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Editorial and Introduction

Intracellular delivery: Fundamentals and applications
A special volume of the series — Fundamental Biological
Technologies (http://www.springer.com/series/7045),
Professor M. Ferrari, Editor.

This book features a special subsection of Nanomedicine, an application of
nanotechnology to achieve breakthroughs in healthcare. It exploits the improved
and often novel physical, chemical and biological properties of materials only exis-
tent 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 nanotechnology in the area of drug delivery,
i.e. the application of various nanoparticulates based on natural or synthetic, organic
or inorgarnic materials as drug carriers, first of all to deliver 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. It is very
prolific field as it appears that the pace of discovery of intracellular drugs (to cellular
or organ compartments) is proceeding faster than conventional ones. The lipidic
nature of biological membranes is the major obstacle to the intracellular delivery of
macromolecular and ionic drugs. Additionally, after endocytosis, the lysosome, the
major degradation compartment, needs to be avoided for better activity. 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, includ-
ing size, surface charge, composition and the presence of cell specific ligands, alter
their efficacy and specificity towards particular cells. This book summarizes vari-
ous aspects of targeted intracellular delivery of therapeutics including pathways,
mechanisms, and approaches. Several case studies featuring a high success at an
industrial scale are reviewed.

This volume is a collection of authoritative reviews. We first cover fundamental
routes of nanodelivery devices cellular uptake, types of delivery devices, particularly
in terms of localized cellular delivery, both for small drug molecules, macromolecu-
lar drugs and genes; all at academic and applied levels. Following is dedicated to

Xvii



Xviii Editorial and Introduction

enhancing delivery via special targeting motifs. Second, we introduce different types
of intracellular nanodelivery devices (chemistry, although the coverage is far from
complete) and ways of producing these different devices. Third, we put special
emphasis on particular disease states and on other biomedical applications.
Diagnostic and sensing is also included.

This is a very pregnant topic which will stir great interest. Intracellular delivery
enables much more efficient drug delivery since the impact (on different organelles
and sites) is intracellular as the drug is not supplied externally. There is a great
potential for targeted delivery to certain cells or even to certain intracellular
compartments with improved localized delivery and efficacy.

The Part I of this Volume deals with nanoparticle uptake and targeting and
functionalization tools available to facilitate and enhance their internalization. The
passive uptake and entry of nanoparticles into the subcellular space and its organ-
elles could be enhanced with a targeting motifs via an active entry. Targeting, local-
ized 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 selec-
tively 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 non-targeted 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 non-specific toxicity.
This vicious cycle of large doses and the concurrent toxicity is a major limitation
of many current therapies. In cancer treatment, in many instances, it has been
observed that the patient succumbs to the ill effects of the drug toxicity far earlier
than the tumor burden (for example). All above calls for focused attention to
mechanisms of entry and targeting and studies how to avoid reticulo-endothelial
system (RES) capture (sometimes such affinity is employed to our advantage — see
lymphatic targeting). Futhermore, while the nanoparticles entry is always associ-
ated with particle repulsion, exocytosis is also covered, although it deserves greater
atention as many carriers/drugs could be eliminated from inside the cell even they
enter the intracellular millieau. Some special peptide-based targeting mechanisms
are covered at the end of this part. Such peptide motifs are often employed to
facilitate proper cellular entry once associated with nanocarriers.

For a single, even very sizable book, some important topics unfortunately are
not covered here, such as dual targeting, combination therapy, multivalency, trans-
port across the blood-brain barrier and some aspects of toxicity. Other neglected
area is that of chemical vectors for non-viral gene delivery that mimic some viral
functions and ultrasound-enhanced uptake.
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Nanoparticle preparation is the subject of Part II of the Volume. Although not all
possible chemistries are being covered, still the available information presents this
important area in good details. Some chapters deal with employment of natural
polymers, others with synthetic or semi-synthetic ones. Inorganic systems are also
described. A special emphasis is on the synthesis of magnetic nanoparticles and
metalic-based, biosynthetically synthesized nanoparticles, which are present in a
bionanocomposite (enmesshed) form with microroganisms. This Part is closed by
articles on processing and scale-up, the very significant consideration often limiting
the commerical application in general. Some special formulations are also covered
in Part IIT of this Volume (e.g., inorganic — calcium phosphate nanoparticles).

The Part III deals with specific medicinal applications. In doing so, we were
unable to cover all related topics because of Volume space limitation. Among those
covered, some are quite new, such as new imaging modes and stem cell tracking.
In our opinion, a special attention should be paid to coverage of bioinformatics (and
systems biology) as an important tool, which is going to shape the whole medicine
in a near future.

We strongly believe that the intracellular delivery/therapy is a very pregnant
topic, which will stir great interest. Intracellular delivery enables much more
efficient drug delivery since the impact (on different organelles and sites) is intrac-
ellular as the drug is not supplied externally within the blood stream.

As was said, the topic of intracellular delivery is so broad that not all aspects
could be covered. Great emphasis is on the state-of-the art topics. Unfortunately,
we could not avoid some overlap in covering individual topics. Thus, while there is
a considerable attention (and some overlap) devoted to entry mechanisms and
targeting, we would like to emphasize its importance towards the rational nanocarrier
design.

The Editor would like to profoundly thank all Contributors to this Volume for
their cooperation and enthusiasm. It is also noted that the authorship coverage is
truly international, in spite of apparent “concentration” of nanoactivity in USA.

Ale§ Prokop, Editor and
Vladimir P Torchilin
Northeastern University, Boston, USA
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Abbreviations

RES
SLC
OATP
PEPT-1 and SLC15A1
MCT1 and SLC16A1
gp60
ECM
VEGF
EPR
TGF-B1
CendR
iRGD
HGC
LAMP-1
SWNT
I-CAM
GRP78
DTPA
EC20
EC17
EC145
LHRH
PLGA
LDL
PSMA
PEG
siRNA
gpl120
PK2
ADEPT
NV

QD

PEI

NLS
HIV-TAT

ER
V+ATPase
EMMA
RER

SER

PDI

BiP
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reticulo-endothelial system

solute carriers

organic anion transporting polypeptides
Oligopeptide Transporter 1
mono-carboxylic acid transporters

cell surface glycoprotein receptor
extracellular matrix

vascular endothelial growth factor
enhanced permeability and retention
transforming growth factor beta one

C end Rule

internalizing Arginine-Glycine-Aspartic acid
hydrophobically modified glycol chitosan
Lysosomal-associated membrane protein 1
single walled carbon nanotubes
intercellular adhesion molecule one

78 kDa glucose-regulated protein
Diethylene triamine pentaacetic acid
Endocyte 20

Endocyte 17

Endocyte 145

leutinizing hormone releasing hormone
Poly(lactide-co-glycolide)

low density lipoproteins

Prostate Specific Membrane Antigen
polyethylene glycol

small interfering RNA

HIV-1,,, envelop glycoprotein

doxorubicin carrying polymer conjugated to galactose
antibody directed enzyme prodrug therapy
nanovehicular

quantum dots

polyethylenimine

nuclear localization signal

human immunodeficiency virus Trans-Activator

of Transcription

endoplasmic reticulum

vacuolar proton transporter

Endosomolysis by Masking of a Membrane-Active Agent
rough endoplasmic reticulum

smooth endoplasmic reticulum

protein disulfide isomerase

binding immunoglobulin protein
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KDEL
KDEL-R
GFP
PERK
STX-B
mtDNA
OMM

IMS

MM

TOM

TIM

ANT
BODIPY
TPP
HPMA
iSur-pDNA
DQAsomes

MITO-porter
R8

Mito-8
NPC

NLS

Ran

K

R

GFP

CPP

LEV
VEGFR-2
PECAM

Lys-Asp-Glu-Leu

Lys-Asp-Glu-Leu receptor

green fluorescent protein

proline-rich, extensin-like receptor kinase

Shiga toxin

mitochondrial DNA

outer mitochondrial membrane

intermembrane space

inner mitochondrial membrane

translocases of the outer membrane

translocases of the inner membrane

adenine nucleotide translocase

boron-dipyrromethene

triphenylphosphonium

hexamethylphosphoramide

suppressor of metastatic and resistance-related protein survivin
mitochondria-specific nanocarrier system prepared from the
amphiphilic quinolinium derivative dequalinium chloride
liposome-based carrier with a high density of fusogenic R8
eight arginines

mitochondria selective peptide

nuclear pore complex

nuclear localization signal

RAs-related Nuclear protein

lysine

arginine

green fluorescent protein

cell penetrating peptide

logic-embedded vector

vascular endothelial growth factor receptor two

Platelet endothelial cell adhesion molecule

1 Introduction

Depending on the mode of administration, the nature of the drugs, and their
formulation, molecules or particles have to bypass multiple biological barriers
before reaching the target site. Among these barriers are sequestration by the
reticulo-endothelial system (RES); transport across cellular (vascular endothelium
and gastrointestinal epithelial lining) and stromal (tissue interstitium) barriers; and
crossing cell and subcellular organelle membranes. These processes involve mass
transport at multiple levels bridging biology, chemistry, physics and mathematics
with the goal of understanding the mechanisms that govern transport across bio-
barriers in order to develop more effective therapeutics with fewer side effects.
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In this chapter we will review the main mechanisms of drug uptake for the most
common routes of administration starting from the macro-level of absorption (across
intestinal epithelium or vascular endothelium), then moving to cellular uptake, and
finally arriving at the level of intracellular trafficking and subcellular targeting. The
objective of this chapter is to enhance our understanding of mass transport to facili-
tate the development of carriers for cancer therapy and diagnostics. Unique charac-
teristics that originate from the tumor microenvironment will be emphasized, as well
as the ability to use these traits to achieve preferential accumulation of imaging and
therapeutic agents at the cancer lesion. Nanoparticles, which are being explored as
drug carriers, are discussed with an emphasis on the ability to tune their chemical
and physical properties to achieve preferential accumulation at the lesion.

2 Epithelial/Endothelial/Stromal Barriers: Mechanisms
to Cross Barriers

2.1 Gastrointestinal Administration: Epithelial Barriers

When given orally, a drug must cross barriers such as the mucus layer and the
unstirred water layer, or the epithelia cell membrane of the intestine and the underly-
ing tissues before reaching the systemic circulation and arriving at the site of action.
In general, biological membranes are composed primarily of lipid bilayers, contain-
ing cholesterol and phospholipids which provide stability and determine their per-
meability characteristics. Proteins that are involved in receptor-mediated transport
and the regulation of cellular metabolism are also embedded in these membranes.
Since epithelial cells are polarized, the membrane facing the two sides, that is, the
apical (facing the intestinal lumen) and the basolateral (facing the internal milieu and
the blood supply) have different lipid and protein compositions and thus different
permeability properties. As shown in Fig. 1, transepithelial transport of drugs can be
achieved either across the cells (via transcellular or intracellular pathways) or
through the junctions between cells (paracellular or intercellular pathways).

Transcellular transport involves drugs crossing the barrier through exploitation
of one of the following mechanisms: passive diffusion, facilitated passive diffusion,
active transport or pinocytosis (Fig. 1) (Stenberg et al. 2000; Gad 2008; Siccardi
et al. 2005).

2.1.1 Passive Transcellular Diffusion
Most drugs are transported across the gastrointestinal epithelium by passive diffu-

sion moving from a compartment at higher concentration, the intestinal lumen, to
one of lower concentration, the blood circulation, where the drug is more diluted



Mass Transport via Cellular Barriers and Endocytosis 7
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mediated Diffusion
APICAL
Transcellular Diffusion Paracellular
Diffusion

Fig. 1 Schematic illustrating several mechanisms of drug transport across the epithelium
(Reprinted from Gad (2008). Courtesy of Wiley Publishing Group)

and rapidly distributed to tissues. The kinetics of transport are therefore linear or
first order and the drug absorption can highly depend on the dissolution of the dos-
age form (e.g. tablet, capsule), which can be the rate limiting step (Muranishi 1990).
Transport is affected by the physico-chemical characteristics of the drug, such as
lipophilicity, size, and ionization, the latter depending on the pKa of the drug. Since
the molecules have to cross the lipid bilayer, small hydrophobic molecules are
favored. Moreover, uncharged molecules display less repulsion for charged groups
on the membrane surface and are therefore assimilated more easily. Drugs that are
weakly acidic, such as aspirin, are neutral in acidic environments and are therefore
more easily assimilated in the stomach, while weak bases, such as most benzodiaz-
epines, are better absorbed in more alkaline environments such as the duodenum.
However, it is important to emphasize that the main site of absorption in the gastro-
intestinal tract is the small intestine and, in particular, jejunum. Physiologically, this
segment of the gastrointestinal system is designed to absorb the nutrients from
ingested food, while the large intestine’s role is to absorb water and ions. The small
intestine is lined with simple columnar epithelium covered with folds, called plicae
circulars. These folds consist of finger-like projections, or villi, characteristic of
epithelial cells, and each cell also has hair-like projections, called microvilli. Each
villus is fed with a network of blood and lymphatic vessels. This very specific
structure has the important function of increasing the surface area available for
absorption of the exogenous substances.

The fundamental equation describing passive drug transport through membranes
is based on Fick’s first law, where the constant of proportionality between the drug
flux through a membrane and the gradient of concentration define the effective
permeability coefficient of the drug through the membrane (Peﬁ.) (Pang 2003).
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P, can be estimated experimentally by measuring the drug loss across the lumen at

any given segment:
C
Pe/f = %ln —outlumen
2rrl C

in,lumen

Where C . and C,  are the concentrations of drug leaving and entering
the lumen respectively, r is the radius, 1 the length of the lumen segment and
Qe 18 the experimentally determined luminal flow rate. P is dependent on the
physico-chemical properties of the drug which ultimately determine drug parti-
tioning between the hydrophilic exterior of the membrane (P, ) and the lipophilic

bilayer (P ):

2.1.2 Facilitated Passive Diffusion and Active Transport

Some of the endogenous substances or nutrients (e.g. vitamins, ions, sugars, amino
acids) are absorbed through the processes such as facilitated passive diffusion and
active transport. Both involve the drug reversibly binding to a carrier protein at the cell
membrane exterior, followed by the carrier-substrate complex being transported across
the lipid layers by proteins embedded in the membrane (Tsuji and Tamai 1996).
Carrier-mediated diffusion is characterized by selectivity, saturability and regional
variability (Tanaka et al. 1998). The carrier transports only substrates with a relatively
specific molecular configuration and the process is limited by the availability of carri-
ers. Saturation of carriers results in a non-linear dose-response relationship. Facilitated
passive diffusion does not require energy expenditure by the cell and therefore
transport against a concentration gradient does not occur through this mechanism.

Transport against a concentration barrier can be achieved by active transport,
which requires both associated carrier proteins and energy expenditure by the cell.
Membrane transporters can be divided in two major super-families: ATP-binding
cassette and solute carriers (SLC). These carrier proteins are expressed in different
degrees in different regions and of particular importance are those present in the
intestinal epithelia, hepatocytes, and proximal tubules of the kidney and in the
endothelium of the blood-brain barrier, as shown in Fig. 2. Among the specialized
small-intestine transport systems are organic anion transporting polypeptides
(OATP), Oligopeptide Transporter 1 (PEPT-1 and SLC15A1), and mono-carboxylic
acid transporters (MCT1 and SLC16A1) (Giacomini et al. 2010). In contrast to
these specialized drug transport mechanisms, there are processes that obstruct drug
penetration by expelling therapeutics from cells. These include membrane efflux
pumps. An example is cell surface p-glycoprotein. P-glycoprotein actively opposes
drug absorption by transporting many drugs from the intracellular environment to
the intestinal lumen (Hunter and Hirst 1997).
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Fig. 2 Specialized transport systems for drugs and endogenous substances (Reprinted from
Giacomini et al. (2010). Courtesy of Nature Publishing Group)

2.1.3 Paracellular Transport

Paracellular transport is defined as the pathway along the water-filled tight junctions
between adjacent cells. Tight junctions normally regulate the trafficking of nutri-
ents, fluids and small molecules, with a cut-off of 500 Da (Siccardi et al. 2005; Gad
2008). This type of transport occurs through diffusion and based on its aqueous
nature, it is most relevant for small hydrophilic drugs that cannot penetrate cell
membranes (Nellans 1991; Karlsson et al. 1999).

2.2 Intravenous Administration: Endothelial Barriers

The delivery of therapeutic agents to a target site after systemic administration
involves three processes which all require bypassing biological barriers: distribu-
tion through vascular compartments, extravasation and transport in the interstitium
(Au et al. 2001; Ferrari 2010). These processes are influenced by the physico-
chemical properties of the drug, including size, surface charge, surface flexibility,
and binding with extracellular and intracellular macromolecules, as well as the
physiological properties of the targeted site, which, in the case of cancer, includes
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abnormal vasculature, altered extracellular matrix components, interstitial fluid
pressure, and tumor cell density. All of these aspects affect drug distribution and
thereby the cytotoxicity of the treatment.

2.2.1 Transcytosis

Transcytosis is equivalent to the small-intestine transporter systems where macro-
molecules pass the endothelium barrier bound to a specific carrier through a
receptor-mediated transcellular mechanism. A well characterized pathway is that
mediated by albumin. Albumin is the most abundant protein found in plasma and
can function as a cargo chaperone binding to many substrates in the plasma, facili-
tating their delivery across the endothelial barrier. The albumin-molecule complex
interacts with the cell-surface glycoprotein (gp60) receptor which subsequently
binds to protein caveolin-1 triggering the formation of transcytotic vesicles (cave-
olae). These phenomena have an important clinical impact on drug uptake and
efficacy. One example is Abraxane, a Cremophor® free albumin-bound 130-nm
particle formulation of the chemotherapeutic agent paclitaxel which has been
shown to improve paclitaxel tumor cell penetration with reduced side effects
(Desai et al. 2000).

2.2.2 Vasculature Permeability and Models for Passive Drug Transport
Across the Endothelium

The vascular endothelium is a semi-permeable barrier which controls the passage
of macromolecules and fluids in the interstitial space assuring tissue fluid homeo-
stasis. Interactions between endothelial cells and pericytes, or integrin-mediated
interactions with extracellular matrix (ECM) proteins, such as collagen IV,
fibronectin and laminin, activates signaling pathways, keeping the endothelium
quiescent and leading to stable vessels with controlled junctions and permeability.
The passive extravasation of molecules across the endothelium occurs by diffusion
and convection through two primary mechanisms: paracellular and transcellular
routes. In the paracellular route, small molecules (<3 nm), such as urea and glucose,
can pass the endothelium barrier through junctions between cells, moving down a
concentration gradient. The transcellular pathway instead mediates the transport of
large molecules (>3 nm), such as plasma proteins (Mehta and Malik 2006). For
example, albumin exploits the receptor-mediated caveolae pathway as well as
transiently formed transcellular channels. This architecture can be altered during
disease states in which inflammatory mediators, such as VEGF (vascular endothelial
growth factor) and thrombin, alter the organization of intercellular junctions and
interactions between cells and ECM, creating intercellular gaps which allow the
uncontrolled flow of plasma protein and liquids across the endothelium, causing
swelling and immunological responses.
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These two mechanisms of transport can be described by fluidic models (Jain
1987, 1990, 1999) where the diffusive components of the transport are proportional
to the exchange vessel’s surface area, S (cm?) and the difference between the
plasma and interstitial concentration, Cp— C, (g/ml):

J, < 8*(C,~C,)

The constant of proportionality is, as per the epithelial transport, the permeability
coefficient, P (cm/s). According to Starling’s hypothesis the convection component,
J, (ml/s), is instead proportional to the rate of fluid leakage, from the vessels:

J, < S*¥[(P,—P)—0*(m, —7,)]

where S is the vessel’s surface area, P -P, (mmHg) is the difference between the
vascular and interstitial hydrostatic pressure, o is the osmotic reflection coeffi-
cient (which is close to 1 for macromolecules and almost zero for small mole-
cule) and 7,— 7. (mmHg) is the difference between the vascular and interstitial
osmotic pressure. The constant of proportionality is the hydraulic conductivity L,
(cm/mm Hg*s).
In the presence of both diffusion and convection we have the following equation:
J,=8*(C,-C)+J,(1-0,)AC,

m

Where o, is the solvent-drag reflection coefficient, 1 — o, is a measurement of the
coupling between fluid and solute transport and AC, is the mean concentration
within the pore across the membrane.

2.2.3 Tumor Vasculature and the EPR Effect

In addition to the physico-chemical properties of the drugs, the characteristics of
the target site play a crucial role in controlling the diffusion of drugs in tissues.
Trans-vascular transport in tumors is characterized by unique properties (Di Paolo
and Bocci 2007; Jain 1990; Minchinton and Tannock 2006). Tumors present an
abnormal vasculature in terms of structure and functionality. The vessels often have
an incomplete endothelial layer and lack intact pericyte coverage and basement
membrane which result in the opening of fenestrations in the vasculature walls that
make the vessels more permeable than normal tissues (Cairns et al. 2006; Tredan
et al. 2007). The increase in vascular permeability and hydraulic conductivity in the
tumor makes diffusion and convection through the large gaps formed in the
endothelium the primary pathways of drug transport across the tumor microvascular
walls. Since the vascular cut-off across the endothelium is bigger compared to
normal tissue ranging from 100 to 1,200 nm in diameter (Hobbs et al. 1998),
particle-based drug carriers, such as liposomes or polymeric nanoparticles, tend to
passively accumulate preferentially in the tumor. Moreover, since the cancer lym-
phatic drainage is defective, there is a decreased clearance of the macromolecules



12 S. Ferrati et al.

and particles from tumor interstitium, resulting in an enhanced permeability and
retention (EPR) effect that makes nanoparticles accumulate and be retained longer
at the tumor site (Iyer et al. 2006; Maeda et al. 2000). These tumor characteristics
have been successfully exploited in clinic for the delivery of doxorubicin-encapsu-
lated in liposomes, showing reduced cardiotoxicity while maintaining antitumor
efficacy (Batist et al. 2001). However, given the heterogeneous nature of cancer,
vessel permeability may vary significantly even within the same tumor, which
therefore leads to heterogeneous extravasation of therapeutic agents. An additional
result of the lack of permeability selectivity of the vasculature is the accumulation
of fluid and osmotic proteins from the blood in the interstitial space resulting in
increased osmotic pressure within the tumor interstitium (Cairns et al. 2006; Tredan
et al. 2007). Increased fluid pressure is high and relatively uniform in the center of
the tumor, but it drops to normal levels at the periphery and in the surrounding
normal tissues (Boucher et al. 1990). Consequently, transvasculature flow and con-
vective transport of therapeutic molecules in the tumor is greatly non-uniform,
resulting in low distribution of drugs at the tumor center. Poor vascular organization
also leads to hypoxia regions within the tumor which trigger the activation of cell
survival pathways and alternative energy sources, such as glycolytic energy produc-
tion. This generates the build-up of metabolic products that lower the extracellular
pH affecting protonation of drugs and therefore cellular uptake (Tredan et al. 2007).
All of these characteristics have to be taken into account in order to successfully
engineer novel therapeutics able to bypass the multiple barriers that oppose extrava-
sation of drugs into the tumor site.

2.3 Interstitial Transport in Solid Tumor: Stromal Barriers

Following extravasation, therapeutic agents still have to be transported across the
interstitial space by diffusion and convection in order to reach the targeted cells,
often far from the blood vessels. The ratio of non vascularized to well-perfused
regions, and tumor specific characteristics such as composition and structure of the
extracellular matrix, as well as cell density, are potential causes for the limited
delivery of therapeutics within the tissue (Tannock et al. 2002).

Various methods are available to characterize these barriers and to predict and
improve therapeutic agent penetration across tissues. Among the most common
methods are multi-cellular spheroids (Minchinton and Tannock 2006) and multi-
layered in vitro cell culture models (Tannock et al. 2002; Minchinton and
Tannock 20006), as well as in vivo analysis through magnetic resonance imaging
(MRI), positron emission tomography (PET), and fluorescent microscopy
(Reddy et al. 20006).

One barrier to drug transport in tumors is elevated interstitial fluid pressure,
which affects the convection flow of the extravasated molecules, slowing their
movement and causing them to move radially outward (Jain 1987). This leads to
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diffusion-dominated interstitial transport, which is very slow for particles and
macromolecules (Jain 1987), as well as to a possible clearance of the drugs.

Another barrier is the extracellular matrix (Netti et al. 2000). The major compo-
nents of extracellular matrix are fibrous proteins (collagen and fibronectin) and
polysaccharides (hyaluronan and proteoglycans). In vitro models used to study
transport include gels with immobilized cells and collagen (Ramanujan et al. 2002).
As an example, these systems are used to study the impact of cell density and col-
lagen concentration on drug movement. Studies have shown that drug transport is
inhibited by high cell density and over-expression of ECM components (Netti et al.
2000; Jain 1987).

Due to these barriers, only tumor cells close to the vasculature are exposed to an
effective drug concentration. In addition to these physical barriers, the physico-
chemical properties of molecules and particles such as size, shape, charge and
aqueous solubility affect the rate of diffusion through tissues (Minchinton and
Tannock 2006). For instance, small molecules diffuse readily due to their low steric
hindrance, and globular proteins diffuse slower than their linear counterparts.

2.4 Approaches to Enhance Uptake and Penetration
of Intravenously-Administered Therapeutic Agents

A wide range of studies have been done on chemical permeation enhancers for oral
delivery for both paracellular and trancellular routes (Muranishi 1990). In the first
case the enhancers alter the cell membrane structure while in the second case they
make the tight junctions between the cells more open. Included in this group of
molecules are melittin, surfactants such as sodium cholate, and palmitoyl carnitine
(Whitehead and Mitragotri 2008; Godin 2006). Further in this chapter we will focus
on the cellular barriers present mostly when the substance is administered intrave-
nously. In this context, many approaches have been studied to overcome transport
barriers and promote the delivery of therapeutic agents to the target lesion. Some of
these are focused on directly improving drugs in terms of structure, lipophilicity, and
formulation. Other methods target the environment, modifying, for instance, the
blood flow or enhancing intestinal and vascular extravasation as well as interstitial
penetration (Cairns et al. 2006). A promising strategy is the use of carriers such as
micro- and nano-particles to enhance the delivery of already employed drugs,
exploiting, in the case of cancer, the EPR effect (Iyer et al. 2006) and taking advan-
tage of the large variety of possible chemistries involved in the assembly of these
particles (Ferrari 2010). Moreover these carriers can be decorated with molecules
such as antibodies, aptamers and peptides which selectively recognize markers on
the surface of the cells at the site of action. Several studies have also evaluated the
use of pH-sensitive and temperature-sensitive carriers for the triggered release of the
payload in the tumor microenvironment (Hafez et al. 2000; Lee et al. 2008). Among
the approaches that target the environment, enhancing, for instance, the diffusion
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and/or convection of therapeutic agents across the vessel, are anti-angiogenic
therapies (Ferrara and Kerbel 2005), employed in cancer therapy as well as other
chronic diseases such as psoriasis (Buckland), rheumatoid arthritis (Longo et al.
2002) or diabetic retinopathy (Avery et al. 2006). Various compounds have been
developed to block VEGF pathways such as monoclonal antibodies (Avastin), small
molecules tyrosine kinases inhibitors such as lapatinib and sunitinib. These mole-
cules have been shown to enhance the effect of chemotherapeutics normalizing the
architecture of the tumor vasculature and reducing interstitial fluid pressure, hence
increasing the pressure gradient across the tumor vessels, which leads to greater
extravasation and deeper penetration of macromolecules into tumors.

As stated previously, high cellular and collagen densities have also been associ-
ated with increased interstitial fluid pressure and various strategies have also been
employed to reduce both factors before administering the therapy. Possible methods
include pretreatment with anti-adhesive agents or bacterial collagenases (Minchinton
and Tannock 2006; McKee et al. 2006), although there are concerns about the pos-
sible effect on metastasis. For some tumors, it is possible to identify the pathway
responsible for the overexpression of ECM components. For instance there is an
abundance of evidence that indicates that advanced-stage pancreatic tumors over-
produce transforming growth factor (TGF)-B1 which is involved in the functional
regulation of tumor interstitium (Roberts and Wakefield 2003; Pasche 2001). In
light of these findings, recent research has focused on strategies that antagonize the
TGF-B1 pathway as a possible treatment modality for tumors with a fibrotic
microenvironment (Biswas et al. 2006). Strategies include the use of monoclonal
TGF-Bl-neutralizing antibodies (Arteaga et al. 1993), antisense technology to
reduce the translational efficacy of TGF-B1 ligands (Spearman et al. 1994), and
small molecule inhibitors that antagonize the TGF-B1 receptor I/II kinase function
(Peng et al. 2005).

Other approaches to enhance drug extravasation and tissue penetration rely on
the conjugation or co-administration of peptides containing a tissue penetration
motif, such as the CendR (C end Rule) motif of the cyclic tumor penetrating peptide
iRGD (internalizing Arginine-Glycine-Aspartic acid) (Ruoslahti et al.; Sugahara
et al.). iRGD targets tumors by binding to integrins expressed on the tumor vascu-
lature. The peptide is then proteolytically cleaved, generating a peptide fragment
with the CendR motif exposed which interacts with the neuropilin-1 receptor, pro-
moting drug penetration into tissues. iRGD has been shown to improve penetration
of different types of molecules and particles in four different cancer models.

Local hyperthermia treatment, which is usually employed to improve radiation
therapy, also increases blood flow and tumor microvascular permeability, thereby
enhancing the extravasation and interstitial diffusion of therapeutic agents such as
liposomes or antibodies (Kong et al. 2000).

All of the above mentioned mechanisms for enhancing the permeation to the
target tissue should be taken into consideration when the delivery to the specific
population of the cells or to the specific cell organelles is desired. The following
sections will deal with the mechanisms of cellular uptake and targeting the thera-
peutic entities to their intended site of action intracellularly.
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3 Mechanisms of Cellular Uptake

3.1 Overview of Endocytosis Pathways

3.1.1 Endocytosis

Endocytosis is the process in which a cell internalizes exogenous substances such
as extracellular fluid, small molecules, proteins, debris, and even entire cells
such as bacteria and apoptotic cells. There are two main categories of endocytosis,
phagocytosis (cell eating) and pinocytosis (cell drinking). Pinocytosis occurs
through four mechansims: clathrin-dependent endocytosis, caveolin-mediated endo-
cytosis, macropinocytosis, and clathrin/dynamin-independent endocytosis (Liu and
Shapiro 2003). While virtually all cells are capable of pinocytosis, phagocytosis
may only occur in certain cells, including neutrophils, macrophages, monocytes,
and endothelial cells (Serda et al. 2009a). In the context of nanoparticles, under-
standing which pathways and cellular compartments are involved in the delivery of
a drug helps to determine its bioavailability and pharmacological activity.

During pinocytosis, the cell membrane invaginates and then fuses, nonspecifi-
cally entrapping fluid and particles in a vesicle that pinches off and moves to the
cell interior. Receptor-mediated endocytosis occurs when the solute binds to a
receptor on the cell membrane and is selectively internalized (Swaan 1998).
Phagocytosis, on the other hand, involves outward extension of membrane processes
known as pseudopodia. Pseudopodia wrap around the target in a process that is
dependent on actin polymerization (Yacobi et al. 2009). Once surrounded by
these extensions, the target is pulled into the cell into a membrane-bound vesicle
known as a phagosome. During maturation, phagosomes fuse with lysosomes and
become phagolysosomes (Hartwig et al. 1977). This fusion exposes the phagocy-
tosed contents to proteolytic enzymes and an acidic pH, which aids in digestion
of the contents.

Similar to phagocytosis, macropinocytosis is dependent on actin polymerization.
The process involves cell surface ruffling and leads to the formation of large macro-
pinosomes (Swanson and Watts 1995). This route is believed to be less selective
that phagocytosis and results in endocytosis of solute macromolecules. Agents such
as cytochalasin D and latrunculin B can be used to study internalization by this
pathway (Yacobi et al. 2009). Other studies use amiloride to selectively inhibit
macropinocytosis by blocking the Na+/H+ exchange pump (Park et al. 2010).

Clathrin-mediated endocytosis is an energy-dependent pathway that involves
cargo being recognized by adapter protein complexes. These complexes then
recruit clathrin coats using other effector proteins. Invaginations, known as clath-
rin-coated pits, pinch off into clathrin-coated vesicles holding the selected cargo.
Once internalized, the clathrin is uncoated and the vesicles fuse together to form
early endosomes (Yacobi et al. 2009). Subsequently, late endosomes are formed.
Cargo in late endosomes may be shipped to various organelles, including the lyso-
some. Lysosomal pathways will be discussed in greater detail, but in the context of



16 S. Ferrati et al.

endosomal compartments, further distinctions between early endosomes and late
endosomes exist (Park et al.). For some nanoparticles, it has been determined that
clathrin-mediated internalization is the predominant pathway by using chlorprom-
azine to inhibit internalization (Park et al.). Chlorpromazine causes dissociation of
clathrin from the cell membrane, effectively blocking clathrin-mediated endocy-
tosis. Dansylcadaverine has also been used as an effective inhibitor of clathrin-
mediated endocytosis, but the exact mechanism of this drug is not known (Yacobi
et al. 2009). Clathrin-mediated endocytic pathways can lead to the lysosomal
degradation, reducing the effectiveness of a drug (Park et al.).

Similar to clathrin-mediated endocytosis, caveolae-mediated endocytosis cre-
ates vesicles 50-70 nm in diameter, called caveolae, through invaginations of the
cell membrane (Brown and London 1998). Caveolae have been demonstrated to
be localized to lipid rafts, areas of plasma membrane highly concentrated in
sphingolipids and cholesterol (Brown and London 1998). It is this property of
caveolae that allows their function to be disrupted in the presence of sterol-
binding drugs that sequester cholesterol, such as methyl-beta-cyclodextrin
(Yacobi et al. 2009) and filipin. Park et al. (2010b) used filipin to demonstrate
the involvement of the caveolae-mediated pathway in the endocytosis of hydro-
phobically modified glycol chitosan (HGC). Confirmation that the caveolae path-
way is the mechanism for cellular uptake has also been demonstrated through
colocalization of labeled substrates, such as nanoparticles, with caveolin-1, the
major protein in caveolae (Yacobi et al. 2009). Caveolin-1 is also found in trans-
Golgi and post-Golgi vesicles.

Pinocytic pathways that do not fall under the above categories are referred to as
clathrin- and caveolae-independent endocytosis (Park et al. 2010b). These pathways
are a challenge to study and the extent of involvement of these pathways is hard to
quantify due to the lack of know inhibitors. Thus, inhibition studies of defined path-
ways are performed, and this mechanism will often be named by default.

3.1.2 Targeting Specific Endocytic Pathways

A cell uses various pathways in order to internalize molecules and particles. What
remains an unanswered question is what characteristics of a substance render it
more favorable for one pathway over another. However, this is obviously not the
case for cargo known to bind to specific cell surface receptors, and for molecules
that enter cells by diffusion, whose characteristics are well defined. For novel thera-
peutics, such as nanoparticle drug carriers and exogenous drugs, future studies will
be required to determine the physiological pathways involved during their endocy-
tosis by target cells. Understanding which properties of nanoparticles dictate which
pathways are utilized will benefit the development of particles and will aid in
designing drug carriers that traffic along desired pathways to reach the targeted
intracellular locations.
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3.2 Pathways Exploited by Nanoparticles

Many nanoparticles, especially those used in therapeutic drug delivery, are intended
to deposit a drug at a specific intracellular location, such as the cytosol. The transit
time for the cell to internalize the nanoparticle and deliver it to the cytosol, as well
as the steady-state level of the nanoparticle and its cargo, influenced by degradation
and dose, will ultimately determine the overall efficacy of the drug delivery system.
This section of the chapter will explore which endocytic pathways are candidates
for nanoparticle internalization.

In many instances, nanoparticles may enter cells via multiple endocytic path-
ways. Park et al.’s (Hyung Park et al. 2006) investigation of hydrophobically
modified glycol chitosan (HGC) is one such example. HGC is a promising
nanoparticle-based drug carrier used for transport of anti-cancer drugs, genes,
and peptides. Hence, understanding the endocytic pathways used in its uptake and
subsequently its intracellular localization and bioavailability, is of clinical inter-
est. The advantages of using HGC are high circulation time, rapid cellular uptake,
low toxicity and small size of the particle. The inhibition studies conducted on
this type of particle employed chlorpromazine, filipin III, and amiloride to inhibit
clathrin-mediated endocytosis, caveolae-mediated endocytosis, and macropino-
cytosis, respectively (Schnitzer et al. 1994). These studies demonstrated that
while HGC used all three endocytic pathways, their primary method of entry into
the cell is macropinocytosis.

Nanoparticles also enter cells using non-endocytic pathways. For example,
Taylor et al. (2010) demonstrated that incubation of gold nanoparticles with cells at
4°C failed to inhibit nanoparticle uptake, suggesting an energy-independent path-
way for entry into the cell, such as diffusion. The internalized gold nanoparticles
also failed to co-localize with Rab5a or LAMP-1 (Lysosomal-Associated Membrane
Protein 1), markers for early endosomes and lysosomal membranes, respectively.

Although targeting to lysosomal pathways is generally undesirable and actively
avoided in drug delivery due to degradation of the drug, some nanoparticle drug
delivery systems take advantage of this pathway in order to increase delivery. For
instance, Sahay et al. (2009) have described the delivery of the cytotoxic drug,
doxorubicin, via cross-linked-micelles, or polymeric micelles with cross-linked
ionic cores made of poly(methacrylic acid) and nonionic shells made of poly(ethylene
oxide). The cross-linked-micelles are not internalized in normal epithelial cells, but
are instead taken up via a caveolae-mediated endocytic pathway in cancer cells.
Subsequently, the cross-linked-micelles bypass the early endosomes and arrive at
the lysosomes, where the pH-sensitive hydrazone bonds of doxorubicin are cleaved.
This event leads to the accumulation of doxorubicin in the nucleus of the cancer
cell 5 h after administration. Hence, the method of uptake and intracellular destina-
tion in this instance confers the selective toxicity of this nanoparticle drug delivery
method. Many other investigators also have documented the use of pH sensitive
carriers for lysosomal release of therapeutics.
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The above examples demonstrate the importance of endocytic pathways involved
in a nanoparticle’s uptake. Determining which pathway is taken in target and non-
target cells will allow a greater understanding of the efficacy and specificity of the
nanoparticle, and hence, permit greater knowledge of the systemic clinical effects
of a drug from the cellular level. Future work in this direction will help to elucidate
which pathways are favored by emerging nanoparticle carrier technologies, and
what determines this selection.

3.3 Impact of Size and Shape on Uptake

The geometry of nanocarriers has been recently recognized as an important design
parameter for sculpturing the interactions of the system with biological substances
in addition to elemental composition (Roh et al. 2005; Akagi et al. 2010; Kennedy
et al. 2009; Godin and Touitou 2004), surface chemistry (Shi et al. 2002; Park et al.
2010a; Satija et al. 2007), attachment of targeting ligands (Rawat et al. 2007,
Torchilin 2006) and mechanical properties (Yum et al. 2009; Cho et al. 2009).
Various studies point towards the importance of particle geometry in cellular func-
tions such as endocytosis, vesiculation, phagocytic internalization, transport in the
vasculature and adhesion to the target receptors (Mitragotri 2009; Lee et al. 2010a;
Decuzzi and Ferrari 2007, 2008b; Serda et al. 2009a, b; Doshi et al. 2010; Champion
and Mitragotri 2009; Ferrati et al. 2010).

In vitro studies using phagocytic cells have shown that macrophages internalize
IgG-coated polystyrene spherical particles (200 nm—2 pum) through different intrac-
ellular delivery pathways. Nanospheres are internalized by clathrin-mediated endo-
cytosis, while polystyrene microspheres undergo classical phagocytosis, trafficking
more rapidly to the lysosomes (Koval et al. 1998; Rejman et al. 2004). In a study (Jin
et al. 2009) on the intracellular uptake rates of length-fractionated single-walled
carbon nanotubes (SWNT) 130-660 nm in diameter, the authors assessed single
particle tracking using their intrinsic photoluminescence. It was suggested that nano-
particles aggregate on the cell membrane to form a cluster size-sufficient to generate
a large enough enthalpic contribution for overcoming the elastic and entropic energy
barriers associated with membrane vesicle formation. The endocytosis rate for nano-
tubes was 1,000 times higher than for spherical gold nanoparticles (Jin et al. 2009).

Data from a study on Inter-Cellular Adhesion Molecule 1 (I-CAM-1) targeted
spherical and elliptical shaped polymeric nanoparticles, 100 nm—10 um in size,
have shown the effect of carrier geometry on the rate of endocytosis and lysosomal
transport in endothelial cells. Discoidal particles had higher targeting specificity;
and larger micron-size particles had an extended residency in prelysosomal com-
partments. Submicron carriers trafficked to lysosomes more readily (Muro et al.
2008). In another work, spheres, elongated and flat particles with an effective diam-
eter of 500 nm-1 pum and different zeta potentials were found to differently affect
endothelial cells. Needle shaped particles significantly impaired spreading and
motility of the cells through induced disruption of the cell membrane (lasting for
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up to 48 h) while spherical and elliptical disc-shaped particles did not have an
impact on these properties (Doshi and Mitragotri 2010).

Recent studies focused on dynamic manipulation of particle geometry as a tool
to precisely control particle-cell interactions (Caldorera-Moore et al. 2010). As an
example, Yoo and Mitragotri have designed polymeric particles able to switch
shape in a stimulus-responsive manner (Yoo and Mitragotri 2010). The shape-
switching behavior was a result of a fine balance between polymer viscosity and
interfacial tension and could be tuned based on external stimuli (temperature, pH,
or chemicals in the medium). Shape changes altered phagocytosis of elliptical par-
ticles that were previously not internalized by the cells (Yoo and Mitragotri 2010).
These results clearly emphasize the importance of size, shape and surface physico-
chemical properties in controlling the rate of uptake of nanovectors.

A number of mathematical models and design maps were proposed to explain the
effect of particles geometry on the intracellular uptake kinetics and to enable rational
design of the nanocarriers, respectively. Based on the above experimental results, the
rate of uptake can be described through a first order kinetic law where the intracel-
lular concentration C(#) increases with time following the relationship (1)

dc[;it(t) =k | X~ éi (Z)] ki = Tw_l (D
where 7 is the characteristic time for the nanovector to be wrapped by the cell
membrane, which can be related to the nanovector geometry (size, shape) and sur-
face chemistry (zeta potential, specific ligands). Mathematical modeling for receptor-
mediated internalization based on an energetic analysis has shown that there is a
minimal threshold particle radius to enable intracellular uptake. Below this point the
internalization is energetically unfavorable. Similar analysis shows that the surface
physico-chemical properties of the nanovector related to that of the cell membrane
can dramatically increase or decrease the uptake rate (Decuzzi and Ferrari 2007,
2008b). A mathematical model developed to predict the rate of uptake for ellipsoidal
particles as a function of their aspect ratio indicate that spherical or oval particles can
be more rapidly internalized by cells compared to elongated particles.

The effect of geometry on the intracellular delivery properties of nanovectors
can further be integrated together with other geometry-affected biological pro-
cesses (e.g. margination, vascular transport, adhesion to vessel walls, etc.) to gener-
ate generalized design maps which recapitulate the performances of nanovectors in
terms of transport, specific recognition and adhesion, and uptake as a function of
the design parameters and physiological/biophysical conditions. As an example,
design maps have been generated in the simpler case of spherical particles as a
function of the non-specific interaction factor, which accounts for the steric and
electrostatic surface interactions between the particle and a cell; and of the ratio
between the number of ligand molecules distributed over the particle surface and
the number of receptor molecules expressed over the cell membrane. As a function
of these parameters, design maps allow for estimating the propensity of a circulat-
ing nanovector to adhere and be internalized by cells (Decuzzi and Ferrari 2008a).
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Influence of carrier geometry on intracellular delivery can be explained in part
by different effects that particles with variable sizes and shapes may have on mem-
brane remodeling. This process, important in endocytosis, vesiculation and vesicle
transport through endoplasmic reticulum and Golgi apparatus, protein sorting and
other vital cellular functions, is highly dependent on membrane curvature, naturally
affected by some proteins through curvature-mediated attractive interactions
(Reynwar et al. 2007). The formation of a coordinated actin cup is crucial to initial-
izing phagocytosis and probably follows the local geometry of the particle. Because
actin remodeling is a metabolically intensive process, it may provide the basis for
the fact that particles requiring only gradual expansion of actin rings are phagocy-
tosed more effectively (Champion and Mitragotri 2006).

Recent developments in micro and nano-fabrication of shape and size-specific
vectors, following rational design, show great promise in overcoming one of the
chief constrains in drug delivery — the specific delivery into the diseased cells.
Further incorporation of stimuli-responsive biomaterials into the rationally designed
vectors will enable the development of conceptually novel drug delivery systems.

3.4 Receptor-Mediated Uptake of Nanoparticles

One of the major problems encountered with existing therapeutics is their harmful
effects on healthy tissues. To overcome these systemic effects, nanocarriers are
intended to concentrate the drug selectively at the lesion. This is achieved through
targeted delivery of therapeutics via encapsulation in nanocarriers that are surface-
coated with lesion-specific ligands.

Targeting moieties are, predominately, focused on receptors or antigens that are
overexpressed on the plasma membrane of diseased cells or adjacent vasculature
(Fuchs and Bachran 2009; Cho et al. 2008). Interaction of these targeting moieties
or ligands with their respective receptors aids in the internalization of the nanocar-
riers into the cells through various processes such as receptor-mediated endocyto-
sis, phagocytosis, macropinocytosis, etc. Several targeting ligands have been
examined and tested for the delivery of nanocarriers into cells.

Molecular signatures on the cell surface can be identified and used as a target. One
such technique to reveal new and unique markers on cell surface is in vivo phage
display. Using this technology, various tumor blood vessel endothelial markers such
as Aminopeptidase N (Pasqualini et al. 2000), 78 kDa Glucose-Regulated Protein
(GRP78) (Wood et al. 2008), integrins including o, 3, (Pasqualini et al. 1997) and
o, B, (Nie et al. 2008), and CRKL (Mintz et al. 2009) have been exposed. Other
markers, specific for lung vasculature (targeted by CGSPGW VRC peptide) (Giordano
et al. 2008) and white adipose tissue (prohibitin) (Kolonin et al. 2004) have also been
described. These markers can be exploited for inducing targeted apoptosis when
conjugated with proapoptotic peptides, such as D-(KLAKLAK), (Ko et al. 2009).

Some of the main membrane targets and related delivery systems are summarized
in Table 1 and discussed below. Folate (Vitamin B9) is an essential vitamin for
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various cell functions including nucleotide biosynthesis. The concentration of folate
receptors on the tumor cells has been shown to increase as the tumor progresses. This,
along with the inaccessibility of the receptor on normal epithelial cells has made it an
attractive target for designing tumor-specific drug delivery systems (Lu and Low
2002a). Guo et al showed that liposomes conjugated with folic acid and non-conju-
gated liposomes accumulated at tumor sites similarly in vivo, although the targeted
liposomes were internalized by tumor cells more efficiently than their untargeted
counterparts (Guo et al. 2000). This indicates that the targeting moieties may not
directly affect the organ distribution of the nanocarriers, but rather enhance the parti-
tioning of the drug within the tumor tissue between cancer and adjacent normal cells.
The suggested mechanism of internalization for macromolecules conjugated to folic
acid involves a nondestructive (non-lysosomal) endocytic pathway (Leamon and Low
1991). A number of therapeutic and imaging agents conjugated to folate were devel-
oped and are currently in clinical trials. Among these are the imaging agents
"n-DTPA (diethylene triamine pentaacetic acid)-folate (Siegel et al. 2003) and
EC20 (Endocyte20) (Fisher et al. 2008), as well as the therapeutic agents EC17 (Lu
and Low 2002b) and EC145 (Vlahov et al. 2006).

Leutinizing hormone releasing hormone (LHRH) is a peptide that was used as a
targeting moiety by Dharap and Minko to deliver campothecin to various tumor
cells in vitro and human ovarian carcinoma xenograft tumors in vivo (Dharap et al.
2005). The receptors for LHRH are overexpressed in multiple hormone-dependent
tumors such as ovarian, breast and prostate cancers. The nanocarriers decorated
with the LHRH peptides were shown to accumulate in the tumors preferentially
with minimal to no accumulation in other organs and showed significant reduction
in tumor size when injected in human ovarian carcinoma xenograft containing mice
(Dharap et al. 2005).

Poloxamer 188 coated Poly(lactide-co-glycolide) (PLGA) nanoparticles use their
similarity to low density lipoproteins (LDL) and bind to LDL receptors on endothe-
lial cells, thereby inducing a receptor mediated endocytosis of these nanoparticles
into the brain blood vessel endothelial cells and across the blood brain barrier.
Intravenous injection of doxorubicin-loaded poloxamer 188 PLGA nanoparticles
showed a long-term remission (<100 days without tumor) in 40% of rats with intrac-
ranially transplanted glioblastomas, in comparison to non-treated control mice that
died in less than 20 days post tumor implantation (Gelperina et al. 2010).

Aptamers, nucleic acid ligands selected for target specificity, are promising
agents for homing drug delivery vehicles to the disease site. Aptamers have been
used both as targeting agents and as therapeutic agents. For example, aptamers for
Prostate Specific Membrane Antigen (PSMA) have been used to label PLGA-PEG
(polyethylene glycol) nanoparticles that are loaded with Cisplatin, a platinum-
based drug. The labeled nanoparticles were efficient in targeting and eliminating
prostate tumor cells, as compared to non-targeted nanoparticles (Dhar et al. 2008).
Another example is the conjugation of aptamers to siRNA (small interfering RNA).
Aptamers targeted to gp120 (HIV-1,, envelop glycoprotein) in conjugation with
dicer substrate siRNA demonstrated specific inhibition of HIV replication and
infectivity to T-cells in vitro (Zhou et al. 2009).
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Targeted therapeutics currently approved by the FDA for the treatment of different
types of cancer are mostly antibody conjugates. Recently, several ligand-directed
nanoparticulate therapeutics have entered/completed different phases of clinical
trials (Table 2) (Phan 2007; Matsumura et al. 2004; Duncan 2006; Siegel et al. 2003;
Fisher et al. 2008; Matthews et al. 2009). MCC-465 (an immunoliposomal for-
mulation of doxorubicin conjugated to F(ab)2 fragment of human mAb GAH) was
the first “active” targeted nanoparticle that reached clinical trials for the treatment of
metastatic stomach cancer (Wang et al 2008).

Internalization of drug delivery systems following binding of the targeting moiety
may or may not be a desirable feature. It is important that internalization occurs
when delivery of immunoliposomes are concerned, however, in the case of radio-
labeled antibodies or antibody directed enzyme prodrug therapy (ADEPT), internal-
ization might be immaterial or even undesirable. (Allen 2002). Further, it is
important to remember that macromolecules and nanoparticles that enter through
receptor-mediated endocytosis, may invariably end up in lysosomes, where active
degradation of the drug and/or nanoparticles can take place by action of the lyso-
somal enzymes. This leads to inefficient drug delivery into the cell cytoplasm. Thus,
ways to escape the endosomal pathway are being designed to enhance the intra-
cellular delivery of drugs. For example, the use of pH sensitive liposomes,
(Straubinger et al. 1985) or cell penetrating peptides (Torchilin 2008) can either aid
in escaping lysosomal degradation or bypassing the endosomal route entirely as will
be discussed later in this chapter.

4 Intracellular Targeting

4.1 Introduction

In order for nanoparticles to be internalized by a cell, and have a therapeutic
effect, they must be capable of crossing the cellular membrane and steering to the
proper subcellular compartment. The combination of nanoparticle attributes and
cellular properties determine whether a nanoparticle will be internalized, by
which endocytic pathway, and what is the ultimate subcellular fate of the nano-
particle (Xia et al. 2008; Sahay et al. 2010a). A major barrier to successful drug
delivery is entrapment of drug carriers in endosomal vesicles. Two mechanisms
for endosomal avoidance exist: (1) the use of select pathways for nanoparticle
internalization, i.e. clathrin-independent mechanisms; and (2) escape from
the endosome into the cytosol, perhaps via disruption of the vesicular membrane.
The endocytic process utilized by a cell to internalize nanoparticles has a signifi-
cant impact on the pathway and intracellular trafficking of a nanoparticle, and
these pathways depend on extracellular signaling, cell type, and the properties of
nanoparticle, including size, shape, charge, and surface properties (Xia et al. 2008;
Sahay et al. 2010a).
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4.2 Cellular Zip-Codes

Blobel and Dobberstein hypothesized in 1975 that “zip-codes” were responsible for
targeting proteins toward the endoplasmic reticulum (Blobel and Dobberstein
1975). Blobel was awarded the Nobel Prize for Physiology or Medicine in 1999
(Heemels 1999), when the signal hypothesis based on “zip-codes’ held true for not
only transporting the proteins towards the endoplasmic reticulum but for other
intracellular organelles as well. By maneuvering the “zip-code” of a protein, the
sub-cellular destination of the protein could be changed. Since various diseases
have different subcellular origination, an opportunity is presented to use zipcodes
to drive intracellular trafficking in a disease-specific manner. Therefore it is crucial
to analyze and understand the multiple signaling elements and their role in
“zip-code” change to target an individual organelle and the specific disease (Davis
et al. 2007). For example, targeting lysosomes has been applied in treatment of
lysosomal storage diseases such as TaySach’s disease, Lesh-Nyhan-syndrome and
adenosine deaminase insufficiency. Targeting caveolae has been proposed to influ-
ence cancer, atherosclerosis, Alzheimer’s disease, and muscular dystrophy (Prokop
and Davidson 2008).

A number of intracellular DNA delivery studies for gene delivery have been
directed towards the nuclear genome, or more recently, to the mitochondria
(Torchilin et al. 2002). With mitochondria being a suitable target of proapoptotic
drugs for cancer therapy, and lysosomes being the target for lysosomal storage
diseases, the need to create efficient protocols for targeting such intracellular organ-
elles is augmented (Torchilin 2006).

Trafficking substances inside cells is an intrinsic process of prime importance.
As an example, it has been demonstrated that an oncogene can be transformed into
an apoptotic factor by manipulating the intracellular location of the protein, as in
the case of Ber-Abl protein in chronic myelogenous leukemia (Kanwal et al. 2004).
Thus an externally introduced ligand can alter the location of an intracellular pro-
tein modifying its functionality (Kakar et al. 2007). Nanotechnology being in the
interface of a variety of disciplines on the microscopic and molecular scales pro-
vides great opportunities to manipulate trafficking of the substances specifically to
the target organelles. A number of nanocarriers have been evaluated for the ability
to deliver the substances to different subcellular compartments. These include lipid
based systems (liposomes, ethosomes), magnetic nanoparticles, polymeric carriers
(drug conjugates, micelles, nanoparticles). The different systems, their form fac-
tors, and targeting mechanism are summarized in Table 3.

Prokop and Davidson, have discussed the emergence of nanovehicular (NV)
intracellular delivery systems which differ from microdelivery and commercially
employed nanotechnology. NVs are created o deliver cargo to particular intracel-
lular sites, and if possible, exert a local action that may range over a wide scale
of nanosizes (Prokop and Davidson 2008). Intracellular targeting such as endo-
lysosomal, cytoplasmic, nuclear and mitochondrial trafficking can be achieved
using nanovectors with specific physical characteristics as carriers.
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In the majority of cases the intracellular internalization of nanocarriers involves
enodocytosis (Prokop and Davidson 2008). Endosomes are naturally designed to
start the degradation process of the substances invading the cell membrane, and as
a result have much lower pH than that of the cytoplasm. Thus, endosomal escape is
one of the most important processes to prevent the deactivation of pharmaceutics
and enable their efficient action. A variety of strategies to enhance endosomal
escape are discussed in the literature, including pH-sensitive carriers (Park et al.
2010a; Kakimoto et al. 2010; Torchilin 2006), photochemical activation (Selbo
et al. 2010) and the use of endosome-disruptive agents (Nakase et al. 2010). As an
example, surface charge of nanoparticles plays a vital role in determining their
destination. Transition from pH 7 to an endosomal acidic pH resulted in the
release of the particles from the endosome into the cytoplasm (Panyam et al. 2003;
Panyam and Labhasetwar 2004). Cationic quantum dots (QDs) conjugated with
polyethylenimine (PEI) have been demonstrated to be suitable siRNA carriers to
silence specific target genes and also to study intracellular trafficking pathways
(Lee et al. 2010b). Cell Penetrating Peptides have been used to deliver therapeutic
agents to intracellular sites using nanoparticles. Mitochondria are characteristic of
possessing a high membrane potential and so attract positively charged particles
like oligoguanidines organelle (Rothbard et al. 2005). Nanocarriers modified with
mitochondriotropic triphenylphosphonium have shown effective delivery of a
model lipophilic molecule, ceramide, to mammalian mitochondria, increasing its
therapeutic efficiency both in vitro and in vivo (Sarathi et al. 2008). Localization
signals specific to organelles need to be incorporated on the nanovector surface
to be directed to specific organelles (Prokop and Davidson 2008). NLS (nuclear
localization signal) peptides interact with cytosolic agents and facilitate targeted
delivery to the nucleus. Low molecular weight protamine, which is structurally
similar to HIV-TAT (Human Immunodeficiency Virus Trans-Activator of
Transcription) peptide, has been coupled to plasmid DNA, permitting nuclear
specific delivery (Park et al. 2003). Viral proteins and combinations of organelle
targeting peptides and cell penetrating peptides are being investigated for intra-
cellular targeting (Tkachenko et al. 2003; Vasir and Labhasetwar 2007). Current
research on targeting small peptides and peptide-conjugating molecules which
are specific to the targeting site and of therapeutic potential, are being conducted
(Mendoza et al. 2005).

The following sections summarize various mechanisms used to traffic peptides,
proteins, and drugs within vesicles to four significant organelles: lysosomes (and
late-endosomes), endoplasmic reticulum (ER), mitochondria, and nucleus.

4.3 Endosomes, Lysosomes and Cytoplasmic Targeting

The treatment for a variety of genetic, metabolic, and oncologic diseases are
focused on targets located within the cytoplasm. Thus, mechanisms to release nano-
particles into the cytoplasm (either through extra lysosomal trafficking or through
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direct vesicle escape) are an important focus of nano-medical research. Recent
research has shown that these objectives can be accomplished. For example, nano-
particles have been utilized to deliver siRNA (Chen et al. 2009), RNase A (Bale
et al. 2010), Cyt C (Slowing et al. 2007; Park et al. 2010a) and plasmids into the
cytoplasm, from where nucleic core complexes direct the plasmids into the nucleus
(Tros de Ilarduya et al. 2010). With the exception of a select few particles which
directly penetrate the cellular membrane in order to reach the cytoplasm, a nano-
particle must be capable of escaping the degradative environment of the late-
endosomes and lysosomes which serve three main objectives: (1) to digest and store
metabolic material for the cell, (2) to digest and recycle aged proteins and organ-
elles, and (3) to protect the cell from engulfed external agents. In order for these
organelles to accomplish these three objectives, they must be able to digest their
internalized material and selectively transport desired agents across their intracel-
lular membranes. Though these two functions are distinct, they are closely linked.

To perform a digestive function, the internal environment of organelles must be
closely maintained by their specialized membranes at a low pH. The low pH of
these organelles is optimal for many proteolytic, glycanolytic, lipolytic and
nuclease enzymes. The abundance of protons also serves as a catalyst for degrada-
tive organic reactions (Holtzman 1989, Storrie B; Ivanov 2008). The pH decreases
constantly as material travels from the cellular membrane (in early endosomes) to
the lysosome, and a particle can escape the vesicle at any point along the pathway;
however the two organelles are intrinsically different. In fact, lysosomes are known
to exist as separate entities before merging with endosomes and subsequently
engulfing their contents. In this way, lysosomes are able to conserve energy and
recycle their enzymes rather than expending energy by creating new zymogens,
enzymes, membrane proteins, and lysosomal membrane phospholipids (Holtzman
1989; Storrie B; Ivanov 2008).

A variety of membrane transporters for products such as carbohydrates, amino
acids, nucleic acids, enzymes, and ions serve to regulate the hostile environment
inside of late-endosomes and lysosomes. However, two families of membrane
markers and one membrane transporter are of particular interest. The Rab-family
membrane markers distinguish between endosomes (specific species distinguish
between different types) and lysosomes (the lysosomal associated membrane pro-
teins (LAMP)). The membrane transporter of note is the vacuolar proton trans-
porter V+ATPase. This transporter is considered to be the dominant transporter in
the acidification of endosomes to lysosomes.

Since the 1990’s, at least four different mechanisms have been proposed for
endosomal or lysosomal escape: the use of pH-sensitive fusogenic peptides,
“fusogenic” lipoplexes, dynamic polyconjugates and proton-sponge polymers or
materials (Paillard et al. 2010; Sasaki et al. 2008; Zelphati and Szoka 1996;
Rozema et al. 2007; Akinc et al. 2005). Of these four, the latter three utilize the
low pH of the organelle for their escape while the first capitalizes on the properties
of the phospholipid bilayer, which is predominantly zwitterionic on the inside and
anionic on the outside. The “fusogenic” lipoplexes are composed of cationic lipids
complexed around an oligonucleotide core. The cationic lipids not only protect the
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Fig. 3 The figures display the two principles behind the four endosomal and lysosomal escape
methods discussed. (I) is a simplified version depicting how pH sensitive fusogenic peptides and
fusogenic lipoplexes escape, and (II) is a simplified depiction of how dynamic polyconjugates and
nanoparticles which act as proton sponges escape from an endosome or lysosome. In the case of
pH sensitive fusogenic peptides and fusogenic lipoplexes, the particles fuse with the endosomal
or lysosomal membrane and release their contents into the cytoplasm. Nanoparticles that act as
proton sponges create an osmotic gradient that eventually causes the endosome or lysosome to
burst releasing the contents. Meanwhile, dynamic polyconjugates disrupt and destabilize the endo-
somal or lysosomal membranes leading to the release of the nanoparticle’s payload

oligonucleotide payload from the degradative enzymes of the extracellular and
lysosomal compartments, but when the particle comes into contact with the pre-
dominantly zwitterionic interior surface of the endosomal membrane, it attracts
the anionic phospholipid particles on the outer surface causing some of them to
flip. Once flipped the attraction between the two phospholipids creates an ionic
pair, which then leads to membrane destabilization and causes the two bilayers to
merge. With the bilayers merged, the oligonucleotide complex is delivered to the
cytoplasm unharmed (Fig. 3) (Zelphati and Szoka 1996).

Another two methods focus on protonation of the nanoparticle or of a complex
bound to its surface. The first and simplest of these concepts was originally explored
with polyethylenimine (PEI) in the application of DNA transfection. First described
by Bousiff et al. in 1995 (Boussif et al. 1995) and verified a decade later by Akinc
et al. (2005), this concept explores molecules capable of buffering the internal lyso-
somal environment. In this proton sponge mechanism, PEI, a molecule with a high
cationic charge-density potential, absorbs the protons pumped into the lysosome.
The internal environment of the lysosome is buffered, preventing lysosomal enzymes
from degrading its payload. As the internal environment’s pH remains elevated, the
V+ATPase continues to pump protons into the lumen, which is followed by anions
such as CI~ (Sonawane et al. 2002). Eventually, the ions within the lysosome create
an ionic gradient that causes the lysosome to swell and eventually burst, releasing its
contents into the cell (Fig. 3-I). This application, while applied originally to PEI,
has also been applied to PEI-conjugated particles and nanoparticles composed of
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other material, such a silica (Slowing et al. 2006). Yet, while it has been shown to be
effective, it has been postulated that the rupturing of too many lysosomes is cyto-
toxic to the cell; hence the application of too many of these particles to the cell can
be cytotoxic (Xia et al. 2008; Terman et al. 2006; Reiners et al. 2002).

In 2003, Wakefield et al. introduced another mechanism for endosomal escape
employing the use of a dynamic polyconjugate known as EMMA (Endosomolysis
by Masking of a Membrane-Active Agent). This macromolecule is designed to
transition from a nonreactive entity at normal pH to a reactive membrane-active
agent at an acidic pH (Fig. 3-II). The membrane agent, known as melittin, contains
a reactive region that is masked using a mealic anhydride. Once protonated it
unmasks itself, exposing the membrane active domain of the molecule (Wakefield
et al. 2005). It has been suggested that the design of EMMA could be improved by
increasing the number of hydrophobic regions on the peptide, thereby increasing its
transfection capability (Rozema et al. 2003).

The last of the four nanoparticle escape mechanisms utilizes a viral model.
Beginning in 2004, Harashima et al. has been working on transferrin modified
liposomes. To improve the nanoparticle’s ability to escape the late-endosome or
lysosome, a pH-sensitive fusogenic peptide was added to the particle. This
30-amino acid fusogenic peptide, composed of the nonpolar tryptophan, alanine,
and leucine and the polar acidic and basic glutamate and histidine, respectively, is
known to make a conformational change from a random coil at a pH of 7.4 to a
more hydrophobic alpha-helix at a pH of 5.5 (Simoes et al. 1998). This change
increases its interaction with the endosomal membrane. A cholesterol moiety and a
PEGylated peptide improve the interaction and penetration of the fusogenic peptide
with the endosomal membrane (Kakudo et al. 2004). These actions then induce
fusion of the liposomal and endosomal membrane releasing the nanoparticle’s
contents into the cytoplasm (Fig. 3-I) (Sasaki et al. 2008).

4.4 Endoplasmic Reticulum Targeting

Targeting the endoplasmic reticulum (ER) is of great importance because there are
several degenerative processes which involve the ER, such as degenerative diseases
(e.g. cystic fibrosis and cholera) and the drug-efflux mechanism in multi-drug resis-
tance. Some drugs aggravate the ER stress response to induce apoptosis in cancer
cells. However, since the ER is a complex organelle, consisting in a diffuse network
of vesicles, and it is involved in multiple cellular functions, it cannot be directly
targeted by certain drugs, and therefore treatments have not been developed for
these diseases (Lai et al. 2008). Furthermore, intracellular trafficking dynamics are not
entirely understood. Among the most complicated variables to control are the
variations in trafficking dynamics which can be modified by attaching ligands to
the nanoparticles. Understanding how to favor one transport pathway or how to optimize
the efficiency of transport from one structure to another (e.g. endosome to lysosome
or endosome to Golgi) is essential for successful intracellular targeting.
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The ER is a network of tubules, vesicles and sacs that are interconnected. It is
continuous with the outer membrane of the nucleus and is subdivided into the rough
ER (RER) and smooth ER (SER) based on the association of ribosomes with the
ER membrane. The ER is more voluminous in cells involved in drug metabolism
or secretion of proteins or lipid. The ER is involved in (1) secretory proteins, mem-
brane proteins and lipid synthesis and exchange, (2) protein modification, folding
and quality control, (3) calcium sequestration and (4) drug detoxification (Dancourt
and Barlowe 2010; Hu et al. 2010; Michalak and Opas 2009; Neve and Ingelman-
Sundberg 2010). Protein synthesis begins on the ribosome complex, which may be
transported to the ER surface via a signal-sequence-recognition mechanism, after
which translation resumes. The ER is also responsible for glycosylation, the
enzyme-mediated placement of an oligosaccharide tag that marks the state of pro-
tein folding. Correct protein folding is mediated by several ER-resident, chaperone
proteins, such as Protein Disulfide Isomerase (PDI), and Binding immunoglobulin
Protein (BiP), which bind the glucose moiety on improperly folded proteins. The
chaperone proteins bind misfolded or unassembled proteins, preventing aggrega-
tion and directing the protein for degradation or proper folding. Proteins, such as
lysosomal enzymes, are sorted and sequestered from the other luminal contents due
to their potential degradative or aggregative effects. Only properly folded, nascent
polypeptides are released from the chaperones and transported from the rough ER
to the Golgi. Shuttling between the ER and Golgi is mediated by signal peptides
and oligosaccharide chains. Coat proteins and KDEL (Lys-Asp-Glu-Leu)-receptors
(KDEL-R) facilitate directed transport between organelles (Fig. 4). KDEL-R has
different affinity for KDEL in Golgi (slightly acidic pH) and ER (neutral pH). Thus
the receptor goes between the Golgi and ER to retrieve more KDEL-bearing pro-
teins (Capitani and Sallese 2009). Several studies exploit this property and use
KDEL-GFP as a fluorescent ER marker (Watson et al. 2005).

Other ER functions include lipid elongation and desaturation, calcium seques-
tration, drug detoxification and cell-protective mechanisms. Lipid synthesis is
enzyme-mediated, utilizing fatty acid synthase complexes and desaturases.
Deviations in this process correlate with diabetes, obesity, cardiovascular disease,
and cancer. The ER also contains enzymes for drug detoxification, as seen in the
hepatocyte. Cytochrome p450 enzymes metabolize water insoluble drugs or metab-
olites to facilitate excretion. Another enzyme, protein disulfide isomerase, oxidizes
sulthydryl groups. The lumen of the ER is thus an oxidizing environment, which
contrasts with the reducing environment of the cytosol. The ER Stress Response is
an important function to adjust the cell’s protein content. An accumulation of
unfolded proteins causes the ER to attenuate translation, arrest the cell cycle by the
PERK (proline-rich, extensin-like receptor kinase) receptor, and upregulate the
chaperone proteins to assist in protein folding. If the accumulation is severe or
prolonged, apoptosis is induced.

Several methods have been used to target the ER. Peptides exploit natural traf-
ficking mechanisms to the ER. In particular, bacterial and viral peptides navigate
the intracellular compartments to mediate their toxic effects. Cholera toxin is one
of the peptides known for its ability to traffic to the ER and escape to the cytosol to
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Fig. 4 A summary of membrane-protein-mediated trafficking (Reprinted from Watson et al.
(2005). Courtesy of Elsevier Publishing Group)

alter adenylyl cyclase activity. Other proteins, such as Shiga toxin, Pseudomonas
exotoxin and ricin toxin, utilize a similar route: the peptides are internalized via
caveolin or clathrin-mediated processes and trafficked to the ER, whereupon the
peptides exploit an unfolded-protein degradation/escape mechanism to enter the
cytosol and cause their respective cellular dysfunctions (Sandvig et al. 2010).

Intracellular membrane trafficking mechanisms vary based on cargo. These dif-
ferent mechanisms allow for specific localization and different interactions en route
(Fig. 4). Clathrin-mediated endocytosis traffics to endosomes where cargo can be
either recycled (Rab4), sorted for degradation (lysosomes) or delivered to the Golgi
(Rab 11 perinuclear sorting) (Rajendran et al. 2010; Fantini et al. 2002). To enter
cells, viruses and bacterial toxins utilize lipid rafts, which are enriched in choles-
terol and sphingolipids. Clustering of these raft components induces budding, and
these vesicles follow a pathway that bypasses early endosomes and traffics to the
Golgi (Fantini et al. 2002).

Studies to specifically target nanoparticles to the ER are rare. Quantum dots (QD)
have been coupled to numerous ligands, such as Shiga toxin and ricin, to study
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internalization and localization within organelles. Although the toxins alone pass
through the Golgi/ER, the toxin-QD conjugates tend to accumulate in endosomes
(Tekle et al. 2008; Sandvig et al. 2010). Pluronic or poloxamer utilizes similar path-
ways as pathogens to gain entry into the cell. Sahay notes that the polymer bypasses
endosomes/lysosomes and enters a transient co-localization with the ER before the
polymer localizes to the mitochondria (Sahay et al. 2010b). Ma et al. study the inter-
nalization and localization of a recombinant peptide containing the KDEL motif,
which appears to localize to the ER (Motosugi et al. 2009). Others use fluorescent
protein-conjugates with -KDEL to fluorescently tag the organelle. Most non-modified
nanoparticles have shown little to no localization with the Golgi/ER. Lai et al. show
that negatively charged 43 nm polymer nanoparticles can enter HeLa cells through
clathrin-mediated endocytosis and reside in the endo-lysosomal compartment.
Smaller particles, approximately 24 nm in size, utilize a clathrin- and caveolin-
independent pathway, bypass lysosomes and localize near the perinuclear space. In
all cases, whether the particles localize within the lumen of the ER or on the outside
membrane, has yet to be clearly and definitively shown (Lai et al. 2008).

Some drugs attempt to aggravate the ER stress response in cancer cells to induce
apoptosis. However, as with most chemotherapeutic agents, global toxicity is
observed. Modification of nanoparticles to target tumor cells and then the target
organelle within, can better direct a chemotherapeutic drug to the specific location
necessary. The mechanism of Cholera and Shiga toxins to target the ER is well
studied (Rajendran et al. 2010). They are sorted from the plasma membrane to the
Golgi complex through the pentameric B-subunit of the toxin. From there, the tox-
ins are retrograde sorted to the ER, in which the A subunit of the toxin is released
into the cytosol (Sandvig et al. 2010). The B-domain of Shiga toxin (STX-B) has
been used to transport a prodrug against colon cancer to the ER, where it is released
and transported to the cytosol (Johannes and Romer 2010). Targeting non-cancer
diseases via the ER is a field that has hardly been breached due to the relative
inability until now to specifically target the ER. Potential drugs may be used in
targeting the ER stress response, downregulating the exocytosis of proteins or drugs
(responsible for multi-drug resistance), or interacting with cholesterol (and lipid)
synthesis and modification. Future research is needed to develop drugs that include
novel targeting methods.

