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Abstract

The layer-by-layer (LbL) technique was introduced in the early 90s by Profs Moehwald, Lvov and
Decher. Since then, it has undergone a series of technological developments, making it possible to
engineer various theranostic platforms such as films and capsules, with precise control at the
nanometer and micrometer scales. This Research News article highlights recent progress in the
applications of LbL assemblies in the field of cancer therapy, diagnosis and fundamental biology
study. The potentials of LbL-based systems as drug carriers are discussed, especially with regard
to the engineering of innovative stimuli-responsive systems, and their advantageous
multifunctionality in the development of new therapeutic tools. Then, the diagnostic functions of
LbL assemblies are illustrated for detection and capture of rare cancer cells. Finally, LbL
mimicking extracellular environments demonstrate the emerging potential for the study of cancer
cell behaviors in vitro. We conclude by highlighting the advantages of LbL systems, important
challenges that need to be overcome, and future perspectives in clinical practice.
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Introduction

Layer-by-layer (LbL) assembly is a simple method that makes it possible to design
multilayer architectures with nanometer precision. The technique is based on the alternating
adsorption of synthetic and natural polyelectrolytes and other components, such as RNA and
DNA, or nanoparticles on surfaces.[1] It was introduced in the 90s by Decher et al.,[2] and
has triggered a large number of fundamental studies aiming to understand and control the
mechanisms of film growth in different physical and chemical conditions. The technologies
used to assemble LbL systems form five distinct categories: immersive, spin, spray,
electromagnetic, and fluidic assembly.[3] According to Caruso and coworkers,[3] two main
themes are identified for current developments in assembly technologies: The first is the
move away from random diffusion-driven kinetics for layer deposition, and the second is the
advancement from manual assembly toward automated systems. The simplicity, versatility,
and nanoscale control of LbL assembly has made it one of the most widely used

Xi-Qiu.Liu@grenoble-inp.fr, catherine.picart@grenoble-inp.fr.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Liu and Picart

Page 2

technologies for biomedical applications in diagnosis, the coatings of medical implants,
tissue engineering and drug delivery.[4-7]

In the field of cancer diagnosis and therapy, polyelectrolyte microcapsules and LbL self-
assembled nanoshells have emerged as carriers that are an attractive means of obtaining
advanced functionalities in drug delivery, given their versatility and controlled structures.[8,
9] Advantageously, LbL films can coat a wide variety of nanometer- to micrometer-sized
objects, including nanoparticles, lipid vesicles and microcapsules.[4] This makes it possible
to take advantage of the nano/micro-object, particularly the possibility for loading a drug “in
the bulk”, as well as of its surface, which can be coated with a LbL film. In this context,
LbL-based hollow lipid/polymeric vesicles and microcapsules are emerging as a new
potential therapeutic tool, consisting of an aqueous cavity surrounded by a shell.

This edition of Research News highlights progress made in LbL assemblies in cancer
research in the past 4 years. We will focus on the potentials of LbL drug delivery systems for
efficient cancer therapy, the development of stimuli-responsive systems and multifunctional
LbL platforms. We also highlight its applications for cancer diagnosis and capture of rare
cancer cells, as well as on the engineering of microenvironments to study cancer cell
behaviors in vitro.

1 The potentials of LbL technique on the fabrication of drug carriers

1.1 Delivering therapeutic agents

Numerous challenges hamper effective drug delivery in cancer treatment, such as the low
drug concentrations at tumor sites due to their limited penetration through the tumor tissues,
[10] and serious side-effects by uncontrolled distribution in the body.[11] The LbL technique
makes it possible to precisely control various parameters, such as film architecture,[2, 12]
thickness, chemistry, and mechanical properties,[13, 14] as well as to show the potential for
controlling both the amount of cancer drug entrapped - by varying the number of layers
deposited[15, 16] - and its subsequent release.[17, 18]

