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Nanoscale carriers are of increasing interest for use in anticancer therapy because they can deliver
drugs in a targeted way. Ideally, nanocarriers combine passive and active delivery mechanisms,
by integrating targeting ligands on the surface of their stealth corona using simple and efficient
conjugation chemistry. This feature article summarizes the conventional and newly explored
conjugation chemistries that are used to bind ligands in organic nanoparticle systems, providing
strategic guidance for the preparation of targeted nanocarriers.

1. Introduction
Targeted delivery of drugs provides therapeutic concentrations
of anticancer agents at the desired sites while sparing normal
tissues, thereby reducing systemic toxicity and enhancing therapeutic efficacy.1–3 There is a wide range of strategies available for
drug delivery in cancer therapy, among which systemic delivery
using nanoscale drug carriers (e.g., liposomes, polymeric nanoparticles or polymer-drug conjugates) has been demonstrated to
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be efficacious.4–8 Nanoscale drug carriers promise both prolonged circulation time—due to the nanoscale size and hydrophilic outer shell which inhibit phagocytic and renal clearance—
and selective tumor accumulation via the enhanced permeability
and retention (EPR) effect. Having their composition tuned to
allow functionalization, nanocarriers are designed to incorporate
targeting ligands by covalent coupling, which combine passive
and active targeting in one platform. These ‘‘smart’’ drug delivery
systems are capable of targeting specific cell types exclusively
through ligand-receptor interactions.
There are many reviews available in the literature focusing on
various nanocarrier formulations and strategies for the delivery
of therapeutic molecules.1,4,5,7–14 In the present feature article, the
aim is to provide an updated, comprehensive review on organic
nanocarriers with targeting ligands coupled on the surface. A
brief overview on targeting mechanisms and the structure of
nanocarriers will be presented first, followed by a comprehensive
summary on the methodologies for functionalizing nanocarriers
and coupling targeting ligands. Special emphasis will be placed
on the conjugation chemistries that are used in nanoparticle
systems for surface modification.
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2. Targeting mechanisms
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There are two main mechanisms through which nanoscale drug
carriers achieve tumor targeting, namely passive targeting and
active targeting. Passive targeting is based on prolonged circulation time provided by a hydrophilic outer shell that reduces
phagocytic and renal clearance, thereby promoting selective
accumulation in tumor tissues via the EPR effect. Active targeting builds on passive targeting by incorporating ligands in the
nanocarriers which bind specifically with receptors on the cancer
cells, thereby promoting nanocarrier-cell interaction and cellular
internalization (Fig. 1).

2.1 Passive tissue targeting
It has been demonstrated that the vascular endothelium is more
permeable in tumor sites than normal tissues as a result of the
hyperpermeable vasculature that surrounds cancerous tissues.15–17
Relatively large macromolecular drugs or nanoscale drug
carriers, with sizes ranging from 20 nm to 200 nm, can extravasate and accumulate inside the interstitial space of a tumor tissue
due to the loosely connected vasculature of the endothelium
therein. In contrast to normal tissues, cancer tissues do not have
a well-defined functioning lymphatic network, which limits the
penetrated particles from being cleared rapidly and thus
promotes their accumulation.16 The ability of nanoscale particles
to accumulate selectively and be retained for a prolonged period
in cancer tissues has been termed the EPR effect17,18 (Fig. 1).
Interestingly, the EPR effect does not apply to free drugs with
low molecular weights due to their rapid diffusion back into the
circulating blood and their clearance from the circulation by
renal filtration. Therefore, the EPR effect is a key mechanism for
selective solid tumor targeting of nanoscale drug carriers and has
been the basis for novel drug carrier design.4,6
To achieve selective tissue accumulation via the EPR effect,
nanoscale drug carriers should circulate for prolonged times in
the bloodstream to provide a sufficient level of target accumulation. The ability to bypass the recognition of the
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Fig. 1 Nanoscale drug carriers deliver anticancer drugs to tumor sites by
passive targeting and active targeting mechanisms. a. Nanoscale drug
carriers, which have a hydrophilic polymer corona, achieve prolonged
circulation time by bypassing uptake by the reticuloendothelial system
(RES) and having minimum extravasation in normal tissues. b. The
passive targeting of nanoscale drug carriers to tumor sites is achieved due
to the enhanced permeability and retention (EPR) effect. c. By incorporating cell-specific targeting ligands, nanoscale drug carriers target cancer
cells specifically by ligand-receptor interactions where the drug carriers
can release the incorporated drugs in the tumor tissue and/or be internalized via receptor-mediated endocytosis for intracellular drug delivery.
d. Nanoscale drug carriers allow selective delivery to the tumor, thereby
limiting systemic toxicity whereas drugs diffuse freely across the tumor
leaky vasculature, limiting specific targeting.

reticuloendothelial system (RES) is crucial for achieving prolonged circulation time in blood. The RES or mononuclear
phagocyte system (MPS), which is a class of cells, including
monocytes and macrophages, is responsible for engulfing and
clearing old cells, miscellaneous cellular debris, foreign
substances, and pathogens from the bloodstream. Nonbiocompatible foreign substances are recognized by the RES via
complement activation, followed by elimination from circulation. For colloidal nanoparticles, proteins will often adsorb to
the surface of the nanoparticles within the first few minutes of its
exposure, especially if the material is either charged or hydrophobic. Surface adsorption of opsonins enhances RES clearance
of the nanoparticles from circulation, thereby impeding accumulation in the tumor and preventing the drug from reaching its
intended site of action. The recognition of nanoparticles by the
RES is largely determined by their physical and biochemical
properties such as particle size and surface interaction with blood
components.19–22 Nanoparticles with diameters less than 200 nm
have been shown to be less susceptible to RES clearance.23,24
Furthermore, the presence of a biocompatible and hydrophilic
corona, such as poly(ethylene glycol) (PEG), will sterically
stabilize the nanoparticles by creating entropic and osmotic
forces which resist protein adsorption and reduce RES
uptake.20–22,25,26
These properties are widely recognized, and PEG incorporation has become a requisite in drug carrier design. By incorporating PEG-lipids in the lipid bilayers, the circulating half-life of
liposomes in the blood was extended greatly (e.g., t1/2 > 5 h in
This journal is ª The Royal Society of Chemistry 2009
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mice) relative to that of conventional liposomes without
PEG decoration where there had been more than 80% blood
clearance within 2 h in mice.27–29 Relative to solid polymeric
nanoparticles without PEG, polymeric nanoparticles of amphiphilic copolymers, which have a flexible PEG corona, circulate
for a prolonged time in the blood.30–34 For example, poly(lactideco-glycolide)-poly(ethylene glycol) (PLGA-PEG) nanoparticles
have a blood half-life t1/2 > 2 h in mice whereas plain PLGA
nanoparticles have 95% of the particles removed from the
circulation within 1 h.30
Prolonged circulation increases the probability that nanoparticles reach the tumor leaky vasculature, where, mediated by
the EPR effect, nanoscale drug carriers accumulate selectively
allowing for significantly elevated drug concentrations. This
passive targeting4,19 is a prerequisite for the specific binding of
drug carriers to a localized recognition moiety—that is active
targeting.

2.2 Active cellular targeting
Actively targeted delivery vehicles are the second generation
nanocarriers for intravenous administration. While non-targeted
nanoparticle formulations demonstrate selective tumor targeting
as a consequence of passive targeting, they do not interact with
cancer cells directly and have limited tumor penetration. By
linking targeting ligands to the surface of the long-circulating
nanoparticles, specific binding with receptor-expressing cancer
cells can be designed to enhance the therapeutic activity of
anticancer drugs.1,2,4,7,8 The rationale for the specific binding of
ligand-modified nanoparticles with receptors on cancer cells is
based on: i) the overexpression of specific antigenic receptors on
the surface of cancer cells relative to cells in normal tissues; ii) the
specificity and high binding affinity of targeting ligands to
receptors; and iii) the intracellular delivery possible by cellmediated endocytosis via the ligand-receptor interaction. For
example, Herceptin, a therapeutic monoclonal antibody (Ab),
binds to human epidermal growth factor receptor-2 (HER2)
which is overexpressed on 20–30% of breast and ovarian cancer
cell surfaces, providing a basis for selective immunotargeting.35
By using Herceptin-modified liposomes, the enhanced therapeutic index of doxorubicin was achieved relative to non-targeted liposomes in a metastatic model of breast cancer where the
HER2 receptor expression level was 105 copies per cell,36
demonstrating the clinical potential of targeted drug delivery via
an antibody-mediated targeting mechanism.
Ligand-nanoparticles promise intracellular drug delivery via
receptor-mediated endocytosis.5,6,37,38 The internalized nanoparticles end up in small vesicles of endosomes which then
undergo a rapid maturation to late endosomes and fuse with each
other or lysosomes. Receptor-mediated endocytosis provides
a means for nanocarriers entering into the cells. By incorporating
stimuli-response mechanisms in drug carrier designs, such as
acidic pH or enzymatic cleavage in the endosomes/lysosomes,
anticancer drugs can be released intracellularly and targeted to
specific organelles.1,11,13,39 For those DNA-interacting drugs such
as doxorubicin and paclitaxel, the therapeutic efficacy can be
increased dramatically due to receptor-mediated cellular uptake
and intracellular drug release.36,39–43
This journal is ª The Royal Society of Chemistry 2009