4.5 Mitochondria Targeting

Mitochondria are known as the “power plants” of the cells because they supply
most of the cellular ATP. In addition, they are involved in cellular signaling, dif-
ferentiation and in the control of the cell cycle. More specifically, mitochondria are
involved in the (1) storage of calcium, (2) regulation of the membrane potential, (3)
apoptosis-programmed cell death (4) calcium signaling (including calcium-evoked
apoptosis), (5) cellular proliferation regulation, (6) regulation of cellular metab-
olism, (7) certain heme synthesis reactions, (8) steroid synthesis, and (9) heat
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production. Given their many functions, mitochondria have been associated with
several human neuromuscular (e.g. mitochondrial DNA (mtDNA)) and metabolic
diseases, as well as with cancer progression (Holt et al. 1988; Harding 1991;
de Moura et al. 2010; Breunig et al. 2008; Andre et al. 2006). Schaefer et al.
approximates that around 1 in 10,000 people have clinically manifest mtDNA dis-
ease, making this one of the most common inherited neuromuscular disorders. In
addition, 16.5 in 100,000 people younger than 65 are at risk for development of
mtDNA disease (Schaefer et al. 2008). These estimates confirm that mtDNA dis-
eases can represent a common cause of chronic morbidity that is more prevalent
than what previously estimated.

The mitochondrion is composed of an outer mitochondrial membrane (OMM),
intermembrane space (IMS), inner mitochondrial membrane (IMM), and matrix.
The mitochondrion also contains special translocases of the outer membrane (TOM)
and translocases of the inner mitochondrial membrane (TIM) which are involved in
mitochondrial trafficking. Mitochondria contain several unique proteins, many of
which are coded by the nucleus and must be imported from the cytosol into the
organelle. Mitochondrial precursor proteins are delivered to the organelle by virtue
of specific mitochondrial targeting signals. These signals are relatively divergent in
nature, but are all recognized by the specialized receptor proteins, which are located
in the OMM and expose their receptor domains to the cytosol. The receptors deliver
the precursor proteins to the translocation channel of the TOM complex, through
which the pre-proteins cross the OMM. The TOM complex itself is sufficient for
translocation of a small subset of OMM proteins and some IMS proteins. For trans-
location of all other mitochondrial pre-proteins, the TOM complex cooperates with
other mitochondrial translocases. According to Mokranjac et al., six complex
molecular machines, i.e. protein translocases, mediate this process (Mokranjac and
Neupert 2005). Studies involving purified TOM40 of Neurospora crassa suggest a
pore diameter of 2.5 nm (Ahting et al. 2001). The TIM23 complex is a major trans-
locase in the IMM. It is an energy-dependent complex that facilitates pre-protein
translocation across the IMM and insertion into the IMM (Fig. 5).

Although there are currently no drug therapies that target the mitochondria, there
are some anticancer agents (paclitaxel, vinblastine, lonidamine, etoposide, and
arsenic trioxide) already in clinical use that permeabilize mitochondria (Breunig
et al. 2008; Andre et al. 2006). Overall, these drugs aim to activate the cell-death
machinery in cancer cells by inhibiting metabolic tumor-specific alterations or by
stimulating mitochondrial membrane permeabilization. In clinical trials, therapeu-
tics like Lonidamine, Gadolinium Texaphyrin, Mangafodipir show few side effects,
whereas drugs like 2-deoxy-D-glucose and ANT1 (adenine nucleotide translocase 1)
or ANT3 show significant side effects, such as compromised glycolytic metabolism
of the brain and of the heart (Fulda et al. 2010). These anticancer agents are toxic
due to nonspecific targeting and thus hinder therapeutic efficacy. To avoid severe
side effects and improve efficacy, drugs should not only be delivered to the correct
cell, but ideally also to the correct subcellular organelle.

Despite some challenges in mitochondrial targeting following systemic admin-
istration, which include: (1) immune clearance of nanoparticles (2) traversing the
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Fig. 5 Schematic of mitochondrial translocases (Reprinted from Mokranjac and Neupert (2005).
Courtesy of Portland Press Limited Publishing Innovation)

lipophilic cell membrane (3) multidrug resistance (4) lysosomal accumulation and
inactivation of nanoparticles and (5) cationic polymer- or lipid-associated plasmid
DNA accumulation around the nucleus in the absence of targeting moieties (Holt
et al. 1988); targeting the mitochondria is possible through both “passive” and
“active” strategies. While some scientists suggest that only lower molecular weight
(<5kDa) BODIPY (boron-dipyrromethene) FL-1abeled TPP (triphenylphosphonium)-
semitelechelic HPMA (hexamethylphosphoramide) copolymers exhibit significant
organelle localization or uptake (Callahan and Kopecek 2006), folate-modified
multifunctional nanoassemblies, approximately 200 nm in size loaded with both
docetaxel and iSur-pDNA (suppressor of metastatic and resistance-related protein
survivin) for hepatocellular carcinoma therapy, showed mitochondrial accumula-
tion (Biasutto et al. 2010; Xu et al. 2010). A proposed mechanism for mitochon-
drial targeting takes advantage of the negative membrane potential that builds up in
the mitochondria (130-150 mV) (Xu et al. 2010). Lipophilic cations such as tetra-
guanidinium oligomers or rhodamine-123 accumulate selectively within mitochon-
dria due to their membrane potential. “DQAsomes” (mitochondria-specific
nanocarrier system prepared from the amphiphilic quinolinium derivative dequal-
inium chloride) loaded with mitochondrial leader sequence-DNA conjugates and
paclitaxel have accumulated in mitochondria and resulted in reduced growth of a
human colon tumor mass in nude mice (Weissig 2003; Weissig et al. 2004, 2006).
Alternatively, conventional liposomes can be rendered mitochondria-specific via
the attachment of known mitochondriotropic residues to the liposomal surface
(Boddapati et al. 2005, 2008). MITO-Porter, a liposome-based carrier with a high
density of fusogenic R8 (octaArg) peptides conjugated to its surface has facilitated



Mass Transport via Cellular Barriers and Endocytosis 39

membrane fusion, and displays mitochondriotropic features (Biasutto et al. 2010;
Fujiwara et al. 2010; Yamada et al. 2007; Rapoport and Lorberboum-Galski 2009).
Similarly, Mito-8, a mitochondria-selective peptide fused to QDs was able to
induce a strong mitochondrial localization in living cells (Hoshino et al. 2004a).
Finally, Pluronic® block copolymers exhibit the ability to reach the mitochondria,
where they exert unique pharmacological activities, such as ATP depletion in
multidrug resistant cancer cells (Sahay et al. 2010b; Gupta et al. 2010).

4.6 Nuclear Targeting

The nucleus is a membrane-enclosed organelle that houses the cell’s genetic material.
The outer nuclear membrane is continuous with the ER. Nuclear pores, approxi-
mately 9 nm in diameter, allow certain molecules to enter the nucleus, making the
nucleoplasm topologically equivalent to the cytosol. The nucleolus is a dense struc-
ture of highly packed heterochromatin that resides within the nucleus. The nucleus
is involved in three major functions: nucleic acid compartmentalization and storing
of the genetic material; DNA replication, transcription and cell replication; and
processing of pre-mRNA (e.g. splicing).

The Nuclear Pore Complex (NPC) is a transport channel in the nuclear mem-
brane (a double lipid bilayer) composed of nucleoporins. The NPC regulates traf-
ficking of water-soluble macromolecules, such as proteins, carbohydrates, lipids
and ribosomes between the nucleus and the cytoplasm in a signal-dependent man-
ner. It has an inner (functional) diameter of 9 nm and an outer diameter of 120 nm.
The NPC can dilate to facilitate the bidirectional translocation of a wide size range
of protein complexes. Small particles (<30 kDa) are able to pass through the NPC
by passive diffusion. Larger particles require a Nuclear Localization Signal (NLS)
to cross. Aside from the standard cellular barriers to entry as mentioned earlier,
internalization through the nuclear pore represents a unique barrier to nuclear tar-
geting. Nature provides some solutions to circumventing the barriers. For example,
viruses utilize various proteins to navigate intracellular trafficking mechanisms and
localize to the nucleus. These viral models serve as the basis for the design of some
targeted, functionalized nanoparticles (Mao et al. 2010).

Targeting the nucleus is of great importance due to its key resident: DNA.
Multiple diseases, including cancer and genetic disease, arise from nuclear mal-
function, DNA damage and mutation. Many cancer drugs target the nucleus to
inhibit or interfere with cell replication. Nanoparticles containing certain cancer
therapeutics target the cytoplasm and rely on diffusion of the drug through the
nuclear pore for therapeutic action. For drugs that cannot cross through the pores,
direct nuclear targeting of nanoparticles may be able to increase transport into the
nucleus. The most extensively exploited way to target nanoparticles to the nucleus
is through surface conjugation to a NLS. NLSs consist of one or more short
sequences of positively charged lysine (K) or arginine (R) residues. A protein trans-
lated with a NLS will bind strongly to importin alpha/beta, and this complex will
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move through the NPC (Goldfarb et al. 2004). Once the complex is inside the
nucleus, Ran (RAs-related Nuclear protein)-GTP binds and causes the NPC to lose
affinity and release the NLS-containing cargo. The dissociated carrier complex
exits the nucleus, where the GTP is hydrolyzed, and Ran dissociates from importin.
Ran-GDP is recycled to the nucleoplasm, where it exchanges its GDP for GTP to
facilitate further importation (Gilchrist et al. 2002; Gilchrist and Rexach 2003).
Gold colloids (Gao et al. 2002; Hines and Guyot-Sionnest 1996), gold nanoparti-
cles (about 15 nm in diameter) (Nativo et al. 2008), glucose-derived carbon nano-
spheres (Selvi et al. 2008), and other nanoparticles as large as 39 nm (Hoshino et al.
2004b) have been shown to avoid the lysosome and successfully target the nucleus,
as confirmed by transmission electron microscopy. PEG-quantum dots are gener-
ally found in the cytoplasm, but the conjugation of NLS to their surface alters their
localization toward the nucleus, suggesting the NLS is sufficient to alter trafficking.
Given the restriction of inner nuclear pore diameter, only substances 9 nm or less
in diameter can enter the nucleus via passive transport, yielding a possible explana-
tion of why certain particles have been noted around the nucleus, but not within;
however, particles larger than 9 nm have been observed within the nucleus through
a mechanism that is still not fully understood (Hanaki et al. 2003; Aglipay et al.
2003). While several studies have confirmed nuclear targeting through the attach-
ment of NLS to nanoparticles, others suggest that an additional peptide is required
to escape endosomes, such as a receptor-mediated endocytosis peptide (or a cell-
penetrating peptide) (Xie et al. 2009; Tkachenko et al. 2003). Optimal efficiency is
observed when these peptides are short and separate, rather than combined as a
single, long peptide (Tkachenko et al. 2003).

CPPs (cell penetrating peptides) such as the HIV Tat protein transduction
domain facilitate nanoparticle entry into the cell and may facilitate endosomal
escape such that particles can be targeted to the nucleus via the cytosol (Shiraishi
and Nielsen 2006). Once in the cytosol, particle content can dissociate and diffuse
to the nucleus; however certain payloads are susceptible to degradative enzymes in
the cytosol. Tat-mediated delivery may occur via macropinocytosis, and others may
enter cells via electrostatic interactions in non-energy dependent mechanisms
(Breunig et al. 2008). The conjugation of Tat to a fusogenic peptide facilitates
endosomal escape and enhances nuclear transport after internalization via macropi-
nocytosis (Torchilin 2008). The fusogenic peptide is the N-terminus domain of the
influenza virus hemagglutinin protein HA2, and it triggers the release of the Tat-
fusion protein from endosomes and thereby enhances its nuclear transport as first
described in 1999 (Josephson et al. 1999). Tat peptide-mediated translocation of
gold nanoparticles into the cell nucleus has been heavily investigated (de la Fuente
and Berry 2005). This functionalization allows the nanoparticles to penetrate the
cell membrane and target the nucleus.

Nuclear targeting research has many potential applications in cell imaging, but
also extends to wider biomedical applications, such as gene therapy and drug deliv-
ery. Tumor targeting and nuclear imaging have been validated using nanoparticles
directed to the nucleus (Rogach and Ogris 2010). Additionally, cancer therapeutics
that inhibit cell replication, such as 5-fluorouracil, paclitaxel and gemcitabine, have
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been delivered successfully to the nucleus. Several nanoparticles are already in
clinical trials for metastatic and solid tumors, though delivery of therapeutics to the
cytosol is just as effective, though dependent on the properties of the therapeutic
itself. Gene therapy is a novel and upcoming field as nanoparticle payloads can
include DNA, RNA, RNAi and siRNA, all of which mediate specific therapeutic
effects depending on their individual properties (Hart 2010; Lares et al. 2010).

S Multi-Site Targeting

Targeting therapeutics toward a specific organelle is in vogue. One step further is
manipulating the numerous signaling elements of available proteins to design novel
carriers capable of targeting multiple organelles (Lim 2007). With the discovery of
specific intracellular targets for advanced therapeutics we can envision systems
programmed for simultaneously delivery of agents to various subcellular locations,
providing a paradigm shift in our approach to disease management. Bearing this in
mind, we have recently introduced a concept of advanced nanovectors called Logic-
Embedded Vectors (LEVs) (Ferrari 2010), which describe a nanoassembly responsi-
ble for the the co-delivery of multiple nanoparticles that cooperate with biomolecules
and intracellular organelles to target multiple subcelluar locations simultaneously or
sequentially. These LEVs are designed to overcome biological barriers to transport
and distribute therapeutic agents to unique sites. A prominent example of LEV is the
multistage delivery systems comprised of stage-one porous silicon microparticles
loaded with second stage nanoparticles (Serda et al. 2010b). Each stage of the system
is formulated to overcome a biological barrier such as enzyme degradation, transport
through the vascular endothelium and molecular efflux pumps. As an example, stage
one components target afflicted endothelia surface moieties through attachment of
ligands, such as antibodies, peptides and aptamers, to the surface of the particles.
Second-stage components, concentrated within the stage one vector, target at a sec-
ond level, leading to delivery of a large quantity of therapeutic and/or imaging agents.
LEVs that incorporate superparamagnetic iron oxide nanoparticles into porous silicon
have recently been demonstrated (Ferrati et al. 2010; Serda et al. 2010b).
Aminosilylation of the nanoparticles creates functional sites for conjugation of target-
ing ligands, such as antibodies specific for VEGFR-2 and PECAM (Platelet
Endothelial Cell Adhesion Molecule) which facilitate endothelial association.
Intracelluar trafficking of the LEVs have been demonstrated in transmission electron
microscopy images using J774 mouse macrophages (Fig. 6; Serda et al. 2010a, b).
We have demonstrated that intracellular trafficking of LEVs can be designed to
target several organelles simultaneously as a function of surface modifications of
each of the components (Serda et al. 2010b). LEVs loaded surface-modified iron
oxide nanoparticles have been shown to deliver nanoparticles to specific organelles,
specifically the endosome and cytoplasm in one case, and in another case, endo-
somes and novel membrane-bound vesicles that are candidates for exocytosis.
Silicon microparticles were transported along the endosomal pathway while
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Fig. 6 Intracellular Trafficking of the LEVs: transmission electron micrographs of J774 cells 24 h
after introduction of control (A) or iron oxide-loaded (B) porous silicon particles (ratio of 1:5).
Cells on the left are at a 6k magnification (bar: 3 um) and to the right at 25k and 50k magnification
(bars: 500 nm). Internalized LEVs are depicted in different orientations, with black arrows indicat-
ing clusters of iron oxide nanoparticles (Reprinted from Serda et al. (2010a). Courtesy of Wiley
Publishing Group)

PEGylated amine iron oxide nanoparticles were delivered to novel secretory
vesicles. Chitosan-coated nanoparticles, on the other hand, were released from
endosomes into the cytosol. LEVs are introduced into a cell in membrane bound
units, creating endosomes or phagosomes, which in period of time, distribute their
contents into specific organelles (e.g. endosomal sorting). The vesicular secretion
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may occur at any point of the endo-lysosomal pathway. Exosomal secretion is often
associated with transport of protein, mMRNA and microRNA content between cells,
giving rise to specific cell signals. Therefore, LEVs can be used for both intra-
cellular and extracellular targeting simultaneously.

In summary, targeting therapeutic nanovectors to unique or multiple intracellular
sites can efficiently combat a particular disease at the site of origin of the disease.
Moreover, the design and physical properties of the nanovectors or nanovehicles can
be formulated based on the type of target desired to achieve the therapeutic goal.

6 Conclusions

Mass transport of drug carriers begins with the route of administration and moves
across epithelial and endothelial barriers, stromal barriers, and cellular barriers, as
well as an abundance of additional physical and chemical barriers that challenge
arrival at the target site and drug integrity. Unique characteristics that originate
from the tumor microenvironment have been summarized with an emphasis on
utilizing these traits to achieve preferential accumulation of imaging and therapeu-
tic agents at the cancer lesion. Nanoparticle carrier properties including size,
shape, density and surface chemistry dominate convective transport in the blood
stream, margination, cell adhesion, selective cellular uptake, sub-cellular traffick-
ing and localization. The understanding of transport differentials in cancer prom-
ises to enhance the development of lesion-specific delivery carriers that exploit
these transport differentials to achieve greater therapeutic efficacy and reduced
side effects.
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Approaches to Achieving Sub-cellular
Targeting of Bioactives Using Pharmaceutical
Nanocarriers

Melani Solomon and Gerard G.M. D’Souza

Abstract It is well accepted that the ability of a biologically molecule to selec-
tively find its target influences its potential as a successful therapeutic drug. For
many molecules the molecular target is located inside sub-cellular structures.
Molecules with such sub cellular targets and the inability to specifically accumu-
late at the location of the target can potentially be made more active by targeting
strategies that improve their accumulation at the target. Pharmaceutical nanocarri-
ers form the basis of several such targeting strategies. This chapter deals with the
rational approach underlying the current uses of nanocarriers to deliver bioactive
molecules to sub cellular compartments.

Keywords Nanocarrier  Targeting * Sub-cellular * Organelle-specific

1 Introduction

Drug therapy at the most fundamental level is based on the interaction of two
molecules. An exogenous molecule administered to a patient and the molecule in
the patient that the administered molecule interacts with to initiate a physiological
response. In an ideal scenario, the administered molecule interacts with only one
physiological molecule and produces a physiological response that improves a
patient’s condition. In this context it is clear that the term target may be applied to
the physiological molecule and the administered molecule is a drug. The concept
of targeting has multiple definitions. From a drug discovery perspective, targeting
is very often described in terms of the drug molecule’s ability to interact only with
the target. This concept is more appropriately described by the use of the term
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selectivity and is very different from the concept of targeting from a military per-
spective where the term arguably first originated. Consider the firing of a bullet
from a gun as an example. The object the bullet is intended to hit is the target, while
targeting is associated with the act of aiming the gun so the bullet hits the target.
The action that the bullet produces is destruction of the target. This action is indis-
criminate in that if the bullet hits an object other than the target, that object will be
destroyed as well. Using the gunshot analogy to illustrate the drug discovery per-
spective on targeting would involve firing bullets that only destroy the target but
leave the non-targets unharmed. Most approaches to disease therapy have followed
such an argument: finding such selective molecules has been relatively easy when
there were significant differences between the disease causing process and normal
human biochemical pathways. Not surprisingly, infectious diseases are relatively
easier to treat than inherent disorders. The selectivity is however dose dependent
and most drugs that are considered to be selectively toxic to invading pathogens are
in fact toxic to human cells as well, but at higher doses.

The current challenges in drug therapy lie in the treatment of diseases associated
with malfunctions of normal human biochemical pathways in certain tissues. More
often that not, even dose dependent selectivity is hard to achieve. Therefore the
concept of targeting is becoming more and more associated with selective delivery.
The term ‘targeting’ should ideally imply that the molecule is in some way able to
selectively accumulate at an intended site of action and that the selective accumula-
tion is associated with its selective action. This distinction is particularly important
in developing targeted therapy for a disease like cancer. Unless unique molecular
targets found exclusively (or at sufficiently higher levels) in the diseased state and
not in normal state are discovered, selective accumulation at the disease site is
crucial to the improvement of therapy. In summary, it can be said that there appear
to be two distinct approaches to targeting in the context of drug therapy. The first
involves selective action on the target while the second involves selective accumu-
lation at the target. Most if not all examples of targeting seem to end up being the
combination of some degree of selective action on the target and some degree of
selective accumulation at the site of the target. Improving the degree of selective
accumulation has the added advantage, even for molecules with high target selec-
tive action, of reducing the required dose and hence should be a major focus of all
targeting approaches.

In the context of drug molecules the properties of selective accumulation are
associated with the concept of bioavailability and biodistribution that are related
to the physico-chemical properties of the molecule. To overcome the limitations
that a compound’s physico-chemical properties can impose on its potential phar-
maceutical application, the process of large-scale screening of chemical libraries
has been extended beyond identifying desired bioactivity. Screening approaches
routinely incorporate selection for physico-chemical properties that are known to
confer high bioavailability as well. Unfortunately, this approach often leads to
many potent molecules being excluded from further development. These mole-
cules often have a potent pharmacological action at a desired molecular target but
aren’t able to find their way exclusively to that target. It is almost certain that there
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is a growing list of such molecules that are in essence potential drugs if only a
delivery strategy can be devised to get them to their molecular target in the human
body. Delivery strategies aimed at mediating the selective accumulation of a bio-
logically active molecule fall into two broad classes. The first involves direct
chemical modification of the molecule and includes the traditional approaches of
designing chemical analogs of the molecule as well as more recent approaches of
conjugation to macromolecules or ligands capable of directing site-specific bind-
ing of the bioactive molecule. The second approach is the use of pharmaceutical
carriers in particular those approaches that involve physical entrapment of the
bioactive in the carrier thus offering what might be viewed as a non-chemical
approach to modify the disposition of drug molecules. All chemistry can be per-
formed on the components of the nanocarrier system that can then be loaded with
the drug to afford targeted delivery.

Generally speaking, the role of nanocarriers in drug targeting to tissues is well
accepted. For example, nanocarriers are able to improve the tumor specific accu-
mulation of anticancer drugs by virtue of the Enhanced Permeability and Retention
(EPR) effect (Maeda et al. 2000; Greish 2010; Fang et al. 2003). Such targeting
approaches have been applied to anticancer drugs like doxorubicin (Working et al.
1999; Northfelt et al. 1996; Gabizon et al. 1989a, b), daunorubicin (Gill et al. 1996;
Cervetti et al. 2003), paclitaxel (Yang et al. 2007; Sharma et al. 1996, 1997), and
cisplatin (Stathopoulos 2010) with commercial success in some cases (eg Doxil,
Daunosome). Current approaches also routinely focus on improving cell specific
accumulation of the nanocarriers as well. However, nanocarrier targeting at a sub-
cellular level has until recently not been as widely pursued perhaps due to techno-
logical limitations or the argument that once a drug gets inside a cell it will
eventually find its way to the subcellular target. There often seems to be an assump-
tion that mediating cell cytosolic internalization is adequate to ensure the interac-
tion of the drug molecule with its final sub-cellular target by virtue of simple
diffusion of the drug molecule and random interaction with various sub-cellular
structures in the cell. However, it has become increasingly evident during the last
decade that such an assumption cannot always be made (Duvvuri and Krise 2005;
Breunig et al. 2008; Torchilin 2006; Li and Huang 2008; Kaufmann and Krise
2007; Panyam and Labhasetwar 2003; Weissig 2003, 2005; Weissig et al. 2004,
2007). The potential role that nanocarriers play in controlling the subcellular dispo-
sition of bioactives is, therefore, certainly worth examining.

2 Potential Roles of the Nanocarrier in Controlling
Sub-cellular Disposition of Bioactives

Bioactive molecules can potentially act in various sub cellular locations that can be
roughly divided into general cytosolic locations, the surface of organelles and spe-
cific regions inside organelles. The nature of the molecule and its potential sites of
action together influence the design of the nanocarrier delivery strategy. Cytosolic
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access, transport through the cytosol and organelle entry thus become the major
barriers that need to be overcome to mediate the efficient delivery of the bioactive
to its intended site of action.

2.1 Cytosolic Access

In the case of nanocarrier based intracellular delivery strategies, access to the
cytosol is not a trivial matter. Based on current understanding it is accepted that
all nanocarrier systems are subject to some form of endocytosis either receptor
mediated or more commonly non specific endocytosis. Nanocarriers may be sur-
face functionalized with endocytic targeting moieties such as transferrin, folic
acid, low-density lipoprotein, cholera toxin, riboflavin, nicotinic acid and the trip-
eptide RGD, which lead to internalization by either clathrin-dependent receptor
mediated endocytosis, caveolin-assisted endocytosis, lipid-raft assisted endocyto-
sis or macropinocytosis (Bareford and Swaan 2007; Rajendran 2010). Strictly
speaking a nanocarrier and the associated drug that is inside an endosome is not in
the cytosol and therefore much research has been devoted to mediating the release
of the bioactive cargo from the endosome into the cytosol (Rajendran 2010).
Endosomal release may be mediated by a fusogenic mechanism where lipid-con-
taining nanocarriers fuse with the endosomal membrane increasing the fluidity of
the membrane and therefore the release of the cargo (Martin and Rice 2007).
Alternatively endosomolytic agents that can disrupt the endosomal membrane by
the so called proton sponge effect leading to the release of endosomal contents
(Yessine and Leroux 2004) or photochemical internalization (PCI) using photo-
sensitizer molecules that can rupture the endosomal membrane can also be utilized
(Shiraishi and Nielsen 2006). Such approaches are arguably necessary in the case
of agents such as siRNA since the target of the drug molecule is in the cytoplasm
itself (Patil and Panyam 2009; Yuan et al. 2006; Tahara 2010; Song 2010). On the
other hand retention in the endosome followed by subsequent lysosomal fusion is
a desirable outcome in the case of bioactives requiring delivery into the lysosome.
Recombinant human acid sphingomyelinase for example has been delivered intra-
cellularly by nanocarriers surface functionalized with the anti-ICAM antibody that
mediates endosomal uptake and subsequent lysosomal association of the enzyme.
This approach has shown promise in the treatment of Nieman Pick’s disease type
A and B (Muro et al. 2006). Most viruses utilize a cell penetrating peptide (CPP)
that aids in the internalization of the virus in the cell. Some of these peptides can
be anchored with the therapeutic drug molecule to facilitate its internalization into
the cell. HIV’s Tat peptide is one such CPP, which has aided in the delivery of
large proteins and DNA into the cell either when it is directly conjugated to the
molecule (Fittipaldi and Giacca 2005; Schwarze et al. 1999; Fawell et al. 1994) or
conjugated to a nanocarrier such as a liposome (Torchilin et al. 2001). Other CPPs,
D-penetratin and Syn-B, have been used to enhance the intracellular delivery of
doxorubicin in the brain (Rousselle et al. 2000).
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2.2 Transport Through the Cytoplasm

The cytoplasm is a highly viscous space (Seksek et al. 1997; Goins et al. 2008),
which has a high concentration of dissolved solutes (Ellis and Minton 2003; Minton
2006) and as such can present a significant barrier to the movement of many poten-
tial bioactive molecules especially those with high molecular weight. However, in
the eukaryotic cells, transport of biomolecules such as proteins and lipids is gov-
erned by the actin and microtubule cytoskeletons (Vale 1987). The extent to which
this transport system can be utilized for nanocarrier mediated intracellular transport
remains to be explored. Interestingly it has recently been reported that PEGylation
of nanoparticles improves their cytoplasmic transport presumably by allowing
nanoparticles to evade non specific interactions in the highly crowded environment
of the cytoplasm (Suh et al. 2007). It is also interesting to consider in this context
the fact that endosomes are routinely trafficked through the cytosol in their normal
progression to lysosomes. If the endosomal vesicle can somehow be rerouted to
afford association with other membrane bound organelles like mitochondria or the
nucleus, there may well be no need to have the biologically active molecule enter
the cytosol. If for example, the nanocarrier components were to undergo a redistri-
bution to become part of the endosome and the targeting ligand was able to redis-
tribute to the surface of the endosomal vesicle, it might be possible then that the
vesicle would have an altered sub-cellular fate that could involve transport to and
association with a target compartment other than the lysosome. While there is
emerging evidence to suggest that in fact cells actively traffic nanocarriers in cell
membrane-derived vesicles (Ruan et al. 2007), the concept remains speculative
until more is understood about the mechanisms of intracellular molecular versus
vesicular transport. For now, the trend towards mediating endosomal release of
internalized nanocarrier and associated bioactive is arguably based on insights
gleaned from intracellular dynamics of viral particles that are in essence naturally
occurring nanocarriers. Viral particles are endocytosed and then are able to mediate
endosomal escape and subsequent nucleus specific delivery of their DNA. Based on
the premise that to efficiently deliver DNA to the nucleus, a delivery system must
penetrate through the plasma membrane and the nuclear envelope, prior to DNA
release in the nucleus, a strategy that involved step-wise membrane fusion was
devised. Using a multi-layered nanoparticle called a Tetra-lamellar Multi-functional
Envelope-type Nano Device (T-MEND) consisting of a DNA-polycation condensed
core coated with two nuclear membrane-fusogenic inner envelopes and two endo-
some-fusogenic outer envelopes, which are shed in stepwise fashion transgene
expression in non-dividing cells was reported to be dramatically increased (Akita
etal. 2009). A similar approach in designing a mitochondria specific delivery sytem
has been reported as well. Liposomal carriers called MITO-Porters which carry
octaarginine surface modifications to stimulate their entry into cells as intact vesi-
cles (via macropinocytosis) were prepared with lipid compositions that were identi-
fied in various experiments to promote both fusion with the mitochondrial
membrane and the release of liposomal cargo to the intra-mitochondrial compartment
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in living cells. Using GFP protein as a model cargo it was shown that MITOporter
liposomes are able to selectively deliver their cargo to mitochondria (Yamada and
Harashima 2008; Yamada et al. 2008). It is also possible that conferring upon a
nanocarrier the properties of the membrane of a particular subcellular compartment
might direct transport through the cytosol to the organelle of interest. This concept
has been explored with a liposomal formulation of a crude mitochondrial fraction
(Inoki et al. 2000). These so calle proteoliposomes were reported to colocalize with
endogenous mitochondria when microinjected into pre implantation embryos.

In addition to particle composition, it has also been observed that changes in
nanoparticle architecture affect sub-cellular disposition (Xu et al. 2008). Fluorescein
isothiocyanate labeled layered double hydroxide (LDH) nanoparticles were prepared
from Mg, Al under conditions that yielded either hexagonal sheets (5-150 nm wide
and 10-20 nm thick) or nanorods (30—60 nm wide and 100-200 nm long). A com-
parison of the sub-cellular distribution of these two types of preparations revealed
that the nanorods trafficked to the nucleus but the hexagonal sheets remained in the
cytoplasm (Xu et al. 2008). An active microtubule mediated transport process is
hypothesized to be responsible for the observed rapid nuclear accumulation of the
nanorods (Xu et al. 2008).

2.3 Organelle Entry

As with the previous two, barriers hitchhiking existing biological processes extend
to mediating organellar entry in most delivery approaches. Proteins synthesized in
the cytosol bear short peptide sequences within the protein as ‘molecular zip codes’
that determine the preferential transport of a protein into a membrane bound subcel-
lular organelle (Walter et al. 1982). These leader sequences or localization signals
are typically recognized by specialized import proteins that are associated with the
organelle (Allen et al. 2000; Stoffler et al. 1999). Localization sequences for the
nucleus and the mitochondria are well known and have been explored for mediating
the entry of a variety of molecular cargos as well as nanocarriers into these organ-
elles. The potential of leader sequence peptides for overcoming intracellular barriers
to DNA delivery was first demonstrated a decade ago (Zanta et al. 1999). To facili-
tate the import of exogenous DNA into the nucleus, a capped 3.3-kbp CM VLuciferase-
NLS gene containing asingle nuclearlocalization signal peptide (PKKKRKVEDPYC)
was synthesized. The resulting transfection enhancement due to the nuclear leader
peptide was about 10-fold to 1,000-fold irrespective of the cationic vector or the cell
type used. At that time the authors hypothesized that the 3 nm wide DNA present in
the cytoplasm was initially docked to and translocated through a nuclear pore by the
nuclear import machinery and as DNA enters the nucleus, it was quickly condensed
into a chromatin-like structure, which provided a mechanism for threading the
remaining worm-like molecule through the pore (Zanta et al. 1999). In this context
an interesting question arises as to whether localization signals should be directly
conjugated to the bioactive molecule or the nano-carrier. Besides protein import
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machinery, other properties of organellar compartments like membrane lipid
composition (Fernandez-Carneado et al. 2005), membrane potential (D’Souza et al.
2008) and even intra-organellar pH (Torchilin et al. 2009) have been explored for
achieving selective delivery to organelles.

3 Prevalent Nanocarrier Design Approaches

It currently appears that nanocarrier design for subcellular targeting is based on the
fractal symmetry between the case of drug delivery to a cell and drug delivery to a
molecular target inside a sub-cellular compartment. The cell could be viewed as
being a small, slightly simpler but nonetheless highly organized “body” with
“organs” (organelles) and “cells” (defined structures and molecular arrangements)
within these organs. Therefore principles that have been explored for organ and cell
specific targeting are being applied at the subcellular level. Nanocarriers are either
being modified with sub cellular targeting ligands or are being prepared from mate-
rials that have inherent subcellular accumulation characteristics. As alluded to in
the previous section, much of this line of thinking is based on current understanding
of viral particles. Viruses could be considered naturally occurring nanocarriers with
the ability to selectively deliver their DNA cargo to a sub-cellular target (the
nucleus). It is perhaps safe to say that much of what we know about the cellular
interaction and sub-cellular disposition of nanocarriers has some how been associ-
ated with investigations into mimicking the DNA delivery capability of viruses
using artificial nanocarriers.

3.1 Nanocarriers Modified with Sub-cellular Targeting Ligands

Most nanocarriers are believed to enter the cell by endocytic mechanisms and could
therefore be considered as having a predisposition for accumulation in endosomes
and potentially lysosomes as well. This predisposition of particulate systems is
particularly useful as pathological conditions associated with endosomes and lyso-
somes could potentially benefit from therapies targeting these pathways (Bareford
and Swaan 2007; Gregoriadis and Ryman 1971; Castino et al. 2003; Tate and
Mathews 2006). The fate of the nanocarrier is dependent on the mechanism of
vesicular internalization (Bareford and Swaan 2007). For example, nanoscale drug
carrier systems taken up by clathrin-dependent receptor-mediated endocytosis
(RME) are most likely to undergo lysosomal degradation, while clathrin-indepen-
dent RME may lead to endosomal accumulation (Bareford and Swaan 2007).
Consequently, the type of targeting moiety displayed by the nanocarrier system
determines whether the carrier delivers its cargo to either endosomes or lysosomes.
Several endocytic targeting moieties have been studied and include folic acid, low-
density lipoprotein, cholera toxin B, mannose-6-phosphate, transferrin, riboflavin,
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the tripeptide RGD, ICAM-1 antibody and nicotinic acid (Bareford and Swaan
2007). Perhaps the most widely used endocytic targeting ligands for the functional-
izing of nanoscale drug delivery systems are transferrins (comprehensively
reviewed in (Qian et al. 2002), a family of large nonheme iron-binding glycopro-
teins. The efficient cellular uptake of transferrins (Tf) has been and still is being
explored for the intracellular delivery of anticancer agents, and also proteins and
therapeutic genes. Iron-loaded transferrin binds to a specific cell-surface receptor
(TfR1) and upon endocytosis via clathrin-coated pits the transferrin-receptor com-
plex is routed into the endosomal compartment avoiding lysosomal digestion. This
is an important feature of TfR1 for drug delivery, since normally glycoproteins
taken up via receptor-mediated endocytosis are destined to eventually fuse with
lysosomes. Such intracellular sorting of endocytosed transferrin from other endo-
cytosed asialoglycoprotein has been found to occur immediately after cell internal-
ization (Stoorvogel et al. 1987). Following loss of the clathrin coat, the endosome
containing the Tf-TfR1 complex then starts taking up protons which causes the
quick acidification of the lysosomal lumen to a pH of around 5.5. Recently a homo-
logue to TfR1 was cloned, called TfR2 (Trinder and Baker 2003). Of importance
for anticancer drug delivery, TfR2 was found to be frequently expressed in human
cancer cell lines (Calzolari et al. 2007). Encapsulation of doxorubicin into lipo-
somes bearing transferrin on the distal end of liposomal polyethylene glycol (PEG)
chains resulted in significantly increased doxorubicin uptake into glioma cells,
which are known to overexpress the transferrin receptor with the extent of over-
expression correlated to the severity of the tumor (Eavarone et al. 2000). Transferrin
modification of Doxorubicin-loaded palmitoylated glycol chitosan (GCP) vesicles
resulted in higher uptake and increased cytotoxicity as compared to GCP
Doxorubicin alone (Dufes et al. 2004). Tf vesicles were taken up rapidly with a
plateau after 1-2 h and Doxorubicin reached the nucleus after 60—90 min.
Low-density lipoprotein (LDL) represents another endocytic targeting ligand.
Furthermore, LDL itself actually provides a highly versatile natural nanoplatform
for the delivery of diagnostic and therapeutic agents to normal and neoplastic cells
that over express LDL receptors (LDLR) (Glickson et al. 2008, 2009). LDL-loading
of contrast or therapeutic agents has been achieved by covalent attachment to pro-
tein side chains, intercalation into the phospholipid monolayer and extraction and
reconstitution of the triglyceride/cholesterol ester core (Zheng et al. 2005). Glickson
and coworkers have constructed a semi-synthetic nanoparticle by coating magnetite
iron oxide nanoparticles with carboxylated cholesterol and overlaying a monolayer
of phospholipid to which Apo Al, Apo E or synthetic amphoteric alpha-helical
polypeptides were adsorbed for targeting HDL, LDL or folate receptors, respec-
tively (Zheng et al. 2002). These semisynthetic particles have potential utility for
the in situ loading of magnetite into cells for magnetic resonance imaging (MRI)
monitored cell tracking or gene therapy (Zheng et al. 2005). In addition to the sur-
face ligand, carrier geometry also might play a role in the endocytic process (Muro
et al. 2008). Disks were found to display longer half-lives in circulation and higher
targeting specificity in mice, whereas spheres underwent a more rapid endocytosis.
Most interestingly from the aspect of intracellular drug delivery it was also found
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that the size of the carrier might determine its intracellular fate. While micron-size
carriers had prolonged residency in prelysosomal compartments, submicron carriers
trafficked more readily to lysosomes (Muro et al. 2008).

In addition to endolysosomal targeting there is a growing body of work that
suggests the feasibility of modifying nanocarriers to redirect delivery of their cargo
to other sub-cellular compartments. A fusigenic viral liposome fused with the
Hemagglutinating virus of Japan (HVJ) envelope protein was used to efficiently
encapsulate and deliver DNA to the cytoplasm through fusion of the liposome with
the plasma membrane (Dzau et al. 1996). In another study, pH sensitive liposomes
composed of dioleylphosphatidylethanolamine and cholestryl hemisuccinate have
been reported to be efficient carriers of N-butylnojirimycin to the endoplasmic
reticulum (ER) (Costin et al. 2002); this can potentially be applied to the treatment
of melanoma. Surface functionalization with ligands like cholera toxin, shiga toxin
due to which the nanocarrier will be internalized into the cell by caveolae or lipid
raft mediated endocytosis surpasses the lysosome and delivers the moiety to the ER
or golgi complex (Le and Nabi 2003; Tarrago-Trani and Storrie 2007). Such ER
liposomes may be used for the delivery of anti virals (Pollock et al. 2010). On the
other hand, presence of an ER retrieval sequence on a ligand may confer to it ER
targeting abilities. Acyl coenzyme-A binding protein (ACBP) is a ligand consisting
of a potential ER retrieval signal, a dilysine (KK) motif near its C-terminus, which
was found, by live cell imaging and indirect immunohistochemistry, to preferen-
tially accumulate in the endoplasmic reticulum and the golgi complex (Hansen
et al. 2008). Liposomes modified with mitochondriotropic ligands have been shown
to improve the efficacy of an anticancer drug both in vitro and in vivo (Boddapati
et al. 2008). To render liposomes mitochondria-specific, the liposomal surface was
modified with triphenyl phosphonium (TPP) cations (Boddapati et al. 2005).
Methyltriphenylphosphonium cations (MTPP) are rapidly taken up by mitochon-
dria in living cells (Liberman et al. 1969) and have been extensively explored for
the delivery of biological active molecules to and into mitochondria (Murphy 2008;
Murphy and Smith 2007; Ross et al. 2008; Smith et al. 2003). The replacement of
the methyl group in MTPP with a stearyl residue was shown to facilitate the attach-
ment of TPP cations to the surface of liposomes (Boddapati et al. 2005).

Solid nanoparticles prepared from polymers or colloidal metals also fall under
the umbrella of pharmaceutical nanocarriers. Gold nanoparticles (AuNPs) are a
flexible nanoscale platform for the conjugation of a variety of targeting ligands
based on the affinity of thiol and amino groups for the gold surface. Of particular
interest here is the report of the conjugation of the triphenyl phosphonium mito-
chondriotropic ligand (Horobin et al. 2007) to the surface of AuNPs (Ju-Nam et al.
2006). Triphenyl-phosphonioalkylthiosulfate and potassium tetrachloroaurate were
dissolved in dichloromethane followed by drop-wise addition into an aqueous solu-
tion of sodium borohydride to generate 5—10 nm sized AuNPs with surface-attached
triphenylphosphonium residues. While data describing the intracellular localization
of these potentially mitochondriotropic AuNP’s have not yet been made available,
AuNPs have already been targeted to the nucleus using the adenoviral nuclear
localization signal (NLS) and integrin binding domain (Tkachenko et al. 2004).
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Such an approach has been reported to be useful in the development of probes for
cell tracking by surface enhanced raman scattering. Gold nanoparticles were sur-
face functionalized with the SV40 NLS, which led to accumulation of the nanopar-
ticles in the nucleus of HeLa cells (Xie et al. 2009). Quantum dots conjugated to
the amino group of the mitochondrial targeting sequence, Mito-8 were reported to
be colocalized in the mitochondria (Hoshino et al. 2004). Chlorotoxin conjugated
iron oxide nanoparticles coated with a copolymer of chitosan-PEG-PEI were found
to specifically translocate to the nucleus of cancer cells permitting a dual targeting
approach to a specific cell type and an organelle within the cell type; this approach
was successful in vivo, both for imaging and therapeutic purposes Kievit ( 2010).

Modification with a leader sequence peptide has also been applied to creating
delivery systems for mitochondria. A mitochondrial leader peptide (MLP), derived
from the nucleo-cytosol expressed but mitochondria localized ornithine transcar-
bamylase was recently used to render polyethylenimine (PEI) mitochondriotropic
(Lee et al. 2007). PEI had been developed in the mid 1990s as a versatile vector for
gene and oligonucleotide transfer into cells in culture and in vivo (Boussif et al.
1995; Demeneix and Behr 2005). Lee et al. (2007) conjugated the mitochondrial
leader peptide to PEI via a disulfide bond and confirmed the complex formation of
PEI-MLP with DNA by a gel retardation assay. In vitro delivery tests of rhodamine-
labeled DNA into living cells demonstrated that PEI-MLP/DNA complexes were
localized at mitochondrial sites in contrast to controls carried out with PEI-DNA
complexes lacking MLP. The author’s data suggest that PEI-MLP can deliver DNA
to the mitochondrial sites and may be useful for the development of direct mito-
chondrial gene therapy, a strategy for the cure of mitochondrial DNA diseases
proposed earlier (Seibel et al. 1995; Weissig and Torchilin 2000, 2001a, b) as an
alternative to allotropic expression (Ellouze et al. 2008; Oca-Cossio et al. 2003;
Zullo 2001; Gray et al. 1996).

3.2 Nanocarriers Prepared from Self-assembling Molecules
with Known Sub-cellular Accumulation

All the examples discussed in the previous section share a common assumption that
unless a targeting ligand is incorporated into the design, the nanocarriers would
remain in the endolysosomal compartment. However it is interesting to also con-
sider the disposition of a nanocarrier made exclusively of a molecule with a predis-
position for a sub-cellular compartment. A good example of a molecule that has a
strong affinity for a sub-cellular compartment and that is also capable of self assem-
bling to form a potential carrier system is the mitochondriotropic amphiphile
dequalinium chloride. Vesicles prepared exclusively from dequalinium chloride
(called DQAsomes) have been explored for the delivery of several bioactive mol-
ecules to mitochondria (D’Souza et al. 2003, 2005, 2008; Weissig et al. 2000,
2001). Most recently, the antitumor efficiency of DQAsomal encapsulated pacli-
taxel was enhanced by modifying the DQAsomal surface with folic acid (FA)
(Vaidya et al. 2009). However, DQAsomes currently serve as a preliminary proof
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of concept and are still far from being the perfect delivery system. In order to design
similar carriers for other sub-cellular compartments it is necessary to find suitable
self-assembling molecules with an affinity for the intended sub-cellular compart-
ment. To this end, recent work on the sub-cellular distribution of micelle forming
agents offers some interesting insights (Bae et al. 2005; Maysinger et al. 2007,
Savic et al. 2006, 2009; Xiong et al. 2008).

Imaging studies based on the use of a variety of organelle-specific dyes, gold and
fluorescent polymers have provided detailed insight into the sub-cellular distribution
of block copolymer micelles (Maysinger et al. 2007; Savic et al. 2003). Both imaging
techniques, i.e. confocal fluorescence microscopy (to detect the fluorophore-labeled
copolymers) and transmission electron microscopy (to detect the gold-labeled copo-
lymers) demonstrate that poly(caprolactone)-b-poly(ethylene oxide) micelles (PCL-
b-PEO micelles) do not enter the nucleus. With respect to the cytosolic distribution
of PCL-b-PEO micelles, however, the two different imaging techniques used in these
studies suggest quite a different sub-cellular disposition. TEM images show most of
the gold labeled micelles to be localized in endosomes/lysosomes and a few of them
were seen at or in mitochondria (Maysinger et al. 2007). Confocal fluorescence
microscopic images, on the other hand, show fluorescent PCL-b-PEO micelles
almost evenly distributed throughout the cytosol (Savic et al. 2003). Therefore, not
surprisingly, cell staining with organelle-specific dyes and overlaying the correspond-
ing confocal fluorescence images reveal partial colocalization of PCL-b-PEO
micelles with lysosomes, with the Golgi apparatus and the Endoplasmic Reticulum,
with the mitochondria and the Endoplasmic Reticulum and with mitochondria alone.
Considering the nature of the micelle corona, which is entirely made up of non-
functionalized polyethylene oxide, a highly hydrophilic polymer, any specific interac-
tion with or any specific affinity for any of the cell organelles could not be expected
per se. It would be very interesting to see to what extent modifying the micelle corona
with organelle-specific ligands would alter the intracellular distribution of such
micelles, which then potentially could become nanocontainers that distribute cargo to
defined cytoplasmic organelles. However, the distinctive distribution of nonfunction-
alized PCL-b-PEO micelles throughout the cytosol makes them highly suitable for
multiple cytoplasmic targeting (Savic et al. 2003), which has most recently been
proven to be relevant for the delivery of effector molecules of the cell signaling path-
ways that are activated in the cytosol (Savic et al. 2009). This study suggests that
micelle-based intracellular delivery of potent, poorly water-soluble, cell-death-pathway
inhibitors may represent a useful addition to established delivery of cytocidal block-
copolymer micelle-incorporated bioactives (Savic et al. 2009).

4 Conclusion and Perspectives

From the examples discussed so far it would seem that nanocarrier systems could
be designed to achieve true molecular level targeting inside cells. However to say
that these systems will be available soon is perhaps premature given what little is
currently known about the sub-cellular dynamics associated with nanocarrier
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trafficking. There are several unanswered questions. For example, do all nanocarriers
remain intact upon cell entry and subsequent disposition? Are there differences in
the disposition of vesicles in comparison to solid particles? What is the true influ-
ence of size on the intracellular disposition of various nanocarriers? Most important
is however the question of the mechanism by which the nanocarrier is able to
achieve selective uptake and delivery into the sub-cellular compartment. Despite
several reports of altered or improved sub-cellular accumulation associated with an
improvement in activity, it is still unclear how exactly this happens. It will take
much active research to answer these and other questions before sub-cellular
targeted nanocarrier-based therapies become commonplace.
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Delivery to Intracellular Targets
by Nanosized Particles

Gillian Barratt

Abstract Nanosized drug carrier systems, including liposomes and nanoparticles,
have the potential of delivering their contents to the interior of cells. However,
engineering of the particle size and surface properties is necessary to achieve target-
ing to particular cell types. Conventional particles with hydrophobic surfaces are
rapidly engulfed by phagocytic cells. Modification of the surface with hydrophilic
polymers yields so-called “Stealth” particles which avoid phagocytosis and remain
in the circulation longer after intravenous injection. The addition of specific ligands
to the surface of these particles can confer more specific targeting to particular cell
types. Nanoparticles and liposomes are normally taken up by endocytosis in non
phagocytic cells, leading to their delivery to the lysosomal compartment. In order
for the cargo to reach other cell compartments, a mechanism of endosomal escape
is necessary. Examples are given of drug delivery in two particular applications:
delivery to macrophages for immunomodulating and anti-infectious functions, and
delivery of antisense oligonucleotides and small interfering RNA to cells.
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DOTAP 1,2-dioleoyl-3-trimethylammonium-propane
DOTMA 1,2-di-O-octadecenyl-3-trimethylammonium propane
EPR enhanced permeation and retention

GAPDH glyceraldehyde 3-phosphate dehydrogenase

GFP green fluorescent protein

GPI glycosylphosphatidylinositol

HUVEC human umbilical vein endothelial cells

IeG immunoglobulin G

LDL low density lipoprotein

LHRH luteinizing-hormone-releasing hormone

MDP muramyl dipeptide

MTP-Chol muramy] tripeptide cholesterol

MTP-PE muramy] tripeptide phosphatidylethanolamine

NC nanocapsules

PACA poly (alkylcyanoacrylate)

PAMAM poly (amido amine)

PEG poly (ethylene glycol)

PEG-PMMA poly (ethylene glycol) — poly (methyl methacrylate) copolymer
PEI poly (ethyleneimine)

PIBCA poly (isobutylcyanoacrylate)

PIHCA poly (isohexylcyanoacrylate)

PLA poly (D, L-lactide)

PLGA poly (lactide —co-glycolide)

RGD Arg-Gly-Asp tripeptide

SAINT-2 N-methyl-4(dioleyl)methylpyridinium chloride
SiRNA small interfering ribonucleic acid

VEGF-R2 vascular endothelial growth factor receptor 2

1 General Remarks About Drug Carriers

The use of drug carrier systems to improve the efficacy of therapeutic molecules
has been attracting attention over the last five decades. Among the different con-
structions that can be made to modify the distribution of an active molecule, col-
loidal or nanosized particles present a number of advantages (Barratt 2003). They
are large enough to transport a large number of guest molecules but small enough
(typically between 20 and 200 nm) to pass through some biological barriers and to
be taken up by cells.

The first form of colloidal particle to be considered as a potential drug delivery
system was the liposome (Ryman and Tyrell 1980). These particles, which were
first proposed as models of cell membranes, consist of one or more phospholipid
bilayers surrounding aqueous compartments. Water-soluble drugs can be entrapped
in the aqueous phase and lipophilic or amphiphilic ones can be inserted into the
lipid bilayers. According to the application, the particle diameter can be adjusted



Delivery to Intracellular Targets by Nanosized Particles 75

from a few microns down to about 25 nm by the choice of preparation technique
and the phospholipid composition can also be chosen to provide adequate stability
(Szoka 1990). Other supramolecular assemblies based on amphiphilic molecules
have also be proposed for drug delivery. For example, oil-in- water micelles can be
used to solubilize lipophilic drugs for delivery. Of particular interest are micelles
formed from amphiphilic copolymers which are very stable to dilution (Kakizawa
and Kataoka 2002).

Emulsified systems have either an oil phase dispersed in an aqueous phase (0/w)
or an aqueous phase dispersed in an oil phase (w/o0) with the aid of surfactants; o/w
systems are more suitable for biological applications. Despite the name, the so-
called microemulsions that are attracting much attention as delivery systems for
water-insoluble drugs have droplet sizes in the sub-micronic range. They are ther-
modynamically stable and form with a minimum of energy input, because they
contain a high proportion of surfactant and often a co-surfactant. On the other hand,
nanoemulsions, with a similar droplet size but a different internal structure are only
kinetically stabilized and require a large energy input to generate their small droplet
size (Heuschkel et al. 2008). Self micro-emulsifying drug delivery systems
(SMEDDS) have been developed recently in attempt to improve the oral bioavail-
ability of some water-insoluble drugs. A mixture of drug, oil, surfactant and co-
surfactant is administered and the micro-emulsion forms on dilution in the intestinal
fluid (Kyatanwar et al. 2010). Apolar lipids that are solid at physiological tempera-
tures can be formed into nanoparticulate systems with the aid of surfactant and an
energy input; these are called solid lipid nanoparticles (Wissing et al. 2004).

Nanoparticulate systems can also be prepared from macromolecules. Proteins
(e.g. albumin), poly (amino acids), polysaccharides (dextran, chitosan) and syn-
thetic polymers have all been used (Vauthier and Bouchemal 2009). Obviously for
drug delivery applications, the polymer chosen to prepare nanoparticles should be
biodegradable to non toxic products. Therefore, the polyesters poly (D,L-lactide)
(PLA) and poly (glycolide-co-lactide) (PLGA) are very often chosen as the basis
for nanoparticles. A particulate system can be formed from a single highly branched
polymer molecule: a dendrimer. Guest molecules can be attached by absorption or
covalent linkage. The most usual type of nanoparticle is a matrix of entangled poly-
mer chains. Depending on the affinity of the drug for the polymer, it can be included
in the matrix or adsorbed on the surface. These nanoparticles are sometimes
referred to nanospheres to distinguish them from another type of organization, the
nanocapsule (Couvreur et al. 2002). This is a reservoir form consisting of an oily
or aqueous core surrounded by a polymer shell. An appropriate drug molecule can
be dissolved in the core liquid.

The major role of a drug carrier is to modify the distribution of the drug, re-
routing it away from sites of toxicity and delivering more to the site of action. The
carrier can also protect a fragile molecule from degradation in physiological fluids.
It follows that the biodistribution of the carrier is primordial in determining its
range of application (Gregoriadis and Senior 1982). Simple colloidal particles are
“recognized” by the immune system in the same way as other foreign bodies such as
bacteria. That is, when they are introduced into the blood stream some components
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of the complement system, in particular C3b, and other proteins known as opsonins,
adsorb onto the surface of the particles. This makes the particles susceptible to
phagocytosis by macrophages, especially those of the liver and spleen (Szebeni
1998). Thus intracellular delivery occurs, but only in a particular cell type. As
described below, there are some therapeutic scenarios in which intracellular deliv-
ery to macrophages is a useful strategy. However, it is often desirable to deliver
drugs to other cell types; for example cancer cells. Opsonization and interaction
with complement proteins can be reduced by decorating the surface of the drug
delivery system with end-attached hydrophilic polymer chains (Jeon et al. 1991).
Poly (ethylene glycol) (PEG) is the most commonly used hydrophilic polymer
(Woodle 1998). The resulting liposomes or nanoparticles persist in the circulation
after intravenous injection and are often referred to as “Stealth” particles. They are
then able to carry drug to other cell types. In particular, they are able to extravasate
into solid tumors by the “EPR” effect (Jain 1987) and also penetrate into infected
or inflamed tissue (Oyen et al. 1996).

Cell-specific delivery with colloidal drug carriers can be achieved by attaching
a ligand to the surface (ideally at the far end of a PEG chain). Antibodies and frag-
ments thereof have often been used for this purpose, although a smaller ligand has
some advantages. Small molecules that have been used for targeted drug delivery
systems include folic acid and RGD-containing peptides. Carrier systems that bind
to cell-surface receptors in this way will be internalized if receptor ligation nor-
mally leads to internalization and if the particle size is consistent with the size of
the endocytic vesicle formed (in non phagocytic cells generally 150-200 nm).
However, uptake by endocytosis or phagocytosis results in the carrier system being
sequestered in endosomes or phagosomes, which are then acidified and fuse with
lysosomes containing hydrolytic enzymes. Labile, hydrophilic drugs which cannot
escape from this compartment may be destroyed without reaching their target. In
response to this, pH-sensitive carrier systems which destabilize the endosome
membrane and allow the drug to reach the cytoplasm have been developed. These
are discussed in the section dealing the intracellular delivery of nucleic acids.

2 Interactions Between Colloidal Drug Carriers and Cells

As explained above, colloidal drug carriers have the potential to deliver their cargo
to the interior of cells under certain conditions. Whether intracellular delivery
occurs and to which compartment depends on the cell type and the composition of
the carrier. The interactions of nano-sized carriers with cells have recently been
reviewed by Hillaireau and Couvreur (2009). Whatever the mechanism of uptake,
it must be preceded by contact and binding between the particle and the cell sur-
face. Both hydrophobic and electrostatic interactions can occur, and increased bind-
ing is seen with charged particles, whether they are negatively or positively charged.
As explained in the section above, binding to the cell surface is enhanced by the
presence of proteins adsorbed on the cell surface. The presence of PEG or other
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hydrophilic polymers at the surface of the particle can reduce protein absorption
and in this way hinder binding to the cell surface. This is a useful property when
the aim is to reduce clearance by phagocytic cells, but will also reduce binding to
target cells. Specific binding to the target can be achieved by the attachment of a
ligand to the particle surface. Many different types of molecule have been proposed
as targeting ligands for liposomes and nanoparticles. Antibodies are obvious candi-
dates because of their extreme specificity; however saccharides and other small
molecules may also be employed. The efficiency of ligand-mediated binding will
depend on the orientation of the ligand on the surface. For example, when lipo-
somes are covered with PEG, the ligand should be attached to the distal end of the
PEG chain, to allow unhindered interaction with the receptor (Mercadal et al.
1999). It should also be noted that the binding of a ligand to a receptor will not
necessarily lead to internalization; this depends on the nature of the receptor and
also on the size of the particle carrying the ligand (Allen and Moase 1996).

When the particle is a liposome, there are several theoretical possibilities after
binding to the cell surface: internalization of the intact particle by endocytotic pro-
cesses; fusion of the liposome membrane with the cell membrane, leading to deliv-
ery of its contents directly to the cytoplasm; exchange of lipids between the
liposome membrane and the plasma membrane. A very early study by Pagano and
Huang (1975) using Chinese hamster V79 cells and liposomes prepared from diol-
eylphosphatidylcholine and cholesterol gave evidence for the last two mechanisms.
However, subsequent studies have shown that liposome-cell fusion is quite rare
unless specific fusogenic peptides are included (see for example Fattal et al. 1994;
Pecheur et al. 1997). Koning et al. (2002) exploited lipid exchange between lipo-
somes immobilized at the surface of colon carcinoma cells by means of a specific
monoclonal antibody to deliver a lipophilic prodrug of 5-fluorodeoxyuridine.

In the case of nanoparticles, fusion with the cell membrane is not possible.
Transfer of lipophilic cargo to the cell can occur after binding to the cell surface,
as shown by Mosqueira et al. (2001) with a fluorescent marker within the oily
phase of non PEGylated nanocapsules. However, most interactions take place by
endocytotic mechanisms, including phagocytosis, clathrin- or caveolin-mediated
endocytosis and macropinocytosis.

Phagocytosis (“cell-eating”) is restricted to specialized cells of the immune sys-
tem: monocytes and neutrophils in the blood and macrophages and dendritic cells
in the tissues. The physiological role of phagocytosis is to clear foreign bodies and
to present antigens from them to other actors in the immune response. The size of
particles that can be engulfed by macrophages reaches several microns; senescent
red blood cells, for example. Binding to the phagocyte surface is greatly increased
by opsonization with plasma proteins, among which immunoglobulins, fibronectin
and complement component C3b play important roles. The phagocyte membrane
carries receptors for these proteins, as well as receptors for saccharides (mannose/
fucose and galactose), apolipoproteins and the less specific scavenger receptors.
Pseudopodia grow out around the particle and a “zip fastener” effect of binding to
a number of receptors on the same particle encloses it within a vacuole known as a
phagosome. This vacuole is subsequently acidified and fuses with lysosomes
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(containing a panoply of hydrolytic enzymes), while receptors are recycled to the
cell surface. It follows that a drug carrier that is internalized in this way, and its
contents, will come into contact with an environment in which it can be degraded.
This is an important feature for polymeric delivery systems because it allows drug
release and prevents the accumulation of polymer within the cells but can inactivate
or sequester the active agent.

Factors which influence the uptake of drug carriers by macrophages include
size, surface charge, surface coating and the presence of specific ligands. In-vitro
studies have often observed more rapid uptake of larger particles, although this may
be a consequence of more rapid sedimentation of larger objects in unstirred culture
medium (Barratt et al. 1986; Tabata and Ikada 1988). However, more rapid clear-
ance of larger particles is also observed in vivo (Senior and Gregoriadis 1982) and
complement consumption also increases with particle size (Vonarbourg et al. 2006),
suggesting that the surface of larger particles is more susceptible to opsonization
than that of particles with a smaller radius of curvature. Nanoparticles and lipo-
somes with positively or negatively charged surfaces are taken up more rapidly than
neutral ones (Tabata and Ikada 1988; Heath et al. 1985) and those with hydrophobic
surfaces are phagocytosed more readily than those with a hydrophilic surface. In
particular, the presence of end-on hydrophilic chains such as PEG (Woodle 1998;
Gref et al. 2000) or dextran (Jaulin et al. 2000) on the surface reduces uptake by
phagocytes. Analysis of the kinetics of binding and internalization for various par-
ticle types suggests that the rate-limiting step is binding to the particle surface and
that once they are bound PEG-covered particles are internalized at the same rate as
non PEGylated ones (Mosqueira et al. 2001; Martina et al. 2007).

Some specific ligands can increase particle uptake by macrophages and this
phenomenon can be exploited to deliver biologically active material to these cells.
Liposomes containing phosphatidylserine are preferentially taken up by mac-
rophages (Schroit and Fidler 1982) by means of a receptor whose primary purpose
is to clear senescent erythrocytes and fragments of cells after apoptosis (Fadok
et al. 2000). Another receptor which can be utilized to promote capture of drug
carriers by macrophages is the mannose/fucose receptor, which allows these cells
to capture and destroy a number of microorganisms. One example is the delivery of
an immunomodulator in mannose-grafted liposomes, in order to stimulate the anti-
tumoral properties of macrophages (Barratt et al. 1987). More recently, this strategy
has been applied to the delivery of Amphotericin B (Vyas et al. 2000; Nahar et al.
2010) and another fungally derived antibiotic (Mitra et al. 2005) to macrophages
for treatment of leishmaniasis. Another targeting ligand which has been used in a
similar application is the tetrapeptide tuftsin (Thr-Lys-Pro-Arg, Agrawal et al.
2002). This peptide has the advantage of being both a targeting element and a mac-
rophage activator. The anti-leishmanial activity of the drug is thus reinforced by
macrophage-mediated effects.

Most other cell types are capable of internalizing carrier systems by endocytic
mechanisms. The best documented pathway is that of clathrin-dependent endocy-
tosis, involving so-called “coated pits”. These are invaginations of the plasma
membrane enriched in the protein clathrin, to which the intracellular portion of
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some membrane-bound receptors can attach. Binding of ligand to these receptors
triggers assembly of further clathrin molecules to form a vesicle around the particle
which is pinched off to become completely internalized. The clathrin coat is lost
and the vacuole becomes an early endosome. As in phagocytosis, acidification,
receptor recycling and fusion with endosomes occur. Another vesicular endocytotic
pathway has been described more recently: the caveolae pathway. Caveolae are
flask-shaped invaginations in the membrane coated with the protein caveolin. The
membrane composition is different from the bulk composition, rich in cholesterol
and resembling that of lipid rafts; some receptors are particularly associated with
these areas, particularly those which have a GPI anchor (Anderson 1998). The
vesicles formed after pinching off of the caveolae by the protein dynamin are not
acidified and do not fuse with lysosomes. Finally, macropinocytosis involves the
actin-driven formation of membrane ruffles which collapse and fuse with the
plasma membrane to enclose a vesicle, internalizing a droplet of the extracellular
medium without any specific receptor. Unlike clathrin- and caveolin-coated vesi-
cles which are about 200 nm in diameter, vesicles formed by macropinocytosis can
be as large as 5 pm (Swanson and Watts 1995), and thus presents a mechanism of
uptake for larger-sized particles.

The endocytic pathway taken by drug delivery systems is usually determined by
the use of specific inhibitors, such as cytochalasin B for clathrin-mediated endocy-
tosis, filipin for caveolae-mediated endocytosis and amiloride for macropinocyto-
sis. Cholesterol depletion is also used to detect caveolae-mediated processes. Thus,
Rejman et al. (2004) were able to reveal the influence of size on the mechanism of
uptake of fluorescent polystyrene nanoparticles by non phagocytic B16 cells. While
particles smaller than 200 nm were internalized by clathrin-coated pits, larger par-
ticles from 200 to 500 nm in diameter were preferentially taken up by caveolae.

A variant of the endocytic pathway is transcytosis. In this pathway, vesicles
formed by endocytosis do not fuse with lysosomes but cross the cell, fuse with the
plasma membrane in another region of the cell and release their contents into the
extracellular medium. In particular, receptor-mediated transcytosis is a mechanism
of carrying macromolecules across endothelial cells. For example, transcytosis of
insulin, IgG, LDL and iron bound to the transport protein transferrin cross the
endothelial cells of the blood-brain barrier by transcytosis. This pathway can be
exploited for drug delivery to the brain. The group of Pardridge has reported results
using monoclonal antibodies targeting either the transferrin receptor or the insulin
receptor conjugated to long-circulating liposomes (Pardridge 2010a). Jallouli et al.
(2007) observed that neutral or cationic polysaccharide nanoparticles of 60 nm in
diameter without any surface modification underwent transcytosis by the caveolae
pathway across a model of the blood-brain barrier. PLGA nanoparticles coated with
transferrin followed the same route in this model (Chang et al. 2009). On the other
hand, PEGylated poly (alkylcyanoacrylate)-based nanoparticles were taken up by
rat brain endothelial cells by a clathrin-dependent pathway (Kim et al. 2007). This
uptake was found to be via LDL receptors, since Apolipoprotein E is adsorbed
onto PEGylated nanoparticles. These results illustrate the complexity of uptake
mechanisms for drug delivery systems.
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In the second part of this chapter, two aspects of intracellular drug delivery with
colloidal drug carriers will be discussed in more detail: intracellular delivery to
macrophages and intracellular delivery of nucleic acids.

3 Intracellular Delivery to Macrophages

The accumulation of colloidal drug carriers within phagocytic cells can be exploited
in some drug delivery applications. For example, muramyldipeptide and analogues
which stimulate the antimicrobial and antitumoral activity of macrophages can be
delivered more efficiently as carrier-associated molecules. Muramyldipeptide
(MDP) is a low-molecular-weight, soluble, synthetic compound derived from the
structure of peptidoglycan from mycobacteria. Such compounds would be gener-
ated within macrophages after the ingestion of bacteria; therefore they act on intra-
cellular receptors but, because of their hydrophilicity, they penetrate poorly into the
cells and are eliminated rapidly after i.v. administration. Therefore, muramyl pep-
tides have been associated with both liposomes and nanocapsules. The first studies
using using soluble MDP within liposomes showed activity against pulmonary
(Fidler et al. 1981) and liver (Daemen et al. 1990) metastases in mice. However, the
low molecular weight and water-solubility means that this compound was poorly
encapsulated and leaked easily from liposomes. In response to this, lipophilic
derivatives such as muramyltripeptide-cholesterol (MTP-Chol; Barratt et al. 1989)
and muramyltripeptide-phosphatidylethanolamine (MTP-PE; Asano and Kleinerman
1993) were developed. These systems promoted increased intracellular penetration
of muramyl peptides into macrophages in vitro. In-vitro studies of nanocapsules
loaded with MTP-Chol indicated that nanocapsules were taken up by phagocytosis
and that a soluble derivative was released in the lysosomes (Seyler et al. 1999;
Mehri et al. 1996). Thereafter, a number of effector mechanisms are induced in the
macrophages, such as the production of nitric oxide (Morin et al. 1994), cytokines
and arachadonic acid derivatives (Seyler et al. 1997).

Nanocapsules were also active against hepatic metastases in mice; however, the
treatment was only curative when the tumour burden was low (Barratt et al. 1994).
Similar observations were made with liposomes containing MTP-PE (Asano and
Kleinerman 1993). Nevertheless, these liposomes have been proposed for the treat-
ment of osteosarcoma (Mori et al. 2008).

Similar liposomes were also able to activate macrophages to control bacterial
infections, for example, Klebsiella pneumoniae (Melissen et al. 1994). As well as
activating the non specific defence mechanisms of macrophages, muramyl pep-
tides can act as adjuvants facilitate the development of a specific immune response
to an antigen and in this respect as well liposomal encapsulation increases their
efficiency (Turanek et al. 2006). The potential of liposomes as immunological
adjuvants (reviewed by Kersten and Crommelin 2003) was recognized as early as
1974. Both liposomes and nanoparticles can be used to deliver immunological
adjuvants or antigens or combinations of the two to antigen-presenting cells
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(macrophages and dendritic cells) (Peek et al. 2008). This approach can be applied
to both protein antigens (van Broekhoven et al. 2004) and DNA vaccines
(Greenland and Letvin 2007).

A number of microorganisms — bacteria, viruses and parasites — are able to live
within macrophages. Colloidal drug carriers loaded with antibiotic drugs can be
used to reach these infections (Pinto-Alphandary et al. 2000). Poly (isohexylcyano-
acrylate) nanospheres loaded with Ampicillin allowed a large increase in efficacy
compared with free antibiotic in mice infected with Salmonella typhimurium and
Listeria monocytogenes (Fattal et al. 1989; Youssef et al. 1988). Studies using elec-
tron microscopy and confocal fluorescence microscopy with labeled S. typhimurium
and nanospheres revealed the carrier system and the bacteria in the same intracellular
compartment (Pinto-Alphandary et al. 1994).

A fluoroquinolone antibiotic, ciprofloxacin, was encapsulated within poly
(isobutylcyanoacrylate) (PIBCA) and PIHCA nanospheres in an attempt to kill both
dividing and non-dividing bacteria; however, the formulation was not effective
against persistent Salmonella (Page-Clisson et al. 1998). More recently, the same
antibiotic was encapsulated in PLGA nanospheres (Jeong et al. 2008). PLGA nano-
spheres are also able to deliver gentamicin to the liver and spleen of Brucella
melitensis-infected mice (Lecaroz et al. 2007). Nanospheres prepared from poly
(D,L-lactide) containing the antiparasitic drug primaquine were also efficient at
delivering this drug to the liver (Rodrigues et al. 1994). Co-localization of nano-
spheres and Leishmania donovani parasites in Kupffer cells was observed.

Another infectious disease in which the organism responsible is to be found in
macrophages is visceral leishmaniasis. One of the effective drugs against this dis-
ease is Amphotericin B, a polyene antibiotic. This amphiphilic molecule has been
associated with several lipid-based drug delivery systems (Barratt and Bretagne
2007). Although the main advantage brought by nanoencapsulation is the reduction
of Amphotericin B’s dose-limiting toxicity, the use of colloidal carriers also means
that the drug can reach the same intracellular compartment as the parasite.

4 Intracellular Delivery of Nucleic Acids

A second application in which colloidal drug carriers can provide intracellular
delivery is that of the administration of nucleic acids. Progress in molecular biology
has led to the availability of therapeutic genes and shorter nucleic acid sequences,
in particular anti-sense oligonucleotides (AS-ODN) and small interfering RNA
(siRNA). However, these large, negatively charged molecules cannot penetrate cell
membranes and are also susceptible to degradation by nucleases, particularly the
single-stranded AS-ODN. The stability problem for AS-ODN can be overcome by
chemical modification, yielding structures such as phosphorothionate, methylphos-
phonate and boranophosphonate analogues that are resistant to enzymes but retain
the capacity to bind to messenger RNA. However, the barrier of intracellular pen-
etration remains. Furthermore, passage of the cell plasma membrane is not the last
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barrier to nucleic acid delivery. Therapeutic genes and oligonucleotides which form
triple helices with DNA must be transported into the nucleus, while AS-ODN and
siRNA act in the cytoplasm at the level of protein synthesis on the ribosomes.
However, if the formulation containing the nucleic acid is internalized by phagocy-
tosis or endocytosis, it will be sequestered in a membrane-bound vacuole, which is
subsequently acidified and fused with a lysosome containing acid hydrolases.
Therefore, some mechanism must be included to allow the nucleic acid to escape
from the endosome before it is degraded.

