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Foreword

Polymers are macromolecules composed of many repeated subunits of different
nature, leading to a broad range of compositions and properties. Both synthetic and
natural polymers play a major role in the life sciences. Whereas natural polymers
(nucleic acids, proteins, peptides) are the building blocks of biological structures
and functions and are the support of genetic and epigenetic events, the polymer-
ization of monomers through various modern synthetic routes (e.g., controlled
anionic or radical polymerization, ring-opening polymerization, etc.) enables the
design of synthetic polymers with unique physicochemical properties, including
robustness, viscoelasticity, and a tendency to form glasses and semicrystalline
structures rather than crystals. They may be combined to form tailor-made
supramolecular architectures. The versatility of these polymer structures and the
resulting properties offer many applications in the medical and pharmaceutical
fields. «Smart» polymers, designed to undergo reversible physical or chemical
changes in response to environmental stimuli (such as temperature, light, magnetic
or electric field, pH, ionic strength or enzymes) also hold great promise as drug
delivery systems, tissue engineering scaffolds, cell culture supports, bioseparation
devices, sensors, and even actuators systems. Because of their extraordinary ver-
satility, there is an increased interest to use polymers, either natural or synthetic, as
transporter material for the design of nanomedicines. The encapsulation of a drug
into polymer-based nanoparticles allows it, indeed, to protect the drug from
degradation/metabolization; to defend healthy cells and tissues from drug’s even-
tual toxicity; to improve drug bioavailability at the site of action (i.e., diseased
cells); and to allow better intracellular penetration and trafficking for drugs that
cannot cross the cell membrane. The ultimate goal is to increase the drug thera-
peutic index by improving the pharmacological efficacy while also reducing its
toxicity. Of course, the design of polymers for the construction of nanodevices is
key to making safe and efficient nanomedicines. When intravenous administration
is considered, the use of biodegradable polymers is mandatory to avoid intracellular
polymer overloading and thesaurismosis. The possibility to control the degradation
kinetics of a drug subsequently allows tailoring the drug release according to its
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therapeutic aim. The surface properties of the polymer when formulated as
nanoparticles is another important issue to monitor and avoid excessive comple-
ment activation, protein aggregation or thromboembolic event after intravenous
infusion. Therefore, surface functionalization of nanoparticles should help to hinder
such events or, to better address the nanomedicine in a very specific way toward the
targeted cells by decoration with specific ligands. Surface functionalization of
polymer-based nanoparticles may also permit the bioadhesion along epitheliums or
endotheliums or even the translocation through biological barriers, including the
blood-brain barrier. Other approaches, albeit less advanced, include the develop-
ment of polymer nanoparticles combining both therapeutic and imaging function-
alities and even nanodevices containing two or more drugs for synergistic
pharmacological efficacy.

The book edited by Drs. Vauthier and Ponchel, Polymer Nanoparticles for
Nanomedicines: A Guide for their Design, Preparation and Development,
represents a crucial and comprehensive work of information with highly advanced
research about the construction of polymer nanoparticles. The logical succession
of the different chapters runs in the following way.

Part I is devoted to the different methods for manufacturing nanoparticles with
clear explanations about the physicochemical principles allowing their formation.
Nanoparticles may be built using various preparation methodologies. For instance,
the so-called nanoprecipitation technique based on the “Ouzo” effect, the flash
nanoprecipitation process, and the solvent evaporation methods with their numer-
ous adaptations, are well explained. Apart from being prepared by pre-formed
polymers, nanoparticles may be constructed through the in situ polymerization of
monomers which sometimes allows better drug loading. Thanks to the versatility
of these different preparation processes, the size and the shape of the nanoparticles
may be controlled, which may further influence in vivo pharmacokinetic and
biodistribution after administration.

Therefore, the characterization of the nanoparticles is logically addressed in
Part II of the book. Physicochemical characterization includes polymer character-
ization, nanoparticle size, nanoparticle surface properties, drug loading and release,
nanoparticle stability, and batch-to-batch reproducibility. Electron microscopy, both
transmission and scanning, are also important methodologies for the direct visu-
alization of nanoparticles. The interactions with the immune system, the activation
of the complement at the surface of the nanoparticles, as well as the interaction with
cells and intracellular trafficking are dramatically influenced by the characteristics
of the nanoparticles. These processes are discussed in great detail.

