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he convergence of nanotechnology
Tand biomedicine underpins the devel-

opment of novel materials with
unique properties that enable highly speci-
fic therapeutic intervention at the cellular
and patient level." Particle-based therapeu-
tics offer distinct advantages over tradi-
tional therapies, including targeted deliv-
ery of high payloads of multiple drugs,
controlled drug release, and bypassing cel-
lular surface multi-drug-resistance mech-
anisms.2 For example, liposomes have
been extensively studied and applied for
improved treatment of cancer and infectious
diseases.> Dendrimers, polymer micelles, and
polymersomes are some further examples
of particles being examined for delivery
applications.*” In recent years, there has also
been growing interest in developing parti-
cles engineered through the highly versatile
layer-by-layer (LbL) assembly method for
biomedical applications (Table 1).° Typically,
LbL particles are formed by the consecutive
deposition of interacting polymers (e.g.,
through electrostatic interactions and/or
hydrogen bonding) onto particle templates,
resulting in the formation of ultrathin, multi-
layered polymer coatings on particles of
different size (from ca. 10 nm to several
micrometers), shape, and composition.”?
These coated particles are referred to as core—
shell particles. The use of a sacrificial particle
template, however, allows the generation of
capsules upon selective removal of the core
particles. Recent significant advances in the
development of LbL particles have enabled
efficient cargo encapsulation, triggered re-
lease, and antibody-mediated targeting’ In
addition, LbL capsules have recently been
combined with liposomes to form multicom-
ponent, triggerable delivery and microreactor
systems.'® Collectively, these results exemplify
the versatility of LbL-engineered particles for
integration with diverse polymeric systems,
offering significant potential for multistaged
controlled release.
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ABSTRACT Layer-by-layer (LbL)-engineered particles have recently emerged as a promising
class of materials for applications in biomedicine, with studies progressing from in vitro to in vivo.
The versatility of LbL assembly coupled with particle templating has led to engineered particles with
specific properties (e.g., stimuli-responsive, high cargo encapsulation efficiency, targeting), thus
offering new opportunities in targeted and triggered therapeutic release. This Perspective highlights
an important development by Poon et al. on tumor targeting in vivo using LbL-engineered
nanoparticles containing a pH-responsive poly(ethylene glycol) (PEG) surface layer. Further, we
summarize recent progress in the application of LbL particles in the fields of drug, gene, and vaccine
delivery and cancer imaging. Finally, we explore future directions in this field, focusing on the
biological processing of LbL-assembled particles.

In this issue of ACS Nano, Poon et al. report
the generation and use of LbL-engineered,
pH-responsive nanoparticles for systemic
targeting of hypoxic tumors in vivo, high-

In this issue of ACS Nano,
Poon et al. report the
generation and use of LbL-
engineered, pH-responsive
nanoparticles for systemic
targeting of hypoxic tumors
in vivo, highlighting the
potential of the multilayered
nanoparticles for targeted

cancer therapy.

lighting the potential of the multilayered
nanoparticles for targeted cancer ther-
apy (Figure 1)."" Carboxylated quantum
dots (QDs) were sequentially coated with
iminobiotin-functionalized poly(L-lysine)
(PLLib), neutravidin (nav), and biotin-
functionalized poly(ethylene glycol)
(PEG), resulting in pH-responsive QD/
PLLib/nav/PEG nanoparticles. In addition
to increasing the circulation time, the
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TABLE 1. Summary of the LbL-Engineered Particles Discussed in This Perspective, Including the Core Template,
Composition of the Assembled Layers, Surface Functionalization, Particle Size, Biological System Investigated, and
Application”

template  assembled layers  surface modification diameter biological system application

core—shell particles

) PLLib/nav PEG ~75nm mouse tumor, in vivo'" tumor targeting

Q PLL/DS HA ~50 nm mouse tumor, in vivo%”

Au PAH/PSS F-HPMA ~20 nm human monocytic cells, in vitro® chemotherapeutic delivery

