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Design and functionalization strategies for multifunctional nanocarriers (e.g., nanoparticles, micelles,
polymersomes) based on biodegradable/biocompatible polymers intended to be employed for active
targeting and drug delivery are reviewed. This review will focus on the nature of the polymers involved
in the preparation of targeted nanocarriers, the synthesis methods to achieve the desired
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macromolecular architecture, the selected coupling strategy, the choice of the homing molecules
(vitamins, hormones, peptides, proteins, etc.), as well as the various strategies to display them at the

surface of nanocarriers. The resulting morphologies and the main colloidal features will be given as well
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as an overview of the biological activities, with a special focus on the main in vivo achievements.
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Review Article

1. Introduction

In the recent years, significant achievements have been witnessed in
the field of nanotechnology, especially in material science,
electronics, photonics, supramolecular assemblies and drug
delivery. In particular, the medical application of nanotechnologies,
usually termed nanomedicine,'® has given a crucial impulse to the
development of various types of drug-loaded nanocarriers, such as
liposomes, nanoparticles, micelles etc. A great deal of effort is now
focused on the engineering of nanoparticulate systems able to serve
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as efficient diagnostic and/or therapeutic tools against severe
diseases, such as cancer, infectious or neurodegenerative dis-
orders.”>*

Among the numerous classes of materials employed for drug
delivery purposes, colloidal systems based on polymers have
attracted much attention due to the flexibility offered by
macromolecular synthesis methods, the almost infinite diversity
of polymers in terms of nature, properties and composition, and
their ease of functionalization.>”*%'>7>?527 polymer-based,
engineered colloids represent one of the most promising oppor-
tunities for in vivo diagnosis and treatment of many diseases.
Indeed, the possibility to load them with a drug (which can also
be covalently linked to the polymer) and to functionalize them
with specific ligands, intended to be recognized by receptors
overexpressed at the surface of particular cells (e.g:, cancer cells,
brain endothelial cells etc.), paved the way to the so-called active
targeting.>>?”>®

The successful design of targeted nanocarriers is usually
governed by the nature of the polymer and the ligand, as well as
by the selected coupling reaction. So far, a plethora of ligation
strategies have been developed, each of them exhibiting benefits
and drawbacks. Hence, these constructions represent a subtle
equilibrium between organic chemistry, macromolecular synthesis,
physico-chemistry and pharmaceutical science.

The present review will detail the different steps to construct
functionalized nanoparticulate systems based on biodegradable/
biocompatible polymers for targeted drug delivery (Fig. 1). More
precisely, it will focus on the nature of the polymer employed for
the preparation of targeted nanocarriers, the synthesis method
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Fig. 1 Design of targeted nanoparticulate systems.

to achieve the desired macromolecular architecture, the
selected coupling strategy, the choice of the homing devices
(vitamins, hormones, peptides, proteins, etc.), as well as the
various strategies to display them at the surface of nanocarriers
without altering their colloidal properties. The resulting
morphologies and the main colloidal features will be given as
well as a general discussion about the biological activities, with
a special focus on the main achievements that have been
reported in vivo.

2. Morphology and preparation of
nanocarriers

Nanoparticulate systems are colloidal-sized particles, with
diameters ranging from 1 to 1000 nm. A wide variety of
nanocarriers composed of different materials including lipids,
polymers and inorganic materials have been developed, resulting
in delivery systems that vary in their physicochemical properties
and thus in their applications (Fig. 2). The following sections will
describe the most used polymer-based nanoparticulate systems
for drug delivery and targeting purposes.

2.1. Nanocarrier morphologies

In this review, we will focus our attention on polymer-based
nanocarriers. In this regard, three classes of polymer-based
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Fig. 2 Lipid and polymer-based nanoparticulate systems used in the field of drug
delivery and active targeting.
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colloidal systems will be discussed: (i) nanoparticles, (ii) polymeric
micelles and (iii) polymersomes. The reader who would like more
details about all other nanoparticulate systems (e.g., liposomes,
solid lipid nanoparticles, etc.) is referred to the adequate
reviews.”>* 1t is noteworthy that due to intense research effort
in the field, most of these systems can be easily engineered, which
makes them easily adjustable in terms of size, surface charge,
drug loading, release mechanism, etc.

2.1.1. PoryMERIC MICELLES. Polymeric micelles belong to a
group of nanosized colloids that can be formed by self-assembly
of amphiphilic block copolymers in aqueous solution.>’ The
hydrophobic core region serves as a reservoir for hydrophobic
drugs, whereas the hydrophilic shell region stabilizes the hydro-
phobic core, making the particle an appropriate candidate for
i.v. administration.*” They typically present the so-called core-
shell morphology and exhibit average diameters in the 5-100 nm
range.”® Contrary to nanoparticles, polymeric micelles are
characterized by a critical micelle concentration (CMC). There-
fore, upon dilution below the CMC, micelles disassemble into
free unimers.>* Nonetheless, polymeric micelles mainly show
low CMC values, which make them relatively insensitive to
dilution, thus leading to enhanced circulation times.** Micelles
appear to be the most advanced nanoparticulate systems for
clinical trials*® and proved already to be a relevant approach for
the delivery of hydrophobic drugs and DNA, with the possibility
to be functionalized by many different ligands.>

2.1.2. NanoparticLEs. Nanoparticles (NPs) are solid colloidal
systems in which the drug is physically dispersed, dissolved, or
chemically bounded to the polymer chains.*® Depending on the
method employed for their preparation, either nanospheres or
nanocapsules can be obtained. Nanospheres are matrix-like
systems in which the drug is dispersed within the polymer
chains. On the contrary, nanocapsules are vesicular systems
which are formed by a drug-containing liquid core (aqueous or
lipophilic) surrounded by a single polymeric membrane.?”
Nanocapsules may thus be considered as a “reservoir” system.
The advantage of NPs results from the ability to incorporate
hydrophobic drugs at concentrations greater than their intrinsic
water solubility.*® Polymeric nanoparticles offer a very wide
range of possibilities to greatly modify their composition, their
surface (in order to have an impact on the drug loading), their
circulation time or the drug release.”®

2.1.3. Porymersomes. Polymersomes are reservoir-like systems
but are opposed to nanocapsules regarding the nature of the
polymer membrane, which is composed, in that case, of self-
assembled amphiphilic block copolymers. They are biomimetic
analogs of natural phospholipids and can be formed with sizes
ranging from tens of nanometers to tens of micrometers with
relatively high control of the size distribution.*® The hydrophobic
blocks of each copolymer tend to associate with each other in
order to minimize direct exposure to water, whereas the hydro-
philic blocks face inner and outer aqueous solutions and thereby
delimit the two interfaces of a typical bilayer membrane.*® The
membrane is the key feature of this kind of nanocarrier. It serves
to partition aqueous volumes with different compositions and
concentrations, based on its selective permeability to hydrophobic
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and hydrophilic molecules.*' Polymersomes have the advantage
of allowing for both the encapsulation of hydrophilic components
in their aqueous cavities and encapsulation of hydrophobic
molecules within their membranes.*” The successful use of
targeted polymersomes for the delivery of a wide variety of drugs
will be detailed in the following chapters of this review.

2.2. Preparation methods

Several strategies can be employed in order to produce targeted
nanocarriers for drug delivery. A (co)polymer can be modified
with a targeting ligand either before nanocarrier formation or
after by coupling it at the surface of preformed nanocarriers.
The choice of the preparation method for nanocarriers mainly
depends on the employed polymeric materials. For the self-assembly
of (co)polymers in aqueous solution, the emulsion-solvent
evaporation process and the nanoprecipitation technique are
often described. When natural polymers such as albumin (BSA
and HSA), gelatin or gliadin are employed, the desolvation
process is the preferred method.

2.2.1. SELF-ASSEMBLY OF PREFORMED (co)poLyMERs. Self-assembly
of preformed (co)polymers is the most convenient method to
prepare various nanoparticulate morphologies (e.g., nano-
particles, micelles). Self-assembly of block copolymers in
solution is driven by the different affinity, also referred to as
block selectivity, of the solvent to each block of the copolymer.
The specific size and morphology of such self-assembled structures
is driven largely by thermodynamic forces.*> Among the different
methods that have been proposed so far, two of them are widely
used: (i) the emulsion-solvent evaporation process and (ii) the
nanoprecipitation technique (also called the solvent diffusion
method).

The emulsion-solvent evaporation process is based on the
emulsification (e.g., ultra-sounds, microfluidizer etc.) of non-water-
miscible organic solutions of a hydrophobic drug and preformed
polymers into an aqueous phase containing surfactants in order to
obtain nano-sized organic solvent droplets that serve as a template
for nanocarrier assembly. The organic solvent is subsequently
removed under reduced pressure (Fig. 3).*™*° To encapsulate
hydrophilic drugs, a double emulsion (water-in-oil-in-water) is
formed with the drug dissolved in the internal aqueous phase.

Although the emulsion-evaporation process is a widely
employed technique, it usually leads to poor encapsulation
yields of hydrophilic drugs.” For that matter, the technique

Polymer/organic phase
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Fig. 3 Preparation of polymeric nanocarriers by emulsion-solvent evaporation.
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Fig. 4 Preparation of polymeric nanocarriers by nanoprecipitation.

has to be adapted with a double emulsion process. Several
factors can affect the release rate of the entrapped drug such as
the nanocarrier size (larger particles have a smaller initial burst
release and longer sustained release than smaller particles) and
the drug loading (the higher the drug loading is, the greater the
burst and the faster the release rate).””

The nanoprecipitation technique requires two solvents that
are miscible. Ideally, both the polymer and the drug must be
soluble in the first one (the solvent), but not in the second
system (the non-solvent). Nanoprecipitation occurs by a rapid
desolvation of the polymer when the polymer solution is added
to the non-solvent (Fig. 4).**>° Indeed, as soon as the polymer-
containing solvent has diffused into the dispersing medium,
the polymer precipitates, involving immediate drug entrap-
ment. The rapid nanoparticle formation is governed by the
so-called Marangoni effect, which is due to interfacial turbu-
lences that take place at the interface of the solvent and the
non-solvent and result from complex and cumulated phenomena
such as flow, diffusion and surface tension variations. In contrast
to emulsion-solvent evaporation, no surfactants are necessary
and a broad variety of benign solvents, such as DMSO or acetone,
can be used.

Another widely-employed nanocarrier formulation pathway
from preformed (co)polymer is the dialysis method. In this
process, the (co)polymer is dissolved in a water-miscible
organic solvent and introduced into a dialysis tube. Nanocarriers
are then formed upon dialysis against water.>"

In order to form nanoparticles from polysaccharides, the
gelation method is usually employed.>” In this process, poly-
saccharides are dissolved in water or in weak acidic medium
(chitosan) and added dropwise under constant stirring to
counterion solutions. Due to the complexation between oppo-
sitely charged species, polysaccharides undergo ionic gelation
and precipitate into spherical (nano)particles. The nano-
particles are removed by filtration, washed with distilled water
and dried. The gelation method is very simple and is performed
under mild conditions. In addition, reversible physical cross-
linking by electrostatic interaction instead of chemical cross-
linking avoids the potential toxicity of reagents and other
undesirable side effects.

The strong influence of the preparation method of poly-
meric micelles on the particle size, drug loading and release
has been highlighted by Tyrell et al.>® Yokoyama et al. studied

This journal is © The Royal Society of Chemistry 2013
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the drug loading efficiency of camptothecin in poly(ethylene
glycol)-block-poly(aspartic acid) (PEG-b-Asp) micelles according
to three different preparation methods: dialysis, oil-in-water
(O/W) emulsion and solution casting. The drug loadings were
found to increase from 1% to 26% to 58% respectively. When
sonication was applied in conjunction with the dialysis and
emulsion methods, the drug loading efficiencies increased up
to 45% and 37%, respectively.”® The solvent can also have an
impact on the drug loading for a given polymer. By using a
solvent evaporation process for the loading of amiodarone in
poly(e-caprolactone)-block-poly(ethylene glycol) (PCL-b-PEG)
micelles, it was shown that acetone gave a significantly higher
drug loading, compared to chloroform (87% vs. 67%).>

For the preparation of polymersomes, a complete study
reported by Mora-Huertas et al. gave a detailed overview of
the different parameters influencing the particle size, drug
loading and other factors.”® For this kind of nanocarriers,
nanoprecipitation is valued for the simplicity of its procedure,
low cost, reproducible carrier size and high encapsulation
efficiency. However, when the emulsion-evaporation method
is employed, parameters such as the type and the volume of the
organic and aqueous phases, as well as the nature and quantity
of surfactants and polymers have relevant effects on particle
size distribution. In addition, this parameter can be controlled
by the intensity and duration of the emulsification process. The
drug loading efficiency is mainly directed by the chemical
nature of the drug itself and in particular its polarity. For
instance, hydrophilic drugs can reach maximum encapsulation
values of about 10%, whereas hydrophobic drugs can reach an
encapsulation efficiency higher than 70%.® The drug release is
governed by numerous factors, such as: (i) the conditions of the
preparation method; (ii) the concentration and the physico-
chemical characteristics of the active substance (particularly its
solubility and oil/water partition coefficient); (iii) the nature,
the degradability, the molecular weight and the concentration
of the polymer, the polymer solid microstructure when
re-precipitated; (iv) the nature of the oil; (v) the nanocapsule
size and (vi) the conditions of the in vitro release test (medium
pH, temperature, contact time, among others).

2.2.2. DesowvaTion or proTEINS. This method is applied for
the design of protein-based nanoparticles and was originally
developed by Marty et al.®’ It relies on particle formation in
aqueous solution by a coacervation process and a subsequent
stabilization by a cross-linking agent. The key for this approach
is to use a desolvation factor such as natural salts or alcohol
which should be slowly added to an aqueous protein solution.
The protein ternary structure is then altered and when a certain
degree of desolvation is reached, protein aggregates are
formed. These aggregates are then stabilized with cross-linking
agents such as glutaraldehyde or glyoxal (Fig. 5). In order to
obtain dispersed protein-based nanoparticles, the turbidity
has to be finely monitored to avoid particle accumulation.
This process has been further optimized mainly for
albumin and gelatin nanoparticles, in terms of reproducibility,
colloidal features and control of surface-available amino
groups.”®?°

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 Synthesis of protein-based nanoparticles by the desolvation process.

3. Design of targeted nanocarriers
3.1. Towards targeted drug delivery systems

Since Paul Ehrlich, who won the Nobel Prize for Medicine in
1908, suggested the concept of “magic bullet”: a drug that
selectively destroys diseased cells but is not harmful to healthy
cells,”® a great deal of research has attempted to reach that
goal, for instance for the treatment of cancer.’" In the field of
tumor physiology, a crucial step forward was achieved with the
discovery of the enhanced permeability and retention (EPR)
effect,’”® that allows for passive tumor targeting. This
explains why the PEGylation strategy (i.e., the covalent linkage
of poly(ethylene glycol) (PEG) chains to a substrate) appeared to
be a key nanotechnological advance, allowing PEGylated nano-
carriers to exhibit a prolonged circulation time, thus leading to
an increased opportunity to reach its site of action. This
approach was employed for the preparation of drug-loaded
PEGylated liposomes with doxorubicin that became the first
therapeutic nanomedicine to reach the market with the FDA
approval of DOXIL in 1995.°® For polymer nanocarriers,
Paclitaxel-loaded poly(lactic acid)-block-poly(ethylene glycol)
(PLA-b-PEG) micelles (Genexol-PM) were marketed in 2007.%
Nevertheless, the EPR effect is not suited for low vascular
permeability cancers (e.g., pancreatic cancer) and the occur-
rence of the so-called “accelerated blood clearance (ABC)
phenomenon” (repeated injections of PEGylated liposomes
may lose their long-circulating characteristic due to the produc-
tion of anti-PEG IgM induced by the first dose)®® explains the
urgent need for targeted drug delivery systems able to selec-
tively recognize specific cells or tissues. The first examples
deriving from such strategy were described in 1980 with the
development of ligand-conjugated liposomes. Since then, many
researchers and companies worked on the design of even more
efficient drug delivery by active targeting.>*>"°"%°

3.2. General considerations about ligation strategies

In order to perform active targeting, the strategy is to position,
at the periphery of the nanoconstruct, a biologically active
ligand that will interact with the surrounding biological
environment. The active targeting is achieved by molecular
recognition of the targeted cells/tissues by various signature
molecules overexpressed at the diseased site either via the
ligand-receptor, antigen-antibody interactions or by targeting
by means of aptamers. When bio(macro)molecules such as
peptides represent the target, a similar strategy is employed

Chem. Soc. Rev., 2013, 42,1147-1235 | 1151
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by using molecules or antibodies with specific affinity toward
the targeted peptides.

The ligand can either be linked to the (co)polymer prior to
self-assembly into the resulting ligand-decorated nanocarrier or
directly coupled at the surface of preformed nanocarriers in
aqueous solutions. The choice of the synthetic route is usually
governed by the size of the ligand to be attached to: whereas
small ligands (e.g., small organic molecules or small peptides)
can be linked either to the copolymer prior to nanocarrier
formation or at the surface of preformed nanocarriers,
the linkage of bulky ligands (e.g., polypeptides, proteins or
antibodies) occurs, but not exclusively,”® via the second pathway
for self-assembly and hydrophilic/lipophilic balance reasons.
This pathway is also preferred because the secondary structure
of proteins and antibodies can be denatured by solubilization in
organic solvents.”*

An undeniable advantage of conjugating the ligand prior to
nanocarrier formation relies on the possibility to control the
reaction yield and to thoroughly characterize the resulting
conjugate by routine methods. Consequently, by its simple
mix with the non-conjugated (co)polymer, it is then possible
to tune the density of ligands on the surface of the nano-
carriers, and therefore to control the binding efficiency for a
given target. This is of high importance regarding the so-called
multivalency feature of the nanocarriers.”> However, a draw-
back of this method lies in the fact that the physicochemical
properties of the original copolymer will be altered, especially
with (bio)macromolecules. Indeed, after ligands conjugation,
the hydrophilic/hydrophobic balance will be changed together
with the charge and therefore the conditions to obtain nano-
carriers will need to be adapted.

When conjugation occurs after the nanocarrier formation,
some difficulties may arise from its purification and chemical
characterization. Indeed, purification processes such as centri-
fugation, dialysis or filtration can degrade/modify the nano-
carriers. Besides, proving the covalent linkage will necessitate
more advanced surface characterization methods (e.g., XPS,
ToF-SIMS) whereas NMR can appear limited.”® Surface charac-
terization using surface plasmon resonance (SPR) spectroscopy
can also be employed but will lead to indirect proofs and will not
give the possibility to distinguish between covalent linkage or
simple adsorption.

Several studies compared both approaches using small
peptides as a ligand, but led to opposite results.”*””

3.3. Ligands employed for targeted delivery

A broad range of ligands have been used for targeted nano-
carriers and belong to the families of small molecules, carbo-
hydrates, peptides, proteins or antibodies (Table 1).

3.3.1. SwmaLL moLecuLEs. Molecular ligands are often readily
available, inexpensive, easy to handle, to be chemically mod-
ified and to be characterized. Among biologically active small
molecules, vitamins such as folic acid (FA, vitamin B9),”*’” and
biotin (vitamin B7)’® are widely employed for the targeting of
cancer cells. Indeed, FA binds with a low affinity to the reduced
folate carrier virtually present in all cells, but with a high
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affinity (in the nanomolar range) to the glycosylphosphatidyli-
nositol-linked folate receptor, which exhibits very limited dis-
tribution but is overexpressed at the surface of many types of
cancer cells including ovarian, breast, brain, and lung cancer
cells.”® The expression levels in tumors have been reported to
be 100-300 times higher than those observed in normal
tissues.®® In the case of biotin, which is a cell growth promoter,
its content in tumors is significantly higher than in normal
tissue. Due to the rapid proliferation of cancer cells, a higher
quantity of biotin is needed, and therefore, biotin receptors are
often overexpressed on their surface.®’ Biotin has also the
advantage of binding to (strept)avidin with an extremely high
affinity constant and this feature is commonly employed to link
(strep)avidin-antibody constructs at the surface of biotinylated
nanocarriers. Cobalamin (vitamin B12), known to promote the
intestinal adsorption of associated molecules, was recently
employed for the development of an oral delivery system of insulin
in order to bypass subcutaneous administration drawbacks.®?

Other small molecules such as curcumin, selegilin, selectin
or alendronate have also been used as targeting ligands.
Curcumin, a major component of the yellow curry spice
turmeric, presents potential anti-inflammatory, antioxidant,
anti-ischemic, antiarthritic and anticancer properties.®* It is
also able to bind the B-amyloid peptide (AB) and to disaggregate
AP plaques, as well as to prevent fibril and oligomer formation,
which is of great interest in the field of Alzheimer’s disease.®*%¢
Selegiline, a methamphetamine derivative able to selectively
inhibit monoamine oxidase-B (MAO-B), is clinically employed
for the treatment of Parkinson’s disease®” and has shown
interesting properties for management of AD.*® Moreover,
selegiline also displays high affinity for the amyloid peptide,
a key molecule in AD etiology. Selectin was used to target
P-selectin and E-selectin, whose expression levels on endo-
thelial cells are highly increased during inflammation.®>°
Targeting of hydroxyapatite for treatment of bone disease was
achieved using alendronate as ligand.”*

Although the use of small molecules as biologically active
ligands is a convenient route towards targeted nanocarriers,
their main downside comes from their relatively nonselective
interaction.®” For instance, folate can indeed bind to some non-
target tissues. In addition, vitamins are present in diets and can
be found in significant levels in body fluids. Therefore, the free
vitamin can compete for binding with the targeted nano-
carriers. Structure-activity relationships of AP-aggregation
using curcumin derivatives revealed that subtle changes in
the curcumin structure led to severe variations of activity.

3.3.2. CarsoHyDRrATEs. Similarly to small molecules, carbo-
hydrates are often readily available, inexpensive to manufacture
and sugar chemistry is sufficiently well-known to allow their
efficient modification and characterization. Most carbohydrate
molecules used for targeting purposes (e.g., galactose, lactose,
mannose) bind specifically to asialoglycoprotein receptors
(ASGPR), which are membrane lectin receptors commonly
found in liver cells.’® In this view, carbohydrates are interesting
ligands to target hepatic and cervical cancer cells.”>® Inter-
action of glucose and lactose with lectins was investigated to

This journal is © The Royal Society of Chemistry 2013
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Table 1 Structures/schemes of biologically active ligands used for targeted nanocarrier synthesis

Ligand Structure/scheme Pathology Receptor(s)/target(s) Ref.

Small molecules

o Os_OH
. . fo) N OH
Folic acid (FA), also N H )
known as vitamin B9 HN)ﬁI \j/\ N
N

H,N

Cancer Folate receptor 76, 77

Biotin, also known Biotin receptor

as vitamin B7 Cancer (MCF7, M109 cells) 78
Cobalamin (VB12) o N Intestine adsorption Ileocyte of intestine 82
¢1C
NH
(\ Ho_ '
S~
0=p-0" %
o ho’
R = 5'-deoxyadenosyl, Me, OH, CN
CH;
A
- ~ Neurodegenerative . .
Selegiline H L, diseases (PD, AD) Amyloid-beta peptide 189
Curcumin Cancer, AD Amyloid-beta peptide 85, 86
Selectin Pathologwgl Activated endothelium 89, 90
inflammation
Alendronate Bone diseases Hydroxyap atltfe (major h 91
HpO4P PO3H, component of bones and teeth)
OH
ACUPA S,S,-2-[(5-amino-1-carboxypentyl)- Cancer PMSA 187
ureido]pentanedioic acid
Carbohydrates
O._OH
HO
Galactose HO' “'OH Cancer Asialoglycoprotein receptor 95
OH
O._OH
HO
Galactosamine HO “'NH, Cancer Asialoglycoproteins receptor 95
OH
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Table 1 (continued)
Ligand Structure/scheme Pathology Receptor(s)/target(s) Ref.
Glucose Bioadhesion Lectins 97
Lactose Bioadhesion Lectins 97
Mannose HOY OH Bioadhesion Lectins, mannose receptor 99
OH
Mannan Polymer of mannose Immunization Mannose receptor 98
COOH . CHZOH
Hyaluronan ~0 oH /\\: > Cancer CD44 100
OH NHCOCHs
Glycyrrhizin Hepatic cancer Specific binding sites on 102
hepatocytes membrane
TMC (trimethylated <INOH OH . Negatively charged membranes
chitosan) o ~ CNS delivery and extracellular lectins 103
NH, e
]
CHs
~ " o
\NH G . g .
Sialic acid HO CNS delivery Siglec family (sialoadhesin) 104
HO d receptor
HooC OH
Peptides and proteins
% tNHz
O NH H
~ N
HO .S .
Octreotide (OCT) J S Cancer Somatostatin receptor 108
HO Ay . H oH, Oﬁ)
H HN
H

NH,
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Ligand Structure/scheme Pathology Receptor(s)/target(s) Ref.
HS.
(0]

Glutathione HOOC\_/\)I\N N -COOH Membrane Tight junctions 114

H H translocation

NH (o}
WGA Bioadhesion/cancer N-Acetylglucosamine
Solanum tuberosum . .