A range of hydrophilic drugs, including small peptides, nucleic acids and small interferent
RNA (siRNA) can be loaded into the films, either by “pre-loading” or “post-loading” as
these components are hydrophilic. For hydrophobic drugs, several strategies have been
developed in order to trap them inside the nanoarchitectures. The first strategy consists in
using a hydrophobic carrier, such as an oil phase containing the drug,[19] polymeric
micelles[20] or a hydrophobically-modified polyelectrolyte.[21] For instance, the anti-
cancerous drug paclitaxel (PTX) was trapped in the nanoshell using hyaluronan (HA)
modified with long alkyl chains assembled with quaternized chitosan derivatives as
polycations.[21] Using this method, PTX-loaded LbL microcapsules were shown to release
the drug slowly under physiological conditions without initial burst. The presence of an
enzyme, hyaluronidase, accelerated the release of PTX by deconstructing the film.[16] The
second strategy consists in using a nano- or mesoscale carrier for the drug, such as a
liposomes[22] or mesoporous silica templates.[23]
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1.2 Targeting cancer cells

A major objective for cancer drug delivery is to both specifically target cancer cells — and
ideally not the non-cancerous cells — as well as to deliver the drugs in a timely manner.
Surface targeting relies on the over-expression of different receptors at the cell surface, such
as integrins, folate receptors[24] and CD44 glycoproteins.[25] Antibodies and specific
ligands have also been widely used, depending on the cells of interest. For instance, Caruso
et al[26] demonstrated the specific binding and uptake of A33 antigen-targeted LbL coated
particles to colorectal cancer cells. Galactose-functioned LbL hollow microcapsules may
specifically target hepatocytes expressing asialoglycoprotein receptors.[27]

1.3 Improving the stability of LbL carriers

The stability of LbL carriers under physiological conditions is also an important issue,
especially their accumulation in the organs of the reticulo-endothelial system (e.qg. the liver
and spleen) after administration. Grafting or adding long hydrophilic chains at the film
surface may provide stealth properties. Cheng et a/[28] proved that nanoparticles coated
with LbL films can be further conjugated with branched poly(ethylene glycol) (PEG), thus
improving stability in a physiological environment (including saline, cell medium, and
serum) for several days. When injected intravenously, they exhibited stealth-like behavior
with a long blood circulation half-life of ~20h. In addition, Poon et a/.[29] showed that the
in vivo stability of LbL assembled nanoparticles was improved by increasing the number of
layers deposited. They showed that the circulation time was extended by adding HA as a
hydrophilic outer layer, with the blood elimination half-life being ~9 h with low levels of
accumulation in the liver (~10-15% recovered fluorescence/q).

1.4 Co-delivering two therapeutic agents

LbL hollow capsules, which are made of a core and a shell, have the potential to co-deliver
drugs by loading at least two kinds of drug into their cavity and multilayer shells.

Delivering two drugs—Ramasamy et a/[30] developed LbL liposomal nanoparticles
combining the advantages of the LbL technique with those of liposomes. The particles were
prepared with alternating layers of poly(ethylene glycol)-block-poly(L-aspartic acid) (PEG-
b-PLD) and poly-L-lysine (PLL). Doxorubicin (DOX) was incorporated into the core and
mitoxantrone (MTX) was loaded into the nanoshell (Figure 1A). The pharmacokinetic study
in male Sprague Dawley rats showed that the LbL nanoarchitecture significantly reduced the
elimination rates of both drugs, and markedly extended their systemic circulation times.