Active drug targeting has the potential to suppress multipledrug resistance (MDR), where tumors develop resistance to
a wide range of chemotherapeutic agents. MDR lowers the therapeutic efficacy and renders many chemotherapeutic drugs of
limited utility. It is believed that MDR is associated with pumping
anticancer drugs out of the cell through efflux pumps from the
ATP-binding cassette (ABC)-transporter family such as p-glycoprotein (P-gp).44 Nanoscale drug carriers decorated with targeting
ligands gain cellular entry by means of receptor-mediated endocytosis, thus circumventing MDR by bypassing P-gp-mediated
drug efflux and achieving improved therapeutic efficacy as has
been shown with drug-resistant cell lines in vitro.45,46

3. Nanoscale drug carriers
Advances in material chemistry are now enabling the preparation
of functional nanostructures with great potential and versatility
for defined drug delivery purposes. These nanocarriers possess
size dimensions of 1–1 000 nm, and are able to incorporate drugs
and strategies for localized drug release. Based on the materials
of which nanocarriers are mainly comprised, nanocarriers can be
broadly classified as polymeric nanocarriers (e.g., nanospheres,
micelles, polymer-drug therapeutics, polymersomes and dendrimers),6,8,10,13,14,47 liposomal nanocarriers (e.g., liposomes),1,5
inorganic nanoparticles (e.g., nanoshells),48,49 or other nanostructures (e.g., human serum albumin (HSA) nanoparticles50).

Fig. 2 Nanocarriers incorporating drugs: a. solid nanosphere from
polymers or other materials incorporating drugs inside;50–52 b. core-shell
micellar polymeric nanoparticles self-assembled from well-defined
synthetic amphiphilic polymers where drugs are physically or chemically
incorporated in the inner core;47 c. water-soluble polymer-drug conjugate
with biologically defined linkers between the drugs and polymers;6
d. dendrimers, branched polymeric macromolecules carrying drugs by
physical encapsulation or covalent binding;14 e. liposomes, a spherically
arranged bilayer structure with drug loaded either in the inner aqueous
phase or between the lipid bilayers;5 and f. nanoshell as one example of
inorganic nanoparticles.49
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Polymer-based nanocarriers have been explored in anticancer
therapy because the versatility of polymer chemistry and precision engineering of materials at a molecular level allow for
diverse formulations of polymeric nanocarriers. As shown in
Fig. 2a, solid polymer nanospheres have drug molecules physically encapsulated within and drug release is controlled by
polymer degradation.50–52 For prolonged circulation time in the
bloodstream, these solid nanospheres require surface modification with hydrophilic PEG. In contrast, amphiphilic copolymers
composed of defined hydrophobic and hydrophilic blocks selfassemble into a core-shell micellar nanostructure upon contact
with aqueous environments (Fig. 2b).53 These polymeric micelles
usually incorporate drugs within the inner hydrophobic microenvironment by either physical encapsulation or chemical
coupling.8,9,11 As seen in Fig. 2c, polymer-drug conjugates
covalently bind drugs along a water-soluble polymer chain,
altering the biodistribution of small drugs and enabling passive
targeting in vivo.6,13 In addition, advanced polymer chemistry can
be used to create an environment-sensitive linker between the
drug and polymer for specific drug release at desired sites.11
Dendrimers are highly branched polymeric molecules and used
to deliver drugs (Fig. 2d).14 The multivalent nature resulting from
the well-defined chemical structure and many terminal groups
allow for drugs, targeting ligands and/or labeling molecules to be
incorporated into one dendrimer scaffold. In addition to polymer-based nanocarriers, liposomal nanocarriers are also
frequently used for anticancer drug delivery (Fig. 2e) and many
of these are approved by regulatory agencies for clinical treatment. As highly ordered lipid molecules in lamellar arrangement,
liposomes can encapsulate drugs either inside or between the
bilayers. To overcome the problem of a short half-life in the
bloodstream, long-circulating liposomes decorated with a PEG
corona are being widely investigated currently. Inorganic nanoparticles such as nanoshells have found their application in
thermal ablative cancer therapy or cancer imaging48 (Fig. 2f).
The solid core of these inorganic nanocarriers has limited
capacity for loading drugs; yet surface modification to introduce
therapeutic agents is possible.
It is essential that drug carriers retain the encapsulated/
conjugated drug in circulation to minimize systemic cytotoxicity
and release the drug upon interaction with cancer cells to yield
optimal therapeutic effect at targeted sites. Physically entrapped
drugs, the release of which is usually diffusion-controlled, have
a tendency to leak out of carriers rapidly.54,55 There are a variety
of strategies used to retain drugs in their carriers including new
polymeric materials that form complexes with drugs56 and liposomes coated on the outside to retard their breakdown.57 Alternatively, drug incorporation through covalent binding (e.g., in
polymer-drug conjugates) where the chemical linkage is stable
under physiological environments, is desirable in terms of
retaining drugs during blood circulation. To efficiently release
entrapped/conjugated drugs at the cancer tissue or within
cancerous cells, the stability of the carrier has to change to allow
release of free drugs at their therapeutic target. Functional
components of environment-sensitive polymers or drug-polymer
linkers have been employed to incorporate stimuli-responsive
strategies where a transformation is induced by an external
stimulus such as intracellular change in pH, temperature or the
presence of specific enzymes.11,13,52,58,59
5488 | J. Mater. Chem., 2009, 19, 5485–5498

Drug incorporation in nanoscale carriers increases drug
delivery, protects drugs from premature degradation, and
controls drug tissue distribution. By incorporating targeting
ligands on the surface of long-circulating PEG-modified nanocarriers, the drug carriers gain the ability to target the diseased
cell or tissues by both the passive mechanism (i.e., the EPR
effect) and active mechanism (i.e., ligand-receptor interactions).

4. Conjugation of targeting ligands to nanocarriers
The preparation of targeted nanocarriers involves either chemical conjugation or physical adsorption/interaction of targeting
ligands with the outer surface of the nanocarriers. Chemically
binding targeting ligands to nanocarriers is more desirable
because it provides more precise control in terms of the density
and orientation of the attached ligands and forms a stable
linkage under in vivo conditions. As shown in Fig. 3, the chemical
modification can be carried out either before or after nanocarrier
formation and drug incorporation. Targeting ligands are usually
coupled to the terminal groups of the ‘‘stealth’’ PEG corona (or
the corona of other hydrophilic polymers) which are easily
accessible by targeting ligands for conjugation. Importantly,
targeting ligands exposed on the surface of nanocarriers facilitate
their interaction with cell-surface receptors relative to those
nanocarriers having targeting ligands hidden within the PEG
corona; however, some types of targeting ligands (e.g., antibodies
or antibody fragments) may negatively impact circulation time
due to increased opsonisation.60
Fig. 3a presents the preparation of PEG-grafted solid nanoparticles where difunctional PEGs decorate solid nanospheres
(e.g., polymeric nanospheres, nanoshells) by either chemical
reaction or physical interaction.52,53,61,62 For example, NHS-PEGmaleimide was covalently grafted on nanoparticles through an
NHS-ester-amine reaction and presented the maleimide functional groups on the surface of the PEG corona. Similarly, the
terminal carboxyl groups on PLGA nanospheres were activated
sequentially by NHS and EDC which then reacted with bifunctional NH2-PEG-COOH (obtained by the deprotection of the
amine of Fmoc-PEG-COOH), to create carboxylic acid-functionalized long-circulating nanospheres.52 Fig. 3b describes the
preparation of targeting ligand-coupled polymeric micelles.
Polymeric micellar systems have hydrophilic segments oriented
toward the aqueous environment where the functional ends on the
PEG corona bind the targeting ligands.11,41,60,63–70 Polymeric
building blocks have been designed with various functionalized
amphiphilic copolymers such as: PLGA-PEG-COOH,69 poly(3caprolactone)-poly(ethylene glycol)-maleimide (PCL-PEG-Mal),41
p-nitrophenylcarbonyl-poly(ethylene glycol)-phosphatidylethanolamine (pNP-PEG-PE),66 and poly(2-methyl-2-carboxytrimethylene carbonate-co-D,L-lactide)-graft-poly(ethylene
glycol)-furan (poly(TMCC-co-LA)-g-PEG-furan).64 Relatively
small targeting ligands, such as folic acid, can be conjugated with
amphiphilic copolymers before drug incorporation or selfassembly,63,65,67 whereas large targeting ligands, such as targeting
antibodies, are coupled to pre-formed micelles11,40,64,66,68–70
because the addition of large end groups may alter the bulk
properties of the polymer and negatively impact the subsequent
self-assembly process. As seen in Fig. 3c, polymer-drug conjugates
have both drugs and targeting ligands conjugated on the same
This journal is ª The Royal Society of Chemistry 2009
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Fig. 3 The preparation of targeting ligand-coupled nanocarriers. a. Polymeric nanospheres are grafted with bifunctional PEG brushes on the surface
and the functional groups on the PEG corona are used to couple targeting ligands.50–52 b. Amphiphilic polymers bearing functional groups at the termini
of hydrophilic segments either self-assemble into micellar nanoparticles where the functional groups available on the surface of hydrophilic corona
couple targeting ligands,11,41,64,66,68–70 or couple targeting ligands and then form micellar nanoparticles.63,65,67 c. Targeting ligand-coupled polymer-drug
conjugates are prepared by either coupling ligands with functional groups on the polymers,40,71–75,83,106 or the polymerization of the monomers containing
targeting ligands.76 d. Functional PEG-anchors are either incorporated into the liposomal membrane during liposome formation, and then targeting
ligands on the surface of PEG-liposomes coupled45,64,77–99 or covalently modified by targeting ligands at the PEG terminus, and then incorporated into
the liposomal membrane during liposome formation.100,101

