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Jana Růžičková, Vladimír Velebný, Jindřich Novák,
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Eleonore Fröhlich Center for Medical Research, Medical University of Graz,
Graz, Austria

Jie Han Department of Electrical and Computer Engineering, University of
Alberta, Edmonton, AB, Canada

Jan Havlik Laboratory of Synthetic Nanochemistry, Institute of Organic
Chemistry and Biochemistry AS CR v. v. i., Prague 6, Czech Republic

ix
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Structural Biology of GCRC, České Budějovice, Czech Republic; Regional Centre
of Advanced Technologies and Materials, Palacký University, Olomouc, Czech
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Lela Vuković Department of Chemistry, University of Illinois at Chicago,
Chicago, IL, USA

Kazunori Watanabe Department of Biotechnology, Okayama University,
Okayama, Japan

Peican Zhu Department of Electrical and Computer Engineering, University
of Alberta, Edmonton, AB, Canada

Contributors xiii



Editorial and Introduction

This book features a special subsection of Nanomedicine, an application of
nanotechnology to achieve breakthroughs in healthcare. The Nanomedicine
exploits the improved and often novel physical, chemical, and biological
properties of materials only existent at the nanometer scale. As a consequence
of small scale, nanosystems in most cases are efficiently uptaken by cells and
appear to act at the intracellular level. Nanotechnology has the potential to
improve diagnosis, treatment and follow-up of diseases, and includes targeted drug
delivery and regenerative medicine; it creates new tools and methods that impact
significantly existing conservative practices. This book more specifically targets
using nanotechnology in the area of drug delivery and tissue engineering, i.e., the
application of various nanoparticulates based on natural or synthetic, organic or
inorgarnic materials as drug carriers and tissue regenerative support, first of all to
deliver substances and drugs inside cells.

During the last decade, intracellular drug delivery has become an emerging area
of research in the medical and pharmaceutical field. Many therapeutic agents can
be delivered to a particular compartment of a cell to achieve better activity. In
Volume 1 of this series, we investigated various means of delivering cargo, via
endocytosis. Various carriers have been investigated for efficient intracellular
delivery, either by direct entry to cytoplasm or by escaping the endosomal
compartment. These include cell-penetrating peptides, and carrier systems such as
liposomes, cationic lipids and polymers, polymeric nanoparticles, etc. Various
properties of these carriers, including size, surface charge, composition, and the
presence of cell-specific ligands, alter their efficacy and specificity toward
particular cells. Also included were various aspects of targeted intracellular
delivery of therapeutics including pathways, mechanisms, and approaches.

This Volume 2, a continuation of Volume 1 (not numbered this way), is a
collection of authoritative reviews.

The Part I of this volume deals with Novel Nanocarrier Design and Processing,
listing some new designs and chemistry. The very first chapter deals with a survey
of production methods of nanofibers, as exemplified by properietary and succesfull
NanospiderTM technology developed by Technical University Liberec, Czech
Republic, licensed to Elmarco (Liberec, Czech Republic) (www.elmarco.com).
This technology has also been licensed in several countries with applications in
different fields as well as in biomedicine. It should be stressed that nanofibers are
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readily taken up by cells (e.g. Che et al. 2011). Other four chapters describe
several different new designs for nanoparticles, with emphasis on responsiveness
to different external stimuli.

Part II deals with Nanocarrier Characterization and Function The first chapter of
this section describes, in some details, how nanoparticles (NP) enter the cells and
how they are distributed within the cell interior, while the subsequent chapter
describes specific problems related to delivery to mucus. Following are two chapters
which cover rather physical methods of nanocarrier characterization, the rest of this
section introduces novel delivery vehicles for specific sites or specific cargo.

Part III is entirely a new section; it covers Simulation for Delivery and
Function. Future applications in nanotechnology are likely to require this level of
sophisticated control in order to form precisely ordered structures, with specific
chemical and physical properties. Theoretical understanding of the fundamental
principles of self-assembly and the design rules for creating new self-assembling
materials.

Based on a paper by Vauthier and Bouchemar (2009) two out of about ten
different methods of nanoparticle production are (a) formation of polyelectrolyte
complexes and (b) production of nanogels. Self-assembly processes typically, both
or colloidal building blocks above combine spontaneously to form ordered
structures and that without guidance or control from an outside source. Resulting
from a disordered system of pre-existing components is an organized structure or
pattern as a consequence of specific, local interactions among the components
themselves. Self-assembly can be classified as either static or dynamic process. In
static self-assembly, the ordered state forms as a system approaches equilibrium
(thermodynamic stability). In dynamic self-assembly, patterns of pre-existing
components organized by specific local interactions are not commonly described
as ‘‘self-assembled’’ (characterized by the presence of long-range repulsive and
short-range attractive forces), whereas they should, in fact, be denoted as ‘‘self-
organized’’ (Wikipedia).

New computational simulation tools are required to describe the self-assembly,
and to apply them to understand the structures and their thermodynamics and
dynamics of both biological and synthetic self-assembling systems (Frenkel and
Smit 2002). We envisage that in the future it would be possible to tailor
nanoparticles to deliver cargoes at the right subcellular compartment through the
use of signaling signatures and pathways. This will improve the magnitude and
duration of the drug effects. It is a challenging task due to the complexity of
multiple compartments such as endosomes and nuclei, which themselves are
dynamic and can undergo fusion and fission and exchange their content (Csukas
et al. 2011). The result is to guide further experimental efforts in determining most
sensitive parameters. Moreover, there is still much room for building knowledge
about the interactions of NPs with proteins and membrane structures on the cell
surface. Taking advantage of computer simulations and current developments in
interactomics, it would certainly be of great use to know the molecules that
interact with the NPs, as well as the nature of this interaction. We emphasize this
effort as the literature is relatively scarce in this direction.
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The last chapter of this section seeks to emphasize an importance of theoretical
background, as provided by Systems Biology, to guide the researcher in the
process of discovery. That is, guide the drugs/reagents to an appropriate site.
Targeting, localized and intracellular delivery present still a key challenge to
effective delivery. To establish an effective fight against diseases, we have to have
the ability to selectively attack specific cells, while saving the normal tissue from
excessive burdens of drug toxicity. However, because many drugs are designed to
simply kill specified cells, in a semi-specific fashion, the distribution of drugs in
healthy organs or tissues is especially undesirable due to the potential for severe
side effects. Consequently, systemic application of these drugs often causes severe
side effects in other tissues (e.g., bone marrow suppression, cardiomyopathy,
neurotoxicity), which greatly limits the maximal allowable dose of the drug. In
addition, rapid elimination and widespread distribution into nontargeted organs
and tissues requires the administration of a drug (in a suitable carrier) in large
quantities, which is often not economical and sometimes complicated due to
nonspecific toxicity. This vicious cycle of large doses and the concurrent toxicity
is a major limitation of many current therapies. Thus, the benefit of nanocarrier
design.

Part IV covers Nanocarriers for Drug Discovery and Treatment, listing specific
applications in biology and medicine. Of a special interest should be a proprietary
technology of Contipro s.r.o. (Dolni Dobrouc, Czech Republic; www.contipro.com)
employing low-molecular weight hyaluronate to assemble highly biocompatible
nanofibers using a technology based on needle-less electrostatic filament principle.
The company’s main emphasis is in wound healing and other applications.
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The Editors would like to profoundly thank all contributors to this volume for
their cooperation and enthusiasm, and also, for their reviewing of colleagues’
chapters, which served as a basis of internal review process. Finally, we invite
contributions from different researchers to this series.
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In future volumes, the emphasis will be more on pharmacokinetic aspects as
they control the ultimate application and utility. As pointed by Karel Petrak
(personal communication on 10/28/2013), ‘‘Although I understand the importance
of having ‘enabling technology’ available, the issue of ‘promises, promises and
more promises’ being made about ‘new delivery systems’ that are never delivered
only to be replaced by new promises. To me the central issue is to recognize that
the systems must focus on modifying the drug’s pharmacokinetics and pharma-
codynamics to be optimal for the given disease target.’’ This volume, unfortu-
nately, does not spell out this emphasis clearly. Thus, this eminent topic is sought
for future volumes.

Aleš Prokop
Yasuhiko Iwasaki

Atsushi Harada
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Part I
Novel Nanocarrier Design

and Processing



Proprietary Nanofiber Technologies
and Scale-Up

Stanislav Petrík

Abstract An overview of scalable methods for industrial production of nanofibers
is given. The theoretical principles of both nozzle- and nozzle-less electrospinning
processes are discussed. Productivity limits of electrospinning and competing/
complementary technologies (nano-meltblown, force-spinning, islets-in-the sea),
together with their predominant potential application areas, are described. Newest
developments in production methods for nanofibers are introduced, e.g. nozzle-less
co-axial electrospinning and single-nanofiber preparation.
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1 Introduction

Nanofibers attract consistently growing attention for many applications, including
bio-medical, since recent decade. Unique morphology of nanofibers, their extre-
mely high surface area, material variability and relatively simple methods for their
preparation opened huge field for both technology processes and material appli-
cations research. Number of publications related to the use of nanofibers as delivery
systems exhibit probably the highest growth during last few years (Yu et al. 2009).

Electrospinning as a method for production of very fine (submicron) fibers has
developed into a dominant technology of industrial production scale. Some limi-
tations connected with the use of (often dangerous) solvents and relatively low
productivity for some applications motivate developments of alternate methods
which are being commercialized during recent years.

Electrospinning methods for creating nanofibers from polymer solutions have
been known for decades (Kirichenko et al. 2007; Ramakrishna et al. 2005). The
nozzle-less (free liquid surface) technology opened new economically viable
possibilities to produce nanofiber layers in a mass industrial scale, and was
developed in the past decade (Jirsak et al. 2005; Petrik and Maly 2009). Hundreds
of laboratories are currently active in the research of electrospinning process,
nanofiber materials, and their applications. Nanofiber nonwoven-structured layers
are ideal for creating novel composite materials by combining them with usual
nonwovens. The most developed application of this kind of materials is air fil-
tration (Jaroszczyk et al. 2009). Liquid filters and separators are being developed
intensively with very encouraging results. Inorganic/ceramic nanofibers attract
growing interest as materials for energy generation and storage (solar and fuel
cells, batteries), and catalytic materials (Kavan and Grätzel 2002; Rubacek and
Duchoslav 2008; Bognitzki et al. 2001).

To fully explore the extraordinary number of application opportunities of
nanofibers, the availability of reliable industrial-level production technology is
essential. This chapter intends to demonstrate that some of the technologies have
matured to this stage.

2 Nanofibers as Delivery Systems

Well known are several bio-medical applications utilizing nanofiber materials,
often from biocompatible/degradable polymers like PLA, gelatine, collagen,
chitosan. These developing applications include wound care, skin-, vessel-, bone-
scaffolds, drug delivery systems and many others (Proceedings 2009).

One of the first reports about electrospinning nanofibers as delivery systems
was published by Kenawy et al. (2002) Electrospun fiber mats were explored as
drug delivery vehicles using tetracy-cline hydrochloride as a model drug. The mats
were made either from poly (lactic acid) (PLA), poly (ethyl-ene-co-vinyl acetate)
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(PEVA), or from a 50:50 blend of the two from chloroform solutions. A detailed
overview of delivery bio-medical applications of nanofibers was published by Yu
et al. (2009). Their schematic diagram (Fig. 1) illustrates most of the opportunities
the nanofiber systems offer for drug delivery, scaffold/tissue engineering, health
care textiles, surgical textiles, and other systems.

The active agents (i.e. drugs) can be incorporated into nanofibers in several ways.
The most common one used to be to mix functional particles into the polymer
solution the nanofiber material is being prepared from. This approach often limits
technological processability of the material. As many authors have proven (Buzgo
et al. 2013; Mickova et al. 2012; Williams et al. 2012), co-axial (core-shell)
nanofibers offer much larger potential as delivery systems, because of their capability
to incorporate and protect also the agents which are not spinnable or non-dispersable
in homogeneous nanofibers. Besides ,,trivial‘‘technological approach based on
co-axial needle electrospinning (i.e. Azarbayjani et al. (2010)), Lukas’group at
the Technical University of Liberec (Vyslouzilova et al. 2010) has patented and
published a nozzle-less productive electrospinning device described below.

3 Electrospinning

The electrospinning process is an interesting and well-characterized physical phe-
nomenon and has been an attractive subject for theoretical investigations of several
groups (Bognitzki et al. 2001; Doshi and Reneker 1995; Thompson et al. 2007;

Fig. 1 Applications and preparations of electrospun drug-loaded nanofibers (Yu et al. 2009)
(Courtesy of Scientific Research Publishing)
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Shin et al. 2001; Yu et al. 2006; Hohman et al. 2001). Most work concentrates on the
essentials of the process—the nanofiber formation from a liquid polymer jet in a
(longitudinal) electric field. It has been theoretically described and experimentally
proven that the dominant mechanism is whipping elongation occurring due to
bending instability (Thompson et al. 2007; Yu et al. 2006; Hohman et al. 2001).
Secondary splitting of the liquid polymer streams can occur also (Kirichenko et al.
2007), but the final thinning process is elongation.

In Fig. 2, the schematic of bending mechanism derived from physical model (a)
is compared with a stroboscopic snapshot (b) (Reneker 2009).

A comprehensive analysis (electrohydrodynamic model) of the fiber formation
mechanisms published by (Hohman et al. 2001) describes the regions of individual
kinds of instability observed during the process. It has predicted and experimentally
proven that there is a domain of the process variables where bending instability
dominates, as illustrated in Fig. 3.

The efforts to scale up the electrospinning technology to an industrial pro-
duction level used to be based on multiplication of the jets using multi-nozzle
constructions (Kirichenko et al. 2007).

In Fig. 4, the multi-nozzle spinning head developed by NanoStatics Company is
shown. The principle is based on an idea to feed multiple nozzles from a single
source of the polymer solution.

Figure 5 shows the multi-nozzle spinning part of the machine being commer-
cialized by TOPTEC Company. The device uses upwards direction of electrospin-
ning in order to eliminate polymer droplets eventually falling from conventional
down-oriented electrospinning elements.

Fig. 2 The path of an electrospinning jet a schematic, b stroboscopic photograph (Courtesy of
Darrell Reneker, University of Akron)
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However, the number of jets needed to reach economically acceptable produc-
tivity is very high, typically thousands. This brings into play many challenging task,
generally related to reliability, quality consistency, and machine maintenance
(especially cleaning). The nozzle-less electrospinning solves most of these prob-
lems due to its mechanical simplicity, however, the process itself is more complex
because of its spontaneous multi-jet nature. The study by (Lukas et al. 2008)
focused on the process of multi-jet generation from a free liquid surface in an
electric field. They derived an expression for the critical spatial period (‘‘wave-
length’’)—the average distance between individual jets emerging from the liquid
surface (Fig. 5). In this system, self-organization of the jets occurs, thus the number
and spacing of the jets is optimal even if the technology variables (voltage, vis-
cosity and surface tension of the solution) change. This feature leads to significant
improvement of the process stability and consistent quality of the produced
nanofiber layer.

Fig. 3 Operating diagram for a PEO jet. The upper shaded region shows the onset of the
whipping instability, the lower one shows the onset of the varicose instability (Hohman et al.
2001b)

Fig. 4 Schematic (a), and photograph (b) of a multi-nozzle spinning head by NanoStatics
(NanoStatics 2007)
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The study showed that the process can be analyzed using Euler’s equations for
liquid surface waves

r q
oU
ot
þ p

� �
¼ 0 ð1Þ

where U is the scalar velocity potential, p is the hydrostatic pressure, and q is the
liquid density. They derived the dispersion law for the waves in the form

x2 ¼ qgþ ck2 � eE2
0k

� � k

q
ð2Þ

where E0 is electric field strength, c—surface tension.
The relationship between angular frequency x and wave number k is in Fig. 6,

electric field is the parameter. When a critical electric field intensity is reached
(Ec, curve 1), x2 is turned to be negative, x is then a purely imaginary value, and
hence, the amplitude of the liquid surface wave

Fig. 5 Schematic (a), and photograph (b) of a multi-nozzle spinning head by TOPTEC
(TOPTEC 2011)

Fig. 6 Relationship between
the square of the angular
frequency and the wave
number for distilled water,
electric field is the parameter
1 E = Ec = 2.461
945 094 9 106 V/m, 2
E = 2.4 9 106 V/m, and 3
E = 2.5 9 106 V/m (Lukas
et al. 2008) (Courtesy of D.
Lukas, TU Liberec)
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n ¼ Aeqt exp ikxð Þ ð3Þ

exponentially grows, which leads to an instability.
Critical field strength can then be expressed

Ec ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4cqg=e24

p
ð4Þ

From this equation, they derived the expression for the critical spatial period
(‘‘wavelength’’)—the average distance between individual jets emerging from the
liquid surface (Fig. 7).

kc ¼ 2p=kc ¼ 2pa ð5Þ

and

k ¼ 12pc= 2eE2
0 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eE2

0

� �2�12cqg
q� �

ð6Þ

a is the capillary length

a ¼
ffiffiffiffiffiffiffiffiffiffi
c=qg

p
ð7Þ

The simplest realization of the nozzle-less electrospinning head is in Fig. 8a. A
rotating drum is dipped into a bath of liquid polymer. The thin layer of polymer is
carried on the drum surface and exposed to a high voltage electric field. If the
voltage exceeds the critical value, a number of electrospinning jets are generated.
One of the main advantages of nozzle-less electrospinning is that the number and
location of the jets is set up naturally in their optimal positions. In the case of
multi-needle spinning heads, the jet distribution is made artificially. The mismatch
between ‘‘natural’’ jet distribution and the real mechanical structure leads to
instabilities in the process, and to the production of nanofiber layers which are not
homogenous.

Fig. 7 a Free liquid surface electrospinning of Polyvinyalcohol at 32 kV, and b 43 kV (Courtesy
of David Lukas, Technical University of Liberec)
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Several types of rotating electrodes for free liquid surface electrospinning for
industrial machines have been developed (Fig. 8b). However, the drum type is still
one of the most productive.

Recent significant improvement of the production nozzle-less electrospinning
equipment, commercially available from Elmarco Company, is illustrated in
Figs. 9 and 10. The system uses stationary string electrodes supplied with polymer
solution by a proprietary moving ‘‘painting’’ head. This led to a dramatic decrease
of solvent evaporation during the process which has to be removed from the
exhaust air released from the machine. Also, the polymer solution concentration is
stable, enabling to continuously run the production process for long time, typically
more than 24 hours.

Fig. 8 a Free liquid surface electrospinning from a rotating electrode, and b various types of
spinning electrodes

Fig. 9 Photograph of production electrospinning heads inside NanospiderTM machine (2nd
generation). Four strings with upwards fiber jets. (Elmarco 2013)

10 S. Petrík



For many applications, especially bio-medical, the co-axial (core-shell) nanof-
ibers attract intense research interest recently. A single-needle laboratory apparatus
can be relatively simple, however, a more productive equipment development is
challenging. The researchers at the Technical University of Liberec (Czech
Republic) successfully demonstrated the nozzle-less co-axial electrospinning head
(Fig. 11) possessing the same advantages as NanospiderTM (Vyslouzilova et al.
2010). The same team works on development of a single-nanofiber production

Fig. 10 NanospiderTM production line NS 8S1600U by Elmarco (2013)

Fig. 11 Co-axial nozzle-less spinning head (a), single nanofiber drawing (b) (Courtesy of
D. Lukas, TU Liberec)
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system, which could provide unique nanofiber structures for special low-volume
applications, e.g. sensors (Tsai et al. 2011). Advantages and disadvantages of
nozzle and nozzle-less production are summarized in Table 1.

4 Alternate Technologies for Nanofibers

Research and development centers are very active in their efforts to further
improve productivity of the manufacturing process. Novel methods for the pro-
duction of sub-micron fibers are being developed. The individual methods can be
considered to be complementary rather than competing. This is especially true
with respect to the fiber diameter distribution and fiber layer uniformity.

Figure 12 shows the extrusion methods being developed by Hills Inc. (HILLS
Inc 2011). Dominant technique that Hills practices to produce nanofibers is done
using the Island-In-The-Sea (fibers within fibers) method. This method has the
capability of making a large number of fibers within a fiber. The Hills declare they
are able to spin up to 1,200 fibers within a single fiber. Using the same techniques,
these filament can be produced as hollow tubes.

Centrifugal forces for elongation of liquid polymer into thin fibers are used in
the approach developed by (Dauner et al. 2008), illustrated in Fig. 13. The pro-
ductivity of the process they claim is high (up to 1,000 cm3/m h), however, the
fiber diameter distribution and homogeneity of the deposited nanofiber layer is not
at the levels achieved by electrospinning.

Strong commercialization effort is shown recently by FibeRio Company (www.
fiberio.com), developing so called ‘‘force spinning’’ principle into an industrial
scale. The principle discovered at the University of Texas Pan American is based on
high-speed rotating spinneret depositing nanofibers on the radial collector (Fig. 14)

Table 1 Comparison of nozzle versus Nozzle-less electrospinning

Production variable Nozzle Nozzle-less

Mechanism Needle forces polymer downwards.
Drips and issues deposited in web

Polymer is held in bath, even
distribution is maintained on
electrode via rotation

Hydrostatic pressure Production variable–required to be
kept level across all needles in
process

None

Voltage 5–20 kV 30–120 kV
Taylor cone

separation
Defined mechanically by needle

distances
Nature self-optimizes distance

between Taylor cones
Polymer

concentration
Often 10 % of solution Often 20 % or more of solution

Fiber diameters 80, 100, 150, 200, 250 and higher.
Standard deviation likely to vary
over fiber length

80, 100, 150, 200, 250 and
higher.
Standard deviation of ±30 %
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(FibeRio 2013). The productivity of the process should be an order higher com-
pared to electrospinning. However, mechanical design of the equipment is much
more demanding (rotating parts at tens of thousands rpm, fed with liquid polymer).
Also, radial deposition of the produced nanofiber materials could be challenging
task for the applications, where continuous roll-to-roll deposition of thin layer to a
substrate is required, e.g. at the nanofiber filtration media production.

Fig. 12 Fibers made by extrusion methods (HILLS Inc 2011) (Courtesy of HILLS Inc.)

Fig. 13 Centrifugal spinning head (a) and a pilot production line by Dienes/Reiter (b) (Dauner
et al. 2008)
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Shear forces in a rotating liquid containing polymer droplets are the basis of
XanoShearTM method developed at North Carolina State University (Alargova
et al. 2004). The method is being commercialized by Xanofi Company (www.
xanofi.com), offering to the market several nanofiber materials (filtration media,
cell scaffolds, acoustic absorbents, etc.). Schematic of the equipment is in Fig. 15.
Liquid shear nanofabrication process is a novel method to prepare nanofibers by
subjecting polymer solution droplets to simultaneous shear and anti-solvent
induced precipitation in viscous liquid media. The typical lab scale process
involves creation of laminar shear in viscous media (glycerol + antisolvent) using
a shear impeller and injection of polymer solution droplets into it. During shear
process, the low interfacial tension between major component of viscous media i.e.

Fig. 14 Force SpinningTM technology by FibeRio: Schematic of the machine design (a), and
photograph of the Fiber Engine� FS1000 production line (b) (FibeRio 2013)

Fig. 15 Liquid shear nanofiber fabrication process (NCSU 2013)
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glycerol and polymer solution, leads to infinite stretching of polymer droplets into
proto fibers and simultaneous precipitation by anti-solvent component in viscous
media gives rise to solidified fibers of very thin diameter in the range 300–500 nm.

5 Conclusion

Individual production methods for nanofiber materials will likely find different
areas of application. More productive extrusion technologies compromise fiber
diameter and homogeneity and will likely be used in production cost sensitive
applications like hygiene nonwovens, while high quality electrospinning tech-
nologies will be used in products where their high added value and need for low
amounts of the material can be easily implemented (air and liquid filtration,
biomedicine)..

High-quality low-cost production of nanofiber layers is essential to support the
enormous amount of research results being obtained at many universities and
research centers. Some of the technologies (nozzle-less electrospinning, force
spinning, nano-meltblown) have matured to a level where large scale production
use is common, and can be modified for practically all known polymers soluble in
organic solvents and water, as well as for polymer melts. This opens commercial
opportunities for hundreds of ideas developed in the academic sphere.
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Magnetically Responsive (Nano)
Biocomposites

Ivo Šafařík, Kristýna Pospíšková, Kateřina Horská,
Zdeňka Maděrová and Mirka Šafaříková

Abstract Many biological materials have been successfully used in various areas
of bioscience, biotechnology and environmental technology applications. Bio-
logical materials are mainly diamagnetic, which means they do not interact sig-
nificantly with external magnetic field. Using various postmagnetization
procedures, biological materials can be converted into magnetically responsive
composite materials which can be efficiently separated using simple magnets or
magnetic separation systems. The prepared magnetic biocomposites can be used
for many applications, such as immobilization of target compounds, as parts of
biosensors, as whole cell biocatalysts or for magnetic removal and separation of
xenobiotics and biologically active compounds.
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1 Introduction

Magnetically responsive nano- and microparticles and related structures have
found many important applications in various areas of biosciences, medicine,
biotechnology and environmental technology (Safarik and Safarikova 2012;
Safarik et al. 2012d). Different types of responses of such materials to external
magnetic field enable their various applications, namely their selective separation,
targeting and localization using an external magnetic field (e.g. using an appro-
priate magnetic separator, permanent magnet, or electromagnet), heat generation
(which is caused by magnetic particles subjected to high frequency alternating
magnetic field), increase of a negative T2 contrast by magnetic iron oxides
nanoparticles during magnetic resonance imaging or great increase of apparent
viscosity of magnetorheological fluids when subjected to a magnetic field. In
addition, magnetite nanoparticles can exhibit peroxidase-like activity (Gao et al.
2007; Safarik et al. 2012d; Safarik and Safarikova 2012). Currently large amount
of various magnetic nano- and micromaterials can be obtained commercially.
Alternatively such materials are produced in research laboratories, using many
different basic principles (Laurent et al. 2008; Safarik et al. 2011a; Li et al. 2013).
Many research groups are involved in the fine tuning of procedures leading to the
production of homogeneous magnetic particles with defined size, structure, com-
position, coating etc. (Safarik et al. 2012d).

Different types of non-magnetic particulate materials including adsorbents,
catalysts, chromatography materials, carriers, microbial cells, waste biological
materials etc. are available. In many cases the application potential of these
materials could be improved by their modification leading to the formation of
magnetically responsive materials. Such a modification can substantially simplify
separation of magnetic materials from complex systems. So, in addition to the
main currently used strategies focused on specific preparation of target magnetic
structures, alternative strategies leading to the formation of interesting magneti-
cally responsive materials have been developed. These procedures are based on
postmagnetization of already existing diamagnetic (‘‘non-magnetic’’) or para-
magnetic (‘‘weakly’’ magnetic) particulate materials found in nature or prepared in
the laboratory or industry (Safarik et al. 2012d). The term ‘‘postmagnetization’’
and the whole process of magnetic modification of non-magnetic materials was
invented by Mosbach (Mosbach and Andersson 1977; Griffin et al. 1981) at the
end of 70s and beginning of 80s of the 20th century, when gel particles for column
affinity chromatography were magnetically modified using appropriate ferrofluid
(magnetic fluid); such a modification led to the preparation of magnetic derivatives
with unaltered biospecificity when applied to general ligand affinity chromatog-
raphy studies (Safarik et al. 2012d).

Postmagnetization usually leads to the formation of strongly magnetic com-
posite materials, where the ‘‘original’’ diamagnetic or paramagnetic structure is
responsible for biological, catalytic, carrier or adsorption function of the formed
composite, while magnetic label (most often in the form of magnetic iron oxides

18 I. Šafařík et al.



nano- and microparticles, which are usually deposited on the surface or within the
pores of treated materials) is responsible for the strong magnetic behavior of the
formed composite materials (Safarik and Safarikova 2009; Safarik et al. 2012d).
Alternatively non-magnetic materials can be modified by erbium ions which
preserve their exceptionally high atomic magnetic dipole moment in various
chemical structures (Zborowski et al. 1993) or by co-entrapment of nonmagnetic
and magnetic particles in a gel material (Al-Dujaili et al. 1979; Safarik et al.
2012a). Postmagnetization can be applied to a broad variety of inorganic materials
[e.g., clays (Bartonkova et al. 2007; Mockovciakova et al. 2010; Safarik et al.
2012b)], activated charcoal (Safarik et al. 1997, 2012a; Nakahira et al. 2007;
Schwickardi et al. 2006), synthetic polymer particles (Cumbal and SenGupta
2005), biopolymer particles (Griffin et al. 1981; Mosbach and Andersson 1977;
Torchilin et al. 1985), waste plant materials (Safarik et al. 2007a, 2011b, 2012c;
Safarik and Safarikova 2010; Tian et al. 2011; Pospiskova and Safarik 2013),
microbial cell walls (Patzak et al. 1997), whole microbial and algae cells (Safarik
et al. 2007b; Pospiskova et al. 2013; Safarikova et al. 2008, 2009; Prochazkova
et al. 2013) and many others.

Postmagnetization procedures can substantially increase the amount of useful
magnetically responsive materials and subsequently the amount of their important
applications in various areas of biosciences, biotechnology, food technology
(bio)analytical chemistry, environmental chemistry and technology, removal of
radionuclides, etc. (Safarik et al. 2012d).

As already mentioned, many different types of ‘‘non-magnetic’’ materials can
be converted into the magnetic form. Table 1 shows examples of described
postmagnetization procedures for the modification of inorganic materials, poly-
mers and carbon materials. In this chapter, the attention will be mainly paid to
postmagnetization of materials taken from living nature, namely plant derived
materials and both prokaryotic and eukaryotic cells. Magnetic derivatives of these
materials have been already successfully used e.g. as adsorbents for the removal of
both organic and inorganic xenobiotics, carriers for the immobilization of bio-
logically active compounds, whole cell biocatalysts and biosensor elements.
However, the potential of magnetically responsive biocomposites is substantially
greater.

2 Postmagnetization of Biomaterials

The ideal postmagnetization procedure should be cheap, easy-to-perform, scalable
and tunable, leading to a stable magnetic product, both in dry state and water
suspension. Preparation of magnetic derivatives of originally non-magnetic bio-
materials can follow selected procedures used already for the postmagnetization of
non-biological materials, as exemplified in Table 1. However, only selected pro-
cedures can be used for postmagnetization of biomaterials due to their specific
characters. One of the general approaches is based on suspending the treated
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materials in the solution of iron ions and after increase of pH and heating magnetic
iron oxides particles are formed, thus modifying the treated material (Safarik et al.
1997). More gentle modification procedures are usually based on the deposition of
pre-prepared magnetic iron oxides nano- or microparticles on the surface or within
the pores of the treated biomaterials (Safarik et al. 2007a; Safarik and Safarikova
2014). In addition, several other alternative procedures can also be employed, such
as covalent binding of magnetic particles to the treated materials (or vice versa,

Table 1 Examples of described postmagnetization procedures for the modification of inorganic
materials, polymers and carbon materials

Non-magnetic
material

Way of postmagnetization Reference

Activated carbon Impregnation of activated carbon with Fe(NO3)3

solution followed by drying at 90 �C and
heating to a temperature of 700 �C under
argon and benzene vapor

Schwickardi et al. (2006)

Bentonite A suspension of bentonite in water was mixed
with FeSO4, then KNO3 and KOH were
added, then mixture was heated up to 90 �C

Bartonkova et al. (2007)

Bentonite Precipitation of iron oxides from FeSO4 and
FeCl3 by NH4OH in the presence of bentonite
in nitrogen atmosphere, followed by drying at
70 �C

Mockovciakova et al.
(2010)

Carbon
nanotubes

Filling of carbon nanotubes with ferrofluid
followed by drying to leave deposited
magnetic nanoparticles

Korneva et al. (2005)

Carbon
nanotubes

Mixing of (NH4)2Fe(SO4)2 with hydrazine
followed by the addition of carbon
nanotubes, pH increase and heating

Li et al. (2010)

Charcoal Co-entrapment of charcoal and magnetite
particles in polyacrylamide gel

Al-Dujaili et al. (1979)

Charcoal Precipitation of magnetite from FeSO4 and
Fe2(SO4)3 by NaOH in the presence of
charcoal, followed by aging for 24 h and
heating at 473 K

Nakahira et al. (2007)

Charcoal Precipitation of iron oxides from FeSO4 and
FeCl3 by NaOH in the presence of charcoal,
followed by drying at 100 �C for 3 h

Oliveira et al. (2002)

Charcoal Precipitation of hydrated iron oxides from FeSO4

by NaOH in the presence of charcoal,
followed by heating to 100 �C for 1 h

Safarik et al. (1997)

Chromatography
gels

Circulation of water based ferrofluid through a
bed of chromatography gel

Mosbach and Andersson
(1977), Griffin et al.
(1981)

Montmorillonite One g of powder was thoroughly mixed in a
small beaker with 1 mL of water based
ferrofluid stabilized with perchloric acid.
This mixture was allowed to dry completely
at temperatures not exceeding 50 �C

Safarik et al. (2012b)
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depending on the size), cross-linking of cells, isolated cell walls or other bioma-
terials with a bifunctional reagent in the presence of magnetic particles, by the
biologically driven precipitation of paramagnetic compounds on the cell surface or
by biospecific binding of immunomagnetic particles to the target antibody con-
taining materials (especially cells). Also entrapment of the modified materials into
synthetic polymer, biopolymer or inorganic gels containing magnetic particles can
be employed, as well as labeling with erbium cation (Safarik and Safarikova 2007;
Safarik et al. 2011c, 2012d).

Recently, new and efficient postmagnetization procedures have been developed.
One of them employed water based magnetic fluid stabilized with perchloric acid,
which was directly mixed with material to be modified and dried completely. This
procedure is extremely simple and various biological, inorganic and polymer
materials have been successfully transferred into their magnetic derivatives
(Safarik et al. 2012b).

Another postmagnetization process is based on microwave irradiation of sus-
pensions containing the material to be modified and iron hydroxides (formed from
ferrous sulfate after increasing the pH to 10–12 by the addition of sodium
hydroxide); during the microwave treatment magnetic iron oxides nano- and mi-
croparticles are formed and subsequently bound on the surface of the treated
material. Using this procedure a large amount of materials has been postmagne-
tized (Safarik et al. 2013).

A very efficient modification of the microwave assisted postmagnetization
procedure enables to modify also heat- and pH- sensitive nonmagnetic materials.
At first magnetic iron oxides nano- and microparticles have been synthesized from
ferrous sulfate at high pH in a microwave oven. After their washing with water the
suspension of magnetic particles was mixed thoroughly with nonmagnetic material
to be modified. After complete drying stable magnetically responsive materials
have been formed. This procedure is extremely inexpensive, very simple, scalable
and tunable. Also rather sensitive biological materials including starch grains and
insoluble proteins particles have been successfully magnetized (Safarik and Sa-
farikova 2014).

2.1 Magnetic Modification of Non-living Biomaterials

A very simple procedure leading to the formation of postmagnetized materials has
been developed, using water based magnetic fluids (ferrofluids) as the modifying
agent. The most frequently used magnetic fluid (stabilized with perchloric acid)
can be prepared using the ‘‘classical’’ procedure developed by Massart (Massart
1981). This ferrofluid was usually composed of maghemite nanoparticles with the
diameter bellow 15 nm (Mosiniewicz-Szablewska et al. 2007, 2010) (Fig. 1). The
material to be modified was suspended in methanol and appropriate amount of
ferrofluid was then added. Magnetic iron oxide nanoparticles were deposited on
the surface of the treated materials after short mixing, both in the form of
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individual nanoparticles, or their aggregates (Mosiniewicz-Szablewska et al. 2007,
2010) (Fig. 2). Methanol-based procedure is especially useful for the treatment of
non-living or dead biological materials, like different types of lignocellulose
materials [e.g., sawdust (Safarik et al. 2007a), spent barley grains (Safarik et al.
2011b; Pospiskova and Safarik 2013), peanut husks (Safarik and Safarikova 2010)
or spent coffee grounds (Safarik et al. 2012c)]. However, other materials including
e.g. non-living microbial biomass or clays can be modified in this way, too.
Alternatively, acetate buffer was used as a suspending medium for magnetic
modification of both dead yeast cells (Safarik et al. 2007b; Safarikova et al. 2005)
(Fig. 3) and algae cells (Safarikova et al. 2008). The amount of magnetic iron
oxides nanoparticles deposited on the treated material surface can be influenced by
the amount of ferrofluid used. Detailed magnetic characteristics of ferrofluid
modified materials can be found elsewhere (Mosiniewicz-Szablewska et al. 2007,
2010). Direct magnetic modification with magnetic fluid (without the use of

Fig. 1 TEM image of
nanoparticles present in the
ferrofluid stabilized with
perchloric acid used for
postmagnetization of
biological materials
(bar = 200 nm).
Reproduced, with permission
from (Safarik et al. 2012d)

Fig. 2 Ultrathin section of
magnetic sawdust particle
observed in transmission
electron microscopy
(bar = 200 nm).
Reproduced, with permission,
from (Safarik et al. 2007a)

22 I. Šafařík et al.



methanol or a buffer) was used for magnetization of sawdust, spent tea leaves,
spent coffee grounds, spent barley grains, cellulose and starch (Safarik et al.
2012b).

As already described, microwave assisted modification was used for magneti-
zation of large amount of biomaterials, such as microcrystalline cellulose, sawdust,
spent tea leaves, spent coffee grounds, spent barley grains, powdered peanut husk
or dried marine algae, in addition to other inorganic and synthetic materials
(Safarik et al. 2013). The newest postmagnetization procedure employing micro-
wave synthesized magnetic iron oxides nano- and microparticles can be used for
magnetization of broad variety of materials, including sensitive biological mate-
rials (Safarik and Safarikova 2014).

2.2 Magnetic Modification of Living Biomaterials

Water-based ferrofluids have been successfully used to modify living microbial
cells in order to prepare magnetically responsive whole cell biocatalysts (Safar-
ikova et al. 2009), as shown in Fig. 4. Appropriate buffers had to be used to
maintain the viability of the treated cells. Stable magnetically responsive yeast cell
aggregates (Fig. 5) were formed when S. cerevisiae cells were mixed with mag-
netic iron oxides nano- and microparticles prepared by microwave assisted syn-
thesis from ferrous sulfate (Pospiskova et al. 2013). Alternative approaches were
based on the polyelectrolyte mediated deposition of magnetic iron oxides nano-
particles on the cell surface. S. cerevisiae yeast cells were coated with polyelec-
trolytes using alternating deposition of poly(allylamine hydrochloride) and
poly(sodium polystyrene sulfonate) layers on the cells surface followed by
deposition of non-coated magnetic nanoparticles (Fakhrullin et al. 2010a). In other
experiments magnetic iron oxides nanoparticles stabilized with poly(allylamine

Fig. 3 TEM picture of
magnetically modified dried
fodder yeast (Kluyveromyces
fragilis) cells
(bar = 200 nm).
Reproduced, with permission,
from (Safarik et al. 2007b)
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hydrochloride) were used to modify Chlorella pyrenoidosa cells (Fakhrullin et al.
2010b) and living human cells (Dzamukova et al. 2011). The same magnetic
nanoparticles were even used for magnetic modification of multicellular organ-
isms, namely soil nematode Caenorhabditis elegans (Minullina et al. 2011).

Specific target cells are usually magnetically modified using immunomagnetic
nano- or microparticles (Safarik and Safarikova 1999, 2012) (Fig. 6). This
approach enables to detect and magnetically label cells bearing target epitopes on
their surface and subsequently separate the labeled cells using flow-through or
batch magnetic separation. Many immunomagnetic particles are commercially
available, such as those used for the detection of microbial pathogenic bacteria

Fig. 4 Left SEM micrographs of ferrofluid modified Saccharomyces cerevisiae cells showing
attached magnetic nanoparticles and their aggregates on the cell surface (bars = 1 lm). Right
TEM micrographs of Saccharomyces cerevisiae cells (bars = 1 lm). Top Native cell. Bottom
Ferrofluid modified cell with attached magnetic iron oxide nanoparticles on the cell wall.
Reproduced, with permission, from (Safarikova et al. 2009)
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from Invitrogen, namely Dynabeads anti-Salmonella, Dynabeads anti-Escherichia
coli O157, Dynabeads EPEC/VTEC O26, Dynabeads EPEC/VTEC O103, Dyna-
beads EPEC/VTEC O111, Dynabeads EPEC/VTEC O145, Dynabeads anti-
Legionella and Dynabeads anti-Listeria. The same company also produces
immunomagnetic particles for the separation of parasitic protozoa, e.g. Cryptos-
poridium oocysts (Dynabeads anti-Cryptosporidium) and simultaneous separation
of Cryptosporidium oocysts and Giardia cysts (Dynabeads GC-Combo).

Different types of lectins, such as those produced from Triticum vulgaris and
Agaricus bisporus, or concanavalin A, were immobilized on magnetic micro-
spheres and used to magnetically label specific bacterial pathogens, such as E. coli.
Recovered cell populations were free from environmental impurities and a high
percentage of the culturable cells was extracted (Payne et al. 1993; Porter and
Pickup 1998; Porter et al. 1998).

Fig. 5 Optical microscopy of magnetic iron oxides microparticles prepared by microwave
assisted synthesis (a); process of magnetic modification of yeast cells (left tube—S. cerevisiae
cells suspension; middle tube—sedimented iron oxides microparticles for magnetic modification;
right tube—sedimented magnetically modified yeast cells) (b); optical microscopy of S. cerevi-
siae cells modified by iron oxides microparticles (c); magnetic separation of magnetically
modified yeast cells (d). Reproduced, with permission, from (Pospiskova et al. 2013)
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Magnetic (nano)particles with immobilized annexin V have been employed for
simple and efficient magnetic modification and subsequent separation of apoptotic
cells from normal culture. This procedure is based on the fact that annexin V is a
Ca2+-dependent phospholipids-binding protein with high affinity for negatively
charged phosphatidylserine (PS), which is redistributed from the inner to the outer
plasma membrane leaflet in apoptotic or dead cells. Once on the cell surface, PS
becomes available for binding to annexin V and any of its magnetic conjugates
(Makker et al. 2008; Dirican et al. 2008; Safarik and Safarikova 2012).

Mesenchymal stem cells (MSCs), which can differentiate into multiple meso-
dermal tissues, were magnetically labeled using cationic magnetoliposomes
(leading to the concentration of 20 pg of magnetite per cell) in order to enrich
them magnetically from bone marrow. The magnetoliposomes exhibited no tox-
icity against MSCs in proliferation and differentiation to osteoblasts and adipo-
cytes. During subsequent culture, substantially higher density of cells was
obtained, compared to culture prepared without magnetoliposome treatment (Ito
et al. 2004).

Superparamagnetic iron-oxide nanoparticles, such as MRI contrast agent
Endorem or dextran-based magnetic nanoparticles MicroBeads (Miltenyi Biotec)
have been used to label the stem cells. Nanoparticles can often be internalized by
cells during cultivation by endocytosis (Sykova and Jendelova 2005).

The alternative magnetization procedures are based on the entrapment of non-
magnetic materials into appropriate (bio)polymer gel matrix, together with mag-
netic nano- or microparticles. Such a procedure can be very mild, enabling
magnetic modification of living cells and subsequent employing their biological

Fig. 6 Electron microscopy of Legionella pneumophila bound to immunomagnetic beads
(Dynabeads My One Streptavidin (Invitrogen) with bound biotinylated polyclonal anti-Legionella
antibody). Reproduced, with permission, from (Reidt et al. 2011)
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activities. In a typical example magnetically responsive alginate beads containing
entrapped S. cerevisiae cells and magnetite microparticles were prepared (Safarik
et al. 2008). Larger beads (2–3 mm in diameter) were prepared by dropping the
mixture into calcium chloride solution, while microbeads (the diameter of majority
of particles ranged between 50 and 100 lm) were prepared using the water-in-oil
emulsification process (Fig. 7).

An exceptional magnetization procedure employed erbium chloride as a mag-
netic label of a variety of cells. Erbium ions have a high affinity for the external
cell surface and preserve their exceptionally high atomic magnetic dipole moment
(9.3 Bohr magnetons) in various chemical structures. Both Gram-positive and
-negative bacteria can be magnetically modified (Zborowski et al. 1993; Safarik
and Safarikova 2007).

3 Application of Magnetically Modified Biological
Materials

3.1 Magnetic Plant-Derived Materials

Plant-derived materials, such as sawdust, spent grains, spent coffee grounds, straw
etc. are typical representatives of low cost (sometimes even waste) materials orig-
inating from agricultural and food industries. Plant materials have been frequently
used as low-cost biosorbents for the removal of important organic and inorganic
xenobiotics (Srinivasan and Viraraghavan 2010; Volesky and Holan 1995).

Fig. 7 Magnetically
responsive alginate
microbeads containing
entrapped Saccharomyces
cerevisiae cells and magnetite
microparticles. The scale bar
corresponds to 50 lm.
Reproduced, with permission,
from (Safarik et al. 2008)
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Postmagnetization of such materials enables their simple magnetic manipulation
(Fig. 8) and subsequently the possible development of magnetic separation-based
technologies for xenobiotics removal (Safarik et al. 2011c, 2012d). Currently there
are only a few examples of magnetically responsive plant-based materials appli-
cable for xenobiotics removal. Especially, the adsorption of water soluble dyes was
studied. Plant materials, modified with water-based magnetic fluid stabilized with
perchloric acid or magnetized using a microwave assisted modification, was applied
in laboratory adsorption experiments. In most cases analytes adsorption followed
the Langmuir isotherm. This model allows calculating maximum adsorption
capacities which are very important parameters for evaluation of adsorbents prop-
erties. The maximum adsorption capacities of the developed materials often
exceeded values 100 mg of adsorbed dyes per one gram of magnetic biosorbent
which is fully comparable with other described non-magnetic biosorbents
(Srinivasan and Viraraghavan 2010; Safarik et al. 2011c, 2013).

3.2 Magnetically Modified Cells

Microbial cells, either in free or immobilized form, can be used for the precon-
centration or removal of metal ions, organic and inorganic xenobiotics or bio-
logically active compounds. Especially low cost biomaterials such as baker’s yeast

Fig. 8 Appearance of original lignocellulose suspension (left), suspension of lignocellulose after
magnetic modification (middle) and demonstration of magnetic separation of magnetically
modified lignocellulose (right)
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(Saccharomyces cerevisiae), fodder yeast (Kluyveromyces fragilis) and algae
Chlorella vulgaris are of special interest. The maximum adsorption capacities of
magnetically modified yeast and algae cells for dyes removal can reach very high
values, up to 430 mg of adsorbed dye per one gram of magnetic adsorbent (Safarik
et al. 2011c).

In addition to organic xenobiotics, magnetically modified microbial cells can be
efficiently used also for the removal of heavy metal ions, such as mercury (Yavuz
et al. 2006) and copper (Uzun et al. 2011) ions. Magnetic fodder yeast represents a
promising adsorbent which can be used to concentrate and separate Sr2+ ions from
liquid high level waste originating during spent fuels reprocessing in nuclear
power plants (Ji et al. 2010).

Magnetic modification of living microbial cells can lead to the formation of
magnetically responsive whole cell biocatalysts. Both direct modification of cell
walls with appropriate water-based magnetic fluids (Fig. 4), formation of cell
aggregates caused by magnetic iron oxides nano- and microparticles synthesized
from ferrous sulphate during microwave irradiation (Fig. 5) or target cells
entrapment into biocompatible (bio)polymer gels in the presence of magnetic
particles (Fig. 7) can be performed in a simple way (Safarikova et al. 2009;
Fakhrullin et al. 2010a; Safarik et al. 2008; Pospiskova et al. 2013). The intracel-
lular enzyme activities were not decreased substantially after the modification, as
shown by hydrogen peroxide degradation and sucrose hydrolysis by intracellular
enzymes catalase and invertase present in magnetically modified S. cerevisiae cells
(Safarikova et al. 2009; Safarik et al. 2008; Pospiskova et al. 2013).

Rhodococcus erythropolis IGST8 cells decorated with magnetic Fe3O4 nano-
particles (45–50 nm in diameter) were used for the biodesulfurization of diben-
zothiophene (DBT) and for the post-reaction separation of the bacteria from the
reaction mixture. It was found that the decorated cells had 56 % higher DBT
desulfurization compared to the undecorated cells. Based on the fact that the
nanoparticles enhanced membrane permeability of black lipid membranes, the
authors proposed that magnetic nanoparticles increased the permeability of the
bacterial membrane, thus facilitating the mass transport of the reactant and product
(Ansari et al. 2009).

Magnetically modified microbial and algae cells can be used as a part of bio-
sensor systems, both in microfluidics configuration (Fakhrullin et al. 2010a) and as
a part of screen printed electrodes (Zamaleeva et al. 2011); the cells can be used
for genotoxicity and cytotoxicity measurements and also for the determination of
herbicides such as atrazine and propazine.

Immunomagnetic separation is one of the most frequently used techniques for
magnetic modification and subsequent separation of target cells. This procedure is
very important e.g. for the isolation of stem or cancer cells. In microbiology and
parasitology area, detection of important microbial pathogens (e.g., Salmonella,
Legionella, Listeria monocytogenes, verocytotoxin-producing E. coli) and parasites

Magnetically Responsive (Nano) Biocomposites 29



(e.g., Cryptosporidium and Giardia) is of great importance. Detailed information
can be found in several review articles (Safarik and Safarikova 1999, 2012; Olsvik
et al. 1994; Safarik et al. 1995).

The cells magnetically labeled with appropriate magnetic biocompatible
nanoparticles enabled either their in vitro detection by staining for iron to produce
ferric ferrocyanide (Prussian blue), or in vivo detection using MRI visualization,
due to the selective shortening of T2-relaxation time, leading to a hypointense
(dark) signal. MRI can be used to evaluate the cells engraftment, the time course of
cell migration and their survival in the targeted tissue (Sykova and Jendelova
2005).

Magnetically labeled cells were successfully used for magnetic force-based
tissue engineering to develop functional substitutes for damaged tissues. Labeled
cells can be manipulated by using a magnet which enabled to seed labeled cells
onto a low-adhesive culture surface by using magnetic force to form a tissue
construct. Complex cell patterns (curved, parallel, or crossing motifs) can be
successfully fabricated from several cell types. Magnetically labeled keratinocytes
were accumulated using a magnet, and stratification was promoted by a magnetic
force to form a sheet-like 3D construct (Ino et al. 2007). An excellent review
describing various aspects of magnetic tissue engineering was published recently
(Ito and Kamihira 2011).

4 Future Trends

Described examples of postmagnetization of non-magnetic biological materials
represent just selected collection of many diverse magnetically responsive mate-
rials which can be prepared from enormous amount of ‘‘non-magnetic’’ precursors,
both from biology and non-biology area. Several new, efficient procedures for
postmagnetization have been described recently (Safarik et al. 2012b, 2013;
Safarik and Safarikova 2014) which will enable to use really inexpensive materials
and precursors, as well as simple technologies to magnetically modify broad range
of materials.

Besides the already described utilizations, many other applications can be found
in the future. Some magnetically modified plant materials could become very
interesting carriers for immobilization of broad range of enzymes. Recently,
technically important enzymes were immobilized on magnetic spent grain
(Pospiskova and Safarik 2013) and other magnetic lignocellulose materials
(Safarik et al. 2013). At least some of these materials can find interesting appli-
cations in food industry. Magnetic spent grain, which originates as a by-product of
beer industry, is an excellent example of highly food-technology compatible
magnetic carrier prepared by simple modification of the raw waste material
(Safarik et al. 2012d).
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5 Conclusions

Different types of biological materials, including by-products from food and
agricultural industries, living and dead prokaryotic and eukaryotic cells and even
multicellular organisms, can be successfully magnetized and subsequently utilized
for many interesting applications, such as biosorbents for xenobiotics and bio-
logically active compounds separation and removal, carriers for target compounds
immobilization, whole cell biocatalysts and parts of sensing systems. Conversion
of these originally ‘‘non-magnetic’’ biological materials into ‘‘smart materials’’
exhibiting response to external magnetic field may be one of the possible ways
how to improve applicability of these materials, enabling their selective magnetic
separation from difficult-to-handle systems. Of course, the same basic principles
can be used for postmagnetization of many other materials, including inorganic
and organic adsorbents and carriers, and other materials with interesting properties
(Safarik et al. 2012d).

Despite the fact, that currently magnetically responsive biocomposites are
tested mainly in laboratory experiments, there is a great potential for their large-
scale applications in the near future. Postmagnetization of appropriate ‘‘non-
magnetic’’ materials and formation of smart magnetically responsive materials will
become a very useful tool for both laboratory and large scale applications. The list
of available magnetic materials can increase dramatically in the near future which
can lead to broader application of magnetic techniques.
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Zwitterionic Nanocarriers for Gene
Delivery

Yu-Ju Shih, Ching-Wei Tsai, Lemmuel L. Tayo and Yung Chang

Abstract ‘‘Gene therapy’’ is studied for its potential in modifying the genetic
information of an organism and to treat cancerous, cardiovascular, neurological,
and infectious diseases. A key limitation in the current development of human
gene therapy is the lack of safe, efficient, and controllable gene delivery methods.
Hundreds of clinical trials in human gene therapy have been approved worldwide
since the 1980s but is met with only a small number of successes. This review
discusses the hurdles and hopes of zwitterionic polybetaines in molecular cargo
formulation of multi-functional gene nanocarriers.

Keywords Gene delivery �Hemocompatible gene carrier �Zwitterionic polymers �
Zwitterionic nanocarriers
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PS Phosphatidylserine
PC Phosphorylcholine
PAA Poly (acrylic acid)
PDMAEMA Poly(2-dimethylamino)ethyl methacrylate
PBMA Poly(butyl methacrylate)
PCBMA Poly(carboxybetaine methacrylate)
PEG Poly(ethylene glycol)
PLL Poly(L-lysine)
PSD Poly(methacryloyl sulfadimethoxine)
PMB Poly(MPC-co-BMA)
PHEMA Poly(N-(2-hydroxpropyl)methacrylamide)
PPO Poly(propylene oxide)
PSBMA Poly(sulfobetaine methacrylate)
PEI Polyethyleneimine
PZ Polyzwitterions
RES Reticuloendothelial system
R9 Nona-arginine peptide
SAMs Self-assembled Monolayers
SCID Severe combined immunodeficiency
siRNA Small interfering RNA
SBMA Sulfobetaine methacrylate
SPR Surface plasmon resonance

1 Introduction: Gene Therapy and Gene Delivery

Gene therapy is a bio-technique to cure a disease or improve the clinical status of
the patient by the insertion, alteration, or deletion of specific genes by transferring
genetic material to the specific cells or tissues. In 1990, the first case of gene
therapy was conducted on a four-year old girl, Ashanti DeSilva, for treatment of
severe combined immunodeficiency (SCID) with lack of adenosine deaminase
(ADA) (Culver et al. 1991). Dr. William French Anderson inserted a normal copy
of ADA gene into T cells collected from Ashanti’s body, then the modified T cells
were injected back into her body to minimize her syndrome. The repeating
treatments normalized the number of T cells in her body but fail to generate new
cells with functional genes. In short, the therapy did not yield a complete cure for
Ashanti, but it helped mitigate the deficiency. While gene therapies were met with
such successful in clinical trials, real cure via gene therapy remained elusive
throughout the 1990s. Until now, trials to treat certain diseases, such as HIV
infection, various cancers, Alzheimer’s and Parkinson’s disease, are still being
continued (Ginn et al. 2013).
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An important milestone in the field of gene therapy was achieved, when human
genome sequence was fully identified in April 2003; however, many aspects of
gene regulation are still poorly understood, such as the patient inflammation and
immune responses. Another challenge faced by current gene therapy is the absence
of satisfying transfer technologies. Here, we focus on the means to construct an
efficient delivery system for gene transfection. On a basic level, gene delivery
systems are composed of two major parts, the target gene (genetic cargo) and the
delivering carrier (genetic shuttle). The target genes include plasmid DNA, oligos,
and small interfering RNA (siRNA), and gene delivery carriers for gene therapy,
such as transformed viral carriers, can deliver the genetic cargo into the target cells
(Ushitora et al. 2010). The most commonly used DNA virus vector is the ade-
novirus (Vorburger and Hunt 2002), and it is the first gene therapeutic medicine
(the recombined human p53 adenovirus injection) approved by China State Food
and Drug Administration in 2004 (Lane et al. 2010). Although virus-based vector
systems can effective deliver target genes into cells, the present viral vectors
should be used with caution in human clinical trials and alternative non-viral based
vectors should be developed to reduce the risks from viral based gene transfection.

Various types of non-viral based transfection technologies have been developed
by scientists over time (Schenborn 2000; Guo and Huang 2012; Jafari et al. 2012;
Fields et al. 2012), for instance, calcium phosphate transfection, lipid-mediated
transfection (Allon et al. 2012), cell penetrating peptide-mediated transfection
(Trabulo et al. 2010; Wang et al. 2011), cationic polymer transfection (Oliveira
et al. 2010; Wong et al. 2011), etc. Non-viral transfection vectors are typically
based on cationic lipids, peptides, or polymers which can form nano-complexes
with particle size around 100 nm with the negatively charged nucleic acids (Guo
and Huang 2012). The net charge of these nano-complex gene delivery systems are
generally positively charged for improving the adsorption efficiency of the gene
carriers toward the cell surfaces. The gene delivery systems can also be con-
structed through covalent conjugation or encapsulation.

In general, the delivery process has the following characteristic stages
(1) circulating through the living body, (2) targeting of specific cell, (3) translocating
into target cells and releasing of genetic cargo into the cell (Shoji and Nakashima
2004; Gao et al. 2007). To ensure the efficiency of the gene therapy, the gene
delivery system should first be stable during the circulation stage and avoid
adsorption of serum proteins, protease digestion, immune response, and renal
clearance. PEGylation and zwitterionization of the cationic non-viral vectors can
minimize the interaction of the genetic shuttle with blood components, reducing
kidney filtration and reduce cytotoxicity (Park et al. 2006; Sinclair et al. 2013;
Somasundaran et al. 2002). Secondly, the gene delivery system should be able to
reduce adverse effects from targeted delivery to malignance tissue by involving the
targeting domain, such as antibody, aptamer, specific cleavable peptide sequence, or
environmentally sensitive moieties (Guo and Huang 2012; Wilner et al. 2012;
Endsley and Ho 2012; Vessillier et al. 2012). Targeted delivery can also increase the
probability and efficiency of the gene transfection towards targeted cells. Thirdly,
the gene delivery system should assist with gene settles in entering cells and
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releasing the gene cargo after entering the cells. The initial stage of the genetic cargo
delivery is dominated by two major transfection pathways. Endocytosis is one of
these pathways and is usually energy-dependent or receptor-mediated. The well-
known CPPs polyarginine peptide (R9), penetratin peptide, polyethyleneimine
(PEI), and PEI derivatives internalize the DNA plasmid into cell via this endocytic
pathway (Duchardt et al. 2007; Tian et al. 2012; Walrant et al. 2012). The trans-
fection efficiency is, however, strongly affected by the entrapment of the ‘‘cargo’’
(DNA or RNA) in endosomes. Proton-sponge effect was introduced to mediate the
ability of cationic polymers to escape from early endosomes. The PEI polymers can
lead to an increase in proton influx followed by an enhanced accumulation of
chloride ions and osmotic swelling, which is mainly attributed to its strong buffering
capacity in the pH range from 5 to 7 (Nguyen and Szoka 2012). Furthermore, an
extension of the proton-sponge effect involves the structure change of cationic
polymers (such as polyamidoamine dendrimers) in endosome, where the gene
delivery systems enters an extended structure from a collapsed state after the pro-
tonation of the amine groups with decreasing pH (Maingi et al. 2012). The elec-
trostatic repulsion between intra-polymer chains which cause the extended polymer
structure is referred to as the ‘‘umbrella effect,’’ and structural changes leading to an
increase in volume after protonation is considered optimal because of the mediation
of superior transfection efficiency. The other pathway that affects the initial stages of
the genetic cargo delivery is the direct penetration pathway, which is the energy-
independent internalization for cargo into cell (Bode et al. 2012), and this pathway
can easily avoid the problem of endosomal escapes.

The high cytotoxicity and low transfection efficiency are still major problems
with non-virus based vectors today. Recently, multi-function and multi-purposed
gene delivery systems were developed with high circulation stability, cell specific
targeting, and facilitates endosomal escape for application in gene therapy
via nano-device (nanoparticles, layer by layer nanoparticles, and liposomes)
(Jabr-Milane et al. 2008; Akita et al. 2009). Such strategies can not only avoid
problems of biostability, cytotoxicity, and non-specific binding, but also facilitate
targeted delivery and nucleic acids release of the gene delivery systems within the
cell. Therefore, the multifunctional non-viral vectors may potentially be the next
generation gene delivery systems for applying gene therapy in clinical trials.

2 Zwitterionic Polybetaines: General Formulation

A fundamental understanding of nonfouling polymers’ resistance towards the
adsorption of plasma proteins and the adhesion of blood cells is highly desirable
and critically important in the development of blood-contacting biomaterials in
various applications, such as blood collection devices, antithrombogenic implants,
hemodialysis membranes, drug-delivery carriers, diagnostic biosensors, and
membrane bioseparation (Ratner 2000). The interactions of clotting factors,
plasma proteins, and platelets with blood-contacting materials strongly affect the
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thrombotic reaction induced by intrinsic surface contact (Horbett 1993). To
minimize the thrombogenicity of biomaterials, heparinized materials are often
coated on the surfaces of blood-contacting devices or containers to prolong blood
clotting time (Olsson et al. 2000; Han and Park 1995; Turk et al. 2004). Non-
specific adsorption of proteins such as fibrinogen and clotting enzymes is the first
interaction event to induce a full-scale platelet adhesion and activation leading to
thrombosis and embolism at the blood-material interface. Hence, protein-resistant
surfaces have been widely investigated in order to eliminate blood clot formation
(Zhang et al. 2008a; Chang et al. 2010), and the retention of bound water mole-
cules surrounding the functional groups of the material interfaces is now recog-
nized to play a key role in surface resistance to nonspecific protein adsorption
(Kane et al. 2003; He et al. 2008). Thus, to suppress nonspecific protein adsorption
onto biomaterials, many studies have been carried out on surfaces grafted with
poly(ethylene glycol) (PEG) (Chang et al. 2009a, 2011). PEGylated polymers,
however, are chemically unstable in the presence of oxygen and transition-metal
ions found in most biochemical solutions. Furthermore, it was demonstrated that
surfaces grafted PEG brushes lose their protein repulsive properties at physio-
logical temperatures. In this regard, it is of great advantage to have alternative
nonfouling material system beyond PEG. Zwitterionic polybetaines have received
growing attention for their use as blood-inert polymers because of their excellent
inhibition in plasma protein adsorption, blood platelet adhesion and activation, and
thrombus formation in vitro (Iwasaki and Ishihara 2005; Chen and Jiang 2008;
Jiang and Cao 2010). A general characteristic of zwitterionic polymers, including
polyphosphobetaine, polysulfobetaine and polycarboxylbetaine, is the cationic and
anionic charged moieties on the same side chain and the overall charge neutrality
(Ishihara et al. 1992; Nakabayashi and Williams 2003; Feng et al. 2006; Chang
et al. 2006; Ladd et al. 2008).

In recent years, there has been a renewal of interest in the unique nonbiofouling
properties of zwitterionic polymers (Georgiev et al. 2006), due to an osmotic
control through the antipolyelectrolyte effect (APE). Polyzwitterions (PZ) are able
to resist protein adsorption and prevent cell adhesion because of their hydrophi-
licity and the dipoles-dipoles moments between phospholipids and sulfobetaines
side groups. Another possible reason is the higher value of the concentration ratio
between ‘‘free water’’ and ‘‘bound water’’ in zwitterionic polymer-based aqueous
solutions and hydrogels compared to that of other hydrophilic polymers (Georgiev
et al. 2006). Whitesides et al. used Surface Plasmon Resonance spectroscopy
(SPR) and Self-Assembled Monolayers (SAMs) of alkanethiols on gold to evaluate
the ability to resist the nonspecific adsorption of proteins from aqueous buffer of
surfaces functionalized with different combinations of charged groups (Prime and
Whitesides 1993; Holmlin et al. 2001). Whether composed of zwitterionic mixed
charge SAMs or zwitterionic SAMs formed by a single-component, the surface
can effectively resist the protein adsorption as long as it is electrically neutral. On
the other hand, all positively or all negatively charged surfaces from SAMs cannot
resist proteins adsorb on the surfaces. From this result, we can anticipate an
effective design of an antifouling surface from the use of zwitterionic polymers,
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mimicking the behavior of zwitterionic phospholipids or mixed charge SAMs
composed by positive and negative moieties. In 2001, Whitesides’ group came up
with four basic principles, regarding the chemical structures, for the design of
general antifouling formulation (1) hydrophilic, (2) hydrogen-bond acceptor,
(3) no hydrogen-bond donor, and (4) electrically neutral.

In 1972, Singer and Nicolson have proposed the well-known fluid mosaic
model of the cell membrane structure, enabling a satisfactory understanding of
how biological systems work (Singer and Nicolson 1972). The highly polar region
is in contact with the aqueous phase at the outside surface of the cell membrane
while the nonpolar region is embedded in the hydrophobic domain at the inside of
the cell membrane. According to phenomenon of cell membrane and natural bio-
inert theory, scientists began to develop zwitterionic anti-fouling materials. Zwaal
et al. reported that the inner membrane of red blood cells caused thrombogenic,
while the outer layer is not. The explanation proposed was that the lipid compo-
nents constituting the outside surface of a cell membrane are mainly zwitterionic
phospholipids (like phosphorylcholine, PC), but the inside components are nega-
tively charged components (like phosphatidylserine, PS). Nakabayashi then
explored new monomer formulation of methacryloyloxyethyl phosphorylcholine
(MPC). Over past three decades, several approaches have been used to prepare a
wide variety of zwitterionic material forms, including SAMs, brushes, networks,
hydrogels, polymers, micelles, nano-particels, and nano-carriers.

In 1990, Ishihara et al. improved the MPC polymerization by increasing the
yield with a monomer of high purity taken as a white crystalline powder, thus
enabling the development of synthetic MPC biomaterials (Olsson et al. 2000;
Zhang et al. 2008b). MPC structure is composed by a methacrylate and PC head
groups, as shown Fig. 1. The MPC polymerization can be well controlled in terms
of chain length and molecular weight distribution by free radical polymerization.
For example, the copolymer poly(MPC-co-BMA) (PMB) has been synthesized
from MPC and n-butyl methacrylate (BMA) monomer (Georgiev et al. 2006).
Since Nakabayashi and Ishihara et al. have improved MPC polymerization, it has
been widely used in the medical field, such as biochips, contact lenses, hemo-
compatible devices or urinary-related medical materials.

An early study of biomimetic materials was inspired by lipid research from natural
cell membranes. Chapman et al. synthesized stable phosphatidylcholine (DAPC)
structure from free radical attack on a triple bond between molecules via UV or gamma
ray irradiation (Lewis 2000). In 2003, Prof. Lloyd research group designed phos-
phorylcholine (PC)-based polymers for use in a variety of medical device applications
to improve biocompatibility (Long et al. 2003). Poly(butyl methacrylate) (PBMA) and
2-methacryloyloxyethyl phosphorylcholine-co-lauryl methacrylate (MPC-co-LMA2)
copolymer were spin-coated onto glass coverslips. Results showed that the adsorption
of fibrinogen and albumin and the adhesion of human mononuclear cells and rabbit
corneal epithelial cells decreases as the amount of MPC-co-LMA2 increased. In 2004,
Armes’ research group design a novel 2-(dimethylamino)ethyl methacrylate-block-2-
(methacryloyloxyethyl phosphorylcholine) (DMAEMA–MPC) diblock copolymer as
a new non-viral vector for gene delivery (Lam et al. 2004).
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However, MPC has some disadvantages such as the rather complicated syn-
thesis and high costs due to low yields. The other type of zwitterionic polymers
which applied in antifouling field have been explored. In 2001, whiteside et al.
demonstrated antifouling property of sulfobetaine-based self-assemble monolayer
on the gold surface via surface plasmon resonance studies (Prime and Whitesides
1993). Sulfobetaine methacrylate (SBMA) exist a zwitterionic foumulation of
electrically neutral monomer, as shown in Fig. 2. Poly(sulfobetaine methacrylate)
(PSBMA), with a methacrylate main chain and an analogue of the taurine betaine
as the pendant group (CH2CH2N+(CH3)2CH2CH2CH2SO3

-), has become the most
widely studied zwitterionic polymer owing to its ease of synthetic preparation.

In 2006, a well-defined diblock copolymer of poly(sulfobetaine methacrylate)
(PSBMA) and poly(propylene oxide) (PPO) was synthesized by the sequential
addition of SBMA monomer to fixed amounts of PPO using an atom transfer
radical polymerization method and varying poly(SBMA) lengths (Chang et al.
2006). These copolymers were physically adsorbed onto a SPR sensor surface
covered by methyl-terminated self-assembled monolayers, followed by the in situ
evaluation of protein adsorption on the adsorbed copolymers. It was found that the
behavior of the protein adsorption depends on the molecular weight of the
copolymers. Results show that the diblock copolymers containing PSBMA can be
highly protein resistant when surface SBMA densities are well controlled. In 2008,
Prof. Jiang’s group synthesized linear PSBMA homopolymer with an average
molecular weight ranging from 20.9 to 316 kDa, via free radical polymerization at
different KCl concentrations (Zhang et al. 2008b). In 2009, Chang et al. synthe-
sized statistical copolymers of zwitterionic SBMA and nonionic N-isopropylac-
rylamide (NIPAAm) as smart biomaterial which exhibits property of double
critical solution temperature (CST). In the copolymer containing 29 mol% of
PSBMA had a double critical solution temperature (CST) showed extremely low
protein adsorption and high anticoagulant activity in human blood and plasma. The
tunable and switchable thermoresponsive phase behavior of poly(SBMA-
co-NIPAAm), as well as its high plasma protein adsorption resistance and anti-
coagulant activity, suggests a potential for blood-contacting applications (Chang
et al. 2009b). In 2010, Chang et al. showed the perfect hemocompatible nature of
polysulfobetaines in 100 % plasma solutions (Shih and Chang 2010). It is due to
zwitterionic polysulfobetaines generate a tightly bound, structured water layer
around the betaine head groups via electrostatically induced hydration.

Fig. 1 The monomer
structure of 2-
methacryloyloxyethyl
phosphorylcholine (MPC)
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The third type of zwitterionic monomer is carboxybetaine (CBMA), as shown
in Fig. 3. In recent years, Jiang’s group found that zwitterionic CBMA performed
a very good antifouling property comparable to SBMA. The CBMA containing
carboxylic acid structure may even couple with biorecognition. The pendent group
of carboxylic acid can be easily converted into other functional groups (Gao et al.
2010a). In 2010, Jiang’s group prepared a biomimetic polymer with two zwit-
terionic poly(carboxybetaine methacrylate) (PCBMA) arms for ultra-low fouling
and two adhesive catechol groups for surface anchoring. Then the carboxybetaine-
based polymer was binded onto gold surfaces for the antifouling properties and
evaluated using a SPR sensor. Under optimized conditions, the surface modified
by PCBMA can highly resist non-specific protein adsorption. In 2012, Krishnan
group prepared two different zwitterionic block copolymers (BCs) of polystyrene-
block-poly[N-(3-dimethylamino-1-propyl) acrylamide], which function as stable,
low-fouling surface modifiers in different biological environments (Wu et al.
2012). In 2012, Kitano group synthesized a random copolymer of zwitterionic
monomer, CBMA and 3-methacryloyloxypropyl trimethoxysilane (MPTMS) in
ethanol using 2, 2-azobisisobutyronitrile as an initiator (Suzuki et al. 2012). It was
found that the copolymer-modified glass substrate became highly hydrophilic upon
immersion in water, and showed resistance towards non-specific protein adsorp-
tion. The adhesion of various cells to the glass substrate was also strongly sup-
pressed by the surface grafted PCBMA layer.

3 Multi-functional Gene Nanocarriers: Zwitterionic Cargo
Design

Nowadays, several strategies are employed to address the limitations of cationic
polymer vectors and to improve the gene transfection efficiencies (Haag and Kratz
2006; Wu et al. 2013; Tamura et al. 2010; Venkataraman et al. 2011; Jewell and
Lynn 2008). Multifunctional nanoparticle gene carriers are now being developed
to achieve excellent transfection efficiencies, and at the same time, enhance cell-
specific targeting, increase cytocompatibilities, and improve other functional
properties which are beneficial to the host. Aside from subtherapeutic transfection
efficiencies, the issue of biocompatibility is one of the biggest challenges in the
development of non-viral gene delivery systems. The current design criteria for
biocompatibility in gene delivery system require both the stability of the gene

Fig. 2 Chemical structure of
sulfobetaine methacrylate,
SBMA
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delivery particles as well as minimizing their cytotoxicity. Clinical findings have
shown that cationic gene carriers can interact with blood components and other
polyplexes which form embolytic entities, activate the complement system and
cleared by the reticuloendothelial system. These consequences may eventually
lead to premature elimination of the gene carriers and prevent the successful
delivery of the therapeutic gene to its proper destination. Therefore, synthetic gene
carriers should possess a multitude of functions to address the important issues in
non-viral gene delivery (Venkataraman et al. 2011; Jewell and Lynn 2008; Ke and
Young 2010; Sethuraman et al. 2006; Wong et al. 2007).

Multi-layering of polyplexes is one of the current approaches employed to
attain multifunctional gene carriers with good transfection results, low cellular
toxicity, and enhanced DNA stability. These nanoparticle gene carriers can be
constructed either by layer-by-layer deposition using alternate polyanion and
polycation to form tertiary and quaternary polyplexes or by encapsulation of the
polycation-DNA binary polyplexes. In a recent study conducted by Ke et al.,
quaternary polyplexes were prepared by the sequential addition of polycations
(polyethylenimine (PEI) or poly(N-(8-aminooctyl)-acrylamide) (P8Am)) for
loading plasmid DNA into the core polyplexes and poly (acrylic acid) (PAA) for
reversing charges to deposit additional polycation (PEI or P8Am) layer. It was
found the cytotoxicity and cellular uptake of PEI core polyplexes were improved
by coating a cell uptake-favorable P8Am layer. On the other hand, P8Am could
not facilitate endosomal release through the proposed proton sponge effect so the
PEI core was required for the P8Am-coated quaternary polyplexes to ensure
efficient gene transfection results (Sethuraman et al. 2006; Wong et al. 2007).

Multi-functional properties of gene carriers can also be achieved by combining
the properties of different polymers via copolymerization. Through there are several
designs and arrangements available for copolymers, a compromise must be made
between transfection efficiencies and cytocompatibilities. Several studies have
utilized polyethylene glycol (PEG) as one of the components of block copolymers
alongside with PEI and other polycations to enhance biocompatibility and increase
anti-fouling effects of proteins. The incorporated PEG in gene nanocarriers can
reduce the surface charge density of the polycations, hence lowering the cytotoxicity
of the polymer/DNA complexes. Cationic vector-based delivery of DNA is gener-
ally complicated by interactions of the positively charged nanoparticles and serum
proteins. The shielding effect and anti-fouling properties of PEG can reduce
unwanted interactions, and thus, improve colloidal stability and prolong circulation
time in the blood stream. More recently, zwitterionic polymers containing the
pendant groups of phosphobetaine, sulfobetaine, and carboxybetaine have received

Fig. 3 Chemical structure of
carboxybetaine methacrylate,
CBMA
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a growing attention for use in the new generation of nonfouling materials because of
their excellent protein resistance and have been explored for potential use as a
nonfouling surface material in various biomedical applications. Both the cationic
and anionic functional groups in these polymers prevent unwanted interactions with
cells and other cellular components in living organisms. This general principle has
become a reliable guide line in new molecular designs of nonfouling polymers with
plasma protein resistance in human blood which may be of great potential in the
development of biocompatible gene nanocarriers. These polymers have potential
merits as components of non-viral gene carriers because of their ability to behave as
biomimetic surfaces and to prevent blood clot or thrombus formation, inhibit
hemolysis, and prolong circulation time of the gene carrier polyplexes in the bio-
logical system. Several studies have now utilized zwitterionic polymers such as
polysulfobetaine and polycarboxybetaine in the preparation of the copolymer
components of gene nanocarriers to enhance serum stability, increase gene trans-
fection efficiency, and decrease cytotoxicity (Ke and Young 2010; Agarwal et al.
2012; Chan et al. 2007, 2008; Gaur et al. 2000; Griffiths 1991; Dai and Liu 2011;
Kunath et al. 2003; Layman et al. 2009).

Another important target for multifunctional gene nanocarriers is its specific
delivery of therapeutic gene cargo to cancer cells. An interesting aspect discovered
in tumor physiology is that the pH of the extracellular matrix of cancer cells are
relatively low compare to that of normal body pH. The acidic environment arises
from the high metabolic rate of cancer cells, which leads to the production of excess
lactic acid under hypoxic conditions. Consistent results over the last decades, using
chemical and electrical probes, have demonstrated an acidic phenotype in the
extracellular matrix of these malignant neoplasms. These results have motivated
researchers to develop pH sensitive nanoparticles which would shield the polymer/
DNA complex during systemic circulation and selectively deliver their therapeutic
gene at tumor sites. In 2006, Sethuraman et al. (2006) has reported the use of a pH
responsive sulfonamide/polyethylenimine (PEI) nanoparticles for tumor specific
gene delivery. The shielding/deshielding of the nanoparticles were tested in vitro
along with cell viability and transfection efficiency at normal physiological and
tumor pH. The nanoparticles composed of DNA/PEI/PSD-b-PEG exhibited low
cytotoxicity and low transfection efficiency at pH 7.4 due to shielding of PEI by
PSD-b-PEG. At pH 6.6, the nanoparticles demonstrated high cytotoxicity and
transfection, indicating PSD-b-PEG detachment from the nanoparticles which
permits the PEI to interact with the target cells. The design of the PSD-b-PEG
nanocarrier is able to discern the small difference in pH between normal and tumor
tissues, and hence, has remarkable potential in drug targeting to tumor areas
(Sethuraman et al. 2006; Agarwal et al. 2012; Griffiths 1991).

Copolymerization of zwitterionic segments with other stimuli-responsive
moieties would be an important breakthrough in the development and design of
multifunctional gene nanocarriers in order to achieve good transfection, increase
hemocompatibility, and enhance cell-specific targeting in in vitro, in vivo, and
clinical studies.
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4 Zwitterionic Gene Nanocarriers in Human Whole Blood

In clinical gene therapy, ideal vectors would be administered through a noninvasive
route, transducing only the desired cells within the target tissue. The basic challenge
in gene therapy is the design of gene delivery nanocarriers that can control the
expression of the transgene products at a therapeutic level and regulate the
expression of these gene products for a defined period of time. While viral vectors
show higher gene delivery efficiency than non-viral vectors, the later is more suitable
in clinical trials for safety issues, such as cell toxicity and immune response. Con-
sequently, the development of non-viral nanocarriers is one of the current trends. As
we know so far, effective gene therapy vectors should have the following functions
(1) carry nucleic acids into cells, (2) protect nucleic acids from decomposition by
enzymes, (3) low cell toxicity, and (4) extend expression of transgenes. Most studies
focused on the transfer efficiency, such as poly(L-lysine) (PLL) (Murray et al. 2001;
Schwarzenberger et al. 2001), poly(ethylenimine) (PEI) (Gao et al. 2010b) and
poly(2-dimethylamino)ethyl methacrylate (PDMAEMA) (Jones et al. 2004; Takeda
et al. 2004) to form the polyelectrolyte complexes with DNA through in vivo charge-
driven attraction. In human body, the complexes of DNA/polyelectrolyte, named
polyplexes, are rapidly engulfed (phagocytosis) by cells of reticuloendothelial
system (RES), because of aggregation, activation, immunisation and opsonization
(Funhoff et al. 2005). Thus, it is important to prolong the circulation time as much as
possible to ensure the carrier reaches the specific tissue or cell target. Previous works
reported hydrophilic non-ionic polymers such as poly(ethylene glycol) (PEG) or
poly(N-(2-hydroxpropyl)methacrylamide) (PHEMA) (Maysinger et al. 1995; Naeye
et al. 2010) combined with cationic polymers to form polyplexes with DNA. With
this design, it is possible to control the aggregation stage. On the other hand, some
reports showed other designs of gene carriers from phosphorylcholine (PC) head
groups based zwitterionic polymers. Based on the blood-inert nature of zwitterionic
formulation, zwitterionic-shielded carriers might provide longer circulation time
than PEGylated carriers in human body. Lam et al. prepared a new non-viral vector
for gene delivery from DMAEMA-b-MPC diblock copolymer. The complexes with
optimized copolymer shielding were found to prevent promiscuous interactions with
tissues and potentially allowing for cellular specific delivery of the condensates
following the attachment of a targeting ligand. This work indicated that the zwit-
terionic MPC-shieded carrier plays an important role in the controlled interactions
with biological membranes.

In general, typical polymer-based gene carriers might trigger a series of bio-
logical reactions with human blood. The plasma protein adsorption, platelet
adhesion, platelet aggregation, platelet deformation, and blood coagulation may be
initiated from the carrier-blood contacting interface. In the following stages, the
activated process ends up with blood clots and strongly damaged the human body.
Thus, it is challenging to design a hemocompatible gene carrier. Three major
concerns in carrier formulation design should be considered (1) maintain a normal
function in the blood circulation without negative side effects, (2) enable specific
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cell/tissue/organ recognition for targeted gene delivery, (3) control and regulate
transgene expression for a definite period of time.

Based on the intended medical applications, potential zwitterionic polymer such
as polysulfobetaine (PSBMA) can also be present in diverse forms; they may be
dissolved as unimers or micelles in aqueous medium, adsorbed or grafted onto
aqueous-solid interfaces, or crosslinked in the form of physical or chemical
hydrogels. While the single-protein adsorption resistance of grafted zwitterionic
PSBMA brushes on aqueous-solid interfaces has been studied in great depth
(Zhang et al. 2006, 2008a; Chang et al. 2010; Shih and Chang 2010), little is
known about how PSBMA polymer conformations, such as zwitterionic chain
lengths or associations, would influence the correlations between solution prop-
erties and blood compatibility. In 2010, Chang’s group prepared a set of
zwitterionic PSBMA polymers at varying molecular weights but similar molecu-
lar-weight distributions (Shih and Chang 2010). The effects of solution pH and
ionic strengths on the UCST of these polymers of various molecular weights in
aqueous solutions were examined in detail. The phase behavior of PSBMA in
solution was also illustrated. The work also demonstrated the adsorption of plasma
proteins onto the zwitterionic PSBMA suspension from human blood plasma and
the anticoagulant activity of the polymers in a platelet-poor plasma solution in
recalcified plasma-clotting tests. It was showed that PSBMA polymers exhibited
an anticoagulant activity in 100 % human plasma and antihemolytic activity in
RBC solution that depended on the molecular weights of the prepared polyzwit-
terions. Importantly, the PSBMA polymer with a molecular weight of about
135 kDa presented an excellent nonfouling character in human blood for plasma-
protein resistance, anticoagulant activity, and antihemolytic activity, which can be
attributed to the formation of a strong hydration layer due to the binding of water
molecules around zwitterionic sulfobetaine groups, as shown in Fig. 4.

A pH sensitive block copolymer poly(acrylic acid)-block-poly(sulfobetaine
methacrylate), (PAA-b-PSBMA) was prepared and combined with poly-
(2-(Dimethylamino)ethyl methacrylate, PDMAEMA) and poly(ethylenimine)
(PEI) homopolymer as the case to demonstrate a new generation of zwitterionic
core-shell polyplexes. At neutral pH, the copolymer serves as a protective core by
allowing the zwitterionic PSBMA moiety to provide a nonfouling surface to
reduce cytotoxicity and enhance hemocompatibility of the gene carriers. PAA
groups in the copolymer imparts pH sensitivity by allowing deshielding of the
outer core in acidic solution. The PAA contain negative charge at pH 7.4, but
became natural below its isoelectric point (pI) (pH = 5.5). To demonstrate the
strategy proposed in Fig. 5, we considered a model case from tumor cells. The
surrounding pH value of tumor or cancer cells is about 5.5 (Dai and Liu 2011).
Thus, the PAA-b-PSBMA shell surrounding the polyplexe core is released from
the core when close to a cancer cell through the neutralization of the PAA negative
charges responsible of its adsorption. The naked polyplexe with positive charges
from PDMAEMA will then be able to break the cell membrane and conduct
pinocytosis. Pinocytosis (‘‘cell-drinking’’, ‘‘bulk-phase pinocytosis’’, ‘‘non-spe-
cific, non-absorptive pinocytosis’’, ‘‘fluid endocytosis’’) is a form of endocytosis in
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which small particles are brought into the cell, forming an invagination, then
suspended within small vesicles (pinocytotic vesicles) that subsequently fuse with
lysosomes to hydrolyze, or to break down, the particles. Through this process,
DNA can smoothly be brought to the tumor or cancer cell and achieved the
treatment. From this case study, the zwitterionic core-shell formulation brings a
potential molecular design in the next generation of effective nanocarriers in
human whole blood with a well-controlled gene transfection.

5 Future Outlook of Zwitterionic Nano-Cargo
Formulation

‘‘Theranostics’’, which incorporate both therapy and diagnosis, are attracting
significant attention and may revolutionize current medical treatments. Magnetic
nanoparticles can work as multifunctional carriers to selectively accumulate at the
target site, cure disease by certain mechanisms (either hyperthermia or drug
release) and be detected using non-invasive diagnosis modality such as MRI. In
this future outlook, a new nano-cargo design of multifunctional carrier is proposed
to be formed from magnetic cores and surface polymeric assembling for the
delivery of therapeutic nucleotides. Magnetic cores are iron oxide nanoparticles
which are detectable by MRI and can be manipulated by a magnetic field, while an
ideal surface polymeric assembling can carry a therapeutic nucleotides, prevent
carriers cleared from the blood circulation, and provide functional groups for bio-

Fig. 4 Plasma-clotting time, hemolysis, and relative retained water of the different molecular
weights of PSBMA polymer (Shih and Chang 2010)
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conjugation of targeting ligands. Thus, the surface polymeric assembling plays a
key role in achieving multifunctional nano-cargo carriers. Nano-cargo carriers can
be designed to respond to microenvironmental differences with changes in their
physiochemical properties, enabling them to perform individual delivery tasks.
Cleavage of covalent bonds, disassembly of noncovalent interactions, changes of
protonation, conformation, or hydrophilicity, can trigger such dynamic physico-
chemical adjustments. As shown in Fig. 6, zwitterionic nano-cargo formulation are
ideally designed as following:

• To extend circulation in blood

– Zwitteironization
The nano-cargo carrier has to stably bind the therapeutic nucleotides during the
extracellular delivery phase and protect it against degradation in the bloodstream.
Zwitteironization has been broadly explored for many liposomal and nanopartic-
ulate carriers. In case of polymers, it can be managed through direct covalent
incorporation of zwitterionic shielding into the carrier, direct zwitteironization of
the nucleotides, or by zwitteironization after nano-cargo carrier formation.

• To enhance cell specificity

– MMP cleavage
– Targeting ligand

Nano-cargo carrier need to be shielded in the circulation and be inert against
numerous possible biological interactions, but should actively interact with the
target cell surface by electrostatic or ligand receptor interactions.

Fig. 5 Hemocompatible gene-delivery system—zwitteironic gene nanocarrier
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• To improve cellular uptake

– Controlled size distribution
– Cationic polymers

At the intracellular site of action, the nano-cargo carrier has to disassemble to an
extent that the therapeutic nucleotides is functionally accessible.

• To facilitate endosomal escape

– Proton sponging (bioresponsive polymers)
– Endosome membrane disruption (CPP)

• To diagnose delivery process

– Magnetic nanoparticle for MRI
– Signal group for IVIS (fluorescence) imaging
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Stimuli-Responsive Polymeric
Nanocarriers as Promising Drug
and Gene Delivery Systems

Gurusamy Saravanakumar and Won Jong Kim

Abstract Polymeric nanocarriers have emerged as promising drug delivery
vehicles owing to their potential to selectively deliver the active agents to the
disease sites through various targeting mechanisms, while minimizing the side
effects. To realize more enhanced therapeutic effect, it is also highly essential to
impart specific release mechanism into the nanocarriers in addition to the targeting
capabilities. In this regard, stimuli-sensitive or smart polymeric nanocarriers that
are responsive to inherent (e.g. pH, temperature, redox, hypoxia, enzymes, and
reactive oxygen species) or external stimuli (e.g. light, ultrasound or magnetic)
have received enormous attention because of their ability to control the drug
release profile in a desirable fashion at the target site of action. The primary focus
of this chapter is to highlight the recent advances of various stimuli-responsive
nanocarriers that have been developed for a more efficient drug and gene delivery.
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DET N-(2-Aminoethyl)-2-aminoethyl group
Dex-LA Dextran-lipoic acid
DNQ 2-Diazo-1,2-Napthoquinone
DOX Doxorubicin
DTT D,L-Dithiothreitol
EPR Enhanced permeation and retention
Gal Galactose
GI Gastrointestinal
GSH Glutathione
HA Hyaluronic acid
HMAAM Hydroxymethylacrylamide
HP Hydrotropic polymer
Hyals Hyaluronidases
LCST Low critical solution temperature
MC Merocyanine
MMPs Matrix metalloproteinases
MTX Methotrexate
NAS N-Acryloxysuccinimide
NBC-NCA S-(O-Nitrobenzyl)-L-cysteine) N-carboxyanhydride
ND Polyester nanodendron
NIPAM N-Isopropylacrylamide
NMP Nitric oxide mediated radical polymerization
OG Oregon green 488
P(Asp) Poly(aspartamide)
P(HPMA-Lacn) Poly(2-hydroxypropyl methacrylate lactate)
P4VP Poly(4-vinylpyridine)
PAA Poly(acrylic acid)
PAMAM Poly(amido amine)
PAzoMA Polymethacrylate bearing azobenzene side groups
PBA Phenylboronic acid
PBLG Poly(c-benzyl L-glutamate)
PBMA Poly(butylmethacrylate)
PCL Poly(caprolactone)
PDEA Poly(diethylamino)ethyl methacrylate
PDLLA Poly(D,L-lactide)
PDMAEMA Poly(dimethylaminoethyl methacrylate)
PEEP Poly(ethyl ethylene phosphate)
PEG Poly(ethylene glycol)
PEI Poly(ethylene imine)
PEO Poly(ethylene oxide)
P-HA-NPs PEGylated HA nanoparticles
PHB Poly[(R)-3-hydroxybutyrate]
PHis Poly(L-histidine)
PLGA Poly(lactic-co-glycolic) acid
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PLL Poly(L-lysine)
PLLA Poly(L-lactic acid)
PMAA Poly(methacrylic acid)
PNIPAM Poly(N-isopropylacrylamide)
PPS Poly(propylene sulfide)
PS Polystyrene
PTX Paclitaxel
RAFT Reversible addition-fragmentation chain transfer
ROMP Ring opening metathesis polymerization
SP Spiropyran
UCNPs Upconverting nanoparticles
UCST Upper critical solution temperature

1 Introduction

Over the past few decades, polymer-based nanocarrier systems have emerged as a
versatile platform for delivery of wide range of imaging and therapeutic agents,
including small-molecules drugs, proteins, and genes (Haag and Kratz 2006;
Duncan 2003; Park et al. 2008). The use of polymer-based drug carriers offers
several advantages over free drugs in conventional dosage forms. In particular,
polymer-based carriers can enhance the solubility of poorly water-soluble drugs,
improve its bioavailability, prolong circulation times, protect the drugs from harsh
conditions, and release the drug in a sustained or triggered fashion at the desired
site of action. Furthermore, after systemic administration, polymeric nanoparticles
can passively accumulate in specific tissues such as tumors through enhanced
permeation and retention (EPR) effect, attributed to leaky vasculature and lack of
effective lymphatic drainage (Maeda et al. 2000). The EPR effect is also been
observed in other diseases, such as chronic inflammations and infection, indicating
that polymeric nanoparticles-based therapeutics may also have potential for
treating these diseases as well.

More effective site-specific delivery at the cellular level can be achieved by
functionalizing the surface of the polymeric nanoparticles with targeting moieties,
such as antibodies, peptides or small molecular ligands like folate (Kamaly et al.
2012; Allen 2002). After accumulation at the target site, the nanoparticles func-
tionalized with the targeting moieties can recognize, bind to, and taken up into the
cells through receptor-mediated endocytosis process, thereby facilitate the release
of therapeutic payloads inside the target cells. By employing a variety of natural
and synthetic polymers, a number of versatile polymeric nanocarriers such as
polymeric micelles, polymersomes, and polymeric nanocomplexes have been
developed for effective delivery of imaging and/or therapeutic agents. For
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successful clinical applications, the selection of drug carrier is highly important,
because it has a significant effect on the pharmacokinetics and pharmacodynamics
of the transported drugs (Li and Huang 2008). One of the important prerequisites
of drug carriers for use in clinical applications is that they should be biocompatible
or at least they have to be degraded into small molecules with less toxicity and
eliminated from the body.

In recent years, much attention has been focused on the development of stimuli-
responsive or smart drug carriers that are able to release their cargo at the desired
target site in a controlled or programmed fashion. Several pathological conditions
are characterized by abnormal changes in the microenvironment, including change
in pH, temperature, enzyme levels and oxygen concentration (Koo et al. 2011).
These characteristics have been widely exploited for the development of stimuli-
responsive drug carriers, which disintegrate and release their cargo in response to
the local stimuli at the disease site. Alternatively, release of active agents from the
drug carriers can also be manipulated by an external stimulus such as light,
ultrasound or magnetic field. The developments of facile and high fidelity
orthogonal transformations such as click chemistries, and the advancements in the
controlled radical polymerization techniques such as atom transfer radical poly-
merization (ATRP), reversible addition-fragmentation chain transfer (RAFT)
polymerization, nitric oxide mediated radical polymerization (NMP) and ring
opening metathesis polymerization (ROMP), have enabled us to synthesis well-
defined polymers to design diverse stimuli-responsive nanocarriers. In this chapter,
we focus our attention on recent advances in stimuli-responsive drug delivery
systems based on polymeric nanoparticles.

2 pH-Responsive Nanoparticles

The pH-responsive nanoparticles are one of the most widely investigated stimuli-
responsive nanoparticles because of the changes in pH condition at the site of dis-
eased tissue (Gao et al. 2010; Wang and Zhang 2012). The pH profile of the path-
ological tissues is significantly different from the normal tissues. For example, pH is
lower in extracellular environment of solid tumor (6.5–7.2) and certain inflammation
sites in the body compared to the healthy tissue (*7.4). The pH drop in tumor
extracellular microenvironment is due to production of acidic metabolites under
hypoxic conditions. This altered pH difference between the tumor and normal tissues
have stimulated several investigators to develop pH-responsive nanoparticles for
anticancer drug delivery. The nanoparticles employed for pH-sensitive drug tar-
geting are generally fabricated using ionic polymers, or incorporated with acid-labile
moieties in the nanoparticle structure. The nanoparticles prepared using ionic
polymers undergoes solubility change (hydrophobic-hydrophilic transition) in
response to pH variation and release the encapsulated drugs, while the nanoparticles
with acid-labile moieties degraded in acid environment and triggered drug release.
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2.1 pH-Responsive Nanoparticles Using Hydrophobic-
Hydrophilic Transition

The pH-responsive nanoparticles of this category are prepared using anionic or
cationic polymers (polyacids/polybases). The ionizable groups within the nano-
particles reversibly change solubility through ionization/deionization process,
which enables release of drugs at the desired target site. The representative anionic
polymers used for drug carriers include, poly(acrylic acid) (PAA) and
poly(methyacrylate acid) (PMAA). Since PAA and PMAA become hydrophilic at
normal pH (pH 7.4) and hydrophobic at low pH (*pH 1–2), they have been
utilized for the development of pH-responsive block copolymer micelles for oral
drug delivery. Given the broad range of pH in gastrointestinal (GI) tract, ranging
from 1.0 to 2.5 in the stomach to 5.7 in the small intestine, these pH-responsive
micelles could protect the drugs from harsh conditions found in stomach and
enhance their absorption in the intestine (Gao et al. 2010). Further, owing to short
retention time of formulations in the GI tract, it is also highly desirable to release
all the drugs from the micelles in a short period after oral administration to
maximize the bioavailability. To improve oral bioavailability of anticancer drug
paclitaxel (PTX), Park’s group prepared hydrotropic polymer (HP) micelles with
AA moieties (Kim et al. 2008). In vitro release test in simulated intestinal fluid
(SIF, pH = 6.5) showed a complete release of PTX within 12 h from HP micelles
containing more than 20 mol % of AA. On the other hand, HP micelles without
any AA moiety exhibited very slow release profile. These results indicate that HP
micelles with pH-responsive AA moiety could be a promising carrier for oral
delivery of PTX. Similarly, several pH-responsive PMAA-based copolymer
micelles have also been investigated for small molecular drug delivery (He et al.
2010).

Many cationic polymers with ionizable amine groups, such as poly-L-lysine
(PLL), poly(dimethylaminoethyl methacrylate) (PDMAEMA), poly(b-aminoester),
and poly(L-histidine) (PHis) have also been used as building blocks to construct
polymeric carriers, and explored for pH-sensitive drug targeting (Howard 2009;
Itaka et al. 2003; Putnam et al. 2003; Green et al. 2008; De Smedt et al. 2000;
Agarwal et al. 2012). The amine group of the cationic polymers undergoes pro-
tonation and deprotonation reactions during a change in pH gradients, and this
events facilitate the pH-responsive nanoparticles to triggered drug release at target
sites. Because of their ability to condense negatively charged nucleic acids, the
cationic polymer based carriers are widely used as vectors for gene delivery. For
many therapeutic agents, including nucleic acids and proteins, it is highly important
to deliver them efficiently at the subcellular site of action for improved therapeutic
effects. The intracellular organelles are known to maintain their own characteristic
pH values, ranging from 4.5 in the lysosomes to about 8.0 in the mitochondria
(Asokan and Cho 2002). This low pH and high enzymatic contents in the lysosomes
may degrade biomacromolecular payload such as DNA, following their internali-
zation by endocytosis. Therefore, to realize high transfection efficiency, it is highly
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essential to escape DNA from the endosomes before degrading within lysosomes or
late endosomes. The cationic polymers with high pH buffering capacity could easily
facilitate endosomal escape of DNA via the proton sponge effect.

