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Building on many years of basic and
translational research, advances in
the fields of nanotechnology and

biomedical science are now converging to
revolutionize the treatment of a range of
diseases.1,2 To date, several types of particle-
based therapeutics have been approved by
the FDA for clinical use, including liposomes,
albumin nanoparticles, and polymeric nano-
particles.3 For example, doxorubicin-loaded
PEGylated liposomes (i.e., DOXIL) have de-
monstrated reduced cardiotoxicity com-
pared to doxorubicin,4 and paclitaxel-bound
albumin nanoparticles (i.e., Abraxane) have
shown enhanced drug efficacy for meta-
static breast cancer.4 Along with this gen-
eration of particle-based therapeutics, the
selective delivery of established chemother-
apeutic compounds to solid tumors via the
enhanced permeability and retention (EPR)
effect has been a key research endeavor.
However, there are still a number of chal-
lenges that must be overcome in order to
achieve efficient and specific therapies
with particle-based delivery systems. Thus,
it is imperative that materials scientists be
guided by a better understanding of rele-
vant biological mechanisms. In the past
decade, significant innovations in biomedi-
cal science have led to the development of a
range of specific targeting molecules (e.g.,
monoclonal antibodies) and new classes of
therapeutics (e.g., RNA-based therapeutics).
The concept of using antibodies to improve
target selectivity in treating diseases has
been increasingly recognized. Humanized
monoclonal antibodies that are specific for
tumor-associated antigens have been engi-
neered, some of which have been estab-
lished as “standard of care” agents for the
treatment of several types of cancer.5 The
increased understanding of the molecular
and cellularmechanisms in humandiseases,
ranging from viral infection to cancer, has

also broadened the scope of therapeutic
targets. Many classes of emerging therapeu-
tics, including peptides and small interfer-
ing RNAs (siRNAs), have demonstrated
unprecedented potential.6 There are doz-
ens of RNA-based therapeutics currently
under clinical investigation.6 However, the
poor stability and cellular uptake of these
novel therapeutics has been a major impe-
diment to their effectiveness. Consequently,
in recent years, there has been growing
interest in combining these novel mol-
ecules with nanoengineered particles to
further increase the specificity of particle
delivery and overcome the obstacles asso-
ciated with application of these emerging
therapeutics. Identification of the principles
that govern particle motility at the tissue,
cell, and organelle levels has started to
inspire the design of next-generation tar-
geted particles, which will ultimately over-
come an array of physiological barriers to
enhance the bioavailability of a range of
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ABSTRACT Nanoengineered parti-

cles that can facilitate drug formulation

and passively target tumors have

reached the clinic in recent years. These

early successes have driven a new wave

of significant innovation in the genera-

tion of advanced particles. Recent devel-

opments in enabling technologies and

chemistries have led to control over key

particle properties, including surface

functionality, size, shape, and rigidity.

Combining these advances with the rapid developments in the discovery of many disease-related

characteristics now offers new opportunities for improving particle specificity for targeted therapy.

In this Perspective, we summarize recent progress in particle-based therapeutic delivery and discuss

important concepts in particle design and biological barriers for developing the next generation of

particles.
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therapeutics. Moving forward, re-
search at the interface of nanotech-
nology andbiomedicinewill underpin
advances in particle-based therapeu-
tic delivery.
In this Perspective, we highlight

recent developments in particle-
based drug delivery, focusing on
three keys aspects: (i) functionaliza-
tion of particles with targeting mol-
ecules to promote specific inter-
actions both in vitro and in vivo; (ii)
mechanisms involved in particle in-
ternalization and intracellular traf-
ficking; and (iii) emerging concepts
and strategies in particle design for
controlling cellular uptake and in-
tracellular targeting.
The ability to target particle sys-

tems to specific tissues has long
been a significant goal in the field
of drug delivery, as it offers a viable
approach to reduce side effects and
improve efficacy. Early work in this
area involved the use of the EPR
effect, or “passive targeting”, to al-
low particles to accumulate prefer-
entially in tumor sites. The EPR
effect arises due to the high fluid
flow and large leaky vasculature
within many solid tumors. Treat-
ments exploiting the EPR effect
have shown some therapeutic
benefit.4 However, this passive tar-
geting strategy still faces some chal-
lenges. The longer circulation times
of drug-loaded particles can lead to
adverse effects, as has been ob-
served with DOXIL, which can cause
severe hand-foot syndrome.4 In ad-
dition, the size of the tumor vascu-
lature is highly dependent on the
tumor type and age, and conse-
quently, the EPR effect is not applic-
able for all tumor stages.7 Therefore,
the heterogeneous nature of tumors
underscores the need to identify
alternative targeting strategies to
enhance the specificity of particle-
based therapies.
Over the past decade, targeted