Part III of the book discusses how to adjust the characteristics of polymer
nanoparticles with functionalities needed for specific pharmacological applications.
In this view, the choice of the best polymer, the encapsulation process and the drug
loading, as well as, the control of the drug release are at disposal of the formulation
scientists to construct the more efficient nanomedicines. Of course, the toxicological
aspects have to be taken into great consideration, especially the biodegradation
of the nanoparticle polymer core, the safety of the metabolites, the excretion
pathways, and the interaction with blood proteins which may also dramatically
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influence the nanoparticle biodistribution. A special chapter describes the concep-
tion of theranostic nanoparticles combining therapeutic and imaging properties for
personalized medicine.

The last part of the book discusses why polymer-based nanoparticles have
attracted so much interest, whereas only a few of them have been approved and
have reached the market or even the third phase of clinical trials. Regulatory
developments are also considered in a separate chapter.

I recommend reading this book, which assembles a profuse array of knowledge
on the conception and the development of polymer nanoparticles. It represents an
essential reference for a broad scientific community, including academic
researchers and industrial deciders. It should also attract students pursuing a mas-
ter’s degree or doctorate in the field of nanomedicine, whether their background is
in education, pharmaceuticals, chemistry, physico-chemistry, or even physics.

Patrick Couvreur

Membre de 1’Académie des Sciences, Professor

Université Paris-Sud and Institut Universitaire de France
Faculté de Pharmacie, Institut Galien Paris Sud, UMR CNRS
8612, Université Paris-Sud, Chatenay-Malabry, France
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Chapter 1

Polymer Nanoparticles for In Vivo
Applications: Progress on Preparation
Methods and Future Challenges

Christine Vauthier

Abstract Polymer nanoparticles are one type of the arsenal of nanomedicines that
are developed to improve efficacy and specificity of drug delivery and to design
new contrast agents enhancing the performance of diagnostic methods based on
imaging techniques. To answer the various challenges, it has lead the way to
development of suitable nanoparticles. Many types of methods of preparation were
proposed designing nanoparticles taking different structures and integrating various
functions. The purpose of the introduction to the part I of the book devoted to the
methods of preparation of polymer nanoparticles to be used as nanomedicines is to
present the different types of polymer nanoparticles that were designed so far and to
give an overview on their methods of preparation. It is also important to place these
methodologies in a prospective view raising future challenges and bottlenecks.

Keywords Methods - Micelles - Polymer nanoparticles - Nanocapsules
Nanospheres - Nanogel - Polyelectrolyte complex - Self-assembling
Precipitation - Polymerization -+ Emulsion - Polymer solution - Layer-by-layer -
Print - Microfluidic - Self-assembling - Complex - Spherical particles
Nonspherical nanoparticles + Multifunctional nanoparticles

1 Introduction

In the 1970s, polymer nanoparticles were found to be suitable materials thanks to
their small size to serve the purpose of the “magic bullet” born behind the concept
of drug targeting that was inspired by Paul Ehrlich, an imminent bacteriologist and
immunologist who received the Nobel Prize in Physiology and Medicine in 1908.
However, to be used as drug carriers, polymer nanoparticles need to comply with
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regulatory registration and fulfill stringent specifications. Besides, they must
integrate all functionalities that are needed to complete a specific medical appli-
cation. Among others, this includes a composition made of suitable materials for
in vivo use and preparation conditions that are compatible with the production of
pharmaceutical grade compounds.