Viral vectors have been developed for gene therapy, but have serious drawbacks
in terms of toxicity, immunogenicity and the size of the plasmid which can be
inserted. A number of other strategies have been adopted: physical methods such as
the “gene gun” and electroporation, complexes with cationic polymers such as
chitosan, poly (lysine) and poly (ethyleneimine) (PEI) and complexes with cationic
lipids, known as lipoplexes. This section will concentrate on recent developments
in intracellular delivery systems for AS-ODN and siRNA.

4.1 Lipid-Based Systems

The concept of “lipofection” was advanced by Felgner et al. (1987). Small lipo-
somes, formed from dioleoylphosphatidylethanolamine (DOPE) and a cationic
lipid, DOTMA, were mixed with DNA and the resulting “lipoplexes” were able to
introduce reporter genes into various cell lines. The cationic lipid is able to con-
dense the linear DNA into a complex, but the original lipid vesicle morphology is
not conserved. DOTMA is available commercially as Lipofectamine®. Many other
cationic lipids have been developed, including DOTAP, DOGS, DC-cholesterol and
SAINT-2. These lipids are usually mixed with a “helper” lipid, such as DOPE or
cholesterol which improves their stability and may aid cellular penetration.
However, these complexes show low transfection efficiency compared with viral
systems and in particular do not perform well in vivo. The net positive charge of
the complexes is probably responsible for their high toxicity and also promotes the
adsorption of plasma protein which leads to their rapid elimination. As a result,
attempts have been made to modify the surface of these complexes. The surface
charge can be modified by the addition of anionic lipids (Lee and Huang 1996) or
by the inclusion of PEGylated lipids (Fenske et al. 2001).

Li and Szoka (2007) have reviewed the development of lipid-based colloidal
particles with a diameter of less than 100 nm, which would be better adapted to
in-vivo nucleic acid delivery. In particular, they describe a detergent dialysis
method which allows the different components to be associated in a controlled
fashion. They also present a model for the interaction of these lipid articles with
cells. It was originally assumed that cationic lipoplexes were able to fuse directly
with the plasma membrane, which has a negative charge and deliver their cargo
directly to the cytoplasm. However, it is now accepted that the cationic complexes
are taken up by endocytosis after electrostatic interaction with the plasma mem-
brane. Within the endosome, endogenous lipids in the endosomal membrane are
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transferred into the particle to form ion pairs with the cationic lipid. This destabilizes
the endosomal membrane and the nucleic acid is able to escape into the cytoplasm
(Xu and Szoka, 1996).

Another, similar, strategy for cytoplasmic delivery is pH-sensitive liposomes
(reviewed by Fattal et al. 2004). In this case the nucleic acid is encapsulated in
neutral or anionic liposomes including lipids in their composition which undergo a
change in organization at the pH of the endosomes, destabilize the endosomal
membrane and release the nucleic acid into the cytoplasm. DOPE is one of the
lipids used in this context, because it adopts a hexagonal phase at low pH. Oleic
acid or cholesteryl hemisuccinate (CHEMS) are often added to the formulation.
Some results have been obtained in vitro showing that these liposomes increase
nucleic acid delivery to cells; for example, the replication of Friend virus in NIH 3
T3 cells was inhibited by an AS-ODN in pH-sensitive cells (Ropert et al. 1996).
Interestingly, this work suggested that virally infected cells preferentially take up
particulate carrier systems by reflex endocytosis during virus budding. However,
observations in vivo with pH-sensitive liposomes have shown limited efficacy,
because interactions with plasma proteins reduce the pH-sensitivity (De Oliveira
et al. 2000). Recently, more sophisticated systems have been developed. Thus,
Mudhakir et al. (2008) coupled an arginine-rich peptide onto the surface of lipid
systems, to direct them to the macropinocytosis uptake pathway. When siRNA was
incorporated into this type of particle, which also contained a pH-sensitive lipid
combination DOPE/CHEMS, gene expression was effectively inhibited. Another
pH-sensitive system, developed by the laboratory of Robert Langer, used a coating
of PEG-polycation copolymer on pH-sensitive liposomes encapsulating siRNA
(Auguste et al. 2008). At the pH of the endosomes, the protective polymer is des-
orbed and the nucleic acid released. Efficient knockdown of GFP in transfected
HeLa cells and GAPDH in HUVEC cells by these particles has been demonstrated.
This is interesting in the light of results reported by Remaut et al., (2007) showing
that PEGylation of liposomes fails to protect the nucleic acid cargo from degraga-
tion in the lysosomes. On the other hand, an assembly of cationic lipid and
AS-ODN conjugated to PEG was able to promote rapid delivery to the nucleus in
KB cells (Jeong et al. 2006). Experimental results from Pakunlu et al. (20006)
showed that PEGylated liposomes containing both AS-ODN to drug resistance
genes and doxorubicin could be taken up by cancer cells and in this way the
efficacy of the cytotoxic drug was enhanced.

A alternative strategy for intracellular delivery is the use of so-called “fusogenic”
liposomes in which a viral peptide included in the formulation allows cytoplasmic
delivery. An example is the promotion of cytoplasmic delivery of DNA oligonucle-
otides with a system using inactivated Sendai virus (Kunisawa et al. 2005).

The intracellular delivery of antisense oligonucleotides has been reported in a
large number of publications. Delivery has been evidenced by detection of fluores-
cent oligonucleotides within the cells and by an antisense effect on the target gene.
Thus, Ruozi et al. (2005) showed the role of DOTAP in liposomes for the intracel-
lular delivery of AS-ODN to COS 1 and HaCaT cells.

In the same way, uptake of siRNA loaded lipid complexes has been demon-
strated in many different cells types. For example, Santel et al. (2006) showed
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uptake of lipid complexes containing siRNA against CD31 in mouse vascular
endothelial cells and also observed inhibition of tumor growth by an antiangiogenic
effect. Lavigne and Thierry (2007) were able to quantify the delivery of siRNA
directed against cyclin D1 associated with a lipoplex to specific cell compartments
in MCF-7 cells. Yadava et al. (2007) compared the performance of lipoplexes with
poly(ethyleneimine) (PEI, see below) and saw similar cellular uptake of a model
siRNA from the two systems, but a better silencing activity from the lipoplexes,
which they attributed to a more rapid dissociation of the lipid complexes.

Recent developments include the use of specific targeting ligands to promote
uptake of the nucleic acid complexes by specific cells types. Cardoso et al. (2007)
used lipoplexes targeted by transferrin to deliver siRNA silencing marker genes to
glioma, hepatocarcinoma and HT-22 cells. Transferrin was also used as a ligand to
prepare “Trojan horse” liposomes to carry nucleic acids and other therapeutic
agents across the blood-brain barrier, taking advantage of the presence of transfer-
rin receptors promoting transcytosis across endothelial cells (Pardridge 2010a). The
insulin receptor has been used for the same purpose (Pardridge 2010b). The folate
receptor, overexpressed on many tumor cells, is another target which has been
exploited for intracellular nucleic acid delivery (Yu et al. 2009). For example, Bcl2
downregulation in KB cells was shown to be greatly enhanced by the presence of
folate acid on the surface of cationic liposomes (Chiu et al. 2006). The ligand is
attached to the extremity of PEG chains themselves coupled to phosphatidyletha-
nolamine in the liposome membrane. Delivery of anti HER-2 AS-ODN to head and
neck cancer cells was also improved by folate-liposomes and increased the sensitivity
of the cells to conventional chemotherapy (Rait et al. 2003).

4.2 Polymer-Based Systems

As far as polymer-based systems are concerned, three strategies have been adopted
for the delivery of nucleic acids: complexation with cationic molecules, adsorption
onto preformed nanoparticles and encapsulation within nanoparticles.

The most commonly used macromolecule for complexation of nucleic acids is
PEI, which provides a high density of positive charge. Complexes can be formed
easily by mixing the polymer and the nucleic acid; the resulting assemblies retain
a net positive charge, which leads to electrostatic interactions with the cell mem-
brane and uptake by endocytosis. Within the acidic endosome, the amino groups on
the polymer are protonated, leading to osmotic swelling and rupture of the endo-
some. This so-called proton sponge effect ensures the release of the nucleic acid
into the cytoplasm. However, a simple PEIl/nucleic acid formulation presents draw-
backs in terms of toxicity and an unfavorable biodistribution. PEI, particularly
branched or high-molecular weight chains is toxic because of its ability to bind to
cell membranes and cause necrotic cell death (Roques et al. 2007). The net positive
charge of the complexes also provokes rapid adsorption of plasma proteins after
intravenous administration, leading to particle aggregation. These aggregates are
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physically trapped in small capillaries, particularly in the lung, or taken up by
phagocytosis by macrophages (Chemin et al. 1998). Despite these drawbacks, some
success has been obtained in cell culture, including in non dividing cells (Boussif
et al. 1995; Dheur et al. 1999; Gomes dos Santos et al. 2006). Some positive results
have also been obtained in vivo: Grzelinski et al. (2006) were able to suppress the
expression of the growth factor pleiotrophin and Urban-Klein et al. (2005) achieved
an anti-tumor effect with a PEI complex of siRNA targeting the HER-2 receptor.

The biocompatibility of PEI-based formulations can be improved by coating
them with PEG (Mao et al. 2006) or by glycosylation of the surface (Leclercq et al.
2000). Specific targeting ligands have also been attached. One such ligand is the
RGD (Arg-Gly-Asp) peptide, which was used by Schiffelers et al., (2004) to block
vascular endothelial growth factor receptor-2 (VEGF-R2) expression in vascular
endothelial cells and thereby prevent tumor angiogenesis.

Dendrimers composed of poly (amidoamine) (PAMAM) carry a high density of
positive charge and can therefore be used to bind nucleic acids on their surface
(Zhou et al. 2006; Shen et al. 2007). Helin et al. (1999) studied the intracellular
distribution of a fluorescent ODN adsorbed onto dendrimers and found that this
depended on the stage of the cell cycle. Fluorescence was found in the nuclei during
G2/M phase while in other phases it seemed to be concentrated in acidic vesicles.
Inhibition of target gene expression was observed with these systems. Other exam-
ples of inhibition of gene expression by AS-ODN attached to dendrimers are given
by Bielinska et al., (1996), Yoo et al. (1999) and Li and Morcos (2008). The subject
has been reviewed recently by Ravifia et al. (2010). Specific targeting of dendrimers
carrying AS-ODN against the Epidermal Growth Factor receptor to glioma cells
was achieved by coupling folic acid to their surface (Kang et al. 2010).

SiRNA has also been immobilized on dendrimers (Kang et al. 2005; Zhou et al.
2006). These systems have been rendered more biocompatible by acetylation
(Waite et al. 2009; Patil et al. 2008) and they have also been targeted: with the Tat
peptide (Kang et al. 2005) and with the peptide hormone LHRH (Minko et al.
2010). Other, more water-soluble, polymers have been used to prepare dendrimers
for nucleic acid delivery. Among these are carbosilane (Gras et al. 2009) and poly
(L-lysine) (Eom et al. 2007).

Nucleic acids can also be complexed with the cationic arginine-rich polypep-
tide protamine. Junghans et al. (2001) observed uptake of protamine-AS-ODN
particles by endocytosis and delivery to the cytoplasm in Vero cells. More stable
particles were prepared using both protamine and human serum albumin
(Weyermann et al. 2005). These showed both uptake and an anti-sense effect in
mouse fibroblasts. Attempts were made to target these particles to the blood-brain
barrier, by coating them with apolipoprotein A-1 to promote transcytosis (Kratzer
et al. 2007). More sophisticated delivery systems can be obtained by mixing
protamine, lipids and nucleic acids. Thus, Li et al. (2008) were able to deliver
siRNA to the cytoplasm of NCI-H460 tumor cells, after modifying the surface
with PEG and anisamide to target a tumor receptor. Similar particles have been
used to downregulate Bcl-2 expression in cells with AS-ODN, using transferrin as
a targeting ligand (Yang et al. 2009).
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A positively charged polysaccharide, chitosan, has also been used to complex
nucleic acids. Gene silencing in H1299 human lung carcinoma cells has been
achieved (Liu et al. 2007). Cyclodextrins, molecular cages of glucose units, are not
positively charged but can be coupled to a cationic polymer to form effective sys-
tems for complexing nucleic acids. When modified with PEG and a targeting moi-
ety (again transferrin) these particles show gene knock-down in vitro and inhibition
of the EWS-Fli-1 gene in Ewing’s sarcoma in vivo (Bartlett and Davis 2007;
Hu-Lieskovan et al. 2005).

Micellar systems have also been used to deliver nucleic acids to intracellular
compartments. Examples are PEG-poly (aspartic acid) copolymers (Kakizawa et al.
2004) which can exert a “proton sponge” effect in endosomes, lactosylated PEG
which can form complexes with poly (Iysine) and AS-ODNs and allow targeting to
galactose receptors on liver cells (Oishi et al. 2005; Oishi et al. 2007) and PEG-
PMMA block copolymers (Kakizawa et al. 2006) which can be used to produce
hybrid organic-inorganic nanoparticles.

The adsorption of nucleic acids onto preformed nanoparticles requires a posi-
tively charged surface. The first systems described used cationic surfactant on the
surface of poly (alkylcyanoacrylates) (PACA) (Fattal et al. 1998) or poly (lactide-
co-glycolide) (Singh et al. 2003; Oster et al. 2005). AS-ODN adsorbed onto PACA
nanoparticles are protected from nucleases (Lambert et al. 1998) and can be deliv-
ered intracellularly (Chavany et al. 1994). These formulations were found to be able
to inhibit the proliferation of mutated Ha-ras-transformed cells proliferation and
reduce tumorigenicity in nude mice (Schwab et al. 1994). More recently, cationic
nanoparticles made up of a biodegradable core of poly (isobutylcyanoacrylate) sur-
rounded by a shell of chitosan were prepared by de Martimprey et al. (2008).
A siRNA directed against the Ret/PTC1 junction oncogene was adsorbed onto
these particles and was able to silence the gene in papillary thyroid carcinoma cells
and exert an anti-tumor effect in mice.

PLGA-based nanoparticles have also been modified to provide a cationic surface.
Notably, Nafee et al. (2007) coated them with chitosan and were able increase intra-
cellular uptake of AS-ODN into A549 lung cells. Cationic nanoparticles have also
been prepared by co-polymerization of methylmethacrylate and aminoalkyl-
methacrylate monomers (Zobel et al. 2000). These nanoparticles can also promote
intracellular accumulation of AS-ODN (Tondelli et al. 1998; Zobel et al. 2000).

Despite the fact that adsorption onto the nanoparticle surface has produced some
results with the intracellular delivery of nucleic acids, better protection from nucle-
ases would be obtained if the nucleic acids were incorporated within the interior of
the particles. However, the hydrophilic character of the nucleic acids is not compat-
ible with the hydrophobic polymers; Thus, Lambert et al. (2000) developed a
method of producing nanocapsules (NC) with an aqueous core and a PIBCA shell
which could encapsulate hydrophilic molecules such as nucleic acids. These nano-
capsules were able to protect AS-ODN from nuclease degradation and showed
evidence of intracellular uptake by their ability to transfect cells, including vascular
smooth muscle cells, which are notoriously difficult to transfect (Toub et al. 2005).
The same system was also able to deliver siRNA to cells (Toub et al. 2006).
Fluorescent labeling showed a punctate pattern of siRNA within the cells, suggesting
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that it was delivered to endosomes. In vivo, these NC containing AS-ODN targeted
to the EWS-Fli-1 spliced gene showed a true antisense effect against Ewing’s sar-
coma in mice (Maksimenko et al. 2003).

Nanoparticles encapsulating nucleic acids have also been prepared from the well
known PLGA polymer. Thus, the uptake of AS-ODN directed against VEGF
mRNA by ARPE-19 human retinal pigment epithelial cells was increased 4-fold by
encapsulation and protein expression was thereby inhibited (Aukunuru et al. 2003).
More recently, intracellular delivery of siRNA was achieved by PLGA nanoparti-
cles, silencing the GFP gene in 293 T cells (Yuan et al. 2006).

Coating of PLGA nanoparticles with the positively charged polysaccharide
chitosan promoted their uptake by A549 lung cancer cells (Beisner et al. 2010). In
this way, 2'-O-methyl RNA was able to inhibit telomerase activity in a sequence-
specific way in these cells. Chitosan alone has also been used to form particles for
siRNA delivery, by ionic gelation with tripolyphosphate (Katas and Alpar 2000).
These particles were efficient at silencing the marker gene luciferase expression in
CHO K1 and HEK 293 cells and showed better activity than simple chitosan-RNA
complexes. Later, the same group combined PLGA and PEI in nanoparticles. These
were able to adsorb siRNA and allow a good gene silencing effect in CHO K1 cells,
showing better activity and lower toxicity than PEI alone (Katas et al. 2008).

Finally, methacrylic polymers, such as those in the Eudragit series, are attractive as
nucleic acid delivery systems because of their positive charge. Yessine et al. (2006)
showed that complexes between these polymers and AS-ODN could deliver the
nucleic acid to the cytoplasm, probably because of an endosome-perturbing effect.
Recently, nanoparticles for gene delivery have been formulated from Eudragit poly-
mers and shown to be able to transfect some tumor cells lines (Gargouri et al. 2009).

5 Conclusion

Particulate nanocarriers have shown their potential for intracellular delivery of bio-
logically interesting substances in numerous studies over the past decades. However,
a number of unresolved issues remain, such as the choice of truly specific ligands
for in-vivo applications and the formulation of systems which allow the cargo to
escape from the lysosomes while remaining non toxic and stable in biological fluids.
Therefore, this is likely to remain an active research field in the years to come.
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The Potential and Current Progress
of Internalizing Molecules in Targeted
Drug Delivery
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Abstract Safe and efficient drug delivery in the treatment of cancer and infectious
diseases constitute a major challenge. Development of targeted intracellular delivery
approaches to specific cell populations or tissues for different therapeutics is highly
desirable to maximize potency and minimize toxicity. Extensive efforts to improve
drug safety and effectiveness have resulted in numerous target-specific delivery
strategies. Currently, various internalizing molecules, including antibodies, proteins,
peptides, folate, carbohydrates, aptamers and other ligands, have been successfully
adopted as active recognition moieties to target a distinct disease or tissue in a
cell-type-specific manner. The use of direct covalent conjugation or non-covalent
assembly of targeting ligands with the drug or delivery vehicle can be used to get
drugs to their intended targets, thereby reducing the dosing requirements as well as
minimizing unwanted toxicities. In this article we focus mainly on the potential and
current progress of internalizing molecules in targeted drug delivery.
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protein tyrosine kinase 7
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RNAIi RNA interference

scFv single-chain Fv antibody

SELEX  systematic evolution of ligands by exponential enrichment
siRNA small interfering RNA

SR-BI scavenger receptor BI

sTRAIL tumor necrosis factor-related apoptosis-inducing ligand
SWNT  single-wall carbon nanotube

TAT trans-activating transcriptional activator
3TC lamuivudine

Tf transferrin

TfR transferrin receptor

TN-C tenasin-C
TNPO3  Transportin-3

1 Introduction

Since the “magic bullet” dream was first postulated by Dr. Paul Ehrlich in 1906
(Strebhardt and Ullrich 2008), “targeted therapy” has become a long-standing goal
for human disease treatment but still remains a major challenge for clinical appli-
cations (Zhukov and Tjulandin 2008; Markman 2008; Katzel et al. 2009). Most
therapeutic agents currently in use, such as conventional chemotherapy (Joensuu
2008), radiotherapy (Harrison et al. 2002), immunotherapy (Shapira et al. 2010) or
gene therapy (Whitehead et al. 2009), generally are not functionalized to selectively
target the site of disease. When these therapeutics agents are systemically adminis-
trated, they nonspecifically distribute throughout the body, thereby significantly
reducing the therapeutic efficacy and leading to harmful side-effects associated
with distribution to non-targeted sites (Langer 1998).

With the intent and enthusiasm for developing targeted therapeutic drug delivery
strategies, many efforts have been made to develop targeted drug delivery strategies
capable of selectively transporting drug to a specific site of disease (Yu et al. 2010;
Zhou and Rossi 2009; Kim et al. 2009c; Levy-Nissenbaum et al. 2008; Allen 2002).
The strategy mainly relies on specific interaction between the targeting ligand and
its receptors expressed on the diseased cells or tissues. Such ligand-directed recog-
nization events consequently increase the local concentration of the drug in the
targeted cells or tissues. Furthermore, after the ligand-receptor binding, the cellular
receptors are readily internalized and rapidly re-expressed on the cell surface to
allow repeated targeting and internalization. Depending on the types of therapeutic
agents or drug formulation, it is worth noting that internalization may be dispensable
in some therapies (Allen 2002). For example, for antibody-directed enzyme-prodrug
anticancer therapy (Senter and Springer 2001), the enzyme-prodrug is first selec-
tively accumulated on the cell surface via antibody-receptor interaction; subsequently,
it is activated into an anticancer drug by the enzyme that only functionalizes at the
cell surface. Additionally, in the radioimmunotherapy (Ercan and Caglar 2000;
Goldenberg 2002), antibody-conjugated beta- or alpha- radionuclides can directly
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functionalize at the cell surface once the conjugates are selectively localized on the
target cells or tissues. However, internalization might still be beneficial for some
alpha-emitting radionuclides with a very short range of alpha-particle emission and
lack of penetrability. In this regard, an internalizing ligand therefore might more be
efficient and helpful than non-internalizing ligands. Indeed, a specific internalizing
molecule with high specificity and affinity to a cellular surface receptor is therefore
a major factor in establishing a targeted drug delivery system.

Over the past few decades, a wide variety of internalizing molecules such as
antibodies, proteins, peptides, folate, carbohydrates, aptamers and other small mol-
ecule ligands have been successfully adapted for the targeted delivery of active drug
substances both in vitro as well as in vivo (Russ and Wagner 2007; Ciavarella et al.
2010; Yan and Levy 2009; Higuchi et al. 2010). Recent investigations have
described targeted delivery of various therapeutic agents (e.g. anticancer, antifungal,
antiviral agents, antibiotics, protein, peptide, genes, oligonucleotides and small
interfering RNAs) using different strategies. Through precisely engineering the
internalizing molecules with the drug or delivery vehicle, the recognition and inter-
nalization of the therapeutic compounds by the target tissue can be dramatically
improved. In particular, the advent of nanotechnology has greatly accelerated the
development of drug delivery, providing a large variety of nanocarriers for disease
therapy including liposomes, polymers, carbon nanotubes and quantum dots etc.
(Mok and Park 2009; Gullotti and Yeo 2009; Kim et al. 2009a; Wiradharma et al.
2009; Liu et al. 2007b; Zrazhevskiy and Gao 2009). Meanwhile, powerful multi-
functional nanomedicines that combine several desirable functions such as thera-
peutics, targeting and imaging in one nanoscale carrier, have been developed to
significantly enhance drug efficacy (Torchilin 2006; Zrazhevskiy and Gao 2009;
Gao et al. 2010; Muthu and Wilson 2010; Hart 2010). In this review, we discuss
recent advances in targeting strategies for tumors and infectious diseases, with a
particular emphasis on cell internalizing molecules as a targeting strategy.

2 Targeting Strategies for Targeted Delivery

The key for targeted therapy is to accurately identify molecular targets that distin-
guish diseased cells from healthy ones. Ideally, a targeted drug delivery should
enable selective accumulation of the drug in the specific target cells with minimal
adverse side-effects. Generally, targeted delivery can be realized through two strate-
gies (Torchilin 2010): (1) passive targeting and (2) active targeting.

2.1 Passive Targeting

In the first strategy, macromolecules and nanocarriers with sizes below 400 nm in
diameter can travel through the bloodstream and accumulate in tumor via passive
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leakage, thereby increasing the concentration of drugs in tumors and enhancing the
therapeutic index (Yuan et al. 1995; Moghimi et al. 2001). This passive mechanism
is called the enhanced permeability and retention (EPR) effect (Matsumura and
Maeda 1986; Greish 2007). Since passive targeting relies on a size-flow-organ/tissue
filtration that is generally limited to tumors and lymph nodes (LNs), drug particles/
carriers can theoretically be designed and engineered with appropriate sizes
(e.g. 100400 nm) and surfaces (e.g. PEGylated surface) (Maeda 2010). Currently,
many studies have taken advantage of the EPR effect to achieve passive targeting
of drug nanocarriers to most human tumors. And some of them have been approved
for clinical use such as Doxil (Doxorubicin encapsulated by PEGylated liposome)
(Gabizon 2001). In the treatment of HIV, LNs are important sites for targeting
HIV-1 replication and they have been exploited as a promising passive targeting site
(Gupta and Jain 2010; Gunaseelan et al. 2010).

2.2 Active Targeting

In the second strategy, an actively recognized moiety specific to the target sites
of interest is an essential component. These actively recognized molecules can
be precisely decorated on the therapeutic agents or their delivery vehicles, func-
tioning as cell or tissue-specific homing agents (Peer et al. 2007; Gullotti and
Yeo 2009). Typically, by utilizing biologically specific interactions such as
antigen-antibody binding or ligand-receptor interactions, these targeting mole-
cules facilitate the cellular uptake of therapeutic agents via receptor-mediated
endocytosis or cellular membrane permeation, thereby increasing the local con-
centration of the drug in the targeted cells or tissues, thereby improving the
therapeutic efficacy at lower doses.

2.3 Combinatorial Targeting

Despite numerous successful examples using either one of the above strategies, a
combination of passive and active targeting also has been exploited to provide the
most efficient targeted delivery system (Torchilin 2010). In this regard, a combina-
torial targeting results in twice the enrichment at the cellular and tissue/organ levels
(Akbulut et al. 2009). For example, for a targeted nanocarrier system, an appropri-
ate nano-scale size can allow preferential accumulation in the tumor tissue/organ in
the passive mode. Once the nanocarrier is concentrated at the tumor site, a cell type-
specific affinity internalizing molecule such as an antibody, peptide, folate or
aptamer engineered on the nanocarrier surface would further facilitate selective
internalization into the targeted tumor cells. In comparison with traditional small
molecule drugs or non-targeted nanocarriers, targeted nanocarriers that combine
the above two desirable properties could not only prolong circulation time and
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improve drug biodistribution via passive targeting, but would also provide higher
specificity via the active targeting component (Park et al. 2009).

3 Specific Internalizing Molecules for Targeted Delivery

Currently, the development of the internalizing molecules specifically targeting
membrane receptors and their adaptation for active drug targeting has drawn atten-
tion in the field of targeted therapy. In the following section internalizing molecule-
mediated active targeting will be discussed in greater detail.

3.1 Antibody-Mediated Drug Delivery

Antibodies (Abs, also known as immunoglobulins) that are used by the immune
system to identify and neutralize foreign objects can specifically identify and
bind their unique antigens. Due to the specificity of antigen-antibody binding,
different internalizing antibodies and their genetically engineered fragments have
been widely investigated as active targeting molecules (Wu and Senter 2005;
Schrama et al. 2006). These include anti-CD33 monoclonal antibodies (mAb)
(Simard and Leroux 2010), anti-HER2 mAb (anti-CD90 mAb) (Park et al. 2002;
Chiu et al. 2004a), anti-CD7 mAb (Kumar et al. 2008), anti-HIV envelop gp120
mAD (Song et al. 2005), anti-B7 integrin mAb (Peer et al. 2008), anti-JL1 mAb
(Suh et al. 2001), anti-EGF receptor Ab (Wu et al. 2004; Mamot et al. 2005),
anti-CD31 (Li et al. 2000), anti-GAD Ab (Jeong et al. 2005), anti-D4.2 mAb
(Ho et al. 1987), anti-H-2K¥ mAb (Connor and Huang 1986), anti-HLA-DR Ab
(Gagne et al. 2002), anti-DC-SIGN mAb (Tacken et al. 2005; Dakappagari et al.
2006) and so on. Four representative antibodies targeting cancer cells or HIV
infected cells are described below.

3.1.1 Anti-CD33 Antibody

The CD33 receptor is a 67 kDa glycoprotein expressed on the surface of leukemia
cells in most patients with acute myeloid leukemia (AML) (Griffin et al. 1984;
Scheinberg et al. 1989). Previous studies have demonstrated that CD33 can be rap-
idly internalized into leukemia cells after antibody binding (Simard and Leroux
2009). Therefore, anti-CD33 mAbs have been conjugated with cytotoxic agents or
nanocarriers for targeted delivery. Forexample, Mylotag (Gemtuzumab Ozogamicin),
a recombinant, humanized anti-CD33 antibody which was approved by the US
Food and Drug Administration in 2000 as a single-agent therapy for CD33-positive
AML, was linked with an anticancer agent (calicheamicin) and the resulting conjugate
showed excellent clinical promise (Larson et al. 2005). Recently, an anti-CD33
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mADb or its Fab’ fragment were also chemically coupled to PEGylated liposomes
(LPs) (Simard and Leroux 2010). Such a liposomal formulation has been demon-
strated to specifically recognize the CD33 cell surface antigen and promote the
efficient intracellular delivery of 1-fB-D-arabinofuranosylcytosine (ara-C, anti-
AML agent) to human myeloid leukemia cells.

3.1.2 Anti-HER2 Antibody

Another popular antibody for tumor targeting is the anti-HER-2 (human epidermal
growth factor receptor-2) antibody (Mamot et al. 2005; Wu et al. 2004). Since
HER-2 is highly-expressed on the surface of many human pancreatic cancer cell
lines, it can be used as a therapeutic target. Therapeutic antibodies such as
Trastuzumab and Herceptin have been routinely applied in the clinical treatment of
breast cancer and leukemia (Chiu et al. 2004a). A number of reports have shown
that the anti-HER?2 antibody can be decorated on a nano-particle surface via avidin-
biotin or covalently conjugated to polymers (e.g. polyethylenimine PEI) through
different crosslinkers. Moreover, anti-HER2 Ab-mediated delivery of oligonucle-
otides encased in lipid nanoparticles was also shown to be capable of targeting
mammary carcinoma cells (Kirpotin et al. 2006). These modified nanocarriers were
effectively endocytosed by HER2-overexpressing cells. In addition, a multifunc-
tional anti-HER2 Ab conjugated magnetic gold nano-shell particle showed the
potential for targeted MR (magnetic resonance) photo-thermal therapy and tumor
imaging (Kim et al. 2006).

3.1.3 Anti-CD7 Antibody

CD7 (Cluster of Differentiation 7), a human transmembrane protein, is found on
thymocytes and the majority of human T cells. It has been documented that CD7 is
rapidly internalized after antibody binding. Several research groups have exploited
an anti-CD7 mAb and its recombinant single-chain Fv (scFvCD7) fragment for
targeted delivery. For example, a single-chain Fv fragment was genetically linked
to a truncated Pseudomonas exotoxin A fragment, thereby conferring restricted
specificity for CD7 positive cells (Peipp et al. 2002). The recombinant immuno-
toxin promoted apoptosis in two CD7-positive cell lines and provided a potent
inducer of apoptosis in acute leukemic T cells. In a similar manner, scFvCD7 was
genetically fused with sSTRAIL (tumor necrosis factor-related apoptosis-inducing
ligand) (Bremer et al. 2005). As expected, treatment with scFvCD7 : sTRAIL spe-
cifically induced potent CD7-restricted apoptosis in a series of malignant T-cell
lines, with low toxicity for normal human blood and endothelial cells.

In addition to the targeted delivery of a toxin, the scFvCD7 Ab was recently used
for siRNA delivery in vitro and in vivo. Kumar et al. conjugated a Cys-modified
scFvCD7 with an oligo-9-arginine peptide to obtain a cell type specific siRNA
delivery system (scFvCD7-9R) (Kumar et al. 2008). A combination of siRNAs
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against the cellular CCRS5 co-receptor and two conserved HIV-1 genes (vif and tar)
was loaded into scFvCD7-9R system, subsequently was systemically administered
to HIV-1 infected animal model. The weekly injection resulted in suppression of
HIV-1 infection and protection of CD4+ T cell depletion in humanized mice.

3.1.4 Anti-HIV gp120 Antibody

The interaction of the HIV envelope glycoprotein gpl120 with the cellular CD4
receptor is a crucial step in the entry of HIV into T-cells (Ugolini et al. 1999;
Sattentau and Moore 1993). HIV gp120 is exposed on the surface of virus particles
and the plasma membrane of HIV-1 infected cells. Therefore, it represents an excel-
lent marker to distinguish HIV-1 infected host cells from non-infected cells (Kwong
etal. 1998). F105, an anti-HIV gp120 monoclonal antibody, has been demonstrated
to bind with high affinity to its ligand gp120 expressed on the surface of a wide
range of HIV-1 laboratory strains and primary isolates (Posner et al. 1991).
Importantly, its selective binding to HIV-1 infected cells triggers rapid cellular
internalization. Thus, F105 has the potential to be an excellent internalizing molecule
for selective drug delivery to HIV-1 infected cells (Clayton et al. 2007). Song et al.
have successfully applied a heavy chain fragment of F105 to increase receptor-
specific uptake to cells expressing the HIV envelope protein (Song et al. 2005). In
this system, the F105 antibody fragment — protamine fusion protein was able to
specifically bind to and deliver siRNAs to HIV-infected primary T cells or HIV
envelope-expressing cells. Moreover, their results demonstrated that the siRNA
targeting the HIV-1 gag capsid gene delivered by such a fusion protein inhibited
HIV-1 replication only in cells expressing the HIV-1 envelope. Recently, PEGylated
liposomes coated with a F105 Fab’ fragment have been developed and evaluated for
targeted delivery of a novel HIV-1 protease inhibitor PI1 (Clayton et al. 2009). The
anti-HIV immunoliposomes were selectively taken up by HIV-1 infected cells.
When compared with free drug or non-targeted drug, the targeted PI1 delivery
showed a greater inhibitory effect on viral replication.

3.2 Protein-Mediated Drug Delivery

3.2.1 Transferrin and Lactoferrin

Transferrin (Tf), an 80 kDa glycoprotein that transports iron into cells, is one of
most popular tumor targeting ligands, because its receptors (TfRs) are over-
expressed in many types of cancer cells and TfR expression is correlated with the
proliferation and malignancy of the tumor cells (Daniels et al. 2006). After interac-
tion of Tf-TfR, Tf is internalized into cells through an endocytosis pathway (Qian
et al. 2002). To date, numerous investigations have demonstrated that Tf-conjugated
nanocarriers loaded with various drugs (e.g. anticancer agents, oligonucleotides,
therapeutic genes, siRNAs) could facilitate specific cellular uptake and enhance the
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therapeutic efficacy of the drugs in tumor cells (Heidel et al. 2007; Davis 2009).
One group developed a Tf-conjugated cyclodextrin-containing polycation delivery
system for siRNAs, which resulted in 50% greater gene silencing in the tumor versus
a non-targeted delivery system in an immunodeficient mouse model (Bartlett et al.
2007). Most recently, the same group conducted the first in-human phase
I clinical trial using a Tf-targeted nanoparticle delivery system and their work pro-
vided direct evidence of intercellular delivery of the siRNA which triggered the
RNA interference mechanism (Davis et al. 2010).

Since the brain capillaries are specifically known to express TfR, Tf-conjugated
nanocarriers were also successfully applied for brain targeting (Chang et al. 2009).
For example, Tf chemically conjugated to polyamidoamine (PAMAM) dendrimers
resulted in an increase in the brain uptake of the therapeutic DNA (Huang et al.
2007). In a similar study, Tf-coated PEG nanoparticles delivered an antiretroviral
agent (azidothymidine, AZT) across the blood-brain barrier to the central nervous
system (Mishra et al. 2006). Additionally, another glycoprotein lactoferrin, a globular
iron-binding protein, also could function as a lung and brain targeting molecule
(Elfinger et al. 2007). It is known that lactoferrin receptors are predominantly
expressed in brain capillaries and bronchial epithelial cells, thereby suggesting a
new target for brain delivery as well (Huang et al. 2008a).

3.2.2 Epidermal Growth Factor (EGF)

The epidermal growth factor receptor (EGFR), the cell-surface receptor for members
of the EGF-family of extracellular protein ligands, is over-expressed in the majority
of human cancers (Muslimov 2008). EGF acts by high affinity binding to EGFR on
the cell surface thereby stimulating the intrinsic protein-tyrosine kinase activity of
the receptor (Agarwal et al. 2008). Through the formation of dimers EGF is endo-
cytosed into the cells after receptor-binding. Moreover, because EGF only has 53
amino acids and a molecular weight of ~6 kDa, it has been widely employed as an
internalizing ligand for tumor targeting. A number of such examples have been
reported in the literatures (Lee et al. 2003; Lee and Park 2002). For example, biotin-
modified EGF molecules were installed onto a Streptavidin-modified PEI com-
plexed plasmid DNA via the interaction of biotin-Streptavidin (Lee et al. 2002).
The resulting EGF-targeted PEI delivery system resulted in a significantly higher
transfection efficiency than non-targeted system in a human epidermal carcinoma
cell line. Recently, EGF was attached to single-wall carbon nanotubes (SWNTs)
loaded with cisplatin or quantum dots (QDs) and used for targeted therapy and
tumor imaging (Bhirde et al. 2009).

3.2.3 Apolipoprotein A-I
Apolipoprotein A-I (apo A-I) is a protein component of the high-density lipoprotein

(HDL) (von Eckardstein et al. 2001). It has been demonstrated that apo A-I can
predominantly be internalized to the liver via the cell-surface receptor scavenger
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receptor BI (SR-BI) (Kim et al. 2007). As a typical serum protein, apo A-I
functions as a beneficial factor to decrease cholesterol levels and therefore should
not trigger immunological side effects in clinical applications. Thus, apo A-I can be
used as an internalizing moiety for liver targeting. A proof-of-concept study has
shown the potential of apo A-I for the systemic delivery of nucleic acids to the liver
using real-time in vivo imaging (Kim et al. 2007). Apo A-I was formulated onto the
surface of the lipid bilayer of a representative cationic liposome and facilitated the
hepatocyte-specific siRNA delivery via receptor-mediated endocytosis. The Apo
A-I-coating liposome carrying an anti-hepatitis B virus (HBV) siRNA showed a
prolonged inhibition of the target protein expression at low doses in a mouse model.
A subsequent study further evaluated the efficacy of an apo A-I — mediated liver-
specific delivery of an siRNA against hepatitis C virus (HCV) in a transient HCV
model (Kim et al. 2009b). The results of this study showed Apo-liposome nanopar-
ticles systemically delivered an siRNA into mouse hepatocytes expressing HCV
resulting in siRNA mediated inhibition of the targeted HCV protein expression.

3.3 Peptide-Mediated Drug Delivery

3.3.1 RGD Peptide

Peptides based on the three-amino-acid sequence arginine-glycine-aspartate, known
as RGD peptides have been used extensively as tumor cell-recognizable ligands in
tumor diagnostics and therapeutics (Ruoslahti 2003). The RGD sequence, originally
identified as a cell binding site in the extracellular matrix (ECM) protein (fibronectin
and vitronectin), can bind to the integrin receptor o 3, with high affinity (Cheresh
1987). Since the integrins are specifically over-expressed at the surface of tumor
cells and angiogenic endothelial cells at the tumor site, RDG-mediated drug delivery
generally leads to high levels of accumulation in tumor tissues compared with free
drug or non-targeted drug delivery systems. Both linear RGD and cyclic RGD have
been popularly applied for targeted delivery of traditional drugs, genes and polymers.
For example, a dimeric RGD peptide was conjugated to an oligonucleotide (ON),
thereby increasing cellular uptake and the biological function of the ON (Alam et al.
2010; Alam et al. 2008). Additionally, Dai et al. chemically conjugated a cyclic
RGD peptide to the terminal group in a phospholipid — single-walled carbon nano-
tube (PL-SWNT), which resulted in enhanced and specific delivery of doxorubicin
(Dox) to RGD positive U87 cancer cells (Liu et al. 2007a).

Recently, Ruoslahti and colleagues identified a cyclic peptide iRGD
(CRGDKGPDC and its related variants), which can target tumor cells by binding
o, integrins that are specifically expressed in the tumor vessel endothelium
(Sugahara et al. 2009). They combined the tumor-homing RGD sequence with
another peptide ligand (the CendR motif) for neuropilin-1 (NRP1, a transmembrane
receptor) that mediates penetration into tissue and cells. The resulting peptide-
mediated delivery system (iRGD) was first recruited to tumor tissue through the
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RGD-integrin interaction and subsequently was proteolytically processed to generate
a CendR motif with cell-penetrating activities, further facilitating the penetration
of drug into the tumor. Therefore, drugs chemically conjugated to the iRGD could
be selectively transported deep into the tumor parenchyma, and significantly
improve the sensitively of tumor-imaging agents and the activity of an antitumor
drug. Recent studies further demonstrated that co-administration of drugs and the
iRGD peptide resulted in penetration of extravascular tumor tissue (Sugahara et al.
2010). They demonstrated in murine tumor models that systemic injection with
iRGD can improve the therapeutic index of various therapeutic agents, such as a
small molecule drugs (doxorubicin), nanoparticles (nab-paclitaxel and doxorubicin
liposomes), and a monoclonal antibody (trastuzumab). Although the mechanism of
action still requires further investigation, this system may represent a valuable strat-
egy to enhance the efficacy of anticancer agents and to accelerate clinical transla-
tion of modification-intolerable drugs.

3.3.2 LHRH Peptide

Luteinizing-hormone-releasing hormone (LHRH), also known as luliberin and
Gonadotropin-releasing hormone (GnRH), are known to be internalized and are
good agents for tumor targeting (Dharap et al. 2003, 2005; Kim et al. 2008).
Although LHRH receptors are present on the surface of most healthy human cells,
they are over-expressed in ovarian, prostate and breast cancer cells. Through direct
conjugation, the LHRH peptide or its analogues have been applied for the delivery
of anticancer drugs and siRNAs. For example, Dharap et al. have shown that a
LHRH-PEG-camptothecin (CPT), a cytotoxic quinoline alkaloid which inhibits the
DNA enzyme topoisomerase I, significantly enhanced the drugs cytotoxicity
against cancer cells (Dharap et al. 2003). Recently, a LHRH peptide analogue was
appended to an siRNA via a PEG linker to target ovarian cancer cells (Kim et al.
2008). Once effective cellular internalization of the LHRH-targeted siRNA conju-
gates takes place the disulfide bond between PEG and siRNA is reductively cleaved
to release the siRNA into the cytosol.

3.3.3 Peptide Transduction Domains (PTDs)

PTDs (also called cell-penetrating peptides), are short cationic peptide sequences
with a maximum of 30 amino acids that mediate translocation across cell membranes
(El-Sayed et al. 2009; Pangburn et al. 2009). Despite the different theories on the
mechanism of PTD-mediated uptake, it is now widely accepted that PTDs bind the
anionic cell surface through electrostatic interaction and then are rapidly internalized
into cells by macropinocytosis, a specialized type of fluid phase endocytosis that all
cells appear to perform (Nakase et al. 2004; Wadia et al. 2004). This feature therefore
enhances the cellular uptake in a non-cytotoxic manner, making PTDs attractive can-
didates for intracellular drug delivery. PTDs such as trans-activating transcriptional
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activator (TAT), polyarginine, antennapedia (Antp), penetratin, transportan, and
mitogen-activated protein (MAP) have been shown to deliver a wide variety of thera-
peutic loads to target cells, and some of the most well characterized PTDs are cur-
rently being tested in preclinical and clinical trials (Gump and Dowdy 2007).

The most commonly used PTDs is the HIV TAT peptide, a small polypeptide of
86 amino acids with a cysteine-rich region derived from the HIV TAT protein (Rao
et al. 2009). This peptide possesses an arginine-rich sequence and is highly posi-
tively charged enable permeation of the cell membrane in a receptor- and transporter-
independent fashion (Vives et al. 1997). Strong experimental results have validated
the effectiveness of TAT-directed drug delivery. The TAT peptide directly conju-
gated with various agents, including horseradish peroxidase, f3-galactosidase and
nucleic acids, or decorated on the surfaces of nanocarriers such as liposomes and
PEI, is able to deliver these molecules to various cells and tissues in the mouse,
displaying high accumulation in the heart, lung and spleen (Pangburn et al. 2009).
Chiu et al. covalently linked a TAT peptide to the 3'-terminus of the antisense strand
of an siRNA (Chiu et al. 2004b). The Tat-siRNA conjugate showed rapid internal-
ization into cells and specific siRNA mediated knockdown of the target gene.

Despite of these advances in PTD-mediated siRNA delivery, direct conjugation
of a cationic PTD to an anionic siRNA often results in insoluble complexes thereby
reducing the delivery efficiency and inducing some cytotoxicities (Turner et al.
2007; Meade and Dowdy 2008). In order to overcome this shortcoming, an efficient
“mask” PTD-directed siRNA delivery approach that uses a TAT peptide transduction
domain-double stranded RNA-binding domain (PTD-DRBD) fusion protein has
been developed (Eguchi and Dowdy 2009, 2010; Eguchi et al. 2009). The DRBD
is known to bind siRNA with high avidity, which functions as a “mask” to shield
the negative charge of the siRNA allowing the PTD to efficiently deliver the siRNA
into cells.

3.4 Folate-Mediated Drug Delivery

Folate is also known as folic acid or vitamin B, which is able to specifically bind
to the folate receptor with nanomolar binding affinity (Weitman et al. 1992; Wang
et al. 1996). It has been known that folate receptors are over-expressed in many
human cancer cells including ovarian, breast, pharyngeal and liver cancer, while
their distribution in normal tissues is minimal. In particular, it was found that
expression of folate receptors are elevated on epithelial tumors of various organs
such as colon, lung, prostate, ovaries, mammary lands and brain. To date, folate is
well-characterized and shows many benefits, including a low-molecular weight
(MW 441 Da), good stability, no immunogenicity and well-defined conjugation
chemistry. Therefore, it has become one of the most popular targeting moieties for
tumor specific drug delivery (Sudimack and Lee 2000). Numerous studies have
already demonstrated that attachment of folate to various molecules allows rapid
internalization by endocytosis and high accumulation in tumor cells.
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Folate has been successfully decorated on polymer, nucleic acids, liposomes,
dendrimers, quantum dots and polymeric micelles. For example, a folate-PEG-PEI
nanoconjugate delivered plasmid DNA or oligonucleotides into tumor cells in a
target specific manner (Cho et al. 2005). Polyhydroxyalkanoates (PHAs) were
modified with folate via covalent bonds for targeted Dox delivery (Zhang et al.
2010). Similarly, folate-targeted liposomes specifically transported daunorubicin
(Ni et al. 2002) and Dox (Goren et al. 2000) into various tumor cells and increased
the cytoxic killing of these cells. Folate-linked packaging RNA (pRNA) was shown
useful for selectively delivering siRNAs against coxsackievirus B3 (CVB3) thereby
effectively inhibiting virus replication (Zhang et al. 2009). In addition, a folate
analog, methotrexate (MTX), has been conjugated with magnetic nanoparticles for
targeted drug delivery and specific imaging (Duthie 2001).

3.5 Carbohydrate-Mediated Drug Delivery

Lectin-carbohydrate interaction is another consideration for active targeting. It is
known that the cell surface is rich in carbohydrate moieties attached to both mem-
brane glycolipids and glycoproteins (Boraston et al. 2004; Kannagi et al. 2004).
Therefore, the carbohydrate moieties represent a potential recognition ligand for
targeted therapeutic delivery.

3.5.1 Galactose and Lactose

The asialoglycoprotein receptors are expressed on the surface of hepatocytes and
are able to mediate endocytosis and subsequent internalization into hepatoma cells.
The oligosaccharides, such as galactose (a monosaccharide) and lactose (a disac-
charide) have been used as targeting molecules for hepatocyte-specific delivery
through asialoglycoprotein receptor-mediated endocytosis (Cook et al. 2005; Lim
et al. 2000). For example, a galactosylated liposome was reported to deliver Dox to
the hepatocytes (Wang et al. 2006). The attachment of galactose to the cyclodextrin-
containing polymer via a PEG-adamantine linker allowed for targeted nucleic acid
delivery (Bartlett and Davis 2007). Oishi et al. also developed a lactosylated PEG-
siRNA conjugate through an acid-labile linkage, which could efficiently release
free siRNA once this conjugate entered acidic endosomal compartment (Oishi et al.
2005, 2007).

3.5.2 Mannose

It has been known that mannose receptors are highly expressed in macrophages,
dendritic cells and other hematopoietic cells important for innate immune
responses. Mannose is recognized by a mannose receptor and is internalized into
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cells (Ferkol et al. 1996). The mannose-coating nanoparticles have been widely
used for targeted delivery of anti-HIV drugs. For example, Jain et al. have used
mannose-conjugated, fifth generation poly(propyleneimine) (MPPI) dendrimers to
deliver lamuivudine (3TC) to HIV-1 infected MT-2 cells. Significant increases in
the cellular uptake of 3TC were observed compared with free drug and non-targeted
PPI dendrimers (Dutta and Jain 2007). In another study, MPPI nanocarriers also
delivered efavirenz (EFV) to human monocytes/macrophages. Similarly, stavudine
(d4T, brand name Zerit) also has been loaded in mannosylated liposomes and has
been evaluated in vitro for anti-HIV activity (Dutta et al. 2007).

3.6 Aptamer-Mediated Drug Delivery

Aptamers are evolved, single-stranded nucleic acids that can specifically recognize
and bind their cognate targets by means of well-defined stable, three-dimensional
structures (Mayer 2009; Famulok et al. 2007). Over the past 20 years, numerous
nucleic-acid aptamers have been raised against a wide variety of targets (Nimjee
et al. 2005). Moreover, their many favorable characteristics, such as the low nano-
molar dissociation constants and exquisite specificity, small size, stability, lack of
immunogenicity, and the ability to be chemically synthesized with various base
and backbone modifications make them versatile tools for diagnostics, in vivo
imaging, and targeted therapeutics. Currently, the advances in the development of
DNA or RNA aptamers specifically targeting membrane receptors to deliver and
enhance the efficacy of other therapeutics agents have drawn attention for exploiting
specific cell-internalizing aptamers as targeted drug delivery carriers (Zhou and
Rossi 2009; Yan and Levy 2009). An increasing number of cell-type specific
RNA and DNA aptamers targeting PSMA (prostate-specific membrane antigen)
(Lupold et al. 2002); HIV-1 gp120 (Cohen et al. 2008; Dey et al. 2005); CD4
(cluster of differentiation 4) (Kraus et al. 1998); TN-C (tenasin-C) (Hicke et al.
2001), EGFR (epidermal growth factor receptor) (Li et al. 2010), PTK7 (protein
tyrosine kinase 7) (Xiao et al. 2008), TfR (transferrin receptor) (Chen et al. 2008),
NCL (nucleolin) (Shieh et al. 2010) and MUC1 (mucin protein) (Ferreira et al.
2009), have been adopted for targeted delivery of the various molecules of inter-
est. Four representative examples are discussed below.

3.6.1 Anti-PSMA RNA Aptamer

PSMA, a trans-membrane protein, is highly expressed in human prostate cancer
and the vascular endothelium. It has been known that PSMA can be constitutively
endocytosed into PSMA-positive LNCap cells and be continually recycled from the
plasma membrane, thereby allowing for intracellular drug transport (Tasch et al.
2001; Liu et al. 1998). Since several 2'-Fluoro modified anti-PSMA RNA aptamers
with nanomolar binding affinity were isolated by Lupold et al. (Lupold et al. 2002),
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they already have become popular cell-specific internalizing molecules for targeted
drug delivery (Zhou and Rossi 2009).

Three independent studies have demonstrated anti-PSMA aptamer-mediated
small interfering RNA (siRNA) delivery to PSMA-positive cells or human cancer
cells-transplanted into nude mice. Through Streptavidin-biotin interactions, Chu
et al. non-covalently assembled two biotinylated anti-PSMA aptamers and two
biotinylated siRNAs into a Streptavidin connector (Chu et al. 2006b). The multiva-
lent construct was effectively internalized into targeted cells and triggered specific
gene silencing. Using a somewhat different approach, Giangrande and coworkers
have developed a simple covalent aptamer-siRNA chimeric RNA which allowed
effective PSMA mediated cell uptake along with siRNA-mediated gene silencing in
athymic mice following both intra-tumoral delivery and systemic administration
(McNamara et al. 2006; Dassie et al. 2009).

By taking advantage of the targeting properties of aptamers, a gelonin toxin has
been successfully conjugated to an anti-PSMA aptamer (Chu et al. 2006a). The
resulting conjugates dramatically increased cellular uptake and therapeutic efficacy
in PSMA-positive cells. Reports from Farokhzad and colleagues also demonstrated
the potential of anti-PSMA aptamers to mediate nanoparticles delivery (Peer et al.
2007). For example, they have constructed an anti-PSMA aptamer — poly (lactic
acid)-block-PEG copolymer nanoparticle conjugate encapsulating the chemothera-
peutic drug Docetaxel (Dtxl-NP-aptamer) (Farokhzad et al. 2004). Such DtxI-NP-
aptamer conjugates showed remarkable efficacy and completely suppressed tumor
growth in a xenograft nude mouse model with a single intra-tumoral injection
(Farokhzad et al. 2006).

A simple physical conjugation also was employed to assemble an aptamer with
drugs. Anthracycline drugs (e.g. Dox) non-covalently intercalated into double-
strand regions of an anti-PSMA aptamer via the flat aromatic ring, and formed a
stable physical conjugate capable of effectively targeting PSMA-positive cells
(Bagalkot et al. 2006). In another example, Bagalkot et al. functionalized a quantum
dot (QD) with anti-PSMA aptamers to achieve a multifunctional QD-aptamer con-
jugate, serving both as a fluorescence imager and a drug delivery carrier (Bagalkot
et al. 2007). Dox was loaded into QD-aptamer conjugate via physical intercalation
within the aptamer strand. Once internalized inside cancer cells, the QD-aptamer-
Dox system gradually released Dox (for targeting therapy) and recovered the fluo-
rescence of the QD (for synchronous cancer imaging).

3.6.2 Anti-HIV-1 gp120 RNA Aptamer

As described in sect. 3.1.4, the HIV-1 gp120 envelope protein represents an attrac-
tive molecular target for receptor-mediated drug delivery. Several 2'-F modified
RNA aptamers have been isolated against HIV-1 gp120, which can specifically bind
and be rapidly internalized into HIV-1 infected cells (Zhou et al. 2008, 2009). Using
an afore-mentioned strategy described by Giangrande, a dual-action anti-gp120
aptamer-siRNA chimeric RNA was developed (Zhou et al. 2008; Neff et al. 2011).
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This dual function chimera blocked HIV-1 infectivity and also selectively delivered
siRNAs into HIV-1 infected cells which suppressed HIV-1 replication. Continued
efforts to improve the aptamer delivery resulted in an aptamer-mediated combinato-
rial multi-targeting RNAi therapeutic, in which a single anti-gp120 aptamer was
tightly tethered with three different siRNAs targeting HIV-1 fat/rev transcripts and
HIV-1 host dependency factors (CD4 and TNPO3) through a “sticky” bridge (Zhou
et al. 2009). The resulting aptamer-stick-cocktail siRNA conjugates suppressed
viral loads in cell culture and in vivo in a humanized mouse model for HIV-1 infec-
tion (Zhou et al., unpublished).

3.6.3 Anti-PTK7 DNA Aptamer

Protein tyrosine kinase-7 (PTK7) is a member of the receptor tyrosine kinase family,
which is highly expressed during thymocyte development in both mice and humans.
Receptor protein tyrosine kinases transduce extracellular signals across the cell
membrane. Tan and colleagues have isolated a panel of DNA aptamers against
CCRF-CEM cells using a whole cell-SELEX (systematic evolution of ligands by
exponential enrichment) procedure (Shangguan et al. 2006). One of the selected
DNA aptamers, sgc8 identified to target PTK7, has been demonstrated to be
specifically taken up into lymphoblastic leukemia T-cells via a receptor-mediated
endocytosis (Shangguan et al. 2007). Recent studies have exploited the anti-PTK7
aptamer as a promising targeting ligand for targeted drug delivery. For example, an
anti-PTK7 aptamer with a thiol group was covalently attached to Dox via an acid-
labile linkage (Taghdisi et al. 2009). Once the aptamer-Dox conjugates specifically
internalized into target cancer cells, Dox was easily released inside the acidic endo-
somal environment, selectively killing cancer cells. Recently, an anti-PTK7
aptamer-modified liposome was also used to facilitate targeted Dextran delivery
(Kang et al. 2010). Additionally, an aptamer-conjugated Au-Ag nanorod (NR) was
designed as a selective photo-thermal agent to efficiently kill tumor cells (Huang
et al. 2008b).

3.6.4 Anti-NCL DNA Aptamer

Human nucleolin (NCL), a multifunctional protein involved in the synthesis and
maturation of ribosomes, is over-expressed on the plasma membrane of several
cancer cells such as breast, prostate, and lymphocytic leukemia. Moreover, NCL
can transfer molecules between the cell surface and the nucleus. Therefore, it pro-
vides a potential target for the higher NCL-expressing cancer cell specific therapy.
An anti-NCL DNA aptamer AS1411 (also known as AGRO100), a 26-mer guanine-
rich oligonucleotide with high affinity and specificity to NCL, has been found to
internalize into several cancer cell lines, including breast cancer cells (Bates et al.
1999; Soundararajan et al. 2008). A reversible AS1411 aptamer-liposome biocon-
jugate was developed to effectively deliver cisplatin to cancer cells and to improve
therapeutic efficacy (Cao et al. 2009). Importantly, when a complementary antidote



Internalizing Molecules Directed Specific Intracellular Drug Delivery 113

was used to disrupt the aptamer’s active structure, the cellular uptake of the
aptamer-liposome was inhibited, thereby suggesting a novel controllable targeted
drug delivery system. Most recently, Shieh et al. physically conjugated AS1411
with six molecules of a porphyrin derivative (TMPyP4), a broadly used photody-
namic therapeutic agent (Shieh et al. 2010). By NCL-mediated internalization, the
aptamer-TMP complex exhibited a higher TMPyP4 accumulation and specific
photo-damage in MCF7 breast cancer cells.

3.7 Other Internalizing Molecule-Mediated Drug Delivery

In addition to the afore-mentioned more popular internalizing molecules, other
specific ligands have been applied for targeted drug delivery.

Anisamide has served as a targeting ligand for tumor cells expressing the sigma
receptor, a transmembrane protein that plays a role in regulating ion channels.
It was found that sigma receptors are over-expressed in a diverse set of human and
rodent tumor cell lines (Vilner et al. 1995). Small molecules such as asanisamide,
haloperidol and opipramol have been reported as sigma receptor ligands and have
been developed as radio-imaging agents for tumors (Maurice and Su 2009; Cobos
et al. 2008; John et al. 1999). These receptor-specific ligands can be linked to vari-
ous nanocarriers, or be directly conjugated to the oligonucleotide itself. For
example, Huang and colleagues have successfully conjugated the high-affinity
sigma receptor ligand asanisamide to lipopolyplex nanocarriers for specifically
delivering doxorubicin or siRNAs to tumors in animals (Li and Huang 2006;
Banerjee et al. 2004). Their subsequent studies confirmed that the cellular uptake
was mediated via a sigma receptor dependent pathway. Similarly, haloperidol-
modified lipoplexes were shown to mediate tenfold greater delivery of DNA to
breast carcinoma cells compared with the control lipoplexes (Mukherjee et al.
2005). Most recently, anisamine also was directly conjugated to antisense oligo-
nucleotides (ONs) (Nakagawa et al. 2010). The trivalent anisamide-ONs conjugate
significantly enhanced receptor-specific cell uptake and biological activity.

Hyaluronan, also known as hyaluronic acid (HA) or sodium hyaluronate, is a
natural anionic polysaccharide which can be efficiently taken up into cells by HA
receptor mediated endocytosis (Stern et al. 2006; Prevo et al. 2001). Therefore,
HA and its derivatives have been widely used as novel targeting ligands as well as
target specific, long acting drug carriers of various therapeutic agents, including
Dox, paclitaxel, proteins, peptides and nucleotide therapeutics (Oh et al. 2010). For
example, the HA-modified long-circulating liposomes actively targeted tumors
over-expressing the HA receptor (Peer and Margalit 2004a, b). The HA-poly-L-
lysine (PLL) conjugate was shown to target sinusoidal epithelial cells in the liver
(Jiang et al. 2009). The delivery of siRNA with HA modified PEI significantly
improved gene silencing in HA receptor over-expressing cells. Most recently, HA
derivative-quantum dot (HA-QD) conjugates facilitated targeted delivery and
accumulated more efficiently in the cirrhotic liver than the normal liver after
tail-vein injection (Kim et al. 2010).
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4 Conclusion and Perspectives

Although Paul Ehrlich’s dream — “magic bullets” — did not stand the test of time
one century ago, the creative concept of “targeted therapy” that drugs are capable
of going straight to their intended targets has inspired generations of scientists to
continually pursue targeted based delivery approaches to selectively treat human
diseases. In addition to passive targeting, active targeting that is based on the avid
and specific interaction between the targeting ligands and the molecular targets has
drawn much attention. Today, in view of the tremendous efforts in developing
targeted therapy, an increasing number of specific internalizing molecules have
been adapted for active targeting of tumors or infectious diseases. Moreover, a
better understanding of the molecular events associated with human diseases and
the emergence of new technologies (such as nanotechnology, RNAi, Cell-SELEX)
have greatly accelerated the drug discovery process over the years.

Despite these advances bringing these targeted therapies to the clinic is currently
a slow process. For example, one important concern for using cell surface receptors
for active targeting is to engineer the targeting ligands with therapeutic agents or
their carriers without disrupting the receptor-binding ability or reducing the thera-
peutic efficacies of the drugs. In the regard, a precisely engineered nanocarrier with
multiple functions may be considered a promising therapeutic system. Ideally, an
intelligent multifunctional nanocarrier with combinatorial targeting ability can
efficiently encapsulate multiple drugs, prolong circulation time, accurately accu-
mulate and release drugs in the targeted cells/tissues, eventually achieving maximal
therapeutic efficacy and providing custom/tailored treatments. Meanwhile, such
multifunctional nanocarriers can be used to visualize their location in the body for
real-time monitoring of therapeutic responses.
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Simulation Based Analysis of Nanocarrier
Internalization: Exciting Challenges
with a New Computational Tool

Béla Csukas, Moénika Varga, Ales Prokop, and Sandor Balogh

Abstract A new computational tool was developed, for model-based analysis of
the endocytosis and exocytosis mechanisms involved in nanocarrier delivery. This
was a hypothetical study because current data are insufficient to identify the under-
lying process model.

The detailed case studies represent appropriate examples for useful applications of
a quite hypothetical model. It allows the study of the individual mechanisms, as well
as the synergistic and antagonistic effects of their combinations. It helps to understand
how the possible limiting transportations and transformations, as well as the inherent
degradations, limit the utilization of the injected drug. In addition, by switching on
and off the respective processes, we can evaluate the beneficial or harmful effects of
some pathways, like nanocarrier or drug-containing nanocarrier exocytosis.

The applied methodology was flexible and effective, permitting one to describe
and run complex process models without any mathematical and computational
assistance. The question is whether constructive applications can compensate for
the possible malfunctions, caused by the limiting assumptions. Our answer is yes.

The development of this computational model is a valid example for the quali-
tative identification and validation, organized by the dialogue between field and
model experts with the computational model. As such, it can help to organize new
round of experiments.

We can state that the future of the computer assisted biosystem related, biotechno-
logical and biomedical studies depends highly on this kind of interactive collaborations.
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Direct Computer Mapping (DCM) seems to be an effective tool for the organization
of these collaborations.

Looking at the Chapters of this Volume it is obvious that the majority of the con-
tributions have very sophisticated and deep experimental background, related to vari-
ous specific details. From an engineering point of views, they are well-elaborated
pieces of a puzzle. However, our simplified, but systematic computational model
emphasizes the hypothetical big picture. Similarly to bridge building, in computa-
tional systems biology we have to construct the bridge from both sides and, hope-
fully, to meet in the middle.

Keywords Endocytosis « Exocytosis « Internalization and trafficking « Direct Computer
Mapping « Biosystem process modeling « Simulation tool

Abbreviations

NV nanovehicle

L ligand, making possible the association of the drug with nanovehicle

D drug (or gene)

R receptor

Lip lipid, supporting the specific transport through the lipid raft

Targ target component in the cytoplasm

Degr fictitious terminating component for the degradation of NV, L, R and D
containing components

Mot motor proteins, contributing to the exocytosis of nanovehicles and of the
drug

FPM fluid phase macropinocytosis

RME receptor-mediated endocytosis

NAE nonspecific adsorptive endocytosis

LRME lipid-rafts mediated endocytosis
DCM Direct Computer Mapping
R1-R40 elementary reactions

1 Overview of the Problem to be Modeled

The cellular uptake of extracellular ligands, soluble molecules, proteins and lipids
from the extracellular surface occurs by endocytosis, a process where localized
regions of the plasma membrane invaginate and pinch off to form endocytic vesi-
cles. Many of the endocytosed molecules and particles travel through the lyso-
somes and degrade. Endocytosis occurs both constitutively or in a triggered
response to extracellular signals. Many cell types undergo endocytosis continu-
ously where a large fraction of the plasma membrane is internalized every hour.
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To make this possible, most of the internalized plasma membrane components
(proteins and lipids) are continually returned to the cell surface by exocytosis. This
large-scale endocytic-exocytic cycle is mediated largely by clathrin-coated pits
and vesicles. Major trafficking pathways consist of an inward flux of endocytic
vesicles from the plasma membrane and an outward flux of exocytic vesicles to
the plasma membrane. Virtually all eucaryotic cells continually ingest their plasma
membrane in the form of small pinocytic (endocytic) vesicles, which later return
to the cell surface. The same amount of membrane that is being removed by endo-
cytosis is being added to the cell surface by exocytosis. In this sense, endocytosis
and exocytosis are linked processes that can be considered to constitute an endo-
cytic-exocytic cycle (Alberts et al. 2002). In this paper, we discuss both arms of
the cycle.

Kinetically, three modes of endocytosis can be defined: fluid-phase, adsorptive,
and receptor-or lipid raft mediated endocytosis (Khalil et al. 2006): (1) Fluid-phase
endocytosis is a low efficiency, nonspecific process that involves the bulk uptake.
(2) Absorptive endocytosis molecules are bound to the cell surface and concen-
trated before internalization, with the molecules interacting with generic comple-
mentary binding sites, such as lectin or charged interaction. (3) Receptor-mediated
endocytosis also involves concentration of the molecules, with certain ligands binding
to receptors on the cell surface and becoming concentrated before internalization.
Typically, clathrin-coated pits are involved. In addition, we consider lipid rafts as a
separate uptake process.

Specific proteins, including receptors, are removed from early endosomes and
recycled to their original plasma membrane domains; some proceed to a different
domain of the plasma membrane, thereby mediating a process called transcytosis;
and some progress to lysosomes, where they are degraded, while both the receptor
and the ligand end up being degraded in lysosomes, resulting in receptor down-
regulation. In other cases, both are transferred to a different plasma membrane
domain, and the ligand is thereby released by exocytosis at a surface of the cell
different from that where it originated (transcytosis). In the case of transcytosis,
nanoparticles specifically fuse with the basolateral domain of the plasma mem-
brane. In our model, we consider transcytosis as one of the key processes.

A central question is whether exocytosis occurs for nanoparticles. This is a little
appreciated area, although it should be separated from endocytosis (see Alberts
et al. above). Experimentally, exocytosis is measured by repeated incubations and
wash (void of external nanoparticles) cycles at various time intervals after the initial
exposure (Panyam and Labhasetwar 2003). There are several limitations of this
approach, particularly in capturing nanoparticle dynamics and quantifying endocy-
tosis and exocytosis rates simultaneously, in a steady-state fashion.

Likewise, the real magnitude and impact of spatiotemporal dynamics can be
understood only by carrying out mathematical modeling (Kholodenko et al. 2010).
Our recently developed model allows the incorporation of exocytosis in a virtual
situation, providing more informative nanoparticle dynamics.

We describe the above events phenomenologically, without going into the deepest
details of reaction steps. For simplicity, only the minimal routes are considered in
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this example. Of course, a number of uptake (endocytic) routes can be considered
and explored. In our specific case, we only consider the following three routes:
FPM/NAE (fluid phase macropinocytosis, which we lumped together with nonspe-
cific adsorptive endocytosis), RME (receptor-mediated endocytosis) and LRME
(lipid-rafts mediated endocytosis) (Prokop and Davidson 2008; Doherty and
McMahon 2009) as the most predominant mechanisms. We also consider a molecular
motor in our scheme, as cellular motor proteins are responsible for moving struc-
tural elements to specific cellular locations and trafficking of endocytic and exo-
cytic vesicles (Holzbaur and Goldman 2010; Robert et al. 2010). We set the
exocytosis rate by one order of magnitude less of the endocytosis rate as found
experimentally by (Jin et al. 2009). Note, sorting and recycling is not properly
delineated as it may occur from different endosomal stages (early endosomes,
endosomal compartment and recycling endosome; Grant and Donaldson 2009).
Motor proteins may be considered as a recycling vehicle at this simplified stage.
There is very limited literature on simulation of endocytosis (see Wattis et al. 2008,
on LDL uptake by hepatocytes).

We consider multiple entry mechanisms simultaneously as there are several
means of internalization that operate concurrently at the cell surface. Various data
suggests that the cellular internalization of nanoparticles occurs through a multifac-
eted internalization mechanism primarily involving caveolae, yet clathrin-coated
vesicles and macropinosomes are also involved to a lesser degree. Various cells
may use alternative entry mechanisms to a different degree (Kumari et al. 2010).

Endocytosis also samples the extracellular milieu and serves to regulate various
processes initiated at the cell surface. These include nutrient uptake, signaling from
cell-surface receptors, and many other processes essential for cell and tissue func-
tion, emphasizing why the knowledge and extent of use different routes is of prime
importance. The ability to understand and predict the cellular uptake (and exocyto-
sis) of nanoparticles quantitatively should find utility in designing nano-systems
with controlled toxicity, efficacy and functionality.

2  Model Design

2.1 Simplified Scheme of the Model

Model design usually starts from the qualitative description of the biological
processes and the involved components. In this case, we try to develop a preliminary
model of the drug delivery related endocytosis and exocytosis. Modeling is limited
by the fact that we do not have experimental data for the identification and valida-
tion of the model. Rather we use the model to gain a better understanding of the
simultaneous trafficking and recycling processes. In addition, a preliminary model
can help to plan the appropriate set of possible measurements that supports the
identification and validation. Afterwards, with the knowledge gained from the
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preliminary model, the experimental and computational investigations support each
other mutually in the deeper understanding of the investigated problem. Finally, the
model can also participate in the further design of the effective drug delivery
therapies.

Considering the overview in Chapter 1, the objective of modeling is to describe
the essential transport and transformation mechanisms associated with the drug
(or gene) delivery from the external phase to the various targets (in cytoplasm,
nucleus or mitochondria). Also, exocytosis of the nanoparticle components is con-
sidered, e.g. a recirculation of the undelivered drug (or gene) components.

Accordingly, our model has to describe the following processes:

* Fluid phase macropinocytosis (FPM) is a low efficiency, nonspecific process
that involves the bulk uptake of solutes in exact proportion to their concentration
in the extracellular fluid;

* In nonspecific adsorptive endocytosis (NAE) the molecules are bound to the cell
surface and concentrated before internalization, i.e. the molecules interact pref-
erentially with generic complementary binding sites, such as lectin or charged
surface elements;

* Receptor mediated endocytosis (RME) also involves concentration of the mole-
cules, with certain ligands bound to receptors on the cell surface and becoming
concentrated before internalization. The cytoplasm membrane folds inward to
form coated pits, such as clathrin-coated pits. These inward budding vesicles
bud to form cytoplasmic vesicles;

» Lipid rafts mediated endocytosis (LRME) is another kind of specific endocytosis,
where the transport is supported by special lipids of the membrane channels;

* Exocytosis of the nanovehicles is enhanced by the motor proteins.

In the following model, nonspecific NAE will be taken into consideration in
nonspecific FPM (called FPM/NAE).

2.2 Compartments and Components

In the cellular compartmentalization of nanoparticles, the specific role of the
so-called early and late endosomes, and lysosomes have to be taken into consider-
ation. These specific subsystems of the cell are involved in the trafficking and
degradation of the receptor mediated components.

The cellular compartments with estimated percentages are the followings
(Alberts et al. 2002, see Table 12-1, p. 661; note, this composition is reported for
hepatocytes): cytosol (cyt): 54%; plasma membrane (pm): 0.5% (ER function in
endo/exocytosis is not considered in this paper); mitochondria (mit): 22%; nucleus
(nuc): 6%; early endosomes (ee): 1%; late endosomes (le): 1%; and lysosomes
(lys): 1%. The capacity of the external phase is taken into account by an external/
cytoplasm ratio of approximately 1:1.
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The primary building elements of the various biological compounds are the
followings: N'V: nanovehicle; L: ligand, permitting the association of the drug (D)
with the nanovehicle (NV); D: drug (or gene) to be transported from the external
phase to the prescribed target (to the cytoplasm, to the mitochondria or e.g. in case
of genes to the nucleus); R: receptor, supporting the specific transport through the
plasma membrane; Lip: lipid supporting the specific transport through the lipid
rafts; Targ: target component in the cytoplasm; Degr: fictitious terminating com-
ponent for the degradation of NV, L, R, and D in e.g. ubiquitin containing compo-
nents; Mot: motor proteins, contributing to the exocytosis of nanovehicles and of
the drug.