Besides gene delivery, pH-responsive cationic block copolymer micelles have
also been developed for efficient tumor-targeted delivery of small molecular anti-
cancer agents. Bae et al. developed polymeric mixed micelles that can expose biotin
in response to extracellular tumor acidic pH, using the copolymers poly(L-lactic
acid)-b-poly(ethylene glycol)-b-P(His)-biotin (PLLA-b-PEG-b-P(His)-biotin) and
P(His)-b-PEG copolymer (Lee et al. 2005). The biotin is anchored on the micelle core
and shielded by PEG shell at pH 7.0, but exposed on the surface of the micelles for
cell targeting at pH between 6.5 and 7.0 (extracellular tumor acidic pH), and com-
pletely disassembled at pH below 6.5 (endolysosomal pH) (Fig. 1). Because of the
enhanced tumor specificity and endosomal disruption characteristics, these micelles
might have promising potential for tumor-targeted drug delivery. In the subsequent

Fig. 1 Chemical structures
of PLLA-b-PEG-b-P(His)-
biotin and P(His)-b-PEG
block copolymers. Schematic
diagram illustrating the
exposure of biotin on the
surface of the pH-sensitive
micelles. The biotin is
anchored on the micelle core
and shielded by PEG shell at
pH 7.0, but exposed on the
surface of the micelles for
cell targeting at pH between
6.5 and 7.0, and completely
disassembled at pH below
6.5. Reproduced from Lee
et al. (2005, Copyright
American Chemical Society)
with permission
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study, they replaced biotin with TAT (transactivator of transcription)-peptide, which
has the strong capability to translocate micelles into cells (Lee et al. 2008).

2.2 pH-Responsive Nanoparticles Using Cleavable Linkers

By employing acid-labile linkers such as ester, imine, acetal, hydrazone, orthoester,
b-thiopropionate, and vinylether, several pH-responsive polymeric nanocarriers
have been developed for the delivery of both small molecule drugs and genes (Gao
et al. 2010; Rao et al. 2011; Wei et al. 2013). In self-assembled nanostructures such
as micelles or polymersomes, these cleavable linkers are generally incorporated
between the hydrophilic and hydrophobic segments. The resulting self-assembled
nanoparticles with acid-labile linkers induce destabilization of nanoparticles and
trigger release the drugs at the target acidic extracellular tumor tissues or at the
acidic intracellular compartments such as endosomes or lysosomes. To improve
tumor-specific uptake and enhance intracellular delivery, a pH-responsive cleavable
amphiphilic polymer with benzoic imine linker was synthesized by conjugating
PEG-benzaldehyde with n-octadecane amine (C18) (Ding et al. 2009). Compared to
the imine linker, which is prone to hydrolyzes under very weak acid conditions and
unstable at physiological pH, the benzoic imine linker is stable at physiological
condition (pH 7.4) but partially hydrolyzes at the tumor extracellular environment
(pH * 6.8) and completely hydrolyzes at the endosomal compartment
(pH * 5.0–6.5). Owing to the pH-dependent hydrolysis characteristic of benzoic
imine, the PEG-b-C18 polymer formed stable micelles with neutral surface at
physiological pH, but changed to positively surface charged at tumor pH and dis-
sociated at endosomal pH (Fig. 2). This structural change suggests that these
micelles could be easily taken up into the tumor cells and triggered release anti-
cancer drugs inside the cells due to membrane disrupting capability at the endo-
somes. By rationally incorporating acid-labile linkers within the polymeric micelles,
numerous cleavable polymeric micelles have been developed for tumor-targeted
drug delivery (Tang et al. 2011; Jin et al. 2011). It is also important to note that the
drug release profile of this kind of pH-responsive cleavable nanocarriers is depen-
dent on the rate of hydrolysis of acid-labile bonds. For example, micellar aggregates
and polymersomes with acid-labile b-thiopropionate linker have shown sustained
release of the encapsulated molecules due to the slow acid-induced hydrolysis (Dan
et al. 2010; Dan and Ghosh 2013). Thus, drug release rate from the micelles can be
tuned by selecting appropriate acid-labile linkers.

In spite of promising potential of cationic polymer-nucleic acid complexes
(polyplexes) for targeted gene delivery, their possible aggregation after systemic
administration due to the interaction between the positively charged polyplexes
and negatively charged serum protein cause a serious concern. To surmount this
problem, acid-triggered dePEGylation of polyplexes strategy has been introduced.
The dePEGylation not only improves the cellular uptake of the polyplexes at the
acidic tumor microenvironment but also elicits endosomal destabilization and
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release of genetic materials into the cytoplasm. To prepare dePEGylated polyplex
micelles, PEG have been conjugated to the cationic polymers such as PLL,
poly(ethylene imine) (PEI) and PDMAEMA via acid-labile linkages, hydrazone,
acetal and cyclic orthoester, respectively (Walker et al. 2005; Knorr et al. 2007;
Lin et al. 2007). In vitro and in vivo studies demonstrated higher gene delivery
efficiency for these dePEGylated polyplex micelles than those with stable linkages.

In addition to the pH-responsive cleavable nanocarriers, many acid-triggered
prodrugs have been prepared by directly conjugating small molecule anticancer
drugs such as doxorubicin (DOX) or genetic drugs such as siRNA to the polymer via
acid-labile linkers. Conjugation of DOX through acid-labile linkers such as hydra-
zone not only improves its solubility but also enhance targetability. For example, Son
et al. (2003) conjugated DOX to chitosan, a natural polysaccharide, through an acid-
labile cis-aconityl spacer. Because of the amphiphilic characteristic, the resulting
DOX-chitosan conjugate under aqueous condition formed nanoparticles that enabled
increase loading content of DOX through physical encapsulation. Owing to the
enhanced accumulation at tumor via EPR effect and pH-responsive drug release, the
DOX-loaded chitosan nanoparticles demonstrated high antitumor efficacy. Though
acid-triggered prodrugs have shown improved therapeutic effects, pH-responsive
nanocariers using cleavable acid-labile moieties are gaining increase attention in
recent years because of easy loading and release of drugs in its native form.

Fig. 2 Schematic illustration of cellular uptake of pH-responsive polymeric micelles with acid-
labile benzoic imine. The micelles show prolonged circulation in the blood due to the PEG-shell.
After accumulation at the tumor tissue via EPR effect, the surface of the micelles becomes
positively charged due to the removal of PEG by partial hydrolysis of imine linker, facilitating
cellular uptake through adsorptive endocytosis. Subsequently, in the more acidic endosomes, the
complete hydrolysis of imine bond causes the micelles to dissociate and destabilize the
endosomal membrane to release the drugs into the cytoplasm. Reproduced from Ding et al. (2009,
Copyright American Chemical Society) with permission
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3 Redox-Responsive Nanoparticles

Given the existence of a high redox potential gradient between extracellular and
intracellular environments, the development of drug delivery systems based on
redox-responsive polymers has garnered significant research interest. The
enhanced glutathione (GSH) concentration in the cytosol and subcellular com-
partments (*2–10 mM) compared to the extracellular environment (*2–20 lM)
has motivated researchers to incorporate reducible disulfide bonds in the polymeric
nanocariers (Meng et al. 2009; Cheng et al. 2011; Son et al. 2011). The disulfide
bonds present in these nanocarriers are generally preserved in the oxidizing
extracellular environment during circulation, but are readily cleaved at the GSH-
elevated reducing intracellular environment, triggering the cytosolic release of the
drugs. Several studies have also shown that GSH is expressed in high levels in
tumor tissues compared with the healthy ones (Kuppusamy et al. 2002). Thus,
polymeric nanocarriers with reducible disulfide-bonds hold great potential for
intracellular tumor-specific drug and gene delivery.

3.1 Redox-Responsive Block Copolymer Micelles

In recent years, tremendous effort has been directed to the development of self-
assembled polymeric micelles bearing reducible disulfide bonds. Typically,
disulfide bonds are incorporated at several potential locations within amphiphilic
block copolymer micelles, including at the main chain of hydrophobic block,
between the pendant hydrophobic segment and the main chain of the hydrophobic
block, or between the hydrophilic and hydrophobic blocks. Among these three
types, shell-sheddable micelles have been widely investigated as a carrier for
hydrophobic anticancer drugs. Since many amphiphilic block copolymer micelles
with PEG shell and biodegradable hydrophobic cores such as polyesters [such as
polycaprolactone (PCL), PLLA and poly(lactic-co-glycolic) acid (PLGA)] and
polypeptides (such as PBLG) have been widely established as promising drug
carriers, several researchers have developed sheddable micelles by incorporating
disulfide between the PEG and the hydrophobic block (Sun et al. 2009; Song et al.
2011; Saeed et al. 2011; Thambi et al. 2011). These redox-responsive micelles
demonstrated triggered drug release compared to the traditional micelles without
disulfide bonds, which exhibits gradual degradation kinetics and sustained release
of drugs over a period of days to week through diffusion-controlled mechanism
that resulted in a reduced drug efficacy. The redox-responsive shell-sheddable
amphiphilic PEG-based diblock copolymers are mostly synthesized by the fol-
lowing two methods: polymerization of hydrophobic monomers using disulfide-
containing PEG macroinitiator, or direct conjugation of functionalized PEG with
hydrophobic homopolymer via disulfide functionality (Takae et al. 2008; Ryu et al.
2009). For example, a disulfide-containing diblock copolymer composed of PEG
and PCL was synthesized by exchange reaction between PEG orthopyridyl
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disulfide and thiol end-functionalized PCL (Sun et al. 2009). The resulting PEG-
SS-PCL micelles formed large aggregates rapidly in the presence of 10 mM DL-
dithiothreitol (DTT) due to the shedding of PEG shell through cleavage of
disulfide bonds, but the micelles were stable without the addition of DTT. The
DOX-loaded in these micelles were quantitatively released within 12 h in 10 mM
DTT, whereas only less than 20 % of DOX was released in the absence of DTT. In
vitro cellular experiments using mouse leukemic monocyte macrophage cell line
(RAW 264.7) showed faster release of DOX inside the cells for PEG-SS-PCL
micelles, compared to the redox-insensitive micelles, demonstrating its potential as
GSH-responsive nanocarriers for intracellular drug delivery. The drug release rate
from PEG-SS-PCL micelles could be precisely controlled by fabricating micelles
with a calculated amount of redox-insensitive PEG-b-PCL micelles (Wang et al.
2012). Interestingly, the release kinetics of another redox-responsive PEG-SS-
PLLA micelles was controlled by applying high intensity focused ultrasound as an
external stimulus in addition to the intracellular reducing agent GSH (Li et al.
2010b). The release mechanism involves cleavage of weak disulfide bond through
solvodynamic shear produced by ultrasonic cavitation. Thus the additional stim-
ulus could allow us to fine-tune the release kinetics of the encapsulated cargo at the
desired target site in a remote and controlled way.

In addition to PEG, other hydrophilic polymers such as poly(ethyl ethylene
phosphate) (PEEP) and polysaccharide such as dextran have also been investigated
as shell of sheddable block copolymer micelles (Tang et al. 2009; Sun et al. 2010).
Redox-responsive PEEP-SS-PCL micelles showed accelerated release of the
encapsulated DOX in the presence of 10 mM GSH, mimicking the intracellular
environment, than that of in the absence of GSH (Tang et al. 2009). After 2 h
incubation of DOX-loaded PEEP-SS-PCL micelles in A549 cells, remarkably strong
fluorescence intensity was observed in the cells pretreated with glutathione mono-
ester (GSH-OEt, an agent used to enhance the intracellular GSH level) than the
untreated one, indicating a much faster release of DOX from the micelles in a
reducing environment (Fig. 3). Because of the strong affinity of PEEP shells with the
cancer cells and reducing disulfide bonds, PEEP-SS-PCL micelles significantly
enhanced the cytotoxicity of DOX to multidrug resistant MCF-7/ADR breast cancer
cells (Wang et al. 2011).

Besides small molecular drug delivery, shell-sheddable block copolymers have
also been investigated as carrier for gene delivery by replacing the hydrophobic
block with cationic polymers capable of complexing with gene. An early study on
these kinds of shell-sheddable polyplex micelles was carried out by Kataoka and co-
workers (Takae et al. 2008). They synthesized a novel catiomer comprising disulfide
bond between PEG and poly(aspartamide) (P(Asp)) with a flanking N-(2-amino-
ethyl)-2-aminoethyl (DET) group. The resulting PEG-SS-P[Asp(DET)] formed
stable micelles with plasmid DNA. More importantly, PEG-SS-P[Asp(DET)]
micelles demonstrated one to three orders of magnitude higher gene transfection and
a more rapid gene expression, than that of micelles without disulfide bond. This high
gene transfection efficiency was mainly attributed to more effective endosomal
escape based on the PEG shedding in endosome. Similar kind of PEG-based
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sheddable diblock and triblock catiomers using other cationic polymer such as
poly(lysine), PDMA, PEI and chitosan oligosaccharides, have also been developed
for efficient gene delivery (Cai et al. 2011; Zhu et al. 2012; Jia et al. 2013).

3.2 Redox-Responsive Polymersomes

Because of their ability to accommodate both hydrophilic and liphophilic active
agents in the aqueous core and hydrophobic membrane respectively, polymersomes
with reducible disulfide bonds could be a promising carriers for intracellular co-
delivery of hydrophobic anticancer drugs and fragile hydrophilic biomolecular

Fig. 3 Chemical structure of PEEP-SS-PCL. Schematic illustration of intracellular drug release.
Confocal laser scanning microscopy (CLSM) observation of nonpretreated and GSH-OEt
pretreated A549 cells after 2 h incubation of DOX-loaded PEEP-SS-PCL micelles. Reproduced
from Tang et al. (2009, Copyright American Chemical Society) with permission
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drugs. Hubbell and co-workers reported redox-responsive polymersomes based on
diblock copolymers comprising disulfide bonds between hydrophilic PEG and
hydrophobic poly(propylene sulfide) (PPS) (Cerritelli et al. 2007). The PEG-SS-PPS
polymersomes were sensitive to the endosomal microenvironment due to the dis-
ruption of disulfide bond in the presence of intracellular concentrations of cysteine
within 10 min of exposure to cells. Owing to the ability to disintegrate within the
early endosomes and release their cargo before encountering harsh lysosomal
environment, these polymersomes could be useful in cytoplasmic delivery of bio-
macromolecular drugs such as proteins, peptides and nucleic acids. Recently, novel
biodegradable reduction-sensitive chimaeric polymersomes (Fig. 4) were developed
based on three block copolymers, namely, PEG-SS-PCL, galactose-functionalized
PEG-b-PCL (Gal-PEG-b-PCL), and asymmetric PEG-b-PCL-b-poly(diethyl-
amino)ethyl methacrylate (PEG-b-PCL-b-PDEA) triblock copolymer, for hepatoma
targeted delivery of proteins (Wang et al. 2013). The resulting polymersomes
exhibited optimal loading of proteins such as bovine serum albumin, ovalbumin and
cytochrome c due to the electrostatic and hydrogen bond interactions between the
proteins and PDEA inner core. In particular, these Gal-decorated chimaeric poly-
mersomes effectively delivered granzyme B, a highly potent apoptosis mediator, into
HepG2 cells via receptor-mediated mechanism, indicating their potential for efficient
intracellular protein delivery.

Fig. 4 Schematic illustration on hepatoma-targeting redox-responsive biodegradable chimaeric
polymersomes for active loading and intracellular release of proteins. Reproduced from Wang
et al. (2013, Copyright American Chemical Society) with permission
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3.3 Redox-Responsive Polymeric Nanoparticles

Many self-assembled polymeric nanoparticles are prone to lose their structural
integrity due to large dilution in the blood stream after intravenous injection. This
may result in undesirable drug release before reaching the target site, causing
significant toxicity to the healthy cells. Therefore, stability of the drug-loaded
polymeric nanoparticles is a highly important parameter for successful in vivo
applications. To improve the stability in the extracellular environment and enhance
intracellular drug release, biodegradable redox-responsive nanoparticles based
dextran-lipoic acid (Dex-LA) conjugate were developed (Li et al. 2009). After
loading DOX, the Dex-LA nanoparticles were readily crosslinked using catalytic
amount of DTT. The resulting crosslinked nanoparticles were highly robust against
dilution and a high salt concentration, but released DOX under to 10 mM DTT,
indicating their potential for tumor-targeted chemotherapy in vivo. Robust
crosslinked redox-responsive nanogels have been prepared directly through
inverse miniemulsion polymerization techniques in the presence of disulfide-
functionalized dimethacrylate crosslinker (Oh et al. 2007a, b). These crosslinked
nanogels demonstrated less toxicity to cells, and triggered release of encapsulated
DOX and other hydrophilic drugs in the presence of GSH.

3.4 Redox-Responsive Polyplexes

For successful gene therapy, the nanocarriers should possess the following traits:
ability to condense nucleic acids into a compact nanoparticle, protect nucleic acids
from degradation by nucleases in the extracellular fluids, and capability to effi-
ciently release nucleic acids inside the target cells. To accomplish more efficient
nucleic acid delivery, several redox-responsive cationic polymers based on PEI,
poly(amido amine) (PAMAM), poly(amido ethylenimines), poly(b-aminoester),
and PDMAEMA have been explored (Son et al. 2010; Lin et al. 2006; Christensen
et al. 2006; Zugates et al. 2006; You et al. 2007). The polyplexes prepared using
these reducible cationic polymers have demonstrated enhanced DNA or siRNA
transfection efficiency, and showed less cytotoxicity due to decreased charge
density as a result of the intracellular reduction of disulfide bonds within the
polymers. Similarly, redox-responsive complexes are also made through direct
conjugation of nucleic acids to a biocompatible natural polymer such as dextran
and hyaluronic acid (HA) via disulfide bond to improve the efficacy of nucleic acid
delivery (Namgung and Kim 2012; Mok et al. 2007). More interestingly, cross-
linking the siRNAs through cleavable disulfide bonds, followed by condensation
with less cytotoxic cationic polymers, have shown improved biocompatibility and
enhanced gene silencing efficiency (Lee et al. 2010; Mok et al. 2010).
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4 Temperature-Responsive Nanoparticles

Several studies have shown that inflamed or neoplastic tissues could exhibit ele-
vated temperature than the healthy tissue due to increased metabolic activity.
Additionally, temperature of the body can also be conveniently tuned externally
using applied signals (hyperthermia), such as magnetic field or light. Owing to
these aforementioned features, increasing efforts have been focused on the
development of polymeric nanocarriers that could respond to temperature
(Chilkoti et al. 2002; Schmaljohann 2006). In general, the thermo-responsive
polymers used for biomedical applications may display either lower critical
solution temperature (LCST) or upper critical solution temperature (UCST), which
are the respective critical temperature points below and above which the polymer
becomes completely miscible with the water/solvent. To date, LCST-based
polymers have been widely studied for drug delivery applications. Among a
variety of thermo-responsive polymers, poly(N-isopropylacrylamide) (PNIPAM)
that has a reversible sharp phase transition (LCST about 32 �C) received a great
deal of interest to design and fabricate temperature-responsive carriers for drug
delivery (Cammas et al. 1997; Chung et al. 1998). PNIPAM is water-soluble below
their LCST, and become water-insoluble upon raising the temperature above
LCST as a result of coil-to-globe transition. Furthermore, the LCST of PNIPAM
can be controlled by copolymerizing NIPAM with other co-monomers. The
hydrophilic co-monomers generally increase the LCST, whereas the hydrophobic
co-monomers have an opposite effect. These attributes provide an excellent
opportunity to fine-tune the polymers with LCST around the physiological body
temperature (37 �C). Other common LCST thermo-responsive polymers are
shown in Table 1. These thermo-responsive polymers have been used as building
blocks to construct either core or shell of the polymeric nanoparticles. Although
diverse core-shell polymeric nanoparticles have been developed using thermo-
responsive polymers, we restrict our discussions in the subsequent sections mainly
on the thermo-responsive block copolymer micelles.

4.1 Polymeric Micelles with Temperature-Responsive Core

Because of their change in solubility below and above LCST, PNIPAM has been
utilized either as the hydrophobic segment (core) or the hydrophilic segment (shell)
of the block copolymer micelles. A representative example of the former case
includes PEG-b-PNIPAM diblock block copolymer, which is a double hydrophilic
block copolymer synthesized through controlled radical polymerization such as
ATRP and RAFT by using the respective PEG macroinitiator (Zhang et al. 2005;
Hong et al. 2004). The PEG-b-PNIPAM self-assembled to form polymeric micelles
with thermo-sensitive PNIPAM core and hydrophilic PEG shell above the LCST in
aqueous solution. The micelle formation and the nature of micelles such as size were
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depended on the concentration as well as the constituent of the block copolymer (Yan
et al. 2008; Chung et al. 1998). To develop thermo-sensitive carriers for the delivery
of anticancer drug methotrexate (MTX), a biotin-conjugated PEG-b-P(NIPAM-co-
N-hydroxymethylacrylamide) (biotin-PEG-b-(PNIPAM-co-HMAAM)) copolymer
was synthesized (Cheng et al. 2008). The LCST of the copolymer were adjusted by
varying the molar feed ratios of NIPAM to HMAAM. The copolymer with a LCST of
41.5 �C was loaded with MTX via dialysis method. The release rate of MTX from the
micelles increased markedly below LCST (37 �C) than at above LCST (43 �C) due
to the temperature-induced deformation of the micellar structure. Furthermore, the
biotin-conjugated micelles were efficiently taken up by the cancer cells. One of the
critical problems associated with these kinds of double hydrophilic micelles with
PNIPAM core are their dissociation at room temperature, making the micelles dif-
ficult in handling for practical applications. To prevent the dissociation of micelles
and to increase their stability, crosslinking were performed either at the core or shell
of the micelles. For example, PEG-b-PNIPAM micelles were crosslinked at the

Table 1 Chemical structures of representative LCST polymers. Schmaljohann (2006)

Polymer Structure Phase transition
temperature in
aqueous solution (�C)

PNIPAM

NHO

n

 

30–34

PDEAAm

NO

n
32–34

PMVE

O

n
37

PVCL

N

n

O

30–50a

P(GVGVP)

N
H

H
N

O

O

N
H

H
N

O

N

O
O

n

28–30

PNIPAM poly(N-isopropylacrylamide), PDEAAm poly(N,N-diethylacrylamide), PMVE poly-
(methylvinylether), PVCL poly(N-vinylcaprolactam), P(GVGVP) elastin-like polypeptide
poly(GVGVP)
a Dependent on the MW and concentration
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PNIPAM-core using biodegradable crosslinker N,N-bis(acryloyl) cystamine (BAC),
and evaluated as carriers for DOX (Zeng and Pitt 2005). The DOX-loaded micelles
crosslinked with BAC exhibited enhanced stability at dilute concentrations than
control uncrosslinked pluronic P105 micelles, which easily dissociate and released
DOX at dilute concentrations. In particular, 0.5 wt% BAC crosslinked micelles were
stable at room temperature for up to 2 weeks even under dilute conditions. However,
the micelles were disassembled after the degradation of BAC crosslinker by the
addition of reducing agent b-mercaptoethanol. These results indicate that after
crosslinking thermo-responsive micelles did not disassemble at low concentrations,
and can be easily handled at room temperature.

Alternatively, to crosslink the shell of the PNIPAM-core micelles, McCormick
group synthesized a triblock copolymer poly(ethylene oxide)-b-P(N,N-dimethyl-
acrylamide-co-N-acryloxysuccinimide)-b-PNIPAM (PEO-b-P(DMA-co-NAS)-b-
PNIPAM comprising an activated ester block between PEO and PNIPAM blocks
(Li et al. 2005). In aqueous solution at room temperature, this triblock copolymer
existed as unimer but formed micelles with hydrophobic PNIPAM-core and
hydrophilic PEG-outer shell and P(DMA-co-NAS)-inner shell above the LCST of
PNIPAM (Fig. 5). The micelles were crosslinked at the activated ester inner shell
using ethylenediamine as crosslinker. As expected, the crosslinked micelles were
stable although the PNIPAM-core was swollen at room temperature due to

Fig. 5 Chemical structure of PEO-b-(DMA-s-NAS)-b-PNIPAM copolymer. Schematic illustra-
tion for the formation of crosslinked micelles. Adopted from Li et al. (2006b, Copyright
American Chemical Society) with permission
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solvation, whereas the uncrosslinked micelles were dissociated into unimers. Since
ethylene diamine is a non-degradable crosslinker, it may acts as a permanent
crosslinks and can hinders drug release. To surmount this problem, a cleavable
diamine crosslinker (cystamine) was used for the preparation of shell crosslinked
thermo-responsive micelles (Li et al. 2006b). This cleavable crosslinks not only
facilitate the drug release, but also enables to excrete the block copolymers from
the body after the micelle degradation. The shell crosslinked thermo-responsive
PNIPAM-core micelles have also been prepared by reacting amine group of PLL
shell of a well-defined Y-shaped miktoarm PNIPAM-b-P(LL)2 star copolymer
micelles with glutaraldehyde as a crosslinker (Li et al. 2010a). The drug release
profile of these kinds of shell crosslinked micelles can be controlled by the solution
temperature and the cross-linking density.

In addition to PNIPAM, other thermo-responsive polymers such as PVCL,
poly(2-hydroxyethyl methacrylate lactate) and poly(2-hydroxypropyl methacrylate
lactate) (p(HPMA-Lacn) have also been investigated as thermo-responsive core for
block copolymer micelles (Prabaharan et al. 2009; Rijcken et al. 2007a). Hennink
and co-workers developed thermo-responsive PEG-b-p(HPMA-Lacn) block
copolymer micelles and investigated as a carrier of PTX, photosensitizer and
superparamagnetic iron oxide nanoparticles, for chemotherapy, photodynamic
therapy, and magnetic resonance imaging, respectively (Soga et al. 2005; Rijcken
et al. 2007b; Talelli et al. 2009). The drug release of these thermo-responsive
micelles is governed by the hydrolysis of the Lac side chains, which resulted in the
destabilization of micelles.

4.2 Polymeric Micelles with Temperature-Responsive Shell

In the case of polymeric micelles with thermo-responsive shells, the hydrophobic
polymers generally constitute the core-forming segments of the micelles. There-
fore, unlike double hydrophilic polymeric micelles with thermo-responsive cores
as discussed previously, this kind of micelles are more stable at room temperature
because of the robust hydrophobic core. The hydrophilic thermo-responsive shell
stabilizes the micelles and protects the loaded-drugs from enzymatic degradation
during circulation, but can be switched to hydrophobic at a specific site by
increasing the temperature above LCST. This increase in hydrophobicity cause
shrinkage of the thermo-responsive outer shell and destabilize the micelles,
thereby release the encapsulated drugs. To date, several biodegradable and non-
biodegradable hydrophobic polymers such as PCL, poly(D,L-lactide) (PDLLA),
poly(c-benzyl L-glutamate) (PBLG), poly(methylmethacrylate), poly(butylmeth-
acrylate) (PBMA), poly[(R)-3-hydroxybutyrate] (PHB) and polystyrene (PS) have
been investigated as hydrophobic cores. The nature of the hydrophobic core-
forming polymeric segments has a significant effect on the drug releasing char-
acteristic of the micelles. For example, Chung et al. (2000) prepared two different
block copolymer micelles, both comprising PNIPAM outer shell but different inner
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cores, one with PBMA and other with PS as the hydrophobic inner core. They
investigated the release characteristics of the two micelles after loading DOX. The
micelles having flexible PBMA inner cores with lower Tg (ca. 20 �C) released
significant amount of DOX when heated above the LCST, while the micelles
having rigid PS inner cores with high Tg (ca. 100 �C) did not show any enhanced
DOX release. In vitro cell cytotoxic studies using bovine aorta endothelial cells
demonstrated a high cytotoxicity for micelles with PBMA-cores than PS-cores.
These results indicate that characteristics of hydrophobic inner cores play
important roles in the physicochemical characteristics of micelles with thermo-
responsive shells. It has also been reported that an increase in the length of
hydrophobic biodegradable PLGA as the core-forming segment of micelles,
comprising thermo-responsive P(NIAPM-co-N,N-dimethylacrylamide) (PNIPAM-
co-DMAM) as the shell, could lead to a decrease in the critical association con-
centration and a slight increase in the DOX-loading capacity (Liu et al. 2005). The
increased length of PLGA segment also caused larger polymer aggregation
number per micelles, resulting in stronger PLGA-DOX interactions and thus
hampering drug release. These results indicate that drug release profile from the
micelles could be fine-tuned by controlling the length of the core-forming seg-
ment. Nonetheless, the DOX-loaded (PNIPAM-co-DMAM)-b-PLGA micelles
demonstrated enhance drug release and high cytotoxicity against 4T1 cells at a
temperature above the LCST. Unimolecular micelles with a hyperbranched
polyester (Boltorn H40) as the core-forming segment and PNIPAM as the thermo-
responsive shell showed a double thermal phase transition behavior, which is in
contradictory to the fact that PNIPAM homopolymer exhibits a single LCST at
*32 �C in a aqueous solution (Luo et al. 2006). Temperature-dependent excimer
fluorescence studies revealed that inner part of PNIPAM around the hydrophobic
dendritic H40 core collapses first at lower temperature, followed by the outer part
at higher temperature.

It is also important to highlight that micelles with thermo-responsive PNIPAM
shells have shown enhanced intracellular uptake above their LCST. To investigate
the temperature-induced intracellular uptake, Okano and co-workers prepared
Oregon Green 488 (OG)-labeled thermo-responsive diblock copolymer micelles,
with an LCST of 40 �C, comprising PNIPAM-co-DMAM as thermo-responsive
segment and a biodegradable PDLLA as hydrophobic segment (Akimoto et al.
2009). The OG-labeled micelles showed a significantly higher cellular uptake
above the LCST (42 �C) than below LCST (37 �C), as observed under confocal
laser scanning microscopy (Fig. 6). This increase in cellular uptake above the
LCST was mainly attributed to the enhanced interactions between the micelles and
cell membranes mediated through the thermo-responsive phase transition of the
micellar shells. Interestingly, the internalized micelles were primarily localized at
the Golgi apparatus and endoplasmic reticulum compartments, bypassing lyso-
somes, although the exact uptake mechanism of the thermo-responsive micelles
was not clearly understood (Akimoto et al. 2010). These results suggests that
micelles with thermo-responsive PNIPAM-shells could be promising carriers for
intracellular delivery of pH and/or enzyme-sensitive biomacromolecular drugs
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such as nucleic acids, and peptides/protein, without lysosomal degradation. Con-
jugation of targeting ligands such as folate at the thermo-responsive shells of the
micelles has shown enhanced intracellular uptake as well as cytotoxicity above the
LCST (Rezaei et al. 2012; Liu et al. 2007).

Linqi and co-workers developed thermo-responsive complex micelles with
channels in the shells from the self-assembly of two diblock copolymers, namely,

Fig. 6 Chemical structure and self-assembly of P(NIPAM-co-DMAM)-b-PDLLA micelles.
Below (37 �C) and above (42 �C) LSCT. CLSM images of polymeric micelles localized within
cultured cells after incubation for 9 h below the LCST (37 �C) and above the LCST (42 �C) in
10 % serum culture media. The nuclei and cytoplasm were stained with Hoechst 33258 (blue)
and Cell Tracker Red (red), respectively. Green fluorescence was derived from OG-labeled
micelles. Scale bars: 50 lm. Adopted from Akimoto et al. (2009, Copyright American Chemical
Society) with permission
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poly(tert-butylacrylate)-b-PNIPAM (PtBA-b-PNIPAM) and PtBA-b-poly(4-vinyl-
pyridine) (PtBA-b-P4VP) (Li et al. 2006a). With an increase in temperature, PNI-
PAM collapsed and enclosed the PtBA core, leading to the formation of channels in
the micellar shell with P4VP corona. Conversely, increase in the pH from 2.5 to 7.8 at
25 �C collapsed P4VP chains due to their deprotonation, resulting in the formation of
channels on the micellar surface with PNIPAM chains stretching outside to stabilize
the micelles. Interestingly, the size of the channels could be controlled by varying the
environmental condition or composition of the two diblock copolymers. These
complex micelles with channels could be a promising carrier for controlled release of
small molecule drugs.

5 Light-Responsive Nanoparticles

The use of light as an external stimulus to trigger the release of drugs from the
polymeric carriers has received much attention because it enables more efficient
temporal and spatial control by tuning the light wavelength or energy (Tomatsu
et al. 2011; Fomina et al. 2012). Further, a light source can be easily manipulated
from outside of the body. Light-responsive polymeric nanoparticles typically
consist of photochromic moieties, which upon exposure to light undergo changes
through a photoreaction such as photoisomerization, photodimerization or
photocleavage. These changes lead to the disruption of the nanoparticle assembly,
thus, controlling the release characteristics of the cargo. The light required to
induce the change of photochromic moieties strongly depends on their molecular
structures. In general, polymeric nanoparticles-responsive to light in the UV,
visible, and near infrared (NIR) have been widely explored for drug delivery
applications. NIR light with wavelengths in the range of about 700–1,000 nm is
particularly attractive for biomedical applications, because NIR has deeper pen-
etration depth on the orders of millimeters to centimeters due to reduced
absorption and scattering by biological substances and waters, and causes minimal
tissue damage than UV.

Zhao et al. (2007, 2012) have developed various light-responsive block
copolymer micelles. Based on the transformation brought by the photochemical
events, so far, two main strategies have been utilized to design light-sensitive
block copolymer micelles for drug delivery applications: (1) introducing a pho-
tochromic groups on the block copolymers that upon exposure to light disrupt the
micellar structure through shifting of the hydrophilic-hydrophobic balance, and
can be reassembled by exposing light of different wavelength; and (2) disassem-
bling the micellar structure by breaking the photolabile group introduced between
the hydrophobic pendant and main chain, or at the junction of hydrophobic and
hydrophilic segments. In the latter case, the micellar structure cannot be restored
(Fig. 7).
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5.1 Light-Responsive Nanoparticles Using Reversible
Photoisomerization Reaction

Light-responsive polymeric nanoparticles that constitute reversible disassembly
and assembly have been fabricated by employing several photochromic groups,
which undergo reversible photoisomerization reaction upon exposure to light,
including azobenzene, spiropyran (SP), and dithienylethene (Zhao 2012). Among
these groups, azobenzene has been most widely incorporated into the block
copolymer micelles. The azobenzene undergoes a reversible trans-cis photoiso-
merization upon UV and visible light irradiation. Zhao group has synthesized first
azobenzene-containing amphiphilic diblock copolymers, which comprising of
polymethacrylate bearing azobenzene side groups (PAzoMA) as the hydrophobic
segment and PAA as the hydrophilic segment, through ATRP (Wang et al. 2004).

Fig. 7 Schematic illustration of two strategies used for the light-responsive block copolymer
micelles. Adapted from Zhao (2012, Copyright American Chemical Society) with permission
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This copolymers formed aggregates, micelles or vesicles, in a selective solvent. A
reversible change in the aggregate morphology was observed under alternating UV
and visible light illumination as a result of trans-cis photoisomerization of azo-
benzene in PAzoMA block. Similarly, light-responsive vesicles were prepared
using a series of amphiphilic linear-dendritic block copolymers composed of PEG
segment linked to the fourth generation dendron containing azobenzene moiety
and hydrophobic chains connected to the periphery of the dendron (Blasco et al.
2013). The light-induced release characteristic of the vesicles was dependent on
the ratio between azobenzene moiety and hydrophobic segment. In spite of
extensive investigations on the self-assembled nanostructures using azobenzene-
bearing photo-responsive block copolymers, only little efforts have been made to
exploit these systems for real controlled release applications. Recently, light-
responsive amphiphilic polypeptide block copolymers incorporated with photo-
chromic SP group at the hydrophobic block have been synthesized (Kotharang-
annagari et al. 2011). This copolymer formed flower-like micellar aggregates in
the aqueous conditions. When exposed to UV light (k = 350 nm), the aggregate
disrupted and becomes water-soluble due to the isomerization of SP (hydrophobic
closed form) to merocyanine (MC, hydrophilic open form). However, the MC
returned to SP form under visible light irradiation (k = 590 nm). This reversible
light-induced dissolution/micellation transition indicates that it can be used as a
carrier for light-regulated drug release. The size of the nanoparticles is one of the
crucial factors for enhanced accumulation and deep penetration in tumor tissue,
which is highly essential to improve the therapeutic effects. By exploiting the
reversible photoisomerization between SP and MC, a photoswitchable nanoparti-
cle that undergoes reversible volume changes from 150 to 40 nm upon exposure to
UV light was developed to enhance tissue penetration (Tong et al. 2012). In
contrast to conventional nanoparticles, where external energy sources enhance
penetration by disrupting tissues, the photoswitchable nanoparticles exhibited
enhanced tissue penetration and no tissue injury.

5.2 Light-Responsive Nanoparticles Using Irreversible
Photo-Cleavage Reaction

For the fabrication of light-responsive micelles that undergo irreversible disas-
sembly, photochromic molecules such as O-nitrobenzyl, coumarin or pyrene are
incorporated in the hydrophobic pendant chain of the amphiphilic block copoly-
mers using aryl methylester linkage (Jiang et al. 2005, 2006; Babin et al. 2009).
Upon exposure of these block copolymer micelles to light, the photoreaction
cleaves the photochromic molecules and converts the hydrophobic block into a
hydrophilic block by forming carboxylic acid. This process generates a hydro-
philic-hydrophobic imbalance and induces disassembly of the micelles, thereby
triggered the encapsulated active agents. Alternatively, disassembly of the micelles
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has also been induced by incorporating the O-nitrobenzyl group at the junction of
the hydrophilic and hydrophobic segments in the main backbone of the amphi-
philic block copolymer (Cabane et al. 2010). Liu et al. synthesized a light-
responsive polypeptide-based block copolymer having O-nitrobenzyl group
through ring opening polymerization of S-(O-nitrobenzyl)-L-cysteine) N-carbox-
yanhydride (NBC-NCA) monomer using PEG as macroinitiator (Liu and Dong
2012). The potential of PNBC-b-PEG copolymer as a light-responsive carrier for
anticancer therapy was evaluated by encapsulating DOX. The loaded nanoparticles
showed light-triggered DOX-release profile under UV irradiation at 365 nm,
wherein the release rate increased by increasing the irradiation time. In an attempt
to improve the transfection efficiency of lipoplexes, Nagasaki et al. (2003) syn-
thesized light-responsive cationic lipids having an O-nitrobenzyl moiety between
its hydrophilic and hydrophobic segment. The light-responsive cationic lipid-DNA
complexes showed enhanced transfection with the UV irradiation, compared to
that of without UV irradiation, owing to the dissociation of the cationic lipid-DNA
complex and escape of DNA from endocytic vesicles. Thayumanavan et al. syn-
thesized light-sensitive facially amphiphilic dendrimers, which could form self-
assembled aggregates in water, using a photolabile 2-nitrobenzylesters as the
liphophilic units and oligoethylene glycol as the hydrophilic units. Further, they
demonstrated light-induced disassembly of the dendrimers using Nile red as the
liphophilic guest molecule (Yesilyurt et al. 2011). Although a number of light-
responsive carrier systems using O-nitrobenzyl group have been developed, most
of them are activated by UV light that may cause skin damage. To overcome this
concern, two-photon absorption of NIR light is used to activate photoreaction of
O-nitrobenzyl-containing nanoparticles (Jiang et al. 2006). However, the sensi-
tivity of this process was low because of inefficient two-photon absorption.
Recently, Zhao et al. addressed this issue by encapsulating upconverting nano-
particles (UCNPs) into the nitrobenzyl-based block copolymer micellar core, along
with the hydrophobic payloads (Yan et al. 2011). Upon exposing these micelles to
NIR light (980 nm), the UCNPs emit photons in the UV and visible regions, which
are absorbed by the O-nitrobenzyl groups on the micelle core-forming hydro-
phobic block. This activated photocleavage reaction and triggered the release of
hydrophobic payload (Fig. 8). Because of more efficient large-two photon
absorption cross section, the micelles prepared using the coumarin chromophores
have also demonstrated high sensitivity than one using O-nitrobenzyl (Babin et al.
2009). Nevertheless, dissociation of nanoparticles by co-loading UCNPs repre-
sents a more efficient method for potential biomedical applications.

Polymeric micelles containing light-responsive 2-diazo-1,2-napthoquinone
(DNQ) group have also been synthesized and investigated their potential as drug
carrier (Chen et al. 2011). DNQ is an another attractive trigger group for the design of
light-responsive nanocarriers because their UV or NIR induced Wolff rearrangement
can result in a drastic change in aqueous solubility through conversion of hydro-
phobic DNQ into hydrophilic 3-indenecarboxylic acid. Recently, light-responsive
lectin-binding Janus-type dendritic PAMAM amphiphiles composed of DNQ were
synthesized by connecting hydrophobic DNQ-decorated PMAMAM dendron to
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hydrophilic lactose-decorated PAMAM via click chemistry (Sun et al. 2012). In an
aqueous condition, the dendritic amphiphiles formed self-assembled nanoparticles
with DNQ-core and lactose surface. The DOX-loaded nanoparticles demonstrated
NIR-triggered drug release profile, and their cytotoxicity was close to free DOX.
Considering the light-triggered drug release and lectin-binding capabilities, these
nanoparticles have great potential for targeted spatiotemporal drug delivery.

6 Enzyme-Responsive Nanoparticles

Enzymes play a central role in all biochemical processes that occurs in the body.
Dysregulation of enzyme expression is implicated in various diseases, including
cancer. Thus, enzymes are increasingly used as signals for monitoring several
physiological changes, and can also be used as an effective tool for diagnose the
disease early in its pathogenesis. In recent years, considerable research attention
has also been focused on the design of polymeric nanoparticles that incorporate
structural motifs that can be cleaved via enzymatic digestion to disassemble their
structures, thereby release the drugs at the target disease site (Zelzer et al. 2013;
de la Rica et al. 2012).

Fig. 8 Schematic illustration of NIR light-triggered dissociation of micelles using the UV light
generated by the loaded upconversion nanoparticles. Reproduced from Yan et al. (2011,
Copyright American Chemical Society) with permission
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6.1 Enzyme-Responsive Polysaccharides-Based
Nanoparticles

Nanoparticles-based on polysaccharides such as chitosan, pectin, dextran and
chondroitin sulfate have been widely investigated as carriers for colon-specific drug
delivery owing to the degradation of the glycosidic linkages by the colonic microflora
that includes a large number of hydrolytic and reductive enzymes such as b-glyco-
sidase, b-glucuronidase and azoreductase (Sinha and Kumria 2001; Park et al. 2010).
Many malignant tumors have demonstrated elevated levels of hyaluronidases
(Hyals), enzymes that are known to readily degrade polysaccharide HA into low
molecular fragments HA. Since HA can bind to CD44, a receptor that is known to
overexpress on various tumor cells, many researchers have investigated HA-based
nanoparticles for tumor-targeted therapy and imaging (Choi et al. 2010, 2012; Sar-
avanakumar et al. 2010). Park et al. have prepared amphiphilic HA derivative, which
is capable of forming self-assembled nanoparticles, by chemically conjugating HA
with 5b-cholanic acid and PEG (Choi et al. 2011). As expected, these PEGylated HA
nanoparticles (P-HA-NPs) were effectively internalized into the CD44-over-
expressing cancer cells (SCC7 and MDA-MB-231) via receptor mediated endocy-
tosis, but were rarely taken by the normal fibroblasts (NIH-3T3). When incubated
with Hyals, P-HA-NPs rapidly released the encapsulated anticancer drugs due to the
disintegration of the nanoparticle structure by the Hyals. This characteristic of P-HA-
NPs is highly advantageous for cancer therapy because of the abundant Hyals in
cytosol of tumor cells, which may enable rapid release of drug from the nanoparticles
after CD44-mediated cellular uptake (Fig. 9). After systemic administration in
tumor-bearing mice, P-HA-NPs were effectively reached the tumor site through EPR
effect and as well as specific binding of HA to CD44 on tumor cells. P-HA-NPs loaded
with anticancer drug camptothecin (CPT) demonstrated high therapeutic effect
in vivo, compared to the free CPT (Choi et al. 2011). Similarly, HA-cholesterol based
nanoparticles encapsulated with DOX and superparmagnetic iron oxide nanoparti-
cles also showed triggered release in the presence of Hyals (Deng et al. 2012).

6.2 Enzyme-Responsive Polypeptide-Based Nanoparticles

Besides natural polysaccharides that can be degraded by specific enzymes in par-
ticular organs or cellular environment, many synthetic polymeric nanoparticles with
enzyme-degradable moieties such as peptide sequences have also been developed
and investigated their potential as drug carriers. Proteases are important enzymes
that play an essential role in many biological and pathological processes, and their
up-regulation is associated with the diseases such as cancer, inflammation and
neurodegenerative diseases. For example, matrix metalloproteinases (MMPs), a
family of zinc-dependent proteases, are secreted excess in cancer cells and plays a
crucial role in tumor invasion (Egeblad and Werb 2002). Owing to these features,
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several polymeric drug carriers with MMP-cleavable peptides have been developed
to maximize the cancer therapeutics. The first class of MMP-responsive carrier
systems includes simple conjugation of anticancer drugs directly to the polymers
such as PEG and dextran via MMP-cleavable peptide sequences (Lee et al. 2007;
Chau et al. 2004). Lee et al. conjugated DOX to PEG via MMP-specific peptide
linkers GPLGV and GPLGVRG. Subsequently, they loaded free DOX into the PEG-
peptide-DOX conjugates. In vivo studies demonstrated a longer half-lives and
higher plasma DOX concentrations for DOX-loaded conjugated micelles compared
to the bare micelles. These results indicated DOX-loaded micelles as a potent system
for cancer therapy (Lee et al. 2007). In an another study, MMP-sensitive a cationic
block copolymer based gene carrier was prepared by placing the GPLGVRG pep-
tide-linker between a PEG segment and a P(Asp) segment with a flanking DET
group. Because of the detachment of PEG layer at the extracellular environment in

Fig. 9 Schematic illustration of cellular uptake of CPT-loaded PEGylated HA nanoparticles, and
Hayls-mediated intracellular dissociation of the nanoparticles. Reproduced from Choi et al.
(2011, Copyright American Chemical Society) with permission
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the presence of MMP-2, the resulting PEG-sheddable polyplex micelles exhibited
high transfection efficiency (Li et al. 2013b). Recently, more advanced multifunc-
tional MMP-7 triggered PEG sheddable cationic polymeric nanoparticles with a pH-
dependent membrane disruptive characteristic were developed (Li et al. 2013a). In
the presence of MMP-7, this smart nanoparticle effectively delivered siRNA into the
cytosol, and enabled RNA interference and protein-level knockdown. In an attempt
to reduce the systemic toxicities and to improve the therapeutic efficacy, anticancer
drugs DOX and PTX were conjugated to a polyester nanodendron (ND) through a
MMP-9 cleavable peptide linker (Samuelson et al. 2013). Although both DOX-
conjugated ND (NDDOX) and PTX-conjugated ND (NDPTX) showed MMP-9
dependent cleavage, NDPTX were highly cytotoxic upon MMP9 activation, whereas
NDDOX exhibited no detectable cytotoxicity.

Another PEG-sheddable block copolymer micelles were prepared using an am-
philiphilic PEG-b-PS diblock copolymer with azobenzene linkage (Rao and Khan
2013). The block copolymer was synthesized using azobenzene linkage bearing
PEG-macroinitiator via atom transfer radical polymerization. Since azo bond is
susceptible to the enzyme azoreductase produced by the microbial flora present in the
colon of the human intestine, these micelles were suitable for colon-specific drug
delivery. Similar to the PEG-sheddable micelles, Lee et al. (2011) developed lys-
osomally cleavable peptide-containing polymersomes, with anti-EGFR antibody, by
incorporating a peptide sequence GFLGF in between PEG and PDLLA block. This
targeted cleavable polymersomes exhibited enhanced cellular uptake and relatively
fast enzymatic destabilization in the presence of the lysosomal enzyme (cathepsin
B). Since many tumors overexpress both cathepsin B and EGF receptor, this poly-
mersomes might have a potential as carrier for tumor-targeted drug delivery.

7 Glucose-Responsive Nanoparticles

Diabetes mellitus is a metabolic disorder that is primarily characterized by the
accumulation of glucose concentrations in the blood. Current treatment methods
for diabetes are limited to insulin injection, which is painful and result in poor
compliance and glucose control. For instance, while insufficient insulin injection
results in hyperglycemia, an overdose of insulin injection may cause hypoglyce-
mic coma in patients. Therefore, consistent monitoring of blood glucose, followed
by appropriate insulin injections, is required to achieve normoglycemia. In this
regard, significant efforts have been focused on developing a self-regulating
insulin delivery system that is capable of delivering accurate levels of insulin in
response to in vivo glucose level.

One of the strategies to develop such self-regulating insulin system includes
fabricating glucose-responsive polymeric nanoparticles by incorporating glucose-
responsive moieties such as glucose oxidase, lectin or phenylboronic acid (PBA)
(Bratlie et al. 2012; Wu et al. 2011). Because of the specific and reversible inter-
action of PBA with diols units such as glucose, several PBA-based polymeric
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systems have been widely developed for insulin delivery (Kataoka et al. 1998;
Matsumoto et al. 2004). In an aqueous medium, PBA compounds are in equilibrium
between an uncharged (hydrophobic) and charged form (hydrophilic) (Fig. 10a).
The charged PBA can form a stable complex with glucose through reversible
covalent bonding. Therefore, increasing the glucose concentration increases the
charged forms of PBA; thereby enhance the hydrophilicity of the polymeric system
with PBA moieties. Thus, the characteristic glucose-responsive equilibrium of PBA
has been exploited to trigger insulin release from the polymeric system. Jin et al.
(2009) synthesized glucose-responsive random amphiphilic glycopolymers that
comprised of PBA and glucosamine moieties via radical polymerization. This
glycopolymers could form self-assembled nanoparticles by forming crosslinks
between PBA and glucosamine moieties. Insulin was loaded into the nanoparticles
through nanoprecipitation method. When free glucose is added to the nanoparticles,
it competes to bind with PBA and breaks the crosslink between PBA and glucosa-
mine, thus enhancing the hydrophilicity and promoting swelling of nanoparticles,
and thereby releasing its payload of insulin. The incorporation of glucosamine
moieties alleviated the cytotoxicity issues associated with PBA.

To improve the glucose-sensitivity at physiological conditions, PBA-based
complex micelles were prepared by self-assembly of PBA-based PEG-b-poly(acrylic

Fig. 10 a Equilibria of
(alkylamido)phenyl boronic
acid. b Assembly and
disassembly of PBA-based
glucose-responsive complex
micelles. Reproduced from
Kataoka et al. (1998,
Copyright American
Chemical Society) and Ma
et al. (2012, Copyright
American Chemical Society)
with permission
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acid-co-acrylamidephenylboronic acid) (PEG-b-P(AA-co-APBA)) and a glyco-
polymer poly(acrylic acid-co-acrylglucosamine) (P(AA-co-AGA)) through covalent
complexation between PBA and glycosyl (Fig. 10b) (Ma et al. 2012). The results
from the study demonstrated enhanced glucose-sensitivity for complex PEG-b-
P(AA-co-APBA)/P(AA-co-AGA) micelles (concentration of glucose 2 g/L for the
polymers weight ratio 1:0.75) compared to the simple PEG-b-P(AA-co-APBA)
micelles at physiological conditions. In particular, the sensitivity of complex
micelles increased by decreasing the amount of PEG-b-P(AA-co-APBA) in the
compositions. In another study, glucose-responsive complex micelles with on-off
insulin release characteristics were prepared by self-assembly of two block
copolymers, PEG-b-poly(aspartic acid-co-aspartamidophenylboronic acid) (PEG-b-
P(Asp-co-AspPBA)) and PNIPAM-b-P(Asp-co-AspPBA) (Fig. 11) (Liu et al. 2013).
By controlling the weight ratio of PEG and PNIPAM (6/4), a well-defined core-shell-

Fig. 11 Chemical structure of glucose-responsive PEG-b-P(Asp-co-AspBA) and PNIPAM-b-
P(Asp-co-AspBA) block copolymers, and illustration of glucose-responsive complex micelles
with on–off insulin release. Reproduced from Liu et al. (Copyright Royal Society of Chemistry)
with permission
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corona structure PNIPAM membrane and glucose-responsive core is fabricated.
The main advantages of this system include protection of insulin against protease
degradation and reproducible on–off insulin release. Similarly, self-assembled
polymeric nanoparticles based on poly(3-acrylamidophenylboronic acid) and
poly(2-lactobionamidoethyl methacrylate) have also been developed for intracel-
lular delivery of protein drugs (Cheng et al. 2012). Recently, Kim et al. (2012)
developed monosaccharide-responsive polymersomes by employing PEG-b-
poly(styreneboroxole) block copolymer synthesized via RAFT method. In particular,
this polymersomes demonstrated monosaccharide-responsive disassembly under
physiologically relevant pH conditions, indicating their potential as carriers for the
delivery of insulin.

8 Conclusions and Outlook

Stimuli-responsive polymeric nanoparticles have emerged as a fascinating class of
drug carriers that can be elegantly employed for target-specific delivery of a wide
range of therapeutic agents. The stimuli-responsive drug carriers have the ability to
rapidly release the drugs upon reaching the target site of action. The inherent
stimuli such as pH, redox and enzymes mainly trigger drug release by altering the
hydrophilic-hydrophobic balance and/or disintegration of cleavable moieties
incorporated in the drug carriers. Alternatively, external stimuli such as light and
ultrasound could enable to control the drug release characteristics in a remote and
controlled way at the target site of action. Rationally designed carriers with
multiple stimuli could be more beneficial to realize effective therapy.
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Photo-Responsive Polymeric Nanocarriers
for On-Demand Drug Delivery

Jian Ji and Qiao Jin

Abstract Polymeric assemblies self-assembled from amphiphilic copolymers are
the topic of intense research and have emerged as versatile drug nanocarriers in the
past few decades. To enhance the bioavailability of drugs at the target disease site,
the use of stimuli-responsive nanocarriers with triggered release properties is
highly desired. Among all the available chemical and physical stimuli, photo has
attracted much attention since it can be localized in time and space, and it can also
be triggered from outside of the system. In this chapter, we highlight the recent
progress of photo-responsive assemblies as drug nanocarriers. Different types of
photo-responsive polymers were classified. A wide variety of photo-responsive
moieties, including UV and NIR responsive polymers, as well as synthetic routes
were introduced to the drug nanocarriers. Finally, we suggest possible future
developments of photo-responsive polymeric nanocarriers for biomedical appli-
cations, especially for drug delivery.
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DENBMA 5-(20-(dimethylamino)ethoxy)-2-nitrobenzyl methacrylate
RAFT Reversible addition–fragmentation chain transfer polymerization
BSA Bovine serum albumin
DNQ 2-Diazo-1,2-naphthoquinone

1 Introduction

There are a lot of anticancer drugs that have been developed for the treatment of
cancers, but their clinical outcomes are always disappointing due to severe side
effects. The lack of tumor selectivity and recurrence of cancers with intrinsic or
acquired drug resistance will also decrease the therapeutic efficacy of the drugs.
Various nanocarriers, including micelles, vesicles, nanoparticles, nanogels, and
liposomes have been developed to address these problems (Wei et al. 2013; Sailor and
Park 2012; Li et al. 2013). Generally, the drugs can either be physically encapsulated
into the hydrophobic inner cores of nanocarriers or chemically conjugated to
the polymer chains to form polymer-drug conjugates. Compared to conventional
formulation technology, the polymeric nanocarriers have many advantages,
including: (1) accumulation passively in solid tumors by enhanced permeation and
retention (EPR) effects; (2) avoiding clearance from the reticuloendothelial system;
(3) reducing the multiple drug resistance; (4) improving drug pharmacokinetics and
biodistribution in vivo (Elsabahy and Wooley 2012; Cabral et al. 2011).

As soon as the drug nanocarriers arrive at the target disease site, a triggered
release of encapsulated drugs will be highly desired. As a result, stimuli-respon-
sive nanocarriers, which can show sharp and eventually reversible responses to
various environmental changes have found ever-increasing opportunities. Various
chemical and physical stimuli, such as pH, redox, temperature, enzyme, have been
used to construct stimuli-responsive nanocarriers (Gil and Hudson 2004; Srinivas
et al. 2008; Rapoport 2007). This will increase the feasibility of obtaining local
high-dose therapy in cancerous tissues and at intracellular compartments. Espe-
cially, taking advantage of internal stimuli, such as low pH values of endosome
and lysosome (5.0–5.5), lower extracellular pH (6.5) and glutathione (GSH)
concentration gradients in tumor tissues, various stimuli-responsive nanocarriers
have been deigned that can release the endogenous triggered on-demand drug
release (Du et al. 2011; Christie et al. 2011). For the above-mentioned endogenous
triggered drug release (pH, redox potential, enzyme), it is still a considerable
challenge to realize accurately controlled release due to the complex and still not
fully understood physiological environment in cells, tissue and body. Thus, it
would be favorable to develop a new kind of externally triggered release of drugs
in vivo and/or in vitro. Photo is quite advantageous since it can be localized in time
and space, and it can also be triggered from outside of the system (Gohy and Zhao
2013; Liu et al. 2013; Habault et al. 2013; Pasparakis et al. 2012; Jin et al. 2010).
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Furthermore, the wavelength and energy of photo can be facile adjusted. The basic
design of photo-responsive drug delivery system is shown in Fig. 1. Hence, the
advantages of photo-responsive polymeric micelles may include: (1) realizing
spatiotemporal drug release with a high local concentration in the diseased sites,
and reduce the overall injected dose and systemic toxicity; (2) realizing pulsed
drug release; (3) controlling the targeting properties of nanocarriers.

2 Classify of Photo-Responsive Polymers

With the development and applications of photo-responsive materials in diverse
fields including catalysis, sensors, templates, etc., various photo-responsive
polymers have been designed. Depending on different premises, photo-responsive
polymers can be classified in different ways. Based on the reversibility, photo-
responsive polymers can be classified as reversible and irreversible photo-
responsive polymers. Meanwhile, they can also be classified into UV, visible light
and NIR responsive polymers depending on the light source. Additionally, based
on the reaction mechanisms, photo-responsive polymers can be classified as photo-
cleavable polymers and photo-isomerized polymers. In the presence of photo
irradiation, photo-cleavable polymers will be degraded or the side group of the
polymers will be cleaved (Fig. 2). On the contrary, photo-isomerized polymer will
be isomerized to another polymer under photo irradiation (Fig. 3). Table 1 sum-
marizes different types of photo-responsive groups, which might be helpful for the
rational design of photo-responsive polymers in biomedical applications. The self-
assembly and intracellular on-demand drug delivery of photo-responsive polymers
will be discussed in detail in this chapter.

Fig. 1 Photo-responsive drug release from polymeric micelles
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3 UV Responsive Polymeric Nanocarriers for Drug
Delivery

UV light is widely used for the construction of photo-responsive materials since
UV light apparatus with various wavelengths and intensity is cheap and easily set
up in laboratory. What’s more, most of the photo-responsive groups are UV light
sensitive. In general, low-power photo irradiation of long wavelength UV light
(365 nm) within 30 min is safe to body and imposes little toxicity to cells.
However, it is enough for most of the photo reactions and photo-responsive drug
release can be achieved, which opens a door for the design of UV responsive
nanocarriers. Since photo-responsive pyrene-containing amphiphilic diblock
copolymers were first introduced as drug delivery vehicles in 2005 by Yue Zhao
(Jiang et al. 2005), there has been considerable interest in photo-responsive
polymeric micelles for on-demand drug-delivery.

Fig. 2 Schematic illustration of photo-cleavage reaction

Fig. 3 Schematic illustration of photo-isomerization reaction
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3.1 O-Nitrobenzyl Containing Drug Nanocarriers

As a most widely studied photo-labile group, the o-nitrobenzyl group is utilized
frequently in polymer and materials science. o-Nitrobenzyl ester has become one
of the most popular photo-labile protecting groups since first described by Scho-
field and co-workers (Barltrop et al. 1966). The photocleavage of o-nitrobenzyl
ester is an intramolecular rearrangement process and the mechanism of the
photocleavage of o-nitrobenzyl ester to corresponding o-nitrosobenzaldehyde upon
UV irradiation is shown in Fig. 4. It is very important that this kind of photo-
reaction doesn’t need protonic solvent and can carry out both in solution and solid
state. Moreover, the photocleavage of o-nitrobenzyl can occur via one-photon UV
(365 nm) or two-photon (700 nm) irradiation. The photo-cleavable o-nitrobenzyl
group can be conjugated either in the side chain or in the main chain. If it is in the
side chain, the hydrophobic o-nitrobenzyl containing block will transform to
hydrophilic carboxylic acid containing block under UV irradiation, which will
result in the hydrophobicity-to-hydrophilicity transition. If o-nitrobenzyl group is
in the main chain, the polymer backbone will be degraded into small molecules
under UV irradiation.

The first example of photo-responsive o-nitrobenzyl containing micelles was
reported by Zhao and co-workers (Jiang et al. 2006). They synthesized amphiphilic
block copolymer poly(ethylene oxide)-b-poly(2-nitrobenzyl methacrylate) (PEO-
b-PNBMA) which can self-assemble into micelles. The photolysis of 2-nitrobenzyl
groups resulted in the cleavage of 2-nitrosobenzaldehyde from the polymer, which
transformed the hydrophobic PNBMA into the hydrophilic PMAA and triggered
the micellar disruption. Using Nile red as a hydrophobic model compound, they
investigated the photo-controlled release of Nile red from PEO-b-PNBMA
micelles. The release of Nile red was monitored by fluorescence spectra as the
fluorescence intensity decreased and the maximum emission wavelength red
shifted upon UV irradiation.

Fig. 4 The mechanism of photocleavage of o-nitrobenzyl ester
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Similarly, Liu and co-workers fabricated amphiphilic o-nitrobenzyl containing
diblock copolymer micelles exhibiting photo-triggered hydrophobic-hydrophilic
transition within micellar cores and the concomitant enhancement of magnetic
resonance (MR) imaging contrast performance and release rate of physically
encapsulated hydrophobic drugs (Li et al. 2012). POEGMA-b-P(NIPAAm-co-
NBA-co-Gd) diblock copolymers covalently labeled with Gd3+ complex were
synthesized via the combination of consecutive RAFT polymerizations and
‘‘click’’ postfunctionalization. Self-assembled micelles were further used to
encapsulate anticancer drug DOX. In the presence of UV irradiation, hydrophobic
NBA moieties transformed into hydrophilic carboxyl derivatives, resulting in the
changes of micellar microstructural changes and the core swelling. As a result, the
microenvironment surrounding Gd3+ complexes was subjected to a transition
from being hydrophobic to hydrophilic, which led to the enhancement of MR
imaging contrast performance. At the same time, the release rate of encapsulated
Dox was also enhanced (Fig. 5). In another research, the same group fabricated
photo-degradable, protein-polyelectrolyte complex-coated, mesoporous silica
nanoparticles (MSNs) and realized controlled co-release of protein and model
drugs (Wan et al. 2013). Random copolymers composed of OEGMA and a
photocleavable o-nitrobenzyl-containing monomer, DENBMA, were first conju-
gated to MSNs by RAFT and then quaternary aminated to obtain positively
charged P(OEGMA-co-TENBMA) which exhibits photo-induced charge conver-
sion characteristics. Rhodamine B (RhB) was encapsulated into the nanopores of

Fig. 5 Schematic illustration for the fabrication of photo-responsive polymeric micelles of
POEGMA-b-P(NIPAAm-co-NBA-co-Gd) amphiphilic diblock o-nitrobenzyl containing copoly-
mer (Li et al. 2012). Reproduced by permission of the American Chemical Society
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the MSNs. Meanwhile, Negatively charged BSA was loaded on the surface of the
hybrid MSNs by electrostatic interactions. Upon UV irradiation, positively
charged P(OEGMA-co-TENBMA) were transformed to negatively charged, which
led to the disruption of protein-polyelectrolyte complex on MSNs and co-release
of BSA and RhB by electrostatic repulsion.

In another interesting research, Grubbs and co-workers synthesized photo-
responsive o-nitrobenzyl containing polymer-drug conjugates (Johnson et al.
2011). A class of DOX conjugated bottle-brush copolymer nanoconjugates were
prepared by ring-opening metathesis polymerization and click chemistry. DOX
was conjugated to the backbone by photocleavable o-nitrobenzyl groups (Fig. 6).
After UV irradiation, DOX was cleaved from the backbone and the free DOX
could kill the cancer cells effectively.
Besides photo-responsive liner polymers, dendritic amphiphilic o-nitrobenzyl
containing Nanocontainers were also reported by Yesilyurt et al. (2011). They
designed and synthesized photo-responsive amphiphilic dendrimers that can form
dendritic micelles in water. Hydrophobic guest molecules were loaded into the
dendritic micelles. Upon UV irradiation, Hydrophobic o-nitrobenzyl ester groups
were converted to hydrophilic carboxylic acid segments, which destroyed the
hydrophilic-hydrophobic balance and resulted in the supramolecular disassembly
of the dendritic micelles (Fig. 7). 88 % of the encapsulated guest molecules were

Fig. 6 a Synthesis of the polymer-drug conjugates; b Photo-triggered release of DPOX from the
polymer-drug conjugates (Johnson et al. 2011). Reproduced by permission of the American
Chemical Society
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released in only 200s upon UV irradiation, compared to the 5 % guest release upon
irradiation of a control dendrimer, which lacked the photolabile o-nitrobenzyl
groups.

Combining photo with other stimuli can significantly broaden the scope of
applications of such drug nanocarriers. Very recently, Zhu and co-workers
reported chitosan-based nanocarriers with pH and photo dual response for anti-
cancer drug delivery (Meng et al. 2013). The pH and photo-responsive cross-
linked polymeric micelles were prepared by the self-assembly of amphiphilic
glycol chitosan-o-nitrobenzyl succinate conjugates and then cross-linking with
glutaraldehyde, which was synthesized by grafting photo-responsive o-nitrobenzyl
group onto hydrophilic glycol chitosan. Anticancer drug camptothecin (CPT) can
be loaded into the micelles. The in vitro drug release experiments showed the
encapsulated CPT could be quickly released at low pH with UV irradiation
(Fig. 8). At the same time, the CPT-loaded micelles exhibited better cytotoxicity
against cancer cells under UV irradiation.
The o-nitrobenzyl groups mentioned above are all in the side chains. Zhao and co-
workers also conjugated o-nitrobenzyl groups in the main chains. In one their
research (Han et al. 2011), they synthesized an amphiphilic ABA triblock
copolymer PEO-b-PUNB-b-PEO of which the middle block PUNB is a hydro-
phobic polyurethane containing o-nitrobenzyl groups (Fig. 9). The resulting
micelles possess a photodegradable core and can be disrupted very fast upon UV
irradiation. As a result, more than 70 % of encapsulated guest molecules can be
released after only 10 s of UV irradiation (365 nm). What’s more, they prepared
block copolymer micelles with a dual-stimuli degradable core for fast or slow drug
release (Han et al. 2012). ABA triblock copolymer PEO-b-poly(disulfide-
alt-nitrobenzene)-b-PEO was synthesized by two-step click chemistry of which the

Fig. 7 Photo-induced disassembly of dendritic micellar assemblies after photo irradiation
(Yesilyurt et al. 2011). Reproduced by permission of John Wiley and Sons
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middle block is composed of redox-responsive disulfide and photo-responsive
o-nitrobenzyl groups. With this design, the micelles be disrupted under the effect
of either a reducing agent DTT that breaks the disulfide bonds or UV light that cuts
the o-nitrobenzyl ester groups. This feature makes it possible to have either burst

Fig. 8 Schematic illustration for the preparation of CPT-loaded micelles and intracellular drug
release triggered by pH and UV Light (Meng et al. 2013). Reproduced by permission of the
American Chemical Society

Fig. 9 Synthesis of photo-degradable triblock copolymer of PEO-b-PUNB-b-PEO (Han et al.
2011). Reproduced by permission of the American Chemical Society
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release of encapsulated guest molecules by UV irradiation, or slow release by the
action of a reducing agent DTT in the micellar solution. The two stimuli could also
be utilized in combination to generate on-demand release rate profiles.

3.2 Spiropyran-Containing Drug Nanocarriers

Photochromic spiropyran molecules are well known for the reversible spiropyran-
merocyanine (SP-MC) transition (Goldburt et al. 1984). The SP molecule is col-
orless, nonpolar, hydrophobic, and in a ‘‘closed’’ form under visible light irradiation
(620 nm). Exposure of the SP molecule to UV (365 nm) irradiation induces ring-
opening isomerization, giving the colored, polar, hydrophilic, and zwitterionic MC
form (Fig. 10). Recently, the spiropyran-merocyanine (SP-MC) chemistry has been
introduced to construct photo-responsive nanocarriers. Lee and co-workers syn-
thesized a diblock copolymer PEO-b-PSPMA, where SPMA was spiropyran-
containing methacrylate monomer (Lee et al. 2007). The SP units respond to photo
and undergo a reversible isomerization between hydrophobic SP and hydrophilic
MC, which results in the assembly and disassembly of the micelles. This micelle
system was successfully applied to the efficient encapsulation, release, and partial
re-encapsulation of hydrophobic guest molecules. Similarly, Ji and co-workers
synthesized amphiphilic spiropyran-containing hyperbranched polyphosphate
HPHEEP-SP which can self-assemble to biocompatible micelles (Chen et al. 2012).
Model drug coumarin 102 was then encapsulated into the micelles successfully.
Photo-controlled release and re-encapsulation was also realized.

3.3 Azobenzene-Containing Drug Nanocarriers

Azobenzene can undergo trans-cis photoisomerization in response to UV and
visible light which results in large structural change as reflected in the spatial
requirement and absorption spectra (Tamai and Miyasaka 2000). At the same time,
trans-azobenzene is an excellent guest for inclusion complexation with a- and

Fig. 10 Photo-responsive reversible spiropyran-merocyanine (SP-MC) transition

Photo-Responsive Polymeric Nanocarriers for On-Demand Drug Delivery 103



b-cyclodextrin (CD). In contrast, cis-azobenzene cannot form inclusion com-
plexation with CD because of the mismatch between the host and the guest. This
photo-switchable host-guest interaction might be a nice inspiration for the design
of smart drug nanocarriers (Wang et al. 2007). Zhang and co-workers fabricated
cellular-uptake shielding ‘‘Plug and Play’’ template for photo triggered drug
release (Xiao et al. 2011). The polyanionic template consisted of polyacrylic acid
(PAA) and azobenzene. The a-CD modified drug or functional groups can be
loaded onto the template via host-guest interaction. Upon UV irradiation, the a-CD
modified drug can be released (Fig. 11). Since the surface of cells is negatively
charged, the negatively charged drug carriers will be repelled by cells and cannot
be uptaken by normal cells. In the presence of UV irradiation, the loaded drug can
be released from the drug carrier quickly and thereafter endocytosed by target cells
to achieve the desirable cure effect. Azobenzene-containing photo-responsive
amphiphilic linear-dendritic block copolymers were reported by Oriol and
co-workers recently (Blasco et al. 2013). The release of encapsulated guest mol-
ecules can be triggered by low intensity UV illumination, which was related to the
trans-cis photoisomerization of azobenzene.

Fig. 11 Schematic illustration of the photo responsive polyanionic template loading (a) and
release (b) of a-CD modified drug and functional groups (Xiao et al. 2011). Reproduced by
permission of John Wiley and Sons
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Photo-responsive azobenzene-containing polymers can also be used in gene
delivery. Wang and co-workers constructed intracellular PEG-detachable
polyplexes to facilitate nuclear entry by photo-responsive host–guest interactions (Li
et al. 2012). They synthesized b-CD-modified branched polyethylenimine (PEI-CD)
and azobenzene modified PEG (AZ-PEG) was grafted to PEI-CD via host–guest
interactions. By this way, PEGylated supramolecular PEI (Az-PEG/PEI-CD) was
prepared. It was used to associate with DNA and Az-PEG/PEI-CD/DNA polyplexes
were obtained. PEGylated polyplexes provided excellent biocompatibility during
circulation. After they were internalized by cells, photo-regulated dePEGylation
facilitated DNA release and nuclear entry, thus resulting in efficient transfection
(Fig. 12).

4 NIR Responsive Polymeric Nanocarriers
for Drug Delivery

As is known, UV light can be easily absorbed by water and biomolecules. As a
result, UV light can only penetrate shallow tissue, which greatly limits the
applications of UV light in vivo. What’s more, UV light is somewhat harmful

Fig. 12 Formation of PEGylated polyplexes via host–guest interactions and the detachment of
PEG upon UV irradiation (Li et al. 2012). Reproduced by permission of the Royal Society of
Chemistry
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to the tissues and cells. To overcome this drawback, an increasing number of
drug-delivery materials sensitive to near infrared (NIR) light have been reported
in recent years. Compared to UV light, NIR between 700 and 1,000 nm can
penetrate several millimeters up to centimeter depth of tissues and shows fewer
risks of damage to the irradiated area, enabling the NIR-sensitive nanomedicines
great potential as a noninvasive clinical therapy (Fomina et al. 2012; Weissleder
2001).

4.1 DNQ-Containing Drug Nanocarriers

2-Diazo-1,2-naphthoquinone (DNQ) is one of the most widely used NIR respon-
sive groups in scientific research. Under UV (365 nm) or NIR (800 nm) irradia-
tion, the hydrophobic DNQ undergoes a Wolff rearrangement to afford hydrophilic
3-indenecarboxylic acid with a pKa of 4.5 (Fig. 13) (Almstead et al. 1994).
Therefore, the DNQ-containing polymers provide a versatile platform for the
design of NIR-responsive drug nanocarriers. Fréchet and co-workers first syn-
thesized amphiphilic copolymers of DNQ-terminated PEO (PEO-DNQ) (Goodwin
et al. 2005). PEO-DNQ can self-assemble into micelles for the encapsulation of
hydrophobic Nile Red. The photo-responsive release of Nile Red was monitored
by fluorescence spectra under NIR irradiation (795 nm). The disadvantage of this
system was that PEO-DNQ had a relatively high critical micelle concentration
(CMC) of 0.15 mg/mL and exhibited a rather high toxicity towards cells. In order
to overcome this disadvantage, they synthesized DNQ-containing linear-dendritic
copolymers, which showed much lower CMC (12 lg/mL) and was less toxic than
PEO-DNQ. Meanwhile, the NIR-responsive release of guest molecules was also
realized (Mynar et al. 2007). Notably, Ji and co-workers designed a series of DNQ
modified polymers, including hyperbranched polyphosphate, comb-like PEG, and
dextran to explore the NIR-responsive drug release (Chen et al. 2011a, b; Liu et al.
2012). Especially, they constructed DNQ grafted dextran (Dex-DNQ), which was
used for the NIR-responsive intracellular drug delivery (Liu et al. 2012). Anti-
cancer drug DOX can be easily encapsulated into Dex-DNQ micelles withloading
content of 24 %. In vitro cell viability studies, the micelles exhibited higher
intracellular DOX release under NIR irradiation at 808 nm, which resulted in
significant growth inhibition of HepG2 cancer cells (Fig. 14).

Fig. 13 Wolff rearrangement of DNQ
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Importantly, DNQ was introduced into multifunctional drug nanocarriers. Dong
and co-workes prepared NIR-responsive sugar-targeted nanocarriers from degrad-
able and dendritic amphiphiles (Sun et al. 2011). They synthesized DNQ grafted
dendronic poly(amido amine)-b-poly(e-caprolactone) (D3-PCL-DNQ), D3-PCL-
DNQ micelles can be used as nanocarriers for the loading of DOX. Upon NIR
irradiation, DOX can be released in a controlled manner by changing the photo
irradiation time, which was induced by the gradual disruption of micelles in aqueous
solution. Furthermore, the sugar-coated micelles demonstrated specific binding with
the lectins Concanavalin A and Ricinus communis agglutinin, respectively, which
made them useful as targeted drug-delivery vesicles. In another research, the same
group fabricated NIR-responsvie and lectin-binding nanocarriers from Janus-type
dendritic PAMAM amphiphiles (Sun et al. 2012). Janus-type dendritic poly(amido
amine) (PAMAM) amphiphiles Dm-Lac-D3DNQ were synthesized by connecting
hydrophobic DNQ-decorated PAMAM dendron D3 and hydrophilic lactose (Lac)-
decorated PAMAM dendrons Dm via click chemistry. Amphiphilic Dm-Lac-
D3DNQ can self-assemble into the DNQ-cored micelles dangled by densely free
Lac groups (Fig. 15). After 30 min of NIR irradiation (808 nm), most of the
micelles were disassembled. The DOX-loaded nanomedicine exhibited a NIR-
triggered drug release profile and a related cytotoxicity that was close to free DOX.
Meanwhile, the micelles showed binding with RCA120 lectin, which was related to
the generation of Lac-decorated dendrons.

Fig. 14 Schematic illustration of the self-assembly and NIR-responsive intracellular release of
DOX (Liu et al. 2012). Reproduced by permission of the Royal Society of Chemistry
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4.2 Coumarin-Containing Drug Nanocarriers

The coumarin family has thousands of derivatives and has been widely used in
various areas. The coumarin units are well known for the reversible dimerization
and de-dimerization under UV irradiation with different wavelength (365 and
254 nm) (Trenor et al. 2004). Thus, coumarin units are widely used in photo cross-
linking. On the other hand, some special coumarin derivatives can also be photo-
cleaved unde one-photon UV or two-photon NIR irradiation if the coumarin
derivatives are linked along the side chain of polymer by ester units (Fig. 16).
Zhao and co-workers first synthesized coumarin-containing NIR-responsive
nanocarriers. The amphiphilic NIR-responsive block copolymer is composed of
hydrophilic PEO block and hydrophobic poly-([7-(diethylamino)coumarin-4-yl]
methyl methacrylate) (PDEACMM) block (Babin et al. 2009). Upon UV or NIR
irradiation, the DEACMM groups were cleaved from the backbone, which con-
verted the ester groups to carboxylic acid groups and the hydrophobic PDEACMM
to hydrophilic poly(methacrylic acid) (PMA). After 285 min of NIR exposure,
micelles appeared to be highly degraded, accompanying with the release of guest
molecules. In order to improve the biocompatibility and biodegradability of the
micelles, Zhao and co-workers a new kind of polypeptide copolymer (Kumar et al.
2012). The NIR responsive copolymer was composed of PEO and poly(L-glutamic
acid) bearing a number of 6-bromo-7-hydroxycoumarin-4-ylmethyl groups (PEO-
b-P(LGA-co-COU)). The coumarin compound, 6-bromo-7-hydroxycoumarin-4-
ylmethyl, was selected as the NIR-responsive group because this chromophore is
known to have a large two-photon absorption cross-section for NIR light. The
PEO-b-P(LGA-co-COU) micelles could be disrupted by 794 nm NIR excitation
via two-photon absorption. The NIR-responsive release of an antibacterial drug

Fig. 15 Self-assembly of
DOX-loaded nanocarriers of
Dm-Lac-D3DNQ and NIR-
responsive intracellular DOX
release (Sun et al. 2012).
Reproduced by permission of
the American Chemical
Society
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(Rifampicin) and an anticancer drug (Paclitaxel) loaded into the PEO-b-P(LGA-
co-COU) micelles was further investigated. They found that the two drugs could
be released effectively upon NIR light exposure of the micellar solution.

4.3 Upconverting Nanoparticles-Assistant NIR Responsive
Drug Nanocarriers

As mentioned above, most of the NIR-responsive nanocarriers are triggered by
two-photon absorption of NIR light. However, the photoreactions activated by
two-photon absorption of NIR light are generally slow and inefficient due to the
low two-photon absorption cross sections of the chromophores. Moreover, the
simultaneous absorption of two photons necessitates high laser power density and
therefore requires a femtosecond pulse laser. Recently, upconverting nanoparticles
(UCNPs) have emerged as an appealing candidate for the application of NIR light
(Yang et al. 2012; Gu et al. 2013). Because of the unique ladder-like energy level
structures of lanthanide ions (such as Tm3+, Er3+, and Ho3+), UCNPs are able to
absorb NIR light and convert it into high-energy photons in a very broad range
from the UV to the NIR region. In contrast to two-photon absorption, the exci-
tation of UCNPs by NIR light occurs via sequential, multiple absorptions with real
energy levels, which requires much lower power density so that a continuous-wave

Fig. 16 NIR responsive coumarin derivatives PEO-b-PDEACMM and PEO-b-P(LGA-co-COU)
(Babin et al. 2009; Kumar et al. 2012)
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diode NIR laser can be sufficient as the excitation source. Using UCNPs, some UV
responsive systems can be converted to NIR responsive systems. Liu and co-
workers prepared silica coated UCNPs and then functionalized with a positively
charged alkyl amine by photo-responsive o-nitrobenzyl linkers through covalent
bonding (Yang et al. 2013). The positively charged nanoparticles can effectively
adsorb anionic siRNA through electrostatic attractions and were easily internalized
by living cells. Upon NIR light irradiation (980 nm), UCNPs can absorb NIR light
and converted it into 365 nm UV light. UV light of 365 nm can cleave the
o-nitrobenzyl linkers and converted the positively charged alkyl amine to nega-
tively charged carboxyl group. By this way, the intracellular release of the siRNA
can be realized. Zhao and co-workers physically encapsulated UCNPs and Nile
Red inside micelles of o-nitrobenzyl containing poly(ethylene oxide)-block-
poly(4,5-dimethoxy-2-nitrobenzyl methacrylate) (PEO-b-PNBMA) (Yan et al.
2011). When exposing the micellar solution to 980 nm NIR light, photons in the
UV region (365 nm) were emitted by the UCNPs, which in turn were absorbed by
o-nitrobenzyl groups on the micelle core-forming block and activated the
photocleavage reaction. Finally, the micelles were dissociated and the co-loaded
Nile Red was released (Fig. 17). This strategy of using UCNPs as an internal UV
or visible light source upon NIR light excitation represents a general and efficient
way to circumvent the need of UV or visible light excitation that is a common
drawback for photo-responsive systems in biomedical applications.

Fig. 17 a Schematic illustration of using NIR light excitation of UCNPs to trigger dissociation
of micelles. b NIR light-triggered photoreaction with the used micelles of PEO-b-PNBMA and
UCNPs (Yan et al. 2011). Reproduced by permission of the American Chemical Society
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5 Conclusion and Outlook

In this chapter, we highlighted the recent progresses on photo-responsive poly-
meric nanocarriers that might realize spatiotemporal and on-demand drug delivery
via photo irradiation. A wide variety of photo-responsive moieties as well as
synthetic routes were introduced to the drug nanocarriers. The nanocarriers
exhibited photo responsiveness and showed great potential in clinical medicine
and oncology. Despite these advantages, there are still many challenges and issues
that need to be addressed. The main limitations include: (1) The NIR-responsive
groups are limited. We should discover more NIR responsive groups with a large
absorption cross-section ([1GM); (2) The biodegradability and biocompatibility
of the drug nanocarriers should be paid great attention to; (3) The cytotoxicity of
the by-products resulting from the photo-induced reactions should be concerned.
There is still much room in the field of photo-responsive nanocarriers for further
development and the development and applications of photo-responsive polymeric
nanocarriers will continue in the future.
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Uptake and Intracellular Trafficking
of Nanocarriers

Helene Andersen, Ladan Parhamifar and S. Moein Moghimi

Abstract Nanocarriers are widely used for delivery of therapeutic and modulatory
agents to eukaryotic cells and specific intracellular compartments. Nanocarrier
internalization proceeds via different routes and predominantly via clathrin-coated
pits, lipid rafts/caveolae endocytosis and macropinocytosis/phagocytosis,
depending on the cell type as well as the physicochemical properties of the
nanocarrier. The intracellular fate of the nanocarrier is not only dependent on the
mode of entry, but may also be modulated by prior surface modification of
nanocarriers with organelle-specific localization ligands. This chapter discusses
important methodological aspects for studying cellular uptake and intracellular
trafficking of nanocarriers.
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CME Clathrin-mediated endocytosis
ER Endoplasmic reticulum
GFP Green fluorescence protein
MOC Manders overlap coefficient
PALM Photoactivated localization microscopy
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1 Introduction

There have been numerous attempts to develop nanocarriers, which can not only
improve drug solubilisation and delivery to different eukarocytic, but also target the
desired intracellular compartments (Treuel et al. 2013). Several cellular barriers,
however, need to be crossed before nanoparticles can reach their designated
intracellular targets. Accordingly, a carrier may be designed to only enter specific
cells in relevant tissues and to enter different cells through a specific endocytic
pathway (Wang 2012). Likewise, intracellular transport mechanism of various
nanocarriers have also received considerable attention (Treuel et al. 2013; Sakhrani
and Padh 2013).

Various methods have been developed to study the mechanisms by which
nanocarriers are internalized by cells of different origin and to follow their
intracellular trafficking (Vercauteren et al. 2012). Here we describe the most
studied endocytic pathways and discuss some of the major barriers for uptake and
trafficking of nanocarriers. Advantages and disadvantages of commonly used
methods for nanocarrier trafficking studies are also discussed.

2 Endocytosis

For nanocarriers to deliver and release their cargo at an intracellular target site the
carriers need to enter the cell by crossing the plasma membrane. Most nanoparticles
are believed to be internalized by endocytosis (Canton et al. 2012). Endocytosis is
an energy-dependent process where particles are internalized in small vesicles.
The mostly studied endocytic pathways are clathrin-mediated endocytosis, cave-
olae-mediated endocytosis and macropinocytosis, but more pathways have been
identified that includes clathrin- and caveolae-independent endocytosis and
phagocytosis (Doherty and McMahon 2009) (Fig. 1).

2.1 Clathrin-Mediated Endocytosis

Clathrin-mediated endocytosis (CME) is initiated at clathrin-coated pits in plasma
membrane (Maxfield et al. 2004). Once the vesicle is formed in a dynamin-
dependent manner (Hinshaw 2000), it is uncoated and followed by fusion with or
maturation into early or recycling endosomes (Lemmon 2001; Ma et al. 2002;
Maxfield et al. 2004). Clathrin is important for the initiation of invaginations at the
membrane level and for the formation of the endocytic vesicles. Other assembly
proteins are also involved in the formation of invaginations (Brodsky et al. 2001;
Kirchhausen 1999).
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The clathrin coated vesicles have been demonstrated to be of various sizes
ranging from 50 to 300 nm. Particles reported to be internalized by CME are
generally up to 200 nm in diameter (Ehrlich et al. 2004). However, some studies
have indicated that larger particles may also be taken up by CME (Moreno-Ruiz
et al. 2009; Veiga et al. 2005). CME, however, is important when it comes to
cellular uptake and sorting of nutrients, plasma membrane proteins and lipids
(Conner et al. 2003).

2.2 Caveolae-Mediated Endocytosis

Caveolae-mediated endocytosis initiates from cholesterol-rich areas on the plasma
membrane (Khalil et al. 2006a). Formation of the invaginations is dynamin- and

Fig. 1 Schematic overview of intracellular trafficking pathways
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actin-dependent and the vesicles formed are reported to be in 60–80 nm size range
(Canton et al. 2012; Hinshaw 2000; Parton et al. 2007). Theses vesicles are coated
primarily by caveolin-1, which is responsible for the structure of the endocytic
vesicle, and caveolin-2. However, the role of the latter is still not clear (Canton
et al. 2012). The endocytic vesicles have been reported to be transported either to
the caveosome or to the early endosomes (Parton et al. 2003; Pelkmans et al.
2001). Nanocarriers internalized by caveolae-mediated endocytosis are reported to
be transported to endoplasmic reticulum and Golgi apparatus and some nanocar-
riers are also detected in the nucleus (Harris et al. 2002; Luetterforst et al. 1999;
Pelkmans et al. 2001). For gene delivery vectors, caveolae-mediated endocytosis is
the preferred route of internalization for efficient delivery and transcription of the
exogenous DNA (Gabrielson et al. 2009; van der Aa et al. 2007) as this may
substantially avoid lysosomal routing and subsequent lysosomal degradation of the
nucleic acids (Harris et al. 2002).

2.3 Macropinocytosis

Macropinocytosis is an actin-dependent membrane ruffling, which results in the
formation of large endocytic vesicles known as macropinosomes (Kerr et al.
2009). Macropinocytosis plays an important role in cellular uptake of fluids
(Conner et al. 2003). The reported size of the macropinosomes varies, but have
been demonstrated to be up to several micrometres, which is much larger than
vesicles from other endocytic pathways (Jones 2007). The size of the formed
vesicles further allows an opportunity for internalization of larger particles that
cannot enter via clathrin- and caveolae-mediated endocytosis. Indeed, some
pathogens use macropinocytosis to facilitate entry to different cells (Mercer et al.
2009).

2.4 Factors Influencing the Endocytic Pathway

Several factors have been reported to influence nanoparticle endocytosis. These
include nanoparticle physicochemical properties such as size, shape, surface
charge and ligand coating (Canton et al. 2012; Zhao et al. 2011).

A study by Rejman et al. (2004) demonstrated that while uptake of particles up
to 200 nm was dependent on microtubule, their corresponding larger particles
(500 nm) were not. This study further indicated that smaller particles where
mainly internalized by CME, whereas the larger particles entered cells through
cholesterol-dependent endocytosis and to a lesser extent were routed to the endo-
lysosomal pathway (Rejman et al. 2004). However, the literature is not consistent
in correlating nanoparticle size with internalization pathway. For instance, some
reports have indicated that particles up to 500 nm can be internalized by caveolae-
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mediated endocytosis (Georgieva et al. 2011; Rejman et al. 2004), while others
report that only particles up to 100 nm can be taken up by this route (Wang et al.
2009). These discrepancies may be due to different experimental setups, nano-
particle surface properties and the cell types examined.
Although the size of the nanoparticles can influence the endocytic pathway, many
particles are not uniform in size and have a broad size distribution, which might
render them to enter cells by different endocytic pathways, thus complicating the
analysis of internalization routes. Others have reported that the shape of the
nanoparticles determines the endocytic pathway for internalization (Gratton et al.
2008).

The uptake of particulate carriers of various sizes is also dependent on the cell
type (Massignani et al. 2009; Nakai et al. 2003). Zauner et al. (2001) presented a
study where they investigated the cellular uptake of microsphere of various sizes
by different cell lines. Not all the cell lines were capable of internalizing particles
above 1 lm, while all the tested cell lines could take up particles of 20 nm (Zauner
et al. 2001). Furthermore, the net surface charge of the particles has also been
suggested to influence the internalization pathway. Charged polystyrene or gold
particles are reported to internalize to a higher degree than electrically neutral
particles (Thorek et al. 2008; Villanueva et al. 2009). Also positively charged
particles have been reported to be internalized easier than their corresponding
anionic counterparts (Chen et al. 2011). This has been suggested to be due to ionic
interaction between the positively charged particle and the negatively charged
plasma membrane. In addition to the extent of the particle uptake, the surface
charge of the particles may further regulate the pathway of internalisation (Harush-
Frenkel et al. 2008; Zuidam et al. 2000). It has been demonstrated that dendrimers
coupled to different functional groups enter the cell by different pathways
dependent on the functional group. Dendrimers with amine or hydroxyl functional
groups enter cells through both CME and caveolae-independent pathways, while
dendrimers with functional carboxyl group mainly enter the cells via caveolae-
mediated endocytosis (Perumal et al. 2008).

Georgieva et al. (2011) reported that 500 nm nanoparticles coated with either
PEI or prion proteins were internalized through different endocytic pathways
compared with uncoated particles. The coating of the particles also had an effect
on the extent of particles that were co-localizing with recycling endosomes
(Georgieva et al. 2011). The percentage of particles removed from cells by exo-
cytosis may also dependent on the size of the particles. For example, the fraction
of small 14 nm gold nanoparticles exocytosed was higher than gold particles with
a diameter of 100 nm. Even though the percentage of particles exocytosed was
reported to be cell-type dependent, the trend is the same and a higher fraction of
the small particles being exocytosed (Chithrani et al. 2007). Not only the coating,
but also the density of the molecules used for coating can play an important role in
determining the endocytic pathway. Coating of liposomes with high density of the
cell penetrating peptide R8, shifted the endocytic pathway towards macropino-
cytosis compared with liposomes coated with low density of the peptide, which
were taken up by CME (Khalil et al. 2006b). A study by Li et al. (2011) indicated
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that PEI/DNA polyplexes are internalized by both clathrin- and caveolae-mediated
endocytosis. However, when PEI was chemically modified with the natural poly-
mer cyclodextran, the uptake mechanism was shifted toward caveolae-mediated
endocytosis in HEK293T cells, thus demonstrating the role of charge and com-
position of the carrier in modulating the internalization route (Li et al. 2011).

3 Methods for Identifying Endocytic Pathways

Two methods are commonly used to study the pathways of nanocarriers internal-
ization by cells. These include exclusion methodologies as well as co-localization
studies, where overlap between fluorescently labelled particles and fluorescently
labelled proteins are investigated by qualitative fluorescent microscopy.

3.1 Exclusion Methodologies

For exclusion determination, the nanocarrier should be fluorescently labelled
so the uptake can be measured by flow cytometry or quantitative microscopy
(Vercauteren et al. 2012). Several methods to exclude endocytic pathways have
been demonstrated. For instance, siRNA can be used to decrease the expression of
proteins required for the specific endocytic pathway in question (Zaki and Tirelli
2010). The use of siRNA may induce less cytotoxicity and be more specific than
alternative methods used for the exclusion assays (Spoden et al. 2008). Caveolin-1
and dynamin-2 are among the successful proteins that have been down-regulated
with siRNA (Huang et al. 2004). However, knockdown of proteins required for
certain endocytic pathways by siRNA technology, may lead to up-regulation of
some of the other endocytic pathways to compensate (Damke et al. 1995).

The most commonly used form of exclusion assays entail chemically inhibiting
specific endocytic pathways. Table 1 lists some of the most commonly used
inhibitors. The endocytosis inhibitors do not show exclusive specificity and many
of the inhibitors of CME have been reported to cause reorganization of the actin
skeleton (Ivanov 2008). Changes in the cytoskeleton might also affect other
endocytic pathways, which are reported to be actin-dependent. Especially hyper-
tonic sucrose as inhibitor for CME has been reported to be non-specific (Ivanov
2008). Also one of the mostly used inhibitors for caveolae-mediated endocytosis,
methyl-b-cyclodextrin, which causes acute depletion of cholesterol, has been
reported to significantly affect the cytoskeleton and also to inhibit CME and
macropinocytosis (Kanzaki et al. 2002; Rodal et al. 1999). Inhibitors of macr-
opinocytosis are also non-specific (Ivanov 2008). Even though, it is difficult to
inhibit one endocytic pathway without affecting other pathways, the inhibitors are
widely useful when studying internalization of nanocarriers.
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Some of the chemical inhibitors have been reported to induce cell type-dependent
cytotoxicity. This can result in incorrect interpretation. Accordingly, appropriate
concentration of inhibitors must be selected to optimize the conditions prior to testing
(Vercauteren et al. 2010). When analyzing exclusion assays by flow cytometry,
positive controls such as transferrin and folic acid, which are known to be inter-
nalized by clathrin- and caveolae-mediated endocytosis, respectively, should be
included (Rothberg et al. 1990; Schmid 1997). However, flow cytometry may not
necessarily distinguish between cells with internalized particles and those with
surface bound particles (Ogris et al. 2000; Salvati et al. 2011).

In addition, genetically-modified cell lines have been used to exclude endocytic
pathways (Ilina et al. 2012; Rejman et al. 2004). For example, Ilina et al. (2012)
reported particle uptake studies with genetically-modified cells where dynamin-
dependent and clathrin-mediated endocytic pathways were not operative. They
further reported that the use of chemical inhibitors and the genetic blockage do not
result in the same level of decrease in transfection efficiency (Ilina et al. 2012).
These results further indicate that the interpretation of the inhibition assays can be
difficult, and several methods should be considered before reaching a conclusion
about the uptake mechanism of particles in specific cell lines. One of the problems
with inhibition of endocytic pathways by mutant cell lines is the possibility of
another pathway becoming increasingly active, which may aid the uptake of
nanocarriers (Damke et al. 1995).

When identifying the endocytic pathway important for efficient delivery of
pDNA by PEI, many contradicting reports have been published. Von Gersdorff
et al. (2006) reported that clathrin-mediated endocytosis is required for efficient
transfection, whereas Hufnagel et al. (2009) reported that fluid phase uptake plays
an important role for efficient transfection with PEI/DNA polyplexes. However, it
has also been demonstrated that blocking of caveolae-mediated endocytosis can
inhibit expression of exogenous DNA (Gabrielson et al. 2009).

Uptake of fluorescently-labeled nanoparticles is usually measured by flow
cytometry at various time points after addition of particles. Not all fluorophores are
suitable for use in investigating cellular uptake through endocytosis. An example
is fluorescein which has been reported to show decreased brightness when pH is
below 9 and almost fully quenched at pH 6, which could result in inaccurate
interpretation of the results when the particles have reached the acidic environment
of endosomes and lysosomes (Geisow 1984).

3.2 Co-localization Microscopy Studies for Uptake
Mechanism

Co-localization studies with fluorescence microscopy depend on the availability
of fluorescently labeled nanocarriers and fluorescently labeled markers for the
specific endocytic pathways that are being investigated (Vercauteren et al. 2012).
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A commonly used method is to add the nanocarrier to living cells, which is
followed by fixation at various time points after addition. After fixation, immu-
nostaining of the specific endocytic marker is performed to detect possible
co-localization between nanocarrier and the marker for the endocytic pathway.
Several fixative agents have been reported to cause artifacts, which need to be
considered when analyzing the data (Lundberg et al. 2001; Pearson 2007). To
avoid such artifacts live-cell imaging may be applied.

To study co-localization by live-cell imaging, the marker protein has to be
tagged with an appropriate fluorescent marker. This may include stably transfected
cell lines where the marker proteins are coupled to a fluorescent tag such as the
Green Fluorescence Protein (GFP) or the Red Fluorescent Protein. However, it is
important to control the expression of the fluorescently-labeled marker proteins,
since their overexpression might increase the activity of an endocytic pathway,
which does not have the same activity in the parental cell line. Furthermore,
co-localization between two molecules acquisition, pre-processing of the image
and also sample preparation are very important steps to overcome possible artifacts
(Abraham et al. 2010; Bolte et al. 2006).