. CNS delivery N-Acetylglucosamine
lectin
RCA (Ricinus Bioadhesion/cancer Galactose/
communis-120) N-acetylgalactosamine
109-113
Odorranalectin CNS delivery L-fucose
Con A Infectious disease, Con A receptor
Cancer

UEA 1 Infectious disease, Lectin UEA I receptor

GRGDS

CRGDKGPDC (iRGD)
Cyclo(RGDDYK)C (cyclic RGD, ¢cRGD)
Cyclo(RGDDFK) (cRGDfK)

RGD peptides

RGD4C
RGD-peptidemimetic
K 273 peptide HTMYYHHYQHHL
TAT (CPP) GRKKRRQRRRPQ
mHph1 (CPP) CHHHHHYARVRRRGPRRHHHHHC
mAP (CPP) CHHHHHRQIKIWFQNRRMKWKKHHHHHC
SynB RGGRLSYSRRRFSTSTGR
Lyp-1 peptide CCGNKRTRGC
LCP (lung cancer RGDLATLRQL
targeting peptide)
XRT-cells peptide GIRLRG
Injured vessels KLWVLPK

peptide
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Cancer

Cancer

Cancer

CNS delivery

Cancer

Cancer

Cancer
Injured vasculature

oy f; integrin receptor 115-117
VEGF 120
Cell membrane (translocation) 122, 123
Cell membrane (translocation) 124
Cell membrane (translocation) 125
BBB (crossing via a caveolae- 128
independent pathway)

Tumor cells and tumor 131
lymphatic vessels endothelial

cells

o, Pe integrins 132
GRP78 133
Collagen IV 134
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Table 1 (continued)

Ligand Structure/scheme Pathology Receptor(s)/target(s) Ref.
EGF1 N3 Thrombolysis Tissue factor 135
b ¥

AP peptide CRKRLDNR Atherosclerosis/ IL4 receptor 136
cancer

Pep I peptide CHVLWSTRC Autoimmune type 1 Pancreatic islet microvessels 137
diabetes

M-cell homing peptide =~ CKSTHPLSC Vaccination Peyer’s patch follicle 138

EGF j\&g\\ Cancer Epidermal growth factor 139

) receptor (EGFR)

N )
GE11 peptide YHWYGYTPQNVI Cancer Epidermal growth factor 140
receptor (EGFR)
¢ LABL peptide Cyclo-(1,12)-PenITDGEATDSGC Cancer ICAM-1 141
Transferrin (Tf) Cancer, brain Transferrin receptor (TfR) 142, 143
delivery
Lactoferrin (Lf) Brain delivery Lactoferrin receptor (LfR) 144
g7 Peptide H,N-GFTGFLS(O-B-p-glucose)-CONH, CNS delivery BBB 145, 146
Similopioid peptides H,N-GFTGFLX-CONH, X = S-OH, S(O-B-p-glucose), CNS delivery BBB 145, 146
S(O-B-p-galactose), S(O-B-p-xylose), S(O-B-p-lactose)
CDX peptides FKESWREARGTRIERG (CDX) CNS delivery Nicotine acetylcholine 147
SWREARGTRI (Pocket_CDX) receptors (nAChR)
CFKESWREARGTRIERGC (Cyclo_CDX)
Angiopep-2 TFFYGGSRGKRNNFKTEEY CNS delivery/cancer LRP 148, 149
TGN peptide TGNYKALHPHNG CNS delivery BBB 150
ApoE3, A-1, B-100 CNS delivery LDL receptor (BBB) 151
Insulin CNS delivery Insulin receptor 152
Tetanus toxin C Neuronal ganglioside clostridial
Cancer . 153
fragment toxin receptor GT1,,
A665 and A666 LSTHTTESRSMV and LEPRWGFGWWLK Hearing loss Prestin receptor 154
peptides
Tetl HLNILSTLWKYR Hearing loss Neuronal ganglioside clostridial toxin 155
receptor GT1y
hNgf EE CTFVKALTMDGKQAAWR Hearing loss Tyrosine kinase and p75 156
neurotrophin receptor
DCL peptide 2-{[(5-Amino-1-carbox- Cancer PSMA 187

ypentyl)carbamoylJamino}pentanedioic acid]
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Ligand Structure/scheme Pathology Receptor(s)/target(s) Ref.
Antibodies
Anti-CD3 Ab Cancer T cell antigen receptor (TCR) 159
Anti HER2, also called Human epidermal growth factor
Trastuzumab or Cancer 160
. receptor 2 (HER2)
Herceptin
Epidermal growth factor receptor
EGFRMab Cancer (EGFR) 161
DI17E6 MAb Cancer ay integrins expressed on tumor and 162
endothelial cells
ﬁdrlAt;) Fas (CD95/Apo-1) Cancer Fas (CD95/Apo-1) receptor 163
Anti antigen rich MCF7 Soluble membrane proteins of MCF-7
Cancer human invasive ductal breast 164
cells Mab .
carcinoma
AMBSLK Mab Cancer H-ferritin 165
Anti CD20 Mab, also
called MabThera® or Cancer CD20 tetraspan s urface molecule 166
I expressed in B limphocytes
Rituximab
Anti CEA Mab Cancer CEA 167
Anti AB;_4, MADb Alzheimer’s disease AP,;_4, peptide 168
29B4 CNS delivery Insulin receptor 169
0X26 CNS delivery Transferrin receptor (TfR) 170
R17217 CNS delivery Transferrin receptor (TfR) 171
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Ligand Structure/scheme Pathology Receptor(s)/target(s) Ref.
N 4
Anti CD44 mAB CNS delivery Glial cells 172
N 4
Anti NCAM1 mAB CNS delivery Neurons 173
N 4
Anti CD4" Mab Immunomodulation T lymphocytes 174
N 4
Anti VCAM-1 Mab Pathologlcgl Vascular cell adhesion molecules
inflammation
N 4
Anti ICAM-1 Mab Pathologlcgl Intracellular adhesion molecules
inflammation
N / 175
Anti E-selectin Mab PathOIOgICfil E-selectin
inflammation
N 4
Anti P-selectin Mab .Pathologlcgl P-selectin
inflammation
ScFVEGFR mAb variable fragment of anti-EGFR mAb Cancer Epidermal growth factor 176
receptor (EGFR)
ScFvCD7 mAb variable fragment of anti-T cells mAb Infectious disease  T-cell CD7 177
‘)T‘~"l':
Anti HER2 affibody ‘ ’{‘» . Cancer HER2 180
%
Aptamers
A10RNA aptamer 57 base pair nuclease-stabilized 2'-fluoropyr- Cancer PMSA 182
imidine RNA molecule with a single 5'-CG-3’
sequence
XEO2 mini aptamer 5'-CAC GAC GCU GAU GGA UCG UUA CGA CUA Cancer PMSA 181
2'0-methyl RNA aptamer GCA UCG C-3’
AS1411 DNA aptamer 5'-d(GGTGGTGGTGGTTGTGGTGGTGGTGG)-3’  Cancer Nucleolin protein 183

design bioadhesive systems.’” In another way, mannose and
mannan were used to target mannose receptors at the surface
of antigen-presenting cells in order to achieve an improvement of
the antigen specific response.”®*® Hyaluronan, a polysaccharide,
was employed as a ligand for its high affinity to the CD44 receptor in
the field of cancer.'*>'" Glycyrrhizin, one of the main compounds
extracted from the root of Glycyrrhiza glabra (licorice) was selected to
decorate nanocarriers for hepatic targeting.'” Interaction with the
positively charged trimethylated chitosan (TMC) and negatively

1158 | Chem. Soc. Rev., 2013, 42, 1147-1235

charged cell membranes was explored as a strategy to promote
the passage across the BBB.'*® Controlled delivery of drugs to
the brain was achieved also by targeting the sialoadhesins
receptors with sialic acid residues.'® Beyond their targeting
abilities, another advantage of polysaccharides is the stealth
properties they can confer to nanocarriers. %

3.3.3. PepriDES AND PROTEINS. Peptides have numerous benefits
in their use as targeting moieties. For instance, their production
cost is rather low and they have a high activity per mass unit.
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They are also stable; therefore, long-term storage and easy
manipulation are possible. Moreover, the associated risk of
undesired effects on the immune system is reduced, and their
small size is not likely to change the physicochemical properties
of the resulting decorated nanocarriers.'°>'?” Besides, their
sequence can be modified in order to optimize their biological
activity and/or to introduce functional groups.

The octapeptide octreotide (somatostatin analogue) was
used to target the somatostatin receptors, largely expressed in
tumor tissue.'*® Lectins (e.g., WGA, solanum tuberosum lectin,
ricinus communis lectin, odorranalectin, Con A and UEA-I) are
proteins of non-immunological origin able to specifically recognize
sugar molecules and bind glycosylated membrane components.
They have been used to prepare bioadhesive systems and promote
drug delivery following nasal administration or biodisponibility
of orally administered drugs.'®™** Glutathione (GSH), a small
tripeptide formed by glutamic acid, cysteine and glycine, was used
as a peptide ligand to promote cell adhesion and achieve a
permeation-enhancing effect.'**

Various (poly)peptides and proteins have also been used as
homing devices in the fields of cancer, brain delivery and
several other diseases. Among them, the tri-peptide Arg-Gly-
Asp (RGD) and its derivatives appeared extremely attractive as
tumor and vascular targeting ligands. Indeed, they were shown
to bind to the o,B; integrin receptor which is highly expressed
at the surface of malignant cells and in tumor proliferating
neovascular endothelial cells while it is minimally expressed in
normal quiescent endothelial cells."*>*'” ¢cRGD has been devel-
oped by Kessler et al. and its specific binding to o,f; integrins
was 170 times more active than the linear form."*®"*® The small
peptide K237 has been conjugated at the surface of NPs to
target the vascular endothelial growth factor receptor
(VEGFR)."?° This peptide enabled a receptor-mediated interna-
lization of functionalized NPs in endothelial cells as well as a
therapeutic function by inhibition of the VEGFR signaling
pathway to be achieved.

Cell penetrating peptides (CPPs), such as TAT
(GRKKRRQRRRPQ, deriving from the transcriptional activator
protein encoded by HIV-1), protein transduction domain (PTD)
of TAT, mHph1 and mAP represent a specific class of active
ligands that actually do not recognize a specific receptor but
demonstrate ability in membrane translocation." >’ There-
fore, their combination with other ligands has usually been
employed in order to achieve selective receptor recognition. The
SynB peptides (RGGRLSYSRRRFSTSTGR) are a family of CPPs
that shows charge-mediated blood-brain barrier selectivity
occurring via a caveolae-independent pathway.'*®

The extensive application of phage display technology has
enabled identification of novel peptide sequences that bind
with high affinity to specific molecules.’*>**° These peptides,
which allow the number of potential available targets to be
increased, have been investigated to functionalize nanocarriers
used for the treatment of cancer and other diseases. Among
them we can find: (i) the Lyp-1 peptide, which specifically home
to tumor and their lymphatics;"*" (ii) the LCP peptide targeted
to the o,fs integrins overexpressed in non-small cells lung

This journal is © The Royal Society of Chemistry 2013
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cancer;"*? (iii) the GIRLRG sequence that recognizes the
GRP78 receptors overexpressed by ionizing radiation-treated
cells;"? (iv) the KLWVLPK peptide which shows high affinity for
the collagen Iv;'** (v) the EGF1 peptide which interacts with
the tissue factor involved in coagulation and thrombus for-
mation;'** (vi) the AP peptide that has a specific binding
affinity to IL4 receptors;"® (vii) the pep I peptide that binds
the pancreatic islet microvessel'®” and (viii) the CKSTHPLSC
sequence that specifically recognizes M-cells.'*®

Targeting of the epidermal growth factor receptor (EGFR),
whose overexpression is observed in several cancer cells, was
achieved using the epidermal growth factor (EGF, natural
ligand) as well as specific peptides such as the GE11 peptide.'**"*
Selective targeting of ICAM-1 was achieved with the cLABL
peptide."*!

Due to the overexpression of the transferrin receptor (TfR)
both in solid tumors and on the endothelial cells of the blood-
brain barrier (BBB), transferrin was used to target cancer cells
and to achieve brain delivery.****** Same results were obtained
for the targeting the lactoferrin receptors (LfR) with lactoferrin
moieties (Lf)."** The large variety of peptides which has been
explored to enable nanocarriers to pass through the BBB and
reach the CNS includes: (i) simil-opioid peptides (g7 peptides)
able to bind the opioid receptors;'*>'*® (ii) candotoxin derived
peptides (CDX) that bind the nicotine acetylcholine recep-
tors;'" (iii) the Angiopep-2 which interacts with the low-density
lipoprotein receptor-related protein;'*®*'*® and (iv) the TGN
peptide.™® CNS delivery was achieved also with apolipoproteins
(Apo) such as ApoE3, ApoA-I and ApoB-100, which are also
recognized by low-density lipoprotein receptors (LDLR) of the
endothelial cells of the BBB."" BBB crossing can also be
performed by using insulin as a ligand in order to target the
insulin receptor (IR), which seems to have a 10-fold higher BBB
transport efficacy compared to the transferrin receptor.'>

Efficient targeting to neurons was realized using the tetanus
toxin C fragment, which demonstrates high affinity binding to
the neuronal ganglioside receptor.'>

Several peptides were used as targeting ligands for the
management of hearing loss: (i) A665 and A666, (ii) Tetl and
(iii) hNgf EE that bind to prestin receptors, neuronal ganglio-
side receptors (GT1b), and tyrosine kinase receptors as well as
p75 neurotrophin receptors, respectively.'>*>¢

3.3.4. Anmopies. Antibodies, which are large Y-shaped
proteins, perhaps represent the most efficient ligands due to
their high affinities and their ability to recognize a specific part
of their target. They were actually the first class of tumor
targeting ligands used to deliver drugs encapsulated in
micelles."®” Antibodies are typically made of basic structural
units, each with two large heavy chains and two smaller light
chains (Fig. 6). Although the general structure of all antibodies
is very similar, a small region at the tip of the protein is
extremely variable, allowing millions of antibodies with differ-
ent tip structures, or antigen binding sites, to exist. Even if
these ligands are bulky (~150 kDa) they can be adapted to
specifically bind to a large variety of targets with high affinities
(Ka ~0.1 nM) even with a low density at the surface of
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Fig. 6 General structure of an antibody.

nanocarriers.”* It has indeed been shown that micelles slightly
surface modified by antibodies accumulated in tumors, showing
a better anti-tumor efficacy."®

Antibodies-decorated nanoparticulate systems have been
employed in the field of cancer (anti-CD3 Mab,"*° anti-HER2
Mab (also called trastuzumab or Herceptin),'®® EGFRMab,"**
DI17E6 Mab,'®® anti FAS Mab,'® anti antigen rich breast
cancer cells Mab,'®* AMBSLK Mab,'®® anti-CD20 mAB,**® anti-
CEA Mab'%’), Alzheimer’s disease (anti-AB;.4, MAb),"*® brain
delivery (29B4,"®° 0x26,"7° R17217,"”" anti-CD44 mAB,'”” anti-
NCAM1 Mab'”®) and autoimmune diseases (anti CD4%)."”* A
specific target to inflamed endothelium (generally observed in
various pathological settings such as cancer, cardiovascular
disease and arthritis) which is characterized by overexpression
of endothelial cell adhesion molecules, was achieved using
anti-ICAM-1 Mab, anti VCAM-1 Mab, anti E-selectin Mab as
well as anti P-selectin Mab.'”” In some cases, the nanocarriers
have been decorated only with variable chains of the Ab,
allowing a drastic reduction of total MW and of adverse
immune reactions (ScFVEGFR, ScFvCD7)."7%'7”

However, antibodies remain expensive and time-consuming
to produce. Although antibody fragments including antigen-
binding fragments (Fab), dimers of antigen-binding fragments
(F(ab’),), single-chain fragment variables (scFv) and other engi-
neered fragments are less stable and have a lower binding
avidity than whole antibodies (two binding sites), they are
considered safer when injected systemically owing to reduced
non-specific binding.”>'’® Under certain conditions, the
presence of antibodies at the surface of nanocarriers appeared
to compromise the shielding effect of the PEG layer."”® As an
alternative to overcome limitations associated to antibodies,
the use of affibody (anti-HER2)"®° was explored.

3.3.5. Apramers. Aptamers or mini-aptamers represent
another class of efficient ligands for targeted drug delivery,
for instance to bind to prostate specific membrane antigen
(PSMA) using A10RNA and XEO2,"®""8? or to nucleolin (AS1411)
for the treatment of brain cancer.'®® Aptamers are short single-
stranded DNA or RNA oligonucleotides that can bind specifi-
cally to small and large molecule targets. They are identified
mainly by in vitro screening of a random sequence library
(~10"-10") for their binding ability to specific molecular
targets.'®® They can be selected to bind to a wide variety of
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targets, including intracellular proteins, transmembrane pro-
teins, soluble proteins, carbohydrates, and small molecule
drugs.®* Even though the selection process is complex, their
high binding specificity to their target molecules and their lack
of immune response due to their small size make them
potential candidate ligands for targeting purposes.'®> A draw-
back associated to their use is the presence of enzymes that can
degrade DNA or RNA in the blood following intravenous
administration. However, their initial promise warrants
exploration of methodologies that can increase their in vivo
stability.”*'8¢

High affinity and specificity similar to antibodies and aptamers
was also shown by the pseudomimetic dipeptide DCL'®” as well as
with the ACUPA molecule (currently evaluated in clinical trials),
which were used to selectively bind PSMA.

3.4. Synthetic strategies for targeted nanocarriers

In this section, targeted nanocarriers will be discussed and
gathered in different tables according to the nature of the main
polymer constituent:

e Polyesters:

o Poly(lactic acid) and poly(lactic-co-glycolic acid) (Table 2,
section 3.4.2.1);

o Poly(e-caprolactone) (Table 3, section 3.4.2.2);

o Boltorn H40 (Table 4, section 3.4.2.3);

o Other polyesters (Table 5, section 3.4.2.4);

e Polysaccharides:

o Chitosan (Table 6, section 3.4.3.1);

o Cyclodextrin (Table 7, section 3.4.3.2);

o Other polysaccharides (Table 8, section 3.4.3.3);

e Poly(amino acid)s, polypeptides and proteins:

o Poly(amino acid)s and polypeptides (Table 9, section
3.4.4.1);
o Proteins, (Table 10, section 3.4.4.2);

e Poly(alkyl cyanoacrylate) (Table 11, section 3.4.5).

In each table, the ranking is achieved according to the
ligand coupling method and the nature of the employed ligand,
which follow the order reported in the ligand table (Table 1).
For each case, if the nanoparticulate system is composed of
more than one (co)polymer, then each species will be indepen-
dently described following Roman numerals.

3.4.1. BRIEF OVERVIEW OF MAIN LIGATION STRATEGIES

3.4.1.1. Carbodiimide chemistry. This method is the most
used for the ligation of small molecules and biomolecules for
targeted drug delivery purposes. The advantage of this strategy
is based on its simplicity and on the native presence on both
the nanocarriers and the ligand of the required functional
groups (e.g., carboxylic acid, amine, etc.) to achieve the cou-
pling. This results in a lower probability to lose ligand specific
activity.">° However, the presence of multiple functional groups
in the ligand can also represent a drawback in an attempt to
limit multi-site attachment or to control the ligand orientation
at the surface of the nanocarrier. The o-acylisourea intermediate
formed during the activation of the carboxylic acid is susceptible
to quick hydrolysis."** Consequently, an excess of carbodiimide
must be used to complete the reaction, which can alter the
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Fig. 7 Synthesis of polylactide (PLA), poly(lactide-co-glycolide) (PLGA), poly(e-caprolactone) (PCL) and poly(y-valerolactone) (PVL) by ring-opening polymerization

(ROP).

colloidal stability of the resulting nanocarriers due to the poor
solubility of the o-acylisourea. This can be solved using
N-hydroxysuccinimide (NHS) or N-hydroxysulfosuccinimide
(sulfo-NHS). The ester intermediate of the latter has a better
solubility. Although still susceptible to hydrolysis (which is
however slower than the o-acylisourea intermediate), NHS-esters
usually lead to higher coupling efficiencies.

3.4.1.2. Michael addition. Michael addition, and in particular
thiol-maleimide coupling strategy, is the second most used
pathway to functionalize nanocarriers. One advantage over
carbodiimide coupling is that maleimides exhibit a slower
hydrolysis rate than o-acylisourea intermediates. Besides,
maleimides react with thiols in a highly selective and efficient
way at near neutral pH giving a stable thioether bond.'*°
Nonetheless, even if native thiol groups are present in some
proteins (usually to a low extent), they are hardly accessible or
even absent from many others. To circumvent this limitation,
thiol groups can be obtained either by reducing existing
disulfide bonds (which can be however detrimental for ternary
structures of certain peptides/proteins) or by using hetero-
bifunctional cross-linking agents (see Fig. 14)."°> Even if more
chemical steps are needed, this coupling strategy enables a
better control over biomolecular orientation and mainly avoids
issues related to unwanted cross-linking or side reactions.®® It
also allows the structural, biological and binding properties of
a protein to be maintained.'®*

3.4.1.3. COPPER-CATALYZED LIGATION METHOD. Copper(1)-catalyzed
Huisgen 1,3-dipolar cycloaddition reaction between an azide and
an alkyne (CuAAC) recently received tremendous interest in
many different fields such as dendrimers, bioconjugates,
therapeutics and functionalized polymers.'®® This cycloaddition
belongs to the class of chemical reactions, often referred to as
click chemistry, that share several very important features: (i) a
very high efficiency in terms of both conversion and selectivity;
(i) mild experimental conditions; (iii) a simple workup and (iv)
little or no byproducts. The CuAAC ligation method can be used
to control the display of biomolecules at the surface of nano-
93 The principal drawback of the CUAAC reaction is the
necessary removal of the Cu-based catalyst after the coupling.

carriers.

This journal is © The Royal Society of Chemistry 2013

The use of copper ligands and organic scavengers is however
possible to remove most of the catalyst."®

3.4.1.4. Biotin—(strep)avidin ligation strategy. The biotin—(strep)-
avidin ligation strategy is a very advantageous and flexible tool for
active targeting. The bond between the two moieties is the
strongest non-covalent biological interaction known, with a dis-
sociation constant, Ky, in the order of 4.10** M. This sandwich
strategy can be easily applied in multistep approaches.'®” Further-
more, biotinylated antibodies can be easily obtained'®® and
protocols describing the synthesis of (strep)avidin-antibodies have
also been reported."”

3.4.2. Porvesters. Polyesters certainly represent the most
widely employed family of polymers in this field thanks to their
biodegradable and biocompatible features. Among them, one can
find polylactide (PLA), polyglycolide (PGA), poly(e-caprolactone)
(PCL) and poly(y-valerolactone) (PVL). They are usually synthe-
sized by ring-opening polymerization (ROP) of lactide (LA),
lactide/glycolide (LA/G), e-caprolactone (eCL) and vyvalero-
lactone (yVL), respectively (Fig. 7). Noteworthily, copolymers
of lactide and glycolide (poly(lactide-co-glycolide), PLGA) have
been approved by the Food and Drug Administration (FDA) for
drug delivery.

Polyesters mainly undergo bulk erosion and the mechanism
of degradation is largely due to hydrolysis of ester functions
present in the (co)polymer backbone, eventually leading to water
and carbon dioxide as degradation products. Interestingly, by
varying the lactide/glycolide ratio, tunable degradation and
release rates can be achieved.

3.4.2.1. Poly(lactide) and poly(lactide-co-glycolide). Poly(lactic
acid) (i, o or b, 1), poly(glycolic acid) and their copolymers
poly(lactic-co-glycolic acid) have been largely investigated for
drug delivery purposes. In this category amphiphilic PLGA-b-
PEG or PLA-b-PEG copolymers which consist of a hydrophobic
PLGA or PLA block and a hydrophilic PEG have been synthe-
sized and employed to formulate nanoparticles, micelles
or polymersomes in which the hydrophobic PLGA (or PLA)
and the hydrophilic PEG form the core and the shell of
the resulting nanocarriers, respectively. In general, these
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amphiphilic copolymers were synthesized by ROP of lactide
and glycolide using Sn(Oct), as a catalyst in the presence of
PEG moieties acting as macroinitiators (e.g., PEG-COOH or
PEG-Mal) or, alternatively, by conjugation between PEG blocks
and preformed PLGA/PLA blocks.

PEGylated PLGA/PLA-based NPs were functionalized with a
broad range of ligands (small molecules, peptides, antibodies)
linked, almost exclusively, at the extremity of the PEG chain.
However, ligands were also directly conjugated to the hydrophobic
NP core, thus forming simultaneously the hydrophilic shell.

Carbodiimide-assisted coupling strategy. Ligand/(co)polymer
coupling reactions performed under carbodiimide conditions
were extensively employed for targeted PLA/PLGA-based nano-
carriers. Indeed, it took advantage of the native carboxyl groups
present at one extremity of the PLA/PLGA (co)polymer chain,
either to link the ligand itself,'*>'7>2%°>1> 3 PEG block (con-
taining another functional groups at the other extremity for
further coupling with the biologically active ligand), or the PEG
block already conjugated with the ligand.

View Article Online
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In this view, when amphiphilic PLA- or PLGA-b-PEG
block copolymers are desired, the strategy is to use (hetero)
bi-functional PEGs (e.g., bis-amine-PEG, a-amine-o-hydroxy
PEG or a-amine-m-carboxy PEG) to achieve the functionalization
with the PLGA/PLA block and the ligand of interest at the other
end. Alternatively, o-carboxyl-o-hydroxyl PEGs were intensively
employed as macroinitiator for the ROP of LA/G, subsequently
linked to the ligand of interest via its remaining COOH group.

The PEG chains forming the hydrophilic shell of the NPs
displayed either: (i) amine groups which were reacted with
DCC/NHS-activated FA, Mab or biotin;”*>?'**** (ii) carboxylic
acid groups activated with DCC (or EDC)/NHS prior to reaction
with the amino group of FA, peptides, WGA, Mab and sugars
(Fig. 8)'8%186:225-237 (¢ (iii) hydroxyl groups which were reacted
with DCC/DMAP-activated FA.**’

The size of the ligands actually governs the employed
synthetic pathway and the way all these building blocks were
assembled. The functionalization of the (co)polymers with the
desired ligands prior to self-assembly into ligand-decorated
nanocarriers is the strategy of choice for small sized ligands
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Fig. 8 (A) Synthesis of PLGA-b-PEG-RGD and PLGA-b-PEG-FA. (B) Preparation of targeted NPs with different surface ligand densities by mixing PLGA-b-PEG with
functionalized PLGA-b-PEG-RGD or PLGA-b-PEG-FA (reprinted with permission from ref. 225. Copyright 2011, Elsevier).
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Q PLGA/Docetaxel core
ﬂ Folate
<" DSPE-PEG

Fig. 9 Mixed lipid-shell polymer-core nanoparticles made of a core of PLGA wrapped in
a lipid layer of lecithin, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene
glycol) (DSPE-PEG) and folate-DSPE-PEG (reprinted with permission from ref. 222.
Copyright 2011, American Chemical Society).

such as FA. On the contrary, the post functionalization approach,
which consists in the formation of PLA/PLGA or PLA-/PLGA-b-
PEG nanocarriers followed by their surface modification with the
targeting moieties is largely preferred for bulky ligands such as
lectins, proteins, monoclonal antibodies and aptamers. When
peptides were linked, the two routes were employed.

Lipid-PEG conjugates were also used to prepare mixed lipid-
shell polymer-core nanoparticles where the PLGA formed the poly-
meric core which was wrapped by a lipid layer made of lecithin,
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene
glycol) (DSPE-PEG) and functionalized-DSPE-PEG for targeting
purpose. Bis-amine-PEG was conjugated to DSPE and FA activated
using DSS (Fig. 14) or EDC/NHS, respectively (Fig. 9).>'%>*>7%3
Alternatively, EDC/NHS activation of a hetero bifunctional

View Article Online
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a-amine-o-carboxy terminated PEG enabled the conjugation
with the RGD peptide.>*" A lipid shell made of the amphiphilic
PEGylated-octadecyl-quaternised lysine modified chitosan (PEG-
OQLCS) was reported. The conjugation of OQLCS with a folate deri-
vative, prepared by DCC/chemistty, allowed NP functionalization.>**

DCC-mediated polycondensation has been used to conjugate
PEI and PLA and FA, yielding the amphiphilic FA-PEI-b-PLA
copolymer (Fig. 10).>*° The resulting functionalized copolymer
was able to condensate DNA and spontaneously formed micelles
in aqueous solution and was tested to increase gene transfection
efficiency.