drug delivery has been inspired by
many important discoveries relat-
ing to pathological characteristics.
Overexpression of the receptors
that are involved in increased nutri-
tional uptake, such as folate and

transferrin receptors, has been as-
sociated with the development of

malignant tumors. For example, fo-

late receptors that deliver folic acid

into cells have shown 100- to 300-

fold overexpression in a wide spec-

trum of cancer cells.8 For this rea-

son, folate has become a popular

targeting molecule to functionalize

a range of delivery systems. In a

recent study, polymer cross-linked

liposomes loaded with doxorubicin

were modified with folate.9 It was

shown that folate-functionalized lipo-

somesbound tumor cells differentially

as a function of the folate receptor
expression levels on the cell mem-
brane.9 These carriers were shown
to be 50-fold more potent than the
untargeted agent toward a panel
of cancer cells overexpressing the
folate receptors in vitro. Recently,
the first clinical investigation using
transferrin-functionalized nanopar-
ticles for siRNA delivery (CALAA-01)
was reported.10 These particles
were generated via a unique two-
vial formulation approach, which
enabled the rapid self-assembly of
siRNA and a cyclodextrin-contain-
ing polycation complex, sterically
stabilized with adamantine-PEG
and functionalized with transferrin
for targeting. Tumor biopsies from
melanoma patients obtained after
treatment with CALAA-01 showed a
favorable safety profile and ef-
fective siRNA knockdown by the
particles.10

Another class of frequently over-
expressed tumor-associated mol-
ecules is growth factor receptors.
The epidermal growth factor recep-
tor (EGFR) and the human epider-
mal growth factor receptor 2 (HER2)
that are involved in tumorgenesis

Figure 1. (A) Fluorescence micrographs of antiplatelet endothelial cell adhesion
molecule-1 (PECAM)-functionalized filomicelles (green) bound to endothelial cells
after incubation for 1 h at 37 �C. The cell nuclei were stained with DAPI (blue).
Dashed lines mark the cell borders. The inset shows a magnified image of the
filomicelles. (B) Quantificationof bindingof 125I-tracedfilomicelles coatedwith IgG
or anti-PECAM to endothelial cells after incubation for 1 h at 37 �C. Reproduced
from ref 12. Copyright 2011 American Chemical Society. (C) Fluorescence micro-
scopy images of LIM2405þ cells (blue) and LIM2405� cells (green) incubatedwith
huA33 mAb-functionalized capsules (red). (D) Flow cytometry analysis of the
binding of capsules to mixed cell populations. Comparison of huA33 mAb- (red)
and IgG-functionalized (blue) capsules incubated at capsule/cell ratios of 100:1
with a 50:50 ratio of LIM2405þ/LIM2405� cells. Reproduced from ref 15. Copy-
right 2010 American Chemical Society.
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are the most extensively studied,
given the development of specific
monoclonal antibodies against these
tumor-associated receptors. There
has been increasing interest in func-
tionalizing particles with these anti-
bodies for targeted delivery. The
use of antibodies not only provides
high affinity toward their targeted
cells but also potentially inhibits
tumor growth by blocking ligand�
receptor binding and downstream
signaling. In a recent study, drug-
loaded liposomes were modified
with anti-HER2 or anti-EGFR anti-
bodies.11 It was shown that the
targeting molecules significantly
enhanced liposome uptake by mul-
tiple breast cancer cell lines that
overexpress the antigens, resulting
in increased cytotoxicity in vitro and
improved antitumor activity in vivo.
Another recent study has provided
further evidence that antibody
functionalization is an important
strategy in improving the specific
delivery of particles in vitro and
in vivo (Figure 1A,B).12 In this study,
long-circulating filomicelles were
conjugated with a panel of antibo-
dies that specifically bind to en-
dothelial cells. A 10-fold increase in
binding to endothelium in vivo was
observed for the filomicelles func-
tionalized with targeting antibodies
compared with those bearing a
nonspecific antibody (immunoglo-
bulin G, IgG). It is worth noting that
currently used targeting molecules,
such as folate and HER2 antibodies,
are not uniquely specific for cancer
cells but also recognize receptors
expressed on healthy tissue. This
could lead to nonspecific targeting
and subsequently increase toxicity.
Recently, by screening thousands of
EGFR monoclonal antibodies for
tumor specificity, an antibody that
only binds overexpressed, mutant,
or ligand-activated forms of EGFR in
cancer cells was identified. In sub-
sequent phase I clinical studies, this
antibody showed excellent tumor
targeting without observable nor-
mal tissue uptake.13 It is anticipated
that conjugation of particleswith such
highly lesion-specific antibodies will