3.3 Other Methods to Study Internalization

Other methods have also been used to analyze the internalization of particles in the
nanometer range. Scanning electron microscopy, transmission electron microscopy
and atomic force microscopy have been applied to detect reorganization of the
plasma membrane (Georgieva et al. 2011; Leroueil et al. 2007). The re-organization
of the membrane when endocytosis is initiated varies between the different path-
ways and the electron density at the invagination sites can be distinguished by
electron microscopy thus making it possible to distinguish between endocytic
pathways (Doherty and McMahon 2009). Dynamic surface enhanced Raman
spectroscopy has also been used to investigate nanoparticle (e.g., gold nanoparticles
and carbon nanotubes) internalization and intracellular transport pathways (Ando
et al. 2011).

4 Intracellular Transport

From the point when the endocytic vesicles are detached from the membrane the
carrier has to be transported to the targeted cellular compartment. Several mech-
anisms of how the cargo is transported from early endosomes through late endo-
somes to lysosomes or recycling endosomes have been suggested (Gruenberg et al.
2004; Luzio et al. 2007; Saftig et al. 2009). Both the possibility of gradual mat-
uration and fusions of compartments have been suggested (Stoorvogel et al. 1991).
It has further been demonstrated that endosomes and lysosomes can communicate
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via small vesicles in cell free systems, which indicate that it is not only gradual
maturation that takes place (Vida et al. 1999).

Nanoparticles have been reported to accumulate in the peri-nuclear region
shortly after internalization (Bae et al. 2012; Bregar et al. 2013; Fichter et al. 2013;
Kim et al. 2012; Suh et al. 2003). The movement of carriers has in several cases
been demonstrated to be dependent on polymerization of either actin or micro-
tubule (Suh et al. 2003). To investigate the role of microtubule or actin in the
cytosolic transport of nanocarriers chemical inhibitors of polymerization of tubulin
or actin have been reported to interrupt the transport. PEI/DNA polyplexes have
been reported to be dependent on actin during cellular uptake, whilst the intra-
cellular trafficking is suggested to be microtubule dependent. In addition, a lac-
tosylated derivate of PEI was reported to be transported along microtubule (Grosse
et al. 2007). Similarly, liposomes have been reported to be transported along
microtubule during cellular transport. However, it has been demonstrated that the
transfection efficiency is enhanced both when disrupting or stabilizing microtu-
bule, because liposomes no longer are transported to the lysosomes. R8-coated
liposomes only reached the periphery of the nuclear when microtubule was not
disrupted by nocodazole (Hasegawa et al. 2001; Khalil et al. 2008). On the other
hand, PEI-mediated transfection was almost eliminated when disrupting micro-
tubule with nocodazole treatment in COS-7 cells (Grosse et al. 2007). Also free
plasmid DNA has been reported to be dependent of microtubule-mediated trans-
port on the route to the nucleus (Vaughan and Dean 2006). Suh et al. (2003)
reported that PEI/DNA polyplexes were transported along microtubule. The
transport was directed towards the nucleus and carried out by motor protein along
microtubule (Suh et al. 2003). However, it should be considered that when
destabilizing the microtubule and actin network the cell morphology is highly
affected. This can lead to changes in both cell uptake and intracellular transport of
nanoparticles (Dos et al. 2011).

Caveolae-mediated endocytosis has in many cases been reported to be an
endocytic pathway where delivery to endo-lysosomal pathway can be avoided and
trafficking occurs from the caveosome to endoplasmic reticulum and Golgi
apparatus (Badizadegan et al. 2000; Lencer et al. 1999). Currently, this transport
mechanism has not been completely elucidated. Particles can also be transported
between ER and Golgi apparatus. This event has been demonstrated to take
advantage of the normal cellular trafficking between the two organelles. Glycofect
particles has been demonstrated to be transported in COP I coated vesicle from
Golgi to ER (Fichter et al. 2013).

Liposomes internalized by macropinocytosis have also been reported to avoid
lysosomal degradation and to be present in the cytosol after endocytosis. When the
liposomes where internalized by macropinocytosis the transfection efficiency was
significantly higher than when internalized through CME (Khalil et al. 2006b).
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4.1 Endosomal Escape

To avoid degradation in the acidic lysosome environment nanoparticles have to
escape from early endosomes. One suggested mechanism is the proton-sponge
hypothesis and applicable to cationic species. This hypothesis was first suggested
in 1997 by Behr and colleagues. Here, polycationic species were suggested to
induce influx of negatively charged ions (e.g., chlorides) into the endosomes. This
influx is followed by water due to change in osmotic pressure. This may result in
endosome swelling and eventual rupture, resulting in cytosolic release of the
polycation (Behr 1997). A recent work, however, reported that the lysosomal pH
does not change after treating cells with PEI, thus suggesting that the proton
sponge hypothesis may be an inadequate explanation for endolysosomal release
(Benjaminsen et al. 2013).

Polycations have previously been described to be able to cause perturbations of
lipid bilayers, which may be an alternative mechanism by which nanocarriers may
escape endo-lysosomes (Bieber et al. 2002). Addition of cationic lipids to lipid
carriers has resulted in endosomal escape probably due to destabilization of the
lipid bilayer of endosomes (Wasungu et al. 2006). Akita et al. (2010) reported that
a pH-sensitive fusogenic peptide could be modified for endosomal escape. One
example is the GALA peptide, which can destabilize the lipid bilayer resulting in
successful endosomal escape (Akita et al. 2010).

4.2 Cytosolic Transport

After release from the endosomes nanoparticles must reach their designated
intracellular targets. For example, if pDNA is delivered the release should happen
in the periphery of the nucleus so the DNA is not degraded before it reaches the
nucleoplasm (Lechardeur et al. 2005). For cytoplasmic dissociation biodegradable
carriers have been designed. The biodegradable carriers will be gradually degraded
in the cytoplasm resulting in release of the cargo (Gosselin et al. 2001).

To reach the cellular compartment where the cargo is going to be released an
increasing amount of research has been put into targeting the organelle of interest
(Sakhrani and Padh 2013). For instance, the ER retention signal consisting of four
amino acids (KDEL) has been used to target ER. By targeting ER the endo-
lysosomal pathway might be bypassed and lysosomal degradation can be avoided
(Acharya et al. 2013; Wang et al. 2013). Mitochondria play an important role in
initiation of apoptosis, regulating calcium homeostasis, removal of reactive oxy-
gen species and in ATP synthesis. Hence, targeting of mitochondria through
mitochondrial targeting signal peptide can be very important in treatment of
various conditions (Heller et al. 2012; Sakhrani and Padh 2013).
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4.3 Nuclear Entry

If the cargo of the nanocarrier requires transport to the nucleus, passing the nuclear
envelope is a major barrier for efficient delivery. On the nuclear envelope, nuclear
pore complexes are widely distributed (Grossman et al. 2012). Molecules that
enter the nucleus have to pass through the channel of this complex. Small mole-
cules up to 9 nm in diameter can freely diffuse through the pore channel (Paine
et al. 1975), whereas molecules up to 39 nm are transported through the complex
by an energy-dependent transport (Pante et al. 2002).

DNA needs to be transported through the nuclear pore complex, but the
mechanism behind this still needs further investigation. Some reports suggest that
only during mitosis DNA can enter the nucleus or that the transfection efficiency is
dependent on the cell cycle, but microinjection of DNA in the cytoplasm has
shown that the exogenous DNA can be transcribed in non-dividing cells (Brunner
et al. 2000; Dean et al. 2005; Pollard et al. 1998).

It has been reported that a nuclear localization sequence added to the nano-
carriers can increase the transport to the nucleus. Also a DNA sequence coding for
a binding site for NFkB can increase the transport of DNA to the nucleus resulting
in an increase in transfection (Breuzard et al. 2008; Dean et al. 2005).

Entry to the nucleus has been under intense investigation and many con-
tradicting reports have been published. For example, PEI has been suggested to be
transported to the nucleus, only to be present in the nucleus after mitosis, whereas
other studies have indicated the inability of PEI to reach the nucleus (Brunner et al.
2000; Dowty et al. 1995; Larsen et al. 2012). Not many studies have evaluated the
mechanism by which a nanocarrier enters the nucleus, but it has been suggested
that polycations might rupture the membrane to access the nucleoplasm (Godbey
et al. 1999). The size of the nanocarriers can also be a major obstacle in the
transport through the NPC, since only molecules with a diameter of less than
40 nm can be transported through the nuclear pore complex and most nanocarriers
have been reported to be above 100 nm (Pante et al. 2002).

5 Techniques to Investigate Cellular Localization
of Nanocarriers

Investigations of intracellular trafficking of nanocarriers are in many cases carried
out by fluorescence microscopy. However, it is important to interpret the
microscopy data with care, since artifacts may be generated and the interpretation
of microscopy images can be very subjective (Bolte et al. 2006).

Fixation of cells before staining is widely used, but as previously mentioned the
fixation can induce artifacts. Live-cell imaging decreases the amount of artifact
that usually can be observed after a fixation procedure. However, to be able to
detect which organelles the nanocarrier is transported to it is necessary to use cell
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permanent organelle specific dyes or to label organelle specific proteins with GFP
or similar species (Vercauteren et al. 2012).

There exist several types of fluorescence microscopes. When using confocal
microscopes the end product is an image where only light from the focal plane is
emitted. For wide-field microscopes also light from the out of focus planes is
visible in the final image (Bolte et al. 2006). Images from wide-field microscopes
require deconvolution of the images to eliminate the out of focus blur. Especially,
if quantifying the co-localization of nanocarriers with organelle markers wide-field
images need to be deconvolved but it can also be an advantage to deconvolve
confocal images (Bolte et al. 2006; Scriven et al. 2008). Deconvolution requires an
accurate point-spread-function, which can be determined with use of various
algorithms calculating point-spread-function (PSF) in various ways. The PSF
should also be determined for the optical conditions used in experiments (McNally
et al. 1999). Co-localization can also be determined visually. An overlap of two
channels where the detected light is represented in two different colors will result
in color change if there is an overlap between the fluorophores. This, however, is a
subjective way of determining overlaps between channels and is only qualitative
(Bolte et al. 2006; Dunn et al. 2011). In recent years quantitative algorithms have
been developed to calculate the degree of co-localization.

The degree of co-localization can be calculated according to various coeffi-
cients. The most commonly used are the Pearson co-localization coefficient (PCC)
and the Manders overlap coefficient (MOC). The PCC identify co-localization
when a pixel from two different has the same intensity, whereas MOC detect
overlap when fluorescence in a pixel from two channels is detected (Bolte et al.
2006; Manders et al. 1992). When using PCC it is important that the same
instrument settings are used every time and when imaging nanocarriers their might
still be a different in intensity in both the nanocarrier and also in the protein labeled
from cell to cell and especially between experiments (Dunn et al. 2011).

For live-cell imaging MOC is the most commonly used coefficient since
intensity from organelle markers and the nanocarrier itself can vary between
experiments (Dunn et al. 2011). It is important when using MOC that a back-
ground threshold is set to avoid false positive read-out, which is a major risk when
calculating MOC to analyze the degree of overlap (Bolte et al. 2006; Dunn et al.
2011; Fletcher et al. 2010).

Suh et al. (2003) have performed real-time multiple particle tracking when
reporting that intracellular transport of PEI/DNA polyplexes to the periphery of the
nuclei is dependent on motor proteins along microtubule (Suh et al. 2003). The
same group also reported that polyplexes were actively transported to the early and
late endosomes and transport between the endosomes was also observed when
performing real-time multiple particle tracking (Suh et al. 2012).

Single-particle tracking is another powerful tool to study the route by which one
single nanocarrier is transported through the cell (Ruthardt and Brauchle 2010).
This method requires a fast and sensitive camera and the efficient laser excitation.
Single-particle tracking is following the trajectory for each separately visible
particle. Co-localization of particles are defined as significant correlation between
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the trajectories (Braeckmans et al. 2010). This method provides the possibility to
investigate if the single particles are transported in the same direction and to the
same organelles and will provide new insights as how a population of nanopar-
ticles behaves when added to cells (Ruthardt and Brauchle 2010). Other micros-
copy methods have been applied to study the intracellular distribution of
nanocarriers. Among them Raman microscopy and Fluorescence recovery after
photo-bleaching have been used to investigate interaction between nanoparticles
and mitochondria (Chernenko et al. 2009; Hemmerich et al. 2013; Phizicky et al.
2003).

5.1 High-Resolution Fluorescence Microscopy

Many of the traditional microscopes have a detection limit around 200 nm in the
XY-plane and 500 nm in the Z-plane for optimal settings. This gives a problem
when imaging nanocarriers with few hundred nanometers in diameter and single
particles are not possible to image (Bolte et al. 2006).

An optimized hardware is necessary to perform high-resolution microscopy.
Each step from the laser excitation to the camera acquisition has to be optimized
compared with conventional microscopy. When performing high resolution
microscopy on live cells there is a risk of inducing cell death due to high laser
power. Photoactivated localization microscopy (PALM) and stochastic optical
reconstruction microscopy (STORM) are two of the most described high resolution
microscopy techniques (Henriques et al. 2011). The super resolution techniques
create a dataset by excitation of few fluorophores at a time and an image is the
reconstructed based on the fluorescent particles. PALM and STORM are two very
similar setup but they vary in the fluorophores that are used for the experiments.
PALM uses genetically attached fluorophores such as GFP coupled proteins,
whereas STORM take advantages of fluorescent dyes (Henriques et al. 2011).

5.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is also widely used for co-localization
studies. Gold labeled antibodies against a specific antigen are a specific method to
investigate the cellular localization of the protein of interest. By TEM it is possible
to distinguish between various organelles and cellular compartment and the
endocytic vesicles (Georgieva et al. 2011). However the interpretation of electron
microscopy can be difficult and may generate artifacts during sample preparation.
Sample preparation for electron microscopy includes embedding, slicing and
staining of the sample before imaging and this is very time consuming compared
to fluorescent imaging (Henriques et al. 2011). Nanocarriers can often be visual-
ized on their own by negative staining.
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5.3 Cellular Fractionation

Cellular fractionation has also been used to study the intracellular localization of
nanocarriers. Centrifugation steps are carried out to separate the various organelles
(He et al. 2013; Shi et al. 2013). For instance, Shi et al. (2013) labeled their
polyplexes with [3H]-DNA and [14C]-PEI before adding the polyplexes to the cell
growth medium. They separated the lysed cells into nuclear, light mitochondria,
heavy mitochondria, microsomes and cytosolic fractions. Quantification of the
radioactivity indicated that a large fraction of both PEI and DNA was detected in
the nuclei fraction. This method, however, was not sufficient to demonstrate if
polyplexes entered the nucleus intact or separately as DNA and/or PEI (Shi et al.
2013). A major disadvantage of this method is the risk of contaminating the
different cellular compartments with parts from the other fractions.

6 Conclusion

Uptake and intracellular trafficking of nanocarriers is currently under intense
investigation. Many factors can influence the endocytic pathways and need to be
taken into consideration when designing assays and analyzing the data. Quantifi-
cation of co-localization between nanocarriers and the marker protein can be
determined in a very subjective manner by looking at the overlay images from two
or more channels. However, several algorithms have been developed to give a
more objective quantification of the co-localization. Also exclusion assays when
studying the uptake of nanocarriers can be difficult to interpret with certainty, since
inhibiting the selected pathways can result in unwanted cellular responses such as
toxic responses or undesired increased activation of alternative pathways.
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Mucus as Physiological Barrier
to Intracellular Delivery

Eleonore Fröhlich and Eva Roblegg

Abstract Nanoparticle-based delivery systems are versatile tools to improve drug
delivery because size, surface charge and surface hydrophobicity can be varied to
meet specific physiological requirements. While small size, hydrophobicity, and
positive surface charge, in general, improve passage through the plasma membrane
and enhance intracellular delivery, these particle parameters may not be optimal if
a mucus layer covers the target cells. Many target cells for drug delivery in the
gastrointestinal tract but also in the respiratory tract are covered by mucus. The
review describes the different compositions of mucus-covered epithelia of the oro-
gastrointestinal and the respiratory tract and strategies to reach target cells beyond
the mucus layer by the design of appropriate nanocarriers.
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MyD88 Myeloid differentiation primary response gene 88
NIK NFkB-inducing kinase
NFkB Nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells
p38 p38 mitogen-activated protein kinase
PTS proline, serine, and threonine
ROS Reactive oxygen species
SP1 Specificity protein 1
Src Rous sarcoma oncogene cellular homolog
STAT Signal transducer and activator of transcription
TAK1 TGF b-activated kinase

1 Introduction

Non-parenteral, non-invasive routes include ocular, dermal, oral, inhalative, and
vaginal applications. Except for the dermal route, all routes need the passage of a
mucus layer to reach the epithelium. Out of the mucus-covered routes oro-gas-
trointestinal and inhalative applications are the most widely used for local and
systemic drug delivery.

The rate of drug absorption is a function of ionization, lipophilicity (partition
coefficient, i.e., logP), molecular size and (lipid) solubility. For small molecular
weight drug compounds logP values can reasonably well predict drug uptake. For
nanoparticles (NPs), which have been developed for the delivery of conventional
drugs, recombinant proteins, vaccines and nucleotides, mucus may present a
considerable hindrance since they are considerably larger than conventional drug
compounds.

2 Mucus

The role of mucus is manifold; it provides the interface between external and
internal environment, destroys virus and bacteria, traps particles, prevents water
loss, humidifies pathways, lubricates movement of materials, and protects surfaces
against damaging substances. Under normal conditions, the mucus barrier on
epithelia functions as part of the innate immune system and represents an
important barrier for the penetration/permeation of NPs. The amounts of mucus
production, the structure of the mucus layer, and the rheological properties vary
according to the different requirements, mainly mechanical stress and composition
of the environment (pH).
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2.1 Mucus Producing Cells

In the respiratory tract, intraepithelial mucus cells and submucosal glands produce
mucus. Submucosal glands occur in nasal cavity, trachea and bronchi (down to
segmental or tertiary bronchi) and are absent in bronchioles. Intraepithelial mucus
producing cells are still present in bronchioles and only absent in the last part of
the conducting airways, the terminal bronchioles.

In the oral cavity, saliva production by extramucosal glands (submaxillary and
sublingual gland, and parotid gland), increases the thickness of the mucus layer,
while goblet cells are absent. In the gastrointestinal tract submucosal glands are
found in the esophagus and in the duodenum (Brunner glands and small salivary
glands distributed in the oral cavity). Intraepithelial mucus-producing cells are
located in the stomach mucosa (foveolar cells and surface epithelial cells) and as
goblet cells in the mucosa from duodenum to the rectum. Mucus is condensed in
intracellular granules and expands tremendously (500 times) and almost instantly
(20 ms) upon exocytosis. Inside the granules calcium ions neutralize the abundant
negative charges of the mucins. During exocytosis calcium ions diffuse through a
membrane pore and the charges are no longer neutralized. The repulsion of
polyanionic charges and consequent hydratation leads to expansion of the gel.
Mucus secretion in the respiratory and gastrointestinal tract is regulated by ace-
tylcholine, neuropeptides such as vasoactive intestinal peptide, and neurotensin
and cytokines (Laboisse et al. 1996; Rogers 2002). In the stomach, also histamine,
prostaglandins and gastrin increase mucus secretion. Basal secretion is dependent
on cytoskeletal movement of secretory granules, while in stimulated secretion
exocytosis is initiated (Specian and Oliver 1991).

2.2 Mucus Composition and Mucins

The basic composition of airway and gastrointestinal mucus is similar. Mucus
consists of 97 % water and 3 % solids (mucins, non-mucin proteins, salts, lipids,
cellular debris). Out of these solids mucins represent about 30 %. Mucins are
classified into the smaller secreted and the larger membrane-associated mucins.
While membrane-bound mucins serve for cell adhesion, pathogen binding, and
signal transduction, secreted mucins contribute to the viscosity of the mucus. Gel-
forming mucins, the main compounds of mucus, are MUC2, MUC5AC, MUC5B,
MUC6, and MUC19. MUC7, MUC8, and MUC9 are secreted but not gel-forming.
12 membrane-associated mucins have been identified so far (Finkbeiner et al.
2011). MUC5AC and MUC5B are the most abundant mucins in human airways,
while MUC2 predominates in gastrointestinal mucus. Intraepithelial glands and
submucosal glands may have different mucin secretion pattern. In the airways,
MUC5AC is mainly secreted from goblet cells and MUC5B from submucosal
glands (Rogers 2007).
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Mucins are large glycoproteins, which consist of two domains, regions rich in
proline, serine and threonine (PTS domains) and naked hydrophobic regions
(Fig. 1). Lipids, present in the mucus to 1–2 %, are associated with the hydro-
phobic regions of the fibres, while sugar chains are linked through their
OH-groups, by so called O-glycosylation, to the PTS domains (Fahy and Dickey
2010). Due to the high glycosylation rate, carbohydrates account for 80 % of dry
weight of mucus. Two PTS domains are linked by small cysteine-rich domains,
while N-termini are responsible for di- and trimerization of the molecules. Mucin
fibres are 3-10 nm in diameter with coverage of typically 20–30 carbohydrates per
100 amino acids. The high content in sialic acid and sulfate creates a strongly
negative charge and renders the polymer rigid by charge repulsion (Lai et al.
2009b). Entangled mucins and other mucus constituents with reversible linkage to
the polymer, such as lipids and associated proteins (e.g. IgA), primarily form the
mucus mesh and also determine the viscosity of mucus (Murty et al. 1984).
The entanglement can occur as mesh with pore sizes of about 500 nm and by non-
covalent calcium-dependent cross-linking leading to effective mesh spacing of
30–100 nm (Knowles and Boucher 2002).

2.3 Rheology of Mucus

Rheological properties of mucus have been intensely studied by Hanes and
coworkers. The response of a fluid to a forced shearing flow is defined by viscosity
(resistance to flow) and elasticity (stiffness). Mucus behaves differently under high

Fig. 1 Architecture of the
mucus mesh. Mucin fibres
form a network of about
350–500 nm mesh size. The
fibres consist of proline,
serine and threonine rich
regions (PTS domains),
covered with carbohydrates,
and are linked by cysteine
rich domains
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and low shear: under low shear mucus acts like an elastic solid and regains shape
over time, while under high shear mucus behaves like a viscous liquid that
eventually deforms irreversibly. After shear, viscosity and elasticity are restored
within seconds (Lai et al. 2009b). Hydratation determines viscosity, elastic
properties and consistency of the mucus, which for normal airway mucus corre-
sponds to egg white. Hydratation is often about 100 times of mucin weight and
determined by the type of the glycan side chains of the mucin. Mucus in water will
swell and finally completely dissolve. Salts in percentages of [1 % decrease
viscosity, while multivalent cations, such as calcium and magnesium, can collapse
the mucus gel and induce cross-links between mucin monomers. Viscoelasticity of
mucus is also determined by pH; while the pH of respiratory mucus (nasal, lung) is
in the neutral range [7.0–7.4; (Hehar et al. 1999; Jayaraman et al. 2001)], pH of the
oro-gastrointestinal tract ranges from 2.0 to 8.0 (Fallingborg 1999). At low pH,
mucin fibre production increases and fibres aggregate, creating a denser mucin
network in the stomach than in the duodenum. In addition, also proteins, typically
IgA, IgM, and lysozyme, further increase viscoelasticity.

2.4 Mucus Architecture and Turnover

In addition to different contributing cells, the architecture of the mucus layer varies
between the locations (Fig. 2). The periciliary (or sol) layer of trachea and bronchi
contains large membrane-bound glycoproteins as well as tethered mucins and is a
part of the glycocalyx (Fig. 2a). Despite its watery consistency, this layer presents
a second barrier for particle transport (Randell and Boucher 2006). A more viscous
gel layer, where dust and other foreign particles are trapped and removed from the
airways, covers this layer. In the stomach and colon, however, one adherent layer,
released by mucus cells and impermeable to bacteria, and another more luminal
and non-adherent mucin layer, formed by enzymatic processing of mucins, is
present (Fig. 2b).

There are also considerable differences in the thickness of the mucin layer. In
the nasal cavity the mucus layer is relatively thin [5.5–15 lm (Merkus et al. 1998)]
and in the large airways region-specific variations between 7–70 lm have been
reported (Krouse 2001). In relation to that, the average thickness of the mucus
layer in the oral cavity, varies between 70 and 100 lm (Collins and Dawes 1987;
Lagerlof and Dawes 1984). The layer in the gastrointestinal tract is much thicker
and can reach up to 1 mm in the colon. The different thickness influences the rate
of turnover, which is 20 min for nasal mucus (Ali and Pearson 2007) and 20 h in
the gastrointestinal tract (Faure et al. 2002). Mucociliary clearance in the large
airways removes foreign particles with a velocity of about 1 mm/min (Salathe
2007).
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2.5 Disease-Induced Changes of Mucus Properties

Several types of pathologies are accompanied by mucus changes. Lack of MUC2
expression, for instance, indicates poor survival in colon cancer (Elzagheid et al.
2013). For drug delivery changes in mucus amount and properties are relevant.
These changes occur predominantly in inflamed respiratory and gastrointestinal
epithelia.

Common chronic respiratory diseases, such as chronic obstructive pulmonary
disease (COPD), asthma, and cystic fibrosis, cause hyperproduction of mucus by
hyperplasia of intraepithelial and submucosal glandular cells. In asthmatic
patients, for instance, the number of goblet cells, which make up \5 % in normal
bronchial epithelium, increases to 20–25 % of all epithelial cells (Shimura et al.
1996). While in mild asthma only goblet cell number and the amount of stored
mucin are increased, in moderate asthma also more mucin is secreted (Ordonez
et al. 2001). In addition to hyperproduction, hyperviscosity of mucus is another
hallmark of chronic airway diseases. The increased viscosity in asthma is due to
both mucus hypersecretion and interaction with plasma exudates in the small
airways. According to one hypothesis, plasma proteins break the hydrogen bonds
between adjacent mucin molecules, which leads to a greater intertangling between
mucin and albumin (Rogers 2007). Another hypothesis is, that the plasma proteins,
leading to an increase in solids from 3 to 15 %, may limit hydration and swelling

Fig. 2 Composition of bronchial tract (a) and gastrointestinal tract (b). a A simple columnar
epithelium is present in the upper respiratory tract with mucus composed of a periciliary sol layer
(SL) with low viscosity, where the kinocilia of the respiratory cells beat, and a gel layer (GL) with
higher viscosity. b The gastrointestinal barrier consists of a simple columnar epithelium and a
mucus layer with two strata. Microvilli (MV) at the apical surface of the enterocytes are covered by
a glycoprotein layer, termed glycocalyx. This layer leads to a firmly attached stratified mucus layer
(FML) and a loosely attached mucus layer (LML). All epithelia reside on a basal lamina (BM)
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of the mucins. While the consistence of normal airway mucus is similar to egg
white, the mucus in asthma patients has a rubber-like quality. Additional disease-
related changes regard expression and glycosylation pattern of mucins. Compared
to normal epithelia, in allergic mucous metaplasia 40–200 9 more MUC5AC and
3–10 9 more MUC5B is produced (Fahy and Dickey 2010). The glycosylation
pattern of mucins is altered mainly during exacerbation of chronic airway diseases;
increased presence of typical tetrasaccharide carbohydrates, sialyl Lewisx epi-
topes, and higher degree of sulfatation is typical for exacerbations of COPD and
chronic fibrosis (Rose and Voynow 2006).

In a similar way to airway mucus, gastrointestinal diseases can affect secretion
of mucus, as well as expression and glycosylation pattern of mucins. Secretion of
mucins and viscosity of mucus can be increased or decreased. In general, acute
infections of the gastrointestinal tract lead to goblet cell hyperplasia and increased
mucus secretion. Helminth parasitic infections cause goblet cells hyperplasia and
the worms are trapped within the mucus and motility and feeding capacity reduced
(Kim and Khan 2013). Chronic infections, by contrast, lead to depletion of goblet
cells with consequent decrease of mucus secretion. Decreased mucus production in
combination with decreased viscosity in colitis ulcerosa and other inflammatory
colon diseases enhance permeation of pathogens (McGuckin and Hasnain 2013).
When comparing the most frequent chronic inflammatory bowel diseases, how-
ever, different mucus pattern can be recognized: in Crohn’s disease hyperpro-
duction of mucus and abnormal mucin glycosylation is observed, while in colitis
ulcerosa decrease mucus production with decreased glycosylation has been
reported (Dorofeyev et al. 2013). MUC3, MUC4, and MUC5B levels, for instance,
are reduced in patients with Crohn’s disease (Shirazi et al. 2000). Helicobacter
pylori infection decreased mucin exocytosis and secretion of the gastric mucosa
but viscosity of gastric mucus is increased (Markesich et al. 1995). Changes in
glycosylation pattern of mucins related to gastrointestinal diseases are less
specific.

Disease-related changes in mucus production are mainly caused by regulation
of transcription and have been intensely studied in the airway mucus. Bacteria,
teichoic acid, peptidoglycan from gram-positive bacteria induce MUC2 expression
in the respiratory system (Hauber et al. 2006). They act mainly by activation of the
Ras/MEK/ERK pathway (Fig. 3). Similarly, growth factors act mainly by trans-
activation of EGF-receptor, using the same pathway (Thorley and Tetley 2007).
Cytokines use different signaling pathways. While IL-6 acts via ERK to increase
MUC5B levels, TNF-a uses p38MAPK signaling (Li et al. 1998). Activation of
JNK/STAT appears to be involved in the action of IL-4, IL-13, IL-9, and IL-6 and
leads to MUC5AC over-expression. IL-4 also stimulates MUC2, IL-9 increases
MUC5AC, and IL-6 and IL-17 enhance MUC5AC and MUC5B transcription.
TNF-a, IL-1, IL-5, IL-6, IL-10, and IL-17 also induce overproduction of mucus.
Not all interleukins, however, increase mucin transcription; IL-4 decreases
MUC5AC and MUC5B levels. Cholinergic agonists, neuropeptides, microbes and
microbial products, toxins, inflammatory cytokines, and reactive oxygen and
nitrogen species stimulate exocytosis of mucins (Davis and Dickey 2008).
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Disease-related mucus changes have a great impact on the passage of particles.
Although virus particles B55 nm rapidly diffuse through healthy human mucus
(Olmsted et al. 2001), 20 nm adeno-associated virus serotype 5 has been trapped in
human cystic fibrosis sputum (Hida et al. 2011). Un-coated polystyrene particles are
completely trapped into chronic sinusitis mucus (Lai et al. 2011). In their pegylated
form, diffusion of the 100 and 500 nm particles is slowed down to a higher degree
than diffusion of 200 nm particles. It is proposed that adhesive interactions are more
important than steric factors in chronic sinusitis mucus. Permeability order of
pegylated polystyrene particles (200 nm [ 100 nm[ 500 nm) in chronic sinusitis
is very similar to cystic fibrosis mucus suggesting that inflammatory processes
cause similar effects on particle permeation in airway mucus.

2.6 Role of Particle Size and Surface Properties
for Permeation of Macromolecules and Particles
Through Mucus

Due to the size-exclusion effect of mucus, size is one decisive parameter for mucus
permeation. Only small (\10 nm) uncharged molecules can cross the mucus
without hindrance. Due to their hydrophilic surface, also slightly negatively
charged polio virus (28 nm) and hepatitis virus rapidly diffuse through intestinal
mucus (Frey et al. 1996). Microviscosity for B55 nm virus particles is similar to

Fig. 3 Regulation of mucin transcription in chronic airway disease. Most pathogens and toxins
increase the transcription of mucins through the Ras (raf)/MEK/ERK pathway. Cytokines bind to
receptors, which use MyD88/TAK1/NIK signaling. Viruses act by p38/MSK1 signaling and
intracellular ROS activate Src/JNK pathway. Transcription factors AP-1, SP1, NFkB, and CREB
translocate to the nucleus, bind to the mucin promotor and increase mucin gene transcription
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water, 180 nm herpes simplex virus are slowed, and for C200 nm particles vis-
cosity is greatly increased in cervicovaginal mucus (Lai et al. 2009a). Diffusion of
amidine, carboxyl, carboxylate-modified, and sulfate polystyrene particles through
porcine gastric mucus gel decreased markedly at a size of 300 nm, irrespective of
surface charge (Norris and Sinko 1997).

Charged surface groups, however, also have an important effect on mucus
permeation since they can perform different interactions with the mucin fibres.
50 nm carboxyl polystyrene particles bound to hydrophobic parts of the cervico-
vaginal mucins and induced the formation of thick cables (Lai et al. 2009a), while
200 nm amine polystyrene particles were retained by binding to mucin (Wang
et al. 2011). In this kind of mucus the mobility of small (100 nm) strongly neg-
atively charged particles was lower than that of larger (500 nm) neutral ones (Lai
et al. 2007). Neutral NPs are also better able to cross the respiratory mucus layer
(Sanders et al. 2000). In the oral cavity, small negatively charged polystyrene
particles permeated the mucus layer better than larger ones (Teubl et al. 2013,
Roblegg et al. 2012). However, with increasing size, negatively charged particles
interacted with the mucus, formed aggregates, and were immobilized in the layer.
By changing the surface charge into positive, particles permeated the mucus layer
and penetrated the lower regions of the tissue. This appears to be due to the fact
that NPs avoid adhesion to mucin fibres and/or circumvent size exclusion effects.
Furthermore, neutral spherical NPs permeated the mucus layer and penetrated into
the epithelium size- dependent (Teubl et al. 2012). Compared to 25, 50 and
100 nm particles, 200 nm NPs penetrated more rapidly into deeper regions of the
mucosa, indicating that the size and also the surface charge strongly determine the
uptake behavior. Uncharged particles did not adhere to the mucin fibres indicating
that mainly pore size of the mucin fibres influenced their mobility. This phe-
nomenon is still an open question since to our knowledge the detailed structure of
the mucus layer in the oral cavity has not been investigated so far.

Data on particle penetration/permeation in gastrointestinal mucus suggest that
dense opposing charges on virus particles causing hydrophilic particles with a net
negative charge can quickly pass mucus barriers (Aljayyoussi et al. 2012). Posi-
tively charged particles are expected to adhere to the mucus and being retarded,
while negatively charged particles are electrostatically repelled by the anionic
barrier, and uncharged particles hindered by hydrophobic interactions (Aljayyoussi
et al. 2012). Also small lipophilic molecules interact with the hydrophobic mucins,
they are, however, not able to form polyvalent adhesive bonds and, therefore, are
able to cross mucus layers. At similar size, polyacrylic acid/polyallylamine
copolymers (neutral) are better transported through porcine mucus than polyac-
rylic acid (negative charge) and polyallylamine (positive charge) NPs (Laffleur
et al. 2013). It appears that, irrespective of the source of the mucus, neutral NPs
can cross the mucus layer better than charged ones.

When the surface properties are shielded by polyethylene glycol (PEG),
polystyrene particles permeate non-ovulatory cervicovaginal mucus size depen-
dently (Fig. 4). 200–500 nm densely pegylated polymeric NPs transversed cervi-
covaginal mucus only 4–6 fold slower than water, while 1 lm particles diffused
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through mucus much slower than 200 and 500 nm particles with the same pegy-
lation. Coating with PEG prevents both ionic and hydrophobic interaction with
mucus fibres. The density and the molecular weight of the PEG are important
parameters in the increase of particle penetration/permeation through mucus
(Wang et al. 2008). Pegylation improved the passage of 500 nm poly(lactic-co-
glycolic acid) (PGLA) particles through cervicovaginal mucus 4–6 fold (Lai et al.
2007) and increased mean square displacement (MSD). While efficient diffusivity
of pegylated PGLA NPs in mucus is only 8 times lower than in water, it
is [12,000 fold lower for the non-pegylated ones (Yu et al. 2012). With PEG
coating the nature of the NP appears to play only a small role because pegylated
PLGA particles showed similar velocity to pegylated latex beads of the same size.
On the other hand, PLGA NPs coated with DNA pass gastric mucus 10 times faster
than similarly sized latex particles (Dawson et al. 2004). The use of pegylated
solid lipid (stearic acid) NPs as mucus penetrating/permeating delivery systems
was demonstrated by Yuan et al. (2013). Bioavailability is increased almost 2 fold
and pegylated particles can pass mucosa in the everted gut sac model, while they
get trapped without PEG-coating. It appears that pluronic 127 enhances mucus
permeation in a similar way to pegylation. Pluronic F127 either integrated or
absorbed to liposomes increased mucus permeation 5–7 fold. It is hypothesized
that the hydrophilic parts of the Pluronic F127 reduce hydrophobic and electro-
static interactions with the mucin fibres (Li et al. 2011).

Taken together, passage through mucus is the effect of bonding to mucin fibres
and of size exclusion or sieving though a mesh. The retention of smaller poly-
styrene particles can be explained similar to size-exclusion chromatography,
where smaller particles diffuse in smaller holes and, thereby, are retained longer.
Delivery is also influenced by changes in the mucus mesh size. Addition of non-
ionic surfactant decreases the mesh size of cervical mucus from 340 to 130 nm by
increasing hydrophobic interactions of the mucin fibres. On the other hand, neg-
atively charged NPs, such as 120 and 24 nm carboxyl polystyrene particles, can
reduce the size of mucin aggregates and accelerate expansion of the mucin matrix.
This leads to increased hydratation with better diffusion (Lai et al. 2009a).

Fig. 4 Interaction of particles with the mucin mesh. Anionic and hydrophobic particles interact
with hydrophobic regions outside the PTS domains, while cationic particles interact with
carbohydrates at the PTS regions and thiolated particles with cysteine-rich regions. Permeating
particles do not interact with mucus fibres to a great extent and mainly mesh size determines their
passage
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Notable, also the rigid structure of the mucus (pore) has to be considered. Kirch
et al. (2012) demonstrated that in hydroxyethylcellulose gels particles were dis-
persed in dense gels of small pore sizes and moved by external forces. In respi-
ratory mucus, pore rigidity was higher and thus, confinement in mucus was
stronger and mobility of the particles was prevented.

3 Drug Delivery Across the Mucus Layer

3.1 Mucoadhesive Particles

Bioadhesion describes a state in which two materials, at least one biological in
nature, are held together by interfacial forces for an extended period of time. If the
substrate is mucus and not a biological membrane, the term mucoadhesion is used.
Materials providing mucoadhesive properties are natural or synthetic polymers.
These polymers are being employed in various kinds of delivery systems, such as
tablet, powders, films, ointments, gels, and patches. Drugs are integrated into these
devices and are being released at the site of action. While local application of the
devices by the patient is possible for eye, buccal cavity, vagina, and rectum,
mucoadhesive NPs could also improve delivery via the gastrointestinal and
respiratory tract, where local application of a mucoadhesive device is not possible.

Mucoadhesion consists of two phases: the contact and the consolidation stage.
In the first phase, particles are influenced by repulsive forces (osmotic pressure,
electrostatic repulsion) and attractive forces (van der Waals forces, electrostatic
attraction) (Smart 2005). When particles have overcome the repulsion, the first
phase is finished and moisture allows the mucoadhesive molecules to form weak
van der Waals and hydrogen bonds with the mucus. This may occur by inter-
penetrations of their chains and formation of secondary bonds. Alternatively,
particles may dehydrate the mucus until osmotic balance is reached and consoli-
dates the adhesive bond.

The molecular weight (MW) of the polymer has a great influence on the
strength of mucoadhesion. For polyethylene glycol of 20,000 MW mucoadhesion
is negligible, at 200,000 MW improved, and at 400,000 MW excellent (Roy et al.
2009). Due to a better penetration/permeation into the mucus layer, long chain
length causes better adhesion than shorter ones. A reduced flexibility of the chains
allows better diffusion of water, improved hydration and entry of particles. Spatial
arrangement of the polymer chains is an additional factor in mucoadhesion.
Polymer concentration has an application-specific optimum because low concen-
trations lack mucoadhesive strength, while too high concentrations hinder solvent
diffusion. Biological factors, such as pH and ionic strength, determine hydrogen
bonding and electrostatic interaction of polymer and mucus. Cationic polymers,
chitosan, for instance, act by interaction with glycoproteins of the mucus only at
neutral to alkaline pH. Anionic polymers (carbomers, carboxymethylcellulose,
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alginate) form hydrophobic interactions, hydrogen and van der Waals bonds. Non-
ionic polymers (hydroxypropylmethylcellulose, hydroxymethylcellulose, methyl-
cellulose), in general, show weak mucoadhesion properties. Thiolated polymers
form disulfide bonds with cysteine-rich domains. Lectins bind reversibly to sugar/
carbohydrate residues.

Correlation of mucoadhesive properties and longer retention has been demon-
strated for oral delivery. Gliadin and sodium alginate NPs were retained up to
25 9 better in perfused rat stomach than aqueous solutions (Umamaheshwari et al.
2004; Katayama et al. 1999). Fluorescein isothiocyanate (FTIC) dextran loaded on
poly(hydroxyethylmethacrylate) NPs permeated excised stomach mucosa better
when coated with thiolated chitosan of different molecular weight (Moghaddam
et al. 2009). According to other studies, mucoadhesion was linked to better bio-
availability. Lectin-coating, for instance, improved uptake of polystyrene particles
by oral gavage in rats (Hunter et al. 2012). The direct correlation of mucoadhe-
sivity and absorption was most clearly seen in the study by Sakuma et al. (1999).
The group determined adhesion of particles with different mucoadhesive coatings
[poly(N-isopropylacrylamide), poly(vinylamine) and poly(methacrylic acid)] to
the gastrointestinal mucosa. In parallel, they determined calcium plasma levels
after application of calcitonin together with the particles. Calcium levels increased
in parallel to the strength of the mucoadhesive action of the polymers.

It is not clear which mechanisms are involved in increased uptake and bio-
availability of mucoadhesive NPs. Some mucoadhesive polymers, such as trim-
ethylchitosan and monocarboxymethylchitosan also act as absorption enhancer
(Kato et al. 2003). The role of mucoadhesive polymers in disruption of tight
junctions, however, is not clear. While several studies report that both, chitosan
solutions and chitosan coatings, cause transient disruption of tight junctions
(Rodrigues et al. 2012), other reports state that only protonated soluble chitosan
shows this effect (Issa et al. 2005).

3.2 Measurement of Mucoadhesion

There are several in vitro and in vivo techniques to study the interaction of
materials with mucus; they are classified into direct and indirect methods
(Davidovich-Pinhas and Baianco-Peled 2013). The prior ones measure the force
that is necessary to detach the mucoadhesive system from the mucosal surface.
The latter ones assess the interactions (e.g., bondings such as van der Waals forces
or chemical bondings) between the system and mucins.

3.2.1 Direct Methods

Commonly, direct methods are performed in the tensile mode or in the shear mode.
Thus, the applied force acts axially or tangentially and the maximum required
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force and the total force necessary for detachment are measured (Mortazavi and
Smart 1995). Review of the literature confirmed that the tensile strength method is
the most known technique in this field, using a (modified) texture analyzer as
testing machine (Davidovich-Pinhas and Baianco-Peled 2013; Woertz et al. 2013).
In vitro assessment is conducted with excised tissues/substrates from various
animals and/or humans (Patlolla et al. 2010). However, since mucus is expected to
immediately change the microstructure due to dehydration, results are often not
reproducible and/or comparable to humans. As alternative, commercially available
mucin powders, as gel, disc or hydrated film are utilized (Tamburic and Craig
1997). The most interesting candidates are mucoadhesive (co-) polymers (e.g.,
chitosan, polyacrylic acid, thiolated polymers) applied in their dry, semihydrated
and hydrated form and formulated into tablets, pellets, films and/or nanocarriers.
Furthermore, depending on the anatomical location, testing conditions can be
adapted to meet physiological conditions. The sample and the mucosal surface are
immersed in liquid and the influence of the pH of the polymer is considered
(Grabovaca et al. 2005; Lehr et al. 1990). Apart from tensile mode, dynamic assays
under shear forces are of great interest. To measure mucoadhesion under shear, the
rotating cylinder method can be used. The sample device is attached to excised
mucosa, spun on a cylinder, which is immersed in physiological liquid and agitated
under constant speed (Bernkop-Schnürch and Steininger 2000). Additionally, for
quantitative assessment, adhesion time (until detachment) is evaluated. Further-
more, assays are performed that mimic shear forces caused by continuous flow to
study the binding ability of the polymer and the mucosal surface (Rao and Buri
1989). This method was improved by several groups using a flow-through cell
device under temperature-controlled conditions, mimicking laminar and turbulent
flow (Blegamwar et al. 2009; Nielsen et al. 1998; Schultz et al. 2000).

To study molecular and surface forces on molecular scale, atomic force
microscopy (AFM) as a non-invasive and non-destructive imaging technique with
high potential can be performed under physiological conditions. A cantilever
mounted tip deflects due to van der Waals repulsive interactions in contact with the
sample. A laser beam focused on the free end of the cantilever and reflected into a
photodiode detects the cantilever deflection. Adhesion can be measured by force-
distance curves and binding of the polymer to the mucosal surface can be
examined due to changes in surface roughness. Deacon et al. (2000) studied the
interaction between pig gastric mucin and chitosan via AFM. They demonstrated
that both materials showed linear filamentous structures, which formed aggregates
after mixing. These results were in accordance with earlier studies performed with
electron microscopy. Additionally, Patel et al. (2000) showed that AFM is an
appropriate and potential technique for imaging and measuring interactions
between polymers and buccal mucosal surfaces.

Apart from in vitro and ex vivo testing, also in vivo studies are conducted to
evaluate the residence time of the mucoadhesive device. Lehr et al. (1990)
investigated polymer-coated microspheres in a rat model by connecting an isolated
intestinal rat loop to the rat intestine cavity and measuring the outlet amount. Other
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possibilities are to insert (invasive) labeled polymers into the gastrointestinal tract
and/or to apply the material orally and monitor it via magnetic resonance images
(Albrecht et al. 2006).

3.2.2 Indirect Methods

In addition to spectroscopic methods (Fourier transform infrared spectrometer and
nuclear magnetic resonance), rheology is an appropriate technique to study mu-
coadhesive properties of polymers. The later technique is based on the idea that
upon mixture of polymer and mucin, the viscosity, and thus, the flow as well as the
deformation change (Hassan and Gallo 1990). Strong mucoadhesive polymers
result in a more viscous system (compared to the individual viscosity of the
polymer and the mucin) due to chain entanglements and various chemical bonds.
These changes can be monitored and characteristic interactions/adhesive proper-
ties can be determined. Viscosity is described by the loss modulus (G00), indicating
the resistance of a gel to flow and elasticity is defined by the storage modulus (G0),
which measures the ability of the gel to recover [e.g. (Rossi et al. 2001, Lai et al.
2009b)]. The loss tangent d (tan d) is a simple indicator that describes the vis-
coelasticity of the sample, calculated from the ratio G00 to G0. Small values reflect a
solid like response (gel), compared to larger values, which represent a liquid like
response. A large number of data is available in this field, due to the increasing
number of (mucoadhesive) polymers, mucin types and measurement devices, such
as parallel plates, cones and plates or concentric cylinders (Caramella et al. 1994).
Although rheology is a useful method, it should always be used in combination
with other methods due to the fact that variations of the used concentrations are
like to influence the entire results (Hagerstrom and Edsman 2003).

3.2.3 Applications of Mucoadhesive NPs in Drug Delivery
by the Respiratory System

Intranasal delivery is the preferred route to deliver peptides to the brain. The
olfactory nerve has a direct connection to the brain and circumvents the tight blood
brain barrier. Powders, gels, liquids, sprays and microparticles have been
employed to deliver peptides such as desmopressin to treat diabetes insipidus and
nocturnal enuresis, oxytoxin to induce lactation, and calcitonin for osteoporosis.
Non-peptide drugs, such as sumatriptan and zolmitriptan, in nasal application are
used in migraine (Singh et al. 2012).

For the delivery of small peptides, thiolated chitosan and wheat germ agglutinin
modified pegylated polylactic acid NPs have been used (Table 1). Also larger
peptides, such as insulin, could be successfully delivered to diabetic rats using
chitosan, PEG-graft trimethylchitosan, and amine-modified poly(vinyl alcohol)
graft poly (L-lactide) NPs (Pires et al. 2009). Another important area is mucosal
vaccination, where chitosan NPs crosslinked with polyanionic cyclodextrins
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(sulfobutyl-b-cyclodextrin or carbomethyl-b-cyclodextrin) were identified as
promising candidates (Csaba et al. 2009). Coating with chitosan increased the
efficacy of vaccination according to secreted IgA levels. Despite strong mucoad-
hesive properties, normal lectins are of limited use due to toxicity and immuno-
genicity. Wheat germ agglutinin, solanum tuberosum lectin and truncated lectins,
however, are successful for delivery (Anand et al. 2012). There is, however, not a
general superiority of NP formulations: N-trimethylchitosan/ovalbumin NPs did
not perform as well as trimethylchitosan/ovalbumin conjugates according to dif-
fusion through Calu-3 cells and induction of IgA levels in mice (Slutter et al.
2010).

In general, delivery of NPs without encapsulation in microparticular formula-
tions to bronchi or deep lung due to reduced dimensions and, hence, low inertia is
impractical. While mucoadhesive microparticles have been evaluated in some
studies [e.g. (Sakagami et al. 2001)], only few applications have used NPs. For
instance, chitosan/hyaluronic acid NPs loaded with low molecular weight heparin
were successfully tested for bronchial delivery ex vivo (Oyarzun-Ampuero et al.
2009) and aerosolized PLGA/chitosan NPs were longer retained in the lungs of
guinea pigs (Yamamoto et al. 2005). When loaded with calcitonin, these particles
showed a longer and more potent effect on calcium blood levels than chitosan
unmodified PLGA NPs.

3.2.4 Applications of Mucoadhesive NPs in Oral Drug Delivery

Applications for mucoadhesive NPs in oral application include systemic treatment
of cancer, osteoporosis, pain, etc. Local applications are also possible, for instance,
application of thiolated chitosan polymethylacrylic acid NPs loaded with metro-
nidazole benzoate in periodontal disease (Saboktakin et al. 2011).

In vitro and ex-vivo studies showed better adhesion and drug transport for
chitosan, thiolated chitosan, chitosan -4-thiobutylamidine conjugates, thiolated
hydroxyethyl cellulose particles and better efficacy in vivo of N-trimethyl chito-
san, carboxylated chitosan, chitosan-based poloxamer 188, and chitosan/dextran
sulfate particles (Table 1). Several types of mucoadhesive NPs improved the
delivery of insulin. It is, however, not clear if insulin can cross the intestinal
barriers as intact functional molecule because intestinal mucus acts as an enzy-
matic barrier in addition to a mechanic one (Aoki et al. 2005).

Also other molecules were used to create mucoadhesive NPs for oral delivery:
such approaches include thermally hydrocarbonized porous silicon functionalized
with self-assembled amphiphilic protein coating consisting of class II hydrophobin
from Trichoderma reesei (Sarparanta et al. 2012), disulfide containing poly(cys-
tamine bisacrylamide-4-amino-1-butanol) NPs (Cohen et al. 2012), ethylcellulose
(Suwannateep et al. 2011), and pectin liposomal nanocomplexes (Thirawong et al.
2008).
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3.3 Alternative Strategies Used for NP-Mediated Drug
Delivery

Despite the broad use of mucoadhesive devices, these systems have limitations.
Mucin turnover, physiological condition, and presence of irritants can cause
inefficient delivery. Mucoadhesion caused considerable disruption of the mucus
barrier (McGill and Smyth 2010; Wang et al. 2011). The importance of destruction
of the mucus barrier, allowing invasion of pathogens, has not been sufficiently
clarified so far. Due to potential problems with barrier disruption, mucolytic
particles are rarely employed. Large cationic NPs at high concentrations can create
large channels by vigorous electrostatic interaction (Wang et al. 2011). Local
disruption of the mucus barrier is caused by \200 nm poly(acrylic acid) and
mucolytic enzyme (papain) NPs (Müller et al. 2013). In a similar way, polyelec-
trolyte complex of spermidine with polyacrylic acid enhanced FITC dextran
transport in Caco-2 cells and permeation of calcitonin through the rat intestine
(Makhlof et al. 2011).

More recently, another strategy has been developed, where mucus integrity is
completely preserved and NPs, due to dense PEG-coating, cross the mucus layer.
Efficacy of mucus penetrating particles in vivo, currently, has only been demon-
strated for vaginal application, where it was efficient in the delivery of acyclovir to
murine vagina (Ensign et al. 2012). Mucus permeating particles were also more
efficient than solutions in gene delivery (Yu et al. 2012). While conventional
mucoadhesive NPs aggregated in the mucus, protection against herpes simplex
virus 2 infection in mice by vaginal patches with Acyclovir-loaded mucus pene-
trating particles was better (53 vs. 16 %) than with the soluble drug. In the gas-
trointestinal tract, pegylated solid lipid stearic acid (PSA) NPs and Pluronic F127
either integrated or absorbed to liposomes displayed mucus penetrating properties
(Yuan et al. 2013; Li et al. 2011).

The use of mucus penetrating strategies could be suitable in chronic diseases of
the respiratory system. Cystic fibrosis mucus has one of the highest viscosities and
presents a particular challenge because, due to recurrent infections, these patients
have also a high need for proper medication. PEG-PSA NPs penetrated/permeated
cervicovaginal mucus and cystic fibrosis sputum with 50-fold higher mean square
displacement (MSD) than uncoated latex particles in the same size (Tang et al.
2009). 40 % of the PEG-PSA NPs were transported by diffusion compared
to \6 % of the latex particles and 31 % of these particles were able to cross a
cystic fibrosis sputum layer of 10 lm compared to 0.6 % of the latex particles.
Effective diffusivity of the PEG-PSA NPs was 0.023 lm2/s, compared to the
diffusion coefficient of un-coated 59-1,000 nm latex particles with 0 lm2/s
(Olmsted et al. 2001). PEG-PSA NPs, therefore, might have a greater chance to
reach the epithelial layer without being cleared from the organism than mucoad-
hesive NPs.
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4 Concluding Remarks

A direct comparison of different particle delivery systems is not possible because,
in general, the NP-based systems are compared to solutions containing the
respective drug. Based on the long experience with mucoadhesive devices and data
with mucoadhesive NPs, it appears reasonable to conclude that this strategy
improves drug delivery across/into mucus-covered epithelia. On the other hand,
the differences in mucus structure, mucus turnover at different anatomical sites of
the human body and pathological mucus changes suggest that also other types of
NPs might be appropriate delivery systems. While mucoadhesive NPs could be
suitable for applications in healthy epithelia with low mucus turnover, like in the
gastrointestinal tract, mucus penetrating NPs or mucolytic NPs could be more
efficient for delivery to diseased airways with strong production of highly viscous
mucus.
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Investigation of Nanoparticles
in Biological Objects by Electron
Microscopy Techniques

Gabriela Kratošová, Kateřina Dědková, Ivo Vávra
and Fedor Čiampor

Abstract Electron microscopy (EM) is the most used technique for materials
characterisation. Both methods—scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) with high resolution mode have become
extensively used especially in nanomaterials research. This chapter provides a
summary of modern EM techniques used for the analysis of nanoparticles.
Regarding a broad spectrum of various nanomaterials being prepared to date or
just naturally occurring in the environment, several case studies focusing on
nanoparticles analysis by EM methods are introduced. Modified EM methods such
as cryo techniques and environmental SEM (ESEM) are also mentioned because of
their importance and great potential in research areas combining nanotechnology
and biology.

Keywords Transmission electron microscopy (TEM) � Scanning electron
microscopy (SEM) � Nanomaterials characterisation
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Cryo-ET Cryogenic electron tomography
Cryo-SEM Cryogenic scanning electron microscopy
Cryo-TEM Cryogenic transmission electron microscopy
DF Dark field
DNA Deoxyribonucleic acid
EELS Electron energy-loss spectrometry
EDS Energy dispersive spectrometer
EDX Energy dispersive X-ray analysis
EM Electron microscopy
ET Electron tomography
ESEM Environmental scanning electron microscopy
FIB Focused ion beam
FEG Field emission gun
HAADF High-angle angular dark field
MTB Magnetotactic bacteria
SE Secondary electrons
SEM Scanning electron microscopy
SEMs Scanning electron microscopes
SWNT Single walled carbon nanotubes
TEM Transmission electron microscopy
TEMs Transmission electron microscopes
WDS Wavelength dispersive spectrometer

1 Introduction

The downsizing and development of engineered nanomaterials have invoked a
need for more detailed morphological characterisation, quantitative composition of
nanoparticles and the determination of at least the character of chemical bounds. In
connection with this requirement, electron microscopy techniques have been
considerably developed in the last two decades which has enabled the observation
and analysis of the diversity of objects at the atomic level.

The size distribution and localisation of nanoparticles may be determined using
conventional SEMs, but for detailed analysis of nanostructured materials con-
ventional TEMs should be utilized. Microscopes, which work in the visible region
of the electromagnetic spectra as light and/or confocal microscopy, may reveal
some properties of bulk nanostructured materials, but these methods are not able to
analyse single nanoparticles.

Recently, some of the most modern TEMs and SEMs may operate at 100,0009

magnification and more. Additionally, EM in combination with chemical analysis
and other imaging methods such as optical or scanning probe microscopy may help
us to comprehensively characterise specific nanomaterial.
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In this chapter we will discuss some of the latest upgrades to modern EM and its
potential in nanotechnology and nanomaterials characterisation, especially with
regard to the investigation of nanoparticles associated on/in cells. As illustration,
some case studies and/or examples of the application of EM techniques in nano-
particles research are presented.

2 Specimen-Beam Interactions

In both systems—TEM and SEM, the interaction of accelerated electrons with a
specimen is essential for the image construction. The series of interactions with
nuclei and electrons of the sample occurs when an electron beam strikes the
surface of the sample. The interactions make a group of various secondary
products such as X-rays, heat, light and electrons with different energy. Many of
these by-products are used to generate the images and give additional data about
the sample. The most frequent signals in EM are mediated by secondary (SE) and
back-scattered electrons (BSE) (Fleger et al. 1993).

Secondary electrons are produced by an inelastic interaction of the beam with
the surface of the specimen. The average energy of secondary electrons is around
3–5 eV and therefore are easily attracted to the detector. The major factors that
contribute to the ability to produce a topographical image in SEM are absorption
and the escape of secondary electrons from the detector. An image of the highest
resolution is provided when the secondary electrons escape from a small volume of
the whole volume of specimen-beam interactions. Secondary electrons which
escaped and electrons which did not reach the detector do not contribute to the
final image and they appear as shadows or darker places in contrast (Fleger et al.
1993).

An elastic interaction produces backscattered electrons, beam electrons
which have scattered backwards. Backscattered electrons have energy equal to
60–80 % of the initial energy of the electron beam; therefore, a special detector
is required (a semiconductor is common). The average atomic number of the
sample strongly affects the production of backscattered electrons; the higher
the atomic number, the higher volume of backscattered electrons which makes
the image brighter. This is applied in material contrast when elements with a
higher atomic number appear brighter than elements with a lower atomic
number.

Several other products of inelastic scattering are useful in image formation such
as X-rays or Auger electrons—electrons with low-energy. X-ray analysis requires
a separate detector and an X-ray analyzer. An X-ray is useful for determining the
elemental composition of the specimen with elements in the range of atomic
numbers from 8 to 99. For specimens with elements in the range of atomic
numbers from 2 to 10, the measurement of the energy level of Auger electrons can
be used. This measurement also requires a special detector and a high-quality
vacuum system (Fleger et al. 1993).
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As sources of electron beams several types of cathodes are used. A ther-
moemission cathode releases electrons when it is heated up to a specific tem-
perature and this type of cathode is the most commonly used in conventional
EM. An autoemission cathode (cold cathode or cold emitter) releases electrons
on the basis of interactions with the strong electric field which surrounds it. In
the case of the most powerful electron microscopes, a field emission gun (FEG)
is used as the source of the electron beam. This source may last several years.

Sources of electrons have to be small, stable in the long-term, and user-friendly.
They should also exhibit low noise, have a low energy electron emission range,
have high intensity electron emission in a small spatial angle, and low operating
costs. These conditions are fulfilled by cold emitters and most recently by Schottky
emission sources. Compared to thermoemission sources, these emitters are smal-
ler, their intensity is 1009 higher and they have better long-term stability as well.
The Schottky source of electrons is the most advanced available source of elec-
trons and is usually used in SEMs. More detailed information about method
principles and instrumentation may be found in the appropriate literature (Fleger
et al. 1993; Hoppert 2003; Williams and Carter 2009).

3 Conventional Electron Microscopy Techniques

Generally, electron microscope techniques are the essential and most employed
methods in both top research and academic areas and microscopes are an integral
part of many laboratories. In principle, two systems of electron microscopy are
differentiated—scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The operating accelerating voltage of the beam and sample
preparation protocols are the main differences between these two techniques.

3.1 Transmission Electron Microscopy

In TEM mode accelerated electrons are transmitted through an ultra-thin speci-
men. The TEM specimen should be carefully prepared from the bulk sample to be
transparent for electrons. More detail information about the ultra-thin specimen
preparation may be found in the literature (Williams and Carter 2009).

Transmitted electrons carry information about the specimen structure and the
final image is recorded by hitting a fluorescent screen, photographic plate or CCD
camera (charge-coupled device). Using the CCD the image may be displayed in
real time on a computer monitor.

Recently, TEMs work with an overall resolution in the order of tenths of
nanometers, and this resolution is sufficient to observe protein macromolecules. A
higher accelerating voltage beam is emitted with a shorter wavelength and a lower
value of resolution is achieved. Regarding this fact, older TEMs were enormously
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high and special buildings had to be constructed (the microscope tubus length was
over two floors). Nowadays, more and more precise corrections for electromag-
netic lenses have been developed (Cs corrections), so that better resolutions may
be acquired with a standard sized TEMs.

In the interface of specimen-beam interactions there is a strong influence of a
crystal structure, average proton number and the specific weight (mass density) of
the observed material on the final contrast. Biological samples are composed of
light elements, which do not induce sufficient scattering of the primary electrons
during transmission to the specimen. This is a limiting problem in the imaging of
such samples. Consequently, these samples may be treated using additional
chemicals containing heavy metal ions (Hoppert 2003). However, contrasting or
shadowing using additional heavy metal ions is not suitable in the case of
nanomaterials due to structural distortion.

As was mentioned before, the accelerating voltage value influences the final
resolution. More particular atoms may be observed when using an accelerating
voltage of about 200 kV. Nevertheless, the quality of the electron optics is also
essential. Atomic resolution may also be achieved together with minor specimen
damage when applying Cs correction and an accelerating voltage of about 80 kV.
One of the most effective methods used to acquire atomic resolution is called the
Z-contrast method. This method can be applied when a microscope is equipped
with an autoemission cathode, a scanning transmission electron mode and a high-
angle angular dark field detector (HAADF). At present, it is possible to use
autoemission emitters to achieve 0.15 nm beam size and current around 1 nA,
which is enough for atomic resolution in metals. The ability of TEM to resolve
particular atoms is being exploited mainly to study the growth and internal
structure of nanomaterials—nanoparticles, nanowires, nanotubes, etc., where this
method can provide valuable information.

In biology TEM is used to obtain high resolution images of the internal cellular
structures of animal and plant tissues, microbes, viruses, phages and DNA. TEM
may also be used for the localization of elements, enzymes, and proteins, for the
study of membrane interfaces and the structure of macromolecules. The so-called
immuno-electron microscope is used for protein detection using labeled antibodies
with colloidal gold or feritin markers (Hoppert 2003).

Material engineers mainly apply the TEM method in the investigation of com-
posite interfaces and the examination of dislocations in metals, polymer structures,
thin films, clay mineral layers and the crystal lattice structure of catalytic materials.
It may also be used to examine element localisation (Fleger et al. 1993).

3.1.1 TEM Applications in Nanotechnology

In this section we would like to present some examples of TEM application in the
investigation of nanoparticles, which are in some way associated with biomass or
cells. These examples demonstrate the important role of TEM in nanotechnology
research.
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Various organisms have been used to date to produce metal nanoparticles
(intra- or extracellular) (Schröfel et al. 2011; Kratošová et al. 2014). The prepa-
ration of bio-nanoparticles is based on metal–cell interactions, and the final bio-
synthesized nanoparticles are mixed with a complex system of cell debris
containing metabolite products and different biomolecules, which protect the
nanoparticles against aggregation. As an example, the biosynthesis of gold
nanoparticles using Mallomonas kalinae (Fig. 1) or Diadesmis gallica (Fig. 2) is
presented here in the form of a TEM microphotograph. Bio-nanoparticles may be
used in a colloid solution or as a bio-nanocomposite. Biomass with the associated
particles may be dried and stored in the form of powder and directly applied to
heterogeneous catalysis (Schröfel and Kratošová 2011).

In TEM there are two main imaging modes—bright-field (BF) imaging and
dark-field (DF) imaging. To produce a standard BF image, the electron beam must
be able to penetrate the sample with many electrons being transmitted through it.
A DF image can be created using only the widely (elastically) scattered electrons
from the specimen. This type of image has a high contrast and some details on the
specimen may appear more clearly. The difference between BF and DF imaging is
illustrated in Figs. 2, 3, 4.

These TEM imaging modes (BF and DF) may be used in nanotechnology to
characterize the structures of nanoparticles in nanofluids (see Fig. 3); and in
particular to study the penetration of nanoparticles into cells or their localisation in
the cell interfaces (see Fig. 4).

A nanofluid is a fluid containing nanoparticles. These fluids are engineered
colloidal suspensions of nanoparticles in a base fluid. The nanoparticles used in
nanofluids are typically made of metals, oxides, carbides, or carbon nanotubes.
Common base fluids include water, ethyleneglycol, kerosene, mineral oil, etc.
Nanofluids have distinct properties that make them potentially useful in many
applications, e.g. in heat transfer, microelectronics, fuel cells, pharmaceutical
processes, etc. They exhibit enhanced thermal conductivity and a convective heat
transfer coefficient compared to the base fluid.

Fig. 1 TEM micrograph of
sample containing parts of
Mallomonas kalinae cells
(Chrysophyceae) with
associated gold nanoparticles,
which were predominantly
situated in the debris of
biomolecules (scale bar
1 lm)
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Nanofluids containing magnetic nanoparticles are called magnetic fluids.
Magnetite nanoparticles are used as a magnetic moment carrier. The properties of
magnetic fluids can be easily influenced by external magnetic fields and thus they
are widely applicable in industrial practice as well as biomedicine, especially in
the targeted transport of drugs in cancer treatment, cardiovascular disease treat-
ment and radiodiagnostics (Závišová et al. 2011; Šafařík et al. 2012).

Magnetotactic bacteria (MTB) are extremely interesting microorganisms con-
taining magnetite nanocrystals which form so-called magnetosomes in their cells
(see Fig. 5). MTB use these magnetosomes to migrate along the magnetic field.
Magnetosomes (organelles with chains of magnetite nanocrystals) are composed
of real nanocrystals, which indicate extraordinary crystalline perfection. Magnetite
nanocrystals may also be prepared in laboratory conditions; however, their quality
and variability are much lower.

Bacterial magnetic particles may be exploited in various biotechnological or
biomedical applications and have a great potential in nanotechnology. Isolated
(exfoliated) magnetosomes can be incorporated in polymer. If the polymerization
is performed in an external magnetic field, we can obtain a composite material
with strong magnetic anisotropy (Prozorov et al. 2013).

3.2 Scanning Electron Microscopy

SEM produces images of the specimen surface with strong 3D plasticity and a
large depth of field, which allows the spatial arrangements of all structures to be
viewed. SEM is used when information about the surface or near-surface region is
required. The element analysis features connected to SEM are the most important

Fig. 2 TEM micrographs of diatom cell (Diadesmis gallica) used for biosynthesis of gold
nanoparticles. Gold nanoparticles are being associated on the silica frustules, stabilized by
secreted biomolecules and form so called bionanocomposite material with promising application
potential (scale bar 1 lm). The image a is acquired in the BF mode, b in the DF mode with more
visible gold nanoparticles in the debris round the cell (compare imaging of the same sample with
cryo-SEM mode in the Sect. 4.2)
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Fig. 3 Bright (a) and dark field (b) TEM micrographs of 12 nm magnetic nanoparticles in water
(scale bar 200 nm). The dark field mode is used for the evidence of the nanoparticles crystallinity
and easier detection of nanoparticles in biological specimens. The TEM specimen was prepared
by drying of small drop on thin amorphous carbon foil

Fig. 4 The BF (a) and DF (b) micrographs of the region near nucleus membrane (scale bar
200 nm). The human marrow bone cells were in vitro contaminated by magnetite nanoparticles. It
is clearly seen that nanoparticles do not penetrate into nucleus (the upper part of micrographs)
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for material science research. This method is widespread in many fields of science,
technology and industry.

SEM operates using a range of magnification up to 100,000 fold with a reso-
lution limit below 1 nm. The ratio of the size of the displayed image to the size of
the scanned area on the specimen gives the magnification. The reduction of the
scanned area increases the magnification. The diameter of the focused beam on
the surface of the specimen determines the image resolution. The source of the
electron beam has an influence on the resolution of image as well (Fleger et al.
1993).

In the case of SEM, the size of a sample is limited by the specimen chamber
only and the sample preparation is much easier and less complex than for TEM.
There are three main criteria which are required. The sample must be (1) devoid of
water or other solvents which can evaporate and contaminate the vacuum system,
(2) firmly mounted and (3) electrically conductive. On this account, conductive
materials (metals, semiconductors) may be observed without any special

Fig. 5 Magnetotactic bacteria Magnetospirillum magneticum. a TEM micrograph of single
bacterium. b TEM micrograph of the magnetotactic bacteria colony. c TEM micrograph of the
exfoliated bacteria and magnetosomes
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preparation. Most biological samples do not fulfill any of the aforementioned
criteria and therefore they have to be treated before positioning in the microscope
chamber. Allowances being made for that fact, a microscope with an optional
vacuum or low voltage regime is used. Regarding biological samples, it is also
necessary to consider the character of the tissues. Bones, hair, teeth, insect cu-
ticulas, diatom frustules or woods only need to be metal-coated to ensure con-
ductivity of their surface. On the contrary, soft tissues require a more complex
procedure of fixation and/or dehydration. The method of preparation depends on
the type of sample and the information which is needed. Details regarding the
preparation of biological samples are not described here because it is somewhat
complicated and it is not the point of this chapter (Fleger et al. 1993).

As the nonconductive specimen is bombarded by the electron beam, a negative
charge gradually builds up. This negative charge can then produce lines on the
screen or image, abnormal contrast or breaks in the image that appear as if the image
has been split. SE operation mode is more sensitive to negative charging than
backscattered electron mode because of the high energy of BSE. Therefore, most
nonconductive samples have to be coated with a thin layer of metal to prevent the
formation of a negative charge. A sputter coating of gold is the most common
method of coating; however, platinum or palladium coating is also used. The
thickness of the layer which is required varies somewhat according to the texture of
sample, usually around 10–30 nm. Carbon coating can be used instead of heavy
metal coating for the examination of samples using BSE mode or for X-ray analysis.
This is because heavy metals can obscure the atomic differences for BSE and will
absorb the X-ray emitted by the sample. Carbon does not obscure the differences in
atomic number and has a low absorption factor for X-rays (Fleger et al. 1993).

3.2.1 SEM Applications in Nanotechnology

The morphological characterization of nanomaterials is important both for
developmental and nanotoxicological studies. The shape of observed nanoparticles
can be visualized by SEM in an impressive manner. The study of morphological
properties is important because it can affect their physical and biological effect.
Spherical, rod-like structures, cuboids and many other structures have been
observed and identified. Nanoparticles in dispersion have the tendency to
agglomerate. These processes can be investigated using SEM as well. Aggregation
tendencies can be reduced using stabilizers such as bovine serum or human serum
albumin. The positive effect of stabilizers on zinc oxide and titanium dioxide
nanoparticles in aqueous suspensions has been documented by SEM using a
working protocol for fixing single isolated nanoparticles on poly-L-lysine coated
substrates (Tantra et al. 2011).

The shape of nanoparticles may play an important role in biomedical appli-
cations because it influences the interaction of nanoparticles with target sites. SEM
is employed for visualization of the particles morphologies. Recent studies have
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used SEM to characterize nanocomposite films as matrices for silver nanoparticles
(Srivastava et al. 2011).

Electron microscopy techniques play an important role in the field of charac-
terisation of drug delivery systems. Use of these methods allows the retrieval of
information regarding the microstructure and elemental composition of several
drug delivery systems such as nanoemulsions, liposomes, lipid particles, liquid
particles, nanofibers etc. (Klang et al. 2013). The surface morphology of polymeric
triclosan nanoparticles was investigated using SEM and TEM. It is difficult to
interpret the information acquired from SEM about nanoparticle fusion and film
formation. The shape of nanoparticles and the aggregation phenomena were
investigated via TEM. These nanoparticles are interesting for researchers because
they could be employed as drug carrier systems for the treatment of various skin
diseases (Dominguez-Delgado et al. 2011).

SEM with EDS has served a role in the investigation of interactions between
tungsten nanofibers and epithelial cells in vivo. Porcellio scaber (as a model
organism) ingested tungsten nanofibers and its digestive gland epithelium was
observed under SEM. EDS confirmed the presence of nano-WOx. These particles
were found inserted into the digestive gland cells, but no conventional toxicity
markers such as mortality or weight changes were observed (Millaku et al. 2013).

SEM in connection with focused ion beam (FIB) cutting has enabled
researchers to understand the evolution of pore volume, pore-solid interfacial area,
pore shape, pore connectivity and pore number in the course of sintering nano-
particles of zinc oxide. FIB-SEM 3D reconstruction is a method that provides the
opportunity for the observation of pore evolution and to understand the sintering
process in nanoscale (Chen et al. 2013).

The presence of various micro- and nano-sized metallic particles in human
tonsils has also been studied using SEM (Zeleník et al. 2013). These particles may
potentially cause an inflammatory response as well as neoplastic changes in human
tonsils. The aim of the study was to evaluate the palatine nosils of patients with
chronic tonsillitis and spinocellular carcinoma to determine the presence of nano-
sized particles (Fig. 6).

4 Microscopy at Cryo-Temperatures

One of the factors which supports the development of new research areas such as
biomimetics, nanobiology, bio-nanotechnology, etc. is the rapid expansion of cryo-
microscopic imaging techniques. These techniques, due to their high-resolution,
shift the research more closely to studying the living organism’s ultrastructures.

Using present-day EM techniques, not only engineered materials at nanometer
scale may be observed; but also the secrets of plant and animal worlds can be
discovered. Nature proves to be a specialist in nanotechnologies even though we
have not been able to evaluate its sophistication until now due to the emergence of
electron microscopes with high-resolution abilities. There are many examples
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from nature which are inspiring the current top scientists who are focused on
material research and biomimetics.

The currently available microscopic techniques are able to divide the studied
object directly in the microscope chamber, cut the sample, etch its surface layers as
well as model the shape of the sample using an ion beam (see Sect. 5.2). Because
of these advances a lot of new and unique information is being discovered.

It can be said that we are still at the beginning of the investigation of the
biological micro-world in all its complexity. It will probably take a long time to
understand (if ever) all the details of living organisms with all their functions.
However, electron microscopy may help us considerably to understand many
exceedingly complicated and complex structures and processes of living
organisms.

4.1 Cryogenic Transmission Electron Microscopy

Cryogenic transmission electron microscopy (cryo-TEM) is an analytical method
for discovering the structure of soft nanostructured materials such as proteins,
liposomes, lipid emulsions, nucleic acids etc. This method is based on the
examination of a sample prepared by ultra-fast cooling and the conversion of a
liquid sample to a vitrified specimen in TEM. Cryo-TEM reveals global supra-
molecular structures and local aggregate-specific details at the nanometer resolu-
tion. This is an advantage in multiple structure systems with different
morphologies, size or internal order. Cryo-TEM is also used to study time-
dependent processes because of its ability to take down metastable and short-lived
intermediates which is important to understanding and proving self-assembly
mechanisms or structures (Ziserman 2011).

Fig. 6 SEM micrograph of nanoparticles agglomeration observed in human tonsils. According
to the EDS analysis it was confirmed that particles are composed of some cupreous salt (sample
was placed on the glass, Au and Pd is originated of evaporative coating of the sample)
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The sample is visualized in a frozen hydrated state in cryo-TEM. Some addi-
tional features to basic TEM are required. A specialized holder for the microscopic
grid holding the specimen is the most important part of the cryo equipment. The
holder contains a small dewar as a cooling agent at its end. Cooling of the tip of the
holder is performed by a thermally conductive connection between the dewar and
tip. The grid with vitrified film is placed and fixed into the cooled tip (Williams
and Carter 2009). Thermal contact between holder tip and grid is crucial to ensure
appropriate cooling of the sample. If cooling of the sample is inappropriate, then a
freeze drying effect can damage the sample. A shutter or gliding shield is incor-
porated into the holder and can protect the specimen from contamination by cubic
ice during transport from the preparation or transfer unit to the TEM. An external
temperature monitoring system observes the temperature during the procedure.
Tilting of the sample during observation is also possible with many holders.
Tilting provides information about the three-dimensional structure. An additional
protection system is needed during the transportation of the holder between the
sample preparation unit and TEM to avoid any formation of ice on the shutter or
holder. Freezing can damage the shutter system and bring moisture into the vac-
uum (Jiang and Chiu 2007).

Samples containing water and other volatiles have to be chemically or physi-
cally fixed to avoid evaporation and supramolecular motion which may lead to
blurred images. A drop of sample is adsorbed onto a carbon film, residue solution
is blotted with filtration paper, and some chemical compound is added to the
chemical fixation. Heavy metal salts (mainly uranyl acetate) are frequently used.
After this, the sample is air-dried and examined in TEM at room temperature. This
method is called negative staining and is cheap, easy to perform, and provides high
contrast (De Carlo and Harris 2011). Negative staining is useful for macromo-
lecular complexes and stable assemblies. However, stain-sample interaction can
lead to the stain limiting the resolution or pH changes because of the stain or
drying. Negative-staining is unusable for systems with complex phase behavior
such as nanostructured liquids because uncontrolled phase and structural changes
are caused by evaporation or changes in temperature. Change of state of the
matter, from fluid to glassy is included in cryo-TEM. Ultra fast cooling is the only
way to convert a thin film of the fluid suspension to a vitrified, low vapor speci-
men. Nanostructures are protected against solvent crystallization and associated
optical artifacts. They are also protected against mechanical damage or redistri-
bution of solutes using high cooling rates of hundreds of degrees in milliseconds
which lead to the maximization of the surface area-to-volume ratio of the speci-
men. Proper cryogens are low-temperature liquids with high thermal conductivities
far from their boiling point such as liquid nitrogen or ethane which are commonly
used.

Plunger devices are used to vitrificate specimens. They are closed chambers
which enable sample preparation under controlled temperatures, typically around 0
and -75 �C. Open plungers cannot be used for studying nanostructured fluids with
complex phase behavior. The most important steps of specimen preparation are
blotting and plunging. A small drop is placed onto a perforated carbon film-
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supported grid held by tweezers and pre-equilibrated in the plunger chamber at the
chosen temperature and close to saturation. The rest of the solution is removed by
blotting the filtration paper which produces a thin liquid film suspended across the
holes of the grid. The grid is then placed into the cryogen to make a vitrified
sample. If the specimen is 100–200 nm thick, we can say it was successfully
prepared. Nanoparticles are embedded in a clean layer of glassy ice. Vitrified ice
indicates that the water molecules didn’t rearrange into crystalline ice during the
process of fixation thus it may be said the nanoparticles preserved their bulk state
(Danino 2012).

The most critical step of sample preparation is blotting because it determines
the thickness of the film and its quality. In some specimen preparation devices the
sample is blotted and plunged manually but most modern devices e.g. Vitrobot
(FEI), CP3 (Gatan) or Leica EM GP enable automated blotting and plunging
functions which makes the specimen preparation simpler and enables many
research laboratories to use cryo-TEM successfully.

4.1.1 Imaging of Vitrified Specimens

Imaging of vitreous specimens is challenging because of low inherent contrast and
high sensitivity to electron beam radiation damage. Low molecular weight ele-
ments such as hydrogen, carbon, oxygen or nitrogen are the structural elements of
many nanostructured fluids. Their contrast is usually very low which means that
they are almost invisible. The most contrast-enhancing mechanism used in cryo-
TEM is phase contrast which is based on converting wave phase differences into
amplitude differences. It is achieved by focusing the objective lenses which make
regions of the different inner electron potentials relative to the vitreous ice visible.
The electron contrast transfer function can also cause loss of resolution.

Improvement of specimen preparation devices and digital imaging have led to
the use of cryo-TEM as a common characterisation tool for soft molecular
assemblies and nanostructured liquid systems when it helps to understand the
micellization processes and micellar structure. Cryo-TEM also has huge potential
for the investigation of the structures of colloidal drug delivery systems e.g. lip-
osomes, lipid emulsions and suspensions or nanoparticles based on liquid crys-
talline phases (Kuntsche et al. 2011).

Single walled carbon nanotubes (SWNT) dispersed in bovine serum albumin
(BSA) have been imaged without a staining agent. SWNT with a diameter around
1.4 nm are easily distinguishable in cryo-TEM. A study of the pH effect on SWNT
dispersed in BSA was performed; and it was found that if the electrostatic charge
of BSA is minimized, a thick layer of BSA with a high spatial density is formed on
the SWNT. When the pH was around 10, a thinner BSA layer was formed on the
SWNT (Edri and Regev 2010).

Electron tomography (ET) is a three-dimensional structural investigation using
TEM. This method enables the characterisation of structures at a nanometer-scale
resolution. The use of cryo-electron tomography has allowed for the determination
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of the 3D architecture of intermediate steps of the transport of hydrophilic silica
nanoparticles into unilamelar neutral liposomes through an internalization process.
Nanoparticles which have a strong interaction with lipid membranes can be
transported through the membrane by an invagination without the need for energy.
Investigation of this process is important for understanding the cytotoxicity of
nanoparticles (Le Bihan et al. 2009). Cryo-ET is widely used in biology to map in
3D the biological macromolecules at near-atomic resolution to get more infor-
mation about their spatial organization, function and dynamics (Zhang et al. 2010).

4.2 Cryogenic Scanning Electron Microscopy

Cryogenic scanning electron microscopy (cryo-SEM) combines the high perfor-
mance imaging of SEM with cryogenic sample preparation which enables the
investigation of structures and materials in their native, hydrated state with
nanometer image resolution. Cryo-SEM is becoming used routinely in laboratories
with broad applications in the life and material sciences.

Coating is very important in cryo-SEM. Not just because it provides a con-
ductive pathway, but because coating can also enhance the surface detail obser-
vable in the SEM image. Biological samples are usually made of relatively light
elements such as carbon, hydrogen and oxygen. The presence of heavy metal
coating can reduce beam penetration and enhance surface detail in images of
samples composed of light elements (Greiser 2009; Klang et al. 2013).

Contamination is the primary source of artifacts and interferences in cryo-SEM
because a very cool sample surface can easily collect contaminants from the envi-
ronment. Contaminants can be from the microscope (vacuum system) or the sample
can produce them itself such as water molecules sublimated from the sample surface.
Anti-contamination devices or plasma cleaning systems in the sample chamber can
reduce the presence of contaminants (Greiser 2009; Klang et al. 2013).

Samples rich in water-containing structures on their surface need to be sub-
mitted to plunge-freezing with liquid nitrogen. These types of samples are usually
left for 2 min in the preparation chamber at low temperature for removing of
natural surface ice. Afterwards they are sputter-coated for conductivity and then
transferred to the specimen chamber in SEM (Greiser 2009; Klang et al. 2013).

The cryo-fracture technique enables the observation of the internal structures of
the specimen at high-resolution. In the first step, the specimen is cooled to a
specified temperature and then it is fractured within the cryo chamber. The crucial
step is the control of the sample temperature which affects the nature of the
fracture. The exposed surface is typically sputter-coated before the observation
(Greiser 2009; Klang et al. 2013).

The cryo sublimation technique reveals even greater detail of the specimen.
This method is based on raising the temperature of a hydrated free-fracture
specimen to a point at which water begins to sublimate at a controlled rate (-90 to
-100 �C). Lowering the temperature again can stop this etching process at any
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time. This process can be controlled in the specimen chamber or in the cryo
chamber (Greiser 2009; Klang et al. 2013).

Internal dehydration of the specimen can occur when the sample is left long
enough at a slightly higher temperature relative to the anti-contaminator.
A completely dried sample is the result. If the dried sample is removed from the
SEM and the sputter-coating is sloughed off in a water bath, a metal-sputtered
replica of the original surface can be retrieved. A supported grid collects this
replica sample and it can be examined with SEM for high-resolution investigation
(Greiser 2009; Klang et al. 2013).

Cryo-SEM has revealed microstructural evolution in dry cast cellulose acetate
membranes. The authors have used time-section cryogenic SEM to visualize the
phase inversion process when rapidly freezing specimens. When drying starts, the
specimens are ostensibly identical and are observed at various intermediate stages
of their controlled dry cast processing. The frozen samples are then fractured with
control to expose cross-sections, sublimated to reveal phase-separated topography,
sputter-coated with platinum layer and finally imaged in the cryo-SEM under low
accelerating voltages and probe currents. A series of images of time-sections
document the stages of evolution as a function of processing time and space
(Parkash et al. 2006).

Cryo-SEM seems to be a reliable technique for micro-morphological studies of
microbial sediments and microbial soil crusts. Clay-amended sand has been
characterised via cryo-SEM as well. Cryo-SEM was applied to the study of wet-
state model soil colloids. The samples were fixed by plunge-freezing with nitrogen
slush—a highly thermal conductive liquid. The comparison of the wet-state con-
ventional SEM images with freeze-dried cryo-SEM images revealed that the
drying process affects the microstructure of the samples by promoting the for-
mation of aggregates. Cryo-SEM observation can also give morphological inter-
pretations of the particular behavior of some natural colloids such as the high
stability of humic-allophanes (Négre et al. 2004).

Ultrastructural information of the internal structure of hydrated samples has
been obtained via cryo-SEM. Observation of cryo-fractured calcium pectinate
beads appears to be excellent for studying the detailed morphology of structural
development and it is much better than conventional SEM because of freeze-
drying the sample preparation (Sriamorsnak et al. 2008).

A bicontinuous cubic liquid crystalline system formed by phytantriol and water
were investigated under cryo-SEM with a field emission gun as the source of the
electron beam. This method examined the three-dimensional and surface structure
of the bulk cubic phase and cubosomes with the observed structural features. The
results gained from this investigation coincide well with mathematical models
(Rizwan et al. 2007).

The cryo-SEM technique was also used to observe bio-gold nanoparticles
synthesized by use of brown algae. Due to material contrast the nanogold particles
are clearly visible on the diatom frustules (Fig. 7a), and they could be easily
differentiated from the particles of ferrofluid which was used to magnetically
modify the bio-nanocomposite (Fig. 7b).
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5 Microscopy at Subatmospheric Pressure

5.1 Environmental SEM

As it has been said before, samples containing water and other volatile molecules
cannot be examined in SEM, thus biological samples must be dried and many
other samples such as food, gels or semisolid materials cannot be observed. Cryo-
SEM can solve this problem in the case of some vapor-producing samples. Nev-
ertheless, even cryo-SEM is not able to examine the drying process of adhesives,
the curing of cement, the melting of alloys or the process of crystallization. All of
these disadvantages have been overcome applying environmental SEM (ESEM).
The main difference between SEM and ESEM is in the use of a near-atmospheric
environment in the sample chamber which is more conducive to the examination
of wet samples than by a high vacuum in SEM. Low vacuum ranges (from 1.3 to
2.7 Pa) enable the examination of many biological and food samples without the
need for drying. Using a specimen heater allows for the observation of the melting
or solidification of metal alloys. The drying process can be observed when the
vacuum level increases (Fleger et al. 1993).

The basic principle of producing the image is the same with conventional SEM.
However, ESEM deviates substantially from SEM in several aspects. ESEM is
equipped with special electron detectors (Everhart-Thornley) and a different
pumping system to allow the transfer of the electron beam from the source (which is
surrounded by a high vacuum) to the specimen chamber (at nearly atmospheric
conditions). Another deviation from conventional SEM, with enormous advantages,
is the resolution of a problem with the accumulation of charge on the surface of non-
conductive samples. The gas in the ESEM is electrically conductive. The conduc-
tivity of the gas is due to the ionization that occurs with the incident electron beam
and the ionizing SE and BSE signals (Danilatos 1993). Every specimen transfer

Fig. 7 Cryo-SEM micrographs of a Silica frustules of Diadesmis gallica and biosynthesized
nanogold (bright dots). Gold nanoparticles remain captured in the extracellular space, or are
directly associated with the diatom frustule structures. b Silica frustules with nanogold
magnetically modified with gray ferrofluid veil (scale bar 1 lm)
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requires the venting of the specimen chamber to the ambient pressure (100 kPa). This
requires that a large volume of gas must be pumped out and replaced with the gas of
interest which is usually water vapor. During the transfer, there is a decrease of the
relative humidity below 100 % which could be a problem in the case of experiments
requiring uninterrupted 100 % relative humidity (Cameron and Donald 1994).

ESEM has new and unique possibilities such as the opportunity to examine
hydrated specimens, since any pressure greater than 609 Pa allows them to be
maintained in their liquid phase at temperatures above 0 �C. Non-conductive
samples do not have to be sputtered-coated with noble metals. The gas itself is
used as a detection medium which results in novel imaging possibilities, as
opposed to vacuum SEM detectors. Plain plastic uncoated scintillating BSE
detectors can function without charging; therefore, the highest possible signal-to-
noise ratio at the lowest possible accelerating voltage is produced by these
detectors. This is due to the fact that the BSE do not disperse energy to the metal
coating used for the vacuum SEM. Consequently, specimens can be examined
easily and more quickly without modification of the natural surface or the creation
of artifacts during the preparation process. Phase interactions such as gas/liquid/
solid can be studied in situ and in real time or recorded for subsequent utilizations.
Biological specimens can be kept fresh and viable. Thus, ESEM represents a
radical departure from conventional electron microscopy, where vacuum condi-
tions hinder the universal adoption of electron beam imaging.

Some representative applications are in the following areas: biology, medicine
and medical applications (pharmaceutical systems), industry, in situ studies and
material science.

5.2 Focused Ion Beam Technique

In recent years, other beams of charged particles have also been added to the
scanning electron microscope. The focused ion beam (FIB) microscope is con-
structed as an environmental microscope. It is possible to lower the vacuum in the
microscope chamber and remove the electrical charge from the specimen surface.

Ion beams enable not only a specific sample imaging, but due to their
destructive character they may also be used for in situ modification and treatment
of the observed sample directly in the microscope chamber. In addition to inor-
ganic samples, the inner physique of microorganisms or small animals may also be
studied in detail, as wee can see in Fig. 8.

6 Electron Microscopy and Chemical Analysis

Most electron microscopes are equipped with some analytical spectrometer to
ensure the chemical analysis of the sample. These microscopes are considered to
be more powerful instruments called analytical electron microscopes (AEMs). The
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fundamental principle of this analytical technique is that each element has a unique
atomic structure; and after the specimen interacts with electrons, atoms from the
sample emit characteristic X-rays, which can then be further evaluated. In this way
qualitative and quantitative analysis, distribution of elements (mapping) or line
analysis may be performed. The optimum accelerating voltage is determined by
the elements present in the studied sample. To obtain correct intensities, the
accelerating voltage should not be less than twice the highest excitation energy of
any element present (Williams and Carter 2009; Fleger et al. 1993).

Existing detectors may evaluate characteristic X-rays according to the energy
(Energy Dispersive Spectrometer—EDS or Energy Dispersive X-Ray Analysis—
EDX) or the wavelength (Wavelength Dispersive Spectrometer—WDS). The first
method (EDS) is more common because of price and the rate of spectra acquisi-
tion, the second (WDS) is more precise.

It is not a problem to analyse the chemical composition of the agglomeration of
some nanoparticles (as demonstrated in Fig. 6). In this case the spectra is acquired
from a selected area of the agglomeration. In the case of individual nanoparticles,
the application of EDX analysis is rather problematic due to the extremely small
dimensions of the particle (in the order of 10-3 lm3). Other methods should be
preferred for more precise analysis of individual nanoparticles (e.g. Electron
Energy-Loss Spectrometry—EELS), due to the dominant influence of statistical
errors, decreasing concentration, and uncertainties in background corrections.

6.1 Electron Energy-Loss Spectrometry

Electron Energy-Loss Spectrometry (EELS) is the analytical method which
evaluates the energy distribution of electrons that have interacted inelastically with
the specimen. These inelastic collisions display the electronic structure of the

Fig. 8 The SEM (FIB) micrographs of the water beetle surface (genus Graphelmis). a Original
surface. b Surface after ion beam removing by Ga ion beam in dual beam microscope. c Detail of
local ion beam etching of the surface. It is clear that the morphology of the beetle surface is
different in the depth of approx. 1 lm. Pictures document the fact, that living organisms are
structured in sub-micron dimensions
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specimen atoms, which in turn reveals the details of the nature of these atoms -
their bonding and nearest-neighbor distributions, and their dielectric response. We
can apply the EELS method to any material—amorphous or crystalline (Williams
and Carter 2009). Using TEM optics together with the EELS spectrometer, it is
possible to construct so-called filtered imaging which corresponds to electron
spectroscopic images which reveal the elemental distribution of particular
elements.

Additionally, thickness information is present in the electron energy-loss
spectrum, since the intensity of inelastically scattered electrons increases with the
specimen thickness. EELS is applicable over a wide range of thicknesses, and with
parallel collection spectrometers it is also possible to obtain thickness maps of thin
foils or films (Williams and Carter 2009).

Due to its unique resolution, this method is extraordinarily suited for chemical
analysis, localization and distribution assessment of individual nanoparticles in
various environments. As seen in Figs. 9 and 10, EELS detected the penetration of
magnetite nanoparticles into the cytoplazma of human cells and the localization of
nanoparticles predominantly in vacuolas.

7 Conclusions and Perspectives

Nanoparticles in biological objects represent a type of composite material of
organic/inorganic substances. The problem of structural analysis by electron
microscopy is complicated by a significant difference in the specific mass of both
components. Consequently, the biological component has a lower radiation
resistivity compared to the inorganic nanoparticle. Moreover, nanoparticles are

Fig. 9 Bright field (EELS)
micrograph (0-loss) showing
the distribution of magnetite
nanoparticles in human cell
cytoplasm. Nanoparticles are
assembled predominantly in
vacuolas (scale bar 200 nm)
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often embedded in the organic (usually amorphous) which causes a higher dissi-
pation of the electron beam. Additionally, the nanoparticles have small dimensions
and therefore the microscope must have a good resolution.

In the last two decades, new techniques of sample preparation and new methods
of electron microscopy have been developed. The implementation of the CCD
technique has allowed for the substantial reduction of radiation damage to sam-
ples. Together with new analytical methods (e.g. EELS), such investigations as
were presented have become possible.
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Gold Nanoparticles for High Resolution
Imaging in Modern Immunocytochemistry

Adam Schröfel, Dušan Cmarko, Eva Bártová and Ivan Raška

Abstract This perspective presents the possibilities for utilization of gold
nanoparticles in immunocytochemistry. The unique combination of gold nanoparticle
properties is just beginning to be fully recognized for the range of diagnostic and
therapeutic applications. The current findings from bionanotechnology and emerging
cryo-electron microscopy techniques can lead to novel perspectives for targeted
delivery of gold conjugates into cells and tissues. The chapter offers a survey of
modern electron microscopy methods with a special focus on immunolabeling. We
also discuss the impact of gold nanoparticles on cellular systems and the potential
possibilities for their targeted delivery into cells and tissues.

Abbreviations

CEMOVIS Cryo-electron microscopy of the vitrified sections
CLEM Correlation light-electron microscopy
EM Electron microscopy
FM Fluorescence microscopy
FS Freeze substitution
GNP Gold nanoparticle
HPF High pressure freezing
IEM Immuno-electron microscopy
LM Light microscopy

A. Schröfel (&) � D. Cmarko � I. Raška
Institute of Cellular Biology and Pathology, 1st Faculty of Medicine,
Charles University in Prague, Prague, Czech Republic
e-mail: adam.schrofel@gmail.com

E. Bártová
Institute of Biophysics, Academy of Sciences of the Czech Republic, v.v.i.,
Brno, Czech Republic

A. Prokop et al. (eds.), Intracellular Delivery II,
Fundamental Biomedical Technologies 7, DOI: 10.1007/978-94-017-8896-0_9,
� Springer Science+Business Media Dordrecht 2014

189



NP Nanoparticle
RME Receptor mediated endocytosis
ROS Reactive oxygen species

1 Introduction

Colloidal gold has a long history of utilization starting probably in ancient China
(stain for porcelain), moving further to Europe in 17th century (coloring of glass
with so-called ‘‘purple of Cassius’’) (Roth 1996). When Michael Faraday observed
that colloidal gold solutions have properties that differ from bulk material more
than 150 years ago, the modern era of gold colloid synthesis began. Since this
important invent, synthesis of various gold conjugates has enabled a vast array of
successful applications, including imaging methods (Horisberger 1981), bioelec-
tronics (Xiao et al. 2003), and detection methods (Rosi and Mirkin 2005). Espe-
cially its utilization as an electron dense label has been exploited for decades and
creates an inseparable part of modern immunocytochemical research.

Straightforwardness of ‘‘seeing what you actually study’’ makes microscopy-
based research very effective and provides vast of information. The direct visu-
alization of reality is very powerful in comparison to other indirect techniques
such as x-ray crystallography, and should create an inseparable part of almost all
papers focusing on fields ranging from cell biology to material science.

Microscopy methods are therefore widely used not only for the structural
physical description but also for functional information. Unlike light microscopy
(LM) which has already reached its physical limits [although currently breaks
them with super-resolution techniques (Toomre and Bewersdorf 2010)], electron
microscopy (EM) techniques very likely entering an era of atomic resolution
boosted by introduction of cryogenic methods, direct electron detectors (Knott and
Genoud 2013), and better electron-optical performance and stability (Zhang and
Hong Zhou 2011). Moreover, electron microscopy has still very broad possibilities
for further progress.

