell membrane of cell B; d incised
cell D; e enlarged view of silica particles on the cell membrane of cell D; f enlarged view of silica
particles which where taken up by cell D

a near-native, hydrated environment. Typically, biological samples are plunged into
a cryogen to trap the sample in a thin film of vitreous ice [113]. Before imaging,
the specimens are usually sputter-coated, i.e., covered with a few nanometers thin
layer of conductive material, such as Pt. This impedes the imaging of small metallic
nanoparticles on the surface of the biological sample. In Fig. 9.5 cryo-SEM images of
plunge-frozen, Pt-sputtered HaCaT cells incubated with 170 nm silica nanoparticles
are presented. The cells are fractured by a cold knife. Nanoparticle on the surface of
the cell membrane (Fig. 9.5c, e) as well as taken up particles (Fig. 9.5f) are visible.
Figure 9.5c, e reveal that the initially well-dispersed particles cluster on the cell
membrane and are covered by their protein corona. The porous structure of the cells
is partially an artifact due to frost damages. With improved but also more elaborate
freezing techniques, such as high-pressure freezing, such effects can be prevented,
as shown for example for the ultrastructural examination of skin [73].
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9.13 High-Angle Annular Dark-Field Scanning
Transmission Electron Microscopy (HAADF STEM)

For the visualization of cellular structures, thin sections usually have to be stained
with heavy-metal salts before TEM imaging. Staining may induce artifacts because
of metals which precipitate from stains and cannot be distinguished from small
nanoparticles, if not additional analytical methods, such as EDX are applied [15]. In
annular dark-field scanning transmission electron microscopy (ADF STEM) images
are formed by collecting scattered electrons with an annular dark-field detector.
Since an annular dark field image is only formed by incoherently scattered electrons,
ADF-STEM is sensitive to variations in the atomic number and allows for imaging of
biological samples without staining [15, 114–116]. The sensitivity of this technique
was improved by using electrons which are scattered in large angles, introducing
a novel technique called high-angle annular darkfield (HAADF) STEM. HAAD-
STEM has been employed to image thin cell sections and nanoscale objects therein
at high electron energies [15, 117, 118]. Due to its high sensitivity, HAADF-STEM
allows imaging of biological samples also at low energies. Hondow et al. applied
low-energy HAADF STEM in a scanning electron microscope to analyze the uptake
of platinum nanoparticles with a broad size distribution between 2 nm and 4 μm in
HT29 colon carcinomacells [14]. The authors achieved to obtain high contrast images
of the ultrastructure of cells without post-staining and to distinguish the differently
sized particles which provide valuable information on the effect of particle size on
cellular uptake processes [15].

9.14 Environmental Scanning Electron Microscopy
(ESEM)

Since conventional TEM and SEM operate in high vacuum only completely dried,
embedded, or frozen samples can be imaged. The required sample preparation can
change the sample (see above) and evidently, studies on live cells are impossible.
About 15 years ago, environmental scanning electronmicroscope (ESEM)was intro-
duced, which permits wet and insulating samples to be imaged without prior prepa-
ration. A low pressure (up to around 1000 Pa) of a gas, in case of biological samples
water, can be accommodated around the sample. Consequently, hydrated biological
samples can be kept in their native state. For details of detection and operation of
this method see [119]. ESEM has been applied for imaging the surfaces of cells in a
wet environment [120–122]. However, for ESEM cells must first be transferred to a
cooled pure water environment. While various microorganisms and plant cells with-
stand this transfer process and ESEM imaging of their pristine surfaces is feasible,
for eukaryotic cells this transfer process causes significant changes in the cellular
morphology and can induce cell death [17]. However, fixed but still hydrated samples
can be imaged instead [122]. Coupling ESEM with STEM detection enables imag-
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Fig. 9.6 Environmental scanning electron microscopy-scanning transmission electron microscopy
(ESEM-STEM) of a whole fixed A549 cell in hydrated state. a Overview dark-field ESEM-STEM
image of the contours of three cells (gray color) and thicker cellular regions (white color);bEnlarged
view of the white rectangle in (a) showing individual gold nanoparticles, gold nanoparticle dimers
(circles), and larger clusters (dashed circles). Image (a) is reprinted from [16], image (b) is reprinted
with permission from Peckys and de Jonge [17]. Copyright 2018 Cambridge University Press

ing of unstained intracellular structures [17, 123]. Peckys et al. imaged individual
gold nanoparticles, gold nanoparticle dimers, and larger clusters of these particles in
whole fixed A549 cells in hydrated state using ESEM-STEM (see Fig. 9.6) [16, 17].

9.15 Liquid Scanning Transmission Electron Microscopy
(Liquid STEM)

The development of Si3N4 membranes for use as TEMwindows in a liquid compart-
ment [124] enables the concept to reach nanometer resolution on fully hydrated cells
[125, 126]. Eukaryotic cells in liquids were placed in a microfluidic chamber provid-
ing a ~6 μm space through which buffered liquids continuously flow. Then, STEM
can image nanoparticles with a high Z-contrast, such as gold nanoparticles, that can
be well observed [17]. Brownian motion of the nanoparticles did not hinder to reach
nanoscale resolution since their diffusion near the membrane strongly slowed down
[126, 127]. TEMmicrographs obtained from this liquid STEM approach of complete
samples significantly differ from those making use of thin sections, usually taken to
image cellular ultrastructure, since a significantly thicker sample leads to reduced
contrast [17].

9.16 Multimodal Imaging and Correlative Microscopy

Since each imaging method has its limitations, in many studies on the interac-
tions of nanoparticles with cells and tissue the capabilities of different powerful
microscopy and analytical platforms are coupled. Such combinations are especially
valuable if the images of different techniques are correlated with each other. Several
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authors reported on correlative microscopy approaches where conventional optical
microscopy, high-resolution confocal microscopy, and TEM or SEMwere combined
[128–130]. Optical microscopy provides functional information based on fluorescent
labeling in both living and fixed samples, while electron microscopy provides sig-
nificantly higher spatial resolution, extending this information by detailed images of
precisely the same region [131]. Le Trequesser et al. developed a triple correlative
microscopy approach exploiting the complementarity of fluorescence microscopy,
SEM, and ion beam analysis to in situ detect, track, and quantify fluorescently-
labeled TiO2 nanoparticles in a single human keratinocyte [128]. In ion beam anal-
ysis a MeV ion beam probes the composition and yields elemental depth profiles
of the sample. SEM and ion beam analysis are complementary to each other since
SEM provides the surface composition and the ion beam analysis yields bulk infor-
mation on the morphology of the cell as well as on the exact localization of the
nanoparticles. Peckys et al. applied correlated fluorescence microscopy with liq-
uid STEM to study quantum dots labeled by epidermal growth factor receptor in
COS7 cells fully immersed in a liquid. Also, they imaged thin edges of the cells
in a cooled wet environment by ESEM-STEM and correlated these micrographs to
fluorescence images [129]. In this way, they could analyze spatial and stoichiomet-
ric distributions of the labeled quantum dots on a multiple of whole cells in the
liquid by a method, which is not much more time consuming than standard fluores-
cence microscopy approaches. Liu et al. used correlative fluorescence microscopy
and plasmonics-based dark-field microscopy to gain a mechanistic understanding of
the endocytosis and intracellular trafficking of DNA-labeled gold nanoparticles in
HeLa cells [130]. In plasmonics-based dark-field microscopy, the fact that metal-
lic nanostructures provide upon excitation by light sub-wavelength localization of
surface plasmon-polaritons is employed for imaging sub-diffraction limited struc-
tures [132]. Since clustering of metallic nanoparticles causes a significant spectral
wavelength shift due to plasmon coupling of nanoparticles, this method allowed to
monitor the clustering state of nanoparticles [14]. As the cells were labeled by fluo-
rescent proteinmarkers, co-localization of gold nanoparticles in different aggregation
states with cellular substructures became possible (see Fig. 9.7a, b). Consequently,
the direct observation of the relationship between the clustering states of nanopar-
ticles and their real-time intracellular transport at the single-cell level was enabled.
The results were additionally confirmed by TEM imaging and inductively coupled
plasma atomic emission spectrometry (ICP-AES) analysis of elemental gold in cells
as a function of time (see Fig. 9.7c) [130].

9.17 Raman Microscopy

Vibrational properties of target molecules are suitably investigated by Raman-based
techniques. These rely in the most simple approach on a continuous wave laser
source operating in the visible regime while gathering the inelastically scattered
radiation. Scanning the sample in an optical microscope provides spatially resolved
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Fig. 9.7 a Representative correlative fluorescence microscopy and plasmonics-based dark-field
microscopy (DFM) image ofHeLa cells depicting the presence of singleDNA-labeled gold nanopar-
ticles (green spots in blue rectangle) and small clusters (yellow spots in green rectangle) and large
clusters (bright yellow spots in red rectangle) of them. Scale bar, 2 μm; bDFM images for the time
evolution of gold incubated with HeLa cells. Scale bar, 5 μm; c ICP-AES analysis of elemental
gold in cells as a function of time (adapted from [130])

maps of chemical selectivity. The spatial resolution is significantly higher as com-
pared to the spatially resolved absorption of infrared radiation gathered in an infrared
microscope. This is mostly due to the shorter wavelengths that are used in Raman
microscopy, which is related to the diffraction limit outlined above. Raman studies
have been applied to biological matter including skin samples providing detailed
information on processes occurring there, including chemical transformations [133,
134]. Further advantages of this technique are that much thicker samples than in
electron microscopy can be investigated in three dimensions without slicing, where
the sample thickness is typically of the order of 10 μm. Three-dimensional scanning
is simply done by moving the focus of the laser radiation through the sample while
scanning it layer by layer.

Even though Raman microscopy studies have provided substantial knowledge
to the field of life sciences, it cannot be fully ignored that conventional Raman-
based spectroscopy relying on spontaneous emission is not quite sensitive due to
low scattering cross sections. This lack of sensitivity is efficiently overcome by more
advanced Raman techniques. This includes stimulated Raman microscopy (SRS),
which requires twopulsed laser beams that are spatially and temporally superimposed
to each other [135]. If the difference in photon energy corresponds to a vibrational
transition of the target, then the Raman gain or loss can be significantly more sensi-
tivelymeasured thanby spontaneousRamanmicroscopy [136].This background-free
approach allows, for example, to measure depth profiles of typical species occurring
in skin as well as penetrating drugs or solvents [137, 138]. Furthermore, the impact
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of polymeric nanogels on changes in the protein and lipid distribution has been
recently evaluated by stimulated Raman microscopy [139]. In addition, there are
other variants of advanced Raman techniques, such as Coherent Anti-Stokes Raman
Scattering (CARS), a four-wave mixing process, which has also been applied for
studies on biological samples [140]. Furthermore, surface-enhanced Raman scatter-
ing is another suitable way to increase the intensity of the Raman signal, provided
the sample is deposited on a suitable noble metal substrate, such as rough surfaces of
gold or gold nanostructures [141]. Biomedical applications as well as in vivo studies
have been reported before. The use of radiation in the optical regime at wavelengths
>650 nm allows for deep penetration and suppresses efficiently the autofluorescence
background from tissue.

9.18 Atomic-Force Microscopy-Based Techniques

Recent advances of atomic force microscopy (AFM) in combination with spectro-
scopic techniques provides novel and unique ways to enhance the spatial resolution
along with spectroscopic specificity [142]. There are several variants how an AFM
can be exploited for spectromicroscopy investigations, especially for studies in life
sciences. Apertureless optical-near fieldmicroscopy is one suitable approach, requir-
ing a tunable infrared source alongwith anAFM,whichmight be a tunable laser [143]
or even synchrotron radiation [144]. Another technique is tip-enhanced Raman spec-
troscopy (TERS), which combines scattering scanning optical near-field microscopy
(s-SNOM) with Raman spectroscopy [145]. This yields spatially resolved Raman
spectra with a resolution of the order of 20–30 nm. This technique has been applied
to biological targets, as has been reviewed recently [145]. A variant relying on pulsed
lasers is photothermal expansion, where changes in sample height due to resonant
excitation by tunable infrared radiation are sensitively probed by AFM [146]. These
techniques have in common that they have a great potential for being exploited for
biological applications since the spatial resolution has the potential to reach below
10 nm, so that with high chemical specificity due to spectroscopic properties a novel
understanding far below the diffraction limit can be gained.

9.19 X-ray Microscopy

Tunable and tightly focused X-rays represent a unique way to probe spatially
resolved biological samples including nanoparticles, which is commonly called X-
ray microscopy [147]. Most suitably tunable synchrotron radiation is used as an
X-ray source. The scientific importance of X-ray microscopy has increased during
the last decades since the number of accessible instruments is constantly growing.
Soft X-rays (100–2000 eV photon energy) probe element-selectively by resonant
excitation light elements contained in cells and tissue, such as carbon (E ≈ 290 eV),
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Fig. 9.8 Section of the lower part of the human stratum corneum investigated by X-ray microscopy
at 530.5 eV for highlighting the spatial distribution of topically applied dexamethasone, as indicated
by red color. The stratified structure of stratum corneum is visible due to corneocytes, where no drug
is observed (cf. [20]). The skin surface is found near the top of the figure, the scale bar corresponds
to 1 μm

nitrogen (E ≈ 400 eV), and oxygen (E ≈ 530 eV) [148, 149]. Tunable hard X-rays
with photon energies >2 keV are used for probing heavy elements, such as metals, as
is also provided by synchrotron radiation. In addition to element selectivity comes
the chemical shift that probes the local electronic environment of the absorbing ele-
ment, so that differently bound elements of the same kind can be distinguished [149].
X-ray microscopy relies on the absorption of the X-rays yielding, according to the
Beer-Lambert-Law, absolute concentrations of the probed species of interest [18].
This is of central interest for quantitative studies, where, e.g., the amount of topi-
cally applied drugs is determined in ex vivo skin samples as a function of penetration
time, yielding a detailed understanding on the driving forces of drug penetration
[150]. Crucial factors that were identified include the free energy and the diffusion
coefficient. A drop in free energy leads to the uptake of a drug into skin. For exam-
ple, the lipophilic drug dexamethasone is readily taken up by the lipophilic lamellae
between the corneocytes, as indicated in Fig. 9.8 by red color. This corresponds to
about 100 nm wide regions, as discussed in greater detail in [20].

X-ray microscopy has several advantages compared to transmission electron
microscopy, that is reviewed above, with regard to the following properties: (i) sig-
nificantly thicker samples can be investigated, even permitting to study entire cells.
Especially in the hard X-ray regime samples of >10 mm thickness can be studied,
whereas by soft X-rays the sample must be thinner, typically <500 nm [18]. This
also includes tomography studies for deriving 3-dimensional information [151]; (ii)
wet samples can be studied, so that no drying is needed. Furthermore, the samples
can be studied at a much higher pressure, reaching even ambient pressure in the
hard X-ray regime, which is not possible for electron microscopy; (iii) no staining
of the samples is required, but also samples prepared for electron microscopy can be
studied by X-ray microscopy, if the sample thickness is properly increased to have
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sufficient attenuation of the incident X-rays due to absorption by the sample; (iv)
quantitative results are derived as outlined above at a spatial resolution of 10–20 nm.
At the same time also large areas can be scanned. This spatial resolution is clearly
inferior compared to electron microscopy but is for biological samples by far supe-
rior compared to optical microscopy. As a result, the depth of information emerging
from X-ray microscopy is enormous and may even reach the molecular level.

X-ray microscopy has been used in the past for probing skin penetration of inor-
ganic nanoparticles above 50 nm [152]. Clearly, intact skin samples show that the
particles only penetrate the top layers of stratum corneum. Even small and flexible
polymer particles with a size of ~10 nm cannot penetrate into deeper skin layers [19],
that are only reached by low molecular weight drugs underscoring the 500 Da rule
for skin penetration [153].

9.20 Conclusions

A variety of imaging techniques is reviewed for investigating nanoparticles in cells
and skin as well as related subjects. Standard techniques are included forming the
foundation for more advanced studies involving tunable radiation sources along with
detection schemes reaching far below the diffraction limit of optical microscopy. The
potential of these approaches is that even single nanoscopic objects can be identified
and quantified in their biological surroundings. Structural details can be identified
in the biological surroundings facilitating to understand in the future further details
of the molecular processes of transport and penetration of nanoscopic matter in cells
and skin.
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Cellular Responses and Health Effects



Chapter 10
Cellular Defense Mechanisms Following
Nanomaterial Exposure: A Focus
on Oxidative Stress and Cytotoxicity

Stephen J. Evans, Gareth J. Jenkins, Shareen H. Doak and Martin J. D. Clift

Abstract In response to the significant increase in nanotechnology over the last
three decades, and the plethora of engineered nanomaterials (ENMs) now becoming
available, understanding as to how nano-sized particles may impact upon human
health has become a dominating area of research worldwide since the late 1990’s
(Stone et al. in EnvironmentalHealth Perspectives, 2017) [1].Whilst approaches con-
stantly adapt to the increasing number and variety of ENMs produced for a plethora
of different applications, the quantity of alternative physico-chemical characteristics,
a key factor in the potential hazard of ENMs (Bouwmeester et al. in Nanotoxicology
5:1–11, 2011) [2], is further increasing in number and type.

10.1 Introduction

In response to the significant increase in nanotechnology over the last three decades,
and the plethora of engineered nanomaterials (ENMs) now becoming available,
understanding as to how nano-sized particles may impact upon human health has
become a dominating area of research worldwide since the late 1990s [1]. Whilst
approaches constantly adapt to the increasing number and variety of ENMs produced
for a plethora of different applications, the quantity of alternative physico-chemical
characteristics, a key factor in the potential hazard of ENMs [2], is further increasing
in number and type. Although it is well documented which characteristics influence
ENM toxicity, the precise mechanism by which this observed toxicity occurs is not
fully understood [3]. Despite this, as a result of increased laboratory-based investi-
gations that have been conducted over the last three decades [1], a number of specific
paradigms have been formulated in order to deduce and define the potential (human
health) hazard posed by ENMs.
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10.2 Paradigms in Particle Toxicology

Of the three specific paradigms, also known as theory’s, the main one is the ‘oxida-
tive stress paradigm’, which is discussed in the latter paragraphs. However, while
the potential for ENMs to cause oxidative stress has been the basis for increased
research since the advent of nanoparticle toxicology in the early 1990s [4], two fur-
ther paradigm’s/theory’s also exist; the fibre paradigm [5, 6], and the theory of geno-
toxicity [7, 8]. The latter is predominantly based upon the oxidative stress paradigm;
however, it moves on from determining an inflammatory response to assess what the
stimulation of oxidative and inflammatory mediators could induce to the biological
system in regard to human health. The theory describes a two-tiered approach: (i)
primary genotoxicity and (ii) secondary toxicity. In regard to primary genotoxicity, it
is suggested that NPs can cause genotoxicity following direct exposure to the biolog-
ical system. Secondary genotoxicity however describes, initially, the oxidative stress
paradigm (in theory: NP exposure � ROS/reactive nitrogen species (RNS) produc-
tion [also oxidative stress (oxidant/antioxidant imbalance)] � chronic inflammatory
response), which causes genotoxicity and (possibly) subsequent tumour formation.
Secondary genotoxicity, however, may not be caused by the NPs alone; it may also
be caused via interaction of the biological system and the chemicals contained within
the NPs. It is suggested that the NPs might be completely inert but are able to pene-
trate the cellular membrane, possibly locating within the nucleus. At this stage, due
to the highly acidic pH, the chemicals present within the NPs could be released (such
as Fe within Fe platinum NPs), causing a toxic response. This form of secondary
toxicity has also been referred to as the “Trojan horse” effect [9]. It is also possible,
however, in relation to this theory that the cells might undergo cell death and thus
not induce genotoxicity and tumor formation.

As previously discussed in Clift and Rothen-Rutishauser [10], although both the
oxidative stress paradigm and theory of genotoxicity can fit to any form or NP, they
have predominantly been focused upon through the assessment of the biological
response to spherical, crystalline, and non-fibrous NPs. However, since the portrayal
that CNTs may cause “asbestos-like” effects in the lung [11], increased research
has been performed using the theory of genotoxicity with fibrous NPs. While this
is apt, specific, well-studied, and proposed paradigms already exist in regard to the
biological effects following fibrous stimuli [6], including asbestos and glass wool;
otherwise known as the fibre paradigm, with a specific set of rules, as detailed in
Donaldson et al. [6]. Although there has been increased focus upon the fibre paradigm
in regards to high aspect ratio nanomaterials (HARN), since the seminal paper of
Poland and colleagues [11], and further intensity is being given towards the potential
for ENMs to cause genotoxicity when considering a chronic, repeated and low-
dose/concentration exposure to humans, the key toxicological paradigm associated
with ENMs remains the ‘oxidative stress paradigm’ (Fig. 10.1).