Functionalization was also achieved using PLGA nanopatrticles
coated with diblock copolymer of poly(i-lysine)-block-poly(ethylene
glycol)-FA (PLL-b-PEG-FA) prepared from a heterobifunctional
a-amine-o-carboxy PEG used as a macroinitiator for the ROP of
LA/G.>'%*' Activated FA (DCC/NHS) was conjugated to the PEG via
its amine group followed by its coupling with PLL-NH, under
identical coupling conditions. This positively charged PLL-PEG-FA
allowed the coating of negatively charged PLGA NPs by ionic inter-
action (Fig. 11). A random P(LA-co-LL) copolymer obtained by ring-
opening copolymerization of LA and N°*(carbonylbenzoxy)-i-lysine
was also proposed to design targeted NPs.>** EDC/NHS were used to
conjugate EGFR Mab at the surface of P(LA-co-LL) nanoparticles
previously obtained by the solvent-emulsion evaporation method.

The carbodiimide chemistry was also used to prepare
FA-functionalized dendrimer-like star polymer. A six arm star
polymer synthetized by ROP of LA, using a hexahydroxy-functional
initiator, was conjugated to 2,2-bis(hydroxymethyl)propionic acid-
based degradable dendrons. Carboxyl end-groups of the dendrons
were activated by NHS/DCC and then reacted with amino-
functionalized folic acid (previously prepared by carbodiimide
assisted reaction with 2,2-(ethylenedioxy) bis-ethylamine) and
Hilyte488 (Fig. 12). Azido-PEG-amine was then similarly conjugated
to the dendrons for PEGylation purposes.*'***

Folate-mediated drug targeting was also achieved by developing
pH-sensitive micelles composed of a blend of PLA-b-PEG-FA
and either polyhistidine-co-phenyl alanine-block-poly(ethylene
glycol) (P(His-co-Phe)-b-PEG)****** or PHis-b-PEG-FA diblock
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HZN\[/\”H’\/NkNHz . ©/\O{JH/

o) Folic acid
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5 N=y HN- )~ Et_O I :
NG \_rsi\_, i 0 9 '
1 Hal - N i H
P N on NN HN:./U\/\n’fO\l)Ll‘O’\Q:
: - ;

Folate-PEI-PLLA
Fig. 10 Synthesis of FA-PEI-b-PLA by the DCC-mediated polycondensation reaction (reprinted with permission from ref. 239. Copyright 2005, American Chemical

Society).
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Fig. 11 Synthetic procedure for the preparation of multifunctional polymer
nanoparticles using PLGA nanoparticles coated with diblock copolymer of poly(t-
lysine)-block-poly(ethylene glycol)-FA (PLL-b-PEG-FA) (reprinted with permission
from ref. 219. Copyright 2008, Wiley).

copolymers.”*” The latter were achieved by ring-opening copoly-

merization of the corresponding NCA monomers (e.g., Bz-His-NCA
and L-Phe-NCA) followed by the DCC/NHS-assisted coupling
with a monocarboxylated PEG containing or not containing the
FA at the other extremity.

As an alternative to PEG, the TGPS (p-o-tocopheryl polyethylene
glycol succinate) has been investigated by various authors. Copoly-
mers of PLA-b-TGPS and PLGA-b-TGPS were prepared by ROP of LA
or of a mixture of LA/G using HOOC-TGPS-OH as a macroinitiator.
TGPS-COOH was blended with PLA- (or PLGA)-TGPS copolymer to
prepare NPs at the surface of which was subsequently attached
amino folate under EDC/NHS activation of the carboxyl group of
TGPS.>*** Alternatively, the carboxylic group of TGPS was con-
verted to a primary amine by EDC/NHS assisted reaction with
ethylene diamine and then conjugated to the carboxylic group of
Herceptin by carbodiimide chemistry.>*” Similarly, the conjugation
of transferrin to the PLA-D-TGPS diblock copolymer was also
described.**®

View Article Online

Amphiphilic block copolymers were also prepared by con-
jugation of PLA and poly(glutamic acid) (PGA) via a CDI assisted
coupling reaction. The amino group of galactosamine was then
linked to the PGA carboxyl group via EDC/NHS.>*%>%°

Thiol-maleimide coupling strategy. Another robust strategy
to achieve PLA/PLGA (co)polymer/nanoparticle functionalization
is based on the thiol-maleimide Michael-type addition. Most of
the time, a PLA-b-PEG (or PLGA-b-PEG) amphiphilic copolymer is
prepared by ROP of LA (or LA/G) using a heterobifunctional
a-maleimide-w-hydroxy PEG as a macroinitiator. In turn, a
H,N-PEG-Mal was also conjugated to the DCC/NHS-activated
carboxylic group of a pre-synthetized PLA/PLGA block.>*"*>*

Thiol-terminated peptides were covalently coupled to the
maleimide functionality at the distal end of the PEG chain via
thiol-ether chemistry.'>?°*72%° Reaction of lactoferrin®*'~>** or
lectins,>®*2%7 after their thiolation via with 2-iminothiolane,
allowed introduction of thiol groups and the use of the same
conjugation strategy. For instance, Toti and coworkers developed
an interfacial activity assisted surface functionalization (IAASF)
method to link, via thiol/maleimide coupling, the cyclic RGD
peptide at the surface of PLGA NPs (Fig. 13).>*’

Alternatively, 2-iminothiolane was used to introduce sulfhydryl
groups on PLA, yielding PLA-SH which was then conjugated to
H,N-PEG-Mal. The resulting PLA-b-PEG-NH, was modified by
addition of 2-iminothiolane and the thiol groups at the outer
end of the PEG chains were reacted with maleimide-functiona-
lized galactosamine (via N-methoxycarbonylmaleimide).>%®

PEG was also activated at both ends with CDI and subse-
quently reacted with PLGA-b-PLL and iRGD to yield the PLGA-b-
PLL-g-PEG-iRGD copolymer.'*’

Thiol groups were introduced by the reaction of cystamine to
surface EDC-activated carboxyl groups of PLA NPs (in this case, the
reduction of disulfide bonds using tris(2-carboxyethyl)phosphine
(TCEP) is required. This strategy was applied to the coupling of
anti-HER2 and anti-CD20 Mab (previously reacted with sulfo-
MBS to insert maleimide groups, Fig. 14).>°°7*”" Similarly, MBS
(Fig. 14) was used to conjugate Tf-SH to dioleolyphosphatidyl-
ethanolamine (DOPE) to prepare micelles used for post func-
tionalization of PLGA NPs.””?
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Fig. 12 Synthesis of Hilyte488-labeled folate-DLSP conjugate, G1-g3-FA-Hilyte488 (reprinted with permission from ref. 241. Copyright 2005, American Chemical

Society).
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The thiol-maleimide strategy was also used to functionalize
hyperbranched polyp(amino-ester)-graft-poly(lactic acid)-1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine  (HPAE-g-PLA-
DPPE) with cRGDfk and Tf prior to NP formulation
(Fig. 15).>” Antibody coupling was also achieved using octade-
cyl-4-(maleimidomethyl)cyclohexane carboxylic acid as a linker
anchored at the surface of PEGylated PLGA NPs.*”*
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A FA-PEG-b-PLA-b-PEG-acrylate triblock copolymer contain-
ing FA at one end and an acrylate moiety at the other end
was obtained by a three-step reaction procedure. Its self-
assembly in aqueous solution conducted to wormlike polymer
vesicles (Fig. 16). After the ROP of LA from a Mal-PEG-OH
macroinitiator, the resulting Mal-PEG-PLA was reacted with a
thiolated folate. The final triblock resulted in the coupling
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Fig. 14 Structure of m-maleimidobenzoyl-N-hydroxysulfosuccinimide ester (sulfo-MBS, a), m-maleimidobenzoyl-N-hydroxysuccinimide (MBS, b), sulfosuccinimidyl-6-
[biotin-amido]hexanoate (sulfo-NHS-LC-biotin, c), 2-iminothiolane (Traut's reagent, d), pentafluorophenyl-ester biotin (PFP-biotin, e), N-succinimidyl-3-(2-pyridyldithio)
propionate (SPDP, ), succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC, g), sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate

(sulfo-SMCC, h), N-g-maleimidocaproyl-oxysuccinimide ester (EMCS, i), disuccinimidyl subernate (DSS, j), 4-maleimidobutyric acid N-succinimidyl ester (k) and 4-(4-N-

maleimidophenyl)butyric acid hydrazide-HCl (MPBH, ).
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between Mal-PEG-PLA-OH and the COOH-PEG-acrylate under
DCC/DMAP conditions.””®

Targeted, pH-sensitive polymeric micelles were prepared by
blending PLA-b-PEG/PLA-b-PEG-Mal copolymers and a pH-sensitive
diblock copolymer of poly(methacryloyl sulfadimethoxine)-b-PEG
(PSD-b-PEG). Micelle functionalization was obtained by conjugating
the TAT peptide to the surface maleimide groups of the micelles.
Interestingly, at physiological pH (7.4), the anionic PSD complexed
with cationic TAT of TAT-micelles, which shielded the TAT from the
surrounding environment. However, at slightly acidic tumor pH,
this TAT/PSD complexation no longer occurred and conducted to a
TAT peptide exposure at the surface of the nanocarrier (Fig. 17).°
In a following work, the same authors replaced the non-
biodegradable PSD with the PCBS, which is rapidly degraded
in the presence of cysteine.*””

Thiol-maleimide coupling was also employed for the design
of aptamer-PEG-lipid-polymer hybrid NPs prepared via self-
assembly of PLGA, lecithin and DSPE-PEG-Mal. After nanoparticle
formation, surface conjugation via thiol-maleimide ligation was
achieved with a thiol-containing RNA aptamer,'®" or an anti-CEA
MAb.?”®  Co-nanoprecipitation of DSPE-PEG-Mal with PLGA
covalently linked to Ptx (obtained by a drug/alkoxide initiated ring
opening polymerization of LA) was investigated to prepare func-
tionalized nanoparticles named ‘“nanoburrs”. Functionalization
was achieved by the coupling of maleimide groups exposed
on the outer shell of nanoburrs with the cysteine-terminated

This journal is © The Royal Society of Chemistry 2013

KLWVLPK peptide which selectively binds the collagen IV, the
most representative component of the basal membrane.'**

Copper-catalyzed azide-alkyne cycloaddition (CuAAC). The
copper-catalyzed azide-alkyne cycloaddition (CuAAC), which
belongs to the ‘“click chemistry” ligation methods, was
employed to synthesize FA- and RGD peptide-decorated PLA- or
PLGA-based nanoparticles.””*?* Saeed et al>”® proposed the
combination of ROP and ATRP to a PLGA-SS-P(OEGMA) diblock
copolymer. Its subsequent azidation with NaN; and its reaction with
propargyl-derivatized FA led to the desired PLGA-SS-polyPEGMA-FA
copolymer (Fig. 18). In a similar way, the successful immobili-
zation of GRGDS peptides at the surface of P(TMCC-co-LA)-g-
PEG nanoparticles was reported.”®*°

Biotin/avidin ligation strategy. Some authors also took
advantage of the ability of biotin to strongly bind avidin/
neutravidin to design targeted PLA/PLGA nanoparticles. The
biotinylated diblock copolymers were prepared either by ROP of
LA using hydroxyl-PEG-biotin as a macroinitiator*®" or by DCC/NHS
assisted coupling of PLGA-COOH and an amino-PEG-biotin,**>
Biotin-decorated NPs were then incubated with avidin or neutravidin
and then reacted with biotin-functionalized targeting ligand such as
IgG and the tetanus toxin C fragment.”"*%? As an alternative to PEG,
an avidin-lipid anchor was prepared in order to position avidin
moieties at the surface of PLGA NPs, and subsequently reacted with
a biotinylated anti-CD44 Mab, %3284
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ref. 276. Copyright 2007, American Chemical Society).
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Other ligation strategies. Other strategies explored to prepare
functionalized PLGA/PLA-based biodegradable nanocarriers, but
to a lesser extent, relied on: (i) the photografting of RGD peptide
on PLGA-b-PEG block copolymers;*®* (ii) the nucleophilic sub-
stitution of sulfonated PLA-b-PEG-OMs by amino RGD4C;>*® (iii)
the reductive amination involving an aldehyde-functionalized
PEG and terminal amino groups of peptides or p-aminophenyl
derivatized sugars; >***% (iv) the epoxy conjugation, which
allowed coupling of Tf and TAT peptide at the surface of
NPs;*892% (v) the esterification of selectin-specific ligands with
PLA functionalized with 1% pendant acid chloride groups;>®***>
(vi) the anionic ring polymerization of ethylene oxide and LA
using metalated protected sugars as initiators*> and (vii) the

1178 | Chem. Soc. Rev., 2013, 42, 1147-1235

Diels-Alder reaction between furan-functionalized P(TMCC-
c0-LA)-¢-PEG and maleimide-modified anti-HER2 Mab.”**

3.4.2.2. Poly(e-caprolactone). Nanocarrier systems were also
prepared using poly(e-caprolactone) as the main component.
PCL is a biodegradable semicrystalline polymer which, how-
ever, shows more resistance to chemical hydrolysis than the
other polyesters.>®® Moreover, the in vitro and in vivo degrada-
tion occurs very slowly in the absence of enzymes.**° Most of
the targeted PCL-based NPs were constructed from amphiphilic
PCL-b-PEG diblock copolymers.

Indeed, only two reports employed non-PEGylated targeted
PCL NPs based on the use of either a poly(e-caprolactone-co-4-
maleate-g-caprolactone) (poly(CL-co-MCL)) random copolymer®** or
a poly(e-caprolactone)-b-poly(acrylic acid) (PCL-b-PAA) amphiphilic
diblock copolymer.*®* In the first case, ligand functionalization was
accomplished by forming an amide bond between carboxyl groups
of (P(CL-co-MCL)) and the amino folate, in the presence of DCC and
pyridine.*** In the second one, PCL-b-PAA shell cross-linked (SCK)
nanoparticles were prepared and functionalized by reacting acti-
vated carboxylic groups from the PAA shell with terminal amino
groups of the protein transduction domain of the TAT peptide.
Interestingly, successive treatment with TFA enabled cleavage of the
peptide from the resin and caused hydrolysis of the core of the
nanoparticles, thus leading to the formation of “nanocages”.>
Fluorescent NPs were prepared by surface conjugation of FTSC
(fluorescein-5-thiosemicarbazide) (Fig. 19).

Most of the PCL-b-PEG amphiphilic copolymers were synthe-
sized by ROP of e-caprolactone using heterobifunctional PEGs
(e.g., HO-PEG-COOH or HO-PEG-Mal) as macroinitiators,”*%-13
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However, other strategies were also employed and different as initiator and yielded an allyl-terminated PEG-b-PCL, which
architectures were designed. Potassium alkoxyde was employed was converted into H,N-PEG-b-PCL by radical addition reaction
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Fig. 19 Solid-phase synthesis strategy involved coupling of the protein transduction domain (PTD) with fluorescein-labeled shell cross-linked (SCK) nanoparticles,
followed by cleavage from the support and excavation of the nanoparticle core domain to yield FTSC-labeled PTD-nanocage bioconjugates (reprinted with permission
from ref. 302. Copyright 2001, American Chemical Society).
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with 2-aminoethanethiol-HCI in the presence of potassium persul-
fate as catalyst.*™ A triblock PEG-b-PCL-b-PEG was prepared by
conjugation of hydroxyl groups at both ends of PCL to diamino-
PEG.>™ Amphiphilic block copolymer such as PCL-b-poly-
phosphoesters (PCL-b-PEEP)*'® and poly(ethylene glycol)-block-
poly(3-valerolactone) (PVL-b-PEG)’® were also described.

Carbodiimide-assisted coupling strategy. As for previously
described PLA/PLGA-based nanocarriers, the carbodiimide
chemistry was a strategy of choice for ligand functionalization.
DCC/NHS activated folate was reacted with the amino group at
the extremity of the PEG block, yielding the corresponding
FA-PEG-b-PCL, which was then used to prepare nanoparticles or
micelles by nanoprecipitation or water/oil emulsion solvent-
evaporation techniques.**?*"?"”  Alternatively, N-hydroxy succini-
mide-PEG-PCL was synthetized and conjugated to DNA aptamer,**
EGF peptide,”***3% 1£**” and anti EGFR-Mab (Fig. 20)**® via
formation of an amide bond. Galactosamine and glucosamine were
conjugated to the hydroxyl end group of PCL-b-PEEP via N'N'-
carbonyldiimidazole (CDI) assisted reaction.*'® Surprisingly, FA was
also linked to the hydrophobic block of a PEG-b-PCL diblock
copolymer via reaction of FA-NHS and terminal amino groups of
the PCL block (obtained by conversion of hydroxyl into amino
groups via the azidealkyl compound).®'”>'®

Thiol-maleimide Michael addition ligation. Maleimide-
functionalized NPs were prepared using a blend of PEG-b-PCL
and Mal-PEG-b-PCL block copolymers. Successful surface decora-
tion was achieved by conjugation to thiol groups peptides such as
hNgfEE,"*® Angiopep,**?*'° ¢cRGDfk,*"* Tf*'" and 0OX26 Mab.*"?

a o
o 72h
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45 Sn (Oct),

g-caprolactone

N-hydroxysuccinimide
COOH-PEG-b-PCL
DCC, TEA

Anti-EGFR antibody
NHS-PEG-b-PCL —m8m8m™— >

b DOX
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PEG shell
PCL core
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Reductive amination. Reductive amination was also exploited
to synthetize RGD-functionalized NPs. First, acetal-terminated
PEG-b-PCL was synthesized by ROP of EO and &CL using
3,3-diethoxy-1-propanol as initiator. Micelles were prepared by
co-solvent evaporation method followed by acetal removal to
release the aldehyde group. Simple incubation of these poly-
meric micelles with the GRGDS enabled peptide conjugation via
formation of a Schiff base, then reduced using NaBH;CN.*'%*2°
Synthesis of peptide-decorated micelles, prepared using the
pre-functionalized GRGDS-PEG-b-PCL copolymer was also inves-
tigated by the same group.**'*

Photografting. Peptide grafting on previously photoactivated
PCL-b-PEG copolymers was proposed as alternative strategy to
prepare RGD functionalized nanocarriers.?*324

Other coupling methods. The other coupling approaches
investigated for successful functionalization of PCL nanocarriers
relied on: (i) the formation of ether bond which involved the
quaternization of a tertiary amine end group of PEG-b-PCL with a
brominated mannose derivative;** (ii) the thioetherification of a
cysteine-terminated peptide with a iodoacetate derivative of PEG-
b-PCL;"**%*%° (iii) the use of avidin/biotin ligation strategy to
conjugate biotin-WGA to Av-biotin-decorate PCL NPs**” and (iv)
the click post functionalization of micelles made of amphiphilic
PCL-b-POEGMA block copolymers.*?® In this latter case, a multi-
step approach was used: first, the P(OEGMA-co-azPMA) was
synthetized by atom transfer radical polymerization (ATRP)
and used as macroinitiator for the ROP of ¢CL. The resulting

(o]
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Fig. 20 (a) Synthesis of MePEG-b-PCL, HOOC-PEG-b-PCL, NHS-PEG-b-PCL, and anti-EGFR-PEG-b-PCL. (b) Schematic illustration for Dox-micelle and Dox-anti-EGFR-

micelle (reprinted with permission from ref. 308. Copyright 2008, Wiley).
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Fig. 21 Synthetic strategy to design GIRLRG-targeted poly(valerolactone-co-epoxyvalerolactone-co-allylvalerolactone-co-oxepanedione) nanoparticles.

PCL-b-P(OEGMA-co-AzPMA) was then reacted with alkyne-FA
under CuAAC conditions.

Targeted PCL-based nanocarriers were prepared almost
exclusively by conventional methods (e.g., nanoprecipitation,
emulsion-solvent evaporation, dialysis). However, another
approach was proposed by the group of Passarella.’*® The linear
poly(valerolactone-co-epoxyvalerolactone-co-allylvalerolactone-co-
oxepanedione) containing 11% of epoxide cross-linking moieties
was cross-linked in organic medium with 2,2’-(ethylenedioxy)-
bis(ethylamine) to form nanoparticles of controlled size. Peptide-
conjugation was then achieved by thiol-ene chemistry between
the cysteine-terminated peptide and the allyl groups at the
surface of NPs (Fig. 21).

3.4.2.3. Hyperbranched amphiphilic polyester block copolymers
(Boltorn H40). Hyperbranched amphiphilic polyester block
copolymers have also been explored to develop functionalized
micelles for drug delivery applications. These unimolecular
micelles have a core made of the dendritic Boltorn H40
surrounded by a hydrophobic inner shell and a hydrophilic
PEG-based outer shell at the extremity of which are anchored
the targeting ligands. The Boltorn H40 was selected due to its
biodegradability and the presence of many functional hydroxyl
end groups useful for further modifications. In practice,
Boltorn H40 was used as macroinitiator for the ROP of LA or
€CL, leading to the formation of the inner hydrophobic shell of
PLA or PCL. The ROP of eCL and benzyl malolactonate was also
carried out, yielding a hydrophobic layer made of random
poly(caprolactone-co-malic acid) blocks. The hydrophilic func-
tionalized shell was synthetized according to different reaction
schemes: (i) esterification of H40-PCL-OH with the carboxyl end
groups of PEG-FA (previously synthesized by DCC-assisted

1184 | Chem. Soc. Rev., 2013, 42, 1147-1235

reaction of FA and o-amine-o-hydroxy PEG);**° (ii) oxidation

of hydroxyl end groups to carboxyl functions by reaction with
succinic anhydride and then successive DCC activation to
conjugate FA-PEG-OH (previously synthetized by DCC/NHS
assisted reaction of FA with o-hydroxy-w-amine PEG);*° (iii)
oxidation of hydroxyl end groups to carboxyl functions followed
by carbodiimide assisted conjugation to PEG. Functionalization
with FA was finally obtained by esterification of carboxylic group
of FA with the remaining hydroxyl group of the PEG (Fig. 22).**'

The synthesis of hyperbranched polyester amphiphilic block
copolymers was also reported by a combination of ROP (eCL
from Boltorn H40 as macroinitiator) and ATRP (copolymerization
of OEGMA (oligo(ethylene glycol) monomethyl ether methacrylate))
and AzPMA (3-azidopropyl methacrylate) from H40-g-PCL-Br.
Ligand coupling was achieved by click reaction of the resulting
H40-PCL-P(OEGMA-co-azPMA) with an alkyne-containing folate
(Fig. 23).*** A Ty-type MRI contrast agent was also tethered
using a similar pathway.

S~ PCL segment

\J~  PEG segment

@ Folate moiety

Fig. 22 Structure of amphiphilic hyperbranched polymer H40-PCL-PEG-FA
(reproduced with permission from ref. 331. Copyright 2008, American Chemical
Society).
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3.4.2.4. Other polyesters. Some examples of nanocarriers
made of other polyesters have been reported. The melt poly-
merization strategy was applied to a water soluble AB, type
monomer (3-[bis(2-hydroxyethyl)Jamino]propionic acid ethyl
ester) in order to synthesize a novel water soluble highly
branched polyhydroxyl polymer.*** This led to the formation
of a three dimensional polymer with amphiphilic cavities in
which both the hydrophilic cytochrome C and an amphiphilic
fluorescent dye were encapsulated. Moreover, the numerous
hydroxyl groups at the polymer surface offered the possibility
of high functionalization. This was performed under CDI
activation and further conjugation to amino folate (Fig. 24).

Polyhydroxylalkanoates (PHA) are bio-polyesters synthesized
and accumulated by different prokaryote species. These poly-
mers show physico-chemical and mechanical properties similar
to those of PLGA and are thus extremely attractive for potential
application in the biomedical field, especially for drug delivery
and imaging purposes. Among the various PHAs, the poly-
(3-hydroxybutyrate-co-3-hydroxyoctanoate) (P(HB-co-HO)) copolymer,
synthesized by a S. fredii strain, has been recently investigated by
Zhang and coworkers.*** In order to prepare functionalized NPs, the
natural polymer was modified by carbodiimide chemistry with
introduction of a PEG block and a FA as a targeting ligand. First,
DCC activated FA was reacted with diamino-PEG and the resulting
FA-PEG-NH, was reacted with P(HB-co-HO) with DCC and pyridine
as catalyst, yielding the desired P(HB-co-HO)-b-PEG-FA.

3.4.3. PorysaccHARIDES. Polysaccharides are one of the most
popular polymeric materials used to prepare nanocarriers for
drug delivery because of their outstanding physical and biological
propertties. Polysaccharides have a large number of reactive groups,
a wide range of molecular weight, varying chemical composition,
which contribute to their diversity in structure and in property. The
chemical structures of common polysaccharides used in this field
are presented in Fig. 25.

Due to the presence of various functional groups on the
polymer backbone, polysaccharides can be easily modified
chemically and biochemically, resulting in many kinds of
sugar-based derivatives. As natural biomaterials, polysaccharides
are highly stable, safe, non-toxic, hydrophilic and some of them
are biodegradable. In addition, polysaccharides have abundant
resources in nature and cost less in their processing.