polymer chain where conjugation can be completed after polymer
synthesis.39,40,71–75 Alternatively, monomers coupled with the
antigen binding fragment of antibodies (Fab0 ) have been copolymerized with drug-conjugated monomers to form, for example,
a targeted N-(2-hydroxypropyl)methacrylamide (HPMA)
copolymer-drug conjugate, using synthetic conditions that were
not harsh for the pre-coupled targeting ligands.76 With this
methodology, the amount of conjugated ligands was precisely
controlled by the monomer feed ratio. Long-circulating liposomes
with a hydrophilic protective layer (e.g., PEG) over the liposome
surface are usually prepared by inserting PEG-anchors (e.g.,
This journal is ª The Royal Society of Chemistry 2009

distearoyl phosphoethanolamine-polyethylene glycol (DSPEPEG)) into lipid bilayers (Fig. 3d). It is essential that the PEGanchors bear functional groups at the PEG termini so that they
can couple targeting ligands on liposome surfaces.45,64,77–101
Similarly, the conjugation of targeting ligands with PEG chains
can be completed either before or after the formation of PEGliposomes.
Since targeting ligands (classified as antibodies and their Fab0
fragments, nucleic acids, peptides, vitamins and carbohydrates)
are usually biomolecules that are much more chemically sensitive
than typical small organic molecules, the methods available for
J. Mater. Chem., 2009, 19, 5485–5498 | 5489
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Table 1 Conjugate chemistry for coupling targeting ligands with nanocarriersa

Functional groups
on nanocarriers

Functional groups
on targeting ligands

Reaction conditions
(additional agents,
pH, reaction time,
temperature)

Maleimide

Thiol

pH > 7.0, 4–24 h, RT

Carboxylic acid

Thiol

PDP
VS
Carboxylic acid

Maleimide
Thiol
Amine

Amine
pNP

Amine
Amine

EDAC, cystamine, DTT or
TCEP, 1 h, RT,
DTT, pH 7.4, 2–24 h, RT
pH 7.4, 16–24 h, 4  C or RT
EDC, NHS, pH 7.5–8.5, 2–24 h,
4  C or RT
DSP, NHS, pH 7.4, 2 h, RT
pH 8–9.5, 2–3 h, RT

Hydrazide coupling

Hydrazide

Aldehyde

24 h, 5–6  C

Disulfide exchange
Biotin-streptavidin

PDP
Biotin

Thiol
Streptavidin

pH 8.0, 2–24 h, 4  C or RT
Water, 30 min, RT

Diels–Alder
Click chemistry

Furan
Azide

Maleimide
Alkyne

pH 5.5, 2–6 h, 37  C
Copper(I), RT, 2–3 d

Chemistry
Electrophilic addition
of thiol to alkene
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Nucleophilic acyl
substitution reaction

Bioactivity tested

Refs

In vitro,
in vivo
In vitro

41,61,62,82–95,106–109

In vitro
In vitro
In vitro,
in vivo
In vitro
In vitro,
in vivo
In vitro,
in vivo
In vitro
In vitro,
in vivo
In vitro
In vitro

110–112
60,81,109,113
75,95
52,65,69,79,80,87,
98,115,116
117
66,73,97,101
74,82,94,96,104
90–93,102
50,68,104,122
64
154–156

a
Abbreviations: RT, room temperature; EDAC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; NHS, N-hydroxysuccinimide; DTT, dithiothreitol;
TCEP, tris(2-carboxyethyl)phosphine; DSP, dithiobis(succinimidylpropionate); PDP, pyridyldithiopropionate; pNP, p-nitrophenylcarbonyl; VS,
vinylsulfone.

their immobilization to micelles are restricted by limited solubility in organic solvents, pH and temperature sensitivity, and
side reactions which may all decrease their bioactivity.5,70,103–105
To maintain the bioactivity of coupled targeting ligands/incorporated drugs, the conjugation chemistry should be simple,
efficient, site-selective, occur under mild aqueous conditions
(with pH values between 6 and 8 and at temperatures <40  C),
and produce a stable and non-toxic chemical bond.
The following subsections summarize the conventional and
newly developed coupling methodologies that have been used in
the field (Table 1).
4.1 Maleimide and thiol reaction
Due to its high efficiency in aqueous environments, the reaction
between thiol and maleimide functional groups is one of the most
useful and efficient reactions in bioconjugate chemistry.104 Drug
carriers can bear either maleimide (Fig. 4a)41,61,62,82–95,106–109 or
activated thiol groups (Fig. 4b and c)60,104,110–113 on the surface for
functionalization. Since maleimide groups are relatively stable
under synthesis conditions, maleimide-containing molecules
have been used during the synthesis of liposomes,77,78,82–84,89,100,108
nanoparticles,62 polymeric micelles,41 or water-soluble polymer-drug
conjugates.106 For example, N-(4-(p-maleimidophenyl)butyryl)phosphatidylethanolamine (MPB-PE)82,85,108 and N-[(3-maleimide-1-oxopropyl)aminopropyl polyethyleneglycol-carbamyl]
distearoylphosphatidyl-ethanolamine (DSPE-PEG-Mal)77,78,83,88,100
have been widely employed as maleimide-functionalized anchors
in the formulation of maleimide-functionalized liposomes.
The amphiphilic copolymer, poly(3-caprolactone)-block-poly(ethylene glycol)-maleimide (PCL-b-PEG-Mal), self-assembled
into micellar nanoparticles with maleimide groups exposed on
the outer surface.41 A water-soluble polymer of N-(2-hydroxypropyl)methacrylamide (HPMA) bearing pendant maleimide
5490 | J. Mater. Chem., 2009, 19, 5485–5498