Delivering two genes—LbL depositing on a surface or a core with multiple layers of
polyelectrolytes provides a simple way of simultaneously delivering large, negatively-
charged molecules (such as DNA) and small, negatively-charged molecules (such as
SiRNA). Bishop et al[31] reported an LbL platform for co-delivery of DNA and siRNA,
with two types of biodegradable synthetic polymers as the outer layers deposited on to gold
nanoparticles (AuNPs) (Figure 1B). The hybrid nanoparticles led to both exogenous DNA
expression and siRNA-mediated knockdown of the green fluorescent protein (GFP) in GFP-
positive breast cancer cells, with the knockdown efficacy greater than that of the
commercially available Lipofectamine 2000.
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Co-delivering drugs and genes—Co-delivering drugs and genes has synergistic
advantages in cancer treatments. Ji’s group[32] prepared hydrophobic micelles loaded with
DOX inside a ferrocene core and with polyethyleneimine (PEI) as the outer cationic shell.
DNA was incorporated into the shells, to form positively-charged PEI-Fc—-DOX-DNA
nanocomplexes, several hundred nanometers in size. The nanocomplexes were used to
construct LbL multilayers with negatively-charged dextran sulfate. Cancer cells were found
to be killed by the burst release of DOX from the multilayers. Furthermore, the multilayers
directly transfected cancer cells by simple contact with the film containing the GFP plasmid.

Hammond et a/[25] recently developed a combined drug-siRNA delivery platform using
DOX-loaded negatively-charged phospholipid liposomes as the carrier and an siRNA-
containing film as the shell. The film was made of poly-L-arginine (PLA) and siRNA against
the multidrug resistance protein. The two components showed staggered release over 72 h
with a faster release rate of siRNA from the film, compared to the drug from the liposome
core (Figure 1C). They used this system for triple-negative breast cancer treatment and
found a 4-fold increase in DOX efficacy in vitro as well as an 8-fold decrease in tumor
volume /n vivo compared to the saline control, with no observed toxicity.

2 Stimuli-responsive LbL drug delivery systems

The controlled-release drug-delivery systems play an important role in the treatment of
diseases, to reduce doses of drug while achieiving the same therapeutic effect. Different
strategies have thus been proposed to engineer stimuli-responsive LbL nanoshells, which are
reviewed in,[33] with the aim of adjusting the permeability of the LbL and controlling the
release of cargo. The stimuli can be classified as chemical (pH, solvent, electrochemistry), or
physical (temperature, light, ultrasounds, magnetic fields, mechanical deformation). In past
years, stimuli-responsive LbL systems have shown their potential in drug delivery, and
selected examples are given here in the context of cancer therapy.

pH responsive

The change in pH from normal tissue (pH ~7.4) to cancerous tissue, which has an acidic pH
of ~5, has motivated researchers to design pH-sensitive drug delivery vehicles for tumor-
targeted delivery. Zhao’s study[27] showed that polyelectrolyte hollow microspheres made
of modified chitosan (CS) and HA exhibited pH-sensitivity. The DOX release from the
DOX-loaded (hollow microspheres at pH 7.4 was much slower than that at pH 5.0 at the
same temperature. Luo ef a/.[34] prepared pH-responsive microcapsules via host-guest
interaction between polyaldenhyde dextran-graft-adamantane (PAD-g-AD) and
carboxymethyl dextran-graft-p-cyclodextran (CMD-g-p-CD). The pH-responsiveness was
due to acid-sensitive hydrazine bonds in the PAD-g-AD. DOX was loaded into the wall of
the microcapsules by conjugation with AD through hydrazones. At the tumor sites, the
hydrazone bonds were disrupted and AD groups were removed, leading to the destruction of
the microcapsules and the release of DOX (Figure 2A). Yang and Gao et a/.[35, 36] reported
an integrated nanosystem, with mesoporous silica nanoparticles coated with bis-aminated
poly(glycerol methacrylate) and cucurbit[7]uril as the LbL components. The LbL
nanoparticles possessed excellent biostability, negligible premature drug leakage at pH 7.4,
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and pH-responsive drug release performance in acidic endosomal compartments (Figure
2A").