2.3 Transformations and Transportations

For the better understanding, the “biologically inspired” scheme of our simplified
model is illustrated in Fig. 1. The Figure shows a cell, surrounded by a plasma mem-
brane in the external phase. The above-mentioned compartments are designated by
colored fields.

Black dots symbolize the various primary components and their derived com-
plex intermediates. There are 34 individual components in the respective phases.
According to the Figure, in the notation

comp_X_Y_..._ Z

external plasma membrane

cytosol

late endosome

Fig. 1 Schematic illustration of the investigated model
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designates a complex, consisting of primary components of X, Y and Z in the
compartment called “comp”. The actual names of the compartments and primary
components correspond to the ones defined in Chapter 2.2.

There are two main classes of the elementary processes in the model, namely

e transformations, determining the composition and decomposition of the com-
plexes, built from the primary components in a given compartment; as well as

 transportations for trafficking of the given component or complex between and/
or along the compartments.

The 40 elementary processes, illustrated by small bars in Fig. 1, are collected in
Table 1. It is to be noted that the set of compartments, components, transportations
and transformations can be modified by the field expert. The objective of the pres-
ent case study is rather to illustrate how one can build a hypothetical model with
roughly estimated data, than to explain sophisticated model. The implementation
and the case studies demonstrate only the possible power of consulting with a com-
putational tool in the discovery, design or control of the underlying processes.

Table 1 Elementary processes of the model

Process

number  Elementary processes Description of the elementary process

R1 ext NV_ L D—pm_NV_L D Transport of drug (or gene) containing
NV_L_D complex from the external
phase to the plasma membrane

R2 pm_NV_L_D+pm_R—pm_ Binding of drug (or gene) containing

NV_L D R NV_L_D complex to the receptor in the

plasma membrane

R3 pm_NV_L D _R—ee NV_L _D_R Transport of drug (or gene) containing
NV_L_D_R from the plasma membrane
to the early endosomes

R4 ee_ NV_L D R—ee_ Transformation and transport of drug (or

NV_L_D+pm_R gene) containing NV_L_D_R complex in

the early endosomes, and the dissociation
of receptor, returning into the plasma
membrane

R5 ee NV_L_ D R—lys NV_L_ D R Transport of drug (or gene) containing
NV_L_D_R complex from the early
endosomes to the lysosomes

R6 lys_NV_L_D_R—cyt_Degr Decomposition of drug (or gene) containing
NV_L_D_R complex in the lysosomes

R7 ee_ NV_L_ D—le_ NV_L_D Transport of drug (or gene) containing

NV_L_D complex from the early
endosomes to the late endosomes

R8 le NV_L_D—lys_ NV_L_D Transport of drug (or gene) containing
NV_L_D complex from the late
endosomes to the lysosomes

R9 lys_NV_L_D—cyt_Degr Decomposition of drug (or gene) containing
NV_L_D complex in the lysosomes

(continued)
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Process
number  Elementary processes Description of the elementary process
RI10 le NV_.L D—cyt NV_L_D Transport of drug (or gene) containing
NV_L_D complex from the late
endosomes to the cytosol
R11 cyt NV_L_D—cyt NV_L+mit_ D  Transfer of the drug to the mitochondria
RI12 cyt NV_L_D—cyt NV_L+nuc_D Transfer of the gene (drug) to the nucleus
R13 cyt NV_L_D+cyt_Targ—cyt_ Delivery of the drug to the target in the
NV_L+cyt_Targ_D cytosol
R14 cyt_ NV_L+cyt_Mot— cyt_Mot_ Binding of free nanovehicle NV_L to the
NV_L motor protein in the cytosol
RI15 cyt Mot NV_L—pm_Mot_ NV_L  Transport of motor protein guided NV_L
complex from the cytosol to the plasma
membrane
R16 pm_Mot_NV_L—pm_NV_L Decomposition of motor protein guided
+pm_Mot NV_L complex in the plasma membrane
R17 pm_Mot—cyt_Mot Transport of motor protein from the plasma
membrane to the cytosol
R18 pm_NV_L—ext NV_L Exocytosis of nanovehicle complex NV_L
from the plasma membrane to the external
fluid
R19 cyt_ NV_D+cyt_Mot—cyt_Mot_ Binding of drug (gene) transporting
NV_D nanovehicle complex NV_D to the motor
protein in the cytosol
R20 cyt_ Mot_NV_D—pm_Mot_NV_D  Transport of motor protein guided NV_D
complex from the cytosol to the plasma
membrane
R21 pm_Mot_NV_D—pm_NV_D+pm_ Decomposition of motor protein guided
Mot NV_D complex in the plasma membrane
R22 pm_NV_D—ext NV_D Exocytosis of drug (gene) transporting
nanovehicle complex NV_D from the
plasma membrane to the external fluid
R23 cyt NV_L_D—cyt_Degr Decomposition of drug (or gene) containing
NV_L_D complex in the cytosol
R24 ext NV_L_D—cyt NV_L_D Fluid phase macropinocytosis of the complex
NV_L_D from the external phase to the
cytosol
R25 ext NV_L_D+pm_Lip—pm_Lip_  Lipid raft mediated endocytosis of drug (or
NV_L D gene) containing NV_L_D complex to the
plasma membrane
R26 pm_Lip_ NV_L_D—cyt_ Lipid raft mediated internalization of
NV_L_D+pm_Lip NV_L_D complex to the cytosol
with proliferating lipid in the plasma
membrane
R27 cyt NV_L_D—cyt NV_D+cyt_ Degradation of NV_L_D in cytosol
Degr
R28 cyt NV_L—cyt NV+cyt_Degr Decomposition of NV_L with degradation of
L in cytosol
R29 cyt NV_L —cyt_Degr Degradation of NV_L in cytosol

(continued)
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Table 1 (continued)

Process

number  Elementary processes Description of the elementary process

R30 cyt NV —cyt_Degr Degradation of NV in cytosol

R31 cyt_ NV +cyt_Mot—cyt_Mot_NV Binding of free nanovehicle NV to the motor
protein in the cytosol

R32 cyt_Mot_NV — pm_Mot_NV Transport of motor protein guided NV from
the cytosol to the plasma membrane

R33 pm_Mot_NV —pm_NV +pm_Mot Decomposition of motor protein guided NV
in the plasma membrane

R34 pm_NV —ext_ NV Exocytosis of nanovehicle NV from the
plasma membrane to the external fluid

R35 ext_NV —cyt_ NV Endocytosis of nanovehicle NV from
the external fluid to the cytosol

R36 ext NV_L—cyt NV_L Endocytosis of NV_L complex from the
external fluid to the cytosol

R37 ext NV_D—cyt NV_D Endocytosis of NV_D complex from
the external fluid to the cytosol

R38 cyt NV_D—cyt NV+nuc_D Delivery of NV_D containing drug to the
nucleus

R39 cyt NV_D—cyt NV+mit_D Delivery of NV_D containing drug to
the mitochondrion

R40 cyt NV _D+cyt_Targ—cyt NV Delivery of NV_D containing drug to the

+cyt_Targ_D cytosol target

3 Implementation of the Computational Model

3.1 Direct Computer Mapping (DCM) of Process Models

The computer modeling of the functional and structural features of various
processes evolved in two, more or less separated ways.

The functional models can usually be described by sets of algebraic, differential
and/or integral equations (IPDAE) (Marquardt 1996). The ‘a priori’ (white box)
models can be derived from simple first principles, and then they are transformed into
various sophisticated mathematical constructs. The ‘a posteriori’ (black box) models
are based on various flexible mathematical constructs with “artificial” parameters to
be identified from the available data. Accordingly, they differ from the ‘a priori’
models only in the origin and content of the equations, but the numerical solution of
the mathematical equations is similar. The general formal model of these process
systems developed before powerful computers appeared (Kalman et al. 1969).

Nowadays, the sophisticated mathematical constructs address the unified solu-
tion of the continuous and discrete problems.

The structural features of the process model are usually represented by network
structures. Originally, they were designed for the illustration of the static struc-
ture, as well as for the steady state or dynamically changing fluxes along the
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network routes. However, starting in the early 1960s, the very innovative Petri
Net (Petri 1962) and the subsequent General Net Theory (e.g. Brauer 1980)
proposed a net model for the description of discrete process structures that
inspired other avenues for representation of dynamic processes. In the past
decade, extensive efforts have been devoted towards the implementation of
the quantitative functionalities in the structural model, e.g. in the form of the
Quantitative Petri Nets (Chen and Hofestaedt 1999; Peleg et al. 2005).

Nevertheless, the execution of the hybrid, discrete/continuous and optionally
multiscale models is a difficult question, because the usual integrators do not toler-
ate the discrete events, while the usual representation of the continuous processes
cannot be embedded into the discrete models conveniently (Meier-Schellersheim
et al. 2009). Another challenge is the effective combination of quantitative models
with rule-based qualitative knowledge. Moreover, a multiscale approach is neces-
sary to treat the hierarchy of interactions ranging from molecular (nm, ns) to signal-
ing (um, ms) length and time scales, which necessitates the development and
application of specialized modeling tools (Shih et al. 2008).

Having recognized the problem discussed above, in Direct Computer Mapping
(Csukas and Perez Uriza 1995; Csukas et al. 1996; Csukas and Balogh 1998), the
natural building blocks of the balance based (conservational) and rule based (infor-
mational) processes are mapped onto the state and transition elements of an executable
program. The discrete or continuous, as well as quantitative or qualitative functioning
are described by expert defined program prototypes. These brief programs are asso-
ciated with the structural elements and executed by a general kernel (Csukas 2001;
Csukas et al. 2005). The idea of DCM is illustrated in Fig. 2.

Related to the above approaches, the new methodology can be interpreted as a
“naturally structured” Kalman model or a “very high order” Petri net of prototyped
programs. As illustrated in Fig. 3, the methodology describes the essential structure
of the processes, as well as the structured distribution and optionally parallel execu-
tion of the distributed elementary functionalities.

The generic structure of the process models can be characterized by a feedback struc-
ture of the “passive” state elements (P) and of the “active” elementary transitions (A).

| Mathematical constri

sition |
ethod |
Problem to be Executable
solved program

Fig. 2 Idea of direct computer mapping
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State (measures,
singns)

Modifying Reading
channels channels

Transitions (transportations,
transformations, rules)

Fig. 3 General architecture of the process models in sense of direct computer mapping

The discrete or continuous and the quantitative or qualitative functioning of the
structural modules can be determined by the expert-defined brief programs (m or v).
The passive output— active input and the active output— passive input connections
are described by the reading (X) and modifying (Y) connections, respectively.
Considering our example model, we describe “passive” state elements for the com-
ponents in the compartments, as well as “active” transition elements for the trans-
portations and transformations summarized in Table 1. The calculations are
described by the brief programs, associated with these elements, represented by
boxes. The various edges (lines) correspond to the information flow between the
elements. Accordingly the system determines and makes possible the execution of a
dynamic model without the usual mathematical formalisms and without any special
numerical solver (that is embedded in the general kernel, see in Fig. 4).

The method can be applied for the computer modeling, dynamic simulation and
simulation based problem solving of various process systems (Csukas et al. 1999,
2000; Nagy et al. 2001; Temesvari et al. 2004; Varga et al. 2010).

The schematic architecture of the computer implementation is illustrated in
Fig. 4. The brief programs determine the calculation of the active (v) and passive
(m) functionalities. The respective expressions are declared by the expert. The
structure and the parameters of the actual problem are described by the user.

The execution consists of four cyclically repeated consecutive steps, as
follows:

1. active elements read the content of the associated passive elements through to
the reading channels;

2. brief programs, associated with active elements calculate the changes;

3. passive elements are modified according to the changes carried via modifying
channels;

4. brief programs, associated with passive elements calculate the new state.
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GENERIC SIMULATOR

EXPERT PROGRAM
transition functionalities
(transformations,
transports, rules)

states functionalities
(accounting,
overwriting)

Expert

rmZ3omxX

USER PROGRAM

transition elements
state elements
reading channels
modifying channels

User

Fig. 4 Computer implementation of direct computer mapping

The recent implementation of the above architecture is written in GNU-Prolog
(http://www.gprolog.org/), because the free unification of the high-level structures,
contained in dynamic partitions, supports the methodology. Temporarily, we use a
GraphViz (http://www.graphviz.org/) based configurable input/output user inter-
face (Varga 2009). This is a platform-independent and partly open software tool,
consisting of a general kernel, communicating with expert and user interfaces.

The software implementation can be applied for the simulation of multi-scale
hybrid (discrete/continuous, quantitative/qualitative, deterministic/stochastic) pro-
cesses. In hybrid models, the communication of the different parts can be supplied
with the necessary transforming operators.

3.2 DCM Description of the Internalization Problem

In the temporarily used software implementation of Direct Computer Mapping,
first we edit the structure of the model by the open source code GraphViz tool that
generates a script. The graphically edited structure of the discussed model
(see Fig. 1) is shown in Fig. 5. In this graphical representation
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Fig. S GraphViz representation of the model of Fig. 1
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« ellipses correspond to the state elements (primary and complex components);

* boxes represent the elementary processes (transformations and transportations);

» dotted lines declare the reading connections that forward the intensive parameters
(e.g. concentrations) from the output slots of the state elements to the input slots
of the transition elements;

e dashed lines define the modifying connections that forward the decreasing
changes of the extensive characteristics (e.g. moles of components) from the
output slots of the transition elements to the input slots of the state elements;

* solid lines define the modifying connections that forward the increasing changes
of the extensive characteristics (e.g. moles of components) from the output slots
of the transition elements to the input slots of the state elements.

Description of the model means that the automatically generated. DOT file is
extended with the detailed definition of the process model. As an example, we use
a small part of the extended script, related to the decomposition of ee_ NV_L_D_R
(only the characteristic parts will be shown).

The ee_NV_L_D_R complex refers to NV_L_D_R being in the inner side of the

plasma membrane, in compartment of early endosome. The respective state
element is defined by the declaration

'ee_NV_L_D_R' [
shape="'ellipse'
model = ' component '
data="'[]"
inp="[1i(comp,dl, [d(ee, [0.01],nd),d(quant, [0],nd)])]"
out="[1" 1]

where model of ‘component’ refers to the respective prototype, declared at another
state element, as

newprototype="'component'
program= 'm(y, component, [], [1(comp,dl, Extenziv)], [o(conc,dl, Intenziv)])
:—calculate_intensive (Extenziv, Intenziv),!."'

while the calculate_intensive() predicate calls for the general clause, determining
the concentrations of the components in the compartments.

The list “inp” contains the initial values for the mass of the compartment ee
(=0.01) and for the respective component NV_L_D_R (= 0).

The decomposition of this complex, accompanied by “returning” of the receptor
to the plasma membrane is declared, as follows:

'rd' [shape='box'
newprototype="'decomp&transport'
data="'[c(par,dl, [d(kin, [0.1],nd),d(eq, [100000],nd)])]"
program="'v(y,

'decomp&transport, [c(par,dl, [d(kin, [Kin],nd),d(eq, [Eq]l,nd)]1) 1,
[i(inp_1,dl, [d(Compartmentl, [Compl],nd),d(quant, [C1],nd)]),
i(inp_2,dl, [d(Compartment2, [Comp2],nd),d(quant, [C2],nd)]),
i(inp_3,dl, [d(Compartmentl, [w],nd),d(quant, [C3],nd)])],
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[o(minus_1,dl, [d(Compartmentl, [DCompl],nd),d(quant, [DM1],nd)]),
o(plus_1,dl, [d(Compartment2, [DComp2],nd) ,d(quant, [DM2],nd)]),
o(plus_2,dl, [d(Compartmentl, [DCompl],nd),d(quant, [DM3],nd)])]) : -
g(dt,DT), DCompl is 0.0, DComp2 is 0.0,

Rate is Kin*(Cl-(1/Eq) *C2*C3) *Compl*DT,

DM1 is (-1)*Rate, DM2 is Rate, DM3 is Rate.' ]

It is a transition prototype with two (kinetic and equilibrium) parameters, as well
as three input and three output slots, corresponding to the formulation of the “1-2”
kinetic (mass action) expression. The three input slots correspond to the reading of
concentration of the components, while the three output slots refer to the decrease
of ee_NV_L_D_R, as well as to the increase of ee_ NV_L_D and pm_R. The
method makes possible also the change of the compartments’ mass, but right now
it is neglected (DComp1 =DComp2=0).

The rate of the process prototype is calculated by the bold italics signed part of
the program, declared in the given Prolog clause. These brief program parts can be
edited freely through a general interface. Accordingly, the open program code can
be adapted to the various special hybrid and multiscale problems, easily.

An example for a reading connection is the following:

'ee_NV_L_D R'»'rd' [
style='dotted'
sendop="read'
sendslot="'conc'
receiveop='write'
receiveslot="'inp_1"' ]

This declares reading of ee_NV_L_D_R concentration for the above discussed
elementary process. The shown, significant definitions determine the sending slot
and operator, as well as the receiving slot and operator, respectively. When running,
the connection will carry the actual sign from the sending to the receiving element.

As another example the modifying connection

'rd'>'ee_NV_L_D' [
style="'solid’
sendop="read'
sendslot="plus_2'
receiveop="add'
receiveslot="'comp' |

declares increasing of ee_NV_L_D concentration caused by the given transition.
The shown significant definitions determine the respective sending and receiving
slots and operators. When running, the connection will carry the actual molar
change from the sending to the receiving slots.

Having started from this temporary input file, the general DCM process
simulator first interprets the script and prepares the GNU-Prolog declarations of the
expert and user modules. In the user’s module, there are four types (partitions) of
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predicates, describing the state and transition elements, as well as the reading and
modifying (increasing, decreasing or overwriting) connections.

The user module contains altogether 34 p() states, 40 a() transitions, 96 x() reading
and 96 y() modifying connections. Its smaller part, generated by the above example
script is the following:

p(y,ee_NV_L_D_R, [],component, [], [i(comp,dl, [d(ee, [0.01],nd),d(quant, [0],

nd) 1)1, 01, 01,01,01).

a(y,rd, [],decomp&transport, [c(par,dl, [d(kin,[0.1],nd),d(eq, [100000],nd)])],
[i(inp_1,dl, [d(ee, [],nd),d(quant, []1,nd)]),

i(inp_2,dl, [d(pm, [],nd),d(quant, []1,nd)]),

i(inp_3,dl, [d(ee, []1,nd),d(quant, [],nd)]1)],[]1,[1,0],(]1).
x(y,read,ee_NV_L_D, [],conc,write,r4, [],inp_3,d1l,[]1,nd, [],[]1,1]).
v(y,read,r4d, [],plus_2,addinc,ee_NV_L_D, [],comp,dl, []1,nd, [],[],[]).

In the expert’s module there are altogether 1 m() state functioning and 8 v()
transition clauses for the declaration of functioning of the state and transition ele-
ments, respectively. Two clauses, generated by the above example script are the
followings:

m(y,component, [], [i(comp,dl,Extenziv)], [o(conc,dl, Intenziv)]) :-

ujintenziv (Extenziv, Intenziv),!.

v (y, decomp&transport, [c(par,dl, [d(kin, [Kin],nd),d(eq, [Eq]l,nd)]1)], [
i(inp_l,dl,[d(Compartmentl,[Compl],nd) d(quant, [C1],nd)]),

i(inp_2,dl, [d(Compartment2, [Comp2],nd),d(quant, [C2],nd)]),

(inp_3,dl, [d(Compartmentl, [Compl],nd),d(quant, [C3],nd)])]

(minus_1,dl, [d(Compartmentl, [DCompl],nd),d(quant, [DM1],nd

(plus_1,dl, [d(Compartment2, [DComp2],nd),d(quant, [DM2],nd)

(plus_2,dl, [d(Compartmentl, [DCompl],nd),d(quant, [DM3],nd)

g(dt,DT), DCompl is 0.0, DComp2 is 0.0,

Rate is Kin* (Cl-(1/Eqg)*C2*C3) *Compl*DT,

DM1 is (-1)*Rate, DM2 is Rate, DM3 is Rate.

i
(e}
(e}
(e}

,[
)1,
1),
N1 -

During simulation, the general purpose DCM kernel consults the expert’s and
user’s files, and organizes the simulation of the model. The prescribed output is
automatically saved in a file that can be shown in runtime or afterwards.

3.3 Example for the Simulated Results

First, we will show an example for the input data and output results of a typical
simulation. The state elements and the respective initial concentrations are sum-
marized in Table 2. In Table 2, the columns refer to the various compartments with
their reference measures (which express the estimated ratios of the compartments).
The components are listed in the rows, and the blue colored cells represent the pos-
sible compartmental components. As indicated in Table 2, there are only five non-
zero initial concentrations, as follows:

ext NV_L_D
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that determines the components describing the injected external component for the
delivery, and

pm_R, pm_Lip, cyt_Targ, cyt_Mot

that describe the components contained in the cell. We emphasize that the given
simplified set of the components can be extended in a more realistic case study
easily. The quite arbitrary compartmental volumes and concentrations can also be
modified.

Table 3 shows the transition elements. The columns correspond to the various
characteristics of the transitions, as follows:

process ID, that corresponds to the same in Fig. 1;

roughly estimated process rate (kinetic parameter) in a second time basis;

equilibrium parameter (the large numbers mean that the given process is almost
unidirectional);

name(s) of the rate determining components;

name(s) of the (decreasing) input components,

name(s) of the (increasing) output components.

The architecture of the rows illustrates the eight prototypes of the elementary
processes, which are the followings:

Formation: two components associate forming the product;

Formation with transport: two components from two compartments associate
forming the product;

Transport: one component moves from one compartment to the other;

Decomposition: one component dissociates to two products;

Degradation with transport: one component disappears and the amount of the waste
components increases in another compartment;

Decomposition with transport: similar to the decomposition, however one produced
component moves to another compartment;

2:2 transformation: a component moves from one complex to another one and vice
versa,

Degradation: one component disappears and the amount of the waste components
increases in the same compartment.

The eight prototypes correspond to the eight v() clauses of the expert module.

It is to be noted that the modeled set of the transitions can be extended in a more
realistic investigation, easily. For example one can add the so-called “sorting endo-
somes”, can take into account the independent transport of the drug, released from the
nanocarrier. User can also take into consideration the more sophisticated model of the
ubiquitin-proteosome system in the protein degradation, etc. The roughly estimated
kinetic, equilibrium and other parameters can also be refined. Moreover, our simula-
tion model, combined with a so-called genetic algorithm (a collaborating computa-
tional tool) can be applied for the identification of the structure and parameters of the
model with the knowledge of the experimentally measured data, by itself. In addition,
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the hypothetical simulations can also help to find the most effective possible measure-
ments from the identification point of views.

The simulated results can be seen in Figs. 6 and 7. Because of the different
volume of the various compartments, we show the calculated extensive amounts
instead of concentrations, for the easier comparison. In the following Figures you
will see the changes in the concentration of the various components, calculated
by the hypothetical, simplified model, with the roughly estimated parameters,
summarized in Tables 2 and 3. The results come from the automatic solution of
the automatically generated model, prepared from the appropriate description
language.

Figure 6 gives an overview of initial, external and terminal components. The
Figure shows an explicit picture, outlining the utilization of the drug. The external
drug level continuously decreases, and it is consumed within 10 min. Afterwards,
the cell utilizes (or decomposes) the drug molecules, present in the various com-
plexes. It is to be noted that we illustrated all of the targets. However, in real cases
it might be very rare. Usually drugs travel to the cytosol or to mitochondria, while
genes enter the nucleus. In our hypothetical example, the mitochondria target is
preferred, followed by the nucleus target. Actually, there is a considerable overall
degradation rate. Please pay attention to the fact that everything is controlled by the
fictitious, hypothetical parameters, tuned according to some qualitative statements
of the field expert.

Figure 7 illustrates the changing amount of transient components. The Figure
depicts the dynamics of the subsequent processes. The injected drug is consumed
within 10 min, and then all of the drug (or gene) containing components converge
to zero. Regarding the exocytosis related components, it is clear that in the first

External, initial and terminal components - Basis

1.8

Amount of components (Simulation Unit, SU)

o 200 400 600 800 1000 1200 1400 1600 1800 2000
Time, s
—cyt_Mot —ext_NV_L D —ext_NV —ext_NV_L —ext_NV_D ——cyt_Degr
——pm_R ——pm_Lip ——nuc_D ——mit_D ——cyt_Targ ——cyt_Targ_D

Fig. 6 Initial, external and terminal components
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Fig. 7 Transient components

period the motor proteins will bind various complexes, but later on all of them are
either delivered, or degraded, and finally the motor proteins will be free again. The
receptor containing components converge to zero. The external concentration of
NV and NV_L is greater than the same for NV_D, because it can deliver D after
recycling.

4 Analysis of Hypothetical Case Studies

4.1 Comparison of the Individual Mechanisms

It is an interesting question how the three mechanisms (FPM/NAE, RME and
LRME) collectively contribute to drug delivery. It provides the investigator a
chance to tune the model with the knowledge of the expert’s considerations (say,
the percentage of receptor mediated endocytosis is estimated to be 70%, etc.).

DCM fully supports the discrete, structural changes, directly. Accordingly, we
can switch off two mechanisms, only by changing the status flag of two elementary
processes from ‘y’ to ‘n’.

In the following two series of Figures we compare the dynamically interesting
periods of four models, as follows:

complex model: upper left diagrams,
mechanism RME alone: upper right diagram,
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mechanism FPM/NAE alone: lower left diagram,
mechanism LRME alone: lower right diagram.

Please consider that the amount (ordinate) scale, is different for the four dia-
grams about the transient components.

Figure 8 shows that the dominant mechanism is the RME. We see clearly that the
major portion of delivery is carried with RME and LRME, while the percentage of
FPM/NAE is less (in this order). However, it is very interesting that the three mecha-
nisms together do not transport significantly more drug, than the receptor mediated
mechanism alone. It means that the transporting capability is limited (inside the cell).

Figure 9 shows, that in the case of FPM/NAE or LRME, only one or two com-
plexes take place in the delivery with a higher amount. The amount of exocytosis-
related components is almost the same for the complex and for the RME cases.
LRME and FPM/NAE mechanisms alone needs less amount of exocytosis related
components, of course. Change of the nanovehicle components is in accordance with
the above diagnosis. The receptor containing components are utilized only in the
RME and complex cases. The very low concentrations, appearing in the FPM/NAE
and LRME schemes are caused by the equilibrium character of the reactions and
transports, which can produce a small amount of these complexes “backwards” (simi-
lar situation might appear in various biosystems). It is interesting that LRME alone
can utilize more lipid rafts related resources, than the three mechanisms together.
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Fig. 9 Transient components in the complete model and in the individual mechanisms

4.2 Effect of Pulse Size on the Drug Delivery

The amount of the drug, i.e. the size of the injection is an important parameter to
be considered. The knowledge of the feasible amount of drug will help to plan the
medication strategy in another spatial and time scale.

In the following two series of Figures we compare the dynamically interesting
periods of three models, as follows:

baseline model: upper diagrams,
model with less drug injection: lower left diagram,
model with more drug injection: lower right diagram.

Please note that there are magnitude differences in the amount (ordinate) scales
of the four diagrams.

In Fig. 10 we see, that all injections are delivered almost with the same percent-
age, only the delivery time changes asymmetrically, because of the simultaneous
change of driving forces.

Figure 11 shows similar non-linearity. Having increased the injected drug, slow
degradation causes longer tailing of the curves.

The change of the nanovehicle components is in good accordance with the
injected amounts.
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4.3 Role of Exocytosis Based Recycling in the Drug Delivery

With the knowledge of the previous results we can conclude that amount of delivered
drug is affected also by the exocytosis.

The useful exocytic processes transport drug containing NV_D vehicle through
the plasma membrane back to the external phase. Accordingly, this recycling helps
to deliver more drug. The useless exocytosis transports a given part of the released
NV and NV_L complex through the plasma membrane back to the external phase.
This causes a delayed degradation only.

In computational analysis, we can derive hypothetical studies that cannot be
realized experimentally. In the following model, we switched off the exocytosis,
fully (note that various inhibitors can only do this partially). The results, illustrated
in Figs. 12 and 13 are compared with same diagrams obtained with switched on
exocytosis (in Figs. 6 and 7), with same time scale.

Figure 12 illustrates the amount of the initial, external and terminal components.
Having reached the limit values only the degradation follows slowly.
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Figure 13 illustrates the change in the drug transient components, involved in the
various delivery routes. It demonstrates the lack of exocytosis. The change of the
nanovehicle containing components is in accordance with the slow degradation
inside the cell. The receptor containing components converge either to the equilib-
rium value or to zero. The slowest processes are the decomposition of cyt_ NV and
lys_ NV_L_D.

5 Conclusions

A new computational tool has been employed for the model-based analysis of the
endocytosis and exocytosis mechanisms involved in nanocarrier delivery. It is to be
emphasized that we made a quite hypothetical study, because at this moment the
available data are not sufficient for a sophisticated identification of the underlying
process model.

We demonstrated a hypothetical computation in the analysis of a significant,
practical problem. Computational models may be a useful interacting partner for the
field expert. The case studies allow studying the individual mechanisms, as well as
the synergistic and antagonistic effects of their combinations. It helps to understand,
the possible limiting transportations and transformations, as well as how inherent
degradation limits the utilization of the injected drug. In addition, by switching on
and off the respective processes, we can evaluate the effects of some deleting certain
pathways, like exocytosis of the nanocarrier or of the drug containing nanocarrier.

The applied methodology proved to be flexible and effective enough to describe
and to run complex process models without any mathematical and computational
assistance.

The most interesting general conclusions can be summarized, as follows.

5.1 Limiting Assumptions vs. Constructive Usefulness

All of the computer simulations, especially the completely hypothetical ones, can
be evaluated by the balance between assumptions and usefulness. The question is
whether constructive applications can compensate for the possible malfunctions,
caused by the limiting assumptions.

First, we describe the explicit and implicit assumptions behind our model. We
assumed the following:

1. The modeled components, transportations and transformations cover all of the
necessary and sufficient elements determining the states and transitions of
the studied reality.

2. There are not hidden, un-modeled components, affecting the modeled
transitions.
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3. There are not hidden, un-modeled transportations and transformations, affecting
the modeled components.

4. The applied elementary models are feasible.

. The estimated (kinetic, equilibrium, etc.) parameters are feasible.

6. The estimated initial concentrations and boundary values (e.g. injection size) are
feasible.

W

The usefulness of this model can be summarized, as follows:

(i) The computational model helps to gain deeper insight into the various endo-
cytosis mechanisms and supports the major contribution of the specific
pathways.

(i1) The case studies help to analyze the inherent non-linearities and limitations of
the drug uptake (i.e. the relation between the injection size and the delivered
drug).

(iii) Based on the hypothetical simulation, the functioning of exocytosis can be
analyzed clearly.

Considering the assumptions, we can state that the installed model seems to be
closed enough that helps to fulfill the conditions, covered by (1)—(3), relatively
well. We summarize that assumptions (4)—(6) can be fulfilled by the feasible
estimations of the field and model experts. Probably the constructive applications
(i)—(iii) compensate for the uncertainties of (1)—(6).

It is to be emphasized that there are no inputs, except of the drug and ligand
containing nanovehicle, so the model may be considered as a closed system.

5.2  Qualitative Identification and Validation by Dialog Between
the Field Expert and the Computational Model

The development of this computational model is a good example for the qualitative
identification and validation, organized by the dialogue between field expert and
computational model. We started from immature descriptions and models with
roughly estimated parameters (not seen in the present paper). Afterwards, utilizing
the abilities of DCM, we attempted to build a model, consisting of the necessary
and enough species of state and transition elements. This was controlled via a feed-
back from the field expert.
Some examples for the important feedbacks are the followings:

* The contribution of specific mechanisms to the endocytosis is cca. 70%;

* Consider motor protein enhanced exocytosis for NV, NV_L and NV_D.

e Various kinds of degradation exist, and they are commensurable with the
delivery; etc.

We can state that the future of the computer-assisted biosystem-related, biotech-
nological and biomedical studies depends highly on this kind of collaboration,
based on the mutual trust and understanding between the field expert and simulator.
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In addition, DCM seems to be an effective methodology for the organization of
these collaborations.

5.3 Bi-Directional Bridge Building Between Experiments
and Computations

Looking at the other Chapters of this Volume, it is obvious that the majority of the
contributions are of very sophisticated nature and exhibited deep experimental
insight, related to various specific details. From an engineering point of views, they
are well-elaborated pieces of a puzzle. On the contrary, the simplified, but system-
atic computational model attempted to describe a hypothetical, but comprehensive
big picture. Similar to bridge building, in computational systems biology, we have
to start from the two sides of the bridge and we have to meet in the middle,
hopefully.

The hypothetical computations might help in the more conscious design of
experiments that supports the effective identification and validation of the models.
For example, nanotechnological measurement techniques make possible to select
cellular compartments and to measure the drug or nanocarrier content of them, at
least at some important points. On the other hand, the identified models could
replace some exhaustive measurements.

For researchers and experimentalists who are interested, this program can be
made available in an interactive format for exploration.
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Nanosized Drug Delivery Vectors
and the Reticuloendothelial System

Lisa M. Kaminskas and Ben J. Boyd

Abstract Nanomaterials have potential as drug delivery vectors that can improve
the chemical stability and pharmacokinetic profile of small molecule drugs or
improve drug uptake into solid tumours. However, one consequence of the use of
nanosized drug delivery vectors is their potential recognition by tissue macrophages
and accumulation in organs of the reticuloendothelial system (RES). While in some
instances the uptake of drug loaded nanomaterials or ‘nanomedicines’ into organs
of the RES is favoured, in most instances uptake into the RES can limit systemic
exposure of the nanomedicine and limit therapeutic utility. Hence, this section dis-
cusses ways in which the RES uptake of nanomedicines can either be promoted or
inhibited. Specifically, the effect of various physicochemical properties and pres-
ence or absence of key RES ‘recognition ligands’ on RES uptake are examined.

Keywords Drug delivery ¢ Macrophage o Nanomedicine ¢ Opsonisation
« Reticuloendothelial

Abbreviations

RES Reticuloendothelial system
PAMAM Polyamidoamine

PEG Polyethylene glycol

DPPC Dipalmitoyl phosphatidylglycerol
Succinate Succinic acid

Ph-sulphonate Benzene sulphonate
Ph-disulphonate ~ Benzene disulphonate
TIM T cell Ig domain and mucin domain

L.M. Kaminskas and B.J. Boyd ()
Monash Institute of Pharmaceutical Sciences, Monash University, Melbourne, Australia
e-mail: ben.boyd @monash.edu

A. Prokop (ed.), Intracellular Delivery: Fundamentals and Applications, Fundamental 155
Biomedical Technologies 5, DOI 10.1007/978-94-007-1248-5_6,
© Springer Science+Business Media B.V. 2011



156 L.M. Kaminskas and B.J. Boyd

NPC Non-parenchymal cell

HPI Hydrogenated phosphatidylinositol

DPPG 1,2-dipalmitoyl-sn-glycero-3-phospho-rac-(1-glycerol)
DAB Diaminobutane

Gd-DAB  Gadolinium conjugated diaminobutane dendrimer
HLA-DR Human leukocyte antigen DR

BAI Brain specific angiogenesis inhibitor

GM1 Monosialoganglioside GM 1

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
DSPC L-alpha-phosphatidylcholine distearoyl

DSPG L-alpha-phosphatidyl-DL-glycerol-distearoyl

1 Introduction

A number of attributes of nanosized drug delivery particles are driving their
application in a wide range of uses in medicine and as drug delivery vectors. Their
circulation behaviour in plasma can be extended by controlling size to be on the
one hand sufficiently small to permit intravenous administration, while on the
other hand being sufficiently large to hinder passage through endothelial gap junc-
tions, leading to extended circulation time. Drugs can be incorporated into their
structures either via entrapment or surface conjugation. Particles can be engi-
neered to permit entrapped drugs to gradually leak out of the structures down a
concentration gradient, to enable an extended release-type delivery of drug to
systemic circulation, or to liberate drug specifically under physiological condi-
tions encountered at the desired site of drug action. They can be engineered for
tissue-specific drug delivery either passively (for instance via the enhanced perme-
ation and retention effect in solid tumours) or actively via the surface presentation
of ligands to cell surface receptors. In addition, association of drugs with nano-
sized delivery vectors allows delivery into the cells in the form of a nano-drug
formulation bypassing the efflux mechanism giving rise to resistance. This is par-
ticularly relevant in the treatment of cancer, where cytotoxic drugs often develop
multidrug resistance phenotypes.

A wide range of potential structures based on lipids, polymers, dendrimers, solid
drug particles, surfactants and other matrix materials have been described for use
as particulate or macromolecular drug delivery systems for intravenous application.
A range of these structures are illustrated below in Fig. 1. The two classes of par-
ticulate nanomaterials, i.e. the macromolecules and matrix-based particles associ-
ated with drug molecules, are collectively called ‘nanomedicines’ for the purpose
of this contribution.

Although nanomedicines have shown a number of beneficial attributes for their
application in drug delivery, they are also prone to recognition and removal via the
reticuloendothelial system (RES), which can severely limit their application.
Specifically, recognition of nanomedicines by the RES can result in very rapid
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Fig. 1 Various commonly used nanostructures in drug delivery

removal of the particle from plasma within only minutes to a few hours, thus limiting
the therapeutic usefulness of the nano-drug formulation where extended circulation
time is important for performance. This chapter is therefore dedicated to explaining
the reticuloendothelial system, its functions, pathophysiology and mechanisms of
nanomedicine removal and detailing ways in which uptake via the system can either
be avoided or promoted.

2 Pathophysiology of the Reticuloendothelial System

The reticuloendothelial system (commonly referred to as the RES) is comprised of
a collection of organs (Fig. 2) that contain high proportions of the cells that make
up the body’s defence system against particulate pathogens. Specifically, it is a col-
lection of monophagocytic cells that are largely manufactured by the bone marrow
and transported throughout the body to aid in the removal of foreign organisms,
damaged cells and products of cellular degradation. Immature macrophages in the
systemic circulation are monocytes that migrate into tissues once matured. Mature,
tissue fixed macrophages make up the Kupffer cells in the liver and the reticular
cells in the spleen, lungs, lymph nodes and bone marrow. These cells remove for-
eign material via rapid phagocytosis. In some instances, initial priming via lympho-
cytes and the internalization of material into endosomes is required. The endosomes
eventually fuse with lysosomes that release enzymes into the endosome that digest
the engulfed material. For material that is resistant to degradation via lysosomal
enzymes, the material remains trapped within the macrophage until the cell eventu-
ally dies. The largest concentration of macrophages in the body are located in the
liver and lungs, however macrophages in different locations exhibit very different
biochemical and functional activity that can influence their ability to scavenge
various nanomedicines.
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Fig. 2 Diagram of
the organs that make
up the reticuloen-
dothelial system

Bone marrow

The RES is therefore largely responsible for the removal of nanomedicines from
the systemic circulation. The uptake of particles is largely size dependent.
Compared to circulating biological proteins, drug delivery particles are usually
large in size (Fig. 1), making them appear as foreign materials to the monophago-
cytic system. Opsonisation of drug delivery particles by plasma proteins and lipo-
proteins accelerates and enhances the recognition process. The pathophysiology of
several major organs of the RES (liver, spleen, lymph nodes and lungs) and how
this relates to particle uptake is therefore described in the following section.

2.1 The Liver

The liver is one of the most important metabolic organs in the body and is a part of the
digestive system. The visceral surface of the liver contains the porta hepatis, the site at
which vessels and ducts enter and leave the liver, including the portal vein, the hepatic
artery and the common hepatic, cystic and bile ducts. At any one time, approximately
20% of the bodies blood supply resides in this organ and the liver is a major site for
the removal of drugs absorbed into the blood from the gastrointestinal tract.
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The major microstructural unit of the liver is the lobule (Fig. 3), a hexagonal
structure that contains a central vein with blood tracts that protrude from the main
structure (called the sinusoids that are lined with a thin layer of sinusoidal endothe-
lial cells) and branches of the portal vein, hepatic artery and bile ducts at each corner
of the hexagonal lobule. The major cell type that resides between the sinusoids are
the hepatocytes. These are the major metabolic cells of the liver and are storage sites
for a number of essential nutrients that occur in excess in the blood, such as iron and
glycogen. The hepatocytes occur in a single layer between the liver sinusoids and
bile cannaliculi and are responsible for absorbing drugs and materials from the blood
and processing them for secretion into the bile ducts. Thus, the excretion of nano-
medicines via the bile and subsequently via the feces requires initial uptake via the
hepatocytes. Hepatic stellate cells also lie in between clusters of hepatocytes. These
cells are the fat storage cells of the liver. Finally, Kupffer cells (the major phagocytic
cells of the liver that account for approximately 2% of the liver volume) lie within
the sinusoids. Their residence at this site optimizes their exposure to blood patho-
gens, foreign material and more importantly to this chapter, nanomedicines. Blood
entering the liver from the hepatic artery and the portal vein flow towards the lobule
via their branches, through the sinusoids where the blood is ‘cleaned’ and into the
central vein that pools detoxified or cleaned blood into the hepatic vein. There are
also two distinct types of Kupffer cells in the liver. The smaller, more immature cells
are mainly located in the centrilobular region. The larger, more mature cells that play
a more prominent role in phagocytosis, and hence are of more importance in the
uptake of particles from the blood by the liver, are located in the periportal region.

2.2 The Spleen

The spleen is important in generating blood cells during fetal development, but it
is not a vital organ in adults. It does, however, function in addition to the liver to
destroy and remove damaged or aged red blood cells from the systemic circulation.
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This function takes place in the red pulp of the spleen that comprises the majority
of the organ’s structural surface area (Fig. 4). The spleen is the largest organ
within the lymphatic network and functions to filter blood in a similar manner
to the way lymph nodes filter lymph. Blood enters the spleen via the splenic
artery that extends into the white pulp and branches into the venous sinuses that
remove damaged red cells. Splenic cords extend between venous sinuses that
contain reticular connective tissue, macrophages and lymphocytes that act to
remove dead cells and foreign material from the blood. The spleen also acts as
a reservoir for red cells that can be added to the blood via splenic contractions
when needed.

The spleen also has clusters of white pulp that are responsible for producing,
storing and exchanging lymphocytes with the blood. Therefore, nanomedicines
circulating in the blood can be removed either via macrophages and lymphocytes
in both the red and white pulp of the spleen. As an example, the biodistribution of
polylysine dendrimers conjugated with both polyethylene glycol and methotrexate
display more avid uptake into the spleen than in the liver of athymic nu/nu rats that
have a reduced number of T cells (Kaminskas et al. 2009a). Macrophages in the
spleen likely act in this instance to compensate for the loss of T cell activity by
becoming more phagocytically active. Also, the relative biodistribution of lipo-
somes into liver and spleen varies according to composition, where liposomes
composed of egg phosphatidylcholine show roughly equivalent uptake into liver
and spleen, whereas liposomes containing phosphatidylserine or dipalmitoylphos-
phatidylglycerol (DPPC) are more avidly taken up into the spleen (Oussoren and
Storm 1997).
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2.3 Lymph Nodes

The lymphatic system is comprised of a series of capillaries, ducts, nodes and
organs including the spleen and thymus, and is involved in the production and
release of lymphocytes into the blood. Lymphatic capillaries lie in interstitial
spaces along with blood capillaries. They collect excess interstitial fluid, extravasated
protein and lipids absorbed from the digestive tract to form a creamy white fluid
that flows from peripheral capillaries into lymphatic ducts that finally drain into the
thoracic lymph duct and the right lymph duct at the base of the neck. From here,
lymph fluid drains directly into the systemic circulation.

The main difference between blood and lymph capillaries is that while blood
capillaries have tight junctions between endothelial cells and a fibrous basement
membrane that limits the passage of macromolecules and particulate nanomedici-
ness, lymphatic capillaries have wide intercellular junctions and a loose basement
membrane. Blood flow is approximately 100-1000 times faster than that of lymph,
so uptake of small molecules from the interstitium is preferentially via the blood,
whereas the uptake of macromolecules is via the lymph. Prior to emptying into the
systemic circulation, lymph fluid filters through lymph nodes placed at strategic
positions to remove foreign particles preventing their access to the systemic circula-
tion. The lymph nodes are therefore the main sites of deposition for nanomedicines
that are absorbed from the interstitium, either after subcutaneous administration or
after extravasation from the blood stream.

Lymph nodes are located at the end of afferent lymph capillaries that enable
lymph flow in one direction via valves that are positioned along the entire length of
the capillary system (Fig. 5). Lymph nodes contain an outer subcapsular sinus with
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Fig. 5 Diagram of the microstructure of a lymph node
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collagenised trabeculae extending deep into the node. Lymph flows from afferent
lymph vessels into the subcapsular sinus where it is delivered into deep cortical
sinuses that contain a network of reticular fibers, macrophages and lymphocytes
that filter pathogens and foreign material from the lymph. Filtered lymph fluid then
drains towards the efferent lymph vessel via medullary sinusoids that contain a high
density of macrophages that represent the final filtration barrier for pathogens and
particulate nanomedicines before lymph is delivered into the systemic circulation.
When examining the lymph node localization of PEGylated PAMAM dendrimers
after subcutaneous administration the greatest lymph node retention of the dose is
in the subcapsular sinus and the medulla (Mounzer et al. 2007).

2.4 The Lungs

As the major internal organ exposed to the air, the lungs are densely populated with
macrophages that act to prevent systemic exposure to airborne pathogens and parti-
cles. The airways are constructed such that larger airways (bronchi) branch out and
thin down to smaller bronchioles. The bronchioles supply air to thin alveolar sacs that
are composed of a single layer of alveolar endothelial cells, and a mucosal membrane
that lines the inside of the alveolar sacs to prevent the alveolar membranes sticking to
each other (Fig. 6). Lymphatic and blood capillaries lie on the outside of the alveoli
encased by a membranous cover (the pleura) that encloses the whole organ.

There are two distinct populations of macrophages in the lungs that are located
in the alveolar membrane and protrude out into the alveolus and interstitial mac-
rophages that account for approximately half of the macrophages in the lungs.
Macrophages resident in the alveolar mucosa act to phagocytose pathogens and
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Fig. 6 Diagram of the alveoli and localisation of macrophages
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particles that enter via the airways. Alveolar macrophages that trap pathogens then
enter into the lymphatic capillaries where they drain into the pulmonary network of
lymph nodes (both in the pleura and in the upper airways). Here they are presented
to T lymphocytes that facilitate an immune response against the pathogen. The
lungs therefore represent an alternate route for the delivery of vaccines that avoids
the use of needles since the induction of an immune response in one mucosal mem-
brane transfers immunity to other mucosal membranes. It is also this dense distribu-
tion of macrophages that makes the lungs a potential target for the uptake of
particulate nanomedicines from the blood. This can be achieved to a certain degree
by conjugating surface targeting ligands that make nanoparticles more attractive to
alveolar macrophages such as mannose. For instance, the uptake of rifabutin via the
lungs after IV administration can be improved by associating the drug with man-
nosylated lipid nanoparticles that display equivalent biodistribution to the liver and
lungs (Nimje et al. 2009).

3 Particle Properties That Mediate Reticuloendothelial Uptake

3.1 Nanoparticles and Colloids That Target
the Reticuloendothelial System and the Role
of Opsonisation

Since the RES is designed to protect the body against invading pathogens and other
foreign materials, any properties of an administered nanomedicine that indicates
that the particle or macromolecule is foreign will make it susceptible for RES
uptake. Nanomedicines, depending on definition, range in size from 1 to 1,000 nm
in diameter. In comparison, the diameter of a virus particle can range from 25 nm
to approximately 120 nm and the diameter of a bacterium can range from 200 to
250 pum. Thus, particulate nanomedicines typically have a size that mimics that of
a pathogen. This alone does not determine the ultimate fate of a nanomedicine,
since particulate nanomedicines have been administered that demonstrate very
good biocompatibility and very limited uptake by organs of the RES. The surface
characteristics of the material also strongly influence the RES targeting capacity of
a nanomedicine, either by promoting opsonisation that essentially tags the particle
for removal by macrophages, or by acting as ligands to receptors expressed on the
macrophage surface. Receptor mediated processes will be discussed in a later section
of this chapter.

It is important, however, to have an understanding of the opsonisation process.
The surface of a macrophage is anionic as are the surfaces of many pathogens. This
dictates that binding of a pathogen with the macrophage membrane would be unfa-
vourable on purely electrostatic grounds. Thus, prior modification of the pathogen
surface is required to enable phagocytosis of these species which would otherwise
be repelled from the macrophage surface. Opsonisation is a process whereby a
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plasma component coats the surface of a pathogen or target particle and presents it
to macrophage cells via receptor mediated recognition of the bound component.
Classical plasma opsonins include complement factors, immunoglobulins, man-
nose binding lectin, fibronectin and 2-glycoprotein 1. Macrophage receptors to
these factors include CR1, Fc and mannose receptors. This process is highly species
specific. However, in some cases the binding of plasma components does not result
in RES targeting, but rather protects the particle from macrophage uptake. Although
the identity of these factors is largely unknown, several plasma components have
been suggested as potential dysopsonins, including IgA, al-acidic glycoprotein
and albumin. As an example, polystyrene microparticles of approximately 1 pum
diameter display avid uptake into dendritic cells in culture in the absence of serum,
however uptake into dendritic cells is significantly reduced by preadsorption of
human serum albumin (Thiele et al. 2003).

3.2  Effect of Size

In general, the plasma pharmacokinetics of nanomaterials after intravenous
administration is largely dependent on their renal clearance. Particles smaller than
approximately 20 kDa (or approximately 8 nm in diameter) generally pass through
glomerular filtration slits relatively unhindered, enabling ready removal from the
body via the urine. Particles that are too large for effective renal clearance are then
subjected to alternative clearance processes including metabolism (for biodegrad-
able particles), biliary excretion (after uptake via hepatocytes) and biodistribution
into tissues. Very large particles have the capacity to circulate in the bloodstream
for extended periods of time on account of their limited capacity for extravasation
via fenestrated capillaries or compromised vasculature. The limited extravasation
and biodistribution results in their increased presentation to macrophages.

All other physicochemical factors aside, smaller particles have a greater tendency
to avoid uptake via the RES, whereas larger particles represent better substrates. This
has been demonstrated in detail when comparing the uptake of liposomes or den-
drimers into draining lymph nodes after subcutaneous administration. For example,
increasing the size of small (<20 nm) dendrimers, results in both increased uptake
via the lymph, and increased uptake into draining lymph nodes (Kaminskas et al.
2009b). However in the case of larger liposomes (40400 nm), increasing size
results in slower clearance of the dose from the injection site into the lymphatic
system, but an increase in the proportion of the absorbed dose recovered in lymph
nodes (Oussoren and Storm 2001). The complexity of examining RES uptake in this
way is that retention of nanomedicines in lymph nodes is dependent both on uptake
by macrophages as well as physical filtration, both of which have been demonstrated
to play a role in the retention of relatively biologically inert particles.

For particles that show relatively limited renal clearance and that do not contain
targeting groups intended to direct particles to particular organs, increasing particle
size results in long term accumulation in the liver and spleen. This has been
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demonstrated for PEGylated dendrimers, although the cellular targets have not been
specifically identified (Kaminskas et al. 2008). Thus it cannot be stated with cer-
tainty that targeting towards the liver and spleen over time is a result of cumulative
uptake via macrophages. Given that increasing dendrimer size beyond approxi-
mately generation 7 (>100 kDa) results in a dramatic decrease in blood retention
and an increase in uptake via the liver and spleen 15 min after an IV dose
(Kobayashi et al. 2001a), it can be suggested that very large particles are recognized
more avidly by RES macrophages than smaller ones. For dendrimers, uptake of
large particles is preferentially via the liver, whereas for large liposomes uptake of
particles larger than approximately 70 nm is preferentially via the spleen (on a
percentage of injected dose per gram of tissue basis) (Litzinger et al. 1994). For
liposomes based on phosphatidylcholine, although smaller particles show less
uptake via the liver and spleen, uptake into these organs is almost entirely via the
macrophages (Gabizon et al. 1990). Uptake via the lungs, however, is decreased,
likely reflecting either the different function of spleen, liver and lung macrophages
or the relative difficulty in accessing macrophages in the interstitium and alveolus
from the vascular side.

Increasing the size of polystyrene nanospheres from 60 to 225 nm also resulted
in a change in biodistribution from preferential absorption by liver Kupffer cells (no
uptake via the hepatocytes or sinusoidal cells was evident) to uptake via macrophages
in the red pulp of the spleen (Moghimi 2002).

3.3 Effect of Surface Charge

As discussed above, macrophages have an overall intrinsic anionic charge on their
surface that prevents direct adsorption of anionic particles. Although one would
assume that this means that cationic particles should be distributed more avidly to
macrophages of the RES, this is not necessarily true in the majority of cases.
Particles carrying a cationic charge bind with little tissue specificity to all organs and
to the blood vasculature on account of ionic interactions with anionic charges pres-
ent on the glycoproteins present in vascular membranes. Somewhat preferential
targeting of a more metabolically stable D-lysine capped poly-L-lysine dendrimer
towards the liver, spleen and kidneys was observed in rats, suggesting some capacity
of very small nanometer particles to target the RES (Boyd et al. 2006). This was not
seen for dendrimers composed entirely of L-lysine as the dendrimer was rapidly
degraded to free L-lysine that was subsequently incorporated into protein resynthetic
pathways (Boyd et al. 2006). Thus in general, cationic particles have a somewhat
limited chance for specific uptake via macrophages in either the RES or elsewhere.

Interestingly, however, increasing the surface cationic charge on liposomes from
0% to 25% surface cationic lipid has no influence on the uptake of the dose in either
the liver, spleen or the lungs. At a 1:1 ratio of cationic lipid: uncharged lipid, how-
ever, uptake of liposomes via the lungs is increased by almost an order of magni-
tude, but again, accumulation in the liver and spleen does not change. The reason
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for this lung specific accumulation is not clear although a similar pattern of
biodistribution has been observed with several cationic nanoparticles, where most
of the injected dose is recovered in the lungs, with accumulation in the liver being
the second most common fate of particles 10 min after initial IV administration
(Al Jamal et al. 2009).

Anionic particles (both lipid and non-lipidic), as discussed previously, are sub-
strates for opsonins and therefore are targeted more avidly towards liver and spleen
macrophages. Furthermore, increasing the anionic strength of the particle increases
both the degree of opsonisation and the extent of liver targeting. This was demon-
strated using arylsulphonate and succinic acid capped polylysine dendrimers
(Kaminskas et al. 2007). A generation 4 dendrimer containing 32 surface succinate
groups (weakly acidic) did not show any evidence of opsonisation and was excreted
via the urine (Fig. 7). A small generation 3 dendrimer containing 16 surface ben-
zene sulphonate groups (stronger anion) showed some evidence of plasma opsoni-
sation and was targeted more avidly towards the liver. Increasing anionic surface
charge further by increasing the number of anionic groups to 32 benzene sulpho-
nates on a generation 4 dendrimer resulted in progressively increasing degree of
opsonisation plus increased uptake via the liver. The dendrimer with the strongest
surface anionic charge (the generation 4 benzene disulphonate dendrimer) also
showed a massive increase in uptake via the spleen such that the proportion of the
injected dose recovered in the spleen was higher than the proportion of the dose in
liver tissue (on a recovered dose per gram of tissue basis). A similar observation is
seen with lipid colloids where increasing anionic surface charge increases uptake
by the spleen more so than the liver.

3.4 Effect of Particle Hydrophobicity

The hydrophobicity of administered particles has a significant influence on the RES
targeting of the system, in particular to the liver. For example, by modifying the struc-
tural hydrophobicity of dendrimers, the extent of liver targeting of systems with simi-
lar size and surface charge can be altered significantly. An example is a comparison
between PAMAM-core dendrimers and more hydrophobic diaminobutane (DAB) —
core dendrimers labeled with Gd contrast agent. Intravenous administration of the
DAB-core dendrimer resulted in preferential accumulation of the MRI contrast agent
in the liver 15 min after dosing, whereas PAMAM dendrimers of the same size were
located in the blood vasculature and bladder/kidneys (Kobayashi et al. 2001b)
(Fig. 8). Similarly, subcutaneous administration of Gd-DAB dendrimers resulted in
better retention and resolution of the contrast agent in draining lymph nodes
(Kobayashi et al. 2003, 2006). The reason for this effect may be due to increased
capacity for hydrophobic interactions of the particles with plasma proteins, resulting
in the recognition of particles as being opsonised by liver Kupffer cells. Another
mechanism may be the receptor mediated recognition of more hydrophobic particles
by macrophage receptors that recognize low density lipoproteins.
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Fig. 7 Proportion of an IV dose of *H-labelled generation 3 (G3) and 4 (G4) polylysine dendrimers
conjugated with succinic acid (succinate), benzene sulphonate (Ph-sulphonate) or benzene disul-
phonate (Ph-disulphonate) identified in the liver of rats 30 h after dosing (5 mg/kg, fop panel) and
size exclusion chromatography of each dendrimer diluted in phosphate buffered saline (closed
symbols) or preincubated in plasma at 37°C for 1 h (open symbols). The shift in the *H-peak to an
earlier elution time represents the formation of protein-bound dendrimer in plasma (Data taken
from Kaminskas et al. (2007))

3.5 Presentation of Ligands to Organs
of the Reticuloendothelial System

The previous discussion has focused mainly on particle properties that result in
intrinsic targeting towards macrophages of the RES. However, in some instances
macrophage targeting represents a therapeutic aim, rather than a negative conse-
quence of various particle properties. Examples include drug delivery to mac-
rophages involved in microbial or viral propagation (such as HIV infection), cancer
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Fig. 8 Whole body 3D-micro MR imaging of mice injected with 0.033 mmol Gd/kg of generation
4 polypropyleneimine diaminobutane dendrimer conjugated with 64 IB4M-Gd (panel a and b) or
generation 4 polyamidoamine dendrimer conjugated with 64 IB4M-Gd (panel ¢ and d). Panels
(a) and (c) represent imaged taken within 2 min of IV dosing of dendrimer and panels (b) and
(d) represent images taken 10 min after IV injection (Reproduced from Kobayashi et al. (2001b).
With permission)

or improved drug delivery to lymph nodes, specific delivery of toxic agents to
prevent macrophage activity and delivery of antigens to promote immunization. For
instance, Amphotericin B liposomes are used to target macrophage resident fungal
infections. Each of these goals requires specific internalization within target
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macrophages and avoidance of other cell types. Thus, although targeting to RES
macrophages can be achieved by the administration of nanomedicines containing
the agent of interest that are readily opsonised and endocytosed, the use of targeting
ligands can achieve this effect for non-RES targeted particles that otherwise have
been optimized for the proposed delivery.

Macrophage targeting ligands are specifically ligands to receptors that are ether
specifically or over-expressed on the surface of the target macrophages. In addition
to targeting towards the specific cells that make up the RES, other ligands may be
used to enhance the delivery and cellular internalization of materials to other cells
within organs of the RES, such as hepatocytes. Galactose is an example of a hepa-
tocyte targeting ligand. This section, however, is focused specifically on the tar-
geted delivery of particles to reticuloendothelial cells (specifically the macrophages).
Table 1 summarizes the different ligands and their target receptors that have been
used to improve nanomedicine targeting towards macrophages.

Phosphatidylserine is commonly incorporated into liposomes to decrease the
surface charge of the colloid or to effect targeting towards macrophages. In mice,
targeting of phosphatidylserine liposomes to liver Kupffer cells occurs without the
need for prior opsonisation by plasma components (Liu and Liu 1996). However,

Table 1 Ligands used to improve targeting of nanoparticles towards reticuloendothelial organs
and macrophages and the target receptors

Ligand Receptor Conjugated nanomedicine References

Phosphatidylserine TIM-4, stablin-1 Liposomes Liu et al. (1995a)
& 2, BAI-1
plus others

Mannose/mannan Mannose receptors Liposomes, dendrimers, Nag and Ghosh
(multiple sub- nanoparticles, niosomes, (1999); Kaur
types) antigens. micelles, metal et al. (2008);

colloids, emulsions Vyas et al.

(2000); Irache
et al. (2008)

RVG peptide Nicotinic RVG peptide-siRNA Kim et al. (2010)
acetylcholine
receptor
Stromal cell derived ~CXCR4 Peptide-DNA complex Egorova et al.
factor 1 (2009)
Anti-HLA-DR HLA-DR Liposomes Dufresne et al.
(1999)
N-formyl-methionyl ~ Formyl peptide Nanoparticle, liposomes Wan et al. (2008);
leucyl receptor 1 Morikawa et al.
phenylalanine (1988)
Fc region of antibody Fc receptor Opsonised nanomedicines
Decadeoxyguanine Scavenger receptor Liposomes Rensen et al. (20006)
class 1
Tuftsin Tuftsin receptor Dendrimer, liposomes Dutta et al. (2008);
(uncloned) Agarwal et al.

(1994)
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in other species, prior opsonisation is often required to optimize uptake of liposomes
by Kupffer cells, highlighting a species difference in the mechanism of macrophage
targeting. Similarly, after subcutaneous injection of phosphatidylserine containing
liposomes into rats the retention of the lymphatically available dose in regional
Iymph nodes is over 300% of the injected dose per gram, approximately three-fold
higher than subcutaneous administration of phosphatidylcholine or phosphatidylg-
lycerol based liposomes (Oussoren and Storm 1997).

By far the most common method of targeting drugs, DNA and cytotoxic agents
to the RES is by conjugation of sugars, particularly mannose (mannan, mannose
polymer) to the surface. These target the many mannose receptors present on the
surface of macrophages and monocytes. Although in general good targeting can be
achieved towards many organs of the RES via the use of sugars as targeting ligands,
the cellular targets vary widely. This was demonstrated by Kawakami et al.
(Kawakami et al. 2000) who prepared liposomes of approximately 90 nm in diam-
eter with 5% galactose-cholesterol, mannose-cholesterol or fructose-cholesterol.
Each of these liposomes rapidly distributed to the liver and spleen after IV dosing
to mice when compared to control liposomes without sugar, but distribution of
these liposomes into parenchymal (hepatocytes) versus non-parenchymal (Kupffer,
sinusoidal and stellate) cells was 15.1:1, 0.5:1 and 0.2:1 when compared to control
liposomes that were 1:1 (Fig. 9). Hence, the choice of conjugated sugar can dictate
both the tissue biodistribution of the nanomedicine and the cellular disposition.
Others have reported over tenfold greater accumulation of galactose-conjugated
liposomes in hepatocytes than non-parenchymal cells, and seven to ten times
greater accumulation of mannose-conjugated liposomes in hepatocytes compared

. (PCINPC O prc
DSPC/Chol liposome ;I: =1.1) B NPC

Gal liposome - I (PC/INPC

l« =15.1)

o —

Fuc liposome

0 0 2 3
Recovery (% of dose/10® cells)

Fig. 9 Hepatocellular localization of *H CHE from DSPC/cholesterol liposomes (85-95 nm
diameter) that were glycosylated, galactosylated, mannosylated or fucosylated 30 min after IV
administration in mice. Data represent mean=s.d. (n=3) in parenchymal cells (PC) and non paren-
chymal cells (VPC) in the liver (Reproduced from Kawakami et al. (2000). With permission)
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to non-parenchymal cells after IV administration in mice, depending on whether
the liposomes were conventional or PEGylated (Nag and Ghosh 1999).

Mannose-conjugated generation 5 polypropyleneimine dendrimers also distrib-
ute preferentially and rapidly to the liver and kidneys (due to renal filtration) after
IV administration in mice, and to a lesser extent in the spleen and lungs. By con-
trast, conjugation of lactose to dendrimers increased uptake via the liver and spleen
(Agashe et al. 2007). It is therefore clear that galactose promotes cellular targeting
towards hepatocytes, whereas mannose specifically targets liver and spleen resident
macrophages after intravenous dosing.

Using a mannose targeting approach to improve delivery towards the lungs has
been limited in success, however improved delivery of the anti-HIV drug didanos-
ine into alveolar macrophages has been observed for mannosylated gelatin nano-
particles after IV administration in rats (Jain et al. 2008). Similarly, mannose
conjugation improved the delivery of the gelatin nanoparticles into the spleen, liver
and lymph nodes. Mannose conjugation has also been demonstrated to improve the
delivery of the anti-HIV drug zidovudine entrapped within liposomes, to draining
lymph nodes when compared to administration of the drug in non-targeted lipo-
somes by subcutaneous administration (Kaur et al. 2008). In this respect, subcuta-
neous administration of mannose-targeted nanomedicines is expected to improve
targeting and cellular internalization in both lymph node resident macrophages and
in the lymphatic endothelium that similarly express mannose receptors that mediate
lymphocyte and cancer cell trafficking.

4 Avoiding Reticuloendothelial Targeting

4.1 Reducing Surface Anionic Charge

As demonstrated previously, reduction in the extent and strength of surface anionic
charge results in reduced particle opsonisation and subsequent uptake via the liver
and spleen. This can be achieved either by changing the surface materials (either by
incorporating less anionic lipids into colloid membranes or changing the surface
functionality on nanoparticles) or by masking surface anionic charges. Lipids such
as phosphatidylserine have a permanent anionic charge and incorporation of increas-
ing amounts of these lipids into colloidal membranes increases the magnitude of the
negative zeta potential and increases RES targeting. Alternatively, anionic groups
may be masked by the inclusion of long, uncharged polymers into the particle sur-
face. A classical example of this is the use of polyethylene glycol that coils around
the particle surface, masking surface charge and neutralizing zeta potential. Since
anionic charges are prone to recognition by plasma opsonins, a greater load of PEG
(i.e., higher MW PEGQG) is needed to increase plasma residence and decrease RES
targeting than for cationic particles. In theory, however, any uncharged polymer that
can coat the particle surface has the potential to mask surface charges.
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4.2 PEGylation

Polyethylene glycol (Fig. 10) was identified in the 1970s to be a highly biocompatible
polymer. Since then, its use in improving the pharmacokinetic and biodistribution
properties of nanomedicines has become widespread. The structure is composed
of multiple repeating units of ethylene glycol that complex many water molecules
resulting in the biological ‘masking’ properties of the polymer. The polymer is
also relatively non-toxic; the administration of several grams per kg of body
weight is required before toxicity becomes evident. Although it is slowly metabo-
lized in the body, metabolism of PEG is not considered a major mechanism in the
clearance of conjugated nanomedicines. However, for very large, long circulating
systems, gradual metabolism of PEG chains with a resulting reduction in particle
size and exposure of surface groups may eventually alter the biodistribution of the
particles.

In the pharmaceutical industry, PEGylation has been used to increase the circu-
lation times of proteins and liposomes, reduce RES uptake by liposomes and reduce
the susceptibility of proteins to enzymatic degradation. Although PEGylation of
proteins masks key receptor binding sites and therefore decreases in vitro activity
compared to the native protein, in vivo therapeutic efficacy is generally increased
as a result of the increased exposure of target receptors to the protein due to
improved residence time in circulation. PEGylation works in a similar manner to
mask biologically incompatible surface properties on nanomedicines, thus reducing
both opsonisation and uptake via macrophages of the RES.

Although increasing particle size generally acts to increase RES targeting, con-
jugation of PEG, resulting in increased particle molecular weight and hydrody-
namic size, does not have a similar effect. Increasing the size of conjugated
nanomedicines via PEGylation instead acts to increase circulation times and reduce
excretion via the urine. Increased eventual uptake by the RES (in particular the liver
and spleen) for large PEGylated materials is more a consequence of increased
exposure to macrophages that slowly phagocytose the material rather than increased
uptake of larger materials. This is demonstrated by data showing that increasing the
extent of PEGylation on polylysine dendrimers (resulting in increasing dendrimer
sizes due to increased PEG molecular weight) results in slow uptake of the particles
by the liver and spleen, such that approximately 12% of the injected dose of 68 kDa
dendrimers with terminal plasma half lives of 3 days are recovered in the liver and
spleen after 1 week (Kaminskas et al. 2008).

R/{/ 0\/\]\n OR'
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Fig. 10 Polyethylene glycol Functional group attachment point
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4.3 Alternatives to PEGylation

In addition to PEG, several other materials have been used to improve plasma
circulation times and avoid reticuloendothelial uptake of liposomes, including mono-
sialoganglioside GM1, hydrogenated phosphatidylinositol and glucuronide conju-
gates. Studies in mice and in vitro in isolated murine bone marrow macrophages have
demonstrated that the inclusion of only 5% GMI1 into the liposome structure has the
capacity to significantly reduce uptake of the liposome into RES organs (Allen et al.
1991a, b). This is reportedly due to the capacity of GM1 to prevent opsonisation of
the liposome. In vitro, as the molar ratio of GMI1 increases, so too does uptake of the
liposomes by macrophages (Allen et al. 1991a). In vivo, uptake into the liver and
spleen over 24 h can be halved when compared to liposomes of similar composition
(Allen et al. 1991b). At molar ratios of GM1 or PEG in the range 5-10, however, PEG
appears to be superior to GM1 in vitro at reducing the macrophage uptake of lipo-
somes, although interestingly, this is not reflected by in vivo observations that show
equivalent RES avoiding capacity (Allen et al. 1991a, b).

Although hydrogenated phosphatidylinositol (HPI) has not been widely incorpo-
rated into the design of long circulating liposomes, some research has been conducted
by Alberto Gabizon who has shown in general that increasing the proportion of HPI
into the liposome structure increases blood retention and decreases uptake by the liver
and spleen up to a molar ratio of 41% HPI which results in increased uptake by the
liver with a concomitant decrease in uptake by the spleen on account of the massive
increase in anionic charge (Gabizon and Papahadjopoulos 1992). Thus, on account of
the long circulating behavior of HPI-liposomes, Gabizon has demonstrated improved
tumour biodistribution and anti-tumour efficacy of chemotherapeutic drug loaded
liposomes composed of approximately 5 mol% of HPI in tumour bearing mice
(Gabizon 1992; Gabizon et al. 1989; Gabizon and Papahadjopoulos 1988).

The glucuronide conjugate palmityl-D-glucuronide has demonstrated some
capacity to improve the blood circulation time of liposomes in mice by reducing
liver uptake, however it also increases the proportion of a dose taken up by the
spleen by approximately 15%, 12 h after IV dosing (Oku et al. 1992). On account
of the increased plasma blood exposure, tumour accumulation of modified lipo-
somes is increased when compared to unmodified liposomes. However, this effect
of the glucuronide is only seen in mice, since administration of palmityl-D-
glucuronide modified liposomes in rats results in an increase in blood clearance and
an increase in uptake by the liver and spleen, presumably via the action of comple-
ment factors (Liu et al. 1995b).

4.4 Choice of Lipids for Construction of Colloids

As described in the previous sections, certain structural features of a nanoparticle
can render it a target for uptake by reticuloendothelial organs. This applies both to
surface and structural features. Although a number of surface modifications have
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proven useful in reducing the uptake of a variety of nanoparticles by the RES
organs, the appropriate choice of lipid in the construction of the particle can simi-
larly minimize or indeed increase the extent of RES targeting. This is particularly
relevant for intravenous delivery systems that require extended plasma circulation
times and subcutaneous delivery systems that may be used to improve drug uptake
into the lymphatic system or specifically into regional lymph nodes. Much of the
literature surrounding the influence of lipid composition on the affinity of colloids
for the RES is based on liposomes. Hence, Fig. 11 depicts some of the lipids com-
monly used to generate liposomes.

As mentioned previously, the biodistribution of liposomes to the liver and spleen
can be increased via the incorporation of phosphatidylserine into the lipid bilayer
that increases the uptake of liposomes via fixed macrophages (Oussoren and Storm
1997). However, liposomes based entirely on DPPC also display avid uptake into
both lymph nodes and the spleen after subcutaneous administration, even though
most of the dose remains at the injection site after more than 2 days (Oussoren and
Storm 1997). This effect is abrogated via the concurrent use of DPPC and choles-
terol (Oussoren and Storm 1997). In general, however, increased plasma circulation
times and minimized RES uptake appear to be achieved when using lipid composi-
tions that include phosphatidylcholine, phosphatidylglycerol and sphingomyelin,
although in each situation, RES uptake is generally best minimized by the incorpo-
ration of a hydrophilic or alternate biocompatible polymer into the outer surface
(Oussoren and Storm 1997; Spanjer et al. 1986).