Oxidative stress occurs when a greater number of oxidants than antioxidants are
present within the cell, causing an oxidant/antioxidant imbalance. Increased oxida-
tion can occur within cells, such as macrophages following activation. The activation
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Fig. 10.1 Overview of the oxidative stress paradigm, as both a flow diagram (right) [10], and
indicative within any mammalian cell (left). Both aspects highlight the foundation of the oxidative
stress paradigm, where a ENM may induce an oxidative attack upon cells either independently,
or cause inflammatory response which, both, can then impede cellular signaling pathways. This
mechanistic toxic effect has then been known to initiate long-term detrimental effects upon cellular
homeostasis (noted by the impact upon intracellular Ca2+ levels)

ofmacrophage cells can cause the generation of the superoxide anion,which is readily
converted into the hydroxyl radical (•OH) via the influence of superoxide dismutase.
The presence of the •OH, as well as the superoxide anion, which are examples of
reactive oxygen species (ROS), can thus cause increased oxidation within the cell
because these molecules possess unpaired electrons and are highly unstable. Addi-
tionally, ROS can be produced via—nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, which is the most common form of ROS found in cells, and
is—usually produced when cells are performing the phagocytosis of xenobiotics.
Therefore, this suggests that although cells purposefully clear hazardous particles
from the tissue, the phagocytosing cells can unintentionally or intentionally pro-
duce ROS. In addition, the potential production of ROS following encapsulation of
particles via phagocytosis further emphasizes the necessity to understand the spe-
cific uptake mechanism of NPs, in order to determine their potential route within
the cell, and how their uptake may relate to their toxicity. As it is not possible to
explore in detail the entry mechanisms of NPs into cells, the reader is referred to the
comprehensive review of Unfried et al. [12].

The production of ROS and subsequent oxidative stress in cells can be
extremely deleterious, causing a reduction in cell metabolic competence via a
reduction in mitochondrial respiration as well as an increase in the production of
(pro)inflammatory—mediators (i.e., cytokines and chemokines). The effects of ROS
production and subsequent oxidative stress/inflammatory response can further be
associatedwith diseases and illnesses such as pulmonary and cardiovascular diseases,
including asthma, chronic obstructive pulmonary disease, as well as atherosclerosis
and even tumor formation.

In a study by Stone et al. [1], the potential for NPs, specifically ufCB, to cause
oxidative stress was assessed in A549 epithelial cells. Cells were measured for their
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glutathione content to determine the level of oxidative stress present. Glutathione
is the most abundant nonprotein thiol present inside most cells, and it is essential
for maintaining cell viability by detoxification of pathogens as well as by regulat-
ing cell cycle and gene expression. A reduction in the glutathione content of cells,
therefore, is known to indicate an oxidative stress environment. It is also known that
glutathione can have a protective role following the onset of oxidative stress, due
to its antioxidant gene characteristics. Antioxidant genes are common throughout
cells, such as the c-fos gene. This gene is part of a series of growth- and differenti-
ation–related genes that are expressed by cells in response to foreign materials. It is
thought that antioxidant genes are “switched on” following NP stimulus, which can
thus overwhelm the NP effect. Research into these effects, however, is limited and
requires further investigation. In relation to the potential for NPs to induce oxidative
stress, it was observed by Stone et al. [1] that following treatment of A549 epithelial
cells with up to 0.78 μg mm2 of ufCB and CB, the glutathione levels, as mea-
sured specifically in its reduced form (GSH), decreased after 2 h, with a significant
decrease also found after 6-h exposure to ufCB, but not to CB. It was subsequently
concluded by Stone et al. that ufCB is more potent at inducing oxidative stress than
its larger counterpart, CB. Li et al. further studied the potential for NPs to induce
oxidative stress in cells. In the study by Li et al., the effects of ambient (25–10 μm),
fine (<2.5 μm), and uf (<0.1 μm) particles on RAW 264.7 macrophage cells and
BEAS-2B epithelial cells were assessed. It was observed that NPs, in comparison to
both ambient and fine particles, induced an increased cellular expression of heme-
oxygenase–1 (HO-1) expression in each cell line, indicative of oxidative stress, as
well as a decrease in intracellular glutathione levels. High levels of ROS production
were also demonstrated following dithiothreitol (DTT) analysis. Further examination
of the different particle types by transmission electron microscopy (TEM) showed
the NPs, as well as a small amount of larger particles, to predominantly locate within
mitochondria, causing subsequent major structural damage thought to contribute to
increased oxidative stress (decrease in GSH) and toxicity previously observed. It was
therefore concluded that the increased biological potency of NPs can be associated
with the redox cycling of organic chemicals due to their increased ability to damage
the mitochondria, causing ROS and oxidative stress. Recently, Xia et al. also showed
ufCB, in comparison to TiO2 and CB, to cause an increased production of ROS, as
measured via the ROS quencher, furfuryl alcohol, as well as by assessment of the
level of NADPH peroxidase with RAW 264.7 macrophage cells over a 4- and 16-h
period. Subsequent analysis of the oxidative stress levels in these macrophage cells
found depletion in GSH levels, as well as toxic oxidative stress after similar expo-
sure periods. It was further illustrated that the toxic oxidative stress observed was
specific to an injury to mitochondria due to increased cytosolic calcium (Ca2+) pro-
duction and uptake, causing structural damage to the organelle. Ca2+ is an essential
and the most abundant mineral in the body. Maintaining normal Ca2+ levels (~155 ±
9 nM) within the cell, also known as Ca2+ homeostasis, is essential for cell viability.
The finding by Xia et al. that an increased Ca2+ production (signaling) can occur
in cells following exposure to NPs supports previous studies that have suggested
the increase of cytosolic Ca2+ to be associated with the onset of increased ROS
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production and subsequent oxidative stress. Stone et al. initially showed that ufCB
exposure for 30 min to Mono Mac 6 (MM6) human macrophage cells induced a 1.6-
fold increase in the resting cytosolic Ca2+concentration, measured using the Ca2+

chelator Fura 2-AM in MM6 cells at a concentration of 66 μg/m, while no changes
were observed following treatment of MM6 cells with CB. Subsequent investigation
by Stone et al. examined the effects of CB, both fine and uf (33 μg/ml), and latex
beads (64, 202, and 535 nm in diameter) (1 mg/ml) on MM6 cells and primary rat
macrophages. Analysis of the latex beads showed a 2.3-fold increase in cytosolic
Ca2+concentration (as determined by using the Fura 2-AM molecule) in response
to thapsigargin stimulation following treatment with the 64-nm latex beads; how-
ever, no effects on MM6 cell Ca2+ concentration were observed following treatment
with either the 202- or 535-nm latex beads. In this study, thapsigargin was used to
assess the viability of the cells via Ca2+ signaling. This chemical stimulant causes
release of Ca2+ from the endoplasmic reticulum (ER); a loss of cell viability, via
apoptosis, can be related to a loss of Ca2+ in the ER store and therefore a reduced
Ca2+ response to thapsigargin stimulation. Similarly, Stone et al. showed a 2.6-fold
increase in Ca2+ in BAL cells (>80%macrophages) following stimulation with thap-
sigargin and after exposure to ufCB, but not to CB. These latter findings support
those previously reported by Stone et al. that ufCB can cause an increase in cytosolic
Ca2+ concentration and further demonstrate that different macrophage types (MM6
and primary rat macrophages) can elicit similar responses following NP exposure.
Further analysis by Stone et al. demonstrated that these effects were attenuated when
the MM6 cells were pretreated with either the antioxidant mannitol or nacystelyn,
suggesting that the increased cytosolic Ca2+ concentrations observed following NP
exposure could be mediated via ROS and oxidative stress. Stone et al. performed
further examination of the potential of all sizes of the latex beads to produce ROS,
using the dye 2′,7′-dichlorofluorescin diacetate (DCFH-DA), which when oxidized
converts into 2′,7′-dichlorofluorescin (DCFH) and shows an increasing fluorescence
intensity relative to an increase in ROS production. It was found that the NP latex
beads (64 nm) were more potent in causing ROS, with the 202- and 535-nm latex
beads showing no oxidative effects after 10 min. These findings were subsequently
supported by Brown et al., who also measured cytosolic Ca2+ via the use of the fluo-
rescent marker Fura 2-AM. It was reported that ufCB elicited a heightened cytosolic
Ca2+ concentration in MM6 cells following treatment for 30 min. Subsequent anal-
ysis by Brown et al., which examined the effects of transition metals, specifically
Fe in the form of Fe chloride (FeCl2), using the transition metal chelator, Desferal,
found that these metals had no effect on cytosolic Ca2+ concentration after 30 min
of exposure. In addition, Brown et al. also investigated the inflammatory potential
of the ufCB and CB particles as well as of the transition metals in vivo. It was
observed that the ufCB particles, but not the CB particles, induced an increase in
the number of PMNs present within the lungs of rats, with a significant increase
in the number of neutrophils found within the BAL fluid after 24-h exposure. No
inflammatory effects were found with FeCl2. Following inductively coupled plas-
ma–mass spectrometry, it was observed that the FeCl2 particles were detectable in
ng mg−1 concentrations within ufCB particles. It was subsequently concluded that
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ufCB does elicit an increase in cytosolic Ca2+ concentration, in support of Stone
et al., and that ufCB particles induce an inflammatory response from cells, which
was suggested to be independent of the transitional metal content of these NPs. The
observation by Brown et al. that ufCB can cause increased inflammation supports the
suggestion that ROS production, oxidative stress, and altered Ca2+ signaling caused
by these NPs can cause an activation of transcription pathways, via a cascade of
events within the cell, including both the nuclear factor–kappa B (NF-κB) and acti-
vator protein-1 (AP-1) pathways. Activation of these pathways was subsequently
proposed to result in an escalated inflammatory response, with an increase in proin-
flammatory gene expression and proinflammatory mediator production, such as the
cytokines IL-8 and TNF-α. Subsequent analysis by Brown et al. further supported
this hypothesis, demonstrating that ufCB particles, and not CB particles, cause an
increase in resting cytosolic Ca2+ concentration (as assessed by using Fura 2-AM) in
rat alveolar macrophages. Similar effects were also found on treatment of rat alveolar
macrophages in a dose–response relationship (12.5–50 μg/ml) following thapsigar-
gin stimulation. It is also worth noting that these effects are similar to the findings of
Stone et al. and Brown et al., further demonstrating the consistency between different
forms of macrophage cells in assessing the toxicity associated with NP exposure.
Additional study by Brown et al. also showed that these effects were decreased
following addition of antioxidants (Trolox and nacystelyn), further supporting the
findings of Stone et al., who concluded that the increased Ca2+ signaling observed
in macrophage cells after NP exposure was mediated via ROS. As it was suggested,
by Donaldson et al., that subsequent inflammation could occur due to the activation
of specific transcription pathways (such as NF-κB and AP-1) following the altered
Ca2+ signaling caused by ROS and oxidative stress of NP-treated cells, Brown et al.
further studied the effects of ufCB on both NF-κB and AP-1 transcription pathways.
Investigation of the NF-κB pathway showed ufCB (100μg/ml) treated humanmono-
cyte cells to show increased fluorescence of the sub-units of NF-κB, p50, and p65
over a 4-h period compared with untreated monocyte cells. Additional analysis of
the AP-1 pathway showed no significant increase in the intensity of the AP-1 protein
following treatment with ufCB at 200 μg/ml, after 4 h in rat alveolar macrophages.
The findings relative to both these pathways were found to be attenuated following
the addition of antioxidants, further supporting the suggestion that these events are
mediated via ROS production. Subsequent analysis of the inflammatory potential
of ufCB in rat alveolar macrophages found the production of the proinflammatory
cytokine TNF-α to be dose dependent (25–200 μg/ml) after 4-h exposure. It was
subsequently concluded by Brown et al. that uf particles can exert proinflamma-
tory effects by altering Ca2+ signaling, activating transcription factors and causing
the production of proinflammatory cytokines via ROS-mediated mechanism, thus
supporting the proposed oxidative stress paradigm. Although the findings of these
studies suggest that the toxicity observed following exposure to NPs is relative to
increases in the production of ROS and subsequent oxidative stress, as well as an
escalation in Ca2+ signaling and inflammation within cells, the oxidative paradigm
is only a hypothesis, and further research is required to fully understand the mech-
anisms of NP toxicity and how they may relate to the many new and different types
of NPs being manufactured.
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It is prudent to note that the oxidative stress paradigm is flexible. In the previ-
ously discussed literature, it is evident that oxidative stress induces an inflammatory
response which affects cell signaling. This sequence, while correct, is not always
true for NPs. Any resultant effects can be initiated following the onset of oxidative
stress following NP exposure occur either in the presence or absence of a state of
oxidative stress.

10.3 Cellular Defense Mechanisms in Mammalian Cells

Whilst oxidative stress has been well studied in terms of the mechanics of the toxico-
logical response to ENMs, it is a common misconception that it is a negative aspect
within mammalian cells, and only associated with a hazard effect response. Yet, in
terms of the cellular defence of any cell type within the human body, there are a
number of able defense mechanisms, of which oxidative stress is one. Such defense
mechanisms include specific active (and passive) uptake mechanisms (please refer to
Conner and Schmid [13] since it is not the absolute intention of this chapter is not to
provide an overview of the different uptake mechanisms possible by any mammalian
cell type). Yet, a side-effect of this the twomajor forms of ‘cell-eating’, or scenario is
also the inflammatory response, which is another defense mechanism of the human
body to any foreign body invasion (including ENMs). Yet, of all the defense mech-
anisms that mammalian cells have, it is their ability to engage the redox action that
creates an imbalance between the cells antioxidant defence system, and the oxidants
present in the cell/tissue.

10.4 Oxidative Stress, Antioxidants and Reactive Oxygen
Species

As noted above, themajor mechanism bywhich nanomaterials (NMs) are considered
to induce cellular toxicity is via oxidative stress, which refers to a cellular redox
imbalance as a result of increased intracellular highly Reactive Oxygen Species
(ROS). The term ROS encompasses a number of molecules and free radicals derived
from oxygen including primary ROS–H2O2, O2− and secondary ROS–OH• [14].
During normal cellular function ROS are produced as by-products of metabolism.
For example, a one electron gain by the oxygenmolecule (O2) results in the formation
of the superoxide free ion O•

2. This reduction happens frequently during numerous
biological processes such as the electron transfer chain within the mitochondria; as
several components of complexes I, II and III express thermodynamic properties
required for the reduction of O2 to O2

− [15]. Other cellular source of O2
− include

the microsomal transfer chain via NADPH-cytochrome P450 and NADH-cytochrome
b5 reductase activities, the respiratory burst action of phagocytic cells, peroxisomal
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beta-oxidation and Fenton reactions [16]. At low levels ROS may act as ‘redox
messengers’ in intracellular signalling [17]. This is achieved by the activation of
Redox sensitive transcription factors include AP-1, p53 and NF-κB which regulate
pro-inflammatory cytokine expression, cell differentiation and apoptosis [18]. This
signalling maybe utilised during the initiation of an inflammatory response with in
a tissue for example.

Due the fact that ROS are a natural cellular occurrence due to normal processes,
a homeostasis is maintained by a series of antioxidant proteins. The main class of
this antioxidants is superoxide dismutases (SOD) including Cu–Zn–SOD (SOD1)
and Mn–SOD (SOD2). Both SOD1 and SOD2 catalyse the conversion of O2• to the
less reactive H2O2 which can subsequently be converted to H2O by catalyse and
glutathione (GSH) [19]:

2O•−
2 + 2H+ → H2O2 + O2

2H2O2 → O2 + 2H2O

The role of antioxidants is critical to maintaining cellular health, if an imbalance
occurs between the levels of ROS and antioxidants, indiscriminate damage may be
inflicted on a range of biological molecules. This include lipid peroxidation where
ROS attack polyunsaturated fatty acids within the cell membrane, this results in the
formationof a peroxyl-fatty acid radical and a subsequent chain reactionofmembrane
damage [20]. Lipid peroxidation can ultimately lead to impaired cellular functioning
and cell rupture. Furthermore oxidative damage to the mitochondrial membrane can
result in electron chain dysfunction and subsequently cell death [21]. ROS can also
promote protein oxidation resulting in fragmentation at amino acid residues, protein
cross links and oxidation of the amino acid chains resulting in loss of function [22].
The ability of ROS to cause protein damage has the potential to impact a multitude
of cellular functions in addition to the risk of a build-up of malformed protein within
the cell. In addition to protein oxidation and lipid peroxidation a key risk is ROS-
induced DNA damage which is typified by single and double stranded DNA breaks,
base modification (e.g. DNA adducted formation and DNA cross linkage) [23].

10.5 NMs and Oxidative Stress

A number of NMs have been shown to be inducers of oxidative stress, in particular
metal oxide nanoparticles which may release ions capable of inducing the formation
of the highly reactive hydroxyl radical (•OH) by conversion of H2O2 by Fenton
chemistry.

H2O2 is not reactive as it has no unpaired electrons but it is however a mediator in
the formation of secondary ROS in the form of hydroxyl radicals (•OH). This •OH
formation can be initiated via transitionmetal ion promotedFenton chemistry [24, 25]
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Mn+ + H2O2 → M(n+1) + •OH + OH−

M represents transition metal.
Transition metal based NM’s such as iron, copper, nickel, cobalt, and zinc may

therefore release ions that can take part in the Fenton reaction promoting an increase
in intracellular •OH formation. This free radical presents a significant risk for DNA
damage as •OH is capable of attacking the DNA backbone and nucleotide bases pro-
moting the formation of DNA lesions. More than 20 oxidative base lesions have been
identified, the most notable being 8-hydroxygyanine (8-OH-dG) which frequently
miss-pairs with thymine resulting double stranded breaks and point mutations [26].

A number of studies have identified transition metal based NM’s as inducers
of oxidative stress. For example, copper oxide promoted increased micronucleus
formation in theNeuro-2A cell line as a resulted of oxidative damagemeasured by the
formation of malondialedhyde (MDA) [27]. Moreover, significant MDA formation
has been exhibited in the brains of Wister rats following treatment with gold (Au)
nanoparticles (NPs) [28]. Perhaps the mostly widely studied transition metal NM
is silver (Ag) due to it antimicrobial properties. Indeed, Ag NPs have been shown
to induce ROS formation in lung epithelial cells (A549) as measured by the 2′-7′-
Dichlorodihydrofluorescein diacetate (DCFDA) assay [29]. Similarly, when tested
in HepG2 cells AgNPs promoted increased ROS production (quantified by DCFDA)
promoting downstream double stranded DNA breaks [30].

NM oxidative stress potential not limited to those comprised of transition metals,
a number of NMs have been shown to catalyse ROS production at their surface in
aqueous suspension including silica and carbon nanotubes [31]. This is likely due
to immobilised free bonds of the atoms located on the NM surface. Quartz NPs for
instance have been associated with the generation of ROS due to the presence of
surface bound SiO• and SiO2• [32]. Furthermore, the quantum confinement effect
of quantum dots modulates their ability to accept and donate electric charge and
potentially enable them to catalyse ROS formation [33].

10.6 NM Induced Immune Response and Oxidative Stress

If a NM is capable of promoting an immune response in vivo this may result in the
formation of ROS by the cellular components of the immune system. NMs have
indeed been shown to be capable of triggering ROS production in activated phago-
cytes (macrophages and neutrophils) in the form of a NADPH mediated respiratory
burst [34–36]. If this respiratory burst is maintained downstream oxidative damage
may be promoted in other cell types within the NM exposed tissue. ROS themselves
are in fact mediators in the activation and recruitment of other immune cells, by
promoting inflammatory cytokine production via activation of the transcriptional
regulatory factor NF-κB. A vicious circle of chronic inflammation inducing down-
stream genotoxicity is therefore a possible scenario upon NM exposure [7].
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10.7 ROS and Cytotoxicity

Due to the ability of ROS tomediate redox sensitive transcription factors its excessive
presence in with in the cell can cause activation of apoptosis. This can be initiated
by the upregulation of the tumour suppressor protein p53 which one cell stress is
low can induce cell cycle arrest and DNA repair [37]. At high levels of cell stress
however p53 can down regulate pro-survival factors, upregulate apoptotic factors
and induction of the caspase cascade [38]. Due to the association of the upregulation
of TNFα and ROS there is also evidence of linkage between ROS and apoptosis
initiated by the extrinsic pathway [39].

10.8 Summary

The field of nanoparticle toxicology is a complex discipline that incorporates a
plethora of different disciplines. It allows for the gaining of novel understanding
towards an aspect that is vital regarding human long-term health effects. To date,
there has been limited indication that nanomaterials are able to affect long-term
human health, but this is due to a lack of research into this area and also the model
systems to study it. Instead acute effects have been focussed upon, that have shown
that commonly, realistic exposure concentrations/doses used in studies indicate that
cellular machinery is often impeded, most notably by mechanisms associated with
an oxidative stress response. Whilst oxidative stress is normal, it occurs within every
organ/tissue/cell routinely, excess oxidative stress (commonly caused through reac-
tive oxygen/nitrogen species) is a negative cellular response that can have both haz-
ardous acute and chronic effects (e.g. inflammatory response), and so is essential to
maintain in regards to the ENM-cell interaction.
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Chapter 11
Nanocarriers and Immune Cells

Lorna Moll and Volker Mailänder

Abstract Nanocarriers (NCs) have a high potential as target-specific drug-delivery
system. Especially immune cells are a prime target in the nanoparticle-cell interac-
tion. Uptake into the correct subtype of immune cells is crucial. Therefore uptake
processes as well as intracellular processing is of utmost importance. The so-called
protein corona heavily affects the interaction with immune cells which can decide
the fate of the NC for degradation. On a wider perspective also nanoparticles which
were not intentionally made for the transport of drugs get in contact with immune
cells e.g. in the lungs. These immune cells are then trying to degrade these foreign
materials.

11.1 Introduction

The field of nanomedicine is a fast growing research topic in cancer therapy or
immunotherapy as target-specific drug-delivery system. Nanocarriers (NC) belong
to the group of nanoparticles (NP). Nanocarriers are classified by their intended use:
to transport drugs or specific signal molecules to a certain set of cells within the
patient’s body.

The interaction of NCs with immune cells is an important aspect of the develop-
ment of NC based therapies, either as an obstacle to a non-immune cell target or a
great opportunity when the immune cell is itself the intended target cell.