2 Development of Methods of Preparation
of Nanoparticles Made of Polymers: Progresses

By the time polymer nanoparticles were first introduced to be used as drug carriers,
they were produced by polymerization methods (Birrenbach and Speiser 1976; See
the historical perspective by Kreuter 2007; Couvreur 2013). In addition to regu-
latory constraints that are an important limitation for the choice of the polymer
composing the nanoparticles, nanoparticles designed to become nanomedicines
need to fulfill various types of functions. Drugs should be associated efficiently with
nanoparticles while protection against degradation should be insured in storage
conditions and in vivo during transportation of the nanomedicine toward the target
site of delivery of the drug. This implies that the drug remains associated with the
nanoparticles during transportation. However, the association needs to become
unstable once the nanoparticle has reached the target site, where the drug should be
available to express its biological activity. Behind mechanisms controlling the
stability of the association of the drug with the nanoparticles, other functionalities
are needed to help the nanoparticles to reach the delivery site. The requested
properties, which are contradictory for some of them, can be associated customizing
the design of new polymers. The number of suitable polymers that can compose
nanoparticles developed to be used as nanomedicine produced by polymerization
methods is extremely low being a bottleneck for an extensive development of the
polymerization methods to prepare polymer-based nanomedicines. Other limita-
tions of these methods include the use of organic solvents and sometimes of large
amounts of surfactants, while the majority of polymer nanoparticles synthesized by
polymerization methods are nonbiodegradable. Nevertheless, the first rapidly
biodegradable nanoparticles were synthesized by emulsion polymerization using
alkylcyanoacrylate monomers (Couvreur et al. 1979). A broad range of nanopar-
ticles composed of poly(alkylcyanoacrylate) were synthesized since then and are
used to develop innovative therapeutic strategies with many types of drugs with
interests for developing treatments of serious diseases (Vauthier et al. 2003a, b,
2007; Andrieux and Couvreur 2009; Nicolas and Couvreur 2009). Today, poly
(alkylcyanoacrylate) nanoparticles prepared by polymerization methods continue to
generate interest on the international scene (Murthy and Harivardhan Reddy 2006;
Vauthier et al. 2007; Graf et al. 2009; Nicolas and Couvreur 2009; Yordanov 2012;
Sulheim et al. 2016). Polymerization methods were successful to provide with
nanoparticles of interest that were translating to clinics being evaluated in clinical
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trial phase II/III for the treatment of hepatocellular carcinoma (primary liver cancer)
(Zhou et al. 2009; Soma et al. 2012; Onxeo 2016). However, all nanoparticles
developed as nanomedicines and prepared by polymerization methods were syn-
thesized with monomers of the alkylcyanoacrylate family limiting the choice of
intrinsic properties that can be given to the particles although some flexibilities are
allowed tuning conditions of polymerization (Chap. 5 from Vauthier).

To enlarge the choice of polymers composing nanoparticles to be used as
nanomedicines, a series of methods were developed based on the use of polymers
that were synthesized independently of the nanoparticles. Obtaining polymer
nanoparticles from already prepared polymers was a challenge. The first series of
attempts was based on the use of matrices formed by thin emulsions in which the
polymer was dissolved in the tiny droplets composing the dispersed phase of the
emulsion. The polymer was then forced to precipitate using various artifacts in
order to obtain nanoparticles. Evaporation of the solvent contained in the droplets
was the approach proposed in the pioneer work in the early 1980s (Gurny et al.
1981). The development of this emulsification-solvent evaporation method was
applied first to the production of nanoparticles made of poly(lactide) (PLA), the
most used polymer composing medical devices for parenteral administration. Since
then, the method has been applied to a large choice of polymers. This method
brought a real breakthrough. It was the first time nanoparticles were obtained
directly from polymers while they were all obtained before by polymerization
methods. It was an important milestone for the development of methods for the
preparation of nanomedicines occurring as polymer nanoparticles. In a derived
method also based on the precipitation of a polymer dissolved in the emulsion
droplets, the polymer solvent is extracted from the droplets diluting the emulsion
with a third solvent in which both the continuous and the dispersed phases of the
parent emulsion are miscible. This operation causes the immediate precipitation of
the polymer contained in the emulsion droplets that compose the dispersed phase of
the emulsion. In general, both the emulsification-solvent evaporation method and
the emulsification-solvent extraction method can be applied with polymers that are
soluble in organic solvents (Chap. 4 from Mendoza-Mufioz et al.). Instead of
precipitation, the polymer contained in the droplets of the emulsion can be gelified.
This method was addressed to produce nanoparticles composed of hydrogels to
associate hydrosoluble drugs with nanoparticles that was challenging with previous
methods. The main difficulty with methods based on the use of emulsions is to
prepare emulsion with a small size of the emulsion droplets. While the majority of
works were based on the use of mechanical techniques to produce the thin emulsion
required, several authors have suggested the formulation of miniemulsions and
microemulsions as matrices to produce the nanoparticles. More recently, mi-
crofluidic techniques have been introduced. Droplets hence nanoparticles are
formed one by one in a very well controlled manner (Karnik et al. 2008; Valencia
et al. 2012; Pedro et al. 2013; Lim et al. 2014). To avoid the use of organic solvents,
supercritical fluid technologies were envisaged (Sun et al. 2005; Meziani et al.
20006; Elizondo et al. 2012; Sheth et al. 2012; Girotra et al. 2013).
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In another series of methods, nanoparticles are prepared directly from polymer
solutions. Nanoparticles form by causing a rapid change of the physicochemical
conditions that induces the nucleation of particles of small size. In general, they
form by mixing the initial polymer solution with a second medium with which it is
fully miscible. Mechanisms behind nucleation of nanoparticles include precipitation
of the polymer, self-assembling of macromolecules providing that they were
selected with the required architecture or specific properties, formation of com-
plexes and gelation. Figure 1 illustrates the formation of nanoparticles based on the
induction of nucleation from two examples of methods: the formation of polymer
micelles resulting from self-assembling of amphiphilic polymers assisted by solvent
diffusion (Fig. la) (Chap. 2 from Miladi et al. and Chap. 3 from Tang and
Prud’homme), and the formation of nanogels triggered by self-assembling of two
polymers having complemental groups to form inclusion complexes between alkyl
chains grafted on one polymer and cyclodextrins grafted on a second polymer (Fig.
1b) (Gref et al. 2006; Hassani et al. 2012).