groups was synthesized.106 After the formation of maleimidecontaining drug carriers, targeting antibodies containing thiol
groups were coupled to the drug carriers by a simple addition
reaction which occurs within a short period (hours) under mild
conditions (at room temperature in aqueous solution). In the
case of Fab0 -thiol fragments conjugated to maleimide-activated
liposomes, the coupling efficiency, which is normally expressed
as the percentage of conjugated antibody relative to the original
antibody feed for conjugation, was up to 100% when the Fab0
was conjugated to the surface of the PEG corona through
a maleimide-terminated PEG-DSPE anchor (Fig. 5).77 The
conjugation resulted in 60–120 Fab0 /liposome with long-term
stability and cell-binding ability.77 It is known that the thioether
bond formed is quite stable without cleavage during 24 h in the
presence of reducing agent dithiothreitol (DTT) or 50% human
serum.114
As thiol groups are very reactive towards various electrophiles
and rapidly deteriorate when in solution, it is difficult to introduce sufficient amounts of thiol residues into biomolecules such
as antibodies. The most frequently used modification techniques
involve antibody activation N-succinimidyl-3-(2-pyridyldithio)propionate (SPDP)83–85,108 and N-succinimidyl-S-acetylthioacetate (SATA)82 followed by a deprotection procedure using
reducing reagents such as dithiothreitol (DTT). Alternatively,
the endogenous disulfide groups in the hinge region of the
immunoglobulin structure can be reduced to generate half-antibody fragments containing active thiol groups.89,100,107
Although maleimide retains alkylating activity for hours in
acidic environments (pH 4.5–6.5), it may undergo gradual
degradation under the conditions of liposome preparation or
drug loading.60 An alternative way to use thiol-maleimide
chemistry is to introduce thiol groups on drug carriers by activating amines60,81,109,113 or carboxylic acid groups,110–112 and then
linking maleimide-containing targeting ligands (Fig. 4b and c).
This journal is ª The Royal Society of Chemistry 2009
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Fig. 4 Thiol-maleimide reactions to attach targeting ligands to nanoscale drug carriers: a. maleimide-containing drug carriers couple the targeting
ligands that contain activated thiol groups;41,61,62,82–95,106–109 b. amine groups on the drug carriers are activated by SPDP to introduce thiol groups which
react with maleimide groups on the targeting ligands;60,81,109,113 and c. carboxylic acid groups on the drug carriers are activated by EDAC to introduce
thiol groups which react with the maleimide groups on the targeting ligands.110–112

Fig. 5 The coupling efficiency of Fab0 -thiol fragments to maleimideactivated liposomes was affected by the location of the maleimide group.
(B) The coupling efficiency decreased with increased PEG-DSPE when
the maleimide group was close to the liposome bilayer as the PEG chains
sterically interfered with this reaction; however, (C) the coupling efficiency was high and independent of PEG-DSPE above 1 mol% when the
maleimide group was at the PEG terminus, demonstrating that Fab0 can
gain easy access to its coupling sites.77

By acylation of the terminal amino group of PEG-DSPE anchors
with SPDP, PDP-PEG-DSPE was prepared and then incorporated easily into liposomes during their formation.60 Following
This journal is ª The Royal Society of Chemistry 2009

the reduction of the pyridyldithiopropionate (PDP) group with
DTT, maleimide-modified antibodies were efficiently coupled to
the surface of liposomes. As shown in Fig. 6, a higher molar ratio
of PDP-PEG-DSPE/Ab in the reaction solution resulted in
greater coupling efficiency of antibody to liposome, reaching
a maximum of more than 80% for a 10 fold molar excess of PDPPEG-DSPE vs. Ab.60
Thiol-maleimide chemistry meets many of the criteria which
would be desirable for biomolecule immobilization on nanocarriers including high coupling efficiency, controlled antibody
density, compatible chemistry with drug loading, and creating
bioactive targeting ligand-decorated nanocarriers with the ability
to bind with specific cell types.60,81 Notwithstanding the ease of
this reaction, a series of protection and deprotection reactions
are often required and unreacted thiol groups can lead to
undesirable side reactions.
4.2 NHS-ester and primary amine reaction
Carboxylic acid groups on drug carriers have been frequently
activated by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDAC or EDC) in the presence of N-hydroxysulfosuccinimide
(sulfo-NHS)
to
catch
amine-containing
ligands
(Fig. 7).52,65,69,79,80,87,98,115,116 For example, COOH-PEG-anchors
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Fig. 6 Coupling efficiency of maleimide-modified antibodies conjugated
to PDP-functionalized liposomes where the PDP groups were reduced to
thiol groups by the addition of DTT before antibody conjugation: after
overnight reaction at room temperature, a high coupling efficiency of
greater than 80% was achieved when the feed molar ratio of PDP-PEGDSPE to Ab was over 10-fold. The coupling efficiency is expressed as the
% of Ab initially available to bind the liposomes.60

were incorporated into liposomes during liposome formation
and activated to form liposome-NHS which bound to aminecontaining targeting ligands.80,98,116 The methodology conjugated
antibodies close to the bilayer or on the outer surface of liposomes at a modest coupling efficiency (25–35%) as shown in
Fig. 8.98 Similarly, poly(lactic-co-glycolic acid) (PLGA) nanoparticles with carboxylic acid-terminated functional groups115 or
micellar nanoparticles with carboxy-terminated poly(ethylene
glycol) (PEG-COOH) hydrophilic segments65,69 were both activated to attach amine-functional targeting ligands. Alternatively,
dithiobis(succinimidylpropionate) (DSP), a water-insoluble
homobifunctional crosslinker, was used to activate the primary
amine groups on nanocarriers to generate NHS-esters which
readily react with primary amine functionalized targeting
ligands117 (Fig. 7b). These target-modified liposomes79,98 and
polymeric nanoparticles52,65 bound to receptor-expressing cells
in vitro.
As no prior modification is required, the NHS-ester and
primary amine reaction demonstrates a straightforward route to
prepare protein or antibody-coupled nanocarriers. However,
there are often numerous amine functional groups available on

Fig. 8 Antibodies conjugated with EDAC activated carboxylic acidfunctionalized liposomes: after 8 h of reaction at 4  C, three types of
immunoliposomes were achieved including PEG-free liposomes with
antibodies covalently linked to short anchors (Type A), PEG–liposomes
with antibodies covalently linked to short anchors (Type B), and PEGliposomes with antibodies covalently linked to the distal terminal of
DSPE-PEG-COOH (Type C). The coupling efficiencies of antibodies
conjugated with different types of liposomes are 25–35%, with approximately 30–35 antibodies attached to each liposome.98

the proteins or antibodies, making it difficult to control their
conformation and the number of sites modified. This can result in
lost bioactivity. For example, the antigen binding capacities of
antibodies modified randomly by amine groups were significantly lower compared to those antibodies modified specifically
at the hinge region.118 Moreover, the multiple binding sites can
result in crosslinked proteins and nanoparticles, which in turn
increase the nanoparticle size and/or precipitate the polymer and
protein complex, further complicating the methodology. The
thiol-maleimide coupling chemistry does not suffer from these
many side reactions due to the relatively fewer cysteine thiols
than lysine amine groups available on proteins and antibodies
coupled.

4.3 Other conventional conjugation methods
Besides the most popular thiol-maleimide and NHS-ester and
primary amine reactions, there are a few conventional methods
developed for nanocarrier modification including p-nitrophenylcarbonyl and amine reaction, disulfide exchange,

Fig. 7 Nanocarriers react with primary amine-containing targeting ligands by the formation of NHS-esters: a. carboxylic acid-functionalized nanocarriers are first activated by EDAC in the presence of sulfo-NHS to create NHS ester-nanocarriers which react with the primary amines on the targeting
ligand, yielding a stable amide bond;52,65,69,79,80,87,98,115,116 b. the primary amines on nanocarriers are activated to create NHS-esters on the surface which
react with primary amines on targeting ligands.117
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hydrazide coupling, vinylsulfone and thiol reaction, and noncovalent avidin-biotin interaction. The proved feasibility of these
methods in ligand conjugation allows for multiple choices for
ligand modification and great opportunities for material design.
Recently, a new amphiphilic PEG derivative, p-nitrophenylcarbonyl-PEG-PE (pNP-PEG-PE), was designed and
incorporated into liposomes97,101 or polymeric self-assembled
micelles.66 The water-exposed pNP groups react with the amine
groups on antibodies or proteins readily and quantitatively at pH
values greater than 8, producing a stable and non-toxic carbamate (urethane) bond (Fig. 9a). It has been demonstrated that
approximately 100 protein molecules were bound to a single 200
nm liposome even though the content of pNP-PEG in the total
lipid was as low as 1 mol%.97 Similar chemistry was used as well
in the preparation of immuno-polymer-drug conjugates where
pNP-modified HPMA was copolymerized with HPMA to yield
water soluble functionalized polymers.73 Although the reaction
proceeded readily and the biological activity of targeting ligands
was preserved, the pNP derivatives are pH sensitive and undergo
hydrolysis at pH values above neutral. At the preferred reaction
conditions of pH $ 8, where the reaction between pNP and
amine is most efficient, pNP is most susceptible to hydrolysis.
The spontaneous hydrolysis of pNP groups within 1 to 2 h97
ultimately decreases the coupling efficiency of antibodies.
Liposomes have had the following incorporated into their
design to facilitate the binding of thiol-containing Abs: N-[3-(2pyridyldithio)propionyl]phosphatidylethanolamine (PDP-PE),91–93
N-[3-(2-pyridylthio)propionyl]-stearylamine (PDP-SA)90 and
N-(30 -(pyridyldithio)propionoylamino)-PEG-DSPE (PDP-PEGDSPE)102 (Fig. 9b). The PDP groups contain disulfide groups