S Summary

In the majority of applications of nanomedicines, extended blood circulation times
are required. Consequently RES uptake is a major drawback in the use of nanopar-
ticles as drug delivery systems, and increased uptake by the RES organs has the
potential to be associated with increased delivery of drug to organs that may be
sensitive to the toxic effects of the drug. As a general rule, the more ‘foreign’ the
particle looks the greater the potential for RES uptake. Examples include increased
particle surface charge (that may mediate particle opsonisation or increased adhe-
sion to the surface of macrophages and other tissues), increased size and the use of
structural materials that promote receptor mediated recognition of the particle by
one or more cells within the RES. The flip side to this rule is in instances where
improved nanoparticle targeting to particular cells within the RES, particularly
macrophages, are desired. Examples of these are in the improved delivery of anti-
gens to immune cells in order to enhance the immunization process or where deliv-
ery of antiretrovirals to macrophages may improve the resistance of the cells to
viral attack or replication. Examples of such modifications have been given.
However, where RES uptake is not desired, steps can be taken to minimize the
susceptibility of nanoparticle systems for uptake via these organs. These include
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reducing surface charge and size or incorporating polymers and other functions into
the surface of nanoparticles to improve their biocompatibility. To date, the most
widely utilized method of avoiding RES uptake of nanoparticles is via the attach-
ment of PEG chains onto the surface. However, several other systems are showing
promise as alternatives to the use of PEG.
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Membrane Crossover by Cell-Penetrating
Peptides: Kinetics and Mechanisms — From
Model to Cell Membrane Perturbation

by Permeant Peptides

Isabel D. Alves, Nicolas Rodriguez, Sophie Cribier, and Sandrine Sagan

Abstract Membrane-active peptides are a large family endowed with a wide pattern
of biological activities (antimicrobial, viral fusion and infection, cell-penetrating or
protein-transduction domain), which share the property of interacting with mem-
branes and being internalized in eukaryotic cells. Apart from pinocytosis internaliza-
tion pathways, these peptides have the capacity to re-organize lipid membranes and
to lead to membrane fusion, disruption or pore formation. In this chapter, we focus
on these membrane perturbation processes evoked by cell-penetrating peptides that
have been widely studied with membrane models and in cultured cells.
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« Translocation
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HS Heparan Sulphate

HSPG Heparan Sulphate ProteoGlycans

ITC Isothermal Titration Calorimetry

LUV Large Unilamellar Vesicle

MAP Membrane Active Peptide

NBD Nitrobenzo-2-oxa-1,3-diazole

NMR Nuclear Magnetic Resonance Spectroscopy

PEP-1 hepatite C virus related peptide, SGSWLRDVWDWICTVLTDFK-
TWLQSKLDYKD-NH,

P/L ratio peptide over lipid ratio

Transportan  galanin/mastoparan chimeric peptide, GWTLNSAGYLLGKINLK-
ALAALAKKIL-NH,

Tat Trans Activator of Transcription protein

Tat(46-58)  Tat derived peptide, GRKKRRQRRRPQ-NH,

1 Introduction

Cellular signaling mechanisms in plants and animals include homeoprotein
transduction, which is particularly important in developmental and physiological
processes (Tassetto et al. 2005; Brunet et al. 2007). Homeoproteins have an important
paracrine function, being secreted by and internalized into neighbored cells (Prochiantz
and Joliot 2003; Joliot and Prochiantz 2008). Specialized peptide domains that are
endowed with the property of membrane translocation have been identified in numer-
ous different proteins (Lindgren et al. 2000; Prochiantz 2008). These peptides are
grouped under the generic term of cell-penetrating peptides (CPPs) or, when they are
derived from proteins, such as the Antennapedia homeoprotein or Tat transcription
factors, protein transduction domains (PTD) (Hansen et al. 2008). These peptides have
the ability to convey into cells conjugated cargo molecules that can give a positive
biological or imaging read out of the intracellular localization of the peptide (Dietz
and Bahr 2004; El-Andaloussi et al. 2004; Morris et al. 2008).

2 Amino Acid Composition of Cell-Penetrating Peptides

Dozens of different cell-penetrating peptides have now been reported, which derive
from natural protein sequences or have been rationally designed (Hansen et al.
2008). Those peptides are indeed basic and/or amphipathic with a length of 10-20
amino acids. Some of these permeant peptides are pure basic sequences such as
oligoarginine (R8, R9) (Futaki et al. 2001; Wender et al. 2001; Nakase et al. 2004)
or Tat(48-59) (GRKKRRQRRRPQ) peptides (Weeks et al. 1995; Vives et al. 1997)
when others are more hydrophobic such as transportan (WTLNSAGYLLGKINL-
KAKAAKAKKIL).
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2.1 Necessity for a Peptide Secondary Structure
Jor Internalization?

It is clear that peptide — membrane interactions must be of fundamental importance
for the internalization process. Therefore, whether the secondary structure of these
peptides when interacting with membrane, plays a key role in the internalization
properties has been widely studied. Moreover different peptide secondary struc-
tures have been reported for the same peptide. This is certainly a result of the dif-
ferent experimental conditions used in the studies regarding: peptide/lipid (P/L)
ratios and concentrations used, buffer composition (e.g., ionic strength), tempera-
ture at which the experiments were performed as well as the method used to deter-
mine its structure.

Penetratin, the cell-penetrating sequence derived from the third helix of the
Antennapedia homeodomain protein, has been shown to have a strong propensity for
a-helix formation in lipid environments, which suggested first that the helical struc-
ture was necessary for internalization of the peptide (Magzoub et al. 2002; Letoha
et al. 2003; Lindberg et al. 2003; Christiaens et al. 2004; Caesar et al. 2006; Clayton
et al. 2006). But, a recent computational study on the molecular structure of penetra-
tin, in interaction with lipid bilayers, and experiments with various phospholipids
mixtures, have indicated a high structural polymorphism of penetratin (Polyansky
et al. 2009). Penetratin could indeed adopt a a-helical, a 3-strand or a B-turn confor-
mation depending on the model membrane composition (Magzoub et al. 2002;
Clayton et al. 2006; Su et al. 2008). In addition, it has been underlined that the
a-helical conformation was not mandatory and could even be detrimental to the
membrane translocation properties of penetratin (Derossi et al. 1996; Christiaens
et al. 2004). Finally a recent study in living cells with high concentrations
(25-50 uM) of penetratin has shown that the secondary structure of the peptide
was found to be mainly random coil and beta-strand in the cytoplasm, and possibly
assembling as beta-sheets in the nucleus (Ye et al. 2010). Ye and collaborators report
no evidence of a-helical structure formation by penetratin, although it is possible
(because of limitations with the signal intensity and the lateral spatial resolution
(~0.5 um) of the Raman microscopy methods) that the peptide could form a-helical
or other transient conformations as it crosses the cell membrane (Ye et al. 2010).

Thus, whether a correlation exists between the capacity of a CPP to adopt a
specific structure and its membrane translocation ability, is still a matter of debate.
A recent study with ten different CPPs attempts to classify the peptides in three sub-
groups depending on their physicochemical properties (the secondary structure being
one of them) and correlates those with different internalization pathways (Eiriksdéttir
et al. 2010a, b). It has been suggested that the structural polymorphism and malleability
of CPPs could be important for the membrane interaction and internalization route
(Deshayes et al. 2008). An aspect that has been briefly evocated in the literature is the
relevance of CPP self-assembly in the uptake mechanism. It follows that certain CPPs
(penetratin, transportan, Pep-1, MAPs) can self-assemble, suggesting that they can be
internalized as monomers or aggregates (Pujals et al. 2000).
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Therefore, there is no clear relationship between the structure these peptides
might adopt in solution or in contact with biological membranes and their ability to
enter cells.

3 Binding of Cell-Penetrating Peptides to Membrane
Components

3.1 Role of Proteoglycans

In the majority of cases, and independently of the internalization pathway of the
CPP, the initial contact involves interactions between the CPP and cell-surface
proteoglycans (PGs). Using model systems, the role of heparan sulphate proteogly-
cans (HSPGs) in CPP uptake has been investigated using isothermal titration calo-
rimetry (ITC; Ziegler and Seelig 2004; Goncalves et al. 2005), plasmon resonance
methods (Duchardt et al. 2009; Ram et al. 2008), ESR spectroscopy (Ghibaudi
et al. 2005), and affinity chromatography (Fuchs and Raines 2004). Such studies
point to considerably tight binding of CPPs to HSPGs such as heparan sulphates
(HS), heparin and chondroitin sulfate B (CS) with dissociation constants in the low
micromolar range. A higher affinity was observed for these HSPGs when compar-
ing to anionic lipids. Although, the primary interaction between CPPs and HSPGs
was considered to be electrostatic, it is also likely that hydrogen bonding occurs,
taking into account the ability of the guanidium group (arginines are often present
in CPPs) to form hydrogen bonds with sulfate and carboxylate groups.

3.2 Lipids

Taking into account the nature of CPPs, both electrostatic interactions between the
positively charged amino acids and the lipid headgroups, and hydrophobic interac-
tions between residues such as tryptophan and the lipid fatty acid region are pos-
sible. A strong electrostatic interaction can be established between the peptides and
the lipids due to the large entropy gain that results from the release of counterions
both at the level of the membrane (the Gouy-Chapman layer) (Zimm and Le Bret
1983) and the peptide (the Manning layer) (Manning 1969). Negative charges in the
lipid can arise from the lipid headgroup itself in case of anionic lipids (phosphati-
dylglycerol, phosphatidylserine and phosphatidic acid) or from the phosphatidic
groups of the fatty acids, which can establish strong ionic interactions with guanid-
ium groups, often present in CPPs (Nakase et al. 2008). Even if the majority of
the lipids present in the outer layer of eukaryotic cells are zwitterionic, anionic
lipids are also present and their role may become relevant when they cluster in
small domains, a process that is induced by CPPs and antimicrobial peptides
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(Joanne et al. 2009; Epand and Epand 2009). Several studies have demonstrated
the importance of an electrostatic recognition using different approaches. Therefore,
to measure the affinity between the CPPs and lipid model systems and provide a
thermodynamic characterization of such an interaction, ITC and plasmon resonance
methods have been used (Goncalves et al. 2005; Binder and Lindblom 2003;
Salamon et al. 2003; Alves et al. 2009; Henriques et al. 2010). ITC studies point to
binding affinities in the low micromolar range and positive heat capacities indicat-
ing that electrostatics plays a major role in the interaction. Titration experiments
with increasing amounts of anionic lipids show that at certain anionic lipid concen-
tration and P/L ratios, penetratin is able to bind to both the outer and the inner
leaflet presuming transbilayer distribution of penetratin. Since penetratin has not
been associated with perturbations in membrane integrity, this indicates that, pen-
etratin translocates through the vesicle membrane by an electroporation mechanism
(this will be further discussed below) (Binder and Lindblom 2003). Plasmon reso-
nance studies performed with penetratin indicate that binding to planar lipid bilay-
ers is a fast and multistep process, primarily governed by electrostatic interactions
followed by peptide insertion into the hydrophobic membrane core. The peptide
also affected the amount of bound water, lipid-packing density, and bilayer thick-
ness (the latter only at high peptide concentrations) accompanied by a decrease in
membrane capacitance. A considerable enhancement of the binding was observed
in the presence of anionic lipids (Salamon et al. 2003; Alves et al. 2009; Henriques
et al. 2010). Improved binding affinities of penetratin to anionic lipids as compared
with zwitterionic lipids (10-100 fold increase) have also been observed by follow-
ing the intrinsic tryptophan fluorescence intensity of penetratin as a function of the
lipid concentration (Christiaens et al. 2002).

4 Kinetics of Internalization in Cells

The kinetics of cell-penetrating peptide internalization has been studied by several
groups. The reported data differ from one peptide to another depending on the cell
type and the method used for peptide tracking.

One of the first studies has shown that '*I-Biotinyl-transportan internalization
was quick in Bowes melanoma cells and reached the steady-state after 20 min.
Interestingly, the time course was found similar whatever the concentration
(5-500 nM) of the peptide (Pooga et al. 1998). The same group reported the kinetics
of internalization of penetratin (RQIKIWFQNRRMKWKK), transportan, Tat(48—60)
and MAP (KLALKLALKALKAALKLA) (Héllbrink et al. 2001). The CPPs were
labelled with a fluorescence quencher (3-nitrotyrosine) and were coupled to a
pentapeptide cargo labeled with a fluorophore (2-amino benzoic acid) via a disulfide
bond. The kinetics was recorded by following the increase in fluorescence intensity
as the disulfide bridge is reduced into the intracellular milieu (Hillbrink et al. 2001).
In those experimental conditions, the more hydrophobic the peptides (transportan
and MAP) the faster they internalized in cells, the fluorescence plateau being
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reached after 15 min for transportan and after 1 h for penetratin. Similar results were
obtained by Drin (Drin et al. 2003), using a NBD-labeled fluorescent penetratin
analogue. The kinetics plateau was reached after 1 h incubation at 37°C of non-
adherent human K562 leukemia cells with 1 pM NBD-penetratin. We have reported
also kinetics of internalization at 37°C and 4°C of a biotin-labeled and photoactivat-
able penetratin analogue (Jiao et al. 2009). The kinetics was determined in CHO-K1
cells and CHO-pgA745 (GAG-deficient) cells. It was shown that at 37°C the plateau
was reached after 1 h incubation of 5 uM penetratin with CHO-K1 and after 30 min
with CHO-pgA745 (Jiao et al. 2009). Another study with a Tat-conjugated cargo
also reported similar kinetics using a fluorescence assay (Cheung et al. 2009). In
addition, Pep-1 (Ac-KETWWETWWTEWSQPKKKRKV-cysteamine), a rationally
designed cell-penetrating peptide that can establish hydrophobic interactions with
cargo molecules (thus that does not require a covalent link with these latter) is able
to convey [-galactosidase into cells with a similar time course (Henriques et al.
2005). However, faster (in the range of seconds) and slower (tens of minutes) inter-
nalization kinetics could be measured for different cell-penetrating peptides
(Eiriksdéttir et al. 2010a) using a releasable luciferin assay (Jones et al. 2006). These
results led the authors to classify cell-penetrating peptides according to the internal-
ization kinetics, which reflect their uptake pathways, as translocation for the fast
kinetics and endocytosis for the slower one (Eiriksdéttir et al. 2010a).

However all these studies were done with a population of cells, thus the kinetics
observed are not the kinetics of single cells but an average of the internalization
kinetics in a population.

5 Pathways of Internalization in Cells

Regarding the internalization pathways of cell-penetrating peptides, there is a huge
discrepancy between reported studies. The important point that is now spreading in
literature is that any single chemical modification of the peptide sequence severely
impacts the internalization pathways of the resulting compounds (Maiolo et al.
2005; El Andaloussi et al. 2007; Aussedat et al. 2008; Walter et al. 2009), as well
as the cell-type (Mueller et al. 2008). These observations are quite understandable
as any modification in the peptide or in membrane components must also affect
peptide/membrane interactions.

Although still controversial for some cell-penetrating peptides, it is nonetheless
quite clear that there are multiple internalization pathways for cell-penetrating pep-
tides (Nakase et al. 2008; Jiao et al. 2009; Alves et al. 2010). It came out that the
discrepancies between reported studies should have arisen from the experimental
conditions used, principally the concentration of peptide and the chemicals used to
inhibit internalization pathways, that could also have side-effects (Ivanov 2008).

All pinocytosis pathways have indeed been suggested for cell-penetrating peptide
internalization, especially macropinocytosis (Jones 2007) that is a reported mecha-
nism for penetratin (Amand et al. 2008), oligoarginine (Nakase et al. 2004, 2007),
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Tat (Wadia et al. 2004), M918 (El-Andaloussi et al. 2007) and other permeant
peptides (Sawant and Torchilin 2010).

Clathrin-mediated internalization was initially reported for Tat (Richard et al.
2003) but different results were obtained in further studies. It was first reported that
knock down of clathrin-mediated endocytosis or knockout of caveolin-mediated
endocytosis did not affect the ability of Tat to enter cells (Ter-Avetisyan et al.
2009). In addition, it was suggested that Tat could internalize at 4°C through a
direct translocation mechanism (Jiao et al. 2009; Ter-Avetisyan et al. 2009).

For oligoarginine peptides, it was first reported that the peptide internalized
through macropinocytosis (Nakase et al. 2004) or that direct translocation driven by
the membrane potential occurred (Rothbard et al. 2004; 2005). It was further pro-
posed by a single-molecule motion study that the mode by which octaarginine
penetrates the cell membrane could be either a multi-mechanism uptake process or
a mechanism different from passive diffusion and endocytosis (Lee et al. 2008).
Other studies suggested that this peptide induces the formation of transient pores in
cell membranes in the presence of an electrostatic potential gradient (Herce et al.
2009; Cahill 2010). A recent work reports that oligoarginine can change the lipid
composition of cell membrane through the translocation in the outer membrane
leaflet of sphingomyelinase and ceramide formation (Verdurmen et al. 2010).

Finally, internalization of the pAntp homeobox and of the derived penetratin
peptide was originally described as a temperature and energy-independent process
(Joliot et al. 1991; Derossi et al. 1994). Further studies suggested that penetratin
enters via an endocytosis pathway rather than a translocation mechanism (Drin
et al. 2003; Jones et al. 2005). A recent study highlighted the possibility that pen-
etratin could internalize through transient pores and activate a resealing mecha-
nism, known as a membrane repair response (Palm-Apergi et al. 2009)

6 Model Membrane Perturbation by CPP

To evaluate the energy-independent contribution to CPP uptake, the so-called direct
translocation, several biophysical studies using different lipid models systems and
a panoply of techniques have been employed in an attempt to elucidate the role of
proteoglycans and lipids in the uptake mechanism as well as the peptide and lipid
restructuration taking place upon their contact.

The direct translocation of CPPs through liposomes, has been investigated by
several laboratories and conflicting results have been obtained. Uptake studies on
giant unilamellar vesicles (GUVs) reported a transbilayer movement of penetratin
(Thoren et al. 2000) or Tat(48-59) (Curnow et al. 2005), which contradicted studies
on smaller lipid vesicles or planar membranes where these CPPs were found not to
cross the membrane. Studies on LUVs have established that translocation is depen-
dent on membrane potential and is modulated by the lipid composition (Terrone
et al. 2003). One of the reasons for the divergent results may come from the different
membrane curvature of the different lipid model systems used.
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Despite controversial studies regarding the capacity of CPPs to penetrate
through lipid bilayers or liposomal membranes (direct translocation), the initial
contact with the cell membrane constitutes an important stage in the internalization
process and has been investigated in depth. This initial interaction might be impor-
tant just to increase the local peptide concentration in the surface before its uptake
by either direct translocation (eventually leading to a deeper peptide penetration
and lipid reorganization) or endocytosis.

Following the initial contact of CPPs with the cell membrane surface mainly
driven by electrostatic interactions and the increase in the local peptide concentra-
tion, both peptide and lipid reorganization take place to allow peptide uptake by
either endocytosis or direct translocation. The mode of action of the peptide in
terms of lipid reorganization is dictated both by the CPP structure and the lipid
composition of cellular or model systems. Taking into account the different peptide
sequences, CPPs have been classified in three major classes:

1. Primary amphipathic such as transportan (Pooga et al. 1998), Pep-1 (Morris
et al. 2001), they comprise sequentially hydrophobic and cationic domains and
contain more than 20 amino acids, long enough to span the bilayer. They bind
with strong affinities to both zwitterionic and anionic lipids suggesting that
membrane interaction is dominated by hydrophobic interaction (Magzoub et al.
2001). They penetrate deeper than other CPPs in the membrane but without
spanning the bilayer (Deshayes et al. 2004), the insertion is often accompanied
by a secondary structure change. They have a tendency to self associate in the
headgroup region. They often have antimicrobial activity and are rather difficult
to distinguish from antimicrobial peptides as they can greatly perturb bilayer
integrity, although less than AMP because they are less deeply inserted.

2. Secondary amphipathic such as penetratin (Derossi et al. 1996), KLAL (Dathe
etal. 1996) and RL16 (Lamaziere et al. 2007), are shorter and display amphipathic
property (evident when their amino acid sequence is depicted on a helical wheel)
only through a change in their secondary structure upon lipid or HSPG contact.
They possess poor affinity to neutral membranes, and their affinity is highly
enhanced when anionic lipids are present due not only to electrostatic interaction
but to a change in the peptide secondary structure (Binder and Lindblom 2003;
Wieprecht et al. 2002). Despite the formation of an amphipathic structure by these
peptides, the insertion in the bilayer is not marked and no membrane perturbation
is usually observed at low anionic lipid content. Their binding leads to a change in
the polar lipid headgroup orientation (Kichler et al. 2006; Roux et al. 1989). For
tryptophan-containing cell-penetrating peptides, as examplified by pAntp ana-
logues, in-cell studies support the hypothesis that hydrophobic interactions anchor
those peptides in the membrane and might help their translocation into the cytosol
(Le Roux et al. 1993; Fischer et al. 2002; Christiaens et al. 2004)

3. Non-amphipathic are generally shorter and comprise almost exclusively cationic
amino acids such as R9. They do not bind lipid membranes unless they contain
a high fraction of anionic phospholipids. Contrarily to amphipathic CPPs, direct
translocation is not observed at low micromolar concentrations and at low



Membrane Crossover by Cell-Penetrating Peptides 187

anionic lipid contents (Lamaziere et al. 2007; Thoren et al. 2005; Tiriveedhi and
Butko 2007; Hitz et al. 2006). They do not induce liposome leakage or other
types of membrane perturbation at low P/L ratios and concentrations around
those required for biological uptake (1-10 uM) (Fuchs et al. 2004; Afonin et al.
2006). Additionally, no structure change is associated with their membrane
binding and they are only superficially adsorbed on the membrane (Goncalves et al.
2005; Roux et al. 1988).

7 Mechanisms of CPP Direct Translocation

There is much evidence that direct translocation through the lipid membrane plays
a significant role in CPP entry into cells. The relative importance of direct translo-
cation and endocytosis seems dependent on conditions such as type of CPP, CPP
concentration, temperature, cargo or cell type but the existence of the direct trans-
location pathways seems now ascertained. This leads to the need to explain by
which mechanism(s) these highly soluble CPPs, all bearing several positive charges
and few or no hydrophobic residues, can cross the hydrophobic core of the mem-
brane bilayer. The order of magnitude of the activation energy for a naked CPP that
would enter this hydrophobic core is given by the Born energy of an ion leaving an
aqueous solution (relative permittivity 80) for the layer formed by the aliphatic lipid
chains of the lipids (relative permittivity 2). This energy for a guadinium ion

2
(radius r, = 0.25 nm) is AE,, = e (1 1 J ~ 60KT per ion (at T = 300K).
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The spontaneous entry of a naked CPP into the bilayer is thus highly unfavorable
from a thermodynamical point of view. Several more refined mechanisms, presented
below, have been proposed and experimentally backed up, and it is worth mention-
ing from the beginning that the question of the translocation mechanisms is currently
still debated and may have no single answer, the direct translocation mechanisms
being CPP or experimental condition dependent.

A first class of proposed mechanism is the neutralization of the positively
charged CPP residues by some hydrophobic counterions that would simultaneously
reduce the Born energy stated above and favor the solubilization of the CPP in the
hydrophobic core of the membrane (Sakai and Matile 2003, Nishihara et al. 2005;
Takeuchi et al. 2006; Wender et al. 2008) (Fig. 1). Several potential candidates for
the role of amphipatic counterion lie in membranes such as anionic phospholipids
or sulfated proteoglycans. The proof of concept has been given by Sakai and Matile
(Sakai and Matile 2003) who showed that polyarginines (~80 residues) initially
dissolved in an aqueous buffer can partition into chloroform when phosphatidylg-
lycerol lipids were added. Rothbard and collaborators conducted a similar experi-
ment with an arginine octamer labeled with fluorescein (Rothbard et al. 2004).
When they added sodium laurate, the CPP migrated completely from water to an
octanol phase. They also demonstrated the role of the two hydrogen bonds that a
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guadinium ion can form with a phosphate, sulphate or carboxylate group on its
counterion. Mono- (resp. di-) methylation of the guadinium group of a CPP pre-
vents formation of one (resp two) hydrogen bond between the guadinium and its
counterion. For the fluorescinated arginine octamer it entailed a 80% (resp. 95%)
decrease of its uptake into Jurkat cells (treatment : 5 min, 50 uM). In the framework
of the solubilizing counterion mechanism, the strength of the non covalent bonds
between a CPP and its counterions would therefore prove important. Interestingly
this may give a rationale to the reported lower internalization efficiency of CPPs for
which arginine residues were replaced by lysines (Mitchell et al. 2000).

Other proposed mechanisms (Fig. 1) are those that maintain, at least partly, the
CPP in a polar environment (aqueous solution or polar layer of the membrane).
Crossing the membrane then requires a transient reorganization of the bilayer such
as the formation of a pore or the encapsulation of CPPs in an inverted micelle.
Both options entail high local curvature of the lipids (on the rim of the pore or in/
around the inverted micelle embedded in the bilayer) and a possible mismatch
between the lipids (“void” on the rim of the inverted micelle). From an energetic
point of view, the saving of the Born energy is balanced to some extent by the cost
of the deformation of the bilayer that can amount to tens of kT (Siegel 1993; Glaser
et al. 1988). Within these models, the transition is driven by the interaction of sev-
eral peptides with the surface of the membrane and its consequences on the curva-
ture and stability of the bilayer.

The inverted micelle model (Fig. 1) has been mainly proposed for penetratin
(Derossi et al. 1996). In this model, cationic residues of penetratins interact with
negatively charged phospholipids in the plasma membrane and subsequent interac-
tion of Trp in the peptide with the hydrophobic membrane is thought to induce an
invagination in the plasma membrane. The concomitant reorganization of the
neighboring lipids results in formation of an inverted micelle, followed by release
of peptide and cargo upon micelle disruption. This explanation for the penetratin
translocation is supported by *P-NMR and differential scanning calorimetry
experiments showing that penetratin favors the lamellar to hexagonal inverse transi-
tion for certain lipid compositions (Berlose et al. 1996; Alves et al. 2008).

A pore formation could occur through different paths (Fig. 1). One is referred to
as the “carpet model”. It consists of the binding of numerous peptides in the polar
region of the membrane. These peptides destabilize the lipid assembly and lead to
disruption of the bilayer and formation of pores. This model was first proposed for
some AMPs (Shai 1999). But molecular dynamic simulations have suggested that it
applies to TAT and arginine nonamer (Herce and Garcia 2007; Herce et al. 2009).
The proposed mechanism was that these CPPs bound strongly to the phosphate and
carbonyl groups of the phospholipids deep in the membrane just above the hydro-
phobic core. This destabilized the membrane and lead to the crossing of few CPPs
immediately followed by the opening of aqueous pores. This later event has been
experimentally confirmed by Herce and collaborators in the case of arginine nona-
mer by electrophysiological measurements on planar bilayers and cells. However the
simulations have been criticized by Yesylevskyy and collaborators who found no
pore formation evidenced by similar simulations (Yesylevskyy et al. 2009).
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Nevertheless, they illustrate the possible complexity of the translocation mecha-
nism: the simulations showed an accumulation of peptides at the boundary of the
polar region that lead to bilayer destabilization and pore nucleation which was con-
sistent with the carpet model. But they also suggested that the entry of the peptides
was lead by the phosphate-basic residue interactions and that the first step of the
pore nucleation is the entry of the CPP in the bilayer hydrophobic core to create an
interaction with distant phosphates: this is more in tune with the concepts developed
in the hydrophobic counterion model mentioned above. This emphasizes the fact
that the classification presented here distinguishes models for clarity purposes but
their borders may be permeable. Another illustration of this complexity is the lipid
segregation model. It starts similarly to the carpet model with accumulation of pep-
tides on the membrane surface. But if the peptide binds preferentially to certain
lipids (such as anionic lipids), this binding is likely to entail domain formation or
more generally a modification of the lateral organization of the lipids in the mem-
brane. These domains may show packing defects at their boundaries and these sites
are likely to be more favorable to peptide entry in the membrane or even act as
nucleation sites for pore formation. This model again, suggested for AMPs (Epand
et al. 2006), may be relevant for CPPs. Recent DSC measurements have shown that
penetratin, by segregating cardiolipin in a DDPC/cardiolipin mixtures, was able to
induce the formation of domains in an otherwise homogenous membrane (Joanne
et al. 2009). Finally, another model related to the carpet model is the electroporation
mechanism proposed by Lindblom and collaborators (Binder and Lindblom 2003):
they propose that the destabilization of the membrane by the CPP carpet is due (in
the case of penetratin) to the asymmetrical distribution of the charged CPPs between
the outer and inner surfaces of the bilayer causing a transmembrane electrical field,
which alters the lateral and the curvature stresses acting within the membrane.
Certain mechanisms include the formation of an aqueous pore following CPP
addition to a membrane. This step is somewhat easier to check experimentally
because it can manifest itself trough leakage of hydrophilic markers or ionic current
flow. Lactate dehydrogenase release assays conducted on HeLa cells incubated 3 h
with 100 uM with Tat, HIV 1-rev-(34-50) or arginine octamers showed no signifi-
cant leak. Absence of leakage of CHO cells treated with penetratin or RL16
(RRLRRLLRRLLRRLRR) was confirmed with a similar assay (1 h, 10 uM)
(Joanne et al. 2009). However electrophysiological experiments conducted on
DOPC: DOPG 3:1 planar bilayers and HUA smooth muscle cells in presence of
arginine nonamers showed significant ionic current revealing membrane perme-
ation (Herce et al. 2009). These results seem controversial but must be compared
with the sensitivity of the technique in mind (electrophysiological measurements
being more sensitive). It seemed to date that major leaking induced by CPPs can be
ruled out while the possibility of transient, rapid, small aqueous pores cannot.
Finally, another question often mentioned in the literature regarding the mecha-
nism of CPP entry is that of the driving force for the uptake of the peptides. This role
is generally attributed to the transmembrane potential across cell membrane, a natural
candidate for these polycationic peptides. Experiments on vesicules showing mem-
brane potential dependant translocation of penetratin are consistent with this role of
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the potential (Terrone et al. 2003). Modulation of membrane potential trough varia-
tion of potassium concentration outside Jurkat cells also showed a strong impact on
uptake of fluorescently labelled Tat49—-57 or arginine octamer (Rothbard et al. 2004),
and of biotin-labelled RW9 (R6W3) (Delaroche et al. 2007). Thus, the role of the
potential in cell-penetrating peptide internalization needs to be included in transloca-
tion mechanisms. For example, in the frame of the hydrophobic counterion model,
the sensitivity of a CPP to the potential requires the absence of neutralization of cer-
tain positive charges as suggested by Rothbard and collaborators (Rothbard et al.
2004). Intriguingly, crossing the membrane for a positive elementary charge amounts
to a gain of ~5 KT for a =100 mV potential that appears at first sight weak compared
to the Born energy of the charge. For models that appeal to aqueous pore formation,
an obvious impact of the potential would be a proportional electromotive force on
charges in the pore that may be supplemented by a promoting effect on pore forma-
tion (the later is not seen on the linear I-V relationship of the ionic current generated
in a planar bilayer by arginine octamer in Herce et al. (2009)).

This review of possible pathways for CPP translocation illustrates that direct
investigations of the mechanism are difficult because all mechanisms involve nano-
metric, rare, transient structures. However very significant progress has been
recently made in the understanding of the complex interactions between mem-
branes and CPPs and a clarification of the mechanisms of translocation is likely to
occur in upcoming years.
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Intracellular Delivery: A Multifunctional
and Modular Approach

Rupa R. Sawant and Vladimir P. Torchilin

Abstract Intracellular delivery of drugs and nucleic acids has become one of the
most widely explored areas of research. However, it has become increasingly
evident that it is also necessary to control the nanocarrier’s disposition within a cell.
Much attention has been paid nowadays to control the distribution of the nanocar-
rier within the cell by using organelle targeted nanocarriers. In this review we have
described various approaches developed in our laboratory for intracellular delivery
of drugs and nucleic acids with lipid-based nanocarriers.
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Rh rhodamine

DDS drug delivery system

STPP stearyl triphenyl phosphonium
Rh-123  rhodamine-123

PCL paclitaxel

LSD lysosomal storage diseases
ERT enzyme replacement therapy
RhB octadecyl derivative of rhodamine B

C,FDG 5-dodecanoylamino fluorescein di-B-D-galactopyranoside

1 Introduction

It is now well understood that nanocarrier-mediated drug delivery can control the
disposition of a drug within the body. The term ‘targeting’ in nanocarrier-mediated
drug delivery often involves binding of the nanocarrier to a cell-surface receptor
(receptors that are preferentially expressed/over-expressed on the target cell) fol-
lowed by internalization of the nanocarrier via the endocytic pathway. The problem,
however, is that any nanocarrier entering the cell via the endocytic pathway becomes
entrapped in the endosome and eventually ends up in the lysosome, where active
degradation under the action of the lysosomal enzymes takes place. This problem is
particularly critical for nucleic acids, peptidic drugs that are sensitive to degradation.
As aresult, only a small fraction of such an unaffected substance appears in the cell
cytoplasm. So far, multiple but only partially successful attempts have been made to
bring various macromolecular drugs and drug-loaded pharmaceutical carriers
directly into the cell cytoplasm, bypassing the endocytic pathway. Methods such as
microinjection or electroporation used for the delivery of membrane-impermeable
molecules in cell experiments are invasive in nature and can damage the cellular
membrane (Chakrabarti et al. 1989; Arnheiter and Haller 1988). Non-invasive meth-
ods such as the use of pH-sensitive carriers, including pH-sensitive liposomes
(which at low pH inside endosomes destabilize endosomal membrane and liberate
the entrapped drug into the cytoplasm) (Straubinger et al. 1985; Torchilin 2005b)
and cell-penetrating molecules (Torchilin 2005b, 2007b; Sawant and Torchilin 2010)
are much more efficient. These approaches assume that just the cell cytosol delivery
is adequate for the final action of a drug or nucleic acid.

However, it has become increasingly evident that it is also necessary to control
the nanocarrier’s disposition within the cell. Many drugs must be delivered to spe-
cific cell organelles such as nuclei (the target for gene and antisense therapy), lyso-
somes (the target for the delivery of deficient lysosomal enzymes in therapy of
lysosomal storage diseases), and mitochondria (the target for pro-apoptotic antican-
cer drugs) to exert their therapeutic action. Thus, the focus has now moved towards
targeting the nanocarrier or its cargo to an individual cell organelle.

Liposomes (mainly, for water soluble drugs) and micelles (for poorly soluble
drugs) can be considered as prototype nanocarriers. Liposomes are artificial
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phospholipid vesicles with sizes varying from 50 to 1,000 nm and greater, which
can be loaded with a variety of drugs (Lasic 1993; Torchilin 2005b). Further, the
addition of a polyethylene glycol (PEG) coating renders these liposomes long-
circulating (Lasic and Martin 1995), which allows them to accumulate in various
pathological areas with compromised (leaky) vasculature, such as tumors or
infarcts. It has been shown that (Torchilin et al. 1996) the long-circulating lipo-
somes can be made ‘targeted’, if antibodies or other specific binding molecules
(ligands) have been attached to the water-exposed tips of the PEG chains
(Torchilin et al. 2001a).

Micelles, including polymeric micelles, are also a popular and well-investigated
pharmaceutical carrier due to their small size (10—-100 nm), in vivo stability, ability
to solubilize water insoluble anticancer drugs, and prolonged blood circulation
times (Torchilin 2001, 2007a). The typical core-shell structure of polymeric
micelles is formed by the self-assembly of amphiphilic block-copolymers consisting
of hydrophilic and hydrophobic monomer units in aqueous media (Torchilin 2001).
The use of special amphiphilic molecules as micelle-building blocks can also intro-
duce the property of micelle extended blood half-life. Block-copolymer micelles
can also be used to target their payload to specific tissues through either passive or
active means. The passive targeting is due to the small micellar size which allows
in spontaneous penetration into the interstitium of body compartments with a leaky
vasculature (tumors and infarcts) by the enhanced permeability and retention (EPR)
effect (Maeda et al. 2000; Torchilin 2001, 2007a; Maeda et al. 2009; Lukyanov
et al. 2004). Active targeting of micelles can also be achieved by attachment of
target-specific ligands to their surface (Torchilin 2001, 2007a).

We have been specifically interested in micelles made of PEG-phosphatidy] etha-
nolamine (PEG-PE), where, the use of lipid moieties as hydrophobic blocks capping
hydrophilic polymer (such as PEG) chains provides the additional advantage of par-
ticle stability when compared with conventional amphiphilic polymer micelles due to
the existence of two fatty acid acyls, which contribute considerably to an increase in
the hydrophobic interactions between the polymeric chains of the micelle core
(Lukyanov and Torchilin 2004). Such PEG-PE micelles demonstrate good stability,
longevity in the blood and the ability to accumulate in the areas with a damaged or
leaky vasculature (Lukyanov et al. 2004; Lukyanov and Torchilin 2004).

The liposomes and micelles can be assembled in ‘modular fashion’ by addition
of various components such as cationic lipids, intracellular peptide-conjugated
lipids, ligand-modified lipids and organelle-targeted lipid conjugates for tumor
targeted or intracellular delivery. Various components of these ‘modular system’
can be further incorporated in one carrier (either liposomes or micelles) to build a
‘multifunctional system’ (e.g. combination of cell penetrating function, cancer cell
targeting antibody and stimuli-sensitivity in one system) to perform various func-
tions simultaneously or in orchestrated fashion.

In this review, we will discuss the approaches successfully developed in our
laboratory for intracellular delivery of liposomes and lipid-core micelles, particu-
larly, the use of cationic lipids, cell penetrating peptides (CPPs), and organelle-
targeting ligands.
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2 Intracellular Delivery of Lipid-Core Micelles
with Cationic Lipids

Polymeric micelles cannot diffuse through the cell membrane but rather are internalized
by endocytosis. Detailed reviews of the endocytotic pathways and endocytosis of
nanocarriers can be found in (Conner and Schmid 2003; Mukherjee et al. 1997,
Bareford and Swaan 2007). Following cell uptake, micelles are contained within
acidic endosomes and are further directed to various transport pathways including
fusion with lysosomes or exocytosis. Therefore, it is necessary to further improve
the efficiency of drug-loaded micelles by enhancement of their intracellular deliv-
ery to compensate for excessive drug degradation in lysosomes as a result of the
endocytosis-mediated capture of micelles by cells.

PEG-PE micelles carry a net negative charge (Lukyanov and Torchilin 2004),
which can hinder their internalization by cells. Modification of PEG-PE micelles
with positively charged lipids may improve the uptake of drug-loaded micelles by
cells. Such positively charged micelles could also more readily escape from endo-
somes and enter the cytoplasm. To test these ideas, we have prepared paclitaxel-
loaded micelles from mixture of PEG-PE and positively charged Lipofectin® lipids
(LL) (Wang et al. 2005). The intracellular fate of paclitaxel-loaded PEG-PE/LL
micelles and micelles prepared without the addition of the LL was investigated by
fluorescence microscopy with BT-20 breast adenocarcinoma cells. Both fluorescently-
labeled PEG-PE and PEG-PE/LL micelles were endocytosed by BT-20 cells
(Fig. 1). However, with PEG-PE/LL micelles, endosomes appeared to be partially
disrupted and released drug-loaded micelles into the cell cytoplasm, a result of the

PEG-PE/paclitaxel PEG-PE/LL/paclitaxel
micelles micelles

Fig. 1 Microscopy of BT-20 cells incubated with PEG-PE/ paclitaxel micelles and PEG-PE/
LL/paclitaxel micelles for 2 and 4 h. Bright-field (left images in each pair) and fluorescence
(right images in each pair). Arrows indicate fluorescent endosomes in cells incubated with
PEG-PE/paclitaxel micelles for 2 h; partially degraded endosomes in cells incubated with
PEG-PE/LL/paclitaxel micelles for 2 h; punctuate fluorescent structures in cells incubated
with PEG-PE/LL/paclitaxel micelles for 4 h; larger (fused) endosomes in cells incubated with
PEG-PE/paclitaxel micelles for 4 h (Modified from Torchilin 2005a)
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de-stabilizing effect of the LL component on the endosomal membranes. After 4 h
incubation, larger, fused fluorescent endosomal structures became apparent in the
case of LL-free micelles, whereas cells incubated with PEG-PE/LL micelles had
smaller punctuate fluorescent structures in the cytoplasm. Increased cytoplasmic
delivery of paclitaxel was confirmed by the results of in vitro cytotoxicity studies
against BT-20 cells (human breast carcinoma) and A2780 cells (human ovarian
carcinoma). The paclitaxel-loaded PEG-PE/LL micelles were significantly more
cytotoxic compared to that of free paclitaxel or paclitaxel delivered using nonca-
tionic LL-free PEG-PE micelles: in A2780 cancer cells, the IC50 values for free
paclitaxel, paclitaxel in PEG-PE micelles, and paclitaxel in PEG-PE/LL micelles
were 22.5, 5.8 and 1.2 uM, respectively. In BT-20 cancer cells, the IC50 values of
the same preparations were 24.3, 9.5 and 6.4 uM, respectively.

However, use of cationic lipids has sometimes been associated with cytotoxicity,
especially when used in the high amounts usually used for gene delivery (Torchilin
et al. 2003a). Therefore, it is necessary to find a novel ligand that enhances both the
cellular uptake and the escape from lysosomal degradation without cytotoxicity or
immunogenicity.

3 Intracellular Delivery of Nanocarriers Using Cell
Penetrating Peptides (CPPs)

A promising approach for the intracellular delivery that has emerged over the last
decade is the use of CPPs (Schwarze et al. 1999). Many different short peptide
sequences have been identified that promote transport of a variety of cargoes across
the plasma membrane and deliver their payload intracellularly. This process is
termed “protein transduction”. Such proteins or peptides contain domains of less
than 20 amino acids and are referred to as Protein Transduction Domains (PTDs) or
CPPs, which are highly enriched with basic residues (Schwarze and Dowdy 2000).

TATp, the most frequently used CPP, is derived from the transcriptional activator
protein encoded by human immunodeficiency virus type 1 (HIV-1) (Jeang et al.
1999). Authors Green (Green and Loewenstein 1988) and Frankel (Frankel and
Pabo 1988) demonstrated that the 86-mer trans-activating transcriptional activator,
Tat, protein encoded by HIV-1, was efficiently internalized by cells in vitro when
introduced in the surrounding media. Later it was shown that residues 49-57 were
responsible for membrane translocation, with the positive charge contributing
largely to the transduction ability of TAT (Park et al. 2002).

TATp-mediated cytoplasmic uptake of plasmid DNA (Astriab-Fisher et al. 2002;
Nguyen et al. 2008), nanoparticles (Zhao et al. 2002; Lewin et al. 2000; Rao et al.
2008), liposomes (Torchilin et al. 2001b; Fretz et al. 2004; Levchenko et al. 2003;
Torchilin 2001; Zhao et al.) and micelles (Sethuraman and Bae 2007; Sawant et al.
2008) has been reported. A variety of uptake mechanisms appear to be involved in
different systems, and in some cases, the mechanism is cell-type or cargo-specific
(Zorko and Langel 2005). Smaller molecules attached to TATp seem to transduce
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directly into cells by energy independent electrostatic interactions and hydrogen bonding
(Vives et al. 2003), but the larger cargos get into cells by an energy dependent macro-
pinocytosis pathway (Wadia et al. 2004). Some examples relating to the intracellular
delivery of pharmaceutical nanocarriers by CPPs are presented in Table 1.

Table 1 Examples of nanoparticles delivered using CPPs

Particle and CPP used

Result

References

Liposomes, TAT,
antennapedia,
octaarginine

Liposomes, lipid-modified
TATp

Sterically stabilized liposomes,
200 nm, TATp coupled
to the linker

Liposomes, polyarginine

Folic acid targeted, paclitaxel
loaded, TATp-modified
polymeric liposomes
(FA-TATp-PLs)

CLIO (MION) particles,
41 nm, TATp

PEG-Polylactic
acid micelles,
20-45 nm, TATp

pH-sensitive polymeric
micelles, 20—45 nm,
TATp

Gold particles, 20 nm,
TATp

Quantum dot-loaded
polymeric micelles,
20 nm, TATp coupled
to a linker

Nanocomplexes of PEI
and DNA, TATp

Increased intracellular targeting
of airway cells.

Increased cellular uptake
in various cells.

Increased transfection in vitro
and in vivo.

siRNA in R8-liposomes effectively
inhibited the targeted gene and
significantly reduced the
proliferation of cancer cells.

Increased intracellular uptake of
FA-TATp-PLs in both KB
and A549 cells and superior
toxicity in vivo in SCID mice
bearing KB nasopharyngeal
cancer.

Mouse lymphocytes, human natural
killer, HeLLa, human
hematopoietic CD34+, mouse
neural progenitor C17.2,
human lymphocytes CD4+,

T- cells, B-cells, macrophages,
immune cells, stem cells. For
intracellular labeling, MRI,
magnetic separation of homed
cells, cell imaging.

Increased cytotoxicity of
doxorubicin
at acidic pH.

Increased uptake at pH 6.6
compared to pH 7.4.

Increased intracellular
localization.

Concurrent imaging and
distinguishing tumor vessels
from perivascular cells
and matrix made possible.

Increased transfection in
SH-SYSY cells.

Cryan et al. (2006)

Yagi et al. (2007)

Torchilin et al. (2003a)

Zhang et al. (2006)

Zhao et al. (2010)

Josephson et al. (1999),
Lewin et al. (2000),
and Dodd et al.
(2001)

Sethuraman et al.
(2008)

Sethuraman and Bae
(2007)

Tkachenko et al. (2004)
and de la Fuente
and Berry (2005)

Stroh et al. (2005)

Suk et al. (2006)

(continued)
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Table 1 (continued)

Particle and CPP used Result References

PEG-PEI conjugates, TATp Increased transfection in mice. Kleemann et al. (2005)

Boron carbide nanoparticles, Increased translocation in murine Mortensen et al. (2006)
TATp EL4 lymphoma cells, BI6F10

melanoma cells. For boron
neutron capture therapy.

TATp liposomes DNA Increased transfection in vitro and ~ Gupta et al. (2007)
complexes in vivo.

TATp liposomes DNA Increased transfection in vitro Pappalardo et al. (2009)
complexes. of the antigen presenting cells.

Low cationic liposomes— Increased transfection of hypoxic Ko et al. (2009)
plasmid DNA complexes cardiomyocytes in vitro by
(lipoplexes) modified the mAb 2G4-modified TATp
with TATp and/or with lipoplexes.
anti-myosin monoclonal Increased accumulation of
antibody 2G4 (mAb 2G4) mAb 2G4-modified TATp
specific toward cardiac lipoplexes in the ischemic rat
myosin myocardium and significantly

enhanced transfection of
cardiomyocytes in the
ischemic zone in vivo.

3.1 TATp-Modified Liposomes and Lipid-Core Micelles
for Drug Delivery and Imaging

We have successfully modified liposomes and micelles with TATp using (p-nitrop-
henyl) carbonyl-PEG-PE (pNP-PEG-PE) (Torchilin et al. 2001a, 2003b). pNP-
PEG-PE can be readily incorporated into liposomes and micelles via its phospholipid
moiety, and it reacts easily with any amino group-containing substrate compound
via its water-exposed pNP group to form a stable and non-toxic carbamate bond
(Fig. 2). The reaction between the pNP group and the amino group of the ligand
proceeds easily and quantitatively at pH 8.0, while excessive wiree pNP groups are
readily eliminated by spontaneous hydrolysis. Some possible ways to attach CPPs
to the micellar and liposomal surface are shown in Fig. 3.

An early study of liposomal delivery with a TATp showed that modification
with TATp (47-57), enhanced delivery liposomes intracellularly to different cells,
such as murine Lewis lung carcinoma (LLC) cells, human breast tumor (BT20)
cells and rat cardiac myocytes (H9C2) (Torchilin et al. 2001b). The liposomes
were tagged with TATp via the spacer, pPNP-PEG-PE, at a density of a few hun-
dreds of TATp per 200 nm liposome vesicle. These preparations of TATp-
liposomes, which allowed for the direct contact of TATp residues with cells,
displayed an enhanced liposome uptake by the cells. This suggested that the
translocation of TATp-liposomes into cells requires direct, free interaction of
TATp with the cell surface. Further studies on the intracellular trafficking of
rhodamine-labeled TATp-liposomes loaded with FITC-dextran revealed that
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Fig. 3 CPP attached to liposomes and micelles by the insertion into the hydrophobic phase of
liposome membrane or micelle inner core via a spacer arm (linker) with a hydrophobic “anchor”

TATp-liposomes remained intact in the cell cytoplasm at 1 h of translocation
since the fluorescence of the intraliposomal (FITC-dextran) and membrane
(rthodamine-PE) labels coincided (Fig. 4). After 2 h, they had migrated into the
perinuclear zone and after several hours, the liposomes had completely disinte-
grated (Torchilin et al. 2003a).

One of the major obstacles to the use of TATp-mediated intracellular delivery
of pharmaceutical nanocarriers is the lack of selectivity of TATp. This non-
selectivity has generated concern about drug-induced toxic effects towards
normal tissues. This suggested that intratumoral administration of TATp containing
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Fig. 4 Intracellular trafficking of rhodamine-PE- labeled and FITC-dextran-loaded TATp-
liposomes within BT20 cells. Typical patterns of intracellular localization and integrity of
TATp-liposome after 1 h. (a), DIC light; (b), DIC with an rhodamine filter; (¢), DIC with an
FITC filter; (d), DIC composite of (b)—(c). (Magnification, x400) (Modified from Torchilin
2005a)

nanocarriers may serve as good solution to this problem for delivery of anticancer
drugs at least in certain cases. We prepared and studied paclitaxel-loaded TATp
containing PEG-PE micelles (Sawant and Torchilin 2009). Such paclitaxel-loaded
micelles were prepared using PEG,_-PE as the main micelle-forming component
with the addition of 2.5 mol% TATp-PEG,  -PE to promote direct unhindered
contact with cells.

The in vitro cell interaction of the TATp-bearing PEG-PE micelles was confirmed
by fluorescence microscopy with 4T1 cells (Fig. 5). Plain micelles composed of
PEG,-PE demonstrated limited interaction with the cells (Fig. 5a). However, the
use of the TATp-bearing PEG__ -PE micelles resulted in a strong interaction with
the cells (Fig. 5b). This enhanced interaction also resulted in increased in vitro
cytotoxicity against MCF-7 and 4T1 cells with paclitaxel-loaded TATp-bearing
micelles compared to paclitaxel-loaded micelles without TATp at both 5 and 50 nM
paclitaxel concentrations.

For in vivo studies, to avoid any unwanted distribution of paclitaxel-loaded
TATp-micelles, micelles were injected intratumorally in mice and tumors were
harvested after 48 h. Nuclear DNA fragmentation in tumor sections undergoing

1000
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Fig. 5 In vitro interaction of rhodamine-PE labeled PEG-PE micelles with 4 T1 cells. Left panel
shows the bright field and right panel shows the fluorescent microscopy of 4 T1 cells treated with
rhodamine-PE labeled micelles. (a), rhodamine-PE :PEGm—PE micelles; (b), rhodamine-PE:
PEG,-PE: TATp-PEG -PE micelles. Magnification x40 objective (Modified from Sawant and

750

Torchilin 2009)

apoptosis was observed using the TUNEL assay with a DNA fragmentation kit.
Very few TUNEL-positive cells were observed in tumors injected with free pacli-
taxel and paclitaxel-loaded micelles (Fig. 6¢). However, significant apoptotic cell
death was observed in tumors treated with paclitaxel-loaded TATp-bearing
micelles (Fig. 6d).

Another application of CPPs involves the labeling of cells with semiconductor
nanocrystals or quantum dots (QDs). QDs are now more popular than standard
fluorophores for the study of tumor pathophysiology since they are photostable,
more robust stable light emitters, and relatively insensitive to the wavelength of
the excitation. They are also capable of distinguishing tumor vessels from both the
perivascular cells and the matrix, with concurrent imaging. QDs trapped within
PEG-PE micelles bearing a TATp-PEG-PE linker were used to label mouse
endothelial cells in vitro. For in vivo tracking, bone marrow-derived progenitor
cells labeled with TATp-bearing QD-containing micelles ex vivo, were injected in
mice bearing a tumor in a cranial window model. It was possible to track the
movement of labeled progenitor cells to the tumor endothelium, that may provide
a path towards the understanding of the fine details of tumor neovascularization
(Stroh et al. 2005).
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Fig. 6 Detection of apoptotic cells by fluorescence microscopy of frozen tumor sections.
Apoptosis was determined by TUNEL. The left panel shows the sections stained with DAPI and
the right panel shows TUNEL. (a), Negative control; (b), free paclitaxel; (c), paclitaxel-loaded
micelles without TATp; (d), paclitaxel-loaded micelles with TATp. Magnification x20 objective
(Modified from Sawant and Torchilin 2009)
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3.2 TATp- Modified Liposomes for Delivery of Nucleic Acids

Another exceptionally important yet challenging task is cellular delivery of nucleic
acids. Various methods used to deliver these highly negatively charged biomolecules
are associated with cellular toxicity or poor efficiency in certain types of cells
(e.g. lipofectamnine or microinjection). Currently, liposomes and cationic polymers
are used for transfection but they are also less efficient and often accompanied by
high levels of toxicity.

Due to the size of plasmids and the high number of negative charges, non-
covalent approach have been mostly used. It has been reported that TATp binds to
DNA to form complexes which can be internalized through endocytosis (Sandgren
et al. 2002). In our laboratory we prepared TATp-liposomes with the addition of a
small quantity of a cationic lipid (DOTAP) and incubated with DNA to form stable
non-covalent complexes with a model gene encoding for the enhanced-green fluo-
rescent protein (pEGFP-N1) (Torchilin and Levchenko 2003). Such TATp-
liposome-DNA complexes when incubated with mouse fibroblast NIH 3T3 and
cardiac myocytes H9C2 showed substantially higher transfection in vitro, with
lower cytotoxicity than the commonly used Lipofectin®.

We have also investigated the potential of TATp-modified liposomes to
enhance the delivery of the model gene, pEGFP, to human brain tumor U-87 MG
cells in vitro and in an intracranial tumor model in nude mice (Gupta et al.
2007). The size distribution of DNA-loaded TATp-liposomes was narrow
(around 250 nm) and the DNA complexation was firm at lipid/DNA (+/-) charge
ratios of 5 and higher. TATp-lipoplexes demonstrated an enhanced delivery of
pEGFP to U-87 MG tumor cells in vitro at lipid/DNA (+/-) charge ratios of
5 and 10. In vivo transfection of intracranial brain tumors by intratumoral injec-
tions of TATp-lipoplexes showed an enhanced delivery of pEGFP selectively to
tumor cells and subsequent effective transfection compared to plain plasmid-
loaded lipoplexes. No transfection was observed in the normal brain adjacent to
the tumor. Thus, TATp-lipoplexes can be used to augment the delivery of genes
to tumor cells when injected intratumorally, without affecting the normal adja-
cent brain.

Another example is gene delivery into immunocompetent cells to modulate
immune response. Antigen presenting cells (APC) are among the most important
cells of the immune system since they link the innate and the adaptive immune
responses, directing the type of immune response to be elicited. However, APC
are very resistant to transfection. To increase the efficiency of APC transfection,
we used liposome-based lipoplexes additionally modified with TATp for better
intracellular delivery of a model pEGFP. pEGFP-bearing lipoplexes made of a
mixture of egg phosphatidylcholine (PC): cholesterol (Chol): DOTAP (60:30:10 M
ratio) with the addition of 2% mol of PEG-PE conjugate (plain-L) or TATp-
PEG-PE (TATp-L) effectively protected the incorporated DNA from degradation.
Uptake assays of rhodamine (rh)-labeled lipoplexes and transfections with the
EGFP reporter gene were performed with APC derived from the mouse spleen.
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Fig. 7 (a) Liposome uptake and internalization of APC cultures incubated for 60 min with
Rh-labeled plain-L and TATp-L (100x); (b), APC culture fluorescence microscopy 48 h post
transfection with EGFP (40x). I: bright field, 2: rh filter, 3: Hoechst, 4: EGFP (Modified from
Pappalardo et al. 2009)

TATp-L-based lipoplexes significantly enhanced both the uptake and transfection
of APC (Fig. 7) (Pappalardo et al. 2009).

We recently reported a double—targeted delivery system simultaneously capable
of extracellular accumulation and intracellular penetration for gene therapy in the
treatment of myocardial ischemia. We used low cationic liposome—plasmid DNA
complexes (lipoplexes) modified with TATp and/or with monoclonal anti-myosin
monoclonal antibody 2G4 (mAb 2G4) specific toward cardiac myosin, for targeted
gene delivery to ischemic myocardium. In vitro transfection of both normoxic and
hypoxic cardiomyocytes was enhanced by the presence of TATp determined by
fluorescence microscopy and ELISA. The enhanced transfection with TATp-
lipoplexes indicated that intracellular delivery mediated by TATp played an impor-
tant role in the transfection of hypoxic as well as normoxic cells. The in vitro
transfection was further enhanced by the additional modification with mAb 2G4
antibody in the case of hypoxic, but not normoxic cardiomyocytes. This can be
explained by the additional mAb 2G4-mediated targeted delivery of the lipoplexes
to the hypoxic cells because of the better binding of the lipoplexes with the
hypoxically damaged cells due to exposure of intracellular cardiac myosin.
However, we did not observe a synergism between TATp and mAb 2G4 ligands
under our experimental conditions. In in vivo experiments, we clearly demon-
strated an increased accumulation of mAb 2G4-modified TATp lipoplexes in the
ischemic rat myocardium and significantly enhanced transfection of cardiomyo-
cytes in the ischemic zone. Thus, the genetic transformation of normoxic and
hypoxic cardiomyocytes can be enhanced by using lipoplexes modified with TATp
and/or mAb 2G4 (Ko et al. 2009).



212 R.R. Sawant and V.P. Torchilin

3.3 TATp-Modified Liposomes and Micelles: A Multifunctional
Approach

An ideal nanoparticular drug delivery system (DDS) should be able to (1) specifically
accumulate in the required organ or tissue, and then (2) penetrate target cells to
deliver its load (drug or DNA) intracellularly. Organ or tissue (tumor, infarct) accu-
mulation could be achieved by the passive targeting via the EPR effect (Maeda
et al. 2000) assisted by prolonged circulation of such a nanocarrier (for example, as
a result of its coating with protecting polymer such as PEG); or by antibody-
mediated active targeting (Torchilin 2004) and (Jaracz et al. 2005), while the intra-
cellular delivery could be mediated by certain internalizable ligands (folate,
transferrin) (Gabizon et al. 2004) and (Widera et al. 2003) or by CPPs (Gupta et al.
2005). Ideally, such a DDS should simultaneously carry on its surface various
active moieties, i.e. be multifunctional and possess the ability to “switch on” certain
functions (such as intracellular penetration) only when necessary, for example
under the action of local stimuli characteristic of the target pathological zone (first
of all, increased temperature or lowered pH values characteristic of inflamed, isch-
emic, and neoplastic tissues). These “smart” DDS should be built in such a way that
during the first phase of delivery, a non-specific cell-penetrating function is shielded
by the function providing organ/tissue-specific delivery (sterically protecting polymer
or antibody). Upon accumulating in the target, protecting polymer or antibody
attached to the surface of the DDS via the stimuli-sensitive bond should detach
under the action of local pathological conditions (abnormal pH or temperature) and
expose the previously hidden second function to allow for the subsequent delivery
of the carrier and its cargo inside cells (Fig. 8).

With this in mind, we prepared targeted long-circulating PEGylated liposomes
and PEG-PE-based micelles possessing several functionalities (Sawant et al. 2006;
Kale and Torchilin 2007a). First, such systems targeted a specific cell or organ by
attaching the monoclonal antibody (infarct-specific antimyosin antibody 2G4 or
cancer-specific antinucleosome antibody 2C5) to their surface via reactive pNP—
PEG-PE moieties. Second, these liposomes and micelles were additionally modified
with TATp moieties attached to the surface of the nanocarrier by using TATp-short
PEG-PE derivatives. PEG-PE used for liposome surface modification or for micelle
preparation was made degradable by inserting a pH-sensitive hydrazone bond
between PEG and PE (PEG-Hz-PE). Under normal pH values, TATp functions on
the surface of nanocarriers were “shielded” by the long PEG chains (pH-degradable
PEG, —PE or PEG, —PE) or by long pPNP-PEG—PE moieties used to attach anti-
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bodies to the nanocarrier (non-pH-degradable PEG,, ~PE or PEG, ~PE). At pH
7.5-8.0, both liposomes and micelles demonstrated high specific binding with
antibody substrates, but very limited internalization by NIH/3T3 or U-87 cells.
However, upon brief incubation (15-30 min) at lower pH values (pH 5.0-6.0) nano-
carriers lost their protective PEG shell because of acidic hydrolysis of the PEG—
Hz-PE and were effectively internalized by cells via TATp moieties (Fig. 9a).

In vivo, TATp-modified pGFP-loaded liposomal preparations have been adminis-

tered intratumorally in tumor-bearing mice, and the efficacy of tumor cell transfection
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Fig. 8 The principle scheme of the action of stimuli-sensitive double-targeted nanocarriers. The
surface of the nanocarrier is modified with a CPP via a relatively short spacer; with longer PEG
chains; and with even longer PEG chains decorated at distal termini with a target-specific ligand
(antibody). CPP is shielded with longer chains, while these PEG chains and PEG-antibody chains
are attached to the surface via pH-sensitive bonds. The whole system is stable in the blood and
accumulates in the tumor via the PEG-mediated EPR effect and via antibody-mediated targeting.
Inside the tumor, protective PEG chains and PEG-antibody conjugates are detached from the
surface because of fast hydrolysis of pH-sensitive bonds at the lowered intratumors pH, CPP
becomes exposed and allows for the intracellular delivery

was assessed after 72 h. The administration of pGFP-TATp-liposomes with a
non-pH-sensitive PEG coating resulted in minimal transfection of tumor cells
because of steric hindrances for liposome-to-cell interaction created by the PEG coat,
which shielded the surface-attached TATp. The administration of pGFP-TATp-lipo-
somes with the low pH-detachable PEG resulted in the highly efficient transfection.
The removal of PEG under the action of the decreased intratumoral pH led to the
exposure of the liposome-attached TATp residues, enhanced penetration of the lipo-
somes inside tumor cells and more effectively delivered the pGFP intracellularly
(Fig. 9b) (Kale and Torchilin 2007b).

TATp-modified stimuli-sensitive polymeric micelles with an enhanced ability to
interact with cells under acidified conditions have also been described in (Sethuraman
and Bae 2007). These results can be considered as an important step in the develop-
ment of tumor-specific stimuli-sensitive drug and gene delivery systems.

4 Subcellular Targeted Nanocarriers

The next step in the development of targeted nanocarriers would be designing of
subcellular or organelle targeted nanocarriers to target at molecular receptor level
(Rajendran and Knolker 2010; D’Souza and Weissig 2009; Torchilin 2006). Our
focus has been on the development of nanocarrier systems targeted to mitochondria
and lysosomes.
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Fig. 9 (a), Fluorescence microscopy showing internalization of Rh-PE-labeled-TATp containing
liposomes internalization by U87 MG astrocytoma. /: 9 mol % pH-non-sensitive PEG-PE at pH
7.4, 2: 9 mol % pH-sensitive PEG-Hz-PE after incubation at pH 5.0 for 20 min. The cleavable
(pH sensitive) PEG-PE-based TATp-containing liposomes kept at pH 7.4-8 show only a marginal
association with cells while those preincubated for 20-30 min at pH 5.0 demonstrated a dramati-
cally enhanced association with the cells (higher fluorescence). (b), Fluorescence microscopy
images of LLC tumor sections from tumors injected with pGFP-loaded TATp-bearing liposomes.
3: using a pH-non-cleavable PEG coat, 4: with a low pH-cleavable PEG coat

Mitochondria represent an important target for intracellularly delivered drugs and
DNA. Mitochondrial dysfunction contributes to a variety of human disorders, ranging
from neurodegenerative diseases, obesity, diabetes, ischemia-reperfusion injury and
cancer (Wallace 1999). The number of diseases is also found to be associated with
defects of the mitochondria genome has grown significantly over the past decade.
Mitochondria also play a key role in the complex apoptosis mechanism. The mecha-
nism of paclitaxel induced apoptosis is believed to be by stabilization of microtubules
of cells (Fan 1999; Wang et al. 2000). It has been also observed that there is a 24 h
delay between paclitaxel-induced release of cytochrome c in intact cells versus cell-
free system (Andre et al. 2002). This could be due to only few drug molecules reach-
ing the mitochondria. Hence, we hypothesized that we could improve the apoptosis
due to paclitaxel if we could delivery paclitaxel to mitochondria.

The mitochondrion has a major role in the metabolism of eukaryotic cells in the
synthesis of ATP by oxidative phosphorylation via the respiratory chain. This process
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creates a transmembrane electrochemical gradient, which includes contributions
from both a membrane potential (negative inside) and a pH difference (acidic out-
side). The membrane potential of mitochondria in vitro is between 180 and 200 mV,
which is the maximum a lipid bilayer can sustain while maintaining its integrity
(Murphy 1989). Positively charged molecules are attracted by mitochondria in
response to the highly negative membrane potential, but most charged molecules
cannot enter the mitochondrial matrix because the inner mitochondrial membrane
is impermeable to polar molecules. However, certain amphiphile compounds are
able to cross both mitochondrial membranes and accumulate in the mitochondrial
matrix in response to the negative membrane potential. It has long been known that
amphiphile compounds with delocalized cationic charge can accumulate in mito-
chondria (Weissig and Torchilin 2001). Rhodamine 123 (Rh-123), a stain for mito-
chondria in living cells, is the best known representative of this group (Chen et al.
1982). Mitochondrial accumulation of tetraphenylphosphonium chloride and other
cationic aryl phosphonium salts was also demonstrated (Rideout et al. 1994). The
mitochondrial accumulation and retention of dequalinium (DQA), a single-chain
bola amphiphile with two delocalized positive charge centers was also demon-
strated (Weissig and Torchilin 2001).

We have modified liposomes with using stearyl triphenyl phosphonium (STPP)
to render them mitochondriotropic (Boddapati et al. 2008). In vitro STPP liposomes
selectively accumulated in mitochondria of living cells. Also when loaded with
ceramide as model drug, it elicited strong apoptotic response in vivo in 4T1 mam-
mary carcinoma tumor-bearing mice at ceramide doses as low as 6 mg/kg in com-
parison with the 36 mg/kg or higher reported with non-targeted liposomes.

Recently, we prepared a novel mitochondria-targeted liposomal drug delivery
system by the modification of the liposomal surface with Rh-123 (Biswas et al.
2010). A novel polymer was synthesized by conjugating the mitochondriotropic
dye Rh-123, with the amphiphilic PEG-PE conjugate. The co-localization study
with stained mitochondria (Fig. 10) as well as with the isolation of mitochondria of
the cultured cells after their treatment with Rh123-liposomes showed a high degree
of accumulation of the modified liposomes in the mitochondria.

To demonstrate that specific delivery of the drug to the desired subcellular com-
partment can significantly enhance drug action, the mitotic inhibitor, paclitaxel was
used. Paclitaxel-loaded Rh123-liposomes (PCL-Rh123-L) produced significantly
higher cytotoxicity than free paclitaxel or paclitaxel-loaded plain liposomes. An
approximately 35-40% reduction of cell survival was observed with PCL-Rh123-L
compared to non-targeted PCL formulations. Thus, Rh-123-modified liposomes
target mitochondria efficiently and can facilitate the delivery of a therapeutic pay-
load to mitochondria.

Lysosomes, acidic organelles responsible for recycling of cellular constituents,
represent another important intracellular target for diseases such as lysosomal stor-
age diseases (LSD). LSD is associated with the deficiency of certain lysosomal
enzymes, which lead to accumulation of corresponding substrates in lysosomes
(Futerman and van Meer 2004). These diseases pose a serious medical problem
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Fig. 10 Intracellular colocalization by fluorescence confocal microscopy. HeLa cells treated with
(a), NBD-PE labeled plain liposomes; (b), Rh123-liposomes. /,4: Cell treatment with PL or
Rh123-L in the green channel (Ex. 505 nm, Em. 530 nm); 2,5: Cell staining treatment for visual-
ization of mitochondria with Mitotracker deep red in the deep red channel (Ex. 644 nm, Em.
665 nm); 3,6: Merged left and middle panels and Hoechst stained nuclei (Blue channel. Ex.
385 nm, Em,. 470 nm). Yellow color indicates co-localization of mitochondria and Rh123-L.
Analysis of co-localization (Image J software) confirmed significant accumulation of targeted
liposomes in the mitochondria (Pearson’s coefficient 0.55, Mander’s coefficient 0.75 for Rh123-L
compared to Pearson’s coefficient —0.083, Mander’s coefficient 0.007 for plain liposomes)

(Grabowski 2008; Zarate and Hopkin 2008; van der Ploeg and Reuser 2008).
The main approach for the treatment of LSD is enzyme replacement therapy (ERT)
based on the administration of exogenous enzymes (Grabowski and Hopkin 2003).
This procedure remains limited in use and expensive because of poor delivery and
low stability of therapeutic enzymes. The use of liposome-immobilized enzymes
for ERT, was understood long ago (Gregoriadis 1978). Lysosomes are also involved
in the cellular apoptosis due to the lysosome-dependent cell death pathway
(Kirkegaard and Jaattela 2009). Moderate permeabilization of lysosomal mem-
branes can result in apoptosis of cancer cells (Boya et al. 2003). Thus, delivery of
lysosome-destabilizing agents that cause cancer cell apoptosis may also benefit
from lysosome-targeted carriers.

We recently attempted to develop a lysosome-targeted drug delivery system
based on liposomes modified with a lysosome-specific ligand octadecyl deriva-
tive of rhodamine B (RhB). RhB is used to monitor membrane fusion (Hoekstra
et al. 1984) and study lysosomal metabolism (Kuwana et al. 1995). It has been
shown to specifically accumulate in the lysosomes of denervated skeletal muscle
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Fig. 11 Confocal microscopy of HeLa cells treated with (a), FITC-dextran-loaded liposomes;
(b), RhB-modified FITC-dextran-loaded liposomes for 4 h. The treated cells were stained with
lysosomal markers and analyzed by confocal microscopy. /: FITC-dextran-loaded plain liposomes
(green), 2: LysoTracker Red-stained lysosomes (red), 3: Overlay of 1 and 2 images with their
respective DIC image. 4: RhB (red), 5: anti-Lamp2 mAb-stained lysosomes (blue), 6: Overlay of
4 and 5 images with their respective DIC image. Bar=10 pm. Cell incubation with RhBI-
modified FITC-dextran-loaded liposomes for 4 h led to the localization of RhB fluorescence
mostly in the lysosomes with a high rate of the co-localization with the lysosomal marker
(Pearson’s correlation coefficient, PCC 0.7; Mander’s overlap coefficient, MOP 0.8). The cells
treated with the same concentration of FITC-dextran-loaded liposomes demonstrated much lower
localization of FITC-dextran in the lysosomes (PCC — 0.1; MOP 0.2)

(Vult von Steyern et al. 1996). Novel acidic fluorescent probes based on
rhodamine-B have also been described and used for the optical imaging of the
intracellular H* (Zhang et al. 2009).

We prepared liposomes loaded with the model compound, FITC-dextran, and
modified with RhB (Koshkaryev et al. 2010). Confocal microscopy demonstrated
that RhB-liposomes co-localize well with the specific lysosomal markers, unlike
plain liposomes (Fig. 11). The comparison of the FITC fluorescence of the lyso-
somes isolated by subcellular fractionation also showed that the efficiency of FITC-
dextran delivery into lysosomes by RhB-modified liposomes was significantly
higher compared to plain liposomes.

This was confirmed using 5-dodecanoylamino fluorescein di-f3-D-galactopyrano-
side (C,FDG)-loaded liposomes. C ,FDG, is a lipophilic substrate for the lysosomal
[B-galactosidase (Rotman et al. 1963). It was assumed that upon undergoing the
endocytosis, C,,FDG-loaded liposomes would eventually deliver their contents into
lysosomes, and the intra-lysosomal 3-galactosidase will hydrolyze the non-fluorescent
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Fig. 12 Flow cytometry of lysosomal targeting by liposomes loaded with C ,FDG. HeLa cells
were incubated with plain liposomes (20 and 200 pg/ml), Lip-RhB (200 pg/ml). The liposomes
were loaded with C,FDG (1.5% mol/mol), a fluorescent substrate for the intralysosomal
[B-galactosidase. After 4 h incubation with liposomes, the cells were washed and additionally
incubated for 20 h with liposome-free DMEM. The fluorescence intensity of FITC (channel FL1)
was determined by flow cytometry. Each value is the mean=+SD of 2 experiments

CFDG into the fluorescent C,FITC, which will be retained inside lysosomes
because of its lipophilic moiety. Thus, with a standard flow cytometry procedure, the
lysosomal targeting can be quantified by following the fluorescence intensity of live,
intact cells. We prepared plain and RhB-modified liposomes loaded with C, FDG.
The loading of C ,FDG into RhB-modified liposomes was approximately ten times
less than into the plain liposomes. This decrease in the C ,FDG loading can be
attributed to a stoichiometric competition between C, FDG and RhB in the lipo-
somal membrane leading to the partial loss of C ,FDG due to its shorter lipophilic
moiety. Two different concentrations of plain liposomes (20 pg/ml and 200 pg/ml)
were used for cell treatment to achieve the same amount of C,,FDG as with RhB-
modified liposomes (200 pg/ml). The treatment of cells with different concentra-
tions of C ,FDG-loaded plain liposomes (20 and 200 pig/ml) led to a dose-dependent
increase in their FITC fluorescence relative to the control (untreated) cells (Fig. 12).
These data suggest that endocytosed liposomes actually deliver C,,FDG into lyso-
somes. The cells treated with 200 pg/ml of RhB-modified liposomes demonstrated
significantly increased C, FITC fluorescence compared to the cells treated with both
20 and 200 pg/ml of the plain liposomes.