The immune system’smain function is to identify and neutralize foreignmaterials
which can cause harm to the body and physiological functions. The immune system is
continuously challenged by such non-body own objects. These objects are composed
to a large extent from the same basic components like DNA, RNA, peptides, proteins,
sugars and lipids, but their specific composition e.g. of lipids or sugar motifs or the
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appearance of DNA in the cytoplasm of mammalian cells is a non-physiological
condition and therefore these are then detected as danger signals. Danger signals can
be also caused by toxins, microorganisms, xenobiotics, mechanical stresses, or by
contaminants [1]. NCs can induce an immune response due to these danger signals
and hereby being recognized as harmful to the body and therefore being destroyed.
Another option is that the immune system does not recognize theNC as harmful. This
can be achieved by changes in the NC’s properties which result in immunological
tolerance, i.e. the NC is being ignored. Such properties of the NCs are the shape,
surface charge, size, chemical composition as well as the type of administration.
These properties have a major impact on the endurance of the NC in the body and
not to be degraded which affects its effectiveness [1].

While material properties have been investigated for their immunological conse-
quences, the field has learned in the last years that proteins readily adsorb on these
nanocarriers. NCs as other NPs adsorb proteins from the surroundings and form the
“protein corona”. This corona has a major impact even on physical parameters like
the size, surface charge, and aggregation behavior of the NCs. Most importantly, the
corona affects the interaction with different types of cells. Cytotoxicity, endocytosis
by certain cell types, and distribution in the patient’s body is heavily influenced by
the corona [2, 3]. Therefore, the protein corona of NCs plays an important role for
the development and application of NCs as drug-delivery system.

The corona is divided into the “hard” and the “soft” corona which correlates to
the strength of binding of the corona protein to the NC [4–6]. The composition of the
corona is very dependent on the environment of the NC.When applied intravenously,
then the corona undergoes constant changes. The stability of the NC as well as the
surface properties, but also the body temperature of the patient and the composition
of the blood resulting from different gender or age, cause changes to the corona [1, 6].
In cultured cells, the composition of the corona depends on experimental parameters
like the culture medium, temperature, protein source, and concentration [7–9].

The formation of the protein corona as well as the composition are the focus of
several studies in order to better understand the interaction of NC with immune cells
and to unravel the mechanisms that lead to the degradation of NCs.

The modulation of the recognition of NCs by the immune system is a major
challenge of the nanomedicine research field. The “Trojan horse” concept of
nanomedicine described by Limbach and coworkers represents the need to avoid an
immune response after application of NCs [10]. Possibilities to avoid this response
can be achieved by negatively charged polysialic acids, a component of pathogenic
bacteria such as Neisseria meningitides that is identical to host polysaccharides [11].
Most commonly used in nanomedicine is the coating of the NCs with block copoly-
mers such as polyethylene glycol (PEG). This coating of the NC reduces the forma-
tion of the protein corona and therefore lowers its potential to activate an immune
response in vitro as well as in vivo. Furthermore, the size and shape of the NC can
be modified in order to reduce the recognition by immune cells [12, 13].

Nanomedicine is a challenging field of research which may result in the devel-
opment of highly innovative tools for the therapy of tumors or immune diseases.
Herefore, we need to understand the composition of the immune system and the
interaction of nanocarriers with these different cell types.
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Fig. 11.1 Components of the innate and adaptive immune response. The innate immune
response is the first line of defense against pathogens or other harmful threats from outside.
Macrophages, mast cells, natural killer cells, granulocytes (neutrophils, eosinophils, basophils),
and complement proteins mediate the innate immune response. Dendritic cells and natural killer T
cells belong to both innate and adaptive immune response. The adaptive immune response develops
slower and can memorize antigens. B cells together with antibodies as well as CD4+ T cells, and
CD8+ T cells mediate the adaptive immune response [17] (The figure was modified from [17].)

11.2 Cell Types Comprising the Immune System and Their
In Vivo Distribution

The immune responses are divided into the innate and the adaptive immune response
(Fig. 11.1). The innate immune response reacts in a fast manner to various infec-
tions or other harmful threats [14]. These cells act without having been exposed to
the harmful threat before. In contrast, the adaptive immune response needs first a
phase of recognition and therefore evolves slower but memorizes antigens and is
able to arm the defense mechanisms against formerly exposed antigens by enabling
a highly specific attack. The adaptive immune response can result in immunogenic-
ity and resistance towards infections or cancer. This can also induce tolerance or
overreactions in cases such as autoimmunity, allergy, or transplantation [15].

The innate immune response consists of a variety of cell types. Here granulo-
cytes, macrophages, dendritic cells (DCs), and natural killer cells (NK) are the most
important ones, but not all main players. Granulocytes are subdivided into neu-
trophils, eosinophils, and basophils. Furthermore, it comprises soluble factors like
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the complement proteins. The innate immune response regulates inflammation [16,
17]. The major players of the adaptive immune response are CD4+ and CD8+ T cells
as well as antibodies which are produced by B cells [17, 18] (Fig. 11.1).

Neutrophils react to infections or injuries. They are recruited to the site of infection
bymigration through the bloodstream. Afterwards neutrophils cross the endothelium
and enter the tissue interstitium [19]. Neutrophils consist of granules that contain pro-
teases and antimicrobial peptides which can fuse to the cell membrane. This process
is described as “degranulation”. Otherwise these can also fuse intracellularly with
materials taken up from the outside. Activated neutrophils phagocyte and destroy
pathogens by the generation of reactive oxygen species (ROS), degranulation, and
by bearing neutrophil extracellular traps (NETs) [20]. In vitro studies using neu-
trophils are of particular difficulty due to their short life span and easy, unspecific and
unwanted activation. These characteristics prevent largely the possibility of genetic
manipulation for in vitro studies [20].

Another group of granula-containing cells are the eosinophils. They play a role
in parasitic infections and allergies [21].

The last and least abundant granula-containing cell type comprises of the
basophilic cells (Fig. 11.1). They are involved in allergies as well as in parasitic infec-
tions [21]. They are involved in allergic reactions by releasing histamine as the most
widely known allergic mechanism. Furthermore, basophils are known to be involved
in chronic myelogenous leukemia, Crohn’s disease, and contact dermatitis [22].

Macrophages belong to the innate immune response (Fig. 11.1). Their function
is the uptake and digestion of pathogens and cellular debris as well as the secre-
tion of cytokines [23]. Macrophages develop from circulating blood monocytes.
Macrophages are located at potential entry sites for pathogens or other foreign
and potentially harmful material. Macrophages are subdivided into microglia that
are located in the central nervous system, Kupffer cells of the liver that degrade
toxins, and alveolar macrophages that can be found in pulmonary alveoli [24, 25].
Monocytes—which are the precursors located in the blood stream—differentiate to
macrophages upon activation by cytokines such as macrophage colony-stimulating
factor (CSF1) or granulocyte-macrophage colony-stimulating factor (CSF2). Addi-
tional stimuli result in polarization of macrophages. This leads to the development of
“classically activated” macrophages (M1) or “alternatively activated” macrophages
(M2). M1 are activated by lipopolysaccharides derived from bacteria or by IFN-γ
which is produced by TH1 cells. M2 are stimulated by IL-4 and IL-13. These
cytokines are generated by TH2 cells. In addition, the polarization of macrophages
into M1 or M2 is also directed by the differentiation signal of CSF2 or CSF1,
respectively [26, 27].

M1 are involved in pro-inflammatory processes including the activation of an
intracellular key protein NF-κB. This is followed by induction of pro-inflammatory
cytokines like tumor necrosis factor alpha (TNF-α), IL-1β, IL-12. These then can
activate T cells, and IL-23 that promotes inflammation and is involved in polarization
of TH1 and TH17 cells [28].
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M2 on the contrary can be found in tumors and are therefore also described
as tumor-associated macrophages (TAM). TAM play a role in angiogenesis and
progression of the tumor [28].

While macrophages to some degree are mediators between the innate and the
adaptive immune systemby taking up antigens, somuchmore dendritic cells have this
role. They belong to the group of antigen-presenting cells (APCs).DCs engulf soluble
proteins and aggregates from the extracellular surrounding. DCs are subdivided into
myeloid and plasmacytoid DCs with different abilities to take up antigens. These
objects are in the range of several nanometers up to several hundred nanometers.
After uptake, the material is digested, processed, and afterwards presented on the
membrane to T cells [29]. Therefore, DCs mediate adaptive immunity and tolerance
against foreign antigens. DCs represent the major link between the innate and the
adaptive immune response. DCs are the most compelling type of cells that engulf,
degrade, and present the antigen on their membranes [15, 30, 31]. DCs are located
at body surfaces such as skin, upper esophagus as well as at the mucosa of the
respiratory and gastrointestinal system [15, 32]. DCs also migrate within the body.
After antigens are presented on their major histocompatibility complex (MHC), DCs
migrate to the lymphoid organs where T cells are located. Then the antigens that are
presented by theDCs are recognized by T cells. A danger signal (see above) is needed
to start proliferation and clonal selection of T cells [33–35]. These danger signals are
recognized by a group of proteins. The most prominent ones are toll-like receptors
(TLR). Additional receptors are NOD-like receptors and scavenger receptors [36].
TLRs of DCs recognize different components of microbial pathogens and result in
the activation of DCs. TLR4 promotes IFN-β production while TLR2 cannot induce
IFN-α or -β production. TLR3, TLR7, andTLR9 are able to promote the generation of
IFN-α and IFN-β [37]. CpGmotifs that are not methylated can be frequently found as
a component of bacterialDNA[38].CpG-containingoligodesoxynucleotides activate
TLR9 of DCs to induce an immune response [39].

CD80 and CD86 are stimulatory molecules generated by APCs. CD80 and CD86
are important for subsequent T cell proliferation and production of cytokines. CD80
binds to CD28, which promotes T cell proliferation. In contrast, when CD80 binds
to cytotoxic T lymphocyte antigen-4 (CTLA-4), T cell response is suppressed [40].
CD80 and CD86 bind to the same receptors but show functional differences in the
outcome of the binding [41–43]. Therefore, DCs control the ability to recognize
a variety of antigens by T cells. These T cells consist of different lymphocytes
containing a near random variety set of antigen receptors [15].

DCs can also have the opposite effect: “tolerogenic DCs” induce silencing or tol-
erance of lymphocytes towards a potential antigen [44]. TheseDCs cause elimination
(deletion) or blockage (suppression) of T cells recognizing the specific antigen [15,
44–46]. When the T cells are not eliminated, they differentiate into helper or killer
cells. DCs promote the ability of T helper cells (TH1 cells) to generate cytokines such
as interferon gamma (IFN-γ) in order to activate macrophages in case of microbial
infection [47–49]. Additionally, DCs regulate the production of interleukin-4 (IL-4),
-5, and -13 by TH2 cells which mobilize white cells for defense against helminths
as well as the synthesis of IL-17 by TH17 cells to recruit phagocytes [50, 51]. DCs
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can also inhibit immunity by promoting the development of regulatory T cells (Treg

1 cells) or FOXP3+ cells [46, 52]. Furthermore, DCs play an important role in the
development of killer T cells (Th1) or the T cell memory towards certain antigens [53,
54]. This is important for a prolonged success of vaccinations. DCs are subdivided
into myeloid and plasmacytoid DCs with different abilities to take up antigens.

11.3 Danger-Associated Molecular Patterns

Danger-associated molecular patterns (DAMPs) are endogenous molecules that are
generated upon different processes such as oxidative or cellular stress [55]. An addi-
tional trigger is the damage of tissues [56]. These stresses lead to the production
of molecules that stimulate innate immunity and sterile inflammation [57]. Sterile
inflammation is a stress-induced cytokine/chemokine response. It is detected in tis-
sues as well as in the blood. The outcome of this inflammation can be beneficial
or harmful of the host depending on the context and play a major role in processes
such as wound healing [58–64]. DAMP-activated sterile inflammation is of great
importance for diseases such as autoimmune diseases, cancer, atherosclerosis, and
myocardial infarction [65].

DAMPs have to be located in the extracellular space in order to function as such.
They are released upon stimuli or necrotic cell death. Extracellular heat shock pro-
teins (eHsp72), mitochondrial DNA, ATP, uric acid crystals, and high mobility group
box 1 (HMGB1) belong to the group of DAMPs [57]. These components are usually
located inside the cell. They are released upon cell death or as a response toward a
certain stress [66] (Fig. 11.2).

Cell death and immune responses to pathogens result in the activation of spe-
cific pattern recognition receptors (PRPs) as well as the presence of neutrophils and
inflammation. These two signaling pathways belong to the common danger response
system,which are activated byDAMPs or by pathogen-associatedmolecular patterns
(PAMPs). These pathways aim to defend the organism against the threat caused by
a pathogen or to restore the wounded tissue [66] (Fig. 11.2).

11.4 Receptors for DAMPs and Uptake of Nanoobjects

Professional phagocytes such as monocytes, macrophages, and neutrophils perform
receptor-dependent endocytosis. Macrophages recognize and bind foreign antigens
with their pattern recognition receptors, namely toll-like receptors (TLRs). Upon
binding of the TLR to the corresponding antigen, a signal pathway and immune
response is activated [68]. It was previously shown that it ismore likely that positively
charged or neutral NCs promote an inflammatory response compared to negatively
charged carriers [69]. A possible explanation for this is that macrophages exhibit a
negatively charged sialic acid on their surface. The interactionwith positively charged
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Fig. 11.2 Dendritic cells respond to danger signals. Exogenous danger signals such as pathogen-
associated molecular patterns activate DCs through pattern recognition receptors. These exogenous
danger signals can cause inflammatory cell death and subsequent release of endogenous danger
signals which in turn activate DCs. Homeostatic danger signals such as a decreased pH in the
tissue suffering from inflammation, can also activate DCs. Activated DCs migrate to the location
of inflammation, exhibit antigen-presentation, and induce the production of cytokines [67]. (The
figure was modified from [67].)

NCs is therefore more likely to occur [68]. In addition, NCs engulfment may occur
by the reticuloendothelial system (RES) on the organ level. This system consists of
leukocytes, endothelial as well as epithelial cells, macrophages, and dendritic cells.
Cells of the RES are mostly found in organs such as the liver and the spleen. Also
for this system, studies showed that the uptake of positively charged NCs is of high
prevalence and results in the internalization of the NCs [70–72].

NCs can be opsonized with either C3ib that displays one of the activated compo-
nents of the complement cascade or IgG. These opsonins can interact with the recep-
tors for C3ib and Fcγ localized on the membrane of the phagocyte. This recognition
is followed by the uptake of the NC by the phagocyte. The uptake can be hampered
by the presence of serum albumin but is not completely diminished mostly [70, 73].

Furthermore, NCs can be modified to directly target diseased cells. The folate
receptor (FR) is overexpressed in different types of tumor cells [74]. FR consists of
two isoforms, FR-α which is mainly expressed in epithelial cancers and FR-β which
is localized on activated macrophages and expressed in myeloid leukemia [75–78].
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Folate-conjugated NCs can therefore be specifically directed to diseased cells [79].
A previous study could demonstrate that a folate-conjugated hapten treatment lead to
an increase of immunogenic tumor cells and subsequently promoted the anticancer
immune reaction against these tumor cells [80]. Another receptor to target certain
cell types is the transferrin receptor (TfR). This receptor is thought to be expressed
in all cell types. However, it is known to be highly expressed in rapidly dividing cells
and therefore it is a very suitable target for cancer therapy using NCs [75, 81]. NCs
conjugated to transferrin or TfR binding single chain antibody fragment (TfRscFv)
were utilized for target-specific drug delivery in cancer therapy [82].The epidermal
growth factor receptor (EGFR) is expressed in solid tumors such as brain or breast
tumors and can also be used as a target for NC [82, 83].

These studies show a variety of approaches for nanomedicine. NCs can directly
interact with immune cells or target disease cells for subsequent treatment such as
immunotherapy.

11.5 Immune Cells in Cell Culture

The study of the interaction and uptake of NCs by immune cells is often performed
using cultured cells. Especially in the field of nanocarriers this is a common approach.
Phagocytosis of debris by phagocytes such as macrophages results in the formation
of phagosomes. These phagosomes then fuse with lysosomes to generate phagolyso-
somes. In these phagolysosomes the presence of a low pH, lysosomal enzymes, and
an increased production of ROS leads to the degradation of the debris or the NCs
taken up [84]. This increased ROS production explains the need for toxicological
studies of NCs using macrophages [85].

Cell lines from leukemia and lymphoma patients are commonly used to study
NC interaction with immune cells as well as the engulfment of NCs. Toxicity studies
weremainly performed using human ormurine leukemia cancer cell lines at different
stages of differentiation [85–87].One of such cell lines is THP-1whichwas generated
from the blood of a boy who suffered from acute monocytic leukemia. Childhood
myelomonocytic leukemia displays a disease that affects pluripotent stem cells. They
overproduce monocytic cells that infiltrate organs like the liver or the lungs [88]. For
in vitro studies, themonocytic cells can be differentiated using phorbol-12-myristate-
13-acetate (PMA) to reach the differentiated stage of macrophages [89, 90].

Macrophages are of particular interest because these cells display an important
part of the immune response and engulf as well as degrade foreign material in the
blood. A prominent cell line is RAW264.7, a murine macrophage-like cell line. A
major challenge of nanomedicine is for the NCs to escape frommacrophages in order
to be able to reach the target destination [91]. Here in these cell cultures the analysis
of the protein corona of NCs and its interaction with immune cells has been studied.
The influence of the protein corona showed dependence on the protein source and
anticoagulant in the media of the cells as it affects the uptake behavior of tissue
cultured cells [92].
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A commonly used model for T cells are Jurkat cells. Upon stimulation with phy-
tohaemagglutinin, Jurkat cells produce IL-2 [93]. Jurkat cells were previously used
to investigate the T cell receptor signaling pathway and by now several T cell recep-
tor signaling mutant Jurkat cell-lines have been generated [94]. A problem of the
Jurkat cell line are the defective phosphatase and tensin homologue (PTEN) and
SH2-domain-containing inositol polyphosphate 5′ phosphatase [95–97]. Especially
defective PTEN might influence T cell receptor signaling through constitutive acti-
vation of the phosphatidylinositol 3-kinase (PI3 K)–signaling pathway. Components
of this pathway are the serine-threonine kinase AKT and the protein tyrosine kinase
IL-2-inducible T cell kinase (ITK) [98].

B cells—the cells producing antibodies after contact with the antigen and prolif-
eration—are a widely neglected cell type in the field of nanomedicine. Here further
studies are highly needed.

11.6 Immune Cells In Vivo

NCs are intended to be used as target-specific drug delivery system. Therefore, the
in vivo application ofNCs needs to be thoroughly investigated.After intravenous (IV)
administration, the NCs are engulfed by the mononuclear phagocytic system (MPS)
and are stored in the liver or spleen [99]. A previous study analyzed the distribution
of fluorescently labelled Polystyrene NCs in NOD-SCID IL2Rγnull; NSGmice. The
analysis of the aggregation behavior of the NCs caused by bound serum-proteins and
the composition of the protein corona can be a tool for the prediction of the in vivo
distribution of the NCs. Mohr and coworkers were able to show that NCs which tend
to aggregate mainly locate to the liver while NC that do not aggregate scatter to all
organs [99].

In a recent study, researchers used NCs that target T cells in vivo for immunother-
apy of tumors. These poly(lactic-co-glycolic acid) (PLGA) and PEG based NCs
coated with antibodies that specifically bind CD8+ T cells in the lymphoid tissues,
blood, and tumors of mice. The NCs were administered intravenously into a subcu-
taneous model of B16 melanoma. In addition, the researchers developed similar NCs
to target programmed cell death protein 1 (PD-1+) T cells [100]. PD-1 is a marker to
identify the tumor-reactive CD8+ cells that infiltrate tumors of humans and CD8+ T
cells in the blood of patients suffering from melanoma [101, 102].

These results present a promising use of NCs to target certain cell types in a
multicellular organism for subsequent treatment approaches.
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11.7 Interaction of Nanocarriers with Immune Cells in Cell
Culture

The physicochemical properties of NCs play a major role for their immunomodu-
latory effects which can result in suppression or activation of the immune response
[103].

In vitro studies of the protein corona that affects the interaction of NCs with
immune cells showed that its formation is highly dependent on the environment [1–7].
Among others, the choice of protein source for in vitro studies is very important and
heavily affects the interaction with the immune cells. A recent study showed that the
uptake of NCs by cultured cells is reduced when serum and plasma concentration
added to the cells is as low as 0.5%. Furthermore, an increased uptake of fetal bovine
serum (FBS) coated NCs by HeLa cells and macrophages was observed. In contrast,
human serum and human citrate plasma reduced the NC uptake. Interestingly, NCs
that were incubated in the human anticoagulant heparin plasma were internalized
by macrophages but not by HeLa cells. These results indicate that the environment
affects the formation of the protein corona as well as the interaction with different
cell types [92].

Another study generated a tailor-made artificial protein corona using human
plasma. This study identified proteins from protein fractions of human plasma such
as human serum albumin which resulted in an increased uptake by macrophages
while other low abundant protein fractions caused a decreased uptake [104].

Schöttler and coworkers demonstrated that polystyrene NCs modified with
polyethylene glycol (PEG) or with poly(ethyl ethylene phosphate) (PEEP) and incu-
bated with plasma proteins present a low uptake by RAW264.7 cells. When these
NCs were not exposed to plasma proteins, then a high non-specific uptake occurred.
The researchers identified the protein clusterin which is also known as apolipoprotein
J, to be a major component of the protein corona of PEGylated NCs. Interestingly,
the incubation of the NCs with clusterin reduced the non-specific cellular uptake.
These results show that PEG and PEEP not only reduce the formation of the protein
corona but also affect the composition of the corona. Certain proteins as part of the
corona can prevent non-specific cellular uptake [91].