3.4.3.1. Chitosan. Chitosan, which derives from the partial
deacetylation of chitin, is a copolymer of N-acetylglucosamine
and glucosamine units frequently used in biomedical applica-
tions and is undoubtedly the most employed polysaccharide for
targeted drug delivery. Most of the examples of targeted chitosan
nanocarriers employed unmodified chitosan, however, a few
reports also used trimethylated chitosan,**® hydrophobically
modified glycol chitosan-cholanic acid (HGC),**® galactosylated
chitosan,*” N-octyl-O, N-carboxymethyl chitosan (OCC)**® or
octadecyl-quaternized lysine modified chitosan (OQLCS).**® The
reason for the extensive use of chitosan for the design of poly-
saccharide-based targeted nanocarriers is partially due to the
presence of naturally-occurring primary amino groups on the
chitosan backbone that can be reacted with ester-activated or

1186 | Chem. Soc. Rev., 2013, 42, 1147-1235
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aldehyde-containing compounds such as: (i) ligands;'**33%340-3%¢

(i) linkers for further coupling;*****"*°1%> (jii) polymer chains
such as PEG;***?3335 (iv) or other moieties such as octaldehyde,
quaternized octadecyl lysine to finely tune its solubility.>****® For
similar purposes, carboxylic acid groups can also be readily
inserted in chitosan structure either via carboxymethylation using
monochloroacetic acid®****>® or by amidation using succinic
anhydride.>*® Radical addition can also be performed on
allyl-chitosan in the presence of 4,4’-azobis (4-cyanovaleric
acid) (ACVA) and a poly(PEGMA) previously synthesized by the
RAFT technique to yield the corresponding grafted chitosan-
poly(PEGMA).>>’

The main strategies to synthesize targeted chitosan nano-
carriers relied on: (i) the direct coupling of the homing device to
chitosan; (ii) the coupling of the ligands via a heterobifunc-
tional linker which can be either molecular (e.g., sulfo-SMCC,
SMCC, SPDP, see Fig. 14) or macromolecular such as those
based on PEG. Most of the time, chitosan nanocarriers were
prepared by ionic gelation after chitosan functionalization with
small ligands, whereas more bulky ones, such as peptides or
antibodies, were linked post-nanocarrier formation. The colloidal
morphologies were almost exclusively spherical nanoparticles but
some examples reported the formation of chitosan-based micelles®*®
and polymeric liposomes.**® Bioactive drugs such as Interleukin-1
receptor  antagonist  (ie, pPDNA)>*337341392357 g 343
Dox, 8333336 Oli-A**® CPT,*'® anti-caspase-3 peptide Z-DEVD-
FMK,**?** Gem,**” siRNAs>*®****** and ADR* were encapsulated
within the chitosan matrix during nanocarrier formation. Occasion-
ally, some drugs, such as MMC*** and Dox,*" were covalently linked
to the chitosan skeleton by traditional coupling strategies.

Carbodiimide-assisted coupling strategy. The vast majority of
ligand coupling relied on carbodiimide chemistry, whereby
COOH-containing ligands were previously activated by EDC
(in the presence or absence of NHS/sulfo-NHS, see Fig. 14)
and reacted with amino groups of chitosan to form an amide
linkage (Fig. 26).13833%3107315,347399,3547356 Thjg wags successfully
applied to FA**>?103453533% kg9 138 ocFvCD7,>*® TAT and TGA
peptides®® and the anti-HER2 antibody.>*” However, chitosan can
also be functionalized with GFFG or LGPV tetrapeptides,**® linear
PEG chains®**** by EDC/NHS at the distal end of which the ligand
of interest is further installed. The radical coupling of a poly(PEGMA)
polymer onto allyl-chitosan was also reported and was further linked
to GSH after its activation by EDC/NHS.**” Octadecyl-quaternized
lysine-modified chitosan (OQLCS) was both PEGylated and functio-
nalized by FA using PEG-NHS and FA-NHS, respectively.>*

Chitosan was pre-functionalized by heterobifunctional linkers
(e.g., sulfo-SMCC, SMCC, see Fig. 14) in order to position
maleimide moieties, allowing Michael addition to proceed with
thiol-bearing ligands (previously obtained by their modification
with 2-iminothiolane).>**3>! This strategy was exemplified with
anti-HER2 Mab, which was linked at the surface of chitosan
nanoparticles,** and by the atherosclerotic plaque (AP)-homing
peptide which was coupled to hydrophobically modified
glycol chitosan-cholanic acid (HGC) prior to nanoparticle
formation.**®
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Thiol-maleimide Michael addition ligation. A combination
of Michael addition and SAv/biotin ligation was employed in
order to design chitosan-g-PEG-biotin-SAv-OX26 nano-
particles.***?>* In these studies, the 0X26 antibody was reacted
with MBS (Fig. 14) in order to position maleimide groups and
further linked to sulfhydryl-reactive SAv obtained after thiola-
tion of Sav by means of 2-imminothiolane. In a second step, the
resulting OX26-SAv was bounded to chitosan-g-PEG-biotin
nanoparticles, previously obtained by the coupling of chitosan
and biotin-PEG-COOH via EDC/NHS chemistry (Fig. 27).

Other ligation strategies. Other synthetic strategies were
employed and relied on: (i) imine formation between chitosan
nanoparticles and aldehyde-derivatized glycyrrhizin (GL);**° (ii)
disulphide bridge formation between a thiol-bearing RGD and
chitosan bearing PDS groups, previously obtained by reaction
of chitosan and SPDP (Fig. 14);*** (iii) peptidic coupling after
activation of chitosan with DSC/DMAP followed by its reaction
with spermine®” and (iv) simple anchoring of octreotide-
PEG-stearic acid (OCT-PEG-SA) in N-octyl-O, N-carboxymethyl
chitosan (OCC).**®

1190 | Chem. Soc. Rev., 2013, 42, 1147-1235

3.4.3.2. Cyclodextrin. The enzymatic degradation of starch by
cyclodextrin-glycosyltransferase (CGT) produces cyclic oligomers
called cyclodextrins (CDs, also called cycloamyloses) which are
non-reducing, crystalline, water soluble, cyclic, oligosaccharides.
Cyclodextrins consist of glucose monomers arranged in a donut
shape ring. Three naturally occurring CDs are o-CD, B-CD and
v-CD. All the hydroxyl groups in CDs are oriented to the outside
of the ring while the glucosidic oxygen and two rings of the non-
exchangeable hydrogen atoms are directed towards the interior
of the cavity. This combination gives to CDs a hydrophobic inner
cavity and a hydrophilic exterior. The hydrophobic internal cavity
provides the capability to form inclusion complexes with a
variety of “guest” hydrophobic molecules such as aromatics,
alcohols, fatty acids, esters, etc.

CDs are currently employed in pharmaceutical formulations
and because of their low toxicity and the lack of immune
response, they also represent an ideal starting material for
drug delivery purposes.?*®

The group of Davis reported a great deal of work concerning
the design of targeted CD-based nanoparticles for the delivery
of nucleic acids. All their work relied on the design of a linear

This journal is © The Royal Society of Chemistry 2013
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CD-containing water-soluble copolymer synthesized by the conden-
sation copolymerization of difunctionalized PCDs with dimethyl-
suberimidate-2HCI (a comonomer bearing six methylene groups
separating the charges in the backbone). Typically, these polycations
present ~5-6 repeating units and thus are low molecular weight
polymers.** Imidazole moieties were then conjugated at the extre-
mities of the polymer by amidation (via EDC/NHS) of the primary
amines with 4-imidazoleacetic acid (Fig. 28a). The formation and
the stabilization of the CD-based nanoparticles as well as their
concomitant functionalization with ligands of interest were
achieved by adamantane (AD)-CD “host-guest” interactions using
an AD-PEG-hTT. This heterobifunctional compound was built by the
Michael addition of hTf onto vinylsulfone-PEG-AD.

In aqueous solution, the positively charged copolymer self-
assembles with polyanionic nucleic acids (i.e., pPDNA, DNAzyme
and siRNA) via electrostatic interactions, leading to BCDP/
nucleic acids nanocarriers with variable features and sizes. Upon
addition of AD-PEGs00-hTf, AD spontaneously forms inclusion
with the BCD-units residing at the surface of the complexes,
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leading to targeted CD-based nanocarriers with average dia-
meters from 50 to 180 nm (Fig. 28b). Typically, a 70 nm
nanoparticle can contain ~10000 CDP polymer chains, ~2000
siRNA molecules, ~4000 AD-PEG;,,, molecules, and ~100 AD-
PEGs5000-Tf molecules. This represents a significant payload of
siRNA and a large ratio of siRNA to targeting ligand.>®*%°

3.4.3.3. Other polysaccharides. Several other polysaccharides
have also been involved in the design of targeted nanoparticles.
Among them, one can find: (i) heparin, a highly sulfonated
368-370 (jj) xyloglucan, a p-(1-4)-glucan back-
371 and

glycosaminoglycan;
bone partially substituted by o-(1,6)-linked xylose units
(iii) dextran, a complex branched glucan.*”*

Targeted heparin nanoparticles were designed by a combi-
nation of amidation with succinic anhydride (in order to install
carboxylic acid groups on heparin) followed by the coupling of
the ligand bearing amine groups by EDC/DCC-assisted chemistry.
FA (previously converted into its amino derivative) was linked prior
to nanoparticle formation by self-assembly,****”* whereas the ScFv
EGF was coupled at the surface of preformed heparin nanoparticles
using EDC/NHS activation (Fig. 29).>*® This route was also followed
to link an amino-PEG-FA onto heparin in order to yield the heparin-
gPEG-FA conjugate, further self-assembled into targeted, PEGy-
lated heparin nanoparticles.*”® Cis-diamminedichloroplatinum(n)
(DDP, CisPt),**® Taxol*”° or PtDNA**® were encapsulated into
heparin nanoparticles, whereas Ptx was linked to the polymer
structure via DCC/DMAP (Fig. 29).3%%°73

Carboxypentyl-xyloglucan-galactose was prepared by nucleo-
philic substitution of 6-bromohexanoic acid by xyloglucan
followed by the coupling of galactosamine via EDC-assisted
ligation.>”" A similar procedure has been achieved with Dox.
Carboxypentyl-xyloglucan-galactose nanoparticles were then
obtained by the dialysis method.

In the case of dextran, its amidation with succinic acid followed
by the amidation reaction with amino alkyl VB12-derivatives
assisted by EDC/NHS resulted, after nanoparticle formulation
including insulin entrapment, in dextran-VB12 nanopatrticles.

3.4.4. PoLY(AMINO ACID)S, POLYPEPTIDES AND PROTEINS

3.4.4.1. Poly(amino acid)s and polypeptides. Poly(amino acid)s
(PAAs) are natural or synthetic biodegradable ionic polymers

Z-DEVD-FMK loaded
CS-PEG-BIO/SA
Nanospheres

Fig. 27 Schematic view of CS-PEG-BIO nanoparticles loaded with caspase-3 inhibitor Z-DEVD-FMK by an ionic gelation procedure with TPP. The resulting nanoparticles
were decorated with anti-mouse transferrin antibody by means of biotin-streptavidin technology (reproduced with permission from ref. 353. Copyright 2009, Society

of Neuroscience).
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Fig. 28 Components and formulation of targeted nanoparticle-containing siRNA.
(a) The delivery components are (i) a water-soluble, linear cyclodextrin-containing
polymer (CDP), (i) an adamantane (AD)-PEG conjugate, and (iii) the targeting
component that is an adamantane conjugate of PEG that has human transferrin
(Tf) conjugated at the end opposite to the adamantane (Tf-PEG-AD). (b) The
formulation contains two vials, one with siRNA and the other with the delivery
components. When the two vials are mixed together, the targeted nanoparticles
form via self-assembly of the four components (reproduced with permission from
ref. 367. Copyright 2009, American Chemical Society).

often employed for the design of targeted drug delivery systems
because they are made of hydrolysable peptidic bonds and can
form polyelectrolyte complexes with DNA (the polymer is highly
charged at physiological pH and has been identified as a
unique gene/plasmid delivery vehicle). In addition, they can
be involved in the synthesis of PAA-b-PEG amphiphilic block
copolymers to form micelles, nanoparticles or polymersomes.
Synthetic PAA are usually obtained from the polymerization of
N-carboxyanhydride (NCA) initiated by primary amino com-
pounds (Fig. 30). If PEG-b-PAA is desired, m-amino PEG is used
as a macro initiator. Poly(aspartate), poly(benzyl-L-glutamate)
(PBLG), poly(i-lysine) (PLL) and poly(histidine) (PHis) are the
most widely used PAA in the field of drug delivery. For instance,
poly(r-glutamic acid) has been found to be highly susceptible to
degradation by lysosomal enzymes, leading to monomeric
t-glutamic as the degradation product, which makes them ideal
candidates as biodegradable biomaterials.

Most of the targeted NPs based on PAAs were made of
amphiphilic block copolymers comprising a hydrophilic block
(e.g:, PEG, heparin, hyaluronan, polygalactose ezc.) and a polypeptidic
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one, forming the shell and the core of the resulting nanocarriers,
respectively. The synthesis of the amphiphilic block copolymers was
achieved by ROP of the desired NCA from amino-PEG derivatives or
from the coupling of the preformed PAA and the hydrophilic block
by carbodiimide, Michael addition or “click” chemistry. The poly-
peptidic block was made of PBLG,’**"*37® PHis,*"*"?% poly-
(-histidine-co-phenylalanine) ~ (P(His-co-Phe)),******  poly(aspartic
acid) (PAsp),*®' PLL'® or poly(benzyl-i-aspartic acid) (PBLA).***%*

Blending the PAA-b-PEG block copolymer with PLA-b-PEG
copolymers was also often reported as an alternative for func-
tionalization (or to introduce a second functionalization), for
which the ligand is present at the extremity of the PEG chains
of the PLA-b-PEG.?>%?*7:243379 Other synthetic strategies were
achieved, such as the copolymerization of NCAs with lactide
acid (e.g., P(LL-co-LA)),>* or the coupling of PBLG with polyester
dendrons (PEDs) bearing PEG blocks at each of their extremities
(Fig. 31).>®* Targeted elastin-like polypeptide block copolymer
(ELPsc) NPs, comprising an ELP[V;AgG-]| hydrophobic block and
an ELP[V;] hydrophilic one, were synthesized by genetic encoding
and self-assembled in water.*®

A broad variety of ligands (small molecules, peptides, anti-
bodies) was linked to polypeptide-based NPs, most often at the
distal end of the hydrophilic block (mainly PEG). However, the
ligand was also directly linked to the polypeptidic NP core, thus
forming a hydrophilic shell at the same time>*%37%377386
The functionalization occurred almost exclusively prior to NP
formation except for the coupling of mHphl and mAp cell
penetrating peptides'> and the EGFR antibody.*®

Carbodiimide-assisted coupling strategy. The carbodiimide
chemistry was here again a method of choice as it took
advantage of functional groups present on ligand/polymer
chain ends. For instance, the PEG chains forming the hydro-
philic shell of the NPs exhibited either: (i) hydroxyl groups
which were reacted with DCC-activated FA;**"**7 (ii) carboxylic
acid groups activated with DCC/NHS prior to reaction with
amine-bearing FA (i.e., FA-NH,)*** or with CDI to link the iRGD
peptide;"** or (iii) amine moieties reacted with NHS-activated
FA (ie., FA-NHS). Amine groups from P(LA-co-LL) were also
readily activated with EDC/NHS for their subsequent coupling
with EGFR MAD that occurred at NP surface.”*” When a PLA-b-
PEG was blended with a polypeptide-based (co)polymer, FA was
used as a targeting moiety and linked to the PEG extremity,
either to its hydroxyl group after activation of FA with DCC,**"
or to its carboxylic acid group using FA-NH,.>*%2%7243

Thiol-maleimide Michael addition ligation. Several homing
devices, such as FA,*”* and two CPPs (TAT*’® and mAP"*°) were
derivatized with cysteine residues and further linked via
Michael addition to sulfhydryl-reactive polypeptide copoly-
mers/NPs. For the cysteine-terminated CPPs, TAT was conju-
gated onto a PLA-b-PEG-b-Phis-Mal prior to self-assembly to
form the targeted NPs,”’® whereas mAP was reacted at the
surface of preformed PLGA-b-PLL-b-PEG-Mal NPs (the latter
were obtained after reaction between PLGA-PLL NPs and the
NHS-PEG-Mal heterobifunctional PEG)."”* Similarly, a cysteine-
functionalized FA was linked with a PBLG-PEG-Mal, which was

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c2cs35265f

View Article Online

I ‘6¥SY ‘LADIW

‘av/08Lcv
675V UV
/69H-IDN

‘09-TH ‘TXIN
/09-TH ‘SAY

(eruraynay
‘wrroprda
‘Areao ‘3uny

HO-53d-DO0H
woy v jo oy (11)

»(SHN/DDA/HO0D (ourweisko
-DAd-¢-VId + “HN-VA) /SHN/DDd + HO-D3d-DOOH
apnunpoq.n) (11) woly V1 3o J0¥) HS-Odd-¢-v1d
H(HS-LVL + [eI + (uonezireuonouny-ysod
-STHd-¢-9dd-¢-V'1d) + VON-SIH jo "wdjod VON) [eIN

vd
-DAd-¢-v1d (1)
IV.IL-STHd-q

6.€ -9AV/IDN ‘LADW X0 ‘)s®a1q) 190UBD 56 O[9I siskferq uoy1ppy 120y (1) -STHA-TE ©omppD 190Yy21A (1) IVL -9dd-¢-v1d (1)
(SHN-Dad-21€]A108
H(HS-Vi + VI-Ddd-DTdd-“HN)
(Teo1a109) + [BN-DAd-¢-DTdd)  2pnunpoq.pd CHN-DAd-TBIN VA-Ddd
¥.€ ®ToH xod I20Ue) OFT SsowosIowWA[od Alquiasse-J[os uoIPPY 19VYIIN WOy VON-O'Id Jo ‘wjod vON vd -¢-9714d-¢-54d
uonippe [eeydIN Aq Surpdnos puedry
J(“HN-945d
TTLL-DININS uonerodess + SHN/OQH/(T1-09-VI)d) Jao4d
0¥C JTTLL-DININS —  (19a17) 190UBD 0ST so[oniedoueN JUIA[OS/UOIS[NWUY IpIUIIPOGIDD T1-pa30a301d/VT JO JOF qeN 4454 -(11-00-vy1)d
J1BN-Dad-q
-T1d-¢-VO'1d + HS-dyu) (sdN uo [eIN-DEd-SHN)
uowIppPY 190YIIN aprunpog.m) {(*HN-T'd
‘(unorg-TydHw pagosiord + DOA/HOOD-VIIA)
+ Av-pioe oprwred/Tid apruirpoqv) (11)
-q-vo1d) unorq/ay (1) (1T1d-q-vO1d + ddD-5dd-q
uonerodead LIAD/HO0D-Ddd IAD/HO0D-9dd) aprunpoqiny (dvw ‘TydHuw) -11d-¢-vor1d (11)
VNAIS + XNA JuaAes  -q-T1d-¢-vOId + “HN  {(“HN-T1d pawaloxd + DDA sddd z ()  aoyr-ndd-q
STT  6FSV/LE6TIAH + DO + AHOL  (Suny) 190uBD 0ST sdpniedoueN -uols|nwa S[qnod  -ADAL) 2p1unpoqv) (1) /HOOD-VO'Td) apruipogv) (1) andt (1) -11d-g-void (1)
“(HO-aAd)VO1d
H(CHN-Vd + DIA/HOOD-DAd-DO0H)
+ SHN/Dad/*(HO0D aprunpoqv? ‘qad
(xufreyd) -DAd-¢-add)v1dd) -N°H W01} YON-9yeweIn(s “(va-odd
¥8¢ sﬂ\mvm — JIooue) 06-SL mUZUU_E w_m\ﬁN_Q NENENNEQ@NBD .AA%UQWO@L\T\( wO E\QQQ VON via |Q|Qm&v<w~m&
vid
-DAd-s-utreday
H(CHN-9dd-vd (Dad/vd-odd--ulredsay-DOOH -8-y1dd
¥67 (xuhreyd) 10 HN-V4 + DAd/HOOD 10 DAd/V4-ulreday-DOOH 10 y4-utreday
‘€6T I xd 0oueD)  06T-0FT sooniedoueN sisfelq  -urreday) apnunpoq.np + “HN-V14d) 2p1u1poqn) vda -8-v1dd
(Vd-5dd-¢-T1d
+SAN VO'Id Suneod (SHN/DDA (SHN/DDA/OOHD-HAd-V4 vd
(Bun| ‘xudreyd) + uonerodesd  /HOOD-VA + “HN-DAd  + “HN-T1d) apruipog.n) (1) -0dd-¢-11d (11)
917 6VSV ‘DI — I0uBD  STI-0IT SdontedoueN JUsA[os-uols|nWd  -DOOH) aprunpoq.n) D/v1 3o do¥ (1) vd vo1d (1)
H(HN-Vd + SHN
/2DA/HO0D-5dd-q-V1d)
apruitipog.iv) (1n) HO-Dad vd
,(DDA/HOOD-VA  -DOOH woij v jo Jo¥ (11) -DAd-q-v1d (1)
(aseaxq) + HO-Ddd-g-STHd) (*HN-STHd + DDA vd
17T LIDN xod I0UuE) 08-0¢ O[9I sisdrelq apnunpoq.m) (1) /HOOD-DAd) ap1runpoq.n) (1) vd -Ddad-g-stHd (1)
Anstwaypd aprurpoqreds Aq 3urpdnoo puedry
PEN| pSuesio 3niq 1a31e) (wu)  AZojoydion uonenuiog poyaw Jurdnod puedry poyIaw SISAYIUAS puedry  2INONIYOIY
/Sanss1y/S[[2D /A3o[oyred 130wl
uoneorddy s1ojourered [eprojjon s1ojowrered [eInonns

sialedOURU paseg-(pipe oulwe)Ajod parabiel jo suonedijdde pue sdpsu1dRIRYD UIRIA 6 d]del

"80:80:20 9T02/70/60 U0 AlSPAILN SIRIS BlURA|ASULSd AQ pepeojumoq "gTOZ Jequedad €T UO paus!idnd

Chem. Soc. Rev., 2013, 42,1147-1235 | 1195

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c2cs35265f

View Article Online

"PIOq U USNILIM dIe sjuswWLIddxd oaza uf , “1owiA[0od(09) a3 03 payyuI] APuUs[es0d dni( , “UonewIo] IariTedoueu-)sod Zuridnop 4 "uonewIo] 1dLIIEdOUEU 0} JoLd Zurdnop

(erwoynay) srmeradwa) SS1saiyauds anyg-sAld1a
c8¢ 795 — I90URD 09-0S sopniedoueN Yim A[quiasse-j[as papooua (onaudn  sisayuds papooua g pargauan and -g{‘ofv'Ald1a
»(*HN
(12417) -OAd-N®H + 2U010e[ “HN-DHAJ-95030€e[ed 9s0joe[ed
96 zodoy xX1d 10ue)  Sge-S0T  sopniedoueN sIsATerq -OU030®]) UOYYPIUY WOI} YON-DOTY Jo ‘wdjod vON asoypeen  -DAd-¢-O1dd
H(CHNHN-vVd
(xufreyd) + v14d-¢-54d-D(0)H) CHN-DAd-[e390€
18¢ oI XoQq I20URD 59 SO[[9ITIA sisArerq uonpUIUD 24139Mpay WOIy YON-VI Jo ‘wdjod vON vd vA-Ddd-q-dsvd
(sHN/ODa
/HOOD-DEd-q-V1d + (duipn
»(SHN-UROIQ D24) HN -SIY-T-dNd-,,N JO "wjod YON) unoiq-stHd
08¢ LADIN xod (Isea1q) 1a0uen 00T SO[[9OTA sisAfe1@ -unoig woxj ‘wjod YON “HN-STHA-UNOIq) dpruiipog.n) unolg  -¢-DAd-q-vid
sardajens uonedi 1ayjo Aq Jurdnod puedry
(*N-D1dd
+ VH-auAy[e-0) Dyvn)
Iowng, J(pompowr  ‘pue suedoidourwe-g-opize-T
8/€  SINISY YDIFYH xo( (Isea1q) 1oueD)  OEH-0SE QwosidwA[od uoneydraidoueN SISAUIUAS 93S) DYYN) WOl VON-OT Jo “wdjod VON VH VH-¢-O'1dd
(EN-O1dd
ownyg, + VH-auAj[e-0) DYYND
SISV YIIIYA H(pomouwr ‘pue suedordourure-¢-opize-T
c/€ /80N ‘LADIN xo( (Isea1q) 1oueD 087097 QwosidwAjod uoneydoaidoueN SISaUIUAS 99S) DYYND W0l VON-9TId Jo wdjod YON VH VH-7-91dd
(*N-D1dd
+ VH-UA[e-0) DVYnD
Iown)y jysearg J(poypowr  ‘pue suedoidourwe-g-opize-T
9/¢ LADN xo( (Isea1q) 190ueD 0by swosiowA[od uoneydaidoueN SISaUIUAS 99S) DYYN) WOl VON-OTd Jo “wdjod YON VH VH-¢-O1dd
(*N-o14d
+ VH-ouAq[e-0) DVyND
(ewor3) J(pomouwr  ‘pue suedoidourure-g-opize-T
/1€ 9D Xo( I90ue)D 0vy owosiowijod uoneydiaidoueN SISOUIUAS 99S) DYYN) WOl VON-DTL Jo widjod YON VH VH-¢-91dd
»(9s01081R3-EN od asojoeed
98¢ unoaT — — 09 sowosiowA[od uoneyidpaidoueN  + Dd-¢-DTdd) DVVnD  Pue VON-O'19 Jo ‘wdjod VON 9s010B[ED  -Dd-¢-DTdd
%uz_am 43redoxd + SHN
/DDA/HOOD-dutueeiod)
aprunpogq.n) ‘proe sruordoid
JEN-VA + suk[e -[ourure(jAdoxdAxo1pAy vd-ouruere
/8¢ 796H ‘6¥SV xid  (Sunp) 100ueD 00T sopontedoueN uonejdaidoueN -surueredjod) pyvno -7)-14nq]-¢ Jo wdjod 3om vd -Ajod opnasq
(ovvnD) uonippeodLo sukyre-apize pazeres-1oddoos Aq 3uridnod puedrt
PEY| ,Suesio 3niq 1083183 (wu)  AZojoydiow uone[nuiog poyow Jurpdnod puesry poylaw SISaYIUAS puedry 2101y
/sanssSn/s[[9D /A3oloyred I193owWRIQ
uonearddy sioowered [eprofjon s1ojowered [eInonns

"80:80:20 9T02/70/60 U0 AlSPAILN SIRIS BlURA|ASULSd AQ pepeojumoq "gTOZ Jequedad €T UO paus!idnd

(panunuos) ¢ a|qel

This journal is © The Royal Society of Chemistry 2013

1196 | Chem. Soc. Rev., 2013, 42, 1147-1235


http://dx.doi.org/10.1039/c2cs35265f

Published on 13 December 2012. Downloaded by Pennsylvania State University on 09/04/2016 07:08:08.

View Article Online

YWVCOO annn
O NHs ———— COQO __NHs
/Pt\ < ~
cl NH3 AN CO0 NH3
Ccr
(0)
- . (0]
coo ~ CH,080;” CH,0H Ov

<.>“ &_h '“ R prof ———~

0S0;3~ NHSOs5™| n

OCOC,H4,COOH
[ coo CH,0S0;™ coo~ CH,O 1
Q (NH;),PtCl,
i O< OH >|o OH 07 NoH o of .

0S0;3~ NHSO; ™ / NHSO3’| n

- HOOCC,;H40OH,CO
© HSO3' :
§§ ScFVEGFR
-
EDAC, NHS

further coupled to a NHS-PEG-acrylate moiety to yield the
corresponding FA-PEG-b-PBLG-b-PEG-acrylate triblock copoly-
mer (Fig. 32).*’* Stable polymersomes exhibiting FA at their
periphery were formed by self-assembly and subsequent cross-
linking via the acrylate functions. Interestingly, Dox was con-
jugated onto the polyglutamate segment using a pH-sensitive
hydrazone bond to achieve pH-responsive drug release.