further enhance the specific target-
ing of particles.
Suitable targets for drug delivery

are molecules that are exclusively
present in the targeted tissue. On
the basis of this rationale, a para-
digm shift for identification of po-
tential targets has recently been
suggested. In this approach, antibo-
dies that recognize tissue-specific
proteins can promote preferential
tissue distribution. Given the fact
that, in certain cases, tissue-specific
proteins can display different turn-
over rates between the normal and
malignant cells within the tissue;
this may help differential cell target-
ing using tissue-specific antibodies.
This has been exemplified by a ser-
ies of studies on the highly tissue-
specific A33 antigen, which is
primarily expressed in intestinal
epithelia cells and on more than
95% of primary andmetastatic colo-
rectal cancers. Phase I clinical trials
using a humanized A33monoclonal
antibody (huA33 mAb) have shown
promising results in targeting colo-
rectal tumors, with cancer cells
showing slower A33 turnover rates
compared with the normal intest-
inal epithelial cells.14 Recently, the
potential for using particles func-
tionalized with this antibody for
colorectal cancer targeting was
investigated in vitro using layer-
by-layer (LbL) capsules.15 Capsule
binding was investigated in amixed
population of two human colorectal
cancer cell lines, of which one is
inherently A33 antigen negative
(LIM2405�) and the other is stably
transfected with A33 antigen
(LIM2405þ). Flow cytometry showed
that over 90% of the LIM2405þ cells
were associated with huA33 mAb-
functionalized capsules, while less
than 5% of the LIM2405� cells
showed association with the cap-
sules (Figure 1C,D). Highly specific
binding was observed to the tar-
geted A33 positive cells, even when
this population was only 0.1% of
the total cells. In contrast, capsules
modified with the nonspecific anti-
body IgG showed very low cell bind-
ing in both cell lines. These results

suggest the potential for using such
tissue-specific antibodies in order to
target colorectal cancer. As addi-
tional disease biomarkers are emer-
ging, such as overexpressed trans-
membrane protein CD47 in solid
tumors,16 it is envisaged that ma-
terials scientists, chemists, biologists,
and clinicians will continue to devel-
op targeted delivery systems with
enhanced efficacy and specificity.

Effective therapy not only re-
quires transportation of therapeu-
tics to specific tissues and cells but
also requires delivery to specific
molecular targets. As many thera-
peutic targets are localized at cer-
tain subcellular sites, there has been
a surge in recent years into the
investigation of the cellular uptake
of particles. Studies have shown
that particles with sizes between
10 nm and 5 μm are typically inter-
nalized into cells via endocytosis.
Endocytosis is an energy-depen-
dent process by which particles are
engulfed and encapsulated within a
lipid bilayer that isolates them from
the cytoplasm of the cell. In many
cases, the resulting endosomes
then undergo a rapid maturation
to late endosomes and lysosomes;
however, this process is also highly
dependent on cell type, internaliza-
tion mechanism, and properties of
the interacting materials. Typically,
endocytosis can be classified into