that are able to participate in disulfide exchange reactions with
thiols present on targeting ligands in the presence of reducing
agents. The reaction proceeds rapidly at pH 8.093 with a modest
coupling efficiency greater than 20%;90 yet thiols undergo
oxidation in this alkaline medium. In addition, the disulfide
bonds formed between antibody and nanocarriers are less stable
compared to thioether bonds (Fig. 4): 62% of disulfide-coupled
Fab0 were lost in the presence of human serum for 24 h.93
Compared to the reaction of Fab0 -thiol with maleimide-liposome, the reaction between Fab0 -thiol and PDP-liposome is less
efficient, achieving only half the amount of Fab0 conjugated to
liposomes.93
The reaction between hydrazide (HZ) end groups and oxidized
antibodies has been employed to synthesize immunoliposomes74,82,94,96,104 (Fig. 9c) and HZ-PEG anchors have been
designed to incorporate into liposomes for this purpose. The sitespecific oxidation of carbohydrate chains, within the Fc region,
results in the introduction of aldehyde groups on antibodies.119
By avoiding the antigen binding regions while allowing for the
use of intact antibody molecules, the site-specific modification
method is believed to result in the highest retention of antigen
binding capability.94,120 Although the chemistry offers the
advantage of site-specific modification of antibodies, the
coupling has been shown to be inefficient relative to other
conventional approaches: with a yield of 17% of the antibody
attached relative to 60–70% via maleimide and thiol chemistry
under the same conditions.104 The antibody coupling with liposomes by this approach has been shown to induce aggregation of
the immunoliposomes, likely manifested by the considerable size
increase due to antibody conjugation.94 In addition, the

Fig. 9 a: pNP-functionalized nanocarriers readily couple targeting ligands through primary amine groups, forming a stable and non-toxic carbamate
bond. The methodology is simple and applicable to a large variety of primary amine-containing targeting ligands,66,73,97,101 yet limited by the hydrolysis of
pNP groups at basic pH. b: Reaction of heterobifunctional cross-linker SPDP with primary amine-functionalized nanocarriers introduces PDP groups
which undergo disulfide exchange with thiolated targeting ligands, yielding a disulfide bond.90–93,102 c: The hydrazide end groups on the periphery of
a nanocarrier react with the carbohydrate moieties of targeting ligands oxidized to aldehyde to form a hydrazone linkage.74,82,94,96,104 d: VS functionalized
nanocarriers bind with free thiol groups of targeting ligands.75,95 e: The preparation of targeting ligand-decorated nanocarriers through non-covalent
linking of biotin and streptavidin.50,68,104,122
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hydrazone linkage formed by this reaction is somewhat labile,
but can be stabilized by reacting with sodium cyanoborohydride
to reduce the double bond.
Reactive double bonds, such as those in vinylsulfone (VS)
groups, are capable of undergoing addition reactions with thiol
groups in aqueous environments under mild conditions (Fig. 9d).
The design has been incorporated into VS-exposed PEG-liposomes to attach thiol-containing antibodies.95 Block copolymer
poly(L-glutamic acid)-co-polyethylene glycol (PG-PEG) bearing
VS groups at the PEG terminus has been developed for the
preparation of immunoconjugates.75 The addition reaction is
similar to the thiol-maleimide addition; however, the rate of thiol
addition to reactive vinylsulfone is slower than that with maleimide groups. For example, when the C225 antibody was
conjugated through the VS group at the PEG terminus of PGPEG using a molar ratio of C225 to copolymer of 1:8, 8.7% of the
original antibodies were bound to the polymer75 whereas
a similar reaction with thiol-maleimide resulted in approximately
80% yield.60
Owing to the very high affinity of avidin and biotin, which has
a KD ¼ 1015 M and a dissociation t1/2 ¼ 89 days,121 this noncovalent conjugation was used in the preparation of immunoliposomes or immuno-nanoparticles50,68,104,122 (Fig. 9e).
Streptavidin-targeting ligands bind quickly with biotin-polymeric nanoparticle under mild conditions. For example, a 30 min
incubation resulted in a sufficient amount of bound antibodies
for a polymeric nanoparticle to cross the blood-brain barrier via
antibody-mediated transport,68 demonstrating the creation of
a bioactive and functionalized drug carrier. Since biotin is larger
than other functional groups, biotin-nanoparticles exhibit
a significant increase in size relative to the original nanoparticles,
likely due to nanoparticle aggregation in the presence of bulky
groups on the surface.68 Since streptavidin has four biotin
binding sites, cross-linking among nanocarriers and ligands is
a concern.

of DA chemistry with biomolecules has been exploited elegantly
in the bioconjugation and/or immobilization of protein, peptides
and oligonucleotides.135–145
As a newly developed conjugation method in nanocarrier
systems, DA chemistry has been recently employed for Ab
conjugation to polymeric nanoparticle surfaces.64 An amphiphilic
copolymer,
poly(2-methyl-2-carboxytrimethylene

Fig. 10 One-step reaction of DA chemistry is employed in a polymeric
nanoparticle system where the furan (dienophile) functional groups
located on the surface readily react with maleimide (diene) groups of
targeting antibodies.64

4.4 Diels–Alder (DA) chemistry
DA chemistry involves the cycloaddition of an electron-rich
diene and electron-poor dienophile to form a substituted cyclohexene system. DA chemistry has great synthetic importance
with its broad scope and simplicity of operation.123,124 Water was
not a popular solvent for DA chemistry until Rideout and Breslow (1980) demonstrated that, in aqueous environments, the
rate as well as the stereo-selectivity of DA chemistry is dramatically increased.125 Since then, various applications of the
aqueous acceleration of DA chemistry have been exploited in the
fields of synthetic and physical organic chemistry.126–131 The rate
acceleration in aqueous solutions has been ascribed to two main
factors: i) greater hydrophobic interactions destabilize the initial
state relative to the activated complex, leading to a significant
rate enhancement; ii) hydrogen bonding of water to the activating groups stabilizes the polarized activated complex, thereby
increasing the rate of reaction in aqueous solutions.132–134
The aqueous DA reaction is diverse in scope and efficient in
reactivity, resulting in very high yields, producing no byproducts,
and occurring under simple and mild reaction conditions. Thus,
the DA reaction provides a competitive alternative to conventional techniques for biomolecule conjugation. The compatibility
5494 | J. Mater. Chem., 2009, 19, 5485–5498

Fig. 11 The high coupling efficiency of maleimide-modified antibody
conjugated with furan-functionalized polymeric nanoparticles by DA
chemistry. a. When the nanoparticle/antibody feed mass ratio was kept
constant (for example at 100:1), both the antibody density on the
immuno-nanoparticles and the coupling efficiency (expressed as the % of
the initial feed Ab bound to the micellar nanoparticles) increased as
a function of reaction time. Almost 100% of the initial antibody added
was coupled within six hours of incubation, resulting in an antibody
density of 64 pmol/mg nanoparticle (approximated at 5 antibodies/
nanoparticle). b. When the reaction time was fixed at 2 h and the initial
nanoparticle/antibody mass ratio was increased, the coupling efficiency
increased as the nanoparticle/antibody mass ratio increased. By using DA
chemistry, either prolonged reaction times or high nanoparticle/antibody
feed ratios can be used to achieve maximum coupling efficiency.64
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carbonate-co-D,L-lactide)-graft-poly(ethylene
glycol)-furan
(poly(TMCC-co-LA)-g-PEG-furan), was designed to have furan
(diene) functional groups at the PEG terminus. After selfassembly, these furan functional groups are located on the
surface of the PEG corona of polymeric nanoparticles, and
accessible for reaction with maleimide (dienophile)-functionalized antibodies in aqueous solution (Fig. 10). Maleimide-functional groups were introduced to Abs by the established
site-specific oxidation of the carbohydrate chains within the Fc
region followed by reaction with a bifunctional amine-maleimide
thereby preserving the intact Fab fragment for antigen-binding
and minimizing the loss of the bioactivity.64,120 Immuno-nanoparticles were prepared by incubating maleimide-modified antibodies with furan-nanoparticles in MES buffer at pH 5.5, 37  C
for several hours. Requiring neither coupling agents nor catalyst,
the one-step DA reaction is highly selective, achieving high
coupling efficiency of antibody of up to 100% (Fig. 11). The
immuno-nanoparticles created by DA chemistry exhibited
specific binding with receptor-overexpressing cancer cells. The
mild aqueous conditions for DA cycloaddition of the Ab to the
nanoparticles avoid both long reaction times and the use of
coupling or potentially denaturating reagents, which are attributed to the success in creating bioactive immuno-nanoparticles.
This is the first time that DA chemistry has been employed in
a polymeric nanoparticle system for biomolecule immobilization,
opening many exciting opportunities in the broad field of surface
modification of nanocarriers.
4.5 Alkyne-azide click chemistry
The concept of ‘‘click chemistry’’ was first introduced by
Sharpless et al. in 2001. This type of reaction has been defined as
being broad in scope, having high yields, simple in product
isolation, stereospecific, and compatible with both organic and
aqueous reaction conditions.146 If two small units can be joined
together with heteroatom links and to fulfill the above requirements, then it can be classified as ‘‘click chemistry’’. Among all
the carbon-heteroatom bond formation reactions, such as
cycloadditions of unsaturated species, nucleophilic substitution
chemistry, carbonyl chemistry of the ‘‘non-aldol’’ type and
additions to carbon-carbon multiple bonds, copper-catalyzed
Huisgen 1,3-dipolar cycloaddition is the most popular conjugation method and is now often referred to as ‘‘click chemistry’’.
As shown in Fig. 12, an azide functional group readily reacts
with an alkyne group in the presence of a copper(I) catalyst,
forming a stable 1,2,3-triazole bond. Click chemistry offers the
advantage of a simple, one-step reaction without side reactions
and protecting/deprotecting procedures. It is highly specific and
efficient under moderate reaction conditions. Recently, click