In any case, the development of organelle-specific drug delivery is only in its
early stages; however, it might have important clinical future.
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Poly(Alkyl Cyanoacrylate) Nanosystems

Julien Nicolas and Christine Vauthier

Abstract Poly(alkyl cyanoacrylate) nanosystems include various types of
nanoparticles suitable to achieve in vivo drug delivery in a well controlled
manner. Starting from general features on the synthesis of alkyl cyanoacrylate
monomers and of their polymerization, this chapter aims to discuss how these
monomers and corresponding polymers can be used to design drug delivery
nanosystems with different properties.
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hyaluronic acid

hexadecyl cyanoacrylate

isobutyl cyanoacrylate

low-density lipoprotein receptors

methyl cyanoacrylate
methoxypoly(ethylene glycol)
methoxypoly(ethylene glycol)-b-poly(n-butyl
cyanoacrylate) diblock copolymer
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azidopoly(ethylene glycol) cyanoacrylate]
copolymer
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cyanoacrylate] copolymer

poly(alkyl cyanoacrylate)

poly(ethyl cyanoacrylate)

poly(ethyl cyanoacrylate)-b-poly(ethylene
glycol)-b-poly(ethyl cyanoacrylate) triblock
copolymer

poly(ethylene glycol)

poly(hexyl cyanoacrylate)



Poly(Alkyl Cyanoacrylate) Nanosystems 227

PIBCA poly(isobutyl cyanoacrylate)

PIBCA-b-PEG poly(isobutyl cyanoacrylate)-b-poly(ethylene glycol)
block copolymer

PIBCA-b-PEG-b-PIBCA  poly(isobutyl cyanoacrylate)-b-poly(ethylene glycol)-
b-poly(isobutyl cyanoacrylate) block copolymer

PnBCA poly(n-butyl cyanoacrylate)

PNIPAAm poly(N-isopropylacrylamide)

POCA poly(octyl cyanoacrylate)

SelPEGCA selegiline-poly(ethylene glycol) cyanoacetate
THF tetrahydrofuran

w/o/w water-in-oil-in-water

w/o water-in-oil

w-NC water-containing nanocapsule

1 Introduction

Poly(alkyl cyanoacrylate) (PACA) nanosystems include various types of nano-
particles suitable to achieve in vivo drug delivery in a well controlled manner
(Vauthier et al. 2003). PACA nanosystems are one of the few polymer nanopar-
ticles used as drug carriers which have reached clinical evaluation (Kattan et al.
1992; BioAlliance Pharma 2009; Zhou et al. 2009). Beside this, PACA nanosys-
tems have been considered as potential carriers for many types of drugs; the
literature is particularly abundant and includes reports on a wide range of methods
for their synthesis (Vauthier et al. 2007; Nicolas and Couvreur 2009).
Consequently, various types of nanoparticles were developed to answer the dif-
ferent drug delivery challenges. In turn, this required the development of suit-
able methods for the synthesis of the desired nanosystems. Large scale
production was considered for the methods producing the nanoparticles used in
clinical investigations. The aim of this chapter is to document synthetic path-
ways to achieve PACA nanosystems starting from general features on the syn-
thesis of alkyl cyanoacrylate (ACA) monomers. Then the polymerization
features of these monomers and their different polymerization methods will be
discussed including those applied to synthesize copolymers with defined molec-
ular architecture. The synthesis of PACA nanosystems will be considered in
three subsections following the development of drug carriers with different
degrees of specificity regarding their biodistribution after intravenous adminis-
tration to animals. This also corresponded to the synthesis of nanoparticles with
increasing degree of complexity. Synthesis methods from polymerization of
ACA, from pre-formed polymers and methods of surface engineering are
detailed in these subsections.
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2 General Features and Synthesis of Alkyl Cyanoacrylate
Monomers

Alkyl cyanoacrylates represent a class of very reactive monomers widely
employed for biomedical purposes as surgical glues for the closure of skin
wounds (Skeist and Miron 1977; Coover et al. 1990; King and Kinney 1999;
Oowaki et al. 2000; Hollock 2001; Marcovich et al. 2001; Reece et al. 2001),
embolitic material for endovascular surgery (Oowaki et al. 2000; Pollak and
White 2001; Reece et al. 2001) and for nerves regenerating purposes (Merolli
et al. 2010). Indeed, alkyl cyanoacrylate monomers exhibit a remarkable reactiv-
ity toward nucleophiles and have excellent adhesive properties resulting from the
bonds of high strength they are able to form with most polar substrates, including
living tissues and skin.

The synthesis of alkyl cyanoacrylates has been first described in the patent
literature (Ardis 1949; Jeremias 1956; Joyner and Shearer 1956; Joyner and
Hawkins 1955). The main strategy to achieve a-cyanoacrylates is based on a two-
step procedure (Fig. 1). The corresponding alkyl cyanoacetate is reacted with form-
aldehyde in the presence of a basic catalyst, to form PACA oligomers by
Knoevenagel condensation reaction, followed by their thermal depolymerization
reaction which lead to the alkyl cyanoacrylate monomer. To prevent repolymeriza-
tion events, protonic or Lewis acids with small amounts of a free-radical inhibitors
are usually employed.

Slight improvements of this synthetic procedure were achieved, essentially by
playing with the nature of the solvent mixture (Tseng et al. 1990; Sahadev et al.
2003), by applying a transesterification approach for making cyanoacrylates bearing
longer alkyl ester chains (Malofsky and Badejo 2001), or by using pyrrolidine as a
more efficient catalyst for the condensation step (Yadav et al. 2004).

Recently, a novel approach has been reported for the synthesis of cyanoacrylate
derivatives (Kryger et al. 2010). Sonication of polymers containing a dicyanocy-
clobutane mechanophore moiety led to the selective cleavage of the mechanophore,
thus releasing the corresponding cyanoacrylate monomers.

CN “H,0 CN CN
n< + n CHO -~
COOR p 0
0o o
R R

Fig. 1 Synthesis of alkyl cyanoacrylate monomer via Knoevenagel condensation reaction and
subsequent thermal depolymerization
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3 Polymerization in Homogeneous Media

Because of the presence of two powerful electro-withdrawing groups in the a-carbon
of the double bond (i.e., ester and nitrile), alkyl cyanoacrylate monomers exhibit a
very high reactivity toward nucleophiles such as anions (hydroxide, iodide, alco-
holate, etc.) or weak bases (alcohol, amine, etc.), thus resulting in a very high
polymerization rate. Traces of one of the above-mentioned compounds in the reac-
tion medium can initiate the polymerization, which explains why batches of alkyl
cyanoacrylates are usually stored with a small amount of acidic stabilizers (e.g., SO,,
sulfonic acid, etc.).

Depending on the experimental conditions and reactants, three different mecha-
nisms are usually well-admitted for the polymerization of alkyl cyanoacrylates
(Fig. 2): (1) anionic; (ii) zwitterionic and (iii) radical (Nicolas and Couvreur 2009).
Those polymerizations are respectively initiated by charged nucleophiles (Nu),
protic nucleophiles (Nu) and radicals (P*). However, due to the very high reactivity
of alkyl cyanoacrylate monomers, anionic and zwitterionic polymerizations are
highly predominant under conventional experimental conditions with respect to a
radical process.

a
/7 N\ CN Nu  CN
Nu~ —_— .
A fo) \_S:g\’ CN CN
Q S Nu
R R Uh=0 T > h
o ¢
R R
b .
7\ CN Nu CN
Nu — -
A 0 0 cN CN
Q O NuJr
R R A o T > n
o Q0
R R
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—~ ~CN R CN
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o O P
R R (W] o T > A
0 Q0
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Fig. 2 Initiation and propagation steps involved during anionic (a), zwitterionic (b), and radical
(¢) polymerizations of alkyl cyanoacrylates initiated by a charged nucleophiles (Nu-), a protic
nucleophile (Nu) and a radical (Pe), respectively
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3.1 Homopolymerization and Random Copolymerization

Homopolymers from alkyl cyanoacrylates (Fig. 3) has been well-studied since the
late 1970s (Donnelly et al. 1977; Johnston and Pepper 1981a, b, ¢). The polymer-
ization of ethyl cyanoacrylate (ECA) and n-butyl cyanoacrylate (nBA) was under-
taken in tetrahydrofuran (THF) and initiated either by simple anions or by organic
bases, leading to anionic or zwitterionic mechanism, respectively (Donnelly et al.
1977). Multiple parameters were varied in order to investigate their influence on the
macromolecular properties of the resulting polymers (Pepper 1980; Johnston and
Pepper 1981a, b, c; Pepper and Ryan 1983; Cronin and Pepper 1988; Eromosele
et al. 1989; Johnson et al. 1995).

In particular for zwitterionic polymerization of nBCA, the influence of the
nature of the initiator, the inhibiting species and the presence of water on the mac-
romolecular characteristics of the polymer and on the polymerization kinetics was
thoroughly investigated using several covalent organic bases (Pepper 1980;
Johnston and Pepper 1981a, b, c; Pepper and Ryan 1983; Cronin and Pepper 1988;
Eromosele et al. 1989). Regarding the anionic mechanism, several tetrabutyl
ammonium salts were used as initiators for the polymerization of nBCA in THF
and the best results were obtained from the hydroxide-based one (Eromosele and
Pepper 1986, 1989a, b).

Copolymerization between cyanoacrylate derivatives, namely ECA and nBCA,
was also performed in order to tune the glass transition temperature of the resulting
materials. Copolymerizations were performed either by a piperidine-catalyzed bulk
polymerization, leading to transparent brittle films, or by polymerization in aqueous
medium in the presence of sodium bicarbonate, in order to obtain white powders
(Dencheyv et al. 2008).

When a suitable inhibitor is introduced in the reaction medium (such as boron
trifluoride-acetic acid complex, propane-1,3-sultone or acetic acid), anionic
polymerization is made negligible during the timescale of the polymerization and
allow a free-radical mechanism to be the main chain-extension process (Canale
et al. 1960; Kinsinger et al. 1965; Otsu and Yamada 1967; Bevington et al. 1976;
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Fig. 3 Structure of methyl cyanoacrylate (MCA), ethyl cyanoacrylate (ECA), n-butyl cyanoacrylate
(nBCA), isobutyl cyanoacrylate (IBCA), octyl cyanoacrylate (OCA) and hexadecyl cyanoacrylate
(HDCA)
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Kamachi et al. 1981; Yamada et al. 1983). This was successfully applied to bulk
or solution homopolymerization and copolymerization of methyl cyanoacrylate
(MCA) and ECA in the 30-60°C temperature range (Canale et al. 1960; Bevington
et al. 1976; Yamada et al. 1983).

Alkyl cyanoacrylates were also copolymerized with methyl methacrylate
(MMA) or styrene via a free-radical process in bulk or solution to yield random or
alternating copolymers, respectively (Kinsinger et al. 1965). MCA or isobutyl
cyanoacrylate (IBCA) were also copolymerized with difunctional alkyl cyanoacry-
lates and yielded crosslinked macromolecular adhesive compositions with superior
mechanical properties than the noncrosslinked counterparts (Buck 1978). Free-
radical bulk copolymerization of ECA and MMA was also undertaken to yield
poly(ECA-co-MMA) (P(ECA-co-MMA)) random copolymers with various monomer
compositions (Han and Kim 2009). Incorporation of MMA monomer units within
the polymer structure conducted to both a better stability upon degradation and a
lower glass transition temperature than PECA homopolymer. This can be seen as
an easy method to tune the properties of the polymer depending on the application
envisioned.

Recently, honeycomb-patterned PACA films were prepared from the chloroform
solutions of ECA, nBCA or OCA by breath figures (BFs) method (Li et al. 2010).
Condensed water droplets on the solution surface acted not only as templates to
endow the ordered structure but also as initiators to trigger the polymerization of
the monomer. After the polymerization started, the in sifu formed polymer chains
self-assembled around the water droplets, structuring PACA film with a hexagonal
arrangement of holes. The cell proliferation assay revealed that: (i) porous mor-
phology was more beneficial to Hela cell proliferation than the flat film and (ii) the
longer the side-chain of the monomer, the better the biocompatibility.

3.2 Macromolecular Architectures

The high reactivity of alkyl cyanoacrylates tends to make the synthesis complex
macromolecular architectures extremely difficult. However, several attempts
succeeded in the preparation of sophisticated copolymers. For instance, diblock and
triblock copolymers involving alkyl cyanoacrylates were prepared from triphe-
nylphosphine end-capped monohydroxyl and dihydroxyl poly(ethylene glycol)
(PEG) acting here as mono- or difunctional macroinitiators for the zwitterionic
polymerization of IBCA. PIBCA-b-PEG diblock and PIBCA-b-PEG-b-PIBCA
triblock copolymers were then prepared with variable compositions and different
molar masses by simply playing with the initial stoichiometry (Choi et al. 1995).
Similarly, a PECA-b-PEG-b-PECA triblock copolymer was synthesized by oxyanion-
initiated polymerization from sodium difunctional alcoholate-terminated PEG
macroinitiator (Lin et al. 2008).

Another approach consisted in the synthesis of amphiphilic comblike
poly[(hexadecyl cyanoacrylate)-co-methoxypoly(ethylene glycol) cyanoacrylate]
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Fig. 4 Synthesis of poly[(hexadecyl cyanoacrylate)-co-methoxypoly(ethylene glycol) cyanoacry-
late] [P(HDCA-co-MePEGCA)] copolymer via tandem Knoevenagel condensation-Michael addi-
tion reaction
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(P(HDCA-co-MePEGCA)) copolymer by tandem Knoevenagel condensation-Michael
addition reaction between the corresponding cyanoacetate derivatives with formal-
dehyde in the presence of dimethylamine as the catalyst to build the polymeric
backbone (Fig. 4). In this case, cyanoacrylate monomers are obtained in situ during
the reaction and polymerization occurs spontaneously (Peracchia et al. 1997a).

Interestingly, poly[a-maleic anhydride-m-methoxypoly(ethylene glycol)-co-
ethyl cyanoacrylate] copolymers (Fig. 5) were prepared by radical solution copoly-
merization of poly(ethylene glycol) macromonomer and ECA at 60°C under
azobisisobutyronitrile (AIBN) initiation (Deng et al. 2005; Xing et al. 2009). Due
to its amphiphilic properties, this copolymer led to PEGylated nanoparticles upon
self-assembly in aqueous solution.

By using protecting chemistry, a three-arm star cyanoacrylate-telechelic poly-
isobutylene (PIB-CA), was obtained from the polymerization of isobutylene initi-
ated by a tri-functional initiator (Fig. 6) (Kwon and Kennedy 2007a). This was
followed by its termination with allyltrimethylsilane and an anti-Markovnikov
addition of HBr. A masked cyanoacrylate moiety was then linked by esterification
prior deprotection to release the cyanoacrylate group. The injection of (PIB-CA),
into living tissue yielded a bolus of crosslinked PIB rubber. This approach was also
extended to the copolymerization of (PIB-CA), with ECA initiated by nucleophiles
or living tissues (Kwon and Kennedy 2007b).
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Fig. 6 Synthesis of three-arm star cyanoacrylate-telechelic polyisobutylene (PIB-CA),

4 Poly(Alkyl Cyanoacrylate) Nanoparticles

Another important application of PACA is related to the field of drug delivery due
to their ability to form submicronic, biodegradable nanoparticles (Couvreur and
Vauthier 1991), although PACA-based microparticles have also been reported (Lee
et al. 2009; Li et al. 2009). Nanoparticle is a collective term which gathers different
types of colloidal objects: (i) nanospheres, a matrix-type system constituted by the
polymer in which the drug is homogeneously dispersed and (ii) nanocapsules,
which are vesicular systems in which the drug is solubilized in a liquid core (either
water or oil) surrounded by a thin polymer layer (Fig. 7) (Vauthier et al. 2003).

4.1 First Generation of Nanoparticles

4.1.1 Nanospheres

The first example in this field was reported in 1979 and consisted in a very simple
process to generate in situ MCA or ECA nanospheres via the polymerization of the
monomer into an acidic aqueous solution (2<pH<3) containing a nonionic or a
macromolecular surfactant (Couvreur et al. 1979). This synthetic route was applied
to various cyanoacrylate monomers and appeared to be a method of choice to pre-
pare PACA nanoparticles for drug delivery purposes (Sullivan and Birkinshaw
2004; Arias et al. 2007, 2008b; Kisich et al. 2007; Kusonwiriyawong et al. 2008;
Maksimenko et al. 2008; Wilson et al. 2008; Hekmatara et al. 2009; Kurakhmaeva
et al. 2009). Numerous studies have also shown that macromolecular and colloidal
characteristics of the resulting nanospheres can be easily modified, simply by play-
ing on experimental parameters such as the nature and the concentration of the
monomer and the surfactant, the pH, the polymerization temperature, or the con-
centration of the inhibitor (El-Egakey et al. 1983; Douglas et al. 1984; Vansnick
et al. 1985; Seijo et al. 1990; Lescure et al. 1992; Yang et al. 2000; Dossi et al.
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Fig. 7 Nanospheres (NS), water-containing nanocapsules (w-NC) and oil-containing nanocap-
sules (0-NC)

2010). Average diameters obtained by this process usually range from 50 to
300 nm, which is a well-adapted window for drug delivery purposes (Douglas et al.
1985; Alonso et al. 1990; Seijo et al. 1990; Shipulo et al. 2008). It has been recently
shown that fluorophores can be loaded with high yields into poly(ECA) (PECA)
nanoparticles prepared by anionic emulsion polymerization (Yordanov et al. 2009).
This aqueous emulsion polymerization procedure was adapted to the synthesis of
PACA nanospheres of PECA, poly(nbutyl cyanoacrylate) (PrBCA), poly(hexyl
cyanoacrylate) (PHCA) and poly(octyl cyanoacrylate) (POCA) with a magnetic
core and loaded with Tegafur as the anticancer drug (Arias et al. 2008a). This
method was scaled up to achieve production of clinical batches of PACA nanopar-
ticles loaded with doxorubicine and those of PACA nanoparticles loaded with
mitoxantrone evaluated in clinics for the treatment of hepatocellular carcinoma in
human (BioAlliance Pharma 2009; Zhou et al. 2009).

PrnBCA nanospheres were also prepared by miniemulsion and emulsion polymer-
ization using molecular or macromolecular surfactants (Maitre et al. 2000; Cauvin et al.
2002; Limouzin et al. 2003; Weiss et al. 2007) or by the nanoprecipitation technique
from the preformed polymer using pluronic F68 as a surfactant (He et al. 2008).

In order to increase the encapsulation yield of peptides into PACA nanoparticles,
a copolymerization approach was developed in combination with a microemulsion
process (Fig. 8). The peptide with the following sequence KAVYNFATM was
derived with an acryloyl group and copolymerized with ECA in water-in-oil (w/0)
microemulsion to yield stable peptide-loaded PECA nanoparticles of 250 nm in
average diameter (Liang et al. 2008). In this approach, the peptide loading was
twice-fold higher than that of with the unmodified peptide. In contrast, the same
copolymerization performed using a micellar template only conducted to unstable
aggregates.
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Fig. 8 Copolymerization mechanism of alkyl cyanoacrylate and acryloyl peptide

4.1.2 Nanocapsules

As opposed to nanospheres, PACA nanocapsules allowed a broader variety of
drugs to be encapsulated. Indeed, oil-containing nanocapsules will be able to
encapsulate hydrophobic drugs, whereas hydrophilic ones will be efficiently
encapsulated into water-containing nanocapsules. Basically, the shell of the nano-
capsule is formed by spontaneous anionic polymerization of alkyl cyanoacrylate
occurring at the interface between the dispersed and the continuous phase during
emulsion or microemulsion polymerization. The nature of the dispersed phase
involved in a heterogeneous polymerization process governs the nature of the
nanocapsules. Several studies reported the preparation of oil-containing PACA
nanocapsules (Fallouh et al. 1986; Gallardo et al. 1993; Wohlgemuth and Mayer
2003; Bogdan et al. 2008) and highlighted the importance of the diffusion behav-
ior of the organic solvent within the aqueous phase and the simultaneous precipita-
tion of the polymer at the oil/water interface (Fallouh et al. 1986; Gallardo et al.
1993). Average diameters usually observed for such nanocapsules range from 200
to 350 nm (even though a miniemulsion process (Altinbas et al. 2006) allowed
average diameters below 100 nm to be obtained) and are mainly governed by the
nature and the concentration of the monomer, the amount of surfactant and oil as
well as the speed of diffusion of the organic phase within the aqueous one. A
drawback usually encountered during the preparation of nanocapsules is a pollut-
ing population of nanospheres resulting from a partial polymerization in the
organic phase (Gallardo et al. 1993). This can be improved by an optimized etha-
nol/oil ratio (Gallardo et al. 1993; Aboubakar et al. 1999), the acidification of the
organic phase (Wohlgemuth and Mayer 2003) or the inhibition of the polymeriza-
tion in the organic phase by aprotic solvents (Puglisi et al. 1995).
Water-containing PACA nanocapsules were obtained by inverse (i.e., water-in-oil)
emulsion or microemulsion polymerization. Depending on the nature of the surfactant
and the starting system (emulsion or microemulsion), this process led to nanocap-
sules between 50 and 350 nm (Vranckx et al. 1996; Lambert et al. 2000;
Watnasirichaikul et al. 2002; Krauel et al. 2005; Hillaireau et al. 2007). If required,
a second step can be applied to transfer nanocapsules from an oil-dispersing
medium to a water-dispersing medium and consisted in a centrifugation step of the
nanocapsules onto an aqueous layer (Lambert et al. 2000; Hillaireau et al. 20006,
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2007). Recently, poly(N-isopropylacrylamide) (PNIPAAm)/PECA composite hollow
particles were successfully prepared by an emulsification process, followed by
anionic polymerization of ECA and photopolymerization of N-isopropylacrylamide
(NIPAAm) (Lee et al. 2010). The shell layer of the composite hollow particle was
changed from semi-interpenetrating network to double shell layers by varying the
mass ratio of NIPAAm to ECA monomers.

The synthesis of nanocapsules from preformed PACA polymers (called interfa-
cial deposition) is also possible and consists of the addition of the polymer solu-
tion and a small amount of oil (which will constitute the oily core of the
nanocapsules), into an aqueous solution of surfactant. The oil-containing nanocap-
sules were formed instantaneously by deposition of the polymer at the oil/water
interface, which precipitates as a macromolecular shell (Barratt et al. 1994;
Brigger et al. 2003; Mayer 2005).

Miniemulsion polymerization was also employed to prepare monodisperse
DNA-containing, PnBCA nanocapsules by inverse miniemulsion polymerization
(Musyanovych and Landfester 2008). It was shown that the nature of the continuous
phase played the major role over the average diameter and the particle size distribution
whereas the monomer concentration governed the shell thickness and the nanocap-
sule morphology.

4.2 Second Generation: Surface Engineered and Stealth
Nanoparticles

In order to avoid quick accumulation of PACA nanoparticles into the liver and the
spleen due to adsorption of opsonins onto their surface, which triggers the recognition
of the mononuclear phagocyte system (MPS) by the macrophages, surface modified
nanoparticles were developed. In this view, the major breakthrough was the grafting
of PEG chains (the so-called PEGylation) (Stolnik et al. 1995; Storm et al. 1995)
onto their surface which resulted in long-circulating drug delivery devices, also
termed “‘stealth” nanoparticles.

Although simple adsorption of surfactant has been reported to prepared surface-
modified PACA nanoparticles (Wilson et al. 2008; Kurakhmaeva et al. 2009), the
following will only focus on covalent linkage between the core of the NPs and its
coating.

4.2.1 Anionic and Zwitterionic Polymerization

The preparation of PACA nanospheres covered by PEG chains was achieved by
using methoxypoly(ethylene glycol) (MePEG) or PEG as both stabilizer and initiator
through zwitterionic emulsion polymerization of IBCA (Peracchia et al. 1997c, d).
This led to PEG-coated PIBCA nanospheres where PEG chains exhibited different
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conformations; either stretched chains or loops depending on the number of terminal
hydroxyl groups present in the PEG (Peracchia et al. 1997b).

Whereas early work reported the use of B-cyclodextrine as a surface-modifier/
surfactant for the anionic emulsion polymerization of nBCA (Douglas et al. 1985),
different kinds of polysaccharide were also used to replace traditional PEG coat-
ings. It yielded stable 100-500 nm PACA nanospheres were obtained with surface
properties governed by the nature of the polysaccharide (Yang et al. 2000; Bertholon
et al. 2006b, 2005; Labarre et al. 2005; Bravo-Osuna et al. 2007b; Shirotake et al.
2008; Duan et al. 2009, 2010; Kulkarni et al. 2010). Interestingly, when covered by
chitosan, the resulting cationic nanoparticles served as a colloidal scaffold for the
preparation of nanoparticle/DNA complexes by the complex coacervation of nano-
particles with the DNA (Duan et al. 2009).

Anionic miniemulsion polymerization was recently employed to prepare
PEGylated PnBCA nanocapsules with an oily core and loaded by paclitaxel (Zhang
et al. 2008). The oily core was formed by a medium-chain triglyceride and the
anionic polymerization of nBCA was initiated at the oil/water interface by MePEG
via its alcoholate chain-end. MePEG-b-PrnBCA block copolymers surrounding the
oily core were thus formed in situ.

4.2.2 Free-Radical Polymerization

Free-radical emulsion polymerization of alkyl cyanoacrylates initiated by the
polysaccharide/cerium IV (Ce*) ions redox couple was also undertaken leading to
stable nanospheres (Chauvierre et al. 2003b). Whereas zwitterionic/anionic emul-
sion polymerizations gave polysaccharides compact loops at the nanoparticle sur-
face due to the in sifu synthesis of grafted copolymers, the free-radical process led
to polysaccharides-based block copolymers and thus to hairy nanospheres due to a
different initiation mechanism (Fig. 9) (Chauvierre et al. 2003a, 2004, 2007;
Bertholon et al. 2006a, b; Bravo-Osuna et al. 2007a, c). One interest of making
PACA nanoparticles by free radical polymerization is to obtain nanoparticles with a
different conformational arrangement of the polysaccharide chains at the nanoparticle
surface compared to that obtained with zwitterionic/anionic emulsion polymerization.
Indeed, this was found critical to control interactions of the nanoparticles with serum
proteins giving different complement activation pattern hence influencing the pharma-
cokinetics and the biodistribution of an associated drug. For instance, nanoparticles
obtained by free radical polymerization behaved like stealth nanoparticles (Bertholon
et al. 2006b; Alhareth 2010; De Martimprey et al. 2010; Vauthier et al. 2011).

It is noteworthy that free radical polymerization of alkyl cyanoacrylates can only
be promoted at pH 1 by taking advantage of an extremely fast free-radical polymer-
ization initiation (Chauvierre et al. 2003b, ¢). The low pH is mandatory to delay the
zwitterionic/anionic polymerization initiation to let a narrow time window of 5 to
10 min to initiate the free radical polymerization. In the emulsion polymerization
conditions this requirement is fulfilled at pH 1. The polysaccharide/cerium IV (Ce*)
ions redox couple was found appropriate to initiate the free radical polymerization in
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Fig. 9 Formation of grafted copolymers leading to compact loops by anionic emulsion polymeriza-
tion of alkyl cyanoacrylates initiated by hydroxyl groups of dextran (a) and polysaccharides-based
block copolymers leading to hairy nanospheres synthesized by redox free-radical emulsion polym-
erization of alkyl cyanoacrylates initiated by dextran/cerium IV (Ce4+) ions redox couple (b)

the short time window as the polymerization starts immediately after the addition of
cerium IV ions in the polysaccharide and alkyl cyanoacrylate containing emulsion.
The method is versatile and made possible the preparation of hairy nanoparticles
with various types of polysaccharides on the surface. The diameter can be tuned by
varying the molecular weight of the polysaccharide and the polysaccharide/alkyl
cyanoacrylate molar ratio (Bertholon et al. 2006b; He et al. 2009). For instance,
stable nanoparticles with a diameter of 80 nm were prepared with heparin
(Chauvierre et al. 2004). With dextran and chitosan, it was found that a minimal
molar mass was required to insure the stability of the nanoparticles. Thus the minimal
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sizes of nanoparticles obtained with these polysaccharides were 137 and 170 nm
using 10,000 Da dextran and 20,000 Da chitosan (Bertholon et al. 2006b). The size
of nanoparticles synthesized with chitosan 20,000 g/mol can be reduced to 62 nm
by addition of 3% pluronic F68 in the emulsion polymerization medium (De
Martimprey et al. 2010). Using hyaluronic acid (HA), average diameters of the
nanoparticles can be modulated from 290 to 325 nm by playing with the HA/nBCA
molar ratio (He et al. 2009).

Finally, regarding the drug loading, chitosan coated nanoparticles can easily be
loaded with siRNA by adsorption on preformed nanoparticles. These nanoparticles
were able to deliver active siRNA to a subcutaneously implanted tumor after intra-
venous administration (De Martimprey et al. 2010). Paclitaxel was encapsulated
with a maximal encapsulation efficiency of about 90%. In vitro release studies
demonstrated that HA modification efficiently reduced the initial burst release in
the first 10 h and provided a sustained release in the subsequent 188 h (He et al. 2009).
Doxorubicin, another first line anticancer agent, could not be loaded in PIBCA
nanoparticles by encapsulation because the drug is susceptible to oxidation by the
cerium ions used to initiate the free radical polymerization. However, it could be
associated by adsorption with the same loading performance and releasing features
than those of the corresponding nanoparticles obtained by zwitterionic/anionic
emulsion polymerization (Alhareth et al. 2011).

4.2.3 Self-Assembly of Preformed (co)Polymers

An alternative to the preparation of PEGylated PACA nanoparticles by direct polym-
erization in aqueous dispersed media is the use of preformed amphiphilic copolymers
able to self-assemble in water (Choi et al. 1995; Peracchia et al. 1997a, 1998, 1999;
Deng et al. 2005). Stable nanospheres in the 100-700 nm range were obtained from
PIBCA-b-PEG diblock copolymers, either by nanoprecipitation or by emulsification/
solvent evaporation (Choi et al. 1995). As explained in the Chapter from Vauthier
and Bouchemal of this book, these methods can be adapted to produce large quanti-
ties of nanoparticles making possible their industrial development. It was shown that
the copolymer compositions played an important role on the colloidal characteristics
of the nanospheres. P(HDCA-co-MePEGCA) copolymers also demonstrated suit-
able amphiphilicity to form stable nanospheres of 100-200 nm in diameter upon
nanoprecipitation which exhibited a biodegradable PHDCA core and a shell of
excretable PEG chains (Peracchia et al. 1997a, 1998, 1999). Interestingly, it was
shown that PHDCA-co-MePEGCA) nanoparticles exhibited a significant ability to
cross the blood-brain barrier (BBB), compared to non-PEGylated counterparts and
nanoparticles with preadsorbed surfactants such as polysorbate 80 or poloxamine
908 (Brigger et al. 2002; Calvo et al. 2001, 2002; Garcia-Garcia et al. 2005a, b). This
was explained by a specific adsorption of apolipoprotein E and B-100 (Apo E and
B-100) onto these PEGylated nanospheres, leading to their translocation mediated
by low-density lipoprotein receptors (LDLR) (Kim et al. 2007a, b, c¢). Following this
discovery, the encapsulation into these nanoparticles of didanosine (ddI) prodrugs,
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which is a drug used to treat HIV infection, was then investigated in order to increase
ddI concentration into the brain and to treat HIV-1 associated dementia (Bourgeois
et al. 2009; Pierson et al. 2009).

PECA-b-PEG-b-PECA amphiphilic triblock copolymer was used to prepare
dexamethasone (DXM)-loaded, PEGylated nanoparticles by the nanoprecipitation
technique (Lin et al. 2008). Nanoparticles exhibited and average diameter below
100 nm and a high drug loading.

In order to circumvent the drawbacks usually encountered with the use of encap-
sulated fluorescent dyes into nanoparticles (i.e., leakage, burst effect, etc.), fluorescently-
tagged, PEGylated nanoparticles were designed. The strategy was to incorporate the
fluorophore during the synthesis of an amphiphilic PACA copolymer, by tandem
Knoevenagel condensation-Michael addition reaction with HDCA, MePEGCA and
a small amount of a cyanoacetate derivative based on either dansyl or rhodamine B
as the fluorescent dye (Fig. 10) (Brambilla et al. 2010a). The resulting fluorescent
nanoparticles showed suitable characteristics for in vitro imaging on human brain
endothelial cells and their fluorescence signal was found extremely accurate, as
opposed to a diffuse signal when a lipophilic dye is encapsulated. In addition, it was
recently discovered that these nanoparticles were able to bind the amyloid B-peptide,
a biomarker for Alzheimer’s Disease, and to influence its aggregation kinetics
(Brambilla et al. 2010b).

Fig. 10 Design of fluorescent P(HDCA-co-RCA-co-MePEGCA) copolymers and nanoparticles
for cell imaging
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The P(HDCA-co-MePEGCA) copolymer was also employed for the synthesis
of PEGylated nanocapsules, either by interfacial deposition (Brigger et al. 2003) or
by water-in-oil-in-water (w/o/w) double emulsion (Li et al. 2001a, b) In the latter
case, water-containing nanocapsules of 140-150 nm were obtained.

4.3 Third Generation: Addressed Nanoparticles

The synthesis of efficient ligands-decorated colloidal devices for achieving specific
cells targeting, based molecular recognition processes, has become one of the most
exciting fields regarding drug delivery. Indeed, previous generations of PACA
nanoparticles were unable to be efficiently addressed to the desired cells and the
therapeutic activity of the encapsulated drug may be partly decreased.

The preparation of folate-decorated poly[(hexadecyl cyanoacrylate)-co-
aminopoly(ethylene glycol) cyanoacrylate] [P(HDCA-co-NH,PEGCA)] nano-
spheres (Fig. 11) to target the folate receptor, which is overexpressed at the surface
of many tumor cells, was reported (Stella et al. 2000, 2007). For this purpose, a
P(HDCA-co-NH,PEGCA) copolymer was synthesized and self-assembled in water
into stable 80 nm nanospheres, at the surface of which N-hydroxysuccinimide-
folate (NHS-folate) was reacted via an amidation pathway. It was shown that the
apparent affinity of the folate bound to the nanospheres towards its receptor
appeared tenfold higher than the free folate in solution, because of the multivalency
of the folate-decorated nanoparticles.

Curcumin-loaded PnBCA nanoparticles coated with Tween 80 (Mulik et al.
2009) were further decorated with apolipoptotein E3 (Apo E3) (Mulik et al. 2010).
This strategy provided efficient photostability and cell uptake of curcumin by active
targeting via receptor-mediated endocytosis. In vitro cell culture study showed
enhanced therapeutic efficacy of the curcumin-loaded Apo E3-PnBCA nanoparticles
against beta amyloid induced cytotoxicity in SH-SYS5Y neuroblastoma cells com-
pared to free curcumin.

Fig. 11 Synthesis of poly[(hexadecyl cyanoacrylate)-co-aminopoly(ethylene glycol) cyanoacrylate]
[P(HDCA-co-NH,PEGCA)] copolymer via tandem Knoevenagel condensation-Michael addition
reaction
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Another promising route towards ligands-decorated PACA nanopatrticles has been
recently developed and was based on the Huisgen 1,3-dipolar cyclo-addition, the so-called
“click chemistry” (Kolb et al. 2001). To achieve this goal, a poly[(hexadecyl
cyanoacrylate)-co-azidopoly(ethylene glycol) cyanoacrylate] (P(HDCA-co-N,PEGCA))
copolymer was synthesized. Model alkynes were then quantitatively coupled either to
the P(HDCA-co-N,PEGCA) copolymers in homogeneous medium followed by self-
assembly in aqueous solution or directly at the surface of the preformed P(HDCA-co-
N,PEGCA) nanoparticles in aqueous dispersed medium, both yielding highly
functionalized nanospheres (Nicolas et al. 2008).

The same research group extended this synthetic approach for the coupling of
selegiline as a biologically active molecule against Parkinson and Alzheimer’s
disease. By a combination of click chemistry and N, N'-dicyclohexylcarbodiimide
(DCC) -assisted coupling reaction, selegiline-poly(ethylene glycol) cyanoacetate
(SelPEGCA) derivative was readily prepared and involved in the synthesis of
poly[(hexadecyl cyanoacrylate)-co-selegiline-poly(ethylene glycol) cyanoacrylate]
[P(HDCA-co-SelPEGCA)] copolymer. A co-nanoprecipitation process with
poly[hexadecyl cyanoacrylate-co-rhodamine B cyanoacrylate-co-methoxypoly
(ethylene glycol) cyanoacrylate] [P(HDCA-co-RCA-co-MePEGCA)] copolymer
yielded PEGylated and fluorescent nanoparticles displaying selegiline moieties
(Le Droumaguet et al. 2010).

4.4 Conclusion and Perspectives

As discussed in this chapter, a wide range of PACA nanosystems can be produced
through different ways. Progresses in the comprehension of the polymerization
mechanisms of the corresponding monomers, introduction of new methods of
polymerization and synthesis of copolymers with well-defined macromolecular
architectures made possible the engineering of sophisticated PACA nanoparticles.
These important achievements led to the design of drug carriers suitable for opti-
mizing the in vivo delivery of various types of drugs. The development of addressed
PACA nanoparticles is also expanded and is paving the way to active targeting. It
can be expected that the identification of new targets will continue to open oppor-
tunities for challenging construct developments based on PACA nanosystems.
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Abstract The use of amphiphilic block copolymers (ABC)s in experimental
medicine and pharmaceutical sciences has a long history and is expecting rapid
development. Poly(ethylene oxide)-block—poly(amino acid) and poly(ethylene
oxide)-block—polyesters represented the most important two types of ABCs for
development of nanocarriers for drug/gene delivery. In this chapter, we provided
an update on several chemical strategies used to enhance the properties of nano-
scopic core/shell structures formed from self assembly of ABCs, namely polymeric
micelles. Versatility of polymer chemistry in ABCs provides unique opportunities
for tailoring polymeric micelles for optimal properties in gene and drug delivery.
Chemical modification of the polymer structure in the micellar core through
introduction of hydrophobic or charged moieties, conjugation of drug compatible
groups, core cross-linking has led to enhanced stability for the micellar structure
and sustained or pH-sensitive drug release. The modification of polymeric micellar
surface with specific ligands (carbohydrates, peptides, antibodies) has shown benefits
in enhancing the recognition of carrier by selective cells leading to improved drug
and gene delivery to the desired targets. Research in drug delivery by polymeric
vesicles is still in its infancy, but a similar principle on the importance and benefit
of chemical flexibility of block copolymers in improving the delivery properties of
polymeric vesicles can also be envisioned. The demanding challenge of the future
research in this field is to find the right carrier architecture and optimum polymer
chemistry that can improve the delivery of sophisticated and complex therapeutic
agents (e.g., poorly soluble drugs, proteins and genes) to their cellular and intracel-
lular targets.
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AFM
APCs
AEDP
bPEI-Chol
bPEI-PA
bPEIs
BSA
C2C12
CaP
CDs
a-CD
B-CD
BCDPs
CDPRs
CFTR
CHO

CL
CLIP-1

CLIP-6
CLIP-9

CLSM

CNT
CPNP-DNA
CS

DA-CS
DC-Chol
DEAE-dextran
DEX-SP
DEX
DMAEMA
DMRIE

DOGS
DOPE
DOPC
DORI
DORIE

DORIE-HB
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atomic force microscopy

antigen presenting cells

3-[(2-aminoethyl) dithio] propionic acid

cholesteryl modified bPEI

palmitic acid modified bPEI

branched PEIs

bovine serum albumin

murine myoblast

calcium phosphate

cyclodextrins

a-cyclodextrin

B-cyclodextrin

B-cyclodextrin-containing polymers

cyclodextrins-based polypseudorotaxanes

cystic fibrosis transmembrane conductance regulator

chinese hamster ovarian

cationic liposomes
rac-[(2,3-dioctadecyloxypropyl)(2-hydroxyethyl)]-dimethylam-
monium chloride
rac-[2(2,3-dihexadecyloxypropyl-oxymethyloxy)ethyl]
ylammonium bromide
rac-[2(2,3-dihexadecyloxypropyl-oxysuccinyloxy) ethyl]-trimeth-
ylammonium

confocal laser scanning microscopy

carbon nanotube

DNA-loaded calcium phosphate nanoparticles
chitosan

deoxycholic acid modified chitosan
3B-[N-(dimethylaminoethane)carbamoyl]cholesterol
diethylaminoethyl-dextran

spermine-conjugated dextran

dexamethasone

2-(dimethylamino)ethyl methacrylate
1,2-dimyristyloxypropyl-3-dimethyl-hydroxyethyl
bromide

dioctadecylamidoglicylspermine
dioleoylphosphatidylethanolamine
dioleoylphosphatidyl choline
1,2-dioleoyl-3-dimethyl-hydroxyethyl ammonium bromide
1,2-dioleyloxypropyl-3-dimethyl-hydroxyethyalm-3-dimethyl-
hydroxyethyl ammonium bromide
1,2-dioleyloxypropyl-3-dimethyl-hydroxybutyl ammonium bromide

trimeth-

ammonium
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DORIE-HP
DORIE-Hpe
DOSPA

DOTAP

DOTMA
DOX
DPRIE
DSP
DSRIE
DT
DTBP
EDAC
F-PE
FRET

GA-CS
gal-PEI
GC

GMP

GFP
HEK293
His-PLL
HLA-B7
HMW-PEI
HP-B-CD
HP-y-CD
Huh7 cells
KanaChol
LDH
LMW-PEI
1PEI

MCD
MDAMB-231
MEND
MnMEIO
MNPs
mRNA
MRI
MSNs
MTT
MVL5
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1,2-dioleyloxypropyl-3-dimethyl-hydroxypropyl ammonium bromide
1,2-dioleyloxypropyl-3-dimethyl-hydroxypentyl ammonium bromide
2,3-dioleoyloxy-N-[2(sperminecarboxamido)ethyl]-N,N-dimethyl-
I-propanammonium trifluoroacetate
N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium
chloride

1,2-dioleyloxypropyl-3-trimethyl ammonium bromide
doxorubicin

1,2-dipalmityloxypropyl-3-dimethyl-hydroxyethyl ammonium bromide
dithiobis(succinimidylpropionate)
1,2-disteryloxypropyl-3-dimethyl-hydroxyethyl ammonium bromide
diphtheria toxin

dimethyl-3,3’-dithiobispropionimidate-2HCl
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

partially fluorinated glycerophosphoethanolamine

fluorescence resonance energy transfer (or Forster resonance
energy transfer)

lactobionic acid bearing galactose conjugated chitosan
galactosylated PEI

glucocorticoid

2-deoxyguanosine-5-monophosphate

green fluorescent protein

human embryonic kidney

histidylated polylysine

histocompatibility complex protein

high molecular weight PEI

(2-hydroxypropyl)-p-cyclodextrin
(2-hydroxypropyl)-y-cyclodextrin

human hepatoma cell lines
3b—[6'-kanamycin-carbamoyl]cholesterol

layered double hydroxides

low molecular weight PEI

linear PEI

methyl-p-cyclodextrin

human breast carcinoma cells

multifunctional envelope-type nano device

manganese-doped magnetism-engineered iron oxide

magnetic nanoparticles

microRNA

magnetic resonance imaging

mesoporous silica nanoparticles
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
N1-[2-1S-1-[3-aminopropylamino]-4-[di-3-aminopropylamino]
butylcarboxa midoethyl]-3, 4-dioleyloxybenzamide
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MWCNTs
NIRF

NHS

NLS

NOD

NPCs
n-PAE
NSAIDs
ODNs

PA

PAE

PAGA
PAMAM
PAMAM-a-CD
PAsp(DET)
PBLA

PCI

PCs
PDMAEMA
pDNA

PEG
PEG-PAA
PEG-b-PLL
PEG-Ada
PEI

PEI25
PEI-CDs
PEO-PPO-PEO

PHP
PHPMA
PKA
PLA
PLL
PLL-PA
PLGA
PMA
PMDS
PNIPAm
POD
POEs
PPA
PPA-EA
PPA-SP
PPE-EA
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multiwalled CNTs

near-infrared in vivo optical imaging
N-hydroxysuccinimide

nuclear localization signal

nonobese diabetic

nuclear pore complexes

network-type poly(amino ester)
nonsteroidal anti-inflammatory drugs
oligonucleotides

palmitic acid

poly(B-amino esters)
poly[a-(4-aminobutyl)-L-glycolic acid]
polyamidoamine

o-CD conjugated PAMAM
polyaspartamide derivative bearing 1,2-diaminoethane side chains
poly(B-benzyl L-aspartate)

photochemical internalization

triester phosphatidylcholines
poly[2-(dimethylamino)ethyl methacrylate]
plasmid DNA

polyethylene glycol

PEG-b-poly(aspartic acid)

poly(ethylene glycol)-b-poly(L-lysine)
1-adamantanemethylamine (Ada) conjugated PEG
polyethylenimine

branched PEI of 25 kDa

cyclodextrin modified PEIs

poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene
oxide)

poly(4-hydroxy-L-proline)
poly[N-(2-hydroxypropyl)methacrylamide]
protein kinase

polylactide

poly(L-lysine)

palmitic acid conjugated PLL
poly(lactide-co-glycolide)

phorbol myristate acetate
poly(N-methyldietheneamine sebacate)
poly(N-isopropylacrylamide)
PEG-diorthoester-lipid conjugate
poly(ortho esters)

polyphosphoramidate
polyphosphoramidate with ethylenediamine
polyphosphoramidate bearing a spermidine side chain
poly(2-aminoethyl propylene phosphate)
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PPG polypropylene glycol

PPPs polyphosphazenes

PPP-DMAE polyphosphazenes with 2-dimethylaminoethanol side groups
PPP-DMAEA  polyphosphazenes with 2-dimethylaminoethylamine side groups
PSI poly(L-succinimide)

QDs quantum dots

RES reticuloendothelial system

RGD Arg-Gly-Asp

SANS small angle neutron scattering

SERS surface enhanced Raman spectroscopy

SPIO superparamagnetic iron oxide

SWCNTs single-walled CNTs

TM-Bz-CS quaternized N-(4-N,N-dimethylaminobenzyl) chitosan
TM-CS trimethylated CS oligomers

1 Introduction

The use of amphiphilic block copolymers (ABC)s in experimental medicine and
pharmaceutical sciences has a long history and is experiencing rapid develop-
ment. ABCs have been used as safer replacements for surfactants in the solubi-
lization of poorly soluble drugs, as stabilizing agents in the formulation of
coarse and colloidal dispersions, as gels providing depot or bioavailable formu-
lations and core/shell association colloids for nano-scale drug and gene delivery
(Lavasanifar et al. 2002a; Lemieux et al. 2000; Osada and Kataoka 20006;
Bijsterbosch et al. 1999). The rapid development in the application of ABCs is
primarily due to several degrees of freedom in their chemistry that may be used
to design specific carriers for specific delivery applications. For instance, the
size of both the hydrophilic and the hydrophobic section can be varied at will;
the molecular weight of the polymer can be changed within a wide range while
maintaining constant hydrophilic-lipophilic balances; the properties and func-
tion of ABCs at interface, e.g. oil-water, can be controlled through changes in
polymer structure, and more importantly, both hydrophilic and hydrophobic sec-
tion can be chemically engineered towards specific application. In addition to
their application in the design of nano-delivery systems, ABCs are shown to
have biological effects, themselves (Kabanov et al. 2003; Zastre et al. 2004;
Todd et al. 1998).

The aim of this chapter is to provide an overview on the pharmaceutical application
of ABC based nanostructures. The emphasis will be placed on poly(ethylene
oxide)-block—poly(amino acids) and poly(ethylene oxide)-block—polyester based
polymeric micelles. Recent advancements in polymeric micellar drug/gene targeting
will be highlighted and related nanostructures formed from ABCs will be briefly
discussed.
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2 Polymeric Micelles Drug Delivery

Polymeric micelles are core/shell nano-delivery systems formed through self
assembly of ABCs in an aqueous environment (Fig. 1). Polymeric micelles have
been widely used for solubilization of poorly water soluble drugs, depot drug
release and targeted drug delivery (Aliabadi and Lavasanifar 2006; Mahmud et al.
2007; Sutton et al. 2007). They have been the subject of several extensive reviews
in recent years (Croy and Kwon 2006; Lavasanifar et al. 2002b; Xiong et al. 2006;
Osada and Kataoka 2006).

Among different structures, micelles consisting of poly(ethylene oxide)-
poly(propylene oxide) PEO-PPO, PEO—poly(ester)s and PEO—poly(L-amino acid)s
(PEO-PLAA) are used more extensively (Aliabadi and Lavasanifar 2006; Sutton
et al. 2007; Kwon and Forrest 2006). The widespread application of polymeric
micelles in drug delivery is linked to their unique core-shell architecture in which
the hydrophobic core creates a space for the encapsulation of hydrophobic drugs,
proteins or DNA; and the hydrophilic shell masks the hydrophobic core from the
biological milieu. Since hydrophilic shell minimizes protein adsorption on micelles,
polymeric micelles have the ability to evade non-specific capture by the reticuloen-
dothelial system (RES). The size of polymeric micelles is also above the threshold
of kidney filtration. Thus, polymeric micelles can lodge several types of molecules,
demonstrate prolonged circulation in blood (Nishiyama and Kataoka 2006; Kwon
and Forrest 2006; Aliabadi and Lavasanifar 2006; Kataoka et al. 1993) (Fig. 2), and
even get a chance for accumulation in sites with leaky vasculature (e.g., solid
tumors and inflammation sites) because of the enhanced permeability and retention
(EPR) effect (Kwon and Forrest 2006; Aliabadi and Lavasanifar 2006) (Fig. 2).
New blood vessels formed in tumor have large gaps in their endothelium. Some
tumor vessels even have a defective cellular lining composed of disorganized,
loosely connected, branched, overlapping, or spouting endothelial cells (Maeda 2001;
Maeda and Matsumura 1989; Muggia 1999). The presence of leaky vasculature at

Hydrophobic block  Hydrophilic block

® o self assembly

Hydrophobic drug

Shell

Fig. 1 Schematic represen-
tation of the self assembly
of amphiphilic block copoly-
mers into polymeric micelles
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Fig. 2 Proposed fate of polymeric micelles after intravenous administration (Reproduced from
Nishiyama and Kataoka 2006 with permission)

tumor facilitates the extravasation of nanocarriers. The permeated nanocarrier usually
gets trapped in tumor because the lymphatic system that drains fluids out of other
organs is dysfunctional in tumors. This phenomenon, known as the EPR effect, is
believed to be the reason for the passive accumulation of polymeric micelles and
stealth liposomes in solid tumors (Matsumura et al. 2004).

2.1 First Generation Polymeric Micelles for Drug Delivery

Polymeric micellar systems developed so far can be categorized to three classes:
micelle-forming polymer-drug conjugates, micellar nano-containers, and polyion
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complex micelles (PIC)s. In micelle-forming polymer-drug conjugates, drug is
incorporated and stabilized within the carrier through formation of chemical bonds
between the functional group(s) of the polymeric backbone and the drug (Aliabadi
and Lavasanifar 2006). When solubilization of drugs in the polymeric micelles is
achieved via hydrophobic interactions or hydrogen bonds between the core-forming
block and drug, the resulting system is called polymeric micellar nano-containers.
Polymeric micellar nano-containers may be prepared by the direct addition and
incubation of drug with block copolymers in an aqueous environment, only if the
block copolymer and the drug are water soluble. The method, however, is not very
efficient in terms of drug-loading levels and not feasible for most block copolymer/
drug structures. Instead, physical incorporation of drugs into polymeric micellar
nano-containers is usually accomplished through dialysis, oil/water emulsion, solvent
evaporation, co-solvent evaporation, or freeze drying method (Aliabadi and
Lavasanifar 2006). Finally, in (PIC)s, drug incorporation is promoted through elec-
trostatic interactions between oppositely charged polymer/drug combinations.
Neutralization of the charge on the core-forming block will trigger self assembly of
the PIC and further stabilization of the complex within the hydrophobic environment
of the micellar core (Aliabadi and Lavasanifar 2006). PICs have been investigated
for the delivery of different therapeutic moieties that carry charge (drugs (Nishiyama
et al. 1999, 2003), peptides (Yuan et al. 2005) and DNA (Yuan et al. 2005;
Wakebayashi et al. 2004a, b; Itaka et al. 2003)). Drug release from polymeric
micellar drug conjugates, nano-containers and PIC micelles is governed by different
mechanisms (Fig. 3).

To date, seven polymeric micellar formulations have reached preclinical and
clinical trials (Table 1) (Aliabadi and Lavasanifar 2006; Mahmud et al. 2007;
Sutton et al. 2007; Matsumura 2008).

A micellar nano-container of doxorubicin (DOX) composed of PEO-poly
(L-aspartate) with conjugated DOX (PEO-P(Asp—-DOX)) containing physically
encapsulated DOX, namely NK911 (Fig. 4), is one of the few polymeric micellar
formulations with a favorable pharmacokinetics for passive drug targeting
(Danson et al. 2004). A PEO-poly(propylene oxide)-PEO (PEO-PPO-PEO),
i.e., Pluronic® micellar DOX, namely SP1049C, has shown good encapsulation,
but similar pharmacokinetic profile to that free DOX in human (Hamaguchi et al.
2005b; Kim et al. 2004).

Development of polymeric micellar nano-containers for the delivery of pacli-
taxel (PXT) has also been pursued. Both PEO—poly(D-lactide) (PEO-PDLA)
and PEO—-p(L-Asp) micellar formulations of PXT were successful in increasing
the water solubility of PXT (Hamaguchi et al. 2005b). However, except for the
NK105 (the PEO-poly(4-phenyl-1-butanoate) (L-aspartamide) formulation)
(Fig. 5), other polymeric micelles failed to show any benefit over PXT commer-
cial formulation, Taxol®, in passive PTX targeting (Zhang et al. 2005b).

Conjugation of drugs to PEO—poly(ester)s has been accomplished by func-
tionlization of the poly(ester) end, followed by reaction with drugs (Fig. 6) (Yoo
and Park 2001; Hirano et al. 1979). In this approach, only one drug molecule is
introduced for each copolymer molecule. In our group, DOX was conjugated to
the PEO—poly(e-caprolactone) (PEO-PCL) backbone by the reaction between
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Fig. 3 General scheme for the release of incorporated molecule from polymeric micellar drug
conjugates; micellar nano-containers and polyion complex (PIC) micelles (Adopted from Aliabadi
and Lavasanifar 2006 with permission)

the —COOH side groups in PEO—poly(a-carboxyl-g-caprolactone) (PEO-PCCL)
and amine group of DOX. At early studies the degree of DOX conjugation
reached 20% (molar ratios).

PEO-PLAA block copolymers have also been extensively used for chemical con-
jugation of drugs to the core-forming block via ester, amide, hydrazone, or disulfide
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Table 1 Polymeric micellar delivery systems in clinical trials

Polymer Progress
Trade name category Incorporated drug phase References
NKO911 PEO-PLAA DOX/chemically II (Matsumura
conjugated 2008;
and physically Matsumura
loaded et al. 2004)
NK105 PEO-PLAA Paclitaxel/physically ~ 1I (Hamaguchi et al.
loaded 2005a)
NC-6004 PEO-PLAA Cisplatine/to form IS (Uchino et al.
complex 2005b)
SP1049C Pluronic DOX/physically g (Sharma et al.
loaded 2008)
PAXCEED® PEO-poly(ester)  Paclitaxel/physically  I/II* (Zhang et al.
loaded 2005a)
Genexol®-PM PEO-poly(ester)  Paclitaxel/physically  II/III/IV*  (Kim et al. 2007;
loaded Lee et al. 2008)
NKO12 PEO-p(Glu) 7-Ethyl-10-hydroxy /e (Koizumi et al.
camptothecin/ 2006)
chemically
conjugated

2Updated from http://clinicaltrials.gov as of August 2010

bonds (Fig. 7). Ringsdorf et al. reported on the preparation of micelle-forming conjugates
of cyclophosphamide (CP) sulfide and PEO-poly(L-lysine) (PEO-poly(L-Lys))
(Yokoyama et al. 1991; Kataoka et al. 1993). Simultaneous conjugation of fatty acids
to the polymeric back bone was used to increase the thermodynamic stability of this
system. This formulation was found efficient in the stabilization of active CP metabo-
lite, in vivo, and caused a fivefold increase in the life span of L1210 tumor bearing
mice even at a reduced CP-equivalent dose. Block copolymer drug conjugates of
PEO-P(L-Asp—DOX) have been developed by Kataoka’s group (Bae et al. 2003a).
DOX was covalently conjugated to the side chain of the P(L-Asp) segment by an
amide bond between the carboxylic group in P(L-Asp) and the primary amine group
of DOX. However, the amide bound was too stable and did not provide efficient drug
release. In further studies, DOX was conjugated to the P(L-Asp) through a hydrazone
linker that is stable under physiological pH, but cleavable under acidic pH of endo-
somes/lysosomes (Bae et al. 2005b). The PEO—-p(Asp-Hyd-DOX) showed increased
maximum tolerable dose, and increased blood and tumor DOX levels in C,, tumor
bearing mice (Nishiyama et al. 1999, 2003). In addition, the pH sensitive micellar
DOX conjugate showed better therapeutic efficacy than free drug at corresponding
maximum tolerable doses.

Incorporation of cisplatin (CDDP) into the PEO-P(L-Asp) and PEO-P(L-
Glutamine) (PEO-P(L-Glu)) micelles to form polymer-drug complex has been
achieved (Fig. 8) (Uchino et al. 2005a). Release of CDDP from the complexes is
triggered in the presence of high concentrations of salt in medium, which will
replace the complexed drug. The PEO-P(L-Glu) formulation of CDDP is currently
in clinical trials in Japan under the name of NC-6004 (Table 1) (Ward et al. 2002;
Lee et al. 2005b; Katayose and Kataoka 1997, 1998).
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2.2 Stimuli-Responsive Drug Delivery by Polymeric Micelles

261

Response to ultrasound — Application of ultrasound as external stimuli that can
trigger drug release from polymeric micelles and/or enhance cellular internalization
of both free and encapsulated drug at the diseased site has been pursued (Gao et al.
2004, 2005b; Husseini et al. 2005; Rapoport 2004). Exposure to ultrasound leads
to faster drug release from micelles, possibly because of increased drug diffusion
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Fig. 5 Schematic model and chemical structure of NK105 (Reproduced from Hamaguchi et al.
2005a with permission)

rate from the micellar core, ultrasound-induced rapid micellar dissociation and
re-association, or ultrasound-induced formation of transient collapsed cavitation
(Fig. 9) (Pitt et al. 2004; Husseini et al. 2002; Munshi et al. 1997). Application of
ultrasound was shown to increase the cellular internalization and cytotoxicity of
both free and Pluronic® P105 micellar formulation of DOX against Human
Leukemia HL-60 cells (Husseini et al. 2000; Rapoport et al. 2002). Rapoport et al.
demonstrated that the cellular uptake and nuclear association of encapsulated DOX
to be substantially enhanced after exposure to ultrasound leading to an increased
cytotoxicity of DOX loaded Pluronic® micelles in resistant A2780/ADR cells
(Marin et al. 2001; Rapoport 2004; Rapoport et al. 2004; Nelson et al. 2002). Pitt
et al. reported on the in vivo antitumor efficacy of Plurogel formulations of DOX
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injected intravenously in rats bearing solid DHD/K12/TRb colorectal tumors on
both legs where the tumor on one side was exposed to ultrasound waves. Application
of low-frequency ultrasound significantly reduced tumor size (Pitt et al. 2004).

pH sensitive polymeric micelles — Various polymeric micelles have been designed
that can respond to the acidic pH and show rapid drug release, drug cleavage or micel-
lar dissociation (Torchilin 2006; Bae et al. 2003b). The pH of the extracellular space
of most solid tumors is below 7.2, while the pH of normal blood pH is 7.4 (Yatvin
et al. 1984). The pH of tumor interstitial fluid can further be depressed to values as
low as 6.2 by the administration of either glucose or sodium bicarbonate (Collins
et al. 1989). After cellular uptake by endocytosis, the micellar carrier may end up in
endosomes/lysosomes that exhibit acidic pHs around 5.0-5.5 (Tang et al. 2003). The
decreased pH can be used as an internal stimulus triggering preferential drug release
at tumor site for delivery systems that bear pH sensitive groups or linkages.

Two strategies are generally used to provide pH sensitivity in polymeric
micelles. The first strategy involves the selective protonation of acid sensitive
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component of the block copolymers at acidic pHs (e.g., for intratumoral drug
delivery), or deprotonation of base sensitive groups at basic pHs (e.g., for intestinal
drug delivery). In this category, the polymers mostly bear ionizable groups of
a weak acid (carboxylic acid) or weak base (amino group) (Benns et al. 2000;
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(m) Nanocarriers with therapeutic agent; (n) vesicle decorated with targeting moieties

Wang and Huang 1984; Lee et al. 2003b; Gao et al. 2005¢) (Fig. 10). The second
strategy involves formation of an acid labile linkage between the therapeutic agent
and the micelle forming copolymer, which leads to the pH dependant cleavage of
drug from micellar nano-conjugates at the pH of tumor extracellular or endosomal
environment (Yoo et al. 2002; Bae et al. 2003b; Gillies and Frechet 2003; Gillies
et al. 2004; Gao et al. 2005a; Han et al. 2003).

Thermoresponsive polymeric micelles — Local hyperthermia is receiving increasing
attention as a tool to promote selective delivery of drugs to solid tumors (Crile 1962).
Many normal mammalian cells start to damage at about 42°C. Therefore the aim of
thermoresponsive drug delivery is to achieve therapeutic effect just a few degrees
above physiological temperature (van der Zee 2002). The architecture of vasculature
in solid tumors is chaotic resulting in regions with hypoxic and low pH which are not
found in normal tissue. These environmental factors make the tumor cells more sensi-
tive to hyperthermia (Huang et al. 1978; Yatvin et al. 1978; Takei et al. 1995; Okano
et al. 1993, 1995). Local hyperthermia might cause preferential drug uptake by the
tumor cells through: (i) promoting local drug release at higher temperatures,
(i1) increasing the local blood flow; (iii) increasing endothelial permeability pro-
moting enhanced accumulation of colloidal carrier, (iv) increasing the permeability or
susceptibility of target cells to the released drug, and (v) increasing the cellular inter-
action and uptake of the colloidal carrier (Hales et al. 2004; Takei et al. 1993).
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The feasibility of thermo-sensitive micelles for targeting of anticancer drugs to
tumors by dual mechanisms, i.e., passive accumulation/aggregation and the
enhanced release of loaded drugs by an hyperthermic condition induced externally
has been shown (Kim and Park 2002; Choi et al. 2006). One of the most important
parameters for the design of appropriate thermoresponsive delivery systems is opti-
mization of their lower critical solution concentration (LCST) to temperatures that
are only a few degrees above body temperature. Poly(N-isopropylacrylamide)
(PNiPAAm) is well known to exhibit thermo-reversible phase transition at 32°C
(Chung et al. 1998, 1999). Incorporation of hydrophilic groups in PNiPAAm raised
its LCST. The enhancement is more pronounced when the hydrophilic groups (e.g.
amino or hydroxyl group) are at the end of the chain due to the stronger hydrogen
bonding with water (Chung et al. 1998; Takei et al. 1993; Yoshida et al. 1994).
Accordingly incorporation of hydrophobic groups (e.g. alkyl group) shifts the LCST
to lower temperatures and the degree of hydrophobic contribution also depends on
the location of the hydrophobic group (Cammas et al. 1997; Kohori et al. 1998).

Okano et al. reported on the micellization of PNiPAAm—polystyrene (PNiPAAm—
Pst) and PNiPAAm-—poly(d, l-lactide) (PNiPAAm-PDLLA) block copolymers
(Fig. 11) (Kohori et al. 1998). The synthesized block copolymers exhibited LCSTs
lower than that of pure PNiPAAm at polymer concentration below critical micelle
concentration (CMC), but had an LCST of 32°C when their concentration was
above the CMC as the outer hydrated PNiPA Am shell of micelles behaved like free
PNiPAAm (Nakayama and Okano 2005). Above the LCST, the PNiPAAm outer
shell collapses and these micelles aggregate by hydrophobic surface association.

Thermo-responsive PNiPA Am-co—dimethylacrylamide-PDLLA (P(NiPAAm-
co-DMAAm)-PDLLA) micelles showing phase transition at 40°C in phosphate
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buffered saline were used for targeted DOX delivery (Chung et al. 2000;
Kohori et al. 1999). Micelles released five times more DOX at 42.5°C than 37°C.
DOX-loaded micelles did not show much cytotoxicity against bovine aorta
endothelial cells at 37°C, but showed high cytotoxicity at 42.5°C.

2.3 Ligand Decorated Polymeric Micelles for Active Targeting

Monoclonal antibodies (mAb)s — Chemical conjugation of mAbs or their Fab
fragments to the shell of polymeric micelles can produce immunomicelles. Kabanov
et al. developed Pluronic P-85 micelles conjugated to murine polyclonal antibody
against a, glycoprotein (o.,-GP) to deliver neuroleptic agent haloperidol to brain
(Kabanov et al. 1989). Antibody C225 against epidermal growth factor receptors was
coupled to the terminus of a DOX-bound PEO-P(L-Glu) and showed enhanced cyto-
toxicity on A431 cells compared to free DOX (Vega et al. 2003). Torchilin et al.
developed tumor-targeted phosphalipid-based immunomicelles by chemical conjuga-
tion of mAb 2C5 and 2G4 to the micellar surface. PXT-loaded 2C5-immunomicelles
exhibited a superior efficiency compared to PXT-loaded plain micelles or free drug
against human breast cancer MCE-7 cells in vitro. '''In-labeled 2C5 immunomicelles
revealed significantly higher accumulation in LLC tumor-bearing mice than plain
micelles. Accordingly, PXT loaded 2C5 immunomicelles exhibited higher drug accu-
mulation in LLC tumors in mice which resulted in higher therapeutic efficacy com-
pared to free PXT and PXT-loaded in plain micelles (Torchilin et al. 2003).

Carbohydrates — Polymeric micelles decorated with glucose, galactose, mannose
and lactose have been reported (Choi et al. 1998; Jule et al. 2003; Nagasaki et al.
2001). Carbohydrate receptors like asialoglycoprotein (ASGP) on hepatocytes and
mannose receptors on kupffer and liver endothelial cells are known to play a crucial
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role in biorecognition (Yasugi et al. 1999; Nagasaki et al. 1998). The interaction of
the sugar installed PEO—PDLLA micelles with lectin was investigated to simulate
binding to glyco-receptors. Binding to Con A was investigated for mannose-micelles
and interaction with Ricinus communis agglutinin (RCA-1) was assessed for galac-
tose and lactose (Nagasaki et al. 2001). In general, lactose-micelles exhibited rapid
binding to the protein bed. An increase in the ligand density resulted in multivalent
binding and diminished dissociation kinetics. Development of galactose-modified
PEO-poly(y-benzyl-L-glutamate) (galactose-PEO—(PEO-PBLG) micelles and their
application for PXT in ASGP expressing HepG2 cells have been reported (Cho et al.
2001). Kataoka et al. also reported on the development of lactose conjugated
PEO-poly(2-(dimethylamino)ethyl methacrylate) (PEO-PAMA) that can form PIC
micelles with plasmid DNA (pDNA) and efficiently transfect HepG2 cells
(Wakebayashi et al. 2004b).

Folic acid — Folic acid (folate) has become an attractive ligand for targeting can-
cer cells because its receptor is overexpressed in many human cancers. It is an
essential vitamin for the biosynthesis of nucleotide bases and is consumed in
elevated quantities by proliferating cells. Folate has been covalently attached to
liposomes, polymer conjugates and nanoparticles (Hilgenbrink and Low 2005;
Reddy et al. 2005). The poor water-soluble drug PXT was physically loaded into
the folate-modified PEO-PCL micelles (Park et al. 2005). Folate—PEO-PCL
micelles exhibited significantly higher cytotoxicity compared to unmodified
micelles against human breast adenocarcinoma (MCF-7), human uterine cervix
adenocarcinoma (HeLa 229) cells, whereas conjugation of folate on the micellar
carrier had no significant effect on the cytotoxicity of PEO-PCL micellar PXT in
normal human fibroblasts (HF). Park et al. developed a mixed polymeric micellar
system composed of folate—PEO-poly(D, L-lactic-co-glycolic acid) (folate—
PEO-PLGA) and PEO-PLGA-DOX conjugates (Yoo and Park 2004). The mixed
micelles exhibited higher cytotoxicity than DOX, suggesting an increased intrac-
ellular transportation of DOX to cells through folate receptor medicated endocy-
tosis. Systemic administration of this formulation significantly retarded tumor
growth compared to unmodified micelles. Biodistribution studies also indicated
an increased accumulation of DOX in tumor tissue. Conjugation of folic acid to
PEO-P(L-Lys) has been pursued to target therapeutic proteins or other negatively
charged bioactive macromolecules (Hwa Kim et al. 2005).

RGD peptides — Peptides containing the RGD sequence can recognize integrins
overexpressed on the endothelial cells of the tumor neovasculature or metastatic
tumor cells. Gao et al. developed cyclic (Arg-Gly-Asp-d-Phe-Lys) (cRGDfK)
modified PEO-PCL micelles that can selectively deliver drugs to angiogenic tumor
endothelial cells (Fig. 12a) (Nasongkla et al. 2004). Confocal laser scanning
microscopy exhibited 30 times higher accumulation of DOX-loaded in cRGDfK-
modified micelles compared to unmodified micelles in human Kaposis sarcoma
tumor endothelial SLK cells.

Our group has developed RGD modified PEO-PCL micelles containing physi-
cally or chemically incorporated DOX (Fig. 12b) (Xiong et al. 2007a). Higher uptake
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after 3 h incubation with mouse melanoma B16-F10 cells was observed for GRGDS
modified micelles compared to unmodified micelles. RGD modified micelles bearing
conjugated DOX demonstrated higher cytotoxicity on B16-F10 cells than the control
conjugate without the RGD modification (Xiong et al. 2007b, 2008a).
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Transferrin — Human transferrin is a relatively large serum glycoprotein (80 KDa).
Transferrin receptors are known to be elevated in various types of cancer cells. The
level of elevation in transferrin receptor is also known to correlate with the prolif-
erative ability of the tumor cells. Kabanov et al. proposed delivery of phosphoro-
thioate oligonucleotides (SODNs) by PIC micelles formed with transferrin-conjugated
PEO-polyethylenimine (PEO-PEI). Compared to unmodified micelles, fluores-
cent-labeled transferrin-micelles showed a significantly higher accumulation in
resistant human oral epidermoid carcinoma (KBv) cells. Delivery of antisense
SODNs against expression of P-glycoprotein (P-gp) human mdrI-mRNA by
transferrin-PEO-PEI nano-carriers exhibited a significantly higher inhibition of
P-gp efflux system in resistant MCF-7/ADR cells that over-expresses P-gp com-
pared to unmodified micelles (Vinogradov et al. 1999). Complexes were generated
by mixing of plasmid DNA, linear PEI, PEO-PEI, and transferrin—-PEO-PEI to
provide a ligand for receptor-mediated cell uptake (Kursa et al. 2003). For com-
plexes containing the luciferase reporter gene the highest expression was found in
tumor tissue of mice. An optimum formulation for in vivo application containing
plasmid DNA encoding for the tumor necrosis factor (TNF-a), inhibited tumor
growth in three murine tumor models.

2.4 Multifunctional Polymeric Micelles

Multifunctional polymeric micelles are designed to bear a combination of structural
components required for various targeting strategies on an individual carrier in
order to enhance the selectivity of the incorporated drug for the target site (Torchilin
2006). Development of multifunctional polymeric micelles having cancer specific
targeting ligands on the surface and anticancer drug conjugated through acid-
cleavable bond in the core, i.e., folate—PEO—p(Asp—-Hyd-DOX), was reported by
Kataoka et al. (Bae et al. 2005a). The folate-bound micelles can be guided to cancer
cells and get internalized through receptor mediated endocytosis. After micellar
entry to the cells, hydrazone bonds are cleaved by endosomal acidic environment
(pH 5-6).