Copper-catalyzed azide-alkyne cycloaddition (CuAAC). Click
chemistry has been used to attach hyaluronan (HA)*”>*"® and
galactose®® as targeting moieties at the surface of PBLG poly-
mersomes (Fig. 33). PBLG and HA were end-functionalized by
an azide and an alkyne group, respectively, and reacted by
CuAAc under standard conditions in organic medium.*”>7®

In the case of galactose, a PBLG-b-PG was first synthesized
by sequential ring opening polymerization of NCAs and the PG
block was further glycosylated under CuAAc conditions using
an azide-functionalized galactose (Fig. 34).*%¢

Starting from mono and di-N-alkylated aminoacids, Santra
and coworkers®® described a one step strategy (i.e., melt
polymerization) to synthesize a pseudo-poly(amino acid) polymer
which was able to form nanoparticles by a simple solvent evapora-
tion method. Propargyl groups were introduced at the surface of
nanoparticles via carbodiimide-assisted reaction and successive
functionalization was performed by click chemistry using an
azide-modified FA (Fig. 35). Ptx and a NIR dye were encapsulated
in these NPs as therapeutic and imaging agents, respectively.

Other ligation strategies. Other methods to generate targeted
polypeptide-based NPs relied on: (i) the use of biotin-NH,

This journal is © The Royal Society of Chemistry 2013
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Fig. 29 Preparation of ScFv EGF-functionalized DDP-heparin nanocarriers (adapted with permission from ref. 368. Copyright 2011, American Chemical Society).

(via biotin-NHS) to initiate the polymerization of NCAs followed
by the coupling with a PLA-b-PEG diblock copolymer to form a
biotin-PHis-b-PEG-b-PLA triblock copolymer;*®° (ii) the biotinyla-
tion of the mHph1 CPP and its coupling with palmitic acid-Av
which acted as an anchor at the surface of PLGA-PLL-PEG NPs;'%°
(iii) the reductive amination between FA-hydrazide (FA-NH-NH,)
and aldehyde-PEG-b-PBLA diblock copolymer, followed by partial
hydrolysis to form FA-b-PEG-b-PAsp;*®! (iv) the direct amidation
of galactose with a PEG diamine followed by the NCA polymer-
ization of BLG-NCA®® and (v) the synthesis of genetically encoded
RGD-ELP[V1A8G7]-ELP[V5] amphiphilic copolymer.**®

3.4.4.2. Proteins. Due to their biocompatibility, proteins also
represent an important class of natural polymers that have
been widely used for targeted drug delivery.>®® Functionaliza-
tion with drugs or ligands can be readily achieved via the lysine
residues present at their surface. One of the most employed
protein as nanocarrier component is perhaps albumin, but
gelatin and gliadin have also been successfully used. Protein
NPs are generally obtained by the desolvation method but
solvent displacement and direct solubilization or auto-assem-
bly have also been employed.

Thiol-maleimide Michael addition ligation. A well-explored
strategy to achieve functionalized proteins relied on the
Michael addition (Mal/SH ligation) using ligands bearing a
thiol group. In this case, the protein is first reacted, via its
lysine residues, with a heterobifunctional NHS-PEG-Mal (PEG
molar mass ranged from 2000 to 5000 Da). Then, the ligand of
interest is generally thiolated (using heterobifunctional spacers
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Fig. 30 Synthesis of poly(amino acid) (PAA) by the polymerization of
N-carboxyanhydride (NCA) initiated by amino compounds.
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Fig. 31 Detailed chemical structure of the non-folate conjugated linear dendritic
polymer and illustration of its self-assembly into “patchy’’ micelles presenting
clusters of folate of variable sizes on the surface of the micelle (reproduced with
permission from ref. 384. Copyright 2010, Wiley).

such as MBS, sulfo-MBS etc.) and allowed linking at the surface
of the protein (see Fig. 14 for the structures of the spacers). This
pathway was successfully applied to a broad variety of targeting
peptides (cyclic RGD),*® proteins (ApoE3, A-I, B-100, EGF,
insulin, Tf)'**?°°3% or antibodies (Trastuzumab, DI17E6,
IgG, 29B4, 0X26, R17217, see Fig. 36)"°***7%7 for application
in cancer and brain delivery (CNS-related disease).

Encapsulation of loperamide®®®3%2*%% was reported as a
model drug to test the efficiency of the brain delivery whereas
pDNA**' and Dox**>¢ were employed for cancer therapy. Dox
was also covalently linked to the protein (Fig. 37).%%°

Biotin/avidin ligation. The NAv/biotin ligation strategy also
represents a method of choice for targeted protein NPs. The
global idea is to graft maleimide moieties at the surface of
protein NPs and to use thiol-bearing ligands to form a thioether
bond. Proteins were turned into sulfhydryl-reactive NPs, either
by thiolation with 2-iminothiolane or by reacting with a NHS-
PEG-Mal. Note that the latter pathway also leads to PEGylated
NPs. NAv is activated with m-maleimidobenzoyl-N-hydroxy-
succinimide (sulfo-MBS, Fig. 14), followed by its incubation with
the Mal-functionalized proteins to yield NAv-decorated protein
NPs. Then, the ligands were biotinylated with commercially
available biotinylation reagents, such as sulfosuccinimidyl-6-
[biotin-amido]hexanoate (sulfo-NHSLC-biotin, Fig. 14) or penta-
fluorophenyl-ester biotin (PFP-biotin, Fig. 14) before their coupling
to the NPs by simple incubation. This was efficiently applied to
albumin and gelatin NPs at the surface of which ApoE,**
EGF,****° CD3 MADb*” and trastuzumab®** were positioned.
Drugs were either encapsulated/adsorbed (loperamide)**® or
covalently linked to the protein (CisPt) (Fig. 38).**°
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Carbodiimide coupling strategy. HSA was also functiona-
lized with biotin via EDC/NHS chemistry to target biotin
receptors overexpressed at the surface of certain cancer
cells.**>*% This was readily achieved by a one-pot reaction
between HSA, biotin and EDC/NHS. The same coupling chem-
istry was also used to covalently link MTX as the anticancer
drug to HSA. In the same spirit, galactose was tethered at the
surface of doxorubicin-encapsulated albumin NPs (Fig. 39).***
In this example, glutaraldehyde was used to cross-link the NPs
and to present aldehyde moieties at their surface for their
further conjugation to lysine. EDC was then used to perform
the conjugation between galactosamine and the exposed car-
boxylic acid of lysine residues.

Other ligation strategies. Interesting pathways have been
reported to link cell penetrating peptides, such as TAT or SynB,
to gelatin NPs by means of a disulfide bridge.**>*% Gelatin-
siloxane NPs were first prepared by a two-step sol-gel process.
In the first route, the NPs were grafted with PEG via EDC/NHS
coupling chemistry using surface amines of the NPs.**®> Then
the sulthydryl-containing SynB peptide was tethered to the NPs
by using the N-succinimidyl-3-(2-pyridyldithio) propionate
(SPDP) heterobifunctional linker (Fig. 14), through the for-
mation of a disulfide bridge. The second route reported the
surface modification of the gelatin-siloxane NPs by the Traut’s
reagent (Fig. 14) in order to position thiol groups at their
surface.’”® The Cys-containing TAT peptide was then coupled
to the NPs by forming the disulfide bridge.

3.4.5. Pory(aLkyL cyaNoacryiATe). Alkyl cyanoacrylates are
widely-known monomers, extremely appreciated for their very
high reactivity and the excellent adhesive properties of the
resulting polymers. On one hand, the famous Superglue®,
which contains short alkyl chain cyanoacrylates, is commonly
employed by the general public for repairing and do-it-yourself
activities whereas longer alkyl chain cyanoacrylates have been
developed for biomedical purposes such as e.g. surgical glue for
the closure of skin wounds and embolic material for endo-
vascular surgery. Their use for the construction of nano-
particles has been discovered in the late seventies by Couvreur
et al.*® and, since that time, a very important number of
pharmaceutical applications have been reported due to the
ease of preparation (in aqueous medium) and the biocompat-
ibility of these nanoparticles. Importantly, they are currently in
a phase III clinical trial for the treatment of the MDR resistant
hepatocarcinoma.

Poly(alkyl cyanoacrylate) (PACA) can be synthesized according
to three distinct types of polymerization: (i) anionic polymeriza-
tion; (ii) zwitterionic polymerization and (iii) radical polymeriza-
tion. However, due to their very high reactivity, anionic and
zwitterionic polymerization mechanisms are predominant under
conventional experimental conditions with respect to the radical
process.

The predominant degradation mechanism, which is
believed to be the main degradation pathway in vivo, occurs
via the hydrolysis of their side chain ester functions, producing
the corresponding alkyl alcohol and poly(cyanoacrylic acid) as

This journal is © The Royal Society of Chemistry 2013
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layers (reproduced with permission from ref. 374. Copyright 2010, American Chemical Society).

Fig. 33 Schematic representation of PBLG-b-HA polymersomes, with a bilayer
forming membrane with PBLG packed antiparallel (reproduced with permission
from ref. 378. Copyright 2012, American Chemical Society).

the degradation products, the latter being fully water-soluble
and readily eliminated by kidney filtration.*'° PACA are one of
the fastest degrading polymers having degradation times

This journal is © The Royal Society of Chemistry 2013

ranging from few hours to few days. However, a complete excretion
of these materials would occur only for low-molecular weight
polymers, typically for a molecular weight below 10000 g mol .

In the field of PACA, examples of successful functionaliza-
tions to achieve active targeting are rather scarce because of the
very high reactivity of alkyl cyanoacrylate monomers and/or the
rapid degradability of PACA polymers/nanoparticles.*'" How-
ever, the tandem Knoevenagel condensation-Michael addition,
which allowed preparing PEGylated PACA NPs (Fig. 40), also
represented a convenient strategy to position functional groups
at the extremity of the PEG chains for further coupling, either
on the copolymer in organic medium or directly at the surface
of the resulting NPs.

Couvreur and coworkers synthesized targeted PACA NPs by
coupling FA to P(HDCA-co-NH,PEGCA) NPs via an amidation
reaction from its NHS-ester derivative.*'>*"® During the synthesis,
a tBoc-protected amino PEG was used and the deprotection

Chem. Soc. Rev,, 2013, 42, 1147-1235 | 1201
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Fig. 35 Synthesis of functional poly(amino acid) based theranostic polymeric nanoparticles (reproduced with permission from ref. 387. Copyright 2011, American
Chemical Society).

occurred prior to NP formation (Fig. 41). NPs exhibited an average the folate-binding protein (FBP). The same targeted system was also
diameter of 80-90 nm. 15% of the PEG chain-ends were functio- employed to encapsulate pDNA/PEI or pDNA/PLL for transfection
nalized with FA and SPR accounted for a significant binding with ~ purposes.*** In this case, bigger NPs of 260-390 nm were obtained.
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Fig. 36 Scanning electron microscopy (SEM) images showing HSA nanoparticles
with DI17E6 coupled on the surface (A, B = magnification of A in the red
quadrangle) and nanoparticles without an antibody coupling (C) (reproduced
with permission from ref. 395. Copyright 2010, Elsevier).

Periodate oxidation was also employed from P(HDCA-co-
NH,PEGCA) NPs to link the Tf protein.****'® W/O/W double
emulsion was used to generate the amino-functionalized NPs

View Article Online

Review Article

containing pDNA*'® or pDNA/PLL.*"® Average diameter ranged
from 130-150 nm (pDNA) to 240-290 nm (pDNA/PLL).

Click chemistry,""” which has emerged as a powerful liga-
tion strategy, was recently applied to PACA NPs.**® By means of
CuAAC, a versatile targeted nanoparticulate platform based
on PACA has been recently proposed and exhibited stealth,
fluorescent and targeting abilities. A heterobifunctional
azidopoly(ethylene glycol) (N;PEG) was first derivatized with
the selected ligand by CuAAC using CuSO,/sodium ascorbate as
the catalytic system and turned into its cyanoacetate derivative
under DCC-assisted chemistry (Fig. 42). Its terpolymerization
with varying amount of MePEGCA (in order to tune the final
surface density of ligand) and HDCA by tandem Knoevenagel
condensation-Michael addition led to the corresponding
ligand-containing amphiphilic copolymer. After concomitant
self-assembly in aqueous solution with a rhodamine B-tagged
PACA copolymer,*"? functionalized NPs in the 85-150 nm range
displaying the ligand of interest were obtained. The versatility
of this methodology was illustrated by the coupling of a small
library of biologically active ligands (biotin, selegiline, curcu-
minoids) in order to target cancer (biotin) and Alzheimer’s
disease (selegiline, curcuminoids) via the AB;.4, peptide bio-
marker.**° To perform the CuAAc coupling, the ligands were
first derivatized with an alkyne group except for selegiline,
which natively contains such function. Interestingly, thanks
to the surface availability of biotin, a monoclonal anti-AB; 4,
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Fig. 37 Synthetic pathway for targeted albumin-based micelles for delivery of amphipathic drugs (reprinted with permission from ref. 389. Copyright 2011, American

Chemical Society).
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with NeutrAvidin-FITC-biotinylated-EGF complex (reproduced with permission
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antibody was positioned by simple incubation at the surface of
the NPs by means of the biotin/streptavidin ligation strategy.
Note that the PEG chains exposed at the surface of the non-
functionalized P(HDCA-co-MePEGCA) NPs also served as a ligand
exhibiting a significant affinity for the AB,.4, peptide.**"***

4. Biological applications of targeted
nanoparticles
4.1. General considerations

The application of nanotechnologies in the biomedical field
has attracted a great deal of interest in the past decades due to
its potential to revolutionize the treatment of severe diseases
such as cancer, neurological and cardiovascular diseases. In
particular, nanocarriers targeted to specific tissues offer the
advantages of improved drug therapeutic efficiency and
dramatically reduced toxicity and unspecific side effects. In
this perspective, in order to promote selective interactions,
targeted nanocarriers have been designed taking inspiration
from the specific characteristics of each disease. Due to the
dramatically high number of deaths caused every year, much
effort has been devoted to engineering actively targeted nano-
carriers to improve the traditional treatment of cancer. There-
fore, functionalized nanocarriers have been prepared using
ligands able to specifically bind receptors with increased
expression on malignant cells or molecules able to interfere
with the signaling pathway unique to cancer cells.

Some in vitro proofs of concept of active targeting were
provided using empty nanocarriers but mainly drug-loaded
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Fig. 41 Synthesis of P(HDCA-co-NH,PEGCA) copolymer for further NP surface functionalization.

systems have been investigated in order to assess the therapeutic
potential of the ligand-targeted strategy. Considering that FA is
certainly one of the most represented targeting ligands, we
decided to present a more detailed description of in vitro experi-
ments performed using FA-functionalized nanocarriers. The
feasibility of this approach was evaluated by measuring the
uptake of the nanocarriers and their cytotoxicity over specific
cell lines, which well exemplifies the studies carried out with
other targeting molecules. Indeed, although some details were
opportunely modified according to the used ligand, such in vitro
experimental protocol was generally described by all research
groups.

Therefore, in this review, we preferred to highlight in vivo studies
by presenting the most attractive results obtained so far. Indeed, the
in vivo pharmacological investigation is fundamental before the
translation of the targeted nanomedicine concept into clinical trials
and, noteworthily, the increasing number of papers dealing with the
in vivo evaluation of ligand-targeted nanocarriers is witnessed.

1206 | Chem. Soc. Rev., 2013, 42, 1147-1235

Ligand-targeted nanocarriers have found application not
only in the treatment of cancer but also in the management
of other severe diseases. A general overview of these therapeutic
applications will be proposed.

4.2. Cancer

4.2.1.

4.2.1.1. Folic acid targeted nanocarriers. A broad range of
cancers are characterized by a significant overexpression of
folate receptors, up to 100-300 times higher than normal
tissue.”>®>**> Therefore, FA has been widely employed as a
ligand for achieving targeted therapies of several carcinomas.
Commonly used chemotherapeutic drugs (i.e. paclitaxel, doc-
etaxel and doxorubicin, 5-FU and Oligomycin-A) were encapsu-
lated in these drug delivery systems, resulting in improved
cytotoxicity against cancer cells. Interesting examples of both
physical entrapment and covalent coupling of the drug to the
copolymers have been explored with the aim of increasing

VITAMIN TARGETED NANOCARRIERS
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Fig. 42 Synthetic pathway to prepare fluorescent, PEGylated and biodegradable poly(alkyl cyanoacrylate) nanoparticles functionalized with biotin (VB7), selegiline

(Sel) or curcuminoid derivatives (Cur® and Cur®).

the drug loading together with the therapeutic efficacy of the
nanocarriers.”*>?429%329  Taroeted nanocarriers were also
exploited as carriers of plasmid DNA for gene ther-
apy,>>!?38:239:335342 The physical entrapment or the covalent
conjugation of various fluorophores (e.g., FITC, Hylite 488,
Alexa 488, Coumarin-6) allowed their accurate traceability and
the evaluation of specific in vitro and/or in vivo interactions.
The in vitro efficiency of folate-mediated targeting has been
evaluated using cell lines, which overexpress the folate recep-
tor. Among these cell lines, the human epidermal carcinoma
(KB), the human cervical carcinoma (Hela), the human breast
carcinoma (MCF7), the murine mammary carcinoma (4T1),
human ovarian carcinoma (SKOV-3), human squamous carci-
noma (SiHa), and the human gastric carcinoma (SGC-7901) are
the most well-known. These cells were compared, in terms of
uptake/targeting to folate receptor deficient cancer cells such as
human alveolar carcinoma A549 and normal/healthy cells such
as murine fibroblast NIH/3T3, macrophages and human
endothelial EAhy 926. Fluorescent nanocarriers allowed

This journal is © The Royal Society of Chemistry 2013

monitoring and quantifying the specific folate-receptor
mediated binding and internalization by flow cytometry and
confocal microscopic analysis. Published results clearly demon-
strated that the cellular uptake was enhanced by conjugation of
FA at the surface of the NPs compared to the unspecific inter-
nalization of bare/naked nanocarriers. In addition, folate receptor
overexpressing cell lines showed the highest internalization of FA-
functionalized nanocarriers. Competitive binding experiments,
performed in the presence of an excess of free FA confirmed the
occurrence of a folate-mediated endocytosis mechanism.

The adequate targeting ligand density, which can be con-
trolled by tuning the ratios of ligand-conjugated and ligand-
lacking copolymer in the formulation, was also investigated.
For instance, independently of the initial amount of PLGA-b-
PEG-FA used (i.e., from 7 to 75 mol%), only 21% of folate
groups were detected by Valencia and coworkers at the surface
of their nanoparticles prepared using a blend of PLGA-b-PEG
and PLGA-b-PEG-FA.**® This was probably due to the inter-
actions between the low water soluble folate molecules and the
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PLGA during the formulation process, which caused the entrap-
ment of a significant fraction of the FA into the core of the NPs.
Consequently, fine tuning the initial stoichiometry of the
different copolymers is a crucial parameter to assure the
presence of a sufficient fraction of FA at the surface of the
nanoparticles for achieving uptake on FA receptor-over-
expressed cells.”*® However, although the targeting capability
could be compromised when a too low amount of FA is present
at the surface of the nanocarriers, it was reported that an excess
of FA could affect the aqueous stability of the resulting nano-
carriers and cause formation of insoluble aggregates.”*> The
manner by which FA molecules are presented to the cells (i.e.
homogeneously or in spatially defined groupings on a nano-
particle surface) and its influence on cellular uptake was also
investigated. Both in vitro and in vivo studies were performed by
Poon and coworkers,**! using linear dendritic PBLA(PED-b-PEG-
FA), polypeptide micelles with statistically similar amounts of
folate in different spatial arrangements. In vivo results clearly
showed that arrangement of FA molecules in clusters presenting
an optimal size of, on average, three folate groups, enhanced the
uptake of micelles owing to the resultant higher avidity and
longer residence times on the cell membrane (Fig. 43).

The in vitro cytotoxicity of drug-loaded nanocarriers was
evaluated in parallel to the assessment of their targeting
features by a routine MTT viability test. Folate-decorated
drug-loaded nanocarriers showed a higher toxicity compared
to untargeted NPs, due to the intracellular uptake enhancement
mediated by folate receptors. Noteworthily, strong cytotoxicity
was also measured in multidrug resistant cell lines.****'* When
PDNA was encapsulated into polyester NPs, efficient gene delivery
was confirmed by successful transfection results.?*">3%239 [t is

View Article Online
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therefore evident that the ability of these NPs to bind receptors
with high affinity offers the possibility of an efficient targeted
delivery of drugs to cancer cells, thus enhancing their thera-
peutic efficacy.

The possibility to combine active targeting, therapeutic
efficiency as well as imaging properties has been demonstrated
by the encapsulation of Dox, quantum dots and iron oxide
crystals into the hydrophobic core of folate-functionalized PLGA
NPs.>" The specific targeting ability for cells overexpressing folate
receptors led to high NP uptake, which was further confirmed by
T,-weighted MR images. Moreover, the targeting properties were
enhanced by application of an external magnetic field, causing the
progressive increase of the signal drop and a higher cytotoxicity.
Fe;0, was encapsulated also within the core of chitosan-based
NPs.**® The resulting magnetic properties allowed the guidance of
the nanoparticles toward the tumor using an external magnetic
field. Compared to control experiments, an approximately 50 times
greater accumulation of magnetic nanoparticles was registered in
S-180 sarcoma-bearing Kunming mice, 3 h after administration.

The in vivo validation of specific folate-mediated uptake of
drug-loaded nanocarriers was provided by different groups
using tumor xenograft animal models developed by transplant-
ing folate overexpressing cancer cells. Tumor accumulation and
therapeutic efficacy of chemotherapeutic-loaded nanocarriers
were evaluated in KB,”**?”° MCF7,”%*”° Hela,*** A549,%”° drug
resistant A2780/AD,*”° H-22,°** and SGC-7901 carcinoma®“*
models. In all these studies, intravenous administration of
folate-decorated nanoparticulate systems resulted in a higher
drug accumulation at the tumor site and a slower rate of tumor
growth compared to non-functionalized counterparts and to
the free drug used as controls. The enhanced permeability and
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Fig. 43 In vivo evaluation of patchy micelles on nude mice bearing two different tumors (right flank: KB, left flank: A375). (a) Fluorescence 3D optical imaging of
tumored nude mice 48 h after injection with different formulation micelles. Only fluorescence from tumors and a non-tumoral region of the mice (upper torso) is
shown. (b) Normalized tumor fluorescence VivoTag680(VT680)/AngioSense 750(AS750)) of tumors (n = 4) showing the highest in vivo targeting with 20%F-60%mix
micelles. (c) Mean cell-associated micelle fluorescence (FI) (reproduced with permission from ref. 384. Copyright 2009, Wiley).
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Fig. 44 Antitumor effect of FA functionalized NPs (HFT-T) in an animal model. (a) The growth curve of KB-3-1 xenografts showed that all the treatment groups
including free Ptx, blank NPs (HT-t), and HFT-T significantly inhibited the growth of tumor as compared with the control (p < 0.0001 for each treatment). The tumor
volumes were similar in HT-T and free Ptx-treated groups (p < 0.608), but FA-decorated NPs more potently reduced tumor growth than free Ptx (p < 0.0001). (b) A
representative mouse from each group. (c) The body weight of the mice in all groups. (d) Representative images of H&E organ staining from control and HFT-T-treated
mice (magnification 200) (reproduced with permission from ref. 369. Copyright 2009, American Chemical Society).

retention effect due to the large pores present in the tumor
endothelial vessels (compared to healthy tissue) and the
reduced tumor lymphatic drainage caused a passive accumula-
tion of the nanocarriers at the tumor site. Then, the more
efficient internalization of functionalized systems via a folate-
receptor mediated endocytosis led to an improved therapeutic
response. An example of such successful results is provided in
Fig. 44. Therapeutic efficacy of FA-functionalized Ptx-loaded
heparin nanoparticles was assessed in KB-3-1 xenograft-bearing
mice.*®® The treatment with free Ptx suppressed tumor growth
only initially, and after 3 weeks of treatment, the tumor no
longer responded and grew rapidly, likely due to the develop-
ment of a drug resistance mechanism. Contrariwise, after the
same period of treatment with targeted nanocarriers, this
resurgence in tumor growth was not observed. Moreover,
compared with control treatments (i.e. non-functionalized
NPs or free Ptx) FA-targeted NPs induced a significantly
higher increase of acetylated tubulin levels, marker of a pro-
apoptotic stage.

Interestingly, Werner and coworkers explored the potential
of folate-targeted nanoparticles, loaded with docetaxel (FT-NP
Dxtl), as radiosensitizers to improve the efficacy of the radio-
therapy in the tumor and to reduce the toxicity in the healthy
tissues.?*> Moreover, due to the importance of timing of radio-
therapy, they were the first to determine the optimal interval
between chemo and radiotherapy. In vivo studies were performed

This journal is © The Royal Society of Chemistry 2013

on mice bearing KB cells xenograft tumors, which were treated
with FT-NP Dxtl and irradiation at 3, 12, 24 or 48 h post
injection. Due to the specific accumulation in the tumor,
systemic administration of FT-NP Dxtl caused a significant
inhibition of tumor progression compared to the controls (free
drug and non-targeted nanoparticles). The most important
tumor growth delay was observed in mice irradiated 12 h after
nanoparticles administration. These results clearly demon-
strated the potential of these nanoparticles as radiosensitizer
and highlighted the importance of determining the optimal
time of irradiation to achieve successful treatments. The folate-
targeting strategy was then enlarged leading to the develop-
ment of so-called “ChemoRad” nanoparticles which offer the
possibility of concurrent use of chemo and radiotherapy.”** Ptx
and yittrium-90 were used as chemo and radiotherapeutic
isotope, respectively. The effectiveness of this dual system
was investigated in an ovarian peritoneal metastasis model
developed by intraperitoneal injection of folate overexpressing
ovarian cancer cells. Compared to mono treatments (chemotherapy
or radiotherapy only), the best therapeutic outcome was achieved in
mice treated with ChemoRad nanoparticles. Moreover, although not
statistically significant, there was a clear trend toward longer survival
in groups treated with folate-targeted nanoparticles (Fig. 45).

The design of nanocarriers combining FA receptor targeting
and early endosomal pH sensitiveness was proposed by Kim
and coworkers to overcome tumor multidrug resistance.>**>*?

Chem. Soc. Rev., 2013, 42,1147-1235 | 1209
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(reproduced with permission from ref. 223. Copyright 2011, Elsevier).