chemistry gained interest as a means of biomolecule conjugation.147–160 Its opportunity as a new conjugation methodology in
conjugated nanocarriers has been recognized as well.148,154–157
For example, polymers have been functionalized to bioorthogonally couple a wide range of biomolecules such as
peptides, folic acid, sugars, proteins, nucleic acids or even
bacteria, viruses and cells.158–160 The mild and aqueous reaction
conditions permit functional biomolecules to be introduced
either before or after the formation of an amphiphilic polymeric
micelle.156 An azide terminated amphiphilic block copolymer of
N-isopropylacrylamide (NIPAM) and N,N-dimethylacrylamide
(DMA) was conjugated with propargyl folate before its selfassembly resulting in folic acid residues being efficiently conjugated to end-functionalized polymers via click chemistry.154
Alternatively, click-functionalized amphiphilic copolymers selfassemble to form surface-functionalized ‘‘clickable’’ micelles in
aqueous solutions, where the high selectivity and orthogonality
of click chemistry allows for quantitative incorporation of fluorescent dye molecules on the micelle surface,155 creating a platform of azide- or alkyne-functionalized nanostructures. In
another example, click chemistry was used to couple an alkyneprotein to an azide-functionalized gold nanoparticle at RT for 3
days, resulting in a bioactive protein-nanoparticle conjugate.157
Similarly, alkyne-peptides were coupled to azide polymeric
nanoparticles resulting in peptide-modified nanoparticles that
selectively bound with cells expressing the integrin receptor.156
The Cu(I) catalyzed alkyne-azide click reaction holds
numerous advantages for biomolecule conjugation; however,
when the coupling is conducted with sensitive biological molecules, such as proteins or nucleic acids, the toxicity of the copper
ion may result in undesirable modification or loss of bioactivity.
For example, the presence of the copper catalyst induced the
cleavage of a single copper-sensitive peptide bond at the hinge
region of IgG.161 This cleavage was demonstrated to depend on
the reaction time, temperature, pH and copper ion concentration. Cu(II) has high affinity to thiol groups of cysteine residues
and can oxidize them to disulfide bonds, which may reduce the
biological function of biomolecules involved.162 Moreover, in
the presence of dioxygen, Cu(I) rapidly damages DNA via the
generation of reactive oxygen species.163 To circumvent such
problems, metal free click chemistry has been developed. The use
of catalyst-free [3 + 2] Huisgen cycloadditions of cyclooctyne and
azide by a strain-promoted mechanism has been reported.150,160 It
has been demonstrated that this cycloaddition reaction can be
used for selective modification of biomolecules and living cells
without apparent physiological harm. As the synthesis of
cyclooctyne is complicated, coupling ligands such as tris(benzyltriazolylmethyl)amine (TBTA) or sulfonated bathophenanthroline (BCDS) have been introduced as an alternative,
which can accelerate the cycloaddition reaction while overcoming the redox chemistry associated with Cu(I) and
oxygen.147,149,151–153,158,164

4. Conclusions
Fig. 12 Copper-catalyzed Huisgen 1,3-dipolar cycloaddition is
employed in bioconjugated nanocarriers where functionalized nanocarriers present azide groups on the surface and catch alkyne-modified
targeting ligands.155–157
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promises enhanced drug efficacy and reduced systemic toxicity.
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types that express the corresponding receptors, combining
passive and active targeting mechanisms in one platform. Targeting ligands can be conjugated to nanocarriers either before or
after nanocarrier formation and/or drug incorporation, where
a highly efficient and specific chemistry occurring under mild
conditions is desirable in order to preserve the biological function
of incorporated targeting ligands/drugs and the structure of the
nanocarriers. Functionalized polymeric nanocarrier components
allow a wide range of conjugation chemistries to be employed,
each of which has advantages and limitations. Of the many
coupling chemistries available, the thiol-maleimide is likely the
most popular due to the efficiency of this chemistry, notwithstanding the sometimes synthetic complexity of this chemistry.
Other coupling chemistries described have lower yields, require
coupling agents (and therefore further purification), or result in
unstable bonds (i.e. susceptible to hydrolysis). While these
conventional methodologies have resulted in biologically-functionalized targeted nanocarriers, they often require organic
reagents and have side-reactions and low coupling efficiency.
Alternative coupling chemistries, such as Diels–Alder and
alkyne-azide click chemistry, provide competitive alternatives to
the conventional methodologies for nanocarrier functionalization. The investigations to exploit simple and highly efficient
conjugation chemistries which are applicable to a broad class of
biomolecules continue.
The targeted nanocarrier formulation represents a new
generation for the delivery of combination immunotherapy/
chemotherapy where the improved therapeutic outcome of
anticancer therapy has been established in both animal models
and clinical trials. Despite the considerable opportunity in
formulating these nanocarriers, many challenges remain in
translating targeted nanocarriers from bench to bedside
including biodistribution and targeting. Therefore the type of
materials and ligands, construction of nanocarriers, and density
and orientation of coupled ligands must be optimized and
determined specifically in vivo to lead to successful targeting
strategies. The enhanced targeting and reduced blood circulation
has to be balanced to achieve maximum therapeutic outcome
since the presence of targeting ligands on nanoparticle surfaces
sometimes results in increased opsonisation, resulting in reduced
circulation time.60 When availability of cell surface receptors is
limited, such as in solid tumors, drug carriers could be designed
to selectively bind to other receptors, such as those in tumor
vasculature or surrounding matrix.165,166 While delivering the
maximum drug payload to cancer sites is the goal, a highly efficient drug release at the target sites requires more defined
material chemistry, or novel strategies to be developed. For
example, doxorubin targeting by some doxorubin-polymer
conjugates is limited by the low cleavage efficiency of environmentally sensitive linkages, whereas a polymeric nanoparticle
with doxorubin conjugated on the surface of the drug carriers
(instead of inside) delivers drugs to the cell nucleus, without the
cleavage of linkages, which is likely mediated by the surface
exposed doxorubin.167
Looking to the future, the advances in material chemistry,
combined with an increased understating of molecular medicine,
will result in the design of more functionalized and sophisticated
nanostructured delivery vehicles, resulting in the formulation of
therapeutically effective platforms for in vivo application.
5496 | J. Mater. Chem., 2009, 19, 5485–5498