Au PEI/siRNA 27 nm Chinese hamster ovary cells, in vitro™® SiRNA delivery
capsules”

Si0, PVPON huA33 mAb 800 nm human colorectal cancer cells, in vitro'® targeting

mouse embryonic fibroblasts, in vitro®>
mouse bone marrow-derived dendritic cells, ex vivo'®
mice, in vivo?>

CaCo; DS/pAGR 2—3 um prodrug delivery

vaccine delivery

Si0, PMAsy 800 nm to 2 um  human colorectal cancer cells, in vitro'? chemotherapeutic delivery
human prostate cancer cells, in vitro'” siRNA delivery
human blood cells, ex vivo'* vaccine delivery
transgenic mice, in vivo®!

Si0, PGA 3um human colorectal cancer cells, in vitro'® chemotherapeutic delivery

multi-drug-resistant human colorectal cancer cells, in vitro"®

QD = quantum dots; PLLib = poly(i-lysine) functionalized with iminobiotin; nav = neutravidin; PEG = poly(ethylene glycol) functionalized with biotin; PLL = poly(i-lysine);
DS = dextran sulfate; PAH = poly(allylamine); PSS = poly(styrenesulfonate); PEI = poly(ethylenimine); siRNA = short interfering RNA; PYPON, = alkyne-functionalized
poly(N-vinylpyrrolidone); pAGR = poly(i-arginine); PMAsy = thiolated poly(methacrylic acid); PGAyy = alkyne-functionalized poly(i-glutamic acid); HA = hyaluronic acid;
F-HPMA = N-(2-hydroxypropyl)methacrylamide, functional terpolymer; huA33 mAb = humanized A33 monoclonal antibody. ® The particle templates are removed to

form capsules.
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Figure 1. (A) Blood circulation profiles of QD, QD/PLL, QD/PLLib/nav/PEG, and QD/PLLb/nav/PEG LbL-engineered nano-
particles. (B) Dorsal scans of representative mice bearing MDA-MB-435 tumors (left hind flank) by intravital imaging, showing
the biodistribution of LbL nanoparticles. T = tumor; Sp = spleen. Reproduced from ref 11. Copyright 2011 American

Chemical Society.

PEG layer is selectively eroded by
the acidity in the hypoxic tumor
microenvironment. Consequently,
exposure of positively charged
layers beneath the PEG layer leads
to enhanced tumor retention of the
nanoparticles. These results under-
score the importance of the surface
properties of LbL particles on ex-
ploiting the native environment in
biological systems to achieve desir-
able cellular responses.

In this Perspective, we highlight
recent progress made in developing
and using LbL-engineered particles
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for therapeutic delivery, focusing on
three keys aspects: (i) engineering
LbL particles to interact with specific
classes of cells; (ii) cellular processing
of LbL particles for drug, gene, and
vaccine delivery to cells and animal
models; and (iii) key challenges asso-
ciated with further development of
LbL particles to achieve significant
outcomes in biomedicine.
Controlling specific interactions
between LbL-engineered particles
and only targeted cells is of para-
mount importance for targeted
therapies and represents animmense

VOL.5 = NO.6 = 4252-4257 = 2011 ACNJANIC)

WWww.acsnano.org

challenge. Recent studies in this
area have demonstrated that LbL
particles with diameters ranging
from ~20 nm up to several micro-
meters are readily internalized by
diverse types of cells, including
epithelial cells,'*"® monocytes,®'*
and dendritic cells (DCs),'® through
endocytosis. Cell selectivity can be
achieved by conjugating specific
antibodies to LbL capsules. For ex-
ample, Kamphuis et al. reported the
coupling of azide-functionalized anti-
bodies to alkyne-containing poly(N-
vinylpyrrolidone) (PVPON) capsules
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Scheme 1. Cellular uptake of LbL-engineered particles. The particles are inter-
nalized by cells through endocytosis into endosomes, leading to high intracellular

concentrations of therapeutic cargo.

through click chemistry.'® The anti-
body-functionalized PVPON cap-
sules were found to specifically
bind to colorectal cancer cells in
vitro, even when the targeted cells
comprised less than 0.1% of the
total cell population. The presence
of targeting antibodies,'® combined
with control over surface properties
such as surface charge as demon-
strated by Poon et al,'" is likely to
enhance specific cellular interaction
of LbL particles within a subset of cells.