On the other hand some proteins promote uptake, like immunoglobulin G (IgG).
IgG acts as defense molecule (an opsonin) against microorganisms that might cause
an infection. NCs which are covered with opsonins can be recognized and degraded
by phagocytes [1]. The coating of the NCs using PEG (PEGylation) can reduce
opsonization and thereby prevents the recognition of the NC by the RES and espe-
cially DCs as well as increasing the blood circulation time of the NC [105, 106].

Myeloid DCs were shown to be able to engulf zeolite particles bound to IgG. The
amount of adsorbed IgG affected this uptake. This engulfment was dependent on the
amount of adsorbed IgG and could not be detected for plasmacytoid DCs [107].

Analyzing the uptake of NCs in tissue cultured cells helps to understand the
mechanism of action but for further knowledge, in vivo experiments are needed to
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evaluate the uptake of the NCs as well as the interplay of different cell types as a
reaction to NCs in a multicellular organism.

11.8 Routes of Applications for Nanoparticles

NCs can be applied to patients by different methods. Common parenteral adminis-
trations are: intradermal (ID), subcutaneous (SC), intramuscular (IM), intravenous
(IV), and intra-arterial [105]. The properties of the applied particles such as surface
charge, size as well as hydrophobicity or hydrophilicity affect IV administration and
subsequent distribution [108]. This determines their potential to interact with differ-
ent immune cell types. NCs can be administered by IV because they can also enter
microvessels in the body which feature a diameter of 5–10 μm. After injection, NCs
with a size of more than 100 nm are more prone to be caught by the reticuloendothe-
lial system (RES) in the spleen, liver, lung, and bonemarrow than NCswith a smaller
size. These can circulate for a longer time in the body [105]. As already mentioned,
also other properties of the NC affect the application. Hydrophobic NCs are effi-
ciently taken up by different tissues. In contrast, hydrophilic NCs coated with PEG
and a size smaller than 100 nm circumvent better to be engulfed by macrophages
[105, 109].

The intravenous injection of NCs causes them to interact with the membranes
of red blood cells. More specifically, the NCs interact with the membrane glyco-
calix components and receptors such as integrins or as an example the Duffy anti-
gen/chemokine receptor. In addition, NCs absorb a variety of blood components such
as proteins. These components locate on the surface of the NC and form the “protein
corona” [6] as detailed above.

Other routes besides IV are rarely investigated. Although also in clinic other
routes of applications are rare, it may still be worthwhile to investigate these and
demonstrate how they can benefit for shaping the biodistribution. This is clearly a
blind spot of the nanomedicine community.

Nonparenteral routes of administration are the oral, nasal, ocular, and the pul-
monary way to apply NCs. Chitosan microcarriers were previously shown to be able
to protect their cargo from the gastrointestinal tract [110]. Nasal application of chi-
tosan NCs coated with ovalbumin and cholera toxins promote immune responses
in rats. Furthermore, these NCs were shown to specifically target nasal-associated
lymphoid tissues to obtain nasal vaccine delivery [105, 111]. Immunization of mice
using chitosan microspheres containing Bordetella bronchiseptica antigens results
in an increase of B. bronchiseptica-specific IgA antibody levels correlated with an
enhanced survival rate of the mice [105, 112, 113].

Nanoparticles can enter the lung by diffusion and be cleared by alveolar
macrophages [114]. This field is mostly studied for its toxicity but holds great
promises for drug delivery. Due to their deposition properties microparticles are
more suitable than nanoparticles for this route of application [115]. Studies using
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chitosan NCs and microparticles show a promising use for the application of drugs
by NCs through inhalation [105].

11.9 Interaction of Nanocarriers with Immune Cells In
Vivo

The design of NCs such as the size can affect the reactivity with immune cells as well
as the penetration into tissues and cells [116]. Depending on the concentration of the
NCs, a high dosage can induce cytotoxicity while a low dosage can lead to sub-lethal
and long-term effect of the cells [117–120]. NCs can be identified by the immune
system as foreign and induce an immune response or the carriers can interfere with
the immune system [121]. Such immunomodulatory effects in an organism have to be
considered while developing NCs for medical approaches. The study of such effects
is of particular importance due to the use of NCs as drug delivery system [103]. On
the other hand, it is most likely that NCs get into contact and interact with immune
cells [103, 121]. This should also be viewed as an opportunity: this interaction can
be directed in order to develop NCs for immunotherapies [69, 121].

The physicochemical properties of NCs have a major impact on the immunomod-
ulatory effects. They can result in suppression or activation of the immune response
[103].

As a preporatory exploration ex vivo whole blood can be used for screening NCs.
A previous study by Baumann and coworkers showed NC interaction using whole
blood samples. In this study an ex vivo assaywas performed in order to investigateNC
interaction with primary cells of the bloodstream instead of malignant or immortal-
ized cells that are commonly used for in vitro experiments [122, 123]. Such an ex vivo
approach can connect in vitro and in vivo experiments [124]. Negatively chargedNCs
prepared with acrylic acid (AA) and sodium dodecyl sulfate (SDS) or positively
charged and prepared with 2-aminoethyl methacrylate (AEMH) and cetyltrimethy-
lammonium chloride (CTMA-Cl) AA introduced amino groups to the NCs and
AEMH introduced amino groups. The addition of SDSorCTMA-Cl resulted in a uni-
form charge of the NCs [122]. The human blood samples were treated with heparin.
The uptake of these NCs by different cells in the blood varied highly. The majority
of carboxy-functionalized NCs were engulfed by CD14+ monocytes followed by
amino-functionalized NCs. T and B cells showed a low uptake rate [122]. This effect
can be due to the fact that these cells do not have phagocytosis activity [123].
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11.10 Uptake and Intracellular Processing of Nanocarriers
in Immune Cells

NCs that enter the body can induce an immune response by interacting with immune
cells. Phagocytes can take up NCs via endocytosis. This process depends on the
size, the surface, and the shape of the NC. The uptake of NCs can be receptor-
dependent or receptor–independent. The way of uptake is determined by size and
the proteins that are adsorbed to the surface of the NC. Larger particles of <5 μm
are engulfed by phagocytosis or micropinocytosis. Smaller particles are taken up
by receptor-dependent endocytosis. The uptake is again dependent on clathrin, lipid
rafts, or caveolae. The endocytosis of <150 nm particles is mediated by clathrin
and the engulfment of particles with a size of 50–80 nm is favored by caveolae
mediated endocytosis. The size of the particles that are taken up by lipid raft-mediated
endocytosis is not yet fully understood [1].

11.10.1 Pinocytosis

Clathrin-mediated endocytosis (CME) involves the formation of a clathrin-coated pit
at the plasma membrane followed by the generation of a vesicle by the activity of the
GTPase dynamic (Fig. 11.3). The vesicle fuses with early endosomes or with lyso-
somes. Most receptor-mediated engulfment of nanoparticles occurs via CME [75].
Cationic particles (100 nm) made of polylactide-co-polyethylene glycol (PLA-PEG)
are internalized just via CME [126]. poly(D,L-lactide-co-glycolide) NPs exhibiting
poly(L-Lysine), a cationic polymer, at their surface, increase the uptake by CME
[127].

Another endocytosis pathway is clathrin-independent. Compared to CME,
clathrin-independent endocytosis (CIE) does not require a coatingprotein at the site of
vesicle formation. The loaded material in the vesicle is transported for degradation to
late endosomes and lysosomes [75]. A previous study showed that the trisaccharide-
substituted chitosan oligomers (SBTCO) resulted in an increased uptake compared
to linear chitosan (LCO). The uptake of SBTCO mainly occurred via CIE [128].

Caveolae are invaginations that are present in the plasma membrane and play an
important role for processes such as signal transduction and endocytosis [75, 129].
Caveolae-mediated endocytosis (CavME) results in the accumulation of material in
caveosomes with neutral pH [130]. A study by Liu and coworkers identified the
uptake of a DNA conjugated poly(amido amine) dendrimer conjugated to the rabies
virus glycoprotein RVG29 (29-amino-acid peptide) in brain capillary endothelial
cells by clathrin- and caveolae-dependent endocytosis [131].

Macropinocytosis is a type of endocytosis that is dependent on actin. Dur-
ing macropinocytosis cells engulf extracellular fluid in vesicles with a diame-
ter of 0.5–10 μm into vesicles (Fig. 11.3). These vesicles are also known as
macropinosomes [132]. In addition to extracellular fluid, viruses, bacteria, and apop-
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Early endosome

Late endosome

Lysosome
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RAB5

RAB7

LAMP1/2

RAB11

Recycling 
endosome

Sorting endosome

Fig. 11.3 Endocytosis mechanisms of Nanocarriers. Endocytosis of Nanocarriers can occur
via Macropinocytosis, Pinocytosis, or Phagocytosis. EEA1: Early endosomal antigen; LAMP:
Lysosomal-associated membrane protein, RAB: Ras-related protein [125]. Reproduced with per-
mission from Nanomedicine as agreed by Future Medicine Ltd. [125]

totic cell fragments are internalized bymacropinocytosis [75, 133–135]. This process
is involved in antigen-presentation by MHC class II [136, 137]. A previous study
showed that lapatinib conjugated NCs including a lipid corona made of egg yolk
lecithin and a core from albumin with a size of 62 nm were internalized by a human
mammary gland carcinoma cell line by clathrin-dependent pinocytosis as well as by
micropinocytosis [138]. While there are a variety of publications on how different
nanoparticles enter macrophages and more interestingly DCs, little is known about
the consequences.

A major concern is the possible cellular toxicity mediated by the uptake of NCs.
A few studies investigated changes of cellular behavior after NC uptake. It was found
that several cell lines generate formazan deposits independent of the NC concentra-
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tion [139–142]. Formazan is considered to be a marker for mitochondrial stress due
to a change of mitochondrial activity which leads to an increase of reactive oxygen
species (ROS) [142, 143]. This production of ROS results in cell damages such as
cytoskeleton disorganization and cell death [142, 144, 145]. Some studies showed
further that different NCs cause an increase of intracellular calcium concentration
[142, 146–148]. Calcium is known to be a major second messenger involved in a
variety of signaling pathways [142, 146]. Furthermore, NCs may change the ionic
currents across the plasma membrane. A study showed that polystyrene NC can
change the function of ion-channels in human airway epithelial cells [142, 149].

These results show that it is of crucial importance to investigate the consequences
of NC uptake on cells and tissues in order for the intended therapy to be successful.

11.10.2 Phagocytosis and Cross-Presentation After NC
Uptake

DCs belong to the group of phagocytes. Immature DCs (iDC) present a high endo-
cytic activity and continuous micropinocytosis while mature DCs (mDC) show a
decreased activity [150, 151]. In addition, both DC subtypes can take up antigens by
receptor-mediated endocytosis and present the peptides bound to a specific class or
proteins, termed major histocompatibility complex (MHC) [152, 153]. In general,
peptides from endogenous antigens are presented on MHC class I and peptides from
exogenous antigens are exhibited on MHC class II molecules of antigen-presenting
cells [154, 155].Antigen-presentation byMHCclass Imolecules is needed to develop
and activate CD8+ T cells. These cells can promote cytotoxicity as a response [26].
DCs are able to perform cross-presentation in order to present exogenous antigens
via MHC class I molecules as well as class II [156]. After uptake, the antigens can
either escape from the phagosome and be released into the cytoplasm followed by
MHC class I presentation or the antigen is degraded inside the phagosome result-
ing in presentation on MHC class II molecules [156]. Specialized endoplasmatic
reticulum(ER)-phagosomes function during cross-presentation to promote antigen
presentation by MHC class I [125, 156, 157].

A previous study showed that 350 nm particles loaded with ovalbumin were
engulfed by DCs and resulted in cross-presentation in vitro as well as in subsequent
T cell activation when administered in vivo. Larger PLGA particles of 112μm failed
to have such an effect [158]. In contrast, polystyrene beads of small and large sizes
(<0.2 μm and >1 μm, respectively) were able to induce cross-presentation, but the
larger beads showed a lower rate of uptake. At a concentration of the beads resulting
in a similar uptake, the larger beads caused an increased presentation by MHC class
I. This result is due to the lysosomal degradation of small particles compared to the
uptake of larger particles into other compartments of the cell exhibiting a neutral pH
and therefore supposedly degraded more slowly [156]. Another study showed that
latex beads were engulfed by DCs and transferred into early phagosomes which then
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fused to the endoplasmatic reticulum. Such early phagosomes are characterized by
calnexin [157]. Fewer beadswere encapsulated intoLAMP2-positive phagosomes. In
addition, an enhanced cross-presentation could be observed when applying PLGA
particles loaded with ovalbumin compared to latex beads that were coated with
albumin. PLGA particles did not end up in the phagosome and therefore showed
reduced proteasomal degradation [159]. Intracellular trafficking of NCs can also be
affected by modifications of the particle itself. PLGA particles coated with KKXX
signals of the ER did not affect the cross-presentation mediated by ER-phagosomes
[160]. Most importantly, it was shown that micro- and nanoparticles promote cross-
presentation more efficiently than soluble antigens [125, 158].

This field of research is still developing in order to understand what modifications
and other characteristics are needed for the NCs to be processed in a desirable way.

11.11 Immune Cell Responses to Nanocarrier Interactions

NCs can be identified as foreign by interaction with cells of the immune system. This
can result in immune responses such as complement activation, inflammation as well
as the production of antibodies. These actions can lead to pathological conditions
like hemolysis, thrombosis, or hypersensitivity. Furthermore, the interaction of NCs
with immune cells can cause their degradation [161]. A fast degradation of the NCs
is a major problem for the use of targeted nanomedicines.

NCs may not only affect the uptake and intracellular processing by immune cells
such as macrophages, but they may also influence the activity or function of the cell
that internalizes the NC. A recent study investigated the effect of carboxyl- (PS-
COOH) and amino-functionalized (PS-NH2) polystyrene NCs on M1/M2 polariza-
tion. Fuchs and co-workers were able to show that these NCs had no effect on the
viability of the macrophages and did not influence the expression of the M1 markers
CD86, NOS2, IL-1β, and TNF-α [162]. InM2, both types of NCs reduced the expres-
sion of the scavenger receptors CD163 and CD200R. In addition, the release of IL-10
was decreased. Furthermore, PS-NH2 inhibited the ability to phagocyte Escherichia
coli by M1 and M2. In contrast, PS-COOH increased the protein mass of M1 and
M2 by promoting protein synthesis as well as the release of TGF-β1 by M1 and the
generated ATP levels in M2. Taken together, these results showed that cationic and
anionic surfaces of NCs inhibited the M2 polarization. These findings may provide
a tool to reprogram M1/M2 polarization in patients suffering from chronic inflam-
mation or cancer [162]. For this clearly polystyrene should be substituted with a
biodegradable polymer.

While not directly a part of the immune system, platelets have been shown to
modify immune cell interactions. Platelet activation is characterized by an increased
expression of P-selectin, release of serotonin, procoagulant activity as well as an
increased release of calcium, exposure to phosphatidylserine, and production of
thrombin. This event is triggered by complement activation or by direct interaction
with NCs [1, 163]. Here is a strong link between immune activation and clotting, both



11 Nanocarriers and Immune Cells 271

finely tuned and regulated by multiple instances in a complex network of proteins
and cells and fragments of cells.

11.12 Summary

NCs display a new and innovative therapeutic tool as target-specific drug-delivery
system. In addition, NCs can transport signaling molecules, DNA or other compo-
nents to a certain set of cells. A major challenge for nanomedicine is the detection of
the NCs by the immune system. For many applications a rapid degradation of NCs
by cells of the immune system such as macrophages needs to be avoided to prolong
the circulation of the NCs in the blood of the patients as well as for the NCs to reach
their target destination of action. But this strong interaction and unspecific uptake
can also be used for new and potentially more effective vaccines. Investigations of
different types of NCs using a variety of modifications help to understand which
NCs need to be used for a certain approach. The protein corona that is formed and
surrounds the NCs as soon as they are administered to the blood stream plays an
important role for the interaction of the NCs with immune cells. The composition
of the protein corona affects the uptake of the NCs especially into immune cells.
NCs can further be used to modulate the immune response to treat diseases such as
cancer or immune diseases. The immune response may be activated and directed to
treat certain tumors or it may be inactivated to treat autoimmune diseases or chronic
inflammation.

Major progresses have been made during the past years in the field of
nanomedicine. Still questions remain to be answered such as: What are the long-
term effects of NC treatments for the patient? Do degraded NCs remain in the body
or are they released? What are the routes of NC remaining in the body? How do we
best use the preferred uptake of nanocarriers into phagocytic cells?

Overall,NCs have a very high potential for solvingmanypharmaceutical obstacles
of standard procedures such as delivering a drug directly to desired destination.
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Chapter 12
Fate and Translocation of
(Nano)Particulate Matter in the
Gastrointestinal Tract
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Denise Bargheer and Peter Nielsen

Abstract Nanoscience has flourished with increasing use of nanoparticles in many
products. The particles enter the environment and affect both biotic and abiotic com-
ponents of the ecosystem. Via the water supply and the food chain, humans could be
affected by ingesting those particles. In this chapter, we will discuss mechanisms by
which nanoparticles or their constituents can be translocated from the gastrointestinal
tract, what their fate may be and how relevant this is for human health.

12.1 Introduction

In the usual sense, the term “nanoparticle” stands for manufactured or engineered
nanoparticulate matter. Several thousand tons of engineered nanoparticles per year
are producedworldwide [1].Many different classes of nanoparticles are designed that
offer tuneable properties to cover many applications inmaterials science, electronics,
dyes, pigments andpaint technology, catalysis, antibiotics, aswell as in nanomedicine
and many others [2] (Fig. 12.1).

What is less well known is the fact that nature itself is a skilled nanotechnologist
and naturally formed nanoparticles occur in volcanic ash clouds, wood soot, spring
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Fig. 12.1 Different classes of engineered nanoparticles. Many properties such as size, shape,
surface charge, surface coating can be designed in synthesis what determines their specific physio-
chemical properties and may strongly influence their translocation and fate in the gastrointestinal
tract when ingested

water, fine sand, and in biological materials as well [3]. These natural nanomaterials
exist since millions of years on Earth.

Nanoparticles can be swallowed directly via food, beverages and drugs. Ingestion
can also result fromhand tomouth contact in theworkplace [4], aswell as fromairway
secretions which are contaminated with particles that have been cleared from the
respiratory tract by the mucociliary escalator [5]. A new approach in nanotechnology
is the field of nano-food [6, 7]. This includes the use of nanotechnology in packaging
materials, farming practices, food processing, and also in the foods themselves.

Thus, nanoparticles are already in the food chain and may ever have been. The
questions are: what happens to them in the gastrointestinal tract, and is there a
significant health risk from ingested nanoparticles?

The uptake of particles in the gastrointestinal tract was first described by the
German physiologist Gustav Herbst in 1844 when he found ingested starch bodies in
the sub-millimeter range showing up in the circulation [8]. The findingwas confirmed
by others, forgotten, rediscovered in 1906 [9] and confirmed again [10] but always
remained subject of critical debate [11].

Decades before the onset of nanotechnology, in the second half of the twentieth
century, another round of studies begun, this time with better defined particulate
chemical matter (asbestos, resin particles, latex particles) [12–15] but the contro-
versy persisted. Again incorporation was detected, but the rates of uptake that were
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reported varied significantly. Main reason for these conflicting results seems to be
the methodology with which particle uptake was detected [16]. Bulk tissue analyses
were performed often without discriminating between taken up and adherent partic-
ulate matter [17] which was later found to have a tremendous impact on detection
rates [18]. Histological analyses may overcome this problem to some extent but are
not quantitative [16] and one runs the risk of smearing luminal particles across the
sectioned tissue during workup (own observation). Although the initial finding con-
cerning the sub-millimeter starch particles was rejected, there was consent at that
point in time that particles in the micrometer range can readily be taken up by the
gastrointestinal mucosa and carried onwards within the body.

However, again it must be stated that this picture becomes less clear today, even
when we apply present-day highly advanced methodology for detecting and quan-
tifying translocation of even smaller particles into the body [19]. The reasons for
this are (i) the diverse character and the limited colloidal stability of the ingested
nanoparticles, (ii) the problem that the gastrointestinal tract is a site of very com-
plex processes where even symbiotic interactions between host cells and the resident
microbiome must be taken into account, (iii) the fact that the majority of literature
addressing biological effects of nanoparticles in human-relevant systems concerns
isolated cell systems or lung biology and less in vivo studies of processes in the
gastrointestinal tract.

In the following sections we will look into detail into the anatomy and physiology
of the gut, into reactions that modify or degrade nanoparticles after ingestion, into
the types and features of nanoparticles that should predispose for interaction, into
model systems to investigate those interactions, into the medical exploitation of
nanoparticles in the alimentary tract and into the ultimate fate and the risk ingested
nanoparticles may pose.