The rationale of this chapter is to describe the current perspectives of colloidal
gold utilization in transmission EM with special emphasis on cell biology and
immunocytochemistry. New findings from gold nano(bio)technology together with
progressive (cryo) EM methods create unique opportunities for further develop-
ment of scientific approaches by connecting the most recent findings from both
fields. Moreover, better understanding of the actual situation inside the cell, more
detailed description of the complex system and relations between the cells content,
gold particles, antibodies and other factors is crucial for the correct description of
studied systems. On the other hand—immunolabeling with traditional gold con-
jugates needs certain improvement due to arguable compatibility with cryo-EM
and cryo-EM tomography. The possibility of gold/antibody conjugate delivery to
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the area of interest would dramatically change the situation. It follows that electron
microscopists should ask questions such as:

1. How to get antibody/gold conjugates into the cells?
2. What is the fate of gold particles/gold conjugates inside the cell/on the section?
3. Is gold toxic? How and in what concentration? How do the gold particles

influence their surroundings?
4. Is it possible to guide the gold particles to the target areas inside the cell? Can

be gold/antibody conjugates be further modified by ligands to achieve this?
5. What type of information can we get from such conjugates?
6. What can we learn from cellular uptake and drug delivery studies? What do

they have in common with immunolabeling?

We will try to address these questions or discuss them in the following text. The
future of EM should include not only cutting-edge methods, but also easily-
available, higher-throughput, and more universally applicable techniques.

2 Brief history of Biological EM and Where Did ‘‘Magical’’
Gold Nanoparticles Appear?

Biological ultrastructural research was born more than 60 years ago. Electron
microscopy became an important branch of cellular biology with the new speci-
men preparation techniques containing the first embedding media (Newman et al.
1949), and sharp glass (Latta and Hartmann 1950) and diamond knives (Fernan-
déz-Morán 1953) respectively. Together with the major modifications of the then
ordinary microtomes and the launch of dedicated ultramicrotomes (Sjöstrand
1953; Porter and Blum 1953) were researchers able to cut appropriate ultrathin
sections. Major improvement in chemical fixation was done by Novikoff (1959)
and Sabatini et al. (1963) by the introduction of aldehydes. The almost total lack of
contrast in fixed sections was further solved by the section staining method using
uranyl and lead salts developed by Watson (1958).

Although the first successful attempt to localize a certain enzyme in the intact cell
was acid phosphatase splitting of phosphate-containing substrates causing electron
dense lead salt precipitates (Sheldon et al. 1955), ferritin became the first marker for
immunocytochemistry utilization at the ultrastructural level (Singer 1959).

The real breakthrough to immuno-electron microscopy (IEM) was the study by
Faulk and Taylor (1971) which brought the method of antibody conjugation with
colloidal gold for direct electron microscopy visualization of the surface antigens
of salmonella. The use of primary antibodies conjugated with gold particles allows
ultrastructural localization of various antigen epitopes within the specimen. Since
this ‘‘revolution in immuno-chemistry’’, there have been many studies dedicated to
the application of functionalized nanoparticles—biomolecule recognizing conju-
gates (antibodies, lectins, enzymes, aptamers, etc.) (Dykman and Khlebtsov 2011).
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3 Gold Nanoparticle Properties
and Their Functionalization

The general rule in nanotechnology is that nanomaterials exhibit a number of
special properties relative to bulk material. It is also well known that gold nano-
particles (GNP) exhibit properties which differ even more from most of the other
nanoparticles (Dreaden et al. 2011). Their photochemical and photophysical
properties, a crucial property being the plasmon absorption and scattering, allow
their utilization in diagnostic assays and photothermal therapy, both suitable e.g.
for cancer treatment (Ferrari 2005). Gold nanoparticles have an interesting surface
chemistry which leads to tunable affinity for binding ligands on their surfaces.
Multivalent GNP can stabilize and shield unstable drugs and assist with their
efficient delivery to the region of interest (Thamphiwatana et al. 2013). Due to
their tunable sizes and shapes and dimensions comparable to proteins, GNP can
participate in the cellular processes or modify them [review by Dreaden et al.
(2012)] (Fig. 1).

Researchers are now emphasizing drug vectorization, combining the benefits of
gold and enabling simultaneous diagnostic, targeting, and therapeutic functional-
ity. The current goal is, however (1) to suppress side effects due to nanotoxicity;
(2) to improve therapeutic efficiency; (3) to increase the biodistribution and
delivery possibilities, and (4) to overcome the problems of solubility, stability and
pharmacokinetics of drugs (Boisselier and Astruc 2009).

Gold nanoparticles can be synthesized in many different ways, sizes and shapes.
There is a host of available literature describing the utilization of mostly chemical,
but also physical and biological methods (Zhao et al. 2013). However, it should be
mentioned that the process of synthesis (especially its chemistry) directly influence
the chemical behavior of resulting GNP. In particular, capping agents or surfac-
tants, which are used for the protection and stabilization of the nanoparticle, can
dramatically change the nanoparticle properties such as charge or hydrophobicity
(Fong et al. 2013). The surfactant cetyltrimethylammonium bromide (CTAB)
which is crucial in many preparations of gold nanorods and other shapes is
cytotoxic at micromolar concentrations (Alkilany et al. 2009).

Chemical modification of the nanoparticle surface is also necessary to provide
biological compatibility and specificity to GNPs as well as adequate stability in
environments with high ionic strength which can occur in cells. Functional groups
which can be bound to GNPs and utilized for the attachment of biomolecules
include thiolate, dithiolate, dithiocarbamate, amine, carboxylate, selenide, isothi-
ocyanate, or phosphine groups (Dreaden et al. 2012). The choice of conjugation
chemistry usually depends on desired stability and chemistry of the resulting
biomolecule.

Gold nanoparticles can be conjugated with a vast array of biomolecules using
simple physical methods such as hydrophobic–hydrophobic interactions.
Adsorption of these macromolecules to GNPs is therefore not based on covalent
bonds but on complex electrochemical interactions. Bound macromolecules
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typically retain their biological activity which is essential for the subsequent
application. Until now, colloidal gold has been conjugated with a wide variety of
biomolecules including proteins A and G, immunoglobulins, lectins, glycopro-
teins, dextran, enzymes, streptavidin, and hormones (Dykman and Khlebtsov
2011).

4 Immuno-electron Microscopy Techniques

Since cellular events create a very dynamic environment, conventional EM
structural studies may not be sufficient for their sufficient description. IEM tech-
niques may serve as a linker fulfilling lack of information between biochemistry,
molecular biology, and ultrastructural studies. Utilization of antibodies, as well as
protein A, conjugated with an electron dense gold particle helps to describe cel-
lular processes by placing macromolecular functions within a structural context of
the cell (Yamashita 2010). Although IEM is considered to be one of the best
methods for localizing proteins in cells, its successful application strongly depends
on the preservation of the epitope antigenicity and the specificity of antigen-
primary antibody interaction. The most limiting factors are the damage of fragile
suitable antigen epitopes during the sample processing (fixation, embedding) and
the lack of specific antibodies. IEM methods are therefore still far from being
ultimate and universal for any cell type, any tissue, and any target protein (Fig. 2).

Generally, the antigens can be affected during the fixation, by solvents (ethanol,
acetone), resins and by heat during polymerization—the antigenicity is therefore

Fig. 1 TEM images of 15 nm colloidal gold (a), 15 9 50 nm gold nanorods (b), 160 (core)/17
(shell) nm silica/gold nanoshells (c, SEM), 250 nm Au nanobowls with 55 Au seed inside (d),
silver cubes and gold nanocages (insert) (e), nanostars (f), bipyramids (g), and octahedral
(h) (Reprinted from Khlebtsov and Dykman (2010), with permission from Elsevier)
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usually compromised. On the other hand, each of these steps can be either avoided
or modified by implementing different IEM protocols. For more detailed infor-
mation about the traditional IEM techniques see the review by De Paul et al.
(2012). One of the most sensitive methods for EM immunolabeling is of ultrathin
thawed cryo-sections, according to the method of Tokuyasu (1973). The main
asset is that this method keeps the hydrated environment prior to the immunola-
beling. Antigens remain hydrated and therefore more accessible in comparison
with resin section labelling. Although the ultrastructure is of poorer quality than in
the resin embedding method due to chemical fixation, high pressure freezing
(HPF) methods (McDonald 1999) brought new insights to this relatively traditional
technique. HPF at least partially solves the concern that the penetration time of
aldehyde fixatives is too long to immediately stop the entire cellular processes
which leads to structural and distributional artifacts. Fixation by HPF, instead of
conventional chemical fixation, followed by freeze-substitution (FS)/chemical
fixation, rehydration and further processing for Tokuyasu cryo-sectioning leads to
an improved preservation of both ultrastructure and antigenicity (Ripper et al.
2008; van Donselaar et al. 2007) (Fig. 3). A novel approach to the preparation of
cryo-immobilized material for IEM called VIS2FIX was recently introduced by

Fig. 2 Cryopreserved desmosomes of human skin with immunogold labeling. a, b Labeled with
Mab 33-3D against the cytoplasmic domain of Dsg2. c, d Labeled with Mab 11-F against the
(c) terminus of DP. Note in (c) the keratin intermediate filaments can be clearly seen. Scale
bars = 230 nm (Reprinted from Scothern and Garrod (2008), with permission from Elsevier)
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Karreman et al. (2011). Vitreous sections of the sample cryo-immobilized by HPF
are fixed, brought to room temperature, and immuno-labeled by means of FS.
Thanks to the small volume of each section, fixation by this method is much faster
than existing methods and allows investigators to test different fixation conditions.

5 Some Remarks About Antibodies and Their Validation

For electron microscopists gold particles and antibodies belong together. Anti-
bodies conjugated with the gold particles allow high resolution detection and
localization of a multiplicity of antigens, both on and within the cells. Antibodies
are among the most frequently used biomolecules in basic and clinical research
and the range of the commercially available antibodies grows every year. Their
usage is very specific, especially for electron microscopy where the success rate of
the labeling is usually much lower than in immunohistochemistry assays or even
light microscopy. The presence of primary and secondary antibodies makes the
situation even more difficult. Since there is a vast of literature about the use
antibodies in electron microscopy (Webster et al. 2008), here we will limit to some
important and maybe surprising remarks.

Unfortunately, there are still no universally accepted standardized methods
for the validity of available antibodies. Starting with the editorials from the
editor-in-chief of The Journal of Comparative Neurology (Saper 2005; Saper and
Sawchenko 2003), there has been an increasing concern about the practices of
biotechnology companies. The inadequate antibody performance may lead not
only to wasted time and money but also to misleading or contradictory results.
Couchman (2009) very aptly expressed the frustration of many researchers who
are using antibodies in their everyday research and the situation between the
commercial suppliers and scientist was also nicely described by Kalyuzhny

Fig. 3 Tokuyasu cryosection
of HeLa cell nucleolus with
incorporated fluorouridine.
Labeled with anti-BrDU,
12 nm gold
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(2009). Just as an example—Berglund et al. (2008) tested 5,436 commercial
antibodies from 51 different antibody providers as part of their project and found
only 49 % working in their immunohistochemistry screens. For some suppliers
the success rate was 100 % and for some 0 %. Authors conclude that ‘‘results
enforce the need for publicly available validation results for antibodies because
half of the commercially available antibodies did not pass our quality assurance.’’
Another example directly from our lab is temperature-dependent performance of
commercial monoclonal anti-actin antibody (clone AC-40, Sigma, A4700) used
for immunofluorescence detection of actin in human diploid fibroblast cells
(Fidlerova et al. 2005).

Nevertheless, the precise and standardized validation process for any obtained
antibody can be performed in any immunohistochemistry lab and should precede
any research activity with the reagent. The validation process should lead to proof
of specificity, selectivity, and reproducibility in the context in which is the anti-
body to be used (Bordeaux et al. 2010). Besides the presentation of common
pitfalls when working with antibodies and levels of commercial antibody valida-
tion of several vendors, authors of the aforementioned review also share their own
procedure for the antibody validation.

On the other hand, besides the difficulties with some commercial antibody
suppliers, there are still a number of good reasons why various ‘‘good’’ antibodies
may deliver variable or even incorrect results. For the instance, microscopists
should be aware of problems caused by the fixation. Epitopes exposed in the native
proteins may not be exposed in the fixed tissue and vice versa. Therefore, an
antibody will recognize one epitope in a native tissue and will recognize another
epitope when applied to fixed tissue (Saper and Sawchenko 2003).

6 Current trends in Transmission Electron Microscopy
and Why We Still Need Gold/Antibody Conjugates

The field of transmission electron microscopy of biological samples dramatically
changed with the specimen vitrification (Adrian et al. 1984), cooled microscope
stages and modern detectors which need only a small dose of electrons. This
allows high resolution imaging of truly native (frozen) structures. Starting with the
imaging of phages, vitrified in the thin layer of ice by plunge freezing, we can now
visualize frozen thin sections of cell culture or tissue and use high pressure freezers
and cryo-ultramicrotomes (Maimon et al. 2012; Maeshima et al. 2010; Al-Amoudi
et al. 2004).

Strategies for electron signal filtering, tomographic specimen holders, faster
camera chips, image averaging and development of reconstruction techniques for
both symmetric and non-symmetric structures have greatly improved the image
quality of low-contrast and fragile samples and enabled single particle analysis
methods (Ruprecht and Nield 2001; Zhou 2008). This approach can reveal the true
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3D structure of sub-cellular complexes, proteins and other biomolecules starting
with the prokaryote ribosome from Escherichia coli at 40 Å resolution (Frank
et al. 1991). Recently, Bai et al. (2013) reported a ribosomal reconstruction at
*4 Å resolution. Such projects show how cryo-electron techniques now challenge
the resolution of crystallography. Moreover, many proteins and protein complexes
are difficult to impossible to crystalize.

Vitrification of entire cells and tissues is key for the preservation of molecular
structures in their native environment. Electron microscopy of frozen hydrated
sections of vitreous ice and vitrified biological samples (cryo-electron microscopy
of vitreous sections = CEMOVIS) made a significant turning point in structural
biology (McDowall et al. 1983). Rather than purified proteins in a frozen buffer,
we can visualize the specific molecules directly within cells. Al-Amoudi et al.
(2007) demonstrated the methods abilities by unveiling the molecular architecture
of cadherins in native epidermal desmosomes. Additionally, the authors showed
correlation with structural data from X-ray crystallography, offering a better
understanding of the molecular arrangements. Furthermore, a vast number of
proteins cannot be crystallized and cryo-EM is only suitable method for the
structural analysis (Kang et al. 2013).

Unfortunately, all these progressive EM methods are not compatible with im-
munogold labelling and provide only overall structural information without more
specific or functional detail. The ‘‘all frozen’’ workflow from the fixation step to
the observation in the microscope restricts the usage of any additional treatments.
The only possibility for the structure examination is to incorporate markers into
living cells prior to their vitrification, because currently used gold/antibody con-
jugates are too big to penetrate into the cell.

One option is the utilization of the fluorescence signal taken before the freezing
in the approach called correlative light-electron microscopy (CLEM) (Lidke and
Lidke 2012; Sjollema et al. 2012; Hübner et al. 2013). The ability to perform both
fluorescence and electron microscopy on the same specimen makes it possible to
identify where a fluorescently labeled proteins are located in the ultrastructures
visualized by cryo-EM. However, fluorescence imaging lacks the fine structural
information; a fluorescent dot can represent an entire organelle or aggregates of
proteins or membranes. The spectrum of fluorescent tags which can be incorpo-
rated is relatively wide and contains e.g. photoswitchable organic dyes (Heymann
et al. 2009), genetically encoded fluorescent tags (Patterson et al. 2010), or smaller
quantum dots which can be conjugated to antibodies or ligands (Dertinger et al.
2009). Although there are few reports of biomarkers which can be visualized both
by fluorescence and electron microscopy (Gaietta et al. 2002; Ruiz-González et al.
2013; Shu et al. 2011) their application is not yet widespread.

It follows that there is still a lack of universal labeling strategies for cryo-EM
methods. The revolution in structural research caused by the fast vitrification of
water has still relatively limited impact in matching the structure information with
the particular function or process. This has these important implications: (1) gold/
antibody conjugates are still of great importance, they are the most versatile tool;
(2) we can combine the methods containing HPF with the conventional IEM
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methods in order to get better ultrastructure preservation together with high
antigenicity; (3) there is much interest in the development of biomarkers for
CEMOVIS methods and for CLEM.

7 GNP Interaction with Cells and Their Toxicity

When considering the potential use of gold nanoparticles in cellular biology or
biomedicine, one should always take into account their cellular impact. Cells
exposed to the nanoparticles may behave and respond differently from unaffected
ones (Boisselier and Astruc 2009). Cell response can be measured in many ways;
some of them are commonly used generally for the assessment of drug impact.
Membrane disruption can be monitored by lactate dehydrogenase release (LDH
assay), metabolic activity is measured by observation of the enzymatic activity of
mitochondria (MTT assay) (Marquis et al. 2009). Other, usually commercially
available solutions are, for example, assays monitoring oxidative stress by mea-
suring the level of ROS (reactive oxygen species), or micro-arrays based on the
polymerase chain reaction which analyze expression levels of genes related to cell
stress (Alkilany and Murphy 2010). Regardless of the exact numbers describing
cellular toxicity of gold, which may differ due to the method of nanoparticle prep-
aration and cell line (this topic was recently reviewed e.g. by Khlebtsov and Dykman
(2011)), GNP definitely have a certain impact on the cells (Van Lehn et al. 2013).

Besides the examination of cell response, the crucial task is to monitor the cell-
nanoparticle interactions: (1) where are the nanoparticle localized inside the cell;
(2) what is the uptake mechanism; (3) what happens to the nanoparticles over time.
The better understanding of the GNP uptake mechanism can play a significant role
in applications such as intracellular drug and gene delivery (Verma et al. 2008;
Van Lehn et al. 2013), or targeted pre-embedding immunolabeling in TEM.

8 In Vitro Cellular Uptake of Gold Nanoparticles

Cells are generally equipped with different tools for the internalization of mac-
romolecules and particles, including phagocytosis, micropinocytosis, and receptor-
mediated endocytosis (RME) pathways (Conner and Schmid 2003). These path-
ways use different receptors, signaling pathways (Dobrovolskaia and McNeil
2007) and the uptake depends on the particle size and type. For example, particles
bigger than 500 nm are usually internalized by phagocytosis, while the receptor-
mediated pathway is activated for the uptake of smaller molecules (Hess and
Tseng 2007).

Gold nanoparticles commonly used in biology have dimensions up to 100 nm
and the primary mechanism of cell entry is RME (Shukla et al. 2005). The uptake of
different shapes of transferrin coated GNP by a three types of cultured cell lines was
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studied by Chithrani and Chan (2007). The RME mechanism was proved by the
temperature dependence of cellular uptake (70 % decrease between 4 and 37 �C).

Chithrani and Chan (2007) also reported a study on the influence of GNP sizes
and revealed that it plays a very critical role both for the uptake rate and its extent.
50 nm transferrin-coated GNP exhibited higher uptake rates and extents compared
to smaller or larger sizes in the range of 10–100 nm. This ‘‘optimal’’ uptake size
can be explained by the processes and interactions which are occurring in the
cellular membrane. This so called ‘‘wrapping effect’’ describes the nanoparticle
encapsulation by the membrane and is influenced the free energy resulting from
the ligand-receptor interaction and diffusion kinetics of the receptor (Alkilany and
Murphy 2010). Based on previous considerations, Chaudhuri et al. (2011) pre-
sented a mathematical model explaining the size-dependent endocytosis of
nanoparticles and the size-dependent uptake mechanism.

Besides the ligand-mediated uptake mechanism, specially modified nanoparti-
cles can enter the cells also by means of direct penetration. Verma et al. (2008)
reported non-destructive endocytosis-independent entry of gold nanospheres
(*5 nm) decorated with two capping molecules (anionic and hydrophobic).
Similarly, Van Lehn et al. (2013) presented the synthesis of anionic, monolayer-
protected GNP which have been shown to nondisruptively penetrate cellular
membranes and also showed that a critical first step in the penetration process is
the fusion of such GNPs with the membrane lipid bilayer.

When considering the intracellular localization of GNP, the general conclusion
is that the gold nanoparticles are trapped in vesicles (such as lysosomes) and that
they are also not able to enter the nucleus (Chithrani and Chan 2007). However,
there are reports indicating the possibility for the nuclear penetration using both
functionalized (Ojea-Jiménez et al. 2012; Gu et al. 2009) and non-functionalized
GNP (Tsoli et al. 2005) and even their binding to DNA (Tsoli et al. 2005).

9 Immunolabeling of CEMOVIS Cryosections:
How to Get the Particles Inside the Cell?

The ultimate goal for the in vitro immunolabeling would be a universal electron
dense particle carrying the primary antibody which will be able to penetrate the
cell and bind to the area (antigen) of interest. Furthermore, everything should be
done without influencing of natural cellular processes. Unfortunately, such
markers for the pre-embedding prior to HPF are not yet available. The most
frequent method used for most fluorescent microscopy and some electron
microscopy techniques in order to detect intracellular antigens is cell permeabi-
lization. Permeabilization provides access to the intracellular or intraorganellar
antigens and uses basically two general types of reagents: (1) organic solvents
which dissolve lipids from cell membranes and make them permeable and
(2) detergents, such as saponin, interacts with membrane cholesterol, leaving holes
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in the membrane (Jamur and Oliver 2010). The drawback of this method is
obvious; it drastically disrupt the cellular environment, start diverse processes and
pathways and even change the cells physically. Although one can still get some
reasonable results and good immunolabeling, there is no reason to undergo
complicated specimen preparation techniques when the structural preservation is
already damaged (Fig. 4).

Other approach utilize sharp objects, which temporarily rupture the cell
membrane and the chosen compound is either injected into the cell (Zhang and Yu
2008) or passively taken up by diffusion (Liang et al. 2007) The microinjection of
single cell is well developed and widely used technique. It is believed that the
membrane holes heel up immediately and affected cells can recover without any
serious consequences. An advantage of this technique is also the possibility to
target individual cell organelles such as nuclei. The drawbacks are smaller
capacity and fact that one can inject only one cell at a time. Scassellati et al. (2010)
illustrated the potential of microinjection in a study describing intracellular
sphingomyelin distribution and function. Gold nanoparticles coupled with enzyme
sphingomyelinase were injected into hepatoma tissue culture cells. The gold
particles were localized in the nucleoplasm in an individual or clustered labelling
pattern. This indicates the successful delivery of the enzyme to its target. Inter-
estingly, the control with free gold particles showed that the majority of GNP
remained accumulated close to the place of injection, regardless of the incubation
time (Fig. 5).

The so-called ‘‘cell scratching method’’ is much less defined, but has larger
capacity. The idea is very simple—scratching the surface of adhered cells with a
sharp tiny tip, causing their rupture alongside its trajectory. Most of the cells in
culture stay unaffected, and some might die, but a certain population will recover
and be temporarily accessible for the compound of choice (Liang et al. 2007)
(Fig. 6).

Fig. 4 The typical example
of CEMOVIS micrograph—
Drosophyla meganoster
embryo
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Fig. 5 Tomography of a
cryosection immunolabeled
with a connexin 43. a A slice
from the original tilt series
acquired with an Tecnai F20.
The black arrow indicates
10 nm gold that is localized
to a gap junction within an
A543 cell (Similar to the area
shown in Fig. 4.) Bar �
100 nm. b A slice from the
middle of a reconstructed
tomogram. c A slice from the
tomogram that has been
rotated perpendicular to the
section plane. Note the gold
label remains on the surface
of the section. The tilt series
was acquired using a Tecnai
F20 (FEI, Eindhoven) and
reconstructed using the
IMOD software. Bar �
50 nm (Reprinted from Peters
and Pierson (2008), with
permission from Elsevier)

Fig. 6 Schematic diagram of
the sandwich immunoassay
and silver amplification of
AuNP tags (Reprinted from
Liu et al. (2011), with
permission from American
Chemical Society)
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The last possible (but still theoretical) method is the utilization of facts about
the GNP uptake by the cells, which was described above. The idea of a gold/
antibody conjugate with some signaling ligand is very similar to popular drug
delivery approaches (Peer et al. 2007).

10 Conclusion and Future Aspects

Gold nanoparticles are extremely important for multiple biological fields due to
their unique properties. The potential for their utilization for targeted cellular
delivery is raising with more and more new nanoparticle systems, which have
shown promising properties. On the other hand, there is still a need to perform
careful studies of their impacts on cells and tissues. We have to diminish the
cellular response to circulating gold nanoparticles, and to increase their targeting
selectivity.

Even today, the use of different electron microscopy techniques and approaches
is still a tradeoff between nicely preserved ultrastructure and antigenicity.
Therefore, there is still a great potential for novel labelling strategies and nanogold
will very likely play an important role. The potential connection of cryo-EM
techniques and novel nanoparticles for labelling would create a tool for very
precise detection of specific molecules in their native state without chemical fix-
ative and contrasting agents.
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Abstract For intracellular nucleic acid delivery, the fulfillment of certain
requirements is crucial: protection of nucleic acids from enzymatic degradation in
the cell exterior, efficient cellular internalization of nucleic acids, and control over
intracellular distribution of nucleic acids. Polyion complex (PIC), composed of
nucleic acids and polycations through electrostatic interaction, is one of the most
developed delivery carriers to meet such requirements. This chapter describes
rational strategies in the design of polymers for PIC-based nucleic acid delivery.

Keywords Nucleic acids delivery � Polycation � Polyion complex (PIC) �
Endosomal escape � Biodegradability � Nucleic acids modification

Abbreviations

DET Diethylenetriamine
GSH Glutathione
pDNA Plasmid deoxyribonucleic acid
PEI Polyethyleneimine
PIC Polyion complex
siRNA Small interfering ribonucleic acid
SNA Small nucleic acid

H. Takemoto � N. Nishiyama (&)
Polymer Chemistry Division, Chemical Resources Laboratory, Tokyo Institute
of Technology, R1-11, 4259 Nagatsuta, Midori-ku, Yokohama 226-8503, Japan
e-mail: nishiyama@res.titech.ac.jp

A. Prokop et al. (eds.), Intracellular Delivery II,
Fundamental Biomedical Technologies 7, DOI: 10.1007/978-94-017-8896-0_10,
� Springer Science+Business Media Dordrecht 2014

207



1 Introduction

Nucleic acids, such as plasmid DNA (pDNA) and small interfering RNA (siRNA),
have gained growing attention as therapeutic drug, due to their ability to control
gene expression in the cell; pDNA produces its encoded protein, and siRNA
silences mRNA translation into protein in a sequence specific manner (Chen and
Okayama 1987; Elbashir et al. 2001). However, although nucleic acids need to be
delivered into the cell interior in order to exert their biological activity, they are
hardly uptaken by the cell because of their anionic charges (Scholz and Wagner
2012; Kanasty et al. 2013). Cellular membrane is densely coated with anionic
glycocalyx, such as glycosaminoglycan, glycolipid and glycoprotein, and thus
anionic nucleic acids give rise to electrostatic repulsion with glycocalyx, leading to
inefficient cellular uptake of nucleic acids (Palte and Raines 2012). Moreover,
enzymes at the cell exterior easily digest nucleic acids, resulting in decrease of
their biological activity (Scholz and Wagner 2012; Kanasty et al. 2013). Therefore,
nucleic acids delivery system that allows efficient cellular uptake and protection
from enzymes is necessary to be developed.

There are several types of nucleic acids delivery system, e.g., virus-based
system, lipid-based system, and inorganic particle-based system (Scholz and
Wagner 2012; Kanasty et al. 2013; Airenne et al. 2013; Ramishetti and Huang
2012; Zhang and Kataoka 2009). Among them, polymer-based system has also
been explored due to the following advantages: low immunogenicity derived from
non-viral structure, feasibility of quantity synthesis and modifiability for multiple
functionality (Kataoka et al. 2001; Kang et al. 2012; Miyata et al. 2012). Gener-
ally, cationic polymer is used for polymer-based nucleic acids delivery. Cationic
polymer electrostatically interacts with nucleic acids and forms polyion complex
(PIC). PIC formation neutralizes the anionic charges of nucleic acids and facili-
tates the cellular uptake of them, and protects nucleic acids from enzymatic
degradation. In this chapter, we describe polymer-based nucleic acids delivery
strategy.

2 Polycation Structure for PIC-Based Nucleic Acids
Delivery

It is well demonstrated that PIC formation facilitates the cellular uptake of nucleic
acids and protects them from enzymatic degradation (Kataoka et al. 2001; Kang
et al. 2012; Miyata et al. 2012). However, PIC is uptaken mainly through endo-
cytosis toward lysosomal digestion. Considering that nucleic acids need to be
intact in order to exert their biological activity, rational design of the functional
polymer is highly required to be developed for the nucleic acids transfer from the
endosome into the cytosol, i.e., endosomal escape. In addition, molecular weight
of polycations should be also considered. Although high-molecular-weight

208 H. Takemoto and N. Nishiyama



polycations are needed for stable PIC formation, they can hardly release nucleic
acids at the cell interior towards efficient biological activity. And polycations
potentially induce cytotoxicity with their molecular weight increasing (Fischer
et al. 2003). Therefore, after the nucleic acids delivery into the cell, polycations
need to be degraded for low cytotoxicity as well as unstable PIC formation leading
to nucleic acids release. In this section, we describe the polycation design for
endosomal escape and biodegradability.

2.1 Polycation Design for Endosomal Escape

Polycations need to selectively affect endosomal membrane for efficient endo-
somal escape with low cytotoxicity; polycations should exert minimal interaction
with extracellular membrane for negligible adverse effects. In this regard, it is
known that the endosomal pH decreases to *5 during endosomal maturation, and
therefore acidic pH-responsive polycations have been developed in order to
facilitate endosomal escape with low cytotoxicity. ‘‘Proton sponge effect’’ is a
well-known mechanism to develop the polycations for facilitated endosomal
escape (Boussif et al. 1995; Thomas and Klibanov 2002). Proton sponge effect is
induced by the compounds that have highly buffering capacity at pH 5.0–7.4. One
of the examples is polyethyleneimine (PEI) (Fig. 1), which is the gold standard for
nucleic acids delivery (Demeneix and Behr 2005; Jager et al. 2012). The pro-
tonation ratio of amino groups in PEI is *20 % at physiological pH 7.4, whereas
*40 % at late-endosomal pH 5.0 (Suh et al. 1994). Buffering effect induces
extensive influx of proton as well as chloride ion during endosomal maturation,
followed by influx of water due to the increase of osmotic pressure in endosome.
Excess influx of water into endosome leads to endosome rupture, and further leads
to the release of entrapped components from endosome into the cytosol (Fig. 2).
Actually, it has been observed that the decelerated pH decrease and increased
chloride ion accumulation in endosome were associated with 140 % increase in the
relative endosomal volume (Sonawane et al. 2003). Meanwhile, the direct inter-
action between the polycation and endosomal membrane is also widely accepted
mechanism for facilitated endosomal escape (Hong et al. 2006; Miyata et al. 2008;
Uchida et al. 2011). For example, polyaspartic acid derivative bearing diami-
noethane pendant groups, PAsp(DET) (Fig. 3), has two pKa’s of 6.2 and 8.9; the
amino groups in each side chain of PAsp(DET) are mono-protonated at physio-
logical pH 7.4, whereas di-protonated at late-endosomal pH 5.0 (Miyata et al.
2008; Kanayama et al. 2006) (Fig. 4). The di-protonated PAsp(DET) side chains
can strongly interact with membrane constituents due to the increased cationic
charge density, leading to the endosomal membrane destabilization (Fig. 5). The
enhanced membrane destabilization activity at acidic pH has been demonstrated
by hemolysis assay (Miyata et al. 2008). The hemolysis activity of PAsp(DET) at
pH 5.5 was 10 times stronger than at pH 7.4; PAsp(DET) destabilizes the mem-
brane selectively at late-endosomal pH and facilitates the release of entrapped
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components, suggesting the strong potential for endosomal escape with low
cytotoxicity. The both of the two distinct mechanisms, i.e., proton sponge effect
and direct interaction between the polycation and endosomal membrane, are
considered to have a synergistic effect toward facilitated endosomal escape.
Facilitated endosomal escape by the functional polycations, e.g., PEI and
PAsp(DET), is reported to enable 100 times increase in gene expression of pDNA
payload for cultured cells (Boussif et al. 1995; Miyata et al. 2008).

Fig. 1 Chemical structure of polyethyleneimine

Fig. 2 Proposed mechanism of proton sponge effect
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Fig. 3 Chemical structure of PAsp(DET)

Fig. 4 pH-responsive protonation of PAsp(DET) side chain

Fig. 5 Proposed mechanism of endosomal membrane disruption
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2.2 Polycation Design for Biodegradability

The biodegradability of polycations is also an important property for PIC-based
nucleic acids delivery. High-molecular-weight polycations tend to form stable PIC
due to lots of cationic charges toward strong electrostatic interaction with nucleic
acids, but also induce compromised releasability of nucleic acids in the cytosol as
well as high cytotoxicity (Fischer et al. 2003; Kunath et al. 2003). On the other
hand, low-molecular-weight polycations do not have enough cationic charges for
stable PIC formation, and consequently they do not deliver nucleic acids into the
cell interior efficiently. Therefore, biodegradable property needs to be installed
into polycation for the stable PIC formation at the cell exterior and the efficient
release of nucleic acids payload at the cell interior as well as low cytotoxicity. For
example, PEI has great potential for nucleic acids delivery, but its biodegradable
property is limited. Therefore, several modification strategies have been chal-
lenged for PEI in order to degrade PEI selectively at the cell interior (Gosselin
et al. 2001; Carlisle et al. 2004; Kim et al. 2005; Knorr et al. 2008). Disulfide
linkage is one of the promising strategies to endow polymers with biodegradability
(Gosselin et al. 2001; Carlisle et al. 2004). Glutathione (GSH), which is a tri-
peptide composed of glutamic acid, cysteine, and glycine, is a biological reductant,
and exists at the concentration of *10 lM at the cell exterior, but *10 mM at the
cell interior (Meister and Anderson 1983; Saito et al. 2003). This concentration
difference induces disulfide cleavage selectively at the cell interior. Also, acid-
cleavable linkages, such as imine, acetal, and ketal, are developed for PEI deg-
radation responsive to late-endosomal pH (Kim et al. 2005; Knorr et al. 2008).
Small-molecular-weight PEIs conjugated with biodegradable linkage allow
enhanced pDNA gene expression as well as low cytotoxicity. Meanwhile,
PAsp(DET) is reported to perform unique behavior of biodegradation. The
poly(amino acid) main chain of PAsp(DET) can moderately degrade through self-
catalytic reaction at 37 �C. Auto-degradability of asparagine-containing peptide
can explain the mechanism of self-catalytic reaction in PAsp(DET); the amide
nitrogen at asparagine residue makes a nucleophilic attack on carbonyl group at
peptide bond, and induces peptide bond cleavage via succinimide formation
(Geiger and Clarke 1987). Consequently, PAsp(DET) has comparable pDNA
delivery ability to PEI without compromising cell homeostasis, e.g., maintained
house-keeping gene expression system after transfection (Itaka et al. 2010).

3 Chemical Modification of Nucleic Acids for Efficient
Delivery

Small nucleic acids (SNAs), such as siRNA and antisense oligomeric nucleic acid,
are chemically synthesized based on solid-phase polymerization, and thus SNA
production with on-demand sequence is commercially available. Moreover,
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reactive groups can be introduced into 50 and/or 30 ends of SNAs; primary amine,
thiol, azide, carboxylic acid, and biotin are available as an end group of com-
mercial SNAs. Therefore, SNAs can be modified with functional molecules not
only for improvement in their existing ability but also for further functionalization
with entirely new properties. Actually, poly(ethylene glycol) and ligand modifi-
cation lead to enhanced stability against enzyme and facilitated cellular uptake,
respectively (Lee et al. 2011; Alam et al. 2011). In this section, we introduce
several methodologies for SNA modification.

3.1 SNA Modification for PIC Stabilization

Small molecular weight and small number of anionic charges of SNAs are apt to
result in unstable PIC formation with polycation, due to weak electrostatic inter-
action (Takemoto et al. 2010; Suma et al. 2012). Also, in case of double stranded
SNAs, such as siRNA, the length is shorter than persistence length, e.g., siRNA is
*10 times shorter than the persistence length of double stranded RNA. This short
structure of double stranded SNAs appears as their rigid property, possibly leading
to inefficient entanglement with polycations and associated unstable PIC forma-
tion. Therefore, multimerized SNA structures have been developed for increased
anionic charges and entanglement with polycation towards stable PIC formation.
Sticky siRNA is the first multimerized SNA; the extended overhang nucleotide of
a monomeric siRNA moderately hybridizes with that of another monomeric siR-
NA, and linearly conjugated monomeric siRNA is produced (Bolcato-Bellemin
et al. 2007) (Fig. 6). Sticky siRNA has been reported to form stable PIC with PEI
and induce strong gene silencing in vitro and in vivo. Covalently conjugated
monomeric siRNA via disulfide linkage (multi-siRNA) has been also reported
(Mok et al. 2010) (Fig. 7). In this report, when siRNA PIC was formed with PEI,
multi-siRNA PIC also showed strong gene silencing effect in vitro and in vivo.
Interestingly, PIC prepared from multi-siRNA, which is composed of only two
monomeric siRNA molecules, was demonstrated to achieve significant increase in
gene silencing effect compared to monomeric siRNA PIC.

3.2 SNA Modification for Facilitated Endosomal Escape

The endosomal escape is one of the critical keys for efficient siRNA delivery into
the cytosol. Thus, we have reported the siRNA conjugate with PAsp(DET) for
facilitated endosomal escape as well as stable PIC formation (Takemoto et al.
2013). In design, several siRNA molecules were covalently introduced into
PAsp(DET) side chains via maleic acid amide (siRNA-releasable/endosome-dis-
rupting conjugate, REC) (Fig. 8). Maleic acid amide is stable at physiological
neutral pH to link siRNA and mask PAsp(DET) into biologically inert polyanion,
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Fig. 6 Illustration of the
monomer structure of sticky
siRNA

Fig. 7 Illustration of the
structure of multi-siRNA

Fig. 8 Chemical structure of
REC
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but is hydrolyzed at late-endosomal acidic pH to release siRNA and expose
PAsp(DET). Increased anionic charges in REC, compared to monomeric siRNA,
allow stable PIC formation at the cell exterior, and after cellular uptake, exposed
PAsp(DET) and released siRNA enable facilitated endosomal escape and ready
recruitment into gene silencing pathway, respectively (Fig. 9). Consequently,
when siRNA PIC was formed with PAsp(DET), REC PIC treatments for cultured
cells enabled significant enhancement in endosomal escape and subsequent gene
silencing effect, compared to monomeric siRNA PIC treatment.

4 Conclusion and Future Perspective

Nucleic acids have great potential as a therapeutic drug, and many researchers
have made remarkable efforts on the development of the nucleic acids-based
therapeutics, e.g., more than 10,000 reports regarding siRNA have been published
per one year. However, in order to realize the nucleic acids-based therapeutics,
delivery strategy should satisfy several requirements: protection from enzymatic
degradation and facilitated cellular uptake. Furthermore, after cellular uptake, the
intracellular fate of nucleic acids needs to be controlled, and intact nucleic acids
should be recruited into the expected biological process to exert their therapeutic
activity. Polymer-based nucleic acids delivery carrier has been demonstrated to
induce the biological activity of nucleic acids with low cytotoxicity. Polymer-
based carrier has low immunogenicity, compared to virus-based carrier, and is able
to be synthesized at industrial scale, leading to low hurdle for commercial pro-
duction. We hope that polymer-based delivery carrier will be further developed
toward the success in nucleic acids-based therapeutics.

Fig. 9 Illustration of the strategy of REC [Ref. Takemoto et al. (2013)]
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Membrane-Domain-Selective Drug
Targeting Based on Lipid Modification

Takeshi Mori and Yoshiki Katayama

Abstract Cellular lipid bilayers are critical platforms for the myriad of functions
performed by membrane proteins. Drugs modified with lipid membrane anchors
can selectively target membrane proteins. In this review, we discuss preferences of
representative lipidated molecules for specific cellular membrane domains and the
recent progress in lipidated drug delivery.

Keywords Cell membrane � Raft � Inner leaflet � Outer leaflet � Membrane
protein � Lipid

Abbreviations

ER Endoplasmic reticulum
GPI Glycosylphosphatidylinositol
PEG Polyethylene glycol
CLIC Clathrin-independent carrier
GPCR G protein-coupled receptor
APP Amyloid precursor protein
HIV Human immunodeficiency virus
HBV Hepatitis B virus
PAR1 Protease-activated receptor 1
CXCR4 CXC-type receptor 4
SMO Smoothened

T. Mori (&) � Y. Katayama
Department of Applied Chemistry, Faculty of Engineering, Kyushu University,
744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan
e-mail: mori.takeshi.880@m.kyushu-u.ac.jp

Y. Katayama
e-mail: ykatatcm@mail.cstm.kyushu-u.ac.jp

T. Mori � Y. Katayama
Center For Future Chemistry, Kyushu University, 744 Motooka,
Nishi-ku, Fukuoka 819-0395, Japan

A. Prokop et al. (eds.), Intracellular Delivery II,
Fundamental Biomedical Technologies 7, DOI: 10.1007/978-94-017-8896-0_11,
� Springer Science+Business Media Dordrecht 2014

219



IGF1R Insulin-like growth factor 1 receptor
STAT3 Signal transducer and activator of transcription 3
SH2 Src homology 2
TRPV1 Transient receptor potential vanilloid 1
PAT Palmitoyl acyl transferase

1 Introduction

Phospholipids, cholesterol, and fatty acids are the main components of cell
membranes. Because of the high affinity of these lipids to bilayer membranes, lipid
modification can be used to anchor molecules to the membranes. The lipid
structure determines where the lipid-modified molecules localize with respect to
plasma, endosomal, lysosomal, endoplasmic reticulum (ER), and Golgi mem-
branes. The structure also governs the partitioning of the lipid-modified molecules
in raft or non-raft domains of plasma membranes. Thus, lipids can selectively
deliver molecules, such as fluorescent probes, to specific membrane domains. In
this way, lipid modification has been used for subcellular targeting of drugs to
specific kinds and domains of membranes where therapeutic target proteins reside.
The considerable number of membrane-penetrating proteins, membrane bound
proteins, and membrane-anchored proteins are potential targets of lipid-modified
drugs. In each case, the activity of inhibitors of membrane proteins can be sig-
nificantly improved by lipid modification (Ingallinella et al. 2009).

In this review, we first systematically categorize preferences of lipid groups.
Then we summarize recent progress in intracellular drug delivery that uses lipid
modification.

2 Cellular Localization of Lipid-Modified Molecules

First we summarized the representative lipid-modified molecules and their pref-
erence to the kinds and domain of the membranes. We categorized these lipid-
modified molecules into three groups; small molecules, proteins (peptides), and
polymers. The molecular structures of these molecules are shown in Fig. 1.

2.1 Lipid-Modified Small Molecules

Fluorescent dyes modified with alkyl chains are commercially available as cell
tracking reagents (e.g., CellTracker, PKH, and CellBrite). Being hydrophobic, they
are less soluble in aqueous media, especially at high ionic strength. Thus modification
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Fig. 1 Representative lipid-modified molecules
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of the dyes is usually performed in an isotonic aqueous medium with low ionic
strength or by using bovine serum albumin as a transfer reagent of the dyes to the
membrane. Hydrophobic lipid-modified dyes can permeate plasma membranes,
which leads to distribution of the dyes not only to the membrane inner leaflet, but also
nonspecifically to endosomal, lysosomal, ER, Golgi and nuclear membranes. The
length and saturation of the lipid alkyl chains significantly affect the affinity. Dyes
with relatively long, saturated alkyl chains partition to mature endosomes, while
those with short or unsaturated alkyl chains partition to recycling endosomes
(Mukherjee et al. 1999). If the dyes include hydrophilic head groups or linkers, their
membrane permeability is reduced and they localize predominantly on the outer
leaflet of the plasma membrane. Therefore, they require endocytosis for transfer to
endosomal and lysosomal membranes. Peterson’s group reported that for some
internalized dyes that were modified with cholesterol with relatively hydrophilic
linkers, an appreciable fraction returns to the plasma membrane via recycling
endosomes (Boonyarattanakalin et al. 2004).

2.2 Lipid-Modified Proteins and Peptides

Acyl modification of proteins is an important post-transcriptional modification by
specific enzymes such as N-myristoyltransferase, palmitoyl acyltransferase, Rasp,
farnesyltransferase, and geranylgeranyltransferase that takes place at the C- or
N-termini (Resh 2006). It controls intracellular localization of proteins. For
example, S-palmitoylation of H-Ras increases partitioning into the raft domains of
the inner leaflets of plasma membranes. Src-family tyrosine kinases are myri-
stoylated at an N-terminal glycine residue and then palmitoylated at a nearby
cysteine residue.

Another class of lipid-modified proteins is glycosylphosphatidylinositol (GPI)-
anchored proteins. GPI modification occurs in the ER membrane on the C-terminus
of proteins and eventually the GPI-anchored proteins are transferred to the outer
leaflet of plasma membrane.

Lipid-modified peptides have been originally synthesized to raise the membrane
permeability of the inhibitory peptides (Bogoyevitch et al. 2005). Hydrophilic
peptides which are inhibitors of intracellular enzymes such as protein kinases can
be taken up by cells by modifying a lipid such as palmitoyl and stearoyl group to
their termini to raise their inhibitory efficacy.

Silvius’s group reported that short peptides taken from the substrate of the
above-mentioned enzymes for acyl modification could also be substrates of these
enzymes. The dually acylated peptides distributed preferentially to the raft
domains of cell membranes (Wang et al. 2001; Schroeder et al. 1996). In addition,
Silvius’s group studied the stability and raft distribution of model peptides of
acylated regions of C- or N-terminus proteins in liposomes (Silvius 2002).
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2.3 Lipid-Modified Polymers

The intracellular localization of polyethylene glycol (PEG)-modified phosphatidyl
ethanolamine was also reported by Silvius’s group. Saturated dipalmitoyl conju-
gates were substantially partitioned into the raft domain, while polyunsaturated
dilinoleoyl conjugates were excluded (Wang et al. 2005). These saturated and
unsaturated conjugates are taken up both by clathrin-mediated endocytosis and by
clathrin-independent carriers (CLIC). The latter is typically observed for the
endocytosis of GPI-anchored proteins. The contribution of CLIC becomes domi-
nant with the increased size of PEG domains (Bhagatji et al. 2009).

We reported that dextran modified with multiple palmitoyl groups anchors
stably to a cell surface and is rapidly endocytosed, eventually locating to lyso-
somes (Tobinaga et al. 2014). This technique enables intracellular delivery of
antigen proteins within dendritic cells for cancer immunotherapy.

3 Membrane-Targeted Lipidated Drugs

Covic and Kuliopulos’s team initially proposed the idea of lipidated drugs to target
specific membrane domains for inhibition of G protein-coupled receptors (GPCRs)
(Covic et al. 2002). After this pioneering work, many groups have designed drugs
that modulate the activity of membrane-bound proteins. These drugs are peptide-
based with sequences taken from domains of proteins that interact with target
membrane proteins. Here, we categorize these drugs according to the targeted
membrane domains, i.e., outer or inner leaflet of plasma and/or endosomal
membranes. Typical lipidated drugs are summarized in Table 1.

3.1 Outer Leaflet-Targeted Lipidated Drugs

3.1.1 Inhibition of b-Secretase for Treatment of Alzheimer’s Disease

Simon’s group reported on an inhibitor of b-secretase based on a lipidated peptide
that can work in vivo, via intra-brain injection (Rajendran et al. 2008). b-secretase
is known to generate amyloid b-peptides from amyloid precursor protein (APP),
which is involved in Alzheimer’s disease. Amyloid genesis of APP by b-secretase
occurs in lipid raft domains in endosomes. They modified dihydroxycholesterol,
which is known to partition to lipid rafts, on the C-terminus of the inhibitory
peptides with linkers of various lengths until they found the optimal length for
effective inhibition (Schieb et al. 2010).
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3.1.2 Inhibition of Virus Infection

The lipid modification of the inhibitor peptide was then applied to the development
of inhibitors of virus infection. For inhibitors of human immunodeficiency virus
(HIV), Pessi’s group added a cholesterol group to the C-terminus of the inhibitory
peptide C34 (enfuvirtide) that was taken from gp41 of HIV fusogenic protein
(Ingallinella et al. 2009). Half-maximal inhibitory concentration values of the
cholesteryl peptide exhibited a 400-fold improvement relative to unmodified C34.
The same design concept was applied to the inhibitory peptides of Ebola virus
(Higgins et al. 2013), as well as to Newcastle disease virus and infectious bron-
chitis virus (Li et al. 2013).

Urban’s group developed an inhibitor of hepatitis B virus (HBV) infection by
using the original peptides taken from an envelope L-protein of HBV without
further modification. The myristoylated preS1 peptide exists in the N-terminus
region of L-protein and plays a critical role in HBV infection. It successfully
inhibited HBV infection in vivo by preventing virus entry (Petersen et al. 2008).

3.2 Inner Leaflet-Targeted Lipidated Drugs

3.2.1 Non-enzyme-Mediated Targeting

Modulation of GPCR Signaling

Pepducins which originate from peptide sequences of GPCRs were the first lipi-
dated drugs that targeted the inner leaflet of the plasma membrane (Covic et al.
2002). They were taken from the intracellular loop regions of protease-activated
receptor 1 (PAR1) and PAR4 GPCRs to inhibit in vivo the signal transduction
leading to thrombin-mediated platelet aggregation. Within seconds to minutes, the
lipidated peptides flip into the inner leaflet; the mechanism is not clear (Wielders
et al. 2007). Several reviews of pepducins have been published (O’Callaghan et al.
2012; Carlson et al. 2012; Tressel et al. 2011). So far, they have been designed to
target nine GPCRs including PAR2 (Sevigny et al. 2011), CXC-type receptor 4
(CXCR4) (Quoyer et al. 2013; Tchernychev et al. 2010), and smoothened (SMO)
(Remsberg et al. 2007; Johannessen et al. 2011). The pepducins for SMO and PAR1
(Yang et al. 2009) inhibited the growth of cancer cells, while pepducins for PAR2
and CXCR4 suppressed inflammation and mobilization of bone marrow hemato-
poietic cells, respectively. Because of the promising variety of pepducin functions,
Anchor Therapeutics, Inc. was established to develop them commercially.

GPCR signaling can also be modulated with lipidated peptides originating from
G-proteins. Brown’s group reported that palmitoylated peptides taken from G
proteins inhibit in vitro the M-type (Kv7) potassium channel in neurons (Robbins
et al. 2006). Le Breton’s team found that a myristoylated C-terminal peptide
fragment of Ga13 could inhibit signaling to Ga13 from the platelet receptor integrin
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aIIbb3 (Gong et al. 2010). This lipidated peptide was originally designed to inhibit
PAR1-mediated platelet activation via Ga13 (Huang et al. 2007).

Inhibition of Receptor and Non-receptor Tyrosine Kinase Signaling

Tarasova’s group reported the inhibition of signal transduction from the IGF1R
receptor tyrosine kinase with a peptide taken from the juxtamembrane domain of
insulin-like growth factor 1 receptor (IGF1R) (Johannessen et al. 2011). They also
reported that a peptide from the N-domain of signal transducer and activator of
transcription 3 (STAT3) inhibits the signal transduction that induces apoptosis
(Timofeeva et al. 2007). Gradinaru and Gunning’s team used a peptide taken from
the Src homology 2 (SH2) domain of STAT3 to inhibit STAT3-mediated signal
transduction (Avadisian et al. 2011).

Inhibition of Adhesion Proteins

To find a peptide that inhibits platelet activation, Kenny and Shields relied on a
bioinformatics approach to find 47 highly expressed transmembrane proteins, and
chose 52 peptides from the proteins and 26 paralogous peptides to screen in vitro
activity (Edwards et al. 2007). A highly effective peptide originated from CD226,
which is a platelet and an endothelial adhesion factor. Moran’s group reported that
a highly conserved sequence of the juxtamembrane region of integrin a inhibited
the platelet aggregation, while the replacement of two amino acids of the peptide
inversely inhibited the activation (Bernard et al. 2009).

Inhibition of Channel Protein

Ferrer-Montiel’s group reported that myristoylated peptide taken from the TRP
domain of the transient receptor potential vanilloid 1 (TRPV1) channel inhibits
channel activity both in vitro and in vivo (Valente et al. 2011).

3.2.2 Enzyme-Mediated Targeting

Silvius’s group reported that very short N-myristoylated peptides are substrates of
type 2 palmitoyl acyl transferase (PAT), which catalyzes palmitoylation of the Src
family for translocation into the inner leaflets of plasma membranes (Schroeder
et al. 1996). These peptides are fluorescent probes for the detection of intracellular
PAT activity (Schroeder et al. 1996; Creaser et al. 2002; Varner et al. 2003).
Silvius et al. designed other substrate peptides for type 1 PAT that were taken from
the C-terminus of H- and N-Ras (Schroeder et al. 1996). These peptides are used
for cell-based screening of PAT inhibitors (Ducker et al. 2006).
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These peptides have not been used for drugs, but will be useful as inhibitors that
actively change location. Hamachi and Tsukiji’s team recently reported on the
translocation of folates by using a substrate peptide for type 2 PAT to localize the
folate-binding protein to the inner plasma membrane leaflet (Ishida et al. 2013).

4 Conclusion and Perspective

We have reviewed recent progress in lipidated drugs for membrane-domain-
selective targeting of membrane proteins. Formulation will be an issue for prac-
tical usage. Pepducins circulate in the blood stream for long periods, with an
elimination half-life of 4.7 h (Carlson et al. 2012). This is probably because of
their interactions with serum albumin, which is a carrier protein of fatty acids. To
further improve the circulation in the blood stream and to avoid degradation by
endogenous protease, liposomes could be used as carriers because they can load
lipidated drugs effectively (Rubas et al. 1986).
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Multifunctional Protein-Based
Nanoparticles for Cancer Theranosis

Luca Vannucci, Elisabetta Falvo and Pierpaolo Ceci

Abstract Selective delivery of therapeutic and/or diagnostic (theranostic) agents
to diseased sites represents a major challenge to improve the outcome of current
therapy and our ability to detect cancer cells at early stages or in the spread sites. A
promising route to reach this goal is the design and engineering of functionalized
nanoparticle (NP)-based carriers for targeted delivery of drug or diagnostic agents.
Protein-based nanocarriers are attracting growing interest due to their exceptional
characteristics, namely biodegradability, solubility, functionalization versatility
and extraordinary binding capacity of various drugs. We highlight the use of these
cage-shaped protein-based materials, with special emphasis on ferritin, as smart
building blocks for the development of multifunctional NPs for cancer theranosis.

Keywords Theranosis � Nanoparticles � Protein-based nanocarriers � Drug-
delivery � Functionalization � Targeted therapy � Biocompatibility

Abbreviations

NP Nanoparticle
Hsp Heat shock proteins
Ft Ferritin
EPR Enhanced permeability and retention
mAbs Monoclonal antibodies
MRI Magnetic resonance imaging
Fe3O4 Magnetite
PEG Polyethylene glycol

L. Vannucci (&)
Institute of Microbiology, Academy of Sciences of the Czech Republic (ASCR), v.v.i,
Prague, Czech Republic
e-mail: vannucci@biomed.cas.cz

E. Falvo � P. Ceci
CNR—National Research Council of Italy, Institute of Molecular Biology and Pathology,
Rome, Italy

A. Prokop et al. (eds.), Intracellular Delivery II,
Fundamental Biomedical Technologies 7, DOI: 10.1007/978-94-017-8896-0_12,
� Springer Science+Business Media Dordrecht 2014

231



CTP Carboxyl terminal peptide
VLP Viral-like particles
CPMV Cowpea mosaic virus
CCMV Cowpea Chlorotic Mottle Virus
sHsp Small heat shock proteins
Dps DNA-binding proteins from starved cells
HFt Human Ft
USPIO Ultrasmall Superparamagnetic Iron Oxide
TMB 3,30, 5,50-Tetramethylbenzidine
DAB 3,30-Diaminobenzidine
PET Positron emission tomography
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MB Methylene blue
MFH Magnetic fluid hyperthermia
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a-MSH A-melanocyte-stimulating hormone
EGF Epidermal growth factor
FcBP Fc-binding peptide
IgGs Immunoglobulins G
TfR1 Transferrin receptor 1

1 Introduction

Selective delivery of therapeutic and/or diagnostic (theranostic) agents to diseased
sites represents a major challenge to improve the outcome of current therapy and
our ability to detect cancer cells at early stages or in the spread sites. In fact,
despite rapid advances in diagnostic procedures and treatments, the overall sur-
vival rate from cancer has not improved substantially over the past 30 years
(Howlader et al. 2010). The World Health Organization estimates that 84 million
people will die of cancer between 2005 and 2015 (www.cdc.gov). Accordingly,
there is a clear need for the development of novel approaches for the accurate
detection of the early-stages of cancer and for targeted therapies.

A promising route to reach this goal is the design and engineering of function-
alized nanoparticle (NP)-based carriers for targeted delivery of drug or diagnostic
agents. The targeted delivery of nanomaterials can overcome difficulties associated
with conventional free anticancer drugs, including rapid clearance, insolubility
under aqueous conditions and a lack of selectivity, all resulting in non-specific
toxicity toward normal cells and low therapeutic indices (Minten et al. 2009).

In this framework, several drug-delivery systems have been designed for a
number of drug-carrier platforms including synthetic (gels, silica, polymers) and
natural (lipids, proteins, oligosaccharides) (Kateb et al. 2011).
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Protein-based nanocarriers are attracting growing interest due to their excep-
tional characteristics, namely biodegradability, solubility, functionalization ver-
satility and extraordinary binding capacity to various drugs. A variety of proteins
have been used and characterized for drug-delivery including virus-derived
capsids (Minten et al. 2009, 2011), heat shock proteins (Hsp) (Flenniken et al.
2006; Choi et al. 2011) and ferritin (Ft) (Blazkova et al. 2013; Vannucci et al.
2012; Kitagawa et al. 2012). Viral capsids, Hsp and Ft are reported as protein
cages, based on their particular shape. These proteins are characterized by a
quaternary structure consisting in an assembly of multiple subunits endowed with
the same fold. These assemblies enclose hollow spaces that can be used as ideal
templates for the encapsulation of nano-material cargos. Indeed, the uniformity of
the quaternary structure guarantees the attainment of NPs that are highly homo-
geneous in both size and shape, and the interior of the cage provides an isolated
environment, shielded from bulk solution, where chemical reactions can take
place. Furthermore, the protein surface comprises of diverse chemical groups (i.e.,
primary amines, carboxylates, thiols) that can be genetically and/or chemically
manipulated in order to confer specific functionalities to the nano-cage. Additional
advantages of protein cages include their generally remarkable stability, which can
match and even be higher than that of nonprotein-based molecules, as well as high
solubility in water. Another important aspect is the possibility to be produced at
low cost as a recombinant protein in industrial bacterial strains on a large-scale
(grams or even kilograms).

In this chapter, we highlight the use of these cage-shaped protein-based
materials, with special emphasis to the ferritin ones, as smart building blocks for
the development of multifunctional NPs for cancer theranosis.

2 Targeting Strategies

In general, nanoparticle-based materials can be delivered to tumors by passive and/
or active targeting (Fig. 1).

2.1 Passive Targeting

Passive targeting can be ascribed to the enhanced permeability and retention
(EPR) effect, determined by both extravasation of macromolecules through the
leaky and poorly differentiated neo-vascular tumor system and lack of functional
lymphatics, which result in the accumulation of extravasated nano-materials at the
tumor site (Danhier et al. 2010; Matsumura and Maeda 1986). In fact, the ability of
vascular endothelium to present open fenestrations was described for the liver
sinusoidal endothelium (Oda et al. 2003), as well as the vascular endothelium in
inflamed tissues, in hypoxic areas of infarcted myocardium (McDonald et al. 1999;
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Galaup et al. 2012) or in tumors (Nagy et al. 2012). In particular, tumor blood
vessels are generally characterized by abnormalities such as a high proportion of
proliferating endothelial cells and aberrant basement membrane formation leading
to an enhanced vascular permeability. Particles, such as nanocarriers (in the size
range of 10–150 nm), can extravasate and accumulate inside the interstitial space.
Moreover, lymphatic vessels are insufficiently represented, abnormally structured

Fig. 1 Drug delivery of nanocarriers in cancer: passive and active targeting. a Nanocarriers can
accumulate passively in solid tumor tissue exploiting the enhanced permeability and retention
effect. NPs that enter into the tumor microenvironment are not removed efficiently and are thus
accumulated and retained inside the tumor. In contrast, drugs alone diffuse freely in and out the
tumor blood vessels because of their small size. This often can determine low drug accumulation.
b Active targeting is mediated by NP-conjugated ligands that are able to bind with high affinity
and selectivity to target molecules over-expressed by tumor cells as compared to healthy tissues.
From (Danhier et al. 2010) To exploit the tumor microenvironment: Passive and active tumor
targeting of nanocarriers for anti-cancer drug delivery Danhier et al. (2010). Reproduced with
permission from Elsevier B.V., all reserved rights
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and non-functional in tumors. This condition further contributes to an inefficient
drainage from the tumor tissue, due to an increased interstitial pressure and a
reduced intra- extravascular gradient (Baronzio et al. 2012). NPs that enter into the
tumor microenvironment are not removed efficiently and are thus accumulated and
retained inside the tumor. Using this mechanism, a very high local concentration
of drug-loaded nanocarriers can be delivered to the tumor site at, for instance, a
5–50-fold higher rate than in normal tissue within few days (Iyer et al. 2006).

However, passive targeting approaches also suffer from several limitations.
Targeting cancer cells using the EPR effect is not feasible in all tumors because the
degree of tumor vascularization, porosity of tumor vessels and interstitial pressure
can vary with the tumor type. For example, hypovascular tumors such as prostate
and pancreatic cancers are very difficult to reach. Moreover, even within a single
tumor, huge differences with regard to vascular permeability can be found, with
parts in which macromolecules as large as 200 nm are able to extravasate and
penetrate, whereas in other parts, even molecules of 10 nm are unable to enter the
interstitium. Another limitation can be the presence of necrotic areas, especially in
larger neoplasms (Rossin et al. 2005). A possible advantage for the use of small
nanoparticles (around 10 nm) could be the possibility of passive transport even
inside this difficult tissue once in the interstitial fluid circulation (Huang et al.
2012).

Finally, although tumor targeting consists in passive targeting and active tar-
geting, the active targeting process cannot be separated from the passive because it
occurs only after passive accumulation in tumors.

2.2 Active Targeting

To enhance intracellular delivery, active targeting approaches have been devel-
oped. Active targeting is mediated by NP-conjugated ligands that are able to bind
with high affinity and selectivity to target molecules over-expressed by tumor cells
as compared to healthy tissues (Danhier et al. 2010; Friedman et al. 2013). Active
drug targeting is generally implemented to improve target cell recognition and cell
uptake. Targeting ligands which have been explored to date include peptides,
small organic molecules, oligosaccharides and monoclonal antibodies (mAbs)
(Friedman et al. 2013). The mAbs have been widely used as tumor-homing
molecules for the targeted delivery of NPs; however, several limitations including
large size, difficulty in conjugation to NPs and high manufacturing costs have
hampered their use. Thus, looking to obtaining similar selectivity toward the
target, NPs decorated with smaller-sized ligands (including peptides) have
attracted greater attention these days (Talekar et al. 2011).

In general, two cellular targets can be distinguished in the active targeting
strategy: (a) the targeting of cancer cell and (b) the targeting of tumor vasculature.
In the latter strategy, the nanocarriers have more chances to reach the target as it
does not depend on extravasation and penetration across tumor interstitium since
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they encounter their target receptors much more frequently than do cancer cell-
targeted NPs (Sakhrani and Padh 2013; Bedi et al. 2013; Wang et al. 2011).

A broad spectrum of chemical approaches has been used to conjugate targeting
moieties to NP surfaces. These methods can be categorized as conventional bio-
conjugation strategies (direct conjugation, linker chemistry, physical interactions),
click chemistry or hybridization methods (Aubin-Tam 2013; Yu et al. 2012).
Furthermore, only nanosystems based on proteins allow an additional and more
powerful conjugation method, i.e. the genetic engineering approach. Genetic
engineering represents a much easier and more reproducible method of generating
protein-based NPs with exactly the same architecture as those obtained with
chemical modifications. In fact, peptide sequences can be genetically inserted into
the amino acid protein sequence to build a homogenous and ready-to use construct
for selective cellular recognition and thus avoid repeated and expensive chemical
reactions (Vannucci et al. 2012; de la Rica and Matsui 2010).

3 Multifunctional Nanoparticles for Theranosis

Multifunctional integrated systems based on NPs that combine differing properties
such as tumor targeting, therapy, and imaging in an all-in-one system are providing
more useful multimodal approaches in the battle against cancer. These systems
have been intensively studied with the aim to overcome limitations associated with
conventional cancer diagnosis and therapy, such as rapid clearance, insolubility
under aqueous conditions and lack of selectivity (Rossin et al. 2005; Bao et al.
2013; Howell et al. 2013; Chen et al. 2013a).

An ideal multifunctional nanocarrier would allow for the simultaneously
loading of therapeutics, ligands for cell specific targeting and fluorescent materials
for ease of detection. Moreover, the loaded cancer drugs should be locally released
in a controlled fashion by a defined stimulus in the environment (such as pH,
temperature, specific proteases, etc.). The addition of magnetic properties, such as
magnetite (Fe3O4) clusters, would further extend the functionality of the nano-
carrier. In this way, the localization of nanocarriers to tumors by magnetic reso-
nance imaging (MRI) can be also accomplished by using magnetic fields to
concentrate the carrier directly in tumors while magnetic fluid hyperthermia can be
used to directly kill cancer cells or as a trigger for controlled release. Also, the
presence of both fluorescent and magnetic tracers could also render the nanocar-
riers a useful bimodal imaging agent (Wadajkar et al. 2013; Hayashi et al. 2013;
Wilhelm et al. 2013; Chen et al. 2013b; Xiao et al. 2013; Chatterjee et al. 2011;
Yoon et al. 2012; Tietze et al. 2012).

Nanocarriers are frequently functionalized to protect them from the reticulo–
endothelial system and to increase the biocompatibility, solubility and stability in
the bloodstream. The common method to do this consists of coating the surface of
the particles with polyethylene glycol (PEG), a procedure called PEGylation. The
coating of PEG chains to the surface of NPs results in an increase in the blood
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circulation half-life by several orders of magnitude (10–100) (Ferrari et al. 2013;
Essa et al. 2011). In fact, by creating a hydrophilic protective layer around the
NPs, steric repulsion forces repel the absorption of opsonin proteins, thereby
blocking and delaying the opsonization process (Sant et al. 2008; Romberg et al.
2008; Xie et al. 2007).

Several additional approaches have been devised in recent years to extend the
life span of NPs by slowing their clearance from the body, such as polysaccharide
dextran decoration, PASylation and CTP (carboxyl terminal peptide) conjugation
(Kotagiri et al. 2013; Schlapschy et al. 2013; Fares et al. 2007).

In particular, the last two approaches are based on recently developed tech-
nologies which involve genetic fusion or chemical conjugation with polypeptide
sequences composed of the amino acids Pro, Ala, and Ser (for PASylation) or
derived from the carboxyl terminal of human chorionic gonadotropin b subunit
(for CTP). These sequences can readily be attached to a wide array of existing
proteins and material, stabilizing them in the bloodstream and greatly extending its
life span without additional toxicity or loss of desired biological activity (Fares
et al. 2007; Schlapschy et al. 2013). Moreover, in the case of protein-based
materials, PAS or CTP-modified proteins can be manufactured using established
recombinant DNA techniques in widely used protein expression systems. Hence,
the benefits of these technologies are substantial decreasing manufacturing com-
plexity or high costs.

4 Protein-Based Systems

A protein-based nanomedicine platform utilizes natural or synthetic protein as a
template for the production of a different multifunctional nanosystem (Lee and
Wang 2006). A variety of proteins have been used and characterized for drug-
delivery including viral capsids, heat shock proteins (Hsp) and ferritin (Ft)
(Fig. 2).

4.1 Virus-Based Capsids

The viral capsid is the structural protein shell of a virus. Virus particles typically
consist of several hundreds to thousands of protein molecules, which self-assemble
to form a hollow scaffold packaging the viral nucleic acid. Their shape can be
icosahedral or helical (Fig. 2). Their sizes are diverse due to the diversity of the
viruses that have diameters at the nanometer level, which makes the viral capsids
form nanometer-sized platforms (Fig. 2).

Viral-like particles (VLP) are exceptionally robust, they can be produced in large
quantities in short time and they present programmable scaffolds (Snijder et al.
2012; Minten et al. 2009). VLPs offer advantages over synthetic nanomaterials,
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primarily because they are biocompatible and biodegradable. VLPs derived from
plant viruses and bacteriophages are particularly advantageous, because they are
less likely to be pathogenic in humans and therefore less likely to induce undesirable
side effects.

There are numerous reports in the literature for the use of virus capsids for the
synthesis of biomaterial and their uses in nanotechnology and therapeutic appli-
cations (Manchester and Singh 2006; Franzen and Lommel 2009; Wen et al. 2012;
Singh and Kostarelos 2009). The most widely used and understood viral capsids at
this moment include Cowpea mosaic virus, CPMV (Steinmetz et al. 2009; Yildiz
et al. 2013), Cowpea Chlorotic Mottle Virus, CCMV (Allen et al. 2005; Kaiser
et al. 2007), and MS2 bacteriophage (Ashley et al. 2011; Anderson et al. 2006).
Viral capsids have been widely used in drug and gene delivery (Galaway and
Stockley 2013; Larocca et al. 2002; Arcangeli et al. 2013; Medina-Kauwe 2013;
Tegerstedt et al. 2005), with antibodies (Gleiter and Lilie 2001; Stubenrauch et al.
2001; Frolova et al. 2010), for diagnostic imaging (Cormode et al. 2010; Chen
et al. 2012; Carrico et al. 2012), with carbohydrates (Yin et al. 2012; Miermont
et al. 2008), oligonucleotides (Tong et al. 2009; Lau et al. 2011), proteins
(Pokorski et al. 2011; Banerjee et al. 2010), for fluorescent labeling (Rhee et al.
2011; Lu et al. 2012; Jung and Anvari 2013), and metallic nanoparticles (Chorny
et al. 2013; Hwang et al. 2011).

Fig. 2 Types of protein cage structures currently being developed for applications in bio-
nanotechnology applications. Images generated using PyMol (http://www.pymol.org). From Lee
and Wang (2006) adaptations of nanoscale viruses and other protein cages for medical applications
Lee and Wang (2006). Reproduced with permission from Elsevier B.V., all reserved rights
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However, before testing VLPs for actual nanomedicinal applications, a
thorough evaluation of their toxicities and biodistributions in vivo is necessary.
VLPs derived from bacteriophages and plant viruses are considered to be much
safer because humans are not natural hosts for the parent viruses, although
there have been few studies describing the characterization of such VLP
platforms in vivo. Moreover, innate immunity response to the viral components
has been found and can challenge the efficiency and efficacy of the VLPs as
well as producing unwanted effects. Biodistribution and toxicity is sometimes
discussed in the studies on the various types of nanovectors, but systemic
studies on the argument are still lacking. We suggest the following references
as a general orientation while specific observations can be found in the original
papers cited in this chapter (Singh et al. 2007; Sakurai et al. 2008; Campos and
Barry 2007; Thacker et al. 2009; Sharma et al. 2012; Ai et al. 2011; Ding and
Wu 2012).

4.2 Heat Shock Proteins

Small heat shock proteins (sHsp) are generally composed of 24 subunits that
autoassemble to form a cage with an exterior diameter of 12 nm and an interior of
6.5 nm. Hsp are produced at high levels in response to cellular stress and assist in
the correct folding of proteins. Like other protein cages, its architecture is made up
of exterior, interior, and interface surfaces. The external surface is characterized by
the presence of large-size pore, about 3 nm, which can be used for free cargo
exchange between the bulk solution (exterior) and the interior.

Like other viral capsids and ferritin proteins, sHsp were also used as a reaction
vessel for biomimetic mineralization reactions. Transition metals, iron oxide and
alloy nanoparticles were entrapped and synthesized within the sHsp protein cage
(Varpness et al. 2005; Bode et al. 2011). Additionally, through site-directed
mutation on the interior surface, organic drug molecules were also attached to the
interior surface of the sHsp (Flenniken et al. 2003; Choi et al. 2011). Recently,
ligand-conjugated Hsp cages via genetic or chemical modification were also
reported to bind specifically to melanoma cells or human hepatocellular carcinoma
in vitro or to SCC7 squamous carcinoma in vivo (Flenniken et al. 2006; Toita et al.
2012; Choi et al. 2011).

However, as discussed for viral capsids, before testing VLPs for real nano-
medicinal applications, a thorough evaluation of their toxicities and biodistri-
butions in vivo is necessary. In fact, most of the sHsp so far used are of
bacterial origin (i.e. Methanococcus jannaschii) and therefore will need accurate
evaluation of their toxic and immunological effects. A preliminary study on the
in vivo biodistribution was reported by Douglas and co-workers (Kaiser et al.
2007).
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4.3 Ferritins

Members of the ferritin family, including ferritins (Fts) and mini-ferritins (DNA-
binding proteins from starved cells, Dps), are among the most widely studied cage-
like proteins. These proteins are ubiquitous in nature and are involved in iron
homeostasis and storage. The unique template structures of these proteins have
been used for the synthesis of a variety of new, non-physiological mineral cores
(Galvez et al. 2005, 2010; Kasyutich et al. 2010; Prastaro et al. 2009; Suzuki et al.
2009; Uchida et al. 2009, 2010; Fan et al. 2010; Jeong et al. 2005; Wong et al.
1998; Inoue et al. 2011; Kostiainen et al. 2011, 2013; Okuda et al. 2005) and/or
organic molecules (Blazkova et al. 2013; Ma-Ham et al. 2011; Yan et al. 2010;
Simsek and Kilic 2005) within the protein shell.

Apoferritin is a highly symmetrical multimeric protein consisting of 24 subunits
that self-assemble into a shell-like molecule enclosing a hollow cavity with
external and internal diameters of 12 nm and 8 nm, respectively (Harrison and
Arosio 1996).

Dps’s are formed by 12 subunits with an outer diameter of 8.5 nm and an inner
diameter of 5 nm (Chiancone and Ceci 2010). Dps are a member of the ferritin
superfamily and are found exclusively in prokaryotes. The Dps protein cage was
also utilized as a size and shape constrained nanoreactor, similar to ferritin, but due
to its bacterial nature, they have not been used for medical applications.

In contrast, for biomedical applications, NPs based on the human Ft (HFt)
present a number of favorable properties with respect to other systems
(Dominguez-Vera et al. 2010). HFt is a physiological protein that has high
solubility and stability in water, blood and buffers, as well as low toxicity, all of
which are desirable features for in vivo applications in human. Furthermore,
HFt can be easily functionalized through genetic engineering and/or chemical
reactions involving one of the many chemical groups exposed to the exterior
(primary amines, carboxylates, thiols), granting for the rational design of new
nanometric tools for delivery, imaging or therapy. Moreover, since their bio-
logical function is iron sequestration and storage, they are natively tailored for
metal uptake and NP incorporation which may preclude the occasional release
of toxic metal ions during blood circulation. The exceptional stability of the Ft
cage structure over a wide range of temperatures (up to 80–100� C) and pH
(3–10) makes large scale production at a low cost through recombination
techniques possible.

The dimension of the HFt is an important feature of this protein cage. In fact,
the HFt small size (B15 nm) increases the chances of passing human body barriers
and reaching specific targets. Indeed, the dimensions of the NPs, which must be
small enough to penetrate capillary fenestrations and large enough to avoid rapid
clearance through the kidney (the ideal diameter being lower than 30 nm and
greater than 6–8 nm, respectively), are one of the key prerequisites for efficient
targeted delivery, together with a long-circulating capability of the carrier and high
specificity of the selector towards the target receptor.
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4.3.1 Theranostic Use of Ferritin-Based NPs

Imaging agents are among the compounds that can be successfully loaded within
the interior cavity of ferritin proteins. The superparamagnetism of magnetite
(Fe3O4)-enclosed ferritin NPs (named magnetoferritin) makes them ideal contrast
agents for MRI for tumor diagnosis. MRI can provide high spatial resolution and
functional anatomic and physiological information with simultaneous non-invasive
imaging. Indeed, Douglas and co-workers were the first group that have been able to
synthesize magnetite NPs encapsulated within the internal cavity of recombinant
HFt, which possessed T2* MRI properties comparing favorably with known iron
oxide MRI contrast agents (e.g., Ultrasmall Superparamagnetic Iron Oxide, USPIO;
(Uchida et al. 2006, 2008). The same group has hypothesized that ferritins, which
often accumulate in human atherosclerotic plaques, may serve as an intrinsic
vehicle for targeting plaque macrophages (Uchida et al. 2009) and has demon-
strated that modified ferritin cages can be used as fluorescence or MRI agents for
in vivo detection of vascular macrophages (Terashima et al. 2011).

Recently, Fan et al. (2012) demonstrated the use of magnetoferritin as a dual-
functional reagent allowing simultaneous targeting and visualization of tumors. In
brief, they found that magnetoferritin NPs have intrinsic peroxidase-like activity
that can be exploited to produce the same color reaction as peroxidase enzymes in
the presence of peroxidase substrates. For instance, magnetoferritin NPs were able
to react with 3,30,5,50—Tetramethylbenzidine (TMB) to produce a blue color and
3,30—Diaminobenzidine (DAB) to produce a brown precipitate. This ability is
based on the mineral cores consisting of magnetite or maghemite. In this way, Fan
and co-workers established a new method to detect tumor tissues. The ability of
ferritin to target tumor cells and tissues will be discussed below in this chapter.

In addition, other three groups from different laboratories, namely the groups of
Aime, Domınguez-Vera and Kimura, have prepared water-soluble gadolinium NPs
with NMR longitudinal and transverse relaxivities higher than the ones of clini-
cally approved paramagnetic Gd-chelates, thus indicating the great appeal of these
novel classes of MRI contrast agents (Crich et al. 2006; Makino et al. 2011;
Sanchez et al. 2009).

A different approach, in terms of the nature of tracer to be used for medical
imaging, has been recently reported (Lin et al. 2011). HFt has been loaded with
radioactive metal ions (64Cu). Such a ferritin nanotracer possessed positron
emission tomography (PET) functionalities for high sensitive tumor imaging. In
addition, when conjugated with near infrared fluorophores (NIRF) on the protein
surface, these constructs can be used for multimodal imaging such as PET and
NIRF imaging (Lin et al. 2011).

The loading of drugs, metal-based or not, inside the ferritin cavity or conju-
gating them on the external surface are other appealing opportunities for future
tumor therapies.

Generally, the method used for drug-encapsulation is based simply on the
addition of various metal ions or compounds to apoferritin under specific condi-
tions allowing for the diffusion of the ions or compounds inside the protein that
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concentrate inside the cavity. This method exploits the presence of pores and
channels (diameter of *0.4 nm) traversing the protein shell that generate an
electrostatic gradient favoring the concentration of cations. For metal particles and
other compounds unable to pass through the ferritin channels for size or charge
reasons, an alternative approach from the general method described above has
been used. In this method, the protein cage has been reversibly disassembled in
extremely acidic conditions (*pH 2.0) and the desired compounds have been
passively encapsulated within the cavity by raising the pH to neutral values
(Blazkova et al. 2013; Ma-Ham et al. 2011; Yan et al. 2010; Simsek and Kilic
2005; Yang et al. 2007).

Additionally, HFt can be easily functionalized through genetic engineering and/
or chemical conjugation involving one of the many chemical groups naturally
exposed to the protein exterior (primary amines, carboxylates, thiols). In this way,
the exterior surface is another platform to be used for drugs loading, such as
chemotherapeutics, toxins and cytotoxic peptides.

However, at present a few studies have begun to design ferritin NPs as a carrier
to deliver drugs for the purpose of therapy. For example, Xing et al. (2009)
successfully encapsulated platinum-based anticancer drugs in the cavity of horse
spleen ferritin. Each ferritin molecule was able to encapsulate about 50 cisplatin
molecules and these constructs were able to efficiently induce apoptosis on rat
pheochromocytoma cells in vitro (Xing et al. 2009).

In another example, apoferritin was used to encapsulate doxorubicin inside the
internal cavity using Cu(II) as a helper agent. These doxorubicin-loaded ferritin
nanocages showed a higher tumor uptake, better tumor growth inhibition and less
cardiotoxicity than free doxorubicin (Zhen et al. 2013). Overall, such a technology
holds great potential in clinical translation.

Recently, Yan and co-workers reported that photosensitizers can also be
encapsulated inside the ferritin cage (Yan et al. 2010). As a model, they demon-
strated the successful encapsulation of methylene blue (MB) in apoferritin via a
dissociation–reassembly process controlled by pH. The resulting MB-containing
apoferritin nanocages showed a positive effect on singlet oxygen production and
cytotoxic effects on MCF-7 human breast adenocarcinoma cells when irradiated at
the appropriate wavelength (i.e. 633 nm).

An approach for using outer surface of apoferritin nanoparticles as a possible
site for linking therapeutic molecules was proposed by Kwon and collaborators in
2011 (Kwon et al. 2012). They genetically modified the human heavy chain
ferritin to have only one cysteine exhibited per subunit on the surface. To each
cysteine, a b-cyclodextrin (24 per cage) was attached through thiol-maleimide
Michael-type addition followed by copper(I) catalyzed azide-alkyne cycloaddi-
tion. This allowed formation of inclusion complexes with fluorescein isothiocy-
anate-conjugated adamantane and to slowly release it reversibly in a buffer
solution. Such an approach is proposed as a new possibility for non-covalently
capturing hydrophobic molecules, such as insoluble drugs, and for a limited
period allowing them to be delivered to the desired cells or/and tissues (Kwon
et al. 2012).
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Another potential application of ferritin in the biomedical field has been
proposed by Babincová et al. (2000), who suggested exploiting the magnetic
properties of the ferritin iron core for magnetic fluid hyperthermia (MFH). MFH is
a promising new cancer treatment aimed at killing tumor cells inducing their
apoptosis/necrosis by increasing the temperature over the physiological tolerance
threshold of the target. The procedure has been successfully used in glioma,
prostate, liver, and breast tumors. Magnetic NPs should be applied directly to the
tumor or injected into the body intravenously and diffuse selectively into can-
cerous tissues. Adding a safe high-frequency magnetic field (100–400 kHz), leads
the particles to heat up, raising the temperature of the tumor cells without dam-
aging the normal ones. However, at present, data showing the heating capacity of
super-paramagnetic cores encapsulated in ferritins remains lacking.

4.3.2 Tumor Targeting Using Ferritin-Based NPs

For all the applications described so far, the development of molecules endowed
with the ability to specifically direct NPs to selected cells and tissues would be of
great value. In this direction, the exterior surface of the ferritin assembly possesses
all the features necessary to operate as an appropriate platform for specific cell
targeting/delivery. As mentioned above, modification of the protein exterior sur-
face can be achieved either chemically or genetically. For instance, short peptide
sequences and full length antibodies or their fragments, able to recognize specific
cell receptors, can be genetically conjugated with the N-terminal region of HFt.

In previous reports, HFt has been genetically conjugated with an arginine-
glycine-aspartate (RGD)-containing tumor targeting peptide which is recognized
by a large number of integrin molecules expressed by melanoma, glioma, and
other tumors as well as by normal cells (Li et al. 2012a; Kitagawa et al. 2012).
Different groups found that the RGD-modified magnetoferritin could bind to many
types of tumor cells, including amelanotic melanoma, glioblastoma, and lung
adenocarcinoma cells (Zhen et al. 2013; Uchida et al. 2006). However, in some
cases, it seemed that these ferritin NPs have a quick washout from the tumor and
that RGD-integrin targeting would not increase accumulation of NPs in tumor.
Therefore, it is not clear about the in vivo behavior of targeted ferritin-based NPs
and whether active targeting would effectively guide NPs to tumor sites.

Recently, our group has genetically linked HFt to a-melanocyte-stimulating
hormone (a-MSH) (Vannucci et al. 2012). The MSH peptide binds to melano-
cortin receptors that are overexpressed by melanoma cells and metastases, and are
expressed to a lesser extent only by melanocytes (Miao and Quinn 2008). As a
consequence, it is expected to be significantly more selective than the RGD
peptide linked to HFt in previous studies, in that the RGD moiety is recognized by
a large number of integrin molecules which are expressed by both normal and
tumor cells. Furthermore, to increase the circulation time of ferritin, as well as to
minimize nonspecific binding versus other human cells, we chemically conjugated
the HFt surface with PEG molecules (Fig. 3). Targeted HFt-NPs, loaded with MRI
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or fluorescent tracers, were shown to accumulate significantly at the melanoma
level for at least one week after systemic administration with high selectivity in
comparison to both other tissues and a different type of tumor (adenocarcinoma).
Untargeted HFt-NPs also showed a melanoma localization, but this was less
pronounced and disappeared more rapidly than with the targeted counterparts,
indicating that active targeting provides a relevant contribution to melanoma
localization (Vannucci et al. 2014). Also, the HFt-MSH NPs were also able to
target melanoma metastases that represent the actual cause of melanoma mortality.

Other genetic ferritin-based constructs have been developed recently in dif-
ferent laboratories. In these cases, larger targeting moieties were used, such as a
full polypeptide or a portion of antibody. Li et al. (2012b) generated an epidermal

Fig. 3 Top. Example of a HFt-based nanoplatform for melanoma targeting. HFt protein was
derivatized with a melanoma targeting peptide (MSH) that has been genetically joined to the
N-terminus of each of the 24 subunits by a linker peptide (only 5 of the 24 derivatized N-termini
are shown, for clarity). Additionally, novel functionalities (PEG, rhodamine, magnetic iron) have
been added to this nanoconstruct by chemical derivatization. Bottom. Confocal laser scanning
microscopy of a melanoma cell. The shown confocal image reveals an evident binding and uptake
of HFt-based NPs after in vitro incubation. (red: NP fluorescence; blue: nucleus stained with
DAPI. From International Journal of Nanomedicine by DOVE Medical Press. Reproduced with
permission of DOVE Medical Press in the format Book via Copyright Clearance Center, see
Ref. Vannucci et al. 2012)
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growth factor (EGF)-HFt chimeric protein. The HFt NPs bearing EGF on the
surface were able to accumulate in breast tumors in a mouse xenograft model.
Dehal et al. (2010) produced and assessed magnetized fusion proteins consisting of
the antigen-binding portion of an antibody (single chain variable fraction) fused to
the ferritin protein. The resultant fusion protein was shown to be magnetizable and
capable of binding target antigens. However, it should be noted that both proce-
dures described above generated fusion proteins as insoluble products. This meant
additional purification steps, lower yields, and increased costs that could preclude
possible translation into the clinic.

Another elegant strategy was recently developed by Kang et al. that genetically
introduced a Fc-binding peptide (FcBP) into the sequence of ferritin (Kang et al.
2012). FcBP-presenting ferritin (FcBP-ferritin) formed very stable non-covalent
complexes with both human and rabbit immunoglobulins G (IgGs) through the
simple molecular recognition between the Fc region of the antibodies and the
Fc-binding peptide clusters inserted onto the surface of FcBP-ferritin. This
approach has the great advantage of producing precisely-oriented antibodies on the
surfaces of the protein cage simply by mixing without any complicated chemical
conjugation.

All the targeting strategies described above pointed out to the joint of the
ferritin surface with selective molecules, endowed with the ability to specifically
direct NPs to selected cells and tissues. However, HFt per se has the ability to
effectively bind cancer cells. A recent breakthrough finding was the identification
of a ferritin receptor, transferrin receptor 1 (TfR1) (Li et al. 2010). In fact, the
expression of TfR1 in proliferating cells, such as cancer cells, may be up to 100-
fold higher than in normal cells. Fan et al. (2012, 2013) have exploited this finding
and they successfully targeted TfR1 on different tumor tissues (using the visual-
ization technique described above) to distinguish between tumors and normal
tissues. In particular, they screened 474 clinical samples and found that H-ferritin
specifically binds to the nine most common solid tumors, including liver, lung,
colon, cervical, ovarian, prostate, breast, and thymus cancers. However, although
this approach is very useful and powerful for ex vivo analyses, it should be
improved and re-calibrated for its use in vivo. In fact, it is well known that when
injected systemically, naked ferritin NPs possess short half-life in the bloodstream,
thus limiting their desirable large and effective accumulation at the tumor sites.
Therefore, future research should be directed towards fully utilizing the intrinsic
properties of the ferritin system for in vivo applications.
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Cytocompatible Phospholipid Polymers
for Non-invasive Nanodevices

Tomohiro Konno

Abstract The design of cytocompatible polymer materials without any cytotox-
icity is an essential and important part in the preparation of nanodevices for the
delivery of bioactive molecules. The phospholipid polymer 2-methacryloyloxy-
ethyl phosphorylcholine (MPC) is a strong candidate to provide such nanodevices
because of its excellent cytocompatibility. Water-soluble MPC polymers bearing
hydrophobic monomer units can form a stable polymer aggregate structure in
biological milieus because of their amphiphilic nature. The obtained polymer
aggregate can solubilize poorly soluble molecules, including bioactive molecules.
In addition, MPC polymers containing active ester units to immobilize bioactive
molecules are useful to investigate the bioactivity of immobilized molecules
because non-specific interactions with biomolecules are reduced. The concept of a
‘‘cell-shuttle’’ that can penetrate the cell membrane without showing any cyto-
toxicity will be described.

Keywords Phospholipid polymer � Polymer aggregate � Solubilization � Polymer
nanoparticles � Biointerfaces � Bioconjugate � Cell membrane penetration �
Paclitaxel � Cell-shuttle
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1 Amphiphilic Phospholipid Polymers as Colloid
Biomaterials

Molecular assemblies consisting of low-molecular-weight phospholipids such as
liposomes and lipid microspheres have the potential to deliver hydrophobic bio-
active molecules, including anti-cancer drugs, because of their excellent cyto-
compatibility. Although much effort has been made to improve their effectiveness
in drug delivery systems, most attempts have failed because of the lack of
mechanical and chemical stability under physiological conditions. Thus, the sta-
bility of these phospholipid assemblies must be improved.

The cell membrane is a sophisticated, nanostructured barrier in living organ-
isms (Singer and Nicholson 1972). The cell membrane is mainly composed of
phospholipid molecules, which play an important role in various bioreactions. The
structure of the cell membrane is the most attractive candidate for the fabrication
of nanostructured biomaterials. Phospholipid molecules are the fundamental unit
in the construction of the cell membrane. In particular, phosphorylcholine, an
electrically neutral, zwitterionic head group, is one of the major phospholipid polar
groups on the cell membrane. In 1990, Ishihara et al. reported the significant
functions of the phospholipid polymer 2-methacryloyloxyethyl phosphorylcholine
(MPC) (Ishihara et al. 1990). MPC is a methacrylate derivative and can copoly-
merize with any other vinyl monomers. In particular, MPC polymers containing an
n-butyl methacrylate unit are widely used as coating materials for various medical
devices (Moro et al. 2004; Snyder et al. 2007). Even when blood is applied to the
surface of MPC polymers, protein adsorption and platelet adhesion are suppressed,
confirming that MPC polymers have excellent cytocompatibility (Ishihara et al.
1998; Ishihara 2000; Iwasaki et al. 2001) (Fig. 1).

Because the MPC unit is highly hydrophilic, poly(MPC) and amphiphilic MPC
polymers can be dissolved in water. Every MPC polymer with hydrophobic
monomer units could be dissolved in water, if the polymer contains more MCP
units than hydrophobic monomer units. A MPC polymer composed of about
70 mol% of n-butyl methacrylate and with a molecular weight above 105 did not
dissolve in water. However, the polymer became water-soluble as the molecular
weight decreased. In our previous publication, the surface tension of an aqueous
solution containing amphiphilic MPC polymers decreased with increasing polymer
concentration (Ishihara et al. 1999). This phenomenon is due to the formation of an
MPC polymer aggregate in water (Fig. 2).

The amphiphilic phospholipid polymer PMB30W can solubilize hydrophobic
and water-insoluble molecules such as perylene and pyrene. Konno et al. (2003)
reported the solubilization ability of PMB30W for the poorly water-soluble drug
paclitaxel (PTX). The water solubility of PTX is less than 0.3 lg/mL. Because of
its poor solubility in water and many other acceptable pharmaceutical solvents,
specific emulsifying agents such as Cremophor EL� (Cre) are, in general, used to
formulate PTX in commercial injection solutions. However, serious hypersensi-
tivity reactions have been reported in some individuals because the amount of Cre
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used in PTX formulations is significantly higher than that in any other marketed
drug. Therefore, alternative dosage forms for the administration of PTX need to be
developed to reduce undesirable side effects induced by Cre. The core polarity of
PMB30W is the same as that of ethanol, which is a good solvent for PTX. The
diameter of a PMB30W aggregate containing 1 mg/mL of PTX was 50 nm in an
aqueous medium. The concentration of PTX in an aqueous solution of PMB30W

Fig. 1 Schematic representation of cell membrane and chemical structure of MPC polymer
(PMB30W)

Fig. 2 Schematic illustration of PMB30W aggregate and characterization for colloid
biomaterials
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reached 5.0 mg/mL. The solution was transparent and stable for up to 1 month at
room temperature, i.e., PTX did not precipitate during the storage period (Fig. 3).

Soma et al. (2009) reported the in vivo pharmacological activity of PTX sol-
ubilized in PMB30W. The authors used a peritoneal metastasis model in which
nude mice were inoculated with the human gastric cancer-derived cell line
MKN45P. The effect of intraperitoneal (i.p.) administration of PTX solubilized in
PMB30W was then compared with that of conventional PTX dissolved in Cre.
Drug accumulation in peritoneal nodules was evaluated by determining the intra-
tumor PTX concentration and fluorescence microscopic observation. The results
showed that the number of metastatic nodules and tumor volume were significantly
decreased and the survival time was prolonged by treatment with PMB30 W-
solubilized PTX compared to conventional PTX dissolved in Cre. Furthermore, the
PTX concentration in disseminated tumors measured by high-performance liquid
chromatography was higher in the PMB30W group than in the Cre group for up to
24 h after i.p. injection.

Kamei et al. (2011) reported the in vivo effectiveness of PMB30W as drug
carrier. In their study, Oregon green-conjugated PTX was solubilized in PMB30W
and the solubilized PTX showed perivascular accumulation in MKN45P tumors in
the peritoneum at 24 h after intravenous (i.v.) injection. The amount of PTX
detected in the tumor was markedly less than that in liver. In contrast, a larger
amount of PTX accumulated in the peripheral area of disseminated nodules at 1 h
after i.p. injection; the area increased gradually over time. The depth of PTX

Fig. 3 Images of solubilized condition of PTX in the various amphiphilic MPC polymers
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infiltration (measured from the tumor surface) reached 1 mm at 48 h after i.p.
injection; the fluorescence intensity in the tumor was markedly greater than that in
liver. Interestingly, PTX injected i.p. preferentially accumulated in relatively
hypovascular areas, and many apoptotic tumor cells were observed near areas of
PTX accumulation.

2 Bioconjugated MPC Polymer Nanoparticles

Immobilization of biomolecules is important in designing targeting drug carriers.
The method used for immobilization under mild conditions should be simple.
Furthermore, the biomolecules should maintain their specific bioactivity after
immobilization. On the basis of the chemical structure of PMBs, which provide
excellent cytocompatibility, new polymers are designed to conjugate biomolecules
on the surface under mild conditions. The conjugation reaction of the biomolecules
has to be carried out in an aqueous medium under the physiological pH range and
temperature because of the low stability of biomolecules. Therefore, active ester
groups are suitable because they can react with the amino groups in the biomol-
ecules. A novel MPC polymer was synthesized on the basis of the chemical
structure of PMB, poly(MPC-co-n-butyl methacrylate-co-p-nitrophenyloxycar-
bonyl poly(oxyethylene) methacrylate) (PMBN). The p-nitrophenyloxycarbonyl
poly(oxyethylene) methacrylate unit has an active ester group in the side chain and
can react with a specific biomolecule via condensation (Konno et al. 2004, 2006;
Ito et al. 2006; Watanabe and Ishihara 2006) (Fig. 4).

Non-specific protein adsorption on nanoparticles was examined using PMBN
modified poly(L-lactic acid) (PLA) nanoparticles (PMBN/PLA nanoparticles) and
conventional polystyrene nanoparticles (Goto et al. 2008). Numerous albumin
molecules were adsorbed on commercially available polystyrene nanoparticles.
However, after reaction with glycine to avoid a reaction between albumin and p-
nitrophenyloxycarbonyl poly(oxyethylene) methacrylate units on the nanoparti-
cles, almost no adsorption on PMBN/PLA nanoparticles was observed. The
amount of albumin adsorbed on PMBN/PLA nanoparticles was approximately 1/
300 compared to that adsorbed on polystyrene nanoparticles. Thus, as a platform,
PMBN/PLA nanoparticles showed excellent suppression of non-specific protein
adsorption. Furthermore, Goto et al. (2008) reported PMBN/PLA nanoparticles
that can penetrate cells noninvasively. The octaarginine peptide (R8) was immo-
bilized on PMBN/PLA nanoparticles embedded with quantum dots for the eval-
uation of its cell penetrating ability. R8 is known as cell membrane-penetrating
peptide. It has the ability to translocate through cell membranes in a manner that
does not involve typical endocytic internalization pathways. R8-conjugated
PMBN/PLA nanoparticles were clearly associated with HeLa cells and internal-
ized to a perinuclear location. Preliminary experiments were carried out using
other amino acid and octapeptide sequences to confirm the selectivity of the uptake
by cells. However, only small amounts of octapeptides of glutamic acid (E8) and
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asparagine (N8) were taken up by the cells. Octapeptides of tyrosine (Y8) and
histidine (H8) were not effectively taken up by the cells. These results indicated
that R8 could function as a cell-penetrating peptide even in close proximity to
phosphorylcholine groups, which reduce translocation into the cytosol (Figs. 5, 6).

Fig. 4 Chemical structure of the MPC polymer for bioconjugation (PMBN)

Fig. 5 Uptake of polymer nanoparticles covered with artificial cell membrane without and with
R8 immobilization
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PMBN nanoparticles were applied in an in vivo experiment to evaluate their
potential as targeting drug carrier. Miyata et al. (2009) reported PMBN conjugated
with the preS1 domain of the hepatitis B surface antigen for targeting interleukin 6
and/or an immunoglobulin A binding protein. Conjugation of preS1 to PMBN
resulted in a strongly enhanced synergistic inhibitory effect of PTX on HepG2
cells.