As additional disease

biomarkers are

emerging, it is

envisaged that

materials scientists,

chemists, biologists,

and clinicians will

continue to develop

targeted delivery

systems with enhanced

efficacy and specificity.
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two categories: phagocytosis (cell
eating), by which cells internalize
only solid material, and pinocytosis
(cell drinking), where cells take
up a significant amount of liquid
from the extracellular environment
alongwith the internalizedmaterial.
While phagocytosis is generally lim-
ited to specialized cells such as
macrophages and dendritic cells
that interact directly with large ma-
terial (>250 nm), pinocytosis occurs
in almost all cells. Pinocytosis can be
further subclassified into a number
of distinct mechanisms, including
macropinocytosis, clathrin-mediated
endocytosis, caveolae-mediated
endocytosis, and clathrin/caveolae-
independent pathways (Scheme 1).17

Like phagocytosis, macropinocyto-
sis is associated with the uptake of
large material and has been shown

to form endocytic vesicles up to 5 μm
in diameter. In contrast, clathrin and
caveolae pathways are generally lim-
ited to smaller (<150 nm) materials.
Understanding the molecular mecha-
nisms of endocytosis is an active area
of research, and the emerging discov-
eries have been recently reviewed.17

On the basis of the dynamic nat-
ure of endocytosis, it is not surpris-
ing that the cellular uptake of
particles is dependent on many fac-
tors, including cell physiology and
particle properties.18 Here, we focus
on a few seminal studies on various
particle systems to exemplify sev-
eral important physicochemical
parameters (Scheme 2). Particle size
is a key property that affects the
cellular uptake rate, as it influences
the endocytic pathway. Rejman
et al. studied the internalization of

polystyrene (PS) particles by murine
melanoma cells (B16�F10).19 They
demonstrated that PS particles
with diameters of 50 and 100 nm
were rapidly internalized (less than
30 min) via a clathrin-mediated
pathway; however, larger particles
(200 and 500 nm in diameter) were
only slowly internalized (2�3 h) and
exhibited 8- to 10-fold decreases in
internalization when compared to
the smaller particles. In another
study, Jiang et al. synthesized a
series of herceptin (i.e., a humanized
anti-HER2 monclonal antibody)-
functionalized gold nanoparticles
within the size range of 2�100 nm.
It was shown that although the
different-sized nanoparticles bound
effectively to human breast cancer
SK-BR-3 cells, the internalization of
40 and 50 nm nanoparticles via the

Scheme1. Schematic of the cellular uptake and intracellular trafficking of targeted particles. Particles are internalizedby cells
via several endocytic pathways. Endosomal escape and nuclear translocation of particles are two major cellular barriers for
effective delivery of membrane-impermeable therapeutics, such as peptides, RNA, and DNA.
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clathrin-mediated pathway was the
most efficient.20 Shape has also re-
cently been shown to play an im-
portant role in particle uptake. By
using a series of particles fabricated
via the particle replication in non-
wetting template (PRINT) approach,
it was found that higher aspect ratio
(AR) particles were internalized in
HeLa cells at a greater rate com-
pared to submicrometer spherical
particles of a similar internal volume.21

The different uptake efficiency was
due to a greater utilization of multi-
ple internalization mechanisms by
the high AR cylinders through cel-
lular interactions at multiple non-
symmetric axes.21 Similarly, Mitragotri
and co-workers found that particle
shape also influenced the rate of
phagocytosis. By comparing 1 μm
PS spherical and elliptical particles
of equal internal volume, it was
found that phagocytosis was sensi-
tive toward the interaction axis for
these particles, as the spheres were
seen initially to be internalized
more rapidly.22 This kinetic phe-
nomenon was exploited for im-
mune system evasion and im-
proved particle biodistribution in vivo

by Discher and co-workers.23 It was
shown that flow effects and shear
forces limited the ability of macro-
phages to internalize the flexible
worm-like micelles, leading to long
blood circulation times of 5 to 6
days. In addition, the effect of parti-
cle rigidity on cellular uptake was
recently demonstrated by another

study, where 150 nm hydrogel par-
ticles with intermediate Young's
modulus (35 and 136 kPa) were
found to be internalized by macro-
phages via multiple mechanisms.
After 4 h incubation, nanoparticles
with intermediate elasticity showed
approximately 67% higher interna-
lization compared to their softer
counterparts (Young's modulus of
18 kPa) and 25% higher uptake
compared to the more rigid nano-
particles (Young's Modulus of
211 kPa).24 Besides these emerging
physical properties, surface charge
has also been shown to affect particle
internalization. Positively charged
particles are typically internalized
to a greater degree than are nega-
tively charged particles, presumably
due to the negatively charged cell
membrane. Macropinocytosis and
clathrin-mediated endocytosis have
been shown to play a role in the
internalization of positively charged
100 nm PS particles in HeLa cells.
However, in the same cells, nega-
tively charged 100 nm PS particles
were internalized via an undeter-
mined clathrin/caveolae-independent
pathway.25 In addition, particle sur-
face chemistry and functional group
density play important roles in par-
ticle endocytosis. Harashima and
co-workers performed a systematic
study of the internalization of lipo-
somes coated with octapeptides.26,27