12.2 Architecture of the Gastrointestinal Tract

As part of the terrestrial ecosystem humans are in constant physical and chemical
interaction with their environment. Per day an adult human being breathes more than
10 m3 air thereby resorbing about 500 l or 700 g of oxygen, ingests 1–3 l of water
and consumes pounds of food of which about 300–500 g of nutrients actually are
incorporated. In order to manage assimilation of such an extent in a timely manner
the cellular interface where the actual transport events occur must cover a substantial
surface area. In the airways, the site of gas exchange, the interface encompasses
about 75 m2, in the alimentary tract where water and solutes are taken up this area
is approximately 35 m2 [20]. The large mucosal surface area of the alimentary tract
is not tailored evenly along the oro-rectal axis of the digestive system. At the site
of food and water ingestion—oral cavity, oropharynx and oesophagus—the mucosal
lining is plain and consists of multi-layered, partially keratinized squamous epithelia
which provide a robust barrier against mechanical stress as it may be caused by
movement of solid, undigested food constituents. The architecture of these epithelia
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Fig. 12.2 Predominant cell types in themucosal lining of the alimentary tract. Left: Schematic
drawing of a stratified squamous epithelia lining the oral cavity, the oropharynx and the esophagus;
b columnar epithelium lining the assimilation-active mucosae from the stomach downwards. Right:
Electron micrographs of human tissue sections: c squamous epithelium of human tonsil, displaying
the typical cell multilayer with masonry bond-type organization; d columnar epithelium of human
small intestine (ileum) displaying tight cell-to-cell contacts. The imageswere acquired in the context
of an extensive electron microscopic cell surface analysis study performed by some of the authors
[24]

resembles that of a brick wall where the bricks are staggered such that each brick
covers the gap beneath the rows above and below (Fig. 12.2a, c) [21]. In addition to
this masonry bond some kind of “molecular grout” or “mortar” between cells exists
which is hydrophobic in nature and seems to derive from membrane granules of the
epithelia andwhich seals the gaps [21–23]. Although such an architecture is perfectly
suited to withstandmechanical stress, it is inappropriate for translocation of nutrients
and water. For that reason the mucosae follow a different concept to fit the needs
of rapid substance exchange further down the alimentary tract. These are the sites
where large amounts of digestive fluids have to be secreted and where nutrients and
water have to be taken up. Thus, from the stomach downwards the mucosal lining no
longer consists of stratified squamous epithelia but of columnar epithelia of various
types whose hallmark is a monolayer of column-like cells that are sealed together
by tight junctions or zonulae occludens (Fig. 12.2b, d).

Tight junctions are gasket-like ribbons of membrane proteins that are linked inter-
nally to the cellular cytoskeleton and externally to their protein counterparts in neigh-
bouring cells, so tightly that even ions and water cannot pass through.

Although an elaborate tight stratum, the epithelium of the alimentary tract is not
designed to endure over the entire life span of an individual. On the contrary, it
renews rather rapidly. While the stratified squamous epithelia of the upper alimen-
tary tract replenish themselves within about 3 weeks, the columnar epithelium of
the lower gastrointestinal tract renews even faster, within less than a week [21]. In
order to prevent the building of an unguarded portal of entry at the site of a dying
cell, neighbouring vital columnar epithelial cells contact each other underneath a
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moribund cell and form tight junctions before the cell cadaver is sloughed off into
the lumen [25–28].

Tight junctions not only seal neighbouring cells together. Due to the fact that
they surround the entire cell like a waistband they separate the upper membrane
hemisphere from the lower one and do not allow membrane molecule diffusion from
one hemisphere to the other. As a consequence of this so-called cell polarisation a
structural specialization of the cell membrane in the “upper” and “lower” half and a
vectorial organization of transport systems exists.With its lower/inner hemisphere the
cell is anchored onto a fabric mesh of elastic extracellullar matrix proteins, the basal
membrane. With its upper/outer hemisphere the cell communicates with luminal
content. In order to provide more surface area for substance exchange, the luminal
outer membrane of each cell is stretched over a dense array of cytoskeletal spikes
thereby forming a brush-like structure, the so-called brush border or microvilli. In
analogy to the cellular level, the surface area is further increased macroscopically by
organizing the whole intestinal surface tissue in extensions—or villi—reaching into
the luminal pipe.

Anchored in the cell membrane of the epithelial lining cells, a fluffy layer of
interwoven glycoproteins, the glycocalyx, resides on top of the microvilli [24, 29].
The role of this glycocalyx is to protect the fragile membrane lipid bilayer against
luminal content and to provide an unstirred fluid layer into which nutrients can
diffuse and be taken up perpendicular to the bowel movement by the enterocytes, the
major assimilating cells. The glycocalyx produced by each cell is able to interlace
with that of neighbouring cells thereby creating a gap-less molecular fleece. Main
constituents of the glycocalyx are the membrane-anchored glycoproteins MUC3,
MUC12 and MUC17 [30], members of the mucin family of proteins which is named
after mucus, the slippery surface coat present on mucosal surfaces. Mucus represents
the outermost layer of defense on the epithelial lining. In contrast to the glycocalyx
it is neither produced by regular epithelial lining cells nor firmly attached to them
[31, 32]. Mucus is generated by goblet cells which mainly reside in the valleys
(“crypts”) between neighbouring villi. From these crypts the mucus is expelled like
from a nozzle and squeezed onto the glycocalyx by the moving luminal constituents.
Depending on the segment of the lower alimentary tract, the mucus blanket either
consists of a single layer of low density or of a double layer with dense inner and
light outer stratum [30]. The double layer is present on sites of little assimilation
and aggressive luminal matter, i.e. the stomach and the large intestine, whereas the
monolayer is found in the small intestine where nutrient uptake takes place, the pH
is near neutral and microbial colonization is low. The double layer design may thus
represent a barrier in the barrier where the outer film is offered for breakdown by
stomach fluid and colorectal flora [33] and the inner one acts as protective coating,
lubricant and trap for hazardous particulate luminal contents.
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Fig. 12.3 Potential fates of nanoparticles in the gastrointestinal tract. Ingested nanoparticles
are confronted first with the acidic milieu of the stomach and then with the highly active hydrolytic
enzymes in the intestinal tract. It can be expected that acid- or chelator-susceptible inorganic
nanoparticles will partly dissolve and small molecules, atoms or ions contained therein will be
released. Organic nanoparticles consisting of carbohydrate polymers or lipids could in part be
enzymatically degraded. Finally, absorption of low molecular weight components by physiological
uptake mechanisms may occur, and unchanged particles or shrunken remnants may also pass across
the barrier

12.3 Nanoparticulate Matter Confronting
the Gastrointestinal Tract

Whether or not ingested particulate matter poses a risk to an individual is difficult
to assess. In size, particulate matter may range from the macroscopic scale down
to the nanometer range. It may vary in shape and surface texture, and its resistance
to the luminal environment may differ considerably. In terms of its impact on the
host, size has an enormous influence: the bigger the particle the higher the physical
but the lower the physiological impact, and vice versa. A swallowed glass marble
or bead may traumatize the esophagus but will remain inert towards the molecular
and cellular processes in the gut. Ingested cake frosting will smoothly pass the upper
alimentary tract but its nanoparticulate color pigments may interact with luminal
content and the epithelial lining. For that reason ingestion of objects invisibly small
such as the pigment particles in the frosting have raised considerable safety concerns
in recent years. Small size, in particular in the nanometer range, enables the matter
to undergo interactions on the cellular and molecular level which are difficult to
predict. A lot of interactions and crossroads are possible for a nanoparticle in the
GI tract. Nanoparticles can be broken down, taken up, adsorbed to luminal matter,
becomemodified or be excreted or any of these processesmay happen in combination
(Fig. 12.3).
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Fig. 12.4 Potential routes for nanoparticles and released ingredients across the intestinal
epithelium. Enterocytes can actively or passively take up low molecular weight compounds via
transporters, channels or pores, or via receptor-mediated or bulk endocytosis. Particulate matter is
taken up by specialized endocytotic cells (M cells) and handed over to macrophages, or sampled
from the lumen by dendritic cells. Break-up of tight junctions e.g. in a state of inflammation allows
nonspecific paracellular diffusion

The mucosal lining contains gateways via which the body can sample content of
the alimentary tract and can assimilate substances necessary for subsistence. These
gateways in principle also constitute the entrance way for nanoparticles or their
ingredients and break-downproducts. In a healthy individual, uptake generally occurs
at designated sites which in turn results in specific uptakemechanisms. These include
active or passive transport via distinct transporters or channels, receptor-mediated or
bulk endocytosis/pinocytosis and uptake via specialized cells. A main determinator
for uptake selectivity appears to be the size of the respective freight. In contrast,
paracellular leakage is usually a consequence of some pathologic barrier disturbance
and is rather non-specific regarding the transported goods (Fig. 12.4).

12.3.1 Controlled Uptake of Low Molecular Weight
Compounds

For the low molecular weight level one usually discriminates between nutrients,
essential salts andwater, and lowmolecularweight xenobiotics. The former are indis-
pensable for growth and survival of the host and thus are translocated by dedicated
transport systems which reside in the apical membrane of the intestinal epithelial
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cells. Specific examples for this are summarized in Table 12.1. Xenobiotics usually
have no natural function inside the body, on the contrary, they even can be highly
toxic for an individual. While natural/environmental origin of xenobiotics is preva-
lent, anthropogenic materials become increasingly relevant as a source for these
substances. Uptake of such small xenobiotic molecules typically occurs by making
use of existing molecular transport systems (Table 12.1).

With regard to the incorporation of (nano)particulate matter, these systems are
not of relevance for the particles themselves, as even very small nanoparticles will
not fit into such transporters. Yet, a particle, as any ingested matter, usually will be
subject to strong physiological “attacks” in the alimentary tract. Susceptible nanopar-
ticles may be partially or completely degraded by digestive juices and release their
constituents. Of those, any metabolite of nutritional or physiological value, like
e.g. carbohydrates, lipids, amino acids, or inorganic ions, will be accepted by the
dedicated molecular transporters listed in Table 12.1. But nanoparticles can also
harbour non-physiological and/or toxic materials or they contain an excess of an
otherwise beneficial compound. Such luminally liberated substances may be viewed
as a collapsed (nano)particle shrunk to fit into an otherwise irrelevant gateway. Since
(nano)particulate heavy metal chalcogenids fall into this category and are abundant
nanomaterials, we will examplify the “shrink-to-fit” route with two types of nanopar-
ticles, iron oxide/sulfide nanoparticles and cadmium oxide/selenide nanoparticles.
Both may stem from abrasive and melding dusts or from biomedical labelling and
contrast agents.

Imaging-grade superparamagnetic iron oxide nanoparticles (SPIONs) consist of
an iron oxide core (usually magnetite Fe2+(Fe3+)2O4) and a designed shell to ren-
der them water soluble and to give them a desired function. Under the acidic pH
conditions prevalent in the stomach, the core is sensitive for dissolution releasing
Fe3+ and Fe2+ ions. Intestinal iron absorption in humans is specific for Fe2+ which
is better soluble at neutral pH in the duodenum and can be absorbed by the diva-
lent metal transporter 1 (DMT1; SLC11A2). Taken up into the assimilation-active
enterocytes it is then under the control of whole body iron regulation and released
via ferroportin exporter from the basolateral membrane into the blood stream, bound
to apotransferrin, transported to cells in need for iron, or when in excess stored in
ferritin molecules in cells of the liver, muscle, and bone marrow.

Using a radiolabelled-SPION as a model system for metal oxide nanoparticles,
the fate of these particles in the gastrointestinal tract was studied in mice. The uptake
of 59Fe into the body from two different preparations was measured by whole-body-
counting after 7–14 days, when the non-absorbed part was completely excreted in
the faeces (Fig. 12.5) [58]. It should be noted that this technique is the most sensitive
and reliable method for detecting the iron absorption in vivo [59]. In one prepara-
tion, the oleic acid-stabilized lipophilic iron oxide cores (11 nm) were coated with a
polymer containing COOH-groups at the surface to make the particles water soluble
(polym.-SPION). In the other form, the lipophilic cores were embedded into lipopro-
tein—micelles that transport lipids and other hydrophobic substances in human blood
(“nanosomes”) [60]. It was found that from both forms about 5–7% of the 59Fe-label
were absorbed into the body and used for haemoglobin synthesis, clearly indicating
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Fig. 12.5 Absorption of 59Fe- or 51Cr-labeled SPIONs in mice [58]. a 59Fe-labeled polymer-
coated SPIONs or so-called “nanosomes” (oleic acid stabilized, hydrophobic SPIONs embedded
in chylomicron-like lipid micelles were administered by gavage to groups of mice (n � 4–5) and
the 59Fe-whole-body-retention (WBR) was measured after 1-14 days. b Same procedure with 51Cr-
labelled SPIONs, nanosomes, or CrCl3 (n � 8). Individual values of 51Cr-whole-body-retention
(WBR) after 7 days (=apparent gastrointestinal absorption) are given (figure taken from [58] under
Beilstein-Institut OpenAccess License 1.1; https://www.beilstein-journals.org/bjnano/terms#lic11)

a significant absorption from the gut (Fig. 12.5a). However, it remained questionable
if this numbers truly represented intact particle uptake. To test this, the iron oxide
cores were exchange-labelled with 51CrCl3 in a stable and homogenous form [58].

It is well known that the intestinal absorption of ionic Cr3+ in contrast to Fe2+

is extremely low in rodents [61]. The results from analogous experiments in mice
using the two forms of 51Cr3+-spiked SPION showed that the absorption of Cr3+

was extremely low as expected (0.01–0.02% absorption rate) (Fig. 12.5b). Thus, the
in vivo experiments virtually excluded the uptake of the two different forms of intact
nanoparticles, namely a typical polymer-coated iron oxide as well as a micelle-type
nanoparticle in mice. Therefore, the 59Fe-results in Fig. 12.5a must be interpreted
as a partial digestion of SPIONs in the stomach followed by absorption of released
ionic Fe2+.

Cadmium selenide is present in certain nanoparticulate semiconductors—so
called quantum dots (Qdots)—which are used as replacement for classical fluores-
cent dyes in biomedical imaging due to their extreme photostability. Being a heavy
metal chalcogenide like iron oxide, CdSe is also susceptible to digestive fluids and

https://www.beilstein-journals.org/bjnano/terms#lic11
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the potential release of Cd2+ from ingested Qdots is a major concern with respect to
biosafety. Many studies have demonstrated the toxicity of various Qdots in cell cul-
ture [62–67]. And as CdSe crystals are sensitive to acidic or oxidizing environments,
Qdots survive a gastrointestinal transit only when coated with special shells [68, 69].
Otherwise they rapidly lose their fluorescent properties, due to etching processes
(own observation; [70, 71]). In the latter case, the Cd2+ is liberated and it is assumed
that cadmium ionsmisusemolecular transporters for divalentmetals such as those for
Fe2+, Zn2+, Mn2+ or Ca2+ thereby entering the body. For example, Cd accumulation
is enhanced in animals fed a diet deficient in zinc (Zn), iron (Fe), and calcium (Ca).
Obviously, Cd can be absorbed through two main transporters: the divalent metal
transporter (DMT) 1, a preferential Fe-transporter, and calcium transporter (CaT)
1 [72]. However, when realistic dosing was applied in mice and rats no abnormal
behaviour or tissue damage was observed over the several months’ time span even
after systemic administration of Qdots [73–75].

Unlikewith SPIONs, where the released but not absorbed iron is simply integrated
into the much larger pool on nonabsorbed food iron, the Cd2+ release from unpro-
tected Qdots may cause an intoxication of the host not only from ingested Qdots.
Released Cd2+ could also affects the luminal flora. It was shown in animal studies that
chronic oral Cd2+ intake reduced the total number of intestinal bacteria among which
the growth of Bacteroidetes spp. was significantly suppressed whereas the growth of
Lactobacillaceae spp. was not inhibited [76] or even increased [77]. This is in line
with another observation where certain lactobacillus species not only showed a high
tolerance against Cd2+ but also bound this heavymetal ion and thus may act as detox-
ifying “enterosorbent” if present [78]. Moreover, the complete lack of an intestinal
flora and thus the lack of any microbial Cd2+ binders obviously increases cadmium
uptake and induces the expression of metallothioneins—heavy metal scavenger pro-
teins—by the host [79]. The widely used nanosilver when ingested could also work
in this direction. A chronic feeding of AgNP (50 and 200 ppm) over 60 days showed
nephrotoxic effects in Wistar rats [80]. These concentrations are below previously
reported lowest observed adverse effect level for bulk silver. The high surface of the
particle could release oxidised Ag+ with the know high reactivity towards bacterial
proteins. All in all, heavy metal metabolism in the alimentary tract is a complex
process, and the intake of such substances may have far reaching physiological con-
sequences. This holds also true if those heavymetals are contained in nanoparticulate
matter because they may become luminally released.

However, regarding the release of toxicmetal ions and chalcogenides such asCd2+,
Ag+, Se2−, Te2− etc., noble metal atoms such as Au, Ag, Pt, or any other ingredient of
nanoparticles in the gastrointestinal tract, it should be noted that this represents not an
entirely new situation for human health because these substances are present already
in the environment and in the food chain [81]. Especially the heavy metals burden
(Cd, Pd,Hg,Ag) follows the industrial development inmany countries and the impact
to human health mainly from uncontrolled working processes in the past are quite
well investigated and are the basis of non-occupational or occupational exposure
limits. That does not mean that no effects are awaited. In the lack of conclusive study
data on effects and mechanism in the gut, it can only be estimated that the amount
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of toxic materials released from ingested natural or engineered nanoparticles in the
gut should be below harmful levels of environmental, health and safety protection.

12.3.2 Controlled Uptake of Macro- and Supramolecular
Entities and Particulate Matter

As the digestive systemusually breaks downbiopolymers into theirmonomeric build-
ing blocks, the advance of polymers that survived digestion (“too-fit-to-shrink”) is
suspicious. At best the polymer is an innocuous food constituent such as cellulose
or chitin. Being digestion-resistant it would be useless for the body but difficult to
excrete. At worst the polymer evolved to withstand the lumen of the gastrointestinal
tract for a particular purpose. Toxins of diarrhoea-inducing bacteria, such as cholera
toxin, are one example of the latter. They are secreted by pathogenic bacteria in order
to manipulate the host in favour of their own survival and dissemination. Cholera
toxin possesses a hydrodynamic diameter of about 6 nm [29]. If structures this small
can already pose a risk to the body and are metabolically worthless, incorporation
of even larger structures such as microbes is even less desirable. Nevertheless, for
the healthy organism it is indispensable to sample flora from the gut lumen in order
to monitor and re-adjust microbial homeostasis within the alimentary pipe. Thus,
several different, but always well-guarded doors along the gastrointestinal tract wall
exist in case of a vital, healthy mucosal epithelium (Fig. 12.4). At such sites, the
epithelium actively or passively samples macromolecules or larger entities and for-
wards them to the underlying mucosal immune system for further inspection. Due to
the inherent danger of those substances, their presence may even trigger de novo for-
mation of uptake/monitoring sites as is the case e.g. for cholera toxin which induces
formation of an epithelial cell type specialized in uptake and translocation of macro-
molecular and particulate matter—the so-called M cells [82]. M cells are a unique
variant of columnar intestinal epithelial cells. They lack a prominent glycocalyx,
and it could be shown that M cells are able to pick up digestion resistant matter that
adheres to their luminal cell membrane, such as choleratoxin B subunit-coated gold
or polystyrene nanoparticles [29, 83] (Fig. 12.6). The cargo is translocated into a
pocket which each M cell forms on the basolateral side and handed over to residing
phagocytic cells for immunological survey [84, 85]. Due to the local abundance of
specific differentiation inducing molecules M cells are most prominent above nodes
of organized mucosa-associated lymphoid tissue (O-MALT), the so-called Peyer’s
patches, which usually reside opposite the vascularization and abdominal suspension
of the gut pipe (mesenterium) [82, 86–89], but M cells can also be found within the
epithelial lining outside Peyer’ patches [90] and possibly be induced by proinflamma-
tory stimuli [82]. While M cells are mere transporters for attached matter, dendritic
cells (DCs) actively gather luminal content along the alimentary tract. In order to
gain access to the lumen, DCs either cooperate withM cells sending their protrusions
through a pore which the M cell forms through its cytoplasm [91], or they push their
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Fig. 12.6 Transcytosis via Peyer’s patch M cells. Left: Schematic depiction of an M cell: the
apical membrane is covered only by a rudimentary glycocalyx. Pathogens and other particulate
matter are picked up from the lumen by endocytosis and transported to the basolateral side. Here
they are released to be taken up by macrophages which reside in a pocket formed by the M cell.
Right: Electron micrograph of anM cell frommouse ileal Peyer’s patch. Macrophages in the M cell
pocket await the delivery of microbes endocytosed by the M cell from the gut lumen. Bar: 5 μm

protrusions between regular columnar epithelial cells. As the respective type of DC
also expresses tight junction proteins the generated hole via which the DCs pick up
luminal material can be sealed on the fly [86]. More recent findings even suggest an
active role of the glycocalyx for sensing of gut content. The mucin MUC17 which
is a major constituent of the intestinal glycocalyx was shown to relocate from the
apical surface to an intracellular vesicular pool distinct from classical endosomes
upon parasympathetic stimulation (carbachol) [92]. Gut content adherent to MUC17
may be ferried into the epithelium under those conditions and offered to underlying
immune cells for further examination.

A very special digestion-resistant polymer type which may be encountered in
the intestine are prions. Infectious prions are extremely stable (“too-fit-to-shrink”),
misfolded protein aggregates of 17–27 nm diameter [93] which—upon incorpora-
tion—catalyze misfolding of the respective counterpart in the host. Accumulation
of prion aggregates will eventually result in a dementia-like disorder, the so-called
spongiform encephalopathy, e.g. Creutzfeldt-Jakob disease in humans [94]. The dis-
ease is highly contagious and believed to be transmitted via the alimentary tract, sim-
ply by ingestion of prion-contaminated foodstuff. Transmission apparently occurs
via M cells as it was demonstrated that mice which do not develop M cells due to
a genetic defect are largely resistant to oral prion transmission [95], whereas mice
being triggered to form more M cells are highly susceptible to oral prion infection
[96].