The complex endocytic proces-
sing pathways that “guide” particles
(and encapsulated therapeutics) to
specific intracellular environments
and target locations are integral to
the delivery of therapeutics. As a
result, there has been growing in-
terest in better understanding the
internalization and intracellular traf-
ficking of LbL-engineered particles.
Several reports have focused on the
cellular uptake of LbL polymer
capsules.”>">>'7 De Koker et al.
demonstrated that, during the asso-
ciation of dextran sulfate/poly-L-ar-
ginine (DS/pARG) LbL capsules with
DCs, the cell membrane extends over
the capsules, forming cup-shaped
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invaginations.'® Similarly, Yan et al.
observed the formation of plasma
membrane protrusions in human
colorectal cancer cells when inter-
acting with  thiolated poly-
(methacrylic acid) (PMAsy) LbL
capsules, suggesting that macro-
pinocytosis and phagocytosis are
the predominant routes for cellular
uptake of capsules.'? It has also
been shown that the internalized
LbL capsules are deformed and
located in membrane-enclosed com-
partments, which further mature to
late endosomes or lysosomes.'*'3
In a more recent study, Becker et al.
investigated the intracellular re-
sponses at the protein level follow-
ing internalization of PMAgy LbL
capsules.” It was shown that the
cellular uptake of PMAgy capsules in
human prostate cancer cells resulted
in a concomitant decrease in the
expression of antiapoptotic proteins
(e.g., survivin) and the activation of
autophagy (a process for degrading
cellular compartments). Given the
close relationship between lysosomes
and autophagosomes, the inherent
endocytic network will have a sig-
nificant impact on the internalization,
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transportation, degradation, and
cargo release of LbL-assembled
capsules; hence, further studies are
required to elucidate the factors
that govern cellular uptake and traf-
ficking of LbL-engineered particles.

Delivering drugs encapsulated
within LbL-engineered particles has
significant potential for improving
the bioavailability of a range of ther-
apeutics, including chemotherapeu-
tic compounds and short interfering
RNA (siRNA) (Scheme 1). A number of
LbL particles have been developed
for the delivery of therapeutics,
such as doxorubicin (DOX) and
siRNA81217720 Recently, Ochs et dl.
reported biodegradable, click LbL
capsules based on poly(L-glutamic
acid) (PGA) that provide a high level
of control over drug loading and
release.'® In that study, it was shown
that DOX-loaded PGA capsules are
internalized by human colorectal can-
cer cells, and following endocytosis,
DOX was effectively released from
the capsules and further translocated
to the nucleus. These drug-loaded
capsules resulted in a significant de-
crease in cell viability. By exploiting
the versatility of LbL assembly, these
particles can be engineered to incor-
porate a range of polymer—drug con-
jugates for targeted applications. The
entry of particles via endocytosis can
also be used to overcome multi-drug
resistance in cancer cells, which often
limits the effectiveness of chemother-
apeutics. This was demonstrated
for drugs encapsulated in LbL-as-
sembled PGA capsules delivered via
endocytic routes, which bypass multi-
drug-resistant efflux pumps (e.g.,
P-glycoprotein) located on the cell
membrane surface, leading to sensi-
tization in resistant cancer cells.'® As
an additional requirement for bioa-
vailability, particle-based delivery sys-
tems should also direct and release
therapeutics to appropriate intracel-
lular sites of action for optimum ac-
tivity. The aforementioned lysosomal
intracellular fate is unsuited for the
delivery of, for example, siRNA, which
is rapidly degraded in lysosomes.
In such cases, endosomal escape of
the siRNA and trafficking to the
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cytoplasm is required. Elbakry et al.
prepared LbL-engineered gold na-
noparticles coated with siRNA and
poly(ethylenimine) (PEI).?° The inter-
nalized nanoparticles were detected
in caveolae-like structures and de-
monstrated effective knockdown of
enhanced green fluorescent protein
(EGFP) expression in stably trans-
fected Chinese hamster ovary cells
(CHO-K1), indicating the presence of
siRNA in the cytoplasm. In another
study, Becker et al. reported that
PMAsy capsules containing siRNA
that target survivin inhibited the ex-
pression of survivin protein in PC3
prostate cancer cells in vitro, sug-
gesting that siRNA was released into
the cytoplasm.'” However, as noted
earlier, empty PMAgy, capsules also
caused a decrease in the expression
of survivin. This emphasizes the
need to unravel the complex inter-
actions that can occur between par-
ticles and cells.