Positively charged liposomes functio-
nalized with either a high density of
octaarginine (R8) or octalysine (K8)

were internalized by NIH-3T3 cells
via a macropinocytic pathway,
whereas liposomes with a low den-
sity of R8 were internalized via a
clathrin-mediated pathway. Inter-
estingly, in polarized Madin-Darby
canine kidney (MDCK) cells, the
high-density R8-functionalized lip-
sosomes were internalized via both
clathrin-mediated endocytosis and
macropinocytosis to a similar ex-
tent.28 This study highlights that
the intrinsic cell physiology is also
deterministic in particle endocyto-
sis, leading to the use of alternative
endocytic pathways and variable
cellular processing. Taken together,
the complex effects arising from
multiple parameters on cellular in-
teractions require investigation on
a case-by-case basis, allowing im-
proved particle design informed by
these characteristics.
Many drugs, such as peptides,

proteins, DNA, and RNA, are cell-
membrane-impermeable and de-
grade in the acidic environment of
lysosomes. Therefore, for an ef-
fective therapeutic response, it is
critical for cargo to escape from
these endosomal compartments
(Scheme 1). The mechanisms by
which internalized particles can es-
cape from endosomes are complex
and not yet fully understood. Pro-
posed mechanisms of endosomal
escape include the proton sponge
effect, membrane destabilization,
and osmotic shock. The proton
sponge effect is mediated by, for
example, polymers with a high buf-
fering capacity. During acidification
of the endosomes, an increase of
endosomal osmolarity occurs as a
result of polymer protonation. Ulti-
mately, this process causes lysoso-
mal rupture and particle release into
the cytoplasm. A number of cationic
polymers, such as polyethylenimine
(PEI), have been shown to promote
the proton sponge effect.29 Core�
shell nanoparticles comprising a
poly(ethylene glycol) dimethacry-
late (PDEAEMA) core and a poly-
2-aminoethyl methacrylate (PAEMA)
shell have been shown to escape the
endosomes via the proton sponge

Scheme 2. Key physicochemical properties of particles that influence particle
cellular uptake.
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effect and effectively deliver oval-
bumin to the cytoplasm of dendritic
cells.30 While the proton sponge
effect has been observed for a num-
ber of polymers, it remains unclear
why not all particles composed of
cationic polymers can cause endo-
somal escape by this mechanism.
For example, K8-functionalized li-
posomes showed accumulation in
lysosomes following internalization
via macropinocytosis.26 In contrast,
R8-functionalized liposomes were

internalized via macropinocytosis
and subsequently escaped from
the endosomes.26 The difference
in intracellular fate was attributed
to ability of R8 to facilitate liposome
fusion with the endosomal mem-
brane over a broad pH range,
whereas K8 fusion is limited at low
pH. This suggests that membrane
destabilization is another impor-
tant factor that mediates endo-
somal escape. With the rapid devel-
opment of responsive polymer
particle systems, an “osmolytic” ap-
proach has also been demonstrated
to stimulate endosomal escape. In
this approach, responsive particles
can rapidly disassemble to smaller
particles or individual polymers
in endosomes, which leads to in-
creases in endosomal osmotic pres-
sure. Such osmotic pressure can
further induce temporary osmolysis
of the endosomal membrane to
release the particles into the cyto-
plasm. Critically, the responsiveness
of particles in the endolysosomal
environment and the stability of

particles in the extracellular condi-
tions must be carefully balanced.
A pH-responsive polymersome, poly-
(2-(methacryloyloxy)ethyl phospho-
rylcholine)-co-poly(2-(diisopropyl-
amino)ethyl methacrylate) (PMPC-
PDPA), has been shown to destabi-
lize in endosomal compartments
and release cargo to the cytosol.31