296 A. Frey et al.

As mentioned above, sampling of potential microbial dwellers or intruders from
the glacis of the mucosal barrier is a controlled process exerted by M cells and
dendritic cells. Hence, both cell types are capable to pick up particles of microbial
size and above. M cells were reported to translocate particles of up to 10 μm in
diameter [97]; dendritic cells (DCs) are able to engulf particles of up to 15 μm
in vitro [98]. Yet, uptake appears to be most efficient with particles in the mid-to-
high-nanometer range (500 ± 250 nm) [97–102].

This is in strong contrast to early studies which reported incorporation of orally
administered particles in the size range of several hundred micrometers. In light of
the more recent findings on gastrointestinal barrier function and cellular transport
capacity—as described before in this chapter—it still remains an enigma how par-
ticles this big are able to traverse the mucosal lining. Passage due to paracellular
leakage seems to be the most plausible explanation at this point in time.

12.3.3 Uncontrolled Influx of Luminal Matter
via Paracellular Leaks

Ingress of particles considerably bigger than any of the gateways described above and
the occurrence of luminal bacteria in the peritoneal cavity [103] indicates that even
the staggered defences of the epithelial layer can be overcome by luminal matter.
Such events seem to occur rather frequently, and the mammalian gut appears to have
adjusted to such recurring epithelial leakages. For example, the polarized goblet cells
of the gastrointestinal tract express toll-like receptor 5 (TLR5), an innate immune
sensor for bacterial flagella, on their basolateral instead of their apical side [104]
such that it can act as a “leakage detector” underneath the epithelial tight junctions.
There are believed to be three main reasons for transmural flux of luminal matter:
(i) bacterial overgrowth in the lower small intestines due to a defect in the gastric
barrier and/or delayed intestinal clearance [103, 105]; (ii) deficiencies in the host
gastrointestinal immune defense [103]; and (iii) increased permeability and damage
of the intestinal barrier [103]. Barrier damage may either occur spontaneously or be
caused by trauma. The latter cause is the most frequent one; physical impacts onto
the abdomen, ingestion of rigid foreign objects or consumption of foods that contain
bone or wood splinter may be traumatic to the gastrointestinal lining. Spontaneous
perforation is less common and in most cases due to an underlying gastrointestinal
affliction. Luminal bacterial pathogens may contribute by secreting specific tight
junction-altering proteins or toxins [106–108]. Chronic inflammatory disorders such
as Crohn’s disease, colitis or celiac disease as well as intestinal infections are known
triggers for spontaneous fissures, too [109–111]. The inflammatory events predispose
for that by weakening tight junction integrity [112]. In an experimental set-up with
intestinal biopsies from patients suffering from inflammatory bowel disease it was
shown that the translocation of different nanoparticle types across the epithelium
was higher in inflamed tissue than in healthy mucosa [113].
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Fig. 12.7 Lack of an epithelial glycocalyx at cancerous lesions in the human intestine. The
schematic drawing illustrates how the presence of a glycocalyx on fully differentiated enterocytes
(left part) prevents access of nanoparticles to the epithelial surface. Lack of a glycocalyx on pre-
cancerous or adenoma regions (middle part) or on cancer cells (right part) allows attachment of
particles to the unprotected apical cell membrane. Electron micrographs beneath the scheme depict
typical examples of healthy epithelium (left), adenoma (middle) and cancer cells (right) in human
colon. A glycocalyx is only visible on the healthy epithelial cells. Bar: 1 μm

Cancerous or precancerous lesions also foster spontaneous damage of the gas-
trointestinal barrier [109]. Although barrier perforation was reported mostly in the
context of metastatic tumors, primary tumors of the large intestines may also pro-
mote access of luminal particulate matter to the epithelial lining. It was shown that
both, intestinal polyps and epithelial cancers lack a mature glycocalyx and thus
allow advance of particulate matter up to the cell membranes [24] (Fig. 12.7). Since
polyps and manifest cancers are not subject to epithelial renewal luminal particles
may accumulate at such sites. In light of this the hypothesis that the presence of
(nano)particulate luminal matter indicates tumorigenesis by these particles seems
questionable. The particles may simply accumulate at this site due to the lack of
epithelial renewal in combination with the lack of a glycocalyx.

Nevertheless, the possibility of luminal nanoparticles to accumulate specifically
at cancerous and precancerous intestinal lesions may provide a means to detect these
malignancies early on.
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12.3.4 Features Qualifying (Nano)Particulate Matter
for Gastrointestinal Uptake

Whether or not a nanoparticle adheres to an intestinal translocation site or is broken
down on route through the alimentary tract will depend on the properties of the parti-
cle itself and on the luminal environment. Particles have a certain size, shape and spe-
cial surface properties. In the initial studies presented at the beginning of this chapter
particle size was the most important parameter correlated with fate. Numerous stud-
ies investigate this relationship using spherical micro- and nanoparticulate objects.
However, particles are not always isotropic. Rod-, disk- or ellipsoid-like particles can
also be manufactured or be generated by nature (Fig. 12.1). If their long axis exceeds
the size of the cellular gateways uptake may occur only if the particle approaches
in a certain orientation. This influence of orientation was impressively demonstrated
for particle phagocytosis by macrophages [114] but no information exists on how
intestinal dendritic cells or M cells may cope with anisotropic nanoparticles, in par-
ticular when the aspect ratio is high. Beyond size and shape the particle surface
properties are an important criterion for particle handling by the host. Nanotech-
nologists have methodologies at hand to customize the surface of nanoparticulate
matter to their needs or liking and there are also numerous analytical tools to confirm
the desired surface design. Yet, most of these efforts may be futile attempts because
it is naive to assume that an ingested particle will not interact with luminal matter
on its way through the gut. Especially particles with hydrophobic and charged sur-
faces may eagerly adsorb hydrophobic or counterionic intestinal constituents (e.g.
lipids, nucleic acids, proteins, solute ions) and cover themselves with a so-called
corona (e.g. [115–117]). For systemically administered nanoparticulate preparations
the formation, composition and consequences of a corona became subject of intense
investigation in the last decade. Unfortunately, no information about a gastrointesti-
nal nanoparticle corona exists as yet. Only a few studies with bacteria have been
conducted. They show that the presence of soluble non-starch plantain-fibers sup-
presses intestinal infection of chicken by Salmonella spp. [118, 119] and blocks
adhesion of intestinal pathogens and commensals to M cells [120, 121] whereas the
presence of emulsifier in the diet such as polysorbate-80 increases M cell translo-
cation of bacteria [120]. As the cells were preincubated without washing it remains
unclear at this point whether the epithelial surface was passivated/activated by the
soluble non-starch plantain-fibres or the detergent or whether the bacteria adopted a
detergent or non-starch plantain-fibre corona that supported or prevented uptake.

In light of the latter it seems clear that luminal content can have a substantial
influence on particle uptake and translocation by the intestinal epithelium. The obser-
vation in the chicken-infection-study that only broccoli- and banana- but not apple-
and leek-plantain fibres excerted a protective effect again demonstrates how complex
the various influences on nanoparticle-host-interactions in the gut must be.



12 Fate and Translocation of (Nano)Particulate Matter … 299

Table 12.2 Examples of nanoparticles from natural source as well as engineered nanoparticles

Naturally occurring nanoparticles Anthropogenic nanoparticles

Source Chemical
structure

References Type/Class Constituent(s) References

Surface
water

CaCO3,
Al2O3,
SiO4

4−

[123–125] Inorganic Metals (nAu,
nAg, nCu,
nPt)
Metal oxides
(FexOy,
ZnO, TiO2)
Quantum
Dots (CdS,
CdSe, and
InAs)

[126, 127]

Volcano
ashes

SiO2 [128]

Iceberg
sediments

Fe3O4 [129]

Soot from
pyrolysis

C,
nanotubes,
Fullerene

Organic Non-
biogenic
polymers

Mineral
wells

S

Umbra MnO, Fe3O4 Biogenic
polymers,
lipids

[130]

Bacteria and
fungi

Se-Protein Carbon-
based

Fullerene,
carbon tubes,
carbon fibres

[131, 132]

Meteorites Fulleren

Plants and
atmosphere

Adducts of
oxidized
terpens

[133–135] Carbon
black

[136]

12.4 Types of Nanoparticles Unintentionally Occuring
in the Alimentary Tract

A basic distinction is drawn between natural and engineered nanoparticles. The
mounting concern about a possible impact of nanoparticle exposure on human health
is based on the tacit assumption that nanotechnology with its increasing market of
engineered nanoparticles is exclusively responsible for this. However, what is disre-
garded in this context is the fact that nature itself is a large producer of nanopartic-
ulate matter which presents in manifold sizes, shapes and compositions and stems
from various sources (Table 12.2). It is estimated that those “natural” nanoparticles
formed by biogeochemical processes amount to several billon metric tons per year
which is orders of magnitude more than the current annual production of engineered
nanoparticles [122, 123].
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One of themain sources are erodedminerals which are carried into the atmosphere
by storms over arid areas (e.g. asian dust). Estimates are that the atmosphere contains
about 0.3 billion tons of submicron particles of which about a quarter precipitates in
wet state [137]. Among the biggest biological sources encompassing 10–30 million
metric tons per year are so-called secondary organic aerosols (SOAs) which are
formed continuously in the atmosphere from terpens (e.g. α-pinene) released by
plants [138]. Little is known whether and to what extent such natural nanoparticles
affect the environment but it seems reasonable to assume that nature can cope with
its own products. Consequently, there is a rapidly growing interest in mimicing those
natural production processes by so-called phyto- and phyco-nanotechnology. With
this it is already possible to generate natural-identical nanoparticles by bioreduction
or abrasion in bacterial or fungal processes [139].

In the usual sense, however, the term “nanoparticle” stands for manufactured
or engineered nanoparticles. Based on their composition, engineered nanoparticles
(ENPs) can be classified in three main groups (Table 12.2): inorganic, organic and
carbon-based nanoparticles [2].

The family of inorganic nanoparticles usually consist of elemental metal or of
metal chalkogenids. Of noble metals such as Ag, Au, Pt etc. rather stable nanopar-
ticles can be formed with physicochemical properties different to bulk material.
Nanosilver (nAg) particles typically measure 25 nm. They have an extremely large
relative surface area and release Ag+ ions when placed in distilled water as solvent.
These ions vastly improve the bactericidal and fungicidal effectiveness of nAg by
denaturation or oxidation of respective microbiotic proteins. Based on these prop-
erties, nanosilver is widely used in cosmetics (creams, shampoos, deodorants, and
body lotions) as well as in textiles (socks, shirts, trousers, and active underwear). A
growing number of textiles are even fabricated with metal NPs in the structure (for
example 31–2,600 ppm of nAg in T-shirts). This additive offers biocidal properties
and prevents excessive sweating [127, 140].

Nanogold (nAu) particles are manufacturable in a wide size range between 1 and
100 nm and exhibit photothermal stability. Most valuable, however, are the special
optical properties of nAu which make them interesting for all kind of medical diag-
nostics, e.g. liquid-phase assays electron microscopy, predominantly, transmission
electronmicroscopy (TEM) or the so-called surface plasmon resonance spectroscopy
[126].

Among the metal chalkogenids, oxides are the most versatile nanostructures
because of their either metallic, semiconductor, or insulator characteristics. They
offer diverse and tunable structural, physical and chemical properties and functional-
ities which make them widely usable as optical, optoelectronic, magnetic, electrical,
mechanical, thermal, catalytic, photochemical tools. One prominent example already
presented above are superparamagnetic iron-oxide nanoparticles (SPION) consist-
ing of a γ-Fe3O4-core that is made water-soluble by a variety of different coating
materials which easily can be functionalized by any kind of bioorganic molecules
including antibodies, aptamers, and the like [128].

For nanoparticulate heavy metal sulfides, selenides and tellurides their unique
optical properties are the most interesting physical feature. Upon excitation those
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Quantum dots (Qdots), of which the already discussed cadmium selenide is an
archetype, emit fluorescent light whose wavelength can be adjusted with particle
size (2–10 nm). They are used in TV-screens and have been proposed as fluores-
cent labels for biomedical assays and imaging applications when fortified with a
protective organic shell [129].

Organic nanoparticles make up the most diverse group of nanoparticulate mate-
rials as almost all biogenic and non-biogenic organic polymers can be formulated as
nanoparticles with the right technology at hand. Family members range from spheri-
cal solid nanoparticles, dendrimers, over micelles and liposomes to drug conjugates.
Organic nanoparticles are the system of choice for drug delivery as discussed below.

Carbon based nanoparticles represent the third major class of anthropogenic
nanoparticles. To this class belong abundant products like amorphous carbonparticles
and carbon black (CB) but also more sophisticated materials such as C60 fullerenes,
graphenes, carbon nanodots and single-walled carbon nanotubes (SWCNT) [131,
132]. Amorphous carbon particles, in particular carbon black, is produced in huge
amounts but not all carbon black comes in the nanometer scale. While carbon black
seed nanoparticles (nodules) are about 15–400 nm in diameter, also particulates in
the high micrometer size can be manufactured [141, 142]. Amorphous carbon and
carbon black nanoparticles (CBNP) are made use of as pigments in cosmetics [143],
as catalysts [144] and possibly in future supercapacitor and flat screen designs [145,
146] as well as in bioassays [147]. Fullerenes and the other graphene-related car-
bon nanomaterials listed above will have an even broader field of application in the
years to come ranging from sun glasses [148] over energy storage (solar cells [149],
supercapacitors [150, 151], hydrogen stores [152–154]) to biomedical uses (antimi-
crobials [155], imaging, biosensors [156]) and possibly a lot of other applications
we do not even imagine by now.

12.5 Intentional Administration: Drug Delivery
and Contrast Agents

Peroral administration of drugs is the preferred route for self-medication. Unfortu-
nately, the gastrointestinal tract is also a hostile environment in which present-day
biological drugs (e.g. therapeutic antibodies, insulin, peptides, siRNA, aptamers, etc.)
barely survive. For that reason pharmaceutical scientists develop micro- and nanoen-
capsulation systems that fortify susceptible drugs against gastrointestinal breakdown.
Research in this area literally exploded within the last decade with a continuously
increasingnumber of encapsulation techniques,matrix variants, particle surface func-
tionalizations and drug loads. As a comprehensive presentation of this field would
be beyond the scope of this chapter, we will focus here only on the basic principles
of nanoparticulate gastrointestinal drug delivery systems.
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12.5.1 Nanoparticulate Drug Delivery Systems

The field of nanoparticulate drug delivery emerged in the last decade of the last cen-
tury, mainly driven by mucosal immunologists who realized the need for oral deliv-
ery systems in order to induce protective immunity at mucosal surfaces. Mucosal
immunity mainly relies on the formation and secretion of secretory antibodies of
the immunoglobulin A class which is induced if the respective antigen is taken
up by the mucosal antigen gatherers, M cells and dendritic cells. As those gather-
ers prefer particulate matter in analogy to the bacteria they usually pick, a micro-
to-nanoparticulate vaccine formulation is considered a logical solution [157–159].
Experimental mucosal immunization with particulate vaccines worked because the
amount of antigen required to induce an immune reaction is low, a “catalytic” amount
to use chemical terms. Nevertheless, particulate mucosal vaccines have not entered
the market as yet. Excited by the pioneering work in the vaccine field pharmaceutical
scientists envisioned the possibility to deliver degradation-sensitive drugs via the per-
oral route by protecting them in a micro/nanocapsule. In retrospective, the delivery
of encapsulated drugs across the gastrointestinal barrier “into the house” was not a
success story. However, dropping the parcel “right at the doorstep” turned out to be a
more favorable, yet still experimental approach. When the particles are able to reach
the epithelial glycocalyx or the covering mucus layer they are as close as it gets to the
recipient. In case of glycocalyx adhesion only a couple of hundred micrometers have
to be passed by a drug that is released by the adhering nanoparticle. In contrast to
the maze of obstacles and traps set by the luminal content the odds are considerably
higher for the drug to become incorporated as long as the underlying cell has the
right machinery for uptake. Using this approach, various drugs have experimentally
been delivered to the desired site of uptake [158, 160–162]. To meet that goal the
nanoparticulate drug formulation must be stable enough to reach their target cell
environment but at the same time be so fragile that the matrix desintegrates slowly
at the particle attachment site. Lipidic formulations meet that requirement [163] but
also poly-lactide-coglycolide and other hydrolysis susceptible polymers [162, 164].
In order to enable nanoparticle adherence lectins are often used as particle coating
because they mediate binding to the glycocalyx or the mucus [164, 165]. If the par-
ticles are to penetrate the mucus layer or have to “hide” in the mucus desintegrating
enzymes or reducing compounds (thiols) are employed [166]. A disadvantage of
micro- or nanoencapsulation is the slower Brownian motion of the particle as com-
pared to the free drug and the fact that an excreted particle that did not reach its
destination dumps at one push billions of drug molecules which thereby did not have
a chance to enter the body. Those disadvantages are a double-edged sword. While
low epithelial contact and rapid excretion of undesired nanoparticles is welcome,
the same processes make life miserable for parmaceutical scientists involved in the
development of nanoparticulate drug delivery systems.
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12.5.2 Particulate Matter for Contrasting
the Gastrointestinal Tract for Medical Imaging

The classical diagnostics of gastrointestinal diseases is based on endoscopic
investigations and x-ray exams with a barium sulphate swallow. Advances in non-
invasive imaging modalities including contrast enhanced ultrasound (CEUS), com-
puted tomography (CT), positron emission tomography (PET) and magnetic reso-
nance imaging (MRI) have in the last decades revolutionised the way in which the
gastrointestinal tract can be studied. Avoiding radiation exposure, MRI is, besides
CEUS, the most favourable technique combining excellent soft tissue contrast, spa-
tial resolution, and depth of penetration [167]. A variety of contrast agents has been
evaluated for MRI enterography including paramagnetic gadolinium chelates which
reduce the longitudinal T1-relaxation property and result in a brighter signal, and
superparamagnetic iron oxide based nanoparticles (SPION) which show size depen-
dent T1- or T2-effects. SPION have been used in clinical MRI for more than 20 years
[168], and over time, the FDA approved several SPION formulations, mainly for

Table 12.3 Characteristics of widely used clinical iron oxide nanoparticles

Generic
name/product
number

Trade name Coating Hydrodynamic
diameter

Blood
half-life

References

Intravenous (i.v.)

Ferumoxides
AMI-25

Endorem
Feridex

Dextran SPIO: 50–100 10 min [168–170]

Ferucarbotran
SHU555A

Resovist#
(Japan)

Carboxy-
dextran

SPIO: 60–80 nm 12 min

Resovist S
Supravist

Carboxy-
dextran

USPIO:
20–25 nm

6–8 h

Ferumoxtran-10
AMI-227

Sinerem#
(Europe)

Dextran USPIO:
20–50 nm

24 h

Feruglose
NC100150

Clariscan Carbohydrate-
polyethylene
glycol

USPIO:
11–15 nm

2 h

Ferumoxytol
AMI-7228

Feraheme#
(USA)

Carboxy-
methyldextran

USPIO:
20–30 nm

10–14 h

oral (p.o.)

Ferumoxsil
AMI-121

GastroMARK#
(USA)
Lumirem#
(Europe)

Siloxane SPIO:
10–300 nm

[171, 172]

# Contrast media that are currently available for use in patients in countries listed. Other media have
already been withdrawn from the market in certain countries
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intravenous administration for indications including MR angiography, tissue perfu-
sion studies, and atherosclerotic plaque and tumor imaging (Table 12.3) [169].

The FDA approval of Ferumoxytol as an intravenous iron drug in 2009 and 2017
has led to a renaissance of “off-label” use of SPION also for a variety ofMRI imaging
applications, in particular because these nanoparticles are regarded as safer contrast
agents compared to the frequently used gadolinium chelates, especially in patients
with renal insufficiency [170].

To date, Ferumoxsil is the only FDA-approved SPION for oral administration.
This contrast agent is composed of iron particles of about 10 nm, coated with a non-
biodegradable and insoluble matrix (siloxane) and suspended in viscosity-increasing
agents such as starch and cellulose. After oral administration, Ferumoxsil fills the
stomach and intestines and the T2 relaxation is enhanced, thereby darkening the con-
trast agent-containing portion of the gastrointestinal tract, distinguishing bowel from
organs and tissues adjacent to the upper regions of the gastrointestinal tract. Rou-
tine indication forFerumoxsil is theMagnetic ResonanceCholangiopancreatography
(MRCP), the non-invasive imaging technique of choice to evaluate the pancreato-
biliary system, where the fluid in the biliary and pancreatic ducts is visualized with
heavily T2-weighted sequences [171]. In T2-weighted bowel MR imaging, Feru-
moxil is also routinely used to highlight Crohn’s disease lesions, and can detect
mural and transmural inflammation with the same accuracy as gadolinium-enhanced
T1-weighted MR [172].

Magnetic particle imaging (MPI) is a new imaging modality with extraordi-
nary contrast and sensitivity using superparamagnetic iron nanoparticles [173, 174].
Recently, first gastrointestinal applications for this method using a designed nanode-
vice have been published [175].MPI-tailored, long-circulating SPIONswere injected
through the tail vein in a mouse model of induced acute gastrointestinal bleeding.
The captured tracer accumulation in the lower GI tract was monitored with excellent
contrast showing a bleed rate between 1 and 5μL/min in this model. This could be an
important clinical translation in the future, because unclear gastrointestinal bleeding
is a major concern in internal medicine.