The development of multidrug resistance (MDR) and severe side effects of
anticancer drugs require custom-designed targeted carriers to improve the cancer
chemotherapeutic efficacy. The high affinity of anthracyclines (e.g. DOX) towards
chromosomal DNA has been the main mechanism for their antitumor activity
against sensitive tumors, while highly lipophilic and unaminated anthracyclines
led to selective accumulation in cytoplasm, and demonstrated the ability to cir-
cumvent MDR which are most likely associated with their ability to reduce
P-glycoprotein (P-gp) recognition, to localize in cytoplasm, to affect subcellular
targets other than nuclear DNA, or to act as self modulators of MDR (Lampidis
et al. 1997; Guillemard and Uri Saragovi 2004). Bearing these in mind, our group
used PEO-PCL based polymer to design multifunctional polymeric micelles
which have peptide-decorated shell for tumor targeting and pH-sensitive core for
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acid-triggered drug release to effectively deliver intact DOX to sensitive cancer
cells and derivatized DOX to resistant cancer cells (Xiong et al. 2010a). Briefly,
DOX was chemically conjugated to the micellar core by amide or hydrazone link-
ages, while the RGD4C moieties specifically homing to integrin avp3 receptors
expressed by cancer cells (e.g. MDA435/LCC6 sensitive and resistant cells) were
used to functionalize the micellar shell (Fig. 13a, b). These targeted micelles
showed markedly increased cellular uptake mediated by RGD4C modification.
In particular, pH-triggered drug release of intact DOX and derivatized DOX from
hydrazone and amide bound DOX-conjugates, respectively led to changed cellular
distribution and cytotoxicity of the carried DOX against both cell lines. As
expected, subcellular distribution revealed that targeted micelles containing hydra-
zone-linked DOX showed preferential accumulation in nucleus in sensitive cells,
while micelles containing amide-linked DOX showed preferential DOX accumu-
lation in mitochondria in resistant cells after 24 h of incubation (Fig. 13c). SCID
mice bearing with human sensitive and resistant tumors have been optimally
treated by the RGD4C-functionalized micelles with hydrazone-linked and amide-
linked DOX, respectively. The results point to the potential of these multifunc-
tional polymeric micelles as the custom-designed carrier for personalized cancer
chemotherapy.

Including a combination of an ultra pH-sensitive polymer and cell penetrating
TAT protein in the structure of polymeric micelles by Bae et al. led to the preparation
of another multifunctional polymeric micellar system (Sethuraman and Bae 2007).
The delivery system consisted of TAT-attached PEO—poly(L-lactic acid) (PEO-
PLLA)micelles and the TAT shield, i.e. an ultra pH-sensitive PEO—poly(methacryloyl
sulfadimethoxine) (PEO-PSD). At pH 7.4, the anionic PSD is complexed with
cationic TAT of the micelles via electrostatic interaction so that the non-specific cell
penetrating TAT peptides on micelles are shielded by PEO-PSD. The PSD will
become neutral below pH 7.0. Therefore, deshielding of TAT micelle is triggered
by the lower pH of the tumor milieu, exposing TAT to the cells.

Multifunctional mixed micelles of folate—PEO—poly(L-Histidine) (folate—PEO—
P(L-His)) and PEO—PLLA were developed also by the latter group (Lee et al.
2003a). The mixed micelles were able to recognize the minute differences in pH
and provide enhanced release below pH 7.4. The superior cytotoxicity of this sys-
tem at tumor pH (6.8-7.2) compared to physiological pH (7.4) was demonstrated
in MCF-7 cells. The combined mechanisms of pH-triggered release and active
internalization by folate receptor improved the in vitro cytotoxicity of encapsulated
DOX surpassing that of free drug in sensitive MCF-7 cells (Lee et al. 2003a). This
system was effective in sensitizing MCF-7 resistant cells to DOX achieving similar
IC,, to that of free DOX in sensitive cell line. The multifunctional polymeric micel-
lar carrier has shown superior in vivo efficacy to that of free DOX or DOX encap-
sulated in pH sensitive micelles without folate (Lee et al. 2005a).

The same research group has reported on the formation of multifunctional mixed
micelles of PEO-P(L-His) and PLLA-PEO-P(L-His)-biotin (Lee et al. 2005¢). In
this system, biotin on the micellar surface was used to enhance tumor specificity.
P(L-His) section was used as a pH sensitive segment that can hypothetically cover
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biotin residues at pH 7.4 when it is unionized, but take protons at pH 6.8-7.4,
stretch and expose biotin for interaction with cancer cells. The micelles also
showed pH-dependent dissociation, causing the enhanced release of DOX from the
carrier in early endosomal pH.

Double-targeted immunomicelles were developed by Torchilin et al. (Fig. 14)
(Sawant et al. 2006). The mixed micelles consisted of monoclonal antimyosin
antibody 2G4 conjugated to PEO-phosphatidylethanolamine (PEO-PE) via
p-Nitrophenylcarbonyl-PEO-PE (pNP-PEO-PE); nonspecific cell penetrating
peptide (e.g. TATp) or biotin attached to PE (TAT-PE or biotin—PE) or short
PEO-PE; and PEO-Hyd-PE. Under physiological pH, biotin and TATp on the
surface of nanocarriers were shielded by long protecting PEO chains or by even
longer pPNP-PEO-PE used to attach antibodies to the nanocarrier. At pH 7.4-8.0,
micelles demonstrated high specific binding with 2G4 antibody substrate (myosin),
but very limited binding on biotin substrate (avidin) or internalization by NIH/3T3
or U-87 cells mediated by TATp on micelles. However, upon 15-30 min incubation
at pH 5.0-6.0, nanocarriers lost their protective PEO shell because of acidic hydro-
lysis of PEO-Hyd-PE and acquired the ability for strong interaction with an avidin
column or effective internalization by cells via TATp.

<
<

Fig. 13 (continued) for 4 and 24 h. Confocal images of cells stained with MitoTracker® green (green)
and DAPI (blue) were then taken and the pictures were superimposed. Pink color shows localization
of DOX (red) in nucleus (blue), while yellow color is an indication for localization of DOX (red) in
mitochondria (green) or endo/lysosomes (Reproduced from Xiong et al. 2010a with permission)
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3 Polymeric Micelles for Delivery of Genetic Therapeutics

3.1 Requirements for Effective Gene/siRNA Transfection

The past several years have witnessed evolution of gene medicine from experimen-
tal technology into new clinic strategies for developing new genetic therapeutics for
a wide range of human disorders such as cancer, AIDS, neurological disorders and
cardiovascular disorders. These include using nucleic acid-based compounds such
as plasmids containing transgenes for gene therapy, oligonucleotides, ribozymes,
DNAzymes, aptamers, and small interfering RNAs (siRNAs). The successful clinical
application of this nucleic acid-based therapeutics in particular for gene and siRNA
greatly relies on an effective delivery system for systemic administration. So far,
various nanomedicine platforms have been developed as viral or non-viral vectors
to meet these challenges for an effective gene or siRNA delivery.

There are several requirements for an effective gene/siRNA delivery system.
Generally, the delivery system needs to able to efficiently encapsulate gene/siRNA,
actively target sites of interest, escape from endosome/lysosomes, and finally
release siRNA intracellularly. In addition to accumulation within desired tissues, it
also requires gene to be delivered to the nucleus and siRNA to be delivered into the
cytoplasm. In particular, it requires the ability of a delivery system to escape endo-
some after cellular endocytosis and effective delivery of nucleic acid based drugs
to their specific targets. Endosomal escape is believed to be achieved through ‘pro-
ton sponge effect’ (Fig. 15a) (Behr 1997; Pack et al. 2005). It is hypothesized that
polymers with buffering capacities between 7.2 and 5.0, such as PEI and imidazole-
containing polymers, could buffer the endosome and potentially induces its rupture.
Polycations are believed to increase osmotic pressure in the endosome by the
so-called ‘proton sponge effect’ resulting in endosomal disruption and gene release
(Behr 1997; Boussif et al. 1995).

Polymeric micelles composed of a hydrophilic and polycationic segments have
attracted attention as non-viral gene/siRNA vectors due to their unique core/shell
structure and highly tunable characteristics. PEO-PLAA based copolymers have been
extensively investigated to develop gene/siRNA delivery. Recently, by introduction
cationic groups on the polyester block, PEO—polyesters have been emerging as impor-
tant polymeric micellar materials. Generally, neutralization of the positive charge on
the polycation by the negatively charged DNA will lead to micellization (Fig. 15b).

3.2 Development of PIC Micelles from PEO-PLAA
Jor Gene Delivery

Existence of several functional groups on a PLAA block offers the advantages for
PEO—PLAA to be used for gene/siRNA delivery. PEO-PLAA based gene vectors
can be smartly engineered to meet the challenges for DNA/siRNA delivery due to
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Fig. 15 (a) Schematic of the proton-sponge mechanism. Protonation of the proton-sponge polymer
(green) causes increased influx of protons (and counter-ions) into endocytic vesicles. Increasing
osmotic pressure causes the vesicle to swell and rupture (Reproduced from Pack et al. 2005 with
permission). (b) Schematic illustration of formation of polyion complex (PIC) micelles from
amphiphilic copolymer and DNA

their easy synthesis and flexible chemistry in their structures. For example, PEO—
poly(L-lysine) (PEO-PLL) micelles have been extensively used for application in
gene delivery because the amine-contained core-forming block can form a stable
polyion complex with DNA through an electrostatic interaction (Ward et al. 2002;
Lee et al. 2005b; Katayose and Kataoka 1997, 1998; Kakizawa et al. 1999, 2001;
Harada et al. 2001; Miyata et al. 2004; Meister and Anderson 1983; Behr 1997,
Boussif et al. 1995). PEO—PLL micelles were injected via superior mesenteric
vein and showed sustained gene expression in the liver for 3 days. However,
PEO—PLL has high CMC and may dissociate upon dilution.

To increase the stability of PEO-PLL micelles against dissociation, PEO-PLL
micelles with crosslinked core were prepared by substituting certain fractions of the
lysine residues in the PLL core with thiol groups which can readily form disulfide
cross-links with other sulfide substituted PEO-PLL polymers and develop a net-
work structure in the micelle core after DNA complexation (Kakizawa et al. 1999,
2001; Harada et al. 2001). The cross-linked core of the micelles can be cleaved
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inside the cell in the presence of reducing glutathione abundant in the cytoplasm
but not in blood compartment (Meister and Anderson 1983). However, introduction
of thiol groups was found to decreases the electrostatic association sites for the
interaction of PLL and DNA. To deal with this problem, Traut’s reagent was used
to introduce the crosslinking thiol groups to the PLL and, meanwhile, avoid the loss
of charge density of the block copolymer segment (Miyata et al. 2004).

To promote endosome escape, PEO-PLAA-based block copolymers that con-
tain two or more amino groups in the side chain have been designed to use ‘proton
sponge effect’ (Kanayama et al. 2006; Itaka et al. 2004). The primary amine group
at the distal end of the side chain showed a high pKa and was used for complexation
with negatively charged siRNA or DNA. The secondary amine of the side chain
located closer to the polymeric backbone showed a lower pKa and was expected to
provide buffering capacity for proton sponge effect. These block catiomers, were
prepared by the aminolysis of PEO—poly(-benzyl-L-aspartate) (PEO-PBLA) with
either diethylenetriamine (DET), 4-methyldiethylenetriamine (MDET) or N,N-
diethyldiethylenetriamine (DEDET). Both the PEO-P[Asp(MDET)] and PEO-
P[Asp(DEDET)] polyplex micelles showed an appreciably lower transfection than
the PEO-P[Asp(DET)] polyplex micelles. The optimum transfection efficiency
was obtained by DET substituted PEO-PBLA micelles. In a separate study, dipro-
pylenetriamine (DPT) was reacted with PEO-PBLA. The polyion complex of this
system with siRNA has shown superior transfection efficiency over lipid-based
commercial vector for siRNA delivery i.e., RNAiFect. Free polycations in such
polyplexes substantially contribute to efficient transfection due to proton sponge
effect but also introduce toxic effects.

To reduce the free-polycation mediated toxic effects for in vivo gene delivery,
PEO-PLL based triblock polymers were designed to have multiple functions in the
core. Briefly, the triblock copolymer consisted of PEO, poly((3-morpholinopropyl)
aspartamide) (PMPA) as the low pKa segment with buffering capacity, and PLL as
the high pKa segment to condense DNA (Itaka et al. 2004). When plasmid DNA
was encapsulated in PEO-PMPA-PLL it revealed one order of magnitude higher
transfection efficiency than PEO-PLL, which was comparable to the transfection
efficiency of plasmid DNA encapsulated PEI at the corresponding negative to posi-
tive (N/P) ratio, without showing appreciable cytotoxicity. Synthesis of tri-block
copolymers of PEO-PEI-PBLG has also been reported where hydrophobicity of
PBLG was used to induce micellization where PEI was used to incorporate plasmid
DNA effectively (Tian et al. 2005).

To achieve active targeting, ligand-modified PEO-PLAA micelles were devel-
oped for gene delivery. For cancer-targeted gene therapy, cyclic RGD peptide
(c(RGDfK)), which specifically recognize integrin avB3 receptors expressed in
cancer and its vascular endothelial cells as well, was conjugated at the end of
PEG-PLL block copolymer (Oba et al. 2008). The c(RGDfK)-PEG-PLys/pDNA
polyplex micelle showed remarkably increased transfection efficiency compared
with non-targeted polyplex micelles against HeLa cells which express avp3 integ-
rins. The results from cellular uptake and intracellular distribution study suggested
that c(RGDfK)-modified micelles not only increased cellular uptake but enhanced
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intracellular trafficking of pDNA towards the perinuclear region via avp3 integrin
receptor mediated endocytosis, leading to increased transfection efficiency for Hela
cells. In another study, lactose-modified polymeric micelle encapsulating pDNA
targeted to hepatocytes, which possess abundant ASGP receptors that recognize
lactose moieties was developed for liver targeting (Wakebayashi et al. 2004b). The
lactose micelle was significantly more efficient to transfect HepG2 cells (hepa-
toma) than the micelle-lacking lactose. A competitive assay using asialofetuin
(ASF), a natural ligand against ASGP receptors, inhibited uptake of the lactose-
installed micelle, suggesting that ASGP receptor-mediated endocytosis is a major
pathway for the cellular uptake of the lactosylated micelle.

3.3 Development of PIC Micelles from PEO-Polyesters
Jor Gene/siRNA Delivery

Polyesters are biodegradable and biocompatible polymers and have a history of
safe application in absorbable biomedical devices such as sutures. Compared to
PLAA, polyester tends to be more hydrophobic and micelles formed from PEO-b-
polyester are more stable upon dilution after intravenous injection. PEO—polyesters
such as PEO-b-PLGA and PEO-PCL have been extensively explored in drug
delivery. However, the lack of cationic moieties and untailorable polyester block in
their structures limits their use for gene or siRNA delivery. Although a few of
papers reported using PLGA-based particulate carriers to encapsulate antisense
oligonucleotides or plasmid DNA, the encapsulation efficiency of gene is often low
and the energy or complicated procedures are required to increase DNA encapsula-
tion which results in some denaturation of the DNA. Therefore, there is a need to
modify PEO-b-polyesters to enable them suitable for gene/siRNA delivery.
Modifications of PEO—polyesters have been made either by attaching cationic
blocks or moieties at the end of polyester block or functionalization of the polyes-
ter block with cationic moieties. These cationic moieties would provide anchoring
site for genetic cargoes. Amine-containing group was attached to the end of
PEO-PCL to prepare amine-terminated PEO-PCL (PEO-PMCL) which can
effectively encapsulate DNA by electrostatic interaction to self assemble into
micelles (Jang et al. 2006). Compared to physically encapsulated DAN in PEO-
PCL micelles, DAN encapsulated PEO-PMCL micelles showed remarkably
increased encapsulation efficiency and transfection efficiency of DNA toward
normal human fibroblast cells without introducing obvious cytotoxicity. Triblock
copolymer of PEO, PCL and PEI was synthesized by grafting the activated PEO—
PCL onto the hyperbranched PEI (Shuai et al. 2003) (Fig. 16a). The resulted
polymers are completely water soluble or form micelles depending on the polymer
composition. Complexation of plasmid DNA with various copolymers can form
micelle-like particles of 200 nm in diameters with neutral surface (Fig. 16b). With
well-controlled composition over these copolymers, pPDNA complexed in PEO-
PCL-PEI with high CMC or good solubility showed enhanced DNA binding and
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Fig. 16 PEO-b-PCL-PEI micelles for plasmid DAN delivery. (a) Structure of PEO-PCL-PEI
micelles. (b) PEO-PCL-PEI/pDNA micelles (¢) pPDNA complexed PEO-PCL-PEI micelles with
a-CD to decrease the hydrogen bonding led to increased gene transfection efficiency

condensation and excellent transgene expression efficiency comparable to PEI/
DNA polyplexes but better biocompatibility and potential biodegradability but
lower cytotoxicity than PEI. However, PEO-PCL-PEI with high PEO graft den-
sity and long PCL blocks showed very poor gene expression due to hydrophobic
PCL and hydrogen bonding between PCL and PEI. Therefore, a-cyclodextrin
(a-CD) was used to break the hydrogen bonds and dissolute PCL block as well by
formation of inclusion complexes between o-CD and PCL blocks(Shuai et al.
2005). Addition of a-CD led to increased gene transfection efficiency and excel-
lent biocompatibility for the delivery system for in vivo use (Fig. 16c).

Instead of introducing new cationic block or group to the end of PCL, our group
has grafted various polyamine moieties to PCL block for siRNA delivery (Xiong
et al. 2008b). After introducing carboxylic groups to caprolactone units of PCL
block, we synthesized a novel family of PEO—PCL based polycationic copolymers,
i.e., PEO-PCL with grafted spermine (PEO-P(CL-SP)), tetraethylenepentamine
(PEO-P(CL-TP)), or N,N-dimethyldipropylenetriamine (PEO-P(CL-DP))
(Fig. 17a). These polyamine-grafted PEO-PCL copolymers demonstrated good
compatibility and were able to effectively bind siRNA, self-assemble into micelles,
protect siRNA from degradation by nuclease and release complexed siRNA effi-
ciently in the presence of low concentrations of polyanionic heparin. siRNA formu-
lated in PEO-P(CL-SP) and PEO-P(CL-TP) micelles showed efficient cellular
uptake through endocytosis by MDA435/LCC6 cells transfected with MDR-1 gene,
which encodes for the expression of P-glycoprotein (P-gp). Importantly, the siRNA
formulated in PEO-P(CL-SP) and PEO-P(CL-TP) micelles demonstrated effective
endosomal escape after cellular uptake (Fig. 17b). MDRI targeted siRNA formu-
lated in PEO-P(CL-SP) and PEO-P(CL-TP) micelles exhibited efficient gene
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Fig. 17 (a) Structures of PEO-P(CL—polyamine) copolymers and siRNA complexed PEO-
P(CL—polyamine) micelles. (b) Assessment of endosomal escape for PEO-b-P(CL-g-TP) and PEI
after intracellular uptake by endocytosis upon 1 and 3 h incubation by confocal microscopy. The
cells were treated with FAM-labeled siRNA formulated in PEO-b-P(CL-g-TP) and PEI (green,
panel a); Lysosomes and nuclei were stained by LysoTracker (red, panel b) and DAPI (blue, panel c),
respectively, and the images were merged in panel d. The endosomes/lysosomes in cells treated
with PCI micelles and particles in different phases were magnified in e and f, respectively
(Reproduced from Xiong et al. 2008b with permission)
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Fig. 18 Virus-mimetic polymeric micelles for siRNA delivery. (a) Structures of ligand-
attached PEO-P(CL—-polyamine) copolymers. (b) RGD/TAT-micelles with complexed siRNA.
(¢) Endosome escape of RGD/TAT-PEO-P(CL-SP)/siRNA micelles after incubation with
MDA435/LCC6 resistant cells for 4 h (green: FAM-siRNA, red: Lysotracker red, and blue:
DAPI) (Reproduced from Xiong et al. 2010b with permission)

silencing for P-gp expression. However, high concentration of siRNA needs to be
used to achieve P-gp silencing which might bring off-target gene silencing.

To increase siRNA delivery efficiency and achieve cancer targeting as well,
PEO-PCL micelles with structural features mimicking that of viral vectors were
developed and their potential for siRNA delivery was assessed (Fig. 18) (Xiong
et al. 2010b). The micellar shell composed of PEO was decorated with virus-related
peptides such as integrin avp3 targeting peptide (RGD4C) and/or cell penetrating
peptide (TAT), while the micellar core composed of PCL was modified with a
polycation (spermine) for siRNA binding and protection. The peptide-functional-
ized micelles especially those with dual functionality (RGD/TAT-micelles) demon-
strated increased cellular uptake and effective endosomal escape of siRNA
compared to unmodified micelles (NON-micelles) in MDA435/LCC6 resistant
cells. Transfection of mdrl siRNA formulated in peptide-modified micelles led to
P-gp down regulation both at the mRNA and protein level, and therefore increased
DOX accumulation in the cytoplasm and nucleus. Compared to RGD- or TAT-
micelles, RGD/TAT-micellar siRNA complexes produced improved cellular uptake,
P-gp silencing, DOX cellular accumulation, DOX nuclear localization and DOX
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induced cytotoxicity in MDA435/LCC6 cells, pointing to the potential of RGD/
TAT-functionalized virus-like micelles as promising carriers for efficient delivery to
reverse the P-gp mediated multidrug resistance.

4 Polymeric Micelles for Nonparental Drug Administration

Research on the potential benefit of polymeric micelles in improving the absorption
and bioavailability of drugs through non-intravenous routes of administration is in
its infancy (Bromberg 2008; Malik et al. 2007). Polymeric micelles can enhance the
oral absorption of encapsulated drugs in different ways (Mathot et al. 2006; Sant
et al. 2005) including an increase in the apparent solubility of hydrophobic drugs;
protecting the encapsulated drug against degradation in gastrointestinal tract;
prolonging drug residence time through insertion of mucoadhesive shells, facilitating
the transport of the encapsulated drug through the epithelial barrier by fluid phase
endocytosis; bypassing or inhibiting the efflux pumps; and targeting specific carriers
for receptor mediated transport. In addition to oral route, attention has been paid to
the application of polymeric micelles through transdermal and ocular administra-
tion (Tu et al. 2007; Liaw and Lin 2000; Gupta et al. 2007). Pluronic F-127, has
been widely used to provide a transdermal delivery through enhancement of pene-
tration in the stratum corneum and the viable epidermis layer (Ruiz et al. 2007).
The utility of Pluronic F127 for ocular delivery of pilocarpin has also been assessed
(Desai and Blanchard 1998).

5 Concluding Remarks and Perspectives

In this chapter, we provided an update on several chemical strategies used to
enhance the properties of nanoscopic core/shell structures formed from self assembly
of ABCs, namely polymeric micelles. Clearly, versatility of polymer chemistry in
ABCs provides unique opportunities for tailoring polymeric micelles for optimal
properties in gene and drug delivery. Chemical modification of the polymer structure
in the micellar core through introduction of hydrophobic or charged moieties, con-
jugation of drug compatible groups, core cross-linking has led to enhanced stability
for the micellar structure and sustained or pH-sensitive drug release. The modifica-
tion of polymeric micellar surface with specific ligands (carbohydrates, peptides,
antibodies) have shown benefit in enhancing the recognition of carrier by selective
cells leading to improved drug and gene delivery to the desired targets. Importantly,
their self-assembly nature in aqueous environment offers the opportunity to scale-up
the production of the micelle formulation to meet potential clinical application.
Despite that the importance and benefit of chemical flexibility of block copoly-
mers in improving the delivery properties of polymeric vesicles can also be envi-
sioned, research in drug delivery by polymeric nanocarriers is still in its infancy.
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The demanding challenge of the future research in this field is to find the right
carrier architecture and optimum polymer chemistry that can improve the delivery
of sophisticated and complex therapeutic agents (e.g., poorly soluble drugs, pro-
teins and genes) to their cellular and intracellular targets. For a potential clinical
application, barriers like high drug loading, stable drug encapsulation, controlled
drug release, and micelle-cell interaction should be addressed, a large-scale good
manufacturing practice (GMP) production procedure should be developed, and the
safety profile needs to be established.
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Stimuli-Responsive Polymersomes

Min-Hui Li

Abstract Polymer vesicles, commonly called polymersomes, are spherical shell
structures in which an aqueous compartment is enclosed by a bilayer membrane made
from amphiphilic block copolymers. Compared to liposomes, their low molecular
weight analogues, polymersomes have many superior properties (higher toughness,
better stability, tailorable membrane properties), which make them attractive candidates for
applications including drug delivery, diagnosis, nanoreactors and templates for micro- or
nano-structured materials. Many potential applications require the ability to control the
release of substances encapsulated in the interior compartment and /or in the hydrophobic
core of membrane. To address this goal, polymersomes have been developed in which
a specific stimulus destabilises the vesicular structure. The responsiveness is mainly
achieved via proper hydrophobic block design. In this chapter we review the most promis-
ing approaches to make stimuli-responsive polymersomes that permit the controlled
release of encapsulated contents. Chemical stimuli including hydrolysis, oxidation,
reduction and pH change, and physical stimuli including temperature, light, magnetic
field, electric field, osmotic shock and ultrasonic wave are discussed, on emphasizing
their effects on the chemical and physical structure of the amphiphilic copolymers.

Keywords Polymersomes ¢ Responsive o Amphiphilic block copolymers
o Chemical stimuli « Physical stimuli

1 Introduction

Polymersomes, or polymer vesicles (Discher and Eisenberg 2002a; Hammer and
Discher 2001), are macromolecular homologues of liposomes, or lipid vesicles.
They have spherical shell structures in which an aqueous compartment is enclosed
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by a bilayer membrane made of amphiphilic block copolymers. Because of the high
molecular weight of the block copolymers, the polymer bilayer has a higher thick-
ness (10-30 nm) than that of the lipid blilayer (3—5 nm). Moreover, the critical
micelle concentrations C_,,. as well as the amphiphile exchange rates between
aggregates (generally proportional to C,,, ) are lower for polymersomes than those
for liposomes. These confer polymersomes greater toughness and superior stability
than liposomes. Polymersomes are therefore excellent candidates for drug carriers.
Their interior cavity can be used for the encapsulation of hydrophilic substances
such as hydrophilic therapeutics, while the hydrophobic bilayer membrane can trap
hydrophobic moieties such as hydrophobic therapeutics or dye molecules for bio-
medical imaging (Discher and Ahmed 2006). More interestingly, polymer chemis-
try enables almost unlimited molecular design of polymersomes (Taton and Gnanou
2006). Their membrane properties can be extensively tailored by variation of
chemical structures of each polymer component (Napoli et al. 2006; Mabrouk et al.
2009b; Battaglia and Ryan 2005). Targeted transport can be achieved by taking
advantage of the many possibilities to end-functionalize the copolymers (Lin et al.
2004; Meng et al. 2005; Broz et al. 2005; Ben-Haim et al. 2008; Christian et al.
2007; Hammer et al. 2008; Zupancich et al. 2009; Robbins et al. 2010; Nehring
et al. 2009; Geng et al. 2006; Demirgoz et al. 2009; van Dongen et al. 2008;
Opsteen et al. 2007; Sun et al. 2009). The controlled release of therapeutic sub-
stances can be integrated through the use of copolymers with blocks that respond
to external or internal stimuli in the treated disease sites (Meng et al. 2009; Li and
Keller 2009; Du and O’Reilly 2009; Onaca et al. 2009).

In order to achieve effective intracellular drug delivery, the polymersomes
should be engineered to (1) survive in biological fluids and extracellular space,
(2) bind to cell surface, (3) escape or survive in the endocytic pathway, (4)
release drug when the cytosol or another desired intracellular compartment is
reached. Development of “smart” polymersomes, i.e., stimuli-responsive poly-
mersomes bearing a protective coat, site-specific targeting ligands and a cell-
penetrating function, is the current research trend in this field. In this review,
we will focus on the stimuli-responsive properties of polymersomes made from
amphiphilic block copolymers. The responsiveness is mainly achieved via
proper hydrophobic block design so that the hydrophobic core of the membrane
can be altered or destroyed under the action of chemical and physical stimuli.
Before the detail discussion of this issue, we first briefly discuss the choice of
hydrophilic block, the structural requirement of block copolymer for polymer-
some formation, and the techniques employed for polymersome preparation,
and strategies to get controlled release.

1.1 Hydrophilic Block Choice

Biocompatible and flexible hydrophilic polymers are usually utilized as the hydro-
philic block of the amphiphilic block copolymers in order to design non-fouling



Stimuli-Responsive Polymersomes 293

and non-antigenic (stealth) polymersomes for a long circulation time in the
bloodstream (Knop et al. 2010). The most used hydrophilic polymer is polyeth-
ylene glycol (PEG, also known as polyethylene oxide, PEO), which is a neutral
polymer and confer the steric stabilization to polymersomes (Lasic and
Papahadjopoulos 1998; Semple et al. 1998). Other neutral polymers have also
been developed, such as poly(2-methyloxazoline) (PMOXA) (Nardin et al. 2000),
which also shows low non-specific protein binding ability (Woodle et al. 1994)
and poly[2-(methacryloyloxy)ethyl phosphorylcholine] (PMPC), a promising
hydrophilic block reported recently (Du et al. 2005; Du and Armes 2009). Several
hydrophilic polymers attempted first for stealth liposomes, including poly[N-
(2-hydroxypropyl)methacrylamide] (Whiteman et al. 2001), poly-N-vinylpyrroli-
dones (Torchilin et al. 2001), polyvinyl alcohol (Takeuchi et al. 2001) and
amino-acid-based biodegradable polymer (Romberg et al. 2007), can also be used
to design the hydrophilic block of polymersomes. Hydrophilic peptide-based
polymers have attracted considerable interests for their high biocompatibility
(Kukula et al. 2002; Bertin et al. 2010).

The polyacrylic acid (PAA) is a typical non-neutral hydrophilic block for
polymersome preparation (Zhang and Eisenberg 1995b), which is anionic in physi-
ological pH (=7.4). Kataoka’s group has shown that anionic polymer spherical
micelles had significant promise over neutral spherical micelles in evading the
mononuclear phagocytic system of liver and spleen that is primarily responsible for
the clearance of foreign particles (Yamamoto et al. 2001). A recent research in
Discher’s group (Christian et al. 2010) has taken advantage of this anionic profile
to make very long-circulating polymersomes with a red cell-like surface charge.
As a matter of fact, the life span of healthy human red blood cells is of 100 days,
while the polymersomes with neutral PEG hydrophilic shell circulate for 1-2 days.
The red blood cells’ external “glycocalyx” contains sialic acid which imparts a
negative surface charge of approximately —15 mV. Discher’s group has achieved
this surface charge of polymersomes by blending an anionic diblock copolymer,
poly(acrylic acid)-b-polybutadiene (PAA-b-PBD), with a neutral diblock copolymer
(PEG-b-PBD) under physiological conditions.

1.2 Structural Consideration of Block Copolymers
Jfor Polymersome Formation

The unfavourable contact between water and the hydrophobic part of amphiphilic
molecules leads to their self-assembly into small aggregates in water with a hydro-
phobic core and a hydrophilic shell. The aggregates display rich polymorphism, the
simplest structure being spherical micelles. If only isotropic fluidlike arrangements
are considered in the hydrophobic core and in the hydrophilic shell, the self-orga-
nizing structures can be partially predicted on the basis of concepts developed for
small amphiphilic molecules, such as the ‘spontaneous curvature’ or the ‘critical
packing parameter’, defined as p =v/al, where v is the hydrophobic volume, a is the
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optimal interfacial area and [ is the length of the hydrophobic block normal to the
interface.(Israelachvili 2005) For p<1/3, surfactants are predicted to assemble into
spherical micelles; for 1/3<p<1/2, cylindrical micelles are expected; and for
1/2<p<1, lamellar aggregates or vesicles should form spontaneously. The packing
parameter is not strictly a geometrical parameter, since it is dependent on a number
of other factors such as thermodynamics and interactions. In the case of coil-coil
polymer amphiphiles, for example, the consideration of the packing parameter is
more complicated and should be connected with the macromolecular character of
each block, including the entropy contribution and the interaction between water
and the hydrophilic polymer block. It is often noted that the morphology of self-
assembled block copolymer aggregates is governed primarily by three components
of the free energy of aggregation: (i) core—chain stretching, (ii) interfacial energy,
and (iii) intercoronal chain interactions (Gennes 1978; Zhang and Eisenberg 1998;
Halperin et al. 1992). These components depend on the chemical structure of the
copolymer, the hydrophilic/hydrophobic ratio, the copolymer concentration in solu-
tion, the solvent properties such as the type of organic solvent and the ratio of
organic solvent/water, salt concentration, solution pH, temperature or shear rate.
Extensive studies have been made on prototypical amphiphilic block copolymers,
such as poly(acrylic acid)-b-polystyrene (PAA-H-PS) (Zhang and Eisenberg
1995a, 1996), PEG-b-PS (Yu and Eisenberg 1998; Bhargava et al. 2006), PEO-b-
PBD (Won et al. 1999; Jain and Bates 2003; Discher and Eisenberg 2002b),
polyethyleneglycol-b-polycaprolactone (PEG-b-PCL) (Meng et al. 2003;
Ghoroghchian et al. 2006; Ahmed and Discher 2004), poly(methacrylic acid)-b-
polybutadiene (PMAA-b-PBD) (Fernyhough et al. 2009). Spherical micelles,
cylindrical micelles and bilayer vesicles have all been observed in these coil-coil
polymer systems. An appropriate phospholipids-like hydrophilic/hydrophobic ratio
is often used as a practical guide to prepare block copolymers which form vesicles.
But this is not universal to all systems and should be taken with care. For example,
vesicles were formed directly in water by PEO-b-PBD as its hydrophilic to total
mass ratio f was around 35% (a phospholipids-like ratio), while vesicles were also
obtained by PAA-b-PS with a very short hydrophilic block (e.g. f<20%, even at
4%) in the mixture of water and dioxane (Eisenberg 1999).

If the organization in the hydrophobic core and/or in the hydrophilic shell is not
isotropic fluidlike, but crystalline or strongly bound by hydrogen bonding or m—n
stacking etc, considerable changes will take place in the micellar aggregates
(Antonietti and Forster 2003). Rigid rods and tubules instead of fluid cylindrical
micelles and planar bilayers are, for example, obtained in these kinds of small
amphiphilic molecules. In the case of coil-rod block copolymers, the shape anisot-
ropy and additional order (introduced by liquid crystalline, crystalline structures
and secondary peptide structures such as o helices or 3 sheets) in the rod-like block
also influences considerably the self-assembly (Pinol et al. 2007; Jia et al. 2009;
Jenekhe and Chen 1998; Massey et al. 2000; Kukula et al. 2002; Bellomo et al.
2004; Burkoth et al. 2000; Jiang et al. 2007a). In conclusion, the polymersome
formation depends on the chemical and physical structure of the block
copolymers.
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1.3 Polymersome Preparation

Polymersome preparation requires the mutual diffusion of water into the bulk block
copolymer and vice versa (Battaglia and Ryan 2006). In general, all reported meth-
ods for liposome preparation can also be used for polymersome preparation (Szoka
and Papahadjopoulos 1978; Gregoriadis 1992; Angelova and Dimitrov 1986;
Pautot et al. 2003a). In preparation protocols, the contact between water and poly-
mer can be achieved directly or with the aid of organic solvent if the hydrophobic
block is glassy at the preparation temperature. For block copolymers with hydro-
phobic blocks with a low Tg, such as PEO-b-PBD (T, pgp ~ -90°C to —8°C accord-
ing to their relative 1,4- and 1,2-content), vesicles can be formed by direct hydration
techniques assisted by sonication or electrical field (Dimova et al. 2002). In con-
trast, block copolymers with a glassy hydrophobic block, such as PAA-b-PS
(Tg,PSN 100°C), often require an organic co-solvent to fluidize the polymer layers.
Typically, a polymer solution is first prepared in an organic solvent and the solvent
is then gradually exchanged with water (Zhang and Eisenberg 1995b). It belongs to
a more general nanoprecipitation method based on the interfacial deposition due to
the displacement of a solvent with the non-solvent. Recently, microfluidic and
micro-patterning technology have opened some fascinating ways to prepare poly-
mersomes with controlled size and efficient encapsulation (Hauschild et al. 2005;
Shum et al. 2008; Stachowiak et al. 2009; Howse et al. 2009).

Polymersome preparation methods discussed above naturally lead to a symmet-
ric copolymer distribution between both leaflets of bilayer membrane. One special
method, called inverted emulsion which is first developed by Weitz’ group for lipo-
somes (Pautot et al. 2003c), permits to obtain asymmetric vesicles by independent
assembly of the inner and outer leaflets of the vesicle (Pautot et al. 2003b). Briefly,
the inner monolayer is first formed via the emulsification of water droplets in oil
containing the first amphiphile of interest. The outer monolayer is then formed by
the centrifugation of the water droplets stabilized by the first amphiphile through
the monolayer of the second amphiphile at the interface between a second oil solution
(containing the second amphiphile of interest) and a water solution.

1.4 Strategies for Controlled release

The major advantage of polymersomes is that they can be used as carriers of
hydrophilic substances (in the interior compartment) as well as hydrophobic sub-
stances (in the membrane) offering a cocktail-treatment or a diagnostic-therapy
combination in biomedical applications. A crucial question here is how to release
the active substances when and where they are needed. In general, the continuous
loss of encapsulated substance via diffusion is very slow as a result of the consider-
able thickness of the polymer membrane. In some cases, more selective permeabil-
ity has been achieved through the use of special chemical structures for the block
copolymer (Battaglia et al. 2006), (Vriezema et al. 2007), or by incorporating
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channel proteins into the polymersome membranes (Choi and Montemagno 2005).
In most applications it is highly desirable to be able to control the release of encap-
sulated substance by triggering a change in membrane properties of polymersomes
via the action of a stimulus. The present chapter focuses on this issue of controlled
release and reviews the most promising approaches to create stimuli-responsive
polymersomes. So far, two strategies have been followed to achieve the controlled
disassembly of polymersomes. The first one exploits the vast possibilities of chemi-
cal synthesis to develop polymer membranes sensitive to the chemical stimuli,
including hydrolysis, oxidation reaction, reduction reaction and pH change. The
second strategy, which also takes advantage of the chemical diversity of polymers,
uses physical stimuli, such as temperature variation, light, magnetic fields, electric
field, osmotic shock or ultrasonic wave, to remotely destroy the polymersomes.
Stimuli-responsive polymersomes are then reviewed in detail according to these
two strategies by dividing the stimuli into chemical and physical stimuli.

2 Polymersomes Responsive to Chemical Stimuli

2.1 Response to Hydrolytic Degradation

Biodegradable polyester-based polymersomes have been made from polyethyle-
neglycol-b-polylactic acid (PEG-b-PLA) (Ahmed and Discher 2004), (Meng et al.
2003), polyethyleneglycol-b-polycaprolactone (PEG-b-PCL) (Ghoroghchian et al.
2006), and polyethyleneglycol-b-poly(y-methyl-e-caprolactone) (PEG-b-PMCL)
(Zupancich et al. 2006). Under physiological conditions (pH=7.4), these polyesters
degrade by hydrolysis. However, polyester hydrolysis is accelerated by low pH,
which may be useful given the acidic environment in tumors and endolysosomes.
To provide controllable degradation and adjustable release times ranging from
hours to weeks, polymersomes were formed by blending PEG-b-PLA and PEG-b-
PCL with inert PEO-b-PBD (Ahmed and Discher 2004). These polymersomes were
loaded with two anticancer drugs. Doxorubicin (water soluble) was loaded in the
aqueous interior of the polymersomes while paclitaxel (water insoluble) was
included in the hydrophobic layer of the membrane. The loaded polymersomes
were degraded in vivo and drug release occurred with a time scale of a day. This
degradation and release was shown to be coupled with the phase transition behav-
iour of the block copolymer amphiphiles (see Fig. 1). Polyester hydrolysis occurs
preferentially at the chain end, thereby increasing the hydrophilic/hydrophobic
ratio of PEG-polyester chains and preferred curvature of the self-assembly. If we
discuss with the packing parameter p, the hydrophobic chain shortening induces a
decrease of p value from 1 to 1/2 to 1/3. The comparatively short hydrophobic
blocks of the degraded chains are unstable in a bilayer. Instead, they tend to segre-
gate, congregate, and ultimately induce hydrophilic (i.e., PEG-lined) pores and
eventually the vesicular carriers disintegrate into mixed micellar assemblies. These
polymersomes are a promising method for multi-drug delivery.
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Fig. 1 Representative time series showing the breakdown structures formed as PEG-b-PLA
polymersomes transform from vesicles to worm-like micelles. The scale bars in the cryo-TEM
images are 100 nm. (Reproduced from ref. Ahmed et al. 2006)

2.2 Response to Oxidation Reaction

Instead of hydrolyzing the hydrophobic polymer block, Hubbell and co-workers
changed the value of hydrophilic/hydrophobic ratio via oxidation of the hydropho-
bic block. This strategy could potentially exploit the oxidative environment present
in sites of inflammation as well as within endolysosomes. They developed oxidation-
responsive polymersomes from PEO-b-PPS-b-PEO (PPS: polypropylene sulphide)
triblock copolymers (Napoli et al. 2004a, b, 2005), and showed that exposure to
either aqueous H,0, or H O, from glucose-oxidase/glucose/oxygen system
oxidized the hydrophobic polypropylene sulphide layer, thereby transforming it
into hydrophilic poly(propylene sulphoxide) and poly(propylene sulphone).
Oxidation thus increased the hydrophilic percentage in the amphiphilic system,
thereby causing a transition from polymersomes to wormlike micelles, spherical
micelles, and eventually soluble oxidized copolymers. This transition took about
10 h in 10-vol%H,0O, aqueous solution and around 300 h in 0.03-vol% H.,O,. These
oxidation-responsive polymersomes may find applications as nanocontainers in
drug delivery, biosensing and biodetection.

2.3 Response to Reduction Reaction

Reduction-sensitive materials containing disulphide bonds have been used to
produce reduction-responsive polymersomes. Hubbell and co-workers recently
reported polymersomes based on diblock copolymers PEG-SS-PPS, where a
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Fig. 2 Polymersomes formed from the block copolymer, PEG ,-SS-PPS, , where the hydrophilic
poly(ethylene glycol) (PEG) and the hydrophobic poly(propylene sulfide) (PPS) are connected
with a reductive disulfide group. (Reproduced from ref. Cerritelli et al. 2007)

reduction-sensitive disulphide link (-S-S-) was placed between the two blocks
(see Fig. 2) (Cerritelli et al. 2007). Intracellular glutathione or cysteine can reduc-
tively cleave these links and thereby destabilise the system. Other reductive com-
pounds such as dithiothreitol and tris(2-carboxyethyl)phosphine can also cleave the
disulfide bonds (Li et al. 2006b).

Polymersomes formed from the block copolymer PEG-SS-PPS were demon-
strated to break down in the presence of intracellular concentrations of cysteine. In
cellular experiments, uptake, disruption, and release were observed within 10 min
of exposure to cells, well within the time frame of early endosome and endolyso-
somal processing. This system presents obvious advantages over the hydolysis and
the oxidation responsive polymersomes reviewed above. The hydrolysis process is
not nearly as fast (>hours) and the low pH needed to accelerate the hydrolysis is
encountered only within the lysosomal compartment of the endosomal-lysosomal
processing pathway. Oxidative conditions are also not encountered until the vesi-
cles are processed within the lysosome. In both cases, the release can be too late for
sensitive biological macromolecules, i.e. within the less desirable lysosome, where
biomolecular drugs are exposed to very harsh conditions, rather than the more
desirable endosome. In contrast, reduction-responsive polymersomes can rapidly
burst within the early endosome, releasing their contents prior to exposure to the
harsh conditions encountered after lysosomal fusion. This system may be useful in
cytoplasmic delivery of biomolecular drugs such as peptides, proteins, oligonucle-
otides, and DNA.
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2.4 pH Response

2.4.1 pH Responsive Polymersomes Formed from Synthetic
Block Copolymers

Vesicles containing polymer blocks with solubility responding to changes in pH
present additional opportunities for controlled release. A pH-response can be
obtained either by using polyacid blocks (e.g. PAA) whose ionization status can be
changed by a pH variation, or by using polybase blocks (e.g. PVP: polyvinyl pyri-
dine) that can be rendered water soluble by protonation at low pH. One distinct
advantage of pH-triggered release is the fast response of the system. For example,
the acid-induced change for the polybase blocks solubility occur almost instanta-
neously, whereas the hydrolysis of PLA or PCL, occurs over time scales ranging
from minutes to days, even when it is acid-catalyzed.

We will first discuss systems based on polyacid. Since the early work of
Eisenberg’s group (Zhang and Eisenberg 1995b) on mapping the phase diagram of
“crew-cut” PAA-b-PS in dilute organic/aqueous solution, Liu & Eisenberg (Liu and
Eisenberg 2003) have shown rapid pH-triggered inversion of amphiphilic triblock
copolymer vesicles of PAA-b-PS-b-PAVP in organic/aqueous solution mixtures. For
vesicles formed from a PAA-H-PBD diblock copolymer in water, Discher’s group
(Geng et al. 2005) observed that a sudden increase in pH induced the rapid (~min-
utes) transition of vesicles into worms and spheres. Chiu’s group has recently
reported an interesting work on polymersomes with pH-responsive transmembrane
channels (Chiu et al. 2008). The copolymers used to form vesicles were not block
copolymers but rather random copolymers of acrylic acid (AAc) and distearin acry-
late (DSA), that were obtained from partial transesterification of poly(N-acryloxy-
succinimide) (poly(NAS)) with distearin (a lipid graft) followed by thorough
hydrolysis of the un-reacted NAS to AAc units. Using a double emulsion technique
in a water/oil/water system and a copolymer with an average molecular weight of
2.97%10° g mol™! and a composition of 9.1 mol% DSA, they prepared large poly-
mersomes that contained small polymersomes and had a pH of 4.0-5.5 within the
interior aqueous compartment (see Fig. 3). When the pH was increased to 6.5, the
vesicles became permeable to hydrophilic solutes. The authors suggested that un-
ionized AAc-rich regions in the hydrophobic bilayer regions of distearate grafts
(parallel to the aligned lipid chains) could act as pH-responsive channels. When the
pH was increased to 6.5, AAc ionization would occur and the resulting abrupt
disruption of hydrogen bonds and hydrophobic association of un-ionized AAc
would create permeable channels. This system is an elegant example of vesicles
that were equipped with transmembrane channels without requiring the incorpora-
tion of channel-forming proteins. Similarly, Eisenberg’s group (Yu et al. 2009)
has also reported polymersomes with pH-induced reversible change of permeabil-
ity to water and to proton. They call them “breathing” polymerosmes, which
are prepared from triblock copolymer poly(ethylene oxide) -b-polystyrene
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Fig. 3 Tllustration of multi-vesicular assemblies produced via a two-stage double emulsion of
poly(AAc-co-DSA). The resulting vesicles are equipped with pH-responsive transmembrane
channels. (Reproduced from ref. Chiu et al. 2008)

130-D-poly(2-diethylaminoethyl methacrylate) ,, (PEO,-b-PS ,-b-PDEA ).
Self-assembly into vesicles was carried out at a pH of ca.10.4. The vesicle wall
was shown by cryo-TEM to consist of a sandwich of two external ca. 4 nm thick
continuous PS layers and one ca. 17 nm thick PDEA layer in the middle (Fig. 4).
As the pH decreases, both the vesicle size and the thickness of all three layers
increase. The increase of the thickness of the intermediate PDEA layer arises from

the protonation and hydration, but the swelling is constrained by the PS layers.
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Fig. 4 (a) cryo-TEM images of vesicle wall structures at pH 10.4, 8.53, 7.63, 6.22, 5.65, and 3.40,
respectively; (b) schematic illustrations of the three-layered wall structures at corresponding pH
values; (c) the chemical structure of the triblock copolymer used to form the breathing polymer-
somes. (Reproduced from ref Yu et al. 2009)

The increase of the thickness of the two PS layers is a result of an increasing
incompatibility and an accompanying sharpening of the interface between the PS
layers and the PDEA layer. Starting at a pH slightly below 6, progressive swelling
of the PDEA layer with decreasing pH induces a cracking of the two PS layers and
also a sharp increase of the vesicle size and the wall thickness.

For applications in chemical and gene therapy, pH-induced release based on poly-
base blocks may permit the delivery of drugs and genes into the cytosol via endolyso-
somal acidification and escape. Battaglia et al. recently prepared biomimetic pH



302 M.-H. Li

120-160

NaOH
20°C

]

| e :
PMPC-b-PDPA in water (pH 2) pH-sensitive vesicle at pH > 6

Fig. 5 Formation of PMPC-b-PDPA block copolymer vesicles. (Reproduced from ref.
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Fig. 6 Sequence of microscopy images showing the dissolution of a giant polymersome of P2VP-
b-PEO upon addition of dilute acetic acid. (Reproduced from ref. Borchert et al. 2006)

sensitive polymersomes for efficient DNA encapsulation (Lomas et al. 2007)
using pH-sensitive diblock copolymers, poly(2-(methacryloyloxy)ethyl-
phosphorylcholine)-b-poly(2-diisopropylamino)ethyl methacrylate) (PMPC-b-
PDPA, see Fig. 5), developed in Armes’ group (Du et al. 2005).

PMPC is a phospholipid-like, biocompatible, and stealthy hydrophilic polymer,
while PDPA is a polybase that has a pH-dependent solubility in water (pK, 5.8-6.6).
Such diblock copolymers form stable vesicles at physiological pH but rapidly dis-
sociate at around pH 5-6. DNA was encapsulated within these PMPC-b-PDPA
polymersomes at neutral pH, and lowering the solution pH then caused the disrup-
tion of the polymersomes and the formation of DNA-copolymer complexes.

Forster’s group has used poly(2-vinylpyridine)-b-polyethylene oxide (P2VP-b-
PEO) copolymers to produce another example of fast, complete release of polymer-
some contents via pH-induced dissolution (Borchert et al. 2006). P2VP is also a
polybase that is insoluble in water under neutral and alkaline conditions. However,
when the pH is below 5, P2VP is protonated and becomes water-soluble. Fig. 6
shows the rapid dissolution of a P2VP-b-PEO giant polymersome within around
30 sec resulting from the addition of dilute acetic acid.

Du and Armes have reported that variation of pH could be used to tune the
membrane permeability of cross-linked polymer vesicles in THF/water mixtures
(Du and Armes 2005). These vesicles are formed by a pH-responsive, hydrolyti-
cally self-crosslinkable copolymer, poly(ethylene oxide)-b-poly(2-(diethylamino)
ethyl methacrylate-star-3-(trimethoxysilyl)propyl methacrylate) (PEO-b-P(DEA-
stat-TMSPMA)). DEA homopolymer is water soluble at low pH and becomes
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insoluble above pH 7. In the cross-linked hydrophobic membranes of polymer-
somes, a decrease in solution pH protonates the DEA residues which causes in turn
the membrane swelling and the permeability increasing.

2.4.2 pH Responsive Polymersomes Formed from Peptide-Based
Polymersomes

Polypeptides are a special class of building blocks for vesicle-forming amphiphilic
block copolymers because of their stimuli-responsiveness (to pH or temperature),
secondary structures, functionalities, and biocompatibility (Schlaad 2006), (Carlsen
and Lecommandoux 2009). Nevertheless, there are only a limited number of
examples of polymersomes made from polypeptide-containing block copolymers
and these examples can be divided into two main families. The first family is com-
posed of hybrid block copolymers, where the polypeptide is the hydrophilic block
and a classical synthetic polymer, such as polybutadiene (PBD) or polyisoprene
(PI), is the hydrophobic block. The second family includes co-polypeptides in
which both the hydrophilic and hydrophobic blocks are polypeptides. Polymersomes
formed by hybrid block copolymers with a polypeptide as the hydrophobic block
and a synthetic polymer as the hydrophilic one have not yet been reported.

Polymersomes have been formed in aqueous solutions using polybutadiene-b-
poly(L-glutamic acid) (PBD-b-PGlu, 17-54 mol% glutamate) (Kukula et al. 2002;
Checot et al. 2002, 2005), polybutadiene-b-poly(L-lysine) (PBD -b-PLys, and
PBD, -b-PLys, ) (Sigel et al. 2007; Gebhardt et al. 2008) and polyisoprene-b-
poly(L-lysine). In these systems, a change in pH or temperature can induce a change
in the secondary structure of the hydrophilic polypeptide corona (charged coil,
a-helix or B-sheet). The secondary structure of poly(L-glutamic acid) (a polypeptide
with —COOH side groups) changes from a charged coil at high pH (pH>6) to an
a-helix at low pH (pH<5), while that of poly(L-lysine) (a polypeptide with —-NH,
side groups) changes from an a-helix at high pH (pH=11) to a charged coil at low
pH (pH=6). It has been reported that the transition from a charged coil to a a-helix
conformation in the hydrophilic corona did not change the morphology of the poly-
mersomes, but did cause a large decrease in their size (hydrodynamic radius, by
20-50%). Savin’s group has also reported that in basic conditions (pH=10.9), a
temperature increase induced a transition from an o-helix to a B-sheet conformation
in the poly(L-lysine) corona of polymersomes made from PBD, -b-PLys, (Gebhardt
et al. 2008). Consequently, the hydrodynamic radius of the polymersomes increased
by a factor of two (from 70 nm to 140 nm) when the temperature was raised from
40°C to 63°C. This block copolymer is a good example of a dual-responsive system
sensitive to both pH and temperature changes.

Similar pH and temperature dual-responsive polymersomes were also formed
from a series of triblock ABA copolypeptides (poly(L-lysine)-b-poly(y-benzyl-L-
glutamate)-b-poly(L-lysine) (PLys-b-PBGlu-b-PLys)) in which the block ratios
ranged widely (Iatrou et al. 2007). For example, the hydrodynamic radius of poly-
mersomes made by PLys , -b-PBGlu,-b-PLys ., was of 129 nm at pH=7.4 and
T=25°C (PLys in charged coil); this value decreased to 92.5 nm at pH=11.7 and
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T=25°C (PLys in a-helix); it increased further to 148 nm at the same pH=11.7 but
at higher temperature T=37°C (PLys in 3-sheet). In all these conditions, the neutral
hydrophobic central block PBGlu retained an o-helix conformation.

While the secondary structure change in the polypeptide hydrophilic corona
induces a change in polymersome size, the mechanism has not been resolved and is
the subject of vigorous discussion (Checot et al. 2002; Sigel et al. 2007). The release
process seems not to be directly connected with these size changes. Conversely, the
effects of secondary structure on polymersome assemblies should be pronounced
when the stimuli-responsive polypeptide constitutes the hydrophobic layer of the
membrane. These effects are well illustrated by the following two examples.

Deming’s group has introduced non-ionic block copolypeptides of L-leucine and
ethylene glycol-modified L-lysine residues, PELys-b-PLeu [poly(N -2-(2-(2-meth-
oxyethoxy)ethoxy)acetyl —L-lysine)-b-poly(L-leucine)] (Bellomo et al. 2004). These
copolypeptides have been shown to self-assemble into bilayer vesicles whose size and
structures are dictated primarily by the ordered conformations (rod-like or a-helical)
of the peptides segments. pH sensitivity can be achieved by replacing 70% of the
L-leucine in the hydrophobic domain with L-lysine. At pH=9, the conformation of
the hydrophobic block remains a-helical and vesicles form. However, at pH=3, pro-
tonation of the lysine residues enhances their hydrophilicity and simultaneously
destabilizes the a-helical structure of the leucine-rich domain because of electrostatic
repulsion. This helix-to-coil transition destabilises the vesicular assembly, leading to
porous membranes or complete dissociation of the structures (see Fig. 7).

Rodriguez-Hernandez and Lecommandoux have used a zwitterionic block copo-
lypeptide, poly(L-glutamic acid)-b-poly(L-lysine) (PGlu -b-PLys ), to form
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Fig. 7 pH-responsive polymer vesicles formed from PELys-b-P(Leu ,-co-Lys,.),. When the pH
was lowered by addition of HCI, the release of entrapped Fura-2 dye took place within seconds.
(Reproduced from ref. Bellomo et al. 2004)
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pH<4 5<pH<9 pH >10

Fig. 8 Schematic representation of the self-assembly of vesicles from the diblock copolymer,
PGlu, -b-PLys , (PGlu is noted as PGA in the sketch). (Reproduced from ref. Rodriguez-Hernandez
and Lecommandoux 2005)

schizophrenic vesicles (see Fig. 8) (Rodriguez-Hernandez and Lecommandoux
2005). Using this polyacid-b-polybase, the vesicles can be reversibly produced as a
function of pH. At low pH, the poly(L-glutamic acid) with helical structure consti-
tutes the hydrophobic part of the membrane. At high pH, this hydrophobic part is
destabilized and becomes hydrophilic because of its transition to the charged coil
conformation; instead, the deprotonated poly(L-lysine) takes its place to form the
hydrophobic part with its rodlike a-helical structure.

These last two copolypeptide systems are very promising candidates for macro-
molecular nanobiotechnologies. For drug delivery in vivo, the pH of transition
(around 3) for lysine is not optimal but other aminoacids (for example, histidine,
pK,=6.0) could be substituted to the lysine to adjust the pH range.

The pH-dependent permeability and reversible structural transition of polyion
complex vesicles (PICsomes) in aqueous media was also recently reported by
Kataoka and coworkers (Kishimura et al. 2009). At first, the aqueous solution prop-
erties of PEG,,-P(Asp-AP)_ and PEG,-PAsp,, where, P(Asp-AP) stands for poly-
[(5-aminopentyl)-a,B-aspartamide] and PAsp for poly(a,p-aspartic acid), were
analyzed by potentiometric titration. The pKa values of PEG-P(Asp-AP) and PEG-
PAsp were calculated to be 10.47 and 4.88, respectively. These titration results
revealed that both block copolymers are equally charged at around physiological
pH (pH 7.8, ionization degree=96%). After mixing the two copolymers, PICsomes
form with a mean diameter of 2 um, these vesicle structures maintain their structure
at pH 7.4 for more than 48 h and only dissociate into small particles upon lowering
the pH to 5.7. Interestingly, guest molecules can be trapped through this process
which suggests that PICsomes can deliver, release and also trap their cargoes by
sensing acidic conditions of the intracellular endosomal compartments.
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3 Polymersomes Responsive to Physical Stimuli

3.1 Temperature Responsive Polymersomes

In the previous section, we mentioned that polymersomes made from PBD-b-PLys
(Gebhardt et al. 2008) and from PLys-b-PBGlu-b-PLys (Iatrou et al. 2007) are tem-
perature responsive in basic solutions. With a temperature increase, polymersome
size increased and the poly(L-lysine) block underwent a conformational transition
from an a-helix to a B-sheet structure. In the following examples (Li et al. 2006a,
2007; Qin et al. 2006), a well-known thermo-responsive polymer, poly(N-isopropy-
lacrylamide) (PNIPAM), was used to produce temperature responsive polymer-
somes. In aqueous solution, PNIPAM undergoes a reversible phase transition from
hydrophilic to hydrophobic at a lower critical solution temperature (LCST, typically
around 32°C). Hydrophilic-hydrophilic block copolymers can then be designed
using this kind of thermo-responsive block. When the solution temperature is higher
than the LCST, the thermo-responsive block becomes hydrophobic and the block
copolymer amphiphilic, which can self-assemble to form polymersomes. Below the
LCST, the thermo-responsive block is turned hydrophilic again and the polymer-
somes dissociate to rapidly release of encapsulated substances.

McCormick and co-workers (Li et al. 2006a, 2007) have recently prepared
hydrophilic-hydrophilic block copolymers, poly(N-(3-aminopropyl)methacrylamide
hydrochloride)-b-poly(N-isopropylacrylamide) (PAMPA-H-PNIPAM) and poly(2-
(dimethylamino)ethyl methacrylate-b-poly(N-isopropylacrylamide) (PDMAEMA-
b-PNIPAM) (see Fig. 9), by reversible addition-fragmentation chain-transfer
(RAFT) polymerization. These researchers reported that these water-soluble block
copolymers could directly from vesicular aggregates in water and that aggregate
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Fig. 9 Hydrophilic-hydrophilic block copolymers with a temperature responsive block PNIPAM
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formation could be reversed by changing the solution temperature with respect to the
LCST of PNIPAM (32°C or higher, depending on the molecular weight of both
blocks). The aggregates could also be trapped by ionic cross-linking of the hydro-
philic PAMPA block, either through the addition of an oppositely charged polyelec-
trolyte that causes inter-polyelectrolyte complexation or by forming gold nanoparticles
from the reduction of NaAuCl, complexed to amine groups in the PDMAEMA.

Qin et al. described polymersome formation using a well-defined and monodis-
perse (M /M, <1.2) block copolymer PEO-5-PNIPAM (Qin et al. 2006). The block
copolymer was synthesized by RAFT polymerization and polymersomes were
grown in an aqueous solution above the LCST of PNIPAM. This family of biocom-
patible block copolymers is a promising system for drug delivery because the LCST
can be adjusted to a value near or slightly above physiological temperatures.

Our group developed a new class of polymersomes in which the hydrophobic
part is a liquid crystal (LC) polymer (Yang et al. 2005, 2006). It is well known that
liquid crystal systems excel as responsive systems and can respond to multiple
stimuli including temperature, light, electric and magnetic fields. If this responsive-
ness could be retained in the liquid crystal membrane, we speculated that liquid
crystal polymersomes would have potential as multi-responsive, smart polymer-
somes. Recently, we studied the structural changes in liquid crystal polymersomes
triggered by changes in temperature using small angle neutron scattering (SANS),
cryo-TEM, SEM and high sensitivity DSC (Hocine et al. 2011). PEG-b-PA444 and
PEG-b-PMAazo444 (Fig. 10), two block copolymers with side-on nematic hydro-
phobic blocks, were used to form vesicles with a bilayer membrane thickness of
10-15 nm at room temperature (Fig. 11a) . Upon heating the membrane thickness,
d, started to increase dramatically from a temperature (~55°C) above Tg but below
T, of the LC polymer block, and reached up to 120 nm at T>T, (T ~80-85°C)
(Fig. 11b). The vesicles transformed into thick-walled capsules. The thickness of
the membrane was inconsistent with a bilayer structure and surprisingly the cap-
sules were stable even for temperatures above T, . As the PEG chains should par-
tially dehydrate with temperature, we propose that the membrane reorganized into
a structure consisting of microphase separated LC and PEG domains. Analysis of
changes in structural parameters such as the internal aqueous volume and the poly-
mer membrane volume suggest that capsule scission and fusion also occurred dur-
ing this transition. Substance release would be accompanied by capsule scission.
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Fig. 10 Molecular structures of liquid crystal copolymers PEG-b-PA444 and PEG-b-PMAazo444
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Fig. 11 (a) Cryo-TEM image of PEG-b-PMAazo444 vesicles at room temperature. Scale: 200 nm.
(b) Cryo-TEM image of PEG-b-PMAazo444 vesicles heated for 1 h at 90°C. Scale: 100 nm

3.2 Light Responsive Polymersomes

Stable, light-responsive polymersomes are attractive because the release of
entrapped species can be rapidly induced at specific time and location via exposure
to light. While pH, oxidation and reduction-responsive systems can also respond
quickly, they require that the chemical environment be modified by the addition of
acids or bases or other reagents. These environment changes may not necessarily
compatible with the drug targeting sites (in the case of applications in drug deliv-
ery) or with other applications such as controlled chemical reactions in microfluid-
ics. In contrast, light is a remote stimulus that does not require any chemical
environmental change and can be applied locally.

The first examples of light responsive polymersomes are built by incorporating
photo-responsive protein channels (such as Bacteriorhodopsin) in the membrane of
polymersomes (Choi and Montemagno 2005). However, this case will not be fur-
ther discussed in this review because the responsiveness does not result from a
change of the membrane properties.

3.2.1 Systems with Photoactive Groups in Their Polymer Structures

The exposure of some photoactive groups to light can generate reversible structural
changes, thereby directly changing the hydrophilic-hydrophobic balance without
addition of other reagents. Typical groups that display photochemically-induced
transitions include azobenzenes (change of dipole moment, size and shape),
triphenylmethane leucohydroxide or triphenylmethane nitrile (generation of
charges), spyrobenzopyran (formation of zwitterionic species) and cinnamoyl
(photodimerization) (see Fig. 12). These transitions can further induce changes in
the optical, mechanical and chemical properties of the system containing the chro-
mophore. Currently, these groups, especially azo derivatives, are intensively investigated
to implement light sensitivity in polymers (Pieroni et al. 1998; Ikeda et al. 2007).
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Fig.12 Examples of chromophores that display photochemically- induced transitions. (a) Reversible
trans (left) and cis (right) photo-isomerization of azobenzene. (b) Dissociation of triphenylmethane
leucoderivatives into an ion pair under ultraviolet irradiation. (¢) Reversible photo-isomerization of
spirobenzopyran derivatives. (d) Reversible photodimerization of cinnamoyl group

These light sensitive triggers could, in principle, be incorporated into amphiphilic
copolymers suitable for polymer vesicle formation.

Azobenzene derivatives are the most studied photoactive groups. The azo group
can undergo reversible isomerization between the trans and cis configurations by
light and heat (see Fig. 12a). The trans isomer is thermodynamically more stable in
common conditions. The cis isomer obtained by light (usually UV) irradiation is
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thermodynamically less stable and therefore it isomerises slowly back to trans form
(typically over several hours). However, irradiation (usually by visible light)
reduces the back reaction time to minutes. The photoisomerization of azobenzene
chromophores has no side reactions and the wavelength to induce the transforma-
tion can be tuned by incorporating substituents in the chromophores.

The polarity, shape and size changes that azobenzene undergoes after isomeriza-
tion modify significantly the structures and properties of azobenzene-containing
polymer blocks.

Zhao’s group (Wang et al. 2004), (Tong et al. 2005) prepared amphiphilic
diblock copolymers composed of hydrophilic poly(acrylic acid) and hydrophobic
polymethacylate with azobenzene side groups. They showed that these copolymers
self-assembled in dioxane/water mixtures to form photoresponsive polymer vesi-
cles of 100-200 nm. Upon UV irradiation, the majority of the vesicular aggregates
disappeared. The disruption of these morphological structures appeared to be fully
reversible as the aggregates reformed following subsequent illumination with visi-
ble light. Solubilization of the hydrophobic block in dioxane/water mixtures caused
by the polarity change of azobenzene after trans-to-cis isomerization is claimed to
be responsible for vesicle disruption.

We have recently reported photo-responsive polymersomes (del Barrio et al.
2010) base on amphiphilic PEG-b-azodendron block copolymer with a hydrophobic
block based on the fourth generation of aliphatic polyester dendrons functionalized
at the periphery with cyanoazobenzene mesogens (PEG45-AZ016). The polymer-
somes in water were prepared by nanoprecipitation with dioxane/water co-solvents
followed by extensive dialyse against water. Wrinkles, and even rupture, in the mem-
brane of the polymersome were detected upon UV irradiation of polymersome
dispersion in water (Fig. 13).

Fig. 13 Cryo-transmission electron micrograph of the polymersomes formed in water by the
PEG-b-azodendron block copolymer PEG45-AZ016 (a) before and (b) after illumination with
360 nm unpolarized light (150 mW/cm?) for 35 min
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Fig. 14 Snapshots of an ePBD-iPAzo polymersome bursting under UV illumination. Bright-field
images were taken using a high-speed digital camera. The first image shows the vesicle prior to
illumination. Time t=0 corresponds to pore nucleation. The expulsion of sucrose solution is vis-
ible as the pore nucleated. The other images correspond to pore growth and clearly show outward
spirals (scale bar=5 pum)

Our group has further achieved the polymersome bursting induced by UV light
(Mabrouk et al. 2009a). Exposure to UV illumination around 360 nm caused
vesicle rupture which was completed in less than a few hundreds of milliseconds
(Fig. 14). The basic principle to rapidly burst the polymersome is to induce frus-
tration in the membrane via a remote stimulus. To implement this approach, we
prepared asymmetric polymersomes in which each leaflet consisted of a different
type of diblock copolymer: one copolymer was insensitive to any remote stimulus
(PEG-b-PBD, or PBD for simplicity) while the hydrophobic moiety of the second
copolymer was a light sensitive liquid crystalline polymer PEG-b-PMAazo444
(PAzo). The mesogenic unit in this side-on LC polymer block contains an
azobenzene group, which undergoes a trans-to-cis configurational transition
upon UV exposure. The azobenzene shape change after isomerization induces a
nematic (N) to isotropic (I) transition in the LC polymer (Li et al. 2000) causing
a conformational change of the chain from a rod to a coil (Cotton and Hardouin
1997; Li et al. 2003). Figure 15a, b shows the chemical structures of the two
selected copolymers and a cartoon of the LC copolymer conformation in the
membrane both in the absence and in the presence of UV light for polymersomes
ePBD-iPAzo (external leaflet=PBD, inner leaflet=PAzo). Starting from a thin,
cigar-like shape corresponding to N state (Yang et al. 2005), UV irradiation
transforms the LC hydrophobic block to a coil characterized by an increased
molecular area. The induced area difference between the two polymer monolay-
ers, i.e., the creation of spontaneous curvature, triggers membrane rupture and
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Fig. 15 Copolymers and bilayer conformation. (a) Chemical structures of the two selected copo-
lymers, PEG-b-PBD and PEG-b-PMAzo0444. (b) Cartoon of a polymersome and cartoon depicting
the conformation of both copolymers within the bilayer for an ePBD-iPAzo vesicle. The PEG-b-
PBD copolymer is always in a coil-coil state. In the absence of UV light, the hydrophobic LC block
of the PEG-b-PMAz0444 copolymer has a rod-like conformation (corresponding to a nematic
state). Under UV illumination, isomerization of the mesogenic groups induces a conformational
change of the polymer backbone to a disordered, isotropic state. The net effect of UV exposure is
two-fold: at the molecular scale, the projected area of the LC block is increased; at the mesoscopic
scale, the spontaneous curvature of the bilayer is increased. (¢) Schematic representation of pore
opening driven by outward curling (for ePBD-iPAzo)
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polymersomes bursting. Figure 15¢ shows the outward curling rim expected to be
generated by the change of spontaneous curvature in the membrane where the
inner leaflet is light-responsive. This is actually observed in the giant asymmetric
polymersomes as shown in Fig. 14. The giant asymmetric polymersomes (>few
microns in diameter) were prepared by the method of inverted emulsion. The
polymersome bursting takes place also if the inner leaflet is inert and the external
leaflet is light-responsive, but with inward curling rim during the vesicle opening.
These results highlight a new general strategy to create stimuli-responsive poly-
mersomes based on the fabrication of asymmetric membranes, and driven by a
change in membrane spontaneous curvature. While UV light was the stimulus
used for this study, temperature, electric or magnetic fields could also act as
remote stimuli provided that one of the two leaflets of the membrane is composed
of suitably designed copolymers sensitive to these physical stimuli. This flexibil-
ity, combined with the low permeability of polymer bilayers, ensures a wide
range of potential applications in the fields of drug delivery, cosmetics and mate-
rial chemistry.

Trans-cis isomerization of azobenzene was also used to modify (normally
increase) the LCST of thermosensitive polymers because the cis conformers is
more polar and hydrophilic (Sugiyama and Sono 2001; Desponds and Freitag 2003;
Ravi et al. 2005; Sin et al. 2005). These polymers could potentially be used to pro-
duce temperature and light dual-responsive polymersomes.

An interesting system containing triphenylmethane nitrile (Fig. 12b) was
described by the group of X. Zhang (Jiang et al. 2007b), as illustrated Fig. 16,
which consists of a PEG chain linked to a group of hydrophobic Malachite green.
This PEG-b-bis(4-dimethylaminophenyl)phenyl methyl nitrile is able to self assem-
ble into vesicles in water. Under UV irradiation, the photochromic group ionizes in
its cationic form and the molecules become soluble in water. Consequently vesicles
are disassembled. The molecules can recover their neutral form by heat treatment
and free chains are reassembled again into vesicles.

Photoactive polymers bearing triphenylmethane leucohydroxide (Kono et al.
1995) and nitrocinnamate (Yuan et al. 2005) have been used to prepare light respon-
sive microcapsules for controlled encapsulation and release of substance.
Spirobenzopyran derivatives (Fig. 12c) have been used to create water-soluble
polymers that associate into aggregates under UV irradiation (Konak et al. 1997).
We foresee that these photoactive groups are also potentially useful for light-
responsive polymersome formation providing that proper chemical design is made
for block copolymers.

The last example, described as follows, with photoactive groups incorporated in
their polymer structures is rather different from the systems discussed above. It is
apolymersome susceptible to UV-induced degradation (Katz et al. 2010). Photolabile
2-nitrophenylalanine (2NPA) was used to join the hydrophilic PEG block and
hydrophobic PCL block (Fig. 17a). Exposure of the polymersomes formed by this
2NPA linked PEG-b-PCL to 365 nm light enable the cleavage between PEG and
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Fig. 16 Schematic illustration of vesicles made from PEG and malachite green and their disas-
sembly under UV illumination. (Reproduced from ref. Jiang et al. 2007b)

PCL blocks. As PEG is liberated from the membrane by UV light, there is excess
hydrophobic material that must be stabilized by the remaining PEG shell. This
results in membrane thickening, decreasing overall size of the polymersome, and
flux of aqueous contents out of the polymersome (Fig. 17b, c). Ultimately, there is
insufficient PEG surface-coverage to stabilize the PCL shell and the insoluble PCL
crashes out of solution and aggregates.