For effective gene delivery, nuclear
translocation of the released DNA
from the cytoplasm is another rate-
limiting step (Scheme 1). Recent
knowledge on nucleocytoplasmic
delivery mechanisms has shown
that DNA associated with specific
nuclear localization signals (NLS),
such as PKKKRKV, can be actively
transported to the nucleus to im-
prove transfection efficiency.32 It is
anticipated that detailed knowl-
edge of particle uptake mecha-
nisms and intracellular trafficking
will provide a roadmap of the cellular
“highway” that regulates the motility
of particles, open new possibilities to
overcome cellular barriers, and direct
improved particle design.

OUTLOOK AND FUTURE
CHALLENGES

The past few decades have wit-
nessed the evolution of particle-
based therapeutics, from concept
to clinical reality. Driven by innova-
tions in enabling technologies and
chemistries, many novel particle
systems, such as filomicelles, PRINT
particles, LbL capsules, and poly-
mersomes, have been developed.
The ability to control physiochem-
ical properties of particles, such as
surface functionality, size, shape,
and release mechanisms, strongly
supports the continuing promise
of tailor-made particles for a range
of biomedical applications. In com-
bination with the development of
biomarkers and novel therapeutics,
the next generation of targeted par-
ticles is expected to yield effective
new therapies. These advances will
arise from the ability to formulate
novel classes of particle-based of
therapeutics, the ability to deliver
drugs specifically at cellular and
subcellular levels, and the ability to

spontaneously deliver multiple
drugs for combination therapy.
However, a significant knowledge
gap still exists, as understanding
the dynamic and complex interac-
tions between particles and biolo-
gical systems is far from complete.
Studies have identified several
important physiological concepts
in particle delivery, including the
mononuclear phagocytic system
for particle clearance, enhanced
retention and permeability effects
for particle accumulation, and en-
dolysomal compartments for parti-
cle entrapment. There are relatively
few studies on how the physical
and chemical properties (e.g., size,
shape, deformability, and surface
functionality) of particles influ-
ence their biodistribution, cellular
uptake, and intracellular traffick-
ing. An improved understanding of
the principles governing particle�
cell interactions will undoubtedly
shed light on key issues, including
triggered release, therapeutic effi-
cacy, and particle toxicity. Given
the complexity and heterogeneity
of most human diseases, under-
standing the biological interactions
dictated by the physicochemical
properties of particles will be essen-
tial for the development of next-
generation particle delivery systems
and for continued progress in trans-
lational research.

Conflict of Interest: The authors de-
clare no competing financial interest.

Acknowledgment. This work was sup-
ported by the Australian Research Council
under the Federation Fellowship scheme
(FF0776078) (F.C.) and by the National
Health and Medical Research Council
(NHMRC) Program Grant 487922 (F.C.).

REFERENCES AND NOTES
1. Moghimi, S. M.; Peer, D.; Langer, R.

Reshaping the Future of Nanophar-
maceuticals: Ad Iudicium . ACS Nano
2011, 5, 8454–8458.

2. Kamaly, N.; Xiao, Z.; Valencia, P. M.;
Radovic-Moreno, A. F.; Farokhzad,
O. C. Targeted Polymer Therapeutic
Nanoparticles: Design, Development
and Clinical Translation. Chem. Soc.
Rev. 2012, 41, 2971–3010.

3. Wang, A. Z.; Langer, R.; Farokhzad,O. C.
NanoparticleDelivery of CancerDrugs.
Annu. Rev. Med. 2012, 63, 185–198.

The complex effects

arising from multiple

parameters on cellular

interactions require

investigation on a case-

by-case basis, allowing

improved particle

design informed by

these characteristics.

PERSPEC
TIV

E



YAN ET AL. VOL. 6 ’ NO. 5 ’ 3663–3669 ’ 2012

www.acsnano.org

3669

4. Jain, R. K.; Stylianopoulos, T. Deliver-
ing Nanomedicine to Solid Tumors.
Nat. Rev. Clin. Oncol. 2010, 11, 653–
664.

5. Weiner, L. M.; Surana, R.; Wang, S.
Monoclonal Antibodies: Versatile
Platforms for Cancer Immunother-
apy. Nat. Rev. Immunol. 2010, 10,
317–327.