Temperature responsive

Sukhishvili’s group[37] reported on pulsed, on-demand release of drugs from biocompatible
hydrogen-bonded temperature-responsive LbL films containing block copolymer micelles.
The temperature-responsive micelles made of poly(N-vinylpyrrolidone)-b-poly(N-
isopropylacrylamide) provided the films with temperature-controlled swelling/deswelling
transitions. At 37 °C, DOX was efficiently retained within the hydrophobic cores of
micelles, whereas exposure to a lower temperature (20 °C) triggered fast DOX release
(Figure 2B). The films were able to withstand at least 15 temperature-induced swelling/
deswelling cycles and could be reused for repeated DOX loading and release.

Light responsive

Release can be triggered by light activation, such as near-infrared (NIR) light in the presence
of AuNPs, which can adsorb electromagnetic energy and induce local heating.[38] Wu et al.
[39] described a proof-of-concept application of a multilayer “rocket” as a vehicle for drug
delivery and NIR light-controlled release induced by the film-loaded AuNPs. They first
coated a porous template with poly(L-lysine)/bovine serum albumin (PLL/BSA) films and
then added a temperature-sensitive gelatin hydrogel that was loaded with DOX and AuNPs.
After the template dissolved, the rocket was formed and DOX could be released into the
surrounding medium via light-induced melting of the gelatin hydrogel (Figure 2C).

3 Multifunctional therapeutic LbL systems

3.1 Combining phototherapy with gene therapy

Light-based treatments of cancer are complementary to drug-based treatments. Photothermal
therapy (PTT) and photodynamic therapy (PDT) are currently in use. In PTT, a photothermal
agent is used for selective local heating because tumor tissue is more sensitive to
temperature increases than normal tissue.[40] In PDT, a series of photochemical reactions
are triggered by photoactivated molecules or materials called photosensitizer drugs.[41] Jin
et al[42] successfully produced a type of LbL microcapsule for PTT therapy, by depositing
graphene oxide on to the surface of PLA microcapsules containing AuNP using the LbL
technique. /n vivo therapeutic examinations showed that the NIR light completely ablated
the tumor within 9 days in the presence of the microcapsules, and that tumor growth
inhibition was 83.8%. LbL assembly has recently been further applied to different carriers,
in order to develop multifunctional platforms combining phototherapy with gene therapy.

Shen et al[43] used Au nanorods (NRs) as their platform. The surface of the AUNRS was
modified with PEI, through LbL assembly, and complexed with siRNA against pyruvate
kinase isoenzyme type M2 (PKM2), which is over-expressed in breast cancer cells. SiIRNAs
were efficiently delivered to the breast cancer cells, resulting in subsequent PKM2 gene
silencing. The cells were then irradiated with NIR light, causing heat-induced PTT
anticancer activity. The combination of gene silencing and photothermal therapy resulted in
effective inhibition of cell proliferation /n vitro.
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A strategy combining PDT and gene therapy was recently proposed for cancer by Wang et
al[44] Positively-charged nanoparticles made of NaGdF4:Yb,Er (named “upconversion”
nanoparticles, UCNPs) were synthesized and loaded simultaneously with a photosensitizing
molecule (Ce6) and siRNA against the polo-like kinase 1(Plk1) oncogene, which plays a
role in DNA replication and is over-expressed in many types of cancer. Upon photon
absorption, Ce6 underwent energy transition to the surrounding oxygen, and then generated
singlet oxygen or other reactive oxygen species, which are cytotoxic for cancer cells. At the
same time, silencing the PIk1 gene by siRNA induced significant cancer cell apoptosis.
Interestingly, UCNP have also shown potential in the field of imaging, which would make it
possible to use them in the future as a multifunctional theranostic nanoplatform.

3.2 Dual-targeting capacities

A successful delivery system is needed to complete the transfer and release of objects at the
right moment and in the right place. The effective targeting function has thus attracted
considerable attention in controlled drug release.