Multidrug resistant ovarian tumor xenograft-bearing mice were
used to assess the anticancer activity of Dox-loaded pH-sensi-
tive micelles made of a blend of P(His-co-Phe)-b-PEG and
PLA-b-PEG-FA. These advanced micelles were able to induce a
significant inhibition of the tumor growth rate compared to
control groups, which received Dox-loaded pH-insensitive
micelles of free Dox. Despite the presence of the FA at their
surface, which makes both pH-sensitive and pH-insensitive
micelles share the same endocytosis pathway, they caused a
different therapeutic effect that might be explained considering
the existence of different intracellular events such as drug
release and endosomolysis. This observation was confirmed
by non-invasive imaging experiments performed by using the
dorsal window chamber model. The highest accumulation of
Dox at the tumor site was observed 1 h after i.v. injection of
pH-sensitive micelles, while, in the case of pH-insensitive ones
the maximum was reached at 20 minutes, whereas at 1 h it was
already in the decline phase. Therefore, pH-sensitive micelles
probably induced a high cytosolic accumulation of Dox, which
allowed overcoming the limited defense capacity of MDR cells.

A pH-responsive PLA-b-PEG-b-PHis targeted nanocarrier
encapsulating Dox and bearing TAT and FA ligands was proposed
by Lee and coworkers.””® This nanocarrier displayed the ability to
hide TAT at its surface during circulation and to expose it at a
slightly acidic tumor extracellular pH to facilitate the internalization
process. When tested on MCF-7, A549, KB and drug resistant A2780/
AD xenograft tumor models, a significant regression of tumor
growth was observed after three bolus injections of Dox-loaded
micelles (10 mg equivalent Dox per kg body weight per injection) at
3-day interval, while minimum weight loss was observed.

1210 | Chem. Soc. Rev., 2013, 42, 1147-1235

4.2.1.2. Biotin-targeted nanocarriers. Biotin has often been
used to functionalize various targeting ligands for their further
binding with avidin, neutravidin or streptavidin. This ligation
strategy is useful when bulky ligands (protein, MAD etc.) are
intended to be linked at the surface of NPs. In that case,
biotinylated NPs can be either reacted with SAv/NAv/Av-ligand
conjugates or with biotinylated ligands and SAv/NAv/Av are
used as a sandwich moiety. However, the use of biotin as a
biologically active ligand recently appeared as an elegant way to
target cancer cells and represents an original alternative to the
extensive use of folic acid towards tumor overexpressed folate
receptors. Several authors investigated the use of biotin-func-
tionalized biodegradable NPs to target breast cancer cells,
which overexpress biotin receptors.?***?*> patil and coworkers
co-encapsulated Ptx and P-gp-targeted siRNA into biotin-func-
tionalized PLA-b-PEG NPs in order to overcome tumor drug
resistance. Primary mammary carcinoma JC cells, which over-
express the P-gp and exhibit a resistant phenotype both in vitro
and in vivo, were used to assess the efficacy of the dual agent
functionalized NPs. In vivo studies demonstrated that the
incorporation of biotin resulted in an improved anticancer
effectiveness compared to controls. This result was probably
due to a synergic effect between Ptx and P-gp-targeted siRNA
simultaneously delivered by a biotin-mediated mechanism to
tumor cells. Moreover, their different release profiles probably
caused the inactivation of the P-gp before complete release of
Ptx, thus enhancing the therapeutic effect. Noteworthy, a
synergy effect between chemo and gene therapy was observed;
indeed, the same dose of Ptx was not effective in the absence of
gene silencing. Biotin was also positioned at the surface of HSA

This journal is © The Royal Society of Chemistry 2013
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NPs conjugated to methotrexate (MTX) molecules in order to
target cancer cells.’”® The anticancer efficacy of biotin targeted
MTX-HSA NPs was evaluated in mice bearing 4T1 breast
carcinoma whereby a single dose of biotin-targeted MTX-HSA
NPs showed stronger in vivo antitumor activity than non-
targeted MTX-HSA NPs and free MTX. After 7 days of treatment,
average tumor volume in the biotin targeted MTX-HSA NPs-
treated group decreased to ~18% of the initial tumor volume
when the number of attached biotin molecules on MTX-HSA-
NPs was the highest. The average tumor volume in non-targeted
MTX-HSA NPs-treated mice grew rapidly and reached 250% of
the initial tumor volume. Biotin targeted MTX-HSA NPs caused
a significant increase of the median survival time of tumor-
bearing mice (47.5 £+ 0.7 days) compared with control groups
(non-targeted MTX-HSA NPs or saline), which corresponded to
an increase of their life span up to ~220%.

4.2.2. LECTIN-TARGETED NANOCARRIERS. Lipids and proteins,
which constitute the membrane of cells, are often glycosilated
and can be agglutinated by lectins. Different patterns of glycans
are expressed by different cells. Therefore, lectin-functionalized
nanocarriers can be used to selectively target specific cell types.
Among the various lectins, the WGA from Triticum vulgare, able
to specifically recognize N-acetyl-glucosamine and sialic acid, is
the most-employed lectin for targeting purposes. WGA-targeted
PLGA NPs have been proposed by Mo and coworkers**>>%7 as
drug delivery systems to enhance the therapeutic efficiency of
Ptx and overcome side effects associated to its conventional
Cremophore® EL formulation.*?® In vitro studies were performed
using cancer and normal pulmonary cell lines expressing different
glycosylation profiles to assess the selectivity of cell-nanoparticle
interactions. Compared to bare nanoparticles and conventional Ptx
formulations, used as controls, a higher cytotoxicity and intra-
cellular accumulation was observed after exposure to functiona-
lized nanoparticles, which was clearly due to an efficient
WGA-receptor mediated endocytosis. The in vivo anti-cancer evalua-
tion was performed on mice bearing A549 xenograft tumors treated
with a single intra-tumoral injection of targeted NPs at a Ptx dose of
10 mg kg™ '. A single injection inhibited the progression of tumor
growth for 23 days post treatment and tumor doubling time was
estimated to be greater than 25 days compared to only 11 days for
the free drug-treated group. Conventional formulation had a
negligible effect on the tumor growth, however the failure of this
treatment might be explained considering that the authors decided
to work at a low Ptx dose.*”’

4.2.3. SUGAR-TARGETED NANOCARRIERS. The functionalization of
nanoparticles with sugar moieties was described as a strategy to
achieve an active targeting on hepatic cells, which largely
express the asialoglycoprotein receptors able to bind galactose
and N-acetylgalactosamine-terminated glycoproteins. Thus,
galactosamine has been conjugated at the surface of y-PGA-b-
PLA nanoparticles loaded with Ptx.”*° The antitumor efficacy of
the prepared nanoparticles was investigated in a HepG2 hepa-
toma xenograft tumor model. Galactosamine-functionalized
NPs showed the highest therapeutic activity, with a significant
inhibition of tumor growth compared to saline, free Ptx and
non-targeted NPs. This result was correlated to the large
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accumulation of functionalized nanoparticles at the tumor site,
clearly observed during the biodistribution studies. Remarkably,
only the group treated with galactosamine-functionalized NPs
did not show any weight loss, thus confirming a specific target-
ing of cancer cells without adverse effects for healthy cells.
Galactosamine was also employed to decorate carboxypentyl-
xyloglucan-galactose NPs, leading to similar results.>”*

HA was successfully employed as a ligand in doxorubicin-
loaded PBLG-g-HA polymersomes, which suppressed growth of
breast tumor in female Sprague-Dawley (SD) rats as opposed to
the control group.’’® In addition, reduced level of serum
enzymes (LDH and CPK) indicated reduced cardiotoxicity of
Dox after loading in polymersomes. These results suggested
that intracellular delivery of Dox-loaded PBLG-g-HA polymer-
somes was dependent on the CD44 expression level in cells due
to the presence of HA on the surface of polymersomes, and
could be used as a self-targeting drug delivery cargo in over-
expressed CD44 glycoprotein cells of breast cancer. In this view,
it was shown that these polymersomes enhanced intracellular
uptake of Dox or Dtx in a murine model of Ehrlich Ascites
Tumor (EAT) via CD44 receptor mediated endocytosis, resulting
in prolonged tumor doubling time and in increasing the life
span of mice (Fig. 46).>7>°78

4.2.4. PEPTIDE TARGETED NANOCARRIERS

4.2.4.1. RGD peptide. Several PLA/PLGA-based nanocarriers
functionalized by RGD or RGD-containing peptides were designed,
taking advantage from their ability to selectively target the o, B;
integ_rin receptor.125,231,232,257,258,273,285,286,296,313,321,322,324 Anticancer
drugs (Ptx, mitoxantrone, Dox), vascular disrupting agents (combre-
tastatin) as well as DNA were also encapsulated in these nanosys-
tems. RGD-targeted theranostic PLA-b-PEG micelles, which combine
imaging and therapeutic properties by encapsulation of both Dox
and SPIO, were proposed by Nasongkla and coworkers.”*® In vitro
cytotoxicity and uptake studies were generally performed using the
normal HUVEC cell line to mimic the angiogenic tumor vasculature
cells and various malignant cell lines, all overexpressing the o, 3;
integrin receptor (B16F10 mouse melanoma cells; MDA-MB-231,
Bacp-37, MCF7 human breast carcinoma cells; 4T1 murine
mammary carcinoma; DU145 human prostate carcinoma cells;
Hela human cervical carcinoma cells and A549 adenocarcinoma
cells). Models of co-culture (normal endothelial cells and cancer
cells) were also proposed to investigate selective uptake and
toxicity of drug loaded systems.”*' In vivo administration of
fluorescent nanocarriers in tumor-bearing mice enabled assess-
ment of the distribution of functionalized systems by non-invasive
imaging and quantification of the specific tumor accumulation.>**
RGD-decorated nanocarriers induced a significant enhancement of
the fluorescence intensity compared to non-targeted systems,
which was clearly due to the combined effect of passive accumula-
tion and ligand-mediated active targeting mechanism. However,
results of dose-response studies showed that tumor accumulation
discrepancies between targeted and non-targeted nanosystems
were reduced at high doses probably as a consequence of RGD
receptor saturation.>” Variable uptake in different cell lines might
be explained considering the different expression of integrins on
the cell surface."”®
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Fig. 46 Tumor volume doubling time (DT) of EAT-bearing mice treated with free
DOX and PolyDOX at 5 mg kg~ " equivalent to free DOX (*p < 0.01 vs. DOX, *p <
0.01 vs. control, **p > 0.05 vs. control). The data represent mean of six animals
+5SD. (B) Kaplan—Meier survival curve of mice treated with DOX and PolyDOX. (C)
Percent increase in life span (ILS) of mice treated with DOX and PolyDOX
compared to control. PolyDOX-treated groups survived significantly longer as
compared to control and DOX (p < 0.001) (reproduced with permission from
ref. 378. Copyright 2012, Elsevier).
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An example of RGD-conjugated nanocarriers which exhib-
ited a significant anticancer activity in vivo without showing the
systemic toxicity associated to conventional chemotherapies
was reported by Hu and coworkers.>®® MDA-MB-435 breast
tumor-bearing mice were treated once a week with Ptx-loaded
RGD-targeted micelles of PLA-b-PEG-RGD or control formula-
tions. Functionalized micelles demonstrated a dramatic effi-
cacy, resulting in complete tumor regression in five of eight
animals at the end of the treatment and in a better survival
than other treatments. Moreover, active targeting increased the
apoptotic induction in tumor cells and prevented adverse
effects on healthy tissues which were instead observed after
administration of Cremophore® EL paclitaxel formulation.

A combined therapeutic approach, using two different RGD-
targeted PLGA-b-PEG nanoparticles loaded with Ptx or the CDK
inhibitor JNJ-7706621, was investigated in a fast growing trans-
plantable liver tumor model.*®> The two functionalized carriers
were sequentially administered and resulted in inhibition of
tumor growth to a greater extent than either treatment. Non-
functionalized NPs were instead ineffective in reducing
the tumor growth rate. A RGD-peptido mimetic was also
investigated by the same group; however, although interesting
results were obtained in vitro, this ligand did not induce any
improvement of Ptx efficacy in vivo.***

The RGD targeting strategy was also explored for nano-
carriers based on PCL or PCL derivatives.’***** The RGD4C
peptide was conjugated to micelles made of the PEO-h-PCL
copolymer to which Dox was tethered via an amide bond
[RGD4C-PEO-b-P(CL-Ami-Dox)] or a pH-sensitive hydrazone
bond [RGD4C-PEO-b-P(CL-Hyd-Dox)].>*" Targeting potential
and cytotoxicity of these nanocarriers were evaluated in both
wild type and MDR MDA-435/LCC6 cells. Significant increase in
the uptake of RGD-functionalized micelles compared to bare
systems was observed in both cell lines. However, the presence
of a hydrazone or an amide bond led to a different intracellular
distribution of the released Dox, which was responsible for the
different cytotoxic response of sensitive and resistant cells.
MDA-435/LCC6™ cells were more sensitive to RGD4C-PEO-b-
P(CL-Hyd-Dox) micelles, which led to preferential nuclear accu-
mulation of Dox. In contrast, RGD4C-PEO-b-P(CL-Ami-Dox)
micelles were associated to mitochondrial drug localization
and were thus more toxic in MDA-435/LCC6™P~. The therapeu-
tic potential of these micelles was evaluated in vivo in tumor
models developed by inoculation of wild type or MDR cells.
Each group was then treated with the formulation that caused
the highest cytotoxic response in vitro. Targeted formulations
showed the highest therapeutic efficacy with inhibition of
tumor growth and longer life span compared to animals that
received the non-functionalized micelles. Noteworthily, the
accurate choice of the coupling strategy to conjugate the
doxorubicin to the polymer backbone led to the formulation
of drug delivery systems effective even in MDR tumors.

Moreover, with the aim of finding successful strategies to
overcome the multidrug resistance, a combined dual targeting/
dual therapy approach was explored.**? Micelles were functio-
nalized with both the RGD and TAT peptides as homing
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devices. A siRNA against the P-gp was co-delivered with Dox,
conjugated to the copolymer via the hydrazone bond. This
complex nanosystem showed excellent results in vitro with high
cytotoxicity in MDR resistant cells also. Although therapeutic
efficacy was not demonstrated, the significant tumor accumu-
lation observed in vivo represents a promising starting point to
achieve this goal (Fig. 47).

The synthesis of triple-functionalized NPs based on PLGA-b-
PLL-b-PEG for targeted and delivery of siRNA to tumors was
reported by Zhou and coworkers.'*® These nanocarriers exhib-
ited at the distal end of PEG chains iRGD (CRGDKGPDC) and
two CPPs (i.e., mHph1 and mAP). When these NPs were loaded
with siRNA against PLK1, they provided knockdown of PLK1
expression in A549 cells (91.0%), which was similar to the
inhibition seen with Lipofectamine RNAIMAX (94.4%). In addi-
tion, delivery siRNA against PLK1 significantly inhibited the
in vitro proliferation of A549 cells. Intravenous injection of
these nanoparticles significantly inhibited tumor growth and
the expression of the PLK1 gene in the treatment group was
47% of the expression in the control group, even 7 days after
the last treatment. Histologically, tumors from the control-
treated group revealed a highly cellular mass with prominent
nucleoli whereas tumors from animals treated with NPs loaded
with siRNA against PLK1 revealed a much less cellular mass
with a lower nuclear/cytoplasmic ratio, and a marked increase
in the number of apoptotic cells (Fig. 48).

Chitosan as polymeric scaffold was employed to design
RGD-functionalized nanocarriers for gene silencing purposes.**>
In vitro, these targeted nanoparticles labeled with Alexa555 were
able to selectively target o, f;-positive ovarian cancer cell lines
(SKOV3ip1) in a RGD concentration-dependent manner, while a
significant lower internalization (—94,25%) was observed with
non-RGD particles. In contrast, similar binding efficiency was
observed in A2780ip2 cells (a,B5-negative) for both functiona-
lized and non-RGD nanoparticles. To evaluate the enhanced
targeted delivery in vivo, the authors quantified the siRNA-
Alexa555 tumor accumulation 48 h after a single injection,
observing a 3-fold higher accumulation of targeted nanoparticles
compared to non-functionalized counterparts. A co-localization,
of o,B; integrin and NP fluorescence signals, was detected in
tumor slices stained with specific antibodies, confirming a
specific targeting. Furthermore, once loaded with a periostin
specific siRNA, the functionalized nanoparticles provided better
tumor growth inhibition in SKOV3ip1 tumor-bearing mice than
the non-functionalized counterpart (Fig. 49).

4.2.4.2. Other peptides. The phage display strategy has been
exploited by various groups to screen peptides able to selec-
tively bind a specific target. Short peptides were isolated and
used to functionalize various types of nanocarriers. The LyP-
1peptide is a 9-amino acid cyclic peptide able to selectively bind
tumor cells and tumor-associated lymphatic vessels.”*' Due to
these targeting abilities, LyP-1-targeted NPs have been exploited as
nanocarriers for selective drug delivery to tumor and lymphatic
metastasis. Proof of concept of the feasibility of this approach was
provided in vitro and in vivo in a BxPC-3 lymphatic metastasis
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model.**? After administration of coumarin-6-loaded PLGA-b-PEG-
LyP-1 NPs, an efficient active targeting, which led to a marked
accumulation in lymph nodes with metastasis, was observed by
non-invasive in vivo imaging. These results make the Lyp-1
peptide extremely attractive to achieve a targeted delivery to
lymphatic metastatic tumors.

A xenograft MDA-MB-231 human breast cancer model was
used to assess the therapeutic efficacy of two different nano-
carriers: (i) Dox-loaded pH-sensitive PLA-b-PEG-AP/PAE-b-PEG
micelles functionalized with the AP peptide which specifically
bind to the IL-4 receptor on breast cancer cells** and (ii) Ptx-
loaded PLA-b-PEG NPs functionalized with the K237 peptide
specifically targeted to the VEGFR of tumor neovessels.>®” In
both studies, an excellent therapeutic anticancer activity was
observed after systemic administration due to an increased cell
accumulation via the receptor mediate mechanism. Noteworthily,
in the latter case, the therapeutic effect was the consequence of
the significant apoptosis of tumor neovasculature endothelial
cells which led to large necrotic areas in the tumor due to the
deprivation of the blood supply.**”

Research was also focused on a new peptidic sequence (Gly-
Ile-Arg-Leu-Arg-Gly, GIRLRG) which can selectively bind to
receptors expressed only on cancer cells exposed to ionizing
radiation therapy (XRT)."** These receptors represent an interesting
target to achieve a controlled delivery of chemotherapeutic drugs to
XRT-exposed cells and enhance the effectiveness of XRT. The
targeting GIRLRG peptide was identified by phage display technol-
ogy and used to functionalize PVL-based cross-linked nanoparticles
loaded with Ptx. Heterotopic breast and glioma mice tumor models
were used for these in vivo studies. Mice were treated with 3 Gy XRT
daily for 3 days and Ptx-loaded functionalized NPs were i.v.
administered at the second day. Due to the specific binding to
the GPR78 receptor, expressed only at the surface of irradiated cells,
the GIRLRG peptide caused a specific accumulation of NPs in XRT-
responding cells, which resulted in a greater reduction of the tumor
growth rate compared to controls.

4.2.5. EGF-TARGETED NANOCARRIERS. Due to the overexpression
of EGFR in a wide range of solid tumors, EGF-conjugated
micelles of PCL-b-PEG or PVI-b-PEG have been formu-
lated.”®3%473% 1n these nanocarriers, EGF exerts the double
function of a specific targeting ligand as well as a therapeutic
molecule due to its capacity to activate apoptosis in cancer cells
expressing high levels of EGFR.**>**° The possibility of using
drug-loaded micelles for a combined therapy was assessed
in vitro in MDA-MB-468 (high EGFR expression) and MCF7
(low EGFR expression) breast cancer cells.*** A significant
growth inhibitory effect was observed due to a synergic effect
between EGF and the encapsulated anticancer drug, and to the
ligand-mediated active targeting. Noteworthily, these EGF-
micelles represent one of the first examples of nanocarriers
able to induce a strong bystander effect because of their specific
targeting capacity.** Pharmacokinetic and biodistribution
studies were performed on breast cancer bearing mice and
highlighted the influence of the density and structural integrity
of the tumor neovasculature on the accumulation of nano-
carriers. The influence of the micelle size was also investigated,
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Fig. 47 (i) Rational design of a multifunctional micellar nanomedicine for targeted co-delivery of siRNA and DOX to overcome multidrug resistance. (a) Chemical
structure of functionalized copolymers with ligands at the end of the PEO block and conjugated moieties on the PCL block. (b) Assembly of multifunctional micelles
with DOX and siRNA in the micellar core and RGD and/or TAT on the micellar shell. (c) Schematic diagram showing the proposed model for the intracellular processing
of targeted micelles in MDR cancer cells after receptor-mediated endocytosis, leading to cytoplasmic siRNA delivery followed by P-gp down-regulation on the cellular
and nuclear membrane and endosomal DOX release, followed by DOX nuclear accumulation. (i) Schematic illustration of polymer structures and assembled RGD-
functionalized micelles containing NIRF imaging probes. The insets show images of one of those NIRF formulations. (i) Athymic nude mice bearing MDA-MB-435/
LCC6MDR1-resistant tumors injected with RGD- and NON-micelles-DOX-Cy5.5. (iv) Athymic nude mice bearing MDA-MB-435/LCC6MDR1-resistant tumors injected
with RGD- and NON-micelles/Dy677-siRNA. MDA-MB-435/LCC6MDR1-resistant cells were transplanted subcutaneously into the right rear flanks of the mice, and
tumor was approximately 0.1 cm® 17 days after implant. The mice were imaged at 24 h after injection. The intensity of fluorescence is expressed by different colors,
with pink reflecting the lowest intensity (background) and red reflecting the highest intensity. The tumor is indicated by the thick arrow (reproduced with permission
from ref. 322. Copyright 2011, American Chemical Society).
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Fig. 48 (a) Antitumor effects of nanoparticles loaded with siRNA against PLK1. (b) Expression of the PLK1 gene in residual tumors. (c) H&E staining of the control tumor
(left) and the siPLK1 treated tumor (right), 40x magnification. (d) TUNEL staining of the control tumor (left) and the siPLK1 treated tumor (right), 20x magnification

(reproduced with permission from ref. 125. Copyright 2012, Elsevier).
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demonstrating that smaller micelles were easily uptaken,
although a certain delay was observed when micelles were
functionalized due to the so-called “binding site barrier
effect”.>>>3% Indeed, according to this effect, internalization
of ligand-functionalized nanocarriers requires the successful
binding to their target, which therefore halt their penetration in
solid tumors compared with free molecules.***

4.2.6. TRANSFERRIN-TARGETED NANOCARRIERS. Transferrin is a glyco-
protein which plays a key role in several biological functions of
the organism. Among them, Tf shows the capacity to bind Fe**
and interact with its corresponding receptors to induce the
delivery of iron to the brain by a receptor-mediated mechanism.
Therefore, Tf-functionalized nanocarriers have been exploited
mainly to overcome the BBB and to achieve an efficient delivery
to the CNS. However, Tf receptors are overexpressed also in
solid tumors such as breast and prostate cancers. With the aim
to reduce side effects associated to the conventional Cremo-
phore® EL formulation, Ptx has been encapsulated into PLGA
NPs decorated with Tf.>®*® The effectiveness of a single-dose
intratumoral delivery of this formulation was evaluated in vivo
in pancreatic xenograft tumor-bearing mice. A significant
tumor inhibition and longer survival was achieved with Ptx
loaded-Tf targeted NPs than with control NPs and Cremophore®

This journal is © The Royal Society of Chemistry 2013

EL formulation, which was correlated to an increased NP uptake
via the Tf receptor-mediated mechanism.

Significant results were also obtained using transferrin-
targeted nanocarriers based on CDs for the delivery of anti-
cancer siRNA. The ability of this nanoparticulate system to
predominantly target tumor cells was first identified in vitro,
where the co-administration with free Tf clearly reduced the
uptake of the nanoparticles in HeLa cells.>*** The in vivo phar-
macokinetics of these particles was studied using ®**Cu labeling
for micro-PET imaging. The results highlighted that the
presence of Tf at the surface of the nanocarrier had a negligible
impact on the biodistribution and tumor accumulation kinetic,
likely because of the EPR effect. However, bioluminescence
analysis showed that the functionalization enhanced the siRNA
intracellular localization. These results confirmed that target-
ing moieties did not noticeably affect the NP accumulation in
tumor environment but contributed to the increase of the
internalization in tumor cells.****** The activity of this non-
viral nanocarrier system was assessed using different siRNAs to
target specific tumor mutations. Anti-EWS-FLI1 siRNA was
employed to combat Ewing’s sarcoma, leading to impressive
results. Three consecutive daily injections of targeted NPs
resulted in a decreased tumor signal lasting for 2 to 3 days,
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related to a 60% decrease of EWS-FLI1 expression by the tumor
tissue while no effect was observed with scramble siRNA. Most
notably, a long-term treatment regimen in which formulations
were given twice a week, beginning the same day as injection of
tumor cells (TC71-LUC), was evaluated. The targeted NPs
dramatically inhibited the engraftment of tumor cells with
20% of the mice showing no tumor growth compared to
90-100% in control groups. Further analysis also confirmed
the absence of immune response or major organs damage in
the treated animals.>®®

Safety, systemic doses and pharmacokinetics of this
CD-based nanocarrier, charged with anti-M2 subunit of ribo-
nucleotide reductase siRNA (siR2B + 5), were widely investi-
gated in non-human primates. When administered to
cynomolgus monkeys at doses of 3 and 9 mg siRNA kg, the
NPs were well tolerated, while at 27 mg siRNA kg™, a signifi-
cant toxicity was observed in the kidneys and in the liver.
Analysis of complement factors did not reveal any change that
could be clearly assigned to NPs injections doses even if a mild
immune response was detected at the highest dose. Biodistri-
bution and pharmacokinetic parameters were also investigated
and identified.*®® These results were considered very encoura-
ging and led to a phase I clinical trial in patients with solid
tumors (see Section 4.7 for more details).**>

4.2.7. MAB TARGETED NANOCARRIERs. Upregulation of the
epidermal growth factor receptors (EGFR) and the human
epidermal growth factor receptor 2 (HER2) is associated to
the development of tumors. Specific monoclonal antibodies
able to target these tumor-associated receptors have been
widely used for functionalization of biodegradable polyester-
based drug delivery SyStemS.ZOQ,Zl1’233’240’247'269_271’274’294’297’308
Noteworthily, these Mabs not only provide an active targeting
but can also exert a therapeutic activity by inhibiting the
ligand-receptor interaction and consequently blocking the
associated signaling pathway.