6. Kole, R.; Krainer, A. R.; Altman, S. RNA
Therapeutics: Beyond RNA Interfer-
ence and Antisense Oligonucleo-
tides. Nat. Rev. Drug Discovery
2012, 11, 125–140.

7. Blanco, E.; Hsiao, A.; Mann, A. P.;
Landry, M. G.; Meric-Bernstam, F.;
Ferrari, M. Nanomedicine in Cancer
Therapy: Innovative Trends and Pro-
spects. Cancer Sci. 2011, 102, 1247–
1252.

8. Low, P. S.; Henne,W.A.; Doorneweerd,
D. D. Discovery and Development
of Folic-Acid-Based Receptor Tar-
geting for Imaging and Therapy
of Cancer and Inflammatory Dis-
eases. Acc. Chem. Res. 2008, 41,
120–129.

9. Lee, S.-M.; Chen, H.; O'Halloran, T. V.;
Nguyen, S. T. “Clickable” Polymer-
Caged Nanobins as a Modular Drug
Delivery Platform. J. Am. Chem. Soc.
2009, 131, 9311–9320.

10. Davis, M. E.; Zuckerman, J. E.; Choi,
C. H. J.; Seligson, D.; Tolcher, A.; Alabi,
C. A.; Yen, Y.; Heidel, J. D.; Ribas, A.
Evidence of RNAi in Humans from
Systemically Administered siRNA via
Targeted Nanoparticles. Nature
2010, 464, 1067–1071.

11. Drummond, D. C.; Noble, C. O.; Guo,
Z.; Hayes, M. E.; Connolly-Ingram, C.;
Gabriel, B. S.; Hann, B.; Liu, B.; Park,
J. W.; Hong, K.; et al. Development of
a Highly Stable and Targetable Nano-
liposomal Formulation of Topote-
can. J. Controlled Release 2010, 141,
13–21.

12. Shuvaev, V. V.; Ilies, M. A.; Simone, E.;
Zaitsev, S.; Kim, Y.; Cai, S.; Mahmud,
A.; Dziublas, T.; Muro, S.; Discher,
D. E.; et al. Endothelia Targeting of
Antibody-Decorated Polymeric Filo-
micelles. ACS Nano 2011, 5, 6991–
6999.

13. Scott, A. M.; Lee, F. T.; Tebbutt, N.;
Herbertson, R.; Gill, S. S.; Liu, Z.;
Skrinos, E.; Murone, C.; Saunder,
T. H.; Chappell, B.; et al. A Phase I
Clinical Trial with Monoclonal Anti-
body ch806 Targeting Transitional
State andMutant Epidermal Growth
Factor Receptors. Proc. Natl. Acad.
Sci. U.S.A. 2007, 104, 4071–4076.

14. Chong, G.; Lee, F. T.; Hopkins, W.;
Tebbutt, N.; Cebon, J. S.; Mountain,
A. J.; Chappell, B.; Papenfuss, A.;
Schleyer, P.; U, P.; et al. Phase I Trial
of 131I-huA33 in Patients with Ad-
vanced Colorectal Carcinoma. Clin.
Cancer Res. 2005, 11, 4818–4826.

15. Kamphuis, M. M. J.; Johnston, A. P. R;
Such, G. K.; Dam, H. H.; Evans, R. A.;
Scott, A. M.; Nice, E. C.; Heath, J. K.;
Caruso, F. Targeting of Cancer Cells
Using Click-Functionalized Polymer

Capsules. J. Am. Chem. Soc. 2010,
132, 15881–15883.

16. Willingham, S. B.; Volkmer, J.-P.;
Genties, A. J.; Sahoo, D.; Dalerba, P.;
Mitra, S. S.; Wang, J.; Contreras-
Trujillo, H.; Martin, R.; Cohen, J. D.;
et al. The CD-47-Signal Regulatory
Protein Alpha (SIRPa) Interaction Is a
Therapeutic Target for Human Solid
Tumors. Proc. Natl. Acad. Sci. U.S.A.
2012, 10.1073/pnas.1121623109.

17. Doherty, G. J.; McMahon, H. T. Me-
chanisms of Endocytosis. Annu. Rev.
Biochem. 2009, 78, 857–902.

18. Best, J. P.; Yan, Y.; Caruso, F. The Role
of Particle Geometry andMechanics
in the Biological Domain. Adv.
Healthcare Mater. 2012, 1, 35–47.