Du et al[45] recently developed a dual targeting hollow microsphere combining magnetic
and molecular targeting properties. The magnetic properties were provided by a composite
LbL shell made of the polycation CS and the hybrid anion, citrate modified ferroferric oxide
nanoparticles (Fe304—CA). The targeting property was made of folic acid, which was
coupled to PEG. DOX was post-loaded into the hollow microsphere by simple diffusion.
The combined magnetic and targeting properties for DOX delivery induced a pronounced
cytotoxic effect /n vitro on cancer cells. Dreaden et a/.[46] designed a pH-responsive LbL
polymer drug carrier that actively targeted tumors based on two independent mechanisms:
pH-dependent cellular uptake at hypoxic tumor pH, and HA-directed targeting of cell-
surface CD44 receptors, a well-characterized biomarker for breast and ovarian cancer. This
dual-targeting system selectively bound CD44 and diminished cancer cell migration /in vitro,
while co-localizing with the CD44 receptor in vivo.

4 LbL technique for cancer diagnosis

Several techniques have been developed to detect and isolate cancer cells in human samples,
including flow cytometry[47] and magnetic-activated cell sorting.[48, 49] However, most of
these methods are high cost and time-consuming in either the experimental process or
instrumentation.[50] LbL magnetic platforms have been engineered to develop rapid, simple
and non-destructive methods for early detection of cancer using a magnetic field.[51, 52]
Wang et al.[52] designed a type of hollow magnetic microcapsule, synthesized using alkyne-
modified poly(acrylic acid) (PAA) as polyanions, while a mixture of magnetic Fe3O4-NH»
and poly(allylamine hydrochloride) (PAH) polycations was used as positively-charged layers
on calcium carbonate cores. The magnetic microcapsules were further modified with
arginine-glycine-aspartate (RGD) in order to specifically target and isolate cancer cells using
the magnetic field. These authors found that the RGD-modified microcapsules sensitively
detected and efficiently captured nearly 80% of the Hela cells within 20 min of co-
incubation.
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Circulating tumor cells (CTCs) are cells that travel via physiological fluids. They are shed
from cancerous tumors, enter the circulatory system, and migrate to distant organs to form
metastases.[53] As a new cancer “biomarker” for disease progression and a guide for
implementing therapy, two strategies based on LbL assemblies have been developed to
detect and enumerate CTCs. One is to combine a fast magnetic response with targeting
properties of the LbL film. Wen et a/[54] constructed magnetic nanospheres (MNs) by
depositing alternate layers of PEI and y-Fe,O3 magnetic nanoparticles. The MNs were
modified with an anti-epithelial cell adhesion molecule (EpCAM) antibody, as CTCs express
EpCAM which is often used as a biotarget in CTC sensing methodologies.[55] They
succeeded in detecting CTCs in whole blood samples from 19 patients with cancer using a
commercially-available magnetic field. Xie et a/.[56] constructed MNs using the LbL self-
assembly of Ca2* and alginate on the surface of fluorescent-magnetic nanospheres. They
also immobilized a biotin-labeled anti-EpCAM in order to target cancer cells. EDTA was
used to destabilize the alginate in view of its stronger interaction with Ca2*, resulting in a
disconnection between the anti-EpCAM and the MNs. This made it possible to reverse
capture and release the target cells. Their system specifically recognized CTCs with 86%
capture efficiency in blood samples. 65% of the captured SK-BR-3 cells were released after
EDTA treatment, and nearly 70% of the released cells retained their viability. The second
strategy used temperature-responsive gels. The Stott group[57] developed a dual-mode
gelatin-based nanostructured coating that had both temperature-responsive release and
mechano-sensitive release of CTCs captured from peripheral blood. The bulk-population
release of CTCs was achieved by raising the temperature of the device to 37 °C, which
deconstructed the gelatin-based nanocoating from the surface within minutes. The single cell
release of CTCs was achieved via mechanical stress from a frequency-controlled microtip
used to dissolve selected regions of the nanocoating.