Understanding the cellular traf-
ficking of LbL particles is also of
importance for vaccine develop-
ment. The effective delivery of pro-
teins and peptides to antigen-
presenting cells (APCs) is a major
barrier to the development of vac-
cines, as proteins and peptides are
subject to degradation in serum
and are too large to cross cellular
membranes. To address these is-
sues, De Rose et al. pioneered the
use of LbL capsules for antigen
delivery."® It was shown that the
surface properties predominantly
govern the binding of LbL capsules
to the APCs in human blood. On the
basis of this analysis, model HIV
vaccine peptides (KP9) were encap-
sulated into  redox-responsive
(PMAsh) capsules, and effective ac-
tivation of CD8 T cells ex vivo was
demonstrated. In a subsequent
study, the immunostimulatory cap-
ability of PMAgy capsules was further
demonstrated as a vaccine vector
for proteins and peptides in trans-
genic mice.?! Using ovalbumin (OVA)
and OVA-derived immunogenic pep-
tides as model vaccines, it was
further shown that OVA-containing
PMAsy capsules successfully activate
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OVA-specific CD4 and CD8 T cells
following cellular uptake of the cap-
sulesin APCs in vitro. These capsules
were also found to effectively sti-
mulate the proliferation of OVA-
specific CD4 and CD8 T cells in mice
following intravenous administra-
tion. The capsules resulted in at
least a 6-fold greater proliferation
of CD8 T cells and a 70-fold greater
proliferation of CD4 T cells (in com-
parison to the OVA protein alone),
highlighting the potential of LbL
capsules for the induction of dur-
able and functional immune re-
sponses in vivo. The greater acti-
vation of CD4 T cells compared to
CD8 T cells shown in this in vivo
study is in agreement with the pri-
mary lysosomal internalization path-
way demonstrated by other studies
in vitro, suggesting that there could
be important correlations between
in vitro and in vivo behavior of LbL
particles and should be explored in
future studies. In a similar study, De
Koker et al. demonstrated the ap-
plicability of DS/pARG LbL capsules
for vaccine delivery in DCs."® Fol-
lowing endolysosomal uptake, the
capsule wall was ruptured, probably
due to the enzymatic degradation
by lysosomal proteases, and both

Delivering drugs
encapsulated within
LbL-engineered
particles has
significant potential for
improving the
bioavailability of a
range of therapeutics,
including
chemotherapeutic
compounds and short
interfering RNA
(siRNA).

the endoplasmic reticulum (ER) and
mitochondria appeared to interact

VOL.5 = NO.6 = 4252-4257 = 2011 ACS

indirectly with the ruptured capsules.
Using OVA as a model antigen, it was
demonstrated that OVA is processed
by proteases into peptides, which
resulted in both MHC Class | and |I
presentation to CD8 and CD4 T cells,
respectively. Rivera-Gil et al. further
examined enzymatic degradation of
DQ-OVA delivered by DS/pARG LbL
capsules in mouse fibroblasts, sug-
gesting that the intracellular proces-
sing can be controlled by using
different degradable polymers.?
More recently, DS/pARG capsules
were explored as antigen-delivery
vectors for pulmonary immuniza-
tion? It was shown that these
capsules were taken up by APCs
after pulmonary vaccination and ac-
tivated the adaptive (T cell) immune
responses.