The above system is an example that light (a physical stimuli) induce irreversible
chemical structure changes in light-responsive polymers. The chemical structure
changes can also be produced by light in photo-inert polymers with the aid of pho-
tosensitizers as discussed below.
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Fig. 17 (a) Chemical structure of 2NPA linked PEG-b-PCL. (b) Cryo-TEM images of 2NPA
polymersomes (left to right) before, during and after 6 h of UV exposure. Scale bars=100 nm. (c)
Schematic representation of membrane structures to explain the Cryo-TEM images. (Reproduced
from Katz et al. 2010)
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3.2.2 Composite Systems with Classical Polymersomes Charged
with Photosensitizers

The group of Dmochowski has first reported photoinitiated destruction of composite
porphyrin-protein polymersomes (Robbins et al. 2009). The polymersomes were
formed by incorporating a protein in the aqueous interior and a meso-to-meso ethyn-
bridged bis[(porphinato)zinc] (PZn,) chromophore in the membrane polymersomes
made from classical photo-inert PEO-b-PBD. Confocal laser scanning microscopy
(CLSM) imaging of polymersomes loaded with both ferritin and PZn2 at excitation
wavelengths (488, 543, or 633 nm, where PZn2 absorbs strongly) caused many of
the vesicles to undergo irreversible morphological changes ranging from formation
of new bends or “arms” and budding of smaller vesicles to total polymersome destruc-
tion (Fig. 18). Similar results were seen during imaging by widefield fluorescence
microscopy using a mercury arc lamp. Even though the mechanism of photode-
struction is not elucidated, it may be possible to harness light-activated vesicle
destruction for in vivo targeted drug delivery, given the established exceptional
NIR absorptivity of PZn2 and closely related chromophores.

Our group has prepared a binary system of polymersome and chlorine e6 (Ce6)
(Mabrouk et al. 2010). Ce6 (see Fig. 19) is a classical chlorine photosensitizer,

Fig. 18 Confocal micrographs of polymersomes that membrane-disperse PZn2 (purple) and
encapsulate HSAF obtained in continuous scanning mode. (a) BODIPY-FL-labeled HSAF (green,
3 mg/mL)+PZn2 vesicle, imaged using two lasers simultaneously (488, 543 nm). HSAF is the
horse spleen iron-free apoferritin, and BODIPY-FL a neutral dye. Images proceed in time, left to
right, over a period of ~5 min. (b) Unlabeled HSAF (1.5 mg/mL)+PZn2 vesicle. Vesicle imaged
using three lasers simultaneously (488,543, 633 nm). (Reproduced from Robbins et al. 2009)
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which has been used in photodynamic therapy (PDT) because upon light exposure
Ceb6 generates highly reactive oxygen species (ROS) including free radicals and/or
singlet oxygen 'O,. In the core of a lipid bilayer, carbon-carbon double bonds of
unsaturated lipids have been shown to be privileged sites for 'O, and radical reac-
tions that lead to cellular membrane alteration. The selected photo-inert copolymer
is again the prototypical PEO-b-PBD, which contains a large number of carbon—
carbon double bonds that are preferred sites of photo-oxidation. Ce6 is an
amphiphilic molecule and can be loaded in the membrane as well as in the aqueous
internal compartment. In these polymersomes loaded with Ce6, we have observed a
complex sequence of light-induced morphological changes. Using micromechanical
assays based on micropipette manipulation, we have quantitatively monitored the
different phases of the photo-response, which include membrane area variation,
osmotic swelling, membrane cross-linking and vesicle deflation. In addition, these
morphological changes can be adjusted by the concentration of Ce6 (see Fig. 20).
We have thus gained insight into the complex cascade of chemical reactions involved
in photosensitization. Our findings suggest that composite chlorine-copolymer vesi-
cles may be used as a new class of light-sensitive drug carriers.

3.3 Polymersomes Responsive to Magnetic Field

The magnetic field is a very promising stimulus in drug delivery, because it is easy
to be applied remotely and permits also to combine together the medical diagnosis
and therapy due to the development of MRI (magnetic resonance imaging) tech-
nique. The common strategy is to incorporate magnetic nanoparticles (e.g., y-Fe,0,)
into the vesicle structures. Iron oxide nanoparticles, namely magnemite (y-Fe,O,)
or magnetite (Fe,0,), with particle sizes of 4-10 nm have drawn special interest for
biomedical applications. They are referred to as superparamagnetic iron oxide
nanoparticles (SPIONs) due to their superparamagnetic properties and small size.
The resulting superparamagnetic vesicles have potential applications because of the
specific properties of magnetic iron oxide in the fields of biomedicine and biotech-
nology: e.g., manipulation by an external magnetic field gradient, radio-frequency
heating for cancer therapy, and labelling of organs in magnetic resonant imaging.
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Fig. 20 (a) Video sequence showing the morphological changes of Ce6-loaded PEO-b-PBD
polymersomes under UV exposure. The bulk concentration of Ce6 is ¢;=0.1 mM. Irradiation
starts at time t=0. Scale bar=5 pum. (b) Representative UV-induced morphological changes
of Ce6-loaded PEO-b-PBD polymersomes for different bulk concentrations of Ce6. The black
arrows show the formation of membrane invaginations during UV illumination. Scale
bar=5 pm
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Here we will emphasize the vesicle structure changes induced by the magnetic field
for the purpose of controlled release.

Magnetic nanoparticles were firstly incorporated in liposomes (small molecular
vesicles) either in its aqueous compartment (Sabaté et al. 2008; Zhang et al. 2005)
or in its lipid bilayer via magnetized polymers (Kamaly et al. 2007; Leclercq et al.
2003). Such magnetic liposomes can be used to target therapeutic molecules to a
specific site when exposed to a magnetic field. Once the drug-loaded magnetic
liposomes reach the target, the drug can also be released by radio-frequency heat-
ing (hyperthermia) of SPIONs with a thermosensitive lipid bilayer. Temperature-
sensitive lipid bilayer frequently include dipalmitoylphosphatidylcholine (DPPC)
as the key component, since liposomes usually become leaky at a gel-to-liquid
crystalline phase transition that takes place at 41°C (Yatvin et al. 1978; Jeong et al.
2009). Pradhan et al. (2010) developed folate receptor targeted thermosensitive
magnetic liposomes (MagFolDox), which are designed to combine features of
biological and physical (magnetic) drug targeting for use in magnetic hyper-
thermia-triggered drug release (Fig. 21). The optimized liposome formulation had
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Fig. 21 The figure shows the concept of a multifunctional drug carrier responsive to magnetic
field. It is a folate-receptor-targeted and temperature-sensitive magnetic liposome containing
doxorubicin, which can be targeted physically by magnetic field and biologically by folic acid to
tumor cells. Drug release will be triggered by hyperthermia upon local application of an AC mag-
netic field on the tumor tissue. (Reproduced from Pradhan et al. 2010)
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the composition of DPPC: cholesterol: DSPE-PEG2000: DSPE-PEG2000-folate
at 80: 20: 4.5: 0.5M ratio. Magnetic hyperthermia at 42.5°C and 43.5°C synergisti-
cally increased the cytotoxicity of MagFolDox. The results suggest that an inte-
grated concept of biological and physical drug targeting, triggered drug release
and hyperthermia based on magnetic field influence can be used advantageously
for thermo-chemotherapy of cancers.

It is nearly impossible to incorporate inorganic nanoparticles within the mem-
brane of liposomes because of their very thin membrane thickness (3—5 nm).
However, this becomes possible, even still challenging, with polymersomes due
to the thick membrane (5—30 nm) and toughness resulting from polymer char-
acters. The soft magnetic shells are especially promising for drug delivery,
because their internal compartment is available for encapsulation of water-solu-
ble species and the possible toxicity arising from cells directly contacting the
iron oxide would not be an issue because it is embedded in the copolymer.
Application of a magnetic field could trigger the transient opening of the bilayer
and the release of an encapsulated content. The pioneer work on magnetic poly-
mersomes has been made by Lecommandoux & Sandre et al. (Lecommandoux
et al. 2005). They have prepared polymersomes of PGA,-b-PBD , loaded with
surfactant-coated y-Fe,O, nanoparticles in the layer of PBD blocks, and studied
their structural transformation under magnetic field by small angle neutron scat-
tering (SANS). Anisotropic SANS data detected with a 2-dimensional detector
provide experimental evidence of the capability to modify the shape of these
hybrid membranes in response to a magnetic field of an intensity as low as
290 G. Analyses of the anisotropic SANS patterns (at intermediate wave vector
q range) have shown that the portions of membranes mostly affected by the
magnetic field are those with their normal vector parallel to the field. The
membrane becomes stretched in these portions (decrease of the apparent mem-
brane thickness) or almost equivalently the nanoparticles move away from
the magnetic poles.

Our group worked on the LC polymersomes PEG-b-PA444 and PEG-b-
PAazo444 that contain diamagnetic mesogens (Hocine et al. 2011). We hoped to
achieve the structural changes triggered by magnetic field using the intrinsic posi-
tive diamagnetic response of the LC polymers. Interestingly, for temperatures
between 65 and 80°C, the application of a magnetic field of 1.4 T can increase the
membrane thickness by up to 50% without significantly changing the inner volume
of vesicles. This structural change is consistent with the alignment of LC domains
under magnetic field. While thickness changes could happen in polymersomes
loaded with magnetic nanoparticles as discussed above, to the best of our knowl-
edge, this is the first time that an increase in membrane thickness has been observed
in a pure polymer vesicle system.

We envision that magnetic field triggered drug release from SIONs-loaded mag-
netic polymersomes would be achieved in the near future provided that the hydro-
phobic block is composed of suitably designed liquid crystalline polymer or
crystalline polymer with proper transition temperature by analogy with the gel-to-
liquid crystalline phase transition in lipid DPPC.
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3.4 Responses to Electric Field, Osmotic Shock
and Ultrasonic Wave

The effects of electric field on giant polymersomes of PEO-b-PBD (Aranda-
Espinoza et al. 2001; Bermudez et al. 2003) and on giant liposomes (Vlahovska
et al. 2009; Riske and Dimova 2005, 2006; Dimova et al. 2007) have been studied
by the group of Discher and by the group of Dimova, respectively. The stimulation
by an electric field is not specific to a given amphiphile. The response of the
vesicles to the electric field and the destruction of the membrane are due to an
increase tension of the vesicle directly induced by the electric field. The hydropho-
bic core of the membrane thickness d and dielectric constant € (low compared to
that of the aqueous environment) behaves as a capacitance C (typically in the order
of pF.cm™). The charging time for the membrane depends on the environmental
conductivity inside and outside the vesicle, and typically takes the order of a frac-
tion of ps in saline solution. Consequently, if the pulse duration supply is larger
than the charging time of the capacitance, the transmembrane potential V thus
generated can be considered constant and only dependent on the applied electric
field E, the radius R of the vesicle and the angle 6 between the field direction and
the normal to the membrane: V=REcos(8). This potential creates an electro-
compressive stress perpendicular to the plane of the membrane 6=1/2CV2. The
increase in electric field applied resulting in a net increase in tension of the mem-
brane. There is a threshold electric potential for which the vesicle tension reaches
its lysis value and consequently the vesicle disintegrates. This experiment is illus-
trated in Fig. 22. In practice, the critical transmembrane potential is of order of
V.=1-10 V. The critical constraints are then in the order of 6 =10 (liposomes) to
30 (polymersomes) pN.nm'. Nevertheless, it should be noticed that the magnitude
of the electric field necessary to achieve polymersome lysis is kV/cm. Apply these
fields through the human body for drug delivery would be likely accompanied by
severe side effects.

The responsive polymersomes to osmotic shock has been reported by the group
of Weitz (Shum et al. 2008). Polymersomes encapsulating 1-hydroxypyrene-3,6,8-
trisulfonate sodium (HPTS) were produced from PEG-b-PLA block copolymer
using microfluidic fabrication. Although the membrane is impermeable to the small
HPTS salts, water molecules can diffuse in and out of the polymersomes. The
osmotic pressure, T is related to the concentration of solutes,

oo = CRT

where c is the molar concentration of the solutes, R is the gas constant and 7 is the
temperature. Due to osmotic pressure difference, water diffuses from regions with
a low salt concentration to regions with a higher concentration. Osmotic pressure
can therefore be used to tune the sizes of the polymersomes. If the osmotic pressure
change is sudden and large, the resulting shock can break the polymersomes. The
kinetics of the polymersomes’ response following a large osmotic shock is too fast
to visualize; the process is therefore slowed down for visualization by gradually
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Fig. 22 Phase contrast imaging of pore growth with time during a PEG-b-PBD polymersome
bursting under electric field. The first image shows the polymersome prior to application of elec-
tric field (r<0). Time =0 corresponds to the formation of two pores at both vertical poles, indi-
cated by the vertical arrows in the second image (from left to right). The applied electric field is
in the vertical direction. Time sequence is 1=0.2 sec, r=0.6 sec, r=1.2 sec and 1=2.9 sec in other
images, where the horizontal double arrows show the growth of the pores. Scale bar=10 pum.
(Reproduced from ref. Bermudez et al. 2003)

increasing polyvinyl alcohol (PVA) concentration (¢, = 10 wt%) in the continuous
phase through water evaporation. As water evaporates, the PVA concentration in
becomes higher and higher outside of the polymersomes and so water is squeezed
out from the inside of the polymersomes. As a result, the polymersome becomes
smaller, and its wall buckles, as shown in Fig. 23. This provides a simple trigger for
the release of the encapsulated fluorescent HPTS. By tuning the properties of the
polymersome wall, it might also be possible to adjust the level of osmotic shock
required to break the polymersomes. Alternatively, release can also be triggered by
diluting the continuous phase and thus reducing its osmotic pressure. This simple
triggered release mechanism makes polymersomes a promising candidate for
encapsulation and release of actives.

Ultrasound is gaining attention as a therapeutic tool in addition to its use in diag-
nostics. Recently, Hammer’s group (Pangu et al. 2010) reported ultrasonically
induced release from nanosized polymersomes made from PEO-b-PBD copolymers
under ultrasound at 20 kHz. Leakage of a fluorescent dye from vesicle core was
measured to study the permeation. Ultrasound causes significant leakage from the
core above threshold intensity, suggesting that leakage is governed by acoustic cavita-
tion. Size measurements and direct visualization of vesicles show that ultrasound
does not completely rupture them into fragments but causes transient poration
(Fig. 24). The extent of leakage inversely depends on membrane thickness and
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Fig. 23 Bright-field microscope images showing the shrinkage and breakage of a PEG(5,000)-b-
PLA(5,000) polymersome after an osmotic shock. As a result of water expulsion from its inside,
the polymersome shrinks and buckles. Scale bar is 10 pm. (Reproduced from Shum et al. 2008)

directly depends on sonication time and intensity. The strong dependence of mem-
brane permeation on ultrasonic and chemical parameters suggests the possibility of
tailoring polymersome features to tune the desired extent of membrane destabiliza-
tion. Even though the exact mechanism of pore formation and release under an ultra-
sonic field need to be elucidated, the results indicate that ultrasound has potential as
a therapeutic tool for drug delivery from polymer vesicles.

4 Concluding Remarks

In Nature, supra-molecular nano or micro-objects formed by the self-assembly of
amphiphilic molecules or macromolecules are omnipresent (e.g. cells, liposomes,
viral capsids etc.) and come in a wide range of shapes, sizes and functions.
Synthetic amphiphilic copolymers are an attractive biomimetic approach that has
been widely used to produce nano or micro assemblies such as polymer vesicles,
polymer micelles, nanofibers and nanotubes. Applications in drug delivery have
driven much of this research. Other opportunities also exist for these polymer
assemblies including use in diagnosis, as nanoreactors and as templates for nano-
material preparation. In this paper, we have focused on polymer vesicle structures,
i.e. polymersomes. Many applications require the ability to selectively and
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Fig. 24 Cryo-TEM images of polymersomes (a) before and (b) after sonication. Scale bar=100 nm
in (a) and 200 nm in (b). Percentage of ANTS (8-Aminonaphthalene-1, 3, 6-trisulfonic acid, diso-
dium salt) release as a function of time where the average sonication power during sonication cycles
as recorded on sonic dismembrator dial was (I) 2.5 W, (II) 3.5 W, and (III) 5.5 W. (Reproduced
from Pangu et al. 2010)

controllably destabilise the polymer vesicle structures so as to liberate the substances
encapsulated in the interior compartment and/or in the membrane. To achieve
this goal, stimuli-responsive polymersomes have been developed. In addition, the
utilization of biocompatible polymers and biocompatible stimuli is essential for in
vivo applications.
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We have discussed in this review all the most promising approaches to make
stimuli-responsive polymersomes, including non-biocompatible ones, for the proof
of concept and for the larger applications of polymersomes. Classical chemical
stimuli such as pH changes, hydrolysis, oxidation or reduction reaction, are used to
trigger a change in the hydrophilic-hydrophobic balance of the amphiphilic copo-
lymers, which in turn destabilises the vesicular structure either by forming leaking
pores or causing the vesicle to burst. Physical stimuli such as temperature, light,
magnetic field or ultrasonic wave are also of great potential interest, because they
don’t require any chemical environmental change and can be applied remotely and/
or locally. Different mechanisms are involved in the destruction or deformation of
polymersomes under physical stimuli. We believe the use of the physical stimuli
will provide the impetus for the development of new stimuli-responsive polymer
vesicles.
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Abstract Silica-based nanoparticles have recently raised a great deal of attention
as possible drug carriers. Such an interest is driven by the possibility to control
their size, the chemical composition and the porous structure as well as to easily
modify their surface with a wide range of biologically-relevant functionalities,
favoring colloidal stability, long-time blood circulation and even specific targeting.
Drug loading can be performed during particle formation but, at this time, the most
popular method relies on the impregnation of pre-formed mesoporous colloids.
Strategies to control drug delivery via bio-responsive pore capping are also devel-
oped. However, despite an increasing number of in vitro and in vivo studies related
to the interaction of silica particles with cells and animals, their biocompatibility is
still an issue, especially if applications in intracellular drug delivery are foreseen.
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RES reticuloendothelial system
siRNA  short-interfering RNA
TEOS tetraethoxysilane

1 Introduction

Chemistry at the nano-bio interface is one of the most promising challenges of the
2000s, as a more and more sophisticated set of tools can be used to take advantage
of the unique properties of nanomaterials. Indeed, their physical and chemical
properties deviate significantly from the bulk properties of such materials, and a
perfect control of chemistry allow to design a wide range of nanostructures of con-
trolled size, shape, dispersity and surface chemistry. The complexity of these struc-
tures can go from simple spheres to nanotubes or nanowires, going through
core-shell particles, hollow capsules, prisms, Janus particles, etc. Also their surface
could be differentially functionalized on their inner and outer surfaces, opening a
wide field for applications in drug delivery and medical therapy.

One of the first significant attempts to conjugate inorganic nanoparticles to
biological molecules came out in the 1990s, when semiconductor quantum dots
were coupled to antibodies in order to target them to specific biomolecules into the
cells (Bruchez et al. 1998). These experiments demonstrate the efficiency of
brightly luminescent quantum dots for intracellular imaging, that make these nano-
crystals probes to be considered as novel candidates that could be, in some cases,
more competitive than existing fluorophores. New strategies for delivery of short-
interfering RNA (siRNA) to cells using nanoparticles were also developed by coating
semiconductor quantum dots with proton-absorbing polymeric layers that allow the
nanoparticle and its siRNA cargo to perform the functions of cellular penetration,
endosomal release, carrier unpacking and intracellular transport (Yezhelyev et al.
2008). Other authors showed that a high packing density of siRNA on the surface
of gold particles inhibit its degradation by nucleases and promotes its uptake by
HeLa cells (Giljohann et al. 2009).

Among inorganic particles, silica colloids represent a very unique situation. First
their synthesis and further functionalization is rather simple and highly versatile, as
discussed in several reviews (Wang et al. 2008; Jin et al. 2009; Taylor-Pashow et al.
2010). Second, silica is usually considered as a non-toxic material, a property that
it shares with only a few other inorganic materials such as calcium phosphate,
calcium carbonate and iron oxides. It is therefore not surprising that silica nanopar-
ticles have been widely studied for biomedical applications: imaging, drug delivery,
ultra-trace detection, DNA/RNA delivery or therapy.

In particular, the evaluation of silica-based nanoparticles as drug carriers has
become very popular among the last 5 years or so (Slowing et al. 2008; Di Pasqua
et al. 2008; Rosenholm et al. 2010). Over this period, silica particles of increasing
complexity, in terms of structure, chemical composition and biological responses
have been designed. Such a complexity reflects the many requirements of drug
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vectors: colloidal stability, biocompatibility, long-term circulation, specific targeting,
drug loading and release,...In parallel, an impressive set of data related to the inter-
actions of particles with cells in vitro and, to a lesser extent, related to their in vivo
fate has been accumulated, that are necessary before any clinical studies, not to
mention practical applications, can be foreseen.

This is the scope of this chapter to provide the readers with an up-to-date over-
view of these progresses from a chemical perspective. A first section gathers some
key information about the synthesis and physico-chemical properties of silica-
based nanoparticles. The current knowledge about in vitro and in vivo behavior of
these particles is also presented. A second section describes the different chemical
strategies that have been developed to turn silica nanoparticles into drug carriers. In
the context of the present book, a third section is specifically dedicated to intracel-
lular delivery. As a conclusion, some current fundamental and practical challenges
in this area are presented and critically discussed.

2 Silica-Based Nanoparticles: Synthesis and Reactivity
in Biological Conditions

2.1 The Chemistry of Silica

The process of silica formation from solution occurs following an inorganic polym-
erization reaction (Iler 1979). Two monomers, silicic acid Si(OH),, condense with
each other to form a Si-O-Si siloxane bond, giving rise to the (OH),-Si-O-Si-(OH),
dimers with departure of a water molecule. As polymerization proceeds, higher
oligomers are formed, with a strong tendency to form cyclic species. The reaction
continues until particles, 2-3 nm in diameter are formed. These particles consist of
hydrated silica with low condensation degree (i.e. with internal porosity). The pK,
of polysilicic acid is ca. 6 so that the surface of the particle is negatively charged
above pH 3, consisting of silanol Si-OH and silanolate Si-Si-O- groups. If silica
formation occurs near pH 3, these particles bear a low surface charge and tend to
aggregate, forming in many cases a silica gel. Otherwise, these particles continue
to grow either by further monomer addition or by flocculation, but, at any time of
this process, percolation can occur, forming a gel again. Only above pH 8, where
surface charge is high enough, do stable silica particles can be obtained.

However, the condensation reaction is always balanced by the reverse reaction,
i.e. hydrolysis (Icopini et al. 2005). This reaction is also pH dependent as it is
favored in the presence of silanolate (Vogelsberger et al. 1992). Thus at pH 9 or
above, dissolution is largely favored over condensation, preventing silica formation
but the latter process becomes predominant below this value. Indeed, this equilib-
rium is reflected in silica solubility and is therefore temperature-dependent. For
instance, in pure water near neutral pH, amorphous silica solubility is ca. 50 ppm
at 10°C and ca. 130 ppm at 25°C. In parallel, the reaction kinetics are also influenced
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by temperature and by specific surface area (either surface/volume ratio for particles
or porosity for bulk materials) (Rimer et al. 2007).

The presence of additives in the reaction media may have several impacts on
these processes. Inorganic salts tend to reduce the stability of silica particle sols due
to surface charge screening, decrease solubility of silica and increase dissolution
rate (Wallace et al. 2010). Polymers may favor or limit silica condensation as func-
tion of their charge and concentration. They can also coat the surface of silica
particles, decreasing the availability of silanol groups and therefore decreasing their
dissolution rate.

2.2 Strategies for Silica Nanoparticle Formation

2.2.1 Pure Silica Nanoparticle Formation

Nowadays, the so-called Stober process is undoubtedly the most popular route to
obtain colloidal silica (Stober et al. 1968). It is based on the growth of silica nano-
particles from silicon alkoxides (mainly tetraethoxysilane, TEOS) in basic media
(ammonia solution) in the presence of an alcohol as a co-solvent. The basic condi-
tions are required to obtain fast condensation and particle stabilization. The alcohol
favors the initial solubilization of the silicon alkoxide precursor and probably limits
particle growth by increasing the interfacial energy. Despite its apparent simplicity,
the Stdber process requires a careful control of process parameters (volume, stirring,
mixing rate) to get access to monodisperse populations, especially in the small size
domain (i.e. below ca. 50 nm). Therefore many modifications of the initial procedure
are available to improve the size distribution (Bogush et al. 1988; Rao et al. 2005).
For instance, a seed-growth approach was developed that starts from well-defined
small colloids that are further grown in a TEOS/ammonia solution (Chang et al.
2005) (Fig. 1). A recent report also shows that soluble silicates can be used to form
silica nanoparticles by simple ethanol addition (Jung et al. 2010). This emphasizes
that the main parameter controlling the particle size is the interfacial energy. Thus,
it is not surprising that silica nanoparticles have also been grown within emulsion
systems in the presence of surfactants (Arriagada and Osseo-Asare 1995; Gan et al.
1996). Finally, silica particles can also be obtained using spray-drying techniques
(Iskandar et al. 2003) but this approach has been mainly applied to hybrid and
porous nanomaterials, as described below (Baccile et al. 2003)

2.2.2 Hybrid Silica Nanoparticle Formation

A first approach to convert pure silica nanoparticles into hybrid nanomaterials is
through the grafting of organic functions using organosilanes. A wide variety of these
silanes are commercially available, from hydrocarbon to amine- or thiol-terminated
chains. Although this approach has been extensively used (see Sect. 3), the precise
structure of the resulting surface is far from being understood (de Monredon-Senani
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Fig. 1 Silica nanoparticles : (a) SEM of plain silica nanoparticles (scale bar=2 pum) (Reprinted
from (Chang et al. 2005), Copyright (2005), with permission from Elsevier), (b) TEM of liposils
(scale bar=200 nm) (Reprinted from (Bégu et al. 2007), Copyright (2007), with permission from
Elsevier), (¢) SEM of PLLA @silica homogeneous particles (scale bar=1 um) (From Zalzberg and
Avnir 2008. Copyright Springer Science +Business Media, LLC 2008), (d) TEM of mesoporous
particles (scale bar=300 nm)

et al. 2009). In particular, it is important that some water is present in the reaction
media to allow the hydrolysis of the silane before it can condense on the silica
surface. On the other hand, there is a reasonable probability for self-condensation (i.e.
organosilanes react with each other rather than with the silanol groups on the surface)
resulting in the grafting of a silane chain rather than a one-to-one grafting. When the
desired function is not available, it is possible to perform a coupling reaction on the
initial silane or on the pre-grafted function. Many considerations should be taken into
account when selecting the most convenient approach. In particular, the first approach
must be performed in water-free conditions that can be a very drastic limit. In prin-
ciple, silica nanoparticles can also be coated by polymers by simple adsorption. To
improve the stability of the coating, the particle surface may be pre-grafted. However,
the most efficient method relies on the grafting of a monomer followed by controlled
polymerization (Radhakrishnan et al. 2006). To complete this overview, it is worth
noting that it was possible to coat silica particles with lipid bilayers exhibiting high
stability (Van Shooneveld et al. 2008).

The above-described approaches lead to core-shell structures where the organic
functions are localized on the particle surface. The mirror situation, where a silica
shell is surrounding an organic or bio-organic core, was also described (Zou et al. 2008).
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In this situation, it is important to work at low silica concentration to avoid gel
formation in the whole reaction volume. Thus, there should be a strong affinity of
the organic seed for silica, as showed for gelatin nanoparticles whose positive
charge attract negatively-charged silica precursors (Allouche et al. 2006). However,
the silica condensation may lead to structural constraints on the templating particle
so that it is also important to control the kinetics of the silica shell formation. This
was clearly demonstrated for the design of so-called liposils consisting of silica-
coated liposomes (Bégu et al. 2007) (Fig. 1).

It is also possible to prepare homogenous nanocomposite particles. One possi-
bility is to introduce the polymer in the initial silica precursor solution within an
emulsion, as shown for poly-L-lactic acid (PLLA) or polyethylene glycol (PEG)
(Sertchook et al. 2007; Zalzberg and Avnir 2008) (Fig. 1). Alternatively, the use of
spray-drying techniques was found very efficient to prepare bionanocomposite
associating silica and alginic acid, a polysaccharide, with a large variety of compo-
sition and size (Yang and Coradin 2008). Compared to the previous hybrid struc-
ture, it is very important to have a limited interaction between the polymer and
silica to avoid precipitation during gelation.

A specific case of hybrid colloids is the family of mesostructured silica nanopar-
ticles. These particles consist of an organic templating mesophase, mainly self-
assembled surfactants or amphiphilic polymers, trapped in a silica network (Soler
Illia et al. 2002). Noticeably, such systems are not much used as such but as col-
loidal precursors to ordered mesoporous nanoparticles, obtained after calcination or
template extraction (Fig. 1). In fact, the formation of mesostructured materials is a
complex process which is mainly based on the simultaneous self-assembly of the
organic templating phase and the condensation of the inorganic phase. The chemical
routes to mesostructured silica nanoparticles are not significantly different from that
used for pure silica particle growth. In particular, many studies have been focusing
on the use of the spray-drying technique (Andersson et al. 2004). This is due to the
fact that this process induces a fast evaporation step from precursors in solution to
solid particles. This step has a strong impact on the formation of the organic-inorganic
mesostructure. An improved understanding and control of this process, called
Evaporation-Induced Self-Assembly (Brinker et al. 1999), has allowed to get access
to a wide variety of silica particles with different sizes, pore size and structure and
even to prepare mixed oxide phases in a single step (Boissiere et al. 2010).

2.3 Silica Behavior in Biologically-Relevant Environment

2.3.1 Acellular Media

The typical preparation of silica nanoparticles results in an aqueous suspension at
relatively high silica concentration (0.1 M—-1 M), low ionic strength (below
0.01 M, to avoid aggregation) stored at room temperature or below. When put in
simulated (in vitro) or effective (in vivo) human body conditions, a strong change
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in physico-chemical conditions occurs, especially higher temperature (37°C) and
ionic strength (ca. 0.1 M). As mentioned above, this leads to a higher solubility
that is reached by a fast dissolution reaction. But the most important parameter is
the silica concentration, which is typically below 1 mg/mL (0.015 M). As a com-
parison, the solubility of silica in these conditions is ca. 0.1 mg/mL so that the
relative fraction of soluble silica becomes significant. Indeed, higher ionic strength
can also induce nanoparticle aggregation. However, biological media also contain
a considerable amount of proteins that will adsorb either unspecifically or specifi-
cally (during opsonization) (Lord et al 2006). The surface of silica nanoparticles
being negatively charged, the first process will take place for positively-charged
proteins and the second is very likely to occur as it is know to be specifically effective
for anionic surface. As mentioned earlier, this adsorption will tend to decrease the
rate of solubilization (Finnie et al. 2009).

An increase in porosity, especially in the case of mesoporous particles, can have
two effects (Bass et al 2007; Lu et al. 2010; Izquierdo-Barba et al. 2010) First,
because of higher specific surface area the dissolution rate will be increased when
compared to plain particles. Secondly, because pores are present on the surface, less
surface silanol groups are present. As a consequence, the surface charge is decreased,
that should favor particle aggregation in purely inorganic media. In parallel, it may
also decrease the available sites for protein binding in biological fluids. Indeed,
every procedure that leads to a modification of particle surface will modify its
behavior in solution. In many cases, long chain hydrophilic groups have been
grafted to limit opsonization phenomena (Cauda et al. 2010). At the same time,
because this procedure also decreases the density of surface silanol groups, it
should also decrease particle solubility, as indicated earlier. Accordingly, homoge-
neous nanocomposite particles exhibit different properties from plain silica colloids
because the (bio)-organic component is also present on the particle surface. In par-
ticular, their solubility depends strongly on the solubility of the additive. For
instance, the dissolution of alginate/silica particles has been studied both in solution
and within cells, showing that the biopolymer solubilization occurs before that of
silica, leading to a rearrangement of the particle internal structure (Yang and
Coradin 2008; Boissiere et al. 2006).

2.3.2 In Vitro Interactions with Cells

The toxicity of silica-based materials has been studied for a very long time, but
most of the studies were related to asbestos fiber-induced silicosis in lungs tissues
(Bagchi 1992). As early as the 60’s, it was found that silica particles could interfere
with the integrity of biological membranes, probably by interaction between the
negatively-charged surface and the positively-charged groups of proteins or phos-
pholipids (Depasse 1977). Further studies demonstrate that silica particles could
impact on alveolar macrophages that produce specific proteins triggering fibroblast
proliferation and therefore formation of fibrous tissues (Arcangeli et al. 1990).
It was also suggested that not only the particle surface but also its solubilization
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products could be responsible for toxicity (Erdogu and Hasirci 1998). In parallel,
silica particles have long been used in the formulation of oral drugs, although recent
concerns have been raised about their capacity to induce sarcoidosis, that was pre-
viously observed for crystalline silica particle only (Sola et al. 2009).
Nevertheless, most recent studies related to silica particle cytotoxicity were trig-
gered by the possibility to use silica-based silica particles for systemic drug delivery.
A representative list of cell/particle systems that have been used for in vitro studies

have been gathered on Table 1.

Table 1 Examples of in vitro evaluation of silica nanoparticles

Cell

Particle structure

Particle size (nm)

Refs

Embryonic kidney Plain 20, 50 Wang et al. (2009)
cells
Hepatic cells Plain 20, 50, 85 Ye et al. (2010)
Keratinocytes Plain 7, 10-20 Gong et al. (2010)
Endothelial cells Plain 20 Liu and Sun (2010)
Lung epithelial Plain 10, 80 Akhtar et al. (2010)
Primary microglia Plain 150-200 Choi et al. (2010)
Jurkat cells Plain and 300 Tao et al. (2009)
mesoporous-
amine-coated
Human neuroblastoma  Mesoporous-amine- 250 Di Pasqua et al. (2008)
and thiol-coated
Monocyte-derived Mesoporous 270 Vallhov et al. (2007)
dendritic cells
HeLa Mesoporous 30-280 Lu et al. (2009)
Mesoporous-ODN 220, 300 Vivero-Escoto et al.
intercalator-coated (2010a)
Human red blood cells Plain and 25, 40, 95, Lin and Haynes (2010)
(HRB) mesoporous-PEG- 155, 225
coated
HRB/leukemia-derived =~ Mesoporous-PEG- 150 He et al. (2010)
macrophages coated
Human mesothelial/ Mesoporous 100-150, Hudson et al. (2008)
Mouse peritoneal 700-800
macrophage/Mouse
myoblast (muscle)
cells
Human fibroblasts (HF) Plain 50, 80 Zhang et al. (2010)
HF/tumor cells Hybrid chitosan/silica  150-200 Chang et al. (2007)
3 T3-L1 fibroblasts Plain 20, 30, 240 Barnes et al. (2008)
Plain 10, 30, 80, 400 Park et al. (2010)
Hybrid gelatin/silica 400-500 Allouche et al. (2006)
HF/Chinese Hamster Mesoporous 100, 500 Trewyn et al. (2008)
Ovarian
Lung cancer cells Crystalline 15, 46 Lin et al. (2006)
Mouse embryo Crystalline 20 Yang et al. (2009)

fibroblasts
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Taken together, these data suggest that silica nanoparticles impact on cell viability
is three-fold: (1) surface interaction, (2) internalization and (3) solubility.
Considering the first point, detrimental interactions exist between surface silanol
groups and cell membrane, that can lead to cell damage via oxidative stress and
even cell lysis. As a result, for plain silica nanoparticles, toxicity increases with
decreasing particle size. For mesoporous materials, these interactions decrease
with increasing porosity. Interestingly, a recent study showed that the mesoporosity
of some silica particles tends to collapse with time, increasing the plain surface of
the colloid and therefore its toxicity. Along the same lines, grafting the particle
surface with cationic groups (such as amino) or neutral hydrophilic groups (such
as PEG) or preparing hybrid particles incorporating cationic polymers (such as
chitosan) decreases the observed toxicity. Indeed, all these effects were shown to
be dose- and cell-dependent (Fig. 2).

Considering the second point, internalization processes will be discussed to a
large extent in the Sect. 4. At this stage, it is just important to emphasize that no
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Fig. 2 Analysis of silica nanoparticles (15 nm) toxicity via global DNA methylation in HaCaT
cells: (a) Anti-5-methylcytosine (5-mC) immunofluorescence (green). Nuclei were counterstained
with DAPI (blue), (b) Quantitative representation of fluorescence of 5-mC (Reprinted from (Gong
et al. 2010), Copyright (2010), with permission from Elsevier)
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genotoxicity has been reported to date on pure silica particles, suggesting that the
cell nucleus is not reached by these particles.

Coming to the third point, related to the influence of silica solubility, it must
be admitted that it suffers from a lack of available data, although the impact of
soluble silica released during particle dissolution on cell viability is often men-
tioned. One reason is probably that silicic acid, Si(OH),, the product of silica
dissolution, is a very reactive species that is very likely to combine with other com-
ponents of the biological environment, such as proteins.

2.3.3 In Vivo Toxicity and Biodistribution of Silica Particles

Most recent in vivo studies of silica nanoparticles concern intravenous injections in
mice. In the first time following injection, particles are found in the blood circulation
system. When a single infusion of plain particles with size ranging from 1,000 nm
to 30 nm was performed, an increase in the level of several proteins related to acute
inflammatory response (haptaglobin, C-reactive protein, serum amyloid A) was
observed. The intensity of this rise increases with decreasing particle size, so that
30 nm particles showed high toxicity, and was dose-dependent (Higashisaka et al.
2011). Interaction of particles with blood circulation, as monitored by an increase in
mean arterial pressure and pulse arterial pressure, was also observed after repeated
infusions (Galagudza et al. 2010). Noticeably, rapid (<15 min) animal death was also
reported when mesoporous particles were infused at high doses, a fact that may be
attributed to remaining toxic surfactants (Hudson et al. 2008).

In a second step, particles circulate within the blood flow before being trans-
ported to organs. This can happen either due to the reticuloendothelial system (RES),
i.e. monocytes and macrophages that are responsible for the clearance of bacteria
and colloidal particles, or due to direct deposition. The first mechanism is related to
opsonization mechanisms in which specific serum proteins are adsorbed on the par-
ticle surface, triggering the macrophage response. The extent of this phenomenon
can be evaluated by two facts: (i) the blood circulation time and (ii) the favored
biodistribution of particles in specific organs (liver, spleen, lungs) where the RES is
particularly active (Burns et al. 2009; Xie et al. 2010). In the case of silica particles,
it was shown that they are found located within a few hours mainly in the liver, that
may suffer from noticeable injuries (Nishimori et al. 2009; Galagudza et al. 2010;
Kumar et al. 2010; Souris et al. 2010). However, depending on the nature of the
particle surface, they can also be found in spleen and lungs, and sometimes in skin.
Higher amounts of silica particles in these organs are found after 24 h but after 120 h
the particles are detected in stomach and intestine (Fig. 3). After 360 h, nearly total
clearance was observed. Here again, the particle charge has a strong influence, as
positively-charged particle are found in urine and feces after 30 min whereas negatively-
charged colloids are still present in the gastrointestinal tract after 3 days.

It is worth noting that other internalization routes, such as intranasal, subcutaneous
and intraperitoneal, were also studied (Hudson et al. 2008). Intranasal injections
showed very similar results compared to intravenous. Subcutaneous injections showed
very limited effects of silica particles whereas significant mortality was observed after
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Fig. 3 Biodistribution of silica nanoparticles by the measurement of the fluorescence (a—c) and
radioactivity (d—f) from different organs of the mice injected with DY776 conjugated and ']
labeled silica nanoparticles respectively: (a) fluorescence acquired from the individual organs, (b)
whole body fluorescence imaging of the mice 24 h postinjection, (¢) quantitative estimation of
fluorescence acquired from different organs of the mice, (d and e) PET images of the mice
injected with '**I-silica nanoparticles 2 and 24 h postinjection, respectively, and (f) quantitative
radioactivity measurements from the individual organs of the mice. (Reproduced with permission
from Kumar et al. 2010. Copyright 2010 American Chemical Society)

intraperitoneal infusion. On this basis, it was suggested that silica particles are 100
times more toxic than poly(lactic-co-glycolic acid) (PLGA) nanoparticles.

To close this section, it is worth noting that studies performed on zebrafish embryo
showed no uptake (silica particles being located on the chorion, a porous membrane
surrounding the fertilized egg) and therefore no mortality nor physiological deforma-
tion (Fent et al. 2010). This enlightens an important issue related to possible silica
particle internalization through the skin, that is still to be elucidated (Park et al. 2010).

3 Silica-Based Nanomaterials for Drug Delivery

3.1 Drug Encapsulation in Plain Particles

The simplest method is to entrap hydrophilic functional molecules within the silica
matrix via non-covalent interactions. This procedure is commonly used to incorporate
luminescent dyes into the silica matrix. The main drawback is the possible leakage of
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the fluorophore out of the nanoparticle. Nevertheless, it is worth mentioning an emulsion
process described by Barbé et al. for encapsulation and release of drugs (Barbé et al.
2004), that was recently applied to silica microcapsule-based protein delivery (Finnie
et al. 2006). However, neither the Stober method nor the reverse microemulsion
process previously described is able to efficiently incorporate hydrophobic molecules
into the silica matrix. To solve this problem, organically-modified silica nanoparticles
can be used (Bharali et al. 2005). Hydrophobic drugs are first dissolved in the organic
phase of the reverse microemulsion, that allows to partition more effectively into the
aqueous water droplets and are more efficiently trapped inside the silica nanoparticles
by hydrolysis of the silane precursor. Some recent experimental results have demon-
strated that photosensitizers retain their functions of generating singlet oxygen after
being embedded inside silica matrix (Kim et al. 2007) (Fig. 4). Moreover, on the one
hand, the amount of singlet oxygen generated by the nanoparticle-doped photosensi-
tizer is comparable to that produced by the same amount of free photosentisizer,
and on the other hand, the negative effects of photosensitizers — such as toxicity or
hydrophobicity — are reduced when embedded in silica.

WWavelength (nm

Fig. 4 Merged transmission (blue) and two-photon excited fluorescence (red) images of HelLa
cells, stained with nanoparticles co-encapsulating 1.1 wt.% HPPH/20 wt.% BDSA. Inset:
Localized two-photon fluorescence spectrum from the cytoplasm of the stained cell. The excitation
wavelength is 850 nm. (Reproduced with permission from Kim et al. 2007. Copyright 2007
American Chemical Society)
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3.2 Surface Modification of Silica Particles

As mentioned earlier, proper surface modification of silica nanoparticles can
improve their drug delivery capability and efficiency. This can be performed by
chemical binding or physical adsorption. A typical modifier is an antibody molecule
decorating a carboxyl-functionalized silica nanoparticle. In that case, the carboxyl
groups on the silica surface form amide bonds with the primary amine groups of
antibodies. The immobilized antibody can then more effectively direct the nanopar-
ticle toward a specific tissue or cell type. Another example of the chemical binding
approach to immobilize recognition elements is the formation of disulfide bonds.
However, the electrostatic forces that govern the physical adsorption of biocompatible
macromolecules are often the most simple and efficient method for immobilization.
Many macromolecules, such as PEG, proteins or lipids can be physically adsorbed
onto nanoparticles surface to decorate them with a variety of functional groups
(Van Shooneveld et al. 2008; Thierry et al. 2008).

Despite dye-doped silica nanoparticles can be linked to biorecognition elements
such as antibodies or DNA molecules via physical adsorption onto the surface par-
ticle, covalent attachment of such molecules is preferred, not only to avoid desorp-
tion from the particle surface, but also to get a better control of the biorecognition
function localization. So, an alternative way relies on the stable incorporation of
imaging or therapeutic agents via covalent bonding using trialkoxysilane-derived
molecules that contain suitable organic moieties. These molecules can be incorpo-
rated into the silica matrix through silanol linkages during particle synthesis, leading
to stable hybrid material with uniform agents throughout the nanoparticle that are
protected from the environment. The silica nanoparticles can also be post-synthetically
modified by reacting with the trialkoxysilane precursor. This post-synthesis grafting
is particularly useful for modifying the particle surface with selected agents that are
not stable during the silica particle synthesis. During the post-coating step, the
particle surface first needs to be modified with suitable functional groups such as
thiol, amine or carboxyl groups.

For the Stober nanoparticle synthesis, surface modification is usually done after
nanoparticle synthesis to avoid potential secondary nucleation, but co-condensation
is also possible: through the use of respective organosilane, organic functionalities
such as alkyl, thiol, amino, cyano/isocyano, vinyl/alkyl, organophosphine or aromatic
groups can be incorporated into the pore walls of the silica network. Surface modi-
fication of microemulsion nanoparticles can be achieved in the same manner or via
direct hydrolysis and co-condensation of TEOS and other organosilanes present in
the microemulsion solution (Deng et al. 2000). This method allows a multi-step
sequence procedure, very useful for imaging or therapeutic cargoes incorporation.
After attachment of the desired functionality to the silica nanoparticle, further modi-
fications can be undertaken, through the additional functional group, by the way of
conjugation chemistry. For instance, an amine-modified particle can be reacted with
various carboxylate-containing molecules to form a stable amide bond. During con-
jugation with biomolecules, the colloidal stability of the nanoparticles in solution
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Fig.5 Schematic illustration of bioconjugation strategies applied to silica nanoparticles (Reproduced
with permission from Wang et al. 2006. Copyright 2006 American Chemical Society)

could be altered due to electrostatic interactions with charged functional groups.
For instance, a post-coating with amine-containing organosilane compounds could
be neutralized by the negative surface charge of nanoparticles at neutral pH, so that
the overall charge of the material will drop down, leading to colloidal instability and
then to severe particle aggregation in aqueous medium. To circumvent this draw-
back, inert negatively-charged organosilanes could be introduced, such as phospho-
nates, that will play the role of dispersing agents acting during the post-grafting.
As a consequence, the particles, that will have a net negative charge, will be again
well dispersed in aqueous solution (Santra 2004). After surface modification with
different functional groups, nanoparticles can then act as scaffolds for the grafting
of biological moieties such as DNA oligonucleotides, aptamers, antibodies or pep-
tides, etc. As examples, carboxyl-modified nanoparticles, having pendant carboxylic
groups, are good candidates for covalent coupling of proteins or other amine-
containing biomolecules; thiol-functionalized nanoparticles can immobilize disulfide-
modified oligonucleotides via disulfide-coupling chemistry; amine-modified
nanoparticles can be coupled to a wide variety of haptens and drugs via succinimidyl
esters and iso(thio)cyanates (Wang et al. 2006) (Fig. 5).

3.3 Mesoporous Silica Nanoparticles (MSN)

Different kinds of drugs were evaluated for release by mesoporous silica materials. Vallet-
Regi and co-workers have demonstrated the release of ibuprofen (Vallet-Regi 2000),
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erythromycin (Doadrio et al. 2006) and alendronate (Balas et al. 2006), using different
strategies to modify the control of drug release. Tamanoi et al demonstrated the release of
camptothecin, a hydrophobic anti-cancer drug, from MSN (Lu et al. 2007). The delivery
into malignant cells, growth inhibition and then cells death was confirmed. The enhanced
bioavailability of itraconazole, a model drug, was confirmed when included within the
silica porous matrix (Mellaerts et al. 2008). Tested in dogs and rabbits, the MSN material
can be considered as a promising carrier to perform oral availability for drugs with
extremely low water solubility.

MSN-based stimuli-responsive systems using a concept of gate-keeping were
first developed by V. S.-Y. Lin and his group (Slowing et al. 2008). This redox-
controlled drug delivery system is based on MSN capped with cadmium sulphide
(CdS) (Fig. 6). In this system, CdS was chemically attached to MSN through a disulfide
linker, which is chemically labile and that could be cleaved with various disul-
fide reducing agents, such as dithiothreitol (DTT) and mercaptoethanol (ME). The
working principle of the stimuli-controlled release drug/gene delivery system was
tested on imaging agents such as fluorescein, Texas Red or rhodamine B in order to
perform the conditions of guest molecules to be released under adapted gate-opening
trigger concentration and to demonstrate the performance of these systems. The
loading is usually in the order of hundreds milligrams of guest molecule per gram of
MSN. This type of drug delivery system with “zero premature release” performance
is particularly useful when the cargo to be delivered is toxic, like anti-cancer drugs.
These materials are potentially candidates for releasing drug/gene “at will”, i.e. to
control precisely the location and timing of the release of drug. Through this method,
the controlled release to live cells of vancomycin and adenosine triphosphate by
such CdS-MSN system was successfully demonstrated (Lai et al. 2003).
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Fig. 6 Schematic illustration of the CdS-based gate-keeper strategies in mesoporous particles
(Reprinted from (Slowing et al. 2008), Copyright (2008), with permission from Elsevier)



348 S. Quignard et al.

3.4 Hollow Silica Nanoparticles (HSN)

Hollow silica nanoparticles (Caruso et al. 1998) have also been used as drug carriers.
They possess much higher loading capacity for drug molecules than the plain ones,
but weaker interactions between the drug molecules and the silica matrix, making
the control of release more delicate. The two main methodologies for synthesizing
hollow silica nanoparticles are first, the template-based synthesis and second, the
dissolution-growth process of solid silica nanoparticles. The first method generally
utilises a solid nanoparticle composed of metal, metal oxide or polymer as a core
template. The silica shell is then grown on the template and the core is removed by
an etching process, dissolution or calcination. The second method is relatively
simple since the hollow cores are produced by etching the silica nanoparticles with
basis such as sodium hydroxide (NaOH) or sodium borohydride (NaBH,), using
polyvinylpyrrolidone (PVP) molecule as a surface protective agent. Thus, the inner
part of the silica nanoparticle is selectively etched, leaving room for the drug
molecule to be encapsulated. The key factors that govern the drug-release kinetic
for hollow silica nanoparticles include cavity size, shell thickness and type of sur-
face functional groups (Yang et al. 2008). For instance, PEG-coated hollow silica
particles were found to release drug molecules at a much slower rate than the
hydroxyl- or amino- functionalized counterparts (Liu et al. 2007a), probably due to
partial blockage of pores by PEG molecules at the surface of the nanoparticle.
Thicker shells also allow drug to be released more slowly and over a longer delay,
but the drug-loading capacity is concomitantly decreased due to reduced cavity
size. More generally, physical-chemical parameters such as temperature and pH can
also influence the drug release rate.

Porosity is also a factor of interest, since drugs could be incorporated in the inner
core and in the internal porosity of the shell. Li et al. developed a new method for
preparing such particles with a porous silica shell structure via the sol-gel route and
using inorganic CaCO, nanoparticles as templates (Li et al. 2004). When removed,
the inner core can also offer place to a drug model such as Brilliant Blue F (Fig. 7).
The first attempts made on such carriers exhibit typical sustained release without
any burst effect, since a slow release was observed for 1,140 min compared to only
10 min for usual SiO, nanoparticles. Liu et al. explored the in-vitro release of fluo-
rescein isothiocyanate (FITC), a drug model that can be easily detected by fluorescent
spectroscopy (Liu et al. 2007b). They showed that the release time courses of FITC-
doped silica nanocapsules with very thin shells (in the range 3—10 nm) and large
cavities (ca. 70% of hollow core), ensuring the encapsulation of a great amount of
drug, are significantly different from the free FITC control, with a FITC release
peak at ca. 1.5 hr, highlighting the potential applications of such particles in drug
release. By the same method, Chen et al. carried out another CaCO3-templated
silica nanocapsules for the in-vitro cefradine delivery (an antibacterial agent) (Chen
et al. 2004). In this study, an interesting release profile, proceeding in three stages,
was explained by the authors as the drug release from the surface, the pore channels
in the wall, and the inside hollow part of the particles, respectively, markedly
encouraging the drug delivery application for such material.
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Fig.7 Schematic illustration of the preparation of porous hollow silica spheres (HSN) and further
immobilisation of Brilliant Blue (BB). (Reprinted from (Li et al. 2004), Copyright (2004), with
permission from Elsevier)

4 Intracellular Uptake and Fate of Silica-Based Nanoparticles

One of the interests of silica-based drug delivery system is the possibility to control
and manipulate intracellular uptake of the particles and their accumulation for an
extended period of time. To achieve such a goal the versatile chemistry of silica is
exploited to graft several functional groups such as stimuli-responsive gatekeepers
to control the release of the loaded drug, cell-specific moieties to achieve a targeted
delivery, cell-penetrating peptides to enhance the uptake efficiency, protecting polymer
layers, or ligands for endosomal escape strategies...(Vivero-Escoto et al. 2010b).
All of these modifications are aimed at obtaining an efficient drug delivery system,
which means that the device must be able to: (i) reach its target without being pre-
maturely eliminated (role of surface coating), (ii) be internalized (functionalization
for enhanced endocytosis or direct uptake), (iii) reach the right location (cellular
and intracellular targeting) and (iv) present no toxicity for the healthy cells (control
of the long-term fate of nanoparticles).

4.1 Avoiding Premature Elimination

As mentioned earlier, coating silica nanoparticles has proved to be useful to
enhance systemic circulating half-time. Some polymers such as PEG (polyeth-
ylene glycol) or carbohydrates can be used for this purpose because it creates a
protective layer (Mailaender and Landfester. 2009). The polymer shell created
on the surface of the particles makes them more hydrophilic and decreases
unspecific adsorption of proteins. If the particles have no opsonising proteins
adsorbed on the surface they are not recognized and eliminated by macrophages.



350 S. Quignard et al.

Thus, the particles remain in the circulatory system and have better chances to
reach their target. Uncoated nanoparticles are less efficiently internalized
because of their tendency to agglomerate into large aggregates that are less
endocytosed. This could be the result of interactions with the proteins or the salt
of the physiological media that would reduce repulsive interactions between par-
ticles. Among the polymer-coated particles, PEI-coated nanoparticles (PEI=poly-
ethyleneimine) are easily solubilised in physiological conditions and do not
form large aggregates, probably due to the high charge density obtained with the
coating (Fuller et al. 2008).

4.2 Improving Nanoparticles Uptake

Cellular uptake of silica-based nanoparticles is governed by parameters such as cell
line, morphology of the particles, electrostatic interactions between cellular mem-
brane and nanoparticles, surface functionalization of the particles. The mechanism
of internalization depends on these parameters that can be tuned to favour one
pathway upon the others.

4.2.1 Influence of Morphology (Size and Shape)

In order to develop intracellular drug delivery system, the morphology of the nano-
particles should be controlled to optimize the extent of internalization depending on
the aim of the system. Different studies show that, as a general trend, spherical
particles are more easily internalized than rod-shape or tubular particles, but this
depends on the cell-line considered (Trewyn et al. 2008) (Fig. 8). One hypothesis
to explain such a difference is the so-called “wrapping time” parameter. Indeed, if
the particles are internalized through endocytosis, a membrane must be formed
around the particle before the uptake process can take place and wrapping a tubular
shape is slower than for a spherical shape. But this has to be moderated taking into
account the aspect ratio of the particles. Indeed, short rods seem to be as easily
internalized as spherical nanoparticles. Another point not to miss is that apart from
the influence on the uptake efficiency, the morphology of the nanoparticles and
more particularly their aspect ratio can strongly influence the cell cytoskeleton and
the viability (Huang et al. 2010). Indeed some studies have proven that rod-shape
silica particles, once internalized, have an effect on the F-actin network as well as
a critical impact on cytotoxicity (by enhancing apoptosis). Size is also a critical
parameter because it will strongly influence the type of pathway followed for the
internalization. Silica nanoparticles can be obtained with a size varying from a few
nanometers to hundreds of nanometers, depending on the synthesis chosen.
Generally, particles smaller than 200 nm will be preferentially internalized through
endocytosis, particles bigger than 200 nm will either be endocytosed or not
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Fig. 8 Fluorescence confocal micrographs of CHO cells incubated with 50 gmL—1 Tubular-
FITC-MSN (a—c) and Spherical-FITC-MSN (d-f). (a and d) Fluorescence image excited at
340 nm to visualize the cell nuclei stained with DAPI. (b and e) Fluorescence image excited at
488 nm to visualize the FITC doped MSN that have been internalized by cells. (¢ and f) Overlaid
micrographs of (a and b) and (d and e), respectively. (Reprinted from Trewyn et al. 2008,
Copyright (2008), with permission from Elsevier)

internalized at all, but this size limit is cell line dependent. Overall, it is better to
have small round particles, sufficiently stabilized to avoid the formation of large
aggregates.

4.2.2 Influence of Surface Charge

Recent studies (Slowing et al. 2006) have shown that the uptake of positively
charged mesoporous silica nanoparticles was more efficient than the uptake of
negative particles, due to the net negative charge of cell membranes. These studies
have also enlighten that negatively charged particles were more able to escape
endosomes within 6 h, probably due to the “proton sponge effect” that supposes
that the more negatively charge particles have a better buffering capacity which
is a key factor for endosomal escape. Thus both factors must be taken into
account while designing silica-based drug delivery systems. Another point is that
positive nanoparticles are more subject to non-specific adhesion of proteins or
non-specific interaction with the cells. But surface charge is not the only tunable
parameter and different groups can be grafted on the surface of the silica-based
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device to facilitate receptor-mediated endocytosis, e.g. folate groups have proved
to facilitate folate-receptor mediated endocytosis in human cancer cells (Slowing
et al. 2006). This will be developed later in this section.

4.2.3 Influence of Surface Functionality

To deliver a drug loaded in silica-based nanoparticles, there are two possible ways
of entry in the cell. The first one is the internalization of the nanoparticles via endo-
cytosis that will require to take into account the endosomal acidic environment and
a strategy for endosomal escape. The influence of surface charge on the ability of
the particles to escape the endosome has already been mentioned but endosomal
escape can also be tuned by grafting different groups on the surface of the nanopar-
ticles, for instance amine containing polymers, that have the ability to buffer endo-
somes thus affecting the osmotic gradient. This will eventually lead to the release
of the endosomal cargo into the cytoplasm (Rosenholm et al. 2009). Coating silica
particles with polyethyleneimine is easily and rapidly obtained by adding the par-
ticles to a stirring solution of the polymer in sodium acetate buffer. This polymer
has another interest: amine groups are positively charged at physiological pH, thus
leading to positively charged nanoparticles. As the cell membrane is negatively
charged, a natural affinity between the positive particles and the membrane can lead
to some adherence of the nanoparticles to the membrane, thus enhancing their
internalization.

In vitro studies have also used photochemically-induced endosomal release of
silica nanoparticles (Sauer et al. 2010). Here the principle is a little different
because the photosensitizer group (disulfonated porphyrin derivative meso-tetraphenyl
porphine) is not grafted to the particles but incubated with the cells. This molecule
will be endocytosed and bound to the membrane of the endosomes. Under light
irradiation, the molecule is activated and generates a singlet oxygen that will lead
to endosome disruption through oxidation of the different compounds of the mem-
brane. Such a technique could be used for intracellular delivery if enough control
is gained on the targeting of the photosensitizer. Another possibility is a direct
delivery to the cytoplasm using cell-penetrating peptides (e.g. Tat) grafted
to the particles (Santra 2004; Mao et al. 2010) (Fig. 9). The later pathway has
the advantage to avoid any endosomal escape strategy and to possibly preserve the
cargo from the endosome environment. Furthermore, some drug will have to be
delivered specifically to definite organelles to maximize their efficiency and direct
delivery would minimize the loss of bioactivity. Tat peptide can be covalently
grafted via water-soluble carbodiimide reagents onto the surface of carboxyl-coated
silica nanoparticles. One key parameter is to adjust the number of Tat grafted to the
size of the particles. Indeed the bigger the particle, the more peptides will be needed
to permit membrane permeation. Of course, Tat-peptide is not the only cell-
penetrating peptide available and, depending on the peptide, the internalization
mechanism may vary.
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Fig. 9 HepG2 cells (labeled with EB to show red color) incubated for 6 h with (a) FITC-
SiO,-NH, and (b) FITC-SiO,-Tat3.5 particles. Bar is 10 um. (Reprinted from Mao et al. 2010,
Copyright (2010), with permission from Elsevier)

4.3 Controlled and Targeted Delivery

4.3.1 Tuning Silica-Based System to Control the Intracellular Delivery

To answer the problem of drugs side effects, controlled drug delivery devices are
being developed. These systems will prevent drug leakage or premature release,
thus diminishing the necessary dose administered. Such systems can be obtained by
grafting stimuli-responsive tethers on silica-based nanoparticles. These tethers will
act as gatekeepers that could be triggered either by an intracellular signal (such as
pH, reducing environment, competitive binding, enzymatic activity) or an external
signal (such as light, ultrasound, electromagnetic field, temperature). For instance,
silica nanoparticles with pH-sensitive gates have been developed (Cauda et al.
2010). This device is based on the sealing of the mesopores in acidic conditions via
an interaction between two different grafted groups: sulfonate and amine. When pH
reaches a physiological value, the previous interaction ceases to exist leading to the
gradual opening of the pores and the release of the encapsulated drug. But practical
problems can be encountered while designing such devices and for instance the
pore size has to be adjusted in order to obtain an effective gate because if the pore
is too large, the release takes place with no incidence of the pH. This implies that
the gating system must be matched with the pore size opening. Another example
would be to use cyclodextrin as a glutathione sensitive gatekeeper (Kim et al.
2010). The principle is the same: cyclodextrin groups are covalently grafted on the
external surface of mesoporous silica nanoparticles via a disulfide bond and mask
the opening of the pores. When the particles are in a glutathione containing envi-
ronment (e.g. in the targeted cell) the disulfide bond is cut, releasing the cyclodextrin
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and opening the pore. Thus such systems enable a control of the release and no
premature release. Coupled to a targeting moiety, such device could be used for
specific and controlled drug delivery.

4.3.2 Targeted Delivery (Cellular and Intracellular)

One of main issues in biomedical sciences nowadays is to develop drug delivery
systems that can be specifically targeted to the desired site. These systems are
mainly based on recognition with binding receptor of the targeted cells. Different
chemical structures can be grafted to silica nanoparticles to obtain these selective
interactions, as for example antibodies, peptides or specific ligands. The use of folate
groups has been mentioned previously. Such ligands are useful to target cancer cells
that possess folate-receptors in larger numbers than healthy cells (Rosenholm et al.
2009). Experiments on porous hybrid silica nanoparticles, functionalized with PEI
and folic acid have shown that the number of particles internalized per cell is signifi-
cantly larger in cells expressing high levels of folate receptors, as well as the propor-
tion of cells that have internalized particles (Fig. 10). Furthermore, this kind of
functionalized silica particles have proven to have a specific targeting capacity with
no cytotoxicity detected. Folic acid is grafted via carbodiimide/ succinimide
coupling of the carboxylic acid group of folic acid with the amine groups on the
surface of the PEI-coated particles, in a buffer at acidic pH. However, one limitation
appears in using folate-targeted particles that is the low rate of escape of the vector
after receptor-mediated endocytose (Breunig et al. 2008). Using these biomolecule
conjugations with functionalized silica particles, different antibodies (e.g. monoclonal
antibodies) or peptides can be grafted to target specific cells. Cellular targeting is
extensively studied in vitro and different ways have been developed but yet there are
very few reports of in vivo testing (Lu et al. 2010).

Apart from cellular targeting, intracellular targeting can also be considered with
delivery of the drug to a specific organelle. Once the particles have escaped the endo-
some, they can either remain into the cytosol or diffuse specifically towards mito-
chondria or nucleus depending on the action site aimed for the drug. The nucleus is
a major subcellular structure and has to be targeted for gene delivery. To answer this
issue, mesoporous silica nanoparticles have been successfully combine with a den-
drimer assembly that act as gatekeeper for the gene transfection system trapped in
the pores (Radu et al. 2004). The dendrimer (generation two of poly(amidoamine))
was grafted on an isocyanatopropyl functionalised particle and efficiently bind plas-
mid DNA vectors. Furthermore, this hybrid material is able to protect DNA against
enzymatic cleavage and induce expression of the DNA vector in the targeted cells.

4.4 Intracellular Fate of the Nanoparticles

While conceiving silica-based drug delivery system, the fate of the internalized
particles must be evaluated. There are three possibilities: the particles can be degraded
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293 Hela
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Fig. 10 Specific endocytosis of FITC/PEI/FolicAcid-functionalized silica nanoparticles in coculture
of HeLa and 293 cells. The cells were labeled with blue CMAC (HeLa) or CellTracker Red (293)
and plated together overnight prior to incubation with the particles for 4 h. After incubation the
extracellular fluorescence was quenched by trypan blue and the endocytosed particles with FITC-
label (green) inside blue- or red-labeled cells were detected by confocal microscopy. Scale bar
10 pm. (Reproduced with permission from (Rosenholm et al. 2009). Copyright 2009 American
Chemical Society)

by enzymes in the lysosomes, the system can be exocytosed either directly or after
partial degradation, or the particles can accumulate inside the cells, potentially leading
to side effects such as formation of reactive oxygen species, affecting the cell cycle,
influencing cytokine synthesis... (Hu et al. 2009). At this time, very few data has
been gathered on this topic. Fluorescent mesoporous nanoparticles have been shown
to escape endolytic vesicles and resist lysosomal degradation (Huang et al. 2005).
In the case of biopolymer-silica hybrid nanoparticles, it was observed that gelatin or
alginic acid could be dissolved intracellularly within 3 T3-fibroblasts, leaving silica
nanograins in the vesicles (Boissiere et al. 2006; Allouche et al. 2006). However,
nothing is known about further degradation/exocytose of these particles.
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5 Conclusions

Taken together, this large amount of data and achievements suggest that
silica-based nanoparticles are promising candidates for intracellular drug
delivery. Their main advantages are the control of particle size and porosity as
well as the very versatile functionalization chemistry. Their main drawback is
clearly related to their biocompatibility but this term covers several aspects that
deserve to be discussed. First, it worth underlining that, like all other materials,
silica may coexist in several forms: colloidal, polymer and monomer of decreasing
size but of increasing reactivity. Second, several in vivo environments should
be distinguished: body fluids, cell membrane and intracellular space. Most
available data concern silica in the colloidal state in body fluids and at the
vicinity of cell membrane. In all these situations, it was suggested that a suit-
able surface functionalization allowed the decrease of the detrimental effect of
the silica particle. Considering colloidal silica within cells, there is a strong
lack of relevant information. In particular, to our knowledge, no long-term studies
of the fate of internalized particles are available. Turning our attention to solu-
ble forms of silica, only one paper has addressed the influence of silicic acids
on cells, and only in vitro (Linthicum 2001). This study indicated that these
species could be internalized, leading to intracellular damage. It can therefore
be suggested that these two fundamental aspects deserve to be studied in more
details.

From a practical point of view, it is also necessary to consider several factors.
First, the problem of colloidal stability is an important issue both during storage
but also when sterilization is to be undertaken. For instance, it is worth noting
that commercial solutions of silica nanoparticles contain stabilizers that may not
be fully compatible with in vivo applications. From an economical perspective,
the large-scale production of plain silica nanoparticles, as such or with simple
organic coatings is already existing. However, to our knowledge, this is not true
for mesoporous particles. Considering further functionalization of these carriers,
it is worth mentioning that organosilanes are quite expensive and that most
promising multifunctional particles involve several synthetic steps that may not
be easy to scale-up. Overall, it implies an extensive adaptation of the silica
industry to biomedical constraints. Such an adaptation will be triggered only if
(i) silica-based particles demonstrate strong benefits compared to more tradi-
tional (bio)-organic nanoparticles and (ii) a better understanding of their in vivo
behavior is gained.

Interestingly, recent bibliographic data suggest that most reports in this area
concern the elaboration of silica-based novel carriers (> 500 papers in the 2009—
2010 period from Web of Science®) whereas biological evaluations of silica parti-
cles are still scarce (ca. 60 papers over the same period). A better balance between
these two approaches must now be reached, especially through the development of
a true “biochemistry” of silica.
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Magnetic Nanoparticles for Biomedicine

Ivo Safaiik, Katefina Horska, and Mirka Safafikova

Abstract Biocompatible materials exhibiting different types of response to external
magnetic field have already found many important applications in various areas of
biosciences, biotechnology, medicine, environmental technology etc. In most cases
they can be described as composite materials, where the magnetic properties are
caused by the presence of iron oxides nano- or microparticles. Such materials can
be efficiently separated from difficult-to-handle samples and targeted to the desired
place, applied as contrast agents for magnetic resonance imaging or used to generate
heat during exposure to alternating magnetic field.

Keywords Maghemite « Magnetic iron oxides « Magnetic particles « Magnetic
separation « Magnetite

1 Introduction

Biocompatible materials exhibiting response to external magnetic field have
found many interesting applications in various areas of biosciences and biotech-
nology, including different medical disciplines. The broad family of magnetic
field-controllable materials includes both nano- and microparticles, high aspect
ratio structures (nanotubes, nanowires), thin films, etc. Ferrofluids (magnetic
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fluids), magnetorheological fluids, magnetic polymers, magnetic inorganic mate-
rials, magnetically modified biological structures, magnetic particles with bound
biomolecules etc. can serve as typical examples. In many cases magnetically
responsive composite materials consist of small magnetic particles (most often
formed by magnetite, maghemite or various ferrites), usually in the nanometer to
micrometer range, dispersed in a polymer, biopolymer or inorganic matrix; alter-
natively magnetic particles can be adsorbed on the outer surface of diamagnetic
particles (Safarik and Safarikova 2009b).

Magnetic properties of such materials enable their applications in numerous
areas (Arruebo et al. 2007; Safarik and Safarikova 2009a), namely:

— Magnetically responsive nano- and microparticles and other relevant materials
can be selectively separated (removed) from the complex samples using an
external magnetic field (e.g. using an appropriate magnetic separator, permanent
magnet, or electromagnet). This process is very important for bioapplications
due to the fact that absolute majority of biological materials have diamagnetic
properties which enable efficient selective separation of magnetic materials.

— Magnetic particles can be targeted to the desired place and kept there using an
external magnetic field. These properties can be used e.g. for sealing the rotating
objects or in the course of magnetic drug targeting.

— Magnetic particles can generate heat when subjected to high frequency alternat-
ing magnetic field; this phenomenon is employed especially during magnetic
fluid hyperthermia (e.g., for cancer treatment).

— Magnetic iron oxides nanoparticles generate a negative T2 contrast during mag-
netic resonance imaging thus serving as efficient contrast agents.

— Magnetorheological fluids exhibit great increase of apparent viscosity when
subjected to a magnetic field.

— Magnetic nano- and microparticles can be used for magnetic modification of
diamagnetic biological materials (e.g. cells or plant-derived materials), organic
polymers and inorganic materials, and for magnetic labeling of biologically
active compounds (e.g. antibodies, enzymes, aptamers etc.).

In most cases synthetic (laboratory-produced) magnetically responsive nano-
and microparticles and related structures have been developed, however, biologi-
cally produced magnetic particles (e.g., magnetosomes produced by magnetotactic
bacteria) have been successfully used for selected bioapplications (Arakaki et al.
2008). This short review chapter shows typical examples of biocompatible mag-
netic materials synthesis and typical examples of their biomedical applications.

2 Synthesis of Magnetic Nanoparticles

Many chemical procedures have been used to synthesize magnetic nano- and
microparticles applicable for bioapplications, such as classical coprecipitation, reac-
tions in constrained environments (e.g., microemulsions), sol-gel syntheses, sono-
chemical and microwave reactions, hydrothermal reactions, hydrolysis and thermolysis



Magnetic Nanoparticles for Biomedicine 365

of precursors, flow injection syntheses, electrospray syntheses and mechanochemical
processes (Laurent et al. 2008; Lin et al. 2006; Zheng et al. 2010).

The simplest and most efficient chemical pathway to obtain magnetic particles
is probably the coprecipitation technique. Iron oxides, either in the form of magnetite
(Fe,0,) or maghemite (y-Fe,0,), are usually prepared by aging stoichiometric mix-
ture of ferrous and ferric salts in aqueous alkaline medium. The chemical reaction
of Fe,O, formation is usually written as follows:

Fe™* +2Fe’ +80H™ — Fe,0, +4H,0

However, magnetite (Fe,0,) is not very stable and is sensitive to oxidation which
results in the formation of maghemite (y-Fe,0,).

The main advantage of the coprecipitation process is that a large amount of
nanoparticles can be synthesized. However, the control of particle size distribution
is limited. The addition of chelating organic anions (carboxylate or o-hydroxy
carboxylate ions, such as citric, gluconic, or oleic acids) or polymer surface com-
plexing agents (dextran, carboxydextran, starch, or polyvinyl alcohol) during the
formation of magnetite can help to control the size of the nanoparticles. According
to the molar ratio between the organic ion and the iron salts, the chelation of these
organic ions on the iron oxide surface can either prevent nucleation and then lead
to larger particles or inhibit the growth of the crystal nuclei, leading to small nano-
particles (Berger et al. 1999; Laurent et al. 2008).

Classical coprecipitation method generates particles with a broad size distribu-
tion. Synthesis of iron oxide nanoparticles with more uniform dimensions can be
performed in synthetic and biological nanoreactors, such as water-swollen reversed
micellar 