Shimada et al. (2009) reported the use of epidermal growth factor conjugated to
PTX-containing PMBN particles and the growth inhibitory and antitumor effects
of the obtained particles on cancer cells that overexpress epidermal growth factor
receptors. Cytotoxicity and antitumor effects were significantly increased. Thus,
PMBN nanoparticles are a strong candidate for delivering biomolecules, including
drugs and differentiation reagents, and developing new applications in the field of
cell engineering.

3 Cell Shuttle for Non-invasive Nanodevices

Amphiphilic MPC polymers were shown to have unique properties in biological
milieus. In particular, the phospholipid polymer PMB30W is non-cytotoxic even
though it has an amphiphilic nature. The amphiphilic nature of PMB30W is useful
to solubilize poorly soluble drugs, including PTX, amphotericin B, all-trans reti-
noic acid, and so on. In addition, aggregates of PTX solubilized in PMB30W were
shown to have good pharmacological activity in vivo. Recently, it was confirmed
that water-soluble PMB permeates the cell membrane through a simple diffusion
process (Goda et al. 2010; Kojima et al. 2011). When PMB was labeled with a

Fig. 6 Effect of amino acid
residue of immobilized
oligopeptide on cellular
uptake
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specific fluorescence monomer via copolymerization and added to cell culture
medium, uptake by the cells due to PMB diffusion could be observed within 1 min.
Goda et al. (2010) reported the interaction between PMB and the cell membrane.
When PMB30W labeled a with fluorescence monomer unit was added to hepa-
tocytes, it was very rapidly taken up by the cells and the fluorescence intensity
increased continuously. Noteworthy, localized fluorescence polymers were able to
escape from the cytoplasm when the cell culture medium was replaced with fresh
medium. Although the trends in polymer uptake and intracellular distribution were
qualitatively similar in serum-free and serum-containing media, the comparable
inhibition of the cellular uptake of PMB30W in serum-containing medium pre-
sumably reflects binding to serum proteins. Whether the fluorescent dyes located
in the cytosol indicate the positions of PMBs or simply fluorescent dye that has
been enzymatically cleaved from the polymer was confirmed by relaxation modes
of the fluorescent dyes in the cytosol using fluorescence correlation spectroscopy.
The results clearly indicated cytosolic entry of PMB30W without cleavage of the
fluorescent dye from the polymer. Furthermore, the authors observed direct pen-
etration of water-soluble fluorescent PMBs with higher weight-average molecular
weight of up to 4.0 9 106 (Fig. 7).

Fig. 7 Fluorescence PMB30W distributes in subcellular compartments of HepG2 cells based on
the organelle specificity of the fluorescent dyes after direct penetration. Confocal images of
multiple color staining of live HepG2 cells incubated with fluorescence PMB30W (1 mg/mL
each) in serum-free medium for 30 min at 37 �C
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4 Conclusion

On the basis of the presented fundamental findings, water-soluble MPC polymer
aggregates and nanoparticles are widely applied to various colloid biomedical
devices, e.g., hydrogels containing functional cells, multilayered hydrogels for
controlled release of bioactive molecules, gene carriers, nanoparticles for bioi-
maging, and so on. It can be concluded that water-soluble and amphiphilic MPC
polymers and their potential as colloid biomaterials would be useful for the
development of powerful nanodevices to explore new applications in the fields of
cell engineering and nanomedicine molecular science.
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Intracellular Protein Delivery
Using Self-Assembled Amphiphilic
Polysaccharide Nanogels

Asako Shimoda, Shin-ichi Sawada and Kazunari Akiyoshi

Abstract Intracellular delivery of exogenous proteins is a field of bioscience that has
grown rapidly in recent years, driven by the potential clinical applications. We
developed a protein nanocarrier composed of amphiphilic polysaccharide nanogels
formed by self-assembly of ethylenediamine- and cholesteryl group-bearing pullulan
(CHP-NH2). The nanogel strongly interacts with cells allowing proteins to be inter-
nalized more effectively than with other carriers, such as cationic liposomes and a
protein transduction domain-based amphiphilic peptide carrier. An interesting prop-
erty of nanogels is that they can form a stable complex with proteins that are suitably
sized suitable for intracellular uptake (*50 nm). Nanogels also act as artificial
chaperones by preventing the aggregation of denatured protein and aid correct protein
refolding. We also developed a cell-specific peptide (Arg-Gly-Asp; RGD)-modified
nanogel (CHP-RGD) with greater potential for cell-specific, receptor-mediated
delivery. This nanogel was effectively internalized into cells via integrin-mediated
endocytosis, specifically clathrin-mediated endocytosis and macropinocytosis. Cell-
specific peptide-modified polysaccharide nanogels are expected to have broad
applications in drug delivery. In this chapter, we describe the results of recent studies
and discuss future challenges for protein delivery using polysaccharide nanogels.

Keywords Cholesteryl group-bearing pullulan � Polysaccharide nanogels �
Protein delivery
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CHP Cholesteryl group-bearing pullulan
CHP-NH2 Ethylenediamine-bearing CHP
PEG Polyethylene glycol
PTD Protein transduction domain
QD Quantum dot
PEGSH Thiol group-bearing PEG
W9 peptide WP9QY

1 Introduction

Therapeutic proteins and peptides have received significant attention because of
their potential to treat and prevent diseases. However, they are often unstable as a
colloid, are rapidly cleared, and may induce serious side effects. To overcome
these issues, nanocarrier-based drug delivery systems have been developed to
improve their bioavailability, reduce their toxicity, and allow alternative routes of
administration. Several types of nanocarriers have been reported, including
hydrogels, microspheres and lipid-based materials. In this chapter, we focus on the
potential for using hydrogel nanoparticles (nanogels) as protein delivery systems.

Hydrogels are polymeric three-dimensional networks with a substantial volume
of aqueous solution. Nanogels are nanometer-sized hydrogel particles (\100 nm)
that have attracted growing interest as possible drug delivery systems because of the
unique properties of nano-sized hydrogel systems (Kabanov and Vinogradov 2009).
Although many polymers have been used to develop hydrogels, polysaccharides
have particular advantages for this purpose. They are available from various natural
sources, including plants, microbes, and animals. Moreover, they are non-toxic,
biocompatible, and biodegradable because they are natural biomaterials (Lee and
Mooney 2001). Hence, polysaccharide hydrogels are ideal biomaterials for use in
medical fields, including in tissue engineering and as drug delivery systems.

2 Design of Self-Assembled Nanogels Using Associating
Polysaccharides

2.1 Development of Self-Assembled Nanogels Consisting
of Cholesteryl Group-Bearing Pullulans as a Protein
Drug Delivery System

Nanogels are generally prepared as chemically cross-linked nanogels or physically
cross-linked nanogels (Hennink and Nostrum 2002). Various methods of preparing
chemically cross-linked nanogels have been developed, including radical poly-
merization of polymers and reacting a low-molecular weight cross-linking agent
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with a polymer. Although these methods can be applied to most polymers, it is
difficult to control the resulting network. Furthermore, many cross-linking agents
are toxic. By contrast, physically cross-linked nanogels are formed by non-cova-
lent interactions such as hydrogen bonds, van der Waals forces, electrostatic
interactions, and hydrophobic interactions. The network is simple to prepare under
mild conditions, and allows the hydrogels to stably trap the target compound. We
reported that polysaccharides partially modified with hydrophobic molecules show
a unique associative behavior. In particular, cholesteryl group-bearing pullulan
(CHP) self-assembles into stable nanogels (*30 nm in diameter) in water.
Because CHP nanogels contain multiple hydrophobic domains, they can trap
various kinds of proteins by hydrophobic interaction and release them by exchange
reactions with other proteins or following the addition of methyl-b-cyclodextrin,
which is an acceptor for cholesterol (Akiyoshi et al. 1993). Interestingly, CHP
nanogels display a chaperone-like activity and release encapsulated proteins in
their native form. The CHP nanogels probably prevent the aggregation of isolated
proteins and facilitate their refolding. These properties are important when
designing protein carriers or effective protein reservoirs in drug delivery systems
and in protein engineering (Sasaki and Akiyoshi 2010) (Fig. 1).

Because of their chaperone-like activity, CHP nanogels are useful carriers of
therapeutic proteins, such as insulin, cytokines, antigen proteins in cancer vac-
cines, and nasal vaccines. Notably, the cancer antigen NY-ESO-1 complexed with
CHP nanogels (CHP-NY-ESO-1) was effectively transported to lymph nodes and
was internalized into antigen-presenting cells, including dendritic cells and mac-
rophages (Ikuta et al. 2002; Kageyama et al. 2008). Several clinical trials of CHP-
NY-ESO-1 are ongoing, which implies that nanogel-based vaccines have potent
activity by inducing immune responses against the NY-ESO-1 antigen in cancer
patients.

We have also used CHP nanogels as a peptide delivery system. WP9QY/W9
(W9 peptide), a tumor necrosis factor antagonist peptide, effectively inhibits bone
resorption in many murine models, but it is rapidly degraded in serum and readily
aggregates following administration. To generate a more efficient delivery system
that controlled the release system of W9 peptide, we used CHP nanogel as a
carrier. W9 peptide formed a stable complex with CHP nanogels without aggre-
gation, and twice daily injection of W9/CHP inhibited bone resorption induced by
low dietary Ca. These results suggest that CHP nanogels could be an effective
carrier for peptide drugs (Alles et al. 2009).

2.2 Self-Assembled Nanogel Engineering

Rational design of hybrid nanogels offers the possibility of achieving specific
functions by adjusting the molecular composition. In particular, it is possible to
modify the hybrid nanogels with inorganic molecules, ionic or polymerizable
groups, and targeting ligands such as peptides and antibodies. So far, many
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different functional nanogels have been developed, including stimulus-responsive
nanogels, thermoresponsive nanogels, photoresponsive nanogels, and organic-
inorganic hybrid nanogels. The bottom-up method of preparing nanogel-integrated
hydrogels is an attractive way to control the hydrogel’s nanostructure. This
structure is formed by chemically cross-linking the nanogels with polyethylene
glycol (PEG) derivatives and coating the surface of the nanogels with PEG. Ac-
ryloyl group-bearing CHP nanogels cross-linked with thiol group-bearing PEG
(PEGSH) also form a nanogel assembly (Hasegawa et al. 2009; Shimoda et al.
2012a, b). In this system, the nanogels are gradually released from the hydrogel
because the nanogels and the cross-linker dissociate under physiological condi-
tions. Raspberry-like nanoparticles with a diameter of 50–150 nm and consisting
of 70–160 nanogels formed under dilute concentrations of nanogels. These
nanoparticles can be used as an injectable nanocarrier capable of sustained release
of various proteins, such as cytokines, over a relatively long time. In addition, the
elimination half-life (t1/2) of nanoparticles was much longer than that of CHP
nanogels following intravenous injection. These results indicate that nanogel-
integrated hydrogels represent a novel sustained-release protein delivery system
(Miyahara et al. 2012; Fujioka-Kobayashi et al. 2012).

Fig. 1 Self-assembled nanogels composed of cholesteryl group-bearing pullulans (CHP).
a Formation and chemical structure of the CHP nanogel. b Interaction between the CHP
nanogel and protein
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3 Protein Delivery by Self-Assembled Polysaccharide
Nanogels

3.1 Cationic Nanogels

The surface charge of nanogels is one of the important determinants of the effi-
ciency of internalization into cells. Because the cellular membrane is negatively
charged, cationic nanogels bind tightly to the cell surface. To improve the inter-
nalization of nanogels, a cationic group (ethylenediamine) was introduced to the
CHP nanogels (CHP-NH2 nanogels) (Ayame et al. 2008). CHP-NH2 nanogels also
formed monodisperse nanogels (*30 nm) capable of interacting with proteins.
Moreover, CHP-NH2 nanogels were less toxic and were more efficiently delivered
into various cell types compared with other protein carriers, including cationic
liposomes and protein transduction domain (PTD)-based carrier. We reported
several applications of cationic nanogels as protein delivery systems, such as
quantum dots (QDs). QDs are semiconductor nanocrystals that are often used as
fluorescent probes for cellular tracking (Hasegawa et al. 2005). However, the
uptake efficiency of QDs is very low and they readily form aggregates after
internalization. To overcome these problems, we tested the potential for CHP-NH2

nanogels for a QD delivery system. Internalization of the CHP-NH2-protein-coated
QD complex was more efficient than that of cationic liposomes. Hence, the CHP-
NH2 nanogel has great potential for in long-term cell imaging studies (Fig. 2).

In general, PTD-mediated protein carriers interact with heparan sulfate
expressed on the surface of target cells. However, the cell surface expression of
heparan sulfate is quite low on some cells, especially metastatic cells and lym-
phocytes. Therefore, alternative protein carriers are needed for cancer immuno-
therapy. We demonstrated that CHP-NH2 nanogels efficiently delivered proteins
into myeloma cells and primary CD4+ T lymphocytes, which express low levels of
heparan sulfate. Compared with other protein carriers, such as cationic liposomes
and PTD-based peptides, the protein-CHP-NH2 nanogel complex was effectively
internalized into the cells with low heparan sulfate expression. This result was
probably due to the mechanism of cell internalization, macropinocytosis. Inter-
estingly, the CHP-NH2 nanogel complexed with the anti-apoptotic protein Bcl-xL
blocked apoptosis of these cells, indicating that the proteins delivered by CHP-
NH2 nanogels were capable of functionally regulating target cells (Watanabe et al.
2011) (Fig. 3).

We recently developed a novel nasal vaccine using cationic nanogels (Nochi
et al. 2010; Yuki et al. 2012). We investigated the immune responses following
nasal administration of complex of CHP-NH2 nanogel and a C-terminal avirulent
region of the heavy chain of botulinus toxin (BoHc) (Nochi et al. 2010). The serum
total IgG and IgA antibody titers to botulinus toxin were significantly higher in the
mice immunized with the CHP-NH2–BoHc complex than in those immunized with
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BoHc alone. These findings indicate that transnasal administration of the CHP-
NH2–BoHc complex induces immune responses in the nasal mucous membrane.
Additionally, the viability of mice immunized with the CHP-NH2–BoHc complex
was significantly greater than that of mice immunized with BoHc alone. Histo-
logical images revealed that the CHP-NH2–BoHc complex was effectively
delivered to the nasal mucosa and was retained for a long time after intranasal
administration. Following internalization of the complex into the nasal epithelium,
BoHc was gradually released from the CHP-NH2 nanogel in the epithelial cells.
BoHc released from the CHP-NH2 nanogel was also effectively phagocytosed by
CD11c+ dendritic cells located in the epithelial layer and in the lamina propria of
the nasal cavity. These results suggest that the CHP-NH2 nanogel enhanced the
effect of a vaccine antigen, and can be used as a safe delivery carrier for intranasal
vaccines.

Fig. 2 Complexation of a cationic nanogel (CHP-NH2) with protein-coated quantum dots (QDs).
a Scheme and chemical structure of the CHP-NH2-QD complex. b The CHP-NH2-QD was
effectively internalized into target cells (reprinted from Hasegawa et al. 2005)
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3.2 RGD-Modified Nanogels

CHP-NH2 nanogels strongly interacted with cells and delivered various proteins
much efficiently than other carriers. However, there are some limitations,
including high cytotoxicity, which is correlated with the number of cationic
groups, and low target site specificity. We developed a new nanogel with a tar-
geting function using a ligand-modified protein delivery carrier. The cell recog-
nition motif (RGD; Arg-Gly-Asp) was selected as the targeting ligand and
evaluated the efficacy of cellular uptake (Shimoda et al. 2011). The nanogel
exhibited much less toxicity compared with the CHP-NH2 nanogel and was
effectively internalized into cells via integrin receptor-mediated endocytosis. The
fluorescence of proteins overlapped with the RGD-modified nanogel, indicated
that the proteins were internalized as a complex with the nanogels. After 24 h, the
proteins were released from the nanogels, probably via exchange reactions with
other proteins. Interestingly, the cellular uptake of nanogels involved multiple
pathways, including clathrin-mediated endocytosis, macropinocytosis, and cave-
olae-mediated endocytosis. The RGD-modified nanogels subsequently escaped
from the endosomes after incubation for 24 h. These results indicate that poly-
saccharide nanogels with targeting peptides show great potential for intracellular
protein delivery (Fig. 4, 5).

Fig. 3 Results of flow
cytometry of the cellular
uptake of proteins mixed with
peptide-based carriers,
cationic liposomes, and CHP-
NH2 nanogels (reprinted from
Watanabe et al. 2011)
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Fig. 4 RGD-modified nanogels were internalized into cells via integrin-mediated endocytosis

Fig. 5 Cellular uptake of protein/RGD-modified nanogel complexes. a Proteins internalize into
the cells in the form of a complex with the nanogels. b Proteins were released from the nanogels
after incubation for 24 h (reprinted from Shimoda et al. 2011)
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4 Concluding Remarks

We developed polysaccharide nanogels with chaperone-like activity, a crucial
property for protein delivery systems. In recent years, phase I clinical trials were
completed using CHP nanogels trapping HER2 or NY-ESO-1 antigen proteins for
cancer vaccination, and further clinical trials, including adoptive T cell therapy,
are now underway.

CHP nanogels have been improved to provide a suitable template to fulfill
various demands as protein delivery systems. CHP nanogels cross-linked with
polyethylene glycol were developed as a sustained protein release system. The
junction between the nanogel and the cross-linker degrades under physiological
conditions, gradually releasing the individual nanogel molecule. Such nanogel
cross-linked hydrogels are useful as a novel scaffold, including bone regeneration.

CHP with functional cationic groups and nanogels modified with cell recog-
nition motifs have been proposed for intracellular protein delivery. Both nanogel
systems were effectively internalized into cells and released their encapsulated
proteins via exchange reaction. These nanogels can be used as imaging probes, for
cancer therapy, and in immune regulation. Our integrated protein delivery systems
will provide a new field for tailor-made functional hydrogel materials.

References

Akiyoshi K, Deguchi S, Moriguchi N et al (1993) Self-aggregates of hydrophobized
polysaccharides in water. Formation and characteristics of nanoparticles. Macromolecules
26(12):3062–3068

Alles N, Soysa NS, Mian AH et al (2009) Polysaccharide nanogel delivery of a TNF-a and
RANKL antagonist peptide allows systemic prevention of bone loss. Eur J Pharm Sci
37(2):83–88

Ayame H, Morimoto N, Akiyoshi K (2008) Self-assembled cationic nanogels for intracellular
protein delivery. Bioconjug Chem 19(4):882–890

Fujioka-Kobayashi M, Ota MS, Shimoda A et al (2012) Cholesteryl group- and acryloyl group-
bearing pullulan nanogel to deliver BMP2 and FGF18 for bone tissue engineering.
Biomaterials 33(30):7613–7620

Hasegawa U, Nomura SM, Kaul SC et al (2005) Nanogel-quantum dot hybrid nanoparticles for
live cell imaging. Biochem Bioph Res Co 331(4):917–921

Hasegawa U, Sawada S, Shimizu T et al (2009) Raspberry-like assembly of cross-linked nanogels
for protein delivery. J Control Release 140(3):312–317

Hennink WE, Nostrum CF (2002) Novel crosslinking methods to design hydrogels. Adv Drug
Deliv Rev 54(1):13–36

Ikuta Y, Katayama N, Wang L et al (2002) Presentation of a major histocompatibility complex
class 1-binding peptide by monocyte-derived dendritic cells incorporating hydrophobized
polysaccharide-truncated HER2 protein complex: implications for a polyvalent immuno-cell
therapy. Blood 99(10):3717–3724

Kabanov AV, Vinogradov SV (2009) Nanogels as pharmaceutical carriers: finite networks of
infinite capabilities. Angew Chem Int Edit 48(30):5418–5429

Intracellular Protein Delivery 273



Kageyama S, Kitano S, Hirayama M et al (2008) Humoral immune responses in patients
vaccinated with 1–146 HER2 protein complexed with cholesteryl pullulan nanogel. Cancer
Sci 99(3):601–607

Lee KY, Mooney DJ (2001) Hydrogels for tissue engineering. Chem Rev 101(7):1869–1879
Miyahara T, Nyan M, Shimoda A et al (2012) Exploitation of a novel polysaccharide nanogel

cross-linking membrane for guided bone regeneration (GBR). J Tissue Eng Regen M
6(8):666–672

Nochi T, Yuki Y, Takahashi H et al (2010) Nanogel antigenic protein-delivery system for
adjuvant-free intranasal vaccines. Nat Mater 9:572–578

Sasaki Y, Akiyoshi K (2010) Nanogel engineering for new nanobiomaterials: from chaperoning
engineering to biomedical applications. Chem Rec 10(6):366–376

Shimoda A, Sawada S, Akiyoshi K (2011) Cell specific peptide-conjugated polysaccharide
nanogels for protein delivery. Macromol Biosci 11(7):882–888

Shimoda A, Sawada S, Kano A et al (2012a) Dual crosslinked hydrogel nanoparticles by nanogel
bottom-up method for sustained-release delivery. Colloid Surf B 99:38–44

Shimoda A, Yamamoto Y, Sawada S, Akiyoshi K (2012b) Biodegradable nanogel-integrated
hydrogels for sustained protein delivery. Macromol Res 20(3):266–270

Watanabe K, Tsuchiya Y, Kawaguchi Y et al (2011) The use of cationic nanogels to deliver
proteins to myeloma cells and primary T lymphocytes that poorly express heparan sulfate.
Biomaterials 32(25):5900–5905

Yuki Y, Kong I, Sato A et al (2012) Nanogel-based PspA intranasal vaccine prevents invasive
disease and nasal colonization by Streptococcus pneumoniae. Infect Immun 81(5):1625–1634

274 A. Shimoda et al.



Part III
Simulation for Delivery

and Function



Molecular Dynamics Simulations
of Polyplexes and Lipoplexes Employed
in Gene Delivery

Deniz Meneksedag-Erol, Chongbo Sun, Tian Tang and Hasan Uludag

Abstract Gene therapy is an important therapeutic strategy in the treatment of a
wide range of genetic disorders. Delivery of genetic materials into patient cells is
limited since nucleic acids are vulnerable to degradation in extra- and intra-cellular
environments. Design of delivery vehicles can overcome these limitations. Poly-
mers and lipids are effective non-viral nucleic acid carriers; they can form stable
complexes with nucleic acids known as polyplexes and lipoplexes. Despite the
great amount of experimental work pursued on polymer or lipid based gene
delivery systems, detailed atomic level information is needed for a better under-
standing of the roles the polymers and lipids play during delivery. This chapter
will review molecular dynamics simulations performed on polyplexes and lipo-
plexes at critical stages of gene delivery. Interactions between various carriers and
nucleic acids during the formation of polyplexes/lipoplexes, condensation and
aggregation of nucleic acids facilitated by the carriers, binding of the polyplexes/
lipoplexes to cell membrane, as well as their intracellular pathway are reviewed;
and the gaps in the theoretical field are highlighted.
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Abbreviations

RNAi RNA interference
dsRNA Double stranded RNA
RISC RNA-induced silencing complex
siRNA Short interfering RNA
DOPC 1,2-Dioleoyl-sn-glycero-3-phosphocholine
DOPE Dioleoylphosphatidylethanolamine
DOTAP 1,2-Dioleoyl-3-trimethylammonium-propane
DMTAP Dimyristoyltrimethylammonium propane
DMPC Dimyristoylphosphatidylcholine
DPPC Dipalmitoylphosphatidylcholine
PAMAM Polyamidoamine
PBAE Poly(beta-amino ester)
PEI Polyethylenimine
PLL Poly-L-lysine
CDP Cyclodextrin-polycation
CME Clathrin-mediated endocytosis
CvME Caveolae/raft-mediated endocytosis
EGF Epidermal growth factor
MD Molecular dynamics
MM Molecular mechanics
QM Quantum mechanics
PME Particle mesh Ewald
PBC Periodic boundary conditions
DPD Dissipative particle dynamics
US Umbrella sampling
WHAM Weighted histogram analysis method
DFT Density functional theory
CG Coarse-graining
PTI Pancreatic trypsin inhibitor
ENM Elastic network model
LJ Lennard-Jones
MM-PBSA Molecular mechanic/Poisson–Boltzmann surface area
DAP 1,3-Diaminopropane
DAPMA N,N-Di-(3-aminopropyl)-N-(methyl)amine
TAP Trimethylammonium
MC Monte Carlo
PMF Potential of mean force
CA Caprylic acid
LA Linoleic acid
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1 Background on DNA and siRNA Delivery Systems

Gene therapy aims to modify expression of genes or correct abnormal genes by
delivering genetic material into specific patient cells for treatment of wide range of
genetic disorders, including cancer, inflammatory, metabolic, infectious cardio-
vascular and neurological diseases (Pack et al. 2005; Zhang et al. 2012). In gene-
based therapy of cancers, targeting tumour suppressor pathways has been an
attractive approach since the first clinical trial of p53 gene replacement for
treatment of non-small lung carcinoma in 1996 (McNeish et al. 2004; Roth et al.
1996). Since then, 64 % of gene therapy trials have been focused on treatment of
cancer diseases (J Gene Med 2013). The initial impetus behind gene therapy has
been the desire to use functional DNA-based expression vectors (be in viral or
non-viral form) to synthesize therapeutic proteins in situ. This approach relies on
the delivery of exogenous DNA cassettes so as to tap into the local cellular protein
synthesis machinery. The DNA in this case need to be cellularly internalized,
trafficked to the nucleus and recruit the appropriate transcription factors for pro-
duction of mRNAs for desired proteins. Such proteins have been intended for local
activity, where the proteins are functional at the vicinity of the gene delivery site,
as well as systemically, where the locally produced proteins are distributed
throughout the organism to function systemically. With the discovery of RNA
interference (RNAi) mechanism involving double stranded RNAs (dsRNAs) (Fire
et al. 1998), the scope of gene therapy was expanded by relying on RNAi-based
therapies (Zhang et al. 2012). RNAi is a post-transcriptional gene silencing process
triggered by dsRNA molecules in animals and plants. Relatively long dsRNA
molecules are cleaved by the enzyme Dicer, which belongs to Ribonuclease III
family, into short RNA molecules, which are 21–22 nucleotides in length
(Dominska and Dykxhoorn 2010; Elbashir et al. 2001). These dsRNA molecules
consist of a passenger and a guide strand, which need to be dissociated into single
strands to incorporate into RNA-induced silencing complex (RISC) via guide
strand (Matranga et al. 2005). Passenger strand is released after entry into RISC
and guide strand direct RISC to complementary sequence in target mRNAs,
resulting in mRNA cleavage and gene silencing (Dominska and Dykxhoorn 2010).
The practical (therapeutic) use of RNAi relies on short (*22 nucleotide pairs)
synthetic dsRNAs intended to undertake silencing for a pharmacological effect and
are named short interfering RNAs (siRNAs). siRNAs could be further chemically
modified (e.g., conjugated with cholesterol) for improved delivery and/or phar-
macological effect (Lorenz et al. 2004).

The great interest in deploying DNA and siRNA based gene therapeutics has
been dampened to some degree due to many challenges encountered in the
delivery of the agents and design of effective and safe gene therapy systems.
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1.1 Complexation with Carrier Vectors and Condensation

While the first step in therapeutic delivery of DNA and RNA based nucleic acid
reagents is systemic administration and extracellular penetration to target sites, we
will consider cellular entry as the first step in delivery for the purposes of this
manuscript. Significant limitations exist that prevent naked nucleic acids to be
efficiently delivered into cells. The negatively charged and hydrophilic nucleic
acids are not efficient to cross hydrophobic and negatively charged lipid bilayers of
cell membranes (Zhang et al. 2012). Physical strategies that allow delivery of naked
nucleic acids into cells, such as electroporation (Potter 1988), gene gun (Fynan et al.
1993) and ultrasound (Yoon and Park 2010), have been developed; but naked
nucleic acids can lose their functionality in cells due to their vulnerability to cellular
enzymes, ultimately leading to degradation by nucleases. This limitation stimulated
the design of delivery systems in which nucleic acids are complexed and protected
by delivery vehicles or carriers. Early attempts to design efficient delivery systems
concentrated on viral vectors, since viruses are able to effectively transfer their
genetic code to host cells. However, with the risk of high immunogenic responses,
use of synthetic, non-viral carriers has garnered interest, which can provide a safer
and effective alternative. Nucleic acids complexed with cationic polymers and
lipids are referred to as ‘polyplexes’ and ‘lipoplexes’, respectively (Guo et al.
2010). Common examples of effective synthetic carriers include (1) cationic lipids
such as 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), dioleoylphosphatidy-
lethanolamine (DOPE), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP),
dimyristoyltrimethylammonium propane (DMTAP), dimyristoylphosphatidylcho-
line (DMPC), dipalmitoylphosphatidylcholine (DPPC), and (2) cationic polymers
such as polyamidoamine (PAMAM), poly(beta-amino ester) (PBAE), polyethy-
lenimine (PEI), poly-L-lysine (PLL) and cyclodextrin-polycation (CDP) [reviewed
in (Aliabadi et al. 2012)]. These carriers are able to bind to nucleic acids via
electrostatic interactions between cationic moieties on carriers and anionic phos-
phate groups of nucleic acids, and condense (or aggregate) the nucleic acids into
nanoparticles capable of being protected from degradation and their cellular uptake
facilitated (Kircheis et al. 2001).

1.2 Interactions with Cell Membrane and Cellular Uptake

Cell surface binding of nucleic acid polyplexes and lipoplexes is triggered by ionic
interactions between cationic carriers and anionic membrane proteins and/or anionic
cell-surface ‘receptors’ such as heparan sulfates and integrins (Aliabadi et al. 2012;
Elouahabi and Ruysschaert 2005; Zhang et al. 2012). After an effective cell surface
binding, polyplexes and lipoplexes are internalized by endocytosis via a variety of
mechanisms such as clathrin- and caveolin-1 independent, clathrin-mediated
(CME), caveolae/raft-mediated (CvME) and macropinocytosis (Hillaireau and
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Couvreur 2009). The individual mechanisms follow specific intercellular trafficking
pathways that may affect the functionality of polyplexes and lipoplexes (Aliabadi
et al. 2012). Carriers can also be designed in order to target specific cell types and
ligands, such as asialoglycoprotein, epidermal growth factor (EGF), folate, integrin,
lactose, mannose, and transferrin (Zhang et al. 2012). Many factors influence the
uptake mechanism, such as the cargo (siRNA or DNA) and nature of carrier, the
ligand targeted, and its intracellular trafficking pathway. Some studies suggested the
CvME to be most conducive to transfection of complexes, while other studies sug-
gested the CME to be the most efficient mechanism. Macropinocytosis was also
proposed to be the most efficient mechanism in the transfection of complexes, in
particular for larger size complexes that are not ideal for CvME and CME based
mechanisms. These contradictory observations complicate identifying the optimal
mechanism that polyplexes and lipoplexes follow in their cellular uptake and show
the dependency of a functional effect on complex size and nature, as well as the cell
types targeted for delivery (Hsu and Uludag 2012).

1.3 Intracellular Trafficking and Cytoplasmic Release

Upon endocytosis, intracellular trafficking of polyplexes/lipoplexes begins in early
endosomes. Early endosomes generally fuse into late endosomes (pH * 5–6) and
transfer their content to lysosomes that have an acidic environment with pH as low
as *4.5. Lipoplexes and polyplexes trapped in these acidic environments must
efficiently escape into cytosol in order for the cargo not to be degraded and to
reach its target (i.e., nucleus in the case of DNA and mRNA/RISC locations in
cytoplasm in the case of siRNA) (Aliabadi et al. 2012; Dominska and Dykxhoorn
2010; Elouahabi and Ruysschaert 2005; Pack et al. 2005; Zhang et al. 2012). It is
possible to enhance the endosomal escape of polyplexes/lipoplexes based on the
use of fusogenic lipids and proteins, pH sensitive carriers, and photosensitive
agents (Dominska and Dykxhoorn 2010). In the case of complexes with certain
cationic polymers, such as PEI, endosomal escape is possible through the ‘proton-
sponge effect’ (Boussif et al. 1995); protonation of secondary and tertiary amines
of carriers in the low pH environment prevents further acidification, leading to
swelling of PEI/nucleic acid particles due to increase in their radius of gyration.
The influx of counterions into endosomes also follows to balance the H+ con-
centration between the lysosomal compartment and cytoplasm. The resulting
osmotic swelling of lysosomal compartment releases the complexes and other
contents into the cytoplasm (Boussif et al. 1995; Dominska and Dykxhoorn 2010).

After the nucleic acids are released into cytoplasm, polyplexes/lipoplexes must
be dissociated in order for the nucleic acids to be functional. Anionic endogenous
molecules such as cytoplasmic RNA (mRNA, tRNA, miRNA, etc.) and glycos-
aminoglaycans such as heparin sulfate are thought to be involved in dissociation
mechanism of lipoplexes and polyplexes (Moret et al. 2001). Electrostatic
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interactions between nucleic acids and polymeric carriers are thought to be
weakened during the endosomal escape stage due to swelling and pH changes,
hence facilitating the release of the nucleic acids from complexes (Aliabadi et al.
2012). After the release, the plasmid DNA (pDNA) has to reach nucleus for tran-
scription and siRNA needs to incorporate into RISC and initiate mRNA cleavage
for gene silencing. However naked nucleic acids also face cytoplasmic challenges
on their way to pursue their functions since susceptibility to nucleases and cleaving
agents may interfere with the pathway on their route and make them non-functional.

1.4 Application of Molecular Dynamics Simulations
to Nucleic Acid Delivery

Despite the intensive experimental work on polymer and lipid based gene carriers,
many issues related to their mechanisms of action cannot be directly addressed
from experiments due to the lack of experimental tools at atomic resolution.
Molecular dynamics (MD) is a simulation technique where intra- and inter-
molecular interactions are described by potential energy functions defined in
empirical force fields, motion of atoms are obtained through the integration of
equations of motion, and physical properties can be extracted via time average of
the equilibrated systems. Since the introduction of the first simulation on a bio-
logical macromolecule in 1977 (McCammon et al. 1977), MD simulation has
become a very useful tool in analyzing complex biological systems, and there has
been an increasing interest in applying these simulations with the recent advances
in computational methods and capability.

Recently, there has been a great amount of work pursued on MD simulations of
gene delivery systems, and they shed light on many important interactions involved
in the delivery pathway. On the complexation of nucleic acids with carrier vectors,
MD simulations have provided insight into the mechanisms, dynamics and ener-
getics of binding and complex formation, as well as how they are affected by the
molecular composition and structure of the carrier vectors. On the uptake of
complexes by cells, complementing the vast experimental work using imaging
techniques, MD simulations have been run to study the translocation of delivery
systems through lipid bilayers. These simulations have revealed residues that are
responsible for interaction with cell membrane, thereby pointing some directions in
how to enhance cellular attachment and penetration. On the intracellular behavior
of the delivered nucleic acid complexes, with the help of MD simulations, the
effects of pH and electrostatic interactions on endosomal escape are now better
understood. Despite these existing works, there is still an urgent need for additional
simulations to study many other aspects of nucleic acid delivery such as the dis-
sociation of nucleic acids from the polyplexes and lipoplexes.

In the following sections of this manuscript, an introduction to the MD method
and different simulation techniques will be first given, followed by a detailed
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review on the simulations performed to date on polyplexes and lipoplexes. Future
perspectives will be provided on how MD simulations can further assist in our
understanding and designing of effective polymer and lipid based gene carriers.

2 Molecular Dynamics Simulations

2.1 Fundamental Principles of Molecular Simulations

MD is a useful computational methodology for generating detailed atomistic
information such as atomic coordinates and velocities in a system. The micro-
scopic information of a system is connected to its macroscopic properties through
the theoretical framework of ‘statistical mechanics’. Statistical mechanics began
with the studies by Maxwell and Boltzmann in late 1800s on the kinetic theory of
gases. At the end of 19th century, Gibbs introduced a generalized formulation,
statistical ensemble theory, which enabled the derivation of macroscopic ther-
modynamic properties from microscopic mechanical properties (Patria and Beale
2011). Classical mechanics constituted the basis of Gibbs’ statistical ensemble
theory since it was developed before the evolution of quantum mechanics.

To demonstrate the basic idea of statistical mechanics, let us consider a system
constituted by N particles. The microscopic state of the system at time t can be
described by a set of 6N quantities, namely the positions and momenta of the
N particles ðq1 tð Þ; . . .; qN tð Þ; p1 tð Þ; . . .; pN tð ÞÞ; where the vectors qi tð Þand
pi(t) represent the position and momentum of particle i, respectively. These
6N quantities generate a multi-dimensional space called ‘phase space’ with
6N axes (Tuckerman 2010; Wereszczynski and McCammon 2012). Any point in
the phase space is called a phase point and it represents a microstate of the system.
The total energy of the system written in terms of the particles’ positions and
momenta is the Hamiltonian:

H q1; . . .; qN ; p1; . . .; pNð Þ ¼
XN

i¼1

p2
i

2mi
þ U q1; . . .; qNð Þ ð1Þ

where the first term is the summation of the particles’ kinetic energy, mi being the
mass of particle i, and the second term is the system’s potential energy, usually as
a function of the particles’ positions. By knowing the Hamiltonian of the system,
the equations of motion can be obtained in terms of the derivatives of the Ham-
iltonian, and they form a set of 6N first order differential equations:

dqi

dt
¼ oH

opi
¼ pi

mi
;

dpi

dt
¼ � oH

oqi
¼ � oU

oqi
¼ Fi q1; . . .; qNð Þ ð2Þ
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where Fiðq1; . . .; qNÞ is the force acting on particle i. Time trajectory of a phase
point can be obtained by integrating Eq. (2) with given initial conditions so that
time evolution of the system can be monitored (Tuckerman 2010).

To relate the microstates of the system to its macroscopic state, it is necessary
to introduce the concept of ensemble. An ensemble is a collection of points in the
phase space that correspond to different microstates but share the same macro-
scopic state defined by measurable thermodynamic parameters such as pressure
(P), temperature (T), volume (V), total mass (M) or total number of particles (N).
There exist different ensembles in which different thermodynamic parameters are
held fixed. In a microcanonical ensemble, which represents an isolated system, the
macroscopic state of the system is given by a fixed number of particles N, a fixed
volume V and a fixed amount of internal energy E. This ensemble is therefore also
referred to as an NVE ensemble. The microcanonical ensemble is highly hypo-
thetical, since it is difficult to find a truly isolated system in reality. As a result,
other ensembles are defined to account for situations where the internal energy can
vary. Commonly used ensembles include the canonical ensemble, which corre-
sponds to a constant number of particles N, a constant volume V and a constant
temperature T (NVT ensemble); the isothermal-isobaric ensemble, which has a
fixed number of particles N, a fixed pressure P and a fixed temperature T (NPT
ensemble, close to typical experimental conditions); and grand canonical
ensemble, where the fixed macroscopic parameters are chemical potential l,
volume V and temperature T (lVT ensemble). Grand canonical ensemble is
particularly useful to describe systems involving addition or removal of particles,
such as in the cases of liquid-vapor equilibrium, capillary condensation etc.
(Tuckerman 2010).

At thermodynamic equilibrium, each ensemble has a specific probability dis-
tribution q q1; . . .; qN ; p1; . . .; pNð Þ for the microstates. The ensemble average of a
quantity A q1; . . .; qN ; p1; . . .; pNð Þ can be calculated from the probability distri-
bution (Leach 2001; Salinas 2001):

Ah i ¼
R

A q1; . . .; qN ; p1; . . .; pNð Þq q1; . . .; qN ; p1; . . .; pNð Þdq1; . . .; dqNdp1; . . .; dpNR
q q1; . . .; qN ; p1; . . .; pNð Þdq1; . . .; dqNdp1; . . .; dpN

: ð3Þ

The denominator in Eq. (3) is related to the so-called partition function, Z, by a
non-dimensionalization factor. Partition function is one of the most important
quantities in statistical mechanics. Given the type of ensemble, it essentially
captures the number of accessible microscopic states in the phase space. Theo-
retically, once the partition function is known, all macroscopic thermodynamic
quantities such as entropy, enthalpy and free energy can be determined from it
(Tuckerman 2010). Practically, however, analytical calculation of the partition
function is only possible for a few very simple systems. In addition, direct
numerical computation of the partition function is extremely difficult due to the
6N-dimensional integration involved in its definition. In MD simulations,
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properties of the simulated system are determined from time averages (Eq. 4) over
a period s:

Aavg ¼ lim
s!1

1
s

Zs

t¼0

A q1 tð Þ; . . .; qN tð Þ; p1 tð Þ; . . .; pN tð Þð Þdt ð4Þ

The Ergodic hypothesis assumes that the time average (Eq. 4) is equivalent to
the ensemble average (Eq. 3), which allows for the use of MD to evaluate mac-
roscopic properties of the system from the motion of the atoms (Szasz 1996).

2.2 Classical Approach: All-Atom Molecular Dynamics

Classical approach to atomistic simulations is based on molecular mechanics
(MM), where atoms as treated as soft balls and bonds as elastic sticks (Meller
2001). The intra- and intermolecular interactions in the simulated system is
described by a force field, in which a mathematical expression of the potential
energy is given in terms of geometrical variables such as atom distances and bond
angles. The force acting on each atom is calculated from the negative gradient of
potential energy function specified in the force field. Numerical integration of
equations of motion from this force leads to time trajectory of the system (Gon-
zález 2011). MM and the development of force fields are associated with several
approximations, such as the pair-wise additivity of the potential energy. These
approximations were introduced in order to simplify the modeling of molecules in
MD simulations; since predicting detailed atomistic structures from quantum
mechanical (QM) approaches is computationally very expensive. The first force
fields, systematic force fields, were developed by Shneior Lifson, Harold Scheraga
and Norman Allinger in 1960s, while the most popular ones that are being used
today for biomolecules, CHARMM (Brooks et al. 1983) and AMBER (Pearlman
et al. 1995) were developed in 1980s (Monticelli and Tieleman 2013; Schlick
2010).

Time trajectory of a system in a classical MD simulation is generated by
integrating the Newtonian equations of motion for every atom i:

ai ¼
d2qi

dt2
¼ Fi

mi
; ð5Þ

where ai is the acceleration of atom i. Given the initial coordinates ðq1ð0Þ; . . .; qNð0ÞÞ
and velocities dqi

dt ð0Þ; . . .; dqN
dt ð0Þ

� �
of all atoms in the system, Eq. (5) can be inte-

grated. However, because the interparticle forces are nonlinear functions of posi-
tions, the integration needs to be done numerically. There are several integration
algorithms for solving such equations, such as Verlet (Verlet 1967), velocity Verlet
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(Swope et al. 1982), Leap-frog (Buneman 1967; Hockney 1970) and Beeman
(Schofield 1973) algorithms. The choice of integration method depends on its
applicability to the given system (Tuckerman 2010) and the required accuracy. In a
typical MD simulation, at each time step, the forces acting on the atoms are calcu-
lated from the force field and the current positions of the atoms. Coordinates and
velocities are solved and updated using the specified integration algorithm. Energy is
calculated and averaged, and written as an output along with the new coordinates.
Such a step is repeated until the desired simulation time is reached (Lindahl 2008).

Computationally the most costly part of an MD simulation is the calculation of
forces. The computation of electrostatic interactions is particularly time-consuming
due to the long-ranged nature of the Coulombic interactions. Several techniques
have been developed in order to expedite the calculation of electrostatic forces,
such as Ewald summation, lattice summation and fast multipole methods (Sagui
and Darden 1999). Particle Mesh Ewald (PME) (Darden et al. 1993) is one of the
Ewald summation methods, and is one of the most widely used methods for treating
electrostatics. The PME method is based on creating a three-dimensional grid over
the system, mapping the atomic charges onto the grid, and separating the sum-
mation of electrostatic interactions into a short-ranged part that converges quickly
in real space and a long-ranged part that converges quickly in Fourier space. The
use of the PME method requires the application of periodic boundary conditions
(PBC), through which the system is made infinite-like by having exact replicas of
the original system throughout a lattice. Along with PBC, PME has been shown to
result in physically stable systems and accurate prediction of long range electro-
statics (Phillips et al. 2005).

By solving Eq. (5), the MD simulation is implicitly run in a microcanonical
ensemble. This is because the forces are calculated from the negative gradient of
the potential energy function, which means that these are conservative forces, and
hence the total energy of the system is fixed. To realize MD simulations for other
ensembles, special techniques need to be introduced to hold other quantities, such
as pressure and temperature, constant. To this end, many thermostats (to maintain
constant temperature) and barostats (to maintain constant pressure) have been
developed. Examples of thermostats include velocity re-scaling, Berendsen (Ber-
endsen et al. 1984), Andersen (Andersen 1980), Nosé-Hoover (Hoover 1985; Nosé
1984), Langevin dynamics (Schneider and Stoll 1978) and dissipative particle
dynamics (DPD) (Hoogerbrugge and Koelman 1992). For barostats, Berendsen
(Berendsen et al. 1984) and Nosé-Hoover (Hoover 1985; Nosé 1984) are the most
commonly used techniques (Tuckerman 2010).

In an MD simulation, some atoms may have high frequency motions that
require very small time steps in the integration, hence slowing down the simula-
tion. One way to increase the time efficiency is to allow larger time steps by
constraining some intramolecular interactions, such as bond lengths and angles,
thus preventing motions with very high frequency. There are several algorithms
developed for this purpose; mostly used ones are SHAKE (Ryckaert et al. 1977),
which is based on Verlet integration algorithm and used for constraining positions,
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and RATTLE (Andersen 1983), which is based on velocity Verlet algorithm and
used for constraining both positions and velocities (Schlick 2010). Constraints/
restraints in MD simulations can also be applied when the system has the high
likelihood of being trapped in free energy wells, resulting in poor sampling. The
umbrella sampling (US) method (Torrie and Valleau 1977) is one such example, in
which a biasing potential is applied to restrain certain degrees of freedom of the
molecules. To obtain sufficient sampling, a series of simulations are generally
needed in US with different biasing potential applied in each simulation. The
results are then unbiased and combined for analysis via statistical approaches such
as the weighted histogram analysis method (WHAM) (Kumar et al. 1992).

Classical all-atom MD simulations provide all the detailed atomistic informa-
tion regarding the system of interest: structural information such as molecular size
(radius of gyration, etc.), molecular spacing, conformational changes (folding,
bending, etc.), hydrogen bond forming and breaking; energetic information such as
cohesion energy and free energy of binding. Certainly, the use of all-atom MD is
limited by the time and length scales that can be handled within a practical period
of time. The current state-of-the-art all-atom MD simulations can simulate less
than a million atoms for less than one microsecond, which is typically much
smaller compared with practical systems studied in experiments. Another chal-
lenge associated with all-atom MD is the accuracy of the force fields employed in
these simulations (Lyubartsev et al. 2009; Schlick 2010). Nevertheless, with the
fast growing computing power, great efforts on improving numerical efficiency,
and extensive studies being conducted on developing advanced, more reliable
force fields, these simulations demonstrate immense potential towards modeling
systems of realistic time and length scales.

2.3 Hybrid Approach: QM/MM Simulations

Combination of QM approach with MM is originated from the need of compromise
between maintaining a reasonable size of the simulated system and accurately
describing the electronic structure for certain chemically active regions in the
system. While MM is incapable of capturing the changes in electronic structures in
these regions such as charge transfer or excitation of electrons, it is possible to take
them into account via calculations at the QM level. On the other hand, QM com-
putation for the entire domain of a large molecular system is not feasible, and the
QM transformations often happen in a much smaller subset of the system. This
motivated the creation of hybrid system models (QM/MM) in which the chemically
active region is modeled with QM approach, while the surrounding environment is
modeled with classical MM approach. Since the introduction of this approach by
Warshel and Levitt in (Warshel and Levitt 1976), QM/MM method has been widely
applied to simulation of biomolecular systems such as enzymatic systems (Senn
and Thiel 2007). As well, a lot of research has been and is being performed at a
fundamental level to improve the QM/MM methodology.
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In QM/MM calculations, the system of interest is divided into two subsystems:
a reactive part that has a small number of atoms to be described by QM and the rest
of the system to be described by a force field (MM). For the QM part, ab initio,
density functional theory (DFT), and semi-empirical approaches are typically
used; while the MM part can be modeled with classical force fields such as
CHARMM (Brooks et al. 1983), AMBER (Pearlman et al. 1995) and GROMOS
(Scott et al. 1999; Monard and Merz 1999). To enable a QM/MM calculation, it is
necessary to define an effective Hamiltonian that contains a potential energy
function for the system. This potential energy function needs to properly describe
the interactions within the QM region, within the MM region, as well as on the QM
and MM interface. The last is the most challenging part in QM/MM modeling, as
the interactions between QM and MM regions cannot be described at either QM or
MM level alone. There have been several approaches for approximating the
interactions between these two levels, and they are mainly categorized into two
groups, namely subtractive coupling and additive coupling schemes (Groenhof
2013).

In subtractive coupling, the potential energy of the system, including both QM
and MM regions, is first calculated at MM level (UMM(QM + MM)). Then the
potential energy of the QM region is calculated at QM level (UQM(QM)) and added
to UMM(QM + MM). Finally, the potential energy of the QM region is calculated
at MM level (UMM(QM)) and subtracted, i.e.,

UQM=MM ¼ UMM QM þMMð Þ þ UQM QMð Þ � UMMðQMÞ ð6Þ

The implementation of subtractive scheme is straightforward without the need
to explicitly connect the QM and MM parts. However, to determine UMM(QM), a
force field is required for the QM region and it should be adaptive to chemical
changes (e.g., bond breaking or formation) occurring in that region, which is
unlikely to be available in most cases (Groenhof 2013).

In additive coupling, the potential energy of the system is calculated by the
summation of three terms: QM level energy of the QM region (UQM(QM)), MM
level energy of the MM region (UMM(MM)) and QM-MM energy for the inter-
actions between the two regions (UQM-MM(QM + MM)):

UQM=MM ¼ UQM QMð Þ þ UMM MMð Þ þ UQM�MMðQM þMMÞ ð7Þ

For this approach, most efforts have been spent on developing methods to
evaluate UQM-MM(QM + MM), which explicitly defines the interactions between
the QM and MM regions. Commonly used approaches include; for example
mechanical embedding where the interactions between the QM and MM regions
are treated with force field models, electrostatic embedding which improves
mechanical embedding by adding polarization effects, and polarization embedding
which provides further improvement on the treatment of polarization effects using
several methods such as charge-on-a-spring (Lamoureux and Roux 2003), induced
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dipole (Warshel et al. 2006) and fluctuating charge models (Rappe and Goddard
1991), (Groenhof 2013).

Once the potential energy and hence the effective Hamiltonian of the QM/MM
system is defined, it will allow the determination of wave function, energy and
forces in the system, and an MD simulation can be run. As in classical MD,
structural and energetic information can be obtained by unrestrained or restrained
simulations. In addition, QM/MM simulations allow the investigation of elec-
tronic changes and chemical reactions in the system, which is not possible with
classical MD. For example, the reaction pathway can be determined by generating
the potential energy surface; the chemical reactivity of a system can be evaluated
by calculating the free energy difference between reactants and product. Despite
these advantages, the time scale for QM/MM simulations has been limited by the
high computational cost of the QM calculations. While one can perform MD for
hundreds of nanoseconds, QM/MM simulations can only be performed for hun-
dreds of picoseconds at ab initio or DFT levels, although this can be extended 100
times with the application of semi-empirical approaches. Considering such lim-
itations, most of the QM/MM simulations performed so far have focused on
structural optimization (energy minimization) rather than unrestrained dynamics
(Groenhof 2013).

2.4 Mesoscopic Approach: Coarse-Grained Simulations

To overcome the computational limits associated with classical MD simulations,
there has been a great effort to develop novel approaches that has the ability to
bridge atomistic and mesoscopic scales. Coarse-grained (CG) method represents
one of such modeling approaches. The first CG model was proposed by Levitt and
Warshel in (Levitt and Warshel 1975) for bovine pancreatic trypsin inhibitor
(PTI). Since then many different CG models have been developed and applied to
study protein folding, protein-protein interactions, membrane proteins, lipid
bilayers, complex nucleic acids, nanocomposites, to name a few (Ingólfsson et al.
2013; Takada 2012).

In CG, instead of modeling every atom separately as in all-atom MD, a certain
number of atoms are clustered into beads, namely CG sites (Voth 2009). The
process of building a CG model consists of several important steps. The first step is
to decide the resolution of the model, i.e., how many atoms will be clustered into
one bead. In the second step, the location of the CG sites and their arrangement
should be determined, with each CG site representing a relatively rigid region in
the molecule. Afterwards, the interactions among the CG sites need to be
described, and this is often done via parameterized effective potential energy
functions, as in the all-atom MD simulations. For example, bonded interactions are
generally described by elastic network models (ENM) and Lennard-Jones (LJ) like
potentials can be used to model short-ranged non-bonded interactions. Parame-
terization of these potential energy functions can be achieved using a number of
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different approaches (e.g. force-matching, inverse Boltzmann fitting, etc.) in order
to produce good agreement between the CG model and experimental data or
higher level (QM, MM) calculations (Saunders and Voth 2013).

When the CG model for a system of interest is developed, CG simulations can
be performed in a similar manner to that of classical MD simulations. Besides pure
CG simulations, CG approach is often coupled with all-atom simulations to con-
nect the information at atomistic and mesoscopic scales. Several methods facilitate
building of such connection, including free energy method which determines key
interactions from CG simulations and performs more accurate free energy calcu-
lation at atomistic scale, inverse mapping method which uses CG simulations to
identify regions of the phase space not easily sampled by all-atom MD and allows
additional MD simulations in these regions, and multiple-scale approach where the
entire system is separated into MM and CG domains in a way similar to QM/MM
simulations (Saunders and Voth 2013; Schlick 2010).

The greatest advantage of CG method is the reduction in the degrees of freedom
of the systems, leading to larger length and time scales that can be simulated.
While time scales are limited to ps in QM/MM and ns in all-atom MD, one can
perform CG simulations in the ms range. As a result, direct comparison may be
made with experimental observables (Voth 2009). It should be recognized, how-
ever, that treating several atoms as a group in CG models causes the loss of
atomistic scale information, and can lead to inaccuracy for the data obtained from
the simulation trajectories (Takada 2012). Careful evaluation of the quality of the
CG model and the method of the simulation should be carried out when employing
the CG approach.

3 Molecular Dynamics Simulations on the Formation
of Polyplexes and Lipoplexes

In this section, we will provide a detailed review of simulations reported on the
formation of polyplexes and lipoplexes. A list of the studies we included in the
review is given in Table 1. The structures of the carriers reviewed in the scope of
this manuscript are given in Fig. 1.

3.1 Complexation of Polymers or Lipids to Individual
Nucleic Acids

All-atom and CG simulations have been used as efficient tools, respectively at
atomistic and mesoscopic levels, in analyzing nucleic acid interactions with car-
riers, such as lipids, polyamines and polymers. A significant amount of efforts have
been spent on understanding how the carriers bind and complex with individual
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Fig. 1 Chemical structures of selected carriers
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nucleic acids, and how the complexation is affected by carrier properties and the
environment of complexation. Different types of carriers have been studied, as
reviewed below.

3.1.1 Oligocations

Putrescine, spermidine and spermine are small organic oligocations which are
naturally present in prokaryotic and eukaryotic cells (Pegg and McCann 1982).
They were proposed to bind and stabilize DNA (Gosule and Schellman 1978);
spermine and spermidine were reported to cause DNA or RNA precipitation in
solution while putrescine lacks this ability (Razin and Rozansky 1959). DNA-
oligocation interactions were investigated by Korolev et al. (2001, 2002, 2003,
2004a, b) in a series of MD studies. Interactions between DNA and putrescine (2+),
spermidine (3+), spermine (4+) and synthetic diaminopropane (2+) were studied in
the presence of H2O and monovalent ions, Na+ and Cl-. These oligoamines were
found to bind to DNA through their interaction with backbone O1P and O2P atoms.
While the tri- and tetravalent spermidine and spermine were excluded from the
major groove, the divalent oligoamines putrescine and diaminopropane were found
in DNA major groove. Oligocations and Na+ showed different roles in affecting the
hydration of DNA. While Na+ was reported to organize and attract H2O in
hydration of DNA, oligoamines were observed to repel H2O from the hydration
shell. This observation could be important in the interactions of nucleic acids with
carriers in the presence of physiological ion composition.

3.1.2 Dendrimers and Dendrons

Many researchers have recently focused on dendrimers and dendrons, branched
structures with repetitive units, as nucleic acid carriers due to their well-controlled
chemical architecture. The influences of such parameters as generation number,
backbone flexibility, protonation state and functionalization, on the complexation
of dendrimers and dendrons with nucleic acids, have been widely investigated.

The effect of protonation was addressed by studying different dendrimer pro-
tonations corresponding to different pH environments (Karatasos et al. 2012;
Ouyang et al. 2011; Pavan et al. 2010d). Molecular Mechanic/Poisson–Boltzmann
Surface Area (MM-PBSA) analysis showed a more favorable dendrimer-siRNA
binding at low pH (*5) compared to neutral pH (*7) conditions regardless of the
dendrimer generation (Karatasos et al. 2012; Ouyang et al. 2011; Pavan et al.
2010d) and this was attributed to higher protonation ratio of dendrimers at lower
pH. These studies also demonstrated that the electrostatic attraction between the
cationic dendrimers and anionic nucleic acids played a crucial role in their
complexation.

The effect of dendrimer flexibility on complexation was addressed in several
studies (Jensen et al. 2010, 2011; Karatasos et al. 2012; Pavan et al. 2010a, c). For
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PAMAM dendrimer, its rigidity was reported to increase with the increase in size/
generation (Jensen et al. 2010, 2011; Pavan et al. 2010a). Pavan and coworkers
studied complexation of G4 to G6 PAMAM dendrimers with siRNA. G4 den-
drimer showed high binding affinity due to its flexible structure, while affinity
towards siRNA was lost with G6 dendrimer’s rigid spherical structure. G7 PA-
MAM simulations with siRNA also showed a rigid sphere behaviour (Jensen et al.
2010) where a lack of structural rearrangement in G7 dendrimers led to less than
an optimal binding mode to siRNA. In a separate study (Jensen et al. 2011),
comparison between G1, G4 and G7 PAMAM dendrimers showed that the
increased rigidity associated with size increase caused higher entropic cost in
binding to siRNA. Using MM-PBSA analysis, the free energy of binding between
PAMAM dendrimers and siRNA was evaluated. G4 PAMAM was reported to be
the most suitable carrier based on its strongest binding affinity as compared to G1
and G7. Rigidity increased with the increase in size from G4 to G7 and binding
was weakened (Jensen et al. 2011). Although the flexibility of dendrimers was
reported to contribute positively to complexation in most of the studies, a con-
tradictory report was published by Pavan et al. (2010c). Their intent was to prove
‘flexibility favors binding’, however their results showed a beneficial effect of
dendrimer rigidity. G2 triazine dendrimers designed to be flexible with an ethylene
glycol chain resulted in a more compact and rigid structure due to the collapse of
the flexible linkers in a salt environment, so that the number of interactions with
DNA and siRNA were reduced. However, the rigid dendrimer designed with
piperazine rings was found to establish more contacts with nucleic acids (Pavan
et al. 2010c).

In many situations, the effects of protonation and flexibility are coupled. For
example, G5 dendrimers showed a transition from flexible to rigid structures
depending on the pH value (Pavan et al. 2010a), which was caused by different
protonation ratios at different pH. The flexibility observed at neutral pH (pH * 7.4)
was lost with a decrease in pH to 5 or lower. At low pH, increase in dendrimer’s
cationic charge caused an increase in rigidity thus leading to lower affinity towards
siRNA (Pavan et al. 2010a). As greater amount of charges facilitate binding through
stronger electrostatic interactions but at the same time can make the dendrimer more
rigid, there needs to be a delicate balance between charge and flexibility in order to
achieve optimal binding. High generation dendrimers are large in size and weight
due to the substitution of more building blocks to the low generation ones. They are
more rigid but have more charges compared with low generation ones. While some
work reported reduced binding affinity as the generation number increases, others
reported that high generation PAMAM dendrimers bound more effectively to single
stranded DNA (Maiti and Bagchi 2006), double stranded DNA (Nandy and Maiti
2011), and double stranded siRNA (Karatasos et al. 2012; Ouyang et al. 2010a;
Vasumathi and Maiti 2010). Similarly, for 1,3-diaminopropane (DAP), N,N-di-(3-
aminopropyl)-N-(methyl)amine (DAPMA) and spermine dendrons, Jones et al.
(2010) reported an increase in binding affinity towards double stranded DNA with
the increase in generation number. Since the dendrimer rigidity increases with the
increase in generation number, this increased binding affinity should be considered
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in the context of increased dendrimer rigidity. Lower generations might show higher
flexibility, but lack of necessary numbers of positive charges might cause ending up
with lower binding affinity. The optimal threshold for the number of positive
charges and flexibility should be determined in designing optimal dendrimers as
nucleic acid carriers.

Functionalizing dendrimers/dendrons with end-groups can also lead to different
binding capability to nucleic acids. Jones et al. (2010) studied the interactions
between DNA and G1 and G2 dendrons with the end-groups spermine, DAP and
DAPMA. MM-PBSA calculations indicated that enthalpic contribution to binding
energy was related to surface charges of the dendron. When the surface is more
charged, enthalpic contribution to binding energy became more favorable. As the
protonable groups on each ligand in the scaffold is 3, 2 and 1 for spermine,
DAPMA and DAP, respectively; spermine dendrons were selected to be the best
candidates for DNA binding among both G1 and G2 dendrons based on their
highest binding energy due to their largest surface charge. On the other hand,
binding affinity of G2 DAPMA to DNA was found to be close to that of G1 and G2
spermine dendrons due to its favorable enthalpic interactions associated with
ligand backfolding and DNA bending. In the work of Pavan et al. (2010b), a
comparison was made between dendrons functionalized with non-degradable
spermine and those functionalized with UV degradable spermine. UV degradable
dendrons had the same enthalpic affinity towards DNA as non-degradable ones,
but had a smaller entropic cost upon binding. UV modification on the structure
with a photolabile linker introduced branches. Due to this branched structure, UV
modified dendron could establish more stable interactions with DNA via more
uniform vibrations of dendron amines and DNA phosphates, resulting in smaller
cost in entropy (Pavan et al. 2010b). Posocco et al. modified spermine function-
alized dendrons with hydrophobic cholesterol units in order to trigger self-
assembly. They performed DPD simulations, a CG approach in which several
atoms are lumped into a bead and the interactions between the beads (named DPD
particles) are treated with soft potentials. The force acting on each DPD particle is
a sum of conservative, dissipative and stochastic forces. Time trajectory can be
obtained by solving Newton’s equation of motions as in MD. According to their
DPD simulations, self-assembly of first generation cholesterol-modified dendrons
resulted in assembled dendrimer structures (due to cholesterol aggregation) that
have higher charge density compared to second generation dendrons, thus more
effective binding with DNA (Posocco et al. 2010).

Simulations with multiple PAMAMs revealed formation of more compact and
stable DNA (Vasumathi and Maiti 2010) and siRNA (Ouyang et al. 2010b)
complexes, in comparison to systems containing single dendrimers. When poly-
plexes become positively charged upon the saturation of nucleic acid charges,
excess dendrimers would float around in free form (Ouyang et al. 2010b).

Physiological ions and aqueous environment affect the interactions between
nucleic acids and carriers. Pavan et al. studied the effect of NaCl addition on
complexation of DNA with spermine-functionalized G1 and G2 dendrimers.
Increased salt concentration did not show a remarkable effect on binding affinity of

296 D. Meneksedag-Erol et al.



G2 towards DNA, while interactions with DNA were lost in G1 dendrimer-DNA
system (Pavan et al. 2009). When salt was introduced to G5 PAMAM-DNA
system, MM-PBSA analysis indicated a decrease in binding affinity due to the
screening effect. However, the formed complexes were reported to be still very
compact (Nandy and Maiti 2011). The screening effect from counterions therefore
seems to become important in the case of small carriers; when the carriers are large
enough to maintain strong interactions with nucleic acids; screening becomes
negligible on the overall binding behavior. H2O molecules were known to have an
impact on nucleic acid-carrier interactions since they are released from the binding
region while complexation occurs. Effect of H2O molecules on DNA-G3 PAMAM
interactions was studied by Mills and coworkers by US MD simulations. The
results revealed the importance of H2O ordering; it was found that H2O molecules
were capable of bridging DNA and dendrimer in highly charged dendrimer system
(dendrimer carrying +32 charge in comparison to +16) (Mills et al. 2013). The
PAMAM (G3 to G5) itself was reported to undergo swelling in the presence of
H2O molecules as a result of H2O penetration into their structures, and the degree
of penetration was proportional to dendrimer generation (Nandy and Maiti 2011).
It is therefore important to simulate properly hydrated carriers for more realistic
predictions.

The role of nucleic acid sequence in binding to PAMAM dendrimers was studied
by Maiti and Bagchi with atomistic MD simulations. Vibrational density of states
analysis showed the binding affinity difference between bases; the following order
was found in binding to G4 dendrimer: poly(G) [ poly(C) [ poly(A) [ poly(T)
(Maiti and Bagchi 2006). Seeing such a difference after employing pure base
sequences should not be surprising; however, whether the same result holds true
with statistically mixed sequences (especially for longer nucleic acid chains)
remains to be seen. In order to compare carrier binding to DNA and siRNA, Pavan
et al. performed MD simulations on 21 bp long DNA (sequence: 50-TCG AAG
TAC TCA GCG TAA GTT-30; 30-AGC TTC ATG AGT CGC ATT CAA-50) and
siRNA (50-UCG AAG UAC UCA GCG UAA G dTdT-30; 30-dTdT AGC UUC
AUG AGU CGC AUU C-50). Stronger dendron interactions were formed with the
siRNA compared to DNA, due to siRNA’s higher flexibility than DNA (Pavan et al.
2010b, c). This observation was concurrent to previous results seen with the PA-
MAM structures, where the rigidity of the carrier reduced the strength of binding.

3.1.3 Cationic Polymers

Despite the great interest in dendrimeric structures as gene carriers, their buffering
capacity could be compromised at times (due to covalent modification of prot-
onable residues in the dendritic core) and this led researchers to seek other types of
carriers with superior buffering capacity. PEI is one of the most efficient nucleic
acid carriers with high buffering capacity (Boussif et al. 1995). PEI-nucleic acid
delivery systems were studied with atomistic simulations by Ziebarth and Wang
(2009), our group (Sun et al. 2011b, 2012a) and Zheng et al. (2012). The initial
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study of PEI-DNA binding by Ziebarth and Wang (2009) reported the main
interactions to be formed between the cationic PEI amines and DNA backbone
phosphates. Our group focused on the effect of several PEI properties such as
molecular weight, structure, and protonation ratio on PEI complexation with DNA.
Sizes of PEIs simulated were 570 Da (Sun et al. 2011b) and 2 kDa (Sun et al.
2012a) with different PEI branching structures. The simulations with 570 Da PEI
showed that the degree of branching did not have a significant influence on the
binding pattern, while the protonation ratio played a key role. Decrease in pro-
tonation ratio resulted in less stable complexes due to the loss of direct H-bonding
between PEI and DNA (Sun et al. 2011b). In contrast to 570 Da PEI, simulations
with 2 kDa PEI (Sun et al. 2012a) showed very different binding pattern associated
with linear and branched PEIs. Linear PEI was found to bind to DNA like cords
due to its flexible structure, thus providing good coverage of the DNA surface.
Branched PEIs, on the other hand, bound to DNA like beads, utilizing part of the
PEI molecule to bind to a DNA molecule and potentially allowing interaction of
individual PEIs with multiple DNAs. A better neutralization of DNA charges with
2 kDa PEI as compared to 570 Da PEI was observed. Zheng and coworkers
studied a high molecular weight branched PEI (25 kDa) binding with DNA and
siRNA. Structural and energetic analysis showed that strong electrostatic inter-
actions were formed between DNA and cationic amines of PEI. While charge
neutralization between oppositely charged PEI and DNA groups was apparent at
the binding interface, several cationic PEI groups that were not contributing to
binding were observed away from the interface. Simulations with one dsDNA
(21 bp) and one 25 kDa PEI indicated that a stable DNA polyplex required more
than one 25 kDa PEI molecule. Energetic comparison between DNA and siRNA
complexation with 25 kDa PEI revealed stronger attraction of polymer to siRNA
due to its more flexible structure (Zheng et al. 2012). This observation is in
agreement with the previously reported comparison between DNA and siRNA in
binding to dendrons (Pavan et al. 2010b, c).

Another polymeric carrier, PLL, was reported to be relatively inefficient in
DNA charge neutralization (Ziebarth and Wang 2009) due to its linear structure
compared to more densely charged PEI. All-atom MD simulations with different
PLL structures probed the effect of PLL architecture on DNA binding mechanism.
Comparison between linear PLL (uniform charges along the backbone) and grafted
oligolysines (charged side-groups) on a neutral backbone showed less favorable
binding of DNA with graft oligolysines, which was attributed to the steric hin-
drance caused by the hydrophobic backbone in graft architecture (Elder et al.
2011). PLL binding to siRNA was studied by Ouyang et al. (2010a, b) in a series
of studies along with PAMAM dendrimers. They studied PLL4+ and PLL8+

systems that have the same charge as G0 and G1 PAMAM dendrimers, respec-
tively. For the PLL-siRNA systems, the complexation behavior was found to be
similar to that of the PAMAM-siRNA systems, suggesting that the electrostatic
interactions dominated the binding affinities, rather than the molecular structural
details.
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3.1.4 Lipids

Cationic and neutral lipids are known for their ability to form complexes with
nucleic acids to serve as effective carriers in nucleic acid delivery. A natural lipid
structure contains a hydrophilic region, the lipid head group, and a hydrophobic
region known as the lipid tail. When exposed to an aqueous environment, lipids
self-assemble into a bilayer structure in which the hydrophilic head groups are
exposed to water while the hydrophobic tails stay in the center region. DNA-lipid
interactions were first studied by Bandyopadhyay and coworkers with computa-
tional approaches, where atomistic simulations were performed on a mixture of
DMTAP and DMPC lipid bilayers interacting with DNA. Zwitterionic PC head
groups were found to approach DNA and compete with cationic trimethylammo-
nium (TAP) moieties in neutralizing the DNA phosphate charges (Bandyopadhyay
et al. 1999). Braun et al. performed atomistic simulations on the interaction of a
protonated DMPC monolayer with DNA. Although the DNA conserved its double
helical structure through the simulation period, base pairing was affected by the
interactions between the lipid head groups and DNA backbone phosphates as well
as bases (Braun et al. 2003). These atomic level studies revealed the screening of
the anionic DNA charges by lipid moieties.

3.2 Condensation and Aggregation

DNA condensation is defined as the dramatic decrease in DNA’s volume triggered
by packaging inside cellular environment. As an example, T4 bacteriophage’s
DNA occupies a volume of 4 9 109 nm3 in solution; when it is packed in T4’s
head, its volume decreases to 5 9 105 nm3 (Bloomfield 1996). This packaging in
cellular environment can be reproduced in solution by the addition of cationic
molecules to DNA. Attraction of multiple nucleic acid molecules to each other
with the help of condensing agents such as cationic carriers results in formation of
self-assembled (ordered) structures or aggregates (disordered structures). These
aggregates could turn into spherical nanoparticles that are approximately 100 nm
in diameter under practical conditions (Goula et al. 1998). While DNA conden-
sation by cationic carriers is crucial for cellular uptake of DNA, the delivery of
siRNA relies more on formation of aggregates. A number of simulations have been
performed to study both condensation and aggregation of nucleic acids.

3.2.1 Condensation

Stevens carried out CG MD simulations on DNA-like polyelectrolytes to probe
their condensation by di-, tri- and tetravalent counterions. While divalent coun-
terions did not show any condensation, condensation was achieved with trivalent
and tetravalent counterions. These results revealed the important interplay of
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enthalpic and entropic contributions to condensation. A valence of at least 3 was
found to be required for electrostatics to overpower the entropic interactions and
cause condensation (Stevens 2001). Dias et al. studied polyanion/polycation sys-
tems by CG Monte-Carlo (MC) simulations. The stochastic MC simulations follow
a different algorithm than the deterministic MD methodology. Rather than
obtaining a time trajectory of the system by integrating Newton’s equations of
motion in MD, MC method uses a random number generator to obtain new
coordinates and performs trial moves (Schlick 2010). Despite the different
underlying algorithms, MC simulations also try to sample the phase space as in
MD, and for this reason there have been few MC simulations (mostly at the CG
scale) on polyplexes and lipoplexes, which will be presented in this review. With
the CG MC approach, condensation and collapse of polyanion chains were
observed by increasing numbers of polycations or number of charges carried by
each polycation. The systems with polycation/polyanion charge ratio below unity
resulted in small polyanion chain deformation, but not in collapse or condensation
(Dias et al. 2003). Ziebarth and Wang, using CG MD simulations, investigated
polyanion condensation mediated by copolymer chains containing neutral hydro-
philic and polycationic parts. Variation in copolymer length affected the con-
densation; successful condensation of polyanions was achieved with chains longer
than 4 cationic blocks (Ziebarth and Wang 2010). In agreement with Dias et al.
(2003), polyanion condensation was observed when the charge ratio C1 and only
local bending/folding was seen for charge ratios below the unity (Ziebarth and
Wang 2010). A CG MC study on compaction of DNA by PEI and Fe(III) (as a
ternary system) was reported by Jorge and coworkers. Fe(III) ions were found to
be located in the polyanion (corresponding to DNA) regions that were less
occupied by polycation (corresponding to PEI) and they were proposed to induce
folding of the polyanion chain (Jorge et al. 2012).

DNA condensation by G3 PAMAM dendrimers has been also studied with US
MD simulations by Mills et al. (2010). Simulations were performed with 24 bp
dsDNA and G3 PAMAM dendrimer with 32 protonated amine groups. Potential of
mean force (PMF) calculations were carried out along a reaction coordinate
defined as the center of mass distance between PAMAM and DNA. By taking the
derivative of PMF with respect to the reaction coordinate, the interaction forces
between DNA and dendrimer were calculated to retrieve the transition between
extended (uncondensed) and condensed states. When a large force was applied,
uncondensed state was favored; with the decrease in the applied force, DNA
collapse (condensed state) was reported to be favorable (Mills et al. 2010).

3.2.2 Aggregation

Several studies focused on DNA aggregation by counterions (Savelyev and
Papoian 2007), polyamines (Dai et al. 2008) and polymers (Bagai et al. 2013; Sun
et al. 2011a, 2012b). Savelyev and Papoian performed all-atom MD simulations
with two DNA molecules in the presence of NaCl and KCl. PMF analysis from US
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simulations was performed along a reaction coordinate, which was the center of
mass distance between two DNA molecules. DNA repulsion when they approach
each other was found to follow a steeper profile in the presence of KCl, which
indicated that K+ screening was less efficient than Na+ screening for DNA charges
(Savelyev and Papoian 2007). Dai and coworkers performed US MD simulations
to evaluate the PMF of attraction between two DNAs in the presence of linear
oligoamines putrescine (2+), spermidine (3+) and spermine (4+). The results
revealed more attraction between two DNA molecules with increasing valence of
the oligoamine and the formation of transient ion bridges was observed (Dai et al.
2008). Our group (Bagai et al. 2013) reported attraction of two DNA molecules in
the presence of 568 Da PEI with US MD simulations. According to PMF analysis,
PEI had better capability of aggregating the DNAs compared with oligoamines,
leading to larger depth in the PMF curve. In addition, more compact and stable
aggregates were obtained when N/P ratio (ratio of the number of PEI Ns to the
number of DNA Ps) of the system or protonation ratio of PEI was increased.

In a series of recent publications (Sun et al. 2011a, 2012b, 2013), we reported
PEI mediated aggregation of multiple ([2) DNA and siRNA molecules. In the
case of 568 Da PEI, DNA aggregation was facilitated by the formation of polyion
bridges between DNA molecules and screening of DNA anionic charges (Sun et al.
2011a). Simulations performed on oleic acid modified PEI (831 Da) showed that
the lipid moieties on the PEI can bring an additional mechanism of aggregation,
namely, the association of lipid tails (Sun et al. 2012b). We further investigated the
effect of lipid substitution on PEI-mediated siRNA aggregation (Sun et al. 2013).
Simulations were performed for multiple siRNA molecules in the presence of
caprylic acid (CA) and linoleic acid (LA) modified 1,874 Da PEI, as well as native
(unmodified) PEI. Comparison among them showed more compact and stable
siRNA aggregates in the case of lipid substituted systems (Sun et al. 2013). Also,
LA association from different PEIs was found to be more stable than the associ-
ation among shorter CA. Furthermore, the level of substitution was shown to affect
the aggregation. At the level of one lipid substitution per PEI, several PEIs were
found to stay in the solution instead of binding to the polyplex. However, when the
substitution level was increased to three lipids per PEI, all PEIs could bind to the
polyplex (see Fig. 2).

Lipid mediated DNA self-assembly was reported by Farago et al. in a series of
publications (Farago and Gronbech-Jensen 2009; Farago et al. 2006; Corsi et al.
2010). CG MC simulations on randomly distributed lipids around DNAs revealed
the self-assembly of lipids into a bilayer structure along with DNAs sandwiched
between two lipid bilayers (Fig. 3a; Farago et al. 2006). In a further CG study
(Farago and Gronbech-Jensen 2009), the self-assembly mechanism was studied
with a much larger system by using a 10-fold higher number of lipid molecules
(e.g., 800 cationic lipids, 1,600 neutral lipids along with 32 DNA molecules) than
in (Farago et al. 2006). Charge density, uc, of the cationic and neutral lipid
mixture, defined as the percentage of the cationic lipid in the mixture, was varied
by changing the number of neutral lipids. An inverted hexagonal phase, in which
DNA molecules are packed in cylindrical lipid micelles, was observed at
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Fig. 2 Formation of polyplex from 4 siRNA and 18 LA-modifed PEI molecules: siRNAs are
given in orange, while PEI and LA are cyan and green, respectively. a 1 LA substitution per PEI
chain. b 3 LA substitution per PEI chain (Sun et al. 2013)

Fig. 3 Snapshots from CG MC simulations on self-assembly of cationic lipids and DNA. The
evolution of the system is given in terms of the number of MC steps, t. Hydrophilic and
hydrophobic regions of lipids are in black and light gray respectively, and DNAs are in dark gray
(Farago et al. 2006). b Inverted hexagonal phase, js = 2.5; and c Lamellar phase, js = 5, of
DNA-cationic lipid complexes Adapted with permission from Farago and Gronbech-Jensen
(2009). Copyright 2013 American Chemical Society
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intermediate charge densities (4/15 B uc B 2/5). At high charge densities (i.e. in a
fully charged system, /c = 1), a highly ordered square lattice form was visualized.
Further, they modified the stiffness of the membrane by assigning an energy
penalty for adjacent lipids to have different orientations. When the stiffness of the
membrane increased (e.g. as the stiffness parameter js changed from 2.5 to 5),
transition from hexagonally packed DNA structure to a lamellar phase, in which
DNA monolayers are sandwiched in between lipid bilayers, was observed (Fig. 3b,
c). Increasing js to [5 resulted in formation of lamellar phase only (Farago and
Gronbech-Jensen 2009). Corsi et al. (2010) performed CG MD simulations on the
assembly of DNA-DOPE and DNA-DOPE-DOTAP systems, where the experi-
mentally observed transition of the DNA-DOPE-DOTAP system from fluid
lamellar to inverse hexagonal phase was successfully reproduced. They further
studied the phase transition of lipoplexes as a function of hydration level (number
of H2O molecules per lipid). Two H2O molecules per lipid resulted in transition
from lamellar to hexagonally packed DNAs in the presence of DOPE lipids, while
addition of DOTAP to the system did not cause remarkable changes at the mes-
oscopic scale (Corsi et al. 2010).

In addition to the above works that studied particular carrier molecules,
investigation of interactions between oppositely charged polyions has been
attempted as a model of nucleic acid-carrier systems. Instead of modeling nucleic
acid or carrier structures at atomistic level, simplifying nucleic acids as polyanions
and cationic carriers as polycations allow researchers to investigate the aggrega-
tion mechanism with reduced computational costs. With that motivation, Hayashi
et al. (2002, 2003, 2004) employed CG MC simulations on oppositely charged
polyions. The effects of polyion’s absolute charge, charge density and surrounding
salt concentration on the aggregation mechanism were explored. All systems they
studied had either 10 cationic polyions (Hayashi et al. 2002, 2003), or 20 cationic
polyions (Hayashi et al. 2004) while the number of anionic polyions was varied so
as to generate a fully cationic system (no anionic polyions) and systems with
charge equivalencies (ratio between number of polyanions and number of poly-
cations) of 20, 50, 90 and 100 % (Hayashi et al. 2002, 2003). Under salt-free
conditions, aggregate formation was found to be variable with the increased charge
equivalency. While formation of positively charged aggregates was favorable at
50 % charge equivalency, increasing charge equivalency up to 100 % led to the
formation of only neutral aggregates. In addition, with 100 % charge equivalency,
the formed aggregate tended to be small, i.e., the probability of having an
aggregate formed with 1 polycation and 1 polyanion chain (1:1 aggregate) was
higher than that of larger aggregates such as 2:2 or 3:3. Addition of salt shortened
the Debye length of the solution, thereby reducing the electrostatic attraction
between oppositely charged polyions. This led to formation of smaller aggregates
(Hayashi et al. 2003). The same tendency was observed by decreasing the absolute
charge of the polyions (Hayashi et al. 2004). These observations revealed the
important interplay of electrostatic and entropic contributions to aggregate for-
mation. Formation of large aggregates was electrostatically favorable due to the
attractive forces, while smaller clusters were promoted to gain translational
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entropy (Hayashi et al. 2002, 2003, 2004). Although these CG MC simulations do
not involve nucleic acids or carriers, the observed aggregation behavior should be
applicable to nucleic acid delivery systems. They provided useful information on
how one may better control the sizes of practical nucleic acid/carrier aggregates
for delivery in cellular systems.

4 Molecular Dynamics Simulations on the Cell Membrane
Interactions and Intracellular Pathway of Polyplexes
and Lipoplexes

For internalization, polyplexes/lipoplexes have to go through the first delivery
stage, namely the interaction with cell membranes prior to endocytosis. The first
molecular level modeling regarding the attachment of dendrimer-DNA polyplexes
to cell membranes was introduced by Voulgarakis et al. (2009). CG MC simula-
tions with a G5 dendrimer-DNA complex showed that increasing the negative
membrane charge density (reduced charge density in the range of 0 to 10) and
decreasing Debye length of solution had a negative effect in cell membrane
attachment. Specifically, when the charge density of membrane was increased,
dendrimers were shown to dissociate from DNA (Voulgarakis et al. 2009), indi-
cating the destabilizing effect of increasing membrane charge. Decreasing the
Debye length had a similar effect on causing the instability of the complexes.
These are important parameters that should be taken into consideration when
evaluating the efficiency of cell attachment and delivery.

After attachment to cell membrane, the next step is internalization of poly-
plexes/lipoplexes, mainly by endocytosis. This is triggered by the formation of
endosomes via cell membrane folding. The first CG model on endocytosis of
DNA-nanovector complexes was introduced by Ding and Ma (2013). The nano-
vector used in their study consisted of polymer chains, each with protonable
polyelectrolytes and representative surface ligands, while the modeled membrane
was composed of oppositely charged lipids and receptors. Pre-complexed struc-
tures of dsDNA (modeled as rigid rods) and the nanovector were placed on top of
the membrane and endocytosis (driven by ligand-receptor interaction) was
investigated by varying length and protonation degree of polyelectrolyte, length
and concentration of DNA, and membrane charge. Polymers with 1 polyelectrolyte
molecule per chain prevented ligand-receptor interactions resulting in partial
endocytosis, while those with 3 polyelectrolytes per chain caused full endocytosis.
Variation in DNA length and concentration was also found to affect endocytosis.
Furthermore, increasing membrane’s negative charge resulted in better endocy-
tosis compared to lower charged membranes (Ding and Ma 2013). This study
indicated that for a target membrane, optimization of the delivery system (i.e.,
types of carriers and cargos) should be determined in order to achieve efficient
endocytosis.
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Following the internalization of polyplexes/lipoplexes is their intracellular
pathway after endosomal escape. Although to our knowledge there has not been
any atomic level computational work on this topic, Dinh et al. (2007) studied this
phenomenon by developing a stochastic simulation model for 25 kDa PEI-DNA
polyplexes, where the transition between distinct states, i.e. polyplexes bound to
cell membrane, polyplexes inside endosomes, lysosomes, cytoplasm, and
unpacked nucleic acids, were investigated. The intracellular pathways of the
polyplexes were divided into two categories, namely transport and reaction events.
Transport events were the diffusion related events while the reaction events were
related to association or dissociation of polyplexes. Parameterization and valida-
tion for their computational model was achieved by experiments with the 25 kDa
PEI-DNA polyplexes. In the stochastic simulations, they provided cell configu-
rations, constructed based on different cell geometries obtained from experimental
imaging techniques, as computational domains. After assigning the computational
domains, the change in either cellular environment or polyplexes was updated with
a given time step (Dt = 0.2 s). Transport events were treated by solving equations
of motion, while the reaction events were modeled as first-order Markov pro-
cesses. Ten thousand trajectories were sampled from 200 cells. The effects of
several key properties, such as location and time of the endosomal escape, and cell
shape on delivery were addressed. On the effect of endosomal escape location, the
authors calculated the probability of a successful DNA delivery to nucleus when a
polyplex escaped from endosomes at different distances from the nuclear bound-
ary. The results showed the importance of escape location, indicated by 5 %
probability of having a successful delivery when the escape occurred in the
supranuclear region compared to 1 % probability in the case of an escape into
cytoplasm. Further, the impact of escape time (defined as the length of period from
transfection to the time when a polyplex escaped from endosomes and entered
cytoplasm) was studied by calculating the probability that a polyplex with different
escape time could reach the nucleus within 24 h after the escape. With an increase
in escape time in the supranuclear region, the probability of reaching nucleus
decreased, most likely due to lysosomal degradation. In the cytoplasmic region,
the optimum escape time was found to be 12–13 h after transfection. Cell
geometry (circularity and size) was also shown to be critical for delivery; greater
delivery efficiency was observed when the cells were elongated and smaller. This
observation was attributed to the fact that elongated and smaller cells has relatively
larger perinuclear space; therefore the escape location is closer to the nucleus in
these cells, leading to more efficient delivery (Dinh et al. 2007). Using a com-
putational approach, this study provided clues for optimal conditions for efficient
gene delivery to nucleus, which shed light onto the design of optimal delivery
systems.

Finally, Jorge et al. investigated the decompaction of polyanion chains (rep-
resenting DNA), which were pre-compacted by polycations (representing poly-
cationic carriers), in the presence of heparin-like molecules. Heparin is a
negatively charged sulfated anticoagulant which is known for its capability to
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release nucleic acids from their carrier vectors. Through CG MC simulations, the
decompaction of polyanions was shown to be possible with heparin-like mole-
cules, and the extent of decompaction was found to be higher in the presence of
both polycations and Fe(III), which might indicate the importance of Fe(III) in
facilitating nucleic acid release (Jorge et al. 2012).

5 Future Perspectives

In this chapter, we provided a detailed review on the simulation work performed
to-date on the formation of polyplexes and lipoplexes, as well as their intracellular
delivery stages. As can be seen from Sect. 3, there has been a great interest
towards determining optimal carriers for nucleic acid delivery. Detailed atomic
and mesoscopic level data regarding optimal conditions for complexation between
various carriers and nucleic acids are beginning to be available in the literature.
However, given the low amount of work pursued on the intracellular events in the
delivery process, there is an urgent need to fill the gap in theoretical modeling on
these crucial stages. All the reviewed works in Sect. 4 involved either mesoscopic
or stochastic approaches, and to our knowledge, there has not been any atomic
level work due to the significant computational time required for all atom simu-
lations. The lack of atomic level information in mesoscopic approaches may lead
inaccuracy in the observed results. With the growing computational power, mes-
oscopic time scales may be reached by atomistic simulations; thus accurate
understanding could be achieved by direct comparison between atomistic trajec-
tories and experimental data.

MD simulations are also providing unique insights into the atomistic structure of
polyplexes and lipoplexes, especially with the multifunctional carriers composed of
different chemical domains. Our own work has been initially driven by experi-
mental considerations (Hsu and Uludag 2012), but recent theoretical modelling
(Sun et al. 2011b, 2012a, b, 2013) is better explaining the outcomes observed in
cellular systems. This is critical since it may facilitate the design of next-generation
delivery systems based on known experimental and theoretical aspects of current
delivery systems. It must be stated that most MD simulations have relied on existing
experimental studies for validation and it might be misleading to employ results
derived from systems where there is a discrepancy between experimental condi-
tions and theoretical predictions (such as the hydration, salt concentrations, dif-
ferences in molecular weight of employed species). Conducting simultaneous
studies where the experimental and theoretical conditions are harmonized will be
beneficial not only for better predictions, but also to improve the theoretical cal-
culations if significant deviations from experimental data are observed.
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Computational Studies of Highly
PEG-ylated Sterically Stabilized Micelles:
Self-Assembly and Drug Solubilization

Petr Král and Lela Vuković

Abstract Self-assembled micelles of block copolymers, containing controllable
physical, chemical, and biological properties, are strong candidates for new drug
delivery platforms. Here, we summarize our studies of structure, dynamics and
drug solubilization in micelles self-assembled from highly PEG-ylated block
copolymers. First, we examined sterically stabilized micelles (SSM) formed by
self-assembled phospholipids (DSPE–PEG2000) in pure water and isotonic
HEPES-buffered saline solution. The observed micelle sizes of 2–15 nm were
shown to largely depend on the solvent and the lipid concentration used. Com-
putational modeling showed that micelle sizes are determined by the interactions
of their charged –PO�4 groups with the present counterions. Second, we studied
solubilization of prototypical therapeutic molecules, a drug bexarotene and a
vasoactive intestinal peptide (VIP), in SSM, as observed in experiments. Free
energy calculations revealed that molecules of bexarotene can reside at the
micellar ionic interface of the PEG corona or in the alkane core center, where
several bexarotene molecules can cluster and self-stabilize. Charged molecules,
such as VIP, can be stabilized at the SSM ionic interface by Coulombic coupling
between their positively charged residues and the –PO�4 groups of the lipids. The
performed studies illustrate that atomistic simulations can reveal drug solubiliza-
tion character in nanocarriers and be used in efficient optimization of novel
nanomedicines.
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Abbreviations

PEG Poly(ethylene) glycol
SSM Sterically stabilized micelles
DSPE–PEG2000 1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine-N-

[methoxy(polyethylene glycol) 2000]
HEPES Hydroxyethyl piperazineethanesulfonic acid
VIP Vasoactive intestinal peptide
MD Molecular dynamics

1 Introduction

Lipids, surfactants, and amphiphilic block copolymers in aqueous media can
assemble into numerous stable structures, such as micelles (Belsito et al. 2000;
Hristova and Needham 1995; Patra and Král 2011; Zhang et al. 1996), disks
(Johnsson and Edwards 2003), vesicles (Jones 1995; Kaler et al. 1989; Luo and
Eisenberg 2001), and bilayers (Nagle and Tristram-Nagle 2000; van Meer et al.
2008; Titov et al. 2009), many of which can have important biomedical applica-
tions. Poly(ethylene glycol) (PEG) lipid conjugates, assembled alone or with other
copolymers and cargo molecules, have broad applicability in biomedical
formulations.

In this chapter, we review our recent computational and experimental charac-
terization of the sterically stabilized micelles (SSM) self-assembled from
copolymers containing long poly(ethylene glycol) (PEG) alkane conjugates. The
SSM are assembled from a widely used PEG-ylated phospholipid, DSPE–PEG2000,
1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine-N-[methoxy(polyethylene
glycol)2000]. The use of DSPE–PEG2000 in drug delivery formulations has been
wide-spread due to its many favorable properties, such as low toxicity, biocom-
patibility, and ease of excretion (Zalipsky 1995).

2 Structure and Dynamics of Highly PEG-ylated Micelles

Experimentally Observed Micelle Sizes. DSPE–PEG2000 solvated in water or
ionic solution can aggregate into micelles, which can be used as drug delivery
vehicles. The experimental results shown in Fig. 1 [from (Vuković et al. 2011)]
show the observed intensity weighted size distributions and average hydrodynamic
diameters of the experimentally prepared DSPE–PEG2000 micellar assemblies
equilibrated in water (a–e) and ionic solution (f–j). As the monomer concentration
increases from c = 5 to 40 mM, the hydrodynamic diameters of SSM in water
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slowly increase from dh *4.1 to 5.6 nm (NICOMP instrument), or from dh *2.2
to 4.0 nm (Brookhaven instrument). This size dependence may be caused by the
fact that the effective ionic strength of the solutions (micelle screening) increases
with the monomer concentration, as the monomer counterions become crowded in
the limited space between the micelles).

In ionic solutions, the observed micelles always have narrow size distributions,
whose peaks shift from the diameter of dh *15 nm at c = 5 mM to dh = 8 nm at
c = 40 mM (Fig. 1f–j). The results in Fig. 1 indicate that the presence of ions is of
great importance for the micelle sizes.

MD Simulations of Equilibrated Micelles. In order to better understand the
experimentally observed results, we simulated individual equilibrated molecular

Fig. 1 Experimental
intensity weighted size
distributions of SSM (left) in
pure water at concentrations:
a 5 mM, b 10 mM, c 20 mM,
d 30 mM, e 40 mM and
(right) in HEPES buffered
saline at concentrations:
f 5 mM, g 10 mM, h 20 mM,
i 30 mM, j 40 mM. Line
histograms show data
obtained by the NICOMP
instrument at the 90� angle,
and shadow histograms show
data obtained by the
Brookhaven instrument at the
90� angle. Average
hydrodynamic diameters, dh,
obtained by the NICOMP
instrument (N) at the 90�
angle, and by the Brookhaven
instrument (B) at 30�, 90� and
120� angles, are shown in
each plot. Reprinted
(adapted) with permission
from Vuković L, et al.
(2011), Copyright (2011)
American Chemical Society
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aggregates formed by a different number of DSPE–PEG2000 monomers in water
and ionic solution. Figure 2a–e shows micelles formed by 8, 10, 15, 20, and 50
DSPE–PEG2000 monomers equilibrated in water for 5-16 ns. Note that the size of
the 10-monomer SSM in water is in rough agreement with the SSM sizes observed
in water by both DLS instruments at the monomer concentrations of c [ 30 mM
(Vuković et al. 2011). On the other hand, a 90-monomer SSM equilibrated in
0.166 M NaCl solution, shown in Fig. 2f, is a model of the SSM formed in HEPES
buffered saline. The 90-monomer estimate used in the preparation of the micelle
shown in Fig. 2f is based on the small angle neutron scattering measurements of
SSM in HEPES buffered saline at monomer concentration of c = 5 mM (Arleth
et al. 2005; Ashok et al. 2004).

Structure and Dynamics of the Micelle Core. In all the equilibrated micelles,
three unique regions can be recognized: core, ionic interface, and PEG corona. The
micelle cores in Fig. 2a–f are formed by aggregated alkane blocks, shown in
Fig. 2g (same order). At smaller aggregation numbers, the micelles reorganize in
sub-nanosecond timescales, and their cores gain a spherical shape. Larger micelles
(Nagg [ 20) reorganize in several nanoseconds and their cores become more
ellipsoidal/oblate. In the case of the 90-monomer micelle formed in ionic solution,
the observed oblate shape is in agreement with the previous measurements of SSM
with the aggregation number of Nagg *93, obtained by small-angle neutron
scattering (Arleth et al. 2005).

Structure and Dynamics of the Ionic Interface. The cores of all the SSM are
covered by the charged phosphate groups (–PO�4 ) from the DSPE–PEG2000

monomers, which are screened by the Na+ counterions freely present in our
(neutral) systems. Screening of the ionic interface is of great importance for the
micelle stabilization. In Fig. 3, we show the molarity of the ionic species present in
the 90-monomer SSM in 0.166 M NaCl solution and the 10-monomer SSM
in water (inset) as a function of the radial distance from the micelle center. In the
10-monomer SSM, the distribution of the –PO�4 groups has a single peak localized
at r *1.7–1.8 nm (spherical shape of the core). In the 90-monomer SSM, the core
has an oblate shape, which results in two peaks of the –PO�4 groups, localized at
r *2.2 and r *3.1 nm. In both cases, the –PO�4 groups are largely screened by the
Na+ counterions in the Stern layer, located in the region of the PO�4 groups. The
following diffuse ionic atmosphere (Israelachvili 1992) maintains the neutrality of
the whole molecular complex.

Structure and Dynamics of the Micelle Corona. The local density and con-
formations of PEG chains forming the SSM corona also depend on the aggregation
number, Nagg. As seen in Fig. 2a–f, the PEG chains in all the studied SSM can
transiently form clumps or remain isolated. We analyze the chain dynamics in
more detail for the 10-monomer in water and for the 90-monomer SSM in
0.166 M NaCl solution, shown in Fig. 2b and f, respectively.

In Fig. 4, we show equilibrium fluctuations of the local PEG thickness in the
micellar PEG corona, dPEG, as a function of the inclination angle h and the
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Fig. 2 Snapshots of equilibrated micelles (T = 300 K) containing the following number of
monomers Nagg: a 8, b 10, c 15, d 20, e 50—water, and f 90—0.166 M NaCl solution.
g Equilibrated alkyl cores of the micelles in (a–f) are shown in the same order. Water molecules
are not shown for clarity. Images (a–g) are shown at the same scale [scale bar shown in (g)].
h Relaxation of the 90-monomer SSM core in 0.166 M NaCl solution, shown on a 1 nm thick
cross-section. Reprinted (adapted) with permission from (Vuković L, et al. (2011), Copyright
(2011) American Chemical Society
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azimuthal angle U (spherical coordinates with the origin at the SSM center of
mass). In Fig. 4a–h, we observe that in the 10-monomer SSM a large fraction
(*30 %) of the core is always fully exposed to water, in contrast to the
90-monomer SSM that only occasionally exposes the core to the ionic solution. In
the four snapshots of 10-monomer SSM (Fig. 4), most of the PEG chains fluctuate
but remain folded at the core, while one or two chains can occasionally protrude
away from the core (dPEG [ 5 nm). On the other hand, the 90-monomer SSM in
0.166 M NaCl has a more homogeneous PEG corona.