In addition to biological proces-
sing at the cellular level, effective
systemic delivery also requires selec-
tive tissue distribution and improved
pharmacokinetic properties. This is
important for developing nanotech-
nology-based therapeutics, and the
Food and Drug Administration (FDA)
and the Alliance for NanoHealth
(ANH) have listed the biodistribution
of nanoparticles as a top priority.>*
The circulation time and biodistribu-
tion of LbL-engineered particles fol-
lowing systemic administration have
been evaluated in several recent
studies. It was shown by intravital
fluorescence imaging over a period
of 48 h that the enhanced perme-
ability and retention (EPR) effect
from the leaky tumor tissue pro-
duces the initial targeting of QD/
PLLib/nav/PEG nanoparticles."’ The
subsequent change in the surface
of the nanoparticles, caused by the
acidity in the tumor tissue, en-
hances retention of the particles
in the tumor. Poon et al. also ex-
plored alternative approaches to
control the pharmacokinetic char-
acteristics of nanoparticles by ex-
ploiting the modular nature of
LbL assembly.”®> On the basis of
the electrostatic interactions be-
tween DS and PLL, LbL-coated QD
nanoparticles were formed. The
pharmacokinetic characteristics of

NANO)
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these LbL nanoparticles in vivo were
evaluated, and it was shown that the
number of layers and the surface
chemistry are key factors for layer
stability and nanoparticle biodistri-
bution. Furthermore, it was demon-
strated that the circulation time of
DS/PLL LbL nanoparticles could be
extended by incorporating hyaluro-
nic acid (HA) as the outer layer. These
results are promising and suggest
that LbL particles can be further en-
gineered to improve pharmacoki-
netics, tumor accumulation, and
tumor penetration.

OUTLOOK
CHALLENGES

AND FUTURE

Although early successes in gener-
ating and developing LbL-engi-
neered particles for biomedical
applications are promising, they also
point to important future challenges.
Understanding the dynamic interac-
tions between LbL particles and bio-
logical systems is fundamental for
developing safe and effective deliv-
ery systems. An understanding of the
complex mechanisms of cellular up-
take and processing of LbL-engi-
neered particles is still in its infancy.
Identification of the molecular assem-
blies and signaling pathways invol-
ving endocytosis of these particles
will provide important insights into
key questions, such as: How do
particle—cell interactions influence
intracellular trafficking and cargo re-
lease? How do cells orchestrate the
spatial assembly of intracellular mole-
cules to respond to the presence of
particles? Detailed studies on the in-
teractions and downstream cellular
responses between particles and cells
should lead to greater understanding
of the intricate regulatory networks
inside cells. Besides the pharmacoki-
netics in disease models, the biocom-
patibility and toxicity in vivo following
various administration routes is yet to
be determined. In addition, further
research needs to be conducted on
linking the biological responses to
the intrinsic physicochemical proper-
ties of LbL particles. Since LbL assem-
bly allows a high level of control over
individual specific properties of the
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Detailed studies on the
interactions and
downstream cellular
responses between
particles and cells
should lead to greater
understanding of the
intricate regulatory

networks inside cells.

final particles, this approach repre-
sents an exciting paradigm to attain
detailed knowledge of independent
and coupled effects that material
variables have on biological re-
sponses. Identification of specific at-
tributes of the particles will ultimately
allow the design and construction of
particles for controlled biological in-
teractions. Addressing these ques-
tions is likely to accelerate progress
in developing LbL-engineered parti-
cles for biomedicine.
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