In some cases, the nucleated nanoparticles are stabilized in a second step that can
be performed in the same vessels. For instance, after nucleation of polymer particles
by precipitation, it is generally necessary to remove the solvent of the polymer from
the dispersing medium. The so-called nanoprecipitation method in which
nanoparticle nucleation is induced by a solvent shift belongs to this category of
method (Fessi et al. 1989; Ganachaud and Katz 2005; Minost et al. 2012; Chap. 2
from Miladi et al. and Chap. 3 from Tang and Prud’homme). Nanoparticles
obtained by gelation are sometimes stabilized by complexation with another
polymer that sticks on the surface to stabilize the particle (Oh et al. 2008; Kabanov
and Vinogradov 2009; Maya et al. 2013; Wu and Delair 2015). Interesting features
with these methods are their rapidity and scalability because production can be
performed with a continuous-based process as demonstrated with the nanoprecip-
itation method. These methods of preparation can be achieved with a large panel of
polymers. Although precipitation methods and methods based on self-assembling
of amphiphilic polymers generally require the use of organic solvents (Fig. 1a)
(Chap. 2 from Miladi et al. Chap. 3 from Tang and Prud’homme, Weber 1998;
Torchilin 2007; Kabanov and Vinogradov 2009; Rowan 2009; Guan et al. 2015;
Fuks et al. 2011; Pearson et al. 2013; Robertson et al. 2013), self-assembling
methods based on the formation of polymer complexes and those based on a
gelation process can be performed in aqueous media avoiding totally the use of
organic solvent (Fig. 1b) (Vauthier and Couvreur 2000; Janes et al. 2001; Gref et al.
2006; Kabanov and Vinogradov 2009; Daoud-Mahammed et al. 2009; Delair 2011;
Hassani et al. 2012; Maya et al. 2013; Eckmann et al. 2014). Another marked
advantage of the last category of method is given by the fact that nanoparticles form
in gentle conditions that are suitable to associate very fragile hydrosoluble mole-
cules with the nanoparticles. For instance, the methods based on the formation of
complexes and nanogels can be used to associate biologically active peptides,
proteins, and nucleic acids with nanoparticles. With methods based on the com-
plexation of polyelectrolytes of opposite charges, peptides, and nucleic acids may
compose one of the polyelectrolyte involved in the formation of the complex
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Fig. 1 Preparation of nanoparticles by nucleation of particles thanks to self-assembling of soluble
polymers. Nucleation of polymer particles occurs while mixing two miscible solutions.
a Formation of polymer micelles assisted by solvent diffusion. This can be applied with
amphiphilic polymers. b Formation of nanogels by self-assembling of neutral hydrosoluble
polymers including a polycyclodextrin and a hydrophobized dextran. The nanogels form, thanks to
the formation of inclusion complexes between the cyclodextrins grafted on one of the polymers
and alkyl chains grafted on the second polymer (hydrophobised dextran shown on the figure)

included in the final nanoparticles (Kabanov and Vinogradov 2009; Delair 2011;
Kataoka et al. 2001; Mukhopadhyaya et al. 2012; Osada 2014; Bekale et al. 2015;
Shiraki et al. 2016). All these techniques of preparation of polymer nanoparticles
allow production of nanoparticles with a wide range of properties thanks to the
nature of polymers that can be used to produce them.
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3 Producing Polymer Nanoparticles with Different
Structures and Characteristics