In Fig. 5, we show the average density distributions, q(r), of the hydrophobic
core groups, the PEG corona groups, and water for (top) the 10-monomer SSM in
water and (bottom) the 90-monomer SSM in 0.166 M NaCl solution. In the
10-monomer SSM, shown in Fig. 5 (top), the hydrophobic core has a relatively
sharp boundary at r = 1.7-1.8 nm. It is followed by the –PO�4 groups and a narrow
PEG layer of the thickness of PEG * 0.5 nm. The individual PEG chains are
highly coiled, which leads to ‘‘mushroom-like’’ PEG conformations, observed on
flat surfaces (membranes) at low PEG densities (Lee et al. 2008). The 90-monomer
SSM, shown in Fig. 5 (bottom), has a rather different structure of its layers, due to
the oblate core terminated at r = 2.5-4 nm. The onset of the PEG layer is broader
than in the 10-monomer SSM, due to the core ellipticity. The congested PEG chains
have more ‘‘brush-like’’ conformations, as seen on flat surfaces in the limit of high
surface coverage (Lee et al. 2008). The average thickness of the PEG corona,
dPEG * 3.8 nm, is in good agreement with a value of dPEG = 3.5 nm (Johnsson
and Edwards 2003), found in DSPE–PEG2000 micelles in the 0.15 M NaCl solution.
Water fills the space between the PEG chains for both 10-monomer and
90-monomer SSM.

Comparison of the Experimental and Theoretical Micelle Sizes. The sizes of
the micelles modeled in MD simulations can be compared to the experimentally
obtained sizes (Fig. 1). Comparison of theoretical effective sizes, dtot, with the
experimental hydrodynamic sizes, dh, shown in Fig. 1, indicates that micelles

Fig. 3 Molarity of P atom
(–PO�4 group on DSPE–
PEG2000 monomers), Na+

and Cl- as a function of the
radial coordinate, r, with
respect to the SSM center of
mass for 90-monomer SSM in
0.166 M NaCl solution.
(inset) Molarity of P and Na+

for 10-monomer micelle in
water. Reprinted (adapted)
with permission from
(Vuković L, et al. (2011),
Copyright (2011) American
Chemical Society
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observed in pure water with diameters of dh = 4-5 nm should contain Nagg \ 8
monomers. On the other hand, in the buffered solutions the experimental SSM
sizes are always having dh [ 8 nm, as seen in Fig. 1 (bottom), indicating

Fig. 4 Local thickness of the PEG corona, dPEG, for SSM with Nagg = 10 in water, at a 3 ns, b 6 ns,
c 10 ns, d 16 ns, and for SSM with Nagg = 90 in 0.166 M NaCl solution, at e 7 ns, f 8 ns, g 9 ns, and
h 10 ns, as a function of the inclination angle, h, and the azimuthal angle, U. Reprinted (adapted)
with permission from (Vuković L, et al. (2011), Copyright (2011) American Chemical Society
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Nagg [ 20. At the DSPE–PEG2000 monomer concentration of c = 5 mM in buffer
(Arleth et al. 2005; Ashok et al. 2004), the experimentally observed SSM have an
aggregation number of Nagg * 90 and a hydrodynamic diameter of dh * 15 nm.
This diameter is in close agreement with a value of dtot = 13.9 nm obtained for the
modeled 90-monomer SSM (Fig. 2f).

Effect of the Ionic Concentration on the Micelle Sizes. When ionic lipid and
surfactant micelles are assembled in ionic solutions, the overall large number of
counterions provides better screening of the charged headgroups. This results in a
reduced repulsion of the headgroups, eventually leading to the stabilization of
more monomers in each assembled structure (Almgren and Lofroth 1981; Mazer
et al. 1976). On the other hand, in micelles assembled from non-ionic (neutral)
monoalkyl-PEGs the aggregation number increases only slightly when the salt
concentration is increased (up to c = 1.3 M) (Schick et al. 1962).

The fact that the aggregation numbers, Nagg, in our SSM are larger in ionic
solution than in pure water is likely related to the enhanced screening of the charged
and aggregated –PO�4 headgroups by abundant free counterions in the ionic solu-
tions (Almgren and Lofroth 1981; Mazer et al. 1976). This possibility was clarified
by theoretical examination on how 10-monomer PEG-ylated micelles in water and
0.166 M NaCl solution are screened by the ion distributions formed around the
ionic –PO�4 groups (Vuković et al. 2011). The analyses of P–Na+, P–Cl-, and P–P
radial distribution functions (Vuković et al. 2011), obtained from MD simulations,
confirm the hypothesis that the presence of electrolytes provides better stabilization
of the PEG-ylated SSM by decreasing the Coulombic repulsion of the –PO�4 groups
and allowing more monomers to be accommodated in the SSM. Our MD simula-
tions also showed that PEG can further stabilize the SSM by forming stable
counterion configurations close to the –PO�4 groups (Vuković et al. 2011).

Fig. 5 Density distribution
as a function of the radial
coordinate, r, with respect to
the SSM center of mass for
10-monomer SSM in pure
water (top) and 90-monomer
SSM in 0.166 M NaCl
solution (bottom). Core and
PEGPEG distributions are
averaged over last 4 ns of the
simulations, while the water
distribution is averaged over
last 0.1–0.2 ns. Reprinted
(adapted) with permission
from (Vuković L, et al.
(2011), Copyright (2011)
American Chemical Society
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3 Drug and Peptide Stabilization in Highly PEG-ylated
Micelles

While a lot is understood about pharmacological properties and physiological
effects of lipid-based drug delivery systems, much less is understood about the
microscopic mechanisms of stabilization of therapeutic agents within them (Rane
and Anderson 2008). Most predictive strategies to determine drug solubility in
lipid environments do not take into account the microscopic nature of the carriers
(Anderson et al. 1980; Avdeef and Testa 2002; Fernandes De Oliveira et al. 2005;
Hawker 1995; Huynh et al. 2008; Lipinski et al. 2001; Patel et al. 2008; Patton
et al. 1984; Rane and Anderson 2008; Totrov 2004). For example, water/octanol
partition coefficients of drugs are widely used to estimate drug solubility. Here, we
use molecular dynamics simulations, an approach that can provide atomistic detail
into drug solubility inside the nanocarriers. SSM nanocarrier can solubilize
hydrophobic drugs, amphiphilic drugs, and peptides (Krishnadas et al. 2003; Koo
et al. 2005; Onyuksel et al. 1999, 2009). Next, we summarize molecular dynamics
studies of stabilization modes for bexarotene drug and the human vasoactive
intestinal peptide (VIP) and the discovery of their preferred locations inside SSM.

Gibbs Energy Profiles of Bexarotene in SSM. Experiments have determined
that 11 bexarotene molecules are encapsulated per SSM (Vuković et al. 2013). In
order to examine where 11 bexarotene drugs could reside within the SSM, we have
calculated solvation free energy profiles, DG(d), of bexarotene inside SSM.

In Fig. 6 we plot DG(d) profile for bexarotene in 10-monomer SSM in water.
Here, the bexarotene has a minimum in DG(d) at the ionic interface, and it has a
moderate barrier for transfer into the aqueous phase, DDG = 5 kcal/mol with
respect to the interface. In Fig. 6, we also show DG(d), of a single bexarotene drug
along the minor axis of 90 monomer SSM in 0.17 M NaCl solution. This DG(d)
profile is relatively flat, with several shallow local minima. The lowest minimum is
again observed at the ionic interface, at d = 2.1 nm. The free energy profiles of
bexarotene are in rough agreement in all the studied systems; the global minima in
DG(d) are at interfaces of alkane and aqueous regions. In initial stages of equili-
bration, the empty 90-monomer nanocarrier had a vacancy in the core, *1 nm in
diameter. During the course of the simulation, the core eventually acquired an oblate
shape, as the vacancy became splashed (Vuković et al. 2011). In order to examine if
this vacancy could potentially host several drugs, we have prepared systems with 3
and 5 bexarotene molecules relaxed in the vacancy within the SSM core. During the
relaxation of these systems, the drug molecules oriented their –COOH groups
inwards and formed a cluster that is stabilized by a hydrogen bond network.

In Fig. 7a, we show the arrangement of 5 drug molecules within the alkyl core,
and the hydrogen bond network which they form. In order to check if bexarotene
prefers the core over the ionic interface, when there is a cluster of drugs within the
core, we obtain DG(d) for one of the bexarotene molecules as a function of its
distance from the SSM center (drug cluster). In Fig. 6, we show that when there are
multiple bexarotene molecules present in the core, the drug develops a minimum in
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Fig. 6 Free energy profiles of bexarotene in SSM-10 (water) and SSM-90 (0.16 M NaCl).
Whole solvated micelles loaded with drugs were present in the free energy calculations; different
numbers of drugs are considered in the SSM-90 core. The vertical arrows show the positions of
ionic interfaces in the two SSMs. Reprinted (adapted) with permission from (Vuković L, et al.
(2013), Copyright (2013) American Chemical Society

Fig. 7 a A snapshot of the cluster of 5 bexarotene molecules formed inside the SSM core. A
hydrogen bond network between –COOH groups is highlighted. b The cluster of 11 bexarotene
drugs (transparent background) forms 2 hydrogen bond networks (highlighted in licorice
representation for clarity) in the SSM core after 15 ns of equilibration. Reprinted (adapted) with
permission from (Vuković L, et al. (2013), Copyright (2013) American Chemical Society
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the core center, with either the same DG(d) or lower by DDG(d) = -1.5 kcal/mol
with respect to the ionic interface, when there are 3 and 5 drugs present in the drug
cluster. The development of this free energy minimum in the core with increasing
number of drugs most explains the large loading capacity of SSM, which was
experimentally determined as Nbex = 11.

To examine the hypothesis that all 11 drug molecules are located in the core of
the 90-monomer SSM nanocarrier, we performed further MD calculations and
equilibrated a cluster of 11 drugs in the alkyl core. In Fig. 7b, we show the shape
of the equilibrated drug cluster. We observe that 9 drugs form one network, while
the remaining 2 drugs associate with each other. This indicates potential crowding
of the drugs in the SSM core, since a cluster of 11 drug molecules seems to be too
large to form a single hydrogen bond network. These observations show that drugs
can potentially be located both in the core and at the ionic interface, the regions
where the drug has minima in free energy profiles.

Stabilization of VIP in SSM. Next, we examined the stabilization of a ther-
apeutic VIP peptide in SSM. VIP amino acid sequence, listed in Fig. 8 (bottom),
shows two clusters of positively charged residues (3 Lys and 2 Arg) in the central
region of VIP, two negative residues closer to the carboxy terminus, and neutral
residues elsewhere. To study the conformation of multiple VIP molecules loaded
on a single SSM, we equilibrate 2 VIP molecules complexed with a 20-monomer

Fig. 8 Snapshots from MD simulation of a 20-monomer SSM loaded with 2 VIPs. The alkyl
core is shown as a cyan surface, on which –PO�4 groups coordinate two positive regions on each
of the VIP peptides. VIP sequence is shown at the bottom. Reprinted (adapted) with permission
from (Vuković L, et al. (2013), Copyright (2013) American Chemical Society
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SSM. The composition of VIP-SSM system in water was chosen according to the
experimental findings (phosphate buffer) (Vuković et al. 2013). The peptides are
initially placed on opposite sides of SSM within 0.7 nm of the SSM core, and
the system is equilibrated for over 30 ns. Over the time, we observe that VIP
molecules become closely coordinated by the –PO�4 groups, as shown for both
VIPs in Fig. 8. During the simulation course, –PO�4 groups first migrate towards 2
VIPs, and then distribute more homogeneously on the alkane core surface, with
several of –PO�4 groups staying close to the positive VIP residues. The quantitative
analysis of VIP interactions with –PO�4 groups show that among the 5 positive
residues on each VIP, there are at least 3 of them which are almost fully coor-
dinated by counterions (*1 –PO�4 group within r = 0.7 nm of the residue center
of mass) (Vuković et al. 2013). The obtained results indicate a large role of
Coulombic interactions in stabilization of cationic peptides in SSM.

4 Conclusion

In this chapter, we presented the results of the experimental and theoretical
characterization of DSPE–PEG2000 assemblies in pure water and HEPES buffered
saline. We also examined the factors which can affect drug solubility in PEG-
ylated phospholipid nanocarriers. Our simulations of the SSM revealed that the
inflatable SSM core, complex ionic interface and highly fluctuating corona form
suitable nesting sites for the drugs and other carried molecules. The overall picture
that emerges from quantitative free energy calculations is that amphiphilic drugs
can be solvated in alkane core and at the ionic interface. Our analysis of thera-
peutic peptide VIP also clearly shows that the PEG corona can also be effective in
solubilizing therapeutic agents. The observed behavior of highly PEG-ylated
micelles is of crucial importance for the design of new nanomedicines and other
nanoconstructs with versatile applications.
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Toward Intracellular Delivery and Drug
Discovery: Stochastic Logic Networks
as Efficient Computational Models
for Gene Regulatory Networks
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Abstract Biological functions are regulated through the interactions among
genes, proteins and other molecules in a cell. Among various approaches to
modeling gene regulatory networks (GRNs), Boolean networks (BNs) and its
probabilistic extension, probabilistic Boolean networks (PBNs), have been effec-
tive means; in particular, PBNs consider molecular and genetic noise, so they
provide significant insights into the understanding of the dynamics of GRNs. The
applications of PBNs, however, are hindered by the complexities involved in the
computation of the state transition matrix and steady-state distribution of a PBN.
This chapter discusses stochastic logic networks as computationally efficient gene
network models. Initially, stochastic Boolean networks (SBNs) are presented as a
novel implementation of PBNs. SBNs are based on the notions of stochastic logic
and stochastic computation. To further exploit the simplicity of logical models, a
multiple-valued network employs gene states that are not limited to binary values,
thus providing a finer granularity in the modeling of GRNs. Subsequently, sto-
chastic multiple-valued networks (SMNs) are presented for modeling the effects of
noise and gene perturbation in a GRN. These novel logical models provide
accurate and efficient simulations of probabilistic Boolean and multiple-valued
networks (PBNs and PMNs). The analysis of a p53–Mdm2 network and a WNT5A
network shows that the stochastic logic networks are efficient in evaluating the
network dynamics and steady state distribution of gene networks under random
gene perturbation. These techniques are potentially useful in the investigation of
intracellular delivery and drug discovery.
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Abbreviations

GRN Gene regulatory network
BN Boolean network
GAP Gene activity profile
PBN Probabilistic Boolean network
SBN Stochastic Boolean network
PMN Probabilistic multiple-valued networks
SMN Stochastic multiple-valued network
STM State transition matrix
SSD Steady state distribution
MCMC Markov chain Monte Carlo
MC Monte Carlo
FSM Finite state machine
EL Equal or larger
ES Equal or smaller
TB Ternary buffer
TI Ternary inverter
DSBs Double strand breaks

1 Introduction

In a cell, biological functions are implemented through the interactions among
genes, proteins and other molecules. However, gene networks are noisy due to the
effect of stochastic fluctuations in genetic interactions (Elowitz et al. 2002). Various
methodologies have been proposed to model the interactions among genes (de Jong
2002). These models can be classified into three broad categories: logical models,
continuous models and stochastic models at the single-molecule level (Karlebach
and Shamir 2008). As a classic logical model, Boolean networks (BNs) provide a
qualitative analysis of the network dynamics (Kauffman 1969; Glass and Kauffman
1973; Huang 1999). Albeit simplistic, BNs have been shown to be efficient in the
modelling of gene regulatory networks (GRNs) by taking advantages of low
complexity and a minimum requirement on the quality (and quantity) of experi-
mental data (Pandey et al. 2010). To account for the intrinsic noise in genetic and
molecular interactions, probabilistic Boolean networks (PBNs) have been devel-
oped as a generalization of BNs (Shmulevich et al. 2002a, b; Shmulevich and
Dougherty 2010). In a PBN, the inherent stochastic nature of molecular and genetic
interactions dictates that the next state of target genes is predicted by several BNs
with various probabilities. The evolution of such a system is thus a Markov chain
and the state transitions can be described by a transition probability matrix.
A steady-state analysis further tells whether a PBN will evolve into a stable target
state in the presence of random gene perturbations, thereby providing valuable

328 P. Zhu et al.



information for developing intervention-based therapeutic approaches (Shmulevich
et al. 2002c, 2003; Dougherty et al. 2010; Faryabi et al. 2009; Karlebach and
Shamir 2010).

The computation of the steady-state distribution of a PBN, however, presents a
challenge. In a PBN with n genes and N Boolean networks, the complexity to
compute the state transition matrix (STM) is O(nN22n) (Shmulevich et al. 2002b)
and it is more difficult to compute the steady-state distribution (SSD). This com-
plexity is reduced to O(nN2n) for a sparse STM (Zhang et al. 2007) and can further
be reduced (to the same order, but with a smaller N) by ignoring the Boolean
networks with probabilities below certain threshold (Ching et al. 2007). Method-
ologies have also been developed by eliminating genes (Ivanov et al. 2007) and
using optimal control policies (Qian et al. 2009) to reduce computational com-
plexity. State reduction techniques have been used for network intervention (Qian
et al. 2010) and to reduce the model complexity of context-sensitive PBNs (Pal
2010). Nevertheless, it remains a difficult problem to reduce the computational
complexity of a PBN without a compromise on the accuracy of an evaluation.

The Boolean simplification, furthermore, may incur an accuracy loss in the
modeling of complex biological networks such as a random Boolean network
(Harvey and Bossomaier 1997; Kitano 2001). To address this, an approach using
multiple-valued variables introduces an increased level of granularity and can thus
be more accurate in the modeling of a GRN (Thomas and D’Ari 1990; Morris et al.
2010; Dubrova 2006; Garg et al. 2007). For examples, three states of the protein
p53 are considered in Abou-Jaoude et al. (2009), Murrugarra et al. (2012) and
multiple-valued gene nodes are analyzed in a T-helper network (Garg et al. 2007).
Moreover, deterministic multiple-valued networks are analyzed in Li and Cheng
(2010). A multiple-valued analysis provides a tradeoff between the simplicity of
Boolean networks and the complexity of differential equation based approaches
(Morris et al. 2010). Multiple-valued networks have also been studied in chemical
reactions (Adamatzky 2003) and cognitive sciences (Volker and Conrad 1998).

When gene expressions are discretized into multiple values, they are considered
to be not only affected by the presence of activating or repressing proteins, but also
by the absence of a protein (Aldana et al. 2003). Random and probabilistic mul-
tiple-valued networks (PMNs) have respectively been studied in Dubrova (2006)
and Kim et al. (2002), for providing insights into the long run behavior of a
network with noise. For a k-valued network of n genes with N network functions,
however, a kn � kn matrix is required for an accurate analysis of the steady state
distribution (SSD), resulting in a complexity of O(nNk2n) by a PMN analysis in the
computation of the STM. This also requires a memory usage in the order of at least
O(k2n). Since the size of an STM (and the required memory) increases exponen-
tially with the number of genes, the analysis of a network with a higher quanti-
zation level presents even a greater challenge. This prevents the use of an accurate
analysis in the evaluation of large networks. For a network with an increased
number of genes, a Markov chain Monte Carlo (MCMC) method is often used to
estimate the SSD of a PBN (Shmulevich et al. 2003) and its multiple-valued
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extension, PMNs (Kim et al. 2002). An MCMC simulation is considered to pro-
duce an accurate result when a sufficient number of simulations are performed to
produce a stable output; however, this number is usually required to be very large,
due to the slow convergence of the MCMC method (Rosenthal 1995), thus
incurring a very long simulation time.

As an application of BNs, logic circuits have been used to simulate genetic
networks (McAdams and Shapiro 1995). Circuit diagnosis techniques have been
utilized to identify the most vulnerable molecules in cellular networks (Abdi et al.
2008). Synchronous simulation of Boolean networks has been proposed for the
analysis of biological regulatory networks (Kervizic and Corcos 2008). An unre-
liable logic circuit usually behaves probabilistically and thus becomes an instance
of PBNs. Initially proposed for reliable circuit design (von Neumann 1956; Gaines
1969), stochastic computation has been demonstrated in several physical and
biological applications (Adar et al. 2004; Benenson et al. 2004).

In this chapter, stochastic logic networks are presented for efficient imple-
mentations of PBNs and PMNs (where the quantization level of a gene’s state is
not limited to binary). These implementations of a PBN and PMN are referred to
as a stochastic Boolean network (SBN) and a stochastic multiple-valued network
(SMN), respectively. As in stochastic computation, SBNs/SMNs employ random
streams of binary/multiple values to represent probabilities and computation is
performed by stochastic logic. Due to stochastic fluctuations, however, the com-
putational results obtained by an SBN/SMN are not deterministic, but probabi-
listic. In Han et al. (2013), Liang and Han (2012), it has been shown that the use of
non-Bernoulli sequences of random permutations of fixed numbers of 1’s and 0’s
as initial inputs reduces the stochastic fluctuation and produces more accurate
results than using Bernoulli sequences. In a k-valued SMN, similarly, randomly
permuted sequences of fixed numbers of the k values are used to reduce the
required computational complexity. It is shown in simulation results that the use of
the non-Bernoulli and randomly permuted sequences increases the computational
efficiency and allows for a tunable tradeoff between accuracy and efficiency. The
required complexity for computing the STM of a k-valued network is reduced from
O(nNk2n) to O(nLkn), where L, determined by the minimum length of stochastic
sequences for achieving a desired accuracy, increases slower than N.

Nevertheless, the analysis of the SSD is challenging due to the size of the STM
required. However, the SSD analysis of a PBN/PMN resembles that of a finite state
machine (FSM), due to their common underlying Markovian nature. An FSM is
often implemented by a sequential circuit, which can be unrolled into a series of
identical combinational modules by a so-called time-frame expansion in the spatial
domain. A time-frame expansion of an SBN/SMN, hence, is used for an SSD
analysis, which makes the SBN/SMN approach very efficient in the analysis of
complex GRNs. Simulation results show that the proposed SBN/SMN approach
produces very accurate results for small networks compared to a theoretical anal-
ysis. For large networks, the SBN/SMN approach using the time-frame expansion
technique is more efficient than a simulation-based MCMC method. It is shown that
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the stochastic approach reveals the oscillatory dynamics of a p53–Mdm2 network
(Murrugarra et al. 2012) with random gene perturbation, and that it accurately and
efficiently predicts the SSD of a ternary WNT5A network (Kim et al. 2002) with
gene perturbation. Hence, the stochastic logic networks can be used to predict the
long run behavior of a cell under different intervention strategies. This feature can
be useful in the study of intracellular delivery and discovery of drugs.

2 Probabilistic Boolean/Multiple-Valued Networks

A probabilistic network of n genes is defined by GðV ;FÞ, with a node set V ¼
x1; x2; . . .; xnf g and a list of sets of predictor functions F ¼ fF1;F2; . . .;Fng

(Shmulevich et al. 2002a). If the state of gene i is quantized into k levels, then
xi 2 0; . . .; k � 1f g for i 2 1; 2; . . .; nf g. For k ¼ 2, a network is referred to as a
probabilistic Boolean network (PBN), where V is a set of binary-valued nodes and
xi ¼ 1 (or 0) indicates that gene i is (or not) expressed; for k ¼ 3, it is considered
as a ternary network (Kim et al. 2002). At time t, the state of a network can be
described by a vector, x tð Þ ¼ x1 tð Þ; x2 tð Þ; . . .; xn tð Þð Þ, where the state of a gene is
given by xi tð Þ 2 0; 1; . . .; k � 1f g for i 2 1; 2; . . .; nf g. A network state is also
referred to as a gene activity profile (GAP). For a k-valued network of n genes,
hence, there are a total of kn network states or GAPs. A GAP is also given as a
decimal index. For a ternary network of n genes, a GAP is indexed by:

d ¼
Xn

i¼1

xiðtÞ � 3i�1 þ 1; ð1Þ

where xi is the state of the ith gene, i 2 1; 2; . . .; nf g.
For gene i (i 2 1; 2; � � � ; nf g), the set of predictor functions is given by

Fi ¼ f ið Þ
1 ; f ið Þ

2 ; . . .; f ið Þ
lðiÞ

n o
, with each predictor function f ið Þ

j ið Þ: 0; 1; . . .; k � 1f gn!
0; 1; . . .; k � 1f g, where lðiÞ is the number of possible predictor functions for gene

i and lðiÞ is usually a small number (Ching et al. 2007; Guelzim et al. 2002). Due
to the stochastic behavior, the next state of gene i is determined by all of its

predictor functions in Fi, i.e., f ið Þ
1 ; f ið Þ

2 ; . . .; f ið Þ
l ið Þ with probabilities c ið Þ

1 ; c
ið Þ

2 ; . . .; c ið Þ
lðiÞ.

If the predictor functions are independent, there are N ¼
Qn

i¼1 lðiÞ possible
realizations of the network, each of which is referred to as a context. Assume that

the jth context is represented as f j ¼ f 1ð Þ
j 1ð Þ; f 2ð Þ

j 2ð Þ; . . .; f nð Þ
j nð Þ

� �
, where each

f ið Þ
j ið Þ: 0; 1; . . .; k � 1f gn! 0; 1; . . .; k � 1f g, for 1� j ið Þ� l ið Þ, is a predictor function

of gene i; the next state of a gene is determined by both the present state and the
selected context.
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In a PBN, the probability that the jth BN is selected is:

Pj ¼
Yn

i¼1

cðiÞjðiÞ; ð2Þ

where cðiÞjðiÞ is the probability that the Boolean function j(i) is selected for gene i. By

a different selection of the BNs during a state transition, the genes can reach a
different state from their present state.

A multiple-valued network can be modeled by a Markov chain (Kim et al.
2002), so the next state of gene i, xi (xi 2 0; 1; . . .; k � 1f g in a k-valued network)
is given by:

x tþ1ð Þ
i ¼

0 with C0
i S tð Þ� �

¼ Pr x tþ1ð Þ
i ¼ 0jS tð Þ

� �
1 with C1

i S tð Þ� �
¼ Pr x tþ1ð Þ

i ¼ 1jS tð Þ
� �

..

.

k � 1 with Ck�1
i S tð Þ� �

¼ Pr x tþ1ð Þ
i ¼ k � 1jS tð Þ

� �

8>>>>>><
>>>>>>:

ð3Þ

where C0
i S tð Þ� �

þ C1
i S tð Þ� �

þ � � � þ Ck�1
i S tð Þ� �

¼ 1. Thus, the transition probability

from the network state (or GAP) S tð Þ at time t to S tþ1ð Þ at t + 1 is given by:

Pr S tð Þ ! S tþ1ð Þ
� �

¼
Yn

i¼1

C
x tþ1ð Þ

i
i : ð4Þ

Using the decimal indices of GAPs by (1), the state transition of a ternary
network is described by the state transition matrix (STM) as follows:

A ¼

Prð1j1Þ Prð2j1Þ � � � � � � Prð3nj1Þ
Prð1j2Þ Prð2j2Þ � � � � � � Prð3nj2Þ
� � � � � � � � � � � � � � �
� � � � � � � � � � � � � � �

Prð1j3nÞ Prð2j3nÞ � � � � � � Prð3nj3nÞ

2
66664

3
77775 ð5Þ

In A, each entry indicates the conditional probability that the network transitions
from a present state into a next state. For N realizations of the network, A can be

obtained as A ¼
PN

j¼1 PjAj, where Pj (Pj ¼
Qn

i¼1 cðiÞjðiÞ) is the probability that the jth

realization of the network emerges and Aj is the STM resulting from the jth real-
ization (Shmulevich et al. 2002a). Hence, the STM can be derived for a multiple-
valued network with a complexity of OðnNk2nÞ, where N is the number of possible
realizations of the network and k is the quantization level of the gene states.

External stimuli cause random gene perturbations that make the dynamics of a
network an ergodic Markov chain (Shmulevich et al. 2002c). In an ergodic Markov
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chain, all states are communicated and thus a steady state distribution (SSD) exists
in a network. Since a perturbed gene has k � 1 possible states, there are ðk � 1Þn0

states for n0 perturbed genes (n0 2 f1; 2; . . .; ng); hence, each of the perturbed states

in S tþ1ð Þ is selected with a probability of ½1=ðk � 1Þ�n0 . The event that no gene is
perturbed, occurs with a probability of ð1� pÞn. Hence, S tþ1ð Þ is determined by the

selected context if no perturbation exists, i.e. Pr S tð Þ ! S tþ1ð Þffi �
¼

Qn
i¼1 C

xtþ1
i

i

� �
. If

n0 genes are perturbed, S tð Þ ! S tþ1ð Þ occurs with probability
pn0 � ð1� pÞn�n0 � ½1=ðk � 1Þ�n0 . Following (Kim et al. 2002), therefore, the state
transition probability from S tð Þ to S tþ1ð Þ in a perturbed k-valued network is given by:

Pr S tð Þ ! S tþ1ð Þ
n o

¼
Yn

i¼1

C
x tþ1ð Þ

i
i

 !
� ð1� pÞn þ pn0 � ð1� pÞn�n0 � pn0

0

� 1 S tð Þ 6¼ S tþ1ð Þ
h i

; ð6Þ

with

n0 ¼
Xn

i¼1

1 xðtÞi 6¼ xðtþ1Þ
i

� �
; ð7Þ

p0 ¼ 1=ðk � 1Þ; ð8Þ

where p is the perturbation rate, n0 is the number of perturbed genes, p0 is the
probability that a gene will change to a new state if perturbed, and 1 �ð Þ is an

indicator function; 1ðS tð Þ 6¼ S tþ1ð ÞÞ ¼ 1 if S tð Þ 6¼ S tþ1ð Þ and 1ðS tð Þ 6¼ S tþ1ð ÞÞ ¼ 0
otherwise. Using (6), a perturbed STM or perturbation matrix (Ching et al. 2007;
Liang and Han 2012) can be obtained for further analysis of the SSD. Similarly,
the STM can be calculated for a PBN when k = 2.

3 Stochastic Logic Networks

3.1 Stochastic Computation for Boolean
and Multiple-Valued Logic

In stochastic computation, probabilities are encoded into random binary bit streams.
Information is carried in the statistics of the binary streams and processed by
stochastic logic (Gaines 1969). Usually, a probability is represented by a propor-
tional number of bits, e.g. the mean number of 1’s in a bit sequence. In Boolean
logic, for example, an inverter computes the complement of a probability while the
multiplication of probabilities is implemented by an AND gate with independent
inputs. Thus, stochastic computation performs a probabilistic analysis in the real
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domain. Due to inevitable stochastic fluctuations, the computational result by
stochastic logic is not deterministic but probabilistic. However, stochastic fluctu-
ations can be reduced through the use of non-Bernoulli sequences of random per-
mutations of fixed numbers of 1’s and 0’s as initial inputs. This produces more
accurate results than using Bernoulli sequences (Han et al. 2013). Signal correla-
tions are efficiently handled in a stochastic network by the bit-wise dependencies
encoded in the random binary streams, thus making it an efficient approach to
computing probabilities (Han et al. 2013).

Figure 1 shows an inverter (NOT), an AND, a buffer, an OR, an XOR gate and
a multiplexer. While an XOR gate performs a controlled inversion, a multiplexer
takes one of its inputs as output according to the values of the control bits. For the
2-to-1 multiplexer of Fig. 1f, for example, its output takes the value of its input ‘a’
or ‘b’ when the control bit ‘c’ is 0 or 1. Similarly, a stochastic multiplexer chooses
one of its inputs as output according to the distributions of 0’s and 1’s and thus the
probability of 0 and 1 encoded in the random sequences of the control bits. For a
sequence length of 1,000 bits, for example, an input probability of 0.4 indicates

(a) (b)

(c) (d)

(e) (f)

Fig. 1 Stochastic logic. a a NOT gate, b an AND gate, c a buffer, d an OR gate, e an XOR gate
and, f a multiplexer
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that approximately 400 1’s are in the random sequence of the input ‘a’, as shown in
Fig. 1f. If the random input sequences are independent, the output of the multi-
plexer is expected to be Pa 1� Pcð Þ þ PbPc ¼ 0:34, which means that approxi-
mately 340 1’s are expected in the output sequence.

Stochastic computation is also applicable to the probabilistic analysis of mul-
tiple-valued signals. For a k-valued signal, the probability of each value is given in

a vector P ¼ pk�1; pk�2; . . .; p1; p0½ �, with
Pk�1

i¼0 pi ¼ 1. This probability vector can
be encoded into a multiple-valued stochastic sequence. An example is shown in
Fig. 2 for a ternary signal.

Multiple-valued logic includes the buffer, inverter, MIN (minimum), MAX
(maximum) and rotator; some are defined as follows (Li and Cheng 2010):

(1) A multiple-valued buffer:

BUF Að Þ ¼ A;

(2) A multiple-valued inverter:

INV Að Þ ¼ ðk � 1Þ � A;

(3) A multiple-valued rotator ; :

;ðAÞ ¼ Aþ 1 A 6¼ k � 1
0 A ¼ k � 1

�
:

The following new logic operators are further defined:
(4) A multiple-valued equal or larger (EL) than a operator, where a is a constant

number between 0 and k-1.

ELðA� aÞ ¼ MAXðA; aÞ;

(5) A multiple-valued equal or smaller (ES) than a operator, where a is a constant
number between 0 and k-1.

ESðA� aÞ ¼ MINðA; aÞ:

Fig. 2 The stochastic
encoding of a ternary signal
using a sequence of 10 values
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Several ternary stochastic processing elements are shown in Fig. 3, including a
buffer, an inverter, an EL operator, an ES operator, a MIN, a MAX, a rotate gate.

For the ternary MIN logic, if the two inputs are independent with probabilities
A = [0.3 0.4 0.3] and B = [0.5 0.4 0.1], the output probabilities are expected
to be p 2ð Þ ¼ pA 2ð Þ � pB 2ð Þ ¼ 0:3� 0:1 ¼ 0:03 ; p 0ð Þ ¼ pA 0ð Þ þ pB 0ð Þ � pA 0ð Þ�
pB 0ð Þ ¼ 0:65, and p 1ð Þ ¼ 1� p 0ð Þ � p 2ð Þ ¼ 0:32. This function can be imple-
mented by the ternary MIN gate, as shown in Fig. 3e, using stochastic sequences.
For a sequence length of 10,000 values, the output sequence is expected to have
approximately 6,500 0’s, 3,200 1’s and 300 2’s. For the ternary rotate logic, if the
input’s signal probability is given by A = [0.3 0.4 0.3], the output’s signal
probability is expected to be p 0ð Þ ¼ pA 2ð Þ ¼ 0:3, p 1ð Þ ¼ pA 0ð Þ ¼ 0:3 and
p 2ð Þ ¼ pA 1ð Þ ¼ 0:4. This function can be implemented by the ternary rotate gate
with the use of stochastic sequences (Fig. 3h).

However, these numbers are not deterministic but probabilistic, due to inherent
stochastic fluctuations. For stochastic Boolean networks, compared to the use of
Bernoulli sequences of independently generated binary bits (such as in a coin-
flipping experiment), the effect of the fluctuation can be significantly reduced
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Fig. 3 Stochastic logic: a a ternary buffer (TB); b a ternary inverter (TI); c an EL operator; d an
ES operator; e a ternary MIN with independent inputs; f a ternary MAX with independent inputs;
g a ternary MIN with totally dependent inputs; h a ternary rotate gate. A probabilistic
computation is performed through stochastic logic operations by encoding signal probabilities
into random sequences
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through the use of non-Bernoulli sequences of random permutations of fixed
numbers of 1’s and 0’s for initial input probabilities (Liang and Han 2012). For
stochastic multiple-valued networks, stochastic sequences of random permutations
of fixed numbers of the multiple values, hereafter referred to as randomly per-
muted sequences, are used for encoding initial input probabilities. The use of
randomly permuted sequences reduces the amount of stochastic fluctuations in a
network. It will be shown in the Results and Discussion Section that the effect of
fluctuation is negligible when a reasonable sequence length is used in the
simulation.

3.2 Stochastic Logic Networks Without Perturbation

A general structure of the stochastic Boolean network (SBN) is defined as follows.
As discussed previously, the next state of a gene is determined by the present state
of its input genes and a set of predictor functions according to their occurring
probabilities. In an SBN, these probabilities are represented by random binary bit
streams and the selection of the Boolean functions is implemented by a multi-
plexer with properly generated control sequences.

In the general case that multiple quantization levels are considered, a stochastic
multiple-valued network (SMN) can be constructed to model a multiple-valued
gene network. In an SMN, probabilities are encoded into randomly permuted
multiple-valued sequences and the selection of the predictor functions is also
implemented by a multiplexer. A general structure of an SBN or SMN is shown in
Fig. 4 for a single gene.

If the next state of gene i is determined by l ið Þ predictor functions, the number
of control bits of the multiplexer is given by log2ðlðiÞÞ. Usually, a function has
only a few input variables and the number of possible predictor functions is
generally small (Ching et al. 2007; Guelzim et al. 2002). By a multiplexer with
control bits S1� Sm, a function is selected in the jth BN for gene i with probability

c ið Þ
j ið Þ. Assume that a network transfers from state S tð Þ to S tþ1ð Þ in a context

(or network function), then the transition probability for S tð Þ ! S tþ1ð Þ is given by
the probability of selecting this context. This indicates that when all the genes are
considered, the SBN and SMN models in Fig. 4 accurately implements the
functions of (2) and (4).

3.3 Stochastic Logic Networks with Perturbation

Under external stimuli, a gene’s state can be perturbed by a small chance during a
transition (Shmulevich et al. 2002c). Assume x ¼ ðx1; x2; . . .xnÞ represents the
current state of an n-gene network at time t and c is the vector that indicates the
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effect of random perturbation, the next state x
0

is given by Shmulevich et al.
(2002c):

x0 ¼ x	 c with a probability of 1� ð1� pÞn
fk xð Þ with a probability of ð1� pÞn

�
ð9Þ

where 	 is the modulo 2 of additions and fkðÞ is the function of the kth Boolean
network at time t. The effect of perturbation to the state transition matrix can then
be described by a matrix called the perturbation matrix (Ching et al. 2007). The
perturbation matrix is determined by the number of genes and the gene pertur-
bation probability p. It is usually computed by a (complex) analytical approach.

However, the effect of perturbation can be readily accounted for in an SBN.
Figure 5 illustrates a general model of SBNs with perturbation. As perturbation
introduces a probabilistic inversion to the state of a gene, XOR gates are used to
implement the addition modulo 2 of the perturbation vector and the present state.
The probability that either a Boolean function works or a perturbation works
(given in (9)) is computed by a stochastic n-input OR gate. This probability is then
encoded into the output sequence of the OR gate and used as the control sequence
of a bus multiplexer. If the perturbation vectors (‘Pert 1’ … ‘Pert n’ in Fig. 5) are
all 0’s, which means there is no perturbation, then the output sequence of the OR
gate contains all 0’s, which subsequently determines that the next state is given by
the original SBN without perturbation; otherwise, the next state is determined by
the perturbation probability encoded in the output sequence of the stochastic OR
gate. Per the stochastic functions of XOR, OR and the multiplexer, the next state is
given as the output of the SBN with perturbation, by:

x0 ¼ x	 cð Þ � 1� 1� pð Þnð Þ þ fk xð Þ � ð1� pÞn ð10Þ

Fig. 4 A stochastic Boolean or multiple-valued network (SBN or SMN) without perturbation
(for a single gene i). The control sequences S1~Sm of the multiplexer (MUX) probabilistically
determine the selection of the predictor functions

338 P. Zhu et al.



which is equivalent to (9). This indicates that a PBN with perturbation can be
accurately implemented by an SBN with perturbation.

In a k-valued network of n genes, a similar perturbation flag vector c is used to
indicate whether a gene is to be perturbed. Assume that the network goes from state
S tð Þ to S tþ1ð Þ under perturbation. If each gene is to be perturbed with a probability p,
the probability that the next state is totally determined by a network function (i.e., no
perturbation occurs) is ð1� pÞn. When a perturbation occurs, the state of the per-
turbed gene transitions to a different state: this new state is determined by the present
state and the value in the perturbation flag vector c. Without the loss of generality, a
set of transition rules can be determined, as shown in Table 1 for a ternary network.
The set of rules in Table 1 can be implemented by sum and modulo operations; for

S tð Þ ¼ ð0; 0; 0; 1; 1; 1; 2; 2; 2Þ and c ¼ ð0; 1; 2; 0; 1; 2; 0; 1; 2Þ, as an example, the next

Fig. 5 An SBN with perturbation

Table 1 State transition
rules for a gene in a ternary
network under perturbation.
Adapted from Zhu and Han
(2013) and � IEEE

Current state (x) Perturbation (c) Next state
ðx0 ¼ moduloðxþ c; 3ÞÞ

0 1 1
2 2

1 1 2
2 0

2 1 0
2 1
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state is given by S tþ1ð Þ ¼ modulo S tð Þ þ c
� �

; 3
� �

¼ ð0; 1; 2; 1; 2; 0; 2; 0; 1Þ. Hence,
the perturbation in a ternary network can be implemented by the sum and modulo
operations. For a network of higher levels, similar operations can be implemented for
the perturbation (although not discussed in detail), while for a Boolean network, this
operation is simplified to an XOR gate.

For an SMN, therefore, if S tð Þ ¼ ðx1; x2; . . .; xnÞ is the GAP or state of the
network at time t; the next state S tþ1ð Þ is given by:

S tþ1ð Þ ¼ moduloðsumðS tð Þ; cÞ; kÞ with 1� ð1� pÞn;
f ðx1; x2; . . .; xnÞ with ð1� pÞn;

�
ð11Þ

where p is the perturbation rate for each gene and f ð�Þ is a realization of the
network at time t. (11) indicates that no perturbation occurs, i.e., ci ¼ 0 for any

i 2 1; . . .; nf g, with a probability of ð1� pÞn. In this case, the next state S tþ1ð Þ is
determined by the selected context (or network function). If gene i is perturbed, ci

in c is assigned to be m (m 6¼ 0) with a probability of 1=ðk � 1Þ; the gene’s state xi

is then changed from j to m ðm 6¼ jÞ with a probability of 1=ðk � 1Þ (Kim et al.
2002). This state transition under perturbation is then implemented by the function
of moduloðsumðS tð Þ; cÞ; kÞ. In a network of n genes, if n0 genes are to be perturbed,
this indicates that the perturbation flag vector c contains n0 non-zero values and
n� n0 zeros. For each zero, the current state of the corresponding gene remains, as
shown in the aforementioned example. For the n0 non-zero values, a different set
of values leads to a different next state of the perturbed genes. For random gene
perturbation, each set occurs with a probability of ½1=ðk � 1Þ�n0 , so the network

transition from the present state to a particular next state, i.e. S tð Þ ! S tþ1ð Þ, occurs
with a probability of pn0 � ð1� pÞn�n0 � ½1=ðk � 1Þ�n0 . Since a perturbed state is

considered to be different from the present state, i.e. S tþ1ð Þ 6¼ S tð Þ, under pertur-
bation, the probability of the state transition of (11) is given by (6).

To account for the perturbation effect, a modified SMN is shown in Fig. 6. The
probability that the multiple-valued network is left without perturbation or that a
perturbation takes effect, is determined by the output of an n-input MAX gate.

In the SMN in Fig. 6, gene perturbation is considered as follows. Since a
random gene perturbation probabilistically changes the state of a gene, the mod-
ules of sum and modulo k operations are used to implement the perturbation
function (of the perturbation vector and the genes’ current states). The jth per-
turbation vector, Perj, consists of a number of i’s, i ¼ 0; 1; . . .; k � 1ð Þ; for
instance, if an L-bit sequence Peri is used to indicate the perturbation rate p in a
ternary network and let M ¼ L � p, then there are L�M 0’s, M=2 1’s and M=2 2’s
in the sequence.

This indicates that if a gene at state i is perturbed, the new state can be any
jðj 6¼ iÞ with an equal probability of 1=ðk� 1Þ. Hence, if n0 genes are perturbed, a
perturbed state is chosen with a probability of ½1=ðk� 1Þ�n0 . The probability that
either an original multiple-valued function works or a perturbation occurs (by (11))
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is implemented by the output sequence of an n-input MAX gate. This sequence is
then used as the control sequence of a bus (or multiple-bit) multiplexer. If no
perturbation occurs, the perturbation vectors (0Per01;

0 Per02; . . .;0 Per0n in Fig. 6)
consist of all 0’s, and thus the output sequence of the MAX gate will contain all
0’s. The next state is subsequently given by the original SMN without perturba-
tion; otherwise, the ES operators will produce 1s for the input of the MAX gate,
thus the next state is determined by the perturbation probability encoded in the
output sequence of the MAX gate. From this analysis, it can be seen that the SMN
model implements the function of (11) and thus computes the transition probability
of (6). This indicates that it accurately implements a probabilistic multiple-valued
network with perturbation.

3.4 State Transition Matrix and Steady State Analysis

In the simulation of an SBN/SMN, each input combination results in output
sequences that contain information about the transition probability from this input
to every output (or next state). For a deterministic input (i.e. the present state), the
proportions of the numbers of the next states encoded in the output sequences
return the statistics as the transition probabilities in a row in the state transition
matrix (STM). Hence, all the transition probabilities for this input can be generated
in a single run. For a probabilistic multiple-valued network (PMN) with k levels

Fig. 6 An SMN with perturbation. Gene perturbation is implemented by the sum and modulo k
functions of the perturbation vector and the present state. Adapted from Zhu and Han (2013) and
� IEEE
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(or a PBN if k ¼ 2) and n genes, the SMN (or SBN) needs to be run for each of the
kn input states and an OðnÞ number of sequences need to be generated for the
control signals of the multiplexers.

The accuracy in the computed state transition probabilities is determined by the
length of the stochastic sequences. Since longer sequences are usually required in a
larger network for achieving an evaluation accuracy, a factor, L, is used here to
account for the computational overhead required by using a longer stochastic
sequence. For a k-valued network of n genes, a complexity of O(nLkn) results for
computing the STM at a desired accuracy. As shown in the simulation results in
(Liang and Han 2012; Zhu and Han 2013), the required minimum sequence length
increases slower with the numbers of genes than the number of possible networks,
N, which generally increases exponentially with the number of genes in a network.
Therefore, the complexity of using an SMN (or SBN when k ¼ 2) to compute the
STM, i.e., O(nLkn), is smaller than O(nNk2n) of an accurate analysis (Kim et al.
2002). This difference becomes significant for a large gene network.

Given the size of the STM of a PBN, the analysis of the steady-state distribution
is challenging for using both analytical and simulative approaches. The Markovian
nature of a PBN/PMN makes its analysis similar to that of a finite state machine
(FSM). An FSM is equivalent to a sequential circuit implementation. By a time-
frame expansion, a sequential circuit can be unrolled into a series of identical
combinational modules connected in the spatial domain. Using a similar technique,
the temporal operation of a stochastic logic network can be transformed into a
spatial operation of identical SBNs or SMNs connected in series. This is shown in
Fig. 7. This spatial extension of an SBN/SMN can be used for the steady-state
analysis and the required iterations of the network are determined by the number
of state transitions before reaching a steady state.

A steady-state analysis using a time-frame expanded network starts with an
initial input state, generates the random bit sequences for the inputs and control
bits of multiplexers, and then propagates the stochastic signals through the
expanded SBN or SMN structure. This process is equivalent to an analytical
procedure of multiplying the input probabilities with the powers of the state
transition matrix (STM). Finally, a small variance threshold is used to determine

Fig. 7 A time-frame expanded stochastic logic network
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whether the system has reached a steady state. The steady-state distribution is then
obtained from the output sequences at the end of the operation.

In the above process, the speed of convergence to a steady state is dependent on
a number of factors, including the length of random bit sequences, the variance
threshold value and the perturbation rate. In practice, a sequence length that is long
enough to have a resolution of at least two magnitudes smaller than the threshold
value, is used to guarantee that the convergence is not dominated by stochastic
fluctuations. It is shown later that the analysis using an extended network structure
provides an alternative and efficient way of estimating the steady-state distribution
of a PBN or PMN without resorting to the STM.

A general multiple-valued network (with any k) can be analyzed by the time-
frame expanded SMN approach. The simulation results in Zhu and Han (2013)
reveal that, while the SMN approach takes longer time than a Markov chain
analysis (Kim et al. 2002) for small networks, it becomes faster in the analysis of
large networks. Although the evaluation accuracy slightly decreases with the
increase of the discretization level, k, a better accuracy is obtained when longer
stochastic sequences are used.

Further investigations on the memory usage of the stochastic approach show
that the Markov chain analysis (Kim et al. 2002) requires less memory than SMN
for small networks with a low quantization level, k, whereas the required memory
outgrows that of the SMN approach in the analysis of a larger network with a
larger k (Zhu and Han 2013). In fact, the required memory by the Markov chain
analysis increases exponentially with the number of genes and depends heavily on
k, because of the increased size of transition matrices in an analysis. On the other
hand, the memory required by the time frame expanded SMN approach is mainly
determined by the sequence length (L) and number of genes (n), while the
quantization level (k) has little impact. Therefore, the Markov chain analysis
incurs a significantly longer run time than the stochastic approach in the analysis
of networks with larger n and k.

4 Results and Discussion

4.1 The p53–Mdm2 Network

p53 is a tumour suppressor gene that plays an important role in preventing the
development and progression of tumour cells (Weinberg 2006; Vogelstein et al.
2000). In a p53 network, signaling pathways are triggered by DNA damages and
external factors such as chemotherapeutic drugs and ultraviolet light. For instance,
DNA double strand breaks (DSBs) activate pathways that involve the p53 and
Mdm2 genes (Fig. 8) (Lahav et al. 2004; Batchelor et al. 2009). In response to
DSBs, the ATM kinase is first stimulated and the Chk2 is then stimulated by ATM.
These activated kinases subsequently induce an increase in the concentration level
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of p53 and a decrease in the interactions between p53 and Mdm2. The increase in
the p53 protein level and its transcription activity promote the expression of the
Mdm2 gene, which in turn proceeds to trigger the degradation and destruction of
p53. This prior knowledge enables us to come up with the transition rules for the
p53–Mdm2 interactions, as shown in Table 2. Based on these rules, an indepen-
dent PBN of the two genes p53 and Mdm2 can be established: V = (x1; x2) with

the function classes F1 ¼ f 1ð Þ
1 ; f 1ð Þ

2 ; f 1ð Þ
3 ; f 1ð Þ

4

n o
and F2 ¼ f 2ð Þ

1 ; f 2ð Þ
2 ; f 2ð Þ

3 ; f 2ð Þ
4

n o
.

The state transitions of this PBN are given in the truth table of Table 3
In Table 3, the leftmost column indicates the present state of the genes p53 and

Mdm2. The internal entries in the table indicate whether a function will result in a
logical 1 or 0 at the next state of each gene. The row on the bottom shows the
probability of each transition by a function. Given an initial state of ‘01,’ for
example, the next state of the genes can be ‘00’ with a probability of
(0.09 + 0.01) 9 (0.5 + 0.4) = 0.09, ‘01’ with a probability of (0.09 + 0.01) 9

Fig. 8 The P53 –Mdm2 network. Adapted from Lahav et al. (2004)

Table 2 State transition probabilities of the p53–Mdm2 network

Present state Next state probability

p53, Mdm2(or, x1x2) p53 Mdm2

0 1 0 1

00 0.01 0.99 0.99 0.01
01 0.1 0.9 0.9 0.1
10 0.9 0.1 0.1 0.9
11 0.5 0.5 0.5 0.5

Table 3 Truth table of the PBN for the p53–Mdm2 network

x1x2 f
ð1Þ
1 f

ð1Þ
2 f

ð1Þ
3 f

ð1Þ
4 f

ð2Þ
1 f

ð2Þ
2 f

ð2Þ
3 f

ð2Þ
4

00 1 1 1 0 0 0 0 1
01 1 1 0 0 0 0 1 1
10 0 0 1 1 1 1 0 0
11 0 1 1 1 1 0 0 0

c
ðiÞ
j

0.5 0.4 0.09 0.01 0.5 0.4 0.09 0.01
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(0.09 + 0.01) = 0.01, ‘10’ with a probability of (0.5 + 0.4) 9 (0.5 + 0.4) = 0.81
or ‘11’ with a probability of (0.5 + 0.4) 9 (0.09 + 0.01) = 0.09. A PBN is
determined by the truth table of Table 3 and its state transition matrix (STM) can be
computed as:

APBN ¼

0:0099 0:0001 0:9801 0:0099
0:0900 0:0100 0:8100 0:0900
0:0900 0:8100 0:0100 0:0900
0:2500 0:2500 0:2500 0:2500

2
664

3
775: ð12Þ

For this PBN, an SBN can be constructed using stochastic multiplexers and
random binary bit streams as information carriers, as shown in Fig. 9. As discussed
previously, the control binary sequences determine the probability that each
Boolean network is selected. For example, as the Boolean functions for the p53
gene occur with probabilities 0.5, 0.4, 0.09 and 0.01, the binary bit sequences for
the control vectors ‘S1S2’ to the multiplexer are generated with a probability of
0.5 to be ‘00,’ a probability of 0.4 to be ‘01’, a probability of 0.09 to be ‘10’ and a
probability of 0.01 to be ‘11.’ Then the output bit sequences are read out and
decoded into (transition) probabilities. With a sequence length of 10000 bits, the
STM is obtained as follows:

Present
State

Next
State

p53 p53

Mdm2 Mdm2

NOT

NOT

NOT

NOT

NOT

NOT

OR

OR

AND

AND

BUF

BUF

S1 S2

S3 S4

‘00’

‘01’

‘10’

‘11’

‘00’

‘01’

‘10’

‘11’

Fig. 9 An SBN for the p53–Mdm2 network (without perturbation)
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ASBN ¼

0:0097 0:0003 0:9803 0:0097
0:0899 0:0101 0:8101 0:0899
0:0904 0:8096 0:0096 0:0904
0:2511 0:2489 0:2489 0:2511

2
664

3
775: ð13Þ

The difference between (12) and (13) is evaluated using the following norms:
�k k1 and �k k1, which specify the maximum absolute value of the summed dif-

ferences of columns and rows of the two matrices respectively, and �k k2, which is a
measure on the average difference of all the entries in these matrices. For (12) and
(13), we obtain ASBN � APBNk k1¼ 0:0018 ; ASBN � APBNk k2¼ 0:0024 and

ASBN � APBNk k1¼ 0:0044, which indicate that the SBN structure accurately
computes the STM of the PBN.

With random gene perturbation, an SBN with perturbation can be constructed,
as shown in Fig. 10. If the stochastic OR outputs a ‘1’ (indicated by S5 in Fig. 10),
which means that at least one of the p53 and Mdm2 are perturbed, the multiplexer
is then switched to the perturbation network. If the output of the OR is 0, the
multiplexer is switched to the original SBN and the network works as the one in
Fig. 9 without perturbation.

p53

Mdm2

Present
State

Pert 1

Pert 2

MUX

‘0’

‘1’

Original SBN 
without

perturbation

Perturbation

p53

Mdm2

Next
State

S5

NOT

NOT

NOT

NOT

NOT

NOT

OR

OR

AND

AND

BUF

BUF

S1 S2

S3 S4

‘00’

‘01’

‘10’
‘11’

‘00’

‘01’

‘10’

‘11’

XOR

XOR OR

Fig. 10 An SBN for the p53–Mdm2 network (with perturbation)
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A similar procedure can be used to compute the STM of the SBN with per-
turbation—the result is shown in (14) for a perturbation probability of 0.01:

~ASBN ¼

0:0097 0:0100 0:9705 0:0098
0:0975 0:0106 0:7946 0:0973
0:0998 0:7921 0:0082 0:0999
0:2444 0:2565 0:2551 0:2440

2
664

3
775: ð14Þ

Compared to the analytical result by a method based on (15):

~APBN ¼

0:0097 0:0100 0:9705 0:0098
0:0981 0:0098 0:7940 0:0981
0:0981 0:7940 0:0098 0:0981
0:2451 0:2549 0:2549 0:2450

2
664

3
775; ð15Þ

the differences between (14) and (15) are revealed in the measures of
~ASBN � ~APBN

		 		
1
¼ 0:0032; ~ASBN � ~APBN

		 		
2
¼ 0:0030 and ~ASBN � ~APBN

		 		
1¼

0:0042. These show that the proposed approach using an SBN can accurately and
efficiently compute the STM. The differences in these results come from the
stochastic fluctuation, which is an intrinsic property of stochastic computation.
Additional simulation results show that the fluctuations are generally small. A
steady state analysis using (14) further confirms the p53–Mdm2 oscillatory
dynamics observed in experiments.

4.2 A Multiple-Valued p53–Mdm2 Network

The dynamic behavior of a p53 network has been studied by using various Boolean
models (Abou-Jaoude et al. 2009; Ciliberto et al. 2005) and an oscillatory behavior
of the p53 and Mdm2 has been observed (Lahav et al. 2004; Batchelor et al. 2009).
A four-node network has been analyzed in Abou-Jaoude et al. (2009), Murrugarra
et al. (2012) with ‘‘DNA damage’’ as one of the nodes. As DNA damage (such as
double strand breaks) is one of the major factors that activate the p53 network
(Vogelstein et al. 2000; Lahav et al. 2004; Batchelor et al. 2009), a three-node
network that excludes the DNA damage as an external factor, as shown in Fig. 11,
is considered in this section for an application of the SMN model. Let X1 denote
the gene p53, cytoplasmic p53 and nucleic p53 (i.e. protein p53), and X2 and X3

denote the cytoplasmic Mdm2 and nucleic Mdm2, respectively. Protein p53
activates the cytoplasmic Mdm2 that has a positive effect on the nuclear Mdm2.
Thus, protein p53 promotes nucleic Mdm2 indirectly through the cytoplasmic
Mdm2. At the same time, p53 down-regulates nucleic Mdm2 by directly inhibiting
the nuclear translocation of p53 (Abou-Jaoude et al. 2009; Murrugarra et al. 2012).
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Based on these interactions, an SMN for the p53 network is established as
follows: V ¼ fX1;X2;X3g, where X1 has ternary values, each of which indicates a
different concentration level of the p53 protein (low, medium and high) (Abou-
Jaoude et al. 2009), while X2 and X3 are binary nodes, with the ternary functional

sets F1 ¼ f 1ð Þ
1 ; f 1ð Þ

2

n o
, F2 ¼ f 2ð Þ

1 ; f 2ð Þ
2

n o
, and F3 ¼ f 3ð Þ

1 ; f 3ð Þ
2

n o
. Given their truth

tables (Murrugarra et al. 2012), these functions can be implemented by multiple-
valued logic gates. For the gene node X2 (i.e. cytoplasmic Mdm2), for example, the
state transitions are shown in the first and last columns in Table 4. These transi-
tions can be implemented by an ES operator and two rotate gates, as shown in
Fig. 12. The intermediate states during the transitions are shown in Table 4.

Similarly, the implementation functions for the other genes X1 and X3 can be
determined from their truth tables as well (in Tables 5 and 6 respectively).

While the state transition in (Murrugarra et al. 2012) is dependent on the current
state and the state after transition, random state transitions are considered in this
work, as in Shmulevich et al. (2002a, c), Shmulevich and Dougherty (2010), Kim
et al. (2002). Under this assumption, the present state is transitioned into a next
state with a transition probability when perturbation occurs. The selection prob-
abilities are shown in Table 7 for the predictor functions.

For the p53–Mdm2 network in Fig. 11, an SMN can be constructed for
implementing its functions, as shown in Fig. 13. For this three-gene network, a
two-input multiplexer is used for each gene to probabilistically select a function
with the selection probability encoded in the control sequence. For the update

functions, f ið Þ
1 (i 2 f1; 2; 3g) is for the state transition due to interactions with other

genes or the change of the current state, while f jð Þ
2 (j 2 f1; 2; 3g) indicates the

preservation of the current state. In this model, the effect of asynchronicity (Luo
and Wang 2013) is implicitly considered at each step of the state updating process.

Fig. 11 The multiple-valued
p53–Mdm2 network under
DNA damage. Adapted from
Abou-Jaoude et al. (2009),
Murrugarra et al. (2012), Zhu
and Han (2013) and � IEEE

Table 4 State transitions of
X2. Adapted from Zhu and
Han (2013) and � IEEE

X1 X1 (C1) X2 (rotate) X2

0 1 2 0
1 1 2 0
2 2 0 1
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For each input state, the output sequences are read out and decoded into (transi-
tion) probabilities.

The p53 SMN model is used to compute the state transition matrix (STM) for
this network, which is compared to the STM obtained by a Markov chain analysis.
The norms �k k1, �k k2, and �k k1 are then used to measure the differences of the
STMs obtained by the different methods. Let ASMN and AMCA be the STMs
obtained by the SMN and a Markov chain analysis; the difference between these
two matrices is then given by DA ¼ ASMN � AMCA. For the multiple-valued p53–
Mdm2 network with no perturbation, we obtain DAk k1¼ 0:0049; DAk k2¼ 0:0023
and DAk k1¼ 0:0021 by using a sequence length of 10,000 values for the SMN.

The STM of the p53–Mdm2 network under perturbation can similarly be
computed using an SMN with perturbation (by implementing the SMN in Fig. 13
into that of Fig. 6). The STMs obtained by different approaches are illustrated in

Fig. 12 A stochastic multiple-valued network (SMN) for the p53-Mdm2 network under DNA
damage. Adapted from Zhu and Han (2013) and � IEEE

Table 5 Truth table for X1.
Adapted from Murrugarra
et al. (2012), Zhu and Han
(2013) and � IEEE

X3 X1 X1

0 0 1
0 1 2
0 2 2
1 0 0
1 1 0
1 2 1

Table 6 Truth table for X3.
Adapted from Murrugarra
et al. (2012), Zhu and Han
(2013) and � IEEE

X1 X2 X3

0 0 0
0 1 1
1 0 0
1 1 1
2 0 0
2 1 1

Table 7 The selection probabilities of predictor functions for the multiple-valued p53–Mdm2
network. Adapted from Zhu and Han (2013) and � IEEE

f 1 f 2 f 3

0.95 0.95 0.95
0.05 0.05 0.05

Toward Intracellular Delivery and Drug Discovery 349



Fig. 13 A stochastic multiple-valued network (SMN) for the p53–Mdm2 network under DNA
damage. Adapted from Zhu and Han (2013) and � IEEE

Fig. 14 State transition matrices (STMs) obtained by the Markov chain (Kim et al. 2002) and
SMN approaches for the p53–Mdm2 network. Sequence length: L = 10,000 values; perturbation
rate: p = 0.1. Adapted from Zhu and Han (2013) and � IEEE
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Fig. 14, while the norms of the differences, DAk k1; DAk k2 and DAk k1, are
shown in Table 8 for using different sequence lengths. The average run time is also
provided for both approaches.

As revealed in Table 8, the difference between the STMs computed using the
SMN and the Markov chain analysis decreases with the increase of sequence length
L. For the same accuracy requirement, as can be seen, a larger sequence length is
needed for a higher perturbation rate. This relationship between the sequence length
and perturbation rate is further shown in Fig. 15. However, the computational
inaccuracy due to the inherent stochastic fluctuation in stochastic computation is
generally small and negligible. Hence, the proposed SMN approach can accurately

Table 8 Norms of the difference between the STMs obtained by Markov chain analysis (MCA)
and the SMN approach for the p53–Mdm2 network, DAMCA�SMN . Adapted from Zhu and Han
(2013) and � IEEE

p = 0

L (values) 1,000 10,000 100,000

DAMCA�SMNk k1 0.0091 0.0049 7:6500� 10�4

DAMCA�SMNk k2 0.0091 0.0023 8:1496� 10�4

DAMCA�SMNk k1 0.0183 0.0021 0.0016
Average time for MCA (s) 0.00522
Average time for SMN (s) 0.06804 0.57853 5.72595
p = 0.1
L (values) 1,000 10,000 100,000
DAMCA�SMNk k1 0.0368 0.0097 0.0030
DAMCA�SMNk k2 0.0210 0.0061 0.0016
DAMCA�SMNk k1 0.0401 0.0105 0.0032

Average time MCA (s) 0.01538
Average time SMN (s) 0.05937 0.64545 5.96927

p perturbation rate; L sequence length for the stochastic approach

Fig. 15 The relationship between the minimum sequence length required for computing the
STM (with an accuracy requirement of �k k2¼ 0:02) and the perturbation rate for the multiple-
valued p53–Mdm2 network. Adapted from Zhu and Han (2013) and � IEEE
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and efficiently compute the STM of a probabilistic multiple-valued network (PMN)
with or without perturbation.

A probabilistic network with random perturbation evolves as an ergodic Markov
chain (Shmulevich et al. 2002c), because the non-zero perturbation rate makes all
the states in the network connected. Hence, a steady state exists in a network with
perturbation. The steady state distribution (SSD) for the p53 network under DNA
damage is obtained by using different approaches, as shown in Fig. 16.

As shown in Fig. 16, all approaches produce similar SSDs. In fact, the difference
between the results by the SMN and the accurate Markov chain analysis is negli-
gible when reasonably long stochastic sequences are used (such as those of 10,000
values). Using the STM computed by an SMN approach or the time frame expanded
SMN approach results in a very accurate approximation of the SSD compared to the
rigorous Markov chain analysis. A further analysis shows that the relative error is
less than approximately 0.2 % for the stochastic approach. Individual gene
expressions are shown in Fig. 17 for a single simulation of 30 transitions. It can
be seen that the likely expression levels of p53 and nuclear Mdm2 follow an
oscillatory pattern as analytically (Murrugarra et al. 2012) and experimentally
(Geva-Zatorsky et al. 2006) shown previously.

4.3 A WNT5A Network

Next, a WNT5A network (Kim et al. 2002) is used to illustrate the efficiency of the
stochastic multiple-valued network (SMN) model and the time-frame expansion
technique. A ten-gene network is derived from the predictive relationships in

Fig. 16 Steady state distributions (SSDs) of the multiple-valued p53 network after 30 state transitions
with an initial state of 000. The X-axis indicates the network state, and the Y-axis is for the different
approaches. The color bar on the right shows the values of the SSD. Perturbation rate: p ¼ 0:1;
sequence length or simulation runs: 10,000. Adapted from Zhu and Han (2013) and � IEEE
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Table 9. The selection probabilities of the predictor functions are also given in
Table 9 [estimated from (Kim et al. 2002)]. Figure 18 shows a detailed structure of
the network with double (or single)—headed arrows indicating the bi (or uni)—
directional relationships of gene pairs. While the number of output arcs varies,
every node (or gene) has three input arcs in Fig. 18.

For the 10-gene ternary WNT5A network, it requires a state transition matrix
(STM) of 310 ¼ 59;049 columns and rows for an accurate analysis. This makes it
difficult, if not impossible, to estimate the steady state of an SMN using a matrix-
based analysis. In general, it is difficult to analyze a large gene network, due to its
excessive computational overhead. A Monte Carlo (MC) method has been used in
(Kim et al. 2002) for evaluating the steady state distribution (SSD) of a network
with perturbation. However, the MC method is very time consuming due to the
slow convergence typically encountered in an MC simulation.

Fig. 17 Individual gene expressions for the p53 network generated from a single simulation of
30 iterations with an initial state of 011. X-axis indicates the iteration number and Y-axis shows
the expression level of p53 or nuclear Mdm2. Adapted from Zhu and Han (2013) and � IEEE

Table 9 Selection probabilities of predictor functions for a WNT5A network. Estimated from
Kim et al. (2002), Zhu and Han (2013) and � IEEE

Target Predictor f1 Select prob. Predictor f2 Select prob. Predictor f3 Select prob.

pirin WNT5A 0.6 STC2 0.2 HADHB 0.2
WNT5A pirin 0.6 S100P 0.2 RET-1 0.2
S100P WNT5A 0.33 RET-1 0.33 Synuclein 0.34
RET-1 pirin 0.43 WNT5A 0.24 S100P 0.33
MMP-3 S100P 0.43 RET-1 0.25 HADHB 0.32
PHO-C MART-1 0.33 Synuclein 0.33 STC-2 0.34
MART-1 pirin 0.44 WNT5A 0.28 MMP-3 0.28
HADHB pirin 0.3 WNT5A 0.4 MMP-3 0.3
Synuclein pirin 0.25 S100P 0.25 MART-1 0.5
STC2 pirin 0.35 WNT5A 0.3 PHO-C 0.35
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Fig. 19 An SMN module for gene i in the ternary WNT5A network, with the predictor function
implemented by a ternary buffer. Let Gi ¼ ðX1;X2;X3Þ be the input vector for gene i; the input vector
for each of the genes in the ternary WNT5A network is given by: GWNT5A ¼ ðpirin;
S100P;RET � 1Þ; Gpirin ¼ ðWNT5A; STC2;HADHBÞ; GRET�1 ¼ ðpirin;WNT5A;S100PÞ;
GHADHB ¼ ðpirin;WNT5A;MMP� 3Þ; GMMP�3 ¼ S100P;RET � 1;HADHBð Þ; GS100P ¼
ðWNT5A;RET � 1; SynucleinÞ; GMART�1 ¼ ðpirin;WNT5A;MMP� 3Þ; GSynuclein ¼ ðpirin;
S100P;MART � 1Þ; GPHO�C ¼ ðMART � 1;Synuclein; STC2Þ;GSTC2 ¼ ðpirin;WNT5A;
PHO� CÞ. Adapted from Zhu and Han (2013) and � IEEE

Fig. 18 A ternary WNT5A network with gene interactions. Adapted from Kim et al. (2002), Zhu
and Han (2013) and � IEEE
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However, an SMN model can be constructed for the ternary WNT5A network,
as shown in Fig. 19. For this SMN, the SSD can be estimated using the afore-
mentioned time-frame expansion technique and compared with the MC simulation
(Kim et al. 2002). By the time-frame expansion technique, the temporal operation
of an SMN is laid out into a series of identical SMN modules in the spatial domain
(as in Fig. 7). The required iterations of the SMN are determined by the number of
state transitions before reaching a steady state. As in Zhang et al. (2007), a steady
state is considered to have been reached if the discrepancy between two adjacent
simulations is smaller than a threshold or the number of simulations has reached a
maximum value. The state or GAP of the WNT5A network can be represented by
a ternary vector as x1; x2; . . .; x10ð Þ, or its decimal index. The SSDs of the network
with all of the 59,049 states, obtained using the SMN and the MC method (Kim
et al. 2002), are shown in Fig. 20.

The norms of the differences of the SSDs obtained using the time frame expanded
SMN approach with different sequence lengths and the MC method are shown in
Table 10. As can be seen, the time-frame expanded SMN technique efficiently
evaluates the SSD of the WNT5A network and produces very accurate results
compared to the Monte Carlo simulation (Kim et al. 2002). The average run time
reveals the efficiency of the SMN approach. This is because the use of randomly
permuted sequences results in a faster convergence than in the MC simulation. The
use of longer stochastic sequences further improves the accuracy of evaluation and
remains more efficient by several orders of magnitude than the MC method. Albeit at
a higher memory cost than the MC simulation (shown in Table 10), the SMN
approach requires much less memory than an accurate approach such as a Markov
chain analysis (Zhu and Han 2013). Since it is difficult to compute the STM or SSD of

Fig. 20 SSDs of the ternary WNT5A network using the SMN model and Monte Carlo (MC)
simulation with perturbation rate p = 0.2 and sequence length or simulation runs L ¼ 300;000.
Adapted from Zhu and Han (2013) and � IEEE
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a large GRN by using an accurate analysis, a time-frame expanded SMN provides an
alternative method to evaluate the SSD of a large network with a tunable tradeoff
between accuracy and efficiency by using stochastic sequences of different lengths.

5 Conclusion

Stochastic logic networks are presented as an efficient approach to modeling the
effects of noise in gene regulatory networks (GRNs). In stochastic Boolean and
multiple-valued networks (SBNs and SMNs), the state transition matrix can be
accurately and efficiently computed with a complexity of OðnLknÞ, where n is the
number of genes in a network, k is the quantization level of a gene’s state (k = 2
for SBNs) and L is a factor determined by the stochastic sequence length. Since
L increases slower with n than the number of network functions, N, this result is an
improvement compared to the previous result of OðnNk2nÞ for an accurate analysis.
The use of randomly permuted sequences further increases computational effi-
ciency and allows for a tunable tradeoff between accuracy and efficiency. A steady
state analysis using a time-frame expansion technique has shown a significant
speedup compared to an accurate Markov chain analysis and produced very
accurate results compared to Monte Carlo simulation.

Stochastic networks are constructed for the analysis of a p53–Mdm2 network;
furthermore, SMNs are constructed for the analysis of a ternary WNT5A network
under gene perturbation. Simulations have revealed the oscillatory dynamics of the
p53–Mdm2 network with random gene perturbation. The stochastic approach can
also efficiently predict the steady state distribution of the WNT5A network with

Table 10 Norms of the difference between the SSDs obtained by the time frame expanded SMN
technique and Monte Carlo (MC) simulation for the ternary WNT5A network with perturbation
rate p = 0.2. Adapted from Zhu and Han (2013) and � IEEE

L (values) 3 k 30 k 300 k 3000 k

SSDMC � SSDSMNk k1 1.8827 1.3291 0.4915 0.1605
SSDMC � SSDSMNk k2 0.0258 0.0082 0.0026 8:5342� 10�4

SSDMC � SSDSMNk k1 1:0000� 10�3 2:6667� 10�4 1:3333� 10�4 5:6333� 10�5

Average time for MC (s) 98.4768 981.159 9731.04 97336.5
Average time for SMN (s) 0.47811 4.23694 58.9336 673.928
Required memory for MC (M

Byte)
2.7117 10.0076 51.2108 599.607

Required memory for SMN (M
byte)

9.8083 40.9368 373.299 3696.5

The average run time is also shown. L: sequence length for the stochastic approach or the number
of simulation runs for the MC method; SSDMC and SSDSMN respectively denote the steady state
distributions obtained by the MC simulation and the time frame expanded SMN technique; a
maximum number of 50 iterations is applied to the steady state evaluation
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gene perturbation. Hence, the stochastic logic networks are useful in evaluating the
effects of gene perturbation and, potentially, helpful in drug discovery for an
intervention-based gene therapy.
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Nanodiamonds as Intracellular Probes
for Imaging in Biology and Medicine

Jitka Slegerova, Ivan Rehor, Jan Havlik, Helena Raabova,
Eva Muchova and Petr Cigler

Abstract In recent years, diamond nanoparticles have received a great deal of
attention due to their unique photophysical and biological properties. Nanodia-
monds (NDs) show low toxicity and are considered to be a highly biocompatible
carbon nanomaterial useful in a wide range of applications. Thanks to their ability
to accommodate nitrogen-vacancy (N-V) color centers, NDs are a prime example
of non-photobleachable fluorescent labels and nanosensors. Here, we present a
survey of ND applications in biology and medicine with an emphasis on bio-
imaging. We focus on distinguishing the properties of detonation NDs and high-
pressure high-temperature (HPHT) NDs and describing their physicochemical
properties, structure and possible modifications by small molecules and biomol-
ecules. We summarize and critically evaluate in vitro and in vivo data on ND
toxicity and biocompatibility, cellular internalization, localization and targeting by
surface-attached ligands. We discuss current achievements in bioimaging using
fluorescent NDs and the potential of NDs in diagnostics and drug delivery.

Keywords Nanodiamond � Fluorescence � Nitrogen-vacancy center � Intracel-
lular probe � Bioimaging � Biocompatibility � Targeting � Cellular internaliza-
tion � Drug delivery

Abbreviations

ATRP Atom-transfer radical-polymerization
CVD Chemical vapor deposition
DND Detonation nanodiamond
DOX Doxorubicin hydrochloride
ESR Electron spin resonance
FND Fluorescent nanodiamond

J. Slegerova � I. Rehor � J. Havlik � H. Raabova � E. Muchova � P. Cigler (&)
Laboratory of Synthetic Nanochemistry, Institute of Organic Chemistry and Biochemistry
AS CR v. v. i., Flemingovo nam. 2 160 00 Prague 6, Czech Republic
e-mail: cigler@uochb.cas.cz

A. Prokop et al. (eds.), Intracellular Delivery II,
Fundamental Biomedical Technologies 7, DOI: 10.1007/978-94-017-8896-0_18,
� Springer Science+Business Media Dordrecht 2014

363



GH Growth hormone
GHR Growth hormone receptor
HCPT 10-Hydroxycamptothecin
HPHT High-pressure high-temperature
MTT 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
MWNT Multi-walled carbon nanotubes
ND Nanodiamond
ND-FA Nanodiamond conjugated with folic acid
ND-Tx Nanodiamond conjugated with chlorotoxin
N-V center Nitrogen-vacancy center
PAH Polyallylamine
PEI-800 Polyethyleneimine-800
SWNT Single-walled carbon nanotubes
TE-DNDs Targeted epirubicin-loaded DNDs
ZPL Zero phonon line

1 Introduction

Nanodiamond (ND) particles are known since the 1950s: they were first produced
in the USSR by detonation of explosives (Danilenko 2004). The research and
potential applications of diamond nanoparticles have been largely overlooked and
applications of NDs in biology and medicine began only about one decade ago.
However, since then, we have witnessed a boom in ND basic research and
development of ND-based applications in various fields.

The properties and applications (Mochalin et al. 2011; Krueger 2008, 2010,
2011; Holt 2007; Schrand et al. 2009), preparation (Kharisov et al. 2010),
chemistry (Krueger and Lang 2012; Krueger 2008b, 2008c) and photophysics of
NDs (Wrachtrup et al. 2013; Aharonovich et al. 2011; Jelezko and Wrachtrup
2006) and their use in bioimaging (Vaijayanthimala and Chang 2009; Liu et al.
2012; Hui et al. 2010; Barnard 2009), drug delivery (Zhu 2012) and nanoscale
medicine (Ho 2009, 2010; Man and Ho 2012) have been recently reviewed. Here,
we present a comprehensive survey of current research related to use of NDs as
bioimaging probes and to their biological properties. We also critically assess the
biological and toxicological differences between individual types of NDs. In
addition to this main focus, we introduce the basics of ND structure, physico-
chemical properties and available synthetic pathways for the attachment of various
molecules to ND surfaces. Finally, we discuss the potential of ND use in drug
delivery.
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2 Physical and Chemical Properties of Nanodiamonds

2.1 Classification, Structure and Preparation
of Nanodiamonds

NDs belong to a broad family of nanocarbon materials that includes fullerenes,
tubes, onions, rods, platelets and graphene (Shenderova et al. 2002; Geim and
Novoselov 2007). ND particles are typically polyhedra comprising a sp3-hydri-
dized diamond core coated with a sp2-hybridized graphite shell or by amorphous
carbon with dangling bonds with terminal functional groups.

NDs can be classified by size as nanocrystalline (\100 nm) or ultrananocrys-
talline (\10 nm) (Williams 2011). They also can be sorted into three basic types
based on the method of their synthesis: chemical vapor deposition (CVD) NDs,
high-pressure high-temperature (HPHT) NDs and detonation NDs (DNDs). A
transmission electron microscopy image of DNDs and HPHT NDs (Rehor and
Cigler 2014) is shown in Fig. 1.

DNDs are synthesized by controlled detonation of explosives with a negative
oxygen balance (Dolmatov 2007). The resulting detonation soot contains primary
particles that are 4–5 nm in diameter, which form clusters ranging from 100 to
200 nm in diameter (Krüger et al. 2005). These cluster have been successfully de-
aggregated by milling DND suspensions with ceramic microbeads and by micro-
bead assisted ultrasonic disintegration (Krüger et al. 2005; Ozawa et al. 2007;
Eidelman et al. 2005; Liang et al. 2009).

HPHT NDs are prepared from larger, micron-sized crystals grown from
graphite at 5 GPa at temperatures higher than 1,400 �C. HPHT NDs contain up to
300 ppm of nitrogen impurities, which give rise, after proper treatment, to highly
fluorescent NV centers. These fluorescent NDs are widely applicable as cellular
labels or markers (Schrand et al. 2009; Boudou et al. 2009).

CVD NDs are grown as nanocrystalline and ultracrystalline films, which can be
used to create biocompatible coatings with superior mechanical and wear resistant
properties. CVD NDs also can be used for biosensor applications after proper
surface modification with biomolecules. The grain size varies from 5 nm to several
micrometers, and the particles can display different morphologies and crystallin-
ities (Philip et al. 2003; Butler and Sumant 2008; Gracio et al. 2010).

2.2 Colloidal Properties of Nanodiamonds

To handle and process NDs, a stable colloidal dispersion is generally required. The
colloidal behavior of NDs prepared by different synthetic methods varies con-
siderably. While HTHP and CVD nanoparticles tend to agglomerate moderately,
DNDs usually form strongly bound agglomerates if no countermeasures are taken
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(Krüger et al. 2005). The colloidal properties are further determined by ND size,
origin and the chemical groups present on the nanoparticle surface.

A key parameter that describes the stability of a colloid and its tendency toward
agglomeration is called zeta potential. A colloid is considered stable when zeta
potential is lower than -30 mV or higher than 30 mV. NDs can form colloids with
zeta potentials ranging from -50 mV to +50 mV, depending on their terminal
groups.

For NDs to be useful in bioapplications, they must show colloidal stability in
solutions of electrolytes. Electrolyte molecules disturb the equilibrium between
attractive van der Waals forces and repulsive Coulomb forces (which act between
the charged colloidal particles). Destabilization inevitably leads to unwanted
particle aggregation in buffers and biological liquids (Dahoumane et al. 2009;
Sreenivasan et al. 2011). Stable NDs can be prepared by modifying the particles
with charged groups that strengthen electrostatic forces (Liang et al. 2011).
However, in this case, the particles bear substantive charge, which can compro-
mise their use in certain applications. A preferred approach involves modification
of the ND surface with high molecular weight molecules [e.g., polymers (Zhao
et al. 2011) or proteins (Dahoumane et al. 2009)] to introduce steric stabilization.
The high molecular weight molecules can be either covalently bound (Sreenivasan
et al. 2011) or adsorbed (Maitra et al. 2008; Nguyen et al. 2007) on the surface.

Fig. 1 Transmission electron microscopy (TEM) images of a DNDs adapted from Chang et al.
(2011) and b HPHT NDs. Courtesy of Royal Society of Chemistry
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2.3 Chemical and Macromolecular Surface Modification

Chemical treatment and subsequent functionalization of the ND surface have a
critical impact on the properties and behavior of NDs (Mochalin et al. 2011;
Krueger and Lang 2012).

The properties and reactivity of DNDs, HPHT NDs and CVD NDs vary sig-
nificantly, due in part to the different sizes, shapes and chemical compositions of
the particles (Krueger and Lang 2012; Barnard 2009). The surface of ND particles
and particle aggregates is typically oxidized during the production process (the
only exception being CVD NDs, whose surfaces are initially hydrogenated;
however, subsequent isolation treatment leads to an oxidized surface). The ND
surface is typically covered with a variety of functional groups, including carboxyl,
lactone, ketone, hydroxy and sometimes alkyl groups, as well as a considerable
amount of graphitic material (Jiang and Xu 1995; Mochalin et al. 2009; Tu et al.
2006). Surfaces containing a variety of groups are not suitable for selective or
precise functional tailoring. Indeed, initial chemical pretreatment helps achieve
desired surface homogeneity (a surface containing only one functional group).

Various functional organic groups can be attached to ND surfaces. Treatment
with a wide range of reactants can produce esters, amides, hydroxyls, silane
groups, and other functionalities (see Fig. 2). A full description of all possible
surface modifications is beyond the scope of this chapter; for further reading, we
recommend the comprehensive review of Krueger and Lang (2012).

Polymer grafting to ND surfaces is another attractive way to improve and
homogenize ND properties. Both ‘‘grafting to’’ and ‘‘grafting from’’ approaches
have shown to be reliable methods for producing NDs with surface polymers,
although the ‘‘grafting from’’ approach remains more popular. Atom-transfer
radical-polymerization (ATRP) has been shown to be an efficient method for
growing polymer brushes on ND surfaces terminated with an initiator (Dahoumane
et al. 2009; Li et al. 2006; Zhang et al. 2012a). Methacrylamide copolymers were
introduced as highly biocompatible, protein resistant coating enabling bioorthog-
onal attachment of various molecules by click chemistry (Rehor et al. 2014a).
Polymer molecules covering the ND surface are hydrophilic and highly flexible,
and they efficiently prevent aggregation.

Recently, novel NDs with silica coatings have been introduced (Rehor et al.
2014b, von Haartman et al. 2013; Prabhakar et al. 2013; Bumb et al. 2013). This
coating provides a platform for subsequent chemical treatment based on silica
chemistry. It enables selective attachment of various biomolecules and radically
improves the colloidal stability of the particles.
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2.4 Biomolecules on the ND Surface

Connecting biomolecules to ND surfaces is desirable for numerous applications,
including cellular targeting, internalization and drug and gene delivery.

Both non-covalent and covalent linkages are suitable for biomolecule attach-
ment to ND surfaces. Non-covalent linkages can easily be created by incubating
NDs in a solution containing the biomolecule. For example, lysozyme (Nguyen
et al. 2007; Chung et al. 2006; Perevedentseva et al. 2007, 2011; Wu 2010), bovine
serum albumin (Li et al. 2010; Tzeng et al. 2011; Wang et al. 2011), cytochrome
(Huang and Chang 2004), toxins (Liu et al. 2008; Puzyr’ et al. 2007) and DNA
(Purtov et al. 2008) have been adsorbed on ND surfaces. DNA can also bind to
pre-treated particles, such as poly-L-lysine (Fu et al. 2007) and thionine (Martín
et al. 2010a) coated NDs. The major disadvantage of adsorption is the non-
specificity of the interaction. In other words, NDs bind almost every protein in
solution. [Adsorption has been successfully applied, however, for high-affinity
non-specific capture of proteins from solution (Kong et al. 2005)]. Covalent

Fig. 2 Overview of frequently used chemical modifications of oxidized NDs. Notably, the ND
always bears a mixture of various moieties because the reactions never reach 100 % completion
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grafting, on the other hand, creates a stronger, much more specific connection
between a molecule and the ND surface (Huang and Chang 2004). These con-
nections are usually realized via amide bonds; either an amino group of a bio-
molecule reacts with a carboxyl group on the ND surface (Dahoumane et al. 2009;
Sreenivasan et al. 2011; Fu et al. 2007, 2012; Cheng et al. 2007; Wei et al. 2010;
Zhang et al. 2009a; Mkandawire et al. 2009; Mohan et al. 2010; Li and Zhou 2010;
Weng et al. 2009, 2012) or vice versa (Hens et al. 2008). Silane linkers can be also
used to connect biomolecules to the ND surface by forming a covalent amide bond
(Krüger et al. 2006; Krueger et al. 2008) or by the reaction of isocyanate with an
amino group (Martín et al. 2010a).

When attaching a biomolecule to the ND surface, special care must be taken to
maintain its bioactivity (Vaijayanthimala and Chang 2009). Various spacers can be
inserted between a biomolecule and the ND to reduce steric constraints and retain
the function of the biomolecule. This technique is often used to ensure that
enzymes with active sites that may experience steric hindrance near the ND sur-
face can bind and process substrate (Cao 2005). In addition, spacers can also
suppress non-specific interactions (Yeap et al. 2008) and protein conformational
changes caused by strong biomolecule-particle interactions (Nguyen et al. 2007;
Vertegel et al. 2004). Because enzymatic activity decreases as surface coverage is
lowered, the ND surface can be blocked with supplementary proteins to create a
more ‘‘crowded’’ environment. For example, use of this method caused the activity
of ND-bound lysozyme to increase from 60 to 70 % (Nguyen et al. 2007).

2.5 Optical Properties of Nanodiamonds

The key property of NDs that enables their use in bioimaging applications
(Aharonovich et al. 2011; Hui et al. 2010; Chang et al. 2008; Liu et al. 2007) is
their photoluminescence. NDs host many types of luminescent centers, and their
nitrogen-vacancy (NV) centers have been particularly well-studied. NV centers
emit red fluorescence in the visible range, which is favorable for optical bioi-
maging (Weissleder and Ntziachristos 2003). Moreover, they are completely
resistant to photobleaching and photoblinking (Gruber et al. 1997; Tisler et al.
2011).

NV centers consist of a nearest-neighbor pair of a nitrogen atom, naturally
present as a lattice defect, and a lattice vacancy (Fig. 3). NV centers are typically
created by irradiation of NDs with high energy particles (electrons, protons,
helium ions, etc.) followed by vacuum annealing (Chang et al. 2008; Neugart et al.
2007; Havlik et al. 2013). Irradiation of NDs creates vacancies (Slepetz et al.
2010), which migrate during annealing and get trapped by nitrogen atoms. Two
charge states of the NV centre—negative NV- and neutral NV0—have been
identified; each has different photoluminescence and spin properties. One NV can
exist in both states depending on its surroundings (Wrachtrup et al. 2013; Kra-
tochvílová et al. 2010).
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NV center contains a three-level emission system (see Fig. 3). This means that,
in addition to the desired optical transition, the centers have a parallel dark decay
channel through a metastable state. Fluorescence intensity can thus be switched on
and off by populating sublevels with magnetic spin numbers ms = 0 and ms = ±1
(see Fig. 3b) by optical pumping. This optically pumped spin polarization can be
destroyed by a resonant microwave field (at 2.87 GHz), which inverts populations
between spin sublevels.

In an external magnetic field, NV- centers operate as atom-sized scanning
probe vector magnetometers (Maze et al. 2008; Balasubramanian et al. 2008; Zhao
et al. 2012) and can detect even weak magnetic or electric fields, for example, a
field produced by a single electron located tens of nanometers away.

Low brightness is a major drawback of NV centers that limits their wider
applications. Methods to boost fluorescence currently are being intensively
investigated (Havlik et al. 2013; Chi et al. 2011; Schietinger et al. 2009).

In addition to the red fluorescence of NV color centers, NDs also emit green
fluorescence (Davies et al. 1992; Opitz et al. 2010). This fluorescence arises from
the excitation of N–V–N color centers. Similar to NV centers, N–V–N centers are
thermally stable and do not photobleach or photoblink. Diamonds containing these
color centers are, for example, used as a lasing medium for room temperature color
center lasers.

2.5.1 Nanodiamonds as Optical Chemosensors

Recent research has opened the possibility of using FNDs as an optical sensing
device. Sensing is based on switching between the neutral (NV0, ZPL emission
wavelength of 575 nm) and negatively charged (NV-, ZPL of 638 nm) states
(Iakoubovskii et al. 2000; Gaebel et al. 2006). The population conversion between

Fig. 3 a Schematic picture of a NV center. N is substitutional nitrogen, V is a carbon vacancy.
Adapted from Balasubramanian et al. (2008), b Electronic level structure of NV depicting
radiative and non-radiative transitions. Adapted from Hegyi and Yablonovitch (2013). Courtesy
of the Nature Publishing Group and the American Society of Chemistry
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the two charge states enables radiometric, double-color reading of electronic
changes in the vicinity of NV centers.

The charge state of NV centers is influenced by distance from the diamond
surface (particle size), surface termination and electron donor (i.e., nitrogen) content
(Petrakova et al. 2012). In bulk, NV- centers prevail. However, close to the diamond
surface, NV- centers become unstable and turn to the NV0 state (Fu et al. 2010). The
charge state of NV near the surface can be converted from NV0 to NV- by various
types of oxidation reactions (Fu et al. 2010; Rondin et al. 2010). The most significant
differences in fluorescence spectra are observed for H- and O-terminated HPHT NDs
because of their high surface/volume ratio (Petrakova et al. 2012).

The influence of various surface terminations on NV luminescence has been
explained and theoretically modeled by means of quantum chemistry. For details,
see (Kratochvílová et al. 2010; Petráková et al. 2011, 2012; Hu et al. 2013; Pinto
et al. 2011, 2012).

3 Behavior and Impact of Nanodiamonds on Biological
Systems

3.1 Biocompatibility of Nanodiamonds

According to William’s broad definition, biocompatibility refers to the ‘‘ability of
a material to perform with an appropriate host response in a specific situation’’
(Williams 1987). Biocompatibility is, however, contextual; it is related to a spe-
cific interaction and use of a biomaterial. The results and conclusions of many
studies concerning the biocompatibility of NDs are not directly comparable
because they involve different evaluation methods and criteria to judge the
material’s biocompatibility. Furthermore, the results depend primarily on the type
of particle studied (i.e., DNDs or HPHT NDs), as well as their concentrations and
surface modifications. Biocompatibility also may vary by cell type. This chapter
emphasizes the importance of these and other factors on the behavior of NDs in
biological systems. We also focus on distinguishing the biological impact of
individual ND types. However, we emphasize that, after purification and post-
synthetic modifications, NDs have low toxicity and are considered to be among the
most biocompatible types of carbon nanostructures (Huang et al. 2007; Schrand
et al. 2007a, b, 2011; Liu et al.2007; Xing et al. 2011; Zhang et al. 2012b).

3.1.1 In Vitro Biocompatibility of DNDs

Concerns about toxicity of NDs stem from their small size and ability to enter cells
and localize in critical organelles (Schrand et al. 2009). Schrand et al. (2007a)
reported that DNDs (both raw DNDs and modified DND-COOH, DND-COONa

Nanodiamonds as Intracellular Probes for Imaging in Biology and Medicine 371



and DND-SO3Na) are generally biocompatible in vitro in a variety of cell types.
Various techniques, such as 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) assay were used. In this method, eventual reduction of MTT
corresponds to lower cellular viability based on mitochondrial function. The
biocompatibility and low cytotoxicity of DNDs was shown. No disruption of
mitochondrial membrane permeability, morphological alterations or viability
changes (using luminescence measurement of ATP production) were observed
with 5–100 lg/ml DNDs. Furthermore, DNDs did not induce generation of
reactive oxygen species (ROS) and did not cause oxidative stress leading to
membrane dysfunction, protein degradation and DNA damage (Schrand et al.
2007a). Similar studies have also been performed with other carbon nanomaterials,
including carbon black and single- and multi-walled carbon nanotubes (SWNTs
and MWNTs) (Schrand et al. 2007b). The DNDs showed higher biocompatibility
than carbon black, MWNTs and SWNTs (Schrand et al. 2007b) (Fig. 4). Huang
et al. (2007) reported no change in expression of genes serving as indicators of
inflammation and protection against apoptosis in macrophages and colorectal
cancer cells incubated with DNDs.

Several recent studies have indicated that DNDs can be toxic under certain
conditions (Li et al. 2010; Martín et al. 2010a, b; Bakowicz-Mitura et al. 2007;
Horie et al. 2012; Karpukhin et al. 2011; Marcon et al. 2010; Puzyr et al. 2004;
Solarska et al. 2010, 2012a, b; Solarska-Ściuk et al. 2013; Xing et al. 2011; Zhang
et al. 2012b). The observed toxicities were concentration-dependent, time-
dependent or both; notably, however, DNDs have much lower toxicity than other

Fig. 4 Effect of various
carbon nanomaterials on
cytotoxicity in
(a) neuroblastoma cells or
(b) macrophages. (ND-
raw = DND, CB = carbon
black, MWNT = multi-
walled carbon nanotubes,
SWNT = single-walled
carbon nanotubes,
CdO = cadmium oxide).
Biocompatibility decreases as
follows: ND [ CB [
MWNT [ SWNT [ CdO.
The cells were treated with
nanoparticles in a
concentration range of
0–100 lg/ml for 24 h. The
cell viability was measured
by MTT assay. Figure
adapted from Schrand et al.
(2007b)
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carbon materials, such as MWNTs (Liu et al. 2007; Schrand et al. 2007b; Xing
et al. 2011; Zhang et al. 2012b).

Harmful effects of DNDs were first reported in 2004. Destruction of human red
and white blood cells following incubation with DNDs was observed (Puzyr et al.
2004). In addition, raw DNDs incubated with human neoplastic cells were shown
to influence gene expression (Bakowicz-Mitura et al. 2007). Karpukhin et al.
(2011) observed concentration-dependent toxicities in neutrophils, such as ROS
formation and phagocytosis of oxidized DNDs. Data suggests that surface charge
is a crucial determinant of toxicity, due to the affinity of cationic nanoparticles for
the negatively charged cell membrane. The cytotoxicity of modified DNDs (at
concentrations higher than 50 lg/ml) toward human embryonic kidney cells can
be ranked as follows: -NH2 � -OH [ -COOH (Fig. 5) (Marcon et al. 2010).

The influence of surface charge, or more precisely zeta potential, and DND
concentration on cell viability and growth was also reported by Horie et al. (2012).
Toxicity studies on modified DNDs were performed with polyaniline-modified
DNDs in human embryonic kidney cells (where toxicity was observed in a con-
centration-dependent manner) (Villalba et al. 2012). In various studies, Fenton-
treated DNDs showed different levels of toxicity, ranging from biocompatibility in
HeLa cells (Martín et al. 2010b) to stimulation of ROS production and other
effects in HUVEC-ST cells (Solarska et al. 2010; Solarska-Ściuk et al. 2013).

Serum proteins may also influence the biological response to raw DNDs. The
toxicity of DNDs toward a variety of cell types depends on the presence of serum
in the medium (Li et al. 2010). Other studies showed that DNDs are nontoxic in
serum-free media (Schrand et al. 2007a, b).

A DND genotoxicity study was performed on mouse embryonic stem cells,
which are highly sensitive to DNA damage (Xing et al. 2011). DNA damage
caused by both raw and oxidized DNDs was assessed by observing the activation
of DNA repair proteins such as p53, DNA double band breaks markers (MOGG-
1), DNA repair markers (Rad51) and other markers. Oxidized DNDs (containing
mainly carboxyl groups) caused more DNA damage and cell differentiation than
raw DNDs (Fig. 5). This effect is probably caused by differences in colloidal
properties. While oxidized DNDs form rather stable colloids, raw DNDs tend to

Fig. 5 Effect of DNDs with
various surface
functionalities on human
embryonic kidney cell
(HEK293) survival (based on
trypan blue dye exclusion
assays). Cells were treated
with different concentrations
(10–200 lg/ml) of
functionalized NDs for 24 h.
Adapted from Marcon et al.
(2010)
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aggregate, which inhibits the entry of DNDs into cells. However, both types of
DNDs caused much less DNA damage than MWNTs (Xing et al. 2011).

3.1.2 In Vitro Biocompatibility of HPHT NDs

The biocompatibility of oxidized HPHT NDs was first examined in 2005 in human
kidney cells by Chang’s group (Yu et al. 2005) and confirmed in subsequent
studies by the same lab and others (Fu et al. 2007; Vial et al. 2008; Vaijayant-
himala et al. 2009; Faklaris et al. 2008; Lee et al. 2013; Blaber et al. 2013; Fang
et al. 2011; Liu et al. 2009). Most studies assessed biocompatibility by MTT assay
or by measuring levels of enzymatic activity. For instance, Liu et al. (2009)
showed that NDs are non-cytotoxic during division and differentiation of lung
cancer cells and embryonic fibroblasts. NDs do not interfere with expression of
genes or proteins that regulate cell cycle progression, spindle formation and
chromosome segregation. NDs also do not alter long-term (10 days) cell growth
(Liu et al. 2009). Fang et al. (2011) reported no significant alteration in growth or
proliferation of a variety of cell types incubated with NDs for 8 days. The bio-
compatibility is not influenced by surface modification with peptides (Vial et al.
2008), proteins or polymers (Lee et al. 2013).