However, with all the described applications of nanoparticles as oral contrast
media for MRI, a possible uptake of intact or partly digested particles or particles
materials was not addressed so far, always relying on the expected low toxicity of
iron as essential trace element.

12.6 Fate of Ingested Particulate Matter: Beeline or Detour

Cells interact with their surroundings and will, upon contact, also try to incorporate
nanoparticles. It is well known from cell-culture studies that almost all mammalian
cells take up nanoparticles to some extent using a variety of uptake mechanisms
which are mostly nonspecific. Extensive in vitro studies have explored the features
of nanoparticles (size and physical properties) that influence their cellular uptake
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and intracellular processing resulting in elimination, degradation or storage of the
particles in the respective cell.

However, it should be asked at this point, how relevant these results are for the
in vivo situation. Despite their general capability to take up larger molecules and
particles, normal cells in the body will routinely not be involved in this process
because, in a close interaction between tissues, incorporated nanoparticles are rec-
ognized as exogenous materials and sequestered by mononuclear phagocytic system
(MPS) cells mainly in liver or spleen. When dealing with particles that are taken
up via the digestive tract, the central question is certainly how many of them are
capable of crossing the epithelial barrier at all before they can encounter any other
cells inside the body.

12.6.1 Measuring Gastrointestinal Particle Uptake in Model
Systems

Thequestion of particle uptake/translocation atmucosal surfaces has incented numer-
ous investigations using different model systems which reflect the in vivo situation
and the compartments involved in particle-host-interaction to various degrees. In
vitro, ex vivo and in vivo systems for particle uptake studies have been developed
which shall address different aspects of the process [176].

In vitro cell culture systems use intestinal epithelial cells of various origin,with the
human colon carcinoma-derived cell line Caco-2 being the favourite tool. In culture,
Caco-2 cells differentiate into a columnar epithelial cell type upon reaching conflu-
ence, with several biochemical and morphological characteristics of small intestinal
enterocytes, e.g. microvilli and tight junctions [177–179]. Co-culture models, where
Caco-2 cells are mixed with other cell types, try to more closely imitate the in vivo
situation: Co-culture with the human adenocarcinoma cell line HT29 will introduce
a goblet-cell-type into the cell layer and lead to the formation of a mucus layer on
the apical cell surface [180, 181], induction of M cell formation is attempted by
co-culturing Caco-2 cells with lymphocytes isolated from murine intestinal Peyer’s
patches [182] or human Burkitt’s lymphoma B cells [183–185], and triple cultures
attempt to combine all these features [186]. Studies on particle uptake and translo-
cation are usually performed using a so-called transwell-system where the intestinal
epithelial cells are grown on permeable filter supports inserted into the wells of cul-
ture dishes. This way, both sides of a polarized cell monolayer are in contact with
a separate fluid compartment which shall render the system particularly versatile
for transport studies [178, 187]. In the different experimental set-ups, particle uptake
and/or translocationwas observed to various degrees, obviously depending on factors
such as particle type, size, and surfacemodification. Inmost cases, particle acquisition
by the Caco-2 layer appears to follow an endocytosis/transcytosis mechanism, with
clathrin- or receptor-mediated endocytosis, macropinocytosis and lipid raft/caveolae
all contributing to the process [188–191]. Only rarely, opening of tight junctions
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and paracellular transport have been described [191]. With lipidic nanoparticulate
formulations which may desintegrate in the cells substantial uptake of a hydrophilic
fluorescent dye encapsulated in the particles could be observed [192] but in studies
where actual translocation in a transwell systemwas tested free cargowas transported
at least as good or even better than cargo formulated in lipidic nanoparticles [193].
In the few examples were stable particles were used and quantification was given at
all, translocation rate of particles was almost always well below 1% of all particles
offered [189, 190, 194]. The presence ofM-like cells in the Caco-2 co-culturemodels
greatly increased translocation of plain latex or polystyrene particles between 100
and 1000 nm in size [183–185, 194]. However, the significance of these findings for
the in vivo situation must be regarded with caution, since the M cell concentration in
the human intestine (<5% in the FAE and <1‰ in the total intestine) is far below the
value described in these studies (up to 30%). Also, co-culture with M-like cells did
not enhance transport of polyacrylic acid-coated iron oxide or silver nanoparticles
of <10 nm core size [194]. Thus, for in vitro systems uptake was reported quite often
but the taken-up particles seem to become trapped inside the cultured cells. This
is bad news with regard to drug delivery and good news in terms of nanoparticle
safety since the particle-laden cells would be sloughed off into the gastrointestinal
lumen within a few days. What still remains entirely unconsidered in those systems
is the question whether nanoparticles would actually gain access to the epithelial cell
membrane where they can be taken up. The apical cell membrane of Caco-2 cells is
far better accessible for particles than that of enterocytes in vivo because Caco-2 cell
layers display only a rudimentary often gappy glycocalyx of max. 30–50 nm hight
[29, 193, 195, 196] as compared to the continuous enterocyte glycocalyx in vivo
which is several hundred nanometers thick [24]. In co-culture studies with mucus
producing cells the important filter- and sink-like effect of an apical surface coat, in
this case mucus, was reported [160, 191, 197, 198]. Considering all of the above, it
seems questionable whether in vitro cell culture systems are able to yield robust and
valid data concerning nanoparticle translocation at the gastrointestinal mucosa.

In an attempt to more closely reflect the in vivo situation, some work has been
performed using ex vivo animal experiments. In the everted sac model, a segment of
the rat small intestine is dissected, flushed, turned inside-out, and the ends are ligated.
Uptake from the—former luminal—outside into the serosal compartment is analyzed
after incubation of the sac in the medium of interest. Using this method, uncoated
silica particles between 70 and 1000 nm were not absorbed through the intestine in
a measurable extent, but after surface modification with amine- or carboxyl groups,
uptake of 70-nm particles was demonstrated [199]. In the same system, polyami-
doamine dendrimers of approximately 3–7 nm diameter were clearly crossing into
the serosal compartment, whereby anionic nanoparticles displayed a higher transfer
rate than cationic ones [200].

Still more close to the in vivo situation is the isolated perfused rat intestine model.
Here, the complete small intestine of a rat includingmesenteric artery and portal vein
is explanted. The organ is placed in a perfusion chamber where a constant supply
of nutrients and oxygen can be provided via the cannulated vessels (Fig. 12.8). In
this system, import into as well as efflux out of the gut lumen can be investigated



12 Fate and Translocation of (Nano)Particulate Matter … 307

Fig. 12.8 Nanoparticle uptake studies in an ex vivo model. Left: Isolated rat intestinal explant
in the perfusion chamber. Via the cannulated artery, the explant is supplied with artificial blood
plasma; particle samples can be applied luminally, and their final location in different compartments
(luminal, lymph, tissue) can be analyzed. Right: Entrapment of NPs in intestinal mucus. Cryostat
section of gut tissue after luminal application of fluorescent 20 nm particles into the lumen of the
isolated rat intestine. Bar: 50 μm

by separately collecting and analyzing the fluid from lumen, vascular perfusate and
lymph [201]. In particle uptake studies using the isolated perfused rat intestine and
luminally applied fluorescent polystyrene particles of 20, 40 and 200 nm in size,
no particles could be found in either vascular or lymphatic effluate samples, nor
were any particles detected by histological examination in the gut tissue. Instead, a
large fraction of the NPs was trapped in the mucus layer lining the intestinal wall
(Fig. 12.8) [202].

The few data obtained from the organ explant/ex vivo studies indicate only very
sparse, if any, uptake of nanoparticles in the size range between 20 nm and 100 nm
in the intestine, but particulate matter below 10 nm in size can cross the epithelial
barrier to a certain extent.

No matter how well an in vitro/ex vivo model performs, the most reliable answers
will be obtained by in vivo evaluations. With regard to the fate of ingested nanopar-
ticles, several animal models have been established and used in uptake and toxicity
experiments [203, 204]. Application of particles is usually done via feeding or intra-
gastric delivery, but the different experimental set-ups vary in their methodology to
detect and quantify uptake of nanoparticles into the body. An in vivo study can be
performed in two ways: “in situ”, i.e. by continuous or time-lapsed recording of the
consequences of a set trigger, or “ex situ”, i.e. by analyzing the outcome of a set
trigger once after a defined period of time.
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In situ analyses of nanoparticle-host-interaction require cutting-edge technologies
which allowdetection of the particles inside the body in a time- and spatially-resolved
manner, ideally on microscopic scale [205]. Due to this demanding instrumental
requirements few studies have been conducted as yet on the in situ level, either
via intravital optical imaging after application of fluorescent probes, or by whole
body scintigraphy if radioactive particles were used. In general, the in situ acquired
data could only give a very limited overview of particle distribution; to date, this
approach is neither sensitive nor accurate enough for quantitative interpretations. For
example, when silica-based rhodamine-derivatized nanoparticles (20 and 100 nm)
or polymer-coated quantum dots (33–36 nm) were applied orally to mice and tissue
distribution was monitored at different time points with intravital imaging systems,
fluorescence signals were mainly visualized in the gastrointestinal region [68, 206].
Only subsequent ex situ imaging of dissected organs allowed some quantification
of the fluorescence signals in one study and proved dissemination of particles over
the body, with accumulation in lung, liver and kidney [206]. At the starting point
of the particle uptake process, intravital confocal microscopy revealed uptake of 20-
and 40-nm particles by intestinal epithelial cells and transport into the serosa and
the lymphatics of the intestine, but larger particles (100–2000 nm) were scarcely
internalized [207]. Here again, quantification of results was only relative, and no
absolute uptake rates could be deduced.

Ex situ analysis is the methodology of choice in most particle uptake studies,
simply because one needs less sophisticated instrumentation to analyse a faeces or
urine sample or post mortem resected tissue. In case of intestinal tissue which ought
to be most informative about the sites and degrees of particle entry the specimen is
either fixed, cut and investigated by classical microscopy (light or electron micro-
scopically). Alternatively, bulk analyses are performedwhere the whole tissue, blood
or excretion is digested selectively in solutions that either leave particles intact or
disintegrate them, too, with particle constituents becoming solutes. Intact particles
are then counted on filters or in Neubauer chambers, constituents from dissolved
particles are determined radiologically or spectroscopically, e.g. by fluorescence or
inductively-coupled plasma mass spectroscopy (ICP-MS) [203]. Each of these ex
situ techniques has its strengths and weaknesses. Only a careful combination of his-
tological and bulk analysis will provide the desired information about site and degree
of particle uptake [16]. Looking histologically, numerous studies report uptake of
particulate matter in the Peyer’s patches/follicle associated epithelium, presumably
via M cells, though most of those studies use particles above 1 μm in size [97, 99],
but location in/transport via villus regions was also observed with particles below
100 nm [207, 208]. Performing bulk analyses of tissues, organs and excretions after
oral nanoparticle exposure still reveals conflicting results. While in several studies
nanoparticles up to 100 nm in size were found—to various extents—in spleen, liver,
kidney, blood and urine [203, 204, 209], others describe that no measurable amounts
of nanoparticle material could be detected in any of these tissues [210, 211].

Ex situ bulk analyses is also the method of choice for the archetype food-borne
nanoparticle, titanium dioxide (titania), because the oxide is believed to be suffi-
ciently resistant to luminal content of the gut. Numerous studies have been con-
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ducted in rodents with adverse effects to inner organs been detected [212]. In these
studies titania doses ranging from 1.5 to 5000 mg/kg body weight were used, with
a mean dosage of 453 mg/kg and a median dosage of 27.5 mg/kg. Even studies
on human volunteers were performed with the titanium content of blood samples
being determined [213–215]. In two of the three human studies elevated serum tita-
nium levels were found; whether or not those elevated levels caused any pathology
was not checked. In these three studies titania doses ranging from 0.31–5 mg/kg
body weight were used with a mean dosage of 2.26 mg/kg and a median dosage of
1.34 mg/kg. The latter doses were 200-fold (mean) or 20-fold (median) lower than
those used in rodents where pathology was observed. Yet, dosing in human beings
was still about 4100-fold (mean) or 2400-fold (median) higher than the estimated
daily titania nanoparticle intake of 7–69 year old humans (0.55 μg/kg body weight)
in the Netherlands [216]. The daily Dutch titanium dioxide nanoparticle intake dif-
fers considerably from calculations for North-American citizens who are believed
to ingest about 1 mg titania nanoparticles per kg body weight and day [217]. Why
a North-American may ingest about 180-times more titania nanoparticles than the
average European cannot be clarified at this point. Even then is the dosing in the
rodent studies in which adverse effects of titania on inner organs were observed
on average 27-fold (median) to 450-fold (mean) higher than the food-borne titania
nanoparticle intake of North-Americans. For Europeans the animal models are over-
loaded by a factor of about 5000 (median) to 800,000 (mean). In light of this, it
seems questionable whether those models can faithfully predict possible risks for
human beings. In some of the (overloaded) rodent studies deposition rates in certain
inner organs were reported. In most cases the amount of titanium found was less
than 1% of the administered dose. Only in one study [218] a comprehensive analysis
of 11 tissues was conducted. Here a cumulative TiO2 deposition of about 5% of the
administered amount was reported. Deposition was highest in Peyer’s patches and
the mesentery network which is in line with the particle uptake mechanisms pre-
sented above. Exogenous pigment was also found consistently in Peyer’s patches of
human beings beyond preschool age [219, 220]. The amount of those aluminium,
silicon and titania-containing deposits seems to increase with age.

Taken together, the majority of ex vivo and in vivo studies which most closely
reflect the situation in the human gastrointestinal tract show that incorporation of
digestion-resistant nanoparticles occurs in the alimentary tract but at a low rate and
preferentially at sites dedicated for collection of luminal matter. Nanoparticles may
be an inevitable by-catch and may ever have been. Whether or not the deposition rate
is higher nowadays than it used to be in the preindustrial age is open to debate.

12.6.2 Deposition, Breakdown and Excretion of Incorporated
Matter

The biological and toxical effects of nanoparticles depend on their ability to reach
and to interact with cells and organs in the body. The first step is uptake into the
body, which usually implies nanoparticle contact with and penetration of either of the
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Fig. 12.9 Uptake into and fate of nanoparticles in the body. The acronym ADME stands for
the pharmacokinetic processes involved: absorption, distribution, metabolism and elimination. The
fate of an iron-based nanoparticle (polymer-coated 59Fe-labelled-SPION, 25 nm hydrodynamic
diameter) is depicted as an example showing the fast clearance from the blood (half-life 16 min),
degradation in the liver and use of iron in newly formed haemoglobin or storage in form of ferritin.
MPS, mononuclear phagocytic system (figure adapted from [221])

three main body barriers, namely the skin, the lung, and the mucous membrane of the
gastrointestinal tract (Fig. 12.9). The evaluation of the respective uptakemechanisms
is of great importance for basic science but also for developing effective and safe
nanomedical applications.

Different exposure conditions are not only of considerable impact on how much
nanoparticles are incorporated into the body, but also on how theymay be distributed,
excreted ormetabolised. Inmost currently used or planned nanomedical applications,
the respective nanodevice is administered by intravenous injection. Here, the com-
plete bolus dose is given into a peripheral vein. The particles are swirled around with
thousands of plasma proteins throughout the venous systems, are facing billions of
moving cells and the large surface area of vascular endothelial cells.

The intravenous application of nanoparticles can be regarded as a model of how
natural defense mechanisms cope with natural or xenobiotic particles larger than the
normal molecules [221]. Such particles are almost immediately covered by a protein
corona including specialized plasma proteins, so-called opsonins. Opsonins serve as
a signal for a fast clearance of these particles from the blood by uptake into cells of
the so-called Mononuclear-Phagocyte-System (MPS) mainly based in the liver and
spleen.Again, using a radiolabelled polymer-coated SPION (compare also Fig. 12.5),
it was shown that these particles upon injection in mice were rapidly taken up into
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the liver mainly by macrophages (Kupffer cell), but surprisingly also by sinus-lining
endothelial cells [222]. After some days, the 59Fe-label was incorporated into newly
formed erythrocytes, indicating a complete degradation of the iron oxide cores and
use of the iron in the iron metabolism of the mice.

The intraperitoneal injection (i.p.) could also be an application modus for future
nanodevices in nanomedicine. In this context, it was shown that 59Fe-labeled SPION,
whichwere embedded into the lipid core of triglyceride-rich lipoproteins (TRL-59Fe-
SPION) (nanosomes, similar to shown in Fig. 12.5) and injected i.p. into mice did
appear in the blood to a substantial extent (10.1 ± 0.91% of the injected doses after
24 h), whereas polymer-coated SPION were not able to escape the abdominal cavity
barrier [223].

However, the situation after intravenous or intraperitoneal injection is different
from dermal, pulmonal, or oral exposure which can deliver at most only the minor
fraction of particles that is able to cross the barrier by different mechanisms and
reaches specific cells in deeper layers of the skin, lung, or gastrointestinal tract
before these particles can enter small capillary blood vessels.

To detect and—even better—to quantify these small amounts of nanoparticles in
the body is a very tough experimental challenge. To quantify nanoparticles in bio-
logical surroundings, a number of methods have been used which attempt to exploit
specific chemical properties of the respective class of matter. Quantum dots, for
example, show a very strong and stable fluorescence which renders these particles
identifiable even in living tissue by confocal microscopy. In order to better separate
the signals from nonspecific noise, the wavelength of the fluorescence maxima can
even be tuned by simply changing the size of the particles. A number of drug deliv-
ery nanodevices have been used to document an apparent successful overcoming
of multiple gastrointestinal barriers using Quantum dots composite particles [224].
However, as discussed before, a true and sensitive quantification by fluorescence
alone is almost impossible, especially when only a small uptake of particles can be
expected.

As shown already in Fig. 12.5, radiolabelling of nanoparticles is a sensitive and
reliable technique and represents so far the methodological gold standard to inves-
tigate the translocation of nanoparticles into the body. But also with radiolabelled
probes, the detection ofminor translocation processes requires special techniques and
equipment. 59Fe is an isotope radiating hard γ-rays which makes it easy to measure
small amounts of incorporated 59Fe in living mice by whole-body-counting. This
technique has been used successfully to measure particokinetics and biodistribution
in nanoscience. Consequently, much is known about iron-oxide based nanoparticles
including the uptake from the intestinal tract [58, 222, 225, 226].

The group of Wolfgang Kreyling has studied the translocation of radiolabelled
gold nanoparticles. The advantage of AuNP is the availability of a wide range of pos-
sible core diameters and Au can easily be neutron-activated to form 198Au, a weak
γ-radiating isotope with rather short half-life (2.7 d). These characteristics make,
however, the analysis of low activities of 198Au in tissue samples less sensitive com-
pared to 59Fe, especially when no whole body counter is available. When the translo-
cation of intratracheally instilled 198Au-particles with different size (1.4–200 nm)
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was analysed in rats, low 198Au activities were measured in different tissues such
as liver and spleen, with a significant translocation into organs only for the small
particles (1.4 and 2.8 nm) [227]. It appears likely that the small particles can cross
the very thin air-blood-barrier to the circulation. A similar approach was performed
with intra-esophagal installation of 198AuNP. Again, only small amounts of 198AuNP
reached the circulation (after 24 h, 0.37 ± 0.10% for 1.4 nm particles; 0.12 ± 0.02%
for 18 nm particles) with some methodological problems to properly define a reli-
able 100%-reference value for the short investigation time span of 24 h. The highest
amount of the applied particles was detected in the remaining carcass, which encom-
passed adipose tissue, bones, muscles and skin [228]. Thus, from the studies with
radiolabelled iron- or gold particles it can be concluded that nanoparticles with a
typical size of 10–20 nm are almost not absorbed from the normal intestinal tract of
rodents. The very small 198Au-particles (1.4 nm) may be different, but also here is
the absorption very limited.

What remains unclear is the biodistribution of particles that can cross the epithelial
layer in the gastrointestinal tract. A true translocation of a particle through a cell has
so far not been unequivocally established. As mentioned above, many cells can
engulf particulate matter to a certain extent, and they will always try to degrade
xenobiotic particles with different success, macrophages being most potent for this.
As for the epithelial cells in the intestinal lining, intracellularly located particles may
face another fate altogether: Considering that the cells in the gastrointestinal tract
have a short half-life of several days only, a major fraction of particles taken up
directly by epithelial cells in the gut will not reach the circulation, but be expelled
by exfoliation. Another fraction may be taken up by tissue-based macrophages via
phagocytosis and will be metabolised within these cells, and components (including
e.g. radiolabels) will then reach the circulation. Some cells which have taken up
highly toxic nanoparticles could also die of apoptosis and remnant particles, located
in siderosomes may be taken up by other cells. Thus, the biodistribution will be very
much different from experiments with intravenous application with a more local
distribution apart from the MPS system.

12.7 Conclusions

Nanoparticles, most abundant from natural sources, but increasingly also as engi-
neered substances, are perpetually present in the environment and in the food chain.
Ingestion and uptake from the gastrointestinal tract represents one of the most rele-
vant routes for unintended exposure to nanoparticles.

A main process that nanoparticles have to face in stomach and intestine is diges-
tion mediated by hydrochloric acid as well as hydrolytic enzymes. Many nanopar-
ticles with limited colloidal stability will thereby shrink and liberate all kinds of
ingredients. Released low molecular weight components may then be taken up by
the intestinal epithelial cells utilizing transport mechanisms originally intended for
uptake of nutrients. As far as dietary useful components are concerned, their release
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from nanoparticles would simply contribute to nutrition. With any toxic ingredient
such as Cd2+ from Quantum dots, or Ag+ from AgNP, release from nanoparticles
would fall into the field of toxicology of bulk materials. Yet, within all logical con-
siderations, the expected concentration should be well below any permissive limit
values.