5 Engineering microenvironments in vitro to study the behavior of cancer

cells

The LbL technique has started to show great potential in the study of understanding and
controlling the behavior of cancer cells. Of the engineered biomaterials mimicking the /n
vivo extracellular microenvironment, LbL assemblies are promising candidates, allowing
precise control over the properties of the architecture (e.g. thickness, stiffness), as well as
presenting biomolecules such as peptides and proteins.[6] In Lee’s study,[58] AuNPs were
used as nanotopological structures and protein nanocluster-forming substrates. Adhesion
proteins (fibronection and ephrinB3) were conjugated to the AuNPs, and these particles
were then modified with an LbL polymer surface by PAH and PAA. They used the
biomolecule and nanoparticle-functionalized LbL polymer platforms to study and control
the phenotypic changes in breast metastatic cancer cells. The existence of AuNPs induced
more dramatic changes in metastatic cell adhesion, protrusion, polarity, and motility than the
presence of a cell adhesion protein on the surface.
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6 Conclusions and outlook

In summary, we first reviewed how LbL-based systems function as potential candidates for
drug delivery, with stimuli-responsive and multifunctional properties. For cancer diagnosis
application, LbL magnetic platforms have been successfully developed for rapid, simple and
non-destructive detection of rare cancer cells. Furthermore, the LbL assemblies have started
to be applied for the study and control of behavior of cancer cells, due to their capacities of
precise control over the architecture and biomolecule presentation.

Each type of delivery carrier has its advantages and disadvantages. LbL systems have
demonstrated their unique advantage in providing a longer release profile as compared to
other delivery methods.[59] LbL nanoparticles and capsules can load individually at least
two kinds of cargos into their cavity and multilayer shells, showing great potential for next
generation drug delivery systems, with the controlled release of two or more drugs from a
single carrier. Moreover, the drug can be utilized as one component of LbL assembly, which
would lead to high drug loading densities. Although considerable achievements have been
obtained, a number of challenges still remain and need to be overcome for further
applications, including 1) the optimization of size of LbL capsules to fit the enhanced
permeability and retention (EPR) effect, which allows macromolecules to escape the
circulation and accumulate in tumors. 2) The mechanical properties need to be improved for
long time in vivo circulation. 3) The downstream cellular responses and signaling pathways
during the interactions of LbL-based systems with cells or organs require further
investigation. Ultimately, the ability to generate one LbL delivery system capable of loading
high concentrations of multiple drugs with tunable sustained release will provide new
avenues for clinical therapeutic applications.
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Figure 1. Three examples of co-delivery systems based on the LbL technique.
(A) LbL liposomal nanoparticles (LbL-LNPs) manufactured for a dual-drug delivery system

with doxorubicin (DOX) loaded into the core and mitoxantrone (MTX) on to the shell
layers;[30] (B) LbL degradable polymer coatings on AuNPs for the simultaneous co-
delivery of DNA and siRNA;[31] (C) The co-delivery of siRNA and doxorubicin using the
modular DOX-liposome/PLA/SiIRNA/PLA/HA LbL nanoparticle platform (Left); Release
profile of the two therapeutic components (Right).[25]
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Figure 2. Diagrams of recent developmentsin stimuli-responsive LbL systemsfor drug delivery.
(A) pH-induced DOX release from adamantine-doxorubicin (AD-Dox) loaded LbL hollow

microcapsules made by polyaldenhyde dextran-graft-adamantane (PAD-g-AD) and
carboxymethyl dextran-graft-p-cyclodextran (CMD-g-B-CD);[34] (A”) The LbL film at the
surface of mesoporous silica nanoparticles (MSNSs) operated by lowering the pH value to
regulate the release of cargo, i.e., DOX or propidium iodide (P1);[35] (B) Temperature-
triggered “on-demand” DOX release from LbL films containing temperature-responsive
micelles;[37] (C) Light-triggered drug release from (PLL/BSA)1o-DOX-catalase (CAT)-
AuNPs-gelatin rockets.[39]
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