On the other hand, Faklaris et al. (2008) noted that biocompatibility toward
HeLa cells is dose-dependent; cell viability decreases at ND concentrations equal
or higher than 50 lg/ml. In addition, Weng et al. (2012) observed an approxi-
mately two-fold reduction in the proliferation rate of HeLa cells treated with
10 lg/ml HPHT NDs modified with amino groups or transferrin. Marcon et al.
(2010) obtained analogous results with DNDs. However, the toxicity of HPHT
NDs, similar to that of DNDs, is much lower than that of other carbon nanoma-
terials, such as MWNTs (Liu et al. 2007).

3.1.3 Comparative In Vitro Biocompatibility Studies of Different ND
Types

The comparative toxicities of different ND types have been intensively studied
(Liu et al. 2007; Thomas et al. 2012; Lin et al. 2012; Chao et al. 2007; Burleson
et al. 2009). ND toxicity depends on many factors, including production process,
concentration and incubation time. Smaller DNDs show higher toxicity toward
human cells than larger HPHT NDs (Fig. 6), evidenced by effects on cell viability,
proliferation, apoptosis and metabolic activity (Liu et al. 2007; Thomas et al. 2012;
Lin et al. 2012; Chao et al. 2007; Burleson et al. 2009). This phenomenon can be
explained not only by the different sizes (and surface areas) of the particles but
also by the presence of reactive disordered carbon structures on the surfaces of
DNDs, which contrasts with the highly ordered (and oxidized) sp3 carbons on
HPHT NDs (Thomas et al. 2012; Lin et al. 2012). Similarly, DNDs have been
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Fig. 6 Comparison of the biocompatibilities of DNDs and HPHT NDs incubated with (a,
b) A549 cells and (c, d) microorganisms (P. caudatum and T. thermophila). a, b A549 cells were
treated for 4 h in the presence or absence of different concentrations (0.1–100 lg/ml) of various
types of NDs: 5 nm-cND = carboxylated DNDs, 100 nm-cND = carboxylated HPHT NDs,
cCNT = carbon nanotubes (10–50 nm or 100–200 nm). Cell viability was evaluated with MTT
assay. c, d Dependence of microorganism cell number on time of incubation with different types
of NDs (at a concentration of 20 lg/ml): 5 ND = DND, 5 cND = carboxylated DND, 100
ND = HPHT ND, 100 cND = carboxylated HPHT NDs. The results presented are the average of
6 experiments. Non-carboxylated NDs are considered more toxic than carboxylated NDs. Figure
adapted from Lin et al. (2012) and Liu et al. (2007)
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found to be more toxic than HPHT NDs in microorganisms, presumably for the
same reasons (Fig. 6) (Lin et al. 2012).

Other studies compared the toxicities of DNDs and CVD NDs (Solarska et al.
2012a, b). CVD ND grains are larger than DNDs and show lower cytotoxicity
toward HUVEC-ST cells, show lower biological activity and induce apoptosis in
fewer cells. These findings support the hypothesis that origin and size are deter-
minants of nanodiamond cytotoxicity.

3.2 Cellular Internalization and Exocytosis
of Nanodiamonds

Both DNDs (Li et al. 2010; Liu et al. 2007; Schrand et al. 2007a; Thomas et al.
2012; Chao et al. 2007) and HPHT NDs (Fu et al. 2007; Liu et al. 2007; Neugart
et al. 2007; Faklaris et al. 2008; Thomas et al. 2012; Chao et al. 2007) can
spontaneously enter cultured cells. Their uptake is affected by many factors; the
following paragraphs emphasize the most important ones.

Particle size is a limiting factor for cellular internalization (Weng et al. 2012;
Vaijayanthimala et al. 2009; Lee et al. 2013; Alhaddad et al. 2012). While large
aggregates cannot be easily internalized, smaller DNDs enter cells efficiently.
Surface charge and modifications of NDs also influence the uptake (Weng et al.
2012; Marcon et al. 2010). Positively charged nanoparticles can easily penetrate
the negatively charged cell membrane and are internalized rapidly. DNDs modi-
fied with amino groups provide an example of such behavior (Marcon et al. 2010).
On the other hand, negatively charged nanoparticles (for example DND–COOH)
are also internalized, possibly by nonspecific binding or clustering on cationic sites
of the plasma membrane followed by endocytosis.

In addition, molecules absorbed on ND surfaces can affect internalization
(Marcon et al. 2010). NDs are typically incubated in cell media, and the ND
surface is covered with serum proteins. The rate of cellular uptake in the presence
or absence of serum is, however, determined by many factors. Weng et al. (2012)
showed that the interaction of HPHT ND-COOH with cells is negligible. In serum-
supplemented medium, the negatively charged ND surface is repelled by the
negatively charged cells and internalization remains low. When no serum is
available (and cells are starved), the particles are internalized at a higher rate.
Chang’s group conducted a similar study with PEG-modified HPHT NDs in HeLa
cells (Zhang et al. 2009a). In the absence of serum, the particles were internalized
at a higher rate than if serum was absorbed on the ND surface. Vaijayanthimala
et al. (2009) observed agglomeration of HPHT NDs in the presence of serum and
found a 90 % decrease in internalization of HPHT NDs, similar to the results of
Weng et al. (2012).

Internalization of NDs with different polymers and proteins adsorbed on their
surfaces was measured (Dahoumane et al. 2009; Sreenivasan et al. 2011; Lee et al.
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2013). These coatings helped stabilize the particles at physiological salt concen-
tration. Particle aggregation was suppressed and particles exhibited enhanced
intracellular uptake.

The ND internalization pathway has been studied primarily with HPHT NDs.
To reveal the exact mechanism, cells were incubated at low temperature in an
ATP-depleted environment (in sodium azide or 2-deoxyglucose) (Vaijayanthimala
et al. 2009; Faklaris et al. 2009a). These conditions reduced the uptake of NDs
significantly, indicating that internalization depends on temperature and the
energetic status of a cell. This clearly implies that NDs are internalized by
endocytosis (see Fig. 7). The observation has been confirmed by several groups
(Yu et al. 2005; Vial et al. 2008; Fang et al. 2011).

The major, and best-understood, route for endocytosis in most cells is a clathrin-
mediated pathway. In this pathway, ligands first bind to a cell surface receptor and
then are internalized. When NDs were modified with molecules that facilitate
receptor-mediated endocytosis such as a cationic polymer (Alhaddad et al. 2012),
poly-L-lysine (Vaijayanthimala et al. 2009) or transferrin (Weng et al. 2012), the
uptake was enhanced. In contrast, in the presence of inhibitors such as dynasore
(which inhibits dynamin, a protein required for clathrin-coated vesicle formation),
sucrose or phenyl arsine oxide (which disrupt the formation of clathrin vesicles),
the uptake was reduced to a level comparable to that of control cells (Schrand et al.

Fig. 7 Nanodiamond uptake by HeLa cells through endocytosis. Merged photoluminescence
confocal raster scans (red channel) and differential interference contrast (DIC) images of HPHT
NDs (20 lg/ml) incubated with HeLa cells for 2 h a at 37 �C (control) and b at 4 �C, or at 37 �C
after pretreatment with either c NaN3 (10 mM), d sucrose (0.45 M) or e filipin (5 lg/ml). f Mean
photoluminescence intensity of NDs per cell for the different cell treatments is normalized to that
of control cells. Figure adapted from Faklaris et al. (2009a)
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2011; Vaijayanthimala et al. 2009; Faklaris et al. 2009a). In addition, the blocking
compound filipin did not reduce the uptake of NDs in cells, which excludes the
possibility of internalization via caveolae endocytosis (Fig. 7) (Vaijayanthimala
et al. 2009; Faklaris et al. 2009a). These results confirm that many NDs enter cells
via a clathrin-mediated pathway. Actin filaments and microtubules are also
involved in this process, as was shown by a decrease in uptake in the presence of
inhibitors of actin- and microtubule-dependent endocytosis (cytochalasin D and
nocodazole, respectively) (Vaijayanthimala et al. 2009).

NDs, especially surface-modified NDs, can enter cells via mechanisms other
than a clathrin-mediated pathway. For example, HPHT NDs modified with folic
acid internalize by caveolin-dependent endocytosis (Zhang et al. 2009a). Macr-
opinocytosis is an additional uptake pathway observed for NDs that can occur in
parallel with endocytosis in internalization of non-modified NDs, particularly if
they are aggregated (Weng et al. 2012; Liu et al. 2009; Alhaddad et al. 2012).
HPHT NDs modified with amino groups also internalize by macropinocytosis
(Weng et al. 2012). Liu et al. (2009) observed uptake of NDs by both clathrin-
mediated endocytosis and macropinocytosis followed by the formation of mac-
ropinosomes. Alhaddad et al. (2012) showed that polyethylenimine-modified
HPHT NDs localize mostly in large macropinosome vesicles but also in endo-
somes. When an inhibitor of macropinocytosis, amiloride (inhibitor of Na+/H+

ATPase), was employed, the cellular uptake was reduced, which again indicates
that NDs can internalize via macropinocytosis (Alhaddad et al. 2012).

The uptake mechanism can, in certain cases, even define ND function in a cell.
For example, siRNA gene silencing occurred only if siRNA-modified polymer-
coated HPHT NDs were internalized by macropinocytosis (Alhaddad et al. 2012).

The short-term exocytosis of HPHT NDs from cells is low compared, for
example, to that of quantum dots (Fang et al. 2011). Long-term exocytosis (after
6 days) of 15–30 % was observed in three different cell types (cancer and stem
cells). Relation between the shape of NDs and their intracellular fate and exocy-
tosis (with respect of the presence of sharp corners and edges) was recently
revealed (Chu et al. 2014).

3.3 Cellular Localization

After internalization, both DNDs and HPHT NDs localize inside the cell (Fu et al.
2007; Liu et al. 2007, 2009; Neugart et al. 2007; Huang et al. 2007; Vial et al.
2008; Chao et al. 2007). Some studies imply that a fraction of NDs is entrapped
and localized in membrane-bound compartments called endosomes (Schrand et al.
2011; Horie et al. 2012; Alhaddad et al. 2012; Faklaris et al. 2009a). These
vesicles are responsible for transport of extracellular materials. During endocy-
tosis, ND-containing extracellular material is engulfed by the cell membrane and
trapped in a newly created endosome. Inside the cell, endosomes containing NDs
can either transform into lysosomes or fuse with existing lysosomes, as has been
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shown by colocalization experiments with dyed lysosomes and NDs (Fig. 8)
(Schrand et al. 2011; Lin et al. 2012; Alhaddad et al. 2012; Faklaris et al. 2009a).
The interaction between endosomes and lysosomes during the early stages of the
ND uptake pathway was observed in an experiment with brefeldin A (a known
lactone antibiotic that interferes with the merging of endosomes and lysosomes).
Cells treated with brefeldin A exhibited increased accumulation of NDs, likely
caused by the prevention of merging of early endosomes with lysosomes in the
natural degradation process (Schrand et al. 2011).

NDs can be liberated from endosomes soon after internalization and localize in
the cytosol (Faklaris et al. 2008; Chu et al. 2014). The fact that NDs do not stay
inside the endosomes is promising for bioapplications such as drug delivery.

The smallest particles (approximately 5 nm) can localize in the cytoplasm
(Schrand et al. 2011; Faklaris et al. 2008, 2009a). It remains unclear if these very
small NDs are directly internalized via passive transport across the cellular
membrane or if they are released from endosomes.

NDs have not been found in the cell nucleus (Schrand et al. 2011; Yu et al.
2005; Liu et al. 2009; Alhaddad et al. 2012; Faklaris et al. 2009a). DNDs modified
with thionine, which have been directly observed in the nucleus, seem to be the
only exception (Martín et al. 2010a).

Fig. 8 Localization of HPHT NDs (10 lg/ml) in HeLa cells. a Colocalization study of HPHT
NDs with (a) early endosomes and (b) lysosomes labeled with fluorescent dyes. HPHT NDs
colocalized with endosomes or lysosomes appear in yellow in the merged fluorescence scans.
Figure adapted from Faklaris et al. (2009a)
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3.4 Cellular Targeting by Surface-Modified Nanodiamonds

The major goal of nanomedicine for cancer therapy is to enhance therapeutic
efficiency and selectively target cancerous cells. Unfortunately, the utility of
certain chemotherapy drugs is compromised by poor intracellular uptake, limited
circulation stability and collateral damage to normal cells. Cellular targeting by
nanoparticle conjugates provides an intriguing opportunity to improve cancer
therapeutics. NDs have circumvented many individual challenges in cancer ther-
apy, including bypassing chemoresistance and enabling controlled delivery and
intracellular tracking. A common strategy to achieve targeting at a cellular level is
to functionalize the ND surface with biomolecules whose receptors are over-
expressed in the cells to be targeted.

Biomolecules that bind to specific cell surface receptors have been used for
targeting of both DNDs and HPHT NDs (Table 1). In addition, functionalization
with biomolecules fully preserves the unique optical properties of NDs, which
enables bioimaging. The following text introduces several case studies in which
NDs were employed in targeting.

Human epidermal growth factor receptor (EGFR), a receptor tyrosine kinase, is
a well-studied target for anticancer drug delivery systems. EGFR is overexpressed
in more than 30 % of all solid tumors (including lung, colorectal, brain and breast
cancers). DNDs modified with anti-EGFR monoclonal antibodies can selectively
bind to these receptors (Zhang et al. 2011).

Different attempts to target cancer cells have been made with conjugates of both
DNDs and HPHT NDs with transferrin (ND-Tf) (Li and Zhou 2010; Weng et al.
2009; Weng et al. 2012; Cheng et al. 2013). The assumption that ND-Tf conju-
gates specifically target transferrin receptors on cancer cells was confirmed by pre-
incubation with free Tf. An increase in the free Tf concentration causes a decrease
in ND-Tf cellular uptake, as measured by flow cytometry (Li and Zhou 2010). The
receptor-mediated uptake of ND-Tf was further confirmed using confocal fluo-
rescence spectroscopy (Weng et al. 2012). Fluorescence spectra and lifetimes of
pristine and surface-modified NDs were very similar, confirming the negligible
effects of chemical surface modifications (Weng et al. 2012).

Some studies indicated that the production of growth hormone (GH) from
endocrine and autocrine systems can stimulate cancer development via the GH/
GHR (growth hormone receptor) signal transduction pathway. GH/GHR is likely
to participate in pathogenesis of human colorectal cancer (Cheng et al. 2007).
Indeed, identification of the GHR level in tumor cells is crucial for monitoring the
status of cancer development. HPHT NDs covalently modified with GH were
successfully used as a specific probe for in vitro observation of GHRs on a single
cell level under physiological conditions (Cheng et al. 2007). GH on the ND
surface interacted with GHR present on the surface of A549 human lung epithelial
cells. The interaction and penetration of particles into the cells were observed by
recording ND’s unique spectroscopic signal via confocal Raman mapping.

380 J. Slegerova et al.



T
ab

le
.

1
M

od
ifi

ca
ti

on
s

of
N

D
s

w
it

h
bi

om
ol

ec
ul

es
to

ta
rg

et
sp

ec
ifi

c
re

ce
pt

or
s

on
di

ff
er

en
t

ce
ll

ty
pe

s

N
D

ty
pe

S
ur

fa
ce

of
N

D
C

on
ne

ct
io

n
T

ar
ge

ti
ng

gr
ou

p
R

ec
ep

to
r

C
el

l
ty

pe
M

ec
ha

ni
sm

of
up

ta
ke

R
ef

er
en

ce
s

D
N

D
M

od
ifi

ed
w

it
h

th
io

l
gr

ou
ps

D
is

ul
fi

de
bo

nd
A

nt
i-

E
G

F
R

m
on

oc
lo

na
l

an
ti

bo
di

es

H
um

an
ep

id
er

m
al

gr
ow

th
fa

ct
or

re
ce

pt
or

H
um

an
br

ea
st

ad
en

oc
ar

ci
no

m
a

(M
D

A
-

M
B

-2
31

)

R
ec

ep
to

r-
m

ed
ia

te
d

en
do

cy
to

si
s

Z
ha

ng
et

al
.

(2
01

1)

D
N

D
M

od
ifi

ed
w

it
h

go
ld

/s
il

ve
r

D
is

ul
fi

de
bo

nd
T

ra
ns

fe
rr

in
T

ra
ns

fe
rr

in
re

ce
pt

or
H

um
an

he
pa

to
m

a
ce

ll
li

ne
(J

5)
R

ec
ep

to
r-

m
ed

ia
te

d
en

do
cy

to
si

s
C

he
ng

et
al

.
(2

01
3)

D
N

D
C

ar
bo

xy
la

te
d

A
m

id
e

bo
nd

M
it

oc
ho

nd
ri

a/
ac

ti
n

an
ti

bo
di

es

M
it

oc
ho

nd
ri

a
an

d
ac

ti
n

H
eL

a
ce

ll
s

T
ra

ns
fe

ct
io

n—
in

tr
ac

el
lu

la
r

ta
rg

et
in

g

M
ka

nd
aw

ir
e

et
al

.
(2

00
9)

,
O

pi
tz

et
al

.
(2

01
0)

H
P

H
T

N
D

C
ar

bo
xy

la
te

d
A

m
id

e
bo

nd
T

ra
ns

fe
rr

in
T

ra
ns

fe
rr

in
re

ce
pt

or
H

eL
a

ce
ll

s
R

ec
ep

to
r-

m
ed

ia
te

d
en

do
cy

to
si

s
(c

la
th

ri
n-

de
pe

nd
en

t)

L
i

an
d

Z
ho

u
(2

01
0)

,
W

en
g

et
al

.
(2

00
9,

20
12

)
H

P
H

T
N

D
C

ar
bo

xy
la

te
d

A
m

id
e

bo
nd

F
is

h
gr

ow
th

ho
rm

on
e

G
ro

w
th

ho
rm

on
e

re
ce

pt
or

H
um

an
ad

en
oc

ar
ci

no
m

ic
lu

ng
ep

it
he

li
al

ce
ll

s
(A

54
9)

E
nd

oc
yt

os
is

C
he

ng
et

al
.

(2
00

7)
H

P
H

T
N

D
C

ar
bo

xy
la

te
d

A
m

id
e

bo
nd

C
hl

or
ot

ox
in

-l
ik

e
pe

pt
id

e
B

m
K

-C
T

M
at

ri
x

m
et

al
lo

pr
ot

ea
se

s
M

M
P

-2

R
at

gl
io

m
a

ce
ll

s
(C

6)
R

ec
ep

to
r-

m
ed

ia
te

d
up

ta
ke

F
u

et
al

.
(2

01
2)

H
P

H
T

N
D

C
ar

bo
xy

la
te

d
A

ds
or

pt
io

n
a-

bu
ng

ar
ot

ox
in

a7
-n

ic
ot

in
ic

ac
et

yl
ch

ol
in

e
re

ce
pt

or

X
en

op
us

la
ev

is
oo

cy
te

s
hu

m
an

ad
en

oc
ar

ci
no

m
ic

lu
ng

ep
it

he
li

al
ce

ll
s

(A
54

9)

U
ns

pe
ci

fi
ed

L
iu

et
al

.
(2

00
8)

H
P

H
T

N
D

M
od

ifi
ed

w
it

h
P

E
G

-N
H

2

A
m

id
e

bo
nd

F
ol

ic
ac

id
F

ol
at

e
re

ce
pt

or
H

eL
a

ce
ll

s
R

ec
ep

to
r-

m
ed

ia
te

d
en

do
cy

to
si

s
(c

av
eo

li
n-

de
pe

nd
en

t)

Z
ha

ng
et

al
.

(2
00

9a
)

Nanodiamonds as Intracellular Probes for Imaging in Biology and Medicine 381



Fu et al. (2012) showed targeting of glioma cells by conjugates of HPHT NDs
and toxins. Particles composed of HPHT NDs and chlorotoxin (ND-Tx) (a specific
chloride channel blocker that inhibits the enzymatic activity of metalloproteases)
were prepared and directly visualized in tumors by confocal microscopy. Similar
targeting was described in the work of Liu et al. (2008). Their particles contained
non-covalently bound a-bungarotoxin (a neurotoxin derived from Bungarus mul-
ticinctus that specifically blocks the a7-nicotinic acetylcholine receptor). They
revealed that the conjugate binds receptors on the cell membrane of oocytes and
A549 human lung cancer cells. In addition, the conjugate was able to execute its
biological function and block the activation of a7-nicotinic acetylcholine receptor.

HPHT NDs also can be conjugated with folic acid (ND-FA), receptors for
which are over-expressed on cancer cells (Zhang et al. 2009a). These particles can
be used for single-particle tracking in three dimensions over a real-time span of
more than 5 min during endocytosis. The folic acid was bound covalently to the
surface of HPHT NDs via a PEG-diamine linker. Activated carboxyl groups on the
ND surface reacted with one end of the linker; the other end was connected to the
activated carboxyl group of folic acid. The uptake of such ND-FA particles was
enhanced up to 20-fold compared to unmodified particles. The amount of ND-FA
internalized was reduced when the HeLa cells were pretreated with free FA, as can
be seen in confocal microscopy images and from data obtained by flow cytometry
(Fig. 9). This pre-incubation experiment provided evidence for internalization
through receptor-mediated endocytosis and for the specificity of the interaction.

DNDs modified with antibodies have been shown to specifically target intra-
cellular structures such as mitochondria or actin filaments after being transfected
into HeLa cells using 4th-generation dendrimers, cationic liposomes and cell-
penetrating protamine sulfate (Mkandawire et al. 2009; Opitz et al. 2010).

Fig. 9 A Images of ND-FA internalized by HeLa cells with or without free FA in the media.
a ND–FA, b ND–FA pretreated with free FA. The images displayed are differential interference
contrast (left), epifluorescence (middle), and confocal fluorescence (right) images of the same
cells with their membranes and endoplasmic reticulums stained in green with wheat germ
agglutinin Alexa Fluor 488 conjugates, and nuclei stained in blue with Hoechst 33258. B Typical
raw data from flow cytometry analysis. All the cells were incubated with NDs for 3 h at a particle
concentration of 10 lg/ml. Figure adapted from Zhang et al. (2009a)
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4 Bioimaging Using Fluorescent Nanodiamonds

Visualization and tracking of sub-cellular structures and biomolecules in cells are
key issues for cell biologists. Most biomolecules are not fluorescent and must be
modified with a fluorescent label that can be detected by a fluorescence micro-
scope, flow cytometer or some other fluorescence-reading instrument. The ideal
fluorescent label should meet a certain set of requirements, such as chemical
stability and solubility, convenient size, minimal interference, low toxicity and
high brightness. The most frequently used labels are fluorescent proteins, organic
dyes and semiconductor nanocrystals (quantum dots) (Resch-Genger et al. 2008;
Sahoo 2012).

Imaging of fluorescence probes in living organisms is an intriguingly
demanding task, putting even more requirements on the properties of fluorescent
probes. The surrounding tissue can shield a probe’s emission and is also a source
of autofluorescence, which originates from photoexcitation of endogenous fluo-
rophores such as collagens, retinols, retinoic acids, porphyrins, flavins and
NADHs. A useful fluorescent probe should therefore emit in a different spectral
region. Light scattering and tissue absorption furthermore limit the optical window
(spectral window I for imaging or tissue imaging window) in living organisms
(Weissleder and Ntziachristos 2003).

Fluorescent NDs (FNDs) are a promising and exciting alternative to existing
probes. NDs are far more biocompatible than other carbon materials, and they do
not contain any toxic elements (unlike quantum dots). ND fluorescence, which
arises from NV centers, is extremely stable and resistant towards photobleaching
with an almost unlimited emission time. Particles bigger than 5 nm do not even
photoblink (Bradac et al. 2010), which makes NDs an ideal candidate for imaging.
The emission wavelength of FNDs is in the near infrared region, where both
autofluorescence and tissue absorption (Fig. 10) are low. Moreover, FNDs have
long fluorescence lifetimes (for NV color centers, it is in range approximately
10–20 ns) compared to organic dyes and cellular components with low nanosecond
lifetimes (Weng et al. 2009; Faklaris et al. 2008). Such a long lifetime allows for
filtering of short radiating signals that do not originate from NV centers (for
example, by fluorescence lifetime imaging microscopy, or FLIM) (Kuo et al.
2013).

The major disadvantage of FNDs is their low fluorescence intensity compared
to the same mass concentration of molecular dyes. In vivo fluorescence imaging
requires very bright FNDs, and only HPHT NDs are considered sufficiently bright.

4.1 NDs as Fluorescent Probes for Intracellular Tracking

The suitability of NDs as in vitro fluorescent labels was introduced by Chang’s
group (Yu et al. 2005), who observed the cellular uptake of NDs by confocal
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fluorescence microscopy. ND fluorescence has been observed to be well-separated
from the spectral region of cellular endogenous fluorescence (Fu et al. 2007;
Zhang et al. 2009a; Li and Zhou 2010; Weng et al. 2009; Chang et al. 2008; Yu
et al. 2005). Nowadays, FNDs are already established as labels for in vitro tracking
detected by confocal microscopy or flow cytometry (Prabhakar et al. 2013; Liu
et al. 2008, 2010; Fu et al. 2007, 2012; Zhang et al. 2009a; Mkandawire et al.
2009; 2010; Weng et al. 2009, 2012; Chang et al. 2008; Neugart et al. 2007; Opitz
et al. 2010; Yu et al. 2005; Faklaris et al. 2008, 2009a, 2009b; Fang et al. 2011;
Chao et al. 2007; Wee et al. 2009).

Because of their stable fluorescence with no photobleaching or photoblinking,
NDs can be used for long-term tracking of both fast and slow events in cells (Fu
et al. 2007; Zhang et al. 2009a; Mkandawire et al. 2009; Chang et al. 2008;
Faklaris et al. 2008, 2009a, b; Fang et al. 2011). For example, Fang et al. (2011)
used NDs for long-term labeling and tracking of division, proliferation and dif-
ferentiation of stem cells detected by confocal microscopy. In another study, single
35 nm NDs were tracked inside a HeLa cell over a time span of more than 200 s
(Chang et al. 2008). Analysis of the three-dimensional trajectory (Fig. 11) enabled
determination of the diffusion coefficient for internalized ND within an endosome.
The trajectory and diffusion motion of NDs in HeLa cells has been confirmed by
other groups (Fu et al. 2007; Zhang et al. 2009a; Neugart et al. 2007). Long-term
tracking experiments are highly promising because they can reveal details about
intracellular therapeutic activities such as drug delivery or viral infection.

Although many groups have achieved outstanding observations using FNDs,
which can be in some cases compared to QDs and dyes (Fu et al. 2007; Faklaris
et al. 2009b), the widespread use of FNDs is still somewhat limited. The major
issue is their low brightness (related to the weight of the material) (Havlik et al.
2013). Smaller NDs (\50 nm) can be detected only by their fluorescence, which
has a sufficiently high signal-to-background ratio, and not by backscattered light of
the excitation laser (Faklaris et al. 2009a). Only few groups, such as Neugart et al.,

Fig. 10 Comparison of the
fluorescence spectrum of NV
centers in FNDs with the
near-infrared (NIR) window
of biological tissues. The
black, dark gray and light
gray curves are the
absorption spectra of H2O,
oxygen-bound hemoglobin
(HbO2) and hemoglobin
(Hb), respectively. The
absorption spectra were
adapted from Weissleder and
Ntziachristos (2003)
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have claimed to be able to observe single diffusing NDs in living HeLa cells, even
though most particles contained no more than two defects (Neugart et al. 2007).

Besides detection of NV centers, the intrinsic fluorescence of NDs has been
used for imaging both HPHT NDs and DNDs by confocal microscopy or flow
cytometry. In these studies, NDs were mostly excited at 488 nm, and their fluo-
rescence was collected from 510 to 530 nm (Liu et al. 2007, 2008, 2010;
Mkandawire et al. 2009; Opitz et al. 2010; Chao et al. 2007). The green light
emission (Liu et al. 2007) most likely arose from natural defects and impurities
and the large surface-to-volume ratio of nanoparticles. Similar to red fluorescent
NDs, the uptake of 70-nm green fluorescent NDs in HeLa cells depends on their
concentration and incubation time, as was shown by both confocal microcopy and
flow cytometry (Wee et al. 2009).

4.2 Comparative In Vivo Biocompatibility, Biodistribution
and Clearance of Different ND Types

Before NDs can be used for in vivo imaging, their in vivo biocompatibility,
biodistribution and clearance have to be evaluated. The results from evaluations
using animal models reflect the potential impact of NDs on the environment and
human health.

DNDs are produced as a powder that can be easily spread in air; therefore, the
effect of DNDs on the respiratory system is of primary interest. In the majority of
studies, the material has been delivered into mice by intratracheal instillation.
When DNDs were administered into mice, the animals’ lungs, liver, kidneys and
hematological system were adversely affected, but their body weight did not
change and no other pathological changes were observed (Zhang et al. 2010). In
addition, no pulmonary toxicity was observed for low doses of DNDs (0.1 and

Fig. 11 Three-dimensional tracking of single 35-nm HPHT NDs in a live HeLa cell. a Bright-
field and epifluorescence (red pseudo-color) images of the cell after ND uptake. b Three-
dimensional reconstruction (left panel), showing the boundaries of the nucleus and the cytoplasm
of the cell. Three-dimensional trajectory (shown in pseudo-color, right panel) and displacements
of a single FND [labeled with a yellow box in (a)] inside the cell over a time span of 200 s.
Figure adapted from Chang et al. (2008)
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1 mg/kg) (Yuan et al. 2010). Some toxicological effects, such as inflammation or
tissue damage, were observed only in the lungs (Zhang et al. 2010) (intratracheal
instillation most influences the lung). The studies mentioned have revealed that
even though NDs are considered to have low pulmonary toxicity, they may still
produce side effects in living organisms if the concentration exceeds a certain
range.

Other studies have dealt with different routes of ND administration. Injecting
DNDs into a mouse did not change the animal’s blood parameters (interleukin-6,
indicating lack of systemic inflammation, and alanine transferase, corresponding to
a lack of influence on liver function) (Chow et al. 2011). Additionally, Puzyr et al.
(2007) reported that no inflammatory symptoms were observed in mice when they
were subcutaneously exposed to NDs for three months. The results indicated that
the manner of administration does not significantly alter ND biocompatibility.
Biocompatibility of chemically modified DNDs also has been evaluated. Car-
boxylated DNDs are considered the most toxic; they can cause embryotoxicity,
teratogenicity and malformation in Xenopus laevis embryos (Marcon et al. 2010).
Strikingly, carboxylated NDs were found more toxic than ND-NH2 and ND-OH, in
contrast to their in vitro toxicity.

Before NDs can be used in living organisms, their distribution, metabolism and
excretion must be evaluated. DNDs accumulate mostly in the lungs, spleen, kid-
neys and liver of mice. The highest retention of DNDs has been observed in mouse
lungs after injection (Rojas et al. 2011) or intratracheal instillation (Zhang et al.
2010) and in the liver after injection (Chow et al. 2011; Wei et al. 2012). High
concentrations of DNDs were also reported in the animals’ blood and heart,
whereas no significant concentrations were measured in the brain (Zhang et al.
2010). However, DNDs can likely be redistributed (Zhang et al. 2010; Wei et al.
2012).

DNDs are eliminated slowly from the tissues (Zhang et al. 2010; Wei et al.
2012). Smaller DNDs that are not trapped in organs are excreted into the urinary
tract of mice and rats (Rojas et al. 2011). In mice, whole-body clearance was
observed within 10 days (Chow et al. 2011). If particles with a larger size were
removed by filtration, DND uptake in the lung and spleen was completely
inhibited; the particles were found in the bladder and were eventually excreted
(Rojas et al. 2011).

HPHT NDs show similar properties to DNDs. Chang et al. reported that no
in vivo toxicity or any apparent side effects, such as stress response, were observed
after microinjection of HPHT NDs into C. elegans. In addition, the entire
embryonic development of C. elegans containing FNDs appeared normal (Mohan
et al. 2010). The long-term biocompatibility of HPHT NDs in rats has been shown;
no significant difference between control and FND-treated organisms was
observed over a 5-month period (Vaijayanthimala et al. 2012). Similar to DNDs,
HPHT NDs modified with BSA accumulated mostly in mouse liver, lungs and
spleen if administered by injection. The elimination of NDs from tissues is not
time-dependent; HPHT NDs were entrapped at a constant level over 28 days
(Yuan et al. 2009).
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4.3 Fluorescence Imaging In Vivo

The first in vivo ND imaging was performed in 1-mm-long transparent worms by
Mohan et al. (2010), who fed Caenorhabditis elegans fluorescent HPHT NDs.
They found that stable dispersions of dextran- or serum albumin-coated NDs were
absorbed inside the intestinal cells, with very few remaining in the gut lumen (the
same was true for unmodified NDs) (Mohan et al. 2010). NDs were then suc-
cessfully documented by fluorescence microscopy. Furthermore, NDs were also
microinjected into the distal gonads of gravid hermaphrodites. NDs were incor-
porated into oocytes, and because the fluorescence signal persisted throughout the
entire embryogenesis, it was possible to investigate the event in real-time. These
experiments have unambiguously shown that long-term tracking of ND fluores-
cence is possible under in vivo conditions (Mohan et al. 2010). Notably, no
harmful effects were observed throughout the study.

The results from C. elegans were encouraging, but observing FNDs fluores-
cence in mammals is more demanding. Complications stem from large adsorption
and scattering of light in bulky bodies and strong tissue auto-fluorescence. Only
recently were FNDs visualized in a mouse and rat with a fluorescence camera
(Vaijayanthimala et al. 2012). NDs administrated to a rat both by subcutaneous
(s.c.) and intraperitoneal (i.p.) injection were successfully observed. This is par-
ticularly noteworthy because rats’ skin is relatively thick and strongly absorbs light
(Vaijayanthimala et al. 2012). The researchers claimed that the visualization of
NDs was successful more than 1 month after administration (reported for s.c.
injection), confirming the promise of NDs as long-term fluorescent labels. Neither
optical degradation of NDs nor toxic effects on animals were observed, even at
huge doses (5 mg/kg repetitively administered i.p.).

Chang’s group made a real breakthrough in FND in vivo imaging. They not
only visualized particles in the place of administration, but also tracked them
throughout the body (Vaijayanthimala et al. 2012). Vaijayanthimala et al. intra-
dermally injected 100 nm serum albumin-coated FNDs into a mouse foot paw.
FNDs were observed to migrate into the axillary lymph node over several days,
and their concentration gradually increased in the node. In the experiment, a
remarkably low dose of 40 lg NDs was administered, demonstrating the extre-
mely high sensitivity of the experimental setup. This experiment is a model for
sentinel lymph node mapping, which is widely used in cancer diagnosis and
treatment (Jakub et al. 2003). These outstanding in vivo imaging results are based
on mastering the preparation of extraordinarily bright FNDs (Chang et al. 2008)
and designing elaborate imaging protocols that subtract background auto-fluo-
rescence (Vaijayanthimala et al. 2012).

Background signals from surrounding tissue can be further suppressed by two
approaches based on the unique optical properties of FNDs. The first approach
exploits the long radiative lifetime of NV centers ([10 ns) compared to sources of
autofluorescence (1–4 ns). This was established experimentally with C. elegans
fed with 100 nm FNDs (Kuo et al. 2013). While standard fluorescence acquisition
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suffered from a strong background signal, FLIM allowed researchers to distinguish
between these two types of signals.

The second approach utilizes the three-level emission system of NV centers
(Fig. 3) (Maze et al. 2008; Igarashi et al. 2012). Irradiation of FNDs with resonant
frequency decreases their fluorescence intensity, while all other fluorescence
sources remain unchanged (Maze et al. 2008; Balasubramanian et al. 2008; I-
garashi et al. 2012; Hall et al. 2012; McGuinness et al. 2011). Background-free
imaging of FNDs was obtained in C. elegans (per oral administration) as well as in
mouse (i.p. injection of 10 lg NDs) (Igarashi et al. 2012). Hegyi and Yablonovitch
applied gradient magnetic fields (in a somewhat similar manner as in MRI) and
achieved 3D images of FNDs in a chicken breast phantom. Although this is not
‘‘real’’ in vivo imaging, the elaborate technology and extremely promising results
are noteworthy.

In summary, in vivo imaging of FNDs still represents a challenging task, even
though huge progress, such as tracking FNDs in a mouse body, has been made
recently.

5 Drug Delivery

A suitable drug carrier for intracellular delivery should have sufficient loading
capacity in proportion to the weight of the carrier, strong binding of active mol-
ecules to the surface and a functional mechanism of targeted release. NDs comply
with all these requirements, thanks to their enormous surface area, good bio-
compatibility and easy functionalization with biomolecules. Although the possible
advantages of simultaneous imaging and drug delivery using NDs have not been
yet utilized, we summarize here important results achieved in ND drug delivery
research. NDs are mainly employed as carriers for delivery of small molecules
with an emphasis on chemotherapeutic agents. Active substances are almost
exclusively attached to the particle surface via non-covalent bond interactions,
which allows easier carrier formation. Another intensively developing area of
research explores NDs as potential intracellular nucleic acid carriers.

5.1 Small Molecules

Ho’s group made a pioneering step in use of NDs as possible drug carriers (Huang
et al. 2007). The authors established non-covalent bonding of doxorubicin
hydrochloride (DOX), an apoptosis-inducing drug widely used for chemotherapy,
to the oxidized surface of NDs. The design of these nanoparticles is based on ionic
interactions between negatively charged groups on the DND surface and the
positively charged amino group of doxorubicin. The resulting particles form
clusters. The rate of ND-cluster motion into living cells was outlined by confocal
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microscopy of DNDs with FITC-linked poly-L-lysine physically adsorbed on their
surface and by TEM of ND-DOX composites. Both techniques revealed that
DNDs were instantly attached to the cell surface and were slowly internalized into
the cytoplasm. The amount of bound DOX increases with ionic strength and
basicity of the environment due to strengthening of the electrostatic interaction
(Adnan et al. 2011; Yan et al. 2012). Stable DOX sequestering also increased
blood circulation halftime 10-fold from 0.83 to 8.43 h and suppressed DOX efflux
from cancer cells. Such features enable efficient treatment of liver and mammary
tumors with significantly decreased toxicity compared to a standard DOX treat-
ment (Fig. 12) (Chow et al. 2011) ND conjugates with cisplatin and 10-hy-
droxycamptothecin (HCPT) show a similar particle architecture (Li et al. 2010;
Guan et al. 2010). Conjugation of DOX-ND with cell-penetrating TAT peptide
(HIV trans-activator of transcription protein) enhances intracellular delivery and
blocks premature release (Li et al. 2011a). DOX can be bound to FNDs which,
unlike DNDs, allow long-term fluorescence localization of particles within the
cell. Li et al. (2011b) showed that FND-DOX particles with diameters
of *140 nm can be delivered inside HeLa cells efficiently via the clathrin-
dependent endocytosis route with similar kinetics as non-adsorbed DOX.

Another possible application of NDs is complexation with poorly water-soluble
drugs to enhance their dispersive properties in water. A study conducted on the
drugs purvalanol A (a cyclin-dependent kinase inhibitor) and 4-hydroxytamoxifen
(an antagonist of the estrogen receptor in breast tissue) is an inspiring example of
how water-insoluble compounds can be applied to treatment-relevant scenarios
(Chen et al. 2009).

Particles with covalently bound drugs represent an alternative group of carriers.
The first functional covalent linkage of drugs with DNDs was demonstrated with
paclitaxel, which successfully induced both mitotic arrest and apoptosis in A549
human lung carcinoma cells (Liu et al. 2010).

An interesting hybrid carrier consists of a conjugate of NDs with non-cova-
lently bound epirubicin coated with a lipid double layer containing a small amount
of biotinylated lipids. The lipids are connected to biotinylated EGFR-targeting
(epidermal growth factor receptor) antibodies via a streptavidin anchor (Fig. 13)
(Moore et al. 2013). The uptake of these particles in vitro was higher than for
antibody-free particles (2.9-fold higher in MDA-MB-231 cell line). In in vivo
experiments, mice bearing luciferase-expressing MDA-MB-231 tumor xenografts
were treated with 150 lg of epirubicin or an equivalent amount of targeted epi-
rubicin-loaded DNDs (TE-DNDs). All mice treated by unmodified epirubicin
suffered from drug-related diseases and died within 2 weeks, whereas mice treated
by unmodified epirubicin TE-DNDs survived 7 weeks with nearly complete tumor
regression.
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5.2 Biomolecules

The potential use of ND as carriers of biomolecules was illustrated by pH-
controlled release of bovine insulin bound on ND surfaces by Shimkunas et al.
(2009). The use of NDs for gene delivery is limited by the negative charge and high
molecular weight of bounded nucleic acids. One possible way to overcome these
obstacles is modifying ND particles with positively charged polyethyleneimine-800
(PEI-800). These particles can electrostatically bind a negatively charged plasmid
DNA (Fig. 14) (Chen et al. 2010, Zhang et al. 2009b). In comparison with
unmodified NDs, NDs containing PEI-800 internalize more efficiently. The surface

Fig. 12 ND delivery of doxorubicin (DOX) inhibits tumor growth in a murine mammary
carcinoma model (4T1 cells). Survival plot for tumor-bearing mice treated with PBS (n = 7),
DOX (100 mg) (n = 10), DND-doxorubicin conjugate (NDX; 100 mg of DOX equivalent)
(n = 10), DOX (200 mg) (n = 5) or NDX (200 mg of DOX equivalent) (n = 5) by tail vein
injection every 6 days. *P \ 0.003). Adapted from Chow et al. (2011)

Fig. 13 Nanodiamond-lipid hybrid particles synthesized by rehydration of lipid thin films are
targeted using biotinylated antibodies and streptavidin crossbridges. Adapted from Moore et al.
(2013)
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functionalization is critical because particles with more positive surface potential
are attracted to the negatively charged plasma membrane.

In a similar manner, NDs coated with non-covalently bound cationic polymers
can be used for intracellular transporting of siRNA with a view to in vivo anti-
cancer nucleic-acid drug delivery (Alhaddad et al. 2012; Chen et al. 2010; Al-
haddad et al. 2011). In comparison to the common transfection reagent
lipofectamine, DNDs functionalized with PEI and PAH (polyallylamine) showed
similar siRNA transfection efficiency with lower cytotoxicity. The uptake path-
ways of siRNA:ND-PAH and siRNA:ND-PEI particles differ. While clathrin-
mediated endocytosis is a dominant internalization pathway for PAH particles, PEI
particles enter cells via macropinocytosis. The affinity of siRNA to ND-PAH was
reported to be larger than its affinity to ND-PEI, indicating that siRNA dissociates
only slowly from ND-PAH and its biological activity is suppressed (Alhaddad
et al. 2012).

Different surface architectures capable of intracellular plasmid transfer have
been introduced recently for DNDs with covalently bound triethylamine (Martín
et al. 2010a) and lysine (Badea et al. 2012) functional groups or for cationic 2-
(dimethylamino)ethyl methacrylate NDs.

6 Conclusions

Nanodiamonds are a vast group of nanomaterials ranging in size from a few
nanometers to hundreds of nanometers. Although their physico-chemical and
biological properties are often generalized, many behaviors are size- and surface-
specific. For example, the smallest DNDs are ideal candidates for drug delivery,
but their photophysical and imaging properties are much less useful compared to
those of the larger HPHT NDs. Thanks to their high surface-to-volume ratio,
DNDs are chemically the most reactive and least stable NDs, while HPHT NDs are
more difficult to chemically modify. Large differences can also be found in their
interaction with cells, in vitro and in vivo toxicities, cellular uptake and fate.

In the past few years, ND research enabled development of several unique
applications in bioimaging and drug delivery. Thanks to rapid progress in ND
chemical modifications, novel ND coating procedures and improvement of ND

Fig. 14 Preparation of ND-PEI-siRNA particles. Adapted from Chen et al. (2010)
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optical properties, one can envision quick development in construction of extre-
mely photostable nanosensors, highly selective targeted delivery of drugs, super-
resolved subcellular in vivo bioimaging and ND plasmonics.
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Intracellular Delivery of RNA
via RNA-Binding Proteins or Peptides

Kazunori Watanabe and Takashi Ohtsuki

Abstract Methods that facilitate the cellular internalization of RNAs are widely
utilized in medical and biological studies. Numerous small RNA carriers have
been reported, many of which are comprised of synthetic polymers. Nanocarriers
based on other materials, such as silica and metal nanoparticles, have also been
developed. In this chapter, we describe methods for the intracellular delivery of
small RNAs using carrier peptides, primarily cationic cell-penetrating peptides
(CPPs) and carrier proteins, primarily CPP-RNA binding domain fusion proteins.
In addition, we discuss the advantages and drawbacks of these carriers compared
to other carriers.

Keywords Cell-penetrating peptide � RNA-binding protein � siRNA � shRNA �
RNA delivery � Gene silencing � RNAi � Endosomal escape

Abbreviations

siRNA Small interfering RNA
miRNA Micro RNA
dsRNA Double-stranded RNA
RBP RNA-binding protein
RBD RNA-binding domain
DRBD DsRNA-binding domain
CPP Cell-penetrating peptide
PTD Peptide transduction domain
NLS Nuclear localization signal
CLIP-RNAi CPP-linked RBP-mediated RNA internalization and photoinduced

RNAi

K. Watanabe � T. Ohtsuki (&)
Department of Biotechnology, Okayama University, 3-1-1 Tsushima-naka,
Kita-ku, Okayama 700-8530, Japan
e-mail: ohtsuk@okayama-u.ac.jp

A. Prokop et al. (eds.), Intracellular Delivery II,
Fundamental Biomedical Technologies 7, DOI: 10.1007/978-94-017-8896-0_19,
� Springer Science+Business Media Dordrecht 2014

403



1 Introduction

Small RNAs, such as small interfering RNAs (siRNAs), short hairpin RNAs
(shRNAs), and micro RNAs (miRNAs), have become an important tool for
studying and controlling gene functions. The introduction of small double-stranded
RNAs (dsRNAs), termed siRNA or shRNA, can lead to the down-regulation of
specific genes through an evolutionarily conserved process known as RNA
interference (RNAi) (Elbashir et al. 2001; Fire et al. 1998). The mechanism for
miRNA-mediated gene silencing resembles that of RNAi-mediated silencing in
that an Argonaute protein associated with an miRNA or an antisense strand of
siRNA binds to a specific mRNA and interferes with its translation (Hutvagner and
Simard 2008). In addition to studies of gene function, these small RNAs have been
used in therapeutic studies and as potential therapeutic tools for the treatment of
cancers and viral diseases (Gooding et al. 2012; Shim and Kwon 2010). For studies
utilizing small RNAs, the development of an effective and non-toxic RNA delivery
system is necessary.

Although viral vector technologies can stably introduce RNA genes into the
host genome, there are many potential side effects, including immunotoxicity and
mutagenesis (Raper et al. 2003; Check 2005; Guo et al. 2013). Therefore, in recent
years, non-viral delivery systems, such as lipid-based agents (Foged 2012; Rehman
et al. 2013), cationic polymers (Nimesh et al. 2011), and cell-penetrating peptides
[CPPs, also called peptide transduction domains (PTDs)] (Fonseca et al. 2009; van
den Berg and Dowdy 2011; Endoh and Ohtsuki 2009; Nakase et al. 2013) have
been employed. Lipid-based agents and cationic polymers are used as standard
tools in vitro due to their relatively low production cost and low immunogenecity
(Akhtar and Benter 2007; Park et al. 2006), although serious cytotoxicity has been
reported (Hunter 2006; Moghimi et al. 2005; Symonds et al. 2005).

The use of CPPs or carrier proteins is emerging as an effective approach for the
intracellular delivery of RNA. CPPs are short peptides generally composed of
6–30 amino acids that can cross the cellular plasma membrane or be internalized
by cells via endocytosis. CPPs are able to deliver biologically active macromol-
ecules, such as proteins and nucleic acids, with high efficiency and low toxicity
(van den Berg and Dowdy 2011; Schwarze et al. 1999; Jones and Sayers 2012). In
addition to these peptides, carrier proteins for RNA delivery have recently been
developed. These carrier proteins consist of an RNA-binding protein (or RNA-
binding domain) linked to a cell-penetrating or cell-targeting peptide. In this
chapter, we will discuss the use of peptides and proteins for the intracellular
delivery of RNAs, mainly siRNAs. This review covers carrier peptides (mainly
CPPs) and carrier proteins (mainly CPP-fusion RNA-binding proteins) that deliver
RNA by themselves, it does not discuss CPP-modified nanocarriers including
materials other than peptides, such as lipids, information on which may be found in
other reports (Koren and Torchilin 2012).
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2 Use of CPPs for RNA Delivery

RNA delivery using CPP can be broken down into two main categories:
(1) covalent conjugation of CPP to RNA, and (2) the formation of a non-covalent
CPP-RNA complex. In 2004, siRNA delivery using covalently attached CPPs was
demonstrated (Chiu et al. 2004; Davidson et al. 2004; Muratovska and Eccles
2004). However, it is not clear whether the CPP/siRNA conjugate was completely
separated from free CPP in these studies. Turner et al. (2007) reported that ‘‘highly
purified’’ CPP/siRNA conjugates induced RNAi, but the concentration of CPP/
siRNA conjugates needed to achieve this was almost two orders of magnitude
higher than in reports published in 2004, indicating that impurities (probably free
CPP) enhanced cell-entry of the CPP/siRNA conjugate. Furthermore, Moschos
et al. (2007) reported that covalently linked CPP/siRNA conjugates elicited
immune responses. Positively charged CPPs and negatively charged RNAs can
form complexes or aggregates through nonspecific electrostatic interactions (Law
et al. 2008). Most studies utilizing CPPs for RNA delivery have employed these
non-covalent CPP-RNA complexes (Table 1).

In 2003, Simeoni et al. (2003) demonstrated the successful delivery of siRNA
into cells and subsequent gene silencing in HeLa and HS-68 cells using MPG and
mutated MPG peptides. The amphipathic MPG peptide, an artificially constructed
chimeric CPP, is a 27 amino acid peptide composed of a basic domain from the
nuclear localization signal (NLS) of the SV40 large T antigen and a hydrophobic
region derived from HIV gp41. The basic domain was thought to interact with
siRNA while the hydrophobic region was believed to have membrane destabilizing
properties. The mutated MPG peptide, in which a lysine residue in NLS domain
was replaced with a serine (MPGDNLS), was used to introduce siRNA into the
HeLa and HS-68 cells. The MPGDNLS/siRNA complexes induced gene silencing

siRNA

CPP U1A 
fusion protein

CPP

shRNA

(a)

(b)

_

Fig. 1 CPP/siRNA (a) and CPP-U1A/shRNA (b) complexes. The accession numbers of the
structures used here are 1R9F (siRNA), 1U6B (U1A RBD), and 1U6B+2F8S (shRNA bearing
the U1A-binding sequence)
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even more efficiently than the MPG/siRNA complexes. Veldhoen et al. (2006)
demonstrated effective siRNA delivery using MPGa derived from MPG, and
demonstrated that the uptake of MPGa/siRNA complexes into HeLa cells was
mediated by endocytotic processes.

Lundberg et al. (2007) compared the siRNA delivery efficiencies of six CPPs,
including penetratin, HA2-penetratin, MPGDNLS, TP-10, EB1, and bovine PrP.
Although the results showed that penetratin delivered larger amounts of siRNA
than MPGDNLS into cells, the penetratin/siRNA complexes did not induce gene
silencing, while the MPGDNLS/siRNA complexes did. These results seemed to be
due to endosomal entrapment of the penetratin/siRNA complexes. Hence, EB1, a
novel penetratin analog with endosomolytic properties, and HA2-penetratin, a
chimeric peptide consisting of the HA2 influenza fusion peptide conjugated to
penetratin, were designed for siRNA delivery. Indeed, the EB1/siRNA and HA2-
penetratin/siRNA complexes efficiently induced gene silencing, in contrast to the
results achieved with penetratin/siRNA complexes. The authors concluded that the
increase in endosomal escape of the complexes was responsible for the signifi-
cantly increased biological effect of the siRNA.

RNA delivery using non-covalent CPP/RNA complexes is a simple and
effective strategy with low levels of cytotoxicity. Lundberg et al. (2007) reported
that none of the cells transfected with peptides in complex with siRNA exhibited
reduced proliferation, whereas the proliferation of cells treated with Lipofectamine
2000 was significantly reduced. However, an excess amount of CPP molecules
were required for efficient RNA delivery. For example, MPGDNLS and siRNA
were mixed at a 25:1 molar ratio (2,500:100 nM) to obtain a 55 % suppression of
luciferase protein expression in HeLa cells (Lundberg et al. 2007). In the case of
MPG, the peptides and siRNA were used at an 84:1 molar ratio (4,200:50 nM)
(Simeoni et al. 2003). Additionally, siRNA with Lipofectamine 2000, a lipid-based
reagent, induced RNAi more efficiently compared to MPGDNLS and EB1
(Lundberg et al. 2007).

To overcome these drawbacks, CPPs based on amphipathic peptides have been
designed by several researchers (Crombez et al. 2008; Langlet-Bertin et al. 2010).
Crombez et al. (2008) designed a secondary amphipathic peptide (CADY) of 20
amino acid residues containing aromatic tryptophan and cationic arginine residues.
Although the CADY/siRNA complexes were used at a molar ratio of 40:1, the
concentration of siRNA required was only 20 nM. Furthermore, GAPDH and p53
were efficiently silenced in human osteosarcoma U2OS cells using the CADY/
siRNA complexes. Langlet-Bertin et al. (2010) reported the development of a
cationic amphipathic histidine-rich peptide (LAH4) and a mutated LAH4. LAH4
contains four histidines that are thought to enhance endosomal escape through
acidification of the endosomal environment. This leads to the protonation of the
histidines, which liberates a major fraction of peptides from the siRNAs that then
interact with and destabilize the endosomal membrane. The LAH4/siRNA and
mutated LAH4/siRNA complexes required 50 nM siRNA (vector/siRNA w/w
ratio = 5:1–10.5:1) to induce a 70–80 % knockdown of luciferase in human
embryonic retinoblasts.
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CPP nanoparticles complexed with siRNA have also been reported recently.
Won et al. (2010) demonstrated an effective RNA delivery method using a
reducible poly(oligo-D-arginine) (rPOA), which forms nanoparticles with siRNAs
that have a mean diameter of *90 nm. rPOA is a polymer of Cys–(D-Arg)9–Cys
peptides linked together by disulfide bonds. The disulfide bonds are reduced when
the rPOA/siRNA polyplex enters the cytoplasmic environment, and siRNA release
is facilitated due to polyplex dissociation. Vascular endothelial growth factor
(VEGF) was successfully knocked down using the rPOA/siRNA polyplex in
squamous cell carcinoma (SCC) cells in vitro and in vivo. In addition, Ezzat et al.
(2012) demonstrated the formation of CPP/siRNA nanocomplexes containing a
novel CPP, PeptFect 14 (PF14), which were able to elicit efficient RNAi in various
cell lines.

The use of carrier peptides is a technically simple method for RNA delivery,
and generally, the cytotoxicity of carrier peptides is low compared with that of
lipid-based agents. Many efforts to extend the applicability of CPPs are currently
ongoing, including the introduction of chemical modifications to CPPs (Ezzat et al.
2012; Mae et al. 2009), the alteration of peptide design to facilitate endosomal
escape (Varkouhi et al. 2010), and efforts to control the size of CPP/siRNA
complexes (Baoum et al. 2011).

3 RNA Carrier Proteins: Fusion of an RNA-Binding
Domain with a Cell-Penetrating or Cell-Targeting
Peptide

Instead of using simple CPPs, some groups have recently developed CPP-fusion
RNA-binding proteins (RBPs) as carrier proteins for RNA delivery (Eguchi et al.
2009; Michiue et al. 2009; Geoghegan et al. 2012; Endoh et al. 2008, 2009;
Matsushita-Ishiodori et al. 2011). Many of these carrier proteins, mainly CPP-
RBPs, are shown in Table 2.

In 2008, our group first demonstrated intracellular RNA delivery using TatU1A
(Endoh and Ohtsuki 2010; Endoh et al. 2008). TatU1A consists of a Tat CPP and
an RBP derived from the U1A RNA-binding domain (RBD), which recognizes a
short RNA sequence (5

0
-CAUUGCACUCCG-3

0
) with high specificity and affinity

(Oubridge et al. 1994). Although RNA bearing the U1A recognition sequence
could be delivered by TatU1A, the RNA and TatU1A were trapped in the endo-
somes. To enhance escape from the endosomes, a photosensitizer (PS) was
attached to the C-terminus of TatU1A. The PS enabled photoinduced release of
RNA from endosomes and subsequent RNAi-mediated gene suppression. We
designated this photoinduced RNAi strategy CLIP-RNAi (CPP-linked RBP-med-
iated RNA internalization and photoinduced RNAi). Other CPPs and RBPs were
also used to construct CPP-RBPs, and six additional CPP-RBP variants were
constructed (Matsushita-Ishiodori et al. 2011). Among them, the most efficient

Intracellular Delivery of RNA 409



T
ab

le
2

R
N

A
ca

rr
ie

r
pr

ot
ei

ns

C
P

P
fu

si
on

R
N

A
bi

nd
in

g
do

m
ai

n
(p

ro
te

in
)

T
ar

ge
t

C
el

l
li

ne
R

N
A

i
ef

fi
ci

en
cy

N
ot

es
R

ef
.

U
1A

 
T

A
T

E
G

F
P

C
H

O
*

70
%

P
ho

to
-

ir
ra

di
at

io
n

w
as

ne
ed

ed

E
nd

oh
et

al
.2

00
8;

M
at

su
sh

it
a-

Is
hi

od
or

i
et

al
.

20
11

U
1A

F
H

V
E

G
F

P
C

H
O

*
74

%
P

ho
to

-
ir

ra
di

at
io

n
w

as
ne

ed
ed

M
at

su
sh

it
a-

Is
hi

od
or

i
et

al
.

20
11

U
1A

T
A

T
C

L1
E

G
F

P
C

H
O

*
80

%
P

ho
to

-
ir

ra
di

at
io

n
w

as
ne

ed
ed

M
at

su
sh

it
a-

Is
hi

od
or

i
et

al
.

20
11

S
xl

T
A

T
E

G
F

P
C

H
O

*
47

%
P

ho
to

-
ir

ra
di

at
io

n
w

as
ne

ed
ed

M
at

su
sh

it
a-

Is
hi

od
or

i
et

al
.

20
11

T
A

T
T

A
T

H
A

T
A

T
D

R
B

D
1

G
A

P
D

H
H

12
99

*
85

%
E

gu
ch

i
et

al
.

20
09

D
R

B
D

1
D

R
B

D
2

G
F

P
H

um
an

br
ea

st
ca

rc
in

om
a

*
24

%
K

im
et

al
.

20
09

*
57

%
K

A
L

A
w

as
ad

de
d

K
im

et
al

.
20

09

T
A

T
T

A
T

H
A

T
A

T
D

R
B

D
1

D
R

B
D

2
H

P
R

T
H

eL
a

*
19

%
G

eo
gh

eg
an

et
al

.
20

12

*
92

%
C

hl
or

oq
ui

ne
w

as
ad

de
d

G
eo

gh
eg

an
et

al
.

20
12

T
A

T
T

A
T

H
A

T
A

T
D

R
B

D
1

H
P

R
T

H
eL

a
*

82
%

G
eo

gh
eg

an
et

al
.

20
12

*
92

%
C

hl
or

oq
ui

ne
w

as
ad

de
d

G
eo

gh
eg

an
et

al
.

20
12

T
A

T
D

R
B

D
1

D
R

B
D

2
H

P
R

T
H

eL
a

0%
G

eo
gh

eg
an

et
al

.
20

12

*
59

%
C

hl
or

oq
ui

ne
w

as
ad

de
d

G
eo

gh
eg

an
et

al
.

20
12

(c
on

ti
nu

ed
)

410 K. Watanabe and T. Ohtsuki



T
ab

le
2

(c
on

ti
nu

ed
)

C
P

P
fu

si
on

R
N

A
bi

nd
in

g
do

m
ai

n
(p

ro
te

in
)

T
ar

ge
t

C
el

l
li

ne
R

N
A

i
ef

fi
ci

en
cy

N
ot

es
R

ef
.

B
2

B
2

B
2

D
R

B
D

1
D

R
B

D
2

H
P

R
T

H
eL

a
*

30
%

G
eo

gh
eg

an
et

al
.

20
12

*
65

%
C

hl
or

oq
ui

ne
w

as
ad

de
d

G
eo

gh
eg

an
et

al
.

20
12

p1
9

Y
S

A
R

F
P

S
K

O
V

3
*

70
%

C
ho

i
et

al
.

20
13

Intracellular Delivery of RNA 411



carrier proteins were TatU1A-CL1 bearing the degradation signal peptide CL1,
FHVU1A comprised of a flock house virus (FHV) coat peptide (as a CPP) and
U1A RBD (RBP), and TatSxl comprised of Tat (CPP) and sex-lethal protein (Sxl)
(RBP). Photoinduced RNAi was also achieved using TatU1A-CL1-PS, FHVU1A-
PS, and TatSxl-PS. Attachment of CL1 to TatU1A accelerated RNAi-mediated
gene silencing, suggesting that dissociation of the carrier protein and RNA due to
the degradation of the carrier in the cytosol is important for RNAi activity. These
CPP-RBP carriers cannot be used for cytoplasmic RNA delivery without photo-
activation, but these light-dependent mechanisms for cytosolic RNA delivery and
RNAi will open new possibilities for cellular and molecular biology and therapy
(Matsushita-Ishiodori and Ohtsuki 2012).

Eguchi et al. (2009) utilized the double-stranded RNA-binding domain from the
RNA-activated protein kinase PKR to construct the PTD-DRBD (CPP-DRBD)
fusion protein. In vitro study showed that PTD-DRBD delivered siRNA into
H1299 cells more rapidly than lipid-based agents. PTD-DRBD-delivered siRNA
induced RNAi in various cell types, including T cells, human umbilical vein
endothelial cells, and human embryonic stem cells. No evidence of cytotoxicity,
off-target transcriptional changes, or induction of innate immune responses was
observed in these cells. In vivo study confirmed that PTD-DRBD/siRNA com-
plexes induced silencing of luciferase gene expression in mice, and treatment with
PTD-DRBD/siRNA complexes targeting the EGF receptor and Act2 induced
tumor-specific apoptosis and a significant increase in survival in an intracerebral
glioblastoma mouse model (Michiue et al. 2009). Kim et al. (2009) also employed
a DRBD derived from PKR as an siRNA delivery carrier without the addition of a
CPP. The DRBD protected siRNA from degradation by ribonuclease, and
silencing of GFP by 57 % was induced using DRBD/siRNA complexes with a
cationic fusogenic peptide, KALA, to facilitate endosomal escape. Geoghegan
et al. (2012) also used the DRBD derived from PKR to construct PTD-DRBD
variants. PTD-2 9 DRBD bound siRNA strongly compared to PTD-DRBD and
delivered it into HeLa cells, but treatment with PTD-2 9 DRBD/siRNA resulted
in only 19 % knockdown of hypoxanthine-guanine phosphoribosyl transferase
(HPRT). However, when the endosomolytic agent, chloroquine, was added, PTD-
2 9 DRBD/siRNA decreased HPRT expression by 92 %, indicating that PTD-
2 9 DRBD/siRNA was retained in the endosomes. They also designed a
B2–2 9 DRBD protein that included three repeats of the B2 peptide sequence
(GHKVKRPKG), which they previously identified by phage display panning
against the transferrin receptor. Treatment with B2–2 9 DRBD/siRNA complexes
resulted in a 30 % reduction in HPRT expression, an efficiency that was also
enhanced by the addition of chloroquine to 65 %.
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4 Targeted Delivery Using Carrier Peptides and Proteins

Many carrier peptides and carrier proteins have been reported as effective tools for
RNA delivery. However, most of these carriers cannot target specific cell types,
such as tumor cells. Therefore, the development of cell-specific carriers will be
necessary for the effective therapeutic application of RNAi.

In 2007, Kumar et al. (2007) presented a new method using a peptide con-
taining nonamer arginine residues at the carboxyl terminus of a short peptide
derived from the rabies virus glycoprotein (RVG), which interacts specifically with
the nicotinic acetylcholine receptor on neuronal cells. This RVG-9R peptide
specifically introduced siRNA into neuronal cells in vitro, resulting in efficient
gene silencing. Furthermore, in vivo analysis showed that RVG-9R delivered
siRNA specifically to neuronal cells in mice and induced gene silencing within the
brain. Targeted delivery of siRNA to macrophages using RVG-nona-D-arginine
(RVG-9dR) was also reported by the same group (Kim et al. 2010). In addition,
they reported an siRNA delivery system using an oligoarginine peptide conjugated
to a CD7 specific single-chain antibody (scFvCD7-9R) (Kumar et al. 2008). Since
the CD7 specific antibody bound to the T cell surface protein, CD7, scFvCD7-9R
specifically delivered antiviral-siRNA into T cells and dramatically suppressed
HIV infection.

Ren et al. (2012) developed a tumor-penetrating nanocomplex containing
siRNA with a tandem tumor-penetrating and membrane-translocating peptide
[LyP-1 and Transportan (TP)], which enabled the specific delivery of siRNA into
the tumor parenchyma. The cyclic nonapeptide LyP-1 specifically bound the
surface of stressed tumor and tumor-associated cells. TP-Lyp1/siRNA complexes
suppressed the growth of tumors in mice and significantly improved their survival.

Choi et al. (2011, 2013) utilized p19 RNA-binding protein (p19), which spe-
cifically binds double-stranded siRNA in a sequence-independent manner, to
promote cell-specific siRNA delivery by constructing a capsid (hepatitis B virus)-
p19 fusion protein. Within the capsid moiety, the fusion protein included an
integrin-binding peptide (RGD) sequence able to target tumor vasculature
expressing avb3 integrins. The fusion proteins assembled into a capsid shell that
encapsulated the siRNAs, and delivered the siRNA into B16F10 melanoma cells.
They also designed a p19-ephrin mimetic peptide (YSA) fusion protein (p19-YSA)
for siRNA delivery into tumor cells (Choi et al. 2013). YSA specifically targets the
EphA2 receptor, which is highly expressed in many types of cancers and in tumor
blood vessels. Efficient uptake of p19-YSA/siRNA was observed in human ovary
cancer cells (SKOV3) expressing high levels of EphA2 receptors, while the
nonmalignant normal cells showed relatively much lower uptake efficiency.
Treatment of SKOV3 cells with the p19-YSA/siRNA complexes suppressed RFP
expression by 68 %.
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5 Conclusions

The development of efficient delivery systems is one of the most significant
challenges for turning RNAs into clinically useful therapeutic drugs. One approach
to overcoming this issue is the development of technologies designed to facilitate
RNA delivery using carrier peptides or carrier proteins. To accomplish this, many
research groups have devised carrier peptides, primarily CPPs bound non-cova-
lently to siRNA, and carrier proteins that include an RNA-binding moiety, such as
RBD from U1A and DRBDs from PKR and p19. In addition, various CPP-con-
jugates with targeting peptides, such as RVG and LyP-1, or a specific single
antibody, have been devised for the delivery of siRNA into specific cell types, such
as tumor and virus-infected cells. Several carriers, including RBPs and tumor-
homing peptides, have also been developed. Generally, the cytotoxicities of carrier
peptides and proteins are low compared to other RNA carrier molecules. Thus,
these carrier peptides and proteins are promising options for gene therapy, and
further advances in the design of carrier peptides and proteins are expected in
future.
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Hyaluronic Acid Based Nanofibers
for Wound Dressing and Drug Delivery
Carriers
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Abstract Hyaluronic acid (HA) as one of the chief components of the human
extracellular matrix is proven to be beneficial in the wound healing process,
because hyaluronic acid contributes significantly to cell proliferation and migra-
tion. Electrospun hyaluronic acid nanofibers should mimic the natural architecture
of tissue and so it should provide a wound dressing similar to the natural tissue.
Addition of antimicrobial agents in HA nanofibers should eliminate infections and
prevent occurrence of undesired tissue adhesions when applied to wounds in
abdominal cavity. Drug release profile may be changed by the structure of the
nanofibrous material.
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Na2HPO4 � 12H2O Disodium hydrogen phosphate dodecahydrate
KI Potassium iodide
NaH2PO4 � 2H2O Monosodium phosphate dihydrate
ll Microliter
min Minute
RH Relative humidity
cm Centimetre
nm Nanometre
Nm Newton metre
kV Kilovolt
mg Milligram
ml Millilitre
SEM Scanning electron microscopy
UV Ultraviolet

1 Introduction

The use of nanofibers as a new form of the material is considered to be used in
medicine for various purposes. Nanofibrous materials have advantages consisting
in a small fiber diameter, a very large specific surface and a high amount of small
inter-fiber pores. Nanofibrous layers produced of a suitable polymer may be
beneficial for wound healing. Such wound dressing may release different types of
incorporated substances improving the wound healing process. Nanofibrous drug
carriers can deliver an incorporated drug to patients by physiologically more
acceptable manner reducing the burden on the patient’s organism during its
administration. The drug is usually a component of the spinning solution. There
are two possible forms of the drug incorporation. The drug is either dissolved or
dispersed in the spinning solution. In both cases there are small areas of the drug in
electrospun fibers. This system of drug delivery has a high rate of dissolution of
incorporated drug areas caused by a large surface area of the drug given by the
carrier form. The most desired drug release profile is constant and stable; such a
profile can be achieved by incorporation of a lipophilic drug into a lipophilic
polymer, while the hydrophilic polymer could serve as a carrier of hydrophilic
drugs whereas the solvent used should be good for both drug and polymer (Zeng
et al. 2005). Otherwise the drug cannot dissolve in the polymer solution which
results in dispersion spinning. Electrospun drug dispersion causes the presence of
the drug on the surface of the fibers or in the vicinity and consequently the ‘‘burst
effect’’, the fast diffusion of the drug to the release media, occurs.

High reactivity of nanofibers is also affected by their small dimension causing a
short diffusion pathway of incorporated additives releasing from nanofibers and
their faster degradation, it makes nanofibers interesting only for certain types of
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drug releasing systems. But in the field of drug delivery systems and tissue
engineering, electrospun polymeric nanofibers have already gained growing
importance, mainly due to the following advantages: relatively easy incorporation
of drugs during the electrospinning process, the possibility to incorporate high
dosages of drugs, possible suppression of the ‘‘burst effect’’, stability and pres-
ervation of activity of drugs or growth factors, a large specific surface (improving
the drug release) and specific morphology that may be controlled to a certain
extent during the production process (Agarwal et al. 2008). The use of bicom-
ponent fibers of the core-shell type or multilayer materials may contribute to the
‘‘burst effect’’ suppression and it is possible to control the kinetics by the thickness
of the layers and fiber diameter (Okuda et al. 2010). On the contrary the ‘‘burst
effect’’ is deepened by swelling of the carrier matrix used. One of the applications
where the burst drug release profile seems to be ideal is the release of local
antibiotics or antimicrobial agents from nanofibrous antiadhesive membranes,
because most infections are related to contaminations introduced at the time of
surgery when the skin barrier is violated (Zong et al. 2004).

The release of incorporated additives proceeds by two mechanisms, the diffu-
sion and release given by the erosion of the matrix. Comparison of nanofibrous
materials and films of the same polymer proved that the film releases the drug
gradually mainly due to the dissolution of additive aggregates on the film surface,
the release from nanofibers proceeds by the classical diffusion mechanism, because
there were no aggregates formed on the surface of nanofibers (Taepaiboon et al.
2006). Nanofibers increase the efficiency of the additive utilization and in certain
cases it may help to suppress side effects of the additive (Toshkova et al. 2010).
Verreck et al. (2003) confirmed that electrospun materials in the studied cases
reach a better applicability in pharmaceutical applications, as well as a controlled
dissolution when compared with conventional forms like physical mixtures,
solutions and extruded samples.

Another benefit of nanofibers doped by additives is a higher solubility bringing
a possible interesting application in the field of delivery of drugs hardly soluble in
aqueous media; these carriers could significantly improve their solubility in the
organism due to a large surface area, even at oral administration (Leuner and
Dressman 2000). In addition, this application form may be more advantageous
than the conventional dispersions also contributing in the same way to increase the
drug solubility (Chokshi et al. 2007).

2 Processing

There are several ways of nanofiber production; electrospinning is one of the few
offering a high productivity especially in case of needleless systems (Lukas et al.
2008). Methods like drawing (Ondarcuhu and Joachim 1998), phase separation
(Ma and Zhang 1999), template synthesis (Martin 1996) and self-assembly
(Whitesides and Grzybowski 2002) are not able to satisfy the need of a massive
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production. On the other hand highly productive techniques like melt blown and
centrifugal spinning (or force spinning) are hardly reaching submicron fibers,
process primarily polymer melts or produce only randomly oriented samples of
limited area and specific structure. The needleless and the nozzle-less electros-
pinning principle was denoted as probably the most productive one (Lukas et al.
2008) due to a high amount of Taylore cones that may be created on the surface of
the large rotating electrodes, but it has not been proved. The needleless/nozzle-less
electrospinning using different principles facilitating the Taylore cone formation
like magnetic liquids (Yarin and Zussman 2004), bubbles (Forward and Rutledge
2012), wire spinning electrodes (Liu and He 2007) and also various types of
rotating bodies capturing a polymer solution on its surface from which the spin-
ning proceeds (Petrik and Maly 2009) are usually ‘‘open systems’’. In such systems
there is generally a high amount of the polymer solution exposed to the air. This
exposure causes an intensive evaporation of the solvent leading to the continual
change of the solution properties and also the final product (Ruzickova et al.
2012a). On the contrary, the use of multiple jets necessary for the large scale
production of nanofibers by the nozzles brings also some problems depending
mostly on the distance between neighbouring nozzles. There are strong mutual
interactions between neighbouring polymer jets caused by Coulombic forces
leading to repulsion of the jets that results in the collection of a non-uniform non-
woven mat (Theron et al. 2004). It is possible to solve the problem by the use of jet
matrices facilitating the uniformity of the resulting product but small inter-nozzle
distances resulting in increased deposition rate over a smaller area prevent onset of
the electrically driven bending instability which is the main factor responsible for
the reduction of the fiber diameter. 4Spin� technology (Figs. 1 and 2) combines
benefits of a classic electrospinning setup such as a closed feeding system and a
needleless high production efficiency is approaching industrial production of
nanofibrous materials for healthcare (Ruzickova et al. 2012a).

Presented numerical simulations (Fig. 3) show another disadvantage linked to a
larger active surface of the nozzle-less spinning electrode on which the Taylor
cones may originate, when compared with the needleless multijet described in this
chapter leading to a weak electrostatic gradient and poor electrostatic forces
(Pokorny et al. 2013b; Ruzickova et al. 2012a). Another interesting effect is related
to the capillary forces acting in the solution and influencing the radius of curvature
of the surface element area and thus the pressure in the solution droplet (Pokorny
et al. 2011, 2013a, b). Reduction of the radius of curvature facilitates the Taylor
cone formation so electrospinning devices using thin capillaries should be the most
beneficial ones. In addition, 4Spin� technology enables to form unidirectionally
oriented nanofibers (Pokorny et al. 2011, 2012a) and voluminous fluffy 3D
nanofibrous structures (Ruzickova et al. 2013).

Petras et al. (2011) published a chapter focused on a comparison of the elec-
trospinning process productivity of a multi-jet spinning electrode and nozzle-less
wetted rotating electrodes of the different forms. He described that in the case of
non-water soluble polymer solutions, such as polyurethane and polystyrene, the
spinning process performed by the needleless technology fails. In the case of PVA
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Fig. 1 4Spin� technology (Pokorny 2012b); a laboratory device, b laboratory device scheme 1
exhaust aperture, 2 collector bracket, 3 spinning chamber, 4 sliding door, 5 emitter and air
connector, 6 dispenser, 7 fuse box door, 8 fuseboard and instrumentation inside the machine, 9
touch screen, 10 multifunction control, 11 standby signal, 12 on signal, 13 emergency stop
button, 14 compressed air, 15 power, 16 safety clip, 17 peripheral ethernet connection, 18 power
button

Fig. 2 Needleless multi-jet spinning electrode of the 4Spin� technology (Pokorny et al. 2013b);
a electrode, b cross section of needleless multi-jet electrode showing numerically modelled
electrostatic field, c cross section of needleless multi-jet electrode showing numerically modelled
electrostatic field with additional hot air stream. Notes a a polymer solution droplet, b electrically
conductive electrode connected to a high voltage source, c distribution channels of the polymer
solution, d electrically nonconductive body, e electrically nonconductive contour shaping the air
flow, f electric field strength vectors, g area of the high voltage gradient and tangential air forces
acting to the polymer solution, and h idea of the air streamlines around the electrode (Ruzickova
et al. 2012a)
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water solution, the jet system reached the same productivity when a smooth
rotating cylinder was used and almost three times higher productivity when an
electrode with tines was used. The use of a non-water soluble material brings
limits of the free liquid surface electrospinning.

It was clearly demonstrated by the previously mentioned numerical simula-
tions (Pokorny et al. 2012) that from the viewpoint of the functionality and the
process efficiency it is beneficial to use the thin bodies as the spinning elec-
trodes. The distribution of electrostatic field surrounding the conductive elec-
trodes in the area of the Taylor cone formation is essential. In this area,
sufficient electrostatic field gradient amplifying the action of its forces has to be
created. Such gradient originates on the sharp and thin edges. On the contrary,
the larger surfaces used in the needleless technology cause a homogenous and
uniform electrostatic field which is inconvenient for spinning (see Fig. 3). It was
proved (Ruzickova et al. 2012a) that production efficiency of the 4Spin�

technology compared with the nozzle-less technology was higher in all three
measured cases.

3 Electrospinning of Hyaluronic Acid

The use of hyaluronic acid (HA) as a carrier is also tempting because it is a natural
biodegradable polymer improving migration and proliferation of cells and pro-
duction of extracellular matrix (Schmidt and Friedl 2010). It was already proved
that it is difficult to electrospin the hyaluronic acid as a polyanionic polymer
because of its electrical characteristics and a high viscosity of the aqueous solution
(Wang et al. 2005). The preparation of continuous fibers of polyelectrolytes by
electrospinning of their aqueous solutions was considered to be impossible due to
the repulsive forces between ionogenic groups (Park et al. 2004). The gelation of a
HA solution usually occurs at very low polymer concentrations, so that the
insufficient entanglement of polymer chains and high elasticity of the solution

Fig. 3 The results of numerical simulation of electrostatic field intensity distribution between the
emitter (bottom side) and the collector (upper side). There is visible the origin of the gradient
field surrounding the thin emitter on the left image. The right image shows homogenous non-
gradient field around the emitter with the large surface (Ruzickova et al. 2012a)
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impede the generation of stable fibers (Kim et al. 2008). Nano-fibers from iono-
genic polymers have been successfully electrospun from mixed solutions of an
ionogenic polymer and a non-ionogenic polymer (Mincheva et al. 2005) and it was
reported that HA nanofibers can be successfully electrospun by blending with
other electro-spinnable polymers, such as poly(ethylene oxide) and gelatine, or by
constructing a special device for example electro-blowing system or elevating the
environmental temperature or by combination of the above mentioned (Ji et al.
2006; Li et al. 2006; Um et al. 2004). A few research groups improve the
parameters of the HA spinning solution by the use of other solvents than water,
solvents like N,N-dimethylformamide (Wang et al. 2005; Brenner et al. 2012;
Fischer et al. 2012; Xu et al. 2009), formic acid (Liu et al. 2011, 2010; Ma et al.
2011), trifluoroethane (Soo et al. 2009; Mo et al. 2009) etc., that are absolutely
inconvenient for the use in medical devices and may have a negative impact on the
organism. Additionally, massive production of such material would lead to a
necessity to dispose the large quantities of toxic waste. It is also possible to
improve the solution parameters of HA solutions by surfactants but it is incon-
venient from the biological viewpoint too (Uppal et al. 2011).

The utilization of HA nanofibers for medical purposes like wound dressing or
scaffolds is highly anticipated. The use of classic nanofibrous materials for the
mentioned applications is limited due to the small inter-fiber pore size making the
migration of the cells to the scaffold impossible; the cells then grow on the scaffold
surface and create 2D structure causing their dedifferentiation. The mentioned
problem may be solved by the formation of tubular materials (Kuo et al. 2010), or
by mutual interleaving of nanofibrous layers and cells (Patel et al. 2010; Wang
2008). Ideal solution may consist of the formation of 3D voluminous textiles.
Another property limited by the classic nanofibrous structure is a sorption ability
that is not bad in the case of hydrophilic polymers (Soo et al. 2013). But the
amount of absorbed liquid decreases with increasing layer thickness (area weight),
because nanofibrous layer is compact and more closed (Jun et al. 2011) and it does
not allow massive swelling connected with the high sorption.

According to the mentioned problems with conventional nanofibrous textiles of
hyaluronic acid the production of voluminous nanofibrous textiles of HA or its
derivatives is very interesting. Production of such fluffy HA nanofibrous structure
by electrospinning method is even more complicated and it has so far been
described only by Kim et al. (2008). But the voluminous material described in the
chapter was not stable and the structure collapsed immediately when the voltage
was turned off. Therefore they poured the crystals of NaCl on the originating
structure during electrospinning and subsequently washed them out, but the
nanofibrous structure was swollen by the solvent and it had to be freeze-dried.
Similar procedure used for the production of 3D nanofibrous structures of
HA/collagen blend was described by Fischer et al. (2012) but he used DMF as a
solvent. The mentioned washing and drying procedures are time consuming and
expensive.

A stable fluffy voluminous nanofibrous material of hyaluronic acid has already
been electrospun by Ruzickova et al. (2013), see in Fig. 9. Such a nanofibrous
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structure has great sorption properties so required for the moist wound healing and
it may also contain additives improving the wound healing process. The release
kinetics from the voluminous materials should proceed differently. From the
viewpoint of a commercial production another important issue is the homogeneity
of incorporated additives. It was already demonstrated (Knotkova et al. 2013) that
4Spin� technology processed the doped spinning solution into a homogenous
product with uniform additive content (Fig. 4).

4 Drug Release from HA Nanofibers

Synthetic nanofibers are usually used for drug delivery carriers and they were
studied in several cases, for example the nanofibrous carrier based on poly (eth-
ylene-co-vinyl acetate), polylactic acid and their blends containing tetracycline
hydrochloride (Kenawy et al. 2002) or nanofibrous membranes of polylactic acid
used for delivery of antibiotic Mefoxin (Zong et al. 2002). Suppression of the
aforementioned ‘‘burst effect’’ has been managed by electrospinning of poly
(L-lactic acid) (PLLA) from a mixture of chloroform and acetone (Zeng et al.
2003) and encapsulation of additives has been supported by the use of surfactants,
but the mentioned solvents or surfactants are not suitable for the use in healthcare.
Further examples are heparin in PCL matrix (Zhang et al. 2006), paclitaxel in
PLGA (Xie and Wang 2006) and doxorubicin hydrochloride in a copolymer of
PEG-PLA (Xu et al. 2009).

A significant benefit of nanofibers can be the fact that nanofibrous implants
made of polylactic acid blended with a quaternary chitosan and doxorubicin as a

Fig. 4 Homogeneity of the additive content (Erythrosine) incorporated to the nanofibers
produced by the 4Spin� technology (Knotkova et al. 2013). Erythrosine was homogeneously
distributed in nanofibrous layers and the average concentration of this additive corresponded to
concentration of erythrosine in original spinning solution
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drug with anticancer activity, showed an increased efficiency of doxorubicin and
concurrent suppression of side effects (Toshkova et al. 2010). This phenomenon is
probably caused by synergistic effects of doxorubicin and quaternary chitosan.
Combination of biopolymers and pharmaceuticals in the form of nanofibers may
reach significantly different impacts in organism when compared to standard
materials.

The benefits of HA nanofibers used for wound dressings and drug delivery have
been already described in previous chapters. The truth is that hyaluronic acid in not
a usual material for drug delivery carriers, because its use is limited by its solu-
bility in aqueous media. Nanofibrous materials of hyaluronic acid release the
incorporated substance immediately when they get in touch with humidity. The
release is accelerated by the influence of dissolution and swelling and therefore it
is very fast. Fast additive release from a carrier based on a native hyaluronic acid
excludes it from use in drug carriers with a long duration of action. Hyaluronic
acid based foils that serve as antiadhesive materials for prevention of post-surgical
adhesions based on hyaluronic acid (HA) have already been used and some of
them have already been approved by FDA for human use (Hooker et al. 1999),
their disadvantage is a fast degradation and a fast absorption (Chang et al. 2012).
In contrast, synthetic materials like PCL with a very slow degradation are also not
suitable because their residues can cause an inflammatory reactions resulting in a
higher amount of adhesions (Bölgen et al. 2007; Wallwiener et al. 2006). There-
fore chemically crosslinked materials based on hyaluronic acid (HA) (Johns et al.
2001; DeIaco et al. 1998) with improved stability and slower degradation, even-
tually their blend with the native HA, may be very suitable for this type of
application. Hyaluronic acid has also antiadhesive efficiency given by its ability to
lubricate cells, maintain structural integrity of tissues, regulate liquid retention
(Johns et al. 2001), stimulate mesothelium recovery (Wallwiener et al. 2006) etc.
Therefore the nanofibrous materials based on HA should be useful also for the
treatment of internal wounds.

Non water-soluble derivatives of hyaluronan such as methacryloyl HA as a
hydrophilic derivate and palmitoyl HA as a hydrophobic one, have been electro-
spun (Fig. 5) and the release of model incorporated substances of hydrophilic and
hydrophobic nature have been measured (Ruzickova et al. 2012b) by a spectro-
photometry and it is shown in Figs. 6, 7 and 8. Cumulative release profiles of
studied samples exhibited similar release kinetics with a strong burst effect
regardless of the hydrophilic or hydrophobic nature of the HA derivate or the drug
incorporated to the structure (see Figs. 6 and 7). This fact may be explained by two
possible reasons. Hydrophobized HA derivate with the degree of substitution 48 %
contains certain amount of hydrophobic domains causing that the derivate is
insoluble in the water but it is still partially hydrophilic. The difference in the
polymer structure is not so dramatical to exhibit significantly different results of
the release study. Hydrophobised derivate is water insoluble but it swells in the
water such as the crosslinked hydrophilic derivate does. As the swelling facilitates
the release and makes it faster, it suppresses the differencies in mutual compati-
bility of the drug and the polymer caused by its hydrophilic/hydrophobic nature
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(Ruzickova et al. 2012b). The other reason may be insufficient solubility of the
drug loaded causing dispersion processing and the drug crystallization on the
surface of the nanofibrous layer, such crystals are visible on SEM images (see
Fig. 5). A small amount of particles is visible in Fig. 5b in the case of a hydro-
philic drug in a hydrophilic carrier electrospun from water solution that may
indicate a good compatibility. Previous work (Ruzickova 2010) exhibited that
even in the case of a good compatibility release of incorporated substance from
hydrophilic carrier may be as fast as in the case of carrier dissolution when it
dissolves.

Fig. 5 SEM images of electrospun drug loaded nanofibers. a dexamethasone in hydrophilic HA
derivate, b diclofenac in hydrophilic HA derivate, c dexamethasone in hydrophobised HA
derivate, d diclofenac in hydrophobised HA derivate (Ruzickova et al. 2012b)
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The wound environment does not necessarily contain a big amount of liquids. In
the case of chronic wounds on the skin surface, the amount of liquid present in the
wound is limited and the dissolution and release is much slower as demonstrates
Figs. 10, 11 and 12 showing the release of iodine from native HA nanofibers
measured in vitro. Nanofibers containing iodine generator were successfully elec-
trospun and various types of nanofibrous structures including voluminous structure
were created (Figs. 8 and 9).

Fig. 6 Cumulative release profile of chosen model hydrophobic (dexamethasone) and hydro-
philic (diclofenac) drug from nanofibers of hydrophobised HA derivate and hydrophilic derivate
releasing to the distilled water (Ruzickova et al. 2012b)

Fig. 7 Cumulative release profile of chosen model hydrophobic (dexamethasone) and hydro-
philic (diclofenac) drug from nanofibers of hydrophobised HA derivate and hydrophilic derivate
releasing to the PBF 7, 4 (Ruzickova et al. 2012b)
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Fig. 8 Different nanofibrous structures: a fluffy; b flat and c compressed nanofibers- the
designated place shows the area of compression (Ruzickova et al. 2012b)

Fig. 9 SEM images of tested samples a fluffy nanofibers of solution A, b fluffy nanofibers of
solution B, c flat nanofibers of solution A, d flat nanofibers of solution B, e compressed nanofibers
of solution A, f compressed nanofibers of solution B, g foil of solution A, h foil of solution B

Fig. 10 Iodine release from carriers of different structure
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It was expected that more compact structures such as foils release slower
whereas the voluminous structures like fluffy nanofibers release faster. It is
obvious from Figs. 11 and 12 that iodine release from foils is much faster. It
should be caused by a gradual release inflicted by the presence of additive
aggregates on the surface of the films described also in (Taepaiboon et al. 2006).
The mentioned aggregates or crystals are visible in Fig. 9g and h. Another problem
related to the foils was their adhesion to the starch gel sometimes resulting in a
destruction of the starch gel during sample removal. In this case nanofibers pro-
longed the additive release. Foils released iodine within 60 min whereas nanofi-
brous iodine generator carrier released for 270 min. The amount of released iodine
was verified by spectrophotometry because the measurement was terminated when
no more iodine was releasing but cumulative release curves did not reach 100 %
(Fig. 12). It is apparently a consequence of iodine volatility. Iodine volatility of all
iodine containing medical devices is a serious problem therefore the use of iodine

Fig. 11 Iodine release from nanofibrous carriers of different structure

Fig. 12 Cumulative release of iodine from carriers of different structure in vitro
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generator that starts to release iodine at the moment of application and not before
is very tempting. Such material doesn’t need any special packages preventing
iodine evaporation before application because the active layers containing iodine
generator compounds are connected just before the application so the reaction
cannot appear before. The use of the nanofibrous carriers is not limited only to the
iodine generator but it is generally usable for other drug carriers.

It seems that the more compact form of nanofibrous structure releases iodine
faster (Fig. 11) and in the case of more voluminous nanofibers a higher amount of
iodine gets into the starch gel of in vitro model so a smaller amount evaporates
(Figs. 11 and 12). This fact may be explained as follows. Nanofibrous layers made
of hyaluronic acid in the used in vitro model absorb the liquid of the starch gel and
they slowly dissolve and form a highly viscous gel-like layer. When the absorption
takes place in a high amount of the surrounding liquid, absorption in more compact
structures proceeds slower and absorbed amount of liquid is usually lower due to
limited space usable for swelling. In vitro model modelling the chronic wound
uses a limited amount of the liquid and in the case of voluminous and fluffy type of
nanofibrous structure the absorption after the first contact with humidity proceeds
selectively. Hyaluronic acid behaves as a supersorbing material. When it gets in
touch with humidity it creates a gel. However, capillary actions do not occur in
voluminous structures because humidity is captured in the swelled gel and due to
higher amount of air pores the humidity is not transported so fast.

5 Concluding Remarks

Electrospinning is quite an old method of nanofiber production, it is highly pro-
ductive and it is still being improved to reach even higher efficiency. There are
plenty of patents being published every year but there are only few real applica-
tions and nanofibrous products already on the market although the potential of
nanofibers for various applications is great.

There are a lot of benefits given by the structure that are contributing to
increasing development of nanofibrous materials. In the field of wound healing and
drug delivery releasing some active compound, the suitability of nanofibrous
materials depends on the intended application. Nanofibers of hyaluronic acid and
their massive production are even more difficult and their possible use in medicine
is given by required kinetics of the substance release. Nanofibers of native hyal-
uronic acid or its swellable derivate are useful for the products releasing very fast.
Non-swellable derivatives of hyaluronic acid should be useful for long-term
release. Nanofibrous form may stabilize the release and prolong the release time
when compared with foils.
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Potential of siRNA Therapy in Chronic
Myeloid Leukemia

Juliana Valencia-Serna, Breanne Landry, Xiaoyan Jiang
and Hasan Uludag

Abstract Leukemic cancers arise from genetic alterations in normal hematopoietic
stem or progenitor cells, leading to impaired regulation of proliferation, differen-
tiation, apoptosis and survival of the malignant cells. A range of molecular alter-
ations is beginning to be elucidated in specific types of leukemias, providing
potential targets for molecular modulation as the basis of a therapy. With the advent
of RNA interference (RNAi) and, in particular, the short interfering RNA (siRNA)
as its pharmacological mediator, it is becoming possible to specifically modulate
desired leukemic targets at will. This chapter will summarize the current attempts to
utilize siRNAs in leukemic therapy using chronic myeloid leukemia (CML) as a
prototypical disease model. We first provide a brief background on the CML dis-
ease with particular emphasis on molecular mediators critical in this disease and the
current drug therapy. The limitations of current drugs and potential of RNAi are
presented. We then provide a summary of delivery efforts employed to deliver
siRNA to CML cells, with emphasis on non-viral delivery approach due to its better
safety profile for utility in a clinical setting. Important factors involved in intra-
cellular delivery of siRNA are highlighted, emphasizing features critical for non-
viral delivery. We conclude with a perspective on the future of siRNA therapy for
the CML disease.
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Abbreviations

RNAi RNA interference
dsRNA Double stranded RNA
CML Chronic myeloid leukemia
AML Acute myeloid leukemia
LSC Leukemic stem cells
RISC RNA-induced silencing complex
siRNA Short interfering RNA
mRNA Messenger RNA
shRNS Short hairpin RNA
TKI Tyrosine-kinase inhibitors
SDF-1 Stromal cell-derived factor-1
CXCR4 C-X-C chemokine receptor type 4
IC50 Concentration required for 50 % loss of cell viability
PRAME Preferentially expressed antigen of melanoma
STAT Signal transducer and activator of transcription
PPP2R5C Protein phosphatase 2, Regulatory subunit B0, gamma
PEI Polyethylenimine
PLL Poly-l-lysine
MW Molecular weight
kDa Kilo Dalton
PEI2 2 kDa PEI
PEI2LA Linoleic acid substituted 2 kDa PEI
PEI1.2PA Palmitic acid substituted 1.2 kDa PEI
GFP Green fluorescent protein
MSC Mesenchymal stem cells
ECM Extracellular matrix
CPP Cell penetrating peptides
PTD-DRBD Peptide transduction domain and double-stranded RNA-binding

domain

1 Introduction

Leukemic cancers arise from genetic alterations in normal hematopoietic stem or
progenitor cells, leading to impaired regulation of proliferation, differentiation,
apoptosis and survival of malignant cells. The US National Cancer Institute cal-
culated an overall 5-year relative survival (between 2003 and 2009) rate of 56.0 %
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for various leukemias combined (Fast Stats 2013). The front line therapy in
leukemia is chemo (drug) therapy (Estey 2013; Stefanachi et al. 2012); current
therapeutic approaches include broad-spectrum drugs against fast-proliferating
cells and small-molecule inhibitors targeting specific signal transduction pathways,
so called molecular therapies (Ferrara 2012). Leukemic cells generally respond
well to drug therapy at the onset of the treatment, but the drugs lose their effec-
tiveness over a period of 6–12 months. It is well recognized now that the resis-
tance to conventional (broad-spectrum) therapeutic agents is inevitable, but recent
evidence also indicated that even the most advanced molecularly-targeted drugs
lose their efficacy as a result of resistance development in a relatively short time.
The inherent plasticity of the cells combined with diverse resistance mechanisms
make malignant cells naturally adapt by mounting an effective resistance against
the drugs. The high relapse rate in leukemia patients has been additionally
attributed to existence of a rare population of leukemia stem cells (LSC) resistant
to current drug therapies (Ishikawa et al. 2007; Mikkola et al. 2010).

With better understanding of molecular changes in malignant transformations,
treatments that target tumor-specific changes are expected to lead to more effective
therapies as the normal cells transform into malignant cells. Towards this end, a
highly specific leukemia therapy can be developed by exploiting the RNA inter-
ference (RNAi) mechanism to silence the aberrant protein(s) responsible for the
disease (Iorns et al. 2007; Rossbach 2010). There are two main approaches for
RNAi, using either a plasmid encoding for short hairpin RNA (shRNA) or
delivering small interfering RNA (siRNA) where the shRNA transcription and
processing steps can be omitted (Guo 2010). The use of siRNA is a more practical
approach bypassing the need to express the shRNA at sufficient quantities in hard-
to-transfect primary cells. The siRNA essentially acts as a pharmaceutical ‘drug’
in this respect. In cytosol, the siRNA duplexes assemble into a pre-RISC (RNA-
induced silencing complex) containing specific proteins, including argonaute
proteins (AGO1, 3 or 4) (Yoda et al. 2010; Wang et al. 2009), which is subse-
quently guided to target desired mRNA based on complementary base pairing
(Yoda et al. 2010). Endonucleoyltic cleavage and/or translational repression of the
mRNA (Yoda et al. 2010; Wang et al. 2009) then silences the protein target.
Delivery systems, however, are an absolute necessity for effective use of siRNA
since the molecules are highly sensitive to serum nucleases and their large
(*13 kDa) and anionic nature (due to its phosphodiesterase backbone) prevents
the siRNA to traverse cellular membranes. Viral means to deliver siRNA has been
emphasized initially, but the undesirable side-effects of viral delivery in a clinical
setting makes this approach highly risky for therapeutic use. Alternatively, cationic
biomolecules capable of binding and neutralizing the anionic charges of siRNA
and packaging the siRNA into nano-sized complexes can serve as effective siRNA
carriers (Abbasi et al. 2013). Formulations of cationic biomolecules, such as lipids,
small amines or polymers, with siRNA, typically results in nano-sized particles
that are suitable for systemic administration and cellular uptake.

In this chapter, we will summarize the attempts to deliver siRNA molecules
using non-viral carriers in leukemia. We will focus on a particular type of
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leukemic cancers, namely chronic myeloid leukemia (CML), since it is one of the
major classes of leukemia and it is well understood at molecular level. The siRNA
therapy has not reached clinical setting in CML treatment, so that we will review
the literature on preclinical studies exploring the potential of siRNA therapy in this
disease. In conjunction, we will explore the technology of siRNA delivery,
investigating the critical issues pertinent to effective siRNA delivery.