References
1 T. M. Allen, Nat. Rev. Cancer, 2002, 2, 750.
2 F. Marcucci and F. Lefoulon, Drug Discovery Today, 2004, 9, 219.
3 D. Schrama, R. A. Reisfeld and J. C. Becker, Nat. Rev. Drug
Discovery, 2006, 5, 147.
4 D. Peer, J. M. Karp, S. Hong, O. C. Farokhzad, R. Margalit and
R. Langer, Nat. Nanotechnol., 2007, 2, 751.
5 V. P. Torchilin, Nat. Rev. Drug Discovery, 2005, 4, 145.
6 R. Duncan, Nat. Rev. Cancer, 2006, 6, 688.
7 L. Brannon-Peppas and J. O. Blanchette, Adv. Drug Delivery Rev.,
2004, 56, 1649.
8 D. Sutton, N. Nasongkla, E. Blanco and J. Gao, Pharm. Res., 2007,
24, 1029.
9 R. K. O’Reilly, C. J. Hawker and K. L. Wooley, Chem. Soc. Rev.,
2006, 35, 1068.
10 L. Y. Qiu and Y. H. Bae, Pharm. Res., 2006, 23, 1.
11 K. T. Oh, H. Yin, E. S. Lee and Y. H. Bae, J. Mater. Chem., 2007, 17,
3987.
12 R. Sinha, G. J. Kim, S. Nie and D. M. Shin, Mol. Cancer Ther., 2006,
5, 1909.
13 B. Twaites, C. H. Alarc
on and C. Alexander, J. Mater. Chem., 2005,
15, 441.
14 C. C. Lee, J. A. MacKay, J. M. J. Frechet and F. C. Szoka, Nat.
Biotechnol., 2005, 23, 1517.
15 F. Yuan, M. Dellian, D. Fukumura, M. Leunig, D. A. Berk,
V. P. Torchilin and R. K. Jain, Cancer Res., 1995, 55, 3752.
16 R. K. Jain, Cancer Res., 1987, 47, 3039.
17 A. K. Iyer, G. Khaled, J. Fang and H. Maeda, Drug Discovery
Today, 2006, 11, 812.
18 Y. Matsumura and H. Maeda, Cancer Res., 1986, 46, 6387.
19 S. M. Moghimi, C. Hunter and J. C. Murray, Pharmacol. Rev., 2001,
53, 283.
20 G. Storm, S. O. Belliot, T. Daemen and D. D. Lasic, Adv. Drug
Delivery Rev., 1995, 1, 31.
21 V. C. F. Mosqueira, P. Legrand, A. Gulik, O. Bourdon, R. Gref,
D. Labarre and G. Barratt, Biomaterials, 2001, 22, 2967.
22 D. E. Owens III and N. A. Peppas, Int. J. Pharm., 2006, 307, 93.
23 O. Ishida, K. Maruyama, K. Sasaki and M. Iwatsuru, Int. J. Pharm.,
1999, 190, 49.
24 V. D. Awasthi, D. Garcia, B. A. Goins and W. T. Phillips, Int. J.
Pharm., 2003, 253, 121.
25 L. E. Vlerken, T. K. Vyas and M. M. Amiji, Pharm. Res., 2007, 24,
1405.
26 D. C. Litzinger, A. M. Buiting, N. van Rooijen and L. Huang,
Biochim. Biophys. Acta, 1994, 1190, 99.
27 C. Allen, N. Dos Santos, R. Gallagher, G. N. C. Chiu, Y. Shu,
W. M. Li, S. A. Johnstone, A. S. Janoff, L. D. Mayer,
M. S. Webb and M. B. Bally, Biosci. Rep., 2002, 22, 225.
28 K. Maruyama, N. Takahashi, T. Tagawa, K. Nagaike and
M. Iwatsuru, FEBS Lett., 1997, 413, 177.
29 A. L. Klibanov, K. Maruyama, V. P. Torchilin and L. Huang, FEBS
Lett., 1990, 268, 235.
30 K. Avgoustakis, A. Beletsi, Z. Panagi, P. Klepetsanis, E. Livaniou,
G. Evangelatos and D. S. Ithakissios, Int. J. Pharm., 2003, 259, 115.
31 J. Liu, F. Zeng and C. Allen, Eur. J. Pharm. Biopharm., 2007, 65,
309.
32 K. Kataoka, T. Matsumoto, M. Yokoyama, T. Okano, Y. Sakurai,
S. Fukushima, K. Okamoto and G. S. Kwon, J. Controlled Release,
2000, 64, 143.
33 N. Nishiyama and K. Kataoka, Pharmacol. Ther., 2006, 112, 630.
34 R. Gref, Y. Minamitake, M. T. Peracchia, V. Trubetskoy,
V. Torchilin and R. Langer, Science, 1994, 263, 1600.
35 D. J. Slamon, W. Godolphin, L. A. Jones, J. A. Holt, S. G. Wong,
D. E. Keith, W. J. Levin, S. G. Stuart, J. Udove, A. Ullrich and
M. F. Press, Science, 1989, 244, 707.
36 J. W. Park, K. Hong, D. B. Kirpotin, G. Colbern, R. Shalaby,
J. Baselga, Y. Shao, U. B. Nielsen, J. D. Marks, D. Moore,
D. Papahadjopoulos and C. C. Benz, Clin. Cancer Res., 2002, 8,
1172.
37 D. B. Kirpotin, D. C. Drummond, Y. Shao, M. R. Shalaby,
K. Hong, U. B. Nielsen, J. D. Marks, C. C. Benz and J. W. Park,
Cancer Res., 2006, 66, 6732.
38 L. M. Bareford and P. W. Swaan, Adv. Drug Delivery Rev., 2007, 59,
748.

This journal is ª The Royal Society of Chemistry 2009

Downloaded by University of Toronto on 28 November 2011
Published on 09 April 2009 on http://pubs.rsc.org | doi:10.1039/B822319J

View Online
39 K. Ulbrich, T. Etrych, P. Chytil, M. Jelı́nkova and B. ı́hov
a, J. Drug
Targeting, 2004, 12, 477.
40 H. S. Yoo and T. G. Park, J. Controlled Release, 2004, 100, 247.
41 N. Nasongkla, X. Shuai, H. Ai, B. D. Weinberg, J. Pink,
D. A. Boothman and J. Gao, Angew. Chem. Int. Edit., 2004, 43,
6323.
42 C. C. Lee, E. R. Gillies, M. E. Fox, S. G. Guillaudeu,
J. M. J. Frechet, E. E. Dy and F. C. Szoka, Proc. Natl. Acad. Sci.
USA, 2006, 103, 16649–16654.
43 C. K. Huang, C. L. Lo, H. H. Chen and G. H. Hsiue, Adv. Funct.
Mater., 2007, 17, 2291.
44 M. M. Gottesman, T. Fojo and S. E. Bates, Nat. Rev. Cancer, 2002,
2, 48.
45 T. Kobayashi, T. Ishida, Y. Okada, S. Ise, H. Harashima and
H. Kiwada, Int. J. Pharm., 2007, 329, 94.
46 D. Goren, A. T. Horowitz, D. Tzemach, M. Tarshish, S. Zalipsky
and A. Gabizon, Clin. Cancer Res., 2000, 6, 1949.
47 C. Allen, D. Maysinger and A. Eisenberg, Colloids Surf. B., 1999, 16,
3.
48 L. R. Hirsch, R. J. Stafford, J. A. Bankson, S. R. Sershen, B. Rivera,
R. E. Price, J. D. Hazle, N. J. Halas and J. L. West, Proc. Natl. Acad.
Sci. USA, 2003, 100, 13549–13554.
49 M. P. Melancon, W. Lu, Z. Yang, R. Zhang, Z. Cheng, A. M. Elliot,
J. Stafford, T. Olson, J. Z. Zhang and C. Li, Mol. Cancer Ther., 2008,
7, 1730.
50 H. Wartlick, K. Michaelis, S. Balthasar, K. Strebhardt, J. Kreuter
and K. Langer, J. Drug Targeting, 2004, 12, 461.
51 Y. Lu and S. C. Chen, Adv. Drug Delivery Rev., 2004, 56, 1621.
52 N. Zhang, C. Chittasupho, C. Duangrat, T. Siahaan and
C. Berkland, Bioconjugate Chem., 2008, 19, 149.
53 C. Loo, A. Lowery, N. Halas, J. West and R. Drezek, Nano Lett.,
2005, 5, 709.
54 S. Q. Liu, Y. W. Tong and Y. Y. Yang, Biomaterials, 2005, 26, 5064.
55 A. Ono, K. Takeuchi, A. Sukenari, T. Suzuki, I. Adachi and
M. Ueno, Biol. Pharm. Bull., 2002, 25, 97–101.
56 T. Govender, T. Ehtezazi, S. Stolnik, L. Illum and S. S. Davis,
Pharm. Res., 1999, 16, 1125.
57 G. Angelini, S. Boncompagni, P. De Maria, A. Fontana, C. Gasbarri
and G. Siani, Colloids Surf., A, 2008, 322, 234.
58 E. S. Lee, K. Na and Y. H. Bae, Nano Lett., 2005, 5, 325.
59 A. N. Koo, H. J. Lee, S. E. Kim, J. H. Chang, C. Park, C. Kim,
J. H. Park and S. C. Lee, Chem. Commun., 2008, 6570.
60 T. M. Allen, E. Brandeis, C. B. Hansen, G. Y. Kao and S. Zalipsky,
Biochim. Biophys. Acta, 1995, 1237, 99.
61 S. H. Kim, J. H. Jeong, W. Chun and T. G. Park, Langmuir, 2005,
21, 8852.
62 I. Steinhauser, B. Sp€ankuch, K. Strebhardt and K. Langer,
Biomaterials, 2006, 27, 4975.
63 W. Y. Seow, J. M. Xue and Y. Y. Yang, Biomaterials, 2007, 28, 1730.
64 M. Shi, J. H. Wosnick, K. Ho, A. Keating and M. S. Shoichet,
Angew. Chem. Int. Edit., 2007, 46, 6126.
65 F. Zeng, H. Lee and C. Allen, Bioconjugate Chem., 2006, 17, 399.
66 A. N. Lukyanov, Z. Gao and V. P. Torchilin, J. Controlled Release,
2003, 91, 97.
67 H. Lee, M. Hu, R. M. Reilly and C. Allen, Mol. Pharmaceutics, 2007,
4, 769.
68 Y. Aktas
x, M. Yemisci, K. Andrieux, R. N. G€
ursoy, M. J. Alonso,
E. Fernandez-Megia, R. Novoa-Carballal, E. Qui~
noa, R. Riguera,
M. F. Sargon, H. H. Celik, A. S. Demir, A. A. Hincal,
T. Dalkara, Y. Capan and P. Couvreur, Bioconjugate Chem., 2005,
16, 1503.
69 J. Cheng, B. A. Teply, I. Sherifi, J. Sung, G. Luther, F. X. Gu,
E. Levy-Nissenbaum, A. F. Radovic-Moreno, R. Langer and
O. C. Farokhzad, Biomaterials, 2007, 28, 869.
70 V. P. Torchilin, A. N. Lukyanov, Z. Gao and B. PapahadjopoulosSternberg, Proc. Natl. Acad. Sci. USA, 2003, 100, 6039.
71 Y. Bae, W. D. Jang, N. Nishiyama, S. Fukushima and K. Kataoka,
Mol. BioSyst., 2005, 1, 242.
72 R. Haag, Angew. Chem. Int. Edit., 2004, 43, 278.
73 V. Omelyanenko, P. Kopeckova, C. Gentry and J. Kopecek, J.
Controlled Release, 1998, 53, 25.
74 L. B. Shih, D. M. Goldenberg, H. Xuan, H. Lu, R. M. Sharkey and
T. C. Hall, Cancer Res., 1991, 51, 4192.
75 J. Vega, S. Ke, Z. Fan, S. Wallace, C. Charsangavej and C. Li,
Pharm. Res., 2003, 20, 826.