19. Rejman, J.; Oberle, V.; Zuhorn, I. S.;
Hoekstra, D. Size-Dependent Inter-
nalization of Particles via the Path-
ways of Clathrin- and Caveolae-
Mediated Endocytosis. Biochem.
J. 2004, 377, 159–169.

20. Jiang, W.; Kim, B. Y. S.; Rutka,
J. T.; Chan, W. C. W. Nanoparticle-
Mediated Cellular Response Is Size-
Dependent. Nat. Nanotechnol. 2008,
3, 145–150.

21. Gratton, S. E. A.; Ropp, P. A.;
Pohlhaus, P. D.; Luft, J. C.; Madden,
V. J.; Napier, M. E.; DeSimone, J. M.
The Effect of Particle Design on
Cellular Internalization Pathways.
Proc. Natl. Acad. Sci. U.S.A. 2008,
105, 11613–11618.

22. Champion, J. A.; Mitragotri., S. Role
of Target Geometry in Phagocytosis.
Proc. Natl. Acad. Sci. U.S.A.2006, 103,
4930–4934.

23. Geng, Y.; Dalhaimer, P.; Cai, S.; Tsai,
R.; Tewari, M.; Minko, T.; Discher, D. E.
Shape Effects of Filaments versus
Spherical Particles in Flow and Drug
Delivery. Nat. Nanotechnol. 2007, 2,
249–255.

24. Banquy, X.; Suarez, F.; Argaw, A.;
Rabanel, J.-M.; Grutter, P.; Bouchard,
J.-F.; Hildgen, P.; Giasson, S. Effect of
Mechanical Properties of Hydrogel
Nanoparticles on Macrophage Cell
Uptake. Soft Matter 2009, 5, 3984–
3991.

25. Dausend, J.; Musyanovych, A.; Dass,
M.; Walther, P.; Schrezenmeier, H.;
Landfester, K.; Mailänder, V. Uptake
Mechanism of Oppositely Charged
Fluorescent Nanoparticles in HeLa
Cells. Macromol. Biosci. 2008, 8,
1135–1143.

26. El-Sayed, A.; Khalil, I. A.; Kogure, K.;
Futaki, S.; Harashima, H. Octaargi-
nine- andOctalysine-ModifiedNano-
particles Have Different Modes of
Endosomal Escape. J. Biol. Chem.
2008, 283, 23405–23461.

27. Khalil, I. A.; Kogure, K.; Futaki, S.;
Harashima, H. High Density of Oc-
taarginine Stimulates Macropinocy-
tosis Leading to Efficient Intracellu-
lar Trafficking for Gene Expression.
J. Biol. Chem. 2006, 281, 3544–3551.

28. Fujiwara, T.; Akita, H.; Harashima, H.
Intracellular Fate of Octaarginine-
Modified Liposomes in Polarized

MDCK Cells. Int. J. Pharm. 2010,
386, 122–130.

29. Pack, D. W.; Hoffman, A. S.; Pun, S.;
Stayton, P. S. Design and Develop-
ment of Polymers for Gene Delivery.
Nat. Rev. Drug Discovery 2005, 4,
581–593.

30. Hu, Y.; Litwin, T.; Nagaraja, A. R.;
Kwong, B.; Katz, J.; Watson, N.; Irvine,
D. J. Cytosolic Delivery of Membrane-
Impermeable Molecules in Dendritic
Cells Using pH-Responsive Core�
Shell Nanoparticles. Nano Lett. 2007,
7, 3056–3064.

31. Lomas, H.; Canton, I.; MacNeil, S.; Du,
J.; Armes, S. P.; Ryan, A. J.; Lewis, A. L.;
Battaglia, G. Biomimetic pH-Sensi-
tive Polymersomes for Efficient
DNA Encapsulation and Delivery.
Adv. Mater. 2007, 19, 4238–4242.

32. Wagstaff, K. M.; Jans, D. A. Nucleo-
cytoplasmic Transport of DNA: En-
hancing Non-Viral Gene Transfer.
Biochem. J. 2007, 406, 185–202.

PERSPEC
TIV

E