It may be that very small sized nanoparticles can directly cross the intestinal
barriers to a small but significant degree, reach the circulation, but then are mostly
excreted by the kidneys due to their small size (<4–5 nm). A controlled uptake of
rather large particles in the micrometer size range can be mediated by M cells and
dendritic cells. However, due to the low number of these cells, this represents only a
limited uptake possibility for nanoparticles. Another uptake route for nanoparticles
could be the consequence of recurring epithelial leakages resulting in paracellular
influx. Inflammatory bowel diseases may trigger the formation of spontaneous fis-
sures, and—discussed at the moment—the gut epithelium may partly lose its barrier
function towards nanoparticles in diseases such as Crohn’s disease.

A matter of high relevance when looking at the fate of nanoparticles in the gas-
trointestinal tract is the issue of drug delivery since the oral application route is highly
attractive for the administration of drugs and mucosal vaccines. In this field, many
studies using larger drug-delivery nanoconstructs have been published. However,
successful achievement on the oral route was more often proclaimed than conclu-
sive experimental data was given. Clearly more in vivo studies in health and disease
using better quantification techniques are needed, because the relevance of cell cul-
ture studies for this purpose is more than questionable.

So far, the experimental evidence shows that the uptake of nanoparticles from the
intestine in vivo is very limited. It appears that the gastrointestinal tract is a very
complex organ that can quite well discriminate between valuable dietary ingredi-
ents, which are taken up by a battery of specific uptake mechanisms, and worthless
particles, which hardly can overcome effective barriers in the healthy gut.

Therefore, despite the risk of increasing amounts of engineered nanomaterial in
the food chain, a harmful acute or chronic poisoning with ingested nanoparticles
seems to be highly unlikely at this point in time.
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Chapter 13
Interactions of Nanoparticles with Skin

Fanny Knorr, Alexa Patzelt, Martina Claudia Meinke, Anika Vogt,
Ulrike Blume-Peytavi, Eckart Rühl and Jürgen Lademann

Abstract The interactions of nanoparticles with skin and skin cells are complex
and depend on the nanoparticle type. The present work provides an overview on the
interactions between solid nanoparticles including silica, titanium dioxide, and silver
particulates and skin and skin cells on thebasis of previous research results.Generally,
nanoparticles applied to skin tend to remain on the skin surface and penetrate only
into the upper layers of the stratum corneum and the follicular ducts. In very few
cases, nanoparticles have been found in deeper skin layers, particularly if the skin
barrier was previously disrupted. Increased nanoparticle penetration may result in
biologically relevant effects, e.g. cytotoxic cellular effects induced by silver ions
released from wound dressings incorporating silver nanoparticles.

13.1 Introduction

The skin represents an effective barrier that is able to protect the organism from phys-
ical, chemical, thermal, oxidative, UV, and microbial influences [1]. The penetration
of topically applied drugs and cosmetics as well as environmental deposits on the
skin is thus considerably impeded. It is assumed that the bioavailability of topically
applied substances is often very low and not higher than 1–2% of the applied dose
[2]. Topically applied substances can overcome the skin barrier via three possible
pathways, i.e. the intercellular, the follicular, and the transcellular penetration routes
(Fig. 13.1). The relevance of each penetration pathway for the percutaneous absorp-
tion process strongly depends on the physicochemical properties of the topically
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applied substance [3]. However, for most topically applied substances it is assumed
that at least two penetration pathways are used in parallel but to a different extent
and speed.

It is accepted that the complex intercellular penetration pathway plays an impor-
tant role in dermal penetration. Topically applied substances have been found to dif-
fuse via complexly arranged lipid layers and overcome alternating hydrophilic and
hydrophobic regions. The low bioavailability of most topically applied substances
seems to be related to the complexity of this pathway and also to the relatively small
active diffusion area as only the intercellular gap is accessible for the substance and
not the large area of the corneocytes [4]. In contrast, the transcellular penetration
pathway is of minor importance and its relevance is still under discussion. However,
some authors suggest a transcellular transport for hydrophilic substances [5], others
propose porous polar penetration pathways in the intercellular regions [6]. Although
the follicular penetration pathway was considered to be of minor importance in the
past, recent investigations could demonstrate its relevance for the penetration of top-
ically applied substances and especially particulate substances [7]. Hair follicles,
acting as shunt routes for topically applied nanoparticles (NPs), are widely accepted
as sites of preferred agglomeration and deep penetration for a variety of particle types
[8, 9]. They are an efficient reservoir for drug delivery as they are surrounded by a
dense network of blood capillaries which play an important role in systemic drug
delivery. In addition, hair follicles host stem cells, which are important for regenera-
tive medicine, and the Langerhans cells that are responsible for immunomodulation.

While a number of commercially available products, such as drugs, food, cos-
metics, and textiles include nanomaterials as active agents, little is known about the

Fig. 13.1 Schematic overview of the three penetration pathways through the skin (SC: stratum
corneum, ED: epidermis)
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principles underlying NP translocation through the skin barrier as well as their possi-
ble interactions with biological processes and the mechanisms of cellular uptake. In
the fields of cosmetology and dermatology, NPs are becoming increasingly impor-
tant tools for the efficient and selective targeting of active agents to skin regions
and skin cells. Evidence exists that NPs interact with biological systems differently
than their corresponding bulk materials, and several studies have shown that par-
ticularly in the nanometer range, particulates may even become harmful [10, 11].
This is especially the case for metal particles, which are designed to exhibit toxic
effects against microorganisms. In order to minimize the risks associated with NPs,
it is therefore important to understand how their physicochemical properties can
influence NP interactions with biological systems. The present overview focuses on
studies examining solid NPs including silica (SiO2), titanium dioxide (TiO2), and
silver (Ag) nanoparticles in particular as representative examples for insights on NP
interactions with skin.

13.2 Penetration of NPs into Skin

Several reports suggest that deformable particles, such as liposomes or transfero-
somes, are able to translocate across the stratum corneum [12, 13]. In contrast, solid
NPs administered to skin, e.g. metal particles, such as TiO2 NPs above 40 nm in sun-
screens, tend to remain in the uppermost layers of the stratum corneum as penetration
through the intact horny layer and subsequent cellular uptake is highly limited for
such particulates [14, 15], but they may lodge in the hair follicles [16]. For example,
scanning transmission X-ray microscopy studies visualized 94± 6 and 161± 13 nm
gold core particles with SiO2 shells and 298 ± 11 nm SiO2 particles coated with a
gold shell in ultramicrotome sections of intact human skin samples on the outermost
layers of the stratum corneum and on the epithelium in the upper regions of hair
follicles at the single particle level [17]. In exceptional cases, very small particles
may be found in the viable skin [18], e.g. Baroli et al. [19] showed that iron NPs
smaller than 10 nm could penetrate the skin through the stratum corneum’s lipid
matrix and hair follicle orifices, reaching the deepest layers of the stratum corneum
and less often the uppermost strata of the viable epidermis.

There is strong evidence that the extent of some solid NP penetration into the skin
changes if the integrity of the skin barrier is disrupted for someNP types [20–22], such
as after mechanical, physical, or chemical damage. When the skin barrier is partially
damaged, particles can bypass the rate-limiting stratum corneum barrier and come
into direct contact with the first layers of the keratinocytes [23], potentiating their
bioavailability. In this context, the particle size is a major determinant for the extent
of penetration and cellular uptake and the size limit seems to differ for different
particle types.

Patzelt et al. [7] investigated the follicular penetration depth of different nanocar-
riers on histological sections by laser scanning microscopy (LSM) and could demon-
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Fig. 13.2 a Nanocarriers with different sizes show different follicular penetration depths (data
from Patzelt et al. [7]). The differences between the follicular penetration depths of the different
nanocarriers were significantly different p < 0.05 (exception: 300 nm and 470 nm nanocarriers:
p > 0.05). b Demonstrates a LSM image of a hair follicle showing the follicular penetration of a
nanocarrier (size: 122 nm) labelled with a fluorescent dye

strate that nanocarriers with a size around 640 nm penetrated significantly deeper
into the hair follicles than smaller or larger nanocarriers (Fig. 13.2).

Rancan et al. [24] used human skin explants pretreated with cyanoacrylate skin
surface stripping (CSSS) to compare amorphous SiO2 particulates of different sizes
and surface chargeswith regard to skin penetration. SiO2 NPs are promising inorganic
NPs for variousmedical and non-medical applications, such as drug andgene delivery
systems [25], and as additives, fillers, and rheological modifiers for food, cosmetics,
paints, as well as other products [10], respectively. Deeper penetration through the
stratum corneum into the viable epidermis could only partially be observed after
mild skin barrier disruption. Abdel-Mottaleb et al. [26] similarly reported penetra-
tion and accumulation of polymeric particles sized approx. 100 nm into inflamed
skin. Mortensen et al. [22] showed that UV-exposure facilitated penetration for rigid
quantum dot NPs, whichmay cause particle disintegration and therefore an increased
likelihood for penetration [27].

Most reports on TiO2 NPs conclude that the particulates are generally unable
to permeate human skin [28]. Their large size and tendency to form aggregates
may impede penetration through the skin [29]. Few studies have evaluated TiO2

penetration into damaged [30–32] and sunburnt or UV-irradiated [33] skin. Filipe
et al. [31] examined the localization and skin penetration of TiO2 and zinc oxide
NPs included in two sunscreens in vivo in intact human skin as well as samples that
were damaged by tape-stripping. TiO2 was not detected in the subcorneal epidermis,
i.e. the concentrations were below the detection limit in healthy and psoriatic skin.
Miquel-Jeanjean et al. [34] found negligible quantities of TiO2 in the viable epidermis
and dermis in normal skin as well as damaged irradiated skin. In a study comparing
TiO2 penetration in healthy and psoriatic skin biopsies by scanning transmission



13 Interactions of Nanoparticles with Skin 333

ion microscopy, Rutherford backscattering spectrometry, and particle-induced X-ray
emission, it was reported that the permeation profile of TiO2 was similar in normal
and psoriatic skin despite the labile structure of the stratum corneum [32].While TiO2

reached deeper regions of the horny layer in psoriatic skin compared to healthy skin,
in no cases did NPs reach the viable layers of the stratum granulosum or stratum
spinosum [32]. Monteiro-Riviere et al. [33] attempted to determine whether skin
damage bymoderateUV-B radiation enhanced the penetration of TiO2 in commercial
sunscreen formulations. The application of TiO2 was performed in vivo for 24 and
48 h and in vitro in flow-through experiments for 24 h. UVB-sunburnt skin showed
a slightly enhanced in vitro or in vivo stratum corneum penetration of TiO2 NPs.
In their in vitro flow-through studies, nanosized TiO2 was found to penetrate to
a depth or 9 layers in the stratum corneum of normal skin and 17 layers in the
stratum corneum of UVB-exposed skin. In vivo, TiO2 penetrated deeper into the
horny layer of non-UVB-exposed skin (20 cell layers) than in UVB-exposed skin
(12–13 cell layers). This corroborates results by Miquel-Jeanjean et al. [34], which
quantified bioavailable titanium at 0.02% of the deposited titanium in irradiated skin
versus 0.19% in non-irradiated skin. These low levels in all skin samples confirmed
that TiO2 NPs did not penetrate intact or damaged irradiated pig skin in vitro to a
significant degree, and it can therefore be assumed that they are unlikely to penetrate
human skin.

The penetration depths of AgNPs into porcine ear skin, a model for human skin,
were determined by Ahlberg et al. [35] using confocal Raman microscopy. In intact
pig skin, the mean penetration depth was 4.4 ± 1.5 µm, whereby tape stripping and
removal of about 70–80% of the stratum corneum prior to the experiment slightly
increased the penetration depth to 5.1 ± 2.5 µm. However, results obtained from
surface-enhanced Raman scattering (SERS), typical for AgNPs in this size range,
showed that single AgNPs penetrated deeply into the stratum corneum in intact skin
(19 ± 10 µm). In tape-stripped porcine skin, SERS due to silver nanoparticles was
measured deep in the stratum corneum and in the stratum granulosum of the viable
skin, indicating a deeper penetration in moderately disrupted skin. First results by
Larese et al. [36] showed that, while topically applied AgNPs accumulated predom-
inantly in the horny layer, small amounts of AgNP sized 25 nm passed the intact skin
barrier and entered the upper layers of the epidermis. Higher amounts of AgNP came
into contact with viable skin cells, such as keratinocytes, when the skin barrier was
damaged. Vogt et al. [20] showed that 40 nm NPs, but not 750 or 1500 nm NPs, were
able to penetrate the perifollicular dermis through the hair follicles in human skin
explants pretreated with cyanoacrylate skin surface stripping (CSSS). Another study
elucidated the relevance of shunt penetration in mice, where fluorescent polystyrene
particles ranging from 40 to 200 nm in diameter were tracked in hair follicles and
the surrounding dermis, as well as in draining lymph nodes and secondary lymphatic
organs subsequent to topical administration and skin surface stripping [21]. Using
polystyrene particles and Modified Vaccinia Ankara Virus as an example for bio-
logically and immunologically relevant particulates in the context of transcutaneous
vaccination, hair follicles were recently identified as sites of nanomaterial transloca-
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tion into the viable tissue, particularly when tape stripping was performed to cause
mild skin barrier disruption [20, 21].

13.3 Biological Effects and Cellular Uptake of NPs in Skin
and Skin Cells

The first cell layers of the epidermis represent another barrier to NP translocation into
the viable skin, which are interconnected by tight junctions. In order to penetrate the
skin, particles must be sufficiently small to bypass the tight junctions (approx. 6 nm)
or be internalized by cells [23]. Particularly for metal particles designed to exhibit
toxic effects against microorganisms, collateral damage to healthy skin may become
a limiting factor. Several studies have shown pro-inflammatory adjuvant effects of
negatively charged SiO2 NPs during ovalbumin or mite antigen-induced allergic der-
matitis and allergic airway disease in cases where NP and antigen were administered
simultaneously as an immunogenic challenge [37–40]. However, research has sug-
gested that surface functionalization of SiO2 NPsmay reduce their in vitro and in vivo
cytotoxicity considerably compared to unfunctionalized SiO2 NPs [41]. In addi-
tion, positively chargedN-(6-aminohexyl)-aminopropyltrimethoxysilane (AHAPS)-
functionalization of SiO2 NPs resulted in increased colloidal stability compared to
unfunctionalized SiO2 NPs and distinctly reduced their tendency to aggregate [42].
Ostrowski et al. [43] therefore investigated the topical effect of positively charged
AHAPS-functionalized SiO2 NP exposure in a murine model of acute oxazolone-
induced allergic contact dermatitis. In contrast to previous investigations with neg-
atively charged SiO2 NPs, which had aggravated allergic reactions in the skin and
airways using the same dosages [37–40], the functionalized NPs did not appear to
have any effects on the quality or degree of inflammation in diseased tissue. Pre-
sumably, the AHAPS functionalized SiO2 NPs did not penetrate beyond the stratum
corneum, which is in accordance with an earlier study on the distribution and levels
of penetration of AHAPS SiO2 NPs [44]. Both, the failure to penetrate beyond the
horny layer and the improved biocompatibility due to surface functionalization [41]
may have prevented the aggravation of barrier defects and inflammatory response in
previous work [43].

Several in vitro studies have reported oxidative stress induction and cell death
in mammalian cells treated with TiO2 NPs. Wright et al. [45] analyzed the effects
of differently sized TiO2 NPs on oxidative stress levels in human keratinocytes and
observed a significant dose-response increase in superoxide levels and subsequent
apoptosis in HaCaT cells, as also evidenced in other cell lines [46]. It was deter-
mined that UV-C exposure had no significant effect on TiO2-induced apoptosis in
HaCaT cells, however, this is in contrast to other reports that pre-exposing cells to
UV radiation may enhance the cytotoxic effects of TiO2 NPs [47–49]. A possible
explanation may be the comparably weaker rays of UV-C radiation, which emit less
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radiation than UV-A and UV-B. Furthermore, the various TiO2 particles studied had
no consistent effects on cell proliferation and viability of HaCaT keratinocytes.

In studies by Ahlberg et al. [35], possible noxious in vitro effects of spherical
poly(N-vinylpyrrolidone)-coated AgNPs with a negative zeta potential of—20 mV
and a metallic core of approx. 70 ± 20 nm on the human keratinocyte cell line
HaCaT were investigated. Medical applications comprising AgNP, such as wound
dressings and gels, are based on the antibacterial and anti-inflammatory potential of
slowly released silver ions (Ag+) [50–52]. However, AgNP-specific andAg+-specific
cytotoxic effects have been reported [53].

Themainmechanism of cytotoxicity appears to be the release of Ag+ fromAgNPs
in the presence of oxygen, which can exert silver toxicity in bacteria and eukaryotic
cells [54], resulting inDNAbreakage, apoptosis, and necrosis [55]. Particularlywhen
applied repetitively to burns or open lesions, direct AgNP exposure of vital epidermis
cells and cellular uptake is likely to occur. Possible biological effects of such cellular
uptake were investigated in in vitro experiments on AgNP-treated HaCaT cells by
transmission electronmicroscopy (TEM) and the cell viability assay (XTT). Further-
more, the influence of fetal calf serum content in cell media on AgNP cytotoxicity
was examined. TEM results confirmed the intracellular uptake of AgNP in cellular
vesicles. The XTT signal increased in cells incubated with low concentrations of Ag,
but it decreased for cells incubated with 40µg/mL. A serum concentration in the cell
culturemedia below the required amount of 9% resulted in a reduction in cell viability
for all concentrations of AgNP. When toxic concentrations of AgNPs were applied
to HaCaT cells, cell death occurred as a result of degeneration of the cell nuclei and
cell membranes [35]. Electron paramagnetic resonance (EPR) spectroscopy, used to
detect free radicals in cell suspensions, was implemented by using the spin probe
TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) to investigate the AgNP-mediated
intracellular production of reactive oxygen species (ROS) in cells and whole skin.
If radicals are present, the signal of the spin probe decreases. AgNPs reduced the
TEMPO signal after 1 h incubation time in HaCaT cells, whereby the ROS produc-
tion was dependent on the formation and storage condition of the AgNPs. AgNPs
produced under ambient air conditions formed more ROS compared to AgNP pro-
duced and stored in an argon atmosphere, as the oxygen in the ambient atmosphere
was responsible for the formation of silver ions (Ag+) by oxidation of the AgNPs.
These findings confirmed the role of Ag+ ions in AgNP-mediated oxidative stress
and cell damage as depicted in Fig. 13.3. Reactive-oxygen species-mediated DNA
damage and apoptosis were similarly reported for epidermal cells in human skin after
exposure to nickel NPs [56].

Cellular uptake by particles varies depending on the cell type, and immune cells
are particularly specialized in taking up pathogens or proteins and other antigens via
endocytosis, macropinocytosis, and phagocytosis [57]. Flow cytometry analysis of
freshly isolated skin cells incubated with differently sized SiO2 NPs by Rancan et al.
[24] showed that the particle size, the degree of aggregation, and the surface charge
influenced particle uptake by epidermal cells and Langerhans cells considerably. In
skin explants pretreated by CSSS, a small number of keratinocytes and Langerhans
cells that had internalized particles sized 42 nm, but not 75 or 291 nm, were isolated.
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Fig. 13.3 Schematic picture of the uptake and cytotoxic effects of two different AgNP. AgNP (Ar)
with low content of Ag+ ions are taken up by endosomes (a), AgNP (O2) can be likewise uptaken
by endocytosis (a) and the Ag+ ions by cells (b). The released ions induce intracellular ROS which
can lead to cell death (modified according to [35])

In vitro,HaCaTcells andLangerhans cells tookupparticleswith a diameter of 200nm
and larger aggregates via phagocytosis or macropinocytosis, while epidermis cells
internalized NPs smaller than 200 nm by endocytosis. Under cell culture conditions,
HaCaT cells and primary human keratinocytes showed an increased uptake of SiO2

nanoparticles with positive surface charge due to positively charged ligands. This
was contrasted by an increased tendency to form aggregates, which may explain
why barrier translocation did not occur, in spite of increased cellular uptake [24].
However, results obtained from cell culture conditions are not always predictive
for ex vivo or in vivo tissue studies, e.g. in a previous study using biodegradable
poly(lactic acid) particles (228 and 365 nm) loaded with fluorescent dyes and human
skin explants. It was found for mono-disperse and stable aqueous solutions, that skin
contact with the NPs led to destabilization of the particles and a release of the dyes
[58].

13.4 Conclusion

The aim of the present work was to provide a comprehensive overview of the com-
plexities of NP-skin interactions, with a particular focus on SiO2 NPs, TiO2 NPs
and AgNPs. Research on the dermal penetration of NPs has shown that the majority
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of solid NPs remain on the skin surface under ex vivo conditions, whereby a small
number may be found in deeper skin layers. The hair follicles play an important role
as shunt routes, storage sites, and presumptive routes of entry. When the integrity of
the skin barrier is disturbed, increased NP penetration may occur, resulting in bio-
logically relevant effects. This is particularly the case when metal NPs are applied
intentionally to inflamed or wounded skin. Secondary effects, induced by NP con-
tact with the viable tissue, include Ag+ release from AgNPs with resulting cytotoxic
effects. Notably, biological effects resulting fromNP interactions and cellular uptake
of nanoparticles vary depending on experimental setups and the cell types examined.
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