This journal is ª The Royal Society of Chemistry 2009

76 Z. R. Lu, J. G. Shiah, S. Sakuma, P. Kopeckova and J. Kopecek, J.
Controlled Release, 2002, 78, 165.
77 D. Kirpotin, J. W. Park, K. Hong, S. Zalipsky, W. L. Li, P. Carter,
C. C. Benz and D. Papahadjopoulos, Biochemistry, 1997, 36, 66.
78 M. Sugano, N. K. Egilmez, S. J. Yokota, F. A. Chen, J. Harding,
S. K. Huang and R. B. Bankert, Cancer Res., 2000, 60, 6942.
79 T. Mizoue, T. Horibe, K. Maruyama, T. Takizawa, M. Iwatsuru,
K. Kono, H. Yanagie and F. Moriyasu, Int. J. Pharm., 2002, 237,
129.
80 K. Maruyama, T. Takizawa, N. Takahashi, T. Tagawa, K. Nagaike
and M. Iwatsuru, Adv. Drug Delivery Rev., 1997, 24, 235.
81 M. Mercadal, J. C. Domingo, J. Petriz, J. Garcia and M. A. de
Madariaga, Biochim. Biophys. Acta, 1999, 1418, 232.
82 G. A. Koning, H. W. Morselt, M. J. Velinova, J. Donga, A. Gorter,
T. M. Allen, S. Zalipsky, J. A. Kamps and G. L. Scherphof, Biochim.
Biophys. Acta, 1999, 1420, 153.
83 G. N. C. Chiu, M. B. Bally and L. D. Mayer, Biochim. Biophys. Acta,
Biomembranes, 2003, 1613, 115.
84 J. N. Herron, C. A. Gentry, S. S. Davies, A. Wei and J. Lin, J.
Controlled Release, 1994, 28, 155.
85 R. B. Bankert, S. Yokota, S. K. Ghosh, E. Mayhew and Y. H. Jou,
Cancer Res., 1989, 49, 301.
86 T. Ishida, M. J. Kirchmeier, E. H. Moase, S. Zalipsky and
T. M. Allen, Biochim. Biophys. Acta, 2001, 1515, 144.
87 H. Matsuo, M. Wakasugi, H. Takanaga, H. Ohtani, M. Naito,
T. Tsuruo and Y. Sawada, J. Controlled Release, 2001, 77, 77.
88 H. Hatakeyama, H. Akita, E. Ishida, K. Hashimoto, H. Kobayashi,
T. Aoki, J. Yasuda, K. Obata, H. Kikuchi, T. Ishida, H. Kiwada and
H. Harashim, Int. J. Pharm., 2007, 342, 194.
89 P. Benzinger, G. Martiny-Baron, P. Reusch, G. Siemeister,
J. T. Kley, D. Marme, C. Unger and U. Massing, Biochim.
Biophys. Acta, Biomembranes, 2000, 1466, 71.
90 M. S. Shaik, N. Kanikkannan and M. Singh, J. Controlled Release,
2001, 76, 285.
91 V. O. Ivanov, S. N. Preobrazhensky, V. P. Tsibulsky, V. R. Babaev,
V. S. Repin and V. N. Smirnov, Biochim. Biophys. Acta, 1985, 846,
76.
92 L. D. Leserman, J. Barbet, F. Kourilsky and J. N. Weinstein, Nature,
1980, 288, 602.
93 F. J. Martin, W. L. Hubbell and D. Papahadjopoulos, Biochemistry,
1981, 20, 4229.
94 J. A. Harding, C. M. Engbers, M. S. Newman, N. I. Goldstein and
S. Zalipsky, Biochim. Biophys. Acta, Biomembranes, 1997, 1327,
181.
95 B. B. Lundberg, G. Griffiths and H. J. Hansen, Int. J. Pharm., 2000,
205, 101.
96 D. E. Lopes de Menezes, L. M. Pilarski and T. M. Allen, Cancer
Res., 1998, 58, 3320.
97 V. P. Torchilin, T. S. Levchenko, A. N. Lukyanov, B. A. Khaw,
A. L. Klibanov, R. Rammohan, G. P. Samokhin and
K. R. Whiteman, Biochim. Biophys. Acta, Biomembranes, 2001,
1511, 397.
98 K. Maruyama, T. Takizawa, T. Yuda, S. J. Kennel, L. Huang and
M. Iwatsuru, Biochim. Biophys. Acta, 1995, 1234, 74.
99 J. W. Park, K. Hongi, P. Carter, H. Asgari, L. Y. Guo, G. A. Keller,
C. Wirth, R. Shalaby, C. Kotts, W. I. Wood, D. Papahadjopoulos
and C. C. Bena, Proc. Natl. Acad. Sci. USA, 1995, 92, 1327.
100 J. M. Saul, A. V. Annapragada and R. V. Bellamkonda, J.
Controlled Release, 2006, 114, 277.
101 V. P. Torchilin, A. L. Klibanov, L. Huang, S. O’Donnell,
N. D. Nossiff and B. A. Khaw, FEBS J., 1992, 6, 2716.
102 V. P. Torchilin, V. Weissig, F. J. Martin, and T. D. Heath,
Liposomes: Practical Approach. 2003, Oxford: Oxford University
Press. 193.
103 P. Sapra and T. M. Allen, Progress in Lipid Research, 2003, 42, 439.
104 C. B. Hansen, G. Y. Kao, E. H. Moase, S. Zalipsky and T. M. Allen,
Biochim. Biophys. Acta, Biomembranes, 1995, 1239, 133.
105 L. Nobs, F. Buchegger, R. Gurny and E. Allemann, J. Pharm. Sci.,
2004, 93, 1980.
106 K. Ulbrich, T. Etrych, P. Chytil, M. Jelı́nkova and B. Řı́hova, J.
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