A broad range of methods of preparation of polymer nanoparticles was requested to
permit association of drugs having various biological activities and physicochem-
ical properties. In general, molecules are associated with the nanoparticles while
they are solubilized in an appropriate solvent. Solubility properties of drug mole-
cules are important factors to consider and that contribute for the success of drug to
nanoparticle association. Although soluble molecules are the majority of com-
pounds that were associated with nanoparticles so far, metal nanoparticles were
interesting ingredients to associate with polymer nanoparticles designing a new
generation of contrast agents for application in diagnostic based on imaging tech-
niques (Khemtong et al. 2009; Maya et al. 2013; Cormode et al. 2014; See Chap. 17
from Herceg et al.). The solvent in which the drug molecule is soluble or metal
nanoparticles occur as a stable dispersion is a key for the choice of the method of
preparation. However, in general, methods of preparation need to be customized on
a case-by-case basis to design each new nanomedicine. Existing methods can be
used to inspire the development of new methods. They were applied to make
nanoparticles with polymers of various nature and to produce nanoparticles having
different structures to resolve many different challenges found to achieve efficient
drug association and releasing issues (Fig. 2) (Chap. 13 from Zandanel and
Charrueau, Chap. 14 from Charrueau and Zandanel).

Methods based on general principles that were described above are all suitable to
prepare matrix-like-type nanoparticles. Reservoir-type nanoparticles, i.e.,
nanocapsules could be obtained modifying and adapting protocols of most of the
previous methods (Couvreur et al. 2002; Mora-Huertas et al. 2010). Figure 3
summarizes the different methods of production of polymer nanoparticles and gives
the type of nanoparticle produced.

Size and shape of nanoparticles are important characteristics to consider as they
both influence the pharmacokinetic and cell uptake; hence, they can dramatically
affect the efficacy of the nanomedicine (Truong et al. 2015). In general, size can be
well controlled by experimental conditions used preparing the nanoparticles.
Nanoparticles with a spherical shape are generally prepared by the above-mentioned
methods. The obtaining of nanoparticles with a shape that differed from a sphere was
reported only in a few cases producing nanoparticles by self-assembling of polymers
and amphiphilic materials (Lee et al. 2010; Cauchois et al. 2013; Chap. 6 from
Ponchel and Cauchois). New methods were specifically introduced to design
nanoparticles with well-controlled nonspherical shapes (Chap. 6 from Ponchel and
Cauchois). For instance, rod-like nanoparticles can be produced stretching spherical
particles embedded in a stretchable matrix (Mitragotri 2009; Wang et al. 2011a).
Print methods were introduced to design polymer nanoparticles with a wide range of
shapes (Oh et al. 2008; Wang et al. 2011b; Perry et al. 2011; Sultana et al. 2013)
(Fig. 4).
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Fig. 2 Different types of polymer nanoparticles showing the structures

4 Future Challenges

In the infant age of their development, polymer nanoparticles were designed as very
simple particles based on the association of a drug with a nanosized-scale particle
made of biodegradable polymer. The evolution is to design multifunctional
nanoparticles that may include diagnostic and therapeutic elements together with
equipment’s controlling the pharmacokinetic and biodistribution hence improving
targeting efficiency of the carrier and its drug releasing properties. Table 1 sum-
marizes the different functionalities that are desired to associate with nanoparticles
and gives examples of items found in the corresponding toolbox to achieve each
function.

The possibility to design very precise nanoparticles with polymers by tuning
nanoparticle properties to optimize the benefit of the treatment for each patient
taking into account the individual variability while the safety profile will be high is
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POLYMERIZATION METHODS
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Fig. 3 Summary of general principles of methods of preparation of nanoparticles from
polymerization procedure and protocols based on the use of polymers either included in the
dispersed phase of an emulsion/miniemulsion/microemulsion or occurring as a polymer solution.
This summary indicates the type of nanoparticles that are produced from these methods illustrating
the spherical species

Fig. 4 Example of polymer nanoparticles obtained with different shapes as shown by scanning
electron micrograph. a spherical nanoparticles obtained from anionic emulsion polymerization of
isobutylcyanoacrylate (C. Vauthier, personal collection), b rod-like nanoparticles obtained by
nanoprecipitation of poly(y-benzyl-1-glutamate) (Mw:70 kDa) (Adapted from Cauchois et al.
2013, reproduced with permission), and ¢ 200 X 200 nm cylindrical nanoparticles made of poly
(lactide-co-glycolide) prepared by a print method (Adapted from Wang et al. 2011b, reproduced
with permission)
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