The PE38KDEL toxin was encapsulated in PLGA NPs deco-
rated with anti-HER2 Mab (PE-NPs-HER) and its therapeutic
efficacy was investigated in a HER2-overexpressing breast cancer
model and compared to a control immunotoxine synthetized by
conjugation of anti-HER2 Mab to PE3S8KDEL (PE-HER).>”
Encapsulation of PE3S8KDEL in immuno NPs was associated to
a reduced non-specific toxicity, compared with free PE38KDEL.
Internalization of functionalized NPs via a receptor-mediated
mechanism led to the release of the drug in the intracellular
compartment, which prevented its interaction with specific
receptors for protein toxins in normal tissues. In protective
experiments, tumor development was inhibited in a dose depen-
dent manner, without significant difference, after administra-
tion of both anti-HER2-PLGA NPs and PE-HER. Nevertheless, the
potent antitumor activity of antibody-functionalized NPs com-
pared to the control toxin was clearly demonstrated under
therapeutic experiments.

A similar approach was described in vitro by using chitosan
polymeric backbone decorated with anti-HER2 MAb encapsu-
lating Gemcitabine (Gem) or Dox. An increased internalization
of functionalized nanoparticles was observed in MiaPaca2,
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PANC-1 and ovarian carcinoma cell line SKOV-3, compared
with the HER?2 deficient MCF7cell line.?*”>!

As an alternative to the conventional methods to evaluate
the tumor progression, the non-invasive bioluminescence ima-
ging was selected to assess in vivo the effectiveness of Ptx-
palmitate-loaded anti-HER2 functionalized PLA-b-PEG NPs in
an orthotopic model of prostate cancer developed by injection
of PC-3.38/luc cells. A significant decrease in tumor growth rate
was observed after administration of targeted formulation
compared to controls as results of a tissue specific accumula-
tion mediated by the Mab (Fig. 50).>”*

In vivo ligand-mediated targeted delivery of fluorescent
rhodamine loaded PLA-PLL-EGFRmAb NPs in a SMMC-7721
hepatocellular carcinoma xenograft mouse model was investi-
gated by non-invasive imaging.>*® In contrast with controls
(free rhodamine and non-functionalized NPs), fluorescence
intensities of tumor in groups treated with PLA-PLL-EGFRmAb
NPs was stronger and lasted for a longer time, thus confirming
an active targeting of the tumor via the receptor-ligand
recognition.

An optimized nanoparticulate system based on Heparin,
encapsulating CisPt and decorated with a single chain antibody
against EGFR, which contains the binding region able to
recognize the receptor but lacks the Fc region, was reported.*®®
This approach led to several advantages compared to the use of
the whole Ab: (i) a decrease in the molecular weight of the
whole nanoassemblies, (ii) a decreased immunogenicity and
(iii) a low accumulation in normal organs. Compared to free
CisPt, the designed Heparin nanoparticles showed a prolonged
blood circulation time, improved pharmacokinetics and significant
enhancement of the anti-tumor activity, without leading to weight
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loss or damage to the kidney and the spleen in nude mice bearing
the H292 lung mucoepidermoid tumor (Fig. 51).

4.2.8. APTAMER-TARGETED NANOCARRIERS. Aptamers are DNA or
RNA oligonucleotides that, through intramolecular inter-
actions, fold into a unique conformation able to bind target
ligands with specificity and affinity comparable to those
observed for antibodies."®*

The A10 RNA aptamer that recognizes the extracellular
domain of the prostate specific membrane antigen (PSMA)
was widely exploited by Langer and coworkers to design PEGy-
lated PLGA-b-PEG NP-aptamer bioconjugates.'3>18%23,236,298
The anticancer activity of drug loaded nanocarriers was eval-
uated in vivo using a LNCaP mouse model of pancreatic cancer
and compared with traditional chemotherapeutics (i.e., Ptx, CisPt,
Dtx). Intratumoral administration of Apt NPs-bioconjugates was
significantly more efficient in tumor reduction than non-targeted
NPs and controls due to efficient cell internalization after binding
the PSMA protein onto the cell surface (Fig. 52). Interestingly, a
significant reduction of systemic toxicity was also observed. The
most efficient cell uptake both in vitro and in vivo was correlated
to an optimal density of aptamers and PEG molecules at the
surface of NPs, which modulated targeting and stealth properties,
respectively.

A DNA aptamer (AS1411) which binds to nucleolin, a
membrane protein highly expressed in cancer cells, was instead
investigated by Guo and coworkers to mediate specific drug
delivery to gliomas.>” Pharmacokinetics and biodistribution
analysis of aptamer-functionalized Ptx-loaded PLA-b-PEG NPs
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Fig. 52 (a) Comparative efficacy study in LNCaP s.c. xenograft nude mouse model
of PCa. of a single intratumoral injection (day 0) of (i) saline (black); (ii) pegylated
PLGA NP without drug (NP, brown); (iii) emulsified DtxI (Dtxl, green), 40 mg kg”;
(iv) Dtxl-encapsulated NPs (DtxI-NP, red), 40 mg kg’1; or (v) Dtxl-encapsulated
NP-Apt bioconjugates (DtxI-NP-Apt, blue), 40 mg kg~ evaluated over 109 days.
*, Data points for the DtxI-NP-Apt group that were statistically significant
compared with all other groups (p < 0.05). (b) Representative mouse at the end
point for each group is shown (Left) alongside images of excised tumors (Right).
Black arrows point to the position of the implanted tumor on each mouse
(reproduced with permission from ref. 186. Copyright 2006, PNAS).

clearly demonstrated an improved accumulation in C6 glioma
cells due to specific aptamer-nucleolin interactions. Significant
tumor inhibition and longer survival times were observed in
subcutaneous and orthotopic glioma tumor models after intra-
venous administration of functionalized NPs (Fig. 53).

4.3. CNS delivery

The BBB is formed at the level of the endothelial cells of the
cerebral capillaries and essentially composes the major inter-
face between the blood and the brain.****** This barrier is the
most important factor that limits drug delivery to the central
nervous system. Indeed, even small therapeutic molecules are
generally not able to cross the BBB. In recent years, many
attempts were focused on the development of various
approaches to overcome the limitations inherent to BBB pas-
sage. Among them, BBB-targeted surface-functionalized nano-
carriers appeared to be an extremely attractive and promising
strategy.

4.3.1. BRAIN CANCER

4.3.1.1. Peptide-functionalized nanocarriers. Candotoxin is a
snake neurotoxin, which binds with high affinity the nicotine
acetylcholine receptors (nAChRs). nAChRs are widely expressed
on the capillary endothelium of the brain and are involved in a
peptide-mediated delivery to the CNS of various molecules.
Therefore, short candotoxin-derived peptides (CDX) have been
exploited as targeting ligands to promote the transport to the
brain of PEGylated PLA-b-PEG micelles.'®” The therapeutic
potential of Ptx-loaded functionalized micelles was assessed
using intracranial glioblastoma-bearing nude mice. NAChRs-
mediated transport across the BBB was responsible for the
efficiency of these micelles which led to a significant longer
survival time compared to non-functionalized ones. Results
clearly highlighted the higher potential of the peptide-targeted
strategy in the management of brain tumors as well as other
CNS diseases.
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Fig. 53 Anti-tumor efficacy of Taxol™, PTX-NP and Ap-PTX-NP on nude mice
bearing glioma xenograft. (a) Tumor xenografts alignment of each group taken
out from the sacrificed mice, (b) tumor volume and (c) tumor weight at the study
end point. Significant differences found between the Ap-PTX-NP/PTX-NP and the
Taxol™ groups, and marked as *p < 0.05, ***p < 0.001 respectively. Significant
differences found between the Ap-PTX-NP and the PTX-NP groups, and labeled
with #p < 0.05. (d) Kaplan—-Meier survival log-rank analysis of Wistar rats bearing
intracranial C6 glioma (n = 6). The survived time of the animals received Ap-PTX-
NP was significantly longer than that of those received PTX-NP (p < 0.05), Taxol®
(p < 0.01) and saline (p < 0.001) (reproduced with permission from ref. 237.
Copyright 2011, Elsevier).

With the aim of finding a new strategy for efficient delivery
of drugs to the CNS, in vivo phage display was proposed to
isolate peptides able to target the brain with high specificity
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and thus potentially promote the passage across the BBB of
drug delivery nanoconstructs. A 12 amino acids sequence,
denoted Pep-TGN, was isolated by Li et al."*® and covalently
conjugated at the surface of PLGA-b-PEG NPs. As observed by
NIR imaging, pep-TGP-functionalized NPs were able to cross
the BBB with a significant accumulation in the brain compared
to non-functionalized NPs, which mainly accumulated in the
liver and the spleen. Higher uptake in the brain was achieved
by increasing the Pep-TGP density at the surface of the NPs.
Although extremely interesting results were obtained, much
effort is needed to establish the exact mechanism by which the
BBB passage is achieved.

By decorating the surface of PCL-b-PEG NPs both with the
TGN peptide and the AS1411 DNA aptamer, Gao and coworkers
engineered a double functionalized colloidal system, able to
facilitate the NP transport in the brain and to selectively target
gliomas cells.*®® This aptamer binds with high affinity the
nucleolin protein highly expressed at the surface of various
tumor cells including gliomas. In vivo NIR imaging allowed
monitoring distribution of fluorescent DiR-loaded NPs and
showed that the highest accumulation in the glioma was
observed with bi-functionalized NPs, thus confirming that the
TGN peptide could facilitate the transport of the NPs from the
blood to the brain and the AS1411 aptamer could recognize
glioma cells and enrich NPs in the glioma. Mono-functionalized
NPs caused instead a diffuse brain distribution of NPs without
selectivity. Efficacy studies were performed by i.v. administration
of Dtx-loaded NPs. Due to the specific glioma accumulation,
bi-functionalized NPs resulted in higher survival time compared
to non- or mono-functionalized NPs.

The low-density lipoprotein receptor-related protein (LRP) is
highly expressed both at the BBB, which is involved in the
transcytosis of several molecules, and at the surface of human
gliomas cells. Therefore, the Angiopep-2, a small peptide able
to bind the LRP, is extremely attractive for the design of dual-
targeted drug delivery systems. This strategy has been applied
to the development of Ptx-loaded Angiopep-targeted PCL-b-PEG
NPs to achieve an improved passage of the BBB and an efficient
accumulation in gliomas cells.?***'® This dual targeting was
investigated in vitro and in vivo, whereby a marked anti-
proliferative effect against U87 MG glioma cells was observed
using a transwell co-culture model. Distribution studies clearly
showed the penetration of angiopep-targeted NPs in the brain
tissue via a receptor-mediated endocytosis and a specific accu-
mulation both in glioma bed and infiltrating margins. Con-
versely, only a moderate accumulation was noticed using non-
functionalized NPs which penetrated only by EPR effect.

4.3.1.2. Transferrin-targeted nanocarriers. An increased
expression of Tf receptors has been found in various malignant
brain tumors. This feature has been exploited to achieve a
specific delivery to the CNS by designing Tf-functionalized
PLA->*® and PCL-based nanocarriers,®’' encapsulating Dtx
and Dox, respectively. C6 glioma cells were used to provide
an in vitro proof of concept of the feasibility of such systems as
targeted drug carriers. Surface conjugation of Tf led to a higher
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cell accumulation and enhanced cytotoxicity compared to non-
functionalized systems. Biodistribution studies confirmed the
possibility to target the brain through a receptor-mediated
endocytosis, thus achieving CNS accumulation of functiona-
lized nanocarriers for an extended period of time. Noteworthily,
NPs formulated with the TGSP, although not functionalized,
were able to accumulate to a certain extent in the brain,
probably as a consequence of the P-gp transporter inhibition
mediated by the TGPS.**®

Encapsulation of Dox in PCL-b-PEG-Tf polymersomes
resulted in a significant increase of mice survival time and a
reduction of tumor volume in an orthotopic model of
glioma.*"" Immunohistological analysis of brain tumors clearly
showed a marked apoptotic response in mice treated with
doxorubicin loaded Tf-targeted polymersomes, while only a
few apoptotic cells were detected in control groups.

4.3.1.3. Lactoferrin-targeted nanocarriers. Similarly to Tf, lac-
toferrin (Lf) is another iron-binding protein which has been
investigated as targeting molecule to overcome the BBB and to
promote the delivery of anticancer drugs to the brain.*”’
Pharmacokinetic and biodistribution of Lf-functionalized
PCL-b-PEG polymersomes encapsulating both Dox and the
potent MDR inhibitor tetrandrine were performed in an ortho-
topic glioma model in rats. NIR fluorescence images showed a
higher accumulation of targeted DiR-loaded polymersomes in
brain tumors compared to non-functionalized counterparts
which confirmed the ability of Lf to facilitate the passage of
Lf-conjugated systems across the BBB. Administration of Lf-
targeted polymersomes loaded with the two therapeutic agents
resulted in decrease of tumor growth rate and extended long-
term survival compared to control treatments (Fig. 54) Combi-
nation of both active targeting and tetrandrine-mediated
inhibition of MDR dramatically increased the therapeutic
efficacy of Dox.

4.3.2. NEURODEGENERATIVE DISEASES

4.3.2.1. Chitosan-functionalized nanocarriers. Another possi-
bility to deliver drugs to the brain relies on the adsorptive-
mediated transcytosis (AMT) through the cerebral endothelium
based on specific charge interactions.*”>> This pathway
allows the efficient internalization of polycationic molecules
after binding to the negatively charged cell membrane. Being

View Article Online

positively charged under physiological conditions, the tri-
methylated chitosan (TMC), a permanent quaternized chitosan
derivative,**® might promote an active transport via the AMT
mechanism and thus allow the bran internalization of TMC-
modified NPs. This approach has been investigated to achieve
an efficient delivery to the brain of the coenzyme Q10-loaded
PLGA-TMC NPs.'”® Behavioral experiments carried out on an
Alzheimer’s disease (AD) transgenic animal model enabled
assessment of the neuroprotective effect of these formulations
after i.v. injection. The Morris water maze task demonstrated
an improvement in the memory impairment after administra-
tion of coenzyme Q10-loaded PLGA-TMC NPs with a rise in
learning ability and significant reduction of the escape latency
compared to control animals. Analysis of brain parenchyma in
AD mice clearly showed the presence of senile plaques. How-
ever, a progressive reduction of the number and the size of
these plaques was observed after treatment with coenzyme Q10-
loaded PLGA-TMC NPs. The concentration of Ap was reduced
and the deposition of Ap fibrils was inhibited. This work clearly
demonstrated that TMC-modified NPs crossed the BBB and it
constitutes the first proof of the ability of the coenzyme Q10 to
dissolve senile plaques in vivo. Nevertheless all these results are
in conflict with the recent failure of highly promising phase III
clinical trial showing that a dramatic reduction of amyloid
peptides in the brain (obtained using monoclonal antibody,
Solanezumab®, Eli Lilly) is not associated with recovery of
cognitive or functional state, thus underlining the complexity
of the disease and the difficulty of animals-human translation.

4.3.2.2. Lectin-functionalized NPs. Intranasal administration
has been proposed as an alternative strategy to cross the BBB
and to achieve an efficient delivery of drugs to the CNS. Due to
the specific capacity to bind to the glycosylated nasal mucosa,
lectin-functionalized nanoparticles were formulated to enhance
the nose to brain delivery of biodegradable NPs (PLA-b-PEG and
PLGA-b-PEG). Different lectins were employed: (i) WGA,>**>°
(ii) odorranalectin (OD),>*>**® and (iii) solanum tuberosum
lectin (SLT).”?®” OD is the smallest peptide with lectin-like
properties and presents low immunogenicity while STS is
attractive for its stability over a wide range of pHs (4-10) and
temperatures (above 50 °C). Extensive studies were performed
to investigate the pathways followed by these NPs after
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Fig. 54 (a) Brain fluorescence imaging of glioma model rats at a series of time points after i.v. injection of Lf-PO-DiR (the upper row) or PO-DiR (the lower row) at the
dose of 0.5 mg kg’1 of DiR (n = 4). (b) Percentage of survival (Kaplan-Meier plot) of glioma bearing rats after intravenous injection of 1.5 mg kg’1 Dox on days 2, 5, 8,
and 11 with different formulations (n = 11) (adapted with permission from ref. 307. Copyright 2010, American Chemical Society).
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administration and to assess their potential toxicity. Significant
brain accumulation was obtained after intranasal administra-
tion compared to intravenous injection. WGA-functionalized
NPs were transported to the brain via an extracellular mecha-
nism along the olfactory and trigeminal nerves in 2 h following
nasal administration.>**>®” All these NPs showed very low
toxicity and represent a biocompatible platform to achieve a
controlled delivery of drugs to the brain. Proof of concept of the
therapeutic potential of this strategy has been provided by
formulating drug loaded lectin-functionalized NPs.>>>*®®> The
neuroprotective effect of the vasoactive intestinal peptide (VIP)
and the corticotrophin releasing factor urocortin was investi-
gated on a Parkinson disease and a learning impairment
animal model, respectively. Intranasal administration of the
urocortin-loaded OD-targeted NPs was responsible for a sig-
nificant therapeutic efficacy in a hemiparkinsonian rat model
as demonstrated by a dramatically reduced rotational beha-
vior.>*® Similarly, VIP-loaded WGA targeted NPs exerted a
neuroprotective effect with a significant improvement in learn-
ing in the Morris maze task, as a result of an increased
cholinergic activity.>®

4.3.2.3. Lactoferrin-targeted nanocarriers. Lf has been investi-
gated as targeting molecule not only for the transport of
chemotherapeutics to the CNS, but also of molecules which
can exert a neuroprotective effect in various neurodegenerative
diseases.’®'>®* Biodistribution studies, performed using cou-
marin-6 loaded PLA-b-PEG-Lf NPs, demonstrated an extensive
distribution in the cortex, the striatum substantia nigra, the
third ventricle and the periventricular regions. In these areas,
the fluorescence associated to non-functionalized NPs was
negligible. The possibility of using these Lf-functionalized
NPs to deliver therapeutic molecules to the brain was also
investigated in animal models of neurodegenerative diseases.
A neuroprotective agent, urocortin, was encapsulated in Lf-
targeted NPs, and their therapeutic efficacy was evaluated in a
Parkinson model induced by unilateral intra-striatal infusion of
6-HODA in rats. Administration of urocortin-loaded Lf-targeted
NPs caused a significant reduction of the apomorphine-
induced rotational behavior, thus confirming a potential anti-
parkinsonian activity. Intravenously injected urocortin could
not cross the BBB, but the encapsulation in Lf-functionalized
NPs led to a specific brain accumulation and an attenuation of
the brain lesions induced by the 6-HODA. Similarly, S14G-
humanin, a neuroprotective peptide able to inhibit Alzheimer’s
disease-associated apoptosis and amiloid-f related toxicity, was
encapsulated in Lf-targeted PLA-b-PEG polymersomes. The
therapeutic potential of this actively targeted drug delivery
system was evaluated by immuno-histochemistry in rats treated
with amyloid-B,5_ 35 to induce a model of AD. Intravenous
administration of S14G-humanin-loaded Lf-targeted polymer-
somes caused an increase of the activity of the cholinesterase
and remarkable inhibition of Bax expression and caspase-3-
related neuronal apoptosis. All these results suggest the possi-
bility to achieve an active targeting using Lf functionalized
nanocarriers.”®
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4.3.2.4. Mab-targeted nanocarriers. Another strategy to target
the Tf receptors located at the BBB and to promote the passage
across the BBB consists in using specific anti-Tf Mab. Among
them, the OX26, previously used to decorate the surface of lipid
vesicular carriers and chitosan nanoparticles, has been chosen
to functionalize PCL-b-PEG polymersomes and transport effi-
ciently to the brain the neuroprotective peptide NC-1900.>"* A
rat model of learning and memory deficit was successfully
developed by i.p. injection of scopolamine. Then, the Morris
water maze task was used to assess the therapeutic potential of
NC-1900-loaded OX-26 polymersomes. Even at the very low dose
of 1 ng kg~" of NC-1900, functionalized nanocarriers induced
an improvement of the spatial memory impairment with a
significant shortening of the latency time, while the s.c. admin-
istration of the free drug at the same dose was totally ineffec-
tive. A progressive dose-dependent improvement was also
observed, reaching a plateau at 10 ng kg~ '. Results obtained
were promising and offered the possibility to enhance the
transport and the bioavailability of various therapeutic peptides
into the brain.

4.3.3. MISCELLANEOUS APPLICATIONS

4.3.3.1. FA-targeted nanocarriers for treatment of rheumatoid
arthritis. FA-decorated chitosan NPs have been investigated as
non-viral carrier for gene delivery of IL-Ra (interleukin 1 recep-
tor antagonist), a natural blocker of the inflammatory cytokine
IL-1, which plays a crucial role in the progressive cartilage
destruction and bone damage that characterize rheumatoid
arthritis. Gene therapy offers the possibility to overcome the
limitation of the conventional therapy (ie. recombinant
IL-1Ra), which requires high-yield daily subcutaneous injec-
tions to maintain the therapeutic serum levels. The active
targeting approach was selected according to the fact that,
interestingly, articular macrophages isolated from rats with
adjuvant-induced arthritis overexpress folate and exhibit
significantly higher binding capacity for folate conjugates than
macrophages obtained from healthy rats.**” In vitro, the func-
tionalized carrier did not demonstrate increased transfection
efficacy compared with non-functionalized ones.**' However, in
an adjuvant induced arthritis (AIA) model in rats, treatment
with IL-1Ra-loaded folate-functionalized chitosan NPs signifi-
cantly inhibited elevated levels of IL-1f, which is known to be a
potent mediator of bone resorption, by acting as an osteoclast-
activating factor.**® Therefore, blocking or lowering the activity
of proinflammatory IL-1p should protect against inflammatory
bone resorption. This result was confirmed by the investigation
of three different bone metabolism biomarkers, namely alka-
line phosphatase (ALP), tartrate-resistant acid phosphatase
(TRAP) and osteocalcin (OC). Indeed, functionalized NPs were
able to reduce the activity of ALP and the number of TRAP-
positive osteoclasts and to increase the osteoblastic levels of
OC, confirming the partial disease recovery. Moreover, the
particles induced a slight decrease of prostaglandin (PGE,),
indicating a reduction of inflammatory conditions.

4.3.3.2. Cell penetrating peptide-functionalized nanocarriers for
HIV management. Functionalization of nanocarriers with cell
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penetrating peptides has been proposed as a way to cross the
BBB as an alternative to receptor-mediated transport.*** Among
them, the TAT peptide is one of the widely used in the design of
functionalized drug delivery nanoassemblies.'** The capacity of
this peptide to cross the BBB has been investigated to achieve
an efficient delivery to the brain of ritonavir-loaded NPs and to
increase the bioavailability of the anti-HIV drug.**° In vivo
studies were performed on healthy mice and aimed at assessing
the localization of NPs and the distribution of ritonavir in the
brain as well as any potential adverse effect of the functiona-
lized NPs on the BBB integrity. Results clearly demonstrated an
efficient uptake of TAT-targeted NPs and a sustained release of
ritonavir, reaching concentration that corresponds to the
required therapeutic levels. Ritonavir first accumulated in the
ventricles and then drug biodistribution changed with expo-
sure time. Noteworthily, no modification of the BBB perme-
ability was observed. Even though the use of CPPs represents a
smart method to promote the crossing of the plasma
membrane, the lack of cell/tissue specificity remains a signifi-
cant limitation.

4.3.3.3. Functionalized nanocarriers for management of pain
and depression. Considering that some naturally occurring
peptides (e.g., opioid peptides) are able to cross the BBB by
receptor-mediated transport, the use of specific peptides for
targeted delivery to the brain has been investigated by several
groups. Different glycosylated simil-opioid heptapeptides (g7)
were tethered at the surface of PLGA NPs to confer them the
ability to cross the BBB.?°>>°"?'> T perform pharmacological
and biodistribution studies, loperamide and rhodamine-123,
both unable to cross the BBB when injected intravenously, were
encapsulated into these nanocarriers. The hot-plate test was
used to measure the nociceptive threshold. The insurgence of
the opioid effect as early as 30-60 min after NP injection clearly
demonstrated the rapid penetration of the NPs into the brain.
Moreover, a strong analgesic effect was assured for 5 h, thus
demonstrating a sustained drug release. Dual surface functio-
nalization with g7 peptide and sialic acid residues,*'*> able to
bind specific brain receptors, caused an even quicker analgesic
effect (with 15 min post-injection) and a long lasting constant
sedative effect was observed up to 15 h and then slowly
decreased. Confocal microscopy analysis showed, at least qua-
litatively, the ability of targeted NPs to accumulate within the
brain parenchyma and a prolonged residence until 15 days was
observed for double targeted NPs.”’® The in vitro proof of
concept concerning the possibility of using g7-functionalized
NPs to deliver Zn®" to the brain, whose altered concentration
seemed to be associated to neuropsychological disorders such
as depression, was also provided.'”?

Functionalized NPs based on proteins such as HSA or
gelatin were also selected as potential nanocarriers for BBB
crossing and CNS delivery of active drugs such as lopera-
mide.%9?9939239 Their functionalization was achieved with
apolipoproteins (e.g., ApoE, A-I, B-100),'%:390-392,393
anti-insulin receptor monoclonal antibody (29B4),”> transfer-
rin or anti-transferrin receptor monoclonal antibodies (0X26 or

insulin or
169
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R17217).>>* In particular, HSA-PEG NPs decorated with apoli-
poproteins induced antinociceptive effects in the tail-flick test
in ICR mice after i.v. injection. In contrast, nanoparticles linked
to apolipoprotein E variants that do not recognize lipoprotein
receptors failed to induce these effects.>*® It was also shown
that the delivery of drugs to the brain by means of HSA NPs, in
addition to the Apo E and B pathway, may also be improved by
the interaction of apolipoprotein A-I covalently attached to
these nanoparticles with the scavenger receptor SR-BI located
at the BBB.?*? Similar results were obtained with insulin, 29B4,
Tf, 0X26 or R17217 ligands."***%*

4.3.3.4. Mab-targeted nanocarriers for treatment of cerebral
ischemia. During the last few years, diverse therapeutic peptides
able to specifically interfere with cerebral ischemia-derived cell
death have been discovered. Caspase-3 plays an important role
as mediator of cell death in acute and chronic neurological
disorders. The Z-DEVD-FMK peptide, a specific inhibitor, is
reported to significantly reduce vulnerability to the neuronal
cell death following cerebral ischemia. Although very active, the
peptide has to be administered intracerebroventricularly due to
the lack of BBB-crossing ability and its limited (several min-
utes) plasma stability. To bypass all these restrictions, the
group of Couvreur designed a nanocarrier system based on
chitosan-g-PEG, encapsulating Z-DEVD-FMK and decorated
with Tfr-specific monoclonal Ab (OX26, CD71) to promote the
passage of the BBB.>** Fluorescence and TEM microscopy on
brain slices demonstrated the penetration of functionalized
nanocarriers to the brain parenchyma 2 h after intravenous
administration in healthy mice (Fig. 55). The neuroprotective
effect of the designed system was studied in a mouse focal
cerebral ischemia model where the targeted nanocarriers
significantly reduced the infarct volume (43 + 4 mm®) com-
pared with the group receiving the peptide-free nanospheres
(50 + 4 mm?). An even stronger effect was obtained by increas-
ing the treatment dose, confirming a dose-dependent activity.
Most notably, a significant recovery in neurological deficits
score was identified 24 h after the reperfusion in animals
treated with targeted NPs, while no effect was detected in
control mice.*”*

4.4. Other applications

Despite the preferential application of targeted-nanomedicine
to diagnosis and treatment of cancer and CNS diseases, a few
studies describe the benefits of active targeting strategy direc-
ted toward other pathologies.

4.4.1. MANNAN-TARGETED NANOCARRIERS FOR VACCINATION. Mannan
is a natural polysaccharide able to bind with high affinity the
mannose receptors localized on antigen-presenting cells such
as dendritic cells and macrophages. Targeting antigens to
mannose receptors has been demonstrated to be an interesting
strategy to enhance antigen uptake, processing and presenta-
tion, which resulted in improved antigen-specific T-cells
response.’® Mannan has therefore been proposed to functiona-
lize the surface of antigen-loaded PLGA NPs, in order to
enhance their effectiveness as vaccines. Proof of concept studies
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Fig. 55 (a) Nanospheres are rapidly transported to brain parenchyma after systemic administration. The graph illustrates the change in fluorescence recorded in the
brain over the course of 3 h after injection of Nile red-loaded to TfRMAb-conjugated (@) or unconjugated (M) nanospheres. The difference between the two lines (red
line) reflects the fluorescence coming from the nanospheres within the parenchyma and illustrates the time course of nanosphere penetrance to the brain. (b) Nile red
concentration in brain post-vascular tissue increased only when TfRMAb-conjugated nanospheres were administered. The graph illustrates spectrophotometric
measurements at 549 nm from brain homogenates obtained 1 h after injection of TTRMAb-conjugated or unconjugated nanospheres or from sham-operated mice.
Only values above the horizontal red line, below which values correspond to the tissue background readings, were taken into consideration. *p < 0.05. (c) FITC-

conjugated anti-rat IgG antibody (green) labeled the nanospheres bearing TfRMAb, clearly demonstrating that the nanospheres were dispersed within the
extracellular space outside the vessel lumens. Vessels were visualized by nonspecific labeling obtained with a high concentration of the antibody. Some FITC-
conjugated nanospheres exhibited green as well as red fluorescence because they had not released all the Nile red loaded within an hour (right). A lower
concentration of the antibody was used to stain these sections; hence, vessels were not labeled (reproduced with permission from ref. 353. Copyright 2009, Society of

Neuroscience).

has been obtained both in vitro and in vivo using the ovalbumin as
model antigen. Vaccination was carried out in wild type C57BL/6
mice which received two subcutaneous injections of functionalized
NPs or controls. These immunization experiments demonstrated
the possibility to use MN-decorated nanopatrticles to enhance both
CD4" and CD8" T cell responses. Although the response of CD4" T
cells was predominant, opportune modulation of NPs physico-
chemical properties could enhance their ability to stimulate CD8"
associated immune responses.>"?

4.4.2. PEPTIDE-TARGETED NANOCARRIERS FOR DIABETES MANAGEMENT.
A proof of concept for the development of islet targeting NPs for
the immunomodulatory therapy of autoimmune type 1 diabetes
was reported.”®® To achieve this goal, PLGA-b-PEG NPs were
decorated with a cyclic peptide sequence able to target specifi-
cally the microvessels of the pancreatic islets and loaded with
Genistein, a tyrosin kinase inhibitor agent, which impairs

1222 | Chem. Soc. Rev., 2013, 42, 1147-1235

leucocyte adhesion to activated endothelial cells. In vivo inter-
nalization studies, performed both in static and dynamic con-
ditions (using a microfluidic system), showed the high affinity
of peptide-functionalized NPs towards the islet capillary
endothelial cells with up to 3-fold greater uptake compared to
the skin capillary endothelial cells. Moreover, the significant
inhibition of leucocyte adhesion to TNF-activated endothelium
after incubation with genistein-loaded NPs was achieved at a
200-fold lower dose than with the free drug. A clear superior
therapeutic effect was obtained by using these site-specific
delivery systems, which might have implications not only for
diabetes therapy but also for diagnostic screening of pre-
diabetic subjects through incorporation of imaging agents that
can permit real-time monitoring of pancreatic islets.

4.4.3. PEPTIDE-TARGETED NANOCARRIERS FOR THROMBOLYTIC THERAPIES.
Targeted delivery of thrombolytic agents via peptide-functionalized
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Fig. 56 Distribution of Dir-loaded EGFP-EGF1-NP and EGFP-NP /n vivo. I. (A)
Model rats treated by normal saline (2 ml kg”); (B) Control rats treated by
Dir-loaded EGFP-EGF1-NP (80 mg kg™ "); (C) Model rats treated by Dir-loaded
EGFP-EGF1-NP (80 mg kg”); (D) Model rats treated by Dir-loaded EGFP-NP

(80 mg kg™"); E, F, G, and H are the close-ups of the head part of figures A, B, C,
and D. The white arrows show the regions illuminated by glass-fiber light and the
light bar indicates fluorescence intensity, from low intensity (violet) to high
intensity (red). Il. Organ imaging results corresponding to A, B, Cand D in |
(reproduced with permission from ref. 254. Copyright 2010, Elsevier).

NPs has been proposed as an alternative strategy to overcome
side effects associated with the antibody-mediated thromboly-
sis.*®* Due to the fundamental role of the interaction between
coagulation and tissue factors in the formation of intravascular
thrombi, the EGF1 domain of the coagulation factor FVIIa was
chosen as a targeting ligand due to its specific affinity to the
tissue factor. Fusion protein EGF1-EGFP, expressed to achieve
both targeting and in vitro imaging purposes, was conjugated at
the surface of PLA-b-PEG NPs. The NIR Dir dye was encapsu-
lated to monitor non-invasively the distribution of EGF1-EGFP-
NPs in a model of cerebral thrombosis photochemically
induced. Highest fluorescence was observed in the irradiated
regions due to the specific interaction between the EGF1 and
the expressed tissue factor. Although promising, the real
thrombolytic potential in vivo still needs to be investigated
(Fig. 56).

4.4.4. PEPTIDE-FUNCTIONALIZED NANOCARRIERS FOR INJURED VASCULA-
TURE TARGETING. An interesting work proposed by Farokhzad and
coworkers aimed at developing original PLA-based nanocarriers
able to target the vessel basement membrane.'** These nano-
systems might be useful for targeted drug delivery in patho-
logical conditions characterized by injured vasculature,

This journal is © The Royal Society of Chemistry 2013
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neo-angiogenesis and increased vascular permeability, such
as cardiovascular and oncologic diseases. Heptapeptides
specific to collagen IV, the most important component of the
basal membrane, were screened by phage display biopanning
and the peptide sequence YHWYGYTPQNVI (GE11 peptide)
was selected to functionalize the surface of NPs named
“nanoburrs”. In this core-shell hybrid lipid—polymer system,
Ptx was covalently conjugated to PLA in order to provide a
better-controlled sustained release. The affinity of peptide-
targeted NPs was evaluated ex vivo and in vivo in different rat
models of injured vasculature. Both intra-arterial and intra-
venous administration revealed the accumulation of the nano-
burrs at the injured sites (Fig. 57). The controlled and
prolonged drug release over 12 days observed in vitro could
explain the obtained in vivo pharmacological efficacy.

4.4.5. PEPTIDE-FUNCTIONALIZED NANOCARRIERS FOR ATHEROSCLEROTIC
LESION TARGETING. Cardiovascular diseases represent the leading
cause of death in developed countries and atherosclerosis is a
major contributor of myocardial and cerebral infarction. The
formation and evolution of atherosclerotic plaques play pivotal
role in the pathogenesis. Catheter-based intravascular ultra-
sound, CT and MRI imaging system was demonstrated to be
effective for the study/analysis of the plaques. However, the
recent advances of nanobiotechnology gave the chance for the
development of novel specific probes for plaque imaging. A new
atherosclerotic lesion-imaging probe was designed by conjugat-
ing a plaque homing peptide with chitosan-based nano-
particles.**® This smart probe demonstrated in vitro the
ability to recognize activated bovine aortic endothelial cells
(BAECs) but most notably showed a higher binding affinity to
the atherosclerotic aorta of an Ldlr '~ mouse than to the aorta
of normal animals (Fig. 58). The reported system, coupled with
different classes of contrast agents, could present an interest-
ing tool for the development of an innovative imaging approach
for the visualization of atherosclerotic plaques.

4.4.6. PEPTIDE-FUNCTIONALIZED NANOCARRIERS FOR TREATMENT OF
HEARING Loss. Due to the lack of effective therapeutic strategies
for the treatment of sensorineural hearing loss, new
approaches must be developed to achieve a controlled and
targeted delivery of drugs to the inner ear. Tet-1 peptide-
functionalized PCL-b-PEG polymersomes were proposed by
Zhang and coworkers as novel nanocarriers to target the
cochlear nerve and the spiral ganglion cells.’*® This peptide
was chosen for its capacity to specifically bind the neuronal
GT1b receptors. Proof of concept was provided in vivo by
transtympanic injection or cochleostomy. Only in the latter
case, polymersomes accumulated in spiral ganglion cells and
neurofilaments. Although no difference between functionalized
and bare polymersomes was observed in the ganglion cells, the
former showed axonal accumulation. Accumulation in neuro-
nal soma was not detected; however, the specific targeting to
axons could be opportunely exploited for controlled delivery
of drugs.

4.4.7. MAB-FUNCTIONALIZED NANOCARRIERS FOR INFLAMED ENDOTHE-
LIUM TARGETING. Sites of pathological inflammation are character-
ized by the overexpression of endothelial cell adhesion
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Fig. 57 (a) Schematic representation of nanoburrs synthesis by nanoprecipitation and self-assembly. PtxI-PLA in acetone was added dropwise to a heated lipid

solution, vortexed vigorously, and allowed to self-assemble for 2 h to form NPs. The NPs were peptide-functionalized using maleimide-thiol chemistry. Nanoburrs have
a drug-eluting polymeric core, a lipid monolayer, a PEG layer, and peptide ligands to adhere to the exposed basement membrane during vascular injury. (b) Ex vivo
delivery in an abdominal aorta injury model. Samples were delivered into the aorta segment for 5 min in situ. Non-adsorbed samples were flushed out by saline

infusion for 15 min. (c) Fluorescence images overlaid on photographs of balloon-injured aortas incubated with nanoburrs, compared with scrambled-peptide and non-
targeted NPs. (d) Carotid injury model. A catheter was inserted via the external carotid into the common carotid and advanced into the aortic arch. Samples were
delivered at 1 mL min~" for 1 min and allowed to circulate for 1 h before the animals were killed. (e) Fluorescence images overlaid on photographs of carotid arteries

incubated with nanoburrs, compared with scrambled-peptide and non-targeted NPs (reproduced with permission from ref. 134. Copyright 2010, PNAS).

molecules (ECAMs), which mediate the recruitment of leukocytes.
Taking inspiration from the leukocyte-endothelial cell biochemis-
try, adhesive PEGylated PLA NPs, able to selectively adhere to the
inflamed endothelium, were prepared by using as targeting ligands
different Mabs specific to the most expressed ECAMs (e.g: E-selec-
tin, P-selectin, vascular cell adhesion molecule 1 and intercellular
adhesion molecule 1).**" Specific adhesion of functionalized NPs to
the inflamed endothelium was observed under in vitro flow condi-
tions (that simulate fluid dynamic conditions present in vivo), as
well as during in vivo studies, performed on cytokine or trauma-
induced activated endothelium, which demonstrated the possibility
to achieve both firm adhesion and rolling as a function of the
selected ligand.

1224 | Chem. Soc. Rev., 2013, 42, 1147-1235

4.4.8. MAB-TARGETED NANOCARRIERS FOR IMMUNOMODULATION.
Recognition of an antigen causes activation of naive CD4" T
lymphocytes and their differentiation into effector cells (Teff) or
regulatory cells (Treg). In this process, the composition of the
microenvironment and in particular the type of cytokynes plays
a key role.**° The modulation of T cell development seems to be
crucial for the therapy of immune-mediated diseases. In this
context, Park and coworkers evaluated the possibility of specific
and controlled delivery of the leukemia inhibitory factor (LIF)
and IL-6 by their encapsulation in anti-CD4'-targeted PLGA
NPs.”®* In vitro preliminary studies revealed the ability of
functionalized LIF-loaded NPs to inhibit the IL-6-mediated
maturation of the CD4" cells into the aggressive Th17
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Fig. 58 /n vivo imaging of atherosclerotic lesion targeting by AP-tagged Chitosan-
Cy5.5 nanoparticles. (a) The representative NIR fluorescence image of the
exposed aorta in an LdIr~’~ mouse (1) and in a normal mouse (2). AP-tagged
Chitosan-Cy5.5 nanoparticles (5 mg kg~') were injected via the lateral tail vein.
After 6 h, the exposed aortas were imaged using the eXplore Optix system. (b) QOil
Red O lipid staining of aortas in an LdIr~’~ mouse (1) and in a normal mouse (2).
(c) NIR fluorescence microscopy of aortas in an Ldlr '~ mouse (1) and in a normal
mouse (2) injected with AP-tagged Chitosan-Cy5.5 nanoparticles (reproduced
with permission from ref. 336. Copyright 2008, Elsevier).

regulatory phenotype. Moreover, these NPs induced prolonged
survival in a mouse model of hearth allograft and increased the
number of CD4" Foxp3-expressing cells in a non-human pri-
mate in vitro model. The demonstrated tolerogenic effect might
be further explored to achieve the development of cytokine-
based therapies.

4.5. Oral drug delivery

4.5.1. WGA-TARGETED NANOCARRIERS FOR IMMUNOMODULATION.
Although functionalized drug delivery systems have been
mainly conceived for intravenous administration, surface func-
tionalization can be exploited also to increase the biodispon-
ibility of drugs after oral administration. Thymopentin (TP5) is
a synthetic pentapeptide generally used as an immunomodu-
lating agent in the treatment of autoimmune diseases.**""**>
However, due to its high water solubility, poor membrane
permeability and a ¢, of 30 s, repeated i.v. injections are
required to reach therapeutic concentrations. Thus, use of
WGA-functionalized PLGA NPs was proposed as an alternative

This journal is © The Royal Society of Chemistry 2013
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approach for the oral delivery of thymopentin.**>*°* Due to the

capacity of WGA to specifically bind the intestinal mucosa, this
ligand offers the possibility to design a promising bioadhesive
drug delivery system. The retention of the WGA biorecognitive
activity, after covalent conjugation to the PLGA, was assessed
in vitro by haemagglutination test. Ex vivo studies, performed to
evaluate the interaction of functionalized NPs with the different
structures of the intestine, revealed a significant enhanced
adhesion to the intestinal segments with or without Peyer’s
patches compared to control NPs without WGA conjugation. A
significant accumulation in the small intestine, due to the
improved bio-adhesion and lectin-induced cellular uptake,
was confirmed also by in vivo biodistribution analysis. Note-
worthily, the enhanced absorption led to a remarkable immu-
nomodulating effect, which was associated to changes of the
count of peripheral blood lymphocytes (CD4" and CD8"). WGA
conjugation clearly improved the oral adsorption of thymopen-
tin and could be therefore exploited to improve uptake and
bioavailability of other poorly absorbable drugs such as pep-
tides and proteins. Interestingly, the bioadhesion capacity was
only marginally influenced by the WGA density at the surface of
the NPs. A minimal WGA amount was required to bind to
intestinal mucosa but higher WGA density did not induce a
proportional uptake enhancement.

4.5.2. PEPTIDE-TARGETED NANOCARRIERS FOR VACCINE DELIVERY. Oral
administration of targeted nanoparticles was also proposed as
novel strategy to deliver antigens to the M cells located in the
intestinal mucosa and thus enhance the effectiveness of orally
delivered vaccines.’*®**** According to the expression of B1
integrins on M cells, the GRGDS peptide was used as a targeting
ligand to decorate the surface of PCL-based NPs loaded with
ovalbumin as model antigen. Immunization experiment was
performed on mice and IgG titers were determined 10 weeks
after the first oral administration of GRGDS-targeted NPs.
Unfortunately, despite the interesting theoric approach, results
were not satisfactory. Indeed, although a slight increase of the
number of mice producing IgG after administration of the
targeted formulation was observed, the mean concentration
of serum IgG was not modified.

An M cell-homing peptide, isolated by phage display was
instead conjugated at the surface of chitosan NPs by Yoo and
coworkers.'*® Specific targeting to Peyer’s patches region,
where the M cells are abundant, was monitored in vivo after
injection in a closed ideal loop.

4.5.3. VITAMIN B12-FUNCTIONALIZED NANOCARRIERS FOR INSULIN
peLivery. The oral delivery of peptide/protein drugs still repre-
sents a major challenge due to their poor intrinsic permeability
across the intestinal epithelium and the rapid degradation in
the gastrointestinal tract. Insulin is being used for decades for
the treatment of diabetes but the molecule does not immedi-
ately reach the liver post-subcutaneous administration. During
the last few decades, several delivery mechanisms have been
proposed for effective oral delivery of insulin including lipo-
somes and polymeric nanocapsules.*** Although the reported
systems provided interesting results, none of these led to a
commercially viable product. Chalasani and coworkers
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designed a dextran-based nanocarrier system decorated with
vitamin B12,%”> a molecule with confirmed ability to promote
the intestine up-take of pharmaceuticals.*** The efficacy of the
obtained nanoparticles for the delivery of insulin was tested on
a streptozotocin-induced and congenital diabetic mice model
(NOD/J). The functionalized carriers demonstrated significant
hypoglycemic action for a prolonged period (54 h) with doses
(10 and 20 TU kg~ ') comparable to those clinically employed as
well as an interesting dose-response effect that may offer the
flexibility to adjust the doses for different conditions. Interest-
ingly, the insulin delivery was found to be predominantly VB1-
mediated, as the co-administration of VB12 in excess signifi-
cantly reduced the hypoglycemic effect. The reported results
demonstrated the efficacy of VB12 as a targeting moiety for
intestinal delivery; however, the supremacy of these delivery
systems compared to those clinically employed for insulin
delivery needs to be proven.

4.6. Pulmonary delivery

Administration of drug-loaded nanocarriers via the pulmonary
route represents an alternative to the parenteral one due to the
high bioavailability of nanoparticulate systems in the lungs,
their high retention in situ and their low capture by alveolar
macrophages, providing their diameter is around 250 nm.**’
Interesting results have been obtained after aerosol adminis-
tration of EGF-functionalized gelatin NPs***™*% in an animal
model of pulmonary metastasis induced by i.v. injection of
A549 cells (Fig. 59).

Conjugation of FITC at the NPs surface enabled us to follow
their biodistribution and to clearly demonstrate their capacity
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Fig. 59 The in vivo fluorescence images of tumor-induced mice following aerosol
delivery 24 h later by treatment with different nanoparticles’ solution: PBS-
treated group (a), GP-Av-treated group (b), and GP-Av-bEGF conjugate-treated
group (c). FITC green fluorescence spectra were obtained from live mice
xenografted with the human lung adenocarcinoma cells (A549) (reproduced
with permission from ref. 399. Copyright 2008, Elsevier).
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Fig. 60 Fluorescent image of lungs. The sites of color spot on the tissue were
initiated by green fluorescence from FITC on the gelatin nanoparticles (GP-Av-
bEGF). The cancerous lung had much higher fluorescent spots on it: (a) the result
of 0.5 h after inhalation and (b) the image obtained 24 h later. (N: normal SCID
mice; T: tumor inoculation by A549 cells in SCID mice) (reproduced with
permission from ref. 398. Copyright 2007, Elsevier).

of specific targeting and accumulation in the lungs (Fig. 60).>%®

Therapeutic potential of CisPt-loaded EGF-functionalized NPs
was evaluated after aerosol administration using the same
tumor model. This treatment showed that inhaled nano-
particles could target EGFR-overexpressing cells to achieve high
CisPt dosage in cancerous lungs.*®® Furthermore, CisPt-loaded
EGF-functionalized NPs were given through intra-tumoral
injections to SCID mice in a subcutaneous model. This treat-
ment showed a stronger anti-tumor activity and was less toxic
than free CisPt. Indeed, NPs-treated mice showed slight body
weight loss, whereas free drug treatment at the same dose
caused a body weight loss of 20-30%.*°

4.7. Clinical applications of targeted-nanocarriers

Despite the numerous promising results described previously,
translations of designed targeted-nanocarriers from preclinical
in vivo results to the clinical practice are rather scarce. Never-
theless, a successful example of clinical application of targeted
nanoparticles has been recently reported by Langer, Farokzhad
and coworkers.'®® Firstly, a systematic investigative physico-
chemical study conducted to an optimized formulation of Dtx-
loaded biodegradable PLA-b-PEG/PLGA-b-PEG NPs targeted
towards PSMA via the use of the ACUPA molecule as a homing
device. Then, pharmacokinetics, biodistribution and tolerabil-
ity studies were investigated in multiple animal species, and
several xenograft tumor models were used to evaluate their
therapeutic potential. The promising results obtained in pre-
clinical studies allowed starting a phase I human clinical trial
in which patients with advanced or metastatic cancers were
treated every three weeks with Dtx-loaded ACUPA-functiona-
lized NPs administered by intravenous infusion. The prelimin-
ary data were highly promising and showed pharmacokinetic
profiles similar to those observed during the preclinical trials
and, in some patients, a reduction of tumor volume at doses of
Dtx lower than those conventionally used in clinical therapeutic
protocols.
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Fig. 61 RRM2 mRNA and protein expression in tumor tissue. (a) qRT-PCR analysis of RRM2 mRNA levels in samples from patients A and B before and after dosing.
RRM2 mRNA levels are normalized to TATA box binding protein (TBP) mRNA levels. Results are presented as the percentage of the pre-dosing RRM2/TBP mRNA levels
for each patient. (b) gRT-PCR and western blot analysis of RRM2 protein expression from patient samples C2pre and C2post. The bar graph shows the average volume
of western blot bands from two independent experiments; one representative blot is pictured. Asterisk denotes archived samples; dagger symbol denotes samples
obtained during the trial (reproduced with permission from ref. 362. Copyright (2010) Nature Publishing Group).

Recent advances have also been witnessed in the field of gene
therapy using siRNA. Several clinical trials are now ongoing using
SiRNA for the treatment of severe diseases.”*® An attractive con-
cept was proposed by the group of Davis for the use Tf-decorated
CDs nanopatrticles as siRNA tumor-specific carrier (CALAA-01).
After positive outcomes in wide preclinical studies, the authors
moved to human evaluations (Clinical trial NCT00689065,
Calando Pharmaceuticals). In patients with metastatic melanoma,
refractory to standard therapies were administered with targeted
nanoparticles (18, 24 or 30 mg m > siRNA) on days 1, 3, 8 and 10
in a 21-day cycle by a 30 min intravenous infusion. Tumor
biopsies from post-treatment melanoma showed the presence of
intracellularly localized NPs in amounts that correlated with doses
of the administered nanocarriers. Most notably, a reduction was
found in both the specific messenger RNA (M2 subunit of
ribonucleotide reductase (RRM2)) and the protein (RRM2) levels
when compared to pre-dosing tissues (Fig. 61).*> A short Phase Ib
study started in August 2011 was undertaken to find whether the
therapeutic window of CALAA-01 could be further increased
simply by changing the dosing schedule. In addition, these results
demonstrated the feasibility of using both RNAi-based thera-
peutics and targeted NPs, and opened the door for future break-
through therapeutics that could fight cancer and other diseases at
the genetic level.

5. Concluding remarks

Due to the high flexibility offered by macromolecular synthesis
methods, the almost infinite diversity of polymers in terms of
nature, properties and composition, and their ease of function-
alization, a broad range of functionalized nanoparticulate
systems have been witnessed over the past decades. Complex
macromolecular architectures and efficient coupling methods
conjugated to the discovery of various biologically active
ligands gave access to a wide collection of targeted systems.
Their successful applications in many different pathologies
(although cancer was the most representative) confirmed their

This journal is © The Royal Society of Chemistry 2013

high potential and hold great promise concerning the develop-
ment of future nanomedicines.

However, despite the wide enthusiasm associated with the
presentation of every new and always more sophisticated
targeted nanocarrier, much work still needs to be done before
functionalized nanoparticulate systems could be effectively
introduced into the medical practice. This can be mainly
explained by several obstacles encountered before clinical trials
are foreseen: (i) the difficulty to perform efficient scale-up of the
nanocarrier formulation while maintaining all the parameters
that would govern its in vivo fate and its therapeutic efficiency
(e.g., purity of the compounds and building blocks, colloidal
stability, drug loading, ligand spatial organization, biological
activity) and (ii) the commonly employed murine models that
perhaps do not perfectly reflect the pathological conditions in
humans. Consequently, an urgent need to tackle these pro-
blems would be to develop both some more robust and
reproducible, scalable preparation methodologies to readily
fulfill the need of clinical trials and some animal models that
would give more reliable results closer to the clinic. Further-
more, as well demonstrated by Langer, Farokzhad and cow-
orkers,'®® the assessment of the efficacy of functionalized
nanocarriers in patients requires that safety, biodistribution
and pharmacokinetic/pharmacodynamic parameters must be
investigated in multiple animal species. The cost of such
experimental protocols could represent a limit for translation
of the laboratory-based nanotechnologies to clinical trials.

Abbreviations

6-HODA 6 Hydroxy dopamine

ACUPA S,S-2-[5-Amino-1-carboxypentyl]-ureido]-
pentanedioic acid
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Sulfo-SMCC Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclo-
hexane-1-carboxylate

TAT Trans activating transcriptor

TCEP Tris(2-carboxyethyl)phosphine

TCHD Transcyclohexane-1,2-diol

Tf Transferrin

TFA Trifluoro acetic acid

TGPS p-o-Tocopheryl polyethylene glycol succinate

ThT Thioflavin-T assay

TLT Transplantable liver tumor model

TMC Trimethylated chitosan

ToF-SIMMS Time-of-flight secondary ion mass spectrometry

UEA-I Ulex europaeus agglutinin I

VEGF Vascular endothelium growth factor

WGA Wheat germ agglutinin

XPS X-ray photoelectron spectroscopy
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