2 Chronic Myeloid Leukemia and Current Drug Therapies

Myeloid leukemias (46 % of all leukemias) affect the myeloid cells of the bone
marrow, which normally go on to form the blood cells. Thirteen percent of those
cases account for the CML. Approximately 350,000 people worldwide are diag-
nosed with leukemia annually, with *250,000 death resulting from leukemia each
year. Most leukemia occur in the elderly and peaks between the ages of 75 and 79
(Elert 2013). CML is a myeloproliferative disease initialized at the hematopoietic
stem cells that is thought to arise due to translocation of chromosomes 9 and 22,
which results in a fusion between ABL and BCR genes, or in the so-called Phil-
adelphia (Ph) Chromosome (Sloma et al. 2010; Kumar et al. 2009; Bocchia et al.
2005). Once the normally regulated tyrosine kinase of the ABL protein is per-
manently activated by the juxtaposition of the BCR sequence, it leads initially to a
chronic phase characterized by myeloid cell expansion, while allowing differen-
tiation of expanded cells in the peripheral blood. As the disease progresses, either
by increased BCR-ABL expression or activation of other pathways, patients enter a
more aggressive disease phase (blast crisis), which is characterized by a pro-
gressive loss of the capacity of hematopoietic cells to differentiate and increased
expansion and accumulation of immature blast cells in the bone marrow and
spread to the bloodstream (Ito 2013; Melo and Barnes 2007). The Philadelphia
chromosome is not specific for CML, since it can also be found in *5 % of
children with acute lymphoblastic leukemia (ALL), the most common childhood
cancer (DeWeerdt 2013).

Current therapies for CML are based on the use of tyrosine-kinase inhibitors
(TKIs) and allogeneic hematopoietic stem-cell transplantation. Stem-cell trans-
plantation therapy is an option when the treatment with TKIs fails; however, this
therapy has substantial risk of mortality due to chronic graft-versus-host disease
(Goldman and Melo 2003; Baccarani et al. 2009). TKIs, such as Imatinib, have
revolutionized CML therapy. Imatinib binds to the ABL kinase domain with the
formation of a bond that impedes ATP binding, subsequently blocking or pre-
venting the interaction of the ABL kinase with substrates and therefore from
activating its oncogenic pathways (Zhang and Li 2013; Deininger et al. 2000).
Targeted therapy with Imatinib has transformed the survival potential for patients
with chronic phase of CML; it has significant impact on patients with accelerated
phase but a minimal impact for those patients at the blastic phase stage (Giles
2006). However, CML patients, especially those in advance-stage disease, can
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develop TKI resistance leading to relapse (Baccarani et al. 2009). This acquired
drug resistance could be due to the amplification of BCR-ABL gene, and overex-
pression of BCR-ABL mRNA and protein (Weisberg et al. 2007). However,
resistance most often results from point mutations in the kinase domain of BCR-
ABL protein that affect drug binding to the protein, thereby reducing the ability of
Imatinib to block the tyrosine kinase activity. More than 50 distinct BCR-ABL
mutations have been reported to-date and the current repertoire of TKIs can cover
all known mutations leading to resistance; however, no single drug can prevent all
forms of resistance (Zhang and Li 2013), necessitating the use of TKI cocktails to
overcome any possible resistance.

Next-generation drugs such as Dasatinib and Nilotinib, are more potent TKIs
and produce more rapid declines in CML disease burden than the Imatinib, which
translates into more durable cytogenetic (absence of metaphase Ph+ cells) and
hematological remissions (achievement of normal white blood and platelet cell
counts and, no signal of CML symptoms) (Weisberg et al. 2007; Sawyers 2013).
Nilotinib is *30 fold more potent than Imatinib as an ABL inhibitor. Dasatinib is
a potent inhibitor of ABL kinase Src-family kinases, which are know to be
involved in multiple intracellular signal transduction pathways including onco-
genesis and disease progression (Weisberg et al. 2007). Ponatinib is a newer drug
that has the unique property of inhibiting both the native (un-mutated) and mutated
BCR-ABL proteins, specially those including the T315I mutation, which confers
resistance to all other CML drugs (including Nilotinib and Dasatinib) and seems to
translate in worst overall survival compared with other mutations found in
Imatinib-treated patients (Weisberg et al. 2007; Sawyers 2013; Cortes et al. 2012).
A strategy of combing two or three ABL inhibitors with non-overlapping BCR-
ABL mutations resistance profiles, such the example of Ponatinib exemplified
above, could prevent the emergence of drug resistance (Sawyers 2013). However,
it is expected that treatment with these new ABL inhibitors could also lead to new
point mutations that overcome the resistance of these new drugs (Weisberg et al.
2007), given the plasticity of leukemic stem cells.

3 Insensitivity of CML Stem Cells to TKIs

Although Imatinib inhibits the production of *99 % of differentiated leukemic
cells, it fails to deplete the LSCs (Weisberg et al. 2007). Studies have shown that
despite the complete depletion of BCR-ABL transcript levels in these LSCs with
TKIs, the cells remain viable. These data indicate that even in the presence of
Imatinib, especially in accelerated and advanced states of the disease, CML has
progressed and evolved so these LSCs no longer require BCR-ABL activity to
maintain their viability (Kumar et al. 2009; Zhang and Li 2013; Corbin et al. 2011;
Muvarak et al. 2012), and anti-apoptotic and pro-survival signals are provided by
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alternate pathways. Thus, the drivers of cell proliferation and survival, probably
influenced by BCR-ABL in the early stages of CML, now operate autonomously
and could lead to CML relapse (Savona and Talpaz 2008). Thus, it is clear that not
only BCR-ABL inhibition is needed for the eradication of progenitor CML cells,
but BCR-ABL-independent survival mechanisms of LSCs also needs to be tar-
geted for a complete CML eradication.

One characteristic common to all LSCs is that they require the particular
microenvironment of bone marrow, the stroma, to thrive. The stroma bathes the
leukemic cells in growth factors, chemical signals and cell-surface ligands that
keep the cells in a dormant phase resistant to drug therapy. Part of what keeps
these cells entrenched in the bone marrow is a chemical signal sent by the stroma,
called stromal cell-derived factor (SDF-1). This signal binds to a protein located at
the surface of the stem cells, called C-X-C chemokine receptor type 4 (CXCR4)
(Willyard 2013). In the case of CML, BCR-ABL protein seems to be involved in
the inhibition of SDF-1-induced migration and signaling which allows an abnor-
mal release of immature myeloid cells from the bone marrow into the circulation
(Jin et al. 2008). On the other hand, it has been shown that under Imatinib, CXCR4
expression in CD34+ can be reversibly up-regulated, hence allowing these cells to
home to bone marrow, helping them to become quiescent and to become insen-
sitive to TKIs (Jin et al. 2008; Copland 2009). Down-regulation of CXCR4
expression along with TKIs therapy could enhance the eradication of LSCs in
CML.

Researchers are also developing drugs that target a key property of stem cells,
namely their self-renewal potential. One signaling pathway that seems to play an
important role in self-renewal of CML LSCs hinges on two proteins: Wnt and
beta-catenin (Copland 2009; Zhao et al. 2007). In 2012, Armstrong et al. reported
that a small molecule that inhibits beta-catenin, given in combination with I-
matinib, reduces CML survival and eliminates leukemia stem cells in a CML
mouse model (Willyard 2013; Heidel et al. 2012). Finally, AHI-1 is a newly
discovered oncogene that is highly expressed in primitive hematopoietic CML
stem and progenitor cells, and whose overexpression has been shown to promote
abnormal differentiation and proliferative activity of myeloid cells in CML. Zhou
et al. showed that AHI-1 overexpressing BCR-ABL+ cells (CML cells transduced
with an AHI-1 construct) showed greater resistance to growth inhibition effects of
Imatinib in comparison to control cells. Suppression of AHI-1 by transduction of
an AHI-1 silencing construct (AHI-1/sh4) resulted in increased sensitivity to I-
matinib. AHI-1 was also found to significantly increase or reduce protein
expression and phosphorylation of BCR-ABL, JAK2 and STAT5 once AHI-1 is
overexpressed or suppressed, respectively. Suppression of AHI-1 in primary
CD34+ CML cells was also shown to increase Imatinib sensitivity especially in
Imatinib-resistant and blast crisis patients who express relatively higher levels of
AHI-1 (Zhou et al. 2008).
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4 Down-Regulation of Protein Targets by RNAi in CML

RNA interference (RNAi) is a process by which double-stranded small interfering
RNA (siRNA) induces sequence-specific, post-transcriptional gene silencing
(De Paula et al. 2007). Endogenous RNAi is triggered by the transcription of long
pieces of double-stranded RNA (dsRNA), which are cleaved into the smaller
(21–23 nucleotides long) fragments by the enzyme Dicer. In practice, siRNA is
synthetically produced and then directly introduced into the cell, thus circum-
venting Dicer mechanics (Whitehead et al. 2009). Once siRNA is present in the
cytoplasm of the cell, it is incorporated into the protein complex RISC (RNA-
induced silencing complex). Thereafter, Argonaute, a protein contained within
RISC, cleaves the sense strand of the siRNA, thereby releasing it from RISC. The
now activated RISC, which contains the antisense strand of the siRNA, selectively
seeks out and cleaves mRNA that is complementary to the antisense strand
(De Paula et al. 2007; Whitehead et al. 2009). The activated RISC complex is not
affected by this reaction and can move on to destroy additional mRNA targets,
which further propagates the silencing of gene expression. In mammalian cells,
RNAi persists effectively only for an average of 66 h due to its dilution during cell
divisions (De Paula et al. 2007), and so repeated administration is necessary to
achieve a persistent effect if needed (Whitehead et al. 2009).

The shortcomings of current leukemia treatments call for development of new
strategies to deliver more efficacious drugs into CML cells. Owing to increasing
knowledge of CML at a molecular level, RNAi is a promising approach for leu-
kemia treatment. To control the expression of BCR-ABL and other genes involved
in these cellular malfunctioning processes, synthetic small interfering RNA (siR-
NA) can be delivered into diseased cells to interact with the target mRNA of
aberrant genes and silence their protein expression. However, a delivery carrier
that helps these siRNA moieties to reach the mRNA in the cytoplasm is needed. In
order to achieve this purpose, carriers need to interact with the siRNA moieties to
form siRNA nanoparticles that protect the siRNA from serum nucleases and
facilitate their cell membrane interaction, internalization via endocytosis and
escape from endosomes, in order to ultimately be released in the cytoplasm
(Prokop 2011; Dominska and Dykxhoorn 2010; Mintzer and Simanek 2009).

Several potential targets have been pursued for siRNA therapy of CML cells
(Table 1). Silencing specific targets has been used as a tool to elucidate their
functional role in CML and the biological outcome upon depleting the selected
target. The main aim of these studies was identification of novel targets to decrease
proliferation rates and induce programmed cell death that can be used in combi-
nation with conventional drugs to improve drug sensitivity. In one of the first
studies to explore siRNA therapy, Wohlbold and co-workers targeted BCR-ABL
expression in BCR-ABL-transduced cells. This siRNA treatment resulted in a
significant reduction of BCR-ABL protein, which led to a reduced regulatory
effect of its substrates, reducing the expression of antiapoptotic Bcl-XL protein and
increasing the expression of cell cycle inhibitor p27. BCR-ABL silencing led to a

Potential of siRNA Therapy in Chronic Myeloid Leukemia 441



T
ab

le
1

si
R

N
A

ta
rg

et
s

sh
ow

n
to

be
be

ne
fi

ci
al

in
C

M
L

.
si

R
N

A
st

ud
ie

s
w

hi
ch

re
po

rt
ed

si
gn

ifi
ca

nt
an

ti
-s

ur
vi

va
l

ef
fe

ct
s

in
C

M
L

ce
ll

s
w

er
e

se
le

ct
ed

fr
om

a
P

ub
M

ed
‘C

M
L

si
R

N
A

’
ke

yw
or

d
se

ar
ch

R
ef

er
en

ce
s

T
ar

ge
t

R
at

io
na

le
si

R
N

A
ca

rr
ie

r
O

ut
co

m
e

(c
on

ce
nt

ra
ti

on
)

W
il

da
et

al
.(

20
02

)
B

C
R

-A
B

L
C

om
pa

re
ef

fi
ci

en
cy

of
ce

ll
ki

ll
in

g
by

Im
at

in
ib

to
th

at
of

si
le

nc
in

g
of

B
C

R
-A

B
L

w
it

h
si

R
N

A

O
li

go
fe

ct
am

in
e

(u
nk

no
w

n)
R

ed
uc

ti
on

of
m

R
N

A
an

d
pr

ot
ei

n
w

er
e

fo
un

d
w

it
h

ap
op

to
si

s
le

ve
ls

2.
5x

hi
gh

er
th

an
co

nt
ro

ls
.

A
po

pt
os

is
ra

te
of

B
C

R
-A

B
L

si
R

N
A

tr
ea

te
d

ce
ll

s
w

as
at

th
e

sa
m

e
le

ve
l

as
ce

ll
s

tr
ea

te
d

w
it

h
Im

at
in

ib
or

*
5

ti
m

es
m

or
e

th
an

co
nt

ro
l

ce
ll

s
W

oh
lb

ol
d

et
al

.
(2

00
3)

B
C

R
-A

B
L

In
hi

bi
t

B
C

R
-A

B
L

ex
pr

es
si

on
an

d
ev

al
ua

te
se

ns
it

iz
at

io
n

to
im

at
in

ib
E

le
ct

ro
po

ra
ti

on
D

ec
re

as
ed

ce
ll

vi
ab

il
it

y
an

d
se

ns
it

iz
at

io
n

of
im

at
in

ib
-r

es
is

ta
nt

K
56

2
ce

ll
s

to
im

at
in

ib
(2

00
–8

00
nM

)
R

an
ga

ti
a

an
d

B
on

ne
t

(2
00

6)
B

C
R

-A
B

L
S

tu
dy

an
ti

-l
eu

ke
m

ic
pr

op
er

ti
es

of
B

C
R

-A
B

L
by

R
N

A
i

E
le

ct
ro

po
ra

ti
on

60
%

re
du

ct
io

n
of

B
C

R
-A

B
L

m
R

N
A

ex
pr

es
si

on
.

S
li

gh
t

in
cr

ea
se

of
ap

op
to

si
s.

2-
fo

ld
in

cr
ea

se
of

D
N

A
fr

ag
m

en
ta

ti
on

.
C

as
pa

se
-7

an
d

-9
ac

ti
va

te
d.

C
el

ls
un

ab
le

to
ac

ti
ve

ly
di

vi
de

fo
r

at
le

as
t

2
w

ee
ks

af
te

r
si

le
nc

in
g

(1
lg

pe
r

5
9

10
5

ce
ll

s)

A
rt

ha
na

ri
et

al
.

(2
01

0)
B

C
R

-A
B

L
T

o
as

se
ss

ef
fi

ca
cy

of
T

at
-L

K
15

pe
pt

id
e

in
de

li
ve

ri
ng

si
R

N
A

to
ta

rg
et

B
C

R
-A

B
L

T
at

-L
K

15
pe

pt
id

e:
fu

si
on

of
H

IV
-T

at
-d

er
iv

ed
pe

pt
id

e
to

ca
ti

on
ic

pe
pt

id
e

L
K

15

E
xp

re
ss

io
n

of
p2

10
B

C
R

-A
B

L
w

as
re

du
ce

d
fo

r
al

l
co

nc
en

tr
at

io
ns

.C
yt

ot
ox

ic
it

y
du

e
to

si
R

N
A

na
no

pa
rt

ic
le

s
ra

ng
in

g
fr

om
0

%
(1

0
l

g)
to

30
%

(3
0

lg
).

N
o

si
le

nc
in

g
de

te
ct

ed
af

te
r

48
h

(1
to

30
l

g
si

R
N

A
/m

L
—

24
–7

29
nM

ca
lc

ul
at

ed
)

W
an

g
et

al
.(

20
08

)
C

yc
li

n
A

2
D

el
iv

er
cy

cl
in

A
2

si
R

N
A

w
it

h
S

W
N

T
s

an
d

ev
al

ua
ti

on
of

cy
cl

in
A

2
ro

le
up

on
do

xo
ru

bi
ci

n
tr

ea
tm

en
t.

F
un

ct
io

na
li

ze
d

si
ng

le
w

al
l

ca
rb

on
na

no
tu

be
s

(f
-

S
W

N
T

s)

A
po

si
ti

ve
co

rr
el

at
io

n
be

tw
ee

n
ab

il
it

y
of

do
xo

ru
bi

ci
n

to
in

du
ce

ap
op

to
si

s
an

d
up

-
re

gu
la

ti
on

of
cy

cl
in

A
2

(2
5

nM
in

cu
lt

ur
e)

G
io

ia
et

al
.

(2
01

1)
S

yk
an

d
A

xl
Id

en
ti

fy
do

w
ns

tr
ea

m
ef

fe
ct

or
s

of
L

yn
in

vo
lv

ed
in

re
si

st
an

ce
to

ni
lo

ti
ni

b
N

uc
le

of
ec

ti
on

S
il

en
ci

ng
L

yn
’s

do
w

ns
tr

ea
m

ef
fe

ct
or

s
S

yk
an

d
A

xl
re

st
or

ed
ca

pa
ci

ty
of

ni
lo

ti
ni

b
to

in
hi

bi
t

ce
ll

pr
ol

if
er

at
io

n
(u

nk
no

w
n)

(c
on

ti
nu

ed
)

442 J. Valencia-Serna et al.



T
ab

le
1

(c
on

ti
nu

ed
)

R
ef

er
en

ce
s

T
ar

ge
t

R
at

io
na

le
si

R
N

A
ca

rr
ie

r
O

ut
co

m
e

(c
on

ce
nt

ra
ti

on
)

T
an

ak
a

et
al

.
(2

01
1)

P
R

A
M

E
In

ve
st

ig
at

e
fu

nc
ti

on
of

P
R

A
M

E
in

C
M

L
pr

og
re

ss
io

n
by

R
N

A
i

in
K

56
2

ce
ll

s

N
uc

le
of

ec
ti

on
70

%
kn

oc
kd

ow
n

of
P

R
A

M
E

m
R

N
A

.
S

ig
ni

fi
ca

nt
in

hi
bi

ti
on

of
ce

ll
pr

ol
if

er
at

io
n

an
d

de
cr

ea
se

of
cl

on
og

en
ic

gr
ow

th
.

60
%

of
ap

op
to

ti
c

ce
ll

s
in

co
m

pa
ri

so
n

w
it

h
15

%
of

co
nt

ro
ls

(1
.5

lM
si

R
N

A
/1

.5
9

10
6

ce
ll

s)

K
os

ov
a

et
al

.
(2

01
0)

S
T

A
T

5A
E

ff
ec

ts
of

S
T

A
T

5A
si

R
N

A
kn

oc
kd

ow
n

on
ce

ll
gr

ow
th

an
d

ap
op

to
si

s
in

du
ct

io
n

H
iP

er
F

ec
t

*
75

%
su

pp
re

ss
io

n
of

ST
A

T
5A

m
R

N
A

.
R

es
is

ta
nt

K
56

2
ce

ll
s

be
ca

m
e
*

4
ti

m
es

m
or

e
se

ns
it

iv
e

to
Im

at
in

ib
.A

n
in

cr
ea

se
in

ca
sp

as
e-

3
ac

ti
va

ti
on

w
as

se
en

(u
nk

no
w

n)

Z
ha

ng
et

al
.

(2
01

1)
G

C
S

or
M

D
R

1
R

el
at

io
n

of
G

C
S

an
d

M
D

R
1

to
re

gu
la

ti
on

P
-g

p
ge

ne
ex

pr
es

si
on

an
d

fu
nc

ti
on

ac
ti

vi
ty

in
dr

ug
re

te
nt

io
n

L
ip

of
ec

ta
m

in
e

20
00

T
M

S
il

en
ci

ng
of

G
C

S
ca

n
af

fe
ct

M
D

R
1

ex
pr

es
si

on
an

d
in

hi
bi

t
P

-g
p

ef
fl

ux
.

S
il

en
ci

ng
of

G
C

S
or

M
D

R
1

se
ns

it
iz

ed
dr

ug
-r

es
is

ta
nt

ce
ll

s
to

ch
em

ot
he

ra
py

an
d

in
cr

ea
se

d
dr

ug
re

te
nt

io
n

(u
nk

no
w

n)

K
ol

de
ho

ff
et

al
.

(2
01

3)
B

C
R

-A
B

L
an

d
G

F
I1

B
A

nt
i-

le
uk

em
ic

ad
di

ti
ve

ef
fe

ct
of

co
-

si
le

nc
in

g
of

B
C

R
-A

B
L

an
d

G
F

I1
B

D
O

T
A

P
,

li
po

so
m

al
tr

an
sf

ec
ti

on
(1

75
pM

fo
r

G
F

I1
B

an
d

54
pM

fo
r

B
C

R
-A

B
L

)

A
dd

it
iv

e
ef

fe
ct

in
th

e
in

hi
bi

ti
on

of
ce

ll
gr

ow
th

an
d

in
th

e
in

cr
ea

se
of

ap
op

to
si

s
in

co
m

pa
ri

so
n

w
it

h
tr

an
sf

ec
ti

on
of

ei
th

er
si

R
N

A
al

on
e

S
he

n
et

al
.

(2
01

3)
P

P
P

2R
5C

E
ff

ec
t

of
P

P
P

2R
5C

do
w

n-
re

gu
la

ti
on

in
im

at
in

ib
-s

en
si

ti
ve

an
d

–
re

si
st

an
ce

C
M

L
ce

ll
s

N
uc

le
of

ec
ti

on
In

hi
bi

ti
on

of
th

e
pr

ol
if

er
at

io
n

of
C

M
L

ce
ll

s.
R

en
de

re
d

im
at

in
ib

-r
es

is
ta

nt
ce

ll
s

m
or

e
se

ns
it

iv
e

to
T

K
Is

(3
lg

)

Potential of siRNA Therapy in Chronic Myeloid Leukemia 443



significant reduction of cell viability in a dose-dependent manner. A significant
drop in the IC50 values of Imatinib (3.4-fold drop) was observed in K562 cells
transfected BCR-ABL siRNA but not in untreated K562 cells (Wohlbold et al.
2003). Effective BCR-ABL silencing was also obtained by Rangatia et al, where
*50 % decrease at the mRNA level was found after 72 h of siRNA delivery. This
silencing resulted in a two-fold increase of sub-G1 cell population as well as an
increase of DNA fragmentation and mitochondrial-induced apoptosis. Although
only a transient mRNA reduction was seen with siRNA treatment, a long-term
effect was observed in proliferation of targeted cells: cells were unable to actively
divide for at least 2 weeks in comparison with untreated cells. The reason for this
was the cell cycle arrest in G1 phase, which is observed by decrease in cyclin D1
and increase in p21 and p27 cell cycle inhibitors (Rangatia and Bonnet 2006).

The related cell cycle mediator cyclin A2 was targeted by RNAi in CML K562
cells. Silencing cyclin A2 in doxorubicin-treated K562 cells led to a significant
decrease in growth inhibition, apoptosis induction and increased erythroid differ-
entiation. This suppression also caused a small fraction of K562 cells to differ-
entiate along megakaryocytic and monocyte-macrophage pathways upon
doxorubicin treatment. A positive correlation between the ability of doxorubicin to
induce apoptosis in K562 cells and upregulation of cyclin A2 was seen; the higher
the cyclin A2 expression, the higher the sensitivity to doxorubicin was. These
results indicated a pro-apoptotic role of cyclin A2 and its ability to regulate cell
differentiation in CML (Wang et al. 2008).

Upregulated expression of Lyn has been suggested as an additional mechanism
of cell resistance to nilotinib (Mahon et al. 2008). Gioia et al. investigated the role
of Lyn kinase signalling as a mediator of resistance to nilotinib. Tyrosine kinase
Lyn was overexpressed *8 times more in nilotinib-resistant K562 cells in com-
parison with TKI-sensitive K562 cells. The proteins spleen tyrosine kinase Syk,
UFO receptor Axl, and an adaptor protein CDCP-1 were found to have increased
tyrosine phosphorylation in Lyn-overexpressing cells. Co-immunoprecipitation
studies showed that Lyn interacted with Syk and Axl proteins in both cell lines. An
increase in Syk phosphorylation was detected in nilotinib-resistant cells (with no
significant difference of expression). Inhibition of Syk either by addition of Syk
inhibitor R406, Syk shRNA or Syk siRNA increased (or restored) the sensitivity to
nilotinib. Silencing of Axl and CDCP-1 by siRNA increased the sensitivity to
nilonitib partially, suggesting that Axl and CDCP-1 may be mediators of Syk/Lyn
signaling pathways. An overexpression of Lyn, CDCP-1 and Axl was also detected
in nilotinib-resistant CD34+ patient cells. The role played by Syk and Axl in the
nilotinib resistance identifies these genes as potential targets as a combinatorial
therapy for CML (Gioia et al. 2011).

Tanaka et al. investigated the function of preferentially expressed antigen of
melanoma (PRAME) in leukemia. PRAME acts as a repressor of retinoic acid
receptor (RAR) signalling and thus the functional repression of PRAME was
investigated in K562 cell line in the absence of retinoic acid. Three days after
siRNA delivery, *70 % knockdown of PRAME mRNA and a complete inhibition
of protein expression was achieved, which resulted in a significant inhibition of
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proliferation and clonogenic growth. This PRAME knockdown also lead to a
significant increase of cells in G0/G1 phase and a related decrease in cells in S
phase in comparison with the control group, which suggests a relationship between
PRAME and cell cycle arrest in the G0/G1 phase. This cell cycle arrest was
followed by a gradual increase in apoptotic cells and caspase-3 activation.
Overexpression of PRAME was also found to prevent the cells from erythroid
differentiation (Tanaka et al. 2011).

Kosova et al. studied the effect of STAT (signal transducer and activator of
transcription) knockdown in apoptosis and proliferation in sensitive and Imatinib-
resistant K562 cells. STAT5 is involved in the development of myeloproliferative
diseases while STAT3 is implicated in malignant transformation; both STAT5 and
STAT3 are constitutively expressed in haematological malignancies (Bromberg
2002; Turkson 2004). Quantification of mRNA levels revealed a significant
increase in STAT5B, and STAT5A ([50 %), but not STAT3 level (4 %) in Imatinib-
resistant cells as compared to Imatinib-sensitive cells. Transient knockdown of
STAT5A by siRNA led to sensitization of Imatinib-resistant and Imatinib-sensi-
tive cells by 4.5 and 1.2 times to Imatinib treatment (Kosova et al. 2010). When
Imatinib-resistant cells were treated with 5 lM Imatinib, cell viability was
decreased by *20 %, while the same concentration of Imatinib with STAT5A-
siRNA-treated cells decreased cell viability by *60 % (Kosova et al. 2010).

The sphingolipid ceramide plays an important role in apoptotic signalling in
response to anticancer drugs. Intracellular levels of pro-apoptotic ceramide were
shown to increase when cells respond to drugs, contributing to their anti-cancer
efficacy. However, multidrug-resistant cells accumulate ceramide due to an
enhanced activity of glugosyceramide synthase (GCS), which converts the avail-
able ceramide in glucosylceramide (GlcCer). This conversion impedes ceramide
from being involved in activation of apoptosis (Baran et al. 2011; Zhang et al.
2011). Although controversial, down-regulation of GCS has been shown to down-
regulate expression of P-glycoprotein (P-gp) (Zhang et al. 2011), an efflux pump
that decreases intracellular levels of drugs. With the aim of decreasing the multi-
drug resistance in doxorubicin-resistance K562 cells, Zhang and co-workers tar-
geted GCS or P-gp by siRNA. Upon silencing GCS or P-gp with specific siRNAs,
the transporter activity was significantly decreased, suggesting a linkage between
GCS and P-gp expression, and providing potential therapeutic targets in CML
therapy (Zhang et al. 2011).

Growth factor independence-1B (GFI-1B) is a transcription factor that controls
the development and differentiation of erythroid cells and megakaryocytes at the
erythro-megakaryocytic progenitor stage (Randrianarison-Huetz et al. 2010).
GPI1B mRNA expression was found to be overexpressed in leukemic cells
(Elmaagacli et al. 2007). Koldehoff et al. investigated whether antileukemic effect
of BCR-ABL silencing can be further increased by co-silencing of GFI1B
(Koldehoff et al. 2013). A significant drop in cell viability was evident with the
combination of GFI1B and BCR-ABL siRNAs, as well as BCR-ABL mRNA levels
after co-silencing. An additive induction of apoptosis after co-silencing was
observed. Similar results of the inhibition of mRNA levels of BCR-ABL and

Potential of siRNA Therapy in Chronic Myeloid Leukemia 445



GFI1B were found in advanced CML patient cells. The co-silencing led to a
significant reduction of MDR1 (P-gp) and c-Myc mRNA levels, suggesting BCR-
ABL and GFI1B to be connected to other critical mediators involved in cancer
transformation (Koldehoff et al. 2013).

Protein Phosphatase 2, Regulatory Subunit B’, Gamma (PPP2R5C) levels were
over-expressed in peripheral blood mononuclear cells from chronic phase CML
patients, and PPP2R5C expression was significantly decreased in patients under-
going remission (Zheng et al. 2011). PPP2R5C plays an important role in cell
proliferation, differentiation, and transformation based on its induction of the
dephosphorylation of p53 at various residues, which negatively modulates its
apoptotic activities, and thus promoting cell survival (Zheng et al. 2011). It was
possible to reduce PPP2R5C mRNA and protein levels in K562 and resistant-K562
cells with specific siRNA treatment. PPP2R5C mRNA levels in CML primary cells
was also reduced with specific siRNA treatment, leading to reduced proliferation
rate in both K562 and CML primary cells. An increase in apoptosis rate in K562
cells was also evident. These results indicate that down-regulation of PPP2R5C
could significantly inhibit the proliferation of CML cells and more importantly,
could render imatinib-resistant cells more sensitive to TKIs (Shen et al. 2013).

Taken together, it is evident that several promising protein targets are available
for siRNA-mediated silencing. Effective functional responses have been obtained,
in the form of reduced proliferation, apoptosis induction as well as sensitization to
CML drugs, after targeting individual or combination of the appropriate targets.
Whether this approach could be applied clinically remains to be seen and it is
generally assumed that effective delivery of siRNA is the limiting step.

5 Biomaterials in siRNA Delivery

Biomaterials such as cationic lipids and polyamines have been used to condense
nucleic acids for delivery into cells. However, existing transfection and delivery
methods are more suitable for attachment-dependent cells (e.g., breast cancer cells)
rather than attachment-independent CML cells. Physical treatments such as elec-
troporation on the other hand, although helpful to investigate the effect of gene
depletion by RNAi, especially on difficult-to-transfect cells such as primary or
suspension-growing cells (Gioia et al. 2011; Tanaka et al. 2011; Kosova et al. 2010),
cannot be translated in vivo because of the significant toxicity they induce to cells
after transfection, and because they have only been designed for an in vitro setting
(Rangatia and Bonnet 2006; Merkerova et al. 2007). Electroporation (and related
‘nucleofection’) is the most common method to deliver siRNA for experimental
purposes. Viral vector have been effectively used but these present significant safety
risk because they can integrate to the host’s genome or cause lethal immune
responses and inflammation (Mintzer and Simanek 2009; Arthanari et al. 2010).

Cationic polyamines are desirable for siRNA delivery because they are capable
of condensing anionic siRNAs into spherical, stable nano-particles (De Paula et al.
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2007). Polyethylenimines (PEIs) with various molecular weights (MWs) and
modifications have been used for transfection of nucleic acids in different cell lines
and live animals (De Paula et al. 2007; Aliabadi et al. 2011, 2012). The high
transfection efficiency of PEI is attributed to its ‘‘proton-sponge’’ effect, by which
PEI once in the endosome attracts ions that lead to swelling and bursting of the
endosome (Whitehead et al. 2009), which results in the release of the nucleic acids
into the cytoplasm. This high transfection efficiency is mostly seen with high MW
(*25 kDa) PEI where cellular delivery of nucleic acid cargo is efficient (unlike low
MW PEIs). However, excessive endosome rupture leads to cell toxicity, thus lim-
iting the dose of siRNA that can be delivered (Aliabadi et al. 2011; Wang et al.
2010). Moreover, an inverse relationship between cytotoxicity and transfection is
observed in PEI, such that low MW (2–5 kDa) PEIs are considered to have better
safety profiles due to non-toxicity, but are ineffective for nucleic acid delivery
(Neamnark et al. 2009). By using the amine groups of the PEI that allow conju-
gation with other ligands, the Uludag group investigated the effect of lipid substi-
tutions on 2 kDa PEI (PEI2) in an attempt to increase the polymer interaction with
the cell membrane and nucleic acids delivery (Fig. 1a). It was found that the rel-
atively nontoxic but ineffective PEI2 polymer carrier can be transformed into an
effective delivery agent by grafting a lipid molecule onto the polymer (Aliabadi
et al. 2011; Neamnark et al. 2009). Although generally effective, the gene delivery
efficiency of these modified polymers can vary among cell lines (Aliabadi et al.
2011; Abbasi et al. 2008; Farrell et al. 2007; Alshamsan et al. 2009). Our recent
studies on AML cells indicate that LA substitution (and to a lesser extent caprylic
acid substitution in recent studies) sustained most silencing among the lipid-
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Fig. 1 a LA-substituted 2 kDa PEI. b GFP silencing in GFP-K562 cells with PA-substituted
polymers (72 nM siRNA concentration). Decrease in mean GFP fluorescence was evaluated by
flow cytometry 3 days after transfection. PEI1.2PA (lipid substitution of 1.98 PEI/PA) stands out
showing a 63 % decrease in the mean GFP fluorescence and a milder effect on the cell counts
decreasing it by 40 %. A strong correlation between the extent of lipid substitution and the GFP
silencing was found with all the PEIs used. GFP silencing was also found to be dependent on the
molecular weight (MW) of PEI used: the lower the MW of the PEI, the greater the increase in
GFP silencing at increasing lipid substitutions
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substituted 2 kDa PEIs (PEI2LA) for down-regulation of Green Fluorescent Protein
(GFP) reporter gene and endogenous CXCR4 gene (Landry et al. 2012). Similarly,
PEI2LA polymer also showed the highest silencing performance with GAPDH and
P-glycoprotein expression when targeted in the MDA-MB-435 breast cancer cells
among the different lipid-substituted PEI2s utilized (Aliabadi et al. 2011). However,
the polymers that were effective in CML cells were different; we found a particular
polymer (1.2 kDa PEI) substituted with a relatively high amount of palmitic acid
(PEI1.2PA; 2.0 PA per PEI1.2) to be effective. The ability of PEI1.2PA to deliver
siRNA intracellularly was high (Fig. 1b), explaining its relative efficiency. The
oncogene BCR-ABL was also effectively silenced with this polymer, resulting in the
expected apoptosis induction in the targeted cells (Valencia Serna et al. 2013). It is
presently not known if this is a unique combination, or other molecular weight PEIs
and/or lipids can substitute for its efficiency. The liposomal agent LipofectamineTM

2000, however, seems to be equally effective in the K562 cell model of CML.
To better explore the range of delivery systems suitable for CML, we can also

inspect the siRNA delivery attempts in a related leukemia, namely acute myeloid
leukemia (AML). These studies are summarized in Table 2, where the promising
siRNA targets involved in cell survival (66) were categorized based on the physio-
logical role of the target chosen (e.g., proteins involved in cell cycle regulation, bone
marrow microenvironment interactions, drug sensitization, regulating transcription,
phosphorylation as well as common AML mutations and related proteins). One can
again see a range of non-viral carriers that have been used for delivering different
siRNAs, but electroporation, as an experimental approach, has again dominated the
delivery attempts (Fig. 2). Both polymeric and liposomal reagents were successfully
employed for siRNA delivery in this leukemia and one can see the relatively limited
studies involving non-viral carriers. The major focus in AML studies remained on
elucidating suitable targets, which is expected to be analogues in the case of CML as
well. As expected, there was a general increase in these attempts in recent years
(Fig. 3a) but the effective dose of the siRNA delivery formulations (whether for-
mulated with a carrier or delivered naked typically with electroporation) did not
significantly change over time (Fig. 3b). One would have liked to see an improved
effective dose (i.e., lower effective dose) with recently developed delivery systems,
but this did not appear to be the case. This issue is discussed in more detail below.

6 Mechanism of Uptake and Intracellular Processing
of siRNA Nanoparticles in Leukemic Cells

Cell membrane is the first interface that siRNA nanoparticles need to interact with
for internalization. The lipid bilayer acts as an impermeable membrane to entry of
unwanted materials from the external environment (including siRNA nanoparti-
cles) and as selectively permeable, by the control of protein channels and pores, to
the entry of nutrients and exit of metabolites (De Paula et al. 2007; Whitehead

448 J. Valencia-Serna et al.



T
ab

le
2

si
R

N
A

ta
rg

et
s

sh
ow

n
to

be
be

ne
fi

ci
al

in
A

M
L

m
od

el
s

R
ef

er
en

ce
s

T
ar

ge
t

(r
ol

e/
pa

th
w

ay
)

R
at

io
na

le
si

R
N

A
ca

rr
ie

r
(c

on
ce

nt
ra

ti
on

)
O

ut
co

m
e

C
el

l
cy

cl
e

Y
an

g
et

al
.

(2
01

3)
S

G
O

L
1

(c
el

l
cy

cl
e—

m
it

os
is

)
S

G
O

L
1

is
a

ce
nt

ro
m

er
ic

pr
ot

ei
n

ov
er

ex
pr

es
se

d
in

le
uk

em
ia

’s
in

cl
ud

in
g

A
M

L

E
le

ct
ro

po
ra

ti
on

(u
nk

no
w

n)
D

ec
re

as
ed

pr
ol

if
er

at
io

n;
m

it
ot

ic
ar

re
st

,
in

tr
in

si
c

ap
op

to
si

s
T

ib
es

et
al

.
(2

01
2)

W
E

E
1,

C
H

E
K

1,
P

K
M

Y
T

,
A

T
R

(c
el

l-
cy

cl
e

ch
ec

k-
po

in
ts

an
d

D
N

A
-

da
m

ag
e

re
pa

ir
pr

ot
ei

ns
)

si
R

N
A

ki
na

se
/c

yt
ar

ab
in

e
sc

re
en

to
de

te
rm

in
e

ch
em

os
en

si
ti

zi
ng

ta
rg

et
s

to
us

e
w

it
h

cy
ta

ra
bi

ne

A
ca

ti
on

ic
li

pi
d-

ba
se

d
tr

an
sf

ec
ti

on
re

ag
en

t
(u

nk
no

w
n)

In
cr

ea
se

d
cy

ta
ra

bi
ne

ef
fi

ca
cy

B
on

e
m

ar
ro

w
(B

M
)

m
ic

ro
en

vi
ro

nm
en

t
in

te
ra

ct
io

n
F

er
na

nd
ez

-
V

id
al

et
al

.
(2

00
6)

C
D

C
25

A
(c

el
l

cy
cl

e)
E

ff
ec

ts
on

ce
ll

ad
he

si
on

an
d

pr
ol

if
er

at
io

n
E

le
ct

ro
po

ra
ti

on
(8

pm
ol

pe
r

6
9

10
6

ce
ll

s)
D

ec
re

as
ed

ad
he

si
on

-d
ep

en
de

nt
pr

ol
if

er
at

io
n

L
an

dr
y

et
al

.
(2

01
3)

C
X

C
R

4
(B

M
m

ic
ro

-
en

vi
ro

nm
en

t
in

te
ra

ct
io

n)

C
X

C
R

4
m

ed
ia

te
d

ad
he

si
on

of
A

M
L

ce
ll

s
C

A
-P

E
I

2
kD

a
(2

5–
50

nM
)

D
ec

re
as

ed
pr

ol
if

er
at

io
n

D
e

T
on

i
et

al
.

(2
00

6)
G

S
K

3b
et

a,
p6

5
su

bu
ni

t
N

F
-

jB
R

es
is

ta
nc

e
du

e
to

ad
he

si
on

m
ol

ec
ul

es
/i

nt
eg

ri
n

an
d

m
or

ph
og

en
W

nt
so

lu
bl

e
fa

ct
or

s
in

A
M

L

E
le

ct
ro

po
ra

ti
on

(2
00

nM
)

R
es

to
re

d
ch

em
os

en
si

ti
vi

ty
(d

au
no

ru
bi

ci
n)

H
u

et
al

.
(2

01
1)

IG
F

B
P

7
(t

um
or

su
pp

re
ss

or
)

T
o

in
ve

st
ig

at
e

th
e

ro
le

of
th

e
kn

ow
n

so
li

d
tu

m
or

su
pp

re
ss

or
(I

G
F

B
P

7)
,

in
ch

il
dh

oo
d

A
M

L

L
ip

of
ec

ta
m

in
e

20
00

(u
nk

no
w

n)
D

ec
re

as
ed

ad
he

si
on

,m
ig

ra
ti

on
,

in
va

si
on

,p
ro

li
fe

ra
ti

on
.R

ol
e

in
B

M
m

ic
ro

en
vi

ro
nm

en
t

in
te

ra
ct

io
n

w
as

ap
pa

re
nt

D
es

pe
au

x
et

al
.

(2
01

2)
F

A
K

(s
te

m
ce

ll
pa

th
w

ay
)

O
ve

r
ex

pr
es

si
on

;
F

A
K

pa
th

w
ay

de
re

gu
la

te
d

in
ca

nc
er

s
(r

ep
la

ce
s

W
nt

3a
-c

on
tr

ol
le

d
ca

no
ni

ca
l

pa
th

w
ay

)

E
le

ct
ro

po
ra

ti
on

(2
00

nM
)

D
ec

re
as

ed
su

rv
iv

al

(c
on

ti
nu

ed
)

Potential of siRNA Therapy in Chronic Myeloid Leukemia 449



T
ab

le
2

(c
on

ti
nu

ed
)

R
ef

er
en

ce
s

T
ar

ge
t

(r
ol

e/
pa

th
w

ay
)

R
at

io
na

le
si

R
N

A
ca

rr
ie

r
(c

on
ce

nt
ra

ti
on

)
O

ut
co

m
e

R
ec

he
r

et
al

.
(2

00
4)

F
A

K
(c

el
l

m
ot

il
it

y
an

d
su

rv
iv

al
)

F
A

K
in

vo
lv

em
en

t
in

A
M

L
E

le
ct

ro
po

ra
ti

on
(2

00
nM

)
D

ec
re

as
ed

m
ig

ra
ti

on
,i

nc
re

as
ed

ch
em

os
en

si
ti

vi
ty

to
da

un
or

ub
ic

in
,

de
cr

ea
se

d
F

A
K

di
d

no
t

im
pr

ov
e

re
si

st
an

ce
du

e
to

fi
br

on
ec

ti
n

ad
he

si
on

S
an

so
ne

tt
i

et
al

.
(2

01
2)

M
C

L
-1

(a
nt

i-
ap

op
to

si
s)

S
ur

vi
va

l
ef

fe
ct

s
of

ad
he

si
on

in
te

ra
ct

io
ns

w
it

h
B

M
S

C
s.

(I
nd

uc
ed

C
D

44
ex

pr
es

si
on

up
re

gu
la

te
d

M
C

L
-1

)

L
ip

of
ec

ta
m

in
e

R
N

A
iM

ax
(5

0
nM

)
In

cr
ea

se
d

ap
op

to
si

s

K
im

et
al

.
(2

01
3)

S
D

F
1

(B
M

m
ic

ro
-

en
vi

ro
nm

en
t

in
te

ra
ct

io
n)

R
ol

e
of

S
D

F
-1

in
su

rv
iv

al
an

d
pr

ol
if

er
at

io
n

in
A

M
L

H
iP

er
F

ec
t

(5
–2

5
nM

)
D

ec
re

as
ed

pr
ol

if
er

at
io

n

D
ru

g
se

ns
it

iz
in

g
ta

rg
et

s
K

on
op

le
va

et
al

.
(2

00
4)

B
C

L
2

(a
nt

i-
ap

op
to

si
s)

D
et

er
m

in
in

g
C

D
D

O
(n

ov
el

sy
nt

he
ti

c
tr

it
er

pe
no

id
2-

cy
an

o-
3,

12
-d

io
xo

ol
ea

na
-1

,9
-d

ie
n-

28
-

oi
c

ac
id

)
m

ec
ha

ni
sm

s
in

A
M

L

E
le

ct
ro

po
ra

ti
on

(1
00

–5
00

nM
)

D
ec

re
as

ed
ce

ll
pr

ol
if

er
at

io
n

an
d

in
cr

ea
se

d
ap

op
to

si
s

w
it

h
co

-t
re

at
m

en
to

f
C

D
D

O
(b

ut
no

t
w

it
ho

ut
)

in
C

D
D

O
re

si
st

an
t

ce
ll

s
R

ao
et

al
.

(2
01

1)
B

C
L

2
(a

nt
i-

ap
op

to
si

s)
In

vo
lv

em
en

t
in

cu
rc

um
in

ac
ti

on
in

da
un

or
ub

ic
in

in
se

ns
it

iv
e

C
D

34
+

A
M

L

L
ip

of
ec

ta
m

in
e

20
00

(5
0

nM
)

In
cr

ea
se

d
ch

em
os

en
si

ti
vi

ty
of

da
un

or
ub

ic
in

in
C

D
34

+
A

M
L

C
lu

ze
au

et
al

.
(2

01
2)

B
C

L
2L

10
(a

nt
i-

ap
op

to
si

s)
B

C
L

21
0

ov
er

-e
xp

re
ss

io
n

in
az

ac
it

id
in

e
re

si
st

an
t

ce
ll

s
E

le
ct

ro
po

ra
ti

on
(5

0
nM

)
S

en
si

ti
ze

d
ce

ll
s

to
az

ac
it

id
in

e

M
cL

or
na

n
et

al
.

(2
01

3)
C

-F
L

IP
L

(a
nt

i-
ap

op
to

si
s)

H
ig

he
r

ex
pr

es
si

on
of

C
-F

L
IP

(d
ru

g
re

si
st

an
ce

ro
le

)
co

rr
el

at
ed

w
it

h
de

cr
ea

se
d

pa
ti

en
t

su
rv

iv
al

E
le

ct
ro

po
ra

ti
on

(1
.5

lg
/1

–2
.5

9
10

6

ce
ll

s)
In

cr
ea

se
d

ap
op

to
si

s,
se

ns
it

iz
at

io
n

to
rT

R
A

IL
in

du
ce

d
ap

op
to

si
s (c

on
ti

nu
ed

)

450 J. Valencia-Serna et al.



T
ab

le
2

(c
on

ti
nu

ed
)

R
ef

er
en

ce
s

T
ar

ge
t

(r
ol

e/
pa

th
w

ay
)

R
at

io
na

le
si

R
N

A
ca

rr
ie

r
(c

on
ce

nt
ra

ti
on

)
O

ut
co

m
e

W
an

g
et

al
.

(2
01

0)
C

O
T

1
C

O
T

1
in

cr
ea

se
s

ef
fe

ct
of

si
li

bi
ni

n/
1,

25
-d

ih
yd

ro
xy

vi
ta

m
in

D
3

co
m

bi
na

ti
on

s

E
le

ct
ro

po
ra

ti
on

(5
,0

00
nM

)
In

cr
ea

se
d

G
1

ar
re

st
an

d
di

ff
er

en
ti

at
io

n
ca

us
ed

by
S

il
ib

in
in

/1
,

25
-

di
hy

dr
ox

yv
it

am
in

D
3

co
m

bi
na

ti
on

s
K

as
pe

r
et

al
.

(2
01

2)
M

C
L

-1
(a

nt
i-

ap
op

to
si

s)
M

C
L

-1
is

ov
er

ex
pr

es
se

d
in

F
L

T
3-

IT
D

ce
ll

li
ne

s
E

le
ct

ro
po

ra
ti

on
(u

nk
no

w
n)

In
cr

ea
se

d
ch

em
os

en
si

ti
vi

ty
in

F
L

T
3-

IT
D

+
A

M
L

W
an

g
et

al
.

(2
01

3)
M

C
L

-1
(a

nt
i-

ap
op

to
si

s)
In

vo
lv

em
en

t
in

ar
se

ni
c

tr
io

xi
de

ef
fe

ct
in

A
M

L
U

nk
no

w
n

In
cr

ea
se

d
ar

se
ni

c
tr

io
xi

de
-

in
du

ce
d

m
it

oc
ho

nd
ri

al
ap

op
to

si
s

(c
he

m
os

en
si

ti
vi

ty
)

N
is

hi
ok

a
et

al
.

(2
00

9)
M

E
K

-1
S

tu
dy

of
5-

A
za

dC
(D

N
A

m
et

hy
lt

ra
ns

fe
ra

se
in

hi
bi

to
r)

an
d

A
Z

D
62

44
(M

E
K

in
hi

bi
to

r)
in

A
M

L

E
le

ct
ro

po
ra

ti
on

(u
nk

no
w

n)
D

ec
re

as
ed

vi
ab

il
it

y
w

it
h

5-
A

za
dC

co
-t

re
at

m
en

t
bu

t
no

t
w

it
ho

ut

A
lt

m
an

et
al

.
(2

01
0)

M
nk

1,
M

nk
2

In
vo

lv
em

en
t

in
cy

ta
ra

bi
ne

m
ec

ha
ni

sm
of

ac
ti

on
U

nk
no

w
n

D
ec

re
as

ed
le

uk
em

ic
co

lo
ny

fo
rm

at
io

n
w

it
h

cy
ta

ra
bi

ne
tr

ea
tm

en
t

bu
t

no
t

w
it

ho
ut

N
is

hi
ok

a
et

al
.

(2
01

0)
4E

-B
P

1
(M

E
K

/E
R

K
pa

th
w

ay
)

an
d

M
C

L
-1

(a
nt

i-
ap

op
to

ti
c)

A
Z

D
62

44
ca

us
es

ap
op

to
si

s
an

d
su

pp
re

ss
es

4E
-B

P
1

an
d

M
C

L
-1

in
H

L
-6

0
ce

ll
s

bu
t

no
t

in
E

O
L

-
1

an
d

M
O

L
M

13
ce

ll
s

E
le

ct
ro

po
ra

ti
on

(3
00

nM
)

D
ec

re
as

ed
M

C
L

-1
ex

pr
es

si
on

an
d

in
cr

ea
se

d
ap

op
to

si
s

w
it

h
A

Z
D

62
44

(4
E

-B
P

1)
.

In
cr

ea
se

d
ap

op
to

si
s

w
it

h/
ou

t
A

Z
D

62
44

(M
C

L
-1

)
T

ra
ns

cr
ip

ti
on

fa
ct

or

(c
on

ti
nu

ed
)

Potential of siRNA Therapy in Chronic Myeloid Leukemia 451



T
ab

le
2

(c
on

ti
nu

ed
)

R
ef

er
en

ce
s

T
ar

ge
t

(r
ol

e/
pa

th
w

ay
)

R
at

io
na

le
si

R
N

A
ca

rr
ie

r
(c

on
ce

nt
ra

ti
on

)
O

ut
co

m
e

P
an

et
al

.(
20

12
)

G
li

1
(t

ra
ns

cr
ip

ti
on

fa
ct

or
—

ac
ti

va
to

r/
he

dg
eh

og
pa

th
w

ay
)

E
ff

ec
ts

of
ab

er
ra

nt
ex

pr
es

si
on

an
d

in
hi

bi
ti

on
of

G
li

Je
t-

P
E

I
(1

00
nM

)
D

ec
re

as
ed

pr
ol

if
er

at
io

n
an

d
de

cr
ea

se
d

su
rv

iv
al

E
lm

aa
ga

cl
i

et
al

.
(2

00
7)

G
F

I1
B

R
ol

e
of

G
F

1I
B

in
er

yt
hr

op
oi

et
ic

an
d

m
eg

ak
ar

yo
cy

ti
c

m
al

ig
na

nc
ie

s

T
ra

ns
M

es
se

ng
er

(0
.1

–2
.4

lg
/2

4-
w

el
l

pl
at

e
w

el
l)

D
ec

re
as

ed
pr

ol
if

er
at

io
n

in
A

M
L

,
C

M
L

an
d

no
rm

al
C

D
34

+
ce

ll
s

an
d

in
cr

ea
se

d
ap

op
to

si
s

in
A

M
L

an
d

C
M

L
ce

ll
s

R
us

hw
or

th
an

d
M

ac
E

w
an

(2
00

8)

H
O

-1
,

N
rf

2,
c-

F
L

IP
In

vo
lv

em
en

t
in

N
F

-j
B

an
d

T
N

F
-

in
du

ce
d

ap
op

to
si

s
in

A
M

L
E

le
ct

ro
po

ra
ti

on
(3

0
nM

)
S

us
ce

pt
ib

le
to

T
N

F
-i

nd
uc

ed
ce

ll
de

at
h

(H
O

-1
,

N
rf

2)
,

S
us

ce
pt

ib
le

to
T

N
F

bu
t

no
t

w
it

h
N

F
-j

B
in

hi
bi

to
r

B
A

Y
11

–7
08

2
(c

-F
L

IP
)

R
us

hw
or

th
et

al
.

(2
01

0)
N

F
-j

B
an

d
H

O
-1

In
hi

bi
ti

on
of

hi
gh

ly
ex

pr
es

se
d

N
F

-
jB

di
d

no
t

ca
us

e
ap

op
to

si
s

du
e

to
H

O
-1

E
le

ct
ro

po
ra

ti
on

(3
0

nM
)

In
cr

ea
se

d
ap

op
to

si
s

af
te

r
ta

rg
et

in
g

bo
th

H
O

-1
an

d
N

F
-j

B
in

A
M

L
ce

ll
s

bu
t

no
t

in
C

D
34

+
no

n-
m

al
ig

na
nt

ce
ll

s
C

ar
va

lh
o

et
al

.
(2

00
7)

N
F

-j
B

su
bu

ni
t

p6
5,

IK
K

1,
IK

K
2,

N
E

M
O

U
nd

er
st

an
di

ng
th

e
ro

le
of

N
F

-j
B

ac
ti

va
ti

on
in

A
M

L
E

le
ct

ro
po

ra
ti

on
(u

nk
no

w
n)

In
cr

ea
se

d
ap

op
to

si
s

B
ra

un
et

al
.

(2
00

6)
N

F
-j

B
su

bu
ni

t
p6

5
N

F
-j

B
is

co
nt

in
uo

us
ly

ac
ti

va
te

d
in

P
39

M
D

S
/A

M
L

ce
ll

s
E

le
ct

ro
po

ra
ti

on
(u

nk
no

w
n)

In
cr

ea
se

d
ap

op
to

si
s

Z
ha

ng
et

al
.

(2
01

3)
S

T
A

T
3

D
ev

el
op

m
en

t
of

ta
rg

et
ed

S
T

A
T

3
(r

ol
e

in
ca

nc
er

s)
si

R
N

A
de

li
ve

ry
in

T
L

R
9+

he
m

at
op

oi
et

ic
ce

ll
s

T
L

R
9

an
ta

go
ni

st
C

pG
(A

)-
si

R
N

A
(1

00
–5

00
nM

in
vi

tr
o,

10
0

l
g

(5
m

g/
kg

)
ev

er
y

24
h

IT
fo

r
in

vi
vo

)

In
vi

vo
,

de
cr

ea
se

d
tu

m
or

gr
ow

th
.

T
he

de
li

ve
ry

sy
st

em
is

im
m

un
os

ti
m

ul
at

or
y

an
d

ca
n

co
nt

ri
bu

te
to

ov
er

al
l

an
ti

-
ca

nc
er

ef
fe

ct
s

(c
on

ti
nu

ed
)

452 J. Valencia-Serna et al.



T
ab

le
2

(c
on

ti
nu

ed
)

R
ef

er
en

ce
s

T
ar

ge
t

(r
ol

e/
pa

th
w

ay
)

R
at

io
na

le
si

R
N

A
ca

rr
ie

r
(c

on
ce

nt
ra

ti
on

)
O

ut
co

m
e

G
ao

et
al

.
(2

01
1)

W
T

1
(t

ra
ns

cr
ip

ti
on

fa
ct

or
an

d
tu

m
or

su
pp

re
ss

or
)

In
vo

lv
em

en
t

in
m

iR
-1

5a
an

d
m

iR
-

16
-1

tu
m

or
su

pp
re

ss
or

s
H

iP
er

F
ec

t
(5

0
nM

)
D

ec
re

as
ed

pr
ol

if
er

at
io

n

E
lm

aa
ga

cl
i

et
al

.
(2

00
5)

W
T

1
(t

ra
ns

cr
ip

ti
on

fa
ct

or
an

d
tu

m
or

su
pp

re
ss

or
)

W
T

1
is

ov
er

ex
pr

es
se

d
in

le
uk

em
ia

T
ra

ns
M

es
se

ng
er

(0
.8

l
g,

1
9

10
5

ce
ll

s/
w

el
l)

D
ec

re
as

ed
pr

ol
if

er
at

io
n,

in
cr

ea
se

d
ap

op
to

si
s

in
A

M
L

an
d

C
M

L
(b

ut
no

t
in

no
rm

al
C

D
34

+
ce

ll
s)

.
In

cr
ea

se
d

an
ti

-s
ur

vi
va

l
ef

fe
ct

s
w

he
n

W
T

1
an

d
B

C
R

-A
B

L
w

er
e

ta
rg

et
ed

in
K

56
2

ce
ll

s
T

yr
os

in
e

ki
na

se
re

la
te

d
P

ar
k

et
al

.
(2

01
3)

A
xl

(r
ec

ep
to

r
ty

ro
si

ne
ki

na
se

,
va

ri
ou

s
pa

th
w

ay
s)

D
et

er
m

in
e

ro
le

of
A

xl
in

F
L

T
3

si
gn

al
in

g
in

A
M

L
E

le
ct

ro
po

ra
ti

on
(u

nk
no

w
n)

In
hi

bi
te

d
ce

ll
gr

ow
th

,
ar

re
st

ed
ce

ll
-c

yc
le

,
in

du
ce

d
ap

op
to

si
s

an
d

di
ff

er
en

ti
at

io
n

in
F

L
T

3-
IT

D
+

A
M

L
G

u
et

al
.

(2
00

7)
C

S
F

IR
Id

en
ti

fi
ca

ti
on

of
ty

ro
si

ne
-

ph
os

ph
or

yl
at

ed
pr

ot
ei

ns
in

A
M

L
M

7
(A

M
K

L
)

E
le

ct
ro

po
ra

ti
on

(u
nk

no
w

n)
D

ec
re

as
ed

pr
ol

if
er

at
io

n
an

d
in

cr
ea

se
d

ap
op

to
si

s
in

A
M

L
M

7
M

K
P

L
1

ce
ll

s
bu

t
no

t
in

C
M

L
K

56
2

ce
ll

s.
(C

-K
IT

si
R

N
A

di
d

no
t

de
cr

ea
se

pr
ol

if
er

at
io

n)
T

yn
er

et
al

.
(2

00
8)

E
P

H
A

4,
JA

K
1,

JA
K

3,
L

T
K

,
L

Y
N

,
P

T
K

2,
P

T
K

2B
P

T
K

6,
P

T
K

9,
an

d
S

R
C

(a
ll

cy
to

so
li

c
ki

na
se

s
ex

ce
pt

E
P

H
A

4
an

d
L

T
K

)

si
R

N
A

sc
re

en
of

ty
ro

si
ne

ki
na

se
pr

ot
ei

ns
in

A
M

L
ce

ll
s

E
le

ct
ro

po
ra

ti
on

(1
,0

00
nM

)
D

ec
re

as
ed

vi
ab

il
it

y

(c
on

ti
nu

ed
)

Potential of siRNA Therapy in Chronic Myeloid Leukemia 453



T
ab

le
2

(c
on

ti
nu

ed
)

R
ef

er
en

ce
s

T
ar

ge
t

(r
ol

e/
pa

th
w

ay
)

R
at

io
na

le
si

R
N

A
ca

rr
ie

r
(c

on
ce

nt
ra

ti
on

)
O

ut
co

m
e

V
oi

ss
et

et
al

.
(2

01
0)

F
E

S
,

F
E

R
In

ve
st

ig
at

io
n

of
F

E
S

an
d

F
E

R
in

A
M

L
E

le
ct

ro
po

ra
ti

on
(0

.4
–0

.8
nm

ol
in

0.
2–

0.
5

m
l;

80
0–

4,
00

0
nM

es
ti

m
at

e)

D
ec

re
as

ed
pr

ol
if

er
at

io
n

(F
E

R
)

an
d

de
cr

ea
se

d
su

rv
iv

al
(F

E
S

)
in

F
L

T
3-

IT
D

+
A

M
L

bu
t

no
t

in
no

n-
m

ut
at

ed
te

st
ed

ce
ll

s
W

al
te

rs
et

al
.

(2
00

6)
JA

K
2

T
o

de
te

rm
in

e
ki

na
se

s
th

at
ca

us
e

S
T

A
T

5
ph

os
ph

or
yl

at
io

n
in

A
M

L

E
le

ct
ro

po
ra

ti
on

(u
nk

no
w

n)
D

ec
re

as
ed

pr
ol

if
er

at
io

n
an

d
vi

ab
il

it
y

in
A

M
L

H
E

L
ce

ll
s

bu
t

no
t

in
C

M
L

K
56

2
ce

ll
s.

D
ec

re
as

ed
ph

os
ph

or
yl

at
io

n
of

S
T

A
T

1/
3/

5
an

d
E

rk
1/

2.
JA

K
1,

JA
K

3
an

d
T

Y
K

2
ha

d
no

ef
fe

ct
W

al
te

rs
et

al
.

(2
00

6)
JA

K
3

T
o

id
en

ti
fy

ac
ti

va
te

d
ty

ro
si

ne
ki

na
se

s
in

A
M

K
L

ce
ll

s
w

it
ho

ut
F

L
T

3
an

d
K

IT
m

ut
at

io
ns

E
le

ct
ro

po
ra

ti
on

(u
nk

no
w

n)
D

ec
re

as
ed

pr
ol

if
er

at
io

n,
in

hi
bi

ti
on

of
S

T
A

T
5

ty
ro

si
ne

ph
os

ph
or

yl
at

io
n,

in
cr

ea
se

d
ap

op
to

si
s

in
A

M
K

L
.

JA
K

2
an

d
T

Y
K

2
ha

d
no

ef
fe

ct
D

os
S

an
to

s
et

al
.

(2
00

8)
L

yn
(a

S
rc

fa
m

il
y

ki
na

se
)

L
yn

is
hi

gh
ly

ac
ti

va
te

d.
P

P
2

(S
R

K
in

hi
bi

to
r)

ca
us

ed
de

cr
ea

se
d

pr
ol

if
er

at
io

n
an

d
in

cr
ea

se
d

ap
op

to
si

s

E
le

ct
ro

po
ra

ti
on

(3
lg

/1
00

l
l

fo
r

2
9

10
6

ce
ll

s,
2,

14
3

nM
es

ti
m

at
ed

)

D
ec

re
as

ed
le

uk
em

ic
co

lo
ny

fo
rm

at
io

n,
li

nk
ed

to
m

T
O

R
pa

th
w

ay

O
ka

m
ot

o
et

al
.

(2
00

7)
L

yn
(a

S
rc

fa
m

il
y

ki
na

se
)

L
yn

an
d

F
L

T
-I

T
D

in
te

ra
ct

io
ns

in
A

M
L

E
le

ct
ro

po
ra

ti
on

(3
lg

)
D

ec
re

as
ed

pr
ol

if
er

at
io

n
in

F
L

T
3-

ID
T

+
32

D
ce

ll
s.

D
ec

re
as

ed
S

T
A

T
5

ph
os

ph
or

yl
at

io
n

(c
on

ti
nu

ed
)

454 J. Valencia-Serna et al.



T
ab

le
2

(c
on

ti
nu

ed
)

R
ef

er
en

ce
s

T
ar

ge
t

(r
ol

e/
pa

th
w

ay
)

R
at

io
na

le
si

R
N

A
ca

rr
ie

r
(c

on
ce

nt
ra

ti
on

)
O

ut
co

m
e

C
om

m
on

m
ut

at
io

ns
an

d
re

la
te

d
ta

rg
et

s
G

es
sn

er
et

al
.

(2
01

0)
A

M
L

/M
T

G
8

(t
ra

ns
cr

ip
ti

on
fa

ct
or

)
A

M
L

/M
T

G
8

fu
si

on
ge

ne
fo

un
d

in
A

M
L

.
(A

ls
o

st
ud

ie
d

M
L

L
/A

F
4

fo
un

d
in

A
L

L
)

E
le

ct
ro

po
ra

ti
on

(u
nk

no
w

n)
R

ed
uc

ed
cl

on
og

en
ic

it
y,

in
du

ct
io

n
of

re
pl

ic
at

iv
e

se
ne

sc
en

ce
(a

ls
o

de
cr

ea
se

d
T

E
R

T
ex

pr
es

si
on

an
d

in
cr

ea
se

d
te

lo
m

er
e

sh
or

te
ni

ng
)

C
al

ig
iu

ri
et

al
.

(2
00

7)
c-

C
B

L
(m

ut
at

io
n)

Id
en

ti
fi

ca
ti

on
an

d
st

ud
y

of
c-

C
B

L
an

d
C

B
L

-b
m

ut
at

io
ns

in
A

M
L

E
le

ct
ro

po
ra

ti
on

(u
nk

no
w

n)
D

ec
re

as
ed

ce
ll

pr
ol

if
er

at
io

n

W
an

g
et

al
.

(2
01

1)
C

IP
2A

(o
nc

op
ro

te
in

)
D

et
er

m
in

e
ro

le
of

C
IP

2A
(i

nv
ol

ve
d

in
ca

nc
er

s)
in

A
M

L
E

le
ct

ro
po

ra
ti

on
(u

nk
no

w
n)

D
ec

re
as

ed
pr

ol
if

er
at

io
n,

de
cr

ea
se

d
cl

on
og

en
ic

ac
ti

vi
ty

an
d

in
cr

ea
se

d
di

ff
er

en
ti

at
io

n
W

an
g

et
al

.
(2

01
1)

F
L

T
3

(A
M

L
m

ut
at

io
n)

F
L

T
3

ov
er

-e
xp

re
ss

ed
/m

ut
at

ed
in

A
M

L
sc

-2
95

28
re

ag
en

t,
S

an
ta

C
ru

z
(i

n
vi

tr
o

un
kn

ow
n,

5
9

10
0

lg
/k

g
ev

er
y

72
h

IP
fo

r
in

vi
vo

w
it

ho
ut

re
ag

en
t)

A
rr

es
te

d
in

G
0/

G
1

ph
as

e,
de

cr
ea

se
d

pr
ol

if
er

at
io

n
in

vi
vo

an
d

in
vi

tr
o,

in
cr

ea
se

d
ap

op
to

si
s

W
al

te
rs

et
al

.
(2

00
5)

F
L

T
3

(A
M

L
m

ut
at

io
n)

F
L

T
3

ov
er

-e
xp

re
ss

ed
/m

ut
at

ed
in

A
M

L
.

D
ev

el
op

in
g

m
ul

ti
pl

e
m

et
ho

ds
fo

r
in

hi
bi

ti
ng

F
L

T
3

du
e

to
ne

ed
fo

r
be

tt
er

sp
ec

ifi
ci

ty
an

d
re

si
st

an
ce

de
ve

lo
pm

en
t

E
le

ct
ro

po
ra

ti
on

(1
lg

/1
9

10
7

ce
ll

s)
D

ec
re

as
ed

pr
ol

if
er

at
io

n,
in

cr
ea

se
d

ap
op

to
si

s,
an

d
in

cr
ea

se
d

se
ns

it
iv

it
y

to
M

L
N

51
8

(a
F

L
T

3
in

hi
bi

to
r)

S
pi

ri
n

et
al

.
(2

01
1)

K
IT

(c
-k

it
on

co
ge

ne
)

si
R

N
A

an
d

sh
R

N
A

st
ud

ie
s

ta
rg

et
c-

ki
t

(o
ve

r-
ex

pr
es

se
d

/
m

ut
at

io
ns

in
A

M
L

)

L
ip

of
ec

ta
m

in
e

20
00

(5
0–

20
0

nM
)

E
ff

ec
ts

w
er

e
no

t
st

ud
ie

d
fo

r
si

R
N

A
tr

an
sf

ec
ti

on
s.

(s
hR

N
A

st
ud

ie
s)

(c
on

ti
nu

ed
)

Potential of siRNA Therapy in Chronic Myeloid Leukemia 455



T
ab

le
2

(c
on

ti
nu

ed
)

R
ef

er
en

ce
s

T
ar

ge
t

(r
ol

e/
pa

th
w

ay
)

R
at

io
na

le
si

R
N

A
ca

rr
ie

r
(c

on
ce

nt
ra

ti
on

)
O

ut
co

m
e

B
al

us
u

et
al

.
(2

01
1)

N
P

M
1

(m
ol

ec
ul

ar
ch

ap
er

on
e—

pr
ot

ei
ns

an
d

nu
cl

ei
c

ac
id

s)

C
om

m
on

m
ut

at
io

n
in

A
M

L
E

le
ct

ro
po

ra
ti

on
(1

00
nM

)
C

he
m

os
en

si
ti

ze
s

(A
T

R
A

an
d

cy
ta

ra
bi

ne
),

de
cr

ea
se

d
ce

ll
s

in
S

-p
ha

se
,

in
du

ce
d

di
ff

er
en

ti
at

io
n,

in
cr

ea
se

d
ap

op
to

si
s

(N
P

M
1

m
ut

an
t+

A
M

L
)

F
er

na
nd

es
et

al
.

(2
01

0)
R

ho
,

R
ac

,
C

dc
4

(R
ho

fa
m

il
y

G
T

P
as

es
)

U
nd

er
st

an
di

ng
A

M
L

C
as

it
as

B
li

ne
ag

e
ly

m
ph

om
a

(C
B

L
)

m
ut

at
io

ns

E
le

ct
ro

po
ra

ti
on

(u
nk

no
w

n)
D

ec
re

as
ed

pr
ol

if
er

at
io

n
(C

B
L

m
ut

at
io

n+
A

M
L

)

G
el

et
u

et
al

.
(2

00
7)

U
bc

9
(s

m
al

l
ub

iq
ui

ti
n-

re
la

te
d

m
od

ifi
er

co
nj

ug
at

io
n)

T
o

id
en

ti
fy

ta
rg

et
pr

ot
ei

ns
of

C
/

E
B

P
al

ph
ap

30
(m

ut
at

io
n

th
at

oc
cu

rs
in

10
%

of
A

M
L

)

E
le

ct
ro

po
ra

ti
on

(5
00

ng
)

P
re

ve
nt

s
di

ff
er

en
ti

at
io

n
bl

oc
k

ca
us

ed
by

C
/E

B
P

al
ph

ap
30

(c
o-

tr
an

sf
ec

te
d)

w
he

n
C

D
34

+
/U

93
7

ce
ll

s
go

th
ro

ug
h

gr
an

ul
oc

yt
ic

di
ff

er
en

ti
at

io
n

V
ar

io
us

ot
he

rs
F

is
ku

s
et

al
.

(2
00

6)
E

Z
H

2
E

ff
ec

t
of

E
Z

H
2

on
A

M
L

ce
ll

s
E

le
ct

ro
po

ra
ti

on
(1

00
nM

)
C

o-
tr

ea
tm

en
t

w
it

h
L

B
H

58
9

(i
nh

ib
it

or
)

de
cr

ea
se

d
co

lo
ny

fo
rm

at
io

n
(H

L
-6

0
an

d
U

93
7)

an
d

in
cr

ea
se

d
di

ff
er

en
ti

at
io

n
(U

93
7)

G
ao

et
al

.
(2

00
9)

hn
R

N
P

K
R

ol
e

of
hn

R
N

P
K

in
dr

ug
in

du
ce

d
su

pp
re

ss
io

n
an

d
ap

op
to

si
s

in
du

ct
io

n

D
ha

rm
aF

E
C

T
-4

(1
00

nM
)

In
du

ce
d

ap
op

to
si

s

M
iy

az
ak

i
et

al
.

(2
01

0)
H

O
-1

In
vo

lv
em

en
t

in
A

M
L

E
le

ct
ro

po
ra

ti
on

(u
nk

no
w

n)
R

ed
uc

ed
ce

ll
su

rv
iv

al
w

it
h

an
d

w
it

ho
ut

cy
ta

ra
bi

ne
S

ch
ep

er
s

et
al

.
(2

00
5)

H
S

P
27

(H
ea

t
sh

oc
k

pr
ot

ei
n

fa
m

il
y,

st
re

ss
re

sp
on

se
)

In
vo

lv
em

en
t

in
A

M
L

O
li

go
fe

ct
am

in
e

25
nM

In
cr

ea
se

d
V

P
-1

6
m

ed
ia

te
d

ap
op

to
si

s
bu

t
no

t
C

D
95

/F
as

m
ed

ia
te

d
ap

op
to

si
s

(c
on

ti
nu

ed
)

456 J. Valencia-Serna et al.



T
ab

le
2

(c
on

ti
nu

ed
)

R
ef

er
en

ce
s

T
ar

ge
t

(r
ol

e/
pa

th
w

ay
)

R
at

io
na

le
si

R
N

A
ca

rr
ie

r
(c

on
ce

nt
ra

ti
on

)
O

ut
co

m
e

M
ur

an
yi

et
al

.
(2

01
0)

IL
K

(P
I3

K
-d

ep
en

de
nt

si
gn

al
li

ng
pa

th
w

ay
)

In
ve

st
ig

at
io

n
of

IL
K

an
d

F
L

T
3

as
ta

rg
et

s
in

A
M

L
(i

nh
ib

it
or

s
us

ed
fo

r
F

L
T

3
su

pp
re

ss
io

n)

A
cc

el
l

m
od

ifi
ed

si
R

N
A

(u
nk

no
w

n)
D

ec
re

as
ed

le
uk

em
ic

co
lo

ny
fo

rm
at

io
n

M
ur

an
yi

et
al

.
(2

00
9)

IL
K

(P
I3

K
-d

ep
en

de
nt

si
gn

al
li

ng
pa

th
w

ay
)

IL
K

ro
le

in
A

M
L

.
P

os
si

bl
e

be
ne

fi
t

in
ta

rg
et

in
g

bo
th

IL
K

an
d

F
L

T
-

3

E
le

ct
ro

po
ra

ti
on

(5
0

l
g

pe
r

5
9

10
6

ce
ll

s)
D

ec
re

as
ed

co
lo

ny
fo

rm
at

io
n,

in
cr

ea
se

d
ce

ll
de

at
h

W
an

g
et

al
.

(2
01

0)
M

M
P

-2
,

M
T

1-
M

M
P

,
an

d
T

IM
P

-2
R

ol
e

of
M

M
P

-2
,

M
T

1-
M

M
P

,
or

T
IM

P
-2

in
A

M
L

ex
tr

am
ed

ul
la

ry
in

fi
lt

ra
ti

on

L
ip

of
ec

ta
m

in
e

20
00

(4
00

nM
es

ti
m

at
ed

)
D

ec
re

as
ed

in
va

si
on

L
u

et
al

.
(2

00
8)

N
R

P
-1

(V
E

G
F

re
ce

pt
or

)
In

vo
lv

em
en

t
in

A
M

L
L

ip
of

ec
ta

m
in

e
20

00
(u

nk
no

w
n)

D
ec

re
as

ed
pr

ol
if

er
at

io
n

an
d

ch
em

ot
ax

is
of

le
uk

em
ic

ce
ll

s
P

ow
el

l
et

al
.

(2
00

9)
O

P
N

(S
er

58
5-

su
rv

iv
al

pa
th

w
ay

,
cy

to
ki

ne
an

d
ch

em
oa

tt
ra

ct
an

t)
)

In
ve

st
ig

at
ed

S
er

58
5-

su
rv

iv
al

pa
th

w
ay

.
O

P
N

is
a

se
cr

et
ed

pr
ot

ei
n

an
d

th
er

ap
eu

ti
ca

ll
y

ac
ce

ss
ib

le

U
nk

no
w

n
(5

0–
15

0
nM

)
In

cr
ea

se
d

ce
ll

de
at

h
an

d
de

cr
ea

se
d

su
rv

iv
al

in
A

M
L

bl
as

ts
an

d
le

uk
em

ic
st

em
an

d
pr

og
en

it
or

ce
ll

s
Y

an
g

et
al

.
(2

01
2)

S
10

0A
8

(a
ut

op
ha

gy
)

T
o

de
te

rm
in

e
S

10
0A

8
ro

le
in

au
to

ph
ag

y
in

A
M

L
L

ip
of

ec
ta

m
in

e
R

N
A

iM
A

X
(u

nk
no

w
n)

In
cr

ea
se

d
ch

em
os

en
si

ti
vi

ty
,

in
cr

ea
se

d
ar

se
ni

c
tr

io
xi

de
in

du
ce

d
ap

op
to

si
s,

de
cr

ea
se

d
au

to
ph

ag
y

si
R

N
A

st
ud

ie
s

w
hi

ch
re

po
rt

ed
si

gn
ifi

ca
nt

an
ti

-s
ur

vi
va

l
ef

fe
ct

s
in

A
M

L
ce

ll
s

w
er

e
se

le
ct

ed
fr

om
a

P
ub

M
ed

‘A
M

L
si

R
N

A
’

ke
yw

or
d

se
ar

ch
.T

he
ta

rg
et

s
w

er
e

se
gr

eg
at

ed
ba

se
d

on
th

ei
r

ph
ys

io
lo

gi
ca

l
m

ec
ha

ni
sm

(o
r

ac
ti

on
)

Potential of siRNA Therapy in Chronic Myeloid Leukemia 457



et al. 2009; Lodish et al. 2013). The heterogeneous lipid composition and distri-
bution of hundreds of lipid species present in cell membrane influences the degree
of lipid diffusion in the membrane as well, as the thickness and shape (architec-
ture) of the cell membrane. These characteristics are not conserved among the cells
and are dependent on the cell type, cellular activity and the constant changes in
signaling with the external environment (Lodish et al. 2013; Janmey and Kinnunen
2006). The heterogeneity of these components and the affinity among some of
them, such as the affinity between cholesterol and sphingolipids, lead to the for-
mation of clusters along the membrane that are known as lipid rafts (Brown and
London 2000; van Blitterswijk 1988). These clusters have their own charge, which
can make a siRNA nanoparticle more or less interactive with specific regions on
cell surface, leading to different type of interactions along the membrane. The
successful integration of the siRNA nanoparticles with the membrane will depend
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Fig. 2 Different delivery
approaches used for siRNA
delivery in AML models. The
delivery approaches were
obtained from the studies
summarized in Table 2
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on the ability to interact to this area by charge affinity or to move to another area of
more affinity (Nel et al. 2009). These factors make the cell membrane a dynam-
ically uneven surface with unstable characteristic features for interaction with
siRNA nanoparticles (Nel et al. 2009).

6.1 Differences in Delivery Between Suspension-Growing
Versus Attachment-Dependent Cells

The delivery of siRNA nanoparticles is challenging when the target cells are
suspension-growing (i.e., attachment-independent) cells. The interaction of sus-
pended particles with cells growing in suspension is expected to be different from
cells that are attached to other cells or to tissue culture plastic. The siRNA
nanoparticles need to be designed in such a way that they are able to bind to
suspended cells and promote their entrance into the cells for delivery of nucleic
acids. Uptake of siRNA nanoparticles in suspension-growing cells such as leu-
kemic cells has been studied and it has been found that the delivery of nucleic acid
moieties is more difficult to achieve in these cells (Valencia Serna et al. 2013).

Initial studies performed in Uludag lab compared siRNA uptake between the
adherent breast cancer MDA-MB-231 cells and suspension-growing K562 CML
cells with a generally-effective PEI2LA. A 15-fold reduction in siRNA uptake was
found in K562 cells in comparison to MDA-MB-231 cells, showing a considerable
reduction in the siRNA delivery efficiency. In addition, despite a 29-fold increase
in the siRNA uptake with these carriers (in comparison to non-carrier groups),
silencing of the green fluorescent protein (GFP) in GFP-positive K562 cells was
proven to be ineffective (Valencia Serna et al. 2013). The relatively small amount
of siRNA may have not reached its target (RISC for degradation of the mRNA),
possibly due to incomplete internalization or endosomal entrapment of the parti-
cles (Valencia Serna et al. 2013). Similarly, Lorenz et al. evaluated the interaction
of polymeric particles with different cell types and found that when the amount of
amino groups of the particles was increased, a greater amount of particles inter-
acted with cell membranes (Lorenz et al. 2006). Moreover, although it was found
that the interaction between the cells and nanoparticles was the same with all the
cell lines tested, whether attachment-dependent (HeLa and mesenchymal stem
cells (MSC), or suspension-growing (KG1a as a model for CD34+ hematopoietic
stem cells and Jurkat as model for T cells) cells, the internal location of these
particles differed among the cells: particles that interacted with MSC and HeLa
(attachment-dependent) cells were located in intracellular compartments, most
likely located inside endosomes; while particles that interacted with KG1a and
Jurkat (suspension-growing) cells were found at the cell membrane or periphery of
the cells (Lorenz et al. 2006), suggesting that these particles were not internalized
in the cells and were not able to overcome the cell membrane barrier. An active
endocytosis was perhaps limited in the latter cells. Zhao et al. (1996) also
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compared the oligonucleotide uptake between leukemic and the different types of
normal (from bone marrow or peripheral blood) human hematological cells and
found that the uptake differed among the hematopoietic cell types: the uptake was
highest in myeloid/macrophages, followed by B-cells, T-cells and finally with
neutrophils having the lowest uptake level. On the other hand, human leukemic
cells were also found to take up more oligonucleotides than normal or residual
cells from the same patient and, this uptake was increased or decreased in leu-
kemic and normal cells upon cell growth factor stimulation and cell growth
inhibition, respectively. This led the authors to conclude that the uptake in leu-
kemic cells was greater due to their higher cell growth and activation (Zhao et al.
1996). These observations indicated that the uptake of nucleic acid nanoparticles is
dependent; not only on the cell type (i.e., attachment-dependent vs. suspension-
growing or attachment-independent), but also on the internalization pathway that
could be variable among the attachment independent cells. Thus, not only cationic
charges seem to be important for high affinity interactions with cell membranes of
suspension-growing cells, there might be also a need of specific ligands (as will be
discussed later) for particles to display direct interaction with cell membrane
components that lead to a complete cell internalization and continuation with the
silencing of the targeted mRNA.

Among the explanations for less effective transfection in leukemic or suspen-
sion-growing cells, Labat-Moleur et al. (1996) suggested that the poor transfection
ability of cationic vectors in lymphocytes, and other non-adherent cells might be
attributed to weak interaction of these vectors due to the lack of Ca2+-dependent
cell surface extracellular matrix (ECM) ligands, such as, proteoglycans and cad-
herins, that are only present in adherent cells. Others have explored further the
presence of binding proteins in leukemic cells. Rainaldi et al. for example, had cell
culture flasks coated with polylysine and added foetal bovine serum to surfaces so
that polylysine could immobilize proteins necessary for binding of K562 cells. The
expressions of the most common ECM proteins, including fibronectin (VLA-5),
vitronectin (avb3), collagen (VLA-2) and, hyaluronan (CD44), were then evaluated
and, fibronectin was found to be the only cell membrane protein that was
expressed in K562 cells attached to a surface under these conditions. The authors
concluded that facilitated-adhesion of K562 cells onto polylysine did not occur
directly between these two, but rather between the fibronectin receptors on the
surface of K562 cells and the fibronectin absorbed onto the polylysine-coated
surface by the addition of FBS (Rainaldi et al. 2001).

Sun et al. (2013) investigated the expression of CD44 in different cell lines
(SHI-1, THP-1, NB4 and K562) and K562 cells were found to differ from the rest
of cells lines: the expression of CD44 in SHI-1, THP-1 and NB4 cells (all cell
models of acute myeloid leukemia, AML) was shown to be significantly higher
than that of K562 cells. Moll et al. (1998) have also shown that K562 cells do not
normally express CD44 protein but that these cells can express this molecule when
they are stimulated to differentiate towards the myeloid lineage. The expression of
CD44 receptors on the cell surface seems to be a characteristic related to the
adhesion and migration of AML cells. Suspension-growing and leukemic cells
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seems to not express most of the cell membrane receptors that are involved in the
cell adhesion. How the lack of these receptors reduces the interaction with the
binding of nucleic acids and their carriers still remains to be clarified.

6.2 Structure-Function Relationships in Cellular Delivery

In order for the uptake to take place, particle binding and engulfment at the
adhesion site require specific and nonspecific interactions to overcome the resistive
forces that hinder particle uptake (Nel et al. 2009). There are two types of strat-
egies that aim to deliver nucleic acid to the suspension-growing cells, mediated by
either unspecific binding or specific binding. Here, we review the latest studies and
delivery systems that are being used for improving the delivery efficiency in the
suspension-growing leukemic cells. The challenges for the optimization of the
design of the nucleic acid delivery carriers are additionally discussed.

6.2.1 Delivery Based on Unspecific Binding to Cells

Calcium phosphate transfection method consists of addition of a co-precipitate
containing calcium phosphate and nucleic acids to cell culture. The sedimented co-
precipitates are then taken up by cells after non-specific binding of the co-pre-
cipitates to the cell membrane (Ravid and Freshney 1998). Jordan and Wurm
(2004) used calcium phosphate to transfect attachment-dependent and suspension-
growing cells, emphasizing some of their transfection differences. They mention
that since adherent cells are at the bottom of the plate, they do not interact with the
particles present in the medium. To increase this interaction, the particles should
be large enough to settle down by gravity, but the bigger the size the lower the
transfection efficiency (expected). When the particle is small, it is unlikely to
settle, but its inherent transfection ability would be higher due to its smaller size.
The suspension-growing cells are more likely to interact with particles because
they are suspended in the medium, however the affinity plays an important role for
the particles to tightly interact with the cells (Jordan and Wurm 2004).

Cell penetrating peptides (CPPs) can be up to 30 amino acids long and are
inherently able to translocate cell membranes. Overall cationic charge of CPPs
confers them the ability to interact electrostatically with the phosphate backbone
of nucleic acids to form stable nanoparticles, while allowing them to interact with
cell membranes as well. Arthanari et al. (2010) used the cationic Tat-derived CPPs
(aminoacids 49–57 of HIV-1 TAT protein) covalently attached to cationic mem-
brane active peptide LK15 (Tat-LK15 peptide) for the delivery of siRNA and
plasmid DNA encoding for a short hairpin RNA (shRNA) in K562 cells.
The authors found that the combination of these two peptides increased the
transfection efficiency by two folds in comparison with Tat peptide alone in
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several cell lines. With a dose of 1–30 lg of siRNA in 1 ml (24–729 nM based on
our calculation), expression of p210 BCR-ABL was reduced to at least *70 %
48 h post-transfection for all concentrations. High density of positive charges of
siRNA nanoparticles led to cytotoxicity ranging from 0 % (10 lg siRNA) to 30 %
cell death (30 lg siRNA) (Arthanari et al. 2010).

Wang et al. (2008) prepared siRNA nanoparticles with functionalized single
wall carbon nanotubes (f-SWNTs) and siRNA against cyclin A2, which is
involved in cell cycle regulation and associated with proliferation in leukemic
K562 cells. These cells were treated with particles formed of f-SWNTs and Cyclin
A2 siRNA (25 nM), which resulted in a reduction of cell numbers of up to *70 %
60 h after treatment in comparison with cells treated with f-SWNTs and control
siRNA. No significant toxicity was found with cells treated with f-SWNTs alone or
in combination with control siRNA. Both a reduction of the Cyclin A2 mRNA was
found 32 h after treatment as well as a 70 % reduction in the colony formation
assay 3 weeks post-transfection (Wang et al. 2008).

6.2.2 Delivery Based on Specific Binding to Cells

Among the most effective specific-binding interaction are those ligands or anti-
bodies coupled onto nanoparticles that allow them to interact with complementary
molecules (or receptors) on cell membranes (Nel et al. 2009; Wang et al. 2011).
These interactions result in either receptor-mediated endocytosis or receptor-
mediated direct penetration in the absence of endocytosis, for example when gold
nanoparticles and cell-penetrating peptides are used as delivery carriers (Nel et al.
2009). For nanoparticle adherence and engulfment to take place at an adhesion
site, ligand-receptor interactions need to overcome the resistive forces that prevent
the nanoparticle uptake. Examples of these resistive forces are the memory of the
cell membrane to return to its original form and the hydrophobic exclusion of polar
surfaces by the cell membrane (Nel et al. 2009).

Antibody-mediated attachment does not necessarily induce internalization of
nanoparticles. For example, doxorubicin-loaded liposomes were attached to anti-
CD34 monoclonal antibody that targets CD34+ KG-1a cells. The cell-associated
level of Dox in KG-1a cells was found to be lower in comparison with free Dox
exposure. Since 40 % of the drug seemed to be released after 2 h of incubation for
both systems, this targeted-drug delivered system would need to be used in combi-
nation with inhibitors of the P-gp efflux pump—whose overexpression in cancerous
cells is known to act as a drug resistant method—so that the Dox extrusion is inhibited
and the drug can exert its cytotoxic effect inside the cell. The IC50 of Dox-loaded
CD34+ liposomes was similar to that of free Dox, but 8 times higher than the non-
targeted liposome. Based on confocal and flow cytometry studies that show that
neither the liposome nor the antibody were internalized by the cells, the authors
suggested that the delivery mechanism of this immunoliposome is binding to targeted
cells and Dox at the vicinity of the cells, where the drug is consequently internalized
as free Dox. The CD34 cell binding did not seem to be capable of triggering the
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liposome cell entry (Carrion et al. 2004) and/or the cells were not able to internalize
the Dox-loaded liposomes, probably because of the nature of the liposome used.

Thus, immuno-targeting with antibodies by themselves does not necessarily
correspond to high internalization since the carrier needs to also play an important
role with cell membrane interactions and internalization. Guillem et al. constructed
immunopolyplexes, using 25 kDa PEI-based polyplexes attached via a streptavidin
bridge to biotin-labeled antibodies that target cell membrane proteins. A signifi-
cant selectivity in delivery was observed: an anti-CD3 immunopolyplex was
functional only in Jurkat T-cells (CD3+/CD19-), while an anti-CD19 immunop-
olyplex was functional only in Granta B-cell line (CD3-/CD19+). However, only
*11 % of Jurkat cells and *2 % for Granta cells were transfected, showing a
dependency of the transfection efficiency on the cell type used. Transfection of a
mixture of Jurkat and J.RT3/T3.5 cells (a CD3-/CD19- T-cell line) with anti-CD3
immunopolyplexes showed that[80 % of transfected cells were CD3+, indicating
the selectivity of the delivery system in a heterogeneous cell population. Viability
studies showed a decrease in cell viability to 50 % for Jurkat cells and to 90 % for
J.RT3/T3.5 (Guillem et al. 2002), which shows an association of transfection with
significant cytotoxicity in this system. Poor transfection was shown with naked 25-
PEI (5 % cells were positive for transfection) in comparison with anti-CD3 im-
munopolyplex (10 % of cells were positive).

In an attempt to develop a delivery system for T-cell leukemias, more specifically
against JL1-positive cells, an antibody-coupled CPP (oligo-arginine9) complex was
developed (Lee et al. 2010). Uptake studies showed a higher binding affinity of JL1-
CPP nanoparticles to JL1-overexpressing cells than Jurkat cell with low JL1
expression, when a 200-pmol siRNA was used and after 2 h of transfection 96 % of
the cell population was already FITC-positive. The uptake was shown to be 5.7 % for
JL1- negative H9 cells (Lee et al. 2010). No toxicity studies or silencing experiments
were performed. Major limitation of peptide delivery systems is their excessive
positive charge and lack of target cell specificity, which may result in non-specific
tissue distribution and aberrant immunogenic toxicity (reviewed in Lee et al. 2010).

Therefore, using an antibody seems to increase selectivity and enhance the
efficacy of the carrier in the last two cases. However, this targeted systems seems
to be limited by the efficacy of the carrier used, therefore, a more efficacious
carrier could enhance transfection even further.

6.3 Secondary Effects of siRNA Silencing: Off-Target Effects
and Cytotoxicity

Transferrin receptor (TrfR) is a cell membrane-associated glycoprotein that is
overexpressed in cancer cells, can be easily accessible and can promote endocy-
tosis once its ligand transferrin (Trf) is bound at the cell surface (Mendonça et al.
2010). Mendonça et al. developed a transferrin receptor (TrfT)-targeted sterically
stabilized liposomes encapsulating BCR-ABL siRNA. K562 and LAMA-84 cells
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were transfected twice every 2 days with a siRNA concentration ranging from 100
to 2,000 nM. Efficacy experiments showed a dose-dependent reduced viability
when BCR-ABL siRNA was delivered to these cells: cell viability was reduced up
to *47 % for LAMA-84 cells and up to *24 % for K562 cells. However, a dose-
dependent toxicity (58 % with 2 lM of siRNA) was also seen with scrambled
siRNA with LAMA-84 cells, but to a much lower extent with K562 cells. Levels
of BCR-ABL mRNA were reduced in a dose-dependent manner up to 1 lM
(*60 %) with specific siRNA in LAMA-84 cells while no significant reduction
was found with scrambled siRNA. Similar results were found for the oncoprotein
as well, except that the scrambled sequence reduced non-specifically the protein
levels at the highest siRNA concentration (2 lM) (Mendonça et al. 2010). High
toxicity and off-targets effect in this system was probably due to high siRNA dose
(2 9 1 - 2 lM of siRNA) and the highly cationic carrier.

Eguchi et al. generated a carrier composed of a TAT-peptide transduction
domain (PTD) and double-stranded RNA-binding domain (PTD-DRBD); RNAi
induction was evaluated in difficult-to-transfect cells, including T cells. GFP
siRNA delivered with PTD-DRBD (siRNA concentration of 100–400 nM) in
Jurkat T-cells containing an integrated GFP reporter gene resulted in a reduction of
the mean GFP fluorescence to *10 % and also showed an mRNA reduction to
10 %, while Lipofection (100 nM for Lipofectamine 2000TM and 10–50 nM with
Lipofectamine RNAiMAXTM) reduced the mean fluorescence to 50–60 % and
mRNA levels to *50 %. Similar results were found when targeting CD4 and CD8
in primary murine T cells with PTD-DRBD with specific siRNAs. No toxicity was
found in primary human umbilical cord vein endothelial cells (HUVEC) cells
treated with siRNA and PTD-DRBD. About 20 % mRNA reduction or off-target
effect was seen when scrambled (negative control) siRNA were used either in
Jurkat or HUVEC cells (Eguchi et al. 2009). This system is highly effective in
silencing however; off-target effects are probably common when high siRNA
concentrations are used.

7 Perspective on the Future of siRNA Delivery in CML

New functional carriers that promote efficient delivery of gene-based agents (i.e.,
siRNA) in a controlled and non-toxic way, are motivating researchers to find
physiological solutions for treatment of CML. A better understanding of the clues
that lay behind the uptake and intracellular trafficking of siRNA nanoparticles in
the challenging suspension-growing leukemic cells will further help in this
endeavor. The effect of carrier characteristics such as molecular size, degree of
substitution (or modification) and optimal balance of the lipophilic-cationic moi-
eties should be better understood not only on siRNA delivery efficiency, but also
on toxicity, intracellular trafficking and cell specificity. This together with the
identification of novel siRNA targets that can be used in combination with
classical siRNA targets in CML, such as BCR-ABL, to silence gene combinations
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involved in the activation of different survival pathways in CML should prove
beneficial. The combinational delivery, where multiple targets are silenced
simultaneously, is likely going to yield more efficacious therapy, and possibly
more specific outcomes. Irrespective of the target, however, non-viral siRNA
delivery is more likely to be the clinically acceptable approach, given the rela-
tively safe nature of such a delivery mode. The siRNA therapy could act in
conjunction with the current clinically-employed drugs to improve their effec-
tiveness or re-sensitize the cells to current drugs. However, the siRNA therapy
could also serve as a stand-alone therapy if LSC could be specifically targeted.
There is no reason why the delivery methods used for CML cells could not be
applied to other types of leukemias, but this will most likely require a different set
of biomaterials effective in a particular types of leukemia. Very little information
exists on the molecular details for effective carriers in different leukemias so that
this should be a fruitful avenue of exploration in the future.

Since the suspension-growing cells tend to be more difficult to transfect than the
attachment-dependent cells, added pressure exists for non-viral delivery to be
functional for leukemic diseases. The siRNA nanoparticles need to be effective at
20–50 nM range in culture for a practical translation to preclinical animal models.
It is typical for reported delivery system to employ concentrations beyond this
range, including our own work (Valencia Serna et al. 2013). Concerted effort to
lower efficacious doses will be beneficial in this regard. In addition to efficacy,
specificity is important not to down-regulate targets critical in normal physiology.
Given the cationic nature of these nanoparticles, they could theoretically bind to a
multitude of cells in vivo. However, ‘biochemical’ targeting could alleviate this
limitation to some extent: only those genes that are aberrantly expressed in CML
cells, such as the BCR-ABL or other supporting mediators, could be the target of
RNAi, so that nanoparticles penetrating ‘normal’ cells might not lead to silencing
important targets. On the other hand, in order to increase the specificity of siRNA
delivery, polymers could be coupled with CML-specific ligands, such as anti-
bodies, to deliver the siRNA to only certain cell populations. For example, carriers
could be coupled with an anti-CD34 antibody to target at least most of the CML
stem cell portion. However, these antibodies need to be chosen with care so the
delivery system is not too limited to certain cell populations. These antibody
ligands need to be also exclusively or substantially over-expressed in the target
cells to minimize nanoparticle binding to normal cells. A modular design could be
envisioned where a delivery system optimized for general cellular uptake is further
functionalized with leukemic cell specific cell surface binding molecules.

Finally, little information is available on siRNA delivery to primary cells, either
healthy or malignant cells from CML patients. It is critical not only to evaluate the
efficacy in human cells, but also evaluating off-target effects of the siRNA delivered
and cytotoxic effect of the polymers. While cell lines are preferred (due to practical
reasons) to optimize cellular delivery, endocytosis rate and intracellular trafficking
pathways are expected to be significantly different from cell lines. Misleading
directions could be avoided by employing primary cells early on